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Abstract

This work is concsrned with various aspects of chemisorption theory.
In the first part of the thesis, we study the work function variation
of transition metals on adsorption of alkali atoms. We introduce first
a simple modal which takes account of the transfer of charge on the ad-
atom only. This model is used to estimate the position and width of the
valencs ns level of adsorbed alkali atoms. The important corrections
arising from the intra-amic polarization are then estimated in linear
response thesory, and shown to be comparable to the neutralisation ari-
sing from the transfer of charge. A more complex model is then formu-
lated in which both these effects are included implicitly. An analysis
valid at low coverages, is used to estimats values for the widths of
the ns and np levels (assumed equal) and their mean energy. A self-con-
sistent numerical determination of work function/coverage curves is
then given. From this treatment a more complete determination of the
parameters from comparison with experimental results is achieved. Re-
sults for the system Cs/Re(0001) show that the widths of the levels are
quite large, falling in the range (0.7eV, 28V). An implication is that
the adsorbate levels are strongly hybridized. The model was aéplied to
the system Cs adsorbed on a layer of oxygen on tungsten. It was found
in this case that the widths of the lsvels were considerably smaller.

In the second part of the thesis, we study ths chemisorption of
transition atoms of the third series on tungsiten. The binding ensrgy
and charge transfer of an adatom are determined by use of a degensrate
three stom Hubbard Hamiltonian. The Hamiltonlian is solved by making an
ansatz for the wavefunction. The observed experimental trend is repro-

duced for large values of the intra-atomic Coulomb interactiom U, thus

emphasizing the importance of correlation in this problem.



Chapter 1

Introduction

Great interest has been focused recently on the varied aspects of
the theory of adsorption. This interest has been triggered off by
the wealth of experimental techniques designed to probe the geometry
and electronic spectra of clean and adsorbate covered surfaces.

The type of adsorption is generally divided into two classes ,
physisorption in which the bond strength is weak (< .leV) and chemi-
sorption where it is strong (= .5eV) (Hayward and Trapnell,l957).
Qualitatively the physisorption bond relies on Van der Waals attrac-
tive forces, sometimes called dispersional forces, and does not in-
clude exchange of electrons between the adsorbate and the substrate
(Young and Crowell,1962), in contrast to the chemisorption bond in
which electrons may be shared (covalent bonding) or transferred (io-
nic bonding). From a theoretical point of view, the distinction bet-
ween chemisorption and physisorption is not sharp, however we shall
only consider here subjects related to chemisorption processes A
number of reviews giving up to date accounts of the research being
carried out in the field, have appeared recently. (Grimley,1971a,
Wojciechowski, 1971, 83chrieffer,1972,Gadzuk,1974,Gomer, 1974 ).

Ideally, the information one seeks , includes (a) the geometry
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b, the electronic structurc of clean and adsorbate covered sur-



faces. It also proves useful to know some general properties of the
surface, preferably in the form of measurable physical gquantities.

Many experimental techniques have been developed recently in order
to provide us with this kind of information.

One of the quantities of interest which we might like to measure,
is the work function ¢ of a metal , this is defined as the energy
difference between an electron at the Fermi level and the vacuum le-
vel (i.e the minimum energy required to remove an electron from the
metal). One of the methods usedvextensively to measure work functions
is field emission microscopy (Miller,1973). In this technique the pot-
ential outside the surface is reduced with the application of an elec-
tric field, thus allowing electrons from the metal to be emitted. This
method has also been used to determine work function changes due to
adsorbed atoms, the change in work function being related to the elec-
tric dipole moment per adsorbate. Results of alkali adsorption on
transition metals show a substantial decrease in work function (v3eV)
indicating that alkalis are adsorbed as cations (Schmidt and Gomer,
1966), While O adsorption tends to increase the work function by as
much as 2eV, so that O adsorbs in the anionic state. Finally we note
that very little change in @& is registered as a result of H adsorption
indicating that H adsorbs in its neutral state (Hayward and Trapnell,
1957).

Another gquantity of interest is the binding energy AE of an atom
to a surface, this being defined as the work required to remove the
atom from the surface, This is an important gquantity since the size
of the binding energy determines whether we are dealing with chemi~
sorption (large AE) or physisorption (small AE) bonds, and conse-
quently determines which set of theoretical approximations can be

applied to the problem in guestion.



Many structural techniques have been developed to determine the
position of various atomic nucleili at or near the surface. The tech-
nique of low energy electron diffraction (LEED) is well suited for
determining surface structure , because low energy electrons pene-
trate only a few layers into the solid , and because the wavelength
of low energy electrons is of the order of atomic spacings (Duke,
197%). The method of reflectiopnhigh energy electron diffraction |
(RHEED) is useful in detecting the existence of small islands on
the surface which cannot be seen on LEED patterns . The angle of in-~
cidence of these besms is very small so that again the penetration
does not exceed two or three atomic layers. (Dobson,1974)

These techniques have shown that the substrate surface periodi-
cities of transition metals are generally those of the ideal planes
of the bulk crystal. A conclusion which does not generally hold for
non metals (Schmidt,1972). The adsorbate structures vary with the
nature of the adsorbate, with the surface concentration and with
the crystal plane on which adsorption occurs.

In addition a number of spectroscopic technigues have been deve-
loped to study the electronic structure of surfaces. These include
field emission , photoemission, ion neutralisation and Auger electron
spectroscopy. In these experiments , the emitted electrons are ener-
gy resolved , and the energy distribution of the beam of electrons
igs then related to the spectrum of elementary excitations of the so-
1id.

The high resolution experiments of Plummer (Gadzuk and Plummer,
1973 and references therein) were the first to show structure in the
field emission total energy distribution (TED) of different clean
metals. Field emission studies of adsérbates have been made, and the
virtual states of the adsorbate have been identified in the TED, when

K] e maod-

the structure of the enhancement emission of an adsorbate on a metal



can be related to the broadened and shifted energy levels of the ad-
sorbate. One of the earliest studies of adsorption was Plummer and
Young's investigation of alkaline earth metals adsorbed on W and Mo.
(Plummer and Young,1970). Their results for Ba show a broad Tesonance
and two small sharp peaks sligthly below the Fermi level. The posi-
tion of these narrow peaks correspond to the 3D and 'D states of the
free atom respectively, while the broad resonance can be associated
with a broadened 6s level. A number of other adsorbates such as Zr
(Plummer, Gadzuk and Young,1969) H, and 0, (Gadzuk and Plummer,1971)
and CO (Young and Gomer,1973) all on tungsten substrates show speci-
fic TED structures, but they are mostly either too diffuse or too
strongly dependent on the degree of coverage to be associated with
certainty to distinct free atomic levels.

In x-ray and u-v photoemission spectroscopy (XPS and UPS respec-
tively) one studies electrons emitted from a sample which is being
exposed to a flux of photons of known energy. In XPS, the photon
energies are sufficient to eject core electrons, thus providing di-
rect values for the core energy levels and a means of identification
of the atoms. The advantage of UPS (in these experiments only valence
electrons can be emitted) is the much higher resolution obtainable
(Brundle,1974).UPS has been used extensively to determine the elec-
tronic energy levels of adsorbed gases on surfaces. Eastman and Ca-
shion (1971) have observed that chemisorbed CO on Ni exhibits two
well defined energy levels situated at 7.5eV and 10.7eV below the
Fermi level with energy widths of about 2eV and leV respectively.
These have been identified with the (g2p) and (n2p) molecular orbi-
tals of CO., Chemisorbed O shows a single level of width 2eV centered
at 5.5eV below the Fermi level. This level has been identified as the

broadened p-level of the adatom , which has been shifted upwards ap—



preciably(~%eV) from the p-orbital energy of the free O atom. As the
oXygen exposure is increased this level broadens into a valence band
with three distinct pesks (Eastman and Cashion,1971). A similar be-
haviour was observed for the system O/W (Baker and Eastman,1973).

The technique of ion neutralisation spectroscopy (INS) is based
on an Auger type transition in which an ion is neutralised to its
ground state by an electron from inside the metal, resulting in ano-
ther electron being ejected from the solid (Hagstrum,1966). This tech-
nigque has proved very useful in determining electronic spectra of
clean and adsorbate covered surfaces . Hagstrum and Becker have re-
produced quite accurately Eastman and Cashion's results for the sys-
tems O/Ni (Hagstrum and Becker,1969) and CO/Ni (Becker and Hagstrum,
197%) in the energy range in which this technique is restricted. The
CO results were corroborated by their own UPS results. Hagstrum and
Becker have also found structure appearing in the spectra of chemi-
sorbed S and Se on Ni (Hagstrum and Becker,1969).

The technique of Auger electron spectroscopy (AES) is accomplished
by irradiating the surface of the solid with a primary electron beam,
while the energy analysis is performed on the resultant secondary el-
ectrons. AES 1s a valuable addition to any surface study for evalua-
ting surface cleanliness and for determining the coverage and purity
of adsorbed layers (Chang 1971, Palmberg %972). The technique has
been used exfensively with LEED experiments for correlating observed
patterns with surface chemistry.

A1l these techniques provide us with a wealth of information on
chemisorption systems , and we shall refer to them as we develop the
thesis,

The plan for the thesis is the following, in part 1 (chapters 2,

3,and 4) we propose a simple theoretical model designed to explain



and reproduce quantitatively work function variations of transition
metals on adsorption of alkali atoms, in part 2 (chapters 5 and 6)
we attempt a theoretical understanding of the experimental results
on the adsorption energies of 5d transition atoms on W. But before
we deal with either of these problems in particular , let us intro-
duce some general concepts which are related to both of them.

In order to fix ideas , let us consider an atom with a single va-
lence orbital |nsd> (n denotes the shell number) far from a metal sur-
face. The ionization potential'I is defined as the energy required
to take away the outer electron off the neutral atom. Except for al-
kali atoms , I is usually larger than the substrate work function ¢ .
For example I = 13.6eV for H, while I is anomalously small for alka-
lis (being 3.9eV for Cs). Typically ¢ is about 4.5eV. The electron
affinity A, defined as the binding energy of an extra electron making
a negative ion, is generally small (e.g A = .75eV for H ). Since the

extra electron enters the same atomic orbital that is involved in de-
termining I, the difference I - A = U is due to the Coulomb repulsion

between the two electrons occupying Ins) in the negative ion. Forvan

atom like H one finds U = 12.85eV, this value is considerably smaller

than the energy one would calculate from the Coulomb repulsion between
two electrons in the neutral |1ls) orbital which is given by the in-

tegral

U = /d*x d’y ‘ﬁs(;)% Wi () (1.1)
' x - ¥

and Tls represents the [1s) wavefunction . The values of U calculated
from (1.1) are too large , one finds U =17eV which would make the ion

H™ unstable.In reality, the electrons will attempt to stay apart so



that they see a weaker repulsion,

The energy of the valence orbital |ns) 1is denoted by E when

ns’

the adatom-substrate separation is large , E is given by the

ns
difference

CEps =g - I (1.2)

As the adatom-metal separation d decreases, the interaction
between the adatom and the substrate is switched on. The effect of
this interaction is to introduce a lifetime broadening of the va-
lence ins) level of the adatom , we can thus say that the original

discrete level at En persists in the combined system as a virtual

S
level of width A (Gurney,1935). For large enough d, the probability
of finding the energy of InsY at energy € becomes a distribution

peaked sharply at E but with a tail continuing below the Fermi

ns?
level, which will be occupied. Accordingly there i1s a non zero ex-
pectation value (hs> of the number of electrons on the adatom.
The adatom thus becomes partly ionized and an image charge is in-
duced in the substrate, the role of the image term which we shall
diseuss more thoroughly below, is to shift the valence level up-
wards. We also notice that the level is shifted downwards as a re-
sult of the interaction with the metal and upwards as a result of
the intra-atomic Coulomb interaction(Gadzuk,1967).

This simple model first introduced by Gurney(1935) may be used
to explain qualitatively some of the observed work function varia-
tions of transition metals on adsorption of alkali atoms. The ex-
periménts show that as alkali atoms are adsorbed onto the surface

of a transition metal, the work function ¢ decreases rapidly from

its initially high value. With continued adsorption ,;ﬁ reaches a



- minimum, before rising to the value characteristic of the satura-
ted monolayer which is still much lower than the work function of
the bare surface. |

As we discussed above, when the adatoms come close to the sur-
face, they become partly ionized, the charge on the adatoms being
given by a = e(l'— {ngy ). This creates image charges in the sub-

strate, which lower the work function by an amount

A¢ = -4mqds (1.2

where s is the surface concentration of adatoms.

Following Gurney , we note that at finite s, the proximity of
other adatoms carrﬁing a positive charge q will shift down the
level Ens,thus increasing the occupied portion of the dénsity of
statés'and thus ngy . A progressive neutralisation of the adatoms'
occurs which will continually4reduce the rate of decrease of ¢ with
s (i.e the dipole moment w = 29d) and may result in a minimum in .

A knowledge of the position and width of the adsorbate valence
levels , as determined by one of the spectroscopic fechniques which
we described above, now assumes its full significance. Our aim hére
is to correlate as much as possible the electronic structure of ad-
sorbed systems to the observed variations in work function.

Attempﬁs to interpret decreases in the dipole moment u with co~
verage s date back even further (Liangmuir,1933)., It is found that
work function vs coverage curves can be fitted quite well , by a
simple depolarization model based on the Topping formula (Topping,
1927). This is derived by putting the dipole moment p associated

with a single atom equal to the sum of its zero coverage moment Bg

plus the change in moment arising from the electric field due to



the other adsorbates,i.e

b= u, + aBy (1.%)
where « is an effective polarizability, and E; is the electric
field in the direction perpendicular to the surface. When s is small

it can be shown that E, is proportional to s”’* (see below), which

when replaced in (1.4) yields the so-called Topping formula
b= /(1 + ash) (1.5)

A is a constant characteristic of the particular surface lattice
considered, calculations of A in simple cases will be given below
(also see Topping,1927). This shows the importance of the s-p hy-
bridization on which the polarizability « must depend.

In setting up a theoretical model, certain approximations must
be made , and the validity of these approximations will of course
depend on the physical nature of the system . For instance if the
width A of the valence level is large compared with the intra-ato-
mic interaction on the adatom U , then it turns out that the che-
misorption problem can be treated as one of self-consistency with-
"in the Hartree-Fock approximation., If the metal-adatom system may
be described by a model based on the Anderson Hamiltonian for mag-
netic impuritieé in metals(Anderson,1961), then the criterion
which A and U must satisfy is the inequality wA?) U. This turns
out to be.the case for the alkali/transition metal systems for
which U is small (it must be remembered that U is further reduced
by image effects as we shall discuss below), and for which A is ex-

pected to be large (we have no experimental results for alkalis,
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but for Ba , the width of the 6s level is about 1leV (Plummer and
Young,1970) and we expect comparable widths for the alkalis).

If on the contrary U is large, then the electron correlation
effects become important. The Hartree-Fock approximation which a~

mounts to no more than lSt

order perturbation theory in the per-
tprbation U of course breaks down and more sophisticated techni-
ques must be employed.

The adsorption of 5d trapsition atoms on W provides us with an
example in which correlation effects play a predominant role. The
general trend observed by Plummer and Rhodin (1968) for the binding
energies AE of 54 atoms on W , was that AE varied liﬂearly with
the number of unpaired electrons in the 5d shell, increasing from
Hf to a maximum for Re before decreasing linearly to Au. The size
of the binding energies (e.g the binding energy of Re on W(100) is
9.3eV compared to the cohesive energy of W which is 8.7eV) indica-
tes strongly that AFE will be mainly due to the interaction of the
d electrons of the free atom with the d-band of W .

We must of course remember that on adsorption, the atom is no
longer free, but will be in a state which is nearly that of its
metallic state. In other words it will have lost some of 1ts s-elec-
trons (let us recall for instance that the s-band of W contains
'1.28 electrons per atom (Girvan et al, 1968) while of course the
free W atom has two s-electrons).

If we assume that one of fhe s—elegtrons of the free atom is
spread in the s-band of the W substrate, with an energy gain of
the order of the s-d interaction, then the problem df the adsorp-

2

tion of a 5dn6s atom will be treated as the interaction of a

5a™*1 Jevel with the W d-band.

The difficulty with this problem is the importance played by
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the Coulomb interaction U, both on the adsorbate and the substrate
atoms. In order to include the correlation effects on the subs-
trate atoms, the problem should be formulated in terms of the
Hubbard(1963) Hamiltonian (Newns,1970b,Grimley and Thorpe 1971b).
We note that in this formulation , there is no variation of AE
with adatom if U is zero. The solution of the Hubbard Hamiltonian
is rather complex and neither of these works go beyond the two-
atom limit. It is our aim in part 2 of the thesis to introduce so-
me bahdwidth effects by looking at the problem of three atoms,
one adsorbed atom , and two substrate atoms of which one lies on

the surface and the other inside the metal.
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Chapter 2

ATLKATLT ADSORPTION ON TRANSITION METALS: A SIMPLE MODEL

2.1 Introduction

On adsorption of alkali atoms , the work function ¢ of tran-
sition metals undergoes characteristic changes which we described
in detail in chapter 1. The earliest observations of this behaviour
were reported in the middle twenties (Ives,1924, Langmuir and King-
don, 1925, Becker,1926). Since those early observations there have
been many other such measurements . We note in particular the works
of Gomer and his co-workers who have studied the'systems K/W -
(Schmidt and Gomer 1966) and Cs/W (Sidorski,Pelly and Gomer 1969)
of Fehrs and Stickney(1971) who have obtained results for various
alkalis on W and Ta, of Gavrilyuk et al(1966) who have studied
adsorption of Ii and Cs on W , of Gerlach and Rhodin(1968) who have
studied the adsorption of various alkalis on Ni. We also note the
excellent results of Fehrs and Mackrakis(1970) for the system Cs/
Re(0001).

Finally let us recall that the experimental studies have not been
confined to alkali/pure metal systems, in particular we note the
results obtained for the system Cs adsorbed on a tungsten substrate

covered by a layer of oxygen (Papageorgopoulos and Chen, 1972, Des-

plat,1974).
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The ideas most relevant to a theoretical understanding of alkali
adsorption on transition metals were first introduced by Gurney
(1935) and briefly discussed in chapter 1. These ideas have been
developed further by a number of writers. Most of the studies have
been of a single alkali atom on a metal surface (Bennett and Fali-
cov 1966, Gadzuk 1967, Remy 1970, Gadzuk et al 1971, Grimley 1971a).
Some work has been done in extending these treatments away from the
single adatom case(Grimley 1967a,b,Bennett 1968). We shall discuss
some of these models later on , let us first discuss the role of
the image force in alkali adsorption on transition metals. How one
should include the image effect in the model is however not gquite
obvious. In the adiabatic approximation, one can argue that when
’the electron is in the valence orbital it eiperiences the self-
image energy e2/4d (this is defined as the energy required to re-
move the charge to d =eo), thus giving us the renorrelised energy

level

: 2

The distance d is an effective length which is approximately
equal to the sum of the adatom-substrate spacing plus the screening:
length in‘the metal (Gomer and Swanson 1963, Newns 1969a,1970,Beck
and Celli 1970, Lang 1972)., This ensures that the potential has
well defined limits for both large d going to the classical limit
and small & going to a finite value. '

This is not the only approximation which has been used in these
- kinds of studies, e.g if the image is assumed to be a completely

static guantity, the valence level of the adatom is renormalised
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to

1

E_=E_ + e - ¢ny )/ed (2.1.2)
where <ns> is the expectation value for the number of electrons
in the alkali valence grbital.

Both the results (2.1.1) and (2.,1.2) tend to shift the adatom
valence level upwards, but the quantitative difference is signifi-
cant.

Hewson and Newns (1974) have discussed these approximations to
the image term. In their model thé interaction between the elec-
tron and its image is described by a model Hamiltonian in which
the charge is assumed to interact with the surface plasmons in the
substrate. The Hamiltonian was solved in limiting cases. In parti-
cular it was found that in cases such as those we will study here
(Cs adsorbed on W or Re), the adiabatic approximation is reasona-
bly well satisfied, and we shall use it from now on,

This leads us to define an effective ionigzation level

I' = I - e®/4a (2.1.%)
similarly the electron affinity A may be renormalised to
A' = A+ e2/nd (2.1.4)

The effective value of U , thus becomes

Ueff = J' -~ A' = U - 82/2d . . (20105)

U can thus be considerably reduced by image effects as emphasized
by Schrieffer (1973). |

Amongst the earliest quantitative formulation of the Gurney
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model, is Bennett and Falicov's treatment of alkali adsorption on
transition metals.Whithin their model , the relevant parameters
(the broadening and the shift of the adatom valence level) are es-

timated by use of 1St

order perturbation theory. In this approach
the metal is assumed free-electron like, and a convenient wavefunc-
tion is assumed for the adatom. Bennett and Falicov assume that

the wavefunction ¥ has the Slater form (Slater,1930)
')_'n* + | 3
1 ¥ .
Y(r) = [;L*§l~——"~— r 'e,yp (2.1.6)

where vy is the coefficient of screening, and n" is the effective
gquantum number. The static approximation for the image potentieal
is used. _

If X are the metallic wavefunctions and ¥ the atomic wavefunc-

tion then the width A of the adatom valence level is given by
A = ‘W/sz HEY® No(pE)dp  (2.1.9)

where p is the radial linear momentum and NO is the metallic den-
sity of states for a single spin.
The shift of the level E? depends on th€ . matrix element

E, = (WIHIY) (2.1.8)

¢

If A is assumed not to vary with energy , then the adatom va-
lence level is taken to have a Lorentzian density of states
p(E) = 1 A.-. - -
; 2
‘n- (E—- E;e\L‘f’ A (20109)
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The effective charge is then given by

q,ziéi%rctam( gLiféﬁ) + 4% ] (2.1.10)

g depends on E? and A which are in turn fumctions of g. The problem is

thus reduced to one of self-consistency.

