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We have investigated the spin- and charge-polarization effect on the chemisorption en-
ergy in terms of an Anderson-Newns-type model Hamiltonian with a quasimolecule ap-
proach. The quasimolecule consists of the adsorbate and its nearest substrate atoms, and
is embedded in the rest of the substrate. Using a quasimolecule projection method, which
is a generalization of Schonhammer’s single-site projection technique, the trial function
for the ground state describes the quasimolecule exactly. Numerical solution indicates a
20—30 % change of the chemisorption energy due to the polarization effect to make the

adsorbate bond more strongly to the substrate.

1. INTRODUCTION

Depending on the electronic properties of sub-
strates, various models have been proposed to
study chemisorption. For chemisorption on transi-
tion metals, the Anderson-Newns model! ~¢ and its
modified version’~!3 have been extensively used.
Besides the chemisorption energy, the overlap ef-
fect,!* the screening and polarization,7’15 the disso-
ciative process,® the nature of the bond,'! and the
core-level spectra in adsorbates'®!” was also inves-
tigated. Recently, this model has been reviewed in
detail by Muscat and Newns.'?

When an adsorbate approaches a surface, the im-
age potential, the charge transfer, and the polariza-
tion of the substrate electrons should be considered
in a self-consistent calculation of the adsorbate
valence levels and the local density of states. To
perform such a self-consistent calculation, one
needs to know the geometry of the chemisorption
site and the effective range of polarization. Sophis-
ticated numerical calculations'®~?? indicate that
the exact geometrical position of a single adsorbate
on a surface varies with metals and with crystallo-
graphic planes. Nevertheless, in most cases the
adatom is found to occupy a site of maximum
coordination, i.e., a hollow site in the surface.'®
Regarding the effective range of polarization, the
ultraviolet photoemission spectra below the bottom
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of the substrate valence band suggest a picture in

which the chemisorbed H on transition-metal sur-
faces couples strongly to a limited number of sub-
strate atoms in a quasimolecule fashion.

The problem becomes more complicated if the
substrate is magnetic.!? Even for a clean surface,
the surface magnetization may not be the same as
the bulk magnetization. Furthermore, it has been
observed?’ that chemisorbed H on Ni(100) causes
surface demagnetization. Although the present
work can be generalized without difficulty to cope
with a magnetic substrate, we will only consider
here nonmagnetic surfaces in order to demonstrate
our results in a clear physical picture.

To calculate the absolute chemisorption energy
of an adatom is almost impossible. While many
authors have calculated the chemisorption energy
involving transition metals, very few have treated
explicitly the effect of the substrate electron polari-
zation on the adsorbate valence levels. The
method of Bell and Madhukar’ seems unsuitable
for quantitative investigation.’

The present work will study this polarization ef-
fect using a modified Anderson-Newns model. We
will extend the single-site projection operator ap-
proach of Schéhammer?* and construct the projec-
tion operators for the “quasimolecule.” It is then
straightforward to calculate the change of chem-
isorption energy due to the induced polarization
around the adsorbate.
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II. THE MODEL

The electronic structure of the transition-metal
substrate is complicated owing to the strong
electron-electron correlation. As a starting point to
formulating a solvable model, we assume a nonde-
generate narrow band for the clean substrate. In
terms of the orthonormal set of localized Wannier
orbitals, the Hamiltonian for the substrate is sim-

ply
Hs():ztijaityajo . (1)

ijo
a,-t, (a;4) is the creation (annihilation) operator cor-
responding to the orbital localized at i. One may
imagine that the exchange and the correlation ef-
fects are included in the band calculation, and
therefore, tij is the effective electron transfer in-
tegral obtained as the Fourier transform of the
band energy. Because we assume a nonmagnetic
substrate, ¢;; is spin independent. We also choose
t; =0 as the zero reference energy.

