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A bond-pair model Hamiltonian developed previously for systems consisting of interacting atoms is applied
to describe atom-surface interactions. By proposing a mixed basis set involving localized adatom{a@pjtals
and extended surface stafes}, and by application of a mean-field approximation, the Hamiltonian is reduced
to the form of the single-particle Anderson model. The resulting model Hamiltonian is free from adjustable
parameters. These parameters include both the effects of electronic interactions between the atom and the solid
and those arising from the lack of orthogonality between the adsorbate and substrate orbitals. The nonlocal
exchange contributions are treated consistently within the Hartree-Fock method, while valencelike and corelike
band states are also taken into account. This model is applied to consider the interaction of hydrogen with
metals(Al, Li, and Na). The results for chemisorption are in good agreement with those obtained by other
theoretical approaches based on either the density functional theory or embedding cluster methods, as well as
with existing experimental data. In addition, the calculation of the shifts and widths of the adsorbate levels in
an ample range of separation distances are also in good agreement with those obtained by using atomic physics
techniques[S0163-182698)10031-0

[. INTRODUCTION the main source of inaccuracy in the LSDA is due to an
inappropriate treatment of the exchange poteffi@everal
The description of the effects caused by interactions beauthord’~?° indicated that is necessary to depart from the
tween atoms or molecules with solid surfaces, that are ink SDA because of abrupt changes in the electronic density
volved in an ample variety of physical and chemical phe-that occur at the interface region. Actually, better results can
nomena, are of great intrinsic interest. Thus different kindse obtained by going beyond the LSDA to take into account
of experiments directed at dealing with processes either of gon|ocal exchange-correlation terms, such as in the general-
static or dynamical nature, such as those produced in thgeq gradient approximatiéh (GGA). Thus quantitative re-
adsorption or in the scattering of atoms and ions from metag,is for the adsorption processes are clearly improved. Clus-
surfaces, can be understood in terms of the details of thg,. 1 athog&-24 appear as an alternative approximation to

S.Olid sur.face.electronic structu’r‘ee.’lln many Cases it is pos- yhe prT picture. These prominent molecular-physics-based
sible to identify whether the dominant effects are caused b%pproaches involve the use of the Hartree-Fédi) self-

substrate factorgsuch as its local and partial density of state,consistent approximatiofwith the open possibility of adding

including the presence of deep-level states those due to : . :
the adsorbate structufeuch as its electronegativity, closed perturbanve corrections to the correlation effgcemd lead

shell structure, etg,. or both. Theoretical efforts have been In ge_neral _to result_s that are strongly depen_dent on the clus-
progressively directed at describing not only the possible adi' Size- Different kinds of embedding techniques have been
sorption mechanismé-° but also at identifying those con- developed, however, to avoid this undesired eﬁ’éét.-
stituents that may be relevant to account for atom-surface A Suitable framework for describing the interaction be-
collision processe¥13 tween atoms and surfaces is provided by the Anderson-
Concerning adsorption processes, numerous theoretichlewns (AN) Hamiltonian?® The calculation is usually per-
attempts based aab initio calculations exist in the literature, formed within the HF approximatioff, it being possible to
the density functional theoty (DFT) being the most fre- incorporate the intra-atomic correlation into the adsorbate
quently used method that focuses on the geometry of a singkite by using perturbation techniqu&s® In most cases,
adsorbate interacting with an extended substrate. The locatemiempirical parametrization of the Hamiltonian terms is
spin-density approximatidn (LSDA) for the exchange and mainly dué'*2to the difficulties related tab initio calcula-
correlation is generally adopted in order to obtain a tractabléions of the on-site energy and hopping contributions. Many
mainframe description of the adatom-jellium interacting sys-works conclude that very accurate results can be obtained
tem. Although it has been pointed out that by using theeven within a HF approximation in the strong interaction
LSDA one can expect very accurate predictions for equilibregion, provided that a consistent selection of the Hamil-
rium distances and vibration frequencies, this has not beetnian parameters is perform&&3133-3"For instance, it
the case when binding energies are concerned, which aleas been pointed out that more realistic values of charge on
overestimated in general!®It has been also suggested thatthe adatom may be obtained by adding terms to the AN
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Hamiltonian that emerge naturally on ab initio basis’' It~ where, as in the original proposaly) represents the adsor-

has also been found that an exact treatment of the exchangete (or the state at the “impurity” siteand |k) labels the

terms gives a description of the interaction between a metddandlike eigenstates corresponding to the solid substrate.

surface and a low-energy helium atom able to produce highliThe third term is the hopping between the atom and the band

satisfactory results, provided that the van der Walls interacstates. In previous work$;*® a Hamiltonian to describe an

tion is added to account for the remaining correlationinteracting atom system has been developed. Starting with a

effects®® full many-body Hamiltonian written in second-quantized
Based on these facts, the aim of the present paper is tanguage, our approximation consists of retaining terms lead-

describe the atom-surface interaction within a single particléng to the following form:

approximation without requiring the use of semiempirical

parameters. From a bond-pair model Hamiltonian developed 1, A 1 - - ~

in previous works for a system of interacting atotfis® the :g eitzUini_,+ Ej(z#i) (Jijnj ot Gijnje) Nig

AN Hamiltonian is recovered for the atom-surface interact-

ing system. The on-site energy and hopping terms are calcu-

lated in terms of both the local density of states of the surface

and the atomic properties of the one- and two-electron inter-

actions. As a consequence of this mixed treatment, the eX,_, represents the nuclear repulsion terms, while all the

tended nature of the surface states and the localized featuregmaining parameters are assumed to be defined in terms of

of the atom-atom interactions are naturally accounted foran orthonormal set of functionsp}. These parameters are

Thus in our model Hamiltonian each interaction parametegiven by

(obtained from anab initio basis have a clear physical

+_; Ticl,CiotVaon. @)
i#j,0

meaning, and can be manipulated very easily to allow for a V2 Z,

quick identification of the bond system involved in the ab- tjj =(dii|— 7_2 ﬁwﬂm’ &i=tj,
sorption process. This is also relevant in order to facilitate v

the understanding of related phenomena such as dynamic

charge-exchange proces¥esr the calculation of the repul- B = Viaa = (b i 1 i1 i)
sive contribution(short range effecjsto the physisorption ki) = Vi) = (P Aicr) [r—pr| T

potential. It can be also pointed out that the computational

effort invo_Ived in the whole calcglation is modegt._Our code Jj=hy and U=hy,

program, including the computation of the atomic inted¥als

in an orthonormalized basis ggtithin an adequate reference 1

frame as well as the self-consistent procedyinevolving X _\/ . — | ——— — b=
averages of diagonal and crossed products of creation and Ny = Vi = (i Ir—r’| [Bindior G
annihilation operatopsas required by the calculation, can be

run in just a few minutes on a PC486 computer. Gi; = Viijj — Vijij »

