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Electronic structure of the Cu-OÕAg„110…„2Ã2…p2mg surface
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INFM, Unità di Genova, Via Dodecaneso33, 16146 Genova, Italy

Daisuke Ogarane and Sachiko Tawara
Institute of Physics, University of Tsukuba, Tennodai 1-1-1, Tsukuba, Ibaraki 305-8571, Japan

Kazutoshi Yagi-Watanabe
Photonics Research Institute, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba Central 2

Tsukuba 305-8568, Japan
~Received 27 February 2002; revised manuscript received 22 August 2002; published 21 January 2003!

Reviewing the Slater-Koster parameters experimentally collected on various oxygen-adsorbed surfaces, we
suggest a scaling law describing the Slater-Koster~SK! parameters between the oxygen andd-electron metals,
instead of the conventional Harrison rule. We demonstrate an examination of this scaling law by the compara-
tive study with the angle-resolved ultraviolet photoelectron spectroscopy~ARUPS! measurement on the
Cu-O/Ag(110)(232)p2mg surface. First, the electronic structure of the Cu-O/Ag(110)(232)p2mg surface
is determined by ARUPS using synchrotron radiation. The band assignment of O2p and Cu3d is carefully done
by means of the cross-section analysis for the 20 and 100 eV photon energy. The obtained electronic structure
is interpreted in terms of the tight-binding calculation. In the calculation, we use SK parameters produced by
the new scaling law. From the good agreement between the experiment and the calculation, we can see that the
scaling law is practically useful.

DOI: 10.1103/PhysRevB.67.035411 PACS number~s!: 73.20.At, 73.22.2f, 71.15.2m
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I. INTRODUCTION
In the last decades, we have studied the electronic st

tures of oxygen-adsorbed metal surfaces by means of an
resolved ultraviolet photoelectron spectroscopy~ARUPS!.
By interpreting all the experimental results in terms of t
tight-binding calculation, we have determined Slater-Kos
~SK! parameters of oxygen-metal interaction on the vario
metal surfaces: Pd~110!, Cu~110!, Cu~100!, Ni~110!,
Ag~110!, and Rh~110!.1–6 Reviewing these semiempiricall
determined SK parameters, we noticed that there is a un
sal scaling law dominating the SK parameters of oxyg
metal interaction. In other words, the SK parameters are
termined as the functions of the interatomic distance.

As is well known, this concept to make scaling law of t
SK parameters was suggested by Harrison in 1980.7 Accord-
ing to this Harrison rule, some of the SK parameters
given as follows,

~sps!,~pps!,~ppp!5h l l 8m

\2

m
d22,

~pds!,~pdp!5h ldm

\2

m
d27/2, ~1!

wherel and l 8 denote thes or p orbitals, andm indicates the
s or p bondings, respectively. Harrison determined the u
versal coefficienth by averaging the values obtained on t
various systems. While this rule well interprets the gene
tendencies of electronic structures of solids, it is not suita
to investigate detailed properties of individual systems.
deed the SK parameters determined on the oxygen-adso
metal surfaces do not obey this rule well. Keeping the s
plicity of the Harrison rule, the rule should be given mo
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practical accuracy optimized to individual cases. From t
viewpoint, we suggest a scaling law describing our SK p
rameters between oxygen andd-electron metals constructe
by modifying the Harrison rule.

We introduce a scaling law of the oxygen-metal intera
tion, and we apply this law to a practical case. As the b
candidate for the examination, we picked th
Cu-O/Ag(110)(232)p2mg surface, where -Cu-O- zigza
chains are formed along the@11̄0# direction on the Ag~110!
surface~see Fig. 1!.8 This structure is the same as that of t
oxygen-adsorbed~0.5-ML! Rh~110! surface.9,10

We report the electronic structure of th
Cu-O/Ag(110)(232)p2mg surface as the results o
ARUPS experiments. Then we make the tight-binding cal
lation of this surface and compare it with the experimen
results. In the calculation, we use the scaling law to de
mine the SK parameters of Cu-O and Ag-O interactions.
will show the good agreement between the experiment
the tight-binding calculation.

