PHYSICAL REVIEW B

VOLUME 38, NUMBER 7

1 SEPTEMBER 1988

Lack of Cu®*, Pb**, and Bi** ions in metallic and superconducting oxides

M. S. Hegde* and P. Ganguly
Solid State and Structural Chemistry Unit, Indian Institute of Science,
Bangalore 560 012, Karnataka, India
(Received 24 March 1988; revised manuscript received 15 June 1988)

With a view to understand the oxidation states of metal ions involved in oxide superconductors,
oxidation behavior of Cu, Pb, and Bi metals have been studied employing x-ray-photoelectron and
ultraviolet-photoelectron spectroscopy. Pb and Bi have distinct 6p (0 to 4 eV) and 6s (7.5 to 10
eV) bands and upon oxidation, only the 6p electrons are ionized forming PbO and Bi;O; with the
simultaneous development of the 027 (2p) band (3 to 7 eV). We show that the 6s band of the
metals lies below the O2~(2p) band, and hence 6s electrons cannot be ionized to form Pb** and
Bi** as expected in PbO,, BaPbOj, BaBiO;, and BaPbg15Bio2503. Instead, these oxides are stabi-

lized with lower valent 022~

along with O2~ ions with metals remaining in +2 and +3 states.

Similarly, it is shown that the Cu?*(3d) band overlaps with the O>~(2p) band in the
Y Ba;Cu30¢95s completely and the excess oxygen can be stabilized through lower valent oxide ions

instead of Cu3t.

INTRODUCTION

An insight into the valence states of cations or anions is
crucial to the understanding of physical properties of inor-
ganic compounds such as PbO,, BaPbO3, BaPb, -, Bi, O3,
BaBiOs, and the recently discovered high-T, oxides. The
energies and dynamics of valence changes or fluctuations
is particularly important in the understanding of metalli-
zation in these systems. In the usual Mott-Hubberd kind
of theories' ™ a single valence fluctuation involving only
the metal ions is present:

Mi"++Mj"+2M[("_l)++Mj("+l)- (1)

The relevant energy is the correlation energy U. The
valence fluctuation in oxides, chalcogenides, pnictides,
etc., may involve the ligands also,> % as in

Mn++Lm—zM(n—])++L(m—l)—’ (2)

where L™~ represents a hole on the ligand L™".
Such a valence fluctuation would involve the ligand-metal
charge transfer energy A. The interplay of U and A in
metallization was first discussed by Zaanen, Sawatzsky,
and Allen.® Recently, we have considered”® a double
valence fluctuation scheme involving a change by two
electrons. In oxides we may express it in the form

M" 420" 2 pM =D+ 40,27, 3)

Equation (3) involves a dimerization of ligand holes
brought about by a direct ligand-ligand hybridization as
distinct from an indirect ligand-metal-ligand hybridiza-
tion. Direct ligand-ligand hybridization is expected to be
favored® in structures such as perovskites in which there is
a close Backing of ox2)'§cn especially when the spin-density
on M"* and M~ D¥ is small (small metal-ligand hy-
bridization). Nonmagnetic M" -M D% pairs such as
Bi**-Bi’*, Pb2*-Pb**, Sn2*-Sn**, TI'*-TI3*, Cu'*-
Cu®t (43, low spin), etc., in perovskite oxides could then
participate in double valence fluctuation under certain cir-
cumstances. The paired electrons involved in such valence
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fluctuations could then be considered as bosons and it is of
course extremely important to note that most of the oxides
referred to above are superconducting.