This paper is organized as follows: in Sec. Il, the theoret-
ical steps leading to buildup the single particle interaction
Hamiltonian, and the self-consistent procedure followed to
calculate the interaction energy as well as the charge and the
on-site width and shift of the adatom level, are given in To=t;+ 2 (MM o T i Nko) -
detail. In Sec. lll, the results obtained for the H adsorption k
on metal surfaced.i, Na, Al) are discussed. The possibilities . . . . .
to include the long-range interactions effects to account for Equation(2), that was previously applied to consider pairs

correlation effects at the surface are also discussed and corfif &toms, may be generalized to any atom-surface system if
pared with other existing results in this section. Final re-ON€ a@ssumes that one of the two atoms consists of a system

marks are given in Sec. IV. having a quasicontinuum basis of stafeg} (including ex-
tended valence and “localized” or corelike flatband states
In fact, starting with Eq.(2) and transforming indexes to
allow for a quasicontinuum of states in one of the sub-
A. A model for the atom-surface interaction systems will strictly produce terms in the atom-surface

A suitable scheme to describe either the adsorption offamiltonian containing both adsorbate-adsorbatg, &,)
atoms or the dynamical charge-transfer processes occurrirand solid-solid (:L,ck,(,) state transitions that are induced on
between scattered atoms and surfaces, is based on the Andeach subsystem by the presence of the other. Usually in the
son (or Anderson-Newnsmodel. The model Hamiltonian AN picture of the interacting system, these transitions are

_ X
i = Piij = Migij »

Il. THEORY

reads considered to be of second order as compared to those di-
rectly coupling the adsorbate and substrate subsystems
_ - - ; ; % I Py 27 ;
H = Hads} Hsuby yint= S (£74 32U Ny )Py (given in terms ofcwcko_ Or Cy,Cog products.. _Followmg .
ac the same scheme we will ignore those transitions, and arrive

at a many-body Hamiltonian in which three kinds of typical
+> ECRy,+ D (T7&! G +H.C), (1) ::noon(;rei::uutions can be recognized in parallel to the Anderson’s
ko kao :
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ko

Z ~ ~ ~ ~ ~ ~
ek 2 Vit sUpne_, + 3 Y (N — ot G N ) +3 2 (‘]aknaodl—Gaknaa)}nko
Rq k' (£k) a

S [ . 4

kao

- - - - At o
tak+% (hﬁaknﬁ,g+lﬁaknﬁa)+2 (hk,aknk,U+Ik,aknk,0)}cwckg+H.c.
k!

In Eq. (4), k includes state and band indexes, and thedexesa andk only represent labels that remind us of the
summation runs over all bands of the solidcluding the  nonorthonormal eigenstates of the isolated subsystems from
inner oneg The @ and B indexes label states which may which these states are mainly derived, with the underlying
correspond to one or more adatoms, i.e., @g.can also be assumption that small overlaps will subsequently be in-
used to consider the adsorption of molecules. In the first termolved. We have adopted a description based on the symmet-
of Eq. (4) we have explicitly separated the diagonal contri-ric orthogonalization procedufé although other alternatives
butions produced by the electrostatic potentials caused by tHeave been used for that purpds&tarting from a nonor-
nuclei of the solid Y2R5=(¢,|Zrs/|r —R¢l|#,)). Thuss,  thogonal basis sdy, i} (wherey, andyy correspond to
involves contributions of the adsorbate only, i.e., the kineticState_Sl/ZOf the isolated subsystemthe application of (1
energy and the electrostatic interaction with its nucleus.t S)ak ~ Produces the desired orthonorndal, , ¢} set. Ob-
Similarly, the substrate, terms do not include the corre- viously, to obtain a complete orthogonahzatlon betwe_en the
sponding effects of the adsorbate nuclei. By contrast, th@dsorbate-substrate original states is out of the question, and

remaining one-electron parametets,(t, s ty) include all it is then natural to appeal fo an expansion in terms of the
the electron-nuclei interactions. overlapS,, . Previous works®?° dealing with molecular or

adsorbed systems, have shown that the overlap expansion of
(1+S) Y2 can be reliably used even if overlap integrals are

. o large (=0.7 as in H). In addition to the overlap expansion,
So far, the procedure chosen has consisted of retaining thénd after applying the HF approximation to Hd), the ef-

dimeric picture by associating an orthonormal set involvingfective one particle Hamiltonian looks like a generalized HF
the extended and localized states of each of the “atoms” olersion of Anderson’s model:

subsystems. Strictly, all these states form an orthonormal set,
and consequently these functions are no longer eigenstates of yads, Lisubi Liint
either of the two isolated subsystems. Thus the localized na- H=H" HS HE AV, = [ X,

ture of the adsorbed atom states as well as the translationahere[ X] represents the whole of double-counted terms to
symmetry along the surface are lost. Therefore the subinbe subtracted, and

B. Overlap expansion and mean-field approximation

Hadszz EgﬁaU:E [ngF_Z Viis—’_; (‘]?yk<nk—0>+éak<nka>)_; Sak’:rgk_i_%l; Sik[(SZHF_Z Vizs
i Rs Rg

ao

+2 Jzk’<nk’—o>+ E ng’(”k’a'> - fk_z Vil(Ra+z J%k<n5—0>+ 2 G%k<nﬁa> I:|a/0'1 (5)
k' k' (#k) Ry B B(#a)

ko

HSUb:; EfNe= 2 [fk—E VEE“FE (32N e o)+ Gt Nao)) = 2 Sak T+ 52 Szzkagk_E Vﬁ?a
o Ra o o o R

a

oHF ZRs ~
+% J%k<nﬂfo>+ﬁ(§ : G%k<nﬁa>) _(8a -2 VR +2 J2k1<nkug>+ > Gik,<nk/0 Nio s (6)
a Ry K’

k' (#k)

Hint— kz (T7 &8 SptH.c)= kE [(T%— G a(ClyCao))Ch, Crot H.C. 7
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In Egs. (5)—(7) the parameters with superscript zero arefollows: (i) The adsorbate-substrate two-electron interactions
formally defined as in Eq.3), but with the orthogonal func- are explicitly considered within the mean-field approxima-
tions replaced by the “atomic” ones. The paramefgmow tion. (i) The entire adsorbate and substrate levels are modi-
concerns the electronic structure of the isolated surface angled by the orthogonalization effectsii) HsY includes the

inner energy bandsiv) Consistently with the overlap expan-

o"F_ 0,0 0 0 X o ;
€4 —8a+Ua<naﬂr>+B(§a) (Jaﬂ<nB*U>+Ga,8<nﬁtT>)’ sion and the HF approximation, the hopping term results
from the addition of two contributionsT?, , which is the
Gu=G% +2,3°%., standard hopping between orthogonalized functions; and

—G(Cl,Ca0), Which accounts for the correct nonlocality
of the exchange interaction within a HF. This latter point is
crucial to allow for an adequate description of the interacting
system. Details on its calculation are given in Sec. Il C.

