
R . Taranko l, R . Cardenas, E . Taranko '. 
V.  K . Fedyanin 

CHEMISORPTION AT FINITE SUBMONOLAYER 

COVERAGES: INFLUENCE OF THE ELECTRON 

CORRELATION EFFECTS 

l0n leave of absence from Institute of Physics, 
M-Curie-Sklodowska University, 20-031 Lublin, 
Pol and 
21nstitute of'physics, M.Curie-Sklodowska University, 
20-031 Lublin, Poland 



1. INTRODUCTION 

The literature on chemisorption theory can be roughly divided into 

three classes depending on methods used in calculations of various 

chemisorption characteristics. These are the density functional theory 

and its local approximation [I], the cluster methods consisting of the 

quantum chemistry methods and the model Hamiltonian methods (see, for 

example [2]). Especially, the method of model Hamiltonians can be well 

suited for better understanding and not only for reproducing the expe- 

rimentally observed features. In recent years there has been a consi- 

derable amount of works dealing with semiphenomenological calculations 

on the basis of the Anderson-Newns Hamiltonian within the Hartree-Fock 

approximation (see, for example [3]). In most of these papers the case 

of one adatom on a surface was considered. Nevertheless, the descrip- 

tion of the coverage dependence of the properties of chemisorbed over- 

layers is very interesting, both from theoretical and practical point 

of view. For the first time, the chemisorbed overlayer problem was 

investigated within the local density functional method 141. Despite 

many successes gained within this method some problems have not been 

solved (see, for example [2]). In addition, as a rule, the density 

functional theory involves a large amount of computer calculations. 

The chemisorbed overlayers can be treated also for model Hamiltonians 

within the coherent potential approximation generalized to these sys- 

tems (see, for example [5]). However, there are great difficulties 

within this method when one is going to take into account the many- 

body effects due to the correlations in the electronic and ionic (ada- 

toms) components of the chemisorbed overlayer. 

In the present paper, the problem of many adatoms simultaneously 

existing on a surface (up to the coverage equal to unity) and 

correlation effects treated beyond the Hartree-Fock approximation are 

investigated within the model Hamiltonian method. A simple model 

Hamiltonian is derived from the general one which has recently been 

obtained by us from microscopic considerations [6-81. The electron 

correlation effects are included (up to second order in V - the single 
particle hopping strength between the adatom and the substrate atom) 

within the second-order self-energy matrix formalism of Brenig and 



Schonhammer [9]. In view of the growing wealth of the photoemission 

data, emphasis is laid on the electronic structure of a chemisorbed 

atom and a charge localized at an adatom rather than on the binding 

energy. 

The paper is organized as follows. In the section 2 we give the 

approximate model Hamiltonian intended to describe the chemisorbed 

hydrogen overlayer on a model transition metal surface. In the section 

3 we present the formulas for the adatom Green function obtained be- 

yond the Hartree-Fock approximation and discuss the approximations 

introduced during its derivation. Section 4 contains the numerical 

results obtained for the adatom charge and adatom local density of 

states for a system modeling the hydrogen chemisorption on Ti and Ni 

surfaces. 

2. Hamiltonian 

Recently, we have derived from the microscopic considerations the 

Hamiltonian intended to describe the system of adatoms located on the 

metal surface [6-81. The most important part of this Hamiltonian is as 

follows: 

a+B 

' ~akpk'~a~p~.u<u'~ps'~k'u + ' 
apkk' uo' 

The Hamiltonian in the form presented above contains the contributions 

which play the most important role in describing the electronic prope- 

rties of adlayers. The other terms not written explicitly here are 

contained in R and involve processes which are not usually considered 

in simple chemisorption models. These terms describe the interaction 

of the valence adatom electrons with the redistributed charge cloud in 

the substrate metal induced by the adatom electrons themselves, eff- 

ects connected with the correlations between adatom charge fluctua- 

tions and the redistributed substrate charge density and others eff- 

ects of much high order (for detailed see Refs. [6,7]). The interac- 

tion constants Vak, Vaaak, and VakBk, are the appropriate matrix ele- 

ments calculated over the valence adatom orbitals and wave functions 

of electrons in a pure substrate [6,7]. When we consider only a single 

adatom localized at the adsorption center a and neglect the last two 

terms, we come to the well known Anderson model (firstly introduced in 

the chemisorption theory by Edwards and Newns [lo] and Grimley [Ill) 

