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Changes in density of states caused by chemisorption*
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The process of chemisorption is studied via the change in density of states (h, p) when an adatom with a single
level E, bonds by a hopping parameter V,to the (100) surface of an s-band simple cubic crystal. As V

increases, the bond changes from a perturbative regime to the formation of a surface complex. Investigations
of local and layer-summed h, p show this dimerlike structure to be well localized near the bond. Steric effects
(binding-site symmetry) are easily introduced. A damping parameter can be added to simulate decay effects of
surface probes. Application of the model to photoemission angular-averaged and angular-resolved difference

spectra for light gases on tungsten gives understanding of the bonding peak near the bottom of the band, of
the depletion of states near the Fermi energy, and of the slight shifting of the energy-momentum-conserving

peak.

I. INTRODUCTION

To gain insight into the complex process of che-
misorption, it has been necessary and often desir-
able to deal with simple models. The natural ap-
proach from chemistry is to replace the substrate
by a small cluster of atoms, and then to apply ex-
tended Huckel, ' complete neglect of differential
overlap' (CNDO), scattered-wave Xn, ' or some
other scheme. From the opposite vantage of free-
electron metal physics, the natural procedure is to
represent the substrate by semi-infinite jellium,
thereby losing, at least to lowest order, any aspect
of graininess in the bulk. A third viewpoint, rooted
in studies of transition metals, treats the substrate
in the tight-binding model representing the metallic
wave functions as linear combinations of atomic or-
bitals. Usually the basis is limited to spherically
symmetric (s-band) orbitals, and often the real bcc
or fcc structure is simplified to a chain '6 or a sim-
ple cubic (sc) lattice. "

In this paper we shall focus on the Last-mentioned
type of substrate, the (100) surface of a single s-
band simple-cubic semi-infinite lattice in the tight-
binding approximation. Since its (100) surface lat-
tice structure is square, like a (100) bcc or fcc
structure, it should give an especially reasonable
accounting of chemisorption when the binding per-
turbation is localized at the top layer. The physi-
cal process we envision is the adsorption of a light
gas atom (H, 0, N, C, etc. ) on a transition-metal
surface. To extract information from our model,
we shall calculate chemisorption-i, nduced changes
in local and total electromc density of states (DOS).
We shall demonstrate in detail the conveniences af-
forded by the simplifications of our model, in par-
ticular how several of the summations involved in
calculating (the initial-state aspect of) photoemis-
sion spectra reduce to geometric series, which
can be summed by hand. In the next generalization,

s-band fcc or bcc crystals, such analytic summa-
tions w'ould not be possible; moreover, the replica-
tion of realistic clean-surface DOS curves is no
better than the simple-cubic results, and in many
ways worse. On the other hand, we can compute
factors which are intrinsically absent in chain mod-
els, such as dependence on adatom binding site and,
as was discussed in an earlier paper' (hereafter
referred to as ES), the indirect interaction between
pairs of adatoms.

To be explicit, the (100) sc lattice model for the
substrate is that which has been treated by Kalk-
stein and Soven and Allan. 7 The tight-binding
method employed is known to give a better idea of
the narrow-band properties of transition metals
than electron-gas models. The one-center tight-
binding parameter is set to zero, thereby establish-
ing the center of the bulk band as the zero of ener-
gy. The two-center tight-binding matrix element
—T sets the energy scale and gives a bandwidth W,
of 12T.

We shall take T = —,'-, giving a bandwidth of 6. We
represent the adatom by a single nondegenerate (ex-
cepting spin) level of energy E,. The best rough
estimate of E, is the (negative) average of the ion-
ization (I) and affinity (A) levels, which usually sits
around the center of the d-band rather than near its
bottom. The model is most realistic for neutral
adsorption, i.e. , when E, is near the Fermi ener-
gy, and when the Coulomb interaction (-I A) is-
not too large.

Following Qrimley, ' Newns, Allan, ' Penn &I;

al. ,
"and ES, we consider adatom-substrate bind-

ing from the standpoint of the Anderson model. '~ In
particular, an electron on the adatom (called a) can
hop to only the adatom' s nearest neighbor (called 1)
on the surface —or to its two four nearest neighbors
in the case of bridge (centered) binding.

From a chemist's viewpoint, our model is an in-
finite three-dimensional Huckel model, with the
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Coulomb integral n being 0 for the substrate and
the resonance integral P being —T. The adatom n'
is E„while P' is —V, where P' is the resonance
term between the adatom and its nearest bulk neigh-
bor(s). Steric effects enter naturally, since the
adatom can sit above a substrate site (A or atop) or
symmetrically between two (B or bridge) or four
(C or centered). As suggested earlier, Huckei
models traditionally are applied to small clusters.
One then diagonalizes the Hamiltonian matrix and
solves for eigenvectors. For an infinite system,
however& the IQatrlx becoIQes infinite~ aDd there
are an infinite number of eigenstates. Thus, even
lf oDe could write down any elgenvector —as one caD
for a elean semi-infinite 8-band substrate using
symmetry and other general arguments-the useful
quantity is the distribution of these states in energy
and space, i.e. , the DOS.

In Sec. II we shall study the formahsm of the cal-
culation, displaying the appropriate Green's func-
tions. In addition to detailed work on the change in
DOS (4p), we shall derive expressions for the ini-
tial-state effects of angular-resolved photoemission,
and show how the separable and geometric series
that arise for a (100) sc lattice simplify the com-
putations. The reader who is primarily concerned
with results can turn directly to Sec. III, which
presents our results, some of which were sketched
in a previous letter. We depict the changes in
total and local DOS, discussing steric effects, and
then simplifying to atop binding. We show how the
surface complex limit bf binding gives a low-lying
peak and a depletion of states within the band. These
results are brought to bear on both angular-aver-
aged and angular-resolved photoemission difference
spectra. %e can gain some understanding of the
coarse structure and one source of (some of) the
fine structure. W'e also see clearly the dominating
extra structure produced by momentum-conserving
transitions in the angular-resolved case. Section
BIT presents a brief summary and discusses how
self-consistency and multiadatom effects will mod-
ify the simple picture presented.

