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We present x-ray and inverse photoemission results for fractured surfaces of YBa2Cu306.9 be-
fore and after surface modification by Ar ion bombardment and the deposition of adatoms of Ti
and Cu. Representative results are compared for samples prepared in three different ways. Two
of the sample types exhibit substantial emission from grain-boundary phases because of both in-

tergranular and transgranular fracture; they produce results that are very similar to those present-
ed thus far in the literature. A third type was nearly free of contamination and clearly showed

spectral features characteristic of the superconductor. Comparison of these nearly
contamination-free valence-band results to those for clean Lal.85Sro. l5Cu04 shows remarkably
similar x-ray photoemission spectroscopy densities of states, with subtle differences near the Fermi
level and at 3 eV. Inverse photoemission results show the top of the Cu-0 hybrid orbitals to be 2
eV above EF and the empty states of Y and Ba at higher energy. Comparison with one-electron
densities of states shows reasonable agreement, but there are large differences within the set of
calculated results, and it is unclear from the valence bands alone how to account for final-state
Cu d-d Coulomb correlation eff'ects (satellite features show these effects very clearly). Argon
sputtering for both types of samples shows destruction of the superconductor, with differences that
can be related to sample surface quality. The deposition of adatoms of Ti and Cu results in reac-
tion associated with oxygen withdrawal from the near-surface region. Studies of the Cu 2p3i2 line

shape show that the deposition of as little as —1 monolayer equivalent of Ti or Cu reduces the
formal Cu2+ emission within the probed volume (30-50 A deep). Core-level analysis shows that
this chemical reduction of Cu is accompanied by crystal-structure modifications as well. Studies
of Cu adatom interactions reveal the progression from Cu + to Cu'+ and, ultimately, to Cu metal
as the overlayer thickens (Cu 2p3tz binding energy 932.5 eV for Cu metal, 933.1 eV for Ci'+, and

932.8 eV for the superconductor). Valence-band results during interface formation show the
disappearance of emission near the Fermi level, consistent with the loss of Cu +-0 covalent bonds
of the superconductor.

I. INTRODUCTION

The discovery of copper-oxide-based materials' with
superconducting transition temperatures above 90 K has
resulted in a surge of scientific inquiry. Many efforts have
sought to isolate the fundmental characteristics responsi-
ble for superconductivity. The various forms of electron
spectroscopy have contributed to these efforts by revealing
the electronic states on either side of the Fermi level,
EF.2 ' For the 2:1:4-based superconductors, early at-
tempts at synthesis produced samples which were largely
free of carbon and grain-boundary phases, as judged by
photoemission studies of fractured bulk samples. ' How-
ever, the synthesis of the 1:2:3-based superconductors of
the form YBa2Cus07 „produced samples which exhibit-
ed significant amounts of Ba-containing contamination,
again as judged from photoemission results for fractured
samples. ' This has made it diiIicult to identify the
valence-band and core-level signatures of the basic super-
conducting phase. Indeed, there have been many interest-
ing discussions about spectral features which have ulti-
mately fallen by the wayside as sample synthesis has im-

proved.
In this paper, we present x-ray photoemission results for

samples of YBa2CusOs s that were fractured in situ in ul-
trahigh vacuum. Valence-band and core-level data from
three representative samples make it possible to identify
the spectral signatures of the clean 1:2:3superconductor
and the contributions from contamination. With these re-
sults, we have compared the x-ray photoemission spectros-
copy (XPS) results for the 1:2:3superconductor to those
for the 2:1:4Lat ssSro tsCu04 system, finding remarkably
similar overall densities of states (spectral features, band-
widths). Indeed, the similarities appear to be greater than
might have been expected from the one-electron band cal-
culations. Inverse photoemission results show the
top of the Cu-0 hybrid states and the empty Y and Ba d
bands, as well as the relatively sharp Ba 4f levels. These
results facilitate comparisons with the calculations, but
the diversity of theoretical results complicates a simple
comparison which would make it possible to determine
final-state effects, although such effects are known to be
significant based on analysis of the Cu satellite struc-
tures 15,16,23,28
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Since one of the important issues for these materials in-