but with the additional term describing the influence of the occupa- 

I tion of the adatom level on the hybridization of the adatom and subs- 
trate electron wave functions [a]. In this paper, we want to describe 

the properties of the chemisorbed layers -the charge distribution and 

the density of states on the adatom- with general coverages beyond the 

mean field description (cf. Refs. [12-131). Having in mind such a com- 

plicated system we restrict ourselves in the first step to the simp- 

lest case, namely, we consider the Hamiltonian (it is a generalization 

of the Anderson-Newns Hamiltonian): 

( 2 )  

ku au au aku 

Here we consider a plane metal surface composed of N atomic sites with 

NA adsorbed hydrogen-like atoms (adatoms) which are distributed in a 

completely random way over these N active centers of the crystal 

substrate surface. The summation over a is carried out over all 

adsorption centers and the operator N =tic, has an eigenvalue equal to 
1 or 0 depending on whether the adatom is (or not) present in the 

adsorption center. The operators c' a, ca are the creation and 

annihilation of the adsorbed adatom (ion) at the center a. We 

consider only the case when there is no more than one adatom ion in 

each adsorption center and all effects connected with its migration 

and other degrees of freedom are neglected. The other parameters 
\ 

present in formulas (1) and (2) are the usual parameters of the 

Anderson-Newns Hamiltonian. At complete monolayer coverage the adatoms 

form a two-dimensional lattice with the periodicity commensurate with 

that of the substrate surface. For the coverages less than unity the 

two-dimensional chemisorbed layer is considered as a substitutional 

alloy composed of two types of species, i.e. adatoms and vacancies. 

All the adatom properties connected with its position on the substrate 

surface are involved in correlators of the Ising type <Nu>, <N N >, 
a S ... . Here, we shall use the ~rag'g-~illiams approximation foi these 

correlators, and for example, <N N > takes the form 
a 0 

where the equality N ~ = N ~  was used. 



Also, at the end of our calculations we use the correlators 

<Nanao>/<N > rather than <nu,> in order to interpret them as a condi- 

tional probability of finding an electron with spin o at the adsorp- 

tion center when this center is already occupied by the adatom ion 

[12,13]. Though the Hamiltonian (2) is linear with respect to the ope- 

rator Na (in the opposite case to the Hamiltonian (1)) it is not equi- 

valent to the ideal lattice gas model because of the hopping interac- 

tion Vak. This interaction describes the adsorbate-substrate electron 

transfer and induces an indirect interaction between adatoms when the 

adatoms exchange electrons through the substrate. This interaction can 

be compared, to some extent, to an analogous interaction between mag- 

netic impurities in metals - the so-called Rudermann-Kittel interac- 
tion. We suppose, the Hamiltonian (2) can describe the system adlayer- 

substrate for all rates of coverages. This is confirmed by the inves- 

tigations performed in Ref. [l4] (see also [15-171) where it has been 

shown that, for example, for hydrogen's adsorption on platinum-like 

substrates the direct interactior~ between adatoms is not so important 

(even for coverages equal to unity). This phenomenon can be explained 

by a small hydrogen's atom radius in comparison with the lattice cons- 

tant of the substrate metal, as well as, by a small adatomfs charge 

(almost neutral adatoms) and the commensurate with the substrate adla- 

yer surface structure [15]. The terms of the Hamiltonian, which corre- 

spond to the direct interactions between adatoms, play an essential 

role in the case of 5d adatoms [la]. As we are going to study the sim- 

plest chemisorption system, namely, the hydrogen-like atoms chemi- 

sorbed on the metal surface, neglecting of the third term in Hamilto- 

nian (1) is fully justified. 

I 3. Theory 

In the current literature many attempts were made to take into 

account the Coulomb correlations in the Anderson-Newns model. Here, we 

are going along the line described in Ref. [9] with application to one 

adatom chemisorbed on the substrate surface (see also Ref. [16] for 

two adatoms on a surface and Ref. [19] for one adatom but for general- 

ized Hamiltonian (1) without two last terms, and References quoted 

therein). 

