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The electronic structure of Ag,O has been investigated by photoelectron, Auger-electron, and
bremsstrahlung isochromat spectroscopy. The experimental results are compared with model one-
particle band-structure and two-particle cluster calculations. We extract values for the on-site Ag
4d and O 2p energies, the Ag4d -0 2p transfer integrals, as well as the on-site Coulomb Ag 4d-4d
and O 2p-2p interactions. A comparison with Cu,O and CuO is made, and the differences are dis-
cussed in view of high-T, superconductivity and the instability of AgO.

I. INTRODUCTION

It is generally believed that the CuO, planes in oxide
superconductors are of crucial importance for high su-
perconducting transition temperatures. For this reason
and because of similar Cu-O distances, Cu,0 and CuO
are often used as model compounds for a detailed study
of the electronic structure.!'> Because of the similarities
between Ag and Cu, it is interesting to try to understand
why oxidic Ag compounds are not high-T, superconduc-
tors. The differences in the electronic structure of Ag
and Cu oxides could provide more insight into those
characteristics that are of importance for high-T, super-
conductivity. Ag,0O has the same crystallographic struc-
ture as Cu,O (Table I, Ref. 3), and one might expect a
similar electronic structure. On the other hand AgO is
less stable than CuO and has a quite different crystal
structure.®”® One might ask if this can be understood in
terms of the differences in the one electron energies and
Coulomb and exchange interactions.

A better understanding of the electronic structure of
Ag,0 is also required to test the existence of various
binding types of adsorbed oxygen on Ag metal sur-
faces.” ® Ag,0 is a model compound for the study of
(photo) electrochemical'®!! and catalytic processes, such

TABLE 1. Crystallographic parameters of Ag,0 and Cu,O
(from Ref. 3). The unit cell contains six atoms. The oxygen
atoms form a bcc lattice and are tetrahedrally coordinated by
noble-metal atoms, while the noble-metal atoms are linearly
coordinated by the oxygen atoms.

A%zo CLL;O
(A) (A)
Lattice parameter (cubic) a=4.74 a=4.27
Shortest distances dpg0=2.05 dey.o=1.84
dAg»Ag=3°34 dCuACu=3-02
dpo=4.10 do.o=3.68
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as the epoxidation of ethylene.!>!?

Although several x-ray photoemission spectroscopy
(XPS) (Refs. 14-18) and Auger-electron spectroscopy
(Refs. 17-19) studies have been carried out on Ag,0, no
published work on (photon-energy-dependent) ultraviolet
photoemission spectroscopy (UPS), bremsstrahlung iso-
chromat spectroscopy (BIS), or comparison of the spectra
to electronic-structure calculations exist.”® Moreover,
the spectra presented so far are based on ill-defined Ag,0
powder samples, showing double O 1s and/or C 1s core-
level peaks.

II. EXPERIMENTAL SETUP
AND SAMPLE PREPARATION

XPS and BIS measurements were performed using a
modified Kratos 200 spectrometer. The XPS source was
the unmonochromatized Al Ka line (1486.6 eV), which
corresponds also to the energy of the photons collected
by BIS. The instrumental broadening is estimated to be
1.0 eV for XPS and 0.7 eV for BIS. UPS data were col-
lected using an ADES 400 spectrometer. The resolution
was 0.1 eV for He 1 and 0.25 eV for He 11. Photon-
energy-dependent UPS measurements were carried out at
the FLIPPER—II beamline at Hamburger Synchrotron-
strahlungslabor in Hamburg. The synchrotron radiation
photon energy ranges from 16 to 140 eV, and the overall
resolution varies between 0.15 to 0.5 eV accordingly. The
base pressure of all three spectrometers is in the low
10~ % Torr range.

The sample was prepared starting with 99.999% pure
silver. The metal surface was mirror polished before in-
troduction into the spectrometer. In a first step, silver
was Ar sputter cleaned until a clean XPS spectrum was
obtained. Thereafter, the valence-band spectrum was
recorded to determine the position of the Fermi level
which was subsequently used as the reference of binding
and kinetic energies. In the preparation chamber of each
of the above-mentioned spectrometers, with a base pres-
sure in the low 10~° Torr range, Ag,0 was made by ex-
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posing the clean silver metal at room temperature to a
(cold-discharge—magnetically confined) free radical oxy-
gen source, operating at a total oxygen pressure of
8X107° Torr. After 1.5 h the color of the sample was
yellowish to brownish, indicating that a Ag,0 layer with
several hundreds of A had formed. The layer was thick
enough to conceal the underlying metal, but thin enough
to allow good compensation of any charging effect from
XPS, UPS, and BIS.