’Tgk:tak_l— % (hBak<n/3*0'>+ Iﬁak<n30'>)

2 (M=) + i ak(Nicr ).
¥ C. LCAO expansion

It may be noted that the overlap expansion has been per-
formed only onH2%andH®"® while H™ has been unaltered,
being only affected by the renormalization of the exchange In order to solve Eq95)—(7), we use a local combination
contribution in the HF approximation. Equatiof®—(7) rep-  of atomic orbitalSLCAO) expansion for the substrate states.
resent our basic expressions to describe the atom-surface iAs an example we consider the term associated with the
teraction. The main differences from the AN model are asCoulombic integraUOk given by

a

1. Adsorbate level B

r—r'|

_E Z Ck*_ck_ I
- 2 CiryCiry)\ Yalr—Ry¥ir Ry

S 9= TR = R )

ko | ijReRy r=r’|

i RS,)¢a(rRa)> ] (k=)

where theck(R)’s are the coefficients of the LCAO expan- Of states corresponding to the isolated solid. Fixing the oc-
sion, whilei andj label the states of a substrate atom locatecfuPation numbers of the substrate at their values of the iso-

at theR site. Neglecting the nondiagonal density-matrix el-ated solid implies the assumption of a complete screening of
ements[cik* (ﬁs)cf(ﬁsf),i £i, andﬁsiﬁs/], this term is ap- the adsorbate effects when interacting with the surface, and

roximated b represents the major constraint we are imposing on our cal-
P y culation. This assumption is also consistent with the neglect
of nondiagonal terms in the density matrix, as stated above.

kE (M y= > ; |cX(Re)|2(Nk_ o) [ 3% (Ra—Ry) The R dependence results as a consequence of the variations

iRso of the local density of states in each of the crystalline planes

o - parallel to the surface. With regard to the parameters that

= % (Ra—R)(Ni_»(Ry)). (8)  defineEy, we proceed likewise, except for those terms pro-
iRsor portional to aSik involving only a single sum ovek, in

(ni,g(ﬁs)) is the occupation number associated with the which case the following approximation is performed:

state with spine at theR; site. These numbers are, in prin-

k4 = k|2 ={(n
ciple, different from those of the unperturbed solid, because ; lcil <nk0>_; 1% (ko) = {Nig)-
the presence of the adsorbate modifies the occupation of the
k states. As this represents a minor order chawe,,(Rs)) After all these approximations, E@5) becomes, in the

will be obtained by integrating the local and partial densitiesLCAO expansion,

ao aoc

HA= > EoN,,= >, 8ZHF_Z Vf,ii“fZ (%N )+ G — 2 SuTo+5> S <SZHF_Z Vifjf
Ry iRq iRq iRq Ry

£ B+ S sz<n,-(,>)—(?i—z Ve S B )+ 3 G%i<nﬁa>)HﬁM. ©
iRy R, o

j(#1)Rg
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The ¢;'s correspond to the energy levels of the isolatedwherej and g run over the states of thBs and R, sites,
solid states. These will be selected as follows: for the inneféspectively. Replacing Eq1l) in Eg. (10), we obtain an
states we will use experimental values obtained from x-rayexpression in which the nondimeric contributions are can-
photoemission spectroscogyPS) data’® while for the va-  celed:
lence states we will use the corresponding average values

eXPS i=inner states > 12 c(Ry
. ko iRg
&= f )
! J epir (8)de, i=valence states, o o e — s
. m
€Bi X[tai —gsai(sa—Vaia-i-si—V”Ra)] CaoCko -
Wher8piﬁs(£) is the local and partial density of states. Equa-

tion (9), as well as all other terms in the model Hamiltonian, i . .

exhibit in a transparent way the localized-extended nature of The final step consists of recovering the parameters de-
the interaction parameters, involving contributions fromfined with orthogonalized functions, so that the hopping is a
atom-atom integra|s appropriate|y We|ghted by occupatiorﬁuperposmon of those defined Only with functions OrthOgO'

numbers obtained from the corresponding local and partighalized in each dimeric subspad@,(Rs),

densities of states.

+

2. Hopping terms T, kE "T'Zkéfwékg%E Z C:((ﬁsﬁgidim 6a06k0
(o8 (o8 R

The LCAO expansion of the hopping term requires a spe- s
cial consideration, as this results from two different contri- = .dim . dim
butions: (i) the coupling between orthogonalized functions :% % Ci(R9)| ti + Ngi{Na— )
(T2, and(ii) the exchange term defined with the functions *

f th Galct . The LCA i i St oA

of the nonperturbed syst.em—(Gak(ckoc.:M)) e LCAO +E (hfg?<nj_g)+lf;”i‘<njg>) & S
expansion over the latter is performed in the same way as for ]
EY . Concerning(i), as the LCAO expansion must be done (12

over the states of the isolated subsystems, this is accom-

lished by an overlap expansion. As an example, we show . . I
Fhe resulgfor the onz-elef)ctron terms. For thetho-electron Therefore, the interaction term of the model Hamiltonian

terms the procedure is essentially the same: in the LCAO version is finally approximated biereafter
' we omit the superscript dim

2 takCIz(ero'z E [t(c)zk_ %Sak(tga+tgk)]clacku ' . At on K=
ks ke H™M= > (ToCh,Cot He)=2 2 cl(Ry)
kao kao iES

After separating explicitly the dimeric from the three-

center contributions, one obtains ><[(Tgi—Gai(ciTacw))cLUck(,Jr H.c.]. (13
=) odim__ 1 0_\/Zrays .. _\/%Ra . . .. .
> 2 (R 2IM— 1S (0 — ViRt g — VIR The approximation of the three-center atomic integrals is
ko iR crucial in the modeling of the atom-surface complex, since it
allows one to redefine the hopping only with dimeric contri-
- > [Vif*a'— %sai(vif;#vﬁ%’)] butions, i.e., the whole system is rebuilt from the calculation
Ry (#Ry) of each elemental dimer. Expressiof® and (13) are the

fundamental equations that define our model. While these
- 2, [Vi'iqsr_%Sai(viiS,dl_VﬁRs’)]]6Iurek0" (10)  expressions are approximated, they have a ciminitio
Re/(#Rg) character. Each term of the Hamiltonian is calculated in
_ - - ~ terms of atomic functiongthose that determine the corre-
The three-center integralé’®* and V_?¢, are approxi- sponding integrals and in terms of the density of states
mated according to the proposal of Ref. 44, and consistentlwhich characterizes the band structure of the surtadgch

with the overlap expansions fix the values of(n;_,) and(c c..)).
1 )
ZRa ~ ZRal ZRal 3.0 t b
VaiRa = 5( 2 Sajvina + % SﬁiVaZa ) | ccupation numbekn , ) .
Using standard methods based on Green’s-function
1 s o techniqued? the calculation of the occupation number is re-
= §Sai(VnRa +V_ R, duced to solve
ZRs ~ 1 ZRs 7R n,y=-— E o G? d
Vi =9 Z Saj Vij +% SeiVap (Nao) = T e aa(®)de

