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I. Introduction

In recent years there has been a considerable amount of works
dealing with semiphenomenological calculations in chemisorption
theory by means of the model Hamiltonian method 1113, and
especially on the basis of the Newns-Anderson Hamiltonian f{2}. The
Anderson model has first been introduced to describe a, magnetic
impurity in a metal but also allows one to formulate fundamental
microscopic foundations of the chemisorption theory {3-81 and is
very useful for interpretation of the spectroscopic experimental
results. However, degpite a remarkable success in obtaining a
relatively good description of the chemisorption process, it was
shown that the Newns-Anderson model Hamiltonian does not take into
consideration many important effects , which may lead to
considerable qualitative differences in gome chemisorption
characterigtics {61. Moreover, if we treat this model as a
semiphenomenological one, i.e. we define its parameters by
comparing with experimental data, it is very difficult to find a
connection between these parameters and the results of non-pheno-
menological calculations, for example, obtained in the local-
density-functional approximation {7]} or in other methods ({8].

Therefore, it would be particularly useful to =set up a
theoretical framework for a microscopic derivation of the Anderson
model for a relatively simple physical situation and analyze
interactions which are inherent in it.

In this paper we present a mnicroscopic derivation of the

model Hamiltonian that is intended to describe chemisorption of
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a single hydrogen atom in a ground state on a substrata of a
simple metal. In this case we have a relatively simple and
clear-cut microscopic picture and our approach has the advantages
of giving a clear physical insight into the physics involved 1in
this problem.

The organization of this paper is as follows. In the next
section we present the fundamental microscopic description of the
chemisorption process and make a second quantization procedure of

‘this starting microscopic model. Section III describes various
quantum mechanical models which are obtained after quantization of
our problem. In Sec. IV, we diascuss the effect of the partially
occupied surface resonances induced by adatom on the
hybridization, and hence, on the chemisorption binding between the

- adatom and substrate. 1In Sec.V,we present derivation of the
self-consistent Hartree-Fock equations for main characteristics of
the chemigorption procees with the effects described in Sec. 1V,
included. In Sec. VI, we give the results of the numerical
calculations for chemisorption energy, charge transfer between the
adatom and the substrate, as well as we present the adatom 1local
density of states for some parameters describing the chemisorption

process. In conclusion we briefly discuss the obtained results.

IXI. The Basic Model and Second Quantization Procedure

-

Let us conaider,‘ from many-body point of view, the
interaction of the hydrogen adatom being in the 1S =~ ground state
with the surface of a simple metal substrate [4]. When adatom is
located at the adsorption centre ﬁ‘ then the wave function of its
valence electron overlaps with the substrate electron wave
functions, and as a result, we have collectivization of electrons
in a whole adsorbat plus adsorbent system. Thus, this complex

system is described by a Hamiltonian of the form [10]}:
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Here we neglect the kinetic energy of the proton vibration
ﬁon of the hydrogen adatom ) around the ‘equilibrium position at
the adsorption centre ﬁA. The potential V(§-§) describes the
electrostatic Coulomb interaction between unit charges (electreons)
placed at the positions X and 3, PCX iz the electrostatic
interaction of electrons with the electric fields of the metallic
substrate. The latter involves also the boundary conditions on the
surface between the solid state and vacuum ([117T. Usually, in
first-principle calculations of a free-electron like metal
substrate, the jellium one of PO is successful when the
ion-core pseudopotentials are taken into account in first-order
perturbation theory [%#2]. The constant U° represents the energy
of the electrostatic interaction between ions of the substrate
metal, and also between these ions and the proton of the adatom.
Owing to the charge neutrality of the system we have removed from
second and third terms of the Hamiltonian (1) the energy which
represents the electron interaction with its Hartree field and

included it into the energy % PC® and U° , respectively. So, we

have:
< 1 > > > > dne®
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where 2 is the volume of the system and N is a number of

electrons in the substrate. The interaction PCX) and the locali-
zation of the hydrogen atom ﬁA are the parameters of our model.

