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The moderately large-embedded-cluster (MLEC) model of Grimley, Pisani, Ravenek, and
others are modified so that the model is more easily applicable to ab initio calculations.

We give a linewidth to each discrete energy level of a cluster for simulating the density of states
of a bulk metal and for preventing from the singularity. The dependence of the calculated
results on this linewidth is shown to be small. Symmetric orthogonalization of a

basis set and a new convergence algorithm are adopted in writing up our ab initio program.
These modifications give a rapid convergence of the density matrix in the self-consistent-

field calculation. Test calculations are performed for hydrogen adsorption on a Li (100)
surface with the use of several cluster and embedded cluster models.

I. INTRODUCTION

The cluster model is baséd on the locality of surface-
molecule interactions. A large number of cluster model
calculations have been performed for studying surface re-
actions and it is proved that the cluster model is useful for
clarifying the mechanism of chemisorption and electronic
structures of active sites. In previous ab initio calculations
on small Li clusters, various adsorption sites were com-
pared. The bridge or hole site of the Li (100) surface has
been found to be most favorable, though the energy differ-
ences among the bridge, hole, and on-top sites were rather
small. The cluster model does not include enough effect of
the bulk solid and is not prevented from an artificial
boundary effect due to a finite size of the cluster. The cal-
culated adsorption energy depends on the cluster size. The
heats of atomic hydrogen adsorption on a Li cluster are
reported to vary from 5 to 70 kcal/mol for different Li
clusters.!

Some models have been proposed for including the
effect of bulk metal. For surface-molecule interactions in
which electron transfer between surface and adsorbate is
important, the dipped adcluster model is proposed from
this laboratory.® The adcluster, which is a combined sys-
tem of adsorbate and cluster, is dipped onto the electron
bath of a solid surface and is made equilibrium for electron
exchange. The electrostatic image force between adsorbate
and surface is also taken into account. This model has been
applied successfully to O, chemisorptions on palladium
and silver surfaces.”!

On the other hand, Grimley and Pisani proposed ear-
lier the method in which the surface-adsorbate system is
embedded on a surface (actually on a larger cluster) and is
attempted to connect with the outer surface region. This
embedded cluster model has been extended by many au-
thors.""™ This model is intuitively so charming that we
tried to use this model by preparing an ab inito program.
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In this work, we adopt the moderately large-
embedded-cluster (MLEC) method of Grimley et al
based on the Green’s function method.!""* For ab initio
calculations, the size of the metal cluster appearing in the
model is very important; it is difficult to use a moderately
large cluster for representing the solid. We therefore mod-
ify the MLEC method such that the calculational labor is
reduced by modifying the Green’s function method and
some other computational techniques. We have coded an
ab initio program based on the program “GAMESS.”*#

Section II gives a brief derivation of the MLEC
method proposed by Pisani.”® In Sec. III, a formalism of
symmetric orthogonalization is presented instead of the
orthogonalization of the basis set by Ravenek and
Geurts,”® and in Sec. IV, a new convergence algorithm is
summarized. In Sec. V, we modify the Green’s function
method so that it is able to take into account the linewidth
of the energy levels of a cluster. In Sec. VI, additional
terms in the Fock matrix due to the electrostatic potential,
and in Sec. VII, the behavior of the coupling matrix in the
present calculations is presented. In Sec. VIII, the calcula-
tion of the hydrogen adsorption on a Li (100) surface is
performed with the use of several cluster and embedded
cluster models; Li,, Li,o, and Li,4 clusters; and Li, embed-
ded in Lig and Li,  clusters. The calculated results and the
comparison between the two models are given.

il. METHOD

We explain here the MLEC model of Pisani et al.
which is the starting basis of the present study. The
surface—adsorbate system is illustrated in Fig. 1, where the
adsorbate is represented by 4 and the solid surface by
BUD. In the cluster model, the system is represented by
the cluster B interacting with the adsorbate 4. In the em-
bedded cluster model, the self-consistent-field (SCF) cal-
culation on the 4U B region is performed considering the
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FIG. 1. A schematic representation of the embedded cluster model. 4 is
the adsorbate, B the cluster, and D represents the solid.

effect of D. The embedding scheme is performed based on
the restricted Hartree-Fock (RHF) approximation.

