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Angle-resolved-photoemission study of the BaPb, g;Bi, ;00; (001) surface
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Synchrotron-excited angle-resolved photoemission data for a cleaved single-crystal BaPby g;Big 1503
(001) surface are presented. Enhancements in spectral intensity at the Fermi energy away from the I
point are shown to be in reasonable agreement with linear-augmented-plane-wave band-structure calcu-
lations [Phys. Rev. B 28, 4227 (1983)]. The rapid surface degradation of metallic and superconducting
compositions in the BaPb,_, Bi, O; system is discussed.

The perovskite BaPb,_,Bi, O; is a high-temperature
superconductor in the composition range 0.05=<x =<0.3,
with a maximum 7, of around 13 K at x =0.25.> The
material undergoes a charge-density-wave- (CDW-)
driven transition to a semiconducting state at x ~0.4.}
Unlike the well-studied cuprate materials, the Bi systems
are the only high-temperature oxide superconductors to
show fully three-dimensional conductivity, leading to
speculation that the mechanism of electron pairing in the
superconducting phase may differ in the two types of ma-
terial. It has been suggested that charge-density waves
may provide that attractive interaction in doped BaBiO;,
by analogy with proposed mechanisms involving spin-
density waves in the copper-oxide superconductors.*
However, despite considerable theoretical interest in this
system, it has been comparatively little studied by photo-
emission’ !* and a number of fundamental features
remain unresolved. In particular, there have been few re-
ports of valence-band photoemission from single crystals
of the doped material,>”® and, to the best of our
knowledge, no angle-resolved band mapping measure-
ments on such materials have been reported. Possible
reasons for this paucity of data include difficulties in
growing and satisfactorily cleaving large single crystals of
the material and the marked instability of freshly
prepared surfaces of metallic compositions to degrada-
tion in UHV.>"!314 The difficulties associated with pro-
ducing clean, stable, and representative surfaces of this
material>”!>!* and associated materials such as
Ba,_,K,BiO; (Ref. 15) have been noted in the literature.

Here we present angle-resolved valence-band photo-
emission data from a single-crystal sample of metallic and
superconducting BaPby g;Bij ;403 (001), where degrada-
tion over the time period of the experiment has been min-
imized by cleaving a high-quality single-crystal sample
held close to liquid-nitrogen temperature.>’ The nature
of the degradation is discussed.

Angle-resolved-photoemission measurements employed
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the toroidal grating monochromator (15=hv=90 eV),
VG ADES 400 instrument and low-temperature manipu-
lator on station 6.2 at the Synchrotron Radiation Source,
Daresbury Laboratory. The combined (monochromator
and analyzer) energy resolution was 0.15 eV, and an
analyzer entrance aperture was used to fix the angular
resolution at £2° (FWHM). A single-crystal sample of
BaPby 5,Bi; 1403, grown from a molten BaO-PbO-PbO,-
Bi,0; solution'® was provided by the UK National Crys-
tal Growth Centre for Superconducting Oxides. The
quoted Bi:Pb ratio was determined by EPMA, and the
crystal showed a superconducting transition temperature,
T,, of 7 K; as expected, this is slightly below T,(max) of
13 K observed at around x =0.25. A large (=10X35
mm?) single face of the crystal was shown by x-ray
diffraction and Laue back reflection to be of (001) orienta-
tion. The lattice parameters derived from x-ray
diffraction were used, together with the established
Vegard’s relationship for this phase,'”!8 to determine the
bulk Pb:Bi ratio. This was found to be 0.8:0.2, entirely
consistent with the result from EPMA. The crystal was
cleaved in UHV in a direction parallel to this large (001)
face using a VSW crystal cleaving anvil. During the
cleaving process and subsequent data accumulation, the
sample was held close to liquid-nitrogen temperature.
The base pressure of the spectrometer was maintained at
~3X107!° mbar. Sample cleanliness was monitored us-
ing a phi double-pass CMA to measure Auger spectra,
and using the valence-band photoemission, particularly in
the region of 9-eV binding energy, where a new feature is
seen to appear in the spectrum as the surface de-
grades.>!® The problems of rapid degradation of metallic
compositions in this system have been well documented
by ourselves'>!* and others.® In this respect, the cleaved
crystal held at low temperature proved to be more stable
than, for example, scraped ceramic samples.!* Data ac-
cumulation was possible for several hours before
significant degradation occurred. Following removal
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from the spectrometer, Laue back reflection from the
cleaved surface confirmed the (001) orientation. Some
slight splitting of the diffracted beams was observed. As-
suming the material to be orthorhombic (if only partially,
see below) (Refs. 3 and 17) or monoclinic!® at this compo-
sition, this was interpreted as evidence of ab twinning
from a comparison between measured patterns and those
calculated using NEWLAUE software (part of the LAUE
suite available at the Daresbury Laboratory). In fact, the
exact symmetry of the phase in the superconducting re-
gime remains a matter of considerable controversy;'® this
is discussed further below.

