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A combined x-ray photoemission and diamagnetic-susceptibility study of YBa;Cu3O; with x=6
and 7 has been performed, with emphasis on the oxygen defect and the effect of heating in vacu-
um. By comparing spectra taken at these two oxygen contents, the core levels observed in the O
1s and Ba 4d spectral range are identified. Peak-intensity analysis indicates (1) that the oxygen
released during the in situ heating is derived from or near the Cu—O—Cu—O chains of
YBa;Cu307 and (2) that there is a random distribution of oxygen defects in or near these chains
leading to two chemically dissimilar barium atoms even in single-orthorhombic-phase samples.

The exciting discovery by Bednorz and Miiller! of a
new family of high-critical-temperature superconductors
has captured the interest of the entire scientific communi-
ty. The subsequent synthesis of alternate materials such
as YBa;Cu30;,,2 which extend the critical temperature
above the liquid-nitrogen condensation point, promises to
affect technology and society in a positive fashion. Be-
cause the high-T. phenomenon exists for a variety of
chemical compositions, stoichiometries, and preparation
methods, there remains much to be learned before the
physical mechanism underlying the superconductivity is
fully understood. Specifically, defects in the oxygen sub-
lattice play a very important role in determining transport
phenomena such as the critical current,® as well as deter-
mining the crystal structure.* We report herein the re-
sults of an element-specific, x-ray photoelectron spectro-
scopic study of polycrystalline YBa;Cu3;O, with x near
the two extremes of the oxygen content, 6 and 7, placing
an emphasis on the impact of varying the oxygen content
by in-vacuum heating. Our data substantiate a proposal
made earlier’ that the oxygen released during the heating
is derived from the Cu-O-Cu-O chains of YBa;Cu307; we
also present evidence that there are two distinct barium
sites in proximity to these chains even in orthorhombic,
single-phase samples.

The Y-Ba-Cu-O compounds were prepared with a nom-
inal composition of YBa;Cu3O,, x==6.9. They were de-
rived from Y;03;, BaCOj;, and CuO powders pressed into
pellets which were repeatedly ground and sintered at
950°C in air or O; for 10 h, and then slowly cooled in O;.
After preparation the resistivity was measured as a func-
tion of temperature using a standard four-point
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configuration by both ac and dc methods. The 10%-90%
transitions were 94-92 K with zero resistance at 91 K.
The structure of the superconducting phase was deter-
mined by both x-ray and electron diffraction to be ortho-
rhombic.%” The samples were identified as consisting of a
single phase, and were cut to rectangular shapes about 5
mmX7 mmX2 mm.

The photoemission experiments were performed in an
experimental chamber equipped with an ESCA analyzer,
a dual-anode x-ray source, and a helium-gas ultraviolet
lamp. The electron analyzer lens system had a spot size of
3 mm, smaller than the sample surface extent. An Al Ka
anode with a photon energy of 1486.6 eV was used for the
x-ray photoelectron spectroscopy (XPS) studies. In con-
junction with the photoemission experiments, the ex-
istence of a superconducting phase in our samples was
checked by observing the Meissner effect using a vibrating
sample magnetometer. The sample magnetization was
recorded as a function of temperature at low fields, typi-
cally 5 G. The magnetic phase diagram of the YBa;-
Cu30, material was also measured and is the subject of a
separate report.® In this report, our magnetization mea-
surements serve as a point of contact between the bulk
phenomena of superconductivity and our surface-sensitive
XPS probe.

During the course of our studies, the samples lost their
superconducting phase when a large amount of the bulk
oxygen was removed by heating in vacuum. It is known
that they could be regenerated by heating them to 950°C
in flowing O, at 1 atm for approximately 12 h and then
cooled slowly to 500°C for several hours. The samples
were weighed prior to and after the heating sequence to
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estimate oxygen uptake. The samples thus regenerated
display reproducible photoemission spectra and magneti-
zation curves that matched those of the original samples.

All XPS lines were monitored during the course of heat
treatment and demonstrated to be highly reproducible.
Barium, oxygen, and to a lesser extent, copper showed im-
portant variations, whereas the Y 3p did not. In this pa-
per, we shall only concentrate on the O 1s and Ba 4d lev-
els since oxygen is the only element that desorbs into the
vacuum during heat treatment and barium is the only ele-
ment of which all of its atoms are directly influenced by
the oxygen defects. The Ba 4d levels were selected since
they are better resolved than the 3d states, which have a
significantly greater natural linewidth. A detailed discus-
sion of other core levels as well as the impact on XPS
spectra by different sample surface preparation methods
will be reported elsewhere.