The Fock matrix F in the RHF-Roothaan method and
its total energy E are given as a functional of the one-
electron density P as

F(P)C=SCt, (1)

E= AZOPM[H+F(P)1M, @
where

FomHot SB[ rlot) =3 walow)], )

and H, S, C, and ¢ are core-Hamiltonian, overlap, the lin-
ear combination of atomic orbital-molecular orbital
(LCAO-MO) coefficient, and orbital energy matrices, and
(uv|oA) is the electron repulsion integral.

The Green’s function G and a matrix Q are defined by

2(2)G(2)=1, 4)
Q(z)=zS—F. (5)
So, the Green’s function G is given by
G(2)=(z8—F)7}, (6)
C/llcva'
G (2)= },: Tz (7

The density matrix is given as an integral of the Green’s
function

1
Pir=5 § Gio(2)ds, ®)

where the integral path is around the poles corresponding
to the occupied orbitals. _

Let the interaction between 4 and D be small enough
to approximate

QAD=0’ QDA=O9 GAD=O’ and GDA‘—‘O, (9)
then Eq. (4) becomes

Qu Qu O Gy Gu O 1 00
Op4 P88 Q80 || Gsse Gpg Gap|={0 1 0].
0 QOps Qop 0 Gps Gpp 0 0 1
(10)

After a matrix manipulation, we obtain

(QAA QAB)(GAA GAB)_(I 0 ) (an
Ops Qp8)\Gps Gpp) \O0 1—QpyGps)’

in which the elements on the left-hand side belong only to
the AU B region.

Suppose that in the adsorption of 4 on B, the interac-
tion between B and D is constant

Q50Gps=0%G bp (12)

where the superscript f specifies the value for the free solid
BUD without the adsorbate 4. Equation (11) then be-
comes

(QAA QAB)(GAA GAB)_(I 0 )
Ops Qps/\Gps Gpp) \0 1—-04,G))

(13)

(GAA GAB)_(QAA QAB)_I(I 0 )
Gpa Gaz) \Qas Qss) \0 1-0%4,G%s)

(14)
We denote the inverse of the matrix Q (Q71) in Eq. (14)
by G,

Gus Gap\ (Gas Gup\(1 0
GBA GBB GBA GBB 0 l_QﬁDGj’EB )
(15)

We can get the density matrix with the embedding
effect as follows:

(Step 1) The matrices @ and G/ are given by the HF
calculation for the free BU D region, and the initial value of
G is given by the HF calculation for the AU B region.

(Step 2) G is calculated from G by Eq. (15), and the
density matrix P with embedding effect is given by Eq. (8).

(Step 3) The F matrix in Eq. (1) is calculated from
the new density matrix P.

(Step 4) Perform steps 2 and 3 iteratively until P con-
verges.

We adopt the scheme of Ravenek and Geurts?® who
exclude the numerical integration in Eq. (8) and give the
analytic form of the density matrix P. Using Egs. (7), (8),
and (14), we obtain the analytic form of the density matrix
in the RHF approximation as

occ
P,=2D C,C,, recAUB, scd,
i

occ B

occ
P=22 C,Cy+2 Y X C,CoX(as,i)
i i a

uoc B

—22 2 CCaX(asi), redUB, seB,  (16)

1 a
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b we o Cl(F/ —¢ls/
> E 5 e/ )ab, g€0cc
. b Ei— j
X(asi)=) p o (Ff efo)b
2, &g€uoc,
Z 2 p—sy

J

(17)
where occ and uoc denote the occupied and unoccupied
orbitals, respectively. We introduce the coupling matrix M,
‘which is defined by

all B

P,= % Y CuCaM (er), (18)