Now we are in a good position toc begin the second
quantization procedure for the system described by the Hamiltonian
(1) [43). For that reason, it is8 necessary to introduce the
quasi-particle description of the adatom-substrate system. This
step is achieved by introducing an appropriate single-electron
basis of functions. For one-particle states we chocse the wave
functions of electrons in the clean metal substrate < pﬁ(i) > .
These basis functions are the Bloch-like wave functions describing
the delocalized electron states in the metal. Here, vector 4
stands for the electron quasi-momentum. In the case of the exis-
tence of surface states this index represents these surface states
too which may be marked R=<cR s 7 )Y, where the coordinates §,§

lie in the surface plane [14}. However, in the case of simple me-



tal substrates we do not consider the role of these surface states
in a chemisorption procesz. The influence of thease states on
chemisorption is discussed in {151. Thus, the electron
quasi-momentum R stands for continuum states only and will be
contained within the inverse site with the additional condition hz
> O . For simplicity, we will consider the metal substrate with a
single electron band only assuming that its contribution to the
chemisorption process is an eassential one. For the description of
the localized electron states on the adatom we add to -the basis
functions <« pﬁF;) > the orthogonalized Anderson extra-orbital
which is chosen as 1S-hydrogen atonm wave function:
pA(;) - pcﬁA—?o_

The functions <« pﬁ(}) » and pA(}) satisfy the following

eqguations:
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where EE' is the energy spectrum of the substrate electron

band, E‘ is the 1S -level or the ionization potential of the
adatom. Note that because .of the lack of the translational
symmetry in ‘the direction perpendicular to the surface, the
methods of solution of the Schrtdinger equation for pz(i)' are
different from those For "bulk"-problems. In ‘the paper {111, it
was shown how to construct the functions pz(§) having in hand
gsolutions of the appropriate "bulk"-problem.

in ﬁhe following we introduce the operator functions for the
electron fields !’(X) , X)) in the form:

+ .
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Kronecker symbol Axa is introduced for descfiption of electron's
spin state, » 1is the spin variable, »#»,0 = 1 , X = «( ;,x > and

+ + » ;
g, r A, @ > @ are the Fermi operators for creation and

A0 AC
annihilation df the substrate and adatom electrone, respectively.
Finally, the Hamiltonian (1) in second quantization representation

built up from the operator field ¥'(X>, WX3 has the form:

2 2
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Here, 'we have used the notation Ihx - 3 Id§ .Note that for
. =ty
performing the second quantization procedure we must work with the

complete and orthogonalized basis functions, and our set of basis

functions does not fulfil these conditions. However, am for
nonorthogonality, we can use instead of an additional Anderson
orbital pA(;) an atomic-like function VA(;’ which will be

orthogonal to the electron states of the substrate ng;)

> +» . -4 - >
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where
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In the paper (18] it was shown that this substitution is
equivalent to transition in the Hartree-Fock approximation of the
Hamiltonian of the Anderson model to its wunitary noneguivalent
representation. In addition, there was given a detailed
congsideration concerning the influence of the nonorthogonality of

the bagsis functions on the analytical structure of Green's



function. In further consideration the overlap parameter (ﬁ}A) of
the wave functions will be neglected. As for incompletenesa of the
‘bases set functions, it has been shown by N.N.Bogolubov (91 that
th£S<dDEQ not effect the formal second quan&ization scheme,
however, it changes the original problem for some approximate one
in the spirit of variational Ritz problem. Therefore, if the ini-
tial set of basis furctions is chosen in a sufficiently rich form,
from physical point of view, then we may hope to obtain a good
description of our problem. In the opposite cases, we must include
into consideration additional physically essential states.

In our case, we include into the basis set functions the
substrate electron wave -functions belonging to the one energy
band, most important one for chemisorption, and the wave function
of the 1S-state of the hydrogen atom. This basis is appropriate
for chemisorption of the hy#drogen on a simple metal. The remaining
effects may be considered in perturbation theory. Houever, for
better understanding of the chemisorption on fhe transition metal
substrates the effects of the band degeneracy must be necessarily
taken into consideration. Sometimes thé contribution of the states
of -continuous spectrum which spreads outside the region of action
of the self-consistent potential PC® of the metal substrate
[17], the contribution of exciting levels of the adsorbed atom
{18] and other effects are important.

