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Abstract

The electronic structure of BaPbO3 and Ba,PbO, was investigated using photoemission, x-ray
diffraction (XRD) and tight binding linear muffin tin orbital (TB-LMTO) band structure
techniques. BaPbOj; is a base material for all Pb based superconductors. Rietveld analysis of
the XRD data suggested that BaPbOj3 is an orthorhombically distorted perovskite with Imma
space group and Ba,PbO, possesses tetragonal structure with /4/mmm space group. LMTO
calculations indicated an insulating ground state for Ba,PbO, with a band gap of 1.3 eV and a
metallic ground state for BaPbOj3. Ultraviolet photoemission results agree well with the LMTO
calculations. The Pb—O1-Pb bond angle in the basal plane is a key parameter in deciding the
electronic structure of these compounds. The Pb 4f and O 1s core levels of BaPbO3 exhibited
asymmetry on the high binding energy side of the peak, indicating that both Pb and O
contribute to the density of states at the Fermi edge. The core levels of Ba,PbO, did not exhibit

asymmetry. Core level asymmetry can be used to probe the local density of states at Ef.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Barium metaplumbate BaPbO3; (BPO) has attracted much
attention due to its interesting physical properties. This
simple perovskite has become the base material for several
superconductors like BaPb;_,Bi,O3 (T, ~ 12 K) [1],
BanI,bexO3 (TC ~ 3.5 K) [2], and BanI,xBix/Qbe/zog
(T, ~ 6 K) [3]. Orthorhombic perovskite, BaPbOs,
and body centered tetragonal perovskite, Ba,PbO,, are the
end members of the interesting Ruddelsden—Popper series
Ba,;1Pb,03,41 [4]. Transport measurements exhibited
metallic behavior in BaPbO3; and a semiconducting behavior
in Bap,PbO, with temperature [5-7]. The driving mechanism
of BPO metallicity is not very clear in the literature. It was
attributed to oxygen vacancies by Ikushima and Hawalawa [8],
and to unfilled d bands of Pb**t by Shannon and Bierstedt [5].
BPO structure can be thought of as BaO layers separated by
PbO, layers. Transport in BPO is mainly decided by the
PbO, layer whereas the BaO layer contributes to the structural
stability. Since the PbO, is metallic [9], the PbO, layer
seems to be responsible for the metallic behavior of BPO.
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The PbO; layer in BPO is analogous to the Cu-O layer in
YBCO superconductor. Another mechanism anticipated for
BPO conduction is the partial substitution of Pb by Ba. This
process would tend to produce some amount of Pb’* and
provides carrier generation [10].

The structure of BaPbOs has been studied extensively
by several workers since its synthesis in 1958 by Hoppe and
Blinne [11]. Earlier workers have reported a cubic perovskite
structure for BaPbOs3 [11, 12]. But later workers reported that
BPO ceramics are of orthorhombically distorted perovskite
structure with space group Pnma [5, 13].  Subsequent
studies confirmed that BaPbOs is actually monoclinic at room
temperature with /2/m space group [14]. Recent structural
investigations suggested that BaPbO3 possesses orthorhombic
structure with space group /mma at room temperature [15, 3].
Upon cooling BaPbOs3, down to 15 K, it exhibited a structural
transition from orthorhombic, /mma structure to monoclinic,
C2/m structure [15]. On the other hand, investigations by
Fu et al [16] did not evidence such a low temperature phase
transition, but confirmed several structural phase transitions at
higher temperatures.

The structure of BaPbOs is a complicated and long
standing fundamental issue. The conduction mechanism also

© 2008 IOP Publishing Ltd  Printed in the UK
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seems to have diverse explanations. The structure of Ba,PbO4
on the other hand forms in the body centered tetragonal
structure (K, NiF, type) with 14/mmm space group. Ba,PbOy
is a wide band gap semiconductor with a gap of 1.7 eV [17].
Band structure calculations suggested that the shortened apical
Pb—O bond distance, compared to the planar Pb—O distance,
plays a vital role in driving Ba,PbO,4 semiconducting [4]. The
actual mechanism driving Ba,PbQO, insulating is still not very
clear.

BaPbO3 has technological importance apart from possess-
ing fundamentally challenging issues. This material demon-
strates great potential in improving the characteristics of PZT
films. BPO not only improves the microstructure, crystallinity,
and ferroelectric properties but also reduces the leakage cur-
rent of PZT films [18]. BaPbOj; is also a useful material in ap-
plications such as ceramic electrodes, conductive pastes, anti-
corrosion pigments and sintered resistors [19].

