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Sintered bulk samples of the orthorhombic, superconducting, phase of YBa,Cu;0,_; exhibit a
~1.5 ¢V Ba core-level decrease compared to the tetragonal, nonsuperconducting phase. This is also
observed for thin-film material in the two phases. Using ab initio cluster calculations, we show that
shifts of this magnitude are explainable by isotropic contraction of the Ba—O bond length in the
0.01- to 0.02-A range, values compatible with the known lattice-parameter changes between the
phases. Finally, even in situ cleaved good-quality single crystals of the orthorhombic phase show a
chemically shifted Ba component for some regions of the surface, which may be due to Ba—O
bond-length contractions at the surface-vacuum interface.

In the myriad of x-ray-photoemission-spectroscopy
(XPS) studies of YBa,Cu;0,_5 (Y-Ba-Cu-O) supercon-
ductors the interpretation of the Ba core-level (5p,4d,3d)
binding energies (BE’s) has generated controversy.' ®
Two components are generally observed, separated by up
to ~2 eV. There have been many explanations in-
voked,! ~® but it is now quite clear® !! that the bulk or-
thorhombic superconducting phase (8=0.1) is represent-
ed by the lower component (5p, 4d, and 3d BE’s at ~12.0
eV, 87.0 eV, and 777.6 eV, respectively® !?) and that the
nonsuperconducting, tetragonal phase (8>0.5) has the
higher values. Thus a mixture of the two phases within
the surface region probed will give two-component spec-
tra. In addition, there are several contaminating com-
pounds [BaO, Ba(OH),, BaCO;, and BaCuO,] that, if
present at the surface, will also give high-lying Ba BE’s.?
These contaminants usually are present for samples not
cleaved in situ, and they can even be present sometimes
under the latter circumstances.

Establishing that the superconducting phase is
represented solely by the lower Ba core level® '? allows us
to refute arguments that (i) the higher BE represents this
phase,” (ii) both components represent this phase'*°
through final-state splitting or nonequivalent Ba site
effects, or (iii) the high-BE component is a surface core-
level shift of the orthorhombic phase.® It remains impor-
tant, however, to understand the electronic origin of the
BE difference between Ba in the orthorhombic and the
tetragonal phases. There are several possibilities: (i) a
significant change in the Ba-O covalency, (ii) the electro-
static plus Pauli repulsion changes induced by changing
the oxygen-ion content around the Ba’?™ ion, (iii) similar
changes caused by changing the Ba—O bond lengths, and
(iv) a strong difference in core-hole final-state screening

43

induced by a metallic versus a nonmetallic host. Of
course, it is possible that all the above possibilities con-
tribute, and, indeed, Ba—O bond length changes in
Y-Ba-Cu-O go together with changes in oxygen
stoichiometry, making a meaningful experimental separa-
tion between (ii) and (iii) difficult. In this paper we ad-
dress the bond length effects by means of comparing re-
sults from ab initio structure electronic cluster calcula-
tions with XPS data from cleaved bulk material, thin
films, and cleaved single crystals. We show that simple
isotropic contractions in Ba—O bond length, in the
0.01-0.02-A range, can account for the lower Ba BE in
the orthorhombic phase.

Data were obtained in two different instruments in
different laboratories. In situ cleaved single-crystal data®
and also ex situ prepared thin-film data’ were obtained
using a Surface Science Laboratories XPS spectrometer
with a monochromated Al Ka source and a 300X450-
um? spot size. The BE’s were referenced to Au 4f,,, at
84.0 eV. For the single-crystal results the vacuum was
<1X107? torr, no carbonate contamination was ob-
served, and the spectra were stable over long periods, ex-
cept for the slow build up of hydrocarbon. The spectra
reported in Figs. 1(a) and 2(a), and in Figs. 1(b) and 2(b)
represent the extremes observed in the Ba 3d5,, and Ba
5p3,,1,, regions, respectively, between different locations
on the same surface immediately after cleavage. Curves
(a) are closer to representing ‘pure” orthorhombic
Y-Ba-Cu-O, being essentially single featured. Curves (b)
show a strong component of the high-BE Ba feature.

