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Evidence for double valence fluctuation in metallic oxides of lead
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The possible role of double valence fluctuation in both lead and oxide ions with reference to
metaHization in oxides of lead is examined by x-ray-photoemission spectroscopy, ultraviolet-
photoemission spectroscopy (UPS), and Pb NMR studies. The double valence fluctuations may
be viewed as Pb ++20' ~~Pb' +0&' . While the insulating oxides PbO, Pb304, and Sr2Pb04
show a single oxide ion, 0 characterized by 0(1s) at 529.7 eV, the insulating peroxide Ba02
is characterized by the ion 02 with a single 0{is) at 533 eV. The metallic Pb02, BaPb03,
BaaiPb03, and SrPb03 showed the occurrence of both 0' and 02' ions. The valence band in

these compounds has also been studied by UPS, and clear evidence for the coexistence of 0 and

02 is seen in Pb02. A simultaneous study of ' 'Pb NMR suggests that the Pb ion could also exist
in mixed-valence states. Qualitative arguments are presented to rationalize the existence of such
mixed valences of the anion in metal oxides in general and their role in superconductivity.

INTRODUCTION

The recently discovered phenomenon of high-
temperature superconductivity' followed a model for
superconduction arising from bipolaron condensation
proposed by Chakraborthy. Shaforth et al. seem to be
the first to predict the possibility of a superconducting
state arising from a Bose condensation of tightly coupled
pairs. Several mechanisms have been proposed for the
observation of the high T, 's such as the resonating
valence-bond model, the spin-density wave model, etc. A
satisfactory explanation is still being sought. Prior to the
era of high T, superconductivity, Hirsch and Scalapino'
proposed a double valence fluctuation model in w'hich
two degenerate states differ by two electrons instead of by
the one electron found, for example, in rare-earth sys-
tems. The basic mechanism is one in which the transfer
of an electron to a cation pushes a pair of cation electrons
to neighboring anion orbitals so that subsequent transfer
of an electron to the cation does not lead to Coulomb
repulsion from the original pair of electrons. Hirsch and
Scalapino show, that, unlike the bipolaron model where
the critical parameter is the electron-phonon coupling
constant, double valence fluctuation is entirely electronic
in origin and T, is of the order of J,tr jks which can be
very high. The model of Hirsch and Scalapino involves
both cation and anion. It is appealing in the light of the
fact that high-temperature superconductivity is found in
oxides with the perovskite structure in which cation-
cation interaction has to be directly mediated by the oxy-
gen anion.

Oxygen species varying by two electrons such as 0
02, or Oz are well known. The double valence Auctua-
tion in oxides may be visualized in terms of the equilibri-

stable valence states also di6er by two electrons, such as
Pb, Pb +, and Pb +, Bi +, and Bi +. Oxides of Pb such
as BaPb& „Bi„03 also show superconductivity. " The
question arises whether purely double valence fluctua-
tions can give rise to metallicity itself before one consid-
ers their role in superconductivity. With this in mind, we
have examined the photoelectron spectra of several ox-
ides of lead to see if the metallicity in some of these sys-
tems may be attributed to a double valence fluctuation.
We take advantage of the fact' ' that the O(ls) valence
band in x-ray (XPS) and the photo emission spectroscopy
O(2p) valence band in Heo ultraviolet photoemission
spectroscopy (UPS) show distinct features which distin-
guish O from 02 species. Our results clearly show a
correlation between metallicity and mixed valence of ox-
ide ions. NMR studies on Pb support our conclusions.
The results of these investigations are presented below.
Part of this paper was presented earlier. '

EXPERIMENTAL

X-ray and uv photoelectron spectra were recorded in
ESCA-3 Mark-II spectrometer of VG Scientific Ltd.
Powder samples were pressed into thin pellets and the
spectra were taken at 300 K without any argon ions etch-
ing or heating the samples in the spectrometer. This was
done to prevent dissociation or reduction. The ternary
oxide systems such as BaPb03, SrPb03, Sr2Pbo~, etc.,
were prepared by the decomposition of the carbonates (at
1000 K) obtained as coprecipitates by the addition of a
solution of the metal nitrates to an excess carbonate solu-
tion. The compounds were characterized by x-ray
dlFraction studies.

m" ++2o'- m'" -"++o,'- .