The Ag,O sample remained stable in the ultra-high-
vacuum conditions for at least 8 h under XPS and UPS
light sources. The electron beam used in BIS, however,
induced detectable decomposition after 1 h of measure-
ment. Therefore, repeated cycles of Ar sputter cleaning
and oxidation followed by 30 min of BIS measurements
were made in order to collect enough photons.

III. MODEL CALCULATIONS

The objective of the model calculations is to obtain the
one-hole and two-hole density of states (DOS) of the
valence band, to be compared with valence-band photo-
emission and Auger spectra, respectively. The model
Hamiltonian is given by

H=H,+H, ,
— t
HO—— 2 deitndim + 2 €pPinPjn
im hn

+ 2 Tpd(i’j;m’n)(ditnpjn+pjtrdim)’
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Here H describes one-particle and H, two-particle in-
teractions. The operators d' and p)r create Ag 4d and O
2p holes with on-site energy e, and €,, respectively.
The indices i and j label the sites, and
m,m’,m",m" ,n,n',n",n""" denote orbital and spin
quantum numbers. T,; is the O2p—-Ag4d transfer in-
tegral, which is restricted here to nearest neighbors only
and which is expressed in terms of Slater-Koster two-

center integrals (pdo) and (pdw).*! Uy, and U, are the
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respective on-site Ag 4d-4d and O 2p-2p Coulomb and ex-
change energies. Using the full atomic multiplet theory,
U,y is expressed in terms of the Racah A4, B, and C pa-
rameters, and U,, in terms of Slater F® and F? in-
tegrals.’>2® In this Hamiltonian we have neglected all
the core levels and even more important the Ag 5s,5p as
well the empty O bands. These are quite high in energy
and therefore we assume that their influence via hybridi-
zation etc., can be treated as a renormalization of the
effective model parameters. We do not take into account
the next-nearest-neighbor transfer integrals, since the
next-nearest-neighbor distances are at least 60% larger
than the nearest-neighbor distances (Table I), which ac-
cording to Harrison’s relationships?* can be estimated to
give integrals by an order of magnitude smaller. We have
also neglected spin-orbit splitting for Ag, which is about
0.5 eV, and the interatomic O 2p-Ag4d Coulomb in-
teraction U,;, which is expected to be smaller than 1 eV
by comparison to Cu,O (Ref. 2).

It has been shown by Ghijsen et al.! that Cu,O is an
essentially closed-shell system. It is therefore expected,
and will be justified by experimental data, that the
ground state of Ag,0 is given by a closed Ag 4d and O 2p
shell configuration. This means that in valence-band
photoemission, a one-hole problem, described by H, has
to be solved. The diagonalization of H, can be done in
an exact way for i and j covering the whole lattice, using
the Slater-Koster linear combination of atomic orbitals
(LCAO) tight-binding (TB) method,?' to obtain the total
and Ag 4d partial DOS. In studying the Ag M N 5N 45
and O KL,,L,; Auger-electron spectra, a two-hole prob-
lem, described by H,+H |, has to be solved. Here we re-
strict ourselves to a (Ag,0,)*" cluster with a Ag atom in
the center when studying the Ag MsN,sN,s Auger line,
and to a (Ag,05)° cluster with an O atom in the center
when analyzing the O KL,;L,; Auger line. In this way
we obtain the Ag 4d® and O 2p* projected DOS at the
respective central atoms.

IV. RESULTS

A. Core levels

We first consider the core-level spectra of oxygen and
silver, and use them to check the composition of our ma-
terial. Their energies are listed in Table II, which also in-
cludes data from clean Ag metal for reference purposes.

TABLE II. Core-level binding energies and Auger kinetic energies (eV) of Ag,O and Ag, referenced

to the Fermi level inside the solid.