volves their surface stability, we have examined the
changes in the electronic states induced by Ar+ ion
sputtering and metal adatom deposition. Our results show
that the electronic properties of the superconductor are
adversely modified by sputtering because of structural
changes. Studies of the interactions of Ti and Cu adatoms
with both types of YBa2Cu3069 show severe modification
of the properties of the surface region. These can be un-
derstood in terms of the removal of oxygen from the su-
perconductor and the formation of metal oxides. Such in-
teractions are not limited to the withdrawal of oxygen
from the superconductor chains but rather are associated
with substantial substrate disruption. As a result, the
metal/superconductor interface should be thought of as a
complex region with a metal overlayer which ultimately
appears when oxygen reinoval from the substrate becomes
kinetically limited, a metal-oxide region in contact with
the disrupted superconductor, and then a buried supercon-
ductor. Room-temperature depositions of Ti and Cu ada-
toms of less than a monolayer equivalent induce changes
within the entire volume probed by photoemission (30-50
A depth).

This paper is structured as follows. After a brief
description of our experimental procedures and sample
preparation techniques (Sec. II), we present core-level
and valence-band results for three differently-prepared
samples (Sec. III A). We compare these results to those
for the 2:1:4superconductors and to band calculations in
Sec. III B. In Sec. III C we describe the results of surface
modification by Ar ion sputtering and by the deposition of
adatoms of Ti and Cu.

II. EXPERIMENTAL TECHNIQUE

X-ray photoemission studies were performed in an ul-
trahigh vacuum system consisting of an analysis chamber
separated by a gate valve from a sample preparation
chamber. In the analysis chamber, a monochromatized
photon beam (Al Ka, hv 1486.6 eV) was focused onto
the sample surface and the emitted electrons were energy
dispersed with a Surface Sciences Instruments hemispher-
ical analyzer onto a position-sensitive detector. The size
of the focused x-ray beam was 300 pm and the pass ener-
gy of the analyzer was 50 eV. A dedicated HP9836C
computer was used for data acquisition and analysis. For
the inverse photoemission measurements, a monochromat-
ic electron beam was directed onto the sample at normal
incidence and the distribution of emitted photons was
measured with a monochromator and position sensitive
detector. The size of the electron beam was approximate-
ly 1 x 5 mm and the overall resolution was 0.3-0.6 eV for
photon energies 12-44 eV. Further experimental details
can be found in Ref. 29.

The polycrystalline YBa2Cu3069 samples had densities
varying from 71% to 95% and superconducting transition
temperatures of -92 K. They were prepared from
CuO, Y203, and BaCO3 powders mixed to give the correct
final stoichiometry. The preparation procedures differed
in the initial grinding of the oxides. The powders for sam-

pie A were wet milled in a slurry of isopropyl alcohol us-
ing Zr203 milling balls and were subsequently heated in
air at 950 C. The milling and heating procedure was re-
peated three times. The final sintering process was per-
formed in 02 with a stepwise heating schedule, achieving
a maximum temperature of 1035'C after 12 h and re-
turning to room temperature in an additional 19 h. The
measured density of sample A was 93%. For sample B, a
wet vibratory milling procedure in isopropyl alcohol was
used. Heating in air to 950'C was again done following
three separate milling steps. The mixed oxide powder was
subjected to the same heating schedule in 02, and the final
sample 8 had a measured density of 71%. Sample C was
pressed into a bar from a fine mesh powder obtained from
Rhone-Poulenc (France) and subjected to a heating
schedule that reached 950'C at its maximum. It had a
density of -95%. (Rhone-Poulenc has not released the
detailed stoichioinetry and size distribution of the starting
powders).

Fresh surfaces were prepared by fracturing sample
posts in situ at pressures of -5X10 " Torr. All mea-
surements were performed at room temperature. For the
interface work, adatoms of titanium and copper were de-
posited onto freshly fractured YBa2Cu3069 surfaces ac-
cording to standard sublimation or evaporation pro-
cedures. During deposition, the system pressure was al-
ways below 1 X10 '0 Torr. The sublimation of Ti pro-
duced cheimcally active chamber walls and led to mea-
surement pressures of -6X10 "Torr. Coverages rang-
ing from 0.25 to 90 A. for Ti and 0.5 to 86 A. for Cu were
achieved by depositing the adatoms at rates of —1 A./min,
as monitored by a quartz-crystal oscillator situated near
the sample. The amount of deposited material is given in
angstrom units. For Ti, it would take 3.53 A to equal one
monolayer of substrate atoms for the Cu-0 (001) plane
of the YBa2Cu30s 9 structure (planar density 2 x 10'
atoms/cm2). For Cu, it would take 2.35 A to equal one
monolayer. It should be kept in mind that these adatoms
induce reaction and that the amount of modified surface-
plus-overlayer substantially exceeds the amount of ma-
terial deposited, as we will show.