D uoc f _cff
CiCl(F —¢ )
J
M (e)= D occ c/
c (F/— fsf
R
b E—€j
(19)
In the cluster model, the coupling matrix elements are
" 20(e—¢”), e<e’ 0
sa(e)— 0, £>£f’ ( )

where £/ is a Fermi energy and @ is a step function.

lil. BASIS SET

In ab initio calculations of the embedded cluster
model, the basis set is very important since we have to
divide the cluster B from the larger cluster BUD and this
division is usually defined by classifying the basis functions
into those belonging to either the B or D region. The cou-
pling matrix, e.g., depends on the basis set since the defi-
nition of the B and D regions depends on the classification
of the basis set used. In the nonorthogonal basis, since
there are overlaps between the basis in the B region and the
one in the D region, the coupling matrix elements become
large and strongly dependent on the orbital energy. This
gives a difficulty in the convergence of the SCF calculation.
The orthogonalization of the basis of the BUD region im-
proves the behavior of the coupling matrix.2’ We perform
the symmetric-orthogonalization method described below
which localizes each basis on each atom.

We define the overlap matrix S and the transformation
matrix Q as

Q'sg=1, 0=s"", @21
Oss Qsp\"(Sss Ssp\(Css QPsp 10
(QDB QDD) (SDB SDD) (QDB QDD)=(O 1)'

(22)
We transform the basis y as
1 O 0
x'=xW, W=|0 Qps Opp]|. (23)
0 O9ps Qpp

Namely, with the matrix W, only the elements of the BUD
region in the system 4AUBUD are orthogonalized

1 0 0\t /Sy Sg Oy/1 0O 0

0 Ops 8o Sga Sz Sep || 0 Qs Qpp

0 Ops Qpp). \ O Sps Spop/ \O @ps Qpp
Saa Sz Sip

=[Sz 1 (U (24)
Spa O 1

Since the new basis yJ, is localized on the atoms of the D
region, the elements S’;;, and S},, should be small enough,
so that we assume S’;;, = O and S, = 0. Thus this transfor-
mation satisfies Eq. (9). Using Eq. (24), Eq. (17) be-
comes,

D uoc ,F
>y -7-—, g€0cc
b e/
X(asi)={ , o; j ,; (25)
, E€uoc.
SR

IV. MODIFICATION OF THE DENSITY MATRIX
CALCULATION

There are some difficulties in the SCF process of the
embedded cluster model calculation.

(1) A large number of operations for calculating den-
sity matrix elements. The calculatlon of densnty matrix el-
ements in Eq. (16) involves n’ operatlons

(2) Slow convergence in the SCF calculation. The
variables for calculating the density matrix are not only the
LCAO coefficients, but also their orbital energies. The in-
crease of the variables leads to a slow convergence.

We therefore modify the algorithm of the density ma-
trix calculation. We divide the convergence process of the
LCAO coefficients from that of the orbital energies. The
scheme is summarized in the following steps:

(Step 1) The matrix X in Eq. (25) is produced from
c’, ¢/, and F/ with ¢, fixed. The orbital energy ¢; calcu-
lated for the cluster AU B is chosen as the initial value of &,

(Step 2) SCF calculations are performed until P con-
verges with fixed X. After the convergence, we get a new
set of ¢; which are different from the old &;.

(Step 3) Replacing old ¢; by new €, X in Eq. (25) is
reproduced.

(Step 4) Steps 2 and 3 are done iteratively until P and
€; converge.

Although the convergence depends on the initial val-
ues of P, C, and ¢, the SCF cycle in step 2 costs 1/3-1/5
times the central processing unit (CPU) time for the cal-
culation without this scheme. Without this scheme, the
embedded cluster model calculation oscillated and did not
show a convergence of the density matrix in the following
calculations for the Li,H, system. However, with this
scheme, the embedded cluster calculations converged and
several trial calculations using different initial MOs gave
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the same unique stable result, i.e., the ground state. In step
2, the calculation of density matrix elements involves n’
operations.

