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Electronic structure of the Cu-O/Ag(110)(2X2)p2mg surface
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Reviewing the Slater-Koster parameters experimentally collected on various oxygen-adsorbed surfaces, we
suggest a scaling law describing the Slater-Ko&®€) parameters between the oxygen ahelectron 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 spectros€¢8RUPS measurement on the
Cu-O/Ag(110)(2< 2)p2mg surface. First, the electronic structure of the Cu-O/Ag(11®22p2mg surface
is determined by ARUPS using synchrotron radiation. The band assignmenp@n@dZu3ll 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.
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I. INTRODUCTION practical accuracy optimized to individual cases. From this
In the last decades, we have studied the electronic strusdewpoint, we suggest a scaling law describing our SK pa-
tures of oxygen-adsorbed metal surfaces by means of angleameters between oxygen adeklectron metals constructed
resolved ultraviolet photoelectron spectrosca@RUPS. by modifying the Harrison rule.
By interpreting all the experimental results in terms of the We introduce a scaling law of the oxygen-metal interac-
tight-binding calculation, we have determined Slater-Kostetion, and we apply this law to a practical case. As the best
(SK) parameters of oxygen-metal interaction on the variouszandidate for the examination, we picked the
metal surfaces: Rd10, Cu110, Cu100, Ni(110, Cu-O/Ag(110)(2<2)p2mg surface, where -Cu-O- zigzag
Ag(110, and RI110.*"° Reviewing these semiempirically chains are formed along tfid 10] direction on the AgL10)
determined SK parameters, we noticed that there is a univekyrface(see Fig. 18 This structure is the same as that of the
sal scaling law dominating the SK parameters of oxygenpxygen-adsorbed.5-ML) Rh(110) surface’°
metal interaction. In other words, the SK parameters are de- e report the electronic  structure of the
termined as the functions of the interatomic distance. Cu-O/Ag(110)(2<2)p2mg surface as the results of
As is well known, this concept to make scaling law of the ARUPS experiments. Then we make the tight-binding calcu-
SK parameters was suggested by Harrison in 198€cord-  |ation of this surface and compare it with the experimental
ing to this Harrison rule, some of the SK parameters argesults. In the calculation, we use the scaling law to deter-
given as follows, mine the SK parameters of Cu-O and Ag-O interactions. We
5 will show the good agreement between the experiment and

3 L :
(spo),(ppo),(ppm) = 77||rmmd721 the tight-binding calculation.

Cub6 cluster

h? Q@O A8
(de),(Pdﬂ')=77|dmmd77/2, (1)

® oxygen
wherel andl’ denote thes or p orbitals, andm indicates the

o or 7 bondings, respectively. Harrison determined the uni-
versal coefficienty by averaging the values obtained on the unit cell of
various systems. While this rule well interprets the generic ey
tendencies of electronic structures of solids, it is not suitable

to investigate detailed properties of individual systems. In-  F|G. 1. The surface structure of Cu-O/Ag(110){2)p2mg
deed the SK parameters determined on the oxygen-adsorbafd Cy/Ag(110) surfaces. The open circles indicate Cu atoms,
metal surfaces do not obey this rule well. Keeping the simand gray and black circles indicate Ag and oxygen atoms, respec-
plicity of the Harrison rule, the rule should be given moretively. This surface structure may be found in Ref. 8.
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FIG. 2. ARUPS spectra of the clean @G0 (left) and
Cu-O/Ag(110)(2<2)p2mg (right) surfaces. The spectra were
taken along th¢110] direction. The shading indicates the features
induced by Cu-O. The-polarized light ofhv=20 eV photon en-
ergy was used. The light incidence angle vias 70°.

FIG. 3. ARUPS spectra of clean &glO (left) and
Cu-O/Ag(110)(2<2)p2mg (right) surfaces. The spectra were
taken along th¢001] direction. The shading indicates the features
induced by Cu-O. The-polarized light ofhv=20-eV photon en-
ergy was used. The light incidence angle véas 70°.