To make the problem simple, we consider a sin-
gle adsorbate with only one valence level. Far
away from the surface the valence-level energy is
Ey,. Let a specify the position of the adsorbate on
the surface and ¥V, the valence-level shift due to
the substrate lattice potential. Then the adsorbate
can be described by the Hamiltonian

H, =Ea2naa+Unatncu s (2)
o

where E,=Ey, + Vogs Rao =oz:r,“,a¢,“r with al,,(am,)
being the creation (annihilation) operator associated
with the adsorbate orbital localized at position a.
U is the intra-adsorbate Coulomb energy.

The coupling between the adsorbate and the sub-
strate can be expressed in the general form

Has = 2( V’ialj;‘adﬂ + I/;alﬂal’(r)

io

+ % 2 Wiaa'nianaa' . (3)

ioo’

The presence of the adsorbate potential also modi-
fies the substrate band structure. This effect will
be introduced with a set of parameters {y;;} to
change H, into

Hy=3(1+7v; )tijaitraja ) 4)

ijo

The Hamiltonian of the whole system is then

H=H,+H,+H,
= > 1+ )tijaitraja'*'Eaznaa'*' Unging,

ijo o
+2( Viaitraao + Waj;aaia)
io
+ ';' 2 u’iaa’nianau’ . &)

ioo’

This is simply an Anderson-type Hamiltonian in
the coordinate space representation.

This general Hamiltonian must be simplified in
order to derive an analytical solution. Let us as-
sume a square lattice for the surface and the chem-
isorption site a at the center of a square. Such
geometry is rather common in real systems.!®* We
mentioned earlier that the experimental data sug-
gests a short-range coupling between the adsorbate
and the substrate. For a practical reason, to be
seen in the next section, we only retain the cou-
pling between the adsorbate and its four nearest
substrate atoms. For a nonmagnetic substrate as-
sumed here, we further restrict ourselves to spin-
independent interaction W;,,,=W,. If we choose
real V; for convenience, the simplified Hamiltonian
has the form

H=73 ';tijaityaja‘*'(l'*"}’)(z tija;raaja

ijo’ ij)o

+Ea2naa + Unatnm + Vz (a;rzaaio+ai1;rsao)
a (i)o
+5WS Nighey - 6)
(i)oo'
The primed sum excludes both i and j in the quasi-
molecule simultaneously, and summations over
(ij) and (i) run over only the four atoms nearest
to the adsorbate. Because of the symmetry, we can
drop the subscripts of y, V, and W.
If we rewrite (6) as

H=H,+, 'tijaitraja ) )
ijo’
where

H,=Ey3n4,+Ungn VS (al,a; iy

m a aoc at al+ (z) aaoaxo+atvaaa)
a i)o
1
+-2—W 2 nianaa'+(l+7) 2 tijaitrajo' ’

(i)oo' (ij)o

(7

then the whole system can be visualized as a quasi-
molecule embedded in a matrix. The quasi-
molecule consists of the adsorbate and its four
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nearest substrate atoms, and its Hamiltonian is just
H,,. This quasimolecule picture helps to clarify
the quasimolecule projection technique in the next
section.

Before going further we must point out that the
adsorbate-level shift V}, is caused only by the sub-
strate lattice potential since the interaction between
the adsorbate and the substrate electrons is includ-
ed in H,. On the other hand, we have neglected
the shift of the Wannier-state energy by the adsor-
bate ion core in order to reduce the number of
parameters in the model Hamiltonian. We will re-
turn to this point when we perform the numerical
calculation in Sec. IV.

III. QUASIMOLECULE PROJECTION METHOD

For an adsorbate with only one orbital, there are
four configurations: doubly occupied by two an-
tiparallel spin electrons, singly occupied by one
up-spin electron, singly occupied by one down-spin
electron, and empty. If the adsorbate is singly oc-
cupied by a g-spin electron, the lowering of energy
owing to the electron hopping between the adsor-
bate and its nearest substrate atoms enhances the
probability of having —o-spin electrons occupy
these nearest substrate atoms. Similarly, if the
number of electrons on the adsorbate deviates from
the average number of electrons per atom, the sur-
rounding substrate electrons may relax via a charge

redistribution to compensate for the charge fluctua- .

tion on the adsorbate and so lower the energy. Be-
sides, the charge redistribution is also driven by the
Coulomb interaction between the electrons on ad-
sorbate and on substrate. In other words, there is
strong spin and charge polarization within the
quasimolecule introduced in the previous section.