V. MODIFICATION OF THE GREEN’S FUNCTION

For ab initio calculations of surface-molecule interac-
tions, it is usually difficult to use a large enough cluster for
representing a solid surface. In a bulk metal, the conduc-
tion and the valence bands are continuous, but in the clus-
ter model, the energy levels are discrete and there is a
highest-occupied molecular orbital-lowest unoccupied mo-
lecular orbital (HOMO-LUMO) gap. Since the analytic
form of the coupling matrix in Eq. (19) is different be-
tween the regions € < € fand e>e”, , and includes the term
1/(e—e¢ Jf ) which is singular at e=¢ { , the matrix elements
are not smooth near the Fermi energy level. We then at-
tempt to modify the term 1/(e—e¢ ]f ) in order to prevent
them from the singularity. We try to simulate the density
of states of a bulk metal by adding a linewidth to each
energy level of the cluster and modify the embedded clus-
ter model by requiring the Green’s function to consider the
linewidth of each energy level. The energy gap «,

K=£xoMo— ELUMO (26)

in the bulk metal should be zero, but is actually nonzero
because of a finite size of the cluster BUD. We therefore
modify the density of states so that the value is nonzero in
the neighborhood of the Fermi level.

The density matrix in Eq. (8) can be written by using
the § function as

v, all

Pi,= f de Y, Cp,Cond(e—&,), (27)
— 0 n

and the & function is rewritten as below by using the Lor-

entz type function '

o1 K
I P P L

1 K
=lim—Im(——-—.), (28)
o0 Z—E,+IK

where i is the imaginary unit. We put Eq. (28) into Eq.
(27) and obtain

. 1 ef Ci.ncan
PAU=‘1(1_IE1—T . dzIm % (Z—En-i—iK)
. 1 Clncan
=}:t(1) Re(-z—m. § dz ; m), (29)

where the integral path is taken around the poles corre-
sponding to the occupied orbitals.

Let each orbital energy have a Lorentz type distribu-
tion whose half value is equal to «’,

_ €Homo —€LuMo
- ’

2

’

(30)
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FIG. 2. A Li cluster interacting with H,. The four shaded Li atoms
compose the B region and the other Li atoms the D region, and Hj is the
adsorbate 4 in Fig. 1.

then the density of states for the cluster BUD has no en-
ergy gap. We put k=«’ instead of k-0 in Eq. (29). From
a comparison of Egs. (8) and (29), the Green’s function is
written as

Clnccm
G a(z)=Re( Anzon ) 31)
A En: Z—&,+iK

Using Eq. (31) instead of Eq. (7), we get the density
matrix as
oceC

P,= ) C,Cy, reAUB, sed,
i

occ B

occ
P= 2 C.iCoit z z C,iCoiX (a,s5,i)

uoc B
— Y 2 CCuX(asi), redUB, seB,  (32)
where
D uoc LI F,
5SS e
Yiash) b ; E,~—£j+[K2/(£,-—£j)]
5=\ p o f of of
C.C.
>y v o a 7—, EfuoC.
b j ei—£j+[K2/(£i_£j)]
(33)

If the cluster is large enough, then k’ -0 and the modified
Green’s function becomes equivalent to the original one, or
else the density matrix and the electronic energy depend on
the value of «’.

We examine the «’ dependence for the adsorption en-
ergy. The Li crystal has a body-centered-cubic lattice with
the lattice constant of 3.52 A. We use a Li,, cluster shown
in Fig. 2 as the large cluster BUD which is supposed to
represent the Li (100) surface. The shaded four atoms
represent the B region and the others represent the D re-
gion. For the Li atom, STO-3G basis plus diffuse s function
(£=0.076) is used.®

We set the Fermi energy ¢ / and «’ as

J. Chem. Phys., Vol. 97, No. 9, 1 November 1992
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FIG. 3. x’ dependence of total and adsorption energies. The energies are
plotted vs x’2. Each value for x’=0 is taken to be zero.