X-ray- and ultraviolet-photoelectron spectroscopy
(XPS and UPS) on BaPbOs3, BaBig 25Pbg 7503, PbO,, Ba-
BiO;, etc., seem to show evidence for the presence of a
peroxide kind of oxygen with oxygen-oxygen bonding.”?
Further, NMR as well as photoelectron studies do not
show clear evidence for the existence of Pb** or Bi** ions
as suggested by the nominal composition assuming the
valency of oxide ions as —2. Similarly, x-ray-absorption
near-edge structure (XANES)'%!! and XPS studies 2~ !4
do not show any clear evidence for the presence of Cu3*
ions in YBa;Cu3O7—, (1:2:3) or in La;—,Sr,CuQy, in-
stead there is some evidence for the presence of holes on
oxygen. Rao, Ganguly, Hegde, and Sarma'> were the
first to suggest that dimerization of holes in O'~ forming
0,27 is likely to be responsible for superconductivity in
high-T, Cu oxides from a comparison of the 1:2:3 with the
BaBi,Pb;-,0;. Subsequently, Dauth et al.'® have also
found evidence of 0,2~ type of ion. Recent theoretical
studies do take into account single-valence'” and double-
valence fluctuation'® as in Eqs. (2) and (3). These results
suggest that the equilibrium constant in Eqgs. (2) and (3)
is shifted towards the right in these compounds. The equi-
librium constant is not specified for a given oxidation state
but instead depends on the nature of the other cations
present as well as the structural features. For instance,
there is reason to believe that Pb** ions are stable’® in
Sr,PbO; and that Cu?* ions are stable!® in La,Ligs-
Cll0.504.

To a first approximation, the equilibrium constant may
be considered to be determined by U, A, and the oxygen-
oxygen hybridization energy, Eo-o. A is likely to be a
function of the structure as well as the nature of the
counter cations present. Eq-o is likely to be a function of
the O-O distance to a first approximation. U is also likely
to be a function of the electron-phonon interaction. Thus,
a priori it does not seem to be possible to predict the equi-
librium constant of the above equations without taking
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into account all the factors mentioned above and which
are difficult to evaluate. Nevertheless, it seems to us that
one of the necessary conditions for the creation of holes on
ligands is to have the M"* level located well below that of
the highest occupied anion level. Thus we would require
the 6s levels of Pb or Bi or the 3d® of copper to lie well
below the top of the O2~(2p) band in order to obtain
holes on oxygen.

The objective of this study is to study the oxidation of
metals such as Pb, Bi, and Cu in order to obtain an under-
standing of the relative positions of the various metal and
oxygen levels. An idea of electron transfer from metal to
oxygen forming metal ions and oxide ions is used here and
they are characterized by XPS and UPS techniques.
These studies do indeed show evidence for the location of
the metal levels of the higher oxidation states lying well
below the top of the 0%~ (2p) band in agreement with our
expectations. These results should become important in
understanding the electronic structure of the newly
discovered high-7, Bi and Tl containing Cu oxides.

EXPERIMENT

Hell uv and Mg K x-ray-photoelectron spectra were
recorded in ESCA3 Mark II spectrometer of VG
Scientific Ltd., U.K. Pure polycrystalline metals (Metals
Crystals Ltd., Cambridge) in the form of 3-mm foil were
cleaned in situ by argon ion etching until the impurity
peaks from oxygen, carbon were not detectable from XPS
O(ls) and C(l1s) core-level spectra. Binding energies
(BE) reported here are with reference to Au(4f7,) at
83.7 eV and they are accurate within +0.2 eV.

RESULTS AND DISCUSSION

To illustrate how XPS and UPS can be employed to
show that metal valence electrons are transferred to oxy-
gen in the oxidation process, a study of Ti to TiO; is de-
scribed here. In Fig. 1, Ti(2p) and O(ls) regions are
shown for clean Ti and Ti+O; forming TiO,. The clean
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FIG. 1. (a) Plot of photoemission intensity vs binding energy
(BE) in the Ti(2p) and (b) O(ls) regions for clean and oxygen