Ag,0 Ag
Ag 3ds,, (binding energy) 367.6+0.2 368.0+0.2
Ag 3d;, 373.6+0.2 374.0+£0.2
O 1s 528.9+0.2

Ag MsN 5N,y (kinetic energy) 351.9+0.3 352.5+0.3
Ag M N N 357.3+£0.3 358.5+0.3
O KL,;L,; 513.9+0.3
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FIG. 1. O 1s XPS from Ag,0.

The O 1s spectrum is shown in Fig. 1. It consists of a
single narrow peak, 1.2 eV full width at half maximum
(FWHM). Therefore, and also because no C ls peak
could be detected, we are confident, that our sample is
free from species such as water, hydroxides, carbonates,
and adsorbed oxygen, in contrast to reports in the litera-
ture,'*~ 1% where a second broad peak (3 eV FWHM) at
several eV higher binding energies is present in the O 1s
spectra, and where some C 1s peaks can also be seen.
This is not surprising since published results were ob-
tained from Ag,0O powders, which had been exposed to
air.

The Ag 3d;,, and 3d;,, spectra are displayed in Fig. 2.
The absence of any satellite structure herein, as well as in
the O 1s spectrum, is consistent with the expectation that
no AgO has been formed. It is very unlikely that AgO is
stable under ultra-high-vacuum conditions because the
oxygen dissociation pressure is orders of magnitude
larger than that of Ag,O, which itself is already high:
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FIG. 2. Ag3ds,, and 3d;,, XPS from Ag,0.

L. H. TJENG et al. 41

5X10~* atm at room temperature and 1 atm at
100°C,?%6 in thermodynamic equilibrium.

Using above-mentioned spectra, together with known
photoionization cross sections?’” and mean free paths,?®
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FIG. 3. Valence-band UPS, XPS, and DOS from Ag,0, nor-
malized to the peak height. The dotted lines show the experi-
mental spectra using He 1 (21.2 eV), He 11 (40.8 €V), and Al Ka
(1486.6 eV, XPS) sources, corrected for analyzer transmission
and electron scattering. The solid and dashed curves are the
calculated DOS’s obtained from the model Slater-Koster
LCAO-TB and the LDA band-structure [Czyzyk er al. (Ref.
20)] methods, respectively. The theoretical curves have been
shifted to align the main peak. The Lorentzian broadening is
1.2 eV for the total DOS and 1.6 eV for the Ag 4d DOS.
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the oxygen-silver concentration ratio has been verified
and found to be the same as the oxygen-copper concen-
tration ratio in Cu,0O.

B. Valence band

Valence-band spectra measured at various photon en-
ergies are displayed in Figs. 3 and 4. Utilizing the known
energy dependence of the photoionization cross section
we can identify regions of primarily O 2p or Ag 4d spec-
tral weight. The atomic cross-section ratios, weighted by
the number of electrons per atom, are o(O 2p)/o(Ag
4d)~1.0, 0.3, and 0.2 for hv=21.2 (He 1), 40.8 (He 11),
and 1486.6 (Al -Ka) eV, respectively.?” This ratio is ap-
proximately 3.1 for Av=130 eV, at which energy the Ag
Cooper-minimum occurs. Therefore, in XPS we see pri-
marily the Ag 4d spectral weight (Fig. 3), which in Ag,0
is concentrated around 5 eV, whereas at the Cooper
minimum we see the O 2p spectral weight (Fig. 4), which
is concentrated at 2—4 eV. At this phonon energy the O
2s peak can also be clearly seen, located at 21.2 eV bind-
ing energy. In Fig. 3, the calculated Ag 4d one-hole DOS
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FIG. 4. Valence-band UPS from Ag,0, using various photon
energies, normalized to the peak height and corrected for
analyzer transmission. The Ag 4d Cooper minimum is at 130
eVv.
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TABLE III. Parameter values (eV) used in the model Hamil-
tonian describing the electronic structure of Ag,O and Cu,O
(Ref. 2).