Figure 1 displays the O 1s and Ba 4d core-level spectra
after different stages of heat treatment. The binding ener-
gies were determined using the adventitious carbon line
(not shown) and each spectrum is normalized to its max-
imum value. Curve (a) represents the sample immediate-
ly after insertion into the vacuum. The O 1s spectrum
shows two peaks whereas the Ba 4d spectrum contains
three peaks. The three-peak feature is the result of a su-
perposition of two Ba 4ds/;, 4d3/; doublets. This interpre-
tation is based on consideration of the peak height ratio
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FIG. 1. O(1s) and Ba(4d) XPS spectra: (a) as inserted; (b)
after first heating, ca. 0.6% oxygen loss; (c) after second heat-
ing, ca. 1.2% oxygen loss; (d) regenerated sample after heating,
ca. 10% oxygen loss; (e) heated sample after exposure to atmo-
sphere.
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for the Ba 4d doublet. A simple multiplicity argument
suggests a 3:2 ratio between the intensity of 4ds; and
4d 3/, levels; the measured ratios for Ba and BaO are 1.61
and 1.33, respectively.” The intense central peak is due to
the overlapping of the 4d3/; level of the lower-binding-
energy C-D doublet pair and the 4ds; level of the higher-
binding-energy D-E doublet pair.

The sample was then heated to ca. 450°C for 1 min.
This was sufficient to release a considerable amount of ox-
ygen as measured in the residual gas analyzer. The spec-
tra after heating are displayed in curve (b). Note that the
lower-kinetic-energy O 1s peak, labeled A, and the
highest-binding-energy Ba 4d peak, labeled C in Fig. 1,
were severly affected. The sample was then heated a
second time to 450°C for 1 min resulting in curve (c).
Only a very little additional amount of oxygen was re-
moved and only a slight reduction in the peaks A and C
intensities was observed. The sample was subsequently re-
moved from the vacuum and shown to be still supercon-
ducting with a 50% increase in volume magnetization.
The sample was weighed and the oxygen stoichiometry
was estimated to be 6.9. The sample was then regenerated
using the procedure described above and returned to vacu-
um. Upon initial introduction to the vacuum and after the
450°C heating the sample produced spectra identical to
(a) and (c), respectively.

The sample was next heated to 600°C. Curve (d)
shows the effect of this heating. Sample charging caused
line shifts of several volts in curve (d) resulting from a loss
of conductivity. The energy scale was corrected by lining
up the Y 3p level which is presumably less effected by the
heating. The Ba 44 is now essentially a pure doublet.
When this sample was checked in the magnetometer,
there was no evidence of a superconducting diamagnetism
down to 1.9 K. The oxygen content was determined by
weighing to be approximately 6.1. Finally, curve (e) is
characteristic of the spectra obtained after a vacuum-
heated sample was withdrawn, exposed to atmosphere for
about 2 min and then reinserted into the vacuum. We ob-
served no contamination of the sample either upon heating
or upon extended (24 h) presence in our chamber.

Peaks A4, C, and D in curve (a) result from a combina-
tion of surface and bulk oxygen. After the initial 450°C
heating of the sample peak A lost about 70% of its intensi-
ty (comparing the absolute intensities of the data) but
after the second 450°C heating [curve (c)] the intensity
of peak A remained essentially the same. The oxygen re-
moved during this initial 450°C annealing is primarily
from the thermal desorption of chemisorbed O, at the sur-
face. Peak C, the Ba 4d3; level of the high-binding-
energy doublet pair, lost its intensity concurrently with
peak A. This indicates that part of the intensity C-D dou-
blet is associated with the Ba atoms that react with sur-
face adsorbates. This argument is further supported by
curve (e) which shows that peaks A, C, and D regain
essentially all of their original intensity when exposed
once again to the atmosphere. In contrast to the changes
observed in peaks A4, C, and D, the intensities of peak B
and the D-E doublet are unchanged during the heat treat-
ments. It is also noteworthy that the C 1s spectra loses its
intensity completely with heating. This is presumably due
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to desorption of adsorbed species.