Figure 1(a) shows angle-resolved valence-band spectra
from the crystal, recorded at 33-eV photon energy. Ver-
tical (¢) and horizontal (6) analyzer positions with
respect to the experimental (chamber) axes are shown.
Unfortunately, problems associated with mounting the
crystal meant that the experimental and crystal axes were
very slightly out of alignment; this, in turn, meant that
the measurement probed regions of k space lying slightly
off a main symmetry line. Figures 2(a) and 2(b) show pro-
jections of the experimental traverse along the k,, k., and
k, axes,’® while Fig. 2(c) shows a three-dimensional (3D)
representation the Brillouin zone for the phase (discussed
further below), with the track of the measurement
marked. In the photoemission process, only the com-
ponent of electron momentum parallel to the crystal sur-
face, k”, is conserved upon escaping from the solid. This
means that band mapping by ARUPS is straightforward
only for two-dimensional systems, a condition approxi-
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FIG. 1. Angle-resolved EDC’s at 33-eV photon energy show-
ing the valence band and Fermi level regions of BaPb, ¢;Bij 1,03
(001). Photoelectron emission angles relative to the experimen-
tal (chamber) axes are shown. The movement from §=33° to
—37° corresponds to the k-space traverse shown in Figs.
2(a)-2(c).

mated to by the cuprate superconductors. In the case of
a three-dimensional system, as here, this has the conse-
quence that only the projection of the traverse onto the
plane perpendicular to the k, axis [Fig. 2(a)] is well
defined. From this it can be seen that, viewed as a projec-
tion along the k, direction, the experiment probes a line
close to, but not coincident with, the I'-K-X direction.
As a result of this, three projections along high-symmetry
axes are necessary in order to uniquely specify the
traverse in k space. We have chosen the remaining pro-
Jections to be along k, and along k, [Fig. 2(b)]. The pro-
Jections onto the k k, or k,k, planes [Fig. 2(b)] are sub-
ject to assumptions about the electron effective mass, and
the lattice recoil energy of the crystal. These were chosen
to be m*=0.65m, (Ref. 21) and E ;=8 eV,? respec-
tively. Many determinations of the electron effective
mass for the system with x =0.2 are available in the
literature. Unfortunately, these vary by an order of mag-
nitude. The value chosen?! represents a median within
the range. As k, is quite sensitive to the choice of m*,
the projections shown in Fig. 2(b) must be regarded as
notional only. Thus, the accuracy of comparison of our
results with band-structure calculations is limited by
literature uncertainties regarding the electron effective
mass. However, the choice of a value substantially less
than unity is consistent with values of band mean
effective masses obtained for other metallic oxide sys-
tems, including the perovskite Na, WO; (Ref. 23) and
Sn,_,Sb,0,.%*

The experiment roughly probes an arc of k space
which passes through one complete Brillouin zone (BZ)
on either side of the I' point, in a slightly asymmetric
traverse, narrowly missing the I" point itself and other
high-symmetry points of the zone. We estimate that the
arc reaches the boundaries of the first BZ at points close
to L (the midpoint of a hexagonal face of the BZ [Fig.
2(c)]). Close to the T point [near normal emission in Fig.
1(a)], the general shape of the valence band (which is
composed of O 2p and Bi/Pb 6s/p hybrids) conforms
closely with that seen in angle-integrated measure-
ments.> 3