Ag,0 Cu,0

One-particle €4 4.9+0.2 3.1+0.2

parameters g, 3.41+0.2 5.6+0.2

T,y (pdo) 1.3+0.2 1.7+0.2

(pd) 0.6+0.1 0.7+0.1

Two-particle Uy A 4.4+0.5 7.410.5
parameters B 0.09 0.15
o 0.54 0.58

U, F° 6.8+0.5 5.5+0.5

F? 6.0 6.0

is compared with the XPS, and the calculated total one-
hole DOS with the He 1 and He 11 UPS, where the O 2p
and Ag 4d cross sections are comparable. A good resem-
blance between the one-particle theory and experiment
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FIG. 5. Resonance photoemission at the Ag 4p edge (56 eV).
The spectra are normalized to the main peak at 5 eV binding en-
ergy and corrected for analyzer transmission.
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has been obtained using parameter values as listed in
Table III, which also displays the values obtained for
Cu,0O (Ref. 2).

A closer look at the valence-band spectra shown in Fig.
5 reveals that a weak resonance is observed at 16.5 eV
binding energy, when scanning the photon energy
through the Ag 4p edge (hv=56 V).

It is interesting to note that the valence-band spectra
reveal no structure at binding energies between 8 and 12
eV. This means that the pronounced dispersionless struc-
tures at 8.9 and 9.7 eV as observed in angle-resolved ul-
traviolet photoemission from the so-called “weakly” and,
respectively, “strongly” bound oxygen on Ag(111) and
Ag(110) surfaces,®° are probably not originating from a
strong hybridization of the O 2p with the Ag 4d orbitals
alone.

C. Conduction band and band gap

The BIS result on Ag,0O is displayed in Fig. 6, along
with the XPS spectrum. The energy in both BIS and
XPS is referred to the Fermi level, measured prior to oxi-
dation. The bottom of the conduction band is located at
0.3 eV and the top of the valence band at —1.0 eV, re-
sulting in a band gap of 1.3 eV, in good agreement with a
previous photoconductive determination.”3° For com-
parison, the BIS and XPS spectra for Cu,O are also
displayed in Fig. 6. Table IV lists the valence- and
conduction-band edge positions and band gap values of
Ag,0 and Cu,0.

D. Auger lines

The O KL,3L,;, Ag MsN4sNys, and Ag M N 5Ny
Auger spectra are shown in Figs. 7 and 8, and the peak
positions are listed in Table II, together with data for the
clean Ag metal for reference purposes. In Figs. 7 and 8,
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TABLE IV. Position of valence- and conduction-band edges
with respect to the Fermi level, magnitude of the band gap, and
d-(sp) charge-transfer energy (A,,) in Ag,0 and Cu,0 (eV).
A, is the energy distance between the d on-site energy (¢,) and
the bottom of the (sp) conduction band.

AgZO CUZO
Top of the valence band —1.0+0.1 —0.6%0.1
Bottom of the conduction band 0.3+0.2 1.6+0.2
Band gap 1.3+£0.3 2.2+0.3
d-(sp) charge-transfer energy (Ay,) 5.24+0.4 4.7+0.4

the kinetic energy scale has been translated into a two-
hole binding energy scale by subtracting the O 1s and Ag
3ds,, core-hole binding energies, respectively. We then
compare the O KL,;L,; and Ag MsN,sN,s Auger lines
with the calculated local O 2p* and local Ag 4d® DOS,
respectively, using the cluster method mentioned above.
The values for the one-particle and two-particle model
parameters used are listed in Table III. For the Racah B
and C parameters, as well as for Slater F? integral, we
have used Moore’s free ion optical values,’! since screen-
ing in the solid state occurs primarily for the monopole
part (Racah 4, Slater F°) of the Coulomb interaction.>>
We have split up the DOS’s into a singlet and a triplet
contribution. Because the O KL,;L,; Auger transition
for the 3P states in atomic oxygen is forbidden and the Cu
L,;M sM,s Auger matrix element for 'G states in Cu
metal is by far the largest,’> we expect that the Auger
transition matrix elements for singlets are larger than for
triplets. The good resemblance of the Auger line shapes
and the singlet two-hole DOS’s indicates that this is
indeed the case. The main peak in the spectra arises
mainly from the multiplet split two-hole O 2p-2p and
Ag 4d-4d states located around 28P+Upp(1D): 13.8 eV
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FIG. 6. Valence-band XPS (left) and conduction band BIS (right) from Cu,O (top) and Ag,0 (bottom). The vertical scales of the