H. FORMAL DEVELOPMENT

Since our relatively simple model has been pre-
viously discussed by Allan~ and by ES (using the
same notation as here), we merely recapitulate the
key results. The perturbation term in the Hamil-
tonian, which produces binding to the surface, con-
nects only sites a and 1; hence the total change
in DOS when V is "turned on" isv'8

sp{z) = r '
rm(—) 1n[l —)"a..(E)a„{z)], (a. ))

where G = (E —H-i5) ' is the advanced Green's
function for the dissociated (V =0) system. In the
future we shall neglect energy arguments when no

confusion is possible. The form of the perturba-
tion Hamiltonian also simplifies the Dyson equation
for g, the advanced Green's function for the per-
turbed (bound) system. After a bit of easy algebra,
we find

8..= G../{1—V'C,c„),
fa ~ah ~eaaGlf &

8]]=Gg +V'Gg;GI

(2.2a)

(2. 2b)

(2.2c)

(2. 3)

where p, includes the a@atom as well as the sub-
strate sites, denoted by Roman subscripts.

Characterizing the adatom by a single energy
level leads to the simple expressions

G„=(E—E, —i5) ';
8.,=[z-z. —v'c„(z) -i~] '.

Since experiments measure the difference be-
bveen chemisorbed systems and elean substrates,
the quantity of real interest is

~P(z) = ~p(z)+ v(E —z.)
= -rm —ln[Z —E —V G»(Z) —iC] .8 2

7l 8E a (2. 5)

For weak V the self-energy term will be important
only near E„by replacing G»(E) by G»(E,) we ob-
tain Grimley' s' virtual-level approximation. For
very strong V, the argument of the ln in E(l. (2. 5)
can be replaced by just G»(Z), which is the expres-
sion obtained in creating a vacancy at site 1. In
this regime we also find the possibility of a zero
of the ln argument below and also above the band;
these are the well-known split-off states. "'"

As in ES, we shall use a (100) s-band simple-
cubic lattice as our substrate, ' expanding on the
treatment (and computer program) of Kalkstein and
Soven (KS). Since two-dimensional periodicity is
preserved under crystal cleavage„KS chose a
mixed Bloch-Nannier representation. Then

IWQ

G„=~;,' pe*' '"'-"~)G(n„n„k„), (2. 6

where n, labels the layer, zero being the surface
layer. For the infinite crystal,

G'(n, n'; k„) = G'(n n'; k„)-
by translation symmetry. KS show

where 1' = Vag„ is the 11 component of the 7 matrix.
E(luation (2.2c) shows that AB,& 9,=& —G, z depends
oni and j only through G» and G&& separately, so
that any double sum distributes into the product of
two single sums. Finally we find the decomposi-
tion relating E(l. (2. 1) to E(l. {2.2):
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G'(n; k„) = (i/ir)(- & i-lr, )'"',
where the nearest-neighbor hopping is ——,',

(2. 7a) &p =rr Im&N„Q G(0, m; R„)~
~ll

= —(2/v) 1m' G,„, (2. 14)
& =E+cosk„d+ cosk,d

(d being the lattice constant) and

(2. 7b)

1 t
2 ~1/2

if(d ~1
(2. 7c)

KS'cleave the crystal by applying a perturbation to
cancel electron hopping between planes n =0 and
n = —1. Alternatively, ' one could erect an in-
finite diagonal potential on plane n = —1. In either
case, the resulting Dyson's equation leads to

G(m, n; k ) =(i/p)[(- ~ —in)' "' —(- ~ ip—)"'""]
c'(lm -nl; k„) —G'(m+n+2; k„) (2. 6)

and, in particular, using ~ + p, =1,

G(0, n; k„) = —2(-(u —i p,)"" . (2. 9)

Erluation (2. 9) is particularly fortunate, since a
sum over G(0, n) reduces to a geometric series.

Finally, it is valuable to know the moments of
the DOS"" of a (100) sc lattice

3
(E')"Imc(E') dE',

%3

(2. 10)

especially to locate the splitoff-state energies,
since outside the band

(2. 11)

(2m+ p+ql
v ..p =l.(-1)'"/2' ""]

I

2l +p+g pl +p sl +g
X

so l m-l m —E

—I + 1)

(2. 12)
for non-negative integers m, p, q. '

As an example of the simplifications afforded by
a (100) sc lattice, we consider the sum of the
changes within a single layer,

n,p =rr-'Imps'G'„.
gem

(2. 12)

Inserting Erl. (2. 6), then performing the layer sum
in j first, using the evenness in k„and Erl. (2. 9),
finally doing one of the k~, sums, we find

For R, and R& of Erl. (2. 5) both in the surface layer
and with a difference vector (pd, qd, 0), we have
shown that the only nonvanishing moments have the
value

where
1 p) is the final plane-wave eigenstate arid

1
i)

the initial states expressed as linear combinations
of the Bloch-Wannier basis states. The sum over
i of the linear coefficients times the 5 function is
just m' 'Im|", so the rate can be written

e ~ A' Pe.(p)P.*(p)p..(E) e "'""""',
ffgV

(2. 16)

where p(p) is the Fourier transform of a single
substrate orbital. If all the orbitals are identical,
the orbital factors can be taken out of the summa-
tion. If not, the summation can be broken up into
parts having the same orbitals. While the orbital
effects are sometimes non-negligible, 22 we shall
represent the change in rate from a surface due to
adsorption of a single adatom by

(E) H(rr„fr„&-- (2. 17)

As in Erl. (2. 5), the tilda indicates that the isolated
adatom should not be included in nonadsorbed sys-
tems, as in the experimental realization.