1 VA ZRg — 1 of T_ AT iA° 71d
Egsm(Vn +VIRS), (11 ——;Im 700[8—Ea— (e)+iA%e)] de,
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where the chemisorption functiak’(¢) is separated into the and
inner- and valence-band contributions

A%(g) 772 |T?.|28(e —EJ) A%(e) PZ de’

Tal® 1 f“ A7(e")

s—E‘T ™ w(g—¢g')

=r% 3 [R5~ ED) (P=principal value. 19
iRg

Assuming ad-like form for the density of states of inner
—772 pIR (e)|TC I|2 (149 bands, and a semielliptical function for the valence dfes,
the occupation number is obtained as

0 (8)|TZ||2

1
<na0'>__;f (8)d8___% EBU{[S_EU AU(S)]Z‘F[A”(S)]Z} ' (16)

Equation(16) corresponds to cases whe€ is resonant with the valence band, while fof G having a simple pole, i.e.,
A%(e)=e—E? andA’(e)=0, and(n,,) is given by

dA“(e)

<naa'>|=[1_A,a—(8|)]7l! WhereA,U(8|)= de

17

£=8|

4. Crossed average expectation values,ci,)

Within the HF scheme, the calculation of the exchangelike contributions requires the knowledge of the nondiagonal average
expectation valueéc! c;,). How to obtain these cross-average terms is not obvious and, in order to arrive at a tractable
formula, we will make use of the contribution to the mean energy related to the hopping term:

<aloak0>: Z Tgi<6zoaio’> = Z (:’rgi - éai<cracaa>)<clﬂcia'> (18)

iRgor iRgo

RACERIS DL G
o o | iRg

where we have usell,cK(Ry) (c!_ci,)=(cl ci,).
On the other hand, averages of the k(rﬁﬂwf:kg) can also be written in terms of the corresponding matrix element of the

Green’s function G,(g):*

1 (e Tgk

<5w5kg>———f (e)de=— = | ——%G7 (e)de.

™ —Ocs—Eg-i-ln

From the definition of G_(¢) and remembering tha,[|T%,|%/(e —Eg+17)]=A’(g)—1A°(g), one obtains

A%(e) (e —EY)
2T k<cwck">__§ SBU[(s—EO A% (o) A

ReplacingA?(e) [see Eq(14)], the contribution of the interaction term to the energy is

(Toi~ GuilclyCan))piR (8) (e —ED)

(Tgi al(clacao>)f {[ _EO. AU(S)]Z'F[AU(S)]z} de |. (19)

2 TodCloCir) = 2
ko iRg

Comparing Eqs(18) and(19) term by term, the averag(élof:i(,) can be obtained from the following recurrent relationship

o (T2=Gai(c],Cac)MpiR () (e —E)
(ChyCio) = f : ds, (20

ea, {[e—Eq—A%(e)+[A%(e)]%}
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When localized states appear, i.e., whef), @) has a number of the states in the solid are kept fixed along the
simple pole, their contributions to the interaction energy arevhole procedure, i.e.,

given by
1, i=inner states
(Nig)= f fpiﬁs(s)dgi i =valence states,
| A%(e) o
% To(CroCro)=— ;Im —|wm wherepig (&) is the local and partial density of states corre-

sponding to the unperturbed solid. Thirs,,) and(c/ c;,)
=A%(e)(Nae1= (&1~ EQ{(Ngo): - are the only density-matrix elements that are allowed to vary
1) in each iteration stage. Strictly, changes on these averages
along the self-consistent loop will not only modify the ad-
sorbate level and the effective hoppifiggs. (9) and (13)]

. . but will also redefine the energies associated with the states
ReplacingA“(e) by Eq. (15 and comparing Eqst18) o the solid[see Eq.(6)]. In thig last respect we adopted a
aan (21) term by term, we obtain the contribution of gistinct treatment for the inner and valence bands. As the
(CaoCis) When localized states are present: inner bands have a narrow width, they were considered lo-

calized states. This implies that the location of the inner lev-
els EZ will become shifted due to the orthogonality require-
" ments and their interactions with the adsorbate states.
(CT C. \out_ Ai (&) Therefore the chemical shifts of the inner levels X=EZ
a0l F e _ B (el Co)M[1—A (8] — &%) can be obtained as a byproduct of the whole calcu-
(22) lation. On the other hand, as we are considering the adsorp-
tion of a single adatom, we will assume that the electronic
structure of the valence band remains unaltered in the self-
consistent calculation. Freezing the occupation of the
valence-band states can be considered as a first-order ap-
5. Self-consistent procedure proximation that will be kept along the self-consistent stages.
The self-consistent procedure to solve the bond-pailn the calculation of the interaction _energ;ee Sec. Il all
oS . . X . the changes due to orthogonalization effects, the electron-
Hamiltonian consists of the following stagest The initial ;e interaction, and the electron-electron interaction be-

value for(n,) is taken as that corresponding to the isolatedyyeen adsorbate and all surface states are included.

atom and(c! c;,)=0. (i) SubsequenthE?, T’ , and EJ

[Egs. (9), (13), and (6)] are calculated. These magnitudes 6. Interaction energy

define the chemisorption functiod”(e) and its Hilbert The interaction energy is obtained as the difference be-
transform A?(e) [Egs. (14) and (15)]. (i) (n,,) and tween the average of the Hamiltonian for a given distaRce
(c! ci,) are obtained according to Eq46), (17), (20), and  of the adsorbate from the surface and that corresponding to
(22). This iterative input-output procedure is repeated untilthe subsystem at infinite separation

convergence is achieved. The interaction endfgyis cal-

culated subsequently. At this point it is worth stressing that Eine= ((H39S 4 (HSD) 4 (HM) 4+ [ X]+ V1 )k
for the problem under consideration two simplifying assump-
tions were made from the start: internal transitions within — ((H2+ (H +[X])..;

each _s,ubS}/Tstfem haveTbeen ignored, implying that avera?ges\g,f»]en R—c, both (Hnt) and V,_, vanish. The explicit
the kind (c,,Cy',) =(C,sCp,» =0 and also the occupation LCAO expression for the interaction energy is

En= 2 (EXNuo) =27 (Nao)e) — 12 [u2<na_u>+ﬁg | <J3B<nﬁ_g>+éaﬁ<nﬁg>>}<nw>

ao ao

+%Z [Ug<na0>w+ﬁ(§ ) (Jgﬂ<n,80>°C+éa/3<n[3(r>°¢)]<na(r>w+ Z {_2 VﬁRa_z Sai:‘rgi
ao a IRS(T Ra a