different curves are independent.
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and 2e,+Uy;('G)=15.6 eV, respectively, with
U,('D)=F°+F?/25 and Uyu('G)=A4+4B+2C.
These states hybridize with states having one hole on ox-
ygen and another on silver, whose energies are
€, +€;,=8.3 eV. The latter states in turn are strongly
mixed with states having two holes located on different
oxygen atoms or two holes on different silver atoms, with
energies 2e, =6.8 eV and 2¢,=9.8 eV, respectively. The

result is a broad satellite structure ranging from 5 to 11
ev.
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FIG. 7. O KL,;L,; Auger spectrum and O 2p* DOS from
Ag,0. The dotted line shows the experimental O KL,;L,;
Auger spectrum, for which the kinetic energy scale has been
transformed into a two-hole binding energy scale by subtracting
the O 1s binding energy. The spectrum has been corrected for
analyzer transmission and electron scattering. The top solid
line shows the singlet contribution to the O 2p* DOS and the
bottom solid line the triplet contribution (reduced by a factor 3),
as calculated using a (Ag,05)®” cluster with an O atom in the
center and with parameters listed in Table III. A Lorentzian
broadening of 2.4 eV has been applied. Also shown are the un-
broadened states contributing to the DOS’s (solid lines) and the
multiplet split atomic states (dashed lines).
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V. DISCUSSION

The close resemblance of the valence-band photoemis-
sion spectra and the calculated one-particle DOS’s as well
as that of the Auger-electron spectra and the calculated
two-particle DOS’s suggest that Ag,0 is indeed an essen-
tially full band system.

Comparison of the valence-band spectra to recent
band-structure calculations in the local-density approxi-
mation (LDA) by Czyzyk et al?® reveals some
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FIG. 8. Ag MsN,N,s, MyN,sN, Auger spectrum and Ag
4d® DOS from Ag,0. The dotted line shows the experimental
Ag M N,sN4s, MyNsN,s Auger spectrum, for which the kinet-
ic energy scale has been transformed into a two-hole binding en-
ergy scale for the MsN,sN,s by subtracting the Ag 3d;,, bind-
ing energy. The spectrum has been corrected for analyzer
transmission and electron scattering. The top solid line shows
the singlet contribution to the Ag 4d® DOS and the bottom
solid line the triplet contribution (reduced by a factor 3), as cal-
culated using a (Ag;0,)*" cluster with a Ag atom in the center
and with parameters listed in Table III. A Lorentzian broaden-
ing of 2.4 eV has been applied. Also shown are the un-
broadened states contributing to the DOS’s (solid lines) and the
multiplet split atomic states (dashed lines).
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differences, see Fig. 3. First of all, the theoretical curves
have been shifted by 1.8 eV to higher binding energy to
align the main peak. More important, however, is that
the structure is quite different especially on the high-
energy side, which is probably a result of an incorrect
value for €, —¢;. Doing the same Slater Koster LCAO-
TB fit to these calculations as have been done to the mea-
sured spectra above, we obtain values for € —Eg which
are about 2 eV larger (i.e., less negative) than shown in
Table III. The same problem has also been encountered
for Cu,O, where the band-structure calculations' give
about 1.5 eV larger (i.e., more positive) values for €, " &y
than listed in Table III. This discrepancy is fairly com-
mon in band-structure calculations of transition-metal
compounds as discussed by van der Laan et al.>*

The oxygen-to-metal d transfer integrals in Ag,O are
smaller than in Cu,O (Table III). The difference is about
30% for (pdo). Following Harrison’s relationship?* that
the transfer integral is proportional to 73/2/D7/?, where r
is the d orbital radius and D the anion-cation distance
(Table I), a reduction of about 5% is calculated. Al-
though indicating the right trend, this value is still too
small.

The on-site d —d Coulomb interaction in Ag,0
[U('G)=5.8 eV] is smaller than in Cu,0
[U('G)=9.2 eV], as can be expected from the fact that
the Ag 4d wave function has a larger radial extent than
that of the Cu 3d. In the metallic case, the d-d Coulomb
energies are smaller but show the same trend: 4.5 eV for
Ag and 7.1 for Cu (Ref. 35). This can be understood by
realizing that screening in metals is more effective. In
Table V, we have listed the solid-state screening energies,
calculated as the difference between the free ion d-d
Coulomb values®! and the observed solid-state values.