IV. Quantum Mechanical Models of Chemisorption

Using the representation of the electron operator fields W*,W
and Eq.(3), the Hamiltonian (S) can be written in the form:
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Here we have introduced the parameters:

5 b > 2 > 2., 5 * - -
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Other interaction parameters of the type vz 2R 2 H
4 2 9 <
VAK 2R ...aetc. are the matrix elements calculated for the
i 2D
Coulomb interaction V(§—;) betweaen electron states described by

the functions PR PR PR PR S Par P> PR PR poce ’
1 2 a < z £ <
respactively. ‘
In the Hamiltonian (7) the well-known Anderson model is
written out in an explicit form with the additional term of the

+
form: - E:E VAAAE N, 0% o™ Ro 4+ H.c. . This term describes the

influence of the adsorbat level occupation on the hybridization
of the electron states. This effect will be diacussed in detail in
a further part of this work.

Other parameters entering into Eq.(7), i.e. P » E‘, U, vAﬁ

have their usual meaning (2, 51.

The term Hr° in Eq.(7) involves the interactions which

at.



are not usually considered in the simple chemisorption models (61
and it generalizes the Anderson Hamiltonian. Let us briefly
discuss the physical interpretation of various terms appearing in

Hrogc . First of all we consider the terms of the form:

+ +
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Let us rewrite these formulas in an identical form as:
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The matrix element V‘KK,A can be written as:

Vadia " Jaxdd p:&)p{c;:)pz,c§)pAc?<>vc?<-§) = fa 2 —
: IR =3 |
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Here, we have used explicit form for the Coulomb

interaction and for the hydrogen 1S=-electron wave function and
€...> denotes the quantum statistical average. The atomic length b

L

2

A
equals . e? >~ 0.5&. If the separation between the adatom and
substrate's surface is much greater than & , then the second term
in Eq.(10) can be neglected and we obtain as a result

V‘zz,h x sz,CA) . S0, the first. term of Eq.(9) can be rewritten

”

in the form:

+ +
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RR' & o kR' o
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where q = 1 - zb<nAo> iz the charge on a hydrogen
adatom measured in units of electron charge e . Consequently, the
contribution to the Hamiltonian of the form diaﬁlayed in Eqg.(11)
deacribes the s=cattering of the asubstrate electrons on the
additional charge of the adsorbed atom. In the case of the neutral
chemisorption, i.e. when there is no charge transfer between the
adatom and substrate metal, these contributions to the Hamiltonian
may be neglected. Applying a similar method, the second term in

Eq. (9) becomes:

4
-z nAO( PA - Z:; ,vnzﬁ'Ac aﬁa'aﬁ'o'> ) =X Pac AA *

o RR’ o o
12>

» >
+ agnw Jax vckA- W 5D ,

where the first part describes the interaction of the adatom
electron with double electric layer of the clean metal surface,
and AA is the energy needed for an electron to go across this
layer (14,19).The second part in Eq.(12) describes the interaction
of the valence adatom electron with the redistributed charge cloud
in the substrate metal induced by the adatom electrons themselvesz,
i.e. this part of the Hamiltonian includes the Bo-called static
image potential problem [12). It is important to note that for a
consistent treating of these polarization properties of the metal
subgtrate in chemisorption theory, it ig insufficient to
characterize itas electronic properties by the spectral parameter
3 . It is necessary to introduce at least the long range part

of the Coulomb interaction between substrate electrons Vi 22R

11031, or introduce plasmons [8). The third part of Eq.(9)

describes effects connected ‘with the correlations between the

adatom charge fluctuations and the redistribution of the charge



density of the substrate metal induced by the adatom. It describes
the dynamical effects of the image potential or the so-called
relaxation shift problem discussed in detail in the review paper
{121 . Usually, in the Hartree-Fock calculations these effects are
neglected. The last term in Eq.({(9) is a constant value which must
be included in order to evaluate correctly the ground state energy
of the adatom plus substrate system. In conclusion, the part of
the Hamiltonian (7) displayed in Eq.(8) describes the polarization
effects in adatom and rubstrate metal.