Enomo+E
¢ =0 MO _0.027 au,

2 (34)

K'=w=0.0649 au,
where the values of eyomo and € ymo are due to the Lij
cluster calculation.

Figure 3 shows the «’ dependence of the total and
adsorption energies for Li, embedded in the Lig cluster
model. Since Eq. (33) depends on not «’, but k'%, the
energies are plotted against «’? in the range of 0.02<x’<0.1
a.u. If the value of k’ is less than 0.02 a.u., the embedded
cluster model did not show convergence and the total en-
ergy was not obtained. The extrapolation of the energies
for several values of k' gives the energies for k' =0 that are
taken to be the origin of Fig. 3. The points “1” and “9” in
Fig. 3 correspond to the free H,+ Li,; and on-top adsorbed
H,Li,, systems, respectively (the explicit coordinates are
given in Table I). The total energy at points 1 and 9 for
k'=0 are —29.7919 and —29.8416 a.u., respectively, and
the energy difference gives the adsorption energy for ' =0,
i.e., 31.2 kcal/mol. The adsorption energy for ' =0.0649
a.u. defined in the same way is 34.9 kcal/mol. The differ-
ence 3.92 kcal/mol is the effect of modifying the Green’s
function, but is small in comparison with the absolute
value of the adsorption energy.

(35)
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TABLE 1. Geometries of the points 1-15 along the reaction path shown
in Fig. 8.2

Distance (.&)

Position Ry y Ryiy®
1 0.7417 20.047
2 0.7417 2.4273
3 1.0 2.0600
4 1.2 1.9290
5 1.4 1.8134
6 2.0 1.7610
7 25 1.6705
8 3.0 1.6139
9 3.4928 1.595

10 4.0 1.595

11 4.6 1.595

12 5.4742 1.595

13 6.644 1.5952

14 7.208 2.0147

15 7.3 1.9815

*The reaction path keeps the C,, symmetry.
®Distance to the nearest Li atom.

Vi. ADDITIONAL TERM IN THE FOCK MATRIX

The bulk effect on the B region is not represented by
the correction of the density matrix alone. Ravenek and
Geurts? suggested that there is an electrostatic contribu-
tion due to the charge distribution in D and that is included
in the H matrix in Eq. (3). We adopt their correction and
the field is estimated with the use of the population anal-
ysis. We calculate the Lowdin population for the free BUD
region without 4, and replace the atoms in D by the point
charges. We use the A matrix of the AU B region with the
point charges in the D region. In the following calcula-
tions, this correction is not important since the atomic
populations in the D region are —0.06—+-0.15, which are
not so large.

Vil. BEHAVIOR OF THE COUPLING MATRIX

We compare the coupling matrices using the
nonorthogonal and semiorthogonal basis and the modified
Green’s function. We use the same model as shown in Fig.
2. In the cluster model, the coupling matrix M is given by
Eq. (20).

Some elements of the coupling matrix by the
nonorthogonal basis are shown in Fig. 4. The diagonal and
off-diagonal elements show an energy dependence and the
off-diagonal element is quite large. The corresponding cou-
pling matrix elements obtained by the semiorthogonal basis
are shown in Fig. 5. The diagonal elements show a step-
function shape and the off-diagonal element is small, but
around the Fermi energy level, they show a sharp maxi-
mum or minimum. The effect of the orthogonalization on
the coupling matrix is reported previously by Ravenek and
Geurts.”

Figure 6 shows the corresponding coupling matrix el-
ements calculated by the semiorthogonal basis and with
the modified Green’s function explained above. The diag-
onal elements look like step functions and the off-diagonal

J. Chem. Phys., Vol. 97, No. 9, 1 November 1992
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FIG. 4. Coupling matrix elements for the nonorthogonal basis.

element is very small for all the values of energy. The
maximum and the minimum near the Fermi energy level
disappear. This result indicates an easy convergence of the
density in the SCF calculations. We therefore adopt Eqgs.
(32) and (33) using the semiorthogonal basis and the
modified Green’s function in the following calculations.

