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Theoretical and experimental studies of band formation in CO adlayers
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We have performed electronic-structure calculations using the extended tight-binding method
for two-dimensional isolated layers of CO molecules corresponding to the ordered arrays formed
on a Pd(100) surface. We find that the calculated width and shape of the 4a-derived band is in

good agreement with angular-resolved photoemission results from this system. The calculated
widths of the Scr- and In--derived bands are much greater than that of the 4o.-derived band, re-
flecting their more delocalized nature. In the photoemission experiment some dispersion is

detected on the So-+ I m composite level but it was not possible to separate out the component.
bands.

I; INTRODUCTION

The interaction between chemisorbed molecules
(or atoms) and solid surfaces is currently being stu-
died using band-theoretical as well as cluster-model
techniques. In the cluster concept, one usually con-
siders the interaction of a single ad-particle with the
surface (which is itself represented by a few atoms)
thus neglecting direct or indirect interaction between
different ad-particles. One obtains, as a result of
such calculations, the energy location of various elec-
tronic states of the system which can be compared
with conventional photoemission spectra. Clearly,
the cluster is an appropriate description in the limit of
vanishing adsorbate coverage. At higher coverages
the adsorbed species can interact with each other
both directly ("through space") and indirectly
("through substrate") and in many cases form or-
dered overlayers. In this case, it may be more ap-
propriate to describe the electronic structure of the
system on the basis of band models with two-
dimensional periodicity. The electronic states are k~~

dependent and the calculated dispersion can be com-
pared to angular-resolved photoemission data. ' '

In a previous communication we have briefly
described the results of angular-resolved photoemis-
sion experiments for CO chemisorbed on Pd(100).
For near saturation coverage and a defined crystal az-
imuth, we have found that the energetic position of
the 4' peak of CO shows a characteristic dependence
on the polar angle of emission. When translated into
band-theory language this amounts to a k~~ dispersion
of about 0.4 eV. At lower coverage the ki) dispersion
fell below the accuracy (+0.04 eV) of our measure-
ments. We have since investigated the dispersion of

the composite5 (5a-+ 1 n)-derived band.
In order to understand the shape and width of

these bands, we have performed electronic-structure
calculations for isolated two-dimensional ordered
layers of CO molecules at different densities.
Geometrical structures of the layers were chosen to
represent the situation on the Pd(100) surface.
Low-energy electron diffraction (LEED) studies6 of
the CO-Pd(100) system show that at coverages
0 =0.5 —0.8 CO forms an ordered overlayer consist-
ing of two orthogonal domains. At 0=0.5, this
structure has been denoted by c (4 x 2) -45 ',
although a vector notation is more appropriate. With
increasing coverage, a uniaxial compression of each
domain in a [100] azimuthal direction occurs result-
ing in a hexagonal structure at 0 =1/3'~2 =0.58 and
reaching saturation at 0 =0.8.

Two-dimensional band-structure calculations for
the CO monolayers at 0=0.5, 0.58, and 0.8 give a
4o- dispersion of 0.02, 0.04, and 0.3 eV, respectively,
which can be compared with the experimental results
for the chemisorbed situation because the CO 4o- or-
bital is not involved in the chemisorption bond with
the surface. The agreement between the theoretical
and experimental 4' bands at 0 =0.8 is very good,
even reproducing the band shape in different k~~

directions, as will be shown in Secs. II—IV. The 1m

and Sa- orbitals in isolated CO are more spatially ex-
tended and the dispersion of the corresponding bands
is accordingly greater. The So- dispersion, for exam-
ple, at O=O.S, 0.58, and 0.8 is 0.33, 0.53, and 2.0
eV, respectively. In the experiment a certain degree
of dispersion is detected for the composite 5 o-+ 1m

level, but it is not possible to decompose it into its
component bands. Furthermore, the extent of the
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dispersion is smaller than indicated by the present
band-structure calculations and shows the need to ac-
count more fully for the interaction with the sub-
strate.