This paper reports a study of the electronic structure of
BaPbO; and Ba,PbO, using XPS and UPS techniques along
with TB-LMTO band structure calculations. As mentioned
before, the structure of BaPbOj; is controversial and may
depend on the preparation method and conditions. Therefore,
we have investigated the structure of these compounds using
powder XRD and analyzed the data by the Rietveld refinement
method. The output parameters of the Rietveld analysis were
used for band structure calculations to obtain more relevant
calculations on the materials prepared.

2. Experiment

Polycrystalline samples of BaPbO; and Ba,PbO, were
prepared by the solid state reaction method. High purity
(99.99%) powders of BaCO; and PbO, were mixed in
stoichiometric proportion and heated at 450 °C for 12 h to
avoid the loss of Pb. The resulting mixture was calcined at
950 °C for 12 h. The mixture obtained was pressed into pellets
and sintered in oxygen ambient at the calcination temperature
for 24 h. During sintering, pellets were dipped in a powder
of like composition to avoid the loss of volatile Pb at high
temperatures. After a few cycles of this procedure, we obtained
hard pellets of BaPbO3; and Ba, PbO;,.

Samples were characterized using the XRD technique.
XRD measurements were carried out using a Rigaku make
rotating anode x-ray generator (Rotoflex) with a Rigaku x-ray
diffractometer. The powdered sample was pressed on a glass
plate, mounted vertically on the sample table, and diffraction
patterns were recorded using Cu Ko (1.54 A) radiation. Data
was collected in the 26 range from 10° to 90° in steps of 0.02°
using a scintillation detector. Only single-phase materials with
no impurity phases were used in this study. XRD data was
analyzed using the modified version of the profile refinement
program of Young [20]. Various key parameters used in
Rietveld refinement are atomic positions, occupancies and
temperature factors and the instrument parameters like the zero
angle and scale factor.

Photoemission measurements were carried out using a
VSW ESCA machine equipped with a hemispherical analyzer,
twin-anode x-ray source and a UV source. XPS and UPS

Table 1. Structural parameters of BaPbO; and Ba,PbO, obtained
from the Rietveld analysis of the XRD patterns. Lattice parameters
and bond lengths are given in A.

Compound BaPbOs; Ba,PbO,
Structure Orthorhombic Tetragonal
Space group  Imma 14/mmm
Lattice a =6.021,b =8.501, a=4.284
parameters ¢ =6.056 c=12.951
Ba-0O1 2.736 2.981
Ba-02 2.853 2419
Pb-O1 2.145 2.154
Pb-02 2.149 2.061
Pb—-O1-Pb 164.5° 180°

Ry (%) 10.08 36.12

R, (%) 7.05 26.12

measurements were done using Al Ko and He I radiations
with resolutions of 0.9 eV and 0.1 eV respectively. The
base pressure in the analysis chamber was maintained below
6.0 x 107!° Torr. Freshly sintered pellets were loaded into the
preparation chamber of the ESCA machine and were scraped
repeatedly in situ in UHV with the help of a diamond file, until
the O 1s signal did not exhibit further changes.

Electronic structure calculations were performed using the
tight binding linear muffin tin orbitals (TB-LMTO) within
the atomic sphere approximation (ASA) [21]. Calculations
were done self-consistently and the combined correction terms
were included. Spherical harmonics were included up to
| = 3 (f-like orbital) in constructing basis functions. All the
calculations were done within the allowed range of overlap
between the atoms, enabling the use of the LMTO-ASA
method. The structural parameters obtained by the Rietveld
refinement of the XRD data were used as the input for these
calculations.

3. Results

Figure 1 shows the observed and fitted data of the XRD
patterns obtained for BaPbO3; and Ba,PbO,. XRD data for
BaPbO; was excellently fitted with the space group Imma
and could not be fitted to the space group Pbnm as reported
earlier [5]. The Ba,PbO, data was nicely fitted using the
14/mmm space group [4].