Curves (c) and (d) in Fig. 1 exhibit the interesting
spectral modifications which occur when the sample is
transformed from one containing a superconducting phase
with x =6.9 to the nonsuperconducting form with x=6.1.
A curve-fitting procedure has been performed to interpret
these spectra. In fitting the O 1s spectra, all of the peak
widths and all of the energy positions were constrained to
be the same between curves (c) and (d). For the Ba 4d
spectra, the energy separation and peak height ratio be-
tween the 4d/s; and 4d3/; lines were kept the same for the
high- and low-binding-energy doublet pairs, as were the
peak widths. Three kinds of line shapes, namely, Gauss-
ian, Lorentzian, and an intermediate type, as well as
different types of background functions were utilized. The
dashed curves shown in Fig. 1 are the result of using
Gaussian line shape and a linear background. However,
the peak intensity ratios obtained by fitting with other line
shapes and backgrounds were found to lie within 10% of
the values quoted below.

According to this prescription, the binding energies for
peaks 4 and B are 530.6 and 528.0 eV, respectively. The
binding energies for the 4ds/; levels in the C-D doublet
and D-E doublet pairs are 88.4 and 86.7 eV, respectively,
which manifests a 1.7 eV chemical shift. The energy sep-
aration for the doublet is found to be 2.47 eV, in good
agreement with that of BaO, 2.5 eV.® The widths for the
O 1s and Ba 4d peaks are 2.1 and 1.7 eV, respectively.
The peak height ratio for Ba 4d doublet is found to be 1.3
which is also in good agreement with that of BaO, 1.33.°

The peak A-to-B intensity ratios were found to be 0.47
for spectrum (c) and 0.33 for spectrum (d). This result
and the fact that peak B retained its intensity during the
heat treatment implies that peak A loses 30% of its inten-
sity during the 600°C annealing, calculated as
(0.47-0.33)/0.47. After this oxygen loss the sample
shows no superconductivity and the oxygen content is re-
duced from 6.9 to 6.1. It is, therefore, evident that this
oxygen loss is primarily derived from the bulk. Notice
that this difference is very close to that obtained via the
weighing measurements.

The analysis of neutron powder diffraction measure-
ments has suggested that this material undergoes a
structural phase transition from orthorhombic-to-
tetragonal symmetry as the oxygen defect is increased. '°
Figure 2  displays the tripled perovskite
superconductivity-related orthorhombic structure of the
YBa;Cu30;. The O(2) and O(3) atoms should have
nearly degenerate 1s core levels because their chemical
environments are very similar in the orthorhombic phase
and are identical in the tetragonal phase. This is also true
for the O(1) and O(4) atoms. If one assumes that peak A
is associated with the O(2,3) atoms with the others
remaining intact upon heating, the intensity loss between
curves (c) and (d) is calculated to be 20%, 3.9 0(2,3)
atoms when x=6.9 vs 3.1 O(2,3) atoms when x==6.1.
Alternatively, if we assume that peak A is due solely to
the O(1,4) atoms then the intensity loss is 28%, 2.9
0(2,3) atoms when x==6.9 vs 2.1 O(2,3) atoms when
x==6.1, the latter value is within the error of our measure-
ment, 30 + 3%. Qualitatively, that peak B is more intense
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FIG. 2. The tripled perovskite structure of YBa,Cu30O7. The
0O(1), 0(2), O(3), and O(4) are labeled for reference in the
text.

than peak A is also consistent with the unit-cell occupancy
numbers between O(2,3) and O(1,4). With this assign-
ment the discrepancy between the observed and calculated
A to B intensity ratios, 0.47 vs 0.72 for spectra (c) and
0.33 vs 0.53 for spectra (d), could come from surface oxy-
gen whose intensity is enhanced by the surface sensitivity
characteristic of the XPS probe. This strongly bonded
surface oxygen may be either completed CuO perovskite
microstructures at the surface or YO configurations. Due
to their stability, they remain intact during the entire heat
treatment. To summarize, our O 1s data favor the peak
assignment that peak A contains the 1s levels of O(1,4)
and peak B contains the 1s levels of O(2,3). The oxygen
rcl(easgd during the 600°C heating is derived from
0(1,4).