For the sputtering experiments, the samples were again
prepared by fracturing in situ Following . surface charac-
terization, we subjected the sample to bombardment with
500-eV Ar ions for predetermined amounts of time (typi-
cally 30 s) and then examined the effects with core-level
photoemission. In this way, it was possible to follow
changes at the surface for both the superconducting and
grain-boundary phases.

In all of these XPS experiments, the energy distribution
curves (EDC's) for the photoemitted electrons were mea-
sured for the valence bands and shallow core levels within
35 eV of the Fermi level and for the deeper 0 1s, Cu
2py2, Ba 3dg2, Y 3dy2 5/2, and Ti 2py2 core levels. The
region corresponding to the C 1s emission was also
scanned to assess sample cleanliness and chemisorption
from the vacuum system. These core-level spectra were fit
with Gaussian functions following the subtraction of S-
shaped backgrounds to obtain the binding-energy posi-
tions, integrated areas, and peak widths at each stage dur-
ing surface modification or interface evolution. In the in-
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verse photoemission experiments, we examined the empty
electronic states to -20 eV above EF.

A. YBa2Cu306. y surfaces

In Fig. 1 we show the 0 1s and Ba 3d5y core-level
EDC's (central panel), the Cu 2p3/2 and Y 3d3/25/2
EDC's (top panel), and valence band and shallow corelev-
el EDC's (bottom panel) for freshly fractured samples of
YBa2Cu306 9 .T. he letters A, 8, and C given alongside the
spectra identify the origin of the samples, as discussed
above. For samples A and 8, the 0 and Ba EDC's show
multiple electronic states with large chemical shifts be-
tween the spectral maxima (-2.4 eV for 0 and —1.6 eV
for Ba 3d5/2). Comparison to the results for sample C in-
dicates that the higher-binding-energy features are due to
contamination. Presumably, this contamination is present
in the grain boundaries of the bulk sample and is exposed

Y Ba2Cu3069

945 939 933

x 2

B

C —,

161 158 155

o9

M x

C x0
~ ~
V)
V)

E
OP0
O

CL

I I I I ! I I ~ C I I I I I I I I

533 530 527 783 780 777

Vol

B—x25

I I I I I I I I I I I I I I I I I

32 28 24 20 16 12 8 4 O=E

Binding Energy (eV)

FIG. 1. Core-level and valence-band energy distribution
curves (EDC's) for three different samples of YBa2Cu3069.
Sample preparation differs only in the milling procedure used to
form the starting powders. The results for samples A and 8,
which are similar to data presented by ourselves and others in

the literature, exhibit substantial contributions from contamina-
tion exposed by in situ fracturing of bulk samples. The results
for sample C are almost free of this grain-boundary contamina-
tion, as judged by the 0 1s and Ba 3d5/2 line shape, the sharpen-
ing of the Cu 2p3g2 emission, and the better resolved shallow Y
and Ba core emission. For states near the Fermi level, there is a
significant change as the contribution from the second phase
near 5 eV is reduced.

by intergranular fracture; it has been a substantial com-
ponent in all results in the literature, most of which resem-
ble A or 8. ' For sample C, however, there is only a slight
asymmetry in the Ba emission and a small shoulder for
oxygen. We conclude that the amount of contamination is

very small, although still not zero (see dashed line for 0
Is emission). Comparison of the 0 Is results for sample
C to those for contamination-free La~ s5Sro ~5Cu04 shows
that sample C had slightly more contamination. We
also note that the amount of impurity 0 Is emission from
sample C was cleave dependent, with different surfaces of
the same sample showing variations in intensity (up to
25% of the total 0 Is intensity and always much less than
A or 8). These results illustrate the difficulties in prepar-
ing single phase, contiguous samples with clean grain
boundaries.