The total number of configurations of the quasi-
molecule is finite. The spin and charge polariza-
tion simply means that some of these configura-
tions are energetically more favorable than the oth-
ers. Therefore, if we neglect the polarization effect
and find the lowest energy state of the quasi-
molecule embedded in the matrix, the ground state
of the whole system can be well approximated by
properly projecting out partially the unfavored con-
figurations from this lowest energy state. This ap-
proach is exactly a generalization of the single-site
projection operator method used by Schon-
hammer.?*

In practice it is easier to start directly from the
trial function based on the concept of the quasi-

molecule projection operation. Let the total
number of electrons of the whole system be N. For
a nonmagnetic substrate, we have N(1)=N(])

=N /2, where N (o) is the number of o-spin elec-
trons. A configuration can be defined as follows.
Let T (or Q) be a set of u (or v) substrate atoms
within the quasimolecule, and G (or F) a set of
N/2—p—1 [or (N/2—v—1] substrate atoms out-
side the quasimolecule. Then

O(pq :uv:I'QV:GF)

= La;lna;, HaLHagTrHa}l 10), (8

JET " kEQ g€G fEF

where p and g are not the substrate atoms inside
the quasimolecule, represents one configuration.

The configurations can be separated into four
groups: (1) p =g =a for the adsorbate being dou-
bly occupied, (2) p =a and gs~a for the adsorbate
being singly occupied by t-spin electron, (3) p#a
and g =a for the substrate being singly occupied
by a |-spin electron, and (4) p~a and g4 for the
adsorbate being empty. For a given degree of spin
and charge polarization within the quasimolecule,
the many-electron wave function can be expressed
in the general form

D= > A(aapuv:IQ:GF)
rQFG

X ®(aa:uv:I'Q:GF) (9a)

for the adsorbate being doubly occupied,

@)= Y Alaquv:TQ:GF)
gTOFG

X D(aq:uv:I'Q:GF) (9b)

with g#a for the adsorbate being singly occupied
by 1 spin,

®y,,= Y A(pauv:TQ:GF)
pTQFG
X ®(pa:uv:T'Q:GF) (9c)

with ps%4a for the adsorbate being singly occupied
by a | spin, and
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which is just the single-site approximation in

Qy= 23 Alpg:uv:T Q:GF) Kikuchi’s cluster variational expansion.2® The

parorG reader is referred to the original work for the de-
X ®(pg:uv:T'Q):GF) (9d) tailed computation scheme. The coefficients f,,
are the variational parameters to minimize the en-
with p=#£a and gs4a for the adsorbate being emp- ergy E=(V|H |¥)/{¥|¥). The minimization
ty. process leads to solving the coupled equations
For the square lattice considered here, both u _
and v can take the values O, 1, 2, 3, or 4. There- jwzf< Py |H—E | CDJ'“’T)fJ'“’T_O 11
fore, there are 100 wave functions of the form
(9a) —(9d) and the trial function for the ground for all the 100 sets (iuv).
state can be constructed as The matrix elements (®,,, | H | ®),,) and
(<I>,~,w] ®;,,) can also be calculated with the quasi-
\I'=2fi,w<1>,-,w . (10) chemical approximation. The algebra is straight-
ipv forward and here we present only the final results.
The coefficients 4 (pq uv:I'Q:GF) in (9a) —(9d) can If we define € as the mean band energy per electron
be determined self-consistently with the quasichem- of the clean substrate in the absence of the adsor-
ical approximation proposed by Gutzwiller,? bate, the diagonal matrix elements are

|
(@ | H [ @y /(P | Pryy) = (N —1)E+2E, + U+ (u+vIW
—[48—2(1+y)4u+dv—pu*—+*]e/9 , (12a)
(q)prlH l q>2;w)/<q)2;w’ ¢2yv>= <(I>3,“,|H | q)3,uv>/< ‘I’pr[ CI>3,W)
= (N—1e+E,+(u+vIW/2
—[48—2(14+y)d4u+4v—pu>—1H]e/9 , (12b)

and
( @y | H | @y} /{ Papyy | Py =(N —1)E—[48 —2(1+y)(4p +4v—p? —+?)]E/9 . - (120

