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1. INTRODUCTION 

One of the most interesting problems in solid state physics 

is a satisfactory description of the chemisorption of a light gas 

atom on metal surfaces. The great complexity of actual systems has 

prompted a study of model Hamiltonians, one of which, the Anderson 

model, is widely used. Usually, using the Anderson Hamiltonian 

for the explanation of the experimental data of the atomic 

hydrogen chemisorption on metal surfaces, two parameters of this 

model are fitted from experiment. 

The first parameter is the Coulomb intra-atomic interaction 

for the adatom, U , and the second is the hybridization parameter 

~ built up from the matrix elements Vat which determine the 

e1.ec1:.ron nopp1ng oe-r..ween ~.;ne auat.uw <:tuu vut:: bu.uoL.J.avt:: wt:;~..oa..J... 

renormalization of the Coulomb repulsion may be explained by 

the inclusion into consideration of the image potential. It is 

well known that the electron-surface interaction far outside the 

surface is described by the image form with the reference plane 

shifted outwards from the edge of the jellium background [1], but 

there are large deviations as the electron approaches the surface, 

and within a few atomic units of the surface the corrections can 

be comparable to the image term [2]. Moreover, the location of the 

effective image plane relative to the jellium adge varies with the 

density of conduction electrons and, for example, for metals like 

Al (small r
8

) one has a stronger image force on a charge at the 

same distance from the jellium edge [1]. All the above considera

tions concern static charge but this problem is known to have a 

dynamical nature, too. For example, the image-plane location is a 

function of frequency and moves closer to their j~llium edge for 

moving charges [2]. Note that for the experimental values of the 

distance between the adatom and metal surfaces this image effect 

can lead to considerable reduction of the Coulomb repulsion U . 
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Especially difficult problem in the Anderson model is the 

estimation of the matrix element Vat_ .In order to do this, one has 

to know the wave functions and the nature of the interaction 

between the adatom and the metal surface. In addition, as was 

shown in Ref. [3], the hybridization of the substrate and adatom 

electron states can be influenced by the partial occupation of the 

adsorbate resonances and in general case can be dependent on the 

adatom electron spin. 

In this paper we present numerical results for some 

characteristics of the hydrogen chemisorption on a free-electron -

like substrate modelled by the semi-infinite jellium system in the 

framework of the Hamiltonian introduced in Ref.[3]. In the absence 

of a realistic value of U we decided to examine some.chemisorption 

characteristics for a wide variety of the on-adatom Coulomb 

repulsion values. The matrix elements Vat_, V
44

At_ inherent in the 

model are calculated from first principles and all the 

calculations were done in the Hartree-Fock approximation in a 

self-consistent way. Usually, this type of investigations is 

performed in the framework of the local density functional 

formalism [4]; nevertheless, it should be mentioned that despite 

the achievements of this approach, some characteristics of the 

ci•em.lsorp"t ~on process cannot be determined [ 5] . 

This paper is organized as follows. In the next section we 

discuss the Hamiltonian describing the chemisorption process and 

its parameters from a microscopic point of vie~. We present the 

formulae for evaluation of the matrix elements and the basic 

relations for calculations of the chemisorption characteristics 

calculated in a self-consistent Hartree-Fock approximation. The 

last section 3 is devoted to the presentation of the numerical 

calculations for the chemisorption energy, the charge transfer 

between the adatom and the substrate and for other characteristics 

and discussion. 

2. HARTREE-FOCK DESCRIPTION OF THE CHEMISORPTION 

Following the method represented in Ref.[3] we can present 

the Hamiltonian for the adatom-metal substrate system in the form 

2 

I' 

H 

where 

I:: "'"t. nt_o 
l<o 

+ I: EA n""' 
0 

+ U n n 
A.C"' A-0' + I:: ( ( VAt_ 

ko 

n V + ) a+ a+ + H.c. ] + H 
A-0 AAA~ AO ~0 rest. + u. 

v ••• t 

v.t 

f ~ + * * + + + + + dxdy ~A(x)~4 (y)~4 (Y)Pt_(x) V(x-y) 

f ~ ~ ~ * ~ ~ - dx V(KA-x) ~4 (x)Pt_(x) 

(1) 

(2) 

and v(;:{ y) describes the 

interaction between unit charges 

the electrostatic Coulomb 

electrons ) placed at the 

positions k and ~, and other parameters entering into Eq.(l), 

i.e., "'"t.• EA and U have their usual meaning [3,6]. The term Hresl. 

involves the interactions which are not usually considered in the 

simple chemisorption models and generalizes the Anderson model. 