We shall work with the double time retarded Green functions intro- 

duced by Zubarev [20] and for our purposes it is sufficient to consi- 

der the adsorbate Green function 

where o(t) is the step function, unity for positive and zero for nega- 
) tive value of time, <...> denotes a statistical average with the time 

independent Hamiltonian (2) within the grand canonical ensemble and 

operators are written in the Heisenberg picture. Most of the relevant 

information can be deduced from the knowledge of this function. In the 

following,we shall use the operators similar to that introduced by 

Hubbard [21], namely 

Why these operators are more suitable for our consideration has been 

explained, for example, in Ref. [9] by Brenig and Schonhammer. We can 

only shortly explain the main ideas of their approach. It is 

well-known that for a limiting case V=O, U*O, B=<N >=O one has for the 

Fourier transform of ca qo(t) laio(t')a a solution of the form 

<"a-o> + 

1- <n > 
+ = a-o 

aaau 1 E+ E+-E -U E + - E ~  

I The spectral function of this solution possesses two delta functions 

corresponding to the propagation of an extra electron (or hole) in the 

system 191. What one expects on the physical grounds is a broadening 

I of this sharp structure after switching on the interaction V between 
the adatom and the substrate metal. It is very hard to obtain such a 

double peaked structure from simple pole free self-energy defined as 

a a +  = E - - 1 )  [9] . On the other hand, the zeroth-order I 
Green function built up on operators (5) has only one pole term and 

even very simple self-energy expression (in a "space" of the Hubbard 

operators) can reproduce the double peaked structure. 

Following this method we have after the differentiation over the 
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1 = 1  

which in the next step can be rewritten in terms of the expectation 

values of some operators multiplied by the matrix elements Vak. To 

this end, we have 

- <N ,,(-P' ) >  
f (Ek) - f (e-P#) 

a a-o E - c 
-6' ) 

and further (as in [9]) 

In Eq. (22) we have calculated the expectation values <Nan;::')> in ze- 

roth-order in V and the normalization to <Na> = e was chosen. In order 
to calculate the higher-order Green functions present in AoMo ( q ,  E)Au 

(,)a -see Eq.(17), we have to obtain <<pa,p (p;jiP*n exact up to second 

order in V. Following the procedure described above we obtain (in the 

weak-scattering limit [9]): 

c i  )a (I )P+> = 
<<p+,~ I ~ , u  aP (E) <NaNfina-onB-o> (23) 

(1 )a I p; 1 1 P + $ = ~ ~ (  1 )a I pll;%=p 
a0 (E) [r N ~ N ~ ~ ~ - ~ ) - < N ~ N ~ ~ ~ ~ ~ ~ ~ ~ ~ > ]  t (24 ) a p + , ~  ,U -r'J , 

V V. 
+ 6 a P 1  AL!%' E - <N a a k-uak, + -~(~ao-~a-u'>] , 

kk' k 

The sums over k and k' vectors in Eqs.(26),(27) will be performed 

after decoupling of the corresponding correlation functions (we remem- 

ber they are calculated in zeroth-order in V) and calculating the 

resulting expectation value <ai,-uak-u> from the Green function 

cak-ul also in zeroth-order in V. In fact, we have decoupled the 
two-particle Green functions involving two electrons in the substrate 

metal in the Hartree approximation. Such decoupling is exact to second 

order in V and to all orders in U (see, for comparison [22]). The fun- 

ction P (E) present in Eqs. (23)-(26) defined as 
a6 

was introduced by Grimley [ll] for the description of the indirect in- 

teraction between two adatoms. Calculating the double sums over k,k' 

vectors according to the despription given above, we obtain another 

function R(E) used on the 1att.er stages of this paper [9]: 

where f(E) is a Fermi function. 

To this end, the main part of Eq.(17), AuMo(q,E)Au needed for the 

calculation of the Green function go(q,E) can be written as 

where r 8::: lp;!~"~ are given in Eqs. (23) - (27) . At this stage of our 
1 calculations, in order to introduce simplifications in handling 

higher-order Green functions composed of ion and electron operators, 

we can use decoupling approximations. One of them concern the Ising 

type correlators and here we proceed along formula given by Eq. (3). 