Two sorts of photoemission measurements are
generally made: angular averaged and angular re-
solved. In the angular-averaged setup, one tries

where site M is directly beneath site 1 (and the
adatom) in the 2m+1 layer. Thus, the computer
effort required to obtain 4p is no greater than that
to find a single 4p&, , viz. , a two-dimensional sum
over the surface Brillouin zone.

A major application of our formalism is a study
of the initial-state effects of photoemission, in par-
ticular the difference spectra (chemisorbed minus
clean). The process we envision is a photon of en-
ergy )I &a exciting an electron of energy E (measured.
relative to the band center) to a final plane-wave
state [p) of momentum p and energy Er, p /2m.
Thus E~ is measured relative to the inner potential
(or relative to the vacuum level if one neglects the
inner potential, as we shall do for simplicity). We
denote by E, the difference the energy zero of E~
and the center of the band. Obviously this scenario
glosses over the important multiple-scattering ef-
fects in the final state; these have been discussed,
and examined closely for a (100) s-band simple
cubic lattice, by I iebsch.

The interaction Hamiltonian for the photon ab-
sorptiona' is the electric-dipole term (e/mc)p ~ A,
where we do not have to be careful about symme-
trized ordering since A can be taken with vanishing
divergence. By the golden rule, the rate is

~

~

2', Z 1(pip ~ Ali&l'&(I;-&~+E. -&;), (2. 15)
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to collect all electrons emerging in the hemisphere
above the sample. The theoretical counterpart is
a hemispherical average over the angular factor in
the exponent of (2. 17). By the inversion symmetry
of almost all substrates, the hemispherical average
is just half the spherical average (i.e. , the pv con-
tribution from the omitted hemisphere equals the
v p, contribution from the included hemisphere, since
bp„„ is symmetric in its indices). If g„„denotes
p i R, —R„ i, then we find that the spherical average
of the exponential term in (2. 44) is y '„sing „. Tak-
ing as a model system 2l. 2-eV photons impinging
on tungsten, we estimate g,„ to be of order S for
nearest neighbors. However, although the angular
factor drops by an order of magnitude in going from
a diagonal (g, ~) to a nearest-neighbor term, this
diminuation is partially compensated by the pres-
ence of several equivalent (four for bulk simple
cubium) nearest neighbors. On the other hand,
succeeding neighbors will tend to interfere and can-
cel the extrema of the nearest-neighbor contribu-
tion. It is thus a qualitatively very reasonable but
quantitatively tentative approximation to represent
change in rate by 4p. In the angular-averaged case,
the neglect of orbital factors is especially incon-
sequential. This factor would merely contribute a
monotonic envelope varying by of order 2 over the
energy range of interest. ~~

An obvious way to account for damping in 4j-the
change in photoemission yield due to the adsorption
of one adatom-is to sum the 4p's in each plane
and weight this subtotal with a damping factor:

+g~p e'™.
m=0

(2. 18)

Using the geometric nature of G(0, n) [Eq. (2. 9)],
we can simplify Eq. (2. 18) as we did Eq. (2. 14):2,g G(0, 1;k)

(2. 19)
We easily check that Eq. (2. 19) is correct in the
two extreme hmits of A.: for A. =~ we get a contri-
bution from only the top layer. In Eq. (2. 19) the
denominator reduces to unity, and summation be-
comes just hpo of Eq. (2. 14). For A. =O or e '=1,
the summand reduces (using &o'+ p~ = 1) to i(- &
-i p)/p Furthe. r manipulation (note 8 p/SZ = -(o/p)
shows that this is just —,'&G(0, 0; k„)/SZ. Perform-
ing the k„sum then essentially reproduces the sub-
strate contribution to the total hp [cf., Eq. (2. 3)].
We again see that the time to compute the 4j for
arbitrary A. is no greater than that to compute a
single-substrate Green's function, viz. , a summa-
tion over the surface Brillouin zone (i.e. , just one-
eighth of it, by symmetry). Alternatively, since
the rip„converge fairly rapidly, one can just com-
pute the first several, and then do the layer sum

explicitly for various values of A.. In general, A,

should be energy and angle dependent. In view of
the relative crudeness of going from Eq. (2. 17) to
(2. 18), these effects should be negligible, at least
for a first view.

In angular-resolved photoemission, one focuses
on a particular direction of p in Eq. (2. 17). Equa-
tion (2. 17) decomposes naturally into three pieces:

de
~ fx:I, +I,b+Ib, (a. ao).

where I„ Ib, and I„are the contributions from the
adatom, the substrate, and their interference, re-
spectively. Obviously I, is just p„. If we define

s(p, z) =QG„(z)e-""~, (a. 21)

then using the separability property of Eq. (2. 2c),
w'e find

S, =v-'Im[~S(p, Z)S(-p, Z)], (2. 22)

s(p z) =Re '""'(-2)(-~-a
n=o

(a. as)

To account for damping, we can place an additional
factor of e ~ under the summation. Since Eq.
(2. 25) is a geometric series, it sums easily to

s(, z) = G(0, 0;P„)
1+-,'G(0, 0; p„) e-'~i'e-" ' (2. 26)

If we recall that &o (and hence G) is even in pg and
if we define

)
2(&0+ i p,)

[1+(&+ip)e '~i'e-'][1+(~+i p) e'oi'e-"]

then we can simplify Eqs. (2 ~ 22) and (2. 23) by
writing

s(p, z)s(-p, z) =G(o, o; p„)n„(p, z) (2. 27)

and with Eq. (2. 2b),

I„=—w 'Im((f/V)[s(p, Z) e™C+S(-p, Z) e "'"o]).
(2. 23)

For a (100) sc lattice, S(p, Z) is particularly easy:

S(p Z) -Qs-&&e~ pe-'~I'&&~-i+ G(0 s k„)e&&ii'fly

(2. 24)
Here we have decomposed the j sum into a subsum
within layer n and then a sum over layers. In writ-
ing G,~, we have taken R„ the substrate site near-
est the adatom, to be the origin. Performing the
j&n sumfirst dictates that p„must equal ki, up to a
reciprocal-lattice vector. Since G depends on k„
only through a&, and ultimately cosine terms [cf.,
Eq. (2.7)], we have a built-in extended-zone for-
malism and do not have to translate explicitly p,
to the first-surface Brillouin zone. Using Eq.
(2. 9), we have
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and