The next contribution to H
reaet.

of the form:

+ +
hh.:' g’ VAKAK' aPRo* Faot TR o 13

involves the exchange-type correlations between the adatom and
substrate metal. These contributions, together with effects
connected with the dipole moment induced on the adatom, for which
the degcription of the excited p - states of hydrogen is needed
(18], are important for an accurate description of the interaction
betueen the substrate metal and adatom placed at laége distance
from the metal surface. These effects lead to the weak Van der
Waals forces and are important for the description of the
physisorption [20].

M Finally, the remaining terms in H

reot.
the interaction between an adatom and a substrate and are of much

involve effects of

higher order, for example, two-electron hopping and others.

V. Influwernce of Partial Occupation of the Adsorbat

Resonances on the Hybridization of Electron States.

In the following we confine ourselves to the model in which
together with the standard interactions present in the Anderson
model (21 we include only effects connacted with the influence of
the adatom orbital occupation on the charge transfer between an
adatom and a metal substrate. Such a model is described by the
Hamiltonian:

N\

H = Ecﬁnza + EEAnAo + UnAdnA_a + Z[(VAz -

[$ V5]

Cl‘ a-
AT 30

n VvV z) + H.c. 1 .
A-O AAA

In accordance with Eq.(10), the matrix element VAAAK can be

represented in the form:

> .5 % *_> > > > > > % >
Voaak " Jhxdy P, 0P, (3P (PIPp(3) V(x-y) = Idx PO x
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i > % > b lﬁA-;'
-Vz * Jhx P PpCx> €1 4 —S—— 3 x (15)
I R- %y P
x exp [-2 > 1 V¢ T X ),
and for | §A| » & we obtain VAAAK ~ VAi , and the Hamil-

tonian (14) may be written as:

H = FZepnp + TE n  + UhMynA__‘7 + FTC1-n ) x
ko o

xcv;a‘a + Heoec. ). 1B
A AC <o

Note that in accordance with the paper 1211, the distance
between the adsorbed layer of hydrogen atoms and the substrate

surface layer for chemisorption on (111)-plane of nickel reads as

1.17 A and is much larger than the atomic wunit 1length & .In
general, the typical distance between adsorbed atoms and the

substrate surface layer lies in the interval 0.9°- 2.9 A [12].
The introduction of the additional term - 3T ko Pa-o VAAA‘ x

11 .



a:aa + H.c. into the Anderson model has a considerable
influence on the hybridization between the adatom orbital wave
function and substrate wave functions aﬂd on the charge transfer
between the adatom and the substrate, respectively. We demonstrate
this by the example of the model Hamiltonian (16) neglecting the
second part of the expression in Eq.(15) ( distance from the metal
surface is greater comparing with atomic unit & ). For that
P; of the form:

: +
reason, let us consider the operators P, , PA »

A

~4
Po =1 - Zn, ¢ nAanJ"
o
PA L] znAaC 1i - LRI 3 ; (& Vo]
o
~_ .
P = N .n .
A AT A

It is easy to show that these are projection operators on
the states of the system described by the Hamiltonian (16), when
on the adatom orbital there are no electrons, there is only one
electron and there are two electrons, reapectively. The firat and
third states describe the charged state of the adatom with q = 1
and q = ~1 , respectively, and fhe second is neutral q = 0. In the
following, these states will be denoted by | qmw 1,0 & >
wherg the parameter § represents the set of other quantum
numbers needed for the description of the system. The operators
Pl B, B
This means that, in general, the ground state eigenfunction of

do not commute with the Anderson Hamiltonian ([2].

the Anderson Hamiltonian would be a composition of these three
types of states [2&al. In addition, as it is known from the
Hartree-Fock calculations, the Anderson model gives much larger
charge transfer from the substrate to the adatom than it is
observed in experiments (8). This means that there is an
overestimated contribution of the functions | q = -1, § > to the
ground state of the Anderson Hamiltonian. In order to restore this
situation, in papers [23,24] the valence bound method, the analog
of the Heitler - London theory for moleéules, was introduced in

which the role of the charged states is suppressed 1n an
]