The trend predicted by Gurney from purely gualitative considerations, is
reproduced very clearly here. For example in the case of a cassium atom,
the width of the wvirtual level in?neases fraﬁ Je11eV when the adatom-metal
separation d is large (d=8R), to 3.1eV whem d.=:2.852 . The cccupancy of
the level was found to be gemerally quits small (im the absence of an exter-
nal field) beimg practically zeroc at large d (d = BA), and less than 0.2
when d = 2.8R |

In spite of the simplifying assumptions, the authors conclude thabt the
alkall atom becomes iconizede.

Bennett (1968) has generalised the above treatment in>the low covearage
limit to imelude two types of interaction between adsorbed atomse. The first
type of interaction is the long range Coulomb potential at one adscrbate due
to all the ather adétoms. This lowers the net charge, its general effect is
that of the parametrized depolarization function (1.5) discussed in chapter 1.
Benmett has assumed that the electric field E; is proportional to s rather

N oas in (1.5), in contrast to most other warkers (Topping 1927, Lang~

tham s
muir 1933, Schmidt and Gomer 1966).

The sacond type af interaction is that due to direct overlap of localised
orbitals, which is of course most impottant between nearest neighbour adsore
bed ioms. Bennett considered the ion dimer (the simplest example of this in-
teraction). The net charge per nucleus for isolated ioms and ion dimers were
found to be similare

Bennett gives results ohtained for the system}K/U(1UG). He finds that the

oocupancy of the level increases from 0,33 at zera coverage to U.40 at cone
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centration 0.15, for a value of d = 2.85%.‘This‘means~that the virtual level

is gradually shifted downwards with increasing coverage as emphasized by

Gurney{1935). The fact that bath sets of results for the tuwo different species
are so similar, was attributed to a number of combining effects.

Gadzuk (1967) has used a similar model to that of Bennett and Falicouv with
different approximations, the most drastic being the assumption that the in-
teraction between the adatom and the metal can be replaced by the interaction
between the adian and the valence electron and its image in the substrate as

illustrated in figele Thus the Hamiltenian has the following form

H=ohe\/> - g2 - 82 4 e° (2.1.11)
2m * 4d ‘R

Gadzuk was unable to obtain any quantitative results with such approximations.

Remy (1970) used an approximation to the classical image potantial

W3y) = 92( rR™T - (4d)"‘1) ‘ (2.1.12)

which is valid at d = 0, this consisted in making the potential continuous,
this was dane byva translation af the origin by 30 in such a way that V(3 ) =
UD (a constant qual'to the pobential of the electrons imnside the metal). The
total potential is then equal to the sum of V(3 ) plus the potential dua ta
the imteraction between the bond electfan and ion core, which is switched an
as soon as the electron leaves the metal surface. The bond being assured by
pariodic transitions. from the |ms) valence level of the adatom to the con-
duction band of the substrate, Remy was able to calculate, using perturbation
theary the frequency w of the transition, thus deducing the lifetime of the
state T= 1/w and the broadening A = fu.

Remy's results for the width of the level again show the expected varia-
tion wikh de Although one could arque that the difference in values betuween
the small d and large d regions is perhaps a little too gfeat(e.g it was

found that for the svatem Cs/UW, at d = 2R, the width A was very largs{~iCey)
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Figel The model for ths interaction between the atom and the metal surface

adopted by Gadzuk (1967).
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compared to other results (Bennett and Falicov 1966), while at d:10£, N had
decreased to 10-4eV)o

Lang has used a "jellium" model of the metallic substrate-adsorbate system
to determine work functiom vs coverage curves in alkali/transitiocn metal sys-
temss In his model the substrate ionic lattice is replaced by a semi-infihi%e
uniform positive background and the léyar af adsorbate ions by an adjoining
uniform positive . glab ‘e Using the techniques employed for the study of
the inhomogenecus electron gas (Hohenberg and Kohn 1964, Kohn and Sham 1965),
ﬁerbtained the electron density -associated with this positive charge confi-
guration, by solving self-~cansistently a set of ane particle equations in-
troduced by Kohn and Sham (1965). From this density, the work function for

the model follows immediatly according to the relation

/é = Ajs - F‘ (2e1.13)

where F is the bulk chemical potential of the electrons relative to the mean
glectrostatic potential in the metal interior, amd A$ is the rise in mean

glectrostatic potential - across the metal surface, i.e
o A
A% = P(w) - ()= L,’E/dx oc[’h(i)-«‘n_r(x)] (2.1.14)
—

where n+(x) is the density of the positive background configuration, and
n{x) is the electron density obtained from the self-consistent calculations.
The changes in coverage were treated as changes in the density of the ad-
sorbate background slabe
This model is of course designed to treat the high coverages region, and
achieves good agreement with the results of recent measurements in that ree
. gione Lang hqs attempted to extrapollate his model to the low coverage region
thus neglecting the possibility of a Mott transition, further it seems unclear

whether the adsorbate valence level has besen renormalissd correcilye
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Phenomenolagical theories of uork function changes have been formulated
by Gyftapoulos and Levine (1962) and Steiner and Gyftopoulos (1967). In
these the werk function of the adatom-metal system 1s squated to its elec-
traﬁegativity. These theories are among the few which acecunt for covalent
bonding and the overlapping of alkali-metal atomic orbitals at high covera-
ges, as well as for the classical depolarization effects.

In the first part of this work, we extend the Gurney appreach up to the
work function minimum, and hence try to estimate the width and the position
af the valence insy levsl of thé adsorbed alkali atoms from experimental

work function measurements. A preliminary account of this wark has been pu-

blished (Muscat and Neuwns 1972).

2¢2e¢ The model Hamiltonian

Several chemisaorption studies (Edwards and Neuns 1967, Newns 1969b, Grime
ley 1967a,b,1970) have been based on a picture in uwhich the metal-azdatam
gsystem is describable uwithin the Anderscn model of localised magnetic stategln
metals (Andersan 1961).

Far any adsorbats atom, the Hamiltonian we ares using is a derivative of
the Anderson madel,lto include for interactions betuwsen the adatom and the
rest of the adlayer. The states of the interacting metal-adatom system are
canstructed fram . linear combinations of the unperturbed continuum of
metal states [E) and the ground state orbital of the adatom [ns) . Ue note

that the first excited states lnp.) (x= x,y,z) of the adatom are not included

in thié simple modeles These must however be included to determine the intra-

3

stic model in which both the transfer

b

atomic polarization effects, A mors real

-
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of charge to the adateom, and the intra-adatom poleriza
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cluded is cansidered in chaéter 4,

It must be remembered that the set of metal states (1k ) is complete, it
then follows that the basis set comprising af the | k)'s and the adatom state
| nsy must be overcomplete. A prupérty which may be sxpressed mathematically
by the condition that ins) is orthogonal to the linear combination of metal
states from which the states of the interacting system are constructed. Grim-
ley has shown that the basis set (lns)y,)k)) can be regarded as complets, if

the Hémiltonian H is replaced by a pseude-Hamiltonian HP® defined by

where S is the overlap matrix, whose off diagonal elements {nslk) are non-
zersc, We shall assume here that our basis set forms a completas sete.

The Hamiltonian H may be written in the form
Ho=H_ +H (2.241)

where Ha is the' Hamiltonian corresponding to a single atom on the surface,
and HI represaents the electrostatic interactions dues to all the other atoms
in the layer.

In the language of second quantization, HO may be written in the form

g - “ /
iy = Z é-'f ko + Z Eong Ny + Ve Thsp My,
k,o g

+ Z [vsf Ck: CSa’ + L\_‘ CJ (2;2?.2“)

kﬁr

The first term represents the semi~infinite substrate, éy are the energiss
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corresponding to the states ?k. We must of course remember that the ?k's are

not the usual Blach functions. Deep in the bulk Yk behaves like a Bloch

state while f% decreases exponentially into the vacuume. In addition some

—

members af the set (fk) might be surface states decaying ta zero inside the

. +
is the number operator n = ?Kr?&r

metal tao. n
ko

creation and destruction operators obeying the anticommutatiaon rules

+ .
where ¢, ,cC a mi
h ko* Cko- re Fermion

- (o3 + fo] '+} = -{c | C =0
ke? ks ko ? k'
and { ck:, CK&: } = Sk . (2+2.3)

The second term is the unperturbed energy of the |ns) level renormalisad
by image effects, the third term corresponds toc the repulsive energy of the
Ins) functions, also renormalised by image effects, and finally the last
tarm represents the interaction betwsen the atomic state and ths continuum
af metal states. ¥ is an adatom~metal transfer integral defined by

sk.

Vg = <nslvixy (2.2:4)
where U is the perturbation in‘the Hamiltonian, associated with bringing
the adatom up to the surfacs.

Ye have neglectad the Coulomb repulsions between electrons an the same
orbital lk) in the‘metal. We mainly rély an the fact that the free electrons
in the metal are delocalised and much better screened than in the atom.

HI describes the effect of the potential U(g} due to the adatoms other
than that described by (2.2.2), which is taken to lie at the origin of the

co~ordinate system, In general

Hy = Z_ /'7‘;+(a_g) V(x) Yo (x) d3x (2.2.5)
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where ”ﬁ;(&) is the creation operator for an electron of spin ¢ at x

tor(x) = ) RF(x)cud (2.2.6)

and v runs over the orbitals of the metal and the adatom. Due to screeninag,
U(i) is assumed to be small where the substrate wavefunctions are non-zero,
so that we may expand ¥,(x) in terms of the eigenstates of the adatom alane.

8o that if we keep anly the one belonging to the valence shell, we find

SO ng —

+ 0 = e P, 0 (2.2.7)

Since x is small, we may expand U(é) to first order in x, this gives
u(x) = V(o) + 5.\7u(_>_<.)lo (2.2.8)

Substituting for V(x) and ‘Y}(é} in {2.2.5), we find

Hy = Z‘ @“sa— (2.2.9)

and § = (L’(Q_).

In order to calculate §, some - assumption about the distributiaon of atoms
on the surface is necessary. We assume that on account of electrostatic re-
pulsiaom, the adatoms do not cluster but are spread uniformly on the surface.
It is possible that at low coverages the distribution is randomised, uwith
ordered structures appearing at higher coverages. However the assumption of
a particular structure at low coverages leads to results only weakly struc-
ture dependent (see below) so that in this region the results can be conside-
red known despite probable randomisation. At about the work function minimum

a square lattice arrangement is observed for caesium on tungsten (Gavrilyuk

3}
[\]

et al 1966, MacRae el al 1969).



“2b-

If‘ the adlayer is assumad to form a square lattice, the position vectors

of the adatoms are given by z, = (l my0) and that of their images by

= xr - 2dk, where 1 and m are integers and k is a unit vector in the

direction perpendicular to the surface. @ is obtained by summing qe(l —*l}
r T
a

over all the adatom sites i.e

() = qes%z Z{u"‘ e )t (12 ¢ 0?4 4d%e)72) (2.2410)

'f:—ao n==

the summation excluding the term 1 = 0, m = 0 simultaneously,.

§(s) may be expanded in an infinite power-sesries in s given by

« ; ' @ O (L d’ls\k ’ |
%{S) = g _:{ %..,..(\R—Z){é 1%47 ——_“((77'+m1) Ty (2.2.11)

A reasonable approximation to $(s) for small s, would be te neglect all

but the k = 1 term in the summation, i.e

Q_S-_- 0024253/ 24
(2.2412)

and ZZ-(l +m -w/2

f=-oWtiz-00

A is the constant which appearad in eq(1e5). It was first tabulated by
Topping (1927), its numerical value being 5.033. -

The physical interprebation of this approximation is that sach charge-
image system is replaced by a dipole of length 2d, an approximation which
is valid for small values of the ratio d/a {a is the nearest neighbour dis-

tance in the adlayery, a = s for a square lattice), L.g for small s.

Nl

Let us nouw consider the case of an equitriangular adlayer (fige2)s. The

pusition vectors of the atoms are I, = a\m + L ‘E(m - 1), D} s where m and 1
€ 2
o

in
ke ot
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Equitriangular lattice arrangement for the adlayer




i(s) = ge ZZ [(12+m2‘-»lm)'_-% - (l.z-lmci-mz—ddz/az)‘%] (2.2.13)

8 fovo meeo

and a is related to the surface concentration by the simple rule a = (Zﬂgs)i;

In the dipole approximation $(s) becomes

P(s) = 202253/ 2p*
where ‘ (2.2.14)
= AR S (12 - 1m0 Y2
{:-P mz- -

calculations (Topping 1927) give A" = 8,893,

It thus appears that @(s) in the dipoles approximation is practically
equal for both sguare and equitriangular networkse. We shall assume from now
on that the adlayer is a square lattice. Plots aof +(s) =:_§(s)/q as a func-
tiun of s are.given in fig.3 for different values of d.

’The various infinite double series may be calculated, by summing cver a
finite number of terms, and estimating ﬁhe grrar made by neglecting the

other termse @.g for A wse have

A = éSn* o+ SEW* (2e2.15)
whers ok
8 , = z (12 + mz)‘:”/2 (2.2.18)
& 1=1 m=0
and En* is the correction needed to balance the neglect of terms 1l,m7y n¥

in the series
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converging function of n*, and it is found that a value of n* = 20 is quite

sufficient to obtain results with the z2ccuracy of Topping{1927).

e3¢ Solution in Hartree-Fack approximation

The Hamiltonian (2.2.1) was solved in ths Hartree-Fock approximaticn.
This approximation has been criticised when applied ta the calculation of
localised magnetic momenbts in metals (Schrieffer and Mattis 1965, Hewson
1966, Blandin 1968), because it overemphasizes the tendency towards magne=~
tic solutions. The Hartres«Fock approximation includes the perturbation Ue

ff

only to first order, and should bs valid for sufficiently small Ua « For

ff
the alkalis U is expecisd to be smally it is further reduced by the renorma-
lisation from image sffects as discussed above. The small values of the accu-
pancies of the levels in alkali/transition metal systems (Wojciechauski 1966,
1968, Bennstt and Falicov 1966, Bennett 1968) strongly indicate that no
magnetic solutions exist (Grimley 1970b). Some workers have gone beyand the
Hartrea=Fock appéoximation, in their solution of the Anderson Hamiltonian

as applied to the chemisorption of a single alkali atom on a metal surface.
We note im particular the work of Gadzuk, Hartmaq and Rhodin (1971), who

use the low density approximation (LDA) of Schrieffer and Mattis (1563), in
which the Coulomb integral U is replaced by an effective potential; to do=-
termine binding emergies for alkali atoms on metal surfaces. This approximation
should be suited to describe the chemisorption of a single alkali, since

the occupation of the adatcm level is small compared with unity (Bennett

and Falicov 1966). This approximation may not be used in our case. In fact
the occupations of the levels will incrsases with the number of adatoms on

the surface (Gurney 1935), and may reach values yhich are outside the rane

ge of valldity of the L.DaA.

The Fock Hamiltonian for any spin ¢ may then be written

e e—— i
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. D e ; |
HY = g EFLP‘ + Egn :%; (uqﬁﬁ£¢c56,+ hec) (2.3.1)
where
a— 4 .
Eq = Epg + Ugeen +  $ (2.3.2)

and n = <ns¢> = (ng») .

We follow here the method employed by Anderson to salve (2.3.1), an squi-
valent method for determining the Green functions exists (Zubarev 1980).

Let us denote our basis set of eigenstates by |v), then the one-electron

state creation operator c:,and the energies €, satisfy ths equation of mo=-

tiom
‘ 11
. + + .
[‘Hva’,cvv] = EVC O . (20305)
and
+ 4 4 ]
c"od’ = Z<\’!£7 C."Q— + <O’S> CSU‘ (205.4)

The equations for the various unperturbed operators, are

, & + . + ' +
[h ’ %Sr] = éEF.F' + Lﬁscsr
(2.3.5)
and
o + + Z +
[H ’ csc] = EBpb, ¥ - Uq“ﬁ_r

If we now substitute these commutatars in the equation of motion (2.3.3)

then equating the coefficients of each operator, we find

E,Q Ky = €. 9k + v Lvisy
o (2.365)
é\?<\? ' €5> = Ea—("?l sy ty Z v 1 4\?!_;,>'

L
BN
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These equations can be solved exactly by Green function. methods. Ths

most interesting quantity is the mean density of admixture of the adataom

valence level into the continuum lavels of snergy €.

. 2
fogle) = ) S(eo =) 1<oio] (2.3.7)
.\)
since it determines the fractional occupation of the leuel
€
no= Loy = fos (€) de (2.3.8)

This and other quantities of interest may be obtained by studying the

Green operator (e.g see Messiah 1965)

/r:?(e) = lim (€4 i§ ~ H)"‘1 (2.3.3)

. S04

We may now derive thea Green functions

- Lox W<l By
Go(‘; (E) = Z (é+ ig_ev) {(2.3.10)

v

where |«) and \F) are members of the basis set af |v)e The density f;q(é)

as given by (2+3.7) may be rewritten

| §
1 2 -
(¢) = = &L1sy|“lin (2.3.11)
rsa T Z e Sl-’rU (¢ - e,,)z +§2

Finally using (2.3.10) it is easily shown that

(2.3.12)



If we nouw multiply both of squations (2.3.6) by <{¥ls>(&+ i§ - €, and

sum over all v, wa find

a Z o
(8-1—:(,) Goo - - vS& c;-k.s = 1

(2.3.13)

[+
(&'é.k.) Se = VYo Boo = O

and E:—'E-l'igo

We may then solvae for G:;, and we find
67 (&) = E- & Z K 2 (€& -e ) - 3.14
ss = - T = ” S}il - }i (2. .1)
the sum in (2e3474) may ba evaluated; we find

A -1 A (2.3.15)

1

Lim ? [V, |2 (& ~e

$=> 04

where .

2
N=v )] [V o] | (2.3.16)
k

is an effective energy shift of the adatom level, and P denotes the Cauchy

principal value., The Hilbert transform of I\, A given by
; 2
D= Z !qu\ $(e -€,) (243.17)
1 24 A

represents the uidth of the level.
If the surface density of states of the substrate is ascumed constant,
(this is not too seriocus an approximation for a metal like tungsten, whose

density of states exhibits a broad maximum at the centre of the band),

2

sy s :
then A\ and A\ become ensrgy indepondent, and it is easily shawn from

{



w32

(243.14) that E;;(é) behaves exactly as if therewere a "virtual state" at

€ = Eq.-i— /\'I' ide

The density distribution of the s-state is thus agiven by the Lorentzian

(2.3.18)

and

E(s) = E+ A (2.3.19)

in analogy to the Bennett~Falicov model which we reviewed in sectian 2¢%e
Taking the zerc of energy at the Fermi level n is now sasily shouwn to

be given by

o
I
ol

- % arctan{E(s)/A) (2e3.20)

E(s) is iteelf despendent on n through (2.3.2) and (2.3.19), so that ue

hava a self-caonsistent preblem in n and E(s), this can be solved numsri-
cally for differenf valuss of the surface caoverage s. The results will fur-
ther depend on the additional paramsters Ea =‘En;'+/\ and Ueff' The géaphi»
cal solution of the self-cansistent problem is illustrated in fig.4. Let us
introduce the parameters A = (Eo -’f)/A s B = (U‘eff + 2P /A , the straight
lines in the diagram correspond to (a) &= 2, p=1s (b) ex = 1, P:Z and
(c) = @O, p = Se The passage from (a) to (¢) correspands to an increass in
s, We thus see from this simple plot that as we increase the caoverags s,
the valence energy level of the adatom is gradually pushed downwards rela-

tive to €., thus increasing the ococupation n of the level.

F
Our aim in developing this simple model is to estimate the width [land

posltian of the |6s> level of adsorbed caesium atoms, using experimental

results for Cs/W systems. We develop expressions which are valid either ip

. ) . - N JU, . o N R ~hd e . 3 e~ o Y
the low coverage reglon, or at the work-functlion minimum, and compare tham
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to the expsrimental measurements.