The on-site oxygen p-p Coulomb interaction in Ag,O
[Upp(‘D )=17.0 eV] however, is larger than in Cu,O
[T, ( 'D)=5.7 eV]. This is probably caused by
differences in the screening energy, which would be about
4.4 eV in Ag,0 and 5.7 eV in Cu,0, for an oxygen p-p

TABLE V. Two hole d-d (!G) and p-p (‘D) Coulomb and
screening energies (eV) in Ag,0, Cu,0, Ag, and Cu. The free
ion Coulomb energies Uy, ('G) and U, D) are obtained from
Refs. 31 and 36, respectively. The experimental Coulomb ener-
gies U, ('G) and Upp(lD) in Ag,0 and Cu,0 are calculated
from Table III, using 4 +4B +2C and F°+ F?/25, respectively.
For Ag and Cu, the Coulomb energies are calculated using
Eb(Ag 3d5/2)—Ek(Ag M5N45N45)_2Eb(Ag d-band centroid)
and Eb(Cu 2p3/2)—Ek(Cll L3M45M45)—2Eb(Cu d-band cen-
troid) (Ref. 35), respectively, which are slightly larger than
U,('G) according to the Cini-Sawatzky theory (Refs. 38 and
39).

Ag,0 Cu,0 Ag Cu
U('G) (free ion) 14.8 18.6 14.8 18.6
Uua('G) (expt) 5.8 9.2 4.5 7.1
Screening 9.0 9.4 10.3 11.5
Upp(lD) (free ion) 114 114
U,,('D) (expt) 7.0 5.7
Screening 4.4 5.7
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free ion Coulomb energy of 11.4 eV, as listed in Table
V. A rough estimate of the change in screening can be
made as follows. The screening due to polarizable ions
varies as 2Ny NNNOR ~4, where a is the ionic polarizabili-
ty, R denotes the interatomic distance, and the sum is
made over the nearest-neighbor (NN) (Ag or Cu) and
next-nearest-neighbor (NNN) (O) atoms. Using a=1.6,
2.4,and 3.2 A3 for Cu*, Ag* and 0>~ respectively’’ and
distances as given in Table I, we arrive at a screening
contribution for Ag,0 which would be about 7% (=0.4
eV) smaller than for Cu,O.

More evidence that the Ag 4d shell is closed can be
found from resonant photoemission and BIS, along with
a comparison to Cu,0O. In the valence-band photoemis-
sion spectra, only a very weak resonance can be observed
at 16.5 eV binding energy when scanning the photon en-
ergy through the Ag 4p edge (hv=56 eV) as shown in
Fig. 5. This is in contrast to Cu,0, where a relatively
strong resonance occurs at the Cu 3p edge (hv=75.5
eV).*" Formally, a closed d shell should not show reso-
nance structure. However, the d'° configuration mixes
somewhat with higher energy d°(sp)! states, where (sp)
denotes the empty Cu 4s,4p or Ag Ss,5p states. This re-
sults in photoemission final states of d®(sp)!-like charac-
ter at an energy given by g, + Uy (T')+A,,. Here I'
denotes a two-hole irreducible representation and A, is
the d-(sp) charge-transfer energy given by the energy dis-
tance between the d on-site energy €, and the bottom of
the (sp) conduction band and is listed in Table IV. These
final d%sp)! states can also be thought of as d —(sp)
electron-hole excitations from a d° state. Using values
from Tables III, IV, and V, we obtain a calculated onset
for the “satellite” binding energy of 15.9 eV. The experi-
mental onset in Ag,0 is at about 15.7 eV; slightly lower
than the peak position of 16.5 eV. The intensity of this
satellite peak far away from resonance is roughly propor-
tional to the amount of d°(sp)' character in the ground
state, which in turn is inversely proportional to Ay, and
proportional to the d'%-d°(sp)! hybridization transfer in-
tegral. Both the larger value of A,y in Ag,0 (5.2 eV) as
compared to that in Cu,O (4.7 €V) and the apparently
smaller hybridization transfer integral are the cause of
the much weaker intensity in Ag,O as compared to
Cu,0.