S(p, E) e"'"&+(p- —p)

= [2 cosp ~ R, + e "G(0, 0; pp)

x cos(p ~ R, +p,a)]S,(p, E) .' (2. as)

—V~, g (et&,e„+H. c.) —Va, g (canc„+H. c.) .
(2. 34)

By symmetry, V3, =V„. Then performing the sum

gives

(a. s6)
In the case of infinite damping, so that all emission
is from the surface, we see

S„(p,E) = G (0, 0; p„) . (a. 29)

Combining Eqs. (2. 27) and (2. 29), we see that for
A. =~, Bn average of I, over the surface Brillouin
zone (rather than a spherical average) yields just
the surface-layer contribution 4p0. I„reduces to
S„times 2 cosp ~ R„ for large p ~ R„ this term
will be highly oscillatory as one performs a spher-
ical average, and hence will be relatively small,
a,s suggested in connection with Eq. (2. 18).

In the no-damping limit, we find after some
albegra and use of the definitions in Eqs. (2. 23)
and (2. 26b) that simply

s, (p, z) =(z-E-) ', (a. so)

w Img P[G (m —nj pg) G (m+n+2;p„)]e """'~&'

m=0 n=0 (2.31)
since parallel crystal momentum is a good quantum

number. The summations over the bulklike term
G (m —n) gives a contribution of 5(E -E;)per layer.
In addition, there is the surface term

indicating that I» and I„become singular (i. e. , of
order N„) for the energy and lattice-momentum-
conserving excitation process. In this regard, it
is instructive to examine the corresponding expres-
sion for the clean-surface photoemission in the
present framework:

Correspondingly, if the adatom sits symmetrically
between four substrate atoms, in the centered posi-
tion, at the apex of a pyramidal pentahedron, then
Vc W4 V„and

I»'=-'(I»+ I»+ I»+ 14» . (2.37)

Here 1, 2, 3, and 4 denote the four corners (sub-
strate atoms) of the square at the base of the pyra-
mid,

Using Eqs. (2. 36) and (2. 3V) and the appropriate
symmetries and invariances, we find

8
Gi1 =G11+G1a '

C
G11 =G11+2G1q+G13 . (a. 36)

Inserting the appropriate G„and Vx, X=A, I3, C,
into Eq. (2. 1) yields the corresponding generaliza-
tion.

Generalizations for the local 4p require more
definitions. The generalized 11 element of the
T matrix is [cf. Eqs. (2. 36) and (2.37)]

The form of Eq. (2. 35) assures the normalization
of the orbital into which the adatom's electron hops.
Note that the effective potential V =&2 V„ is aug-
mented by a factor of v 2 over the hopping V„,"
while the effective substrate neighbor of the adatom
(the group orbital to which it bonds) is

g, cospgg sin pgg

1 1 + & cospjQ
Re p,

( E)~= (2. 32)

r =V'/(E-E. -V„'G„)=V'B...
while for substrate site i

G„-(G,, +G,,)/v 2

(a. soa)

(a. sob)

arising from the presence of a finite cutoff at the
lower limits of the sums. Finally, the summations
over the reflected wave term G (m +n+2) separate
into the product of two geometric series and con-
tribute

+ w-' Im[G'(1; p„)/2(Z —Z;)] . (2.33)

We thus find coherent effects in general when ener-

gy and lattice momentum are conserved.
The above discussion has invariably assumed that

there is a single adatom sitting directly above a
surface atom, i.e. , in the atop position. Here we

shall show how to treat other symmetry positions.
Suppose that the adatom now sits symmetrically

between two substrate atoms, called 1 and 2. The

hopping Hamiltonian generalizes to

G;g = 2 (G(, + G(2+ G(~ + G;4) . (2. 39c)

With X binding the Dyson's equation method for g
between substrate sites generalizes Eq. (2.2c) to

++X G&1G19 'X fA) X X (2.40)

Further extensions to the photoemission formulas
follow naturally as we shall sketch. Starting with

Eq. (2. 17), we see that the change in photoemission
rate due to chemisorption depends ultimately on

4p „, which by separability depends only on G&~

and Gq„. If we substitute GP, for G» in Eq. (2. 18)
or Eq. (2.21), the factor e'""'"& " is replaced by
2 ' a(e'~~' 'S~ ~" +e'"~~ '~~ S2'). If R, —R, is denoted

by ax, then the old exponential is modified by the
inclusion of a new factor of the form
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2cos 2p~=l+cosp~
in Eq. (2. 22) or (2. 19) (p„being k, in the latter).
Similar arguments for centered binding generate a
new factor of the form (1+cosP„a)(1+cosP,a). These
factors are just what one would expect from the dis-
cussion in ES.

m. COMPUTED RESULTS

A. Changes in density of states

In the following we shaQ take E, to be near the
center of the band, at -0.3 in energy units where
the substrate nearest-neighbor hopping is —,

' and
hence the bandwidth is 6. For E, near the band
ceniel', r8activlty ls maximized, fol' R ilRlf-filled
band, perhaps somewhat artificially so. But we
will bring out the covalent aspects of the chemi-

TABLE I. Collection of some relevant metallic and
atomic-energy parameters (in eV).

bcc metals

W M'68'
Mo 4d~581

Cu 3d 48
Fe 3d 4s

3d 48

fcc metals

Ni 3d 481

Pd 4d"
Pt 5d 68
Bh 4d85s
Ir 5d~682

Work functiona

4, 5*0,2
4.2+0.2
4.6~0.2
4.4+0.2
4. 1 +0.3

5.0+0.4
5. 0+0.5
5, 4+1.0
4, 8~0.2
4. 9+0, 4

&b-E+2S ) -E+12)
10.5 '(14.1)"
9.2"
6 9'
4 90

6.6'