Slight complexities arise in the comparison of our re-
sults with linear-augmented-plane-wave (LAPW) band-
structure calculations due to the current uncertainty re-
garding the symmetry of BaPb,_ Bi O; at x~0.2.'8
The LAPW band-structure calculations of Mattheiss and
Hamann' follow the assignment of Cox and Sleight,?
which treats this composition as tetragonal. The
electron-diffraction work of Koyama and Ishimaru?®
shows the tetragonal phase at this value of x to be stable
to temperatures close to room temperature. Other au-
thors have found the material at this composition to be
orthorhombic*!7 or monoclinic,!® and our own Laue data
suggest an orthorhombic or lower symmetry. In a reex-
amination of data from the system, Cox and Sleight
reached the conclusion that samples having x =0.3 con-
sisted of mixed orthorhombic and tetragonal phases.?’
They concluded that only the tetragonal phase was super-
conducting, and that it was stable only at high tempera-
ture.’’ Further support for these ideas is found in the
work of Asano et al.”® and recent work by Marx et al.'®
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FIG. 2. (a) Projection of the experimental data onto the k,k, plane, where the traverse is well defined. The experimental data
points are shown by squares, the solid square indicating the analyzer position §=33°, $=0°. Open squares show analyzer positions
where an enhanced Fermi level DOS is seen, while grey circles indicate the experimental error. Major symmetry points are indicated
by solid circles; those shown labeled in brackets do not lie in the k, k, plane, and are shown projected onto this plane. (b), (i) and (ii)
Projections of the experimental data onto the k. k, (i) and k, k, (ii) planes, assuming m *=0.65m, and E,..,; =8 eV (see text). The di-
agrams use the same notation as (a), and again, major symmetry points not lying in the plane are shown projected onto the plane, and
labeled in brackets. The error bars, indicated by grey circles, do not include possible errors in m* and E.; (see text). (c) Brillouin
zones for the body-centered tetragonal Bravais lattice of BaPby 3Bij ,03, showing the main symmetry points. The track of the experi-
ment is marked. The solid circle tags the analyzer position 6=133°, $=0°, while the lighter circles indicate analyzer positions where
an enhanced Fermi level DOS is seen.



598 FLAVELL, MIAN, MORRIS, WINCOTT, TEEHAN, AND LAW 49

The latter authors conclude that samples in the composi-
tion range 0.20=x <0.30 are disphasic mixtures of
tetragonal and orthorhombic phases.'® Temperature-
dependent neutron-diffraction studies of BaPb, Bi;,0;
allow them to observe a structural phase transition from
a high-temperature tetragonal (and superconducting)
phase to a low-temperature orthorhombic phase, which
never proceeds completion as the temperature is
lowered.!® The percentage of tetragonal phase present
varies little between 10 K and room temperature; in the
region appropriate to our photoemission experiments its
value is close to 60%.'® In the light of our Laue results,
it seems possible that the crystal used in the current work
may similarly consist of mixed tetragonal and ortho-
rhombic phases at room temperature and below.

In order to compare our results with the band-
structure calculation,’ we have assumed tetragonal sym-
metry. Fortunately, the effect of any symmetry lowering
on the Brillouin zone shape is minimal, though, of course,
the size of the irreducible wedge increases as the symme-
try is reduced, and in the monoclinic symmetry, L and L'
points on adjacent hexagons become distinct from one
another. These very slight changes do not produce gross
changes in the LAPW calculation,' so that comparison
with these calculations remains valid.

Band-structure calculations show that the valence-
band maximum is expected to be composed of a narrow
cluster of nonbonding oxygen states, oriented perpendic-
ular to the nearest-neighbor Pb,Bi bond directions, and
lying in the range =~1-2 eV below E;. These bands
disperse to higher binding energy, and broaden slightly
on moving away from I'. In particular, the downward
dispersion on moving from I'" to L or K /K"’ is of the or-
der of 0.4 eV. In our experiments, the valence-band max-
imum is observed at rather higher binding energy (around
2.5-3.0 eV below Ej), but a marked dispersion to lower
binding energy of the order of 0.3 eV is observed on mov-
ing from the I' point towards the zone edge in either
analyzer direction [Fig. 1(a)]. In order to align observed
photoemission profiles with calculated LAPW density-
of-states (DOS) profiles for oxide materials, it is often
found necessary to introduce a rigid downward shift of
the complete band structure by an energy of order 1-2
eV.?° This has generally been attributed to the effects of
correlation, which are not explicitly included in the
LAPW treatment. With this caveat, the gross features of
the valence-band photoemission appear to be in reason-
able agreement with the calculated density-of-states
profile.!