A peak at 3 eV can be seen in the Cu,O BIS spectrum.
Assuming that at high electron and photon energies the
o (O 2p)/o(Cu 3d) cross-section ratios in BIS and XPS
are similar, this peak was attributed to empty states hav-
ing Cu 3d character.! For Ag,0, however, such a peak is
not present or is very weak. This is consistent with the
above reasoning about the expected d°(sp)! character in
the ground state of Cu,0 and Ag,O. Recent x-ray-
absorption spectroscopy measurements on Ag,O at the
Ag L, ; edge®™ (probing the empty d states), also show a
much smaller peak than has been found for the Cu L, 3
edge in Cu,0 (Ref. 41).

VI. RELEVANCE TO HIGH-T,
SUPERCONDUCTIVITY

Some of the important facts, which are believed to be
of basic importance for an understanding of high-T, su-
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perconductivity, and which are obtained from detailed
spectroscopic studies of Cu,O and CuO are"? outlined as
follows.

The Cu 3d ionization states in Cu,O are closer to the
Fermi level than the O 2p states so that upon adding
holes as one does in going from Cu,0O to CuO, the holes
are expected to appear first in the Cu 3d states.

The Cu d-d Coulomb interaction is large (U ~=8.2 eV)
and larger than the O 2p —Cu 3d charge-transfer energy
(A=2.75 eV) in CuO, leading to a charge-transfer insula-
tor and to localized moments on the Cu.

The O 2p -Cu 3d hybridization is very strong leading
to very large antiferromagnetic superexchange interac-
tions in CuO and the high T’s.

The first ionization states in CuO are of primarily O 2p
character according to the phase diagram of Zaanen
et al.** with U> A, and so, upon further oxidation or
substitution, the holes will be in the O 2p band.

The exchange interaction between the O 2p holes and
the Cu 3d spins is extremely large which can lead to local
singlet formation.*>~46

In this respect, it is interesting to note that £, —¢, is
—1.5 eV in Ag,0, whereas it has the opposite sign in
Cu,0 and is +2.5 eV. Comparing this value for Cu,O to
the O 2p to Cu 3d charge-transfer energy (A) of 2.75 eV
for CuO (Ref. 40), we can expect that A is negative in
AgO and of the order of —1-—2 eV. This implies that
the ground-state configuration of AgO would, if the crys-
tal structure were the same, consist of a hole mainly in
the oxygen band and a full Ag 4d band (Ag™), contrary
to that of CuO. Also, if it were possible to replace Cu by
Ag in the CuO, planes in the insulating high-T. com-
pounds, then this would probably result in replacing
Cu?t by Ag* together with hole doping in the oxygen
band, rather than by Ag?*.

Upon further oxidation or hole doping of AgO, provid-
ed this is possible, the interesting question arises whether
or not a localized hole can be formed at the Ag site.
Equivalently, it would be interesting to determine the
character of the first ionization states and the type of the
insulating gap of AgO. At first sight, it is tempting to use
the phase diagram of Zaanen et al.,*> but now with the
oxygen taking over the role of the cation and the silver
that of the anion, U is here the on-site oxygen p-p
Coulomb interaction, which will have a somewhat small-
er value than 5.8 eV as in Ag,0O due to the larger coordi-
nation number, and A is the negative of £, —¢,, which is
about 1.5 eV. This will then give a Ag 4d-like first ioniza-
tion state and a charge-transfer-like insulating gap, where
the first affinity states are O 2p-like. However, the oxy-
gen bandwidth w will be around 4-5 eV, due to direct
oxygen-oxygen overlap as in CuO. So, the Anderson im-
purity approach as used by Zaanen et al. is no longer
applicable. Instead one has to deal with an Anderson lat-
tice problem, for which, up to now, no solution is known.

VII. STABILITY OF NOBLE-METAL
COMPOUNDS

In Table VI, we have listed the energy positions of the
d-band centroid (g;) relative to the Fermi level and the
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TABLE VI. Work functions, d-band centroids relative to the
Fermi level, and two-hole d-d('G) Coulomb energies (eV) of Cu,
Ag, and Au. The work functions are obtained from Refs. 47
and 48. For Au, the centroid of the d5,, band has been taken.