Il. EXPERIMENT section analysis. Figure 4 indicates a photon energy depen-

The substrate sample of ALO) was cleaned by Ar-ion  dence of the normal-emission specirarelative intensity of
bombardment and a 673 K annealing cycle. Thethe —3 eV peak was enhanced withv=100 eV; on the
Cu-O/Ag(110)(2< 2)p2mg surface was prepared by a one- contrary, the—2eV peak declined or vanished with an in-
half monolayer of Cu deposition on the oxygen-adsorbedrease of photon energy. Comparing photon energy depen-
Ag(110)p(2x1)-O surface at room temperature. The (2 dence of photoemission cross sections for Ag€u3d, and
X 2)p2mg structure was confirmed by observation of aO2p orbitals[see Fig. 4b)], we can ascribe the 2 eV and
sharp low-energy, electron-diffractiofLEED) pattern in —3 €V peaks to the Q2 and Cu3l states, respectively.
which every half order spot(2, 0) is missing(“ h” are odd The O2p state which disperses upward from2 to
integers, e.g., 1,3,5. . ). Theexperiments were made at BL- —1 eV along the 110] direction (Fig. 2) would be attrib-
18A of the Photon Factory, KEK. In the ARUPS measure-
ments, mainly 20 e\p-polarized light was used to detect the A A A A A
photoelectrons coming from both @2and Cu3l states. To nommal emission B ____ o,
distinguish between Q2 and Cu3l states, we made a simi- 3
lar measurement of 100 eV photons and compared the spec-
tra. The light incidence angle was set at 70° from the surface
normal and photoelectrons are collected in the light inci-
dence plane in all the measurements. The spectra were col-

lected along the[110] and [001] directions on the
Cu-O/Ag(110)(2< 2)p2mg surface.
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Figure 2 shows the ARUPS spectra of the clearilA6)
and Cu-O/Ag(110)(X 2)p2mg surfaces along thé110] FIG. 4. (@) Normal-emission spegtra of clean @40 and
direction measured with 20 eV photons. Figure 3 shows thé:u-O/Ag(llO)(%Z)png surfaces W'th_ two types of photon en-
spectra taken along ti801] direction. There are some Cu-O ergy, 20 and 100 eV. Solid and dotted lines indicate the spectra of
induced features as indicated by shading in the spectra. In tﬁrée clean Al10 and Cu-O/Ag(110)( 2)p2mg surfaces, re-
i ) ) ) o spectively. Three typical features induced by Cu-O are indicated by
[110] direction, we can observe a state dispersing from, g andy. (b) Photoemission cross-section variation with photon
—2 to—1 eV. We also observe a strong and nondispersingnergy for the Agd, Cu3d, and O states(Ref. 12. From this
feature at—3 eV. cross-section variation, it is indicated that the staten (a) is as-

In order to assign origin of these states, we made a crossribed to the Cud, others are assigned to the @3atate.
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uted to the antibonding states, as was analyzed from the re- V. SLATER-KOSTER PARAMETERS
sult on the Ag(110p(2x1)-O surface. This band folds at
I',,4 (corresponds t@,=32°) and it shows typical behavior )
of the p2mg structure'® The Cu3l peak shows a change in Her_e we dlscuss_the SK parameters necessary for our
its width and line shape with increasing emission angle andight-binding calculation. We need three types of SK param-

thus we can say this feature should contain several state§e's: The firs.t Is the _Ag-Ag interaction in the substrate. The

Later on we will discuss those @2and Cu3l states in terms second is the interaction of the alloy part, Ag-Cu and Cu-Cu.

of the tight-binding model Finally, the last is the interaction between two different met-
) . . als (Ag, Cu) and O.