FIG. 1. The surface structure of Cu-O/Ag(110)(232)p2mg
and Cu6 /Ag(110) surfaces. The open circles indicate Cu atom
and gray and black circles indicate Ag and oxygen atoms, res
tively. This surface structure may be found in Ref. 8.
©2003 The American Physical Society11-1
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II. EXPERIMENT

The substrate sample of Ag~110! was cleaned by Ar1-ion
bombardment and a 673 K annealing cycle. T
Cu-O/Ag(110)(232)p2mg surface was prepared by a on
half monolayer of Cu deposition on the oxygen-adsorb
Ag(110)p(231)-O surface at room temperature. The
32)p2mg structure was confirmed by observation of
sharp low-energy, electron-diffraction~LEED! pattern in
which every half order spot (h/2, 0! is missing~‘‘ h’’ are odd
integers, e.g., 1,3,5. . . ). Theexperiments were made at BL
18A of the Photon Factory, KEK. In the ARUPS measu
ments, mainly 20 eVp-polarized light was used to detect th
photoelectrons coming from both O2p and Cu3d states. To
distinguish between O2p and Cu3d states, we made a sim
lar measurement of 100 eV photons and compared the s
tra. The light incidence angle was set at 70° from the surf
normal and photoelectrons are collected in the light in
dence plane in all the measurements. The spectra were
lected along the @11̄0# and @001# directions on the
Cu-O/Ag(110)(232)p2mg surface.

III. RESULTS

Figure 2 shows the ARUPS spectra of the clean Ag~110!
and Cu-O/Ag(110)(232)p2mg surfaces along the@11̄0#
direction measured with 20 eV photons. Figure 3 shows
spectra taken along the@001# direction. There are some Cu-O
induced features as indicated by shading in the spectra. In

@11̄0# direction, we can observe a state dispersing fr
22 to 21 eV. We also observe a strong and nondispers
feature at23 eV.

In order to assign origin of these states, we made a cr

FIG. 2. ARUPS spectra of the clean Ag~110! ~left! and
Cu-O/Ag(110)(232)p2mg ~right! surfaces. The spectra wer

taken along the@11̄0# direction. The shading indicates the featur
induced by Cu-O. Thep-polarized light ofhn520 eV photon en-
ergy was used. The light incidence angle wasu I570°.
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section analysis. Figure 4 indicates a photon energy dep
dence of the normal-emission spectra.12 Relative intensity of
the 23 eV peak was enhanced withhn5100 eV; on the
contrary, the22eV peak declined or vanished with an in
crease of photon energy. Comparing photon energy dep
dence of photoemission cross sections for Ag4d, Cu3d, and
O2p orbitals@see Fig. 4~b!#, we can ascribe the22 eV and
23 eV peaks to the O2p and Cu3d states, respectively.

The O2p state which disperses upward from22 to
21 eV along the@11̄0# direction ~Fig. 2! would be attrib-

FIG. 3. ARUPS spectra of clean Ag~110! ~left! and
Cu-O/Ag(110)(232)p2mg ~right! surfaces. The spectra wer
taken along the@001# direction. The shading indicates the featur
induced by Cu-O. Thep-polarized light ofhn520-eV photon en-
ergy was used. The light incidence angle wasu I570°.

FIG. 4. ~a! Normal-emission spectra of clean Ag~110! and
Cu-O/Ag(110)(232)p2mg surfaces with two types of photon en
ergy, 20 and 100 eV. Solid and dotted lines indicate the spectr
the clean Ag~110! and Cu-O/Ag(110)(232)p2mg surfaces, re-
spectively. Three typical features induced by Cu-O are indicated
a, b, andg. ~b! Photoemission cross-section variation with phot
energy for the Ag4d, Cu3d, and O2p states~Ref. 12!. From this
cross-section variation, it is indicated that the statea in ~a! is as-
cribed to the Cu3d, others are assigned to the O2p state.
1-2
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uted to the antibonding states, as was analyzed from the
sult on the Ag(110)p(231)-O surface. This band folds a
G2nd ~corresponds toue532°) and it shows typical behavio
of the p2mg structure.13 The Cu3d peak shows a change i
its width and line shape with increasing emission angle
thus we can say this feature should contain several sta
Later on we will discuss those O2p and Cu3d states in terms
of the tight-binding model.