Various bond lengths, bond angles and R-factors obtained
from the Rietveld fitting of the XRD data are shown in table 1.
The lattice parameters obtained are in good agreement with the
previously reported data [15, 5]. The orthorhombic distortion
observed in BaPbOj3 (space group Imma) is quite uncommon
in perovskite oxides. Similar distortion has previously been
reported for PrAlOs [22]. It is interesting to note that the lattice
parameters a and c differ only from the second decimal place
onwards and the Pb—O1 and Pb—O2 bond lengths are also of
similar magnitude in BaPbOs (table 1). In Ba,PbOy, the Pb-
02 bond length is smaller than the Pb—O1 bond length which is
an unusual distortion in layered oxides. The Pb—O1-Pb bond
angle increases from 164.5° in BaPbO; to 180° in Ba,PbOy.

Figure 2 shows the experimental valence band spectra
of BaPbO; and Ba,PbO, excited using He I radiation and
compared with the calculated DOS. The experimental valence
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Figure 2. (a) Experimental valence band spectra of BaPbO; (®) and
Ba,PbO, (O) excited by He I radiation. (b) Calculated total DOS and
partial DOS (O 2p, Ba 4d and Pb 5d) of BaPbOs. (c¢) Calculated total
DOS and partial DOS (O1 2p, O2 2p, Pb 5d and Ba 4d) of Ba,PbO,.

bands (figure 2(a)) of the two the compounds appear similar,
exhibiting two prominent features of 11-6 and 6—1 eV binding
energies. The intensity close to the Fermi edge appears to
be zero or very small. The intensity of the feature around
9 eV is a little higher in BaPbO3 compared to Ba,PbO,4. The
calculated DOS of BaPbO3 showed a small number of states
for 11-5 eV and a strong contribution between 5 eV and the
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) x-ray diffraction patterns of BaPbOj; (left panel) and Ba,PbO, (right panel). The difference between

Fermi edge, and exhibits a finite DOS at Ep indicating the
metallic nature. Comparing the total DOS with the partial
DOS of O 2p, Pb 5d and Ba 4d (lower panel of figure 2(b)),
it is evident that the total DOS has its primary contribution
from O 2p with small contributions from Pb 5d and Ba 4d
states. States in the vicinity of the Fermi edge arise only
from Pb 5d and O 2p. Contributions from Pb 6s and Ba 5p
(not shown) states are insignificant in this energy range. The
calculated total DOS of Ba,PbQy, (figure 2(c)) is similar to that
of BaPbOj3 below the Fermi edge. Unlike BaPbO3, Ba,PbOy
exhibits a gap of 1.3 eV starting at the Fermi edge, suggesting
a semiconducting nature of this compound. The partial DOS
of various atoms of Ba,PbO, are shown in the lower panel of
figure 2(c). Since Ba,PbOy, is a layered compound, the Ol
and O2 2p DOS are shown separately. Major contributions to
the total DOS arise from O 2p (both Ol and O2) states and a
small contribution comes from Ba 4d and Pb 5d states. O2 2p
has more states closer to the Fermi edge (around 2 eV B.E.),
whereas O1 2p has a higher contribution at 3.0 eV B.E. Such
a difference in the distribution of states of O1 and O2 may be
related to the shorter Pb—O2 bond length compared to the Pb—
O1 bond length obtained by the Rietveld analysis of the XRD
data (see table 1). The relative intensities of the calculated total
DOS for both BaPbO3; and Ba,PbOy, are significantly different
from the experimental results, presumably due to the fact that
experimental spectra are influenced by the matrix element
effects and lifetime broadening of the holes and electrons
in addition to various other final state effects which are not
considered in the ab initio calculations. Agreement between
the experimental and calculated results is better in the case of
Ba,PbO,4 compared to that of BaPbOs;.

High resolution valence band spectra in the vicinity of
the Fermi edge excited by He I radiation are shown in
figure 3. There is a striking difference between the spectra of
BaPbO; and Ba,PbOy near the Fermi edge. BaPbO3 exhibits
finite intensity at the Fermi edge, whereas Ba,PbO, exhibits
zero intensity. This observation is in agreement with the
metallic and semiconducting behaviors observed respectively
for BaPbO3 and Ba,PbOy, in our calculated results. Intensity
at the Fermi edge in BaPbOj; is contributed by O 2p and Pb 5d
states as seen in figure 2(b).
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Figure 3. Valence band spectra near the Fermi edge for BaPbO; (@)
and Ba,PbO, (O) excited by He I radiation.