For the off-diagonal matrix elements, we first notice that (®;,, | (Dj,,,,,) < 8;8,,0,r The nontrivial off-
diagonal elements of the Hamiltonian are connected to the hopping of electrons between the adsorbate and
its four nearest neighbors (the intraquasimolecule hopping), and between these four neighbors and the rest of
the substrate (the quasimolecule-substrate hopping). For the intraquasimolecule hopping, let us define

1

V=2vy, 7

()

Z’ exp(iEij)
K

> (13)

where L is the total number of atoms in the substrate and the primed sum runs over all the K states in the
Fermi sea of the clean substrate. In terms of V" we obtain the following elements for the intraquasimolecule
hopping:

<¢3,u+1,v l H | (I)l;w)/(<q)3,p+l,v I <I)3,u+1,v) <q)luv l q)luv> )]/2=§31(.uv)[(.u+ 1)(4“‘/-")]1/2V/2 » (14a)

(@a gt H | o) /U@ 1,0 Pap 1,00 Popy | Popo ) *=Eqp(uv)[(u+ 14—V /2, (14b)

(Dot [ H [ @iy /D@ i1 | Pop vy 1) Py | RN 2 =E01(uv)[(v+ 1)(4—W)]2T /2, (14¢)
and

(@ pyi1 |H | @) /D@y py 1 | Py 1) Py | P3NV 2=Ea@v)[(v+ 1)(4—)12V /2 . (14d)

In the above equations, §;;(uv) can be written as the product of the power of N /L and the power of
(2—N/L). For the numerical calculation in the next section, we will assume N /L =1 and so Eijluv)=1.
Therefore, we will not give here the explicit expression of &;;(1v) which is rather complicated.
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The off-diagonal matrix elements corresponding to the quasimolecule-substrate hoppings have the similar

form as

<q)i,p+1,v |H | q)i;w>/(<q)i,p,+l,v l q)i,y+l,v><q)i;w [ (Di,uv) )1/2=§ir(#‘/)[(#+ 1)(4—'.“)]1/2?/2 (15a)
and

(D oyt | H | i) /Dy oyt | Py 1) Piy | @iy )2 =61, () (v 4+ D(4—)] %€ /2 . (15b)

The other nontrivial elements are the reverse
processes of (14a)—(15b).

Before closing this section, we would like to em-
phasize two points. First, if we know the surface
magnetization from experiments, we can empirical-
ly determine the number of electrons with 1 spin
and with | spin. The above procedure for con-
structing the trial function and for calculating the
matrix elements can be easily generalized to inves-
tigate the chemisorption on magnetic substrate. Of
course the matrix elements will be extremely com-
plicated, and some of the parameters in the Hamil-
tonian should be spin dependent. At the present
stage of the theory for a qualitative investigation, it
is necessary to understand first the simpler non-
magnetic surface.

The second point is about the effective range of
spin and charge polarization. With only the polar-
ization effect on the nearest neighbors of the adsor-
bate, we already have to diagonalize a 100X 100
matrix indicated by (11). If we extend the polari-
zation range, i.e., if we enlarge the size of the
quasimolecule, the Hamiltonian matrix will be too
large to be diagonalized by computer. Only if one
assumes weak polarization will it be possible to use
a lesser number of configurations by restricting the
values of a and 3, and so make the quasimolecule
bigger. But then the quasimolecule is no longer
specified exactly as we have done in this paper.

IV. POLARIZATION EFFECT

Knowing all the nontrivial matrix elements, (11)
can be solved numerically for given values of y, 7,
W, €, E,, and the electron density n =N /L.