_ HF ,
+3> S <8i_vii+2 ‘J%i<n[370>+ > G%i<nﬁa>)_(8g -> ViES“LZ Jg]<nj70>+ > ng<”ja>
a B B(#a) Ry’ iRy’ j(#D)Rg

X<nio>+2 Z (?rgi_éai<CiTa'Ca0'>)<CZzo’Ci0>+Vn7n' (23)
ao iRy



5014 P. G. BOLCATTO, E. C. GOLDBERG, AND M. C. G. PASSEGGI PRB 58

0 2 4 6 0 2 4 6
6 T T A T T T T T T T T T T T T T
i ) 1 H/AI(100) On Bridge
4 A H/AI(100) On Bridge 0.00 E
2| A 4 i
I o Sa, ] 025 F ]
ol G a = ° y ]
L
L o 1 -
Sl Lue 1 0.50 .
6+ } + } + } ; } 075 — } ' ' ' } ; }
s 3 ]
o 4 H/Na(100) On Bridge - _E 0.00 - -
> [ i © ]
o2} - < o—o—0—C__
[} ~ 025 | 4
bt i AAA AL 1 w
w ofF Dunngnéeeeﬂ b o !
5 . o ® T L 950 - .
Q2 Ll e o 0 0 a -
"g o H/Na(100) On Bridge ]
& 6 } + } + } + } 2075 J + } + J + }
£ A w ]
4r H/Li(100) On Center 0.00 [ .
2 & b A/,\.(yo"o‘o“o::
. ® | -0.25 F&7° =
ok A A A A A A e i
° go @
) DUDDDD. -0.50 - .
[ oo H/Li(100) On Center
4 1 1 1 . 1 0.75 " | " 1 " | " {
0 2 4 6 0 2 4 6
Normal Distance (a.u.) Normal Distance (a.u.)

FIG. 1. Interaction energy as a function of the distance between FIG. 2. Variation of the hydrogen levels vs atom-surface dis-
the adsorbate and the first plane of surface atoms. Circles: HF calance. The symbols correspond to the cases included in Fig. 1. Solid
culation that includes the renormalization of the hopping termand open symbols indicate spin-up and -down, respectively.
through the nonlocal exchange interactipq. (13)], and the
atomicTy; parameters calculated with reference to an orthonormalq shows results of the interaction energy as a function of the
ized set of functions for each dimeric subsystdn. (12)] [option  djstance between the adsorbate and the first surface plane of
(a)]. Triangles: results obtained by neglecting the exchange contrigtoms for the three systems under consideration. Three situ-
bution to the hopping term(¢},,ci,)=0) [option (b)]. Squares:  ations are examineda) HF calculation including the renor-
complete HF calculation, but considering an overlap expansion Upngjization of the hopping term through the nonlocal ex-
to second order in defining the atomic coupling§ [option (c)]. change interactiofEq. (13)], with the atomicT?, parameters
calculated with reference to an orthonormalized set for each

Again, not only do the hybridizations effects on the ad- ;. """
: ) .~ dimeric subsystenpEq. (12)]. (b) The same asa), but ne-
sorbate contribute, but the corresponding changes for d|re% ecting in t{}e rr:[gp(:)iég )t]er(m) the exchang%) contribution

interactions and orthogonalization in the solid are also in- RN }=0. () HF results obtained by an overlap expan-
cluded. Otherwise the fourth term in E@3) (the sum over 1 eo~io/—%- . yan P €Xp
sion up to second order to define the atomic couplifigs

i, Ry, ando) vanish identically. i . '

From the comparison among these alternatives, it becomes
clear that optior(a) is the only one that leads to a physically
acceptable description of the interaction between H and the
A. Interaction energy, energy levels, and occupation numbers  metal surfaces. We observe that the exchange interaction en-

of the adsorbate hances the hybridization between the adsorbate and the sur-

To test the possibilities of the bond-pair Hamiltonian pro_face s_tates, resulting in an attractive contribution _to the in-
posed to describe the atom-surface interaction, we have aE@r_actlon energy. On the other hand, the calculatio {f
plied the formalism to the following H-metal systems: H/ USing an overlap expansidoption (c)] leads to unphysical
Ll(lOO), H/NleO), and H/AK].OO) Several adsorption sites results for theS.e |nter.aCt|ng SYStemS. ThlS .ShOWS that our HF
and crystallographic faces for these systems were examindg@de! calculation, without using semiempirical parameters,
with results that show the same kinds of general trends in alf VE"y_Sensitive to the contributions that define the hopping
cased® With regards to the electronic structure of each sub{erm- The same conclusions can be extracted from an analy-
strate, surfaces with growing degrees of complexity werelS Of the variation of the hydrogen up and down level posi-
considered in going from Li to Al In the Li case, ongylike ~ HONS against the atom-surface distariégg. 2). At large
valence and inner bands are considered; while fopNike separatTlon distances and assuming thaf;)=1 ((n,)
inner bands are also included. In the case ofsAandp-like :LO)' E, tends to the ionization Ievél=0—0.5 hartree, while
valence and core bands are involved. In our simplified deE. goes to the affinity leveA=1+U"=0.125 hartree. At
scription, thesp-band states will be assumed to be nonhy-closer distances and under opti@), one observes thét/, is
bridized. shifted upward while theEil goes downward, showing the

It is worth comparing the effects of some of the different expected correspondence with,, ) and(n,;), respectively
approximations on the hopping term against that leading to &ig. 3), predicted by the HF approximation of the Coulomb
good description of the adsorption procggs. (13)]. Figure  term within the usual AN modéi. At short distances, where

Ill. RESULTS AND DISCUSSION
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o 2 4 & +U%n,_,) (=—-0.5 hartree andJ®°=0.625 hartrek is
also plotted in this figure. One observes that a hopping term,
renormalized by the exchange contributions selected consis-
tently with the mean-field approximation, produces a behav-
ior of the diagonal ternie{, having the usual functional form
Ec=¢2+U%n,_,) given by the AN model, within an
1 ample range of distances. Omitting these contributions to the
T hopping term gives rise to an incorrect balance among the
diagonal and nondiagonal Hamiltonian parameters, leading
to inconsistencies in the behavior of the hydrogen level po-
sitions. We suggest this is a relevant result that confirms the
] importance of adopting a unified treatment to construct, from
1 anab initio basis, the whole set of parameters that enter into
poer R En Brieee ] the effective mean-field Hamiltonian. Fedyarenal3! ar-
100 . ' . rived at similar conclusions by analyzing an extension of the
075 | . standard AN model, that includes a parametrized hopping
0.50 |- i term depending on the occupation of the adatom. They found
that for some selected sets of parameter values, a HF calcu-
- lation of the charge-transfer process can be favorably im-
ooor HILi(100) On Center | proved as compared with calculations that include perturba-
L1 tive corrections caused by the residual electronic correlation.
They emphasized the importance of defining the hopping
term as derived from a HF approximation on a first-
FIG. 3. Variation of the occupation number with the atom- Principles basis consistently with other terfisas to ensure
surface distance. The symbols are the same as in Fig. 1. Solid ari900d description of charge transfer processes.
open symbols indicate spin-up and -down, respectively.