Ions such as Pb, Bi, Sn, etc., have the property that

In Fig. 1(a), the O(ls) region of orthorhombic PbO,
Pb02, and BaO2 are given. The spectra of Pbo is charac-
terized by a single 0( ls) peak at 529.7 eV with Pb(4f7&~ )
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Ag+02, Au+Oz, and Ft+Oz, etc., by Kamath and
Rao' and these peaks have been assigned to 2p m, 2@m"„,

and 2@a corresponding to a Oz ion. Photoionization
of 2pns, 2@m„, and 2@os in Oz ion should give three
bands. ' Thus the 0( ls) band at 532.7 eV in PbOz corre-
lates well with the peroxide ion, 02 from the expecta-
tions in the valence band. The peroxidelike species does
not seem to be due to a surface species as the relative in-
tensities of these two peaks are unchanged on changing
the angle of collection.

In BaPb03 the three additional features are seen,
though less clearly. %hat is important is the very small
density of states near the top of the O(2p) band [Fig.
1(b)]. In Fig. 2, we show the XPS O(ls) region of insulat-
ing Pb304., conducting BaBiO3, BaBiPb03, and BaPb03
(resistivity: 10 '-10 0 cm at 300 K)' ' . For compar-
ison, O(ls) of Pb02 is also shown in Fig. 2. In Fig. 3,
O(ls) and Pb(4f) regions are shown for insulating
Sr2Pb04 (10s 0 cm at 300K) and fairly good conducting
SrPb03 (1-100 cm at 300 K).' ' What is interesting is
that the oxides which are insulating show no peroxidelike
species, while those that are good conductors do show a
fairly intense 0( ls) peak at about 532.5-533 eV. An in-
teresting feature is that, in BaPb03, the ratio of peroxide
to oxide is nearly 2:1, which seems to suggest that the
formula of BaPb03 at least within the time scale of XPS
is to be written as BaO2+PbO with a Pb ion in the +2
state. That the species seen are not from the surface
alone is borne out by the fact that the relative intensity of
Sr(31) in Sr2Pb04 to that in SrPb03 is about 2:1 (Fig. 3).
Furthermore, by taking the relative intensities of

I I 1 I t l l I l I
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BE(sV)

0(1s)

FIG. 1. (a) Al I( XPS O(ls) region of P10, F102, and Ba02.
{b) He II UPS valent:e-band region of PbO, P102„and BaPbO3.
BE is the binding energy.

at 138.0 eV. '5 The O(ls) peak is clearly due to an oxide
ion 0 . The O(ls) in Ba02 however clearly shows a
peak at 533 eV which can be assigned to Oz, since
Ba02 is a peroxide. The spectrum of Fb02 interestingly
shows the two O(ls) peaks, at 529.7 and 532.7 eV sug-
gesting the simultaneous presence of both oxide and
peroxide ions. These peak intensities are entirely repro-
ducible and comparable to those reported earlier. ' The
relative intensities of the oxide and peroxide peaks is
about 2:1.

Oxide ions, 0 with 2p electronic configuration
should give a single 2p Snal state upon photoionization
and, hence, a single O(2p) band which is usually peaked
at 4-6 eV. This indeed is observed in the case of F10 as
shown in Fig. 1(b). The maximum of the O(2p) band
occurs at around 4 eV as expected. The valence-band
spectra of Pb02 [Fig. 1(b)] show, besides the peak at 4 eV
due to 0, features due to three additional maximum at
7.4, 9.7, and 12.7 eV. Such species have been observed in

iO3

Pb03

03
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FIG. 2. O(1s) region of oxides of lead.
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Ba(3d s/z ) and Pb(4f 7/z) in BaPbO& and the correspond-
ing photoiomzation cross sections, we have estimated the
stoichiometry on the surface and find that the
stoichiometry is correct within 10% of the bulk value.
This is near the limits of accuracy of quantitative estima-
tion using the XPS method. BaBiO3, as well as the super-
conducting BaPbo 7sBio zsOz, also show peaks due to both
oxide and peroxide iona (Fig. 2).