When the adsorbate is far away from the surface,
the energy of the whole system is simply

Eoo+(N —1)e. If &, is the lowest energy obtained
from solving (11), then the chemisorption energy
can be calculated as

Epp=8,—Eqq—(N—1)€. (16)

However, the valence-level shift Vo, =E, —Eq,
due to the substrate lattice potential is unknown.

I

This is one of the main difficulties one encounters
when trying to calculate the absolute value of the
chemisorption energy.

This problem does not appear if we are interest-
ed only in the change of chemisorption energy ow-
ing to the spin and charge polarization. If we
neglect the polarization, i.e., we only specify the
configuration of the adsorbate but not the whole
quasimolecule, then Eq. (9a) —(9d) reduce to

@, =Y A(aa:GF)®(aa:GF) , (17a)
FG

®,= Y A(aq:GF)®(aq:GF), gq+#a (17b)
qFG

&=y A(pa:GF)®(pa:GF), p+#a (17¢)
PGF

®,= 3 A(pqg:GF)®(pq:GF), p#a, qg#a (17d)
PaGF

where

D(pg:GF)=a),a) [Tal [Taf. 10 . (18)
geG feF

In the above equations, G (or F) is a set of N/2—1
substrate atoms without any restriction. The trial
function (10) becomes

4
v="f® . (19)

i=1

Now we only have to solve four coupled equa-
tions when we minimize the total energy
E=(V|H|¥)/{¥|V¥):

4
S (&, |H—E |®;)f;=0, i=1,2,3,4. (20)
j=1

Using the quasichemical approximation, the matrix
elements are derived as

(D) |H | @) /{D, | ) =2E,+U +4W +2yE
+(N —1)e (21a)

£



(D, | H | D) /(D,| D)
=(Q3| H | ;) /(D3| D3)
=E,+2W +2ye+(N —1)E, (21b)
(D4 | H | D) /{Dy| Py)=27+(N—-1)E, (2lc)
for the diagonal elements, and
(®; |H | ®;)/({D; | D; ) (P | @) 2=E,V
(22)

with (i,j)=(1,2), (2,1), (1,3), (3,1), (2,4), (4,2), (3,4),
(4,3) for the nontrivial off-diagonal elements. §;;
again can be expressed as the product of the power
of N/L and the power of (2—N /L), and so be-
comes a unit for the case N/L =1 which we will
consider here. All the other off-diagonal elements
are zero.

For given values of the parameters which ap-
peared in the Hamiltonian, we can solve the cou-
pled equations (20) and let &, be the lowest energy.
Then, the chemisorption energy without the polari-
zation effect is

Epy=%,—Eoq—(N—1)€ . (23)

The change of the chemisorption energy due to the
polarization effect

Egp—Epy=%,—¢, (24)

is independent of the value of Vy,. Therefore, as
far as the polarization effect is concerned, we can
conveniently redefine the chemisorption energies

Egp=%,—E,—(N—1)E, (16)
Epy=%,—Eq—(N—L)e. (23')

In the following numerical results, we use (16") and
(23') to calculate the chemisorption energies.

We normalize all the energies with respect to U.
V /U and E, /U will be treated as two continuous-
ly varying parameters in the range 0< ¥ /U <0.5
and —1<E_, /U <0. In this range of E, the
charge fluctuation on the adsorbate is not very
large (less than 25% from the numerical calcula-
tion). Hence, the net potential of the adsorbate
seen by substrate electrons should be weakly repul-
sive. We will then set y=— ¥V /U. At the end of
Sec. II we pointed out that in our model Hamil-
tonian we have neglected the effect of the adsorbate
ion core on the substrate Wannier-state energy.
Since the charge fluctuation on the adsorbate is not
very large, as an approximation we can include this
ion-core effect in the Coulomb energy W and make
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W very small. Since W is a two-particle coupling
constant and ¥ is a single-particle coupling con-
stant, we will assume W /U =0.4(V /U)2.