-EQ'& highest)-ZN& lowest)

4.8'[E(X,) -EÃ, ) l

5, 9
8.0
7.3d

9.5

E~ —E(H12)

6.2(7.8)
5-6
4, 4
4. 2
3.3

EF —E (X6 lowest)

4.7[E,-E@,) l

5.4
7.0
6, 2
7.7

"Covalent"
adsorbate

H

0
02
N

NO

CO
C
F
8
Cl

Alkali adsorbate

Li
Na
K

Ionization
potential g)a

13,595
13,614
12, 063
14.53
9.25

14.013
11.256
17.418
10.357
13,01

5.1
4, 3

Affinity
level g)

0, 75
l.47
0.44

&0
0, 91

1,25
3.45
2. 08
3.81

7.2
7, 5
6.3
7.3
5, 1

6, 3
10.4
6. 2
8.3

aHandbook of Chemistry and Physics, 52nd ed. (Chemi-
cal Rubber Co. , Cleveland, Ohio, 1971).

"L. F. Mattheiss, Phys. Rev, 139, A1893 (1965).
'L. F. Mattheiss, Phys. Rev. 134, A970 {1964),
Q. Krogh Andersen, Phys. Rev. 3 2, 883 (1970).

2 '"(1+8 '"+) =2"'8 "+"cos-'k~

Then the performance of the j summation produces
a 5 function between k„and p„as before. In angu-
lar-averaged 4j and in I„ there will be the product
of this term and its momentum-space inverse, so
that the adatom sitting at a B site produces a factor
of the form

sorption process. Indeed, for our typical adsor-
bate, E, as given by the average of the ionization
and affinity levels is roughly 7 eV below the vacu-
um (cf. , Table 1) while the center of a nickel band
is roughly 7 eV below vacuum (and for tungsten, it
is 5 or 6 eV down), so that the ansatz may often be
reasonabl.

For a system of adatom plus substrate the 4p
gives the difference in distribution of wave-function
energies for some finite V and the same system
with V=O. In the laboratory, however, one mea-
sures the clean substrate, then allows adsorbate
gas to enter, measures the adsorbed substrate, and
finds the difference. Thus, we should investigate
4p, which augments ~p, the total DOS by the free-
adatom DOS,

dp=4p+5(E —E,)

since there is just a single sharp orbital on our
model adatom. Since we are adding an electron
state 'to t118 syst'8111 (but llslllg Rll off-diagonal pel'-
turbation), we find the sum rule

By examining 4p we can gain some understanding
of what happens during the process of chemisorp-
tion. For vanishing V, we find just a 6-function
spike ai E, corresponding to the addition of an. or-
bital to the system. As V becomes finite, we ex-
pect a second-order perturbation-theory repulsion
between E, and the levels of the bulk. Indeed, we
find that the spike about E, is broadened (and pos-
sibly also shifted) by an amount proportional to VI.
In this regime, which has been termed weak binding
by Grimley, ' the so-called virtual-level approxi-
mation is appropriate. This case is pictured in
Fig, 1 for V= —'.

As V increases, the 4p curve continues to broaden
and also to shift away from the band center toward
the side on which E, is. {ForE, = -0.3, the peak
shifts down in energy. ) But around V=1, the curve
develops a shoulder on the other side of E,. By V
=1—,', or moderate strength binding, we find (cf.
Fig. 1) that the shoulder has developed into a sec-
ond peak of roughly the same magnitude as the first.
These two peaks correspond to bonding and anti-
bonding resonances. The width of 4p, which runs
roughly as the strength of the adatom-substrate
bond, is now characterized by the separation of the
two peaks rather than their individual widths. This
separation goes more nearly like V than Va. As V
continues to increase, the peaks narrow and ap-
proach the band edge, splitting off from the band
first on the side on which E, is, then on the other,
as illustrated in Fig. 1. These split-off states,
which correspond to bonding and antibonding states,
have unit weight, In order to satisfy the sum rule
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FIG. 1. Total change in density of states (&p) vs
energy for four adatom-substrate hopping strengths: V
=0.5 (dashed), 1.5 (heavy solid), 2, 504 (dot-dashed),
and 3.5 (light solid), The energy unit is one-sixth of
the bandwidth. The adatom-level parameter E„ indicated
by the small circle on the abscissa, is —0. 3 relative to
the energy zero at the band center.

of Eq. (3.2) there must therefore be a region of
negative 4p in the center region of the band, which

we indeed find. The physical interpretation of these
curves is that the adatom and its nearest neighbor,
called 1, on the surface combine to form a dimer-
like structure referred to as a sgrface complex 6'2'.
To free atom 1 to enter into the complex, however,
we must first sever its bonds with its substrate
neighbors. In forming an indented solid, we re-
move DOS from the center of the band region. By
V =3—,', this picture is nearly achieved. The bond-
ing split-off state lies roughly at —V (at —3.84, for
this V of 3-,'), and the b,p within the band region is
qualitatively the same as that for the indented solid.
Quantitatively, the V =3-,' &p is smaller in magni-
tude than the indented solid hp by of order 10% ex-
cept near the edges. The extra negative 4p™near
the edges in the V =3-,' case can be viewed as per-
turbational repulsion between the split-off states
and the band, which disappears as these bonding-
antibonding states get very far from the band. In

summary, even though in adding an adatom electron
to the system we expect the DOS to increase for all
energies, we find that in fact it decreases near the
band center for moderate to strong binding.

While Newns8 has previously elaborated (graphi-
cally and analytically) on the emergence of split-
off states, his linear model lacks three features of
more general systems that the (100) sc lattice in-
cludes. We recall that a split-off state occurs when

E —E, —V g(E) vanishes outside the band, where

g(E) =ReGx(E) is the Hilbert transform of the DOS,
If it vanishes within the band, and the DOS is rela-
tively small, we find not a sharp state but a reso-
nance.