VIIl. CALCULATION OF H, ADSORPTION ON A Li
SURFACE

The embedded cluster model has been applied to the
adsorption of a H, molecule on a Li (100) surface. Rav-
enek and Geurts? studied the Li-H system using the em-
bedded cluster model.

We use the Li,g and Li,4 clusters shown in Figs. 2 and
7, respectively, as the BUD region. The shaded four atoms
represent the B region and the others the D region. The
clusters are supposed to represent the Li (100) surface and
to hold the bulk lattice structure throughout the hydrogen-
adsorption processes. The H, molecule is assumed to ap-
proach horizontally and interacts mainly with the shaded
atoms. The Gaussian basis set for the Li atom is the same
as the one used in the previous section, and for the H atom,
the double zeta (4-31G) set is used.

4}
- Mi7,17
2
Mg
0
2k M24,.20
A | Sf“
-0.125 -0.075 -0.025 Energy [a.u.]

FIG. 5. Coupling matrix elements for the semiorthogonal basis.

Y. Fukunishi and H. Nakatsuji: Moderately large-embedded-cluster model

Mi7,17
2 A
Ms s
0
| M24,20
1 gf' 1
-0.125 -0.075 -0.025 Energy [a.u.]

FIG. 6. Coupling matrix elements for the semiorthogonal basis with mod-
ified Green’s function.

We perform five different calculations for the cluster
and embedded cluster calculations in order to clarify the
embedding effect; they are the Li, cluster, Li, embedded in
Lig and Liy, clusters giving, respectively, Li;, and Li,,
BUD clusters, and Li,y and Li,4 full-cluster models. The
two embedded cluster calculations are thought to have
simulated, respectively, the last two cluster calculations.
These five calculations are performed on the same reaction
path shown in Fig. 8. Several coordinates along the reac-
tion path are shown in Table I. At points 1 and 2, the H-H
distance is kept at the equilibrium bond length of a free H,
molecule. From points 7 to 10, the Li,—H, distance is kept
to 1.595 A, which is the Li-H equilibrium distance for the
on-top adsorption. From points 10 to 12, the Li-H distance
is kept at 1.595 A. In order to satisfy the condition of Eq.
(9) for the embedded cluster model, the hydrogen is
moved, keeping the direct interaction with the Li atoms in
the D region as small as possible. The distance from points
9 to 12 is only 0.2536 A, which is small in comparison with
the Li-Li distance 3.4928 A. Beyond point 12, the present
embedded model calculation is limited because there the
direct interaction between 4 and D is not negligible. We
therefore perform only cluster model calculations in this
region.

FIG. 7. A Li,, cluster interacting with H,. The four shaded Li atoms
compose the B region and the other Li atoms the D region, and H, is the
adsorbate 4 in Fig. 1.

J. Chem. Phys., Vol. 97, No. 9, 1 November 1992
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ergy barrier in the cluster model are strongly dependent on
the cluster size, but in the embedded model they are less
dependent on the size of the D region. The energy differ-
ence between the two embedded cluster models are less
than 10 kcal/mol all over the reaction path and their po-
tential curves are similar. The embedded cluster models
give the sharp barrier of the height of 98-101 kcal/mol at

FIG. 8. The reaction path for the H, adsorption on a Li surface. This
reaction path keeps the C,, symmetry and is the same for all of the five
different cluster and embedded cluster calculations, except that some Li
atoms are missing in some models. Points 13, 14, and 15 are the most
stable structures for the Li,H,, Li,,H,, and Li;H, cluster models, respec-
tively.

The potential energy curves along the reaction path are
shown in Fig. 9. The results are summarized in Table II.
The energy at point 1 is chosen as a standard, namely to be
zero. The solid, broken, and dotted lines represent the re-
sults of the embedded cluster model calculations, Li,; and
Li,, cluster model calculations, and Li, cluster model cal-
culations, respectively.