We cannot observe any band dispersion on the spectra For the Ag-Ag interaction, we adopt the SK parameters

along the/001] direction(Fig. 3). This is reasonable because :
the interactions between the adjacent Cu-O chains along ﬂ}d?etermmed by Papaconstantopoulos for bulkAghese SK

S ) ' e arameters of Ag-Ag reproduced well the experimentally de-

[001] direction are impossible due to the missing row Struc'termined eIectr%nig s?ructures of cleanp(AgO) ang
ture. The electronic structure of the Cu-O chain has 0neAg(110)p(2><1)-O surfaces
dln?r?né;oneg bviga\czlt())srérved some intensity changes in the._ ' OF i€ alloy partAg-Cu and Cu-Cu interactionwe pre-
Acad bgl'k b' nd region of-8~4 eV and th)i/ m tgin lud epare the SK parameters by means of the weighted average of

g+ad bulk band region o eva S mustinciude -, gy parameters for the bulk Ag and Cu, as done in other
some information about the bonding states. However, it doe\ﬁ/orkslg*zo In other words, we simply interpolated the SK
not seem to be easy to treat the bonding states exactly, as ' ' . )
the case of the Ag(11p(2x1)-O surfacé™ We will not [H?arameters of bulk Ag and Cu determined by Papaconstan

ursue this issue further here since it is auite complicated topoulos as a function of the interatomic distance. We adopt
P q P " the power-law functiorV= 5A2?/md°, and we fity ands as

the adjustable parameters. Then we substituted the inter-
atomic distance of Ag-Ag for the obtained function. The bulk
IV. STRUCTURAL MODEL SK parameters of Ag and Cu determined by Papaconstanto-

Before interpreting our experimental results by means oP©ulos obey well the power law. Therefore the obtained SK

the tight-binding calculations, we need to know the precisd?@rameters by the interpolation are not so different from

structure of the Cu-O/Ag(110)(22)p2mg surface includ- those of bulk Ag.

ing the information on atomic radii. However, no detailed

structural analysis of this surface has been done except the B. Oxygen-metal interaction

suggestion of a structural model based on the scanning- pyere we examine the scaling law describing the SK pa-

tunneling microscopy images and LEED p_at'tefl‘lee Fig.  rameters of oxygen-metal interaction. Figure 5 displays the

1. Therefore we should make an extra_lpol_atlon for the atomiggk parameters obtained on the various oxygen-adsorbed

radii of the adsorbed Cu and O by reviewing many structurajneta| surfaces as the functions of the interatomic distance:

analysis reports on other surface alloys. Cu(110) (circles, Ni(110) (squares Ag(110) (triangles, and
According to the previous structural analysis on other SUIRK(110) (crosses>*~®As mentioned in the previous stugly,

face alloys, we find following tendencies of atomic radii of {hage Sk parameters seem to obey the following scaling law
adsorbates. First, the atomic radius of adsorbed metal besciead of the Harrison rule of EqL):

comes equal to that of the substrate atom. Second, the ad-

A. Metal-metal interaction

sorbed gaseous atom always keeps almost the same atomic 52

radius, independently of substrates. For example, (sPo)= ﬂll’mﬁd_ ,

Cu(100x(2x2)-Pd is a well-known surface alloy, and

many tensor LEED structural analyses have been ¢btré. 5

On this surface the atomic radius of Pd becomes completely (Ppa),(Ppm)= 7, ,mh_d—wz,
m

the same as that of the substrate Cu. The same phenomenon

was pointed out also on the Cu(1@02 X 2)-Au surface:*

Apart from this, we can introduce the bilayer Cu-O film on h —

the RU0001) surface, where a Cu-O zigzag chain is (Pdo),(Pdm)= ”Idmﬁd ' @)

formed?’ On this surface the radius of the Cu atom becomes

almost the same as that of the Ru atom, and the radius of thehereP indicates Op, ands, p, andd represent the elec-

O atom is kept at 0.61 A. This value of the radius of oxygentronic states of metals. The difference from the conventional

is not changed from that on the Ag(13gR < 1)-O surface Harrison rule is the exponents of the§o), (Pp), that is,