{(a) The low coverace region

Treating §(s) in the dipole approximation (2.2.12), it is easily shouwn

that the self-consistent equation (2.3.20) may be rewritten
/ .
£, + U_oen + 262d%as>%(2n = 1) = NecotTin, 2.3.21)

while at zeroc coverage, this becomes

Eo + Uaffna

= Acctﬂ'no (243422)
and n_ = n{0). Eliminatiaon of £, from (2e3.21) and (2.3.22) gives
2.2, 3/2 N \ e oz
2e“d“As (2nD - 1) = (nc-n)(LeFf +ATTAcaaec’ﬂno) (2.3.23)
where we have used the approximation

2
cotTin = cotTTnO =T (a - nu)cosec“'ﬂ'no ’

which is valid for small no JI ) I

Using the relation
AP = <4meds{1 - 2n) (2.3.24)

(this is obtained from {1.3) by using the relation q = e(1 ~ 2n)), it is

easily shoun that

Dp
N o= n = %(nga - ‘?) - 1 . (2.3.25)
A



T

if we now replace this in (2.3.23) we find

- 2.2 3/2
_féfi_ = 1 - dedhe z, (2.3.256)
s(gé)a , U_pr + WAcosec n,

This relation is equivalent to the depolarization functions which we in-
troduced in chapter 1, and which have been used by several authors to fit

experimental data (Langmuir 1532, Schmidt and Gomer 1566). The guantity

Aezdz

Ueff + TLAcosaczﬁno

(2.3,27)

has the dimension of volume, and represents the effective polarizability
ef the system.

The results of this subsection héve been compared with work function
vs coverage measurements for the system Cs/W. We have used the results
of Fshrs and Sticknsy (1971) whose low coverage resulta are particularly
good, Following equation (2.3.26) a plot of nyﬁ(s)/s vs 33/2 at low cove=
rages is given in fige.5. This plot tands to magnify the errors at small s
but the results of Fehrs and Stickney ars accurate enough for the slope
and intercept to be determined. The sxperimental polarizability is then

equated to our theoretical expression (263.27)e If we assume for simplicity

that Ueff may be nzglected, and express d in the form
- 1 4%y
¢ = We(zn, - 1) (Fs)o (2.3.28)

we can obhtain a relation between the parameters A and ng,e Use of equation
(243422} gives us the relation betueen £  and A uhich is plotted in fig.6

{the full curve).
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The condition for the minimum may be written

%5(‘3?5) = 0 (243.25)

it
=]

23-31;- + (2n - 1) (2.3.30)
If we differentiate both the self-consistent equations (2.3.19) and
(2.%,20) with respect to s it is easily shoun that equation (2.3.30) re-

duces to

i

e . Uaff ‘+'“Acoseczﬂn (2:3.31)

Flimination of n betwsen equations (2.3.20) and (243.31) gives us a rela-
tionship betusen Eo and [S at fixed s and U similar to the existencs

eff
curve for magnetic seolutions in the Anderson model {(Anderson 1961). If

ueff is taken to be zero, the rslation betueen EO and A may be written
2¥ % 2P %

E = arccos + -1 243632

o { o AEE- 1) (2.3.32)

Ve nou .fix s at the coverage at the minimum Soin = 2.5)(1(31'4 v::rn”2 (Fehrs

il t s

and Stickney 1971, Gavrilyuk et al 1966, Sidorski et al 1869), and plot

the curves {(2.3.32) for various values of d,alsc in fig.6.

(c) Determination of the parameters

Elimination of s beotucen (2.3.20) and {2.3.31} gives us yai another
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useful relation between [Sand Eo. If despite rather inadequate accuracy
near the minimum, the low coverage szpproximation forff(s) is used ie.s
Y(s) = ZdezAss/z, we can eliminate the s dependemce of (2.3.20) and

(2.3.31) by remarking that

2
25%%?8;32;) - :f(s)

s

The resulting expression is

N P | 2 1 3 o
Eoe + A +_L_£. = A[tan =L + TiZsec 2% | + Y _pel (2.3.33)
and

Z = 1 = 2n P

This is a reasonahble approximation to the empirical linear relationship
found by Suznscn and Strayer {1968) between Z and the adatom icnizaticon
potential at the work function minimum, provided that Vsk and U are assu-~
mad not to vary with adatom. If we assume that Ueff may ;g Aeglected
compared te WA, it is found from Swanson and Strayer's results that
A = 1.83ev,

An extension of equation {2.3.33) valid at higher coverages may be
obtained for a givem value of Snin? Z being now derived from the experie-

mentzl values of S in? and the work function minimum. The resulting li-

near relationship between Eu and A is also plotted for a few values of .
d in fige6, The intersections bstusen the two sets of curves corra2cpon-
ding to ths high coverage ragion for a given value of d in the range
between the ionic and the atomic radii of Cs, are seen to be in fair
agreement with the low coverage datae

[s]

Taking an intermediate value of d {d = 2.158) at s _, oglves Azx.65:V,

2

o~ e

2:1.1) gives a va-

[l 4 | T 5
L~ 1455e¥, For comparison we nots thait E

. givan by
a ~— n Y

=
U
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The discrepancy betwesn this rsgsult and the value of /) obtained from
the Swanson-Strayer relationship may be largsly cdue to the low covsrags
anproximation on which ths latter is basad. Attempts to calculate /A from
first principles seem to give widely divergent results (Bennett 1948,
Remy 1970), but Bennett found that the experimental polarizability for
the K/W system was compatible with his value A= 2.38V which is much
larger than ourse.

A caontribution to the dipole moment variation of the adlayer is also
to be expected from the intra~atomic polarizability which is large for

frae alkali atoms, and this is the subject of the next chapter.
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Chapter 3

LINEAR RESPONSE FORMALISM

Z2¢ls The polarizability of the fres alkali atom

It is well known from atamic spectra that the f-sum rule is almost en=-
tirely satisfied by the ns-np transitions (Condon and Shortley 19235) so
that a calculation of the polarizability of an atom4may be formulagted in
termé of the ns and np levels of ths stom alone.

The polérizability of the free alkali atom with ane elsciron may be
calculated in an order perturbation theory.

If £ is the applied wuniform electric field, then the potentizl ari-

sing from E is given by
¥V = efx (3¢1.1)

The induced dipols moment (wis praportional to the electric field and
in the same direction, the rabic o of the dipcls moment to fleld strangth

is celled the polerizability

o = igi? (3.1.2)

The dipole mament <Y is givan by

Y = Ltlex |¥) - {3¢143)
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where (V¥ are the eigenstates of the system. If aonly the insy and \npy le-

vels of the atom ave included then |47 is given by

F wE (3eled)
u} S

From which it follows that

. 2
o e 232 i.fé_‘_&LE.ZL (3.1.5)

E =« E
P s
Finally we may eliminate the matrix clement A= ¢{sixipd. Indeed according

to the f-sum rule (Schiff 1955) we have

(Ep - Es)l<s;x|p>12 ~ ’_fé | (3.166)

For cagsiunm 4, the energy separatisn batween the s and p levels is equsl
to 2L = 1.442V (Atomic Energy Levels, Circular of the National Bursau of
Standards 467, VYolume I1I), and from (3.1.5) and (3.1.6) we find

A= =1.628 , o = 52.58° .
These values arzs of course unlikely to remain exact in the case of an ad-
sorbed atom with valence arbitals as extended as thoss of Cse We think it
passible that the effect of the surface ig intersecting ths region af
-3

space where thess orbitals are large would be to raduce thes metrix element

A considerably. We have thus employed a range of A values in this worke

362 Dislegtric response of the subsirate

The linear dipole polarizability of the adatom~substrate system may be
formulated in terms of the {ned) and )npz) levels of the adatom alone (z is

tho dircction perpendicular to the surface). The neglect of the stabes
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1np¥) and]mpg) is based on the assumptions that

() the matrix elements (npxIU!K) and <nplel5} will be small compared
to <nple157' (this is due to the large size of the Cs atam, and theo re=-
lative flatness of the surfaces we are considering ), so that the anz
oriital will couple much more strongly with the metal states than the
1npx) and |npy) orbitals, if tﬁe matrix elementS'(npxlvigy and (”PY‘ULE7
are small, the lifetime broadening of tnpi) and lnpy7 will be smell, so
that these states will be kept almost siapty;

(ii) the electric fields parallel to the surface will be amall, so
that there is only weak cocupling betueen inpiy, 1npy> and INs).

Meglecting U the Hamiltonian (2.3e1) is conveniently generalised

eff?

to its present form

sg p pne . Rk
+ + ;
o e sZ2e
+ Zk (Usb'_c}_:p"csa' + vpﬁc@cm + hec) (3e2.1)
where
& = § == 6 - . ele
. EY o+ $  ang €, =€ + 2 (3.2.2)

We now calculate the linear response of the system to a psrturbing
potential V(ﬁ,ti in the Hamiltonian. lie use here ths formalism introdu-
ced by Newns (19705,

The responss Q’cﬁ the system to V may be obtained from the expression

{(Kuba 1957}

, t
Sr(_g,,t) = / dt:/dz'x' R{xstex'st?)U(x",t") (3.2.3)
Q
where the response function R is defined by
. . 2 4 ire . < s gy N
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with

fo(xst) = Z o; ot e (0P, (0P () (3.2.5)

iy

\

The perturbation is assumed to be switched on at t = D.‘Pi are the one-
particle wevefunctions of the unperturbed system. |¢0) is the time in-
dependent Heisenberg ground state of the unperturbed system. The crea=-
tion and destruction operstors are given by

=iugt

t) = e - c : (3e2¢5)

C5 gt i

where *hwi = Ei is the energy eigenvalus of ‘P.‘ The time dependence may

then be factored out of the commutator in (3.2.4). So that we havs

<¢ “: io J« l:?cmc"]l ¢c:7 = )S 31. 0'0“ (3.2.7)

where at zero temperature

(3.2.8)
n, = 03 €17¢F
i
substituting back in (3e2¢3) ue find
‘e .l s
R{xsx'st=t?) = 218” :Z: (n, - .) 1(er=t) (us-u;)
43
* *
* t oza
AN COR ACDN ALENAEY (2.2.9)

While in Fourier representation equations (3.2,3) and (3.2.9) bacome

'd . N K
of (Xsw) = ‘/d?'XR(i,f_',w)U(if,m) (5e2610}
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RGoxtou) = 26 2 D= Py PP (x)
is] mi - wj wow o= if J
X ‘Fj*(zg)‘ioi(zs) (3.2.11)

Equations {3.2.10) and (3.2.11) oive the linear response of any large sys—
tem of non interacting fermionse
The dipole moment im any given direction‘ﬂ,is related to the static

respanse function f(z,ﬁ) of the system as follows

[‘,,Lz /x,'LF(_g(_,D)dax =/x,idBX/d&x'R(i,ﬁ’,ﬂ)\l(é',ﬂ) (3.2.12)

The perturbing potential ¥(x) is given by eguation (2.2.8), and may be

rewritien in the forn
3
vix) = v{g) =+ Z x E (3.2,43)

where £,, is the electric field in the v direction, {3.2.12) may be re-—

written

3 .
Po= 1, \)Z;,‘ %o Eo (3.2.14)

where e%v‘represents the polarizability in the M direction due to a field

in the Vv direction, and is given by the relation

2
o(,,LV .-::‘ n-%:"* ::: <"‘1}v’§qlm9<m3‘xv!m4)
M, e,

M, ¢M
3774
/péF j dm V1Y AN
Ain | du Z L AR AS AN A (3e2015)
4/ i3 (w = wy + i (u - v, & is)

vhere we have used the identity
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. ni - T, 1 éF .
-Er":-ai = = = 1In du ,3:0+ (342416)
i 3 T (W = wy o+ i§)(uw -~ ws + i)

and summed over the dummy variables MyaMosMasl, e The expression {3.2.1%)

4

for Q%P may bs reuwuritten in terms of ths Green funcitions Gm m definad
i)

in the usual uay (i.e see eq (2.3.10)), ie.e

K = ;zi:- jfdw G (m)G& n (w)

nw l

My e 174
mg e
X R lmiy{m IR (3.2.17)

Equation (3.2.17) represents the intra-atomic polarizability in any
direction W due t® an electric field in any direckionv. In our case
the most important cdntributi@n to o« will come from the componentCQZZ.
Further the only matrix elements in {3.2.17) which are not negligible
according to the fwsum rule are thoses with m. = 8y OT Py hence (3.2.17)

becomes

E;
Iﬁ// du[éess(u)epp(w) + zesp(w)eps(m)] (3.2.18)

— PO

ZGe3e Debgrrnination of the Creen functions,

We use here the method introduced by Anderson (Anderson 1961, Alexander

and Anderson 1964, Moriya 1966), and already employed in chapter 2. Let’

e

us defins the one electren creation operator S,
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+ + .+ : +
Coo ~Zk<\7t£<_70£<_0. + <~>1s>r,8°_ + <°‘P7"po~ (3.3.1)

then CV; and the corresponding energies éi>must satisfy the equation of

motion

B +
[H [ C\)G] = evcw (3.3.2)

The various commutators are

« + + +
= & . i=
[H ’ civ} iclf + ZE Vi&ﬁ&d' i=syp
- (3.3.3)
na +7 _ + + +
[HL, ?EGJ = EEFEQ’ + 253086_ + yﬁpcpf
The eguations for the various Green functiéons are
v 2{ T
(€ - € )6 - - Vsﬁsgs = 1
€-€)g 7 - v 67 .
( p) DS ij ﬁ-'i -a = G (303.‘1’.‘»)

q

o a -
(¢ - €60 = Vgbeg = Vipbog = 0

with three anpalogous equations involving G;;, ng, and Gég. The solutian

of the set of equations {3.3.14) is straightforward though rather lengthy

The result for G;z in its most general form is given by

2
6o (e) = [(é -E€ ) = Z ‘Usk’ Z VorVks
s L = & é“‘ék +i § E_ é"ék"'lg

A \(‘.,(__- ~Z (3e5a5)
k



i

If we assume that the transfer integrals Vsk and upk are equal (an immediate

consequence of this assumption is that the widths of the 1nsy and npy lg-
vels are equal), ths expression for G;; and the corresponding exprsssions
for Gé; and G;; are considsrably simplifiede. If this is done, and after use

of the suﬁstitution

2 .
Naoipn = 1 2 D (3.3.6)
90k €eg, ¥ 1§

we. find

G:(w) = wo £ 3 A = (3.3.7)
s (¢ + E + i{w = E + i/\) ~ (A - iD)

where we have introduced the new variable

Ww=€ - E
m
and
= €& A = ¢ - PRGN
E st E ép £+ A (3.3.8)
e apart from the energy shift A, Em represents the mean ensrgy bestwuwesn

i

the unperturbed energies of the s and p levels. Similarly we find

G‘rg(w) = h-1h 7 (3.5.9)
pst (u+ E + i8)(u = E + iB) = (A = iA)

and
6 (u) = w4+ £+ 1A ' > (3.3.10)
PP (v + E+ i) (u ~ £ + i8) = (A=~ in)

These various Green functions must be substitutad in the expression for

Néz. The integral proves to be tractable analytieally only it N\ is neglocted.
’ status
Bur neglect of A is rather intuitive. For a reassonably censtant density of,

N .

Awill not change very muc ¢ changes. Usually theN effects do not domi-
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- nate the Aef‘r?ects, and we hope to get a fair description by neglecting A.

0(22 is then given by the relation

c

o _ Aez)xz M oAy [(wz—Ez)z -+ /LAZEZJ du (3.3.11)
- 2 LI 1] ede
2z T [(w* - €97 + ap%e%)?
-~ oo

the integral is straightforuward, though rathsr lengthy, we only state the

results here

y L
4s°N? 4 1 g? 2AE? ~ AY?
0422 = 5 ol e AN arctan > 5 2
R | AR S\ "2 (B° - AT)? EL =~ ET 4+ 2N

(Eﬁ + E2)A3

+ E>A (3.3.12)
2 2.2 221
L2 /
(Em ET)T + 4ATE”
2 2 2 rnl 2,5
o ~ N - 1 2 . /Em - E7 4+ 2A° + 20N - E7)
- z - 2 2y% 2 2 2 2y%
2z T % -n%] & (A% -£%)? lEi-E” + 208 & 2D - £9)*
(Ei + E“)Q}
+ 5 5 5 , ELN (3.3.13)
(E- -« ET)” 4+ 4AN°E
m m
Ls) 2 A
4 P
X, = = IS 5 > ’ E= 1 (3.3.14)
N E + TAY

The effective polarizability arising from the transfer aof charge to thz

adatom (the Gurney effect) is easily shouwn to be given by the relation

¢ _ _ 2e°d? A (343.15)
“ T g(e)? +A7

It is now useful to consider two important limitse. If E(s)P7 A (this co-

rresponde roughly to the low covcrage limit) then it is found that O(ZS/D(Z

a2 /257

z

|

|

|

|

In the special case E{z) = 0, A = E which is not far from the ‘
. . c- = 2/

realistic high coverage situation, then 0\22_/ 0(22 d />\ |

) |

|
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For Cs we have estimated A= -1.52& from the f-sum rule, although perhaps
in our problem X should in fact be reduced, Even then it appears that the
contribution from the intra-atomic polarizability is comparable to the
Gurney polarizability. The inclusion of the intra-atomic polarizability
should increass “the yalues of A and Eo’ derived in chapter 2 from experimen=
tal data,

The inclusion of the intra-atomic term should not housver be restricted
.to the linear approximation, and calculations within a2 non linear frameswork

are the subject of the next chaptere
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Chapter 4

ALKALI ADSORPTION OM TRANSITICON METALS : THE IMPORTANCE OF THE s-p

HYBRIDIZATION

41+ Introduction

So far the'possibility of an induced adatom dipole moment p normal %o the
surface has been neglected. Neglecting the polarizability of the ion core
any polarization must come from the occupied part of the adatom density of
stetes, Estimatss of this effect which tends to depolarise the surface in
the same sensa as the Gurney neutralisation'shum it to be comparable to the
latter (see chapber 3).

'e note that, in the presence of a fixed elsctric field, a change in the
local poisntial of an stom will chamge the occupancy n of the valence lsvels,
and thus both the polarizability and the dipole moment I the two effects
are thus coupled together. Our aim here is to ecalculate both the contribu-~
tions to [Mécoming from p_and n, while zallowing as far as possible for strong
‘lifetime broadening effects which couple the |nsy and {npy levels themselves
togather; A preliminary account of this, has already been published (Muscat
and Neuns 1974).

The change in work function is given by

[.\.gb:: ml‘;ﬁ{(ﬁ}d = "‘—-}S - (4"1"1)

q = o{1 «~ n), | (4.1.2)
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no= ;Zi;(<“sé>*'(ﬂp;7) (441.3)
: o

and

ri = ;Z:<QS:C§; 4+ CP:CS;> (4-1-¢)

4e2e The modzl Hamiltonian

The Hamiltdnian is a generalisation af that used in chapter 2. A single
adatom is considared, the other adatoms being taken into account only through
their elsctrostatic field, Interatomic correlations in the wavefunction zare
thus.neglected from ths start.

e write H in thez form
(4.2.1)

uwhaere Ho is the Hamiltonian for the adsorption of =z single adatem at zezro

coverage, i.e

+ -+
[ngégycsf + uRﬁ?ﬁWCpﬁ' + h.?]

Ko

=
!
=M
9

M
b2yl
3

3

+ EiZ(nso_ + npv) + EZ (npo‘-nsr) {(4.2.2)

a : a

where the first term represents the substrate, the sascond the coupling bet-
veen the subsirate and the adatom; and the last two, the unperturbed enargy

levels of the adatom renormalised by image effects

i
m

3
m
-

E' = E, + E (4.2.3)

[t}
po )
(e
[
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respectively, and 2E = 1.44eV for Cs {(Atomic Energy Levels, Circular of the
MeBeS 467, vol I1II). | ) | z

The Hamiltonian {(4.2.2) ié similar to (2.2.2) generalised to tuo adétom
levels, except for the neglect of the Anderson Coulomb interaction U. As ue
have shown in chapter 2,U is considerably reduced by image effects from the
adsorbed atom; we shoued that 2 renormalisation of U exists which reducss U
to U - ez/Zd. {Hawson and Neuwns 1374, Schrieffer 1973). This reducticn am-
ounts to 3.7eV when d = 28,

He doscribes the effect of the potential due to the adatoms other than

that described by (4¢2.2), this is given by (see chapter 2)

H = Zf FEOv)Pax) 2 (402.4)
a

vheors iz now given by
g

o = cop Tpl®) + o Plx) (4.2.5)

~

where QPP and ?Dare the Schrodinger representatives of (np£7 and }ngj .

Keeping only the 1St tuc terms in the expansion of V(x) (equation {2.2.8)),
‘ue find
, _ x + .
Hy = ?Z—(nso_ + npa) + ME (ch_cpa_ 4+ ha.c) (4.2:6)
a - J ’

vhers $= V(2), ¥ = eXg, , V ¥(x) o = £y = (0,0,E,) and

M = {nslzinpy | (4.247)

In order to calculate @jand E; s we shall assume that ghe adlayer is a
square lattice. The position vectors of the adatoms are then given bY,Ea =
L - i
s “(lym,0) and that of their images by I, =8 2(1ymy=2ds®), where 1 and m

are integers and s is the surface coverage of adatoms.