We cannot observe any band dispersion on the spe
along the@001# direction~Fig. 3!. This is reasonable becaus
the interactions between the adjacent Cu-O chains along
@001# direction are impossible due to the missing row stru
ture. The electronic structure of the Cu-O chain has o
dimensional behavior.

In Fig. 2, we observed some intensity changes in
Ag4d bulk band region of28;4 eV and this must include
some information about the bonding states. However, it d
not seem to be easy to treat the bonding states exactly,
the case of the Ag(110)p(231)-O surface.5,11 We will not
pursue this issue further here since it is quite complicate

IV. STRUCTURAL MODEL

Before interpreting our experimental results by means
the tight-binding calculations, we need to know the prec
structure of the Cu-O/Ag(110)(232)p2mg surface includ-
ing the information on atomic radii. However, no detail
structural analysis of this surface has been done excep
suggestion of a structural model based on the scann
tunneling microscopy images and LEED patterns~see Fig.
1!. Therefore we should make an extrapolation for the ato
radii of the adsorbed Cu and O by reviewing many structu
analysis reports on other surface alloys.

According to the previous structural analysis on other s
face alloys, we find following tendencies of atomic radii
adsorbates. First, the atomic radius of adsorbed metal
comes equal to that of the substrate atom. Second, the
sorbed gaseous atom always keeps almost the same a
radius, independently of substrates. For examp
Cu(100)c(232)-Pd is a well-known surface alloy, an
many tensor LEED structural analyses have been done.14–16

On this surface the atomic radius of Pd becomes comple
the same as that of the substrate Cu. The same phenom
was pointed out also on the Cu(100)c(232)-Au surface.14

Apart from this, we can introduce the bilayer Cu-O film o
the Ru~0001! surface, where a Cu-O zigzag chain
formed.17 On this surface the radius of the Cu atom becom
almost the same as that of the Ru atom, and the radius o
O atom is kept at 0.61 Å. This value of the radius of oxyg
is not changed from that on the Ag(110)p(231)-O surface
~0.60 Å!.

Thus, also on the Cu-O/Ag(110)(232)p2mg surface,
we could assume that the radius of the Cu atom is equa
that of the substrate Ag atom, and radius of the O atom is
Å, like the value on the Ag(110)p(231)-O surface. In this
case, the structural outline of Cu-O/Ag(110)(232)p2mg
looks like Ag-O/Ag(110)(232)p2mg or Ag(110)(2
32)p2mg-O.
03541
re-

d
es.

tra

he
-
-

e

s
in

f
e

he
g-

ic
l

r-

e-
d-

mic
,

ly
non

s
he

to
.6

V. SLATER-KOSTER PARAMETERS

A. Metal-metal interaction

Here we discuss the SK parameters necessary for
tight-binding calculation. We need three types of SK para
eters. The first is the Ag-Ag interaction in the substrate. T
second is the interaction of the alloy part, Ag-Cu and Cu-C
Finally, the last is the interaction between two different m
als ~Ag, Cu! and O.

For the Ag-Ag interaction, we adopt the SK paramete
determined by Papaconstantopoulos for bulk Ag.18 These SK
parameters of Ag-Ag reproduced well the experimentally
termined electronic structures of clean Ag~110! and
Ag(110)p(231)-O surfaces.5

For the alloy part~Ag-Cu and Cu-Cu interaction!, we pre-
pare the SK parameters by means of the weighted averag
the SK parameters for the bulk Ag and Cu, as done in ot
works.19,20 In other words, we simply interpolated the S
parameters of bulk Ag and Cu determined by Papacons
topoulos as a function of the interatomic distance. We ad
the power-law functionV5h\2/mds, and we fith ands as
the adjustable parameters. Then we substituted the in
atomic distance of Ag-Ag for the obtained function. The bu
SK parameters of Ag and Cu determined by Papaconsta
poulos obey well the power law. Therefore the obtained
parameters by the interpolation are not so different fr
those of bulk Ag.