12
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artificial way. In the case of the model (16), the projection
operator ;; commutes with the Hamiltonian and this Hamiltonian is
diagonal in the subgpace 3; % of the stata space % . This means
that the ground state of the Hamiltonian (16) must be constructed
as the linear combination of the states | q - 1; ¥ > ,{ q e 0; Z >
and the state | q »m -1; Z > does not mix with them. Moreover,
for ;A‘ U > e this 1is always sapisfied for a hydrogen
chemigsorbed on metals, the state ' q = -13 ¥ > does not
contribute at all to a chemisorption bond. In other words, the
charge transfer from the substrate to the adatom is suppressad for
Hamiltonian (16) in comparison with the predictions obtained in
the Anderson model. A similar effect will be observed for a model
(15). However, the gituation mentioned above will be destroyed
depending on the adatom-substrate separation d. Having in mind
the smoothing of the functions pz(§) outzide the substrate
syrface, we can approximate the matrix element VAAAK as o VAz;
a = 1. . For a large adatom-surface separation we have a 2= 1 and

the charge transfer is possible from the adatom to the subsatrate

only. When the adatom moves towards the surface then the
parameter a decreases and the contributions of the states
] q==-1; £ > to the ground state of a system increase. In a

further part of thie work we will investigate the influence of the
parameter « on the main characteristics of the chemisorption

process.

VI. Hartree-Fock Description of the Chemisorption
In this chapter we introduce the equations for main
chemisorption characteristics in the Hartree-Fock approximation

for a model described by the Hamiltonian:

H = £ N + "E. n + U + -
E R "ko 5 A A0 “A‘f‘nA¢ EC 1 an-a)

+ .
x € Vﬁz a, B, + H.ce D . [ 1:))

The Hartree-Fock approximation for a 8ysBtem described by

13



Eq.(18) is equivalent to congidering of the approximate

Hamiltonian of the férm:
E + ¢ v o 4+ Hoe.d + €
H = 3= 0, * ZE, », = Ak Fao%ko i
ko -4 ko

19

where
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Note that in contrast with the Hartree-Fock description of
the standard Anderson model {51, here the quantity sz , which
determines the electron transfer between adatom and subsatrate,
depends on the occupation of adatom's orbital. The constant C has
the same meaning as in Eq.(9).

Using the Green function technique (251, one can obtain the
following set of nonlinear integral equations for an average

number of electrons < n, > ;3 om 1‘,+ on adatom orbital ( for

o
temperature 6 = O K°)

*

e
F
<m > = nidm D_Cw ;
oy 20>
20 r
g€, ™ T =a<n >_rdeo(w)(u—E0),
A-0 * -
where
1 AOCm)
Dl = 3 2 2
< lw - E = A 1T 4 a%cw
(=4 o o
and
1 Ad(x)
Aor(m b Ffdx(w - x )
] is the Hilbert transform of the so-called chemisorption

14
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function Aa(m) which for the model (19) reads as:

2 2
A‘,(go)-(l —a(nk_a))EHIAK[&(m—sz). 21)

Here Za denotes:

+
{'a - azk( V‘z< aAana> + H.c. D,

22
so that E, = E, ¢+ U< > - X
In an analogous way, one can obtain expressions for the
chemisorption energy AE and the adatom charge q [5]:
iF Y A Cwd
AE-z-{El.a-b—dmtan [ il ]}'
o w e, W - Eo - Aa(oo:v
23>
—EA-OC; . q-a(l—t(nAc,)),

-4

where eo =~ the bottom of the energy band which is presentin
'forming the chemisorption bond, l:'.l_a— the energy of the 1localized
electron state € ELO < e ) which may be obtained from following

equation:
ELo-Eo-AocEw) a6 O, * 24
In Eq.(23) the energy zero is placed at e In the absence
of thae occupied localized state, we discard the term E . in

Eq.(23) and take - nn € arctg < 0 ( if an occupied localized state
exists, then O ¢ arctg < m )). For a => O we obtain the well-known
Hartree-Fock sBalf-consistent description of the chemisorption
process [5).