Spectra of tetragonal and orthorhombic sintered bulk
samples of Y-Ba-Cu-O,!? were obtained using a Physical
Electronic model 5300 spectrometer with a mono-
chromatic Al K a source. The BE scale was referenced to
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the Ag Fermi edge. Instrument pressures were better
than 5X107! torr. The bulk samples, which were
prepared following a procedure that eliminates car-
bonates,!?> were fractured in situ. The Ba spectra of the
orthorhombic phase with §=0.1, are shown in Figs. 1(c)
and 2(c). The spectra of the tetragonal phase, with
6=0.5, are shown in Figs. 1(d) and 2(d). The phase of
each sample was determined by x-ray diffraction. These
data confirm unambiguously that the higher-BE line in
the Ba 3ds,, spectra represents the tetragonal phase and
that the lower-BE line represents the orthorhombic
phase. The same is true for the Ba 5p levels (Fig. 2), and
the other Ba core lines (not shown). These results are in
agreement with the data reported in an earlier paper,’
where it was shown that sputter-deposited thin films of
Y-Ba-Cu-O, which were oxygen deficient and not super-
conducting, i.e., in the tetragonal phase, exhibited only
the high-BE Ba features, as shown in Figs. 1(f) and 2(f).
Annealing these films in oxygen, to produce the super-
conducting orthorhombic phase, induced the presence of
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FIG. 1. Ba 3ds,, XPS spectra for various Y-Ba-Cu-O sam-
ples: (a) and (b) represent the extremes observed from different
regions of the in situ cleaved surface of a good-quality (high-T,,
sharp-transition) single crystal (Ref. 8). (c) and (d) are from in
situ cleaved sintered bulk samples of the orthorhombic phase
[curve (c) §=0.1] and tetragonal phase [curve (d) §=0.5] (Ref.
12). (e) and (f) are from thin-film samples prepared ex situ by
sputter deposition [tetragonal, curve ()] followed by oxygen an-
nealing [orthorhombic, curve (e)] (Ref. 2).
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FIG. 2. Ba 5p and valence-band spectra equivalent to the
spectra of Fig. 1. Though more complex than the 3ds,, spectra,
the BE shifts between orthorhombic and tetragonal-phase-
spectral components are essentially the same as for the 3ds,,
spectra. This is not completely true for trace (f), where the
dominant 5p;,,,;,, components are at slightly lower-BE values
than the tetragonal phase. This is because the sample was
prepared ex situ and exhibits significant contributions from
Ba(OH), and BaCO; on the surface (Ref. 2).

the low-BE Ba component, Figs. 1(e) and 2(e). Also in
this case the identification of the major structural phases
was done by x-ray diffraction.

The local interactions of Ba with O in Y-Ba-Cu-O are
studied by means of ab initio cluster calculations using
the Sr atom as a model. We have replaced the Ba atom
with a Sr atom to reduce the amount of computational
effort needed to obtain the cluster wave functions. We
believe that the features of the Ba-O interactions of in-
terest to us are adequately represented by the Sr-O in-
teractions because we are concerned with calculating
shifts in core-level BE’s when bond length changes and
not with absolute values of BE’s. However, since the ion-
ic radius of Sr2* is 0.19 A smaller than that of Ba*, we
have appropriately reduced the Sr—O bond distances in
our clusters. We have used 2.57 and 2.79 A for the in-
plane and out-of-plane metal-oxygen distances;!® in Y-
Ba-Cu-O (tetragonal) these distances are 2.76 and 2.98 ;&,
respectively.

For the cluster wave functions we performed ab initio
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FIG. 3. Geometry of the [SrO,]®” and [SrO,,)**” clusters
used for ab initio electronic structure calculations. The Sr-O
distances are reported in the text.

self-consistent-field (SCF) Hartree-Fock nonrelativistic
calculations. Two cluster arrangements were chosen to
represent the local Ba-O interactions in Y-Ba-Cu-O. The
first is an [SrO,]®” unit in which the Sr atom is bound to
the four nearest-neighbor O atoms in the Sr-O plane (see
Fig. 3) with this cluster surrounded by 134 point charges
(PC’s) simulating the remainder of the crystal and provid-
ing an approximation to the Madelung potential. The to-
tal entity, cluster plus PC’s is neutral. The second cluster
replaces the point charges in the second shell by oxygen
atoms, giving an [SrO;,]**” unit embedded in further
point charges (see Fig. 3). The total entity is again neu-
tral. For these calculations, we have modified the
Y-Ba-Cu-O geometry so that the clusters, including the
PC’s, have C,) symmetry. This was done to simplify the
calculations and only involves changes of the positions of
the atoms in the CuO sheets.

All-electron SCF wave functions were obtained for
both the [SrO,]®” and [SrO,]**~ clusters, and the
molecular orbitals were expanded in terms of basis sets
centered on the Sr and O atoms. Two basis sets were
used, denoted set A and set B. Basis set A4 is reasonably
large and gives flexible descriptions for both Sr (Ref. 14)
and O (Ref. 15). Basis set B was a smaller set centered on
Sr and a minimal basis set, with two functions to
represent the 1s and 2s orbitals and one to represent the
2p orbital, optimized for the O?~ anion. The results for
basis sets 4 and B have been compared for the [SrO,]®~
cluster, and qualitatively similar results are obtained with
both sets. For the larger [SrO,,]?*" cluster, only basis set
B has been used.