B. Oxygen-metal interaction

Here we examine the scaling law describing the SK
rameters of oxygen-metal interaction. Figure 5 displays
SK parameters obtained on the various oxygen-adsor
metal surfaces as the functions of the interatomic distan
Cu~110! ~circles!, Ni~110! ~squares!, Ag~110! ~triangles!, and
Rh~110! ~crosses!.2,4–6As mentioned in the previous study5

these SK parameters seem to obey the following scaling
instead of the Harrison rule of Eq.~1!:

~sPs!5h l l 8m

\2

m
d22,

~Pps!,~Ppp!5h l l 8m

\2

m
d27/2,

~Pds!,~Pdp!5h ldm

\2

m
d27/2, ~2!

whereP indicates O2p, ands, p, andd represent the elec
tronic states of metals. The difference from the conventio
Harrison rule is the exponents of the (Pps), (Ppp), that is,
they are changed from22 to 27/2. While the origin of this
change is not clear, we speculate that it is caused by
extremely small electron occupancy of thep-orbital of the
d-electron metals. Fitting these scaling laws for the semie
pirically obtained SK parameters, we determinedh for each
SK parameter:hsps50.07, hpps50.63, hppp50.24, hpds

50.33, andhpdp50.12. The results of fitting are shown i
figures with solid lines. By substituting the expected inte
1-3
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atomic distances of oxygen-metal bonding for the scal
law, we can produce the SK parameters for the oxygen-m
interaction.

VI. TIGHT-BINDING CALCULATION

Now we construct the Hamiltonian to make the tigh
binding calculation. As a basis set of the Hamiltonian,
considered O2p, Cu3d, Cu4s, Cu4p, Ag4d, Ag5s, and
Ag5p orbitals. The first- and second-nearest-neighbor in
actions were taken into account. By including ten substr
layers, we diagonalized 3843384 secular equations at 31k
points from theḠ to the secondX̄ point. As mentioned
above, the SK parameters of the substrate Ag-Ag interac
is referred from the first-principles calculation of bulk A
For the alloy part~Ag-Cu, Cu-Cu!, the SK parameters ar
taken by a weighted average of bulk Ag-Ag and bulk Cu-
interactions. The SK parameters of oxygen metals are de
mined by the scaling law. Apart from this, the on-site en
gies of Cu3d, 4s, 4d, and O2p are also used as adjustab
parameters. The on-site energies of substrate Ag are the
used in the study of Ag(110)p(231)-O.

Figure 6 shows the comparison of the band structures
tween the experimental result of ARUPS and the tig
binding calculation. White circles indicate the experimen
data, and the gray density plot indicates the result of
tight-binding calculation. The density plot in Fig. 6 repr

FIG. 5. SK parameters determined on the oxygen-adsor
Cu~110! ~circles!, Ni~110! ~squares!, Ag~110! ~triangle!, and
Rh~110! ~crosses! surfaces are plotted in logarithmic scale as t
functions of the interatomic distance. The SK parameters were fi
by the scaling law shown in Eq.~3!. The results of the fitting are
indicated by solid lines in each figure.
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sents the partial densities-of-states~DOS! intensity of the
O2p states classified into theD1 representation in terms o
the group theory of thep2mg symmetry, i.e., the bands as
cribed topx11px2 , py12py2, and pz11pz2. We can see
that all the O2p bands obtained from the experiment a
interpreted by the calculation consistently. The assignmen
each oxygen-derived band is indicated in the figure~dotted
lines!.

The Cu3d band structure is also reproduced by the cal
lation as can be seen in Fig. 7. The partial DOS of Cud
states in theD1 representation are indicated as a density p
in the figure:xy1-xy2 , yz1-yz2 , zx11zx2 , x2-y1

21x2-y2
2,

and 3z2-r 1
213z2-r 2

2. It is not simple to discuss the agreeme
between the experiment and calculation of Cu3d states, be-

d

d

FIG. 6. Comparison of the tight-binding calculation and expe

ment alongḠ-X̄. The density plot indicates the calculation, an
open circles indicate the experimental data. Darkness of the de
plot indicates intensity of the O2p states ascribed to theD1 repre-
sentation:px11px2 , py1-py2, andpz11pz2.