II. CALCULATIONAL METHOD

Our calculations were performed non-self-
consistently using the first-principles [linear combina-
tion of atomic orbitals (LCAO)] extended-tight-
binding (ETB) method. ' Here, the wave functions of
the system are expanded in terms of Bloch sums con-
structed out of Gaussian-type basis sets. We have
used basis sets of better than double $ quality. These
were obtained by contracting nine s and five p atom-
ic functions to (4,3) for both C and 0 and adding a
single d function (exponent =1.0).' The exponents
and contraction coefficients for the s and p orbitals
are given in Table I. The crystal potential was gen-
erated in the overlapping atomic potential (OAP), as
well as overlapping atomic-charge-density (OAC) ap-
proximations. ' " In both cases, self-consistent
atomic Hartree-Fock charge densities have been used
in conjunction with the statistical exchange' approxi-
mation. The potential matrix elements were calculat-
ed in mixed direct and momentum spaces to conver-
gence. All overlap integrals of magnitude greater
than 10 ' were retained. The calculations were per-
formed using the well-known slab configuration. '

I

One domain of the c(4 && 2)-45' structure formed by
CO on Pd(100) at O =0.5 is depicted in Fig. 1. If all
CO molecules are equivalent then bridging sites of
twofold symmetry must be occupied. Such a struc-
ture model is supported by ir-reflection-absorption
measurements. "Increasing the coverage results in a
uniaxial compression in each of the two orthogonal
domains along one of the [100] azimuthal directions.
At a coverage of 0 =0.58 the layer has a hexagonal
structure (see Fig. I) and the compression continues
up to the saturation coverage of 0-0.8. Clearly the
half-coverage situation corresponds to a two-
dimensional lattice characterized by the translation
vectors 7~ = a (1,0) and 72 = a (2, 1), where

a =7.3321 a.u. is the lattice constant for bulk palladi-
um. A value of 2.13 a.u. is used for the CO bond
length. At higher coverages the uniaxial compression
leads to translation vectors 7~ = a (I, 0) and
72 = a ( 2, A), where X is a coverage dependent

parameter. For a given A. the coverage is given by
0 =

2
A.. Therefore, the three coverages 0 =0.5,

1

0.58, and 0.8 depicted in Fig. 1 correspond to X =1,
—(3'~ ), and 8, respectively. The LEED patterns ob-

tained at these three coverages are depicted in Fig. 2,
together with the appropriate surface Brillouin zones
(SBZ's) of both domains. Whereas the shape of the
two overlapping SBZ's varies with coverage, the
directions I M and I K' are colinear. At 0 =0.8

TABLE I. Exponents and contraction coefficients for the CO basis sets.

No. Type
Exponent

Carbon
Coefficient Exponent

Oxygen
Coefficient

5 240.635 2
782.204 8

178.350 83
50.815 942
16.823 562

0.000937
0.007 228
0.036 344
0.130600

'

0.318931

10662.285
1 599.709 7

364.725 26
103.6S1 79
33.905 805

0.000799
0.006 153
0.031 157
0.11596
0.301 552

6.175 776
2.418049

0.511 900

0.156 590

0.438 742
0.214974

1.0

1.0

12.287469 '

4.756 803

1.004 271

0.300686

0.444 870
0.243 172

1.0

1.0

18.8418
4.15924
1.206 71

0.013 887
0.086 279
0.288 744

34.856 463
7.843 131
2.308 269

0 015 648
0.098 197
0.307 748

0.385 54

0.121 94

1.0

1.0

0.723 164

0.214 882

1.0

1.0
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FIG. 1. Structure models for the ordered overlayers
formed by CO on a Pd(100) surface between 0=0.5 and
0 =0,8. The arrows represent the direction of uniaxial
compression of the unit cell along the [100] azimuthal direc-
tion. Only one of the two orthogonal domains is shown in

each case. The primitive unit cells of the equivalent isolated
adlayer are shown with solid lines.

FIG. 2. LEED patterns from the two orthogonal domains
of the CO-Pd(100) system at (a) 0 =0.5 [the c(4 x 2)-45'
structurel, (b) 0=0.58 (the hexagonal structure), and (c)
0=0.8 (- saturation coverage). The patterns thus

correspond to the models of the overlayers presented in Fig.
1. The weak multiple diffraction features are not shown.
The respective superimposed surface Brillouin zones (SBZ's)
for the two domains are also given for each coverage.

the points M and K' are also nearly coincident. The
direction I 0, which is not a symmetry direction, is
unique in that it is common to both SBZ's. We have
calculated the band structure along various directions
of the SBZ at the three coverages.