Here we do not consider these terms and refer the reader to Ref. 

[3] for a more detailed discussion. So, we confine ourselves to 

the model in which together with the standard interactions present 

in the Anderson model [6], also the effects connected with the 

influence of the adatom orbital occupation on the charge transfer 

between an adatom and a metal substrate are included. If we use an 

explicit form for the Cou]omh in~Pr~~+inn ~n~ ¥~~ ~~~ ~~~~=~=~ 

-electron wave function, then it can be shown [3] that for the 

seperation between the adatom and the substrate surface much 

greater than the atomic length one obtains VAAAt_ ~VAt_ . In that 

case the charge transfer from the substrate to the adatom is 

suppressed for Hamiltonian (1) in comparison with the predictions 

obtained within the Anderson model [3]. When the adatom is located 

near the surface, then we can approximate the matrix element VAAAt_ 

as a VAt_' a~ 1.0 , i.e., with the adatom moving towards the 

surface the parameter a decreases. In the next section, we 

investigate more precisely this kind of approximation. The 

Hartree-Fock approximation for the system described by Eq.(1) is 

equivalent to considering of the approximate Hamiltonian 

H I:: "'"t. nt_o + 
ko 

I: E n + 
0 AO 

0 

nA-aVAAA~) a:oako + H.c.] 

3 

I:: [( VAt, 
ko 

( 3) 
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where · 

Eo 

c 

E + U < ,. n A-a > - ~ [ V ~ < a+ a~ > + H.c. ] , 
}< AAAI'< A-0 I'<- 0 ( 4) 

U< n ~ >< n > + I: 
A A+ ko V,.,.,.~ < n

4
_

0 
>< a:0a~0 > + H.c. ]. 

Note that in contrast with the Hartree-Fock description of 
the standard Anderson model here the quantity 

v.~ - VAAAt.. < n,._a >. 

which determines the electron hopping between the adatom and 
the substrate, depends on the occupation of the adatom orbital. 

Using the Green function technique [7] one can obtain the 
following set of nonlinear integral equations for an average 

number of electrons < n,.
0 

> on the adatom orbital (for a 
temperature 8=0"K ): 

where 

and 

Eo 
L 

M0
(w) 

( nAO [ 1 - d s-o<wJ I a J-•_ 
d W lw=EL 

e -a 
1 F Im S (w) 
- J dw --=---::-----=:---''--
rr [ M0

(w) ]
2 + r Im S- 0 (w) 12 

is a solution of the following equation: 

w - E - U< 
A 

nA-a > + R-a - Re S- 0 (w) 

R0 
c 2 ( Re F-a ( w) [ 1 d :-:cwJ ]-•)lw=Ea 

e , L 

2 F 1 
- Jdw x 
rr - M0

(w) ]
2 + [ Im S- 0 (w) ] 2 

(5) 

0 (6) 

( 7) 

x( [ w - EA - U< n,._
0 

> + R-a - Re S- 0 (w) ] Im F- 0 (w) + 

+ Im S- 0
(w) Re F- 0

(w) ) 

4 

F0
(w) 

S0
(w) 

I: 
k. 

I: 
k. 

v,.,.,.~ c v,.~- vA,..~ < 

E+ - c~ 

c v,.~ - v,.,.A~ < nA.a 

E+ - £t,_ 

n,.a > ) 

) 2 (8) 

In formulae (5) and (7) the first terms exist only when the 

localized states exist below the substrate energy band. In an 

analogous way to that in Refs. [3,6], one can obtain expressions 

for the chemisorption energy ~E and the adatom charge q 

" -a 
1 F [ Im S (w)] 

~E = I: ( E0 + - Jdw tan-• ) + 
a L rr •. Ma(w) 

+E - U < n • >< n > + 2 I: < n >R0 

A A. I A+ C1 A-a 

(9) 

q e ( 1 - < n,.~ > - < n,.~ > ) 

where Eo is the bottom of the energy band which is present in 

forming the chemisorption bond and E~ is the energy of the 

localized electron states ( E~ <c.). In Eq.(9) the energy zero is 

placed at c_ . In the absence of the occupied localized state we 

discard the- term E~ and take -~ < arctan < 0 ( if an occupied 

localized state exists, then 0 <arctan< rr ). 