ViI. Numerical Results and Conclusions

The above prasanted microscopic consideration is adopted to



the hydrogen -<chemisorption on the simple metal substrates.
However, the models described by Hamiltonians (14) and (18) can be
useful for description of the chemisorption on the transition
metal substrates, which is more interesting from practical point
of view. Therefore, we make the self-consistent calculations of
the basis chemisorption parameters for this case in the spirit of
work [S1. In the following, according to Newns (8], we take the

chemisorption function in the form:

2‘/2

ACdD = €1 - afln >a3%2p' %1 - &P e <1,
o A-O
2B
AL e O0; || > 1,
where we use f3* as it has been introduced by Newns (51, and

zero energy is located at the middle of the band. Half bandwidth

is taken as an energy unit. For numerical calculations of the
charge transfer and chemisorption energy of a hydrogen
chemisorption on transition metal surfaces - in the H-F
approximation for Hamiltonian (18) - we take Ti ,Cr and Ni

metals. The parameters: the band width W , Fermi energy e and
work function, the hydrogen ionization potential and Coulomb inte-
gral for hydrogen adatom were taken from the work by Newns (8],

In Fig.i we displayed the charge on adatom's orbital for
dif%erent values of the parameters a for T4 ,Cr and MNi,
respectively, as a function of (3* parameter. The value a=s0

corresponds to the standard

1[ of Newns and broken 1lines
% correspond to the results
% of Brenig and SchOnhanmer
83 {2a61. These authors have

considered the influance

10 30 50 70 10 30 50 70 10 3050 70
Iplev of the correlation effects

Fig.1. The hydrogen adatom charge in units of e wversus R and

a for the metal substrates Ni, Cr and Ti, respectively. The curves

with o = 0.0 correspond to the standart H-F results of Newns [S}

and broken ones for the results of Brenig and Schbnhammer [26].

The parameters describing the metal subsirates are taken from {S].
A ]
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on chemisorption beyond the Hartree-Fock approximation. We briefly
discuss some general features of our results. It is easy to
observe that tHe charge transfer to the adatom decreases with
increasing value of the parameter a Moreover, beginning from
some value of a the charge transfer direction is from the adatom
to substrate metal. These results confirm the damping of the
charge transfer from a substrate to adatom when the influence of
the adatom orbital occupancy on the hybridization of the electron
states is inciluded. Sometimes the adatom-substrate separation can
be sufficiently large and the parameter a differs considerably
from zero and in this manner this situation corresponda to a
strong damped charge transfer from substrate to adatom, which is
really observed for hydrogen chemisorption on transition metals.
In Fig.2 we display the chemisorption energy curves for Ti,Cr

and ML , respectively, for dif-

ferent values of the parameter a .

In Fig.3 we present, for
illustration,the influence of the
parameter a on the adatom projec-
ted density of states for hydro-
gen on Ti for 3*=4.0. For o = 0
(standard result) and for a = 0.1

we have paramagnetic cases only,
10 30 5010 30 50 10 30 50

Igley ferromagnetic solutions, too. We

and for other values of a we have

Fig.2. Self-consistent H-F chemisorption energy wversus
hopping integral f’and the paraneter o for hydrogen chemisorption
on transition metals Cr, Ti and Ni, respectively.

can observe very large changes in the shape of the adatom density
of atates as well as in the localization of the occupied localized
states.

In conclusion, we have presented a microscopic approach to
tha chamisorption of a single adatom on a metal substrate, and as
a rogult, =u generalized Newns-Anderson Hamiltonian was
obtalnad.The considaration of the particular cases of
chemisorption of tha hydrogan adatom does not raestrict its
generality. Tho main merit of the expounded procedure lies in the
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possibility of the explicit and straightforward account of the
influence of the adatom orbital occupancy on the hybridizatien of

the substrate and adatom orbital electron wave functions. For a

sufficiently large adatom-
substrate separation, one
can take the parameter «
close to
1.0. This ‘leads to

approximately

gignificant quantitative

changes of the adatom

orbital

W0 E©®

ENERGY INUNITS WiZ

occupancy and

electron adatom structure

Fig.3. The adatom projected density of states ¢ for spin — up

and spin - down O for the hydrogen chemisorbed on Ti for f3°'= 4 eV
as a function of energy and parameter & The arrows i(ndicate the
localized electron states and shaded areas denote filled electron
states.

comparing with the standard result [8). Unfortunately, the problem
of the largeness of the parameter a is unresolved for the time
being. It is iriteresting to note that the charge transfer damping
obtained by Brenig and Schtnhammer (26] as typical correlation
effect may be obtained in our approach within the Hartree-Fock

approximation at a = 0.2 - 0.3.
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