Samples prepared by the ceramic technique which in-
volve higher temperatures of firing were found to have
different stoichiometries at the surface. Thus samples of
BaPb&, Bi„03 prepared by the ceramic technique were
found to be predominantly BaOz at the surface. We have
prepared single crystals of BaPb03 using KC1 as Aux and
find that even in this case the surface is rich with BaOz.
Scratching or cleaning the samples in situ after evacua-
tion always gave us a peroxide-rich species in these
ceramic samples. Our experience with single crystals is
not in agreement with the single-crystal results of
Wertheim et a1. who have, however, not reported the
surface composition of their crystals. %e note that cleav-
ing crystals which are rarely obtained in large sizes, such
as those of BaPb& „Bi„03,may not be a suf6cient cri-
terion for obtaining the correct information, as some-
tirnes the crystal cleaves easily at the point where inho-
mogenities are present; therefore, the surface examined
need not correspond to the composition expected.

We sought to examine if the Oz species can be gen-
erated on the surface. Barium from a getter source was
deposited on a Pb surface and then oxygen was exposed.
It is well known that oxygen exposed to a Pb surface
gives only PbO at 300 K.' In Fig. 4, we show the
changes in the 0( ls) and Pb(4f ) region when dry oxygen
was exposed to a Ba covered Pb surface for diferent bari-
urn concentrations. On the barium covered surface, 0
as mell as peroxidelike 02 peaks, is clearly seen. On
barium itself, an intense peak at 528.0 eV develops which
is identified with BaO. ' A small peak at this energy can
be seen in Fig. 1 for BaO2. Thus, a Ba covered Pb surface
shows the possibility of a mixture of P10- and BaP103-
type oxides. It is interesting to note that even a Pb(4f)
region sho~s more and more of a Pb + peak as the Ba
concentration is increased. Binding energies of core lev-

FIG. 4. 0(ls) and Pb(4f) regions for Pb+Ba+Oz system;
surface concentration of Ra for curve from bottom to top are 0,
1&10',2 5&10' and 3 8&10' atom&em

els of Ba, Pb, and Sr and the O(ls) are summarized in
Table I. Even though a forrnal oxidation state of Pb in

PbOz should be 4+, Pb(4f7/z) is observed at about 0.3
eV lower compared to PbO. Similarly, Pb(4f 7/z ) binding

energy in BaPb03 is similar to that in Pb02.
The photoelectron spectroscopy studies therefore es-

tablish, in our opinion, the mixed-valence nature of the
oxide ions. This mixed valence of the anions could in-
duce or coexist with mixed valency in the lead ions. Ail
the core levels of lead remain, however, essentially the
same. %e, therefore, examined the NMR signai from

Pb. Some of the chemical shifts obtained are given in
Table II. The shifts obtained with Sr2Pb04 are the
highest reported so far for Pb in an oxide matrix snd
reflect the truly quadrivalent character of the lead ions,
in this compound. The mixed valence of lead ions ' is
seen in the insulating Pb304. However, in PbOz, a single
NMR line is seen although XPS shows two distinct oxide
species. This would indicate a valence Auctuation of the
Pb ions so that, in the NMR time scales, we obtain a sin-
gle line. This is, perhaps, also the case in SrPb03 ~here
we also obtain a single NMR line. The chemical shift in
this compound is smaller compared to Sr2Pb04 indicating
a lower formal valence state of the Pb ions. The decrease
in chemical shift as the conductivity increases is usually
interpreted in terms of a Knight shift. In conjunction
with our XPS results, this is also consistent with a de-
crease in the formal oxidation state.