3. NUMERICAL RESULTS AND CONCLUSIONS 

The above 

chemisorption on 

jellium model. 

presented theory 

free-electron-like 

The first problem 

is adopted 

substrates 

we have to 

to hydrogen 

described by a 

solve is the 

calculation of the matrix elements V~ and V,.,.,.~ (see Eq.(2)). 

For this purpose, we use the hydrogen 1S - electron wave-functions 

and the metal states are taken to be free electron states, 

plane waves inside the metal and exponentially damped waves out

side the metal in the direction normal to the surface 

V'~(z) = - 1- exp ( i"tt< ) V'k. (z) -rv z 
(10) 

Here V is a volume of the system and (~,kz)=~, (~,z)=~, 
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where the "z " direction is normal to the surface. The 
~k depends on the model of the surface chosen. We have adopted a 

fifiite-barrier potential model to describe the surface with the 

barrier of height Vo taken at z = Z
0
(in a ·further consideration we 

put z = 0), so, we have (see, e.g. [8]) 

~k (z) 
z " I 

where the 

k2 

COS [ kz( Z - Z
0

) + 6 (kz) ) 

k 
for z < z 

-• exp [ -q ( z - z ) 
It 0 z 0 

phase shift is given by 

~v 
h 0 

2 
qz k.2 

for z > zo 

q" 
6(w)= - I< and 

z 

~.z 
z 

(11) 

The explicit evaluation of the matrix elements VA~ and VAAA~ 
is given in Appendix. As a next step, we need to calculate the 

function F
0

(w) and S
0

(w) defined in Eq.(8). We first calculate 

the imaginary part and then use the Kramers-Kronig relation to 

obtain the real parts. For F
0

(w) we have ( one can proceed in 
analogous way for F0 (w) 

Im F0 (w) 

- 2m 
BiTh 2 Jd~< z 

-n E v ... ~ c v ~- v 
k ···-·-· 

V ( 2mw kz k 
AAA~ h2 z' z 

vAAA~ 
2mw 
rz k

2 
It 

z' z 

"'* < n ~ ' ,.(;(,,, -
A-a 

( V ( 2mw _ k.z 
A~ h2 z' 

< nAa > .) ' 

....... \ -,._, 

kz ) 

(12) 

where for c~ we have used the free-electron energy dispersion 

law and VA~=~ VA~ (the same for VAAA~ ). 

The set of equations (5-8,12) determines the self-consistent 

treatment of the hydrogen adatom chemisorption on the free-elect

ron-like substrates in the Hartree-Fock approximation. 

In the next step we present the results of the numerical 

calculations. In figures 1-2 we depicted the matrix elements VA~ 
and VAAA~ as functions of the adatom-surface distance I~AI=RAand ltz 

(the perpendicular to the surface part of wave vector ~ for 

l~l=kF). We can see, that the matrix elements VA~ and VAAA~ show 
the similar behaviour as function of k at fixed energy and 

6 
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different distances RA. So, 
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its ratio "' 
depends on k 

figure 

and 

3, slightly 

approximation 

VAAA~ ~a VA~ introduced in Ref.[3] 
works very good. In figure 4, we show 

the dependence of the matrix elements 

vA~ and vAAA~ on distance 
R at different values k .This 

A z 
dependences show similar minimum at 
certain values of R .This 

A 
causes 

the increase 

tendency in 
of the absorption 

the behaviour of the 
chemisorption energy 

the model described 
versus RA in 

by Hamil toni an 

(3), comparing with the usual 

Anderson model ( VAAA~=O ). This fact 

can be explained as the minimum in 

the distance dependence of the matrix 

Fi6. f. The dependence of the matrix eLement V~kon k. ( perpendi
cular to the surface part of the wave vector A ~ Y for 1~1 = k 
for different values of RA (distance of the adatom from theF 
surfaceY. 
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Fi6. 2. The same as in fi-
6Ure t except for VAAA~ 