(0.60 A). they are changed from 2 to —7/2. While the origin of this
Thus, also on the Cu-O/Ag(110)¥2)p2mg surface, change is not clear, we speculate that it is caused by the

we could assume that the radius of the Cu atom is equal textremely small electron occupancy of theorbital of the

that of the substrate Ag atom, and radius of the O atom is 0.6-electron metals. Fitting these scaling laws for the semiem-

A, like the value on the Ag(11@Y2x 1)-O surface. In this pirically obtained SK parameters, we determingdor each

case, the structural outline of Cu-O/Ag(110)2)p2mg  SK parametersp,,=0.07, 17,,,=0.63, 7,5,=0.24, 74,

looks like Ag-O/Ag(110)(22)p2mg or Ag(110)(2 =0.33, andzn,q,=0.12. The results of fitting are shown in

X 2)p2mg-O. figures with solid lines. By substituting the expected inter-

2
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Inter-atomic distance [A] O2p states classified into th&, representation in terms of

the group theory of th@2mg symmetry, i.e., the bands as-
FIG. 5. SK parameters determined on the oxygen-adsorbe@ribed topx;+pX,, py;—py., andpz;+pz,. We can see
Cu(110 (circles, Ni(110 (squarey Ag(110 (triangle, and that all the O2 bands obtained from the experiment are
Rh(110 (crossep surfaces are plotted in logarithmic scale as theinterpreted by the calculation consistently. The assignment of
functions of the interatomic distance. The SK parameters were fittedach oxygen-derived band is indicated in the fig(detted
by the scaling law shown in Eq3). The results of the fitting are |ines).
indicated by solid lines in each figure. The Cu3l band structure is also reproduced by the calcu-
lation as can be seen in Fig. 7. The partial DOS of €u3
atomic distances of oxygen-metal bonding for the scalingstates in the\, representation are indicated as a density plot
!aw, we can produce the SK parameters for the oxygen-metah the figure:xy;-Xy,, Yz1-yZp, ZX + 2%, xz-yf+x2-y§,
Interaction. and 3?-r+3z%-r3. Itis not simple to discuss the agreement
between the experiment and calculation of @Gus3ates, be-
VI. TIGHT-BINDING CALCULATION

Now we construct the Hamiltonian to make the tight- s T X Tong Xana
binding calculation. As a basis set of the Hamiltonian, we
considered OB, Cu3d, Cuds, Cu4p, Ag4d, Ag5s, and 1

Ag5p orbitals. The first- and second-nearest-neighbor inter-
actions were taken into account. By including ten substrate
layers, we diagonalized 384384 secular equations at &L

points from thel” to the secondX point. As mentioned
above, the SK parameters of the substrate Ag-Ag interaction
is referred from the first-principles calculation of bulk Ag.
For the alloy part(Ag-Cu, Cu-Cu, the SK parameters are
taken by a weighted average of bulk Ag-Ag and bulk Cu-Cu
interactions. The SK parameters of oxygen metals are deter-
mined by the scaling law. Apart from this, the on-site ener-
gies of Cull, 4s, 4d, and O% are also used as adjustable
parameters. The on-site energies of substrate Ag are the same
used in the study of Ag(11@)2x1)-O. FIG. 7. Comparison of the tight-binding calculation and experi-
Figure 6 shows the comparison of the band structures bgnent alongl’-X. The density plot indicates the calculation, and

tween the experimental result of ARUPS and the tight-open circles indicate the experimental data. Darkness of the density
binding calculation. White circles indicate the experimentalplot indicates intensity of the CuBstates ascribed to the, repre-

data, and the gray density plot indicates the result of theentationxy,xy,, yz-yz, 2x+2%, x2-y2+x%y2, and 3?-r2
tight-binding calculation. The density plot in Fig. 6 repre- +3z%-r2.
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TABLE I. The on-site energies of Cuaf3 4s, and 4 are shown and are compared with those determined
on the Cu(110p(2x% 1)-0 surface. The notation Cd3 and Cull, represents the on-site energiexgf yz,

zx, andx?-y?, 3z%-r?, respectively. The on-site energies of Ag are also displayed for the comparison.
On site Cu(110p(2%x1)-O Ag(110p(2x1)-0 Cu-O/Ag(110)(X 2)p2mg
0o2p -39 -2.0 -2.0