Of particular interest is the DOS at the Fermi energy
E, and its variation with the analyzer position. Figure 1
shows that this DOS is greatly enhanced at an analyzer
position between 6= —7° and —12°. This corresponds to
a point in the Brillouin zone away from the I' point, but
close to L [Figs. 2(a) and 2(c)]. Other small enhance-
ments are again seen at 6= —37° (close to L) and around
6=18° (away from a main symmetry point). However, no
enhancement is observed at 6=28°, which is again reason-
ably close to L, but because of the slightly skewed trajec-
tory, lies between L and W’. Band-structure calculations
for the precise composition studied are not available.

However, this result appears to be in good general agree-
ment with the LAPW band-structure calculations of
Mattheiss and Hamann for x =0.3." These show a wide-
ly dispersing I'; band crossing the Fermi energy along the
I'-K’'/K and '-X /X' directions, and along the I'-L direc-
tion, close to the L point. (Allowing for a rigid 1-2-eV
shift of the calculated band structure to high binding en-
ergy, the latter crossing would be very close to L.) There
is no Fermi level crossing between L and W’, which may
explain the absence of an enhancement at 6=28°. The I',
antibonding band is formed by strong spo interaction be-
tween (Pb,Bi) 6s and O 2p orbitals oriented along
nearest-neighbor bond directions, and should show
predominant (Pb,Bi) 6s character. Resonant photoemis-
sion measurements designed to investigate the character
of these Fermi level states are in hand.

As discussed above, clear features associated with sur-
face degradation appeared in the valence-band spectra
several hours after cleaving, so curtailing the experiment.
Difference spectra showed that these new features were
centered around 4.4- and 9-eV binding energy, with a
small feature around 11.7-eV binding energy. These en-
ergies are rather similar to those observed by Kurtz
et al.*® on dosing a La, ¢Sty ,CuQ, surface with CO or
CO,, and are characteristic of a surface carbonate-like
species.’® Only two features are observed in the case of a
surface hydroxyl species,’®’! while undissociated H,O
gives three features with rather different relative ener-
gies.’! The appearance of a carbonate-like species is con-
sistent with our earlier observation that BaCO; is one of
the products of extended degradation of this phase.'>'*
This may be formed by adventitious adsorption of CO or
CO, from the residual vacuum.

We have previously noted the extreme sensitivity of
metallic compositions within the BaPb,_ Bi, O; system
to this type of degradation;'>'* as x decreases from 1.0, a
substantial decrease in stability towards degradation is
found at the metal-to-nonmetal transition point (x =0.4),
with metallic compositions being markedly less stable
than nonmetallic compositions.!*!* This observation
may well be linked with the existence of a metastable
tetragonal, superconducting phase'®?” within the metallic
composition range; further work is necessary to confirm
this suggestion.

In conclusion, ARUPS from BaPby ¢,Bi; ;403 (001) has
been measured and compared with LAPW band-
structure calculations. Enhancements in the DOS at E
at points close to L and downward dispersion of the
valence-band maximum on moving away from I" are both
in good agreement with calculation. Rapid degradation
of the material, resulting in surface carbonate-like species
is observed. This behavior may be linked to the metasta-
bility of the tetragonal superconducting phase.
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FIG. 2. (a) Projection of the experimental data onto the k,k, plane, where the traverse is well defined. The experimental data
points are shown by squares, the solid square indicating the analyzer position 6=33°, $=0°. Open squares show analyzer positions
where an enhanced Fermi level DOS is seen, while grey circles indicate the experimental error. Major symmetry points are indicated
by solid circles; those shown labeled in brackets do not lie in the k,k, plane, and are shown projected onto this plane. (b), (i) and (ii)
Projections of the experimental data onto the k .k, (i) and k,k, (ii) planes, assuming m *=0.65m, and E .,; =8 eV (see text). The di-
agrams use the same notation as (a), and again, major symmetry points not lying in the plane are shown projected onto the plane, and
labeled in brackets. The error bars, indicated by grey circles, do not include possible errors in m* and E,; (see text). (c) Brillouin
zones for the body-centered tetragonal Bravais lattice of BaPbg 3Bi; ,0,, showing the main symmetry points. The track of the experi-
ment is marked. The solid circle tags the analyzer position 6=33°, $=0°, while the lighter circles indicate analyzer positions where
an enhanced Fermi level DOS is seen.