element v.~ is compensated hv +h• 

sim~lar distance dependence of 

V ~ in function S0 (w) . Comparing AAAR 

the experimental chemisorption energy 

with that one represented in figure 

5, we find the effective value 
of the intraadatom Coulomb interac

tion parameter U approximately equal 

7-8 eV. In figure 6 we present the 

distance dependence of the occupation 

number of the surface impurity 

resonance. The jump from the 

tion number 1 to 2 ( i.e., 

nearly 

state of 

neutral to 

hydrogen"s 
almost 

ada tom 

occupa

from 

charged 

with 

decreasing values of U corresponds to the case when the impurity 

resonance level accrosses the Fermi level of the substrate 
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electron band. In the last figure(n we depicted the 

function, S
0

(w), used in our calculations. 
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Fie. 4. The dependence of the matrix 
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distance 
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II 

~ = ~ ~ 1.8 A , 
z F 

~ = 1.45 A•-< 
z ·-· III - ~ = 1.0 A . 
z 

£ 
F 

and 

Fie. 5. The chemisorption enerSY ~ 
for different ua~ues of the Cou~omb 
interaction U e~ua~ to 12.9 eV - the 
~ower cur"e and 10, 9, 8, 7 and 6 eV 
for next curves, respectively. 

Fie. 6. The totat electron Char6e on 
the hydroeen ada tom vs. R for 

A 
different vatues of U equat 12. 9, 10, 
9, 8, 7 and 6 eV for curves from 
bot tom to the top of Iieure. 
respect ivety. 
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In conclusion, comparing our results with the 
tions of other authors done within the LDF ( the Local 

calcula

Density 
Functional Method) [1], we obtained the prefering of the 
hydrogen absorption on the simple metal substrates and more 

slightly distance dependence of the chemisorption energy. 
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APPENDIX 

In this section we give some details of calculations of the 
matrix elements VA~ and v AAA~ Using the substrate electron 
wave function in the form (10) and hydrogen lS - electron wave 
function as 

itA(~) = §(~A - ~) = --1- exp [ -rna• -I ~ - ~ 
A I I a ] 

hz 
' 

a= -z 
me 

we can write 

VAAA~ = VA~- aA~ 

z 
VA~ = 

e 
Jdz ~k (z) JJd~ exp ( iU. ) -rnasv X 

z 

x exp [ -1 ~A-~ I I a ] I ~ - ~ 
A r· 

9 



f1At,_ 
2 

e ~"V Jdz ~kz (z) JJd~ exp ( i~~ ) x 

X ( + 1 a I ~ 4 ) exp [ -31 ~ - 4 I 
HA - x I A x I a ] 

In order to obtain the above written formulae in the form 

more appropriate to numerical calculations we have to calculate in 

an analytical form the integrals 

00 

J
1 

= JJd~ exp ( i~~ ) x ! exp ( -r/a ) r = J, (z') 
- 00 

00 

J 2 = JJd~ exp ( i~~ ) x ( ! + ! ) exp (-3r/a ) r a = J2(z') 
- 00 

I ~A - ~ 1 (OORA) - (xyz) I (000) - (x,y,z') I 

Using the following identities [8) 

we can 

1 exp ( i~ 1 
! exp ( - a r ) = ~2 JJJd~ 
r rr a2 + 02 

exp ( - a r ) = 0 ;2 rrrd~ a 
exp• ( i~ 1 

( a~ + (1~)-

obtain for J
1 

and J2 the formulae 

J2 

J, 
2 J d(J exp ( if1 z ) • 

z z 
F2 + 02 

2 Jdo exp ( i(1 z 
z z 

G2 + (1: 
+ ~2 

a 

= a 2 + K2 ,G2 = 9a-z + K2 

z 

exp ( iO z ) 
Jdo z 

z ( G2 + (1: ) 2 

r . 

where pz 

The (1 
z integral can be done in the complex plane by choo-

sing a contour along the real axis from -oo to oo and closing it 

with a semi-circle in the upper or lower half-plane for conver-

10 

gence (see also, e.g. [8]). Performing the calculations we obtain 

J = 2rr exp ( -F 
1 F 

lzl 

Jz 
2rr )+~ (3 exp ( -G lzf 

GZa2 1 z 1 + d- l exp < -G 1 z 1 l 

As a result, we have for the matrix elements VAt._ and 
the formulae 

VAAAt.. 