exposed surfaces at 300 K.
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metal shows Ti(2p3/5,1/2) at 454 and 460 eV and they are
shifted by 5 eV on oxygen exposure. Correspondingly, a
single O(1s) peak at 530 eV develops. The binding ener-
gies of Ti(ZJJ)and O(1s) seen here match well with the
bulk TiO2.% In Fig. 2, the valence-band region obtained
from He11 UPS for Ti and TiO; are given. The valence
band of Ti (curve A, Fig. 2) is centered around 1.5 eV
from Er and it spreads up to about 3.5 eV. On oxygen ex-
posure, intensity of this band is totally decreased and a
new band centered at 6.8 eV due to 02~ (2p) develops.
An extrapolation of the leading edge of the O(2p) band in
Fig. 2 shows that the top of the oxide ion band is 3.2 eV
below the Fermi edge of the metal and this value agrees
well with the band gap of TiO;. When TiO, Ti,O; are
formed, one does clearly observe a partially filled Ti(3d)
band at or near Er separated by a filled O(2p) band with
a single O(1s) peak thus explaining the metallic proper-
ty.4620 This experiment illustrates the formation of the
TiO;, with Ti in 4+ and oxygen in 2— valence states due to
a transfer of four (4s2+3d?) Ti valence electrons to two
oxygen atoms. This is a simplified picture for an ionic ox-
ide; however, there is partial ionic and partial covalent
bonding in these oxides but the effective positive charge in
Ti is equivalent to 4+.

Figure 3 shows He1r UPS data of Pb metal before and
after oxygen exposure. Clean Pb metal gives bands at 1.5,
3.5, and 7.5 eV with a series of peaks above 8.5 eV. The
sharp peaks above 8.5 eV are due to Pb(5ds/,,3/2) excited
by Hell B and Hell y radiation as indicated in Fig. 3.
The Pb valence-band spectrum and the assignments agree
well with the UPS study by Evans and Thomas.?! The
first two bands are assigned due to Pb(6p) and the band
at 7.5 eV is due to Pb(6s) in accordance with the XPS as
well as theoretical calculations.?? On oxygen exposure,
formation of PbO is seen?3 from a shift of Pb(4f) peaks
by 1 eV which can also be seen from the shift of Pb(54)
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FIG. 2. Hell UPS of Ti metal (A) and Ti+O: (1000 L oxy-
gen exposure, where 1 L =10 "¢ Torrsec) at 300 K.
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FIG. 3. Hell UPS of Pb metal (A), and after 10* L oxygen
exposure (B) at 300 K. O(ls) region is shown in the inset.

peaks from Fig. 3. This indicates that Pb(5d) behaves
like a core level. The O(1s) region gives a single peak at
529.5 eV as shown in Fig. 3. The valence band now clear-
ly shows the development of the O2~(2p) band spread
over from 3to 7 eV.

In Fig. 4, He11 UPS data of Bi and Bi+O, are given. In
Fig. 5, Bi(4f) and O(ls) regions are presented for the
same conditions as in Fig. 4. The valence band of the
metal shows two bands at 0.8 and 3.5 eV and bands at 9.2
and 10.3 eV. These two sets of bands are assigned to
Bi(6p) and Bi(6s) in accordance with the XPS study as
well as from theoretical calculations.?* Upon oxidation,
the O2~(2p) band develops with a peak at 4 eV. That
Bi,O; is formed on the surface is seen from the shifted
Bi(4f) peaks by 2.2 eV along with a single O(1s) peak at
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FIG. 4. Hell UPS of Bi metal (A), and after 1000 L O; ex-
posure (B) at 300 K.
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FIG. 5. (a) Bi(4f) and (b) O(ls) regions for conditions as in
Fig. 4.

529 eV and these binding energies match well with the
bulk Bi,O3 spectra and also from the reported values by
Joyner et al.?® It should be noted here that electron densi-
ty of the first band of the metal disappears upon oxidation.
On excess oxygen exposure, no new peaks developed in ei-
ther the Pb(4f), Bi(4f), or O(ls) region. Nor was there
any change in the valence band in the He1t UPS. There-
fore, no new oxide can be grown on the metal surfaces.