Since Newns chooses to work with the analytical-

2.0—

f.5

1.0

0.5

0.0
E

FIG, 2. Illustration of the effect of an adatom sitting
at the four-fold centered (C) position (solid curves) rather
than. the atop (A. ) position directly over a substrate site.
The light curves give ~ times the (unperturbed surface)
DOS that the adatom electron encounters in hopping to the

bulk, and shows that the C curve is shifted down and nar-
rowed, The heavy curves give the resultant &tj for V

=1,5 and E,=-O, 3; i, e. , the heavy dashed curve gives
the same quantity as the heavy solid curve of Fig. 1,
The grid of the abscissa is the same as in Fig. 1.

ly tractable semi-infinite chain, he has a semiel-
liptical DOS. Consequently his g(E) is just propor-
tional to E within the band, allowing for only one
zero within the band. However, for tight-binding
models the one-dimensional bandwidth is —,

' that of
the three-dimensional one. Indeed our g(E) is
roughly linear in E in the middle third of the band,
but is decreasing in magnitude near the band edges,
thereby providing the possibility of the intermediate
regime.

Second, a linear-chain model does not permit any
inclusion of steric effects. As we showed in Sec.
II, it is easy to generalize our formalism to allow
the adatom to sit symmetrically between two sur-
face atoms in the bridge or 8 position or between
four in a centered or C position (at the apex of a
pyramid whose square base is formed by four sur-
face atoms). The adsorption Hamiltonian automati-
cally selects the bonding combination of the two or
four relevant substrate atomic orbitals. By mo-
ment arguments" or otherwise, we see that these
hybridized orbitals' DOS are narrowed and lowered
in energy. Specifically, the peak position (first
moment) and widths (second moment about this
mean) for A, 8, and C binding orbitals are 0,
and —1, and 4, 1, and 4, respectively. Fig@re 2
illustrates this discussion, showing how with the
same parameters ~p for C binding suggests a nar-
rower, lower substrate band.

A final consequence of the linear-chain model is
that the DOS has (E —Eo)'~2 singularities near an
edge Eo, rather than (E -Eo)'~3 for the three-dimen-
sional case. ' ' This —,

' singularity is the same as
one finds in the bulk case, and in a similar manner,
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we find that g'(E) diverges as one approaches the
band edge from outside, leading to a zero in a coef-
ficient for the local DOS of a split-off state ~ and
hence a delocalized state dramatically unlike the
surface complex picture painted above. ' This
delocalization is consistent with the absence of
bonding and antibonding resonances within the band.

How accurate is the name surface complex? How
well are the electrons participating in the adatom-
substrate band localized in that vacinity? Figure 3
shows the change in the local DOS for various sites
near the adatom, using Eqs. (2. 2c) and (2.4).
Choosing to work with the hopping V=1.5 so that
all relevant features are visible within the band, we
find that the two-peak structure characterizing the
surface complex appears only on the adatom and
site 1, its nearest neighbor in the substrate. The
peaks are completely absent from the nearest and
next nearest neighbors of 1 on the surface. Fur-
thermore, the 4p's on these neighbors are sharply
down from that on the adatom and site 1, and they are in-
creasingly wiggly, rather like Friedel oscillations.
The reason the peaks for the p„and 4p&& curves are.
comparable is that E, is near the band center. If E,
were well below it, then the bonding (antibonding)
peak of p„(hp») would be more pronounced than
that of hp» (p„); and vice versa, if E, were above
the center. Figure 3 also shows the unperturbed
DOS of site 1. Adding to it &p» verifies that p» is
non-negative throughout the band and that it essen-
tially vanishes near the center, indicating a repul-
sion between E, and the substrate levels or, viewed
as an indentation process, a draining of the band
states on the site to provide substance for the sur-
face complex.

FIG. 4. Planar or subtotal hp for the top (heavy solid),
second (dashed), third (dot-dashed), and fourth (solid
double dashed) layers. The axis scales are identical to
Figs. 1 and 3, the parameters V and E, to Fig. 3. In-
cluded also is b, p&& (light solid) to suggest the reliability
of the surface-complex approximation. .

As shown in Eq. (2. 14) it is not difficult to sum
the local 4p within any layer. These 4p are dis-
played in Figure 4 for the top four layers, again
with V=1—,'. Again, the two-peak resonance struc-
ture with a depletion of states in the band center
appears only for the top layer. The DOS in lower
layers are much smaller in amplitude and are in-

CO

+r ~~ ~ ~ «~ « ~rr

//

FIG. 3. Local DOS for the adatom (solid) in the atop
position; and the local 4p for the substrate atom direct-
ly beneath, called 1 (dashed), and a nearest (dot-dot
dashed) and a next-nearest (dot-dashed) neighbor of 1 in
the surface plane. . Both axes are in the same units and
are drawn to the same scale as Fig. 1; again, E, is —0. 3
and V= l..5. In the background is P&& (light long-dashed
curve), as appeared in Fig. 2. The positive-definite p&&

is the sum of p&& and 4 p&&.
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FIG. 5. Angular-averaged photoemission difference
spectra in arbitrary intensity units for four adsorbate on
(110) tungsten, as obtained by Plummer (Ref. 22). Ener-
gy is measured relative to the Fermi energy rather than
the band center, and the abscissal energy unit is eV
rather than bandwidth/6. The depletion. region lies about
1 eV below Ez, while the bonding peak sits near the bot-
tom of the band, around —6 eV.
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FIG. 6. Schematic drawing illustrating our simple view of normal (angular-resolved) photoemission from adsorbed
tungsten. The substrate is represented by the {100)face of a sc lattice {surface DOS depicted) with bandwidth 3.2 eV
(standard energy unit 2 eV), work function 4. 5 eV, and center 5.4 eV below vacuum. Normal photoemission selects the
lowest third of. the band, and a one-dimensional cosine band structure. The 16.8-eV photons excite electrons into a
plane-wave state with energy measured relative to the vacuum {no inner potential). Bulk emission is 6-function-like,
conserving momentum, The presence of a surface smears the one-dimensional band. Finally, an adatom is placed in
the atop position, with a V of 3 eV and E~ at 0. 6 eV below the band center.