III. EXPERIMENTAL

All measurements were performed with an ADES
400 ultrahigh vacuum electron spectrometer from VG
Scientific Ltd. After bake-out pressures of typically

(2—3) && 10 "Torr were attained. The chamber con-
tained a ~indo~less uv discharge lamp, an ion bom-
bardment gun, LEED optics, Auger electron gun,
and a crystal manipulator. The instrument allowed
independent setting of photon angle of incidence and
electron emission angle. The analyzer acceptance
window was situated in the plane of incidence of the
light beam. For the coverage dependence of CO ad-
sorption on Pd(100) shown in Fig. 3 (fuo =40.8 eV)
the hemispherical electron energy analyzer was
operated at a pass energy of 10 eV corresponding to
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FIG. 3. Coverage dependence of CO adsorption on
Pd(100) in photoemission with Ace=40. 8 eV, angle of in-

cidence, n; =60 ', and normal emission (8 =0 ').
a

K

an energy resolution of -200 meV. For the disper-
sion investigation only restricted regions of the spec-
trum were recorded around each adsorbate induced
level, so as to improve the signal-to-noise ratio and
thus the accuracy of determining the peak position.
The latter could be estimated to +40 meV for the 4o-

peak and +70 meV for the composite 1 m/Sa. peak.
The parallel component of the wave vector was relat-
ed to the polar angle of emission 8, by
kN = (2mE)'~2 sin8/t E is the kinetic energy of the
emitted electron relative to the vacuum level.

The palladium surface was cut to the desired orien-
tation from a Marz grade single crystal supplied by
Materials Research Corporation. The resulting ellipt-
ical disc was then reoriented on a polishing jig to
better than

2

' of the (100) plane and subsequently

polished with successively finer diamond pastes down
to 0.25 p, m. The crystal was then mounted on a
holder which allowed it to be cooled to 80 K (or
lower if liquid helium is used) while retaining an az-
irnuthal movement of 70'. After repeated cycles of
argon-ion bombardment and short anneals at 800'C
the main impurities (sulphur, phosphorous, and car-
bon as detected by Auger spectroscopy) were re-
moved. The presence of the ordered CO overlayer
was established by LEED.

IV. RESULTS AND DISCUSSION

Figure 4 shows the band structure for the CO
monolayer at 0=0.5 calculated using the OAF ap-

proximation with the exchange parameter a = —,.

The 4o band dispersion is extremely small (=0.02
eV), while the So dispersion (—0.33 eV) and the lm
dispersion (—0.18 eV) are somewhat larger. This
suggests that the CO molecules at this coverage are
only slightly perturbed by the intermolecular interac-

FIG. 4. Band structure of an isolated CO layer

corresponding to a coverage of 0 =0.5 on the Pd(100) sur-

face and using the OAP approximation (see text).

tion. The fact that the So- and la. dispersions are
larger than the 4o- dispersion is a consequence of the
So- and lm orbitals being spatially more extended
than 4o-." The results for the hexagonal CO mono-
layer structure (0=0.58) are similar. Dispersions of
the 4o-, 1 sr, and So- bands increased somewhat and
were found to be 0.04, 0.25, and 0.53 eV, respective-
ly. Repeating the calculation for the saturation cov-
erage (0=0.8), we obtained values of about 0.3, 1.0,
and 2.0 eV. As shown below, the dispersion and

shape of the 4o- band agrees well with our experi-
mental data. However, the calculated relative separa-
tion between the 4o- and lm one-electron eigenvalues
at 0=0.5 and 0.58 is about 1.3 eV at I. Since at
these coverages CO molecules in-different unit cells
interact rather weakly, we might expect this separa-
tion to correspond to the difference in ionization po-
tentials (IP) for the 4o. and 1 m levels in the free
molecule. In fact the 1.3 eV calculated separation is

lower than the IP difference of 2.8 eV. ' The agree-
ment between the experimental So- and 4o- ionization
potential difference (5.7 eV) and the calculated
separation of the eigenvalues (6.5 eV) is somewhat
better. It, was nonetheless felt necessary to repeat all

calculations by generating the monolayer potential in

a somewhat better approximation, namely, the OAC
approximation.

We first performed the OAC approximation
(u =

3 ) calculations for 0=0.58 and found that the

relative separation between 4o- and 1m increased to
2.6 eV at I. The average relative separation between
4o- and So- dropped significantly to 5.1 eV. These
values are in reasonable agreement with the experi-
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FIG. 5, Band structure of an isolated CO layer
corresponding to a coverage of 0=0.8 on the Pd(100) sur-
face and using the OAC approximation (see text).

mental ionization potential difference for free CO.
The dispersions of the 4', lm, and So- bands were
found to be 0.07, 0.27, and 0.54 eV, respectively.
Clearly, these values do not change appreciably on
going from the OAF to the OAC approximation.