The possibility of double valence fluctuation may be
looked at from the point of view of ionic radii. In
BsP103, for example, the perovskite a parameter is 4.30
A. This compares well with the distances expected
from ionic radii of Pb + and 0, 4,

'0.78 and 1.40 A, re-
spectively). Since the ionic radius of Pb + on octahedral
coordination is 1.19 A, the double valence Auctuation

0
should mean an e6'ective radius of 0.96 A for an oxygen
ion or an 0—0 distance of 1.92 A in the peroxide
species.
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TABLE I. Core-level binding energies of oxides of lead in eV. The values are accurate within +0.2 eV.

PbO
Pb02

BaPbo

BaBi03

BaPbo 88io 203
SrPb03

Sr2Pb04

Pb(4fvn)

138.0
137.6

137.6
137.6

138.0

O(1s)

529.7
529.7
532.7
529.6
532.5
529.3
532.4
529.3
529.6
532.5
530.0

Ba{3ds/2)

779.6

»(4fTn )

158.4

158.4

Sr{3d)

532.8

132.8

The above studies, therefore, make a case for the possi-
bility of the existence of double valence Auctuation in-
volving both cations and anions. Since these oxides have
no partially filled d orbitals, and since there is no
significant density of states at the Fermi level [see Fig.
1(b)], the metallicity of the lead oxides would seem to
arise from the double valence Auction. In a sense, we
may consider the metallicity as due to a degenerate gas of
bipolarons. Such a degenerate gas could be the precursor
to a superconducting state.

Finally we examine the conditions for the formation of
such peroxidelike species in the oxides. %'e adopt an ar-
gument similar to that proposed by Fasteas and
Goodenough for the instability of Fe2S3. According to
them, the location of Fe + one-electron energy level
within the valence band by the transfer of electrons from
the valence band to the Fe + level which now becomes
Fe +. The holes in the valence band reorganize to create
Sz dimers so that Fe4S3 becomes unstable to the dispro-
portionation Fe2S3~FeS+FeSz. The essence of the ar-
guments of Fasteas and Goodenough are attractive al-
though these arguments fail when applied to KFeS2, for
example, where the Fe + ions are quite stable or to the
dilute magnetic semiconductors such as Mn„Cd&, S,
where the Mn + levels are located well within the v'alence
band. Apparently the on-site correlation energy for the
metal ions Uis-a-Uis the depth of these levels from the top
of the valence band is important in determining whether
S2 ions are formed or not.

It may be postulated that an 02 or 0' species

0

W

34 34 34 34 34

(d)

P(1s)

~ould be obtained if holes are created in the oxide
valence bands which are predominantly of 0 charac-
ter. These holes may be created in transition-metal ox-
ides by the presence of empty 3d" levels within the
valence band. In the case of ions such as Fe +, Cr"+,
Co +, Ni +, and Cu + there seems to be evidence to
show that the 3d" energy levels of these ions are likely to
be located within the valence band of oxides. The 3d" en-

ergy levels of iron group transition metal ions with

respect to the top of the oxygen valence band in Ti02 ob-

tained from photoconductivity studies are shown in Fig.
5(a). The valence band of La803 (Refs. 28 and 29) are

TABLE II. 2 Pb solid state NMR chemical shifts.

Compound

Pb(NO3)2
PbO (yeBow)
PbO (red)
Pb02
Sr2P104
SrPb03

207pb

(ppm)

0
7187, '6500
65M', 67M'
8257, '8600

—2352'
—2056'

BE(ev)
10 0 4 8

BE(ev)
&0 527 530 533 537

BE(ev)

'From Ref. 22.
Reference 23.

'Present measurements.