creasingly oscillatory. While the initial decrease
in amplitude is marked, subsequent decay is only
mild. The implication of these features for probes
of the electronic surface structure is that for mod-
erate or strong binding one should invariably see
the bonding resonance (and also the antibonding one,
if it is occupied), and a depletion of states near the
band center. However, as the depth to which the
probe is sensitive varies (e.g. , by adjusting energy
or angle to alter escape depth), the admixture of
lower layers will change, resulting in a variable
fine structure in the observed difference spectrum.
Usually there will be additional sources of variable
fine structure. Figure 4 includes 4p» from Fig. 3
to illustrate that the approximation of replacing
ap by just p„+Apg, (here g,. np„by ap„) is often
reasonable, at least for gross features, as in the
work of Gadzuk.

B. Applications to photoemission

The two surface probes used most widely in
studying the effect adsorption on DOS are field
emission and ultraviolet photoemission. ~ The
former, relying on a tunneling mechanism, is only
sensitive to (i) a few eV below the Fermi level and

(ii) the adatom and top layer. In the following we

shall show how our model can give a general under-
standing of some of the features of photoemission
difference spectra, that is the difference between
a surface with an adatom bonded to it and a clean
surface. In the formalism developed in Sec. II, we

have made the rather drastic simplification of tak-
ing the final state to be just plane waves. Liebsch
discusses the effects of multiple scattering in the
final state for a (100) sc lattice. In addition, we
have omitted an inner potential to avoid an extra
free parameter and refraction at the surface. An

inner potential could be added without special dif-
ficulty, but we expect its inclusion to make no qual-
itative change.

As we saw in Eq. (2. 18) and related discussion,
we can roughly approximate the angular averaged
change in photoemission yield by &p, or more gen-
erally, by a layer sum with a damping factor added.
Figure 5 illustrates experimental data by Plum-
mer~~ for H, 0, C, and CO on the (110) face of tung-
sten. From Table I, E, as given by the negative
average of the ionization and affinity levels is
roughly 7 eV below vacuum, or 1—,

' eV below the
band center (or about —,

' in units of bandwidth/6),
roughly where ours lies. The Fermi energy is
about 1 eV (-,' unit) above the band center, so that
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the band is a bit more than half-filled. If moder-
ately strong binding occurs, we expect the differ-
ence spectrum to show a depletion of states in the
center of the band and the formation of a bonding
peak near the bottom. These predictions are borne
out in Fig. 5. No antibonding peak appears since
the Fermi level lies below it. In Fig. 5, H and 0
have a similar characteristic structure in the range
2-5 eV below E~. We have no satisfactory explana-
tion of this similarity. The corresponding phenom-
enon for C and CO most likely arises from the apparent
dissociation of CO when binding on W. a~ Moreover,
since real substrates involve several orbitals per
substrate site, and real adatoms often have more
than one bonding orbital, one might often find more
than one binding peak.

In an angular-resolved measurement with low
damping, the spectrum will be dominated by the
bulk excitation process that conserves normal crys-
tal momentum in addition to energy and parallel
momentum, as seen in Eq. (2. 30). Surface terms

X
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w(iso)
I0.2@V
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FIG. 8. Experimental data for normal photoemission
from (110) tungsten, obtained by Feuerbacher and Fitton.
(Ref. 30) with 10.2-eV photons. The lower curve gives
the cl.ean-surface emission and shows the energy-momen-
tum-conserving peaks dominating the spectrum. The
upper curve gives the difference spectrum when 0. 03
monolayer of hydrogen is allowed to adsorb on the sur-
face. The characteristic trough-peak structure indicates
a shifting up of the peak near EJ;, their zero of energy, as
in Fig. 7.

0 I
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/ 4 v
/
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FIG. 7. Computed predictions for normal photoemis-
sion scenario of Fig. 6. All curves are concentrated in
the lower third of the band, verifying the one-dimensional
nature. In the upper plot, the vertical dash-dot line
marks the position E& of the bulk momentum-energy-con-
serving condition. The two light curves give the modifi-
cation of 6-function behavior due to the presence of a
(elean) surface: the solid line shows the effect of trunca-
tion of the layer sum, and the dashed line the role of the
"reflected wave" produced by the boundary condition.
Both have (E —E~) singul. arities at the edge of the edge
of the (one-dimensional) band and (E —E&)

~ singu-
larities at E&. The two heavy lines give the total
change in rate in the limits of zero (solid) and infinite
(dashed) damping, the latter corresponding to just the
adatom and top layer. The structure of the undamped
curve indicates an infinitesimal upward shift of the 6-
function peak, suggestive of a repulsion between it and the
bonding resonance. The lower plot decomposes the zero-
damping curve into bulk (solid), adatom (dashed), and
adatom-bulk interference (dast-dot) contributions. To
grasp the scale, note that the adatom curve is the same
as the p~ curve of Fig. 3.

will broaden this sharp line. In the following we
shall focus attention on photoemission in the direc-
tion normal to the surface. In this case, the in-
clusion of an inner potential would not produce a
surface refraction effect on the final state plane
wave. On the other hand, the fact that k„ is zero
leaves us with a one-dimensional DOS situated in
the lowest third of the substrate band. Figure 6
depicts the highly simplified viewpoint we have
chosen; Fig, 7 presents resulting calculational re-
sults based on Egs, (2. 20)-(2.23); and Fig, 8
shows the corresponding experimental information.
As Fig. 6 suggests and Fig. 7 corroborates, in ad-
dition to broadening the sharp k-conserving line,
the surface terms will also exhibit E singulari-
ties at the one-dimensional zone boundaries, cor-
responding to the divergence of the inverse deriva-
tive of the cosine.