Aging in situ of both sample C and the contamination-
free La~ ssSro ~5Cu04 sample resulted in the growth of the
0 1s shoulder because of chemisorption of residual H20,
CO, or C02 in the vacuum system. Interestingly, the
starting 0 ls spectrum for sample C was nearly identical
to that obtained for La~ ssSro ~5Cu04 after the latter had
been resident in the ultrahigh vacuum (UHV) chamber
for 12 h [the equivalent of 2-3 L (1 L one langmuir
10 s Torr sec) of total exposure]. No such time depen-
dence was observed for samples A and 8, presumably be-
cause such small changes would have been overwhelmed
by the already-large contamination feature. In order to
determine possible x-ray induced changes, we repetitively
examined the 0 and Cu 2p3/2 core-level emission, acquir-
ing data over a 24-h period. There were no changes that
might be related to x-ray-induced loss of a 3+ Cu
configuration, as reported by Steiner et al. "for NaCu02.
Finally, investigation of the C Is spectra for samples A
and 8 showed the presence of carbon, again consistent
with intergranular fracture and exposure of residual car-
bonates. Estimates based on photoionization cross sec-
tions and the relative emission intensities suggest carbon
to be present at the 10-15-at.% level in samples A and 8.
Sample C showed less than 1 at. % of carbon.

The results for the Ba 3d5/2 emission shown in Fig. 1

are as unequivocal as those for oxygen in pointing to
multiple-bonding configurations. For samples A and 8,
the emission from the impurity phase was almost equal in
intensity to that of the superconductor phase, shifted
—1.6 to higher binding energy. For sample C, there was
a single structure at 778.3 eV that exhibited an asym-
metry to higher binding energy. Exposure of these sam-
ples to the atmosphere greatly increases the emission from
the high-binding-energy component, even for samples A
and B. As Brundle and co-workers recently pointed out, '

it is likely that the Ba contaminant emission is composed
of more than one component, probably from a combina-
tion of Ba oxides, hydroxides, and carbonates.

From these results, we conclude that fracturing of sam-
ple C produced clean surfaces with a small amount of con-
tamination due to regions of imperfection in the sample.
Electron microscopy results for these same surfaces did
reveal the presence of voids (6-15% of the visual image
under 5000X magnification), but there was much more
effective sintering of the grains and less intergranular
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fracturing than for samples A or 8. From the range of re-
sults for C, 0, and Ba shown in the central panel of Fig. 1,
it would seem reasonable that measurements which are
sensitive to the surface (e.g., tunneling, photoemission,
Auger spectroscopy, electron-energy-loss spectroscopy, in-
verse photoemission, photon-stimulated desorption, and
others) will be much more reliable with these higher-
quality samples (or with perfect single crystals).

At the top left-hand side of Fig. 1 we show Cu 2p3/2
core-level EDC's for samples A, 8, and C. These have
been normalized to constant height to emphasize changes
in peak positions and line shape. For samples A and 8,
there is a main line near 933 eV and a doublet at higher
binding energy. Comparison with published XPS results
for other YBa2Cu3069 samples shows basically the same
spectral appearance with a dominant feature near 933 eV
and a broad doublet at higher energy. ' 's For sample C,
the main line maximum is shifted to lower binding energy
by -0.5 eV and is sharper, but the satellite features are
unchanged in position. For samples A and 8, the integrat-
ed emission intensity for the satellites relative to the main
peak is -35% higher than for sample C. Further, the
satellite-to-main-line intensity ratio and the main-line
binding energy for sample C compared favorably to re-
sults for our contamination-free La~ s5Sr0~5Cu04. We
conclude that the grain-boundary phase present in sam-
ples A and 8 broadens the main Cu 2py2 line asymmetri-
cally to higher binding energy and increases the satellite
intensity. This indicates that Cu atoms responsible for
these spectral changes have the same nominal valence, but
the details of the final-state screening differ because of the
bonding configurations (numbers, types, and distances for
nearest neighbors and the details of the covalent bonds).
Comparison of the Cu 2p core-level emission for these su-
perconductors to that for single crystals of CuO doped
with small amounts of Ba shows that the line shapes are
almost identical to those for sample C.