One simple way to find the band position of Pb metal
can be to determine the shift of electron states from Pb
atom to Pb metal. Ionization energies of the valence lev-
els of Pb and Bi atoms in vapor state have been deter-
mined by Suzar and co-workers.?~2 Thus, the ioniza-
tion energies of Pb(6p /2,32, 65, and 5ds/,5d3/,) states are
7.42, 9.16, 14.59, 25.20, and 28.33 eV, respectively. In
the solid state, Pb(5ds/,3/2) are observed at 18.15 and
21.3 eV, respectively (see Fig. 3). Therefore, a shift of 7
eV takes place when Pb vapor metallizes due to the gain
in the work function and relaxation energies. Hence, the
6p band of Pb should occur at 0.4 and 2.14 eV. These
values are close to the observed values as in Fig. 3. Corre-
spondingly, the Pb(6s) band should be seen at 7.6 eV
which agrees well with the peak seen in Fig. 3. Perfect
agreement in the shift of the Pb(6s) band shows that it
behaves like a core level just as Pb(5d). When Pb is oxi-
dized, Pb2* jon is formed because the Pb(6p) band is
above the O(2p) band edge. The 6s band is below the
02?7 (2p) band thus making it difficult for its ionization to
form a Pb** ion unlike the case of Ti.

From a similar argument, the Bi(6p) band should occur
at about 0.3 and 2.94 eV and Bi(6s) at 9.73 and 10.5 eV
by comparing the ionization energies of Bi(6p) and
Bi(6s) states in vapor?6~2® and Bi metal assuming the
same amount of shift of 7 eV as in the case of Pb [Bi(54)
ionization energy in vapor phase is not available in the
literature]l. The agreement in the case of Bi(6s) is good.
The first two bands are broad in the solid and the spin-
orbit splitting and the assignment to Bi(6p) do agree with
the earlier studies.?* It is again clear that upon oxidation,
6p> electrons are ionized forming a Bi** ion and the
Bi(6s) band lies below the 02~ (2p) band. This makes it
difficult for a pure Bi>* ion stable in an oxide. It is impor-
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tant to note that in the past, the presence of Bi’* and
Bi’* ions have been proposed assuming a single valent
0%~ in BaBi0;.?° While Bi is found in a +3 oxidation
state, oxygen is found in a mixed valent state.®°

It is also clear that even 6p bands in both Pb and Bi
metals partially overlap with the O(2p) band. When oxi-
dized, this overlap can be even more because metal levels
are shifted to higher binding energies. Hence the oxides
can be more covalent. The covalent nature of PbO and
Bi,Os is reflected in the extent of shift in 4f peaks. Gen-
erally, a shift of 1 to 1.25 eV to a higher binding energy is
seen per unit increase in oxidation state in transition met-
als.? This can also be seen in the case of TiO, with a
shift of 5 eV for a change in oxidation state of four. The
Pb(4f) peaks are shifted by 1 eV for change in the oxida-
tion state of two and Bi(4f) by 2.2 eV for +3 oxidation
state indicating a lower chemical shift. This suggests that
there is a higher degree of covalency in these oxides com-
pared to TiO; and many oxides such as NiO.

In Cu metal, the 3d band is below 2.6 eV from EFr.
Upon oxidation at 200°C at low oxygen pressure, Cuy0 is
easily formed and the Cu(3d) band is still seen at 2.6 eV
and the 02~ (2p) band occurs at 6.2 eV; the O(1s) peak
is at 530 eV (see for example, Fig. 3 of Ref. 30). Thus,
further oxidation to Cu?* state is possible.