100~
075 F
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025
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. B. Joining the different interaction regions
the hybridization between the atom and the surface states

become large, the two levels merge into a degenerated level. Figure 98 shows that the HF results fail whe is in-
Within this range, their broadening, caused by interaction§reased, since they assume small positive values correspond-
with the surface, do not allow one to distinguish betweeriNd t0 @ barrier. In contrast to the case of hydrogen dissocia-

them. This correlated behavior of the hydrogen levels is losfiVe adsorption, in atomic adsorption no barrier is to be
or poorly described when an incorrect prescription is use@XPected. However, this it is not surprising in view of the
for the hopping term. This is illustrated in Fig. 4, which fact that long-range effects have been ignored in our calcu-

shows the variation of the hydrogen levels as a function of@tion. The ample range of distances involved in the descrip-
the average occupation numkbdE’=E’((n,_,))] for the tion of the atom-surface interaction requires a detailed bal-
[e3 o a—a

H/Li(100) on-center case. Each point corresponds to a differ2Nce of the contributions to the basic potential terms and,
ent atom-surface distance. The linear relationshfp- s° depending on the distances of interest, different theoretical
’ @ approaches have been proposdthus, in the range of large

distances=4-5 a.u), the position and width of the hydro-
gen level are calculated including potential terms that de-
scribe the electron scattering by the surface in the presence
of the protont®!!Basically, the interaction between the elec-
tron and the proton electrical image is the potential that ac-
counts for electron correlation at the surface. The atom-
surface potential interaction behaves as the classical image
potential at large distances, while, at intermediate distances,
a smeared surface charge density is induced by the positive
core, as well as by the change in the exchange-correlation
potential’®!In these kinds of calculations, it has been found
that the level width is very sensitive to the details of the
potential in the surface region. In the case of physisorbed
species, well-behaved interaction energies can be obtained
00 o0z o4  o0s o8 10 by adding the attractive long-range van der Waals
potentiaf>~* to the repulsive short-range contributions. Za-
o remba and Kohit found that, to lowest order in the overlap
FIG. 4. Variation of the hydrogen levels as a function of the between the metal and atom states, the HF interaction energy
average occupation number. Circles: opt(m Triangles: option provides an accurate description of the short-range interac-
(b). Solid and open symbols correspond to spin-up and -down, retion between the metal surface and a low-energy helium
spectively. The solid line represents the functid(=¢%  atom. Harris and Liebséhargued that the neglected corre-
+U%n,_,) (¢2=-0.5 hartree antl?=0.625 hartree lation terms are small as compared with the corresponding

02 T T T T T T T T T T
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exchange contributions that are treated exactly in this aptances, we will arrive at a very poor description of the chemi-
proximation. In the case of chemisorption, reactive adsorsorption but at the same time eliminate the source of
bates are characterized by the fact that new electronic conmbalance in the asymptotic region. Thus in our prescription

figurations are required in order to describe the sharing ofhe terms that will not be considered are those that redefine
electrons between an adsorbate and substrate. Thus an empty exchange interaction—(é k<CI C.0)), and also those
(23 o aog 1

(filled) electron state of the adsorbate at large separatiofyated to the shift of the substrate valence levels caused by

from the surface may become shifted to energies either b&po o rthogonalization requiremeri&a. (9)1. The results ob-
low or above the Fermi level of the solid as the adsorbat%a? gonaza qau esa. (9)] N

b | h b c | | ined under this prescription are also included in Fig),5
ecomes closer to the substrate. Consequently, as long as 1§g,,ying a more adequate behavior for distances larger than
substrate acts as an electron reservoir, the adsorbate oc

@4 a.u. Our final suggestion is to join the results obtained

pancy will change accordingly. All these effects are fairly n e noth prescriptions by fitting them with a smooth curve
well described by a HF approximation in the chemisorptionjixe that shown in Fig. &).

region. However, at medium and large separations, the long- s same sort of failure of our model calculation is re-

range effects due to electronic correlation become importanhected by the asymptotic behavior of the shift of the hydro-

Thus, a calculation that allows for a description of the ad-yan energy levels by the interaction with the surface. Again,
sorption process covering the entire range of distances reggis can pe attributed to the neglected electron-correlation

resents a very hard taskViany authors have put efforts into ettocts in the solid. It is known that the correct behavior of
including features that are relevant in the chemisorption reég,o eye| shift at large distances should follow a classical
gion, while renouncing to consider those which become im-Image potential 1/4(—z,), wherez, is the distance mea-
portant at large q|stancé§.7'47‘490n the other hand, model g o4 from the image plarté.We found that by adding the
calculations leading to well-behaved interaction potentlalsimage potential to our self-consistent HF results Bf

able to provide a good description of shifts and widths of the, ', 7, _. :
adsorbate levels, are only valid at large separations (jLA (E,), we can reproduce a well-behaved adjustment at

1011 larger distance$Fig. 5b)]. A matching of this result with
>4-5 a.u. th lete HF calculation dE%+A(E’ d
Analyzing our result§Fig. 5a)] for the interaction en- € compiete calculation dE,+A°(E;), assumed to

ergy, we observe that the expected behavior is well describ jve Fhe cprrect answer for distances withip the typical
in the strong interaction regiorz€3 a.u), where it is ex- chemisorption region, is then performed. In this form, a sat-

pected that short-range contributions dominate. For distancé§faCt°ry de;cnpnon of the adsorbate energy level variation
larger than 3—4 a.u., our model calculation seems to fail irfan be obtained over an ample range of distances, as shown

giving an adequate description of the transition between thé! Fig. Sb).
chemisorption(strong interaction and the asymptotic or
weak-interacting region. This failure is more evident in H/AI
than in H/Li and H/Na(see Fig. 1 because of the increased
complexity in the electronic structure of Al surfaces. Conse- As in our proposal the interaction energy results from the
guently, short-range contributions such as hybridizationssuperposition of bond-pair interactions between the adsor-
charge exchange, etc., become more relevant. As the collebate and the atoms of the solid, one immediate question con-
tive effects involved in the surface response are ignored ierns the dependence on the number of substrate atoms in-
our model, the net result is to produce an undesirable unbatluded in the calculation. Our results in Fig. 6 show that, on
ance between short- and large-range contributions in thpractical terms, rapid convergence in the sum over bond
intermediate-distance region. To avoid this we propose t@airs can be achieved by retaining only contributions coming
adapt our model calculation to distances far from the surfacérom the nearest neighbors to the adsorbate. Thus our mod-
Obviously if we neglect those contributions mainly respon-eling supports the localized nature of the adatom adsorption
sible for the strong hybridization and mixing at short dis- process.