For a qualitative investigation, we assume a sim-
ple square density of states of width 2A for the
clean substrate. For a given number of electron
density n, the mean band energy € can be obtained
easily. In this work we assume n =1 to study two
cases, A/U =1 and A/U =0.1. The chemisorp-
tion energies are shown in Fig. 1 for A/U =1 and
in Fig. 2 for A/U =0.1. In both figures the solid
curves are for the cases with the polarization effect,
while the dashed curves are for the cases without
the polarization effect. We see that the polariza-
tion effect reduces the chemisorption energy by an
amount of about 20% for A/U =1 and 30% for
A/U=0.1.

To illustrate the connection between the decrease
of the chemisorption energy and the spin and
charge polarization, we have calculated the quanti-
ty which measures the amount of unpaired spin on
the adsorbate

Po=3|fouv |2+ | Fruv 1) s (25)
By

the quantity which measures the amount of un-
paired spin in the quasimolecule

P=3 (0 +p—9) | Fouy |2+ A+v—p) | f3 |21 5
uv

(26)

FIG. 1. Chemisorption energy for A/U =1. Solid
curves include the polarization effect but dashed curves
do not.
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FIG. 2. Chemisorption energy for A/U =0.1. Solid
curves include the polarization effect but dashed curves
do not.

the amount of charge fluctuation on the adsorbate

Qa=2(|f1y.v|2—|f4,w|2), 27
uv

and the amount of charge fluctuation on the sub-
strate atoms in the quasimolecule

Q=2 +v—4)| fipy| 2. (28)
ipv
P, and P, are shown as dashed curves and solid

surves, respectively, in Fig. 3 for A/U =1 and in
Fig. 4 for A/U =0.1. P, in both figures are al-
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FIG. 3. Spin polarization of the adsorbate P, and of
the quasimolecule P, for A/U =1.
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FIG. 4. Spin polarization of the adsorbate P, and of
the quasimolecule P, for A/U =0.1.

most the same but P, are very different, indicating
a stronger spin polarization with increasing U/A
ratio.

In Figs. 5 and 6 we plot Q, (solid curves) and
Qnn (dashed curves) for A/U =1 and A/U =0.1,
respectively. Again we see that the charge fluctua-
tion on the adsorbate is rather insensitive to the
variation of A/U. On the other hand, the charge
fluctuation on the substrate atoms nearest to the
adsorbate increases with decreasing A/U:

FIG. 5. Charge fluctuation of the adsorbate Q, and
of its nearest substrate atoms Q,, for A/U =1.
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—Q,
7T Qn 0.5

5

Eq/UM oA

FIG. 6. Charge fluctuation of the adsorbate Q, and
of its nearest substrate atoms Q,, for A/U =0.1.

The reason that both P, and Q, are insensitive
to the change of A/U is simply because we have
restricted E, /U in a range where the adsorbate is
most likely singly occupied. The variation of

(P,—P,) with A/U is characteristically different
from the variation of Q,, with A/U. This is ow-
ing to the fact that the Coulomb interaction W also
drives the charge fluctuation Q,, but not the spin
fluctuation (P, —P,). We notice that at ¥ /U =0,
i.e., when the adsorbate is not coupled to the sub-
strate, our solutions are exact. However, for P,,
P,, and Q,, the exact solutions have discontinuities
at E,/U=0 and E,/U =—1. Such behavior can
also be seen in Figs. 3—6.

Since within the quasimolecule only the spin and
charge fluctuation on the substrate atoms (which
are nearest neighbors to the adsorbate) varies with
A /U systematically in the same fashion as the
reduction of the chemisorption energy varies with
A/U, it is reasonable to draw the conclusion that
such spin and charge polarization is responsible for
the change of the chemisorption energy.

Although the numerical results are based on the
special assignment of the values of the parameters,
in our calculation we have covered a large range of
parameter values. For all such parameter values
we have discovered a large polarization effect.
Therefore, the spin and charge polarization effect
should be a generally important phenomena in the
theory of chemisorption.
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