To interpret the differences in the experimental XPS
BE’s the cluster core-level orbital energies, €;, were used.
The calculated shifts were essentially the same for all
core levels, so we report here only those of the 3s level.
The orbital energies represent unrelaxed ionizations po-
tentials (Koopmans’ theorem,'® KT), which are much
greater than the observed experimental values because of
final-state relaxation effects, which screen the core hole.
Nevertheless, when considering variations in the experi-
mental BE’s with changes in coordination, bond length,
or chemical environment, there is a great deal of evi-
dence, based on the explicit calculations of final-state re-
laxation energies, to show that the major source of the
shifts are contained in the initial-state KT variations.
This is the case for molecules and for cluster models of
extended systems.!”1®
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TABLE 1. [SrO,]®” 3s core-level BE decreases AE,, and to-
tal energy changes, AE,,, caused by contractions of the Sr-O
distance in the Sr-O plane.

r(S{—O) AE,, AE,

Basis set (A) (eV) (eV)
A 2.573 0.0 0.0*
2.563 0.16 —0.15

2.473 1.85 —1.5
B 2.573 0.0 0.0°

2.563 0.10 —0.1

2.473 1.58 —1.1

£, =334.3eV.
be;,=337.7€V.

Calculations for the [SrO,]®” cluster have been per-
formed with basis sets 4 and B in order to determine the
effect of contraction of the Sr-O distance (representative
of the change in going from tetragonal to orthorhombic
Y-Ba-Cu-O) on the orbital energies and the total energy
of the system (Table I). A contraction of the in-plane
Sr-O distance of only 0.01 A (0.4%) results in a
significant 0.15-eV shift of the Ba core levels to lower BE
and a 0.16-eV change in the total energy (Table I). For
the smaller basis set, B, the O~ ions are less spatially
diffuse, and the same shrinkage of the metal-O distance
induces only a 0.10-eV decrease in the BE’s (Table I), an
underestimate of ~50%. The difference between the re-
sults for basis sets 4 and B are smaller for the total ener-
gy changes, AE ;.

The [SrOlz]sz cluster should give a more realistic rep-
resentation of Ba atom local environment in Y-Ba-Cu-O.
Other types of lattice changes can also be considered in
addition to the Sr-O in-plane contractions. Consider, for
instance, displacement of the Sr ion normal to the SrO,
plane or a uniform contraction of the SrO,, lattice. Un-
fortunately the [SrO,,]?*” calculation can only be done
with the more restricted basis set B, so the effects on BE’s
will be underestimated by about 509%. Table II shows the
results of the three types of lattice modifications for a
range of bond-length changes. The Sr-O in-plane con-
tractions produces a 0.16-eV decrease in BE for a 0.01 A
contraction (compared to 0.1 eV for the [SrO,]°~ cluster
using basis set B, Table I). The Sr-ion displacement out
of the SrO, plane requires very large movements to pro-
duce significant core-level shifts; a 0.2- A motion produces
only a +0.1-eV BE positive shift. Since the observed BE
shift is both small and in the wrong direction, we dismiss
this type of distortion as a possible explanation for the
observed Ba core-level shifts. Uniform lattice contrac-
tions produce the largest effects on the BE, as might be
expected, since more O ions are involved in effecting the
change. A uniform contraction of 0.01 A produces a de-
crease of 0.4 eV. The real lattice contraction between
tetragonal and orthorhombic Y-Ba-Cu-O depends on the
stoichiometry and is not completely uniform. It falls in
the 0.01-0.02-A range!® for significant stoichiometry
differences, for which the basis set B calculations on the
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TABLE II. [SrO,,]*™ calculated 3s core-level BE decreases,
AE,, caused by various types of lattice contraction. Basis set B
is used throughout.

#(Sr-0) AE,

Type of contraction (A) (eV)
Sr-O in plane 2.573 0.0
2.563 —0.16

2.473 —1.6

Sr displacement out of 2.573 0.0
Sr-O plane 2.580° +0.1
Uniform Sr-O 2.573 0.0
2.563 —0.35

2.473 —2.9

Ygy,=341.1¢eV.
®This corresponds to an out-of-plane displacement of the Sr ion
by 0.2 A.

[SrO,]1**" cluster predict a BE decrease of 0.4-0.8 eV.
Given that basis set B underestimates the effect by
~50%, it appears that decreases of 0.6-1.1 eV are easily
accounted for by such lattice contraction effects. This is
qualitatively in agreement with the =~1.5-eV difference
found between the tetragonal and orhorhombic phases,
which is all that can be expected considering that Sr has
been substituted for Ba and that Cu and Y ions are
represented entirely by point charges.