FIG. 7. Comparison of the tight-binding calculation and expe

ment alongḠ-X̄. The density plot indicates the calculation, an
open circles indicate the experimental data. Darkness of the de
plot indicates intensity of the Cu3d states ascribed to theD1 repre-
sentation:xy1-xy2 , yz1-yz2 , zx11zx2 , x2-y1

21x2-y2
2 , and 3z2-r 1

2

13z2-r 2
2.
1-4
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TABLE I. The on-site energies of Cu3d, 4s, and 4p are shown and are compared with those determi
on the Cu(110)p(231)-O surface. The notation Cu3d1 and Cu3d2 represents the on-site energies ofxy, yz,
zx, andx2-y2, 3z2-r 2, respectively. The on-site energies of Ag are also displayed for the comparison.

On site Cu(110)p(231)-O Ag(110)p(231)-O Cu-O/Ag(110)(232)p2mg

O2p 23.9 22.0 22.0
Cu4s 2.91
4p 10.52 20.5 eV from
3d1 22.82 Cu(110)p(231)-O
3d2 22.84
Ag5s 2.32
5p 8.46 same as
4d1 25.30 Ag(110)p(231)-O
4d2 25.53
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cause there are five different states in a same energy re
However, we can see that the main peak of Cu3d states in
the experiment slightly disperses upward fromḠ1st to Ḡ2nd.
This small dispersion is well reproduced by the most inte
part of the tight-binding calculation.

Thus the SK parameters produced by the scaling law w
described the electronic structure of the Cu-O/Ag(110
32)p2mg. We roughly define the agreement between
experiment and the calculation by the averaged deviation
some points of the electronic bands as follows:

I 5
1

n (
i 51

n

uEi
exp2Ei

calu. ~3!

We chose eight typical points from the experimentally det
mined energy states to compare them with the calculatio
and those are indicated by filled circles in Fig. 6. When
use the scaling law, the agreement wasI scaling50.186 ~eV!.
On the other hand, in the cases in which we use the
parameters obtained on Cu(110)p(231)-O ~Ref. 2! and
Ag(110)p(231)-O,5 the calculations show less agreeme
I Cu50.332 andI Ag50.248, respectively. The result of th
best fitting wasI best50.124. The scaling law gives muc
better agreement than the SK parameters of Ag(110)p(2
31)-O, even though the oxygen-metal interatomic distan
of Cu-O/Ag(110)(232)p2mg are almost equal to those o
Ag(110)p(231)-O. This implies that the scaling law in
cludes the property not only of the Ag-O interaction, but a
of the Cu-O interaction, providing a good description of t
electronic structure of the surface alloy.

Finally we mention the on-site energies of O2p, Cu3d,
4s, and 4p, which were used as the fitting parameters.
Table I, the obtained on-site energies are displayed and
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compared with the on-site energies of Ag and Cu on
Cu(110)p(231)-O surface. In the studies of Cu(110)p(2
31)-O ~Ref. 2! and Ag(110)p(231)-O,5 the on-site ener-
gies of Cu and Ag were taken from the values determined
Papaconstantopoulos for the bulk Cu and Ag. The offset
those on-site energies was determined to reproduce the
perimental band structures of clean Cu~110! and Ag~110!. In
the present calculation, in principle, we used the same on
energies for the substrate Ag and adsorbed Cu. However
needed to add a20.5 eV surface shift for the on-site ene
gies of Cu. So far this surface shift still calls for an interpr
tation.

VII. CONCLUSION

Reviewing the SK parameters collected on the oxyg
adsorbed Cu~110!, Ni~110!, Ag~110!, and Rh~110! surfaces,
we suggest the scaling law dominating the SK parameter
oxygen- andd-electron metal interaction. We interpreted th
electronic structure obtained via an ARUPS experiment
the Cu-O/Ag(110)(232)p2mg surface by means of the
synchrotron radiation with 20 and 100 eV photon energi
and we interpreted the electronic structure by means of
tight-binding calculation and the new scaling law. The S
parameters produced by the scaling law well reproduced
experimentally determined electronic structure.
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