The electrostatic potential at the origin due to charges +q and =g at|£a

and Z5 respectively is given by
(4.2.8)

4
af . T 7
8 i

to
'p '—r'a 'p .—I:-i
3 T 3 (4e2.9)
T T,
a i
Now since the dipole is normal to the surface, and I, is in the plane of
the first term in {4.2.3) gives zero contribution.

the surface,
The electric field at the origin due to charges +g and -q at r and Z;

differentiating (4.2.8) with respect to z, which gives

may be cbtained by
2qd/ri3 o Finally the field due to dipoles M is given by

(4.2.10)

§tand £, may nou be obtained by summing over all ths lattice sitss, and

we find

§ = o*n - 1)35'[ul(o) - U;(ddzs)] + Zardss/ZUS(Adzs) (4e2411)
2 2 —
2

- ! , 31/2 2 '
E, 2e{n = 1)ds U3/2(4d s)

3/2}ju3/z(o) + US/Z(édzs) - 12d23U5/2(4d2ﬁJ (402.12)

(4.2.13)

vhere . oo
‘“ZZ (12+m2+x-

U (x) =
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the summation excluding 1 = 0, m = 0 simultaneously.
In the region of small =, thess expressions may be considerably simpli-

fied, If we take the first term in the expahsion in powers of &, we find
§ = ZadAss/z[ ot ed(n -~ 1)] (4e2.14)

and

E, = 2A33/2[ j« + ed(n - 1ﬂ (4.2.15)

-

where A = U (0) = 9,033 (cee chapter 2).

3/2
In" this approximation, all the quantities may be expressed in terms of

the total induced dipols moment rl of the adatom and its image.
ﬁt = 2+ Zed{n = 1) {(4.2.16)

then we have

and

E..L o= ,"tf\ss/z
(4.2.13)

From (4.2.18), an analogous exprsssion to the depolarization formula en-

countared in chapter 2 in the case of the Gurney neutralisation, is obtainsd

fyls) = (o) - xas/? (4.2.19)

where % is an effective polarizability which will be derived later in the
text, The expression (4.2.19) is.assantially different to Bennatt's dopola-

rization function (8ennett 1968) in that he assumes that the slectric fisld

2 /n
£, is proportional to s rather s™/ %,



443 Formal solutlon

WYe begin by solving the Hamiltonian H. This is done sxactly by the Grsen
 function method already employed in previous chapters.
The important quantitiss are the Gresn functions, G:S, Bg; and Gg;,

Sl

since they are directly related to the charge n, and the intra-atomic di-

pale moment r\., as follous

& .
3
Z{-%Im/[{;:s(e) + Gs;(e)] de (4.341)
3L/
2e Z&. - Im/ c” () de} (44342)
a ‘W — = |

The equations for the Green functions are

e
i

-z
I

o o o 3
[& - (Ei+§-5)] Gy G g - % Vol = 1
o a G = -
[5 - (e el - el Z UG = O ) (4.3.3)
[& 1 o Vi e ViesSes o
with thrse analegous equations imvolving G‘r, 6% and 67 . We have us:
| pp° sp kp

the substitution 6:6—}- if. If we now put GS = Ei +§ =E, Gp = Ei +§ + E,

and eliminate Gki wg find

E"‘ é& l{;. ﬁ" & k (4.304)
5 2 S a
(€ vy 2 o o fo - 2 Do)l L
L K F-e | L £ fFL E5J
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Hence the results

N )
G v
Gss(e) = { = ea = Zk l..____s-'-‘i.)_ v (Ld 4 _j_ US__VE_F! )2

<" 2 -1
X Eu.ep-z. ,Up_',gl }"‘14 ' (4.3.5)

G:;(é} = {(E,-ES -»Zk Vs_ig ’ ){E - €, -Z t’__&g_‘_j)

- -1
x(u + :>: VerYip )“1 - (m + Z VerVikp (4.3.6)
| £~ €k K

-k

While by solving the three equations cnalogous to (4.3.3), we find

’ 2
G:;(e) = {8_ ep _,Z }Vp’ﬁ_‘ - (u .v,Z VSkVp}i )2
K

k &€k
( v,V -1 } =1
C - = S k g 4-11307
x k& ? 1P ) ( )

These results are considerably simplified if we assume that the transfer
integrals Vsk and upk are egual, this assumption implies that the tuwo ener-

gy levsls ES and Ep have thz same widths o Then by means of the substitution

(2346} 4 we find

E -~ € +LA

67 (e) = f . : {4.3.8)
°° (& - € + LDY(E - &g+ (1) r(w-uxf

G,:”p{e) = NAETA - (4.369)
- (e — €5 & ()& -€pril)— (W~

6T (€) = e ~ & +h . (4.7%.10)



We have assumed rather arbitrarily that the shift in energy A may be ne-

glected. Inserting these results in (4.3.1) and (4.3.2) we find that

_4_4,.“51’? M+ )2 4 2

oY du = I
—n-_w (w2 = 22 w2 4 4p02(W + )2 + {403.11)
~£.-% 2 2
r. = 4edAN[ * éw + ‘;l "252 = > du = eI (4.3.12)
7 (w, -E° -V ) + 4'.’[3"(\9/ -+ hJ) -

where we have used the substitution W = € - Ei - é' and taken EF = (0. Ye note
from (4e3¢11) and (4e3.12) that n = n(§,w), [\L::Iw@, W), now since § and

W = elf, are themselves functions of n and M through (4.2.11) and (4.2.12),
we see that the squations (4.3.11) and {(4.3.12) are a pair of coupled self-
consistent squations which must be solved for n ancl/u. before A¢gcen be cale-

culated. The calculation of the intagrals I, and I_ ig straightforuward but

&

rather lengihy, and we merely state the results.

I = -‘%—A { _‘;__?; [G(c,d) ~G(-c,-d)] + (B+ -i--c‘ﬂ.-.i_-)F(c,ci)

i,

o+ (D o+ Aic}F(-c,»d)} : (4 3.13)

where

i1 : " : :

Flocgd) = pagip arstan(;i N : __._C) (A+ d) (4.3414)
< A+ d
G(ced) = 1n [’(E + &+ )% + (A+ d)ZJ (4.3.15)
» = - i
1 Ad{2ue +Ad) - (Ad + 2c2)(w? E p2)

Ai = 2-51 -

rz(Az + 02)
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By = Llad ) ? + o?] (2uc +0d) - (Ad + 2D (W2 T £ t4.3.16)
= 422(A% + &%)
e = fad+ 2w Ee?) o (a2 4 %] (2ue +04)
- 41‘2(A2 + CZ) .
r’ = [(EZ -u? apn?? . 4A2w2_]"5
1,2 2 2 2.3
c = = (r® + B = W = AF)Z (4.3.17)

and

[
i

J_;:[rz_ '(Ez oy _AQ)J 3

The procedure now is to compara  oup results with the experimantasl data
available, This is done in two stages.

1+ Equations (4.3¢11) and (4.3.12) bsing soluble analytically in the low
coverage limit, the results are fitted to egpefimental data in this rogiong
and hencs for given aésumed values of d and A, a relationship betuween Ei and
Ais oktained,

2. Making use of these valuss of E; and A ve solve (4.3.11) and (4.3.12)
numerically For/u,and n and thus obtain a valus for Ag as a function of s
through (4e1¢1)s By varying d,», and A\ ths best fit to the experimental re-

sults is then achisved.

&sb4e The low coveragg problem

In the low coverage limiit, both @ and Y are small, so we can linearilss

-~ ~T Ve
e3e11) and (4.3.12) as follous

LN

s
equations (
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-
it

I"(0) + Figle) + ur*(o) (4.4.1)

EE?" = I(0) + §'1§;(e) + w1 (o) (4e8.2)

and the subscripts 15' and W denote the partiel derivatives with respect to §
and W ,

We have also shouwn that in this region./‘%(s) may be expanded as follows

Myle) = R0 + PE, (4.4.3)

uhere E_L = Assl/zftt(ﬂ), and P is the polarization given by

Po= 2e2[d21§f(0) + Ad(1§f(o) + 1,500 + ‘xzzu“(mﬂ (4.4.4)

At zero coverzge, bokh § angd W are zsro, so that the intsgrals I4 are con~

siderably simplified; The results are

+ 2 E, + (£2 ~ 2)% : E, - (EZ-Az)%'
17(0) = ;}[‘u’— arctan | ~Li - B ) - arctan( i ) {4e4.5)
\" & A |
2 2,37 4 2
17(g) = 74 x3 In [E; + (B" -a )1]:A (4e4.8)
when A<E,

In the special casef = E we hava

1t(o) = _ﬁ;[ﬁ - Zarctan(Er/Eﬂ (6.4.7)

4ELE
W
)

17(0) -
‘l’i'(Ei + E

i

: (4o4e)
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While in the region AYE, we have

I+(0) = i%[&T -arctan ( Ei 1) - arctan ( Ei 17% (4e449)
A+ (a° - e9)E a2 -£%)?)

Bath 1T(0)and 17(0) ars plotted as functions of the dimensionless ratio
Ei/E in fige1, for different values of A/E, and we see from this sketch
~ that the contributign to the dipole momant }% from the intra-atomic term
I-(U), which was ﬁeglected in the simple Gurney madelldescribed in chapter 2,
is far from negligible, being in fact a maximum at Ei = E.

The total induced dipole moment at zero coverage fE(G), may be written

as a function of E, and A, through the relation
rt(o); = Ze[M“(o)' + d{1¥ (o) -1)] (4.4.11)

together wikh the various expressions for I+(D) and I7(B) which we haves just
derived.

Let us now look at some simple limits, when A—->0 the situvation is strai-
ghtforward, the contribution from the intra-atomic term 17(0) is zsro as ex~
pected, while three possibilities exist for the charge tennI+(U),(i) if
E, 7 E then 1*(0)-——)0 as A0y (ii) if ~E< E\i< E then I+(D)—92. as A0, (iii)
if £, ¢~E then 1¥(0)~» 4, Each of these possibilities of course corresponds
to both, one or none of ihe levels being above the Fermi level respectively.

Taking E; = £ and A= g, it is found that 1H(0) = 1, 17(0) - 2/T, wz ses
that in this case, the contribution to I%(D) arising from the charge term
is zeroy while the intra~atomic term gives guite a sizeable contribution.

For any A , it is found that as E,~>e both I+(D) and 1 (0) tend to zero

+ - .
while if Ei-9—°0 s then I (0)=>4 and I (0)—0,
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Fig.1 Curves (a) represent I,(0) ~ 1, curves.(b) represent I_(0)



We can now match pt(ﬂ) to experimental resulits for zersc coverage dipole
moments, which apart from a constant of proportionality reprasent the ini-
tial slopes (d;é/ds}0 of the work function vs coverags curves.

We chose to study the system Cs/Ne(0001) (Fehrs and Mackrakis 1870). Cs
was chosen in the belief that the large size of the ©s atom would make the
discretensss of its valence jnpy» and Jnsy» orbitals a reasdnable assumption
and Re because the experimental points of Fahrs and flackrakis are particu-
larly well distributed over all coverages.

The matching of our theoretical exprassion to the experimental value of
ﬁ%(ﬂ) leads us to a relation between A and Ei’ which we have plottecd in
fig.2 for different values aof d and A,

If d is kept fixed at soms value, and A is allowsd to vary in the range
—-1.69\( AL ~1.8R, we seg that for A= -1.68 the values of the mean ansrgy Ei
are confined to a narrow strip around a valus of Ei winich is less than 28 =
Te4tal¥, this velus of Ei is very much smallsr than the estimated values of
£, & eV at d = 2,158 from the formulas, £, = E 1 -, ! =@ -1+ ez/é@\,
~ discussed in chapter 2. For a smaller value of ,A\, it is found that a much
-wiéer range of values of E, is available, This is the first indication that
the value of A predicted by the f-sum rule (A = -1.63) gives us rathsr pcor

zoreement with estimstes from other sources.

The polarization P depends on the partial derivatives Iéi and Imf eva-
luated at s = O, through (4.4.4). The differentiation with respact to P is
the roversse operation to the integration carried out in equations (4.3.11)
and (4¢3.12). The results are
s gt g7

+ £
T e a == PR

(4.4012)
+ @Qinz

The other partial derivatives involve more work, the results are
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2 .2 _
+ 4 E;° - E
I, 7(0) = -=% — (400.13)
! T (g, - e)? 4 ap’e?
17(0) = 2 n° ( £ 24 g’ )
W g2 . A2 (Eiz _ Ez)z N 4&251‘2
2 2 2.} |
e arctan [ 2ME -4 > (4.4.14)
2(ef -y g -+

with ALE,

In the case DYE, the besult for xu“"(u) still holds, but I,7(0) now be-

cuamnss
. 4 A3 £.2 4 g2
Iy e = = [ —5— T2 T2
M| E° « A" \(E.% = E9)° + 4A°E,
i 1
+ £* in (E.;“ + [+ (A,;_Ez)—g—] 4) (4e4.15)
2 .2,3/2 - 2 T 2 vzl %
a(p® - %)™ g0 + [0~ (8%-2%)7]

Ue recogniss Iw“(ﬂ), it reprosents the intra-atomic polarizability o(zz as
given by equations (3.3.13) and (3.3.14) ot zero coverage. |

In the limit A-$0, the pclarization P goes to zero as sxpected. UWUhile if
wa assune that the Fermi level is at Es {or equivalently Ei = E) we find
that the cross term invelving the product Ad vanishes, and we are left with
the pure charge term I:g({)) = «2/TA and the intra-ctomic polarizability

term

' 2 £2 _n2yE : :
I "(0) = 2 2A - qE e aTCtan (E° =N7) (404.18)
W ‘iT E '-AZ (EA -‘QZ)\J/Z &
if we further let A—E we find that P is given by
tsez 2 2

A



T

The deriVative of P exhibits a discontinuity at 43=:E, we find in fact

that

2% ~ (g% - Az)‘q as ON—>E
)‘“i

}_E ~ 2 2\""2 /\ -
A (E° ~« A7) as [ —E

Now in addition to the curves of fig.2, we may estimate Ppt(D) from the
exnerimental point_s and cerive a' further constraint on A and Ei’ from (4.4.3)
and {4eded).

For given valuse of d and A, we are thus able teo estimate A and E, as in=
dicated abhovs, Picking a point on the I—:i vs A\ curve characteristic of these
values of ¢ and )\, we then fead these valuss of A\ and Ei into the twu va~
riable self-consistent problem in n and[%, which wa can now solve numsrical-
ly for many values of s. We can thus b; varying s and keeping all the othar
paramsters constant, ohtain a curve for P}is) as a function of 33/2 (figs.3)
We then pick other points on the sams Ei,ZS curve to find the best fit ta
the experimental results, The process is then repsated for different valuas U
of d and A .

3/2

e have chosen to plot ﬂ%(s) as a function cof s in contrast to other

workers {Schmidt and Gomer 1966, Gerlach and Rhodin 196%8) who have plotted
3/2

N%(S) vs s. We have done this to show the linear dependence of ﬁt(s) on s

at louw coverages, which our model of course implies.

4,5, Results and discussion,

. . . £y Nt e - . = N ~ 2 3 St PG,
The curves {(fig.3) show no irreqularity at the work function minimum, nor
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is there any reason ta expect this. The minimum does not relate to any si-
gnificant change in surface structure, and this is illustrated in tho results.

For a value of N predicted by the fesum rule (X = -1.68), the results are
in very poor agresment with the experimsntal measurements available (figs.
Za and‘3b), the pronounced curvature in the region 05:3510j4 Cm»Z may be
explained by the small value of the ratio d/ I Xl for which the use of the
approximation (4.,2.19) is inadequate.

For smaller values of IA] (A= =1.28 , X = =1,08) we find quite good fits
to the experimental results for yalueé of d2:23 and values of A which in-
creass with de The curves (figs 3c,c,e,f) are linszar in the rcgims')£:5é131a
which indicates that the low coverage approximation (4.2.19) is fairly good
in this regione.

If d is %taken too small (eeg d = 1.8%) (fios 3g,h), them the results
again show very poor agreement with expsriments.

It is alsc of interest to plot ﬁE(S)x s zs a function of s, which ulth
the appropriats constant of proportionality gives a work functiaq/bouerags
curve {fig.4)e. These curves certainly exhibit the Aualitatiue featurcs af
the expsrimsntal curvas (inifial sharp decrease in ¢, minimum in @, small
increase in ¢ after the minimum) for most values of the paramsters, although
good quantitative agreement is obtained for thes relatively narrow range of
parameters found in fige.2 to be in agreement with experiment.

Table 1 gives estimates for O and E.» which give the best fit to the ax-
perimental results, for different values of A and d. Whsre a range for the
paramzters is given thz agreement with experimental rezsults is generally
poor faor a wids range of coverages, the lower and upper baunds of the inter .
val (Dﬁ,D@) correspond to the values of the paramsters giving the best re-
sulis szt low and high coverages respsctivelys

When the results are in good agresment with the experimental points over

14

9
-‘-
the whole range of coverages considared (04 s£3%X10 cm ), the appropriate

values of A are fairly large {726Y = £ < A% 3E = 2.16cV) . These large va-
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Table 1

Estimated width and position of adatom levels

X (A) — Lo —1.2

d(A) 1.8 | 22 1.¢ e | 1.1 14
Ale [-u) Jilecar [yt [[e,-a] | 2¢. [302
Ele |[2.5,32][ 3-5t-1 332 [27,3.3] 3429 | 3.3+,
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lues of A indicate that the s and p adatom energy levels are strongdy hy-
sridized as 1llustrated in fig.5a. Ths corresponding enargy rangz of Ei is
a narrow strip arouhd Ei = 3e4E = 245eV¥. Correspondingly,ye find Er' = 1.3V
which 1s somewhat smaller than the s=stimated value of Ené = 2.38Y at d=2.158
whith we discussed sarlier. The present model may be used to describe other
alkali-transition metal systems, although some of the apnroximations which
we have used are more suited to describe Cs than smaller alkall adsorbates
such as K or Na.

However we do not wish to extend this madel to othar alkall-pure metal
systems, instead we have made calculations for the system Cs adsorbsd on
& covered by a layér o% 0 (Papagsorgopoulos and Chen 1972, Deéplat 1974).
The complexity of this system evidently renders it hard_to chgracterisse and
ws cannot expect the accuracy of the work function coverage curvss to be
gamparable with that on a pure mstal surfacaf But the results availashle do
show a substantially different behaviour from those characteristic of Cs/
purs metals systemse The work functlion coverags curve for this syétem giffers
from that considaered eérlier y in that the initial drop in @ is much sisepar
and consequently the work function at the minimum is much louwer. The results

in this case (fig.6) indicate that the value of d must be much greater than

n the presvious example (d > 4.2%) uwhile the valuss of A ars much smaller

| ad

(A o o4E =.298Y when d = 4,28, A ~ 65 = «43eV when d = 4,58 ), se that
for this system thz twa adsorbate energy levels are well defined Loren%zians
with narrow widths (fig.5b) in contrast to the situation found for the Cs/
Re(CQ001) aystenme o
The cifferesnce in these sets of results are explainsd by the presenca of
the oxygen layer, which naturally increases d, and is also responsible for
the large decrease in level width A. The ox?gen layer plays the role of a
potential barrzisr at the surface, which rendsrs the tunnelling of the Cs va-
lence electrons more difficult, this increases the lifetime of the valence

states on the adotom and consaquently decreases the widths A .
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We conclude part 1 of the thesis, by remarking that our attempt at a cor-
relation of experimental results in the farm of macroscopic proparties (e.g
the work function) of a given chemisorpticn system, to its micrescopic pro-
perties (the electronic levels) has met with some success in understanding
the physics of ths particular system.

How good are the quantitative valuses obtained for the width and position
of the electronic levels? This question shall remain unansuared until sui-
table experiments ars carried out to measure such quantities for the systems

which we have dealt with,
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F_TRANSITICHN ATOMS 0OF FHE TXIAD JEATZZ N TUIG=TEN

REVIEW OF THE THEGRY UP TILL WoU

5¢1s Introduction

A study of the chemisorption of transition metal atoms eof the third se-
ries on various single crystal planes of a tungsten substrate has been made
by Plummer and Rhodin (1968), using a field ion microscope technigue. The
gensral trend theylobserved was that the binding enefgy of the atom on the

-surface varied linearly with ths number of electrons in the 5d shell, rea-
ching & trianguler maximum at Rhenium and then decreasing linearly, Despite
some uncartaipnty in the numerical values, it is now generally aceepted that
the trend is correct, these results being corraborated by a similar trenc
obtained for the activation energiss of diffusion (Bassstt and Parsley 1570).

Thase raesults have stimulated considerable theoretiéal intérest and a
number of models have appearad since. Thesa fall into two categories

(i) the band approach, in which the problem is treated as one of self-
consistency within the Hartres-~Fock approximation

(ii) the surface molecule approach,in which the adoton is assuned to in-

s — —

teract strongly with & limited number G



end im which correlatiom affects are included implicitly.
e shell first discuss the band approach, commencing with a discursion
of the tight-binding approximation {Mott and Jones 1236) uwhich has bmsn wi-

d¢ely used in describing transition metal de-bands (Friedsl 41956%).