The second approximation can be understood as neglecting of the corre- 

lations between electrons located on different adsorption sites. Only 

the first approximation is more serious because it means we have ne- 

glected the possible correlated distribution of the adatoms on the 



metal surface. In this way our calculations should be comparable (to 

some extent) with those done, for example, within the single-site 

coherent potential approximation [23-251. The second approximation is 

more justified, as it corresponds, for example, to neglecting the in- 

teratomic electron correlations in a Hubbard-type Hamiltonians. To 

demonstrate these decoupling procedures, let us calculate the correla- 

tion functions appearing in Eqs.(23),(24) and (26): 

Where 

k 

In order to obtain the last result we set up to zero the correlation 

function corresponding to the spin-flip processes on the adatom. The 

two-particle correlation function <Nana-onao> will be calculated to 

zeroth-order in V and for ca+U > cc, cC -Fermi energy, (the case con- 

sidered here) is equal to zero. Similarly as in [9], we have not re- 
placed the expectation values <Nanao> in Eq. (23) and (25) by its ze- 

roth-order value. In this case, the resulting Green function 

4NaaaolaLo' in the limit e+ 0 (i.e. one adatom case) tends to correct 

Hartree-Fock limit (for small U). Thus, for q-transform we obtain 

(AIMA).+,o = ~(~)(n-~[l-n-~]+n:~) + R(-E+2ca+U) [.~~>-n:~-n;] + 
(37) 

+ R E  - 1  + P n;, , 

1 ( A ) ,  = A )  <Na>-n-,n:,- [.~~>-n-~] '1 + R(E) [ni -n:.] + 
(39) 

<~~>-n:~-n;] + P(9.E) 

where P(q,E) is a Fourier transform of Pa6(E), q is a two dimensional 

Finally, for q-transform of the single-site adsorbate Green func- 

tion (a=f3) describing the charge distribution on the adatom level we 

obtain (we changed the normalization of <Nanau> to unity) 

where D (i,k=~ , 2 )  can be obtained from Eqs. (20) and (37)-(39). They 
lk 

are as follows: 

D,, = A(E) 1 - e(l-n-o) 2-n-o+ +] + - n o  ( q , )  + I [ (41) 

As 8+0, formulas (40) and (41) tend to the well-known results of 

Brenig and Schonhammer [9]. 

3. Numerical results and discussion 

The above developed scheme is adopted to describe the chemisorp- 

tion of hydrogen-like adatoms on the transition metal surface for 

coverages extending from the single-adatom case to one adatom's mono- 

layer on the substrate surface. More specifically, we have calculated 

the electron charge q and the local density states on the hydrogen 

adatoms chemisorbed on titanium and nickel substrates. As we only try 
to give a correct qualitative description of the chemisorption process 

then we approximate the substrate density of states by a semiellip- 

tical one as in Newns paper adding a small broadening of the substrate 

electronic structure as in ref. [9]. There is a general opinion that 

integral chemisorption characteristic like q and the magnetic momentum 

vector parallel to the surface and nu = <Nanau>, n; = <N a n ao 



slightly depend on the details of the substrate electronic structure 

so we expect that.our results will be quite reasonable. The parameters 

we used are: the band width W, the Fermi energy, the hydrogen ioniza- 

tion potential and the Coulomb integral for the hydrogen adatom were 

taken from the Newns paper [3]. Some minor simplification were done in 

calculating the P(q,E) function. In principle, this function should be 

calculated as follows 

v v* 
P(~,E) = F Z e e * ( a - f i )  . NZll:qkzl =T (q,E) -iq(q,E). (42) 

afik k kz qk , - c 

where q (q,E)=nNZIvaqkz 1; (E-c ) and r (q, E) is its Hilbert transform. 
qkz 

kZ 

Also, the function A(E), or more precisely, its imaginary part should 

be calculated as ~ v ~ D ~ ( E )  where Ds(E) is the substrate surface density 

of states and V is the parameter ,9 defined in the Nawns paper [ 3 ] .  It 

should be remarked again that in our notation q-vectors are 

two-dimensional vectors connected with the adiayer, and k-vectors are 

three-dimensional. Unfortunately this method of calculating P(q,E) 

require the knowledge of the realistic ck and a relatively great 

numerical effort. For that reason we calculate these function as 

follows 

v v* 
ak 13k .c(a-fi) (9-k) = v2 

P(9nE) = +  -ZK (43) 