C. Dependence on the number of adsorbate neighbors
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D. Comparison with other existing results eV at low coverage. We believe that this small difference

The combinations of adatom and substrate systems stu§?€@r to the numeric rounding errpris an encouraging re-
ied in this paper have been considered by other authors undgflt: Particularly if one takes into account the simplicity and
different theoretical approaches. These go from extendeff2nsparency of this method against that involved in the
models for the substrate within a LSDA or GGA to the very PFT, LSDA, and GGA approaches.

localized clusterlike picture of the solid, passing through em- Better agreement with GV is found for the on-bridge site
bedding cluster methods. Also the results obtained b}han for the on-center site. This can be attributed to the frac-

Gardéa-Vidal et al®® (GV), based on a tight-binding model tion of the _adsorbate monolayer they considereq. In this case
Hamiltonian, involve the same general ideas applied in thidhe repulsion between the hydrogen atoms will lower the
work %51 Apart from the fact that these authors were limited Pinding energy more markedly for the on-center site, where
to considering only a fraction of an adsorbate monolayelthe z_idsorbate—substrate atom distances becamg larger. Con-
interacting with the surface as a result of their calculation®€Ming the transferred charge, our results predict a charge
technique, the most noticeable differences with our proce€XCess on the hydrogen by 0.05, 0.05, and 0.01 electron for
dure come fronii) their local approximation of the exchange the on-center, on-bridge, and on-top adsorption sites, respec-
term in order to simulate correlation effects, diid the fact

that their hopping term is obtained by resorting to the AT
Bardeen tunneling current concept.

H/AI(100) On Bridge 1

1. H/AI(100) .
2 — This work 4

The interaction energy for the on-bridge adsorption site
on this system, after the joining procedure described in Sec.
Il B, is compared with that obtained by Hjelmbéngithin a
LSDA and also with results by GVRef. 39 in Fig. 7(a).

Binding energies, equilibrium distances, and vibrational fre- or i
quencies for different adsorption sitéen-top, on-bridge,

and on-centgrare compared in Table I, in which we also

include the GGA result¥ An overall agreement can be ob- )

Interaction Energy (eV)

served among the different calculations. In coincidence with
the other authors, and with the existent experimental data on
this syster®® we found that the on-bridge adsorption site is
the most stable. In particular, it is interesting to compare our
results with those obtained under the LSDA and GGA meth- J5 ™ S
ods: the GGA binding energy is 2.13 eV when the cover-
age is 1 ML, with a tendency to decrease to abe@07 eV

for <1 ML.°? The LSDA result (2.3 eV) differs from the
GGA up to 25%, this being expected as the LSDA tends, in
general, to overestimate binding energies. The difference be- FIG. 7. Interaction energy as a function of the atom-surface
tween our results and those of the GGA is smaller than 0.Histance ( ), present work(- - - -), Ref. 3(-----), Ref. 39.

Normal Distance (a.u.)

Figure 7/10 Ref.: BJ6653 P.G. Bolcatto et al
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TABLE I. Binding energiesEg (eV), equilibrium distance®R, (a.u), and vibrational frequencies,
(meV) for the H/AI(100 and H/N4100) systems. The reference data were extracted from REESBA), 39
(GV), and 52(GGA).

Eg (eV) Re (a.u) we (MeV)
H/Al (100 Top This work -1.5 3.39 199
LSDA -1.9 3.0 210
Bridge This work —-20 2.60 167
LSDA -2.3 2.0 130
GGA —-2.13
GV —-2.07 2.4
Center This work -1.4 2.33 68
LSDA -1.4 2.4 70
GV -0.8 2.0
H/Na (100 Bridge This work -1.8
LSDA —-2.4
Center This work -1.8
LSDA -21

tively. These results are also in agreement with the valueadsorbate electrons. If the former becomes the dominant in-
reported by GV. teraction, it may be anticipated that the adsorbate will “see”
The corresponding vibrational frequencies have been cathe solid as some sort of jellium, and consequently the vibra-
culated by fitting the interaction energy curves along thetional frequencies should be practically independent of the
whole separation range with a Morse-like potential, and peradsorption site. Conversely, if the second kind of interaction
forming a harmonic approximation around the equilibriumdominates, a marked dependence of the vibrational fre-
distances. The values 167 and 199 meV obtained for thquency on the adsorption site is expected. Taking into ac-
on-bridge and on-top positions, respectively, are in fairlycount that as the adsorbate goes away from the surface,
good agreement with the values assigned to the vibrationatom-atom distances vary more slowly in the on-center case
modes obtained from electron-energy-loss spectrosCopythan for the on-bridge site, it turns out that the expected
data (139 and 226 meV, respectivglyOur calculated fre- sequence should be %P> 5> ,$eMe" Again these re-
guencies are somewhat larger than LSDA results for the orsults are indicative of the role played by the localized nuclei-
bridge and on-center sites, while for the on-top position aelectrons interactions in the chemisorption process.
smaller value was obtained. In any case, for all the analyzed Figure 8a) shows the hydrogen level shifts in front of an
surface faces we checked thaf"> w2"9°> »$®™" This  Al(111) face, obtained by joining our HF results with the
provides another indication of the localized nature of thecorrected behavior by the image potential contribution at
interactions involved. The equilibrium properties of a chemi-large distances, as discussed previoy§llg. 5. Distances
sorbed system emerge from the balance of two competitivare measured with reference to the first plane of substrate
effects: (i) the kinetic repulsion due to the overlap betweenatoms. The comparison with other existing results in the
the adsorbate and substrate electronic densities(ianthe literaturé 11**%shows that after adding the image potential
Coulombic attraction between the substrate nuclei and theerm to the calculated HF level shifts, good agreement is

0.0 T T T T T y T T T T T T 3 10
HIAI(111)

01}
§ 0.2 - FIG. 8. (a) lonization hydro-
£ e gen level shifted by the interaction
2 5 with an Al(112) surface.(b) lon-
g 03 £ ization hydrogen level width.
< Q.
o 25 ( ), present work.
[5) —_
3 oal 2 (T ), Ref. 11.(- - - - - ),
T ~ Ref. 10. (----- ), Ref. 54,

N (-++----), Ref. 13.
05+
(b)
-06 Il A A L 1 | L 1 10—4

2 4 6 8 10 5 6 7 8
Normal Distance (a.u.) Normal Distance (a.u.)
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achieved with some authdfs[see the inset in Fig.(8)]. portance in this case. In Table I, values of the binding ener-
The H level widths obtained at large distances are plottedjies and equilibrium distances are compared for the on-

in Fig. 8b). The agreement with other authors’ bridge and on-center adsorption sites.

result$®1113%enforce the argument that the HF approxima-

tion is also adequate in the range where correlation effects 3. HI/Li(100)

are expected to be important. As can be observed from Fig.