5.2. Tha tight~binding approximation

In this approximation, the electrons arz assumed %3 be tightly bound ts
the atoms. The =slectron states ars thus assumed to be nearly thosz of the
isolatsd a2tom. The electron wavefunction may be written in terms of the atoe

mic orbitals Y(r) centred on all the sites B, of the crystal i.e
Y = Z e, ¢z-8) (5.2.1)
T :

If H is the Hamiltonian of an elsctron interacting with a system of =2toms
situated at R,, through a potential ¥(r - Ei)’ the secular equation then

reads

ii 3

% [6, thyy ~EY + wy,]e, = o (5.2.2)

where H, . =/‘P*(_1; - RIP (2 - _F_t_j)d\l. |

Since the orbitals are assumed to be localised, only the intsgrals Hij
with ‘Ei - gjl small will not be negligible. Ths nzarest neighbour appro-
ximation consigts in taking Hij==P for nsarest neighbours, Hij = 0 other-
wise

Several workers {Allan and Lenglart 1570, Cyrot-Lackmann 1970; Cyrot-
Lackmann and Ducastelle 1971) have usad the tight-binding approximation li-

mited to nearest neighbours only, to describs the chemisorption of %trensi-

tion metal adatoms of the third series on tungstene.
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Cyrot-Lackmnann (1970) has introduccd a amomant method to describs voricus
properties of transition metal surfzces, including the binding emergy of ad-
atoms. If H is the Hamiltonian of an electron interacting with a systom of
atoms and n{E} the denzity of states per atom, the moment of order 7 iz then

given by the relation

]

[N
*A
-~

A J/Epn(E)dE = .% Te WP (

A knowledge of all the moments FE deternines the density of stetes con-

pletely

(4]
. s AP
- r L g
n(E) = {2m) 1 dxelx“gz: L“i%l—-ﬁb (5e244)
p .
e

‘Keeping only two center, nearsst neighbour integrals, and neglecting

crystalline integrels (?ilijP£> , compared to the transfer typs of inte-

grals <¢i‘uith> (i and j being nearest neighbour, and v, = v(r - ﬂi)),

it is shoun that Hh can be written in the form
mo= P gp‘ (5.2.5)

where we have zssumed that the integrals are all squal to g s and Pp rapra-
sants the number of ways ons can travel from a given ataom, to the same atom
by passing through p - 1 atoms, all first neighbours to one another,

Cyra£~ Lzckmann abd Ducastelle {1971) have used the moment msthod to de-
termine the binding energies of transition mstal atoms on tramsition metals.
Startimg from a perfect transition metal surface M and a free transition atom
A, then A is adsorbed onto M, the coupling between them being established
through the happing integralag The binding energy of the adatom A is then
defined as the difference between the total snargy of the substrate M and

the atom A, and the energy of the system formed by the substrats and the ad-



sorbad atom. Thz varicus enargiss ars cenpuied uszsing For the denaity of stae
tes Baugsiane fittsd to their rpospectives first momentco. fhe most saricus
drawback of this method lizs in its lack of sclf-consistency. The charge
transfer betuween adaton and substrate has either beén nzglected altocothaz,
or included im an arbitrary non-consistent mannsco.

Their theory predicts that the binding ensrgy varies as a‘quadretic funce
tion of the valence differonce betwssn the adatom and suhstrats atoma.

Allan and Lenglart {1970) use a similar tight-binding description of the
d-band, tha effect of the suprface is rapresénted by a perturhing pa%ential.

ha

e

which is determined by use of Frisdel's sum rule and by the restriction

-

the total variation of dharge at ths Fermi level is zero. The adatom iz asg-
sumed to bind strongly to a singla substrate atom. The extra charge brought
to the surface is screened by the substrate d-electrons, the increzass of
charge at the surface has na effact on the densiﬁy of states far from the
surface, i.c therz is no variation of the Fermi level. Self-consistency is
then achieved by usse of Friedel's sdm rule (Frisdsl 1958), i.z the total
charge scresned by the U electrons is putvequal to the charge brought %o

the surface. The authors éssums that the variations in charge are negligible
on all the atamsmexéept for the adatom nearest neighbour.

Their results for the binding energy again shou a parabolié trend in con-
trast to the expsriments, Fuﬁther their values for the binding energiss are
much smallsr than Plummer and Rhodin'%s experimental valueé, théy attributsd
this, to the fact that in their madel the adatam>binds to one substrate atom
only, rather than to four substréte atoms in pyramidal form. |

Tha implemgntationvof the Friedel sum rule makes the charge variation AN
on the adaton go to zerc atN = 0 and N = 10 (N is the number of Sd-electrens
on the adsorbats)e. Thesz results zoupled to the cﬁemisorption gnergy rasulis

violate the sum rTule

BLE(H) =~ yAn )
> N {5.2.6)
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as we shall ciscuss iater in the text {also see Nsuns 197Ca,b) e

5e¢%e The uvirtusl lovgl doscrintion.

}

L3 - 1 > - |v,l 2 0 2 .
This model (Hewns 1870z) is based on the Anderson Hamiltonian which in

G

by

L2 e Yo, + n.o)

mK Mo Ka

+ U Z (1-S s

g’ )n (503.1)

m,m?t mcnm‘a'
This Hamiltonian is similar tao that.used in chapter 2. The diffarence
being that only ane adatom is on the surface, canssquently thére is no in=
teraction bztween this and other adatoms, furthar the adatom now has a2 va-
rizhle number of d-slectrons in its valence shell, and consagusntly the or-

bhital degenerécy must be accounted for.

Using the Hamiltonian (5,3.1) Mewns {1570a) obtained an expression for
the chemiscrption energy AL in the Hartree-Fock appreximatien, ( AE is de-
finsd as the energy change on removing the adatom from the surface to infi-
nity),which is dependent on a number of approximations

(i) the m dependence of the adatom»metal hopping integral Umk is neglsc-
ted

(ii) the adatonm ionization potential I and the electron affinity A are

taken equal %o +U/2 and ~U/f2 rsspactively, this Iz not too sericus an appro-
ximation since it is compatible with the restriction that I must bo positive

and A negative for the atom to be stable,

o



{1ii) thz rmodel is valid for She non-magnztic casz only.
In the Hartres approximation, the dznaity of statas ?{e) for any sdaten
1

oriital [meYiz glven by thz expresecion {using o simplificed versicn of ths

arcunent usad in chapier 2)

D(e)
(e -e_-AEN? 1 n@€)°

Py = m™

)
[€}]
.
[ ]
.
3]

~r

where the effective de-lzvel ED is piven by
= 3 ! / 4 = = 8] oser’
éa éd + QLNd/ 10 ’ rd ,Zn}(nmq_) 10 {nmqﬁ, (s 3

and N and A reprasent the snergy chift and the width of the virtusl levsl,
defined in the usual way {e.g see chaptsr 2).
Let us pow assums that A\ and A are energy independent, The szlf-consis-

tency conditions (Ancderson 1961) ars

. . |
n o= (nmq = /F(e)de ' (5¢3.4)

together with (5.3.3), and we have taken the Fermi level at zero energy in
(5e3ed)e

The chemisorption energy AE is then given by the rslation

a q
AE - "'Ed -+ ;r:o_:_ é—ra,. - ..1?..5 -Lz-'l- Ndz - ; é‘s (5:305}
‘ K

whare Edo is the energy of the free atom, given by

. X
NS

Ed"(mu), - ed Z n, + -%u[ (Zi_ni)zm % ni]

— 7 P - . 2 . ' )
= S4N +  4U(NT - N) ) (5.3.6)
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and we have used the rasult ni2 = N The deorbital = nergy é, may be

calculated by the use of the cimplifying assumption I = b/ « Indeczd, the

ionization potential iz given by thz2 rslation
I = EH-1) -2 = -6, - (21U (5.3.7)
= d d Y £S5 d i / ee

the ssconc equality in (5.3.7) follows from (5.3.6). Eguzting (5.3.7) to U/C

we find immediatly
€, = UN-~ 3, | (5.3.8;
and substituting back in {5.3.6), we find

£ = -3 U N (56349)

The second term .in {(5.3.5) represents the Fock eigenvalues of the Hamile

tonian, this term may be rewritten in the form (seg se@a Newns 196%h)

(o]
Z ércr =‘ . }.9/ arctan( A )dé + Z é {(5.3.10)
&

Tya M -€,-N

-0

,
The "D ." term in {5.3.5) has been substracted because it has bsen countad
tuice in the sum of the Fock sigenvalues.

AE(H) can be expanded about N = 5, it is easily found that

JA(NM) o 2a - 8N4 .
- o and aauzgmz = Ulsg™ 1) (5.3.11)
- AN N=5

no Nd depands on N through its dependsnce on éo which itself depends on Nd-

through squation {5.3.3)e The self-consistency is easily determined anc us

find that
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dN 10 U ‘
-2 = (5.3.32)
e | . 26+ QU
el
where & is givan by
o
-1 4 A (e -AN)

s = -2

de (5.2.13)

~ = LCels J

m [(e “N)° +/_\.2]“
- o

Equations {S5e3e11) follew from the sum ruls (5.2.6) whers have AN = ¥, -~ N
Finally we find that to second order in (N = 5)) AF is givsn by ths rsla-

tion

-+

25 - U )

2
AE(H) = AE(5) ~ % u{N - 5) [2s+ T

A look at esquation (5.3.14) shous how the Hartrss-Fock rasults completely
fail to give agraem&ﬁt with experimznt in tha large U limit; In fact ths
point N = 5 becames a parabolic minimum For values of U which ars grealer
than 28 o While if U< 2§, then N =.$ is a parabolic maximum iIn contrast to
the observed trizngular maximum,

More complete calculations based on a semi-glliptic form faor the width
A(€) give similar results for AL (Newns 1570a).

A similar investigation was conducted by Grimley and Thorpe (1371a) (see
alsa Thorpe 1972) uwith a different form of A(€) (here A(€) is still sym-
metric but it exhibits a minimum at the centrs of the band (eF), with maxi-
ma above and below éF). The results for AL ebtained ih this case do net
resemblae the experimsntal curves in any waye.

None of the abovs mentionad models have had any success in reproducing
the abserved experimental trend. A pussible explanation of these discrapan-
cies has been suggested by Newns (1970b) and by Grimley and Thorps (1971b},
who argue that the effects of slectron correlation are important, and that

rontest in the half-filled naase (whara thaory and experiment



are in greatest disagreement), owing to the greater number of configurations availa-
ble., In order to invesbigate this possibility, we must first introduee the concept

of the surface molecgule,

Holie  Surface molecules

The comcept of the surface molecule (Grimley 1971a,b,1973) implies that the ad-
atom—substrate bomnd is aetermine& by the. strong interaction between the adatom
orbitals and the localised group orbital formed from the nearest neighbour substra-
te orbitals,

Assuming that the surface molecule approximation is a good one, then the problom
may be described by a two atom Hubbard (1963) Hamiltonian (Newns 1970b, Grimley and
Thorpe 1971b). The two treatments differ in many ways. |

Grimley and Thorpe (1971b) have chosen to solve their Hamiltonian in the unres-
tricted Hartree-Fook approximation. The self energies, and intra-atomic Coulomb in-
teractions, of electrons on the adatpm were estimated from free atom Hartree-Fock
results. The Goulomb repulsion Ud’ of electrons on the substrate atom was chosen ar-

bitrarily (they showed that the choice of U& did not prove coritical, as long as they
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kept away from the Anderson limit (Ua =0)). Finally the self energy Ed of the elee-

trons on the substrate atom, was fized by the restriction that By + Uy {ny7y coin-
cides with the Fermi level when (1%57 = 0.5 .

Their results for the binding energy are in good agreement with experiment. The
caleulated charges indicate that adsorption is predominantly neutral. It should
also be noticed that, in this ﬁodel the sum of charges on the adatom and the subs-
trate is non zero, indicating that the surface molecule does not have a fixed num-

ber 5 + N of electrons.

Newns (1970b) has used the following two-atom Hubbard Hamiltonian

10
H = éa Z- na_

. 1 -
i=1

10 10
zE + +
* &y 1Z_1 it = By (a;b; +b;72,)

(-5 + 20 Z mon (-5 (ubet)

" 1j
14 J

+ %-UQ;ZE:;

n.n .
. s a2l aj
1yd

+ + .

where a. s bi are creation operators, n .y B, are number operators and the atoms
a and b represent the adsorbate and substrate respectively, the index i=1,....10
refers to atomie 4 spin-orbitals, The d-orbital self energies can easily be shown
%o be equal to

a

g 1 _ -
é = - Ua(N = 2 ) s é.b = 4°5Ub (504.2)

on the simplifying assumption that I, = Ug/é (= a,b),as discussed in the previous
section. The third term in (5.4.1) describes the coupling between the two atoms, the
ﬁi's are the metrix elements Fi = ~(31}Hﬂbi7 - The last terms in the Hamiltonian re-
present Hubbard-like intra-atomic elsctron-electron interactions, we remind oursel-

ves that within the Hubbard model only interactioms between electroms localised on

the same lattice site are retained,

An estimate of ths ijs for the (100) face of W may be made from consideration



of the following boﬁding configuration (see fig.1), assuming a to be at the origin
then b is an effective atom representing the four nearest substrate atoms which are
assumed to lie at (tJ5,0,1) and (O,1J§,1). The symmetryiof the d-orbitals is illus-
trated in fig.2. It is clear from fig.2 that any d-orbital at the origin can onl&

‘couple to a limited number of orbitals at(JE,O). e.g for the d Z2_r2 orbital at,

3
(0,0) the only allowed orbitals at (VZ2,0) are those that have the same parity about

the x-axis (i.e the d, 2 2, d 2 2, d  orbitals). From the atomic orbitals Xj

3 v
of symmetry j, normalised orbitals of symmetry i about the axis (0,0,z) may bes con-
structed. If R denotes a rotation of T/2 about the z~axis, then the normalised ofbi—

tals are given by

3
‘ff = = Z R X, 5 = 1,2b,k (5.4.3a)
' - n=0. J
3 = 2 .
Lf2a = (2) (Xj - R Xj) j = 2a,3
(54403b)
,
= (2)72 (ij - ijj) o d = 152b,h
Y oJ o2 (2)‘% (X. -R°X.) j = 1,2b,h
2b = - j j Jd = ? 3
(5ele3e)
,
= (2)72 (RX‘j - R.3xj) j = 2a,3
) 3
‘PBJ =3 7 (-)hERX j = 2a,3 (5403d)
n=0 J )
) 3
\FL,.J = 1 > (DR 3= 1,2b,4 (5elia3e)
. n=0 J

The matrix elements between orbitals at the origin and the linear combinations
‘F_'J are now given by b’l'J = <’+1l H I‘P1'37 where ‘7"1 is the orbital of symmetry 1,
2 .

at the origin, e.g when 1 = 1 we have
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Fige1 Pyramidal waA surface molecule; :



Fig«.2 -

yz X2z

Symmetry of various d-orbitals in the Q-y plane
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, |
4,0 = & Z <Hlalxdy - aining (50t
n=

for the appropriate j's; and we have used the result <?+jRpJ = (¥ for all n;>Thése
matrix elememts can be rewritten in the notation of Slater and Kbster-(1954), eeg
if 1 = J = 1 we have
¥, = 2028 - r%13:% - 1) = 2 E(aam) + $(aaw) (54405)
, ' 4 ,
where_we have used @able 1 of the above reference with the values 1 = (2/3)2, m= 0
end n = (3)~%, of the direection cosines. All the matrix elements may be writtem in
the same notation, they are given in table 1.
Because of the several possible values of j compatible with a given symmetry 6f
the d-orbital at (0,0,z), fhe Hamiltonien no longer haé the simpie form (5.401) °
But for purposes of estimating the ﬁi's appearing in (5.4e1), we diagonalize the pro-
blem at U = O, which gives linear combinations of the Y's of a gifen symmetry.
Bffective ﬁifsamay then be calculated representing the interaction between a d-or-

bital at a and the appropriate linear eombination,

The secular equation for Pi is easily shown to reduce to the quadratic egquation

g2 - ZI¥i2 - o , (54406)

dJ

The results are

1
(2(aam? + (dd$)2) 2~ ,887(dde) i = xy,3z° - r°

n
o

fa

(5.4.7)

1
)Bi %(3(&@)2 + 2(6.6.1\')2 + 4(&&3)2)2 ~ 1.,265(ads), i= xz,yz,xz—yz
where we have expressed (dd7) and (dd$) in terms of (dd¢) using the relative values
of Fletcher and Wohlfarth (1951). !

The integral (d&09 may be estimated from the band calculations of Mattheiss (1965)
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Table 1

Matrix elements Z;J in Slater~Koster notation, we have ussd the’

abbreviations & = dde, T = ddT, §= dd§.

2a

1 2b 3 4
\lerzzzv 2 2 2 24 2 =
2(3z°=r“132°-r%) 2(32°~2"t xz) 2(3z =2t x “my?
1 ‘ ?
2(3 v ) 255 7= 3% 8) 2057 T
[Z(xz)32%-2%) {2 (yz1yz) 2(xz1xz) r(yzwv) [Z(xz | %2=y?)
2a .
2 Zw L) Faws s |Baediw 3y | md2 rS) el Z5)
Z(xz 132%-22) ~2(yz|yz) J2(xz1xz) '-r(y‘z)xy) J'f(xzsz-yz)
2b. ,
pdEn 2 | cEaTe 3 [EGer 1142 |-2lie Zs)| &Gk
2(xy lyz) 2(xyixy)
- |
262 7- Zs) 2(3T + $5)

2(x2ey2 132212

2(3(3‘[! + 3J-3X)

)

2(x2-y2|xz)

2(x 2_ Z‘XZ_YZ

2(304+ ET\‘ +~§8)
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who used two different potentials W, and W,. It is found that (dds) varies from

1233eV for the Z3 direction to 1.47eV for the AZ’ AZ" and A _ directions, for

5
the W,‘ structure, and from 1.80eV to 1.8%V for the W2 structure. If we now assume
1 =
that Bi may be replaced by an average €= ‘1"02 Fi’ we find respectively from W1

i
and W2 f&: 1,486V —~ 1.63eV and P = 2,0eV -~ 2,108V .

U can be estimated from spectral data (Atomic Energy Levels, Circular of the NBS
467, vols IT and III) on 44 atoms (U 31' 1eV), one can argue that the effective va-
lue of U is further reduced by a quantityof the order of the Coulomb integral bet-
ween nearest neighbours. ‘ |

The Hamiltonian (5.4.1) was solved exactly by Newns (1 970b). The solutions were
expressed in terms of the eigenvectors jn} of the Hamiltonian Ho, which is equal to
H minus the coupling term between the adsorbate and substrate atoms. The normalised

Iny can be written

~L ~
= U, -n)nl]™2 -1)T + *+
in> = [h1'(h1 n)in!] Zr (-1) 'Pr 8, ssosody b

+ +
RIS 10 (5.4.8)
A : .
where |0) is the vacuum state , Pr are the permutsation operators operating on the
o
spin-orbital indices i, and the sum runs over the P .
The set of /ﬁr's comnute with H, if |+, ) is the ground state of H then it is assu-

med that
Plvy = D) | (5e409)

P
where (=1 ¥ represents the parity of Pr'
Let us define the operator Ni =0+, and its eigenvalues \’i’ then we note

that Ni also commutes with H, it is also assumed that

NV F 2|4y (5olko10).

ioe the possibility of completely full bonds is excluded,
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The vectors in% are also eigenstates of the operator NA = ZE n s with eigen-
i

value n (n = O,1,.....h1) and h1 represents the number of singly occupied bonds

(i.e those for which v, = 1).

The matrix elements of H can then be written

¢nifiny = 30 @W-0% + 0 G-n +n0)° (5elotta)

= {nst 1 H)nY (54ke11b)

Cnlfindy = flk, - )@+ D7 =

where the zero of energy is taken at the energy of the separate a and b atoms.

The chemisorption energy which is easily shown to be symmetric about N = 5 is

equal +to

DAE = -<{H (5el612)

The problem is thus reduced to the diagonalisation of the set of matrices

(544411) of order (h1 + 1) for each value of h1 (0 ¢ h1 £ 10). The lowest among

the resulting set of eigenvalues is then equated to -AE . The results which are

shown in fig.? show excellent agreement with the experimental curves for certain

values of the parameters. In the Hubbard limit (Ué =1 = U), almost triangular
U.

peaks at N = 5 are obtained for U2 1+F, whereas in the Anderson limit (Ua = U, b

= O} the curves clearly exhibit parasbolic maxima.