a13k k 
E+ - c  

9 

and further q (q,E)=nv26 (E-c ) . Here in fact we approximate k by a two 
4 

dimensional vector or in other wqrds, we approximate the semi-infinite 

three-dimensional substrate by a two-dimensional layer. The values of 

the parameter used in calculations are as follows [3]: for nickel: 

c =-4.23, U=6.97 and c =0.925; for titanium: c =-2.9, U=3.0 and 

c =-0.475. All values are given in half-bandwidth units W so the 

substrate energy band extends in limits (-1,+1). Additionally we have 

performed also calculations for a model symmetric case for the 

parameters of the Brenig and Schonhammer paper [9]. 

In Fig.1 we present the results for the total electric charge of 

adatoms versus the hopping strength V and the coverage 9 for Ti (upper 

part of the figure) and Ni (lower part of the figure). The upper 

curves in both cases correspond to the single-adatom case and are 

Fig.1- The adatom electron 
charge us. the hopping 
V fwr different coverages 

equivalent to Brenig and Schonhammer results. One sees that there is a 

progressive neutralization of adatoms as the coverage increases 

although decreasing of the adatom charge is not large. At this point 

our results agree with results obtained by other authors, -see for 

example, Ref. [26], where the calculations were performed within the 

Hartree-Fock approximation. In all cases the value of q is 

significantly lower than results of Hartree-Fock calculations for the 

same set of parameters. As for the magnetic momentum which is present 

on adatoms we observe it (n+-n&=O.le) only in the region of small V 

(before the maximum in q is achieved). Thus for that values of the 

parameter V which are expected to be suitable for our systems, the 

negligible or vanishing magnetic momentum was observed. 

2.0 

Fig.2- The ada twn  local 
densi ty  different of cover s t a t e s  for 

- W 0.0 f o r  titanium 3Z;rate - with V=4.7eV 



In Figs.(2) and (3) we present the adsorbate density of states for 

2.0 - 
O=O 0=0.25 

Fig.3- The same as in 
Fi 2 f o r  n icke l  
su%strate and fw - V=3.0eV 

W 0.0 - - 

different coverages for titanium and nickel, respectively. The value 

of V was chosen in such a way that it corresponds to the maximum 
charge transfer between the substrate and an adatom. The f3=0 results 

correspond to the single-adatom case ant$ are identical with these ones 

obtained within method of Ref. [9]. In both cases, i.e. for Ti and Ni 

substrates we observe at low energies 4 sharp peak which is unchanged 

during the coveraging process. The other two peaks which corresponds 

in the single adatom case to the bonding and antibonding levels are 

I I 
1.0 - Fig.4- The a d a t o m  local 

densi ty  of s t a t e s  f a r  
different coverages - in the s y ~ n m e t n c  case 

W 0.0 - f o r  V/W=0.9 and U=W. - 
n 

broadened and the density of states between them decreases. At the 

same time a small shift of the peaks is observed. The broadening of 

the bonding and antibonding levels with the increasing coverage is due 

to the enhancement in the indirect interaction among adatoms mediated 

by the substrate electrons. A similar situation appears in the symme- 

tric case presented in Fig.4. Here the two peaks located at the edges 

of the band (they are essentially the same as in the Hartree-Fock des- 

cription) decrease and the two additional peaks corresponding to the 

surface molecule states are increased and at the same time they are 

broadened although their position is unchanged. Roughly. speaking we 

observe for coverage 6=1 two energy bands originated from the bonding 

and antibonding states. Similar results can be observed also in 

Refs.[23-251. 

In conclusion, we have developed the theory of the electron corre- 

lation effects in the chemisorption theory for the case of finite sub- 

monolayer coverages. The electron correlations were included up to se- 

cond order in V and the ionic adsorbate correlations within the Bragg- 

Williams approximation. As a typic01 example in which the electron 

correlation is important, the chemisorption of hydrogen atoms on a 

model transition metal substrate was investigated. The neutralization 

of the adatoms with increasinq coverage was obtained in agreement with 

the experimental results. We also studied the adatom local density of 

states in dependence of the coverage. For monolayer coverages the 

indirect interaction between adatoms trough the substrate electrons is 

so large that can lead, in some cases, to two nearly separated energy 

bands originated from the adatom bonding and antibonding levels. 