Figure 5 shows the complete- band structure for a
CO monolayer at saturation coverage (0=0.8) gen-
erated using the OAC approximation with a = —.
Atomic localization and orbital composition of vari-
ous bands at the I point are presented in Table II.
The population values are quite similar to those ob-
tained for a free CO molecule" using an identical
basis set. One notes in Fig. 5 that cr bands have
their lowest eigenvalue at I because s and p, orbitals
in different unit cells form bonding combinations at
this point. Since n orbitals form antibonding combi-
nations, these bands have their highest eigenvalues at
I. In the free CO molecule the 1m orbitals are dou-

bly degenerate. Due to the low symmetry of the SBZ
this degeneracy is removed, even at the I point
which has C2„symmetry. The calculation shows that
the 1rr~(p„) band at 1' has a slightly lower energy
than the 1 vr2(p~) band. The band dispersions of 4o.,
1m, and Scr were found to be 0.4, 1.4, and 1.7 eV,
respectively.

Kasowski" has performed CO adlayer calculations
at three symmetry points in the SBZ corresponding to
the c(2 x 2) CO overlayer on Ni(100). He obtains a
4' band width of -0.32 for the isolated layer and
-0.43 eV when four layers of Ni substrate are in-
cluded. Although the absolute coverage is lower for
8 =0.5 on Ni(100) than for 0= 0.8 on Pd(100) his
dispersion is almost identical to that obtained in the
present calculation. However, for the isolated layer,
his band dispersion presents an unphysical picture in
that the 4' eigenvalue does not have its lowest value
at the I point. It is also strange that in his calcula-
tion the 4o. band width (which is a measure of the
extent of dispersion) increases through the action of
the substrate, whereas the 50. and 1m band widths
are little affected.

We also examined the sensitivity of the eigenvalue
spectrum to the c'hoice of the exchange parameter n.
The results for three different values of n are sum-
marized in Table III. The value, 0.75, is the optim-
ized o. given by Schwarz. '8 From the table, it is clear
that the widths of all the bands decrease somewhat
with the increasing value of o.. However, the shape
of the bands is relatively insensitive to the particular
choice of o.. We can similarly argue that the incor-
poration of self-consistency would not essentially
alter the conclusions.

Experimental and theoretical studies have shown
that the 4a. orbital of an isolated CO molecule is not
substantially affected by chemisorption on a metal
surface. It is therefore quite reasonable to compare

. the dispersion of this band obtained in the present

TABLE II. Atomic localization and orbital composition (in percent) of the Bloch sums for the
2eigenstates' at the I point (k~~ =0) for CO monolayer at 0=0.8 and n = 3.

State
E

(eV)
A tomic localication

C 0
Orbital composition

&x Py

4'

i+2
5a.

2 Ãf

2' '
2

0.00
3.06
3.24
4.31

13.68
13.97

18
24
23
94
77
78

82
76
77

6
23
22

40
0
0

64
0
0

0
99

0
99
0

0
0

99
0
0

99

60
0
0

36
0
0

All eigenvalues are measured with respect to 4'.
All m states contain 1% d character.
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TABLE III. Energy eigenvalues' (eV) at I and M for CO monolayer at 0=0.8 for several

values of the exchange parameter n.

State o. =0.67 n =0.75 o. =0.80

1m)

1m2

Scr

2 TP )

2%2'

0.00

3.06

3.24

4.31

13.68

13.97

0.42

1.96

2.38

6.05

11.59

12.44

0.00

3.04

3.19

5.02

14.02

14.28

0.33

2.12

2.47

6.63

12,15

12.90

0.00

3.04

3.17

5.48

14.24

14.48

0.28

2.21

2.52

7.00

12.50

13.20

'All eigenvalues are measured with respect to the value of 4a- at I .