8, this gives rise to a large distance behavior comparable t?re

that obtained by considering a detailed analysis of the differ;

ent potential terms for an electron in the presence of a proto R). In essence these works considered clusters of up to ten

and a surface. Li atoms, performing an unrestricted HF calculation cor-
The widths and shifts of the adsorbate level vs distancerz cted b, pcorrelati(?n effects. Bonacic-Kouteclt al2*
can be easily transferred to a semiclassical description g GGCK)yaIso erformed a cIu.ster calculation. but aII.owed
collision processes between atoms and surfaces, to calcul % ; P S '
ionization and/or neutralization probabilities of the or relaxatlon S0 as to minimize the total energy. As conver-
projectile’® Our results prove to be as good as the otheldeNce with respgct to the numper of atoms in the cluster was
not properly achieved, alternatives were proposed by Casassa

ones for this purpose. However, our model calculation alsq A o
provides the distance-dependent Hamiltonian parameters rg_nd Pisarl (CP) based on an embedded cluster model within

: . : a restricted HF approximation, and others by ¢@u and
uired to perform a full quantum-mechanical formulation of _ .. .
?he time—%ependent cgllision processes within an ANROSCH5 which employ the moderately large embedded clus-

picture0 te_r (MLEC) formalism. This _system has also_ been studied
' within the local-density-functional framework in Ref. 56 us-
ing theFILMs code®’
2. H/Na(100) In Table 11, our results for the binding energies, equilib-
The interest in this system relies on the contrasting differrium distances, and charge transfer to the hydrogen atom are
ences with respect to the H/AIDO) one. The Na metallic compared for an on-center adsorption site. One can observe
surface is a more open surfad®o with a smaller electronic  how the BK and HR calculations greatly depend on the size
density ¢s=3.99), and theoreticalfy’ and experimentalR?  of the cluster considered. The differences in the sign of the
existent information point out the possibility of hydrogen corrections due to correlation effects are indicative of the
diffusion. Also, strong relaxation of the Na surface due to itsinstabilities associated with the small cluster descriptions.
small cohesive energy can occur when hydrogen is adsorbedhe binding energy obtained with our bond-pair Hamiltonian
This leads to the formation of NaH units with a crystalline is in good overall agreement with the HF values obtained by
fcc structure. In Fig. 9, the calculated interaction energy forBK and HR, and it can also be observed that these results
the on-bridge adsorption site is compared with results of Reftend toward ours as the size of the cluster size is increased.
3. The lack of a manifest barrier at distances close to th&he CP and BGGCK binding energies show the largest dis-
surface suggests the possibility of hydrogen diffusion in bottcrepancy with reference to our results, and these differences
calculations. However, neither our calculation nor Hjelm-can be attributed to either the embedding technique used by
berg’s includes surface relaxation effects that can be of im€P calculation, or to the geometry optimization performed in

The adsorption of hydrogen by a Li surface has been
ated on the basis of a cluster description of the Li surface
y Beckman and Koutecky (BK) and by Hira and R&}

TABLE Il. Binding energiesEg (eV), equilibrium distancesk, (a.u), and charge transfam for the
H/Li(100) system. The reference data were extracted from RefSPg 22 (BK), 23 (HR), 24 (BGGCK), 25
(MLEC), 39(GV), and 56(FILMS). In CP, BK, HR, and BGGCK, the number of Li atoms in the first, second,
and third crystalline planes used in the definition of the cluster are indicated. I8 €#enotes the number
of slabs of the crystalline substrate. Value between parentheses in the binding-energy column correspond to
a calculation including correlation effects.

Eg (eV) R. (a.u) An

On center This work —-2.4 0.3 -0.21
CP(4,1,4 S3 -33 0.0 —0.46
(4,1,9 S5 —3.6 0.0 —0.46

BK (4,0 -1.7 (1.9 0.0

4,95 —-22 (=27 0.5
HR (4,0 -1.9 (-2.0 0.45 -0.44
(4,95 -2.2(=3.0 0.5 -0.36
MLEC Liyg —2.48 0.34 —-0.12
Lizo -2.32 0.34 -0.22
FILMS ©=1 ML —2.99 0.25 -0.31
0=3 ML —-2.90 0.28 -0.28
GV —-20 —-0.5 —0.60

Optimized geometry BGGCKb5) —-2.7 (—-3.0

cluster 7 —-2.8 (=27
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FIG. 9. Interaction energy for the H/KEDO on-bridge site. FIG. 10. Interaction energy for the HAWOO) on-center site.
( ), present work( . ......... ), Ref. 3. ( ), present work(......... ), Ref. 8.(-----), Ref. 39.

the BGGCK case. The value of GV is smaller than our resultion that allows one to include either extended and/or local-
and this can be understood by taking into account the repufZ€d characters of surface states. The localized nature of the

sion effects between adsorbates in their case. The compa@dSOrption process is taken into account throughatamitio
son with FILMS results at low coverage show that these pe-description of the interaction between the adsorbate and the
come similar to oursthis behavior also remains for the other Substrate atoms. The resulting bond-pair Hamiltonian con-
properties. Fairly good agreement is also found with MLEC tains, in a natural and self-consistent way, the atomic nature
results, the differences being smaller than 5%. of the interactions plus the extended features of the surface
Concerning the equilibrium distances, all calculationsSyStém, two main ingredients pursued by embedding cluster
give a very small value£0.5 a.usR,<0.5 a.u) which is techniques. Orthogonalization contributions to the diagonal
indicative of the open crystalline structure of bce Li. Better €'ms are included up to a second order in the overlaps,
agreement is found with MLEC aneiLMs values. The while three center integrals contributing to the hopping are
charge transfers calculated by either CP, BK, or HR are nogPProximated by a superposition of orthogonalized dimeric
strictly comparable with ours, since they employed a Mul-{€rms, selected consistently with the above-mentioned over-
liken population analysis in their calculations, although all!@P €xpansion. On the other hand, the nonlocal exchange
agreed in predicting that hydrogen acts as a charge recepttiitéraction contributes to renormalizing the hopping term pa-
(An<0). The same tendency emerges for MLEC anss ~ fameters within a suitable HF self-consistent procedure. Our
predictions. In Fig. 10, our results for the interaction energyesults for the interaction energy as well as for the adsorbate

vs distance are compared with those obtained by CP and G\EVels at large separation distances suggest the convenience
of disregarding in this region, those contributions that are

mainly responsible for the strong hybridization and mixing
within the typical chemisorption distances. Well-behaved

In this work we have proposed the use of a model Hamil-curves are obtained by joining the results from these two
tonian based on an AN picture solved in the HF approxima<alculation prescriptions.
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