Core levels were analyzed using the asymmetric
Gaussian—Lorentzian (AGL) sum function [23] defined as

AGL(x, p,w,h,m,TS,TL) = h{(l — m)e 22

m _ .02y 580
+1+Q+TS(1 e )e } (1
where Q = [@]2; p, the peak position; w, the FWHM of
the peak; A, the integrated area of the peak; m, the GL mixing
parameter (0 for 100% Gaussian and 1 for 100% Lorentzian);
TS and T L are the parameters for the asymmetric tail and are
functions of m, w (T S = 0 for a symmetric GL function).

Ba 3d and Pb 4f core level spectra of BaPbO; and
Ba,PbO, are shown in figure 4. Ba 3d spectra of the two
compounds look similar and overlap with each other. These
spectra were fitted using the asymmetric Gaussian—Lorentzian
sum function (equation (1)). Ba 3d spectra were fitted with a
FWHM of 3.6 eV, spin—orbit splitting (S.0.S.) of 15.4 eV and
TS of 0 (no asymmetry). Pb 4f spectra of the two compounds
are compared in figure 4(b). Interestingly, BaPbO3 exhibits
more asymmetry compared to Ba,PbO4. As shown in the
graph, Pb 4f spectra of Ba,PbO, could be fitted very well by
using equation (1) with 7S = 0 (no asymmetry). On the
other hand the Pb 4f spectrum of BaPbOs; was fitted using
equation (1) with 7S = 0.35 and T L = 15 (figure 4(c)).

Figure 5 shows the O 1s spectra of Ba,PbO4 and BaPbOs;.
Ba,PbO;, exhibits a high B.E. shoulder at 530.9 eV along with
the main peak at 528.9 eV. These peaks were deconvoluted
using equation (1) without the asymmetry part (7S = 0)
and the FWHM values obtained are 2.8 eV for the high
B.E. shoulder and 1.9 eV for the main peak. Interestingly, the
O 1s spectrum of BaPbOs is a single peak with high asymmetry
and could not be fitted with 7S = 0. The AGL fit resulted
in TS = 0.75, TL = 35 with a FWHM of 1.95 eV for the
O 1s spectrum of BaPbOs3. The asymmetric O 1s line shape
for BaPbO3 was previously reported by Wertheim et al [24].
The double-peak structure of the O 1s core level in Ba,PbOy4
is due to the layered nature of the compound. The structure of
Ba,PbO, can be regarded as a stacking of single BaPbOj5 layers
separated by BaO layers [25]. The main peak corresponds to

° Ba,PbO, (a)

£ BaPbO, FWHM=3.6 ¢V
e S.0.5=154eV
S
z
é
Q
E o
798 792 786 780 774
o Ba,PbO, Pb 4f . ®
®  BaPbO, %
FWHM=2.4 eV
S.0.5=4.81 eV
TS=0
5
£
8 L . ' : :
2z | o Bapbo, ©
§ AGL fit ‘
2 BG Q FWHM=2.4 eV
TS=035
TL=15

145 140 135
Binding Energy (eV)

Figure 4. (a) Ba 3d spectra along with the AGL fit ( ) to the data
for BaPbO; (O) and Ba,PbO, (®). (b) Pb 4f spectra of BaPbO; (@)
and Ba,PbO, (O) along with the AGL fit ( ) to the Ba,PbO,
data. (c) Pb 4f data of BaPbO; (O) along with the AGL fit (
BG represents the Shirley background.

).

the oxygen in the BaPbO3 layer and the shoulder corresponds
to oxygen in the BaO layer. The FWHM of the shoulder is
much higher compared to that of the main peak for Ba,PbOy,
which can be attributed to the presence of little inter-grain
oxygen contributing to the O Is signal around the same energy.
The main peaks for both the compounds occur at 528.9 eV.

4. Discussion

The structure of BaPbO3 has extensively been studied in the
past by several workers and was controversial for many years.
XRD data of BaPbO3 prepared in this study using the solid
state reaction method could be fitted well to the space group
Imma and the result is in agreement with the recently reported
structure of BaPbOjs [15, 16]. Structural data of Ba,PbO4 was
fitted to the 714/mmm space group which agrees well with the
earlier reports [4].

UPS results close to the Fermi edge indicated an insulating
nature for Ba,PbO; and a metallic nature for BaPbOs.
Our LMTO calculations supported the results from UPS by
exhibiting finite states at Er for BaPbOs; and a gap of about
1.3 eV for Ba,PbO,. The band gap obtained in our calculations
is similar in magnitude to the gap observed by Matheiss [4].
The electronic properties of these materials are primarily
decided by the overlap of Pb 5d6s states with O 2p states.
The opening up of a gap in Ba,PbOy is related to the unusual
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Figure 5. O 1s spectra of (a) Ba,PbO, (O) with the AGL fit (
and (b) BaPbO; (O) with the AGL fit (——). BG represents the
Shirley background.