If AE at N = 5 is fitted to the experimental value of 9.3eV for Re on W(100)
(Plummer and Rhodin 1968), it is found that the values of B and U obtained from
this extrapollation are counsistent with other estimates (e.g in the case U = 6},

we find s value of @ = 1.,66eV and a value of U = 9,95eV which are not far from the

values estimated above).
Before going any further it provés of interest to consider two important limits

to the exact solution which can be solved analytically.
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(i) The large U limit,

In this limit the basis set {|ny } is truncated, so that it consists of only 3

states, which are the neutral state I{NY , and the two single charge transfer states

IN - 1> and IN + 1). The secular equation then reduces to the 3X3 determinant

-€+ U 73N 0
pJeN - € 515(N +1) = 0 (5e4013)
0 F/Bﬁfq—) -+ U

which eventually reduces to the quadratic equation

€(e - 1) - (32(111\1 + 5) (CRIN

Grimley and Thorpe have calculated AE using this approximation, they estimated that

the neglect of multiple charge transfer states contributed at most to 8of AE for

large values of U UJ}LF). (Grimley and Thorpe 1972).

The physical interpretation of this approximation is that the Coulomb repulsion

on the substrate and adsorbate atoms Ué and Ub)are large enough compared with the

coupling F between these itwo atoms to prevent multiple charge transfer states ha-

ving any significant amplitude in the ground state.
in the large U limit the smallest root of (5.#.1#) may be approximated to

-P2(11N + 5)/U, so that AE is now given by
p2
DE = 7 (11N + 5) : (5.k.15)

i.e AE varies linearly with N

(1i) The Hartres—Fock limit
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The chemisorption problem now resembles that of a diatomic molecule, The wave-
functiom;? may be written as a linear combination of the orbitals of the adsorbate

atom and the nearest neighbour substrate atom,

\P - &\Pa + 'ble ’ (5-4016)

where }a|2 = <na), ]b|2 = (ns). The secular equation reduces to +he quadratic

equation

(€-8)(e-7) = 2 (5ke17)

where in the Hartree-Fock approximation, the energy levels are shifted to the po-

sitions

3}
it

vl -(v - '19:) + X0y ]

(50ke18)

n

E Ul-4o5 + 9<ny 1
Equation (5.4.17) has tuo solutions corresponding te the bending (E_)
and antibonding (E+) molecular orbitals, given by

(5;4.19)’

1

We can now find the eigenvectors a and b corresponding to the bonding

eigenvalue £ , and hence deduce the occupancies (ng and <ng, given by

4 Ey = Eo

i
Nl
I

iy

2 2y
((E, = €)™ + 4p7)" *
(504020)
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The adatam charge (né? is gacsily obtaincd Tron

=

the self-consistont

equations {S5¢4.18) and (Se4e20).It is found that for U = 4Py the diffzrance
O = (Hé} - N = 1D(n2 - Myls zeroc a2t N = 5 as expscted, and is a maoxisum

at N = 0 squal to 244. This valus is sxtremesly large {being in fachk conpe-

[
-
3
e
©
‘-.l
}ont

rabie to the zero correlation result which we shall consider in ful
later in the text).

The adztom chargss obtazined from the exact eigenvsctors corrassponding to
the smallest eigenvalue of {S5.4.11) are substantially szmaller {(fauns §974)
than the Haritrez«Fock results,

The cheomisorpbion energy is given by

o o - 2 < "
AE(N) = -E~ - E =+ 10E_ - 45u(<na> + (nb)) (5.4421)

where Ea0 and EbD are the snergies of the fres a and b atoms respectively.

Again we expand AE(N) about ¥ = 5, using the partial derivatives

N=5 of

bAEgN)/ '= o, ) bZAE{N}/
N=5

)(fh\)
L 5 u[m - 1] (5e4422)

we Tind the self-consistent squatiaons

2

A1) -28 d_ ¢

o - - —— E - E ) (504.23)
N - 2 2,3/2 dl a b
((c_a - Eb) + 46 )

o N (5e4024)

at N = 5 we have Ea = Eb and AE reduces to
AZ(s) = 10(p - U/4) ‘ (5.4.25)

e4423) and (5.4.24) at

8]

Finally soluing tha self~consistsnt equatians

N = 5, we find



i
]
13

H

3<'ﬂ > 1 ]
- = g {5¢4e258)
>0 | N5 2p -+ 8U

which replaced in (5.4.22) gives immadiatly

d2AE( ) 28 + 4U o ‘
Y = U SFrer (8ed027)
N N=5 : .
Hence the expznsion for AE(N) about N = 5 gives ue
§ 1 20 + B 2 .
Ae(ny = w(f - - u(EHED W - (5.4.25)

which gives us once more tha parabalic trend alrsady observed in the virtual
level description (eg (5.3¢14)) in the small U limit. Houever unliks 2qua-
tion (5e3.14) it aluays reproduces a maximum at N = 5,

These tuws models (Neuns 1970b, Grimlsy and Thorpe 1871b) have shown con-
clusively that the correlation effects play an important role in this proe-
blem, Although perhaps, thes excellent agreement with experiment is rather
fortuitus, depending on the choice of the tuwo-atom Hamiltonian. It would
thus prove of inférest to consider the situation when we include the possi-
bility of an extra substrate atom situated inside the metal, and this is the

subject of the next chaptser.
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THE THREE ATCH MODEL

Gele The modal

We showed in the previous chapter the importance of slesctron corrslaticn
sffects in thas problem of the chemisorption of 5d transition atoms on Y,
However the inclusion of correlation effects was possible only“mithin the
context of a greatly simplified modél consisting of two atoms only; it
would thus appear of interest to consider thess effects within a maore com-
plex model taking soms account of the band effects.

We do this by introducing the case of three atoms, one adsorbed atom a,
taken to have a variable number N of Sd electrons, and tuwo substrate atoms
b and c both having M/2 S5d electrons (I is the total number of spin~orbitals
we take into consideration, in the practical case of the 5d series we have
M = 10). (Muscat 1974)

The tuo atom Hubbard Hamiltonian introduced by Newns (1870b) (eq.{5.4.1))

is conveniently generalised to its present farm
H = H + H (6¢1.1)

whore H 1z the part of the Hamiltonian corresponding to the three fres

s

P, ¥
atomns



m~
o ==t i, J J

where o denotee ths atonm = a,h,c, the iandex i refars to thes atonic d cpin-
orbitals |xiy.
We showed in the previous chanter how on the basis of tie simplifying so-

sumption I_ = Ud/2, we can express ths deorbital s:1f enerccies in thno form

é = -UéN‘ - %‘)
‘ (Be143)

€, = -ulnm - 1) x =b,cC

The remaining term in (6e1.2) describes a Hubbard like intra-atomic elec-

tron-electron interaction,

The second term in the Hamiltonian (6.1.1) may be written

M
+ +
Hy = 21:1 [?i(ai by + bye; + hee) (6e%.4)

This represemts the coupling between atome a and b and atoms b and c, we

nnticé that no hopping between a and ¢ has been included, this is desigmed
to represent the linsar chain médel we are using, whsre the adatom a inte-
racts strongly with atom b which effectively represents the four nearest
substrate atoms, upon which a is supposed to chemisorb in the pyramidal
structure illustrated in fig;{ of chapter 5, and atom b interacts strongly
with atom c.

Fi are the transfer integrals
ﬁi = (ailHlbiy = {bilHlei} (6.1.5)

these being assumed equal, An egtimate of these integral was given in chap~-

ter 5 for the various d-orbitals. We shall assume that the Fi's may be rea=
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M
placed by the averags €=%§ Pi.

6.,2. Formal solution

The chemisorption ensrgy AES(N) which is easily shown to be symmetric

about M/2 ie given by the expression

AELN) = =Gy - n® o qum® - DE,(M/2) (64241)

2 + fubmz represents the energy of

the three separate atoms, and AEZ(M/Z) is the binding energy of the tuwo

whers we have assumed that U = U, éUaN

substrate atamss/i.e AE2 is the chemiseorption energy as calculated by Newns

(1970b) for the two atom problem.
Let us introduce the number opsrator Ni = Z Py ® then Ni commutes with

[~ 4 .
He Now if v and H’o) the ground state of H, we

i

make the following assumptions

are the eigsenvalues of Ni

(1) Ny Y £ 3Ty
(6.2.2)

(11) NiI'Y’O\I £ 0

There are altogether M bonds which must be shared by M + N electirons,
whers N is an integer not greater than M/2 (we shall limit our discussion
to the case N<M/2 since AES is symmetric about N/2) « Making the assumptions
(642.2) implies that we exclude the possibility of completely full or com-
pletely empty bonds i. Tﬁis is not too unreasonable since the singly and
doubly occupied bomds are more stabls, and thus more likely to occur.

Without loss of gsnsrality, ws can assums that vi = % far 0<ighy, \71 = 2
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for h1< i< M, whereh, and h2 =M « h, reprssent the number of singly and

1

doubly occupied bonds respectively.

1

The set of permutation operators 3 operating on ths sp%p—orbital indices
i also commutes with H. An sigenstate |[+¥) of H will therefore be simultane-

ously an eigenstats of both the N and P,

i
The Hamiltonian (6.1.1) may be split into two parts

H= H + H (6e2¢3) -

- whers Hn corresponds to that part of the summation i< h, and Hm to 17h,. An

1 1

eigenstate |[¥) of H can in gensral be written in the form
Y = Z 21371 (6.2.4)
i,J

n m . .
where ﬁbi ¢ y/j are_elgenétates of Hn and Hmyrespectluely and aij are coef-
ficients. We shall assume that the ground stats of H, ~P0 transforms like

'~ the ground state of the two-atom Hamiltonian, i.e that

~ _ 4P

Py, = (=1)"+, (6.2.5)
where p is the parity of the permutation 6.

This condition imposes a severe restriction on the allowed aij; an .an~

satz which we find to satisfy the condition is the simple form

Y= 4" (6+2.6)
where
“ mo_ o AW
pmqkﬁ- = (1) " Yo
(6.2.7)
Y m

(-1 "

—
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"gnd
(6.2.8)

so that 'Pon and *Pom have the same transformation propertiss as “PD with

respect to permutations on the variablss ié-h1 and i3 h1 respectively. -

Let us consider Hn. For i £h, we can express the solution in terms of a

1

completes set of eigenstates of Hna (where Hno represents the Hamiltonian
Hn without the coupling term Hn1). The states may be specifisd by the good

quantum numbers of Hno: n, and .n these represent the number of elsctrons

b’

present on atoms a and b respectively. na and ny must be restricted by the

condition n + n_ %< h_ .
a b 1

The mormalised vectors cam them bs written

= (htn! e ) E 2 (L1)PaB
‘ n
+ -+ + -+ + + v
31 ....an bn +1ot&obn'+m cn +n +1ooooch ‘ 07 (ﬁ&Z-g)
a b a b 1

where |87 is the vacuum state and the sum runs over the permutations on the
variables i=1,2.....h1. The total number of these vectors is squal to the

number of arrangements of ng and n_ as restricted by the condition na+n £ h

b b 1

this number is equal to %(h1 + 1)(h1 + 2).
For i >h1, the solution is expressed in terms of the eigenstates of Hmp;

these are specifisd by two new numbers m and m_, which now determine the

b

number of holes on atoms a and b respectively. From similar considerations,

we show that the dormalised vectors Ima,mb7 can be written
’ : - /\
= } { | - - } %~ - P
'ma,mb) (hz,ma,mb,(h2 m_ mb),) 2;; («-1)"m P
. m

veenc |FY (6.2.10)

....b c =
ahl+1-°"ah1+mabh1+ma+1 hy+m +m, h,+m +my+1 B
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where (F) represents fhe state with h2 completely filled bonds. ma and m_
are restricted in ths range m_ + mbé=h2, and the total number of these vec-
tors is equal to %(h2 + 1)(h2 + 2)e |
The sigenstates of H may now be expressed in terms of all possible pro-
ducts lna,nb,ma,mb) of states (6.2.9) and (6.2.10) all these states trans-
forming like (6.2.5). -
The total number of thess eigenstates in this representation is equal to

i»(h1 + 1)(h1 + 2)(h2 + 1)(h2 4+ 2), which is a maximum equal to [%(N+2)(M+4£}2

when‘h1 = h2 M/2. This maximum is a rapidly increasing function of M,
being equal to 441 when M = 10. |

In: order to write the matrix elements of (H), we must know how H trans-
forms the vectors lné,nb,ma,mb) «» For i éh1, the Hami;tonian-operates only

on the vectors lna,mb> leaving |ma,mb) unchanged. We have

h..

%i1 nai{na,nb7 =' SN LPLN = a,b,cC (6e2.11)

h , .
>t (e, + - Lo, |
rr (ai b, + bic, # hec) | Nl > = (na+1)nb1 ua+1,nb-17

+ ‘/"a(“b+1)‘”a'1'“b+1> + ,/@cinb+1)ina,mb+1)
+ \[H;(abﬂ+ 1)\ma,mb-1>» (§.2.12)

whers R, = h1 =N, = Npe

But mot all these vectors are'defined, for instance if ny = 0 or ny = hi
then the vectors |na,nb-17 or lna,nb+1) are not defined, if this is the.
case we put them equal to zero in (6.2.12).

For i)»h1, the Hamiltonian now operates on the vectors }mé,mbﬁ keeping

n _,n 5 unchanged. In this case we find
a’ b )

M

; - n ._’rma,mb7 = (_hzr— mﬁ)!m N

> °‘= a,b’c (602013)
i=h, +1 *
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M
:E + +
e, (ai b, + bc, + hwc)\ma,mb) = vﬂma+1)mb\ma+1,mb-f7
AN

+ ,/ma(mb+1§,ma;1,mb+1) + \/mczmb+1)\ma,mb+1)
+ S +)mlm_,m =17 (6.2.14)

where m, = h2 - mé - My and any vector which is not defined is put equal
to zero in (6.2.14).

The matrix elements of (H> can now be written, the diagonal elements are
given by ‘

2
(na,nb,ma,mb}Hlna;nb,ma,mb) = iua(na +h, -m - N)

+m_+m_=11/2) 2 (6+2.15a)

2 N
+ -}ub (nb +hy, =m = m/2)° + (h‘l’"‘a'"’b

where we have taken the energy of the three separate atoms ZrEqP to bs zero.

The mon-diagonal elements are
(ma,anHlnaH,n.b-‘l) = F‘/nzb(na+1) = <na+1,nb-1mtna,nb> (6+2.15b)

<nb’”b'”"na’nb-1> z‘ Fv(nc+1)nb = (na,n5-1lH|na,n5> (6+2.15¢c)

<ma,mb'H‘ma+1’mb-1> = FW = <ma+1 ’mb"1 |H|ma,mb) (60—2.15{1)
and
<ma?mblHlma’mb-1> = F‘(mc+1)mb = (ma,mb-1\H\ma,mg) (6.2.15¢e)

Equations (6.2.15) define the matrix completely. The diagonalisatiom of
the set of matrices must now be performed, the lowest amongst the set of ei-

genvalues being equated to -AEs(N) -AEzﬂN/z), a knowledge of l&Ez(N/Z) o
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gives us the chemisorption energy[SEs(N).lkEz(M/Z) is obtained by solving
the Hamiltonian {5.4.1) for the cass of M baonds, this meéns diagonalising
matrices of order M + 1, similar to those defined by equations (5.4.11). The
matrices (5.4.11) being in fact for the special case M = 10.

The diagonalisation of the matrices (6+2.15) must now be performed nume-
rically. This proves to be a very time cansuming procedurs, and in brder to
give a detailed anlysis of the problem for many values of the parameters,
we must confine ourselves to‘the study of the special cass M = 6. We then
attempt to generalise the results to the more interessting cases M = 8 and
M = 10. For sach value of N, the diagonalisation was performed for various
valuss of h1 énd h2, and ths lowest amongst the set of eigenvalues was then
selected.

As seen from equations (6.2.15) the matrices are symmetric. We first re-’
duce them to tridiagomal form using the Householder method (Wilkinson 1965).
The method states that if A is defined as the matrix resulting from r trans-

formations, then Ar is given in terms of Ar by the relation

-1
A - p A p ) (6.2015)

A = A (the original nxn matrix)

where

T 2
pr = I - HTET /2Kr (6.2.17)
u. is the column vector whose elemsnts are defined by
L = (Uir) y Uir = 0 3 i = 1,2’ooo¢r
(6.2.18)
Ur+1'r ar'r+1 e Sr ’ uir = Eri ’ i= r+2,cooent
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5r is the sum

n -
5. = (2 a.2)¥ (6+2.19)
T . Tl
i=r+4+1
and
2 2
k" = S 7 e .8, (6.2.20)

The sign associated with Sr in (6+2.18) and (6.2.20) is taken to be that

of s0 that cancellation cannot occcur in the summation.

&y rt+1?

The effect of -the rth transformation is to eliminate all the elements of

row r except a and a e After pn = 2 such reductions, the ma-

n=2.
ii ’

ryr=1' Zr,r ryr+1
trix becomes tridiagonal, Let its elements be denoted by Ni = a

=g M2
ﬁi T Ti,i

roots of detU\n-2 = A1) = 0. This is done by coastructing the Sturm sequence

s them in order to obtain the eigenwvalues, we need to find the

p,A) = 1
p1()«) = &, - h (6+2421)
p;(x) = (%, =X)p, ,(») - pizpi_z(x) , 1= 250000n

The zeroes of pn(k) ars the sigsnvalues of A, The determination of the
roots is simplified considerably if we make use of the property of the
Sturm sequence that the zeroes of pr(A) must separats those of br+1(%) (;,g
see Wilkinsom 1965) at least in the weak senss. We are interested in the
smallest eigenvalue here, so that the problem is fqrther simplified. Star-

ting from X1 = o,, we find the root AZ of pz(%) = 0 which is smaller than

1
or equal to X1, the root)\3 of psck) = 0 which is smaller than or equal to

)2, and so om until we find the root %n of pn(k) = 0 which must satisfy the

inequality
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N 2A |« cesreeenaas £ , ' (6.2.22)

A knowledge of the eigenvector corresponding to the lowest sigenvalue
gnables us to determine the amounts of charge present on the atoms. These

are given by

(N ZZ | X 12 (h, - m_+ n_) == a,b
K k 2 of o

(6.2.23)

25 J X

(Né) .

2
kl (ma +m o+ h1 -n, - nb)

where the summation is over all the combinations on the numbers (na,nb,ma,mb)
and Xk is the kth component of the sigenvector corresponding to ths smallest
eigesnvalue,.

The determination of the eigenvector X is straightforward, if An is the

smallest eigenvalue of A, then X is given by

(A-XADX =0 | (6.2.24)
subjéct to the normalisatdon condition

XeX = 1 (6.2.25)

The mumerical procedure is straightforward, A must be transformed to up-

per triangular form, and the various X, can then be simply read off,

k

6.3 Results and discussion

The Hamiltomian H was solved in the case of six bonds, for many values of
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interaction parameters Ua and Ub.. The main difference between these results
and those obtained in a two atom calculatibn is the magnitude of AE at the
maximum, in fact it was found that in general AES(M/Z)_{%AEZ(N/ZJ. This
drop in magnitude is not totally unexpected, a simple verification of this
phenomenom is provided by the study of the limiting case where no correla-
tion is included (U, = 0). Then the bonds are independent of one another
and AE is equal to the product of the energy of a single bond times the

number of bonds. In the two atom case the energy of a single bond is equal

to -)\2, where >\2 is the smallest eigenvalue of the matrix

Ay = P(gl gx R | L (B.3.1)

so that AEz(N) Mg 4 N= Oy1g0eeaeceM/20
In the three atom case, the energy of a single bond is equal to -)\3 + >\2,

where >\3 is the smallest eigenvalue of the matrix A3

Ay = /3(0 1 u) | (6.3.2)

so that AES(N) = m‘s(f'é - 1) , N =0,1y.00.M/2.

We thus notice that in this case L\Es(iéAEz. If the number of atoms taken
into consideration in the calculation is 4increased, it is found that the
energy of a single bond is an osscillatory function of the number of atoms
(eeqg AEQ(M) ~ +B3MB, L\ES(N) ~ .SMB) comverging to 2/7 (the result obtainedv
for an infinite number of atoms in a linear chain) (e.g see Neuwnms 1969 .

The limit of mo correlation is an important one, since the chemisorption
energy with U 0 should be smaller than the chemisorption energy with U = 0.
This means that AES(M/Z) 4 Ng(fz_ - 1) for all mom-zero values of u_ and
Ub" If we now take M = 10, and equate this maximum value to the experimen-
tal valus for the chemisorption snergy of 9.3eV (Plummer and Rhodin 1968)

for Re/W(100), we obtain very large valuss of the parameter(}(@) 2.38V)
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as compared to the values sstimated from band structure above. And as a
consaquence of this, the values of U as estimated from the extrapollation
to the experimental value are much too greate.

It would thus seem that ths case of three atoms is a rather unfavourable
case to consider, just as perhaps the surface molecule results (Newns 1970b,
Grimley and Thorpe 1971b) are too favouraﬁle.