Table II shows that the decrease in BE with uniform
lattice contractions is quasilinear with Sr-O distance.
The Ba core-level spectra® of the “good quality” ortho-
rhombic single crystals show a shoulder at high BE in
some regions of the cleave: Figs. 1(b) and 2(b). The
shoulder may represent tetragonal Y-Ba-Cu-O present at
the surface caused either by the simple presence of the
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solid/vacuum interface, or by the mechanical damage
due to the cleaving process, or possibly by tetragonal
bulk inclusions that lie in the cleavage plane. The BE
shift, however, is smaller than that for bulk or thin-film
tetragonal Y-Ba-Cu-O, being about 1 eV instead of 1.5 eV
(see Fig. 1). It is quite possible then that smaller lattice
expansions occur in the surface region of cleaved ortho-
rhombic Y-Ba-Cu-O than are representative of the for-
mation of the tetragonal phase and that they give rise to
smaller BE shifts. In this regard it is interesting to note
that the smoothest regions of cleavage give spectra show-
ing the largest intensities of the high-BE component,
whereas rough, heavily stepped regions give almost pure
orthorhombic spectra.® We suggest that in the latter re-
gions the orthorhombic surface may be stabilized against
distortions.

Yang, Schrott, and Tsuei’®® have reported small Ba
core-level BE increases for the orthorhombic phase of Y-
Ba-Cu-O as a function of 8. For YBa,Cu;0,_5, where &
increases from O to 0.4, Ba shifts of 0.0-0.5 eV were
detected. The authors propose an explanation involving
changes in the Ba 5d —O 2p covalency effects. Our calcu-
lations with the smaller basis set B indicate that the elec-
trostatic contribution is dominant, since it allows only
very restricted covalency and yet it reproduces a large
fraction of the observed BE shift. We do, however, see
larger BE shifts using the more flexible basis set A, which
allows covalency to play a greater role, and therefore it is
certainly possible that covalency changes might also con-
tribute to the BE shifts. In any case, both these effects,
electrostatic and covalent bonding, involve BE changes
that may be related to the metal-oxygen bond distance.

One of the authors (F.P.) gratefully acknowledges
IBM-Italy for generously supporting him during his stay
at Almaden.

*Permanent address: Laboratori del Centro Informazioni, Studi
ed Esperienze (CISE), S.p.A., P.O. Box 12081, 20134 Milano,
Italy.

Ip, Steiner, V. Kinsinger, I. Sander, B. Siegwart, S. Hufner, and
C. Politis, Z. Phys. 67, 19 (1987).

2D. C. Miller, D. E. Fowler, C. R. Brundle, and W. Y. Lee, in
Thin Film Processing and Characterization of High Tempera-
ture Superconductors, Proceedings of the American Vacuum
Society Topical Conference on Thin Film Processing and
Characterization of High-7, Superconductors, edited by J.
M. Harper, R. J. Colton, and L. C. Feldman, AIP Conf. Proc.
165 (AIP, New York, 1988), p. 336.

3P. Steiner et al., Z. Phys. B 69, 449 (1988).

4J. Halbritter, P. Walk, H. J. Mathes, B. Haeuser, and H. Ro-
galla, Z. Phys. B 73, 277 (1988).

5W. K. Ford et al., Phys. Rev. B 37, 7924 (1988).

6N. G. Stoffel et al., Phys. Rev. B 38, 23 (1988).

"R. Liu et al., Phys. Rev. B 40, 2650 (1989).

8D. E. Fowler, C. R. Brundle, J. Lerczak, and F. Holtzberg, J.
Elect. Spectrosc. Relat. Phenom. 52, 323 (1990).

9H. M. Meyer III et al., Phys. Rev. B 36, 6500 (1988).

10Fawzi Al Shamma and J. C. Fuggle, Physica C 169, 325

(1990).

11C. R. Brundle, J. Elect. Spectrosc. Relat. Phenom. (to be pub-
lished).

12See, for example, F. Parmigiani, G. Samoggia, and C. B.
Calandra, Physica C 162-164, 1385 (1990).

BTables of International Distances and Configurations in Mole-
cules and Ions (The Chemical Society, London, 1952).

4E. Clementi and G. Corongiu, Chem. Phys. Lett. 90, 359
(1982).

ISF. B. Duijeneveldt, IBM Research Report No. RJ 945, 1972
(unpublished).

16For discussion of initial- and final-state effects for the ioniza-
tion potential, see K. Hermann and P. S. Bagus, Phys. Rev. B
16, 4195 (1977).

17C. J. Nelin and P. S. Bagus, in FestKorperprobleme XXV, edit-
ed by P. Grosse (Vieweg, Braunschweig, 1985), p. 135.

18p_ S. Bagus, D. Coolbaugh, S. P. Kowalczyk, G. Pacchioni,
and F. Parmigiani, J. Electr. Spectrosc. Relat. Phenom. 51, 69
(1990).

197, D. Jorgensen et al., Phys. Rev. B 36, 3680 (1987).

20In-Sang Yang, A. G. Schrott, and C. C. Tsuei, Phys. Rev. B
41, 8921 (1990).