In CuO, Cu?*(3d) and 02~ (2p) bands are seen at 4
and 5 eV and the O(ls) region shows the main peak at
529.7 eV with a shoulder at 531.5 eV as shown in Fig. 6.
The two oxygen peaks are assigned to 02~ and O!~ from
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FIG. 6. Mg K XPS of O(ls) and valence band of CuO. Inset
shows valence-band region of CuO and YBa,;Cu30- oxides taken
from Ref. 32.
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XPS and UPS studies.*® It is to be noted that the Cu(3d)
band is shifted to higher binding energy by about 1.5 eV
compared to that in CuyO. Further, the O(ls) peak is
shifted to a lower binding energy; correspondingly, the
02~ (2p) band is shifted to lower energy. A shift of
O(1s) to a lower binding energy is an indication of the
shift of the 02~ (2p) band. In TiO,, O(ls) is at 530 eV
and O(2p) is at 6.8 eV; in BiyO3, O(1s) occurs at 529 eV
and O(2p) peaks at 4.5 eV. In Al,O;, O(1s) is at 532.5
eV and O(2p) is at 7.5 eV. Thus, in CuO, overlap of
Cu?*(3d) with the 02~ (2p) band has begun for Eq. (2)
to become operative. According to Zaanen, Sawatzsky,
and Allen,® CuO is classified as a charge-transfer semi-
conductor. The XPS O(ls) showing the presence of 02~
and O'~ species and the Cu(2p) region showing satellites
attributed to a ligand-to-metal charge transfer’!
(2p®3d°— 2p>3d'°) does in fact experimentally demon-
strate the validity of Eq. (2).

In the 1:2:3 compound, the first O(1s) peak occurs at
528.5 eV,!21316 which means the O?~(2p) band should
further shift to a lower binding energy. In such a case,
Cu(3d) and O(2p) bands completely overlap as has been
experimentally observed'33? (see inset of Fig. 6). The
center of gravity of the valence band is at 4.5 eV. The
lower binding energy of O(ls) at 528.5 eV seems to be
affected by the influence of other cations in the 1:2:3. The
O(2p) band is generally broad as can be seen in the case
of TiOy; typically, it is about 3 to 4 eV. Hence the top of
the valence band in 1:2:3 can very well be due to
027 (2p). Since the Cu?*(3d) and O(2p) bands are ex-
actly overlapping as can be seen from the inset of Fig. 6,
there will be no preference to ionize electrons from
Cu(3d) energetically. Therefore, formation of the Cu?®*
ion in the 1:2:3 in the spirit of Ti** is difficult and this ex-
plains the failure to find the Cu3™ state in the supercon-
ducting oxides.

Crystal structure of 1:2:3 clearly shows two Cu-O dis-
tances; it is 1.89 A [Cu(1)-O(1)] in the chain and 2.02 A
[Cu(2)-0(2)] in the plane.3® It has also been proved that
the oxygen in the chain is essential for the compound to
become superconducting. The O-O distance in the chain
is 2.67 A giving a 1.33-A size for this oxide ion which is
smaller than 1.42 A for the oxide ion in the plane. Small-
er oxide ion is suggestive of O!~ type in the chain paving
way to dimerization. It should be noted that the Cu-O
distance of 1.89 A is found in Bi as well as Tl containing
high-T. oxides.3*

Our results therefore clearly indicate that the 6s levels
of Bi** or Pb2* ions or the 3d® level of the Cu3* ion lie
well below that of the top of the O2~(2p) band. This
then could provide a necessary criterion for the creation of
holes in the valence band when Bi3*, Pb?*, or Cu?* ions
are further oxidized.

A generalization of the metal (d) band overlapping
with the O2~(2p) band can lead to a simple explanation
of why only the Ag!'* ion is stable and Ag2* ion is not
formed in oxides. The Ag(4d) band is at 4.5 eV and on
oxidation, the O(2p) band also occurs at 4.5 eV. Thalli-
um is another metal which can occur in +1 and +3 state.
From the positions of 6s levels in Bi and Pb metals at 10
and 7.5 eV, T1(6s) should occur at about 5 eV and there-
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fore, it is a clear case for the occurrence of double valence
fluctuation in T1)O; and a preliminary XPS study shows
two O(1s) peaks at 528.7 and 532.7 eV with Tl in +1
state.3 In fact, this oxide is metallic in nature. It would
be interesting to examine the oxidation states Tl and oxy-
gen in the superconducting thallium containing Cu oxides.
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A closer look at the oxidation process as viewed from the
valence electron transfer to oxygen can indeed be fruitful
and the work is in progress in this direction.

The authors thank Professor C. N. R. Rao for en-
couragement to carry out this work.
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