VAt.. 
2 

e 

~"v 

2 

Jdz ~k (z) J
1

( z - ~~AI ) , 

V e J Af.. - -~a- dz ~k (z) J ( z - ~~ I ) 
T rra V 2 A • 

Finally, using for ~k(z) formulae (11) we obtain 

VAAAt.. 

2fn 2 1 k ( F - q 1 
V f.. = e F 1:/ exp ( -F ~~ I ) ( z - --- ) + 

A -ra"v . A F2 + k2 F - qz 

+ exp ( -q z I~ A I -~F 2 1 
~z 

VAAAt.. VAt,__ 2fn~ 1 kz( -ra"v G k. exp ( -qzi~AI ) 2G + 
Gz- q= 

+ exp ( -G ~~AI ) ( 
G - q 

z 

Gz+ k2 
z G - qz 

) ) -

3fn e2 !2 :z( exp ( -q ~~ I ) 4G2 2 + exp ( -G ~~AI ) x az-ra"v G k. z. A ( G2- q= ) 

X [ 2 G - qz + ~~ I ( G - qz) [ 
-- .2 A 

G ( G - qz) G2+ k2 

+ 1 
Gz+ kz 

z 

G - q 
z 

G 
+ 

G
2

- k: - 2qzG 

G2+ k2 
z 

II 

( G - qz )2 J + 

] ] ) 

.......,. 
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TapaHKo E. H AP· E17-88-66S 
0 XeMOCOP64HH BOAOPOAa Ha npOCT~X MeTafifiaX 

B paMKax paHee npeAfio~eHHoro MHKpocKonH4ecKoro noAXOAa, y4HTbrea~ero BfiHA
HHe 4aCTH4HOrO 3anOfiHeHHA npHMeCHOH op5HTafiH aAaTOMa Ha rH5PHAH3a4H~, pac
CMOTpeHa aTOMHaA xeMOCOP64HA BOAOPOAa Ha nOAfiO~KY npOCToro MeTafifia. MaTpH4-
H~e 3fieMeHT~, BXOAA~He B raMHfibTOHHaH, paCC4HT~Ba~TCA H3 nepBbiX npHH4HnOB 
npH HCnOfib30BaHHH lS-op5HTafiH aTOMa BOAOPOAa H BOfiHOB~X ~yHK4HH 3fieKTpOHOB 
B nOAfiO~Ke THna ~efie. 3~eKT~ 3KpaHHpoBaHHA aapAAa Y4HT~Ba~TCA ~eHOMeHOfiOrH-
4eCKH 3a C4eT nepeonpeAefieHHA COOTBeTCTBY~HM o6pa30M KYfiOHOBCKOrO B3aHMO
AeHCTBHA. CaMocorfiacosaHH~e xapTpH-$OKOBCKHe pac4eT~ noKa3~Ba~T npeAn04TeHHe 
a6cop64HH no cpasHeHH~ C aACOp64HeH AfiA BOAOPOAa Ha nOAfiO~Ke npocToro MeTafi
na, nony4aeMOH B paMKaX MeTOAa ~YHK4HOHana nnoTHOCTH. 

Pa6oTa e~nonHeHa s fla6opaTopHH TeopeTH4eCKOH ~H3HKH OHRH. 

fipenpHHT 061oe.nHHeHHoro HHCTHTyTa .~~,nepHbiX Hccne.nolla.HHH.lly6Ha 1988 

Taranko E. et al. El]-88-665 
On Hydrogen Chemisorption on Simple Metals 

A theoretical study of the single hydrogen adatom chemisorption on free
electron-] ike metal surfaces is performe~ using an earlier published micro
scopic approach which includes the possibility of an influence of the adatom 
orbital occupancy on the hybridization of the adatom and substrate electron 
wave functions. The matrix elements inherent to the model are calculated 
from first principles using a free-electron wave functions for describing 
the substrate metal and treating the IS-orbital of the adatom as an auxi
liary orbital. The effect of the screening charge is considered phenomolo
gically in terms of an effective on adatom Coulomb integral. The self-cons is 
tent Hartree-Fock calculations show a much more prefering of the hydrogen 
absorption rather than adsorption and more slightly adatom-substrates sur
face distance dependence of the chemisorption energy. comparing with the re
sults obtained within the local density functional method. 

The investiqation has been performed at the Laboratory of Theoretical 
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