If chemisorption creates a bonding resonance be-
low the broadened energy-momentum-conserving
line, we would expect a perturbationlike repulsion
between the two peaks, shifting the bonding reso-
nance down slightly in energy while raising the k-
conserving peak infinitesimally. Such a shift in a
large peak by a small amount is manifested by a
trough-crest feature in a difference spectrum. In
the limit of an infinite peak shifted infinitesimally,
it becomes a line descending to —~ followed im-
mediately by one dropping from +~. We see such
behavior in Fig. 7 for an undamped process. For
a damped process, and ultimately for emission
from just the surface, this feature is muted, as il-
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lustrated. From Eg, (2.20), it is natural to sepa-
rate the contributions to the difference spectrum
from the adatom, the bulk, and their interference.
Thus, it would not be at all hard to include orbital
dependence effects. Low-coverage data from
Feuerbacher and Fitton" for H on W (110) displayed
in Fig. 8 corroborates this dominance of the spec-
trum by the k-conserving peak. There is a (bond-
ing) peak at 2—,

' eV below E~; for correspondence
with angular averaged data, we would expect one at
about —6 eV. The experimental data do not go to
this depth.

IV. SUMMARY AND DISCUSSION

In exploring the b,p for an adatom on a (100) s-
band simple-cubic lattice, we have seen how as the
chemisorption strength increases, the bond changes
from a perturbative broadening of the ad'atom level
to a creating of a surface complex. This dimerlike
structure is well localized in the band region. Af-
ter considering steric effects, we applied our
framework to photoemission difference spectra,
where we could interpret the formation of a peak
near the bottom of the band and the depletion of
states near the Fermi level in terms of the surface
complex.

In translating to actual systems, we would view
carbon monoxide on nickel as an example of weak
binding and oxygen on tungsten as an example of
strong binding. While the s-band ansatz made ana-
lytic calculations possible, it hinders quantitative
comparison with real systems. Thus, in CO ad-
sorption, many levels shift; on the other hand, the
50 level, which is localized near the carbon, shifts
most dramatically, so that we might take its initial
position as E,. While 0 on W falls in to the sur-
face-complex regime, the low-coverage desorption
product is 0 rather than WO or some other oxide
of tungsten. 3' This might be a consequence of an
inadequate treatment of cohesion in the substrate,
especially the neglect of multiple electrons in the
d band. Alternatively, if 0 adsorbs in the centered
position, the indentation process extracts a sym-
metric group orbital rather than an individual one;
the chemisorption bond is clearly not strong enough

to extract four substrate atoms. These cases show

how our picture can be helpful in understanding che-
misorption phenomena, but that one cannot apply it
naively.

This paper has dealt exclusively with just one
adatom on the surface, a picture which would be
valid for a dilute adlayer. Often we find, however,
that at low coverages the adatoms do condense into
islands below some critical temperature. ES de-
tailed how to understand the ordered layers in
terms of an anisotropic oscillatory rapidly-decay-
ing indirect interaction between adatom pairs. Fig-
ure 9 depicts the corresponding 4p correction terms

~ X ~ X ~

X e e X

' i~a'. '
X 4 X + X

E'
/

FIG. 9. Multiadatom corrections to the total b p. The
light solid curve repeats the ~p vs energy for a single
adatom in the atop position with V= 1.5 B.nd 8 = —0.3, as
in Fig. 1, and with identical axis scales in Figs. 1,
3„and 4. The inset depicts a c(2 x2) adlayer structure.
The total ~p due to the 1 —3, next-nearest neighbor
(dashed) and 1 —4, next-next-nearest neighbor (dot-dashed)
pair interactions —i.e. , two adatoms nearby minus twice
the single adatom result —are seen to be rather sizable
but seem mostly to serve to split or fine tune the bonding
and the antibonding resonances. Also plotted is the ~p
fromthe1 —3-4triointeraction (heavy solid), viz. , 8d-
atoms on. sites 1, 3, and 4 minus thrice the single atop
adatom contribution and minus the three constituent pair
terms.

that would arise from the pair interactions produc-
ing a c (2x 2) structure, as well as a further cor-
rection due to the previously undiscussed three-
adatom interaction.

The effects of these multisite terms are not as
drastic as a first glance at Fig. 9 might suggest.
Their magnitude is concentrated in the region of
bonding and antibonding resonances. The sharp
peak-trough character suggests they will shift and

split the resonances. The corrections will be less
important in computing interaction energies, since
these involve essentially double integrals in energy
over the DOS. Since the successive correction
terms are not only smaller in amplitude (though not
always to the point of negligibility) but also succes-
sively more oscillatory, their contributions at least
to energetics should not be too significant. Further
investigations of this area are in progress.

Although a detailed review is unwarranted here,
we should say at least a word about the sort of cor-
rections arising from self-consistency effects. In
our model, V, EJ;, and E, can no longer be treated
as independent parameters. We fixed the first two,
then solved for E, such that n„was —,

' (rather than
using the Friedel sum rule). 3~

Qualitatively, our findings for a less than half-
filled band are that excess charge will tend to accumu-
late on the surface complex to take advantage of the
increased hopping V and the edgelike position. On
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site 1, this pileup is seen explicitly, while on the
adatom E, moves up from E~ (E, =E~ starts the
iteration) toward the center of the band. The ex-
cess charge drops off rapidly, at least initially, as
we move away from the surface complex. The
nearest-neighbor excess charge partially compen-
sates (i. e. , has the opposite sign of) the excess
charge on atom 1. Also, the excess charge oscil-
lates with E~ when we get to the next neighbor, and
no doubt will fluctuate more rapidly with E~ as
distance from the surface complex increases. (If
we allowed a diagonal term on site 1, it would be
negative for the clean surfacev'3 to compensate for
band narrowing and would rise with chemisorption
to prevent charge buildup near the bond. ) We find
substantial effects, though not as overwhelming as
would be suggested by extensions to intermediate V

of Allan's work at V =-,'. In any case, the perturba-
tion is highly localized near the surface complex. '
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