calculations for an isolated layer with angular-
resolved photoemission data from the CO-Pd(100)
system. This has been done in Fig. 6 for three dif-
ferent k[] directions at 8=0.8. Photoemission meas-
ured in any one azimuthal direction will be the sum
of emission from the two orthogonal domains present
on the surface. It can be assumed that each is
present in equal amounts. Thus in the [100] azimu-
thal direction of the crystal, we will observe superim-
posed emission from points along I M and I K'. Only
along the unique I'H direction (corresponding to
[110]) is it possible to measure along a direction
common to both domains. Not only might we expect
experimentally different degrees of dispersion
between the [100] and [110] directions but also maxi-
ma at different ka (or, alternatively, at different polar
emission angles), because the distance to the zone
edge is considerably shorter along 1 H. Reference to
Fig. 6 shows that this is indeed observed in practice.
Furthermore, the maxima in the dispersion curves
occur at those values of k~] corresponding to the zone
edge, which in turn can be derived independently
from LEED data. The comparison of theory and ex-
periment for the I'H directions in Fig. 6(a) show that
agreement is better for the OAC approximation (full
line) than fol' the OAP approximation (dotted line).
In Figs. 6(b) and 6(c) are shown the theoretical
dispersions for the I"M and I K' directions, respec-
tively. As noted above, these directions cannot be
separated experimentally and in each case the meas-
ured points correspond to the combined direction
I M+ I"K'. Good agreement between experiment
and theory is obtained until the zone edge is reached.
At this point emission from MI in the second SBZ
appears to dominate over emission from K'MK'I in
the other orthogonal SBZ. The data points of Fig. 6
were taken in the incidence plane with the analyzer
on the opposite side of the surface normal from the
light source. The same dispersion effect was ob-
served when the analyzer was positioned in the avail-

able range of polar angles, 8, on the same side.
Although the present theory is unlikely to account

satisfactorily for the dispersion of the la and Scr lev-
els because of their stronger interaction with the sub-
strate, it is still worthwhile examining the experimen-
tal data. In Fig. 7 we show the dispersion of the
combined So + 1rr level in the direction I'M (I'E')
and I H at 0=0.8. The theory predicts that the lm
and Scr bands should disperse strongly away from I
in opposite directions, which might be expected to
lead to substantial peak broadening particularly near
the zone edge. Instead, virtually no change in half-
width is observed experimentally and the position of
the peak maximum changes by only 0.2 —0.3 eV (Fig.
7). We are, however, still dealing with some kind of
dispersion effect, because the maxima in each direc-
tion coincide with the edge of the SBZ. The fact that
the predicted effects are not observed in practice is
due to the neglect of the substrate in the present cal-
culation: only the direct through-space lateral interac-
tion is considered. It is possible nonetheless to
present some qualitative arguments which account for
the observed behavior. From experiments with po-
larized HeI radiation at 0 =0.5 and normal emission
we have determined that the So level lies at 0.4 (0.2)
eV further below EF than the lm level. Due to prob-
lems with the background, it was not possible to
achieve this separation at 0=0.8, but it is reasonable
to assume that the same applies at the I point in the
high coverage situation. On the basis of the present
calculation the consequence would be a crossing of
the So- and lm bands. In the mirror planes I Mand
I K' the Scr band would hybridize with one of the
two lm bands, which could substantially reduce the
extent of dispersion. The other 1m band can only be
excited by the s component of the incident radiation
and will not appear so strongly in the spectrum.
Along a general direction in the SBZ such as I H, the
Scr band will hybridize with both lm bands. Depend-
ing on the strength of the interaction the hybridiza-
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FIG. 7. Experimental dispersion of the peak maximum of
the combined 1m, So level along (a) I M(I K') and (b) I H
at tee =40.8 eV and e; =60'. The error bar, representing an

inaccuracy of determination of the peak maximum of +0.07
eV, applies to all points.
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FIG. 6, Comparison of calculated 4cr band dispersion
along (a) I H, (b) I M, and (c) I K' with angular resolved
photoemission data. Solid line: OAC; dashed line: OAP;
points: experimental data at ho=40, 8 eV and o.; =60 . The
error bar, representing an inaccuracy of determination of the
peak maximum of +0.04 eV, applies to all points.

tion could therefore lead to three, in the spectrum
overlapping, bands with only a small variation in
separation throughout the SBZ. This should

correspond to the observed result.

We conclude by noting that much of the dispersion
observed in the 4a. band for CO-Pd(100) at high cov-
erage can be accounted for by the direct CO-CO la-
teral interaction. For those orbitals of an adsorbed
molecule, which are strongly involved in the chem-
isorption bond, the isolated adlayer calculation is not
expected to be adequate for describing dispersion.
Substrate effects must be treated explicitly. In the
case of palladium LCAO first-principle calculations are
not possible at the present time. On the other hand,
because of the high degree of ordering in the adlayer,
the CO-Pd(100) system is particularly suitable for
demonstrating experimentally adsorbate band formation.
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