Cu4s 291

4p 10.52 —0.5 eV from

3d, -2.82 Cu(110p(2x1)-0
3d, —2.84

Ag5s 2.32

5p 8.46 same as

4d, -5.30 Ag(110p(2x1)-O
4d, -5.53

cause there are five different states in a same energy regiocompared with the on-site energies of Ag and Cu on the

However, we can see that the main peak of €is8ates in  Cu(110p(2X1)-O surface. In the studies of Cu(1pgp

the experiment slightly disperses upward frém to [5nq. X 1)-O (Ref. 2 and Ag(110p(2x 1)-O,° the on-site ener-

This small dispersion is well reproduced by the most intens@ies of Cu and Ag were taken from the values determined by

part of the tight-binding calculation. Papaconstantopoulos for the bulk Cu and Ag. The offset for
Thus the SK parameters produced by the scaling law welthose on-site energies was determined to reproduce the ex-

described the electronic structure of the Cu-O/Ag(110)(2perimental band structures of clean(CLO) and Ag110). In

X 2)p2mg. We roughly define the agreement between thethe present calculation, in principle, we used the same on-site

experiment and the calculation by the averaged deviation ofinergies for the substrate Ag and adsorbed Cu. However, we

some points of the electronic bands as follows: needed to add & 0.5 eV surface shift for the on-site ener-
gies of Cu. So far this surface shift still calls for an interpre-
1" tation.
=5 2 BB 3
=

VIlI. CONCLUSION

W_e chose eight typical points from the ex_perlmentally dgter- Reviewing the SK parameters collected on the oxygen-
mined energy states to compare them with the calculations

and those are indicated by filled circles in Fig. 6. When Weadsorbed CU10, Ni(110, Ag(110, and RH11Q surfaces,

use the scaling law, the agreement Wag;n,~0.186 (V). we suggest the scaling law dominating the SK parameters of

: . . Xygen- andd-electron metal interaction. We interpreted the
On the other hand, in the cases in which we use the S . ; . i
parameters obtained on Cu(1pgx1)-O (Ref. 2 and lglectronlc structure obtained via an ARUPS experiment on

5 X the Cu-O/Ag(110)(X2)p2mg surface by means of the
ﬁg(zlcl)%)ggzznt)l'o’: (;hze 4§alcr:zlsaté%21§/ ;hov_l\_/hlzsrsesgliesmigt’synchrotron radiation with 20 and 100 eV photon energies,
b%ust fittin WaslAg _0124 Tr?e scali)rq. law gives much and we interpreted the electronic structure by means of the
better a ?eement'][estiar; thé SK aramegters o? Ag(0D) tight-binding calculation and the new scaling law. The SK
xX1)-0 geven though the oxygen—?netal interatomicgdistance arameters produced -by the scahng law well reproduced the
of Cu-O/Ag(110)(2¢ 2)p2myg are almost equal to those of xperimentally determined electronic structure.
Ag(110)p(2x1)-O. This implies that the scaling law in-
cludes the property not only of the Ag-O interaction, but also
of the Cu-O interaction, providing a good description of the We are grateful to the late Professor Hirohito Fukutani,
electronic structure of the surface alloy. who offered thoughtful and helpful comments during this

Finally we mention the on-site energies of @2Cu3d, work. We would like to thank T. Kinoshita, T. Okuda, and A.
4s, and 4, which were used as the fitting parameters. InHarasawa for collaboration and discussions during the ex-
Table 1, the obtained on-site energies are displayed and afgeriment.
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