Some remarks should be added to the results obtained in this pa- 

per. For the charge transfer c3r magnetic moment on the adatoms results 

are quite reasonable despite of the fact that we have used a very 

simple substrate metal density of states. They are integral characte- 

ristics and are not very sensible to such details of the calculations. 

On the other hand, the substrate density of states seems tends to domi- 

nate the adatom spectrum 1 2 7 1 .  Nevertheless, as we are looking for 

general trends appearing with increasing coverage, we suppose that the 

general features obtained by us for the adatom local density of states 

will be obtained also for more exact (i.e. with correct substrate's 

surface density of states) calculations. 
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Taranko K. e t  a1  . E 17-89-570 
Chemisorption a t  F i n i t e  Submonolayer Coverages: 
' In f luence  of t h e  E lec t ron  C o r r e l a t i o n  E f f e c t s  

Within t h e  genera l ized  Anderson-Newns Hamiltonian t h e  
coverage dependence of t h e  chemisorpt ion c h a r a c t e r i s t i c s  
l i k e  t h e  adatom charge and adatom l o c a l  d e n s i t y  of s t a -  
tes has  been c a l c u l a t e d .  The e l e c t r o n  c o r r e l a t i o n  e f f e c t s  
on t h e  a d a t m  were included up t o  second o r d e r  i n  V ( t h e  
s i n g l e  p a r t i c l e  hopping s t r e n g t h  between t h e  adatom and 
t h e  s u b s t r a t e )  and t h e  B r a g g - ~ i l l i a m s  approximation f o r  
t h e  i o n i c  adso rba t e  component was used.  For a  model SYS- 

t e m  of t h e  hydrogen chemisorpt ion on t h e  t r a n s i t i o n  me-  
t a l  s u r f a c e s  a  p rog re s s ive  n e u t r a l i z a t i o n  of t h e  adatoms 
wi th  i n c r e a s i n g  coverage was ob ta ined  and a l l  va lues  of 
t h e  adatom charge a r e  much smal le r  than t h e  correspond- 
i ng  ones c a l c u l a t e d  w i th in  t h e  Hartree-Fock (or  beyond 
i t )  approach f o r  genera l  (zero)  coverages.  

The i n v e s t i g a t i o n  has  been performed a t  t h e  Laborato- 
r y  of T h e o r e t i c a l  Phys ics ,  JINR. 
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Xe~ocop61tu~ TIpu KOHeVHbIX C ~ ~ M O H O C J I O ~ ~ H ~ ~ X  nOKpb1TIIRX : 
BnkiRHHe 3neKTPOHHbIX KOPpeJIRqUOHHblX ~ @ $ ~ K T O B  

B paMKaX O ~ O ~ U ~ H H O ~ O  raMHnbTOHuaHa A H ~ ~ ~ c o H ~ - H ~ I O H C ~  
HccnenoBaHa 3 a s u c m o c ~ b  OT cTeneHu noKpbITkiR nonndx~u  an- 
C O ~ ~ ~ T O M  nnOTHOCTPi 3neKTpOHHblX C O C T O H H P ~ ~ ~  u  3neK~pusecK~fi  
3apRn Ha aaaTOMaX. ~ J I ~ K T ~ O H H ~ ~ ~  KOppeJIRqPiOHHble 3@eKTbl Ha 
WaTone BKnIOseHbl BO BTOPOM nopRnKe no napaMeTpy ru6punu- 
3aqwu u uoeeble KoppenRuuu B paMKax n p w 6 n m e ~ k i ~  Ep3rra- 
BHnbRMCa. mR ~ 0 n e n b ~ o f i  CuCTeMbI xe~ocop6quu BQnOpOna Ha 
nosepxHocTu nepexoaHblx MeTannoB n o n v e s o ,   TO H M e e T  MecTo 
nocTeneHHaR ~ e f i ~ p a n u s a u w ~  aaaTona c  ysenuseHueM cTeneHu 
lIOKPbITkiR, U BCe 3HaseHUR 3apRna anaTOMa CylQeCTBeHH07MeHb- 
me, seM nonyseHHble B paMKax n p u 6 n m e ~ u ~  X a p ~ p u 4 o ~ a .  