By embedding the Li, cluster onto the larger cluster,
the curve for the Li, cluster model is shifted up to those for
the Li, embedded cluster models. This is reasonable in
comparison with the curves obtained by the full-cluster
model calculations. The value and the position of the en-

point 5 and the local minimum corresponding to the on-
top adsorption at point 9. The energy barrier calculated by
the cluster model is 40.0 kcal/mol for Li,, 84.8 kcal/mol
for Li,q, and 72.3 kcal/mol for Li4. The cluster models do
not give the minimum in the reaction path from points 1 to
12.

The embedded cluster calculations using Li, as B and
Li;o as D as shown in Fig. 6 may be considered to have to
simulate the Li,, cluster model calculations since Li,4 is
the full BUD cluster. The barrier of the embedded model is
higher than that of the full cluster model, since the approx-
imation of the fixed electronic effect of D on B in the em-
bedded model cannot describe fully the relaxation of the
system in the full cluster model. The potential curves for
the embedded and full cluster models are also different
after the barrier; the latter monotonously stabilizes up to
point 12 in Fig. 8, but the former shows a minimum near
the point 9 geometry, though it is less stable than the sep-
arated system by 24.7 kcal/mol. This minimum may be
artificial because after point 9 geometry, the direct inter-
action of hydrogen with the Li atoms in the D region
would occur, but poorly described in the embedded model.
In other words, the Li, embedded cluster is too small in the

100}~

[N
(=]
T

Energy (kcal/mol)
N
(=)
I

Lis embedded

on to Lijp cluster
Lis embedded

on to Lig cluster

-—s—— Lij4 cluster model
-—o0—— Lijg cluster model

---e--- Li4 cluster model

201 Li——Li
0-—nbridge /'/’, , .
R { o e 4 free Hz + Liy
T e
208 {3 fold-hotlow
1 mxy v o I | S A | !
8 #15 7#13 6 #125 4 #93 2#6 #4 0.7417 #1
#14 H-H distance (&)

FIG. 9. Potential curves for the H, adsorption on a Li surface. The solid line represents the embedded cluster model, the broken and dotted line the
cluster model. The most stable geometries for the cluster models which are point 13-15 geometries are shown in Fig. 10.

J. Chem. Phys., Vol. 97, No. 9, 1 November 1992



6542

Y. Fukunishi and H. Nakatsuiji: Moderately large-embedded-cluster model

TABLE II. Adsorption site, adsorption barrier, adsorption energy, and atomic population of the adsorbed
H for the most stable adsorption geometry calculated by the cluster and embedded cluster models.

Adsorption barrier Adsorption energy Atomic population

Cluster Adsorption site (kcal/mol) (kcal/mol) on H
Li, cluster On top 40.0 18.9 1.25
Li,o cluster Three fold hollow 84.8 31.2 1.23
Li,4 cluster Bridge 72.3 14.2 1.22
Li, embedded onto Li,, On top 98.2 —24.7 1.29
Li, embedded onto Lig On top 100.8 —349 1.28

region R > point 9. We note that the energy for Li, embed-
ded on the Lijq cluster is always lower than that for Li,
embedded on Lig.

Figure 10 shows the equilibrium geometry of the H
atoms optimized for the cluster model on the Cs symmetry
plane. It also shows the gross charges on each hydrogen
atom. In the Li, cluster, a single Li-H bond is formed with
the terminal Li atom. The stabilization energy relative to
the free Li,+ H, system is 18.9 kcal/mol as shown in Fig.
10. The Liy, cluster adsorbs the hydrogen atom at the
threefold hollow site and each hydrogen atom makes
equivalent three Li-H bonds with Li; on the corner. The
heat of adsorption is calculated to be 31.2 kcal/mol. The

+18.9 kcal/mol (-0.25)
[- S— ———0
Lig
-34.9 kcal/mol
(-0.28)

'Y [ ]
; a
i |

+31.2 kcal/mol

Liio
-24.7 kcal/mol (-0.29)
° ?
$ ! -0.22
+14.2 kcalltilgh,\\ i P E\ )

-~ ~.