Apart from the magnitude of AE at the maximum, we notice similarities
betwesen our results and those obtained from a two atom Hamiltomian.
| The qualitative variations observed by Newns (1970b) are still present
in our model. For instance, kesping ixua + Ub) coﬁstant, we motice that the
triangular peak at M/2 is reproduced for a Hubbard like Hamiltonian (Ua = Ub,
= U) at large values of U, while the maximum is clearly parabolic in the

Anderson limit (Ub =0, U = U), we also notice that the valuss of AE at

a
a given values of §(Ué + Ub) are much smaller in the Andersonm limit than in
the Hubbard limit (see fig.l1a)e.

If we mow assume that Ua = Ub (the Hubbard limit), we see that the maxie
mum at M/2 is parabolic for small values of U (eeg U = +4B), while the peak
is triangular im the largé U limit (eeg U = 10ﬁ) (see fig 1b).

Thesse :esults for AE are in agreement with the fimdings of Nswns {(1970b)
that the Hubbard Hamiltomiam is more successful in reproducing the qualita-
tive trend in the experiments . at large values of U, than the Anderson model,
i.e that the correlation effects play am important role in this problems.

These results are corroborated by those obtaimed in the case M=4. (see
fige2) o

This approach was extended to ths problem of 8 bonds, we remark ths same
qualitative behaviour in the results for AE as shown in fig.3(the results
for the case of four bonds are alsc plotted). The curves are similar in sha-
pey in fact they look parallel.

If N is kept constant, it is found that AE garias limearly with the num-
ber of bonds M, at constanmt UVFG While if N ie taken equal to M/2, AE is

then found to increase parabolically with M (see fig.4). These results ars
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im qualitative agreement with Newns' perturbation theory results, equation

(5.4.15) which becomes for a general M

4%? =,-% [Km + 1N +.M/2] (6.3.3)

The variations of AE with M may be used to predict the curves of A.E vs
N for the case M = 10. These predicted curves are similér in shape to those
obtained in the cases M = 6 and M = 8. |

We now turn to the charges on the atoms. These are given by expressions
(6+2+23), the results are plotted for the cases M = 4 (fig.Sa) and M =6
(fig.5b). Again it proves of interest to consider the simple problem of ze-
ro correlation,

In the two~atom case, the eigenvector corresponding to the smalliest ei=-

genvalue of (6.3.1) is given by the relations

(1 1) (x1\ = 0 (6.3.4)

+ X = 1 » (6 .3.5)

% is thus given by x = (1/¥2, =1/J2).

Now in the two atom case thers are M bonds to be shared by M/2 + N elec-
troms, and N M/2, consequently according to the assumption (5.4.10) we have
M/2 + N singly occupied bonds, and M/Z-- N empty bonds. The charges on atoms

a and b are then easily shown to be esqual to
<N8> = <Nb) = $(M/2 + N) , (6.3.6)

the chargs transfer on the adatom AN = (Ng - Ny, is a linear function of N
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decreasing with N. For an increase in N of 1 AN decreases by #%.
In the three atom casse, the eigsenvector corresponding to the smallest ei-

genvalue of (6.3.2) is given by

Now, there are M bonds to be shared by M + N electrons, consequently ac-
cording to the assumptions (6.2.2), there will be (M - N) singly occupied
bonds and N doubly occupied bonds. The charges on atoms a,b and ¢ are then

easily shown to be equal to

Ly = - e[ 7

M + N = a,c
' (603.8)

L= m-m@? o+ w[m?e @7 =

=
n

We notice from (6.3.8) that the charge on atom b remains constant as N is
allowed to vary, and that the charge transfer on ths adatom varies linearly
with N

i.e the same linear variation found in the two atom problem.

It is significant thét whereas in the case of the chemisorption energy
some disparity exists at U = 0 in the values of AE between the 2 and 3
atom cases, which is reflected'iﬁ the results at U £ 0, in the case of the
adatom charges, we obtain the same results at U = 0 for the 2 and 3 atom
problems which is also reflected in ths resﬁlts at y #Z 0. In fact our re-
sults are in excellent quantitative agreemsnt with fhosa obtained in a two
atom calculation (Newns 1974).

The results for AN which are plotted in fig.5 show that AN is very

small im the large U limit, so that in this limit adsorption is nearly neu-
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tral and any violation of the Friedel sum rule does not appear too serious
(Grimley 1973).In the small U limit, the adatom charges are larger but still
sufficiently small compared to results from other investigations to justify
the use of the madel.

Let us finish by saying a few words abaout the results. The results for
the chemisorption energy are rather disappointing, however the qualitafive
trend observed here is similar to that obtained by Newns (1970b) in a two
atom calculation, and we thus conclude by again remarking the importance aof
"eslectron correlation both on the substrate atoms and the adsorbed atom. How=
ever we note that the excellent agresment with experiment obtained with the
use af the surface molecule approximation should not be taken too seriously,
and that the problem is far more complex than it was at first belieQed to
bes

In this thesis we have studied two particular problems in chemisorption
theory, and we have shown haw the physical nature of the system considered
enables us to solve the problem within a given set of approximations, and
how these same approximations break down when applied tﬁ another problem.
The chemisorption systems we have cﬁnsideréd here are two of many in this
vast field, and the diversity of techniques encountered here shows not anly
the difficulty but alsa the great interest that are inherent in theoriss of

chemisorption,
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I - INTRODUCTION -

ey S

The magnitude of the surface spin susceptibility of a nearly magnetic
metal plays a major role in some approaches to the theory of chemisorptioélznd

(2) 3-7

catalysis + Recently several papers have abpeafe& concerned wifh €hdé

response in the surface region to a uniform static magnetic field. These

papers employ the Hartree-Fock approximation to describe a degenerate electren

gas with a strong short range electron-electron interaction. Onz form of interac-
. . . . P (33Y0E) .

tion considered in the case of tight-binding models is the zero-range

interaction

where &i denotes the location of the ith

site. The variable Ry becomes continuocus
in the free-electron limit(4)(6). Finite range interactions have also’been eonsi-
dered in Ref. 6. The boundary conditions are that the electron wavefunctions 'zanish
at a plane which defines the surface in the free electron models but which is
usually the first atomic plane outside the surface in tight-binding models.

The main point at issue concerns the behaviour of the surface magnetiza-
tion in the neighbourhcod of I = 1 (I is the interaction renormalised to upity at
the bulk critical point). Now the Bethe-Salpeter equation for the static surface
paramagnetic susceptibility, when expressed in terms of the magnetization, gives
a Fredholm equation whose kernel contains a complicated "non-uniform part" due to

the Surface; It has been found that the calculated .surface critical behaviour is
in general sensitive to any approximations made either in writing the kernsl or
in solving the resulting equations.

Numerical solutions of the Fredholm equation exist for the tight binding

(%) (&)

- . [ 7 Ld
(with zero range 1nteract10n§ %nd free electron models (W1thAzerc and

)
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flnlte( ) ranges). It has been found that in the case of zero raage interaction
the magnetization near the surface is strongly enhanced compared to its bulk

1ue (D (6) : e o s X
value ; moreover a surface magnetic phasé transition cccurs at a value of

T 1less than unity, at which the bulk transition takes place, for the free elec-

(6) (), In the free electren model

(6)

tron model and for some tight binding systems

the surface phase tramsition cccurs at T; = 0,985 whereas a value as iow as
IS = 0.9 has been found in cﬁ%gai'bln%éﬁgl(?hhe surface phase.trancition is
associated with a very large uniform field magnetization as I appreaches T; from

below, which near the surface is much larger than the alrzady enhanced bulk
magnetization(4)(6)(7) » Including a finite range of interaction has been fonnd(s)
to snppreés the'surface magnetic phase transition.
In contrast to these numerical results, the analyticzl calculation of

Ref. 3 is based on the assumption that when I is close to unity then long waveiengt:
spatial variations on the scale of the correlation lemgth & will be‘daminaﬂt, a8
is usually the case in critical phenomena. Short wavelength cscillations cn the
scale of the Fermi wavelength werz thus neglectéd enabling the Fredholm kexmel to

be approxirated by the bulk one which is of Wiener—ippf‘form, exactly soluble. This

resulted in a magnetization of the form (8
° -z/E
n(z) = _Il.(f.)._ (] - e )’ (2)

where m°(z) it the magnetization at I = 0 and z is the distance from the surface.

Since £ ~ (1 - 351/2 as I + 1, a feature of this Fermi-Thcmas type of result is

that the magnetization close to the surface diverges only as (1 -~ i)_llz

; this
result was shown to be retrieved in ref. 6 when the non uniform part of the kernel

o
was neglected. Analiytical results can also be obtained( ) by replacing the

o



nonwaiform parc of the kernel with a separable function chosen so as to include
Friedel oscillations in an apparemily realistic way but, in that case the umiform
field magnetization either agreed with the conclusions of the last menticnned
approrimstions, i. e. 1is depressed near the surface, or is,at most, unchavged
compared to its bulk value ; in particulzr no surfacé phase transiticn could

be found that ey ; this point will be settled in section IIIL. Another type of
analytically soluble form of the kernel has been discussed in ref. 5, which how-
evaer lecads to results depending strongly on the parameters chosen ; this model

will be mentioned.again below.

At this stage it is of interest to compare the above results on itianerant

. . . (10) (i1
magnetism with numerous studles( (I

devoted to localised magnetism for
Heisenberg or Ising models. In particular the results of ref. (3)(9) and (6) discus-
sed in the preceding paragraph are quite analogous to those found in ref. (10)

for the Heiscnberg model in mean field theory.‘A useful revie# of the resulis
obtainable ueing the phancmenclogical Ginzburg-Landau equation has been given

(i)

in recent papers which go on to discuss the exact critical exponents for the
Ising model. In thece papers, two measures of surface paramagnetic susceptibility
are emphasised. The susceptibility X1 describes the magnetization in tha surface
region due to a uniform magnetic field, as calculated in ref (3) - (7). An
additional susceptibility xlldescribes the magnetization in the surface region due
to a magnetic field itself localised.near the surfacé but tramnslationally iuvariant
in the surface plane. In the phenomenological approach, results similar to those of
ref. (3), (6) and (9) for X1 and to those of ref. (9) for xll(allowing fer the
reasonable transposition of temperature Tc/T to the interaction I) are obtainad

when the logarithmic dexzivative of the magnetization is positive at the surface.




However a surface phase t*a331t10n in the region I < | is predicted for a magazive
logerithmic derivative.

In conclusion to the above, the numerical solutions for the exact kernels
of the integral equaticn tend to show, in the case of zero raunge interaction,
enhanced uniform field magnetization at the surface and a surface phaze transition
at T; < 1. The analytical models employing simplified kernels of ref. (3)(6) (9}
show on the contrary a téduced or unchanged magnetization at the surface when
T + 1 compared to the bulk value. The model of ref. 5 and the phencmenological

(11}

" theory show parameter dependent behaviour.
A reed for some explanation of the superficially anomalous surface phase
transition emerging from the numerical calculations, together with a description

. s . . .  Seems to exist. .
of the singularities in ¥ @ x assoclated with it™YThis we attempt in the

follewing using the zero rang 5F { -efggtron model, We preface the following with
a discussion of the structure of thé kernel in reél and teciprccal space. Tha
hemogeneous Fredholm equation for the magnetization is then inspected for a
solution I = T; corresponding to a surface magnetic phase transition by a varia-
tional technique, yieiding the result T; < 0.992. The interpretationvof this
result is discussed. The susceptibility Xy 0 which seems to be more directly
relatad to the surface phase tramsition than Xy » is then discussed in texms of
the solutions to the homogenecus equation. This relaticnship enables interpreta-
tion of numerical czlculations of Xli » Wiich we found to present less difficulty
than Xl « Finally an exact relationship between X1 and the uniform field magneti~

zation (i.e.)(? is given, with results which confirm the numerical calculatiocus

of ref. (6).




IT - GENERAL FORMALISM AND QUALITATIVE DISCUSSION -

Wé begin by recapitulating the main points of the basic formalism,
discussed in detail in ref. (3). The unperturbed (I = 0) wavefunctions and en TRy

eigenvalues for one electrea in the model of ref. 12 are given by

1 K. X
¢ (X, 2) =e sin kz )
kﬁ s k

e, , k) = -‘2- (&%, *+ k?)
(in atﬁmic units), where z is the axis normal to the surfacze, givén by the plane
z =0, K‘= (y, x) is a two dimensicnal vector in the surface plane, and k and Ky,
are the éorresponding components in reciprdcal space. Usirg transiational inva-
riance parallel to the surface a‘susceptibility X(K”‘ z z' w) may be introduced
through the equation

-

m(K// zw)=f x(KI/zz w) H(K/z w) dz , (4)
where m and H axe the mngnet;zatlon and applled magnetic f1e1d respectively (the
Bochr magneton ic tzken as unity). These quantities appear in the form of their
Fourier transforms with respect to paralilel wavevector K, and frequency o.

Within the R. P. A. as chown in ref. (3), the susceptibility obeys the Bethe-

.Balpeter equation
(=2
XK, z2"w) = XKy z2" w) +1 ) x°(K/l z z" w) x(K,, z" 2'w)dz" (3)
o
n the presence of the interaction (1). Note that we suppose here that tha ihterac-
tion is the same everywhere whereas in ref. 3 it was allowed to be different in the
surface plana. Here X° is the susceptibility when I = 0, and may be calculated

starting from (3). The solution of (5) is in general difficult ; we shall confine

ourselves to the case of static fields, non-varying parallel to the surface



(K?, = 0, W= 0). We therefore drop the suffizes R%, and » in the followingz.
? H . R

It is convenient to introduce the dimensionless quantities Z = Zsz,
= IN(E,), and to write h = HN(E;) where N(E;) is the demsity of states at the
Fermi level. A one-sided cosine transform f(b) of any function f£{Z) is then intro-

duced by

w -
£(t) = /;2; | £(2) cos bZ dz (6)
N o
(b obviously stands for k/(ZkF) Yo

This transform. is its own inverse. Equations (4) and (5) may now be rewzizzean

m(b) .= [ x(bb') h(b') d b* ‘ A
(o]
m@) = [ x(z z") n@@") dz' | (7 b)
Q © :
X(b b =X b + T [ x°( b xO"b') &" (8 a
.0 .
x(z 2z =x°@ z") + T [° x°(z z" x(z" z') az" (8 b)
o |

Note that a factor Zk?/N(EF) has been absorbed into X to make this quantity dimen-—

sionless.

Equations (8) may be expressed in terms of the magnztization by using (7)

cQ
m) =n°@®) +I [ ¥ (b b') m(') db' (9 a)
o B
and alternatively :
w .
m(Z) = m®(2) + T [ x°(z2 2") m(2") dz' (9 b
(o]

where m® is the magnetization when I~ 0.

° (13)

X has been shown to be given by

t

xo(b b'y = D(b) 6(b - b') - A{ b b') (10)



where
» 1,1 ~-b2 1+b
¢ B e P e
DO) =g+~ I |l 7% (1
- (h - RI1Y2
Ab b)Y =06 (1~-(+b")) +6(+b"-1) 61 - [b=b"]) 1 -(b-=-b")
4bb?

and

0x) =1, x>0 B(x) = 0, x < 0.

The functions D and A are plotted in Figz. | a and 1 b. D(b), which
appears.in the static Lindhard dielectric function, possesses a well-known bué
weak sinaularity at b = 1, The non-uniform part A is #mgortant only ian giving
a correct description for peritubations in the surface region. The behaviodr of
A(tb') is seen from (11) and Fig. 1 b to be highly singular near the poiuts
(6, 1) and {1, 0), and this behaviour gives a dominant contribution to Friedel
12)

oscillations in the surface response

The functions D and A are related by the sum rule

D(b) ;J' A(b b') 4 v | (12)

o
Using (7), (9) and (12) it is easy to derive the conzeguences

m(b) = 0 ;3 h®) =h
o : (13)
J m®) db =0 5 all hb)

Returning to real space via (5), the implication of (13) 1is that there is no
magnetization for a field consisting of a delt%éunction at the surface aad no
magnetization at the surface for any field, These results must follow for wave-
fusctions (3) having a node at the surface.

It is also useful to consider the real space form of the egnation (9 b}



where X (2, 2') is given by the cosine Fourier transform of (10) :

(-] [~
X°(z 2') =2 [ [ x°(bb') cos bz cos b'z' db b’ (14)
This calculation is straightforward though lengthy, and we give only the result

X°(Z ZY) = Z‘-{g(z +2") +g(lz-~2") - 2g(2) 6(2-2")-2g(2") e<z'—z)} (15)

wnare
g = - $- (289 - 51 () (16 a)
siw) = -f7 2BL g (16 b)
u
f: g(u) du =2 (16 2)

The first two terms in (15) are due to the uniform part of x°(b,'b')
(i. e. the D part) whereas the last two are due to the nonuniform contribution
(i. e. the A part comnected with interference effects at the surface). The funciica
g(u) is illuctrazed in Fig. 2 a ; note that although g is predominantiy positive
a small pegative region exists at u v 4 - 5 vhose importance is emphasiséd below.
The full kernel %x°(2Z, Z') is plotted in Fig. 2 b as a function of Z' for varicus Z.
We note that the magnetization for the uniform field
h(Z) = h (17)
h(b) = h /42 §(b)

in the unperturbed {I = 0) case is found from (7) to be

P _sin Z '
uf(z) = h(l 7 (18)

Fyrthermore, Fry. 7 b written for the non interacting case, wouvld be
identically verified if ome could approzimate the kermel X°(Z, Z') by the form

m’(Z)
"h(2)

@, 2') = 8z - 2') (19)

B
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Such. an approximated Lkernel would put the main emphasis on the maxima of the
real X°(Z, 2') of fig. 2 b if one takes into account that those maxima y°(Z, Z)
follow approximately the curve m°(Z). Therefore éne expects that the approxima-
tion (19) would overestimate reality. If (19) is used in (9 b) in the uvnifcrm
field case (h(z') = h} one finds at once :

i-1Im’(2)

Such a form qualitatively agrees with the previously cited numericsl results ;

in particular it means that m(Z) could diverge for values of T such that :

1

max m”(Z)

< T 21 ,i.e. 083<TxI (21)

therefore for values of I for which the bulk is paramagnetic. This result indeed
exagerates what really happens since it was noted in ref. 4 that some singulari-~
~ ty appears for I~ 0.97 - 0.99 and ihe value corresponding to a surface phase
transition was found to occur at I = 0.985 in ref. €. However the approximation
(20) appears useful in the sense that it allo&s for a reasonsble physical expla-
nation for the occﬁrence of surface phase transition. Indeed, in the bulk the

magnetization for a uniform field is :

my = B s h (22)

1 - lHE(EF) 1 -1

if ome naiwvely traunspose this R. P, A. result as to apply near the surface, ocne

could think of the following form for m(Z) :-:

m(z) = -—B-L2) (23)
1 -1 N(EF, Z)

where N(EF’ Z) would be the density of states at the Fermi level submitted to the




I11
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Friedel type oscillations due to the presence of the surfaze ; this wouid lzad to :

-3
n(z) = =2 (24)
: 1-T (1 - 222
VA
for free electrons(lz) as iz the case here. Similar oscillsztions are found in
(13)

tight binding models too . Therefore this pand waving type of argument

allows to pradict a magretic transitioﬁ near the surface simply because the sur-
face induces oscillations in the behavior of the density of states (smong other
properties),.so that N(EF, Z) can be larger than its'bulk value and therefore (23)
predicts then a divergence in m(Z) near the surface. As we shall see the real

Z dependence of m(2Z) is not that simple and it even appears impossible to be cal-
culated explicitly. However we believe that the above argument renders understan-
dable the magnetic surface phase transition found numericaliy. We also bergive that
any feature which would emooth out the surface oscillations (a finite range for
1(6%3 wall as Suﬁface roughnZSS‘or mean free path effects) would tend to suppress
the divergence in m{Z) so that one would recover the resulis of ref 3, 9, 10

and 11, i. e. a depression of magnetism near the surface rather than an enhancoment.

(6)

Indeed a finite range for I was shown to lead back to the results of ref. 3.
For practical purposes3, we expects that experimental data measuring surface quanti-
ries will strongly depend on the precise characteristics of the sample used much

more than bulk experiments.

— EXISTENCE OF SURFACE PiASE TRANSITION.

A surface phase transition will correspond to the existence of a solution

to the homogeneous equation

mp) =T [ x°(b, b') m(d') db" (25)

when I = fé < 1.



—]2—.

One msdel which enables {25) to be solved exactly is obtaired on weplu-

¢))

cing A by the separable function

A(b, b") =% D(b) D(b') o (26)
where

a= [ D) ab
o

The choice (26) is the only possible symmetric separable function
satisfying the sum ruie (12). It is in fact possible to find an approximate -

furction D(b) which cn substitution into (26) and (8az) reproduces quite weil

)

the unperturbed susceptibilities x; and X;1 . Now on substitution of (26) and

{10) into (23) we have

D(L) ¢b
0 i-T1D(b)

For zny reasonable D(b) we should have 0 < D(b) £ 1, as is the case for the exaal

= 0 ' (27)

function (11). With this condition the left hand side of (27) is always positive
r

so that (27) czn not be satisfied. We conclude that no surface phase tramnsition

exists in the separable model (26) with any reasonable D(b). Hence the separable

approximation is unreliable, and we turn to methods based on the exzact kerael (11).