The barium chemical environment is radically altered
when the superconducting phase is lost. The ratio of the
C-D to the D-E Ba 4d doublets changes from 0.56 in spec-
trum (c) to 0.12 in spectrum (d). Presumably spectrum
(d) represent this material in its tetragonal phase'® and
the shift of the Ba 4d spectral strength to the lower-
binding-energy doublet is a manifestation of this. An
initial-state effect could also be operative. That is, with
the reduction of electronegative oxygen coordination, a re-
duced charge transfer from the barium sites occurs. In ei-
ther case, the shift of the spectral weight from the high-
binding-energy doublet to the low-binding-energy one is
consistent with the picture that the O(1,4) atoms of the
Cu—0—Cu -0 chains are lost during heating. Referring
to Fig. 2, it is these atoms which are nearest to the barium
sites.

The Ba 4d spectrum (d) also suggests that the nonsu-
perconducting sample is multiphase YBa;Cu3O¢ and
YBa,Cu307. With an oxygen content x==6.1, 10% of the
sample being YBa;Cu307, and 90% being YBa;Cu3Os,
the Ba 4d C-D to D-E peak ratio should be 0.11, very
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close to the observed 0.12. But this should also lead to a
chemical shift of the low-binding-energy peak which is not
observed. Alternatively, the 0.9 oxygen defect may be
randomly distributed over the sample. In this case, the ra-
tio would be 0.25, which is not in reasonable agreement
with our measurements. A TEM study could perhaps
clarify this point.

More intriguing is the fact that the superconducting
material has two distinct barium sites; cf. Fig. 1, curve
(c). The C-D to D-E Ba 4d double ratio of 0.56 cannot be
explained in this case by invoking a multiphase sample.
That is, an oxygen content of x=6.9 would require 90%
of the sample to be x =7 and 10% to be x =6, leading to a
ratio of 0.11. Conversely, a random distribution of defects
over the lattice would give rise to a ratio of 0.25 for an ox-
ygen concentration of x==6.9. Our results are in agree-
ment with earlier XPS work that noted the existence of
two barium sites in more poorly resolved spectra.’

Several explanations of this observation have been con-
sidered. Surface contamination immediately comes to
mind. However, we obtain similar spectra no matter
whether we apply our heat treatment or scrape the surface
with a diamond file to clean it prior to our photoemission
measurements. Whereas, scraping does not guarantee
that surface contamination effects are important, the suc-
cess of other photoemission studies, e.g., Refs. 5 and 6,
suggests that such effects are minimized. It should also be
noted that the high photoelectron kinetic energies experi-
enced in XPS, = 1000 eV, make this technique more bulk
sensitive than many other surface probes. Second, an in-
homogeneous surface stoichiometry may be present.
Scraping the surface revealed that there seemed to be no
elemental gradients at the surface of our regenerated sam-
ples. Third, the oxygen may be contained in various C—O
bonds. However, although detectable there was negligible
carbon contamination in the regenerated samples. This
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would argue against residual raw materials, e.g., CO and
BaCOs, remaining after the initial sample growth. Con-
sidering that the Ba 44 photoelectron escape depth at
XPS energies is in excess of 30 A, equating to averaging
over 3-8 unit cells, and that the spectra have been repro-
duced repeatedly on different samples we infer that our
observation of two chemical barium sites is characteristic
of the bulk single-phase, polycrystalline material and not
an experimental artifact.

We choose to interpret the two barium sites as arising
from variations in the Cu—O—Cu—O chain. This chain
will kink and change directions if in any unit cell one O(4)
atom, cf. Fig. 2, is repositioned to lie on the y axis. This
placement is presumably not energetically hindered since
the y-axis and x-axis sites have the same coordination. In-
teraction with the other O(4) atom would be minimal due
to the localization of the Cu—O bond. From a crude cal-
culation we estimate that as little as roughly 10%-20% of
the unit cells would have to undergo this chain kink to
make agreement with the XPS data. Although it is ener-
getically less favorable, the reposition of O(1) to the x-y
plane cannot be excluded. Such a repositioning could be
either periodic or random. A periodic distribution would
appear as faint additional features in the diffraction mea-
surements. This picture appears to disagree with that de-
rived from the neutron and x-ray structure determina-
tion.®!1%!! However, those techniques are not as element
specific and chemical environment sensitive as XPS and
the observations of actual distribution of kinks may be
made infeasible by their experimental detectability limits.
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