)

distortion of the PbOg octahedra with smaller apical Pb—O2
bond length and larger planar Pb—O1 bond length (table 1)
as obtained from our Rietveld analysis of the XRD data.
Interestingly, the apical Pb—O2 bond length in Ba,PbOj is
smaller than the planar Pb—O1 bond length in BaPbO3; which
implies that Ba,PbO, should also be conducting. But the
conduction predominantly occurs in the basal plane and thus
only the planar bond length (Pb—O1) plays a crucial role
in deciding the electronic properties. Pb—O1 bond lengths
are almost the same in magnitude (table 1) for BaPbOs and
Ba,PbO, and the opening up of a gap in Ba,PbO4 cannot be
explained by considering the Pb—O1 bond length. The Pb—O1—
Pb bond angle can influence the integral of overlap between
Pb 5d6s and O 2p states. Our structural studies indicated that
the Pb—O1-Pb bond angle increases from 164.5° in BaPbOs to
180° in Ba,PbOy. Straightening of the bond in Ba,PbO4 can
reduce the overlap of Pb and O states and thus can induce a
gap.

The core levels of Ba,PbO, did not exhibit asymmetry
and, interestingly, asymmetry was not observed in the Ba 3d
core level of BaPbOj either. The Pb 4f and O 1s core levels of
BaPbO; exhibited asymmetry. Asymmetry in the core levels
has been observed for metals with high density of states at the
Fermi level [26]. Core level shape can be asymmetric in semi-
metals also [27, 28]. Asymmetry is mainly due to the influence
of the core hole potential on the DOS in the vicinity of the
Fermi edge. Asymmetry of a core level in an atom depends on
the local DOS at Ef corresponding to that atom [29]. In the
case of Ba,PbOy, both UPS and LMTO studies exhibited no
states at Ep and thus the core levels exhibited no asymmetry.
On the other hand, BaPbO3 shows finite states at Er in both
UPS and LMTO studies. Interestingly, only Pb 4f and O 1s

BaP
aPbOo, —-—-- Badd

2+ — — — Ba6s
O2p
Pb 5d
Pb 6s

States/eV.f.u.

-0.2 0.0 0.2 0.4
Binding Energy (eV)

Figure 6. Angular momentum projected DOS of Ba, Pb and O in
BaPbOs in the vicinity of the Fermi edge.

core levels of BaPbO; exhibited asymmetry whereas the Ba 3d
spectrum did not exhibit asymmetry.

To understand the origin of asymmetry in Pb 4f and
O 1s spectra in comparison to Ba 3d spectrum of BaPbOs,
we have shown the Ba (4d, 6s), O 2p, Pb (6s, 5d) angular
momentum projected DOS in figure 6. The total DOS were
primarily contributed by these levels in BaPbOs;. O 2p has
the highest DOS at Er compared to other levels and thus
the most asymmetric O 1s core level with 7S = 0.75 and
TL = 35 was observed. Pb also contributes to the total
DOS through considerable 5d and a small number of 6s states,
but the Pb contribution is significantly low compared to the O
contribution to the total DOS at Er. Therefore, the asymmetry
observed in the Pb 4f spectrum is very small with the TS =
0.35 and TL = 15 compared to the asymmetry in O Is.
The contribution made by Ba to the total DOS of BaPbOj3
is extremely small or zero and thus Ba 3d did not exhibit
asymmetry in BaPbOs. Core level asymmetry can be used to
probe the local DOS at EFf.

5. Conclusion

We have investigated the electronic structure of BaPbOj
and Ba,PbO, using photoemission and TB-LMTO methods.
Valence bands obtained from UPS measurements were
interpreted using the ab initio TB-LMTO calculations. The
XRD data was analyzed using the Rietveld refinement method.
Our investigations showed an insulating ground state for
Ba,PbO, and a metallic ground state for BaPbO;. The Pb—
O1-Pb bond angle plays a key role in opening up a gap in
Ba,PbO,4. Core level asymmetries observed in Pb 4f and O
Is spectra of BaPbO3 are related to the local DOS of Pb 5d6s
and O 2p states, respectively, at the Fermi edge.
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