An analytical approach which retains the exsct kernel may be founded on.
a variational solution of the homogeneous equation (25). Using a Dirae-like nota-

tion, we rewrite (25) as

T |n>=|n> ‘ (28)
Op
1=-x)|ln>=E|n> ‘ (29)
where E=(1-+). - (30)
I

We shall assume that the eigenvalue Tg belonging to eigenfunction | § > which we
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are seeking is the lowest eigenvalue of (25). Hence we are looking for an eigen-~
value ES vhich is lthe lowest eigenvalue of (29). It follows that if | m > is

a trizl function, then there exists the variational equality

Es < <m'(1"X°)I‘m>

I
"y

31
<m|m>

Since (30) implies that ES <0if 0¥ IS < 1, than a demonstration that F < 0

iz equivalent to proving that a surface phase transition exists.

This can be done by employing the trial function

n(zZ) = e _§_1_rz_z__§ ‘ 32)

For A = 0, this is proportional to the unperturbed uniform field magaetization
(18). The function (22) was used by one of the present authors in deriving a

. . . . o . i2)
corzrection to the Fermi Thomas static dielectric response( ‘.

We wish to calculate F()\), obtained by inserting”(32) into (3!) and

eventually to minimize this with respect to A . We first note that in recipro-
P P

cal space ,
a) = (~—2—— - 0q - 0)/T BCED
w( A%+ b2)

from which it is easily shown that the denominator of (31) is
=]
i

fo m{b)2 db = (H - ’?r tan

@) 3 (34)

Unfortunately the evaluation of the numerator of (31) is difficult except in the
limit A + 0, In this limit the leading term of (34) is %-(ﬂ Y )-1. Hence in
order to evaluate (31) to order A, it is in fact suificient to evaluate the

rumerator of (31) only to zeroth order in A. We first evaluate
[7 (0 - o) n@? @

-1 Jo (1 =D®)) a6+ o) (35)
T 1 |

7 nZ] GoD iyt oW

=3 0.134 + 0(V) (36)
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Simiiarly we find

[+ [=5)

J, I, Atb, b') m(b) m(b') ab' db

=-Z+Z1 ol a A, v + 0 (37)
T 1 1 9 1
~of 1.1 3 —] + o (28)
2 8 2 n=2 (n+2)? (n-1)
= - 020 3 +0() (39)
kence we haﬁe
FOA) = = +22 A + 0(A2). (40)

Eq. (40) demonstrates that even when A + 0, the variational function (32) is good

enough to give F < 0, i. e. to show that a surface phase transition exists.

It is evident from (40) that E may be lowered by insreasing M. At finite
) the integral oa the left ﬁa:d side of (35) may be performed as a numerical qua-
drature, and this is also true of the left hand side of (37) which.-may be analy-
tically reduced to a single variable integration. Performing these quadratures
F(A) is found as a function of A, giving 2 minimum at A = 0.08 at F(\) = - 0.008.
Using (30) we thus have

I < 0.992 | (41)
This result should be compared with that of ref. 6, fg = 0,985, obtrined

from a2 numerical solution of the inhomogeneous problem with a uniform field and a

zero rarge intreraction.
We attempt to interpret these rasults physically by rewsiting the non-

uniform part of the kermel in real space using (15) and (16), when (3i) can be

written
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F=o—t— {f (1 -D)) m2(b)

<m [ n >
{42)
+ [ m@) [ g@') mz') az* }
o Z
We note that for small b
1 =-D() = b2/3 (43)

so that we are tempted by analogy with the ome-particle Schrodinger equation
to interpret the first and second terms of (42) as kinetiz and potential
"energies" and F < 0 as the condition for a '"bound state”. For A small
(and A = 0.08is quite small) the main term in the “kinetic energy” comes from
the second term in the magnetization (33) which using (43) is approximately é

%-fl b2 db = lu This is a slight undercaimate compared with (10) but it is clear

that the "kinetic energy" comes ecgsentially from the small b region, and the
logarithmic singularity in D(b) does not play any very importaant role in debfer—
mining its value.

The"potential energy” term in (42), though not simply related to a
potential function, nevertheless has the form of a double integral contaiaiﬁg the
product g{Z) m{Z). The function w{Z) (32) at A = 0.08 is plotted in Fig. 3, and
is seen to be dominated by a peak at Z = 4.5 which coincides with the minimun
in g(Z) [see Fig. 2 a) so that m(Z) g{Z) possesses negative values near Z = 4.5,
Now the second integral in the double integral is weighted by the factoyr w(Z)

o we can sece how the integral might lead to a significant negative value overall
despite the fact that g(2) is a mostly positive function.

Our interpretation is thus that by peaking near Z = 4.5 where g(Z) < 0
m{Z) is enabled to derive a negative''potential energy" from the "poteptial® g{Z).
but the m{Z) function is not too sharply peeked to build up significantkinetic

energy" enabling a "bound state"



- 16 -

to be formed. A useful comparison is afforded with 'ﬁhe work of Ref. 5, in which
an approrimate kernel was employed which nevartheless possessed the structure (i5)
when the pavameter U was allowed to become infinite. The function g{Z) +hen took
the form

-2lz| /o
g(Z) =« e (g = const.) (44)
This form ic always positive, though otherwise not unlike the correct g{Z), and
it is significant that an exact calculaticn of the uniform field susceptilility

using (44) showed no sign of a surface magnetic phase transition.

The ezact kernel with finite range interaction has been considered in
ref. 6. We shall not consider this in detail here, but we note that in this
model the "potential energy” term now contains m(Z') g(Z), where (Z' - Z) is
finite due to the finite range of the kermel. Hence -ven a magnetization highly
localiced near the minimum of g(Z) ﬁill be affected by the strongly repulsive
"core" of g(Z) to an extent increasing with interaction range. In this way the
negative contribution to the "potential energyﬁ can be easily counterbalanced,
giving a qualitative understanding of the disappearance of the surface phase

(6>

transition

IV - THE SUSCEPIIBILITIZS X AND X1

The kernel ¥° may be expanded in terms of the complete set of norma-—

. . . . , . . =] .
lised eigenfuactions [ n > with corresponding eigenvalues In belonging to the

homogeneous equation (28)(4) :
° > <
x = p-lo><nl (45)
n I

n
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Using (45),(7) and (9), the solution | m > of the irhomogeneous equation for
magnetic field | h> can be written

ln><a|n>
Im>=2 — — . (a6>

n I -1
n

L d

1f T is vary close to I

- -l
then th2 tevm in (IS - I) should dominate (46), sor wa have

, and if h is a magnetic field locaiised near the surface,

|s><sln> . 5.5
— — 3

 m> = I+T (47)
T. - 1 S
s
or
- mg (2)
m(z) = == [0 (2) hz) az (48)
I - I

whare mS(Z) =<8 |z> .

The susceptibility X1 is loosely defined as the response in the surface
region to a magnetic field localized near the surface. This susceptibility is seen

from (48) to diverge as (Té - T)_l near the surface phase tramsition;.

A coavenient form for h(Z) proves to be

h(z) = h sin 7 . ) (49)

Z

and we shall here defire Xy 28 the response to (49) at h = 1. We have performed
a numerical calculation of the megnetization which is appropriate for a film of
thickness £ with the applied field h(Z) — h{2 - Z). In this case the equations
resemble those given by one of the present authors for the film dielectric res-
ponse(zz)

g (-Tx,0n =n°, . (50)

L

g e Ty
"7 &, Xbb By
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where
b= (2n+ 1) 1/% . Here y° is given by’

[-] = - M
Xbb* Appt b#b

A

It is necessary to truncate the infinite matrix X;b' at b=>b' = bo after which

o G1)
IR Y
(50) is soluble by a standard routine. The choice bo = 3, leads to negligible
error for 1 < 0.95 but bO needs to be increased in the region 0.95 < I < Téa
Furthermore the computed magnetization will only correspond to the single -svrface
problem studied in this paper if & greatly exceeds the renge of the magnastization
ms(Z). With these limitations reasconable accuracy has been achieved except for
the largest value I = 0.983 employed, where our results may underestimzte m(Z)

by 20 Z.

Equaticn (48) suggested plotting 1/m(Z) versus
T at fixed Z, a value Z = 4.5 close to the maximum in m{Z) being chosen. The plot
progyed to be accurately linear in the range 0.95 S I < T%, with intercept at
Tg = 0.985. This is in agréément with the Tg obtained in ref. 6 from a similer plot

in the case of a uniform field, which actually presents a more complicated problem

(see below)

According to Eq. (48), the quantity (I - Té) m(Z) should be proportional
to mS(Z), and thus be independent of I. This function is illustrated in Fig. 3
for various I, verifying that this prediction is fairly reasonable and also giving
us a plot of the function mS(Z) vhich is the exact solution of the homogeneonus

equation. Fig. 3 also shows a plot of (Tg - I) m(Z) calculated by substituting the

normzliczed variational function {(32) ianto (48) for mS(Z). We see that the exact



mS{Z) is sven more sharply pesked at Z = 4,5 then the varizationsl function ; in
the context cf the discussicn of the previous section, this presumably gives an
even mecre dominant contribution to the "potential energy" from the g(Z) < 0
region than in the case of the variational function.

We now turn to the uniform field susceptibility Xl, which has been the

G)@

subject of most previous studies . It is easily shown that a relationsghi
P p

exists between the magnetization muf(z) in the presence of the uniform field (17) a:
and m(Z) corresponding to the local field (49), which is exact within the context
of the present model. This relationship is straightforward :
: . m°uf(z) - T m(z)
m (2) = ‘ (52)

1 -1

(dere m;f(z) is given by (18) ) and can be obtained as follows :

We define the function m{Z) as :

m(z) = m (2) = [x°(2, 2') m(2") dz' (53)
Wa replace ip ref. (53) muf(z) by its expression (9 b) in terms of the DLethe
Salpeter equation. It thus appears that m{Z) obeys the same Bethe Salpeter equation

(9 b) with a source term m°(2Z) given by :

tt

m°(z) = m’.(2) - [ x°(z 2') ) (2") dz'

ux

[x°@, 2z (h=-nl (2")]) az' (54)

4 1
z'

hence m{Z) and m°(Z) are the magnetizations (in presence and zbsence of interaction

h sin Z
A

minates fx°(z Z") L (Z') d2' between (9b) and (53), one obtains at once the

respectively) for the local field h(Z) = . On the other hand, if one eli-

relationship (52)
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Eg. (52) may be regarded as a relationship between X; on the left hand side ard

m (2) (= Xll)' Substituting {48) into ((52) we have for I near I, :

S
m° (2) Tag)<s|hn >
muflz) = . = = — o {55)
1 -1 (1-0 I -D

Yor small Z, the second term of (55) will be dominant. Thié has a double divergence
at I.= 1 as well as I = IS’ so that an enormously large ﬁniform field magnetiza-
tion may ocenr at I mnear Tg, which has the form of mg(2). At large Z, mg(Z)

will be small and the first term of (55), representing the bulk ernhancement alones
will be dominant. Thus if I.» TS we can say that X, diverges as (1 - 'f)_l ('fs-::{')-I

but muf(z) itself displays a complicated Z-dependent behaviour as a

function of T and Z.

We have inserted the computed localised field magnetization m{Z) into

(52) and obtained results in excellent agreement with those of ref. 6,

At this point it is appropriate to compare the numerical calculations
of this paper and ref. 6 with those of ref. 4 since all refer to the &ame kovnel.
The most notable point is that a numerical solution of the homogeneous equation

28) was carried out in ref., 4 but no eigenvalue IS < 1 corresponding to a surface

phase transition was found although the approach of a sizgularity around

T~ 0.97 - 0.99 was noticed as already recalled in section II. Nevertheless
insertion of the eigenvalues and eigenfunctions of (28) into (45) predicted results
for the uniform field magnetization in reasonable agreement with this work cnd

ref, 6 up to I = 0.95. Presumably, though insufficiently accurate to separate a
"bound state" from the "band" I > 1, the technique of ref. 4 replaced this bound

state by a virtual bound state which gave nearly correct results in {46) for the

region 0 < E'f 0.95.
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Finally we wish to peint cut that the relaticnsuip (52) is not ccafined
to the precise kernel ¥° which has been employed above. The resuit is appropriate
for any reascnable ¥° ; if the deiinition (49) of the local field causiag the
magnetizaticn m(Z) is replaced by

’ z = - o - ' "
hi{Z) = h mhf(z; , {55)

Since m;f(z) +h as Z -+ , (5€6) is indeed seen to be a local field.

V - CONCLUSION -

The point of departure for this paper has been the finding of a largze
(4)

surface-uniform field susceptibility X ,. followed by the identification of surface

. .. B)(T) . . .
magnetic phase tran81t10ns( ), in numerical H. F. calculations on enhanced parama-

(B33

gnets, In view of the fact that some approximate analytical calculations

have shown small uniform field magnetizations mnear the surface wundar enaiogous

0

snditions, with no surface phase transition, our aim has been to gain some furthear

nsight into the former results especially since, as was shown in section II, we had

s

the £,01 ing that the surface magnetic instability could be simply interpreted in
terms of the oscillations in the density of states caused by the presence of the
surface in its neighbourhood. We have worked with the free electron model, with an ~

infinite square surface barrier, and a zero-range electron-electron interaction I.

The existence of a surface megnetic phase transition implies a sclution
of the homogeneous equation (25) for the magnetizaticn at 1= Té < 1, Using a
simple variational function, we demonstrate essentially analytically that Tg < 1
and we find an upper bound Eé < 0.992. The "non-uniform part" of the kermel cf the
equation (25) plays an important role, and its structure is revealed when the
kernel is written in real space in terms of the function g(Z). An analogy is

noted between the existence of a surface magnetic phase transition and the separa-
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ticn of a bound state in the one-particle Schrodingen equation, in which the non-
uniform part of the kernel plays the role of an attractive potential ezergy. The

solution mS(Z) to the homogeneous equation at I= Is

Z = 4,5 where the function g(Z) is negative, enabling a negative'potential energy"

posesses a large pezk at

to be achieved despite the strongly repulsive nature of the "core" of g{Z). The
fuaction mS(Z)Aat Z > 4.5 shows slow exponential decay with oscillatiens ; we
have noted that, by adopting this form, the variational function retains a rela-

(5)

tively low "kinetic energy". A model calculation with a kernel of the correct

form but with non-negative g(2Z) showed no evidence of a2 surface transition, consis-

{ T
(3)(9) did not retain

tent with the above argument. Other analytical calculations
the correct complete form of the kernel and agaiﬁ found no evidence of the surface
phase transition. If however the interaction.i?has>Sufficient1y iong range, then
even a function ms(z) dhErply peaked at Z = 4.5 will be brovght' into interaction
with the repulsive part of g(2Z), and a Surfaée phase transition should be inhibi-

ted, 2s found in ref. 6.

The susceptibility in the paramagnetic region I < IS

(4)

may be investizated

. . dn_, . . . .
via &5 expansiony eigenfunctions of the homogeneous equation . The magnetization

-1

for a field localisaed at the surface is proportional to (IS -'Y) m, (Z) when

E‘ﬂ-is, so that if X11 is the surface-surface susceptibility then Xjp @ (ES - T)nl

In fact choosing the local field h(Z) = h sin Z/Z we have calculated the mzgneti-
zation numerically, and used the latter result to estimate . IS = 0,985 (in
agreement with ref. 6, 7) and also to illustrate the function mS(Z) Fig. 3). Ve
have found an exact relationship between the uniform field magnetization and the
magnetization corresponding to the usabove local field h{Z). The magnetization for
a uniform field then takes the form (55) when 1> Eg. In the latter limit the

surface~uniform field susceptibility X1 is then secen &0 posese the strong dives genc.
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y, « (g - ' (1 -7, on the other hand if Z + » at fixed T, the bulk

megnetization m = (1 - T)—l is retrieved. It may be coincidental, but shouid be
. . . R 7)(8 i

noted that the figure given in Weiner's paper( ) %or the f.c.c. (100) suvrface

at T = 0,9 shows comparables enhancements for the uniform field megnctization
and the "local" susceptibility Z, Z), in ccentrast to the above.

(1)(2)

In chemisorption applications » the spin of an atom on the
surface is assumed to be coupled to the spin fluctuations of the sclid via a
shorﬁ range exchange interaction. In this problem the perturbing field is

thus loecalised near the surface, but also localised about a point in the surface

plane, and ghe appropriate susceptibility is only approximately Xi1° though
evidently X3 is inappropriate. In the absence of a surface phase transitiom
inzburg~-Landau equatioé‘l) predicts that X1 is enhanced, with only a cusp

-

at L = 1, In terms of the HF itinerant model, we can rewrite Eq. (52) as
m(zZ) = 17! (m°,(2) - -Dn (Z)); / &7
uf ' uf

Thus the magnetization m(Z) due to the local field (556), which enters Xp12 wilil
in general be uuethanced unless o, £2) diverges at i = ! more strongly than

= -1 . . - = . .
(1 - D or posesses a singularity at I = I, < 1. Hence calculations with

S
(3)(6)(9)

zero-range interaction showing muf(Z) to be enhanced less (eor as)
strongly near the surface than (as) in the bulk should tend to show‘an unenhan~-
ced X11° On the other hand, in the presence of a surface phase tramsitiom,

m{Z) and Xi1 dive;ge likea(f —'fg)“l as shown above. Nevertheless, we have found,
for the model studied in this paper, that at a practical\enhancemenc such as

I= 0.952 m(Z) has the unspectacular maximum value of m(4.5) = 0.65 h, for

the local field (49). A more significant Xi1 could however result if
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{2} T_ were closer to the actual T'oﬁ the soiid (We ronaiiWeiner's finding of

(R

e
g = 0575 (b) the overlap < 3 | & > of the applied local field h{Z) wiih the
solution mS(Z) at I = Té of the homogeneous equation were larger tham is the

cage for (49). On the cther hand, since the surface phase transition isa?phenome~
- non of long wavelength in the surface plane, the divergence associated with it

mey enter in diminished form into the susceptibility seen by an adsorbed atom.

It is difficult to make a geperal statement, but the possibiility that this suscep-
tibility be large scems likely to depend on (i) the existence of a surface phase

transition with IS close to the I of the material (ii) a fairly long range atoem~
metal exchange interaction. Strongiy ed@ﬂnced paramagnetism in the bulk does not

appear to be a sufficient condition.

It is necessary to take iato account a number of factors before a pra-
diction of the occurrence of a surface magnetic phase transition in a rezl maie-

)

rial can be made. Weiner found that the occurreance of the transition was sen~

sitive to the pavamsters of the model, and the sensibility to interacticn range
found by Zarembz éﬁd Griffin(s) has already been noted. The effect of taking into
account the firiteness of the potential barrier presented by tha surface is srill
urknown. The poscibility that I be different in the surface layer from its buik
value was considered in Ref. 3, and a larger surface value of i was found to
facilitate a surface phase transition. Such a variation of I is probable because

(i4)

. . . . 1

both the Herring screening of 1 and the Kanamori t-matrix effect( 2 should be
sensitive to the surface environment, but the total sign of the effect is diffi-
cult to predict. At a real transition metal surface effects such as bard degene-

racy and the transfer of electrons between gand d bands neesd to be considered. The

cumulative complexity of these phenomena, given the apparent sensitivity of the
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suxface phase transition to parameters of the model, evidently renders predic-

tion somewhat hazsrdous at this stage.

Our discussion in this paper has been cn the basis of the molecular
field approximation, which may be poorer for surface than for bulk problzms
gince the former present a situation somewheke between two and three dimensions.

. (16¥hat, . o e

Furthermore it appears o wiile R P A is correct, at O°K, for uniform bulk
systems, when translational invariance is broken up in the case of 2 local impe~
rity parturbation, R. P. A. is not sufficient, and beyond that, the effect of tha
fluctuations is to prevent the approach of the instability. If we extrapolate
this statement to the present problem, which is another example of brealking down
of translational imvariance, it might be that the fluctuation effects suppress
the surface instability. Taking over a result from exact studies of the Ising

(11), Xyp T8Y in fact posess a very weak divergence at T = | even in the

model
absence of a surface phace transition, rather than the simple cusp found in mole-
celar fizid theory. This may render our comments on the possibility of fiading a

large susceptibility seen by an adsorbed estom a little too restriciive.
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FIGURE CAPTIONS

The uniform part D(b) of x°(b, b') versus b, formuia (12}.

The non uniform part A(b, b') of x°(b, b') versus b  for several
fixed b',formula (12).

The function g(u)/g(o) versus u, form:la (21)

The function x°(Z, 2') versus Z' for savéral fixed Z, formula (20)
-=--, the charge neutrality boundary.

Brcken and dot—-dash curves ; (Tg - 1) m(2), where m(Z) is magneti-
zation for local field (49). Full curve ; normalised trial funct;on

mg(Z) (see Eq. (32) ) for A = 0.08, multiplied by < S | ho>,
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