Cu Ag Au
Work function 4.6 43 5.1
d-band centroid (g,) 3.1 5.5 3.8
Uu('G) 7.1 4.5 ~

work functions of the Cu, Ag, and Au metal, thereby sug-
gesting that their sum can be used as a measure of the
energy cost of the reaction Cut—Cu?t+e”,
Ag" —>Ag’+e”, and Aut —Auw’" +e 7, respectively,
where e~ denotes a free electron. This energy cost (7.7,
9.8, and 8.9 eV, respectively) has to be met by the reduc-
tion reaction of the oxidator. Therefore, dihalides and
chalcogenides of copper are more stable than those of
silver and gold.

AgO has the interesting property that no magnetic or-
dering could be observed using neutron diffraction, even
down to liquid-helium temperatures,* in contrast to the
antiferromagnetic CuO. The crystal structure of AgO is
also different from CuQ. AgO crystallizes in a monoclin-
ic*!"% or tetragonal® structure. In both structures there
are two nonequivalent Ag sites: Ag(l) is linearly coordi-
nated by two oxygens with a Ag-O distance of 2.18 A and
Ag(III) is almost square planar coordinated by four oxy-
gens with a Ag-O distance of 2.03 A. In CuO, which has
a monoclinic crystal structure, all Cu are surrounded by
O at a distance of 1.95 A in an almost square planar coor-
dination.® The existence of Ag* and low-spin Ag** in
AgO has been proposed to explain the diamagnetic be-
havior of AgO as well as the two coordinations. Ap-
parently the change in Madelung potential as well as the
ligand field hybridization in the altered crystal structure
of AgO are sufficient to overcome U ('G)=5.8 eV,
which is the energy required to go from a twice Ag?*
configuration to a Ag* and Ag®* configuration. These
changes however, are not sufficient for CuO where
Uy,('G) is 8.2 eV. It is interesting to note that in Au
compounds Uy, is even smaller, making the existence of
mixed Aut and Au’" rather than twice Au’* in Au
compounds quite common.

From Table VI, the sum of the work function, the d-
band centroid energy position (g,) and U, can be calcu-
lated, which can be considered as the energy required for
the reaction Cu’* >Cu’t +e ™, Ag?t >Ag’>* +e 7, and
Au’T >Au’t+e”. For Cu and Ag, we find values of
14.8 and 14.3 eV, respectively, which prevent Cu or Ag
trihalides to exist. The stability of Au trihalides, on the
other hand, can be understood as this sum is only =11
eV, which can be even more reduced by the extra ligand
hybridization stabilization and Madelung potential men-
tioned above.

VIII. CONCLUSIONS

Ag,0 is an essentially full band system, the valence-
band electronic structure of which can be described using
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a one-particle band theory. The p-d transfer integral in
Ag,0 [(pdo)=1.3 eV, (pd7w)=0.6 eV] is less than in
Cu,0, consistent with the larger interatomic distances in
Ag,0. In contrast to Cu,O, the on-site energy for the d
orbital (¢;=4.9 eV) is higher (farther from the Fermi lev-
el) than for the p orbital (¢, =3.4 eV) in Ag,0.

The O KLy;L,; and Ag MsN,sN,s Auger-electron
structures can be described within a two-particle cluster
theory. The on-site d-d Coulomb and exchange energy in
Ag,0 [U,('G)=5.8 eV] is smaller than in Cu,0, as the
Ag d orbital is spatially more extended. The on-site oxy-
gen p-p correlation energy in Ag,O [U,,( ID)=7.0eV]is
larger than in Cu,0, as screening in Ag,0 is less effective,
mainly due to larger interatomic distances.

From the comparison of ¢, —¢, in Ag,0 and Cu,0, we
would expect the holes to be in the oxygen band in AgO
for the same crystal structure as CuO, while we expect
and see the holes in the Cu 3d states in CuO. Apparent-
ly, however, a change in the crystal structure of AgO is
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sufficient to stabilize the charge disproportionated Ag*
and Ag®" states, as well as to prevent strong local mo-
ments at the Ag sites, unlike in CuO. Upon doping of
AgO, however, it depends on the magnitude of the oxy-
gen bandwidth relative to the on-site oxygen p-p Coulomb
interaction, whether or not a localized hole can be
formed at the Ag site, making AgO an interesting materi-
al for further study.
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