FIG. 5. (a) Location of 3d" energies relative to the valence
band and conduction band of Ti02 (from Ref. 27). (b) XPS
valence band from Ref. 28. (c) XPS valence band from Ref. 29.
(d) 0(1s) region from Ref. 30.
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given in Fig. 5. While the 3d and 0(2p) bands are well

separated in LaVO& and LaCrO&, the metal d bands over-

lap with the 0(2p) band in other oxides. Corresponding-
ly, the O(ls) band becomes broader towards the higher
binding energy as the metal 3d band merges with the
0(2p) band and two oxygen peaks are clearly seen in

LaNiO& (Fig. 5). Fierro and Tejuca ascribe the addi-
tional feature in the 0(ls) region around 531.5 —532 eV
to 0' and not due to OH or CO3 species. In our
opinion, the growth of the additional feature in the 0( ls)
region is a reNection of the tendency to create holes in the
valence band by the overlap of the metal 3d band with
the 0(2p) band. The results of Fierro and Tejuca are en-
tirely reproducible. %'e have also seen that by decreasing
the angle of collection to mere 10', the relative intensities
of the two 0{ls) peaks do not change significantly indi-

cating that the oxygen species are likely to originate from
the bulk. It is yet to be ascertained how much of the
higher binding energy 0(ls) peak is due to surface oxy-
gen. Further, the possible role of such mixed-valent ox-
ide ions in the metallic compounds such as LaNi03 is yet
to be studied.

A perusal of literature shows that in NiO and CuO,
there are features in the higher binding energy side of

0{1s)band in the energy range 531-531.5 eV identified
as due to 0 species. " These features have been asso-
ciated with the mixed valence of an oxygen ion due to the
presence of excess oxygen. It is to be pointed out that in
oxides where a mixed valence of oxygen in O and 0'
exists, the metal 3d and 0(2p) bands overlap. We note
from Ref. 32 that in NiO and CuO the 3d level is located
well within the valence band. In such a case the removal
of outer electron from Cu + to give Cu + should be un-
favorable.

The stabilization of 0' or Oz species probably de-
pends on the metal ion. In the case of metal ions such as
Ni +, Cu +, one may obtain a single-electron transfer
from the oxide ion to the metal 3d" + ion to give 0' and
3d'" "+ metal ion. In the case of ions such as Pb +,
Bi +, it may be possible that two-electron transfers are
required since Pb + and Bi + are less stable compared to
Pb + and Bi +, respectively.

The formation of oxygen dimer when holes are intro-
duced into the valence band has been rationalized by
Ganguly by assuming that the top of the valence band
is antibonding in character. The formation of oxides and
peroxide ions from oxygen molecule may be viewed as
follows:

Oxygen molecule 02 (n', o' )+2e-+peroxide (02 )(n', o' ),
Peroxide 02 (n', o' )+2e~oxide 02 (tr' o' ) .

Creation of holes in the valence band of essentially ion-
ic oxides should thus lead to a reduction in the antibond-
ing character which may manifest itself in the form of
peroxide ion or other oxygen multimeric species. Small
electron density at Er and also at the 0(2p) region for
0 ion in the He tt UPS for BaPb0& [Fig. 1(b)] supports
the above scheme of formation of peroxide ions. The
model is diferent from the commonly accepted picture,
based on the strong neutral metal-oxygen interactions
where the valence band is bonding in character (for ex-
ample, see Goodenough, Ref. 34).

Recent studies on high-temperature superconducting
oxides of copper (YBa2Cui07) have also shown evidence
for the presence of peroxide species ' with no Cu +
ions. As mentioned earlier, it should be diScult to obtain
Cu + species in oxide if we assume that the 3d level of
Cu + is located within the valence band. The holes may

instead create 0 or 02 ions. The presence of perox-
idelike species and any associated double valence Auctua-
tion does not necessarily signal a low-temperature super-
conducting state since BaPb03 and Pb02 are not super-
conductors. In YBa2Cu307, there is evidence for a con-
tinuous increase in the amount of peroxolike oxygen
species as the temperature is decreased from well above
T, with a concomitant increase in Cu+ state. Apparently,
the presence of double valence fluctuation is a necessary,
but not sufticient, criterion for superconductivity.
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