FIG. 10. Adsorption site, adsorption energy (stabilization energy relative
to Li,+H, in kcal/mol), and atomic population of the adsorbed hydro-
gen. Filled small circles represent the results of the embedded cluster
model and open small circles represent the results of the cluster model.
Atomic populations are shown in the parentheses.

Li,,4 cluster adsorbs the hydrogen atom at the bridge site
and each hydrogen makes equivalent two Li-H bonds. The
heat of adsorption for this adsorption site is calculated to
be 14.2 kcal/mol, which is smaller than the adsorption
energy on the threefold hollow site. These results on the
adsorption site and the adsorption energy obtained for the
cluster model are different from those obtained from the
embedded cluster model; on-top adsorption with negative
adsorption energy (—34.9 or —24.7 kcal/mol) are shown
in Fig. 10. We note that this difference is due mainly to the
smallness of the B region (only Li,) in the present embed-
ded cluster model calculation: it cannot represent the Li-H
bonds in the bridge and threefold hollow sites. However,
we further note that even the Li, cluster gives positive
adsorption energy in the region R > point 8: at the on-top
site of point 9, it is +9.0 kcal/mol. This is in contrast to
the result of the present embedded cluster model calcula-
tion.

The atomic charges of the adsorbed hydrogen are —
0.25, —0.23, and —0.22 for the Li,, Li;q, and Lij4 cluster
models, respectively. Those of the embedded cluster mod-
els are —0.28 and —0.29 for Li, on Lig and Li,,, respec-
tively.

IX. CONCLUDING REMARKS

We have modified here the moderately large embedded
cluster (MLEC) model of Grimley et al. and applied it to
H, adsorption on a lithium surface. We have improved the
convergence behavior of the MLEC method by giving a
linewidth to each discrete energy level. The symmetric or-
thogonalization of basis set and the new convergence algo-
rithm are adopted. The use of semiorthogonal basis and
improved Green’s function make the coupling matrix
smooth and the convergence of SCF procedure easy.

The calculations of hydrogen adsorption on Li (100)
surface are performed by the use of several cluster models
and embedded cluster models. In the embedded cluster
model, the equilibrium structure of the adsorbed hydrogen
is obtained at the on-top position, but this adsorption
structure is 24.7 or 34.9 kcal/mol less stable than the iso-
lated system. In the region that the direct interaction be-
tween A4 and D is small, the embedded model simulates
rather well the full cluster model (i.e., the AUBUD
model). However, outside the region, the embedded cluster
model does not simulate the full cluster model well. A
reason is clearly that the present MLEC model calcula-
tions are too small for dealing with the D region as a small
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perturbation to the 4+ B region. The cluster models, on
the other hand, show the threefold hollow or bridge site
adsorptions which are 14.2 and 31.2 kcal/mol more stable
than the isolated system.

The criticism of the present result is rather difficult. If
the results of the embedded cluster model should repro-
duce those of the full-cluster model, the results shown in
Fig. 9 are by no means favorable to the embedded cluster
model. On the other hand, if the D region of the embedded
cluster model should be considered as representing a
boundary of the bulk metal instead of an outer part of the
larger cluster, the present result shown in Fig. 9 is difficult
to evaluate since there is no experimental estimation on the
potential surface for the dissociative adsorption of H, on a
Li surface, especially between points 1 and 9.

For doing the embedded cluster model calculations, we
have to calculate the BUD cluster, which is Li; or Lij,4 in
the present calculations. For studying catalytic activity of a
metal surface, we have to deal with transition metals, and
doing ab initio calculations for even an M, cluster (n=10-
20) is still a very hard job. Therefore, though the calcula-
tional labor has been made somewhat smaller by the
present modification of the MLEC model, a full applica-
tion of this model to the transition metal surface is still
difficult at present. Further, accounts of electron correla-
tions are very important for dealing with such systems. '
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