The Cu 2py2 emission has been discussed in detail by
Sawatsy and co-workers for a number of divalent Cu
systems. They demonstrated that the main line is due to
ligand screening of the 2p core hole via the final-state
configuration 2py2d' L where the underbar denotes a
hole and L describes a suitably symmetrized screening
ligand p orbital. The broad doublet is composed of eight
multiplet states which are the result of the interaction of
the 2py2 hole with the d valence electrons in the final
state. Their work suggested that the relatively large width
of these core-level features reflects mixing of the two pho-
toemission final states. Fujimori et al. ' and Shen et al. '

extended this discussion to the Cu-0-based superconduc-
tors. Using the satellite-to-main-line intensity ratio and
the peak energy separation, they calculated the ground-
state d-electron occupation number, the Cu-0 charge-
transfer energy, the d-d Coulomb interaction (-6 eV),
and the ligand-d hybridization energy. Their results
clearly showed the importance of photoemission final-
state effects for these Cu-0 based materials. At the same
time, it should be clear from Fig. 1 that the experimental
parameters depend on the quality of the surface studied.
Steiner et al. ' provided detailed discussions of the Cu line
shape for a variety of Cu-0 systems, showing the 2p core-

level spectra for formally 1+, 2+, and 3+ valent com-
pounds. They, and others, have sought to define the for-
mal valence of Cu, and all of the spectroscopic results in-
dicate that the valence of Cu is 2+ in the 1:2:3and 2:1:4
superconductors. At the same time, none of the photo-
emission results have revealed differences which might in-
dicate inequivalent Cu sites in the lattice, either because
of inherent final-state effects noted above or because, as
suggested by the calculations of Herman, Kasowksi, and
Hsu, 2 the charge within the Cu site is very nearly the
same for all Cu atoms. (We shall return to the topic of
Cu valence in discussions of Cu adatom interactions. )

At the top right-hand side of Fig. 1 we show EDC's for
the Y 3dy2 st2 core levels. Comparisons indicate that the
spin-orbit splitting is best resolved for sample C because
the results for samples A and 8 exhibit a high-binding-
energy tail and a filling in of the minimum between the
spin-orbit-split doublet. These differences indicate that a
second bonding configuration for Y exists for samples A
and 8, probably a form of Y oxide. Analogous broaden-
ing is seen in the shallow Y 4p~t2 y2 core levels, as indicat-
ed at the bottom of Fig. 1.

Finally, at the bottom of Fig. 1 we show the valence-
band emission within 35 eV of EF for samples 8 and C.
The results for sample 8 are very similar to those in the
literature, showing complex Ba Sp emission near 15 eV,
poorly resolved Y 4p emission near 24 eV, and Cu-0 hy-
brid states near EF dominated by emission at -5 eV.
The results for sample C are strikingly different, as might
have been expected based on the core-level emission. In
particular, the Y 4p~tq y2 doublet is better resolved and
the high-binding-energy Ba Sp contribution has vanished
(as it did for the Ba 3d emission) leaving a single spin-
orbit-split doublet (binding energies of 12.5 and 14.2 eV).
Significantly, the Cu-0 hybrid states are also much better
resolved, the emission centroid for sample C is shifted to-
ward EF relative to that for A or 8, the central maximum
appears at 3 eV, and there is a distinct shoulder at 1.8 eV.
Most other experimental studies of the valence-band
features of YBa2Cu307 „have reported Cu-0 hybrid
states within -8 eV of EF and a very low density of states
at EF. As shown by Fig. 1, these conclusions still hold for
clean YBa2Cu306 9, with corrections to account for distor-
tions due to the second phase. In many of the spectra in
the literature, these distortions are very severe, with rela-
tively little contribution from the superconductor itself.
In particular, the structure at 3 eV which dominates the
EDC's for the clean surface has been obscured by strong
emission from Ba-0 features. (Further discussion of the
valence-band structure is found in the following section. )

To summarize, the results for sample C reveal the spec-
tral features of the clean high-T, superconductor. Com-
parison with La~ 85Sro ~5Cu04 makes it possible to focus
on the common features of these two classes of related su-
perconductors. Interestingly, although our results for
samples A and 8 indicate large emission from contamina-
tion, x-ray analysis of the samples shows single-phase be-
havior. This suggests that the volume fraction of the con-
taminant is quite small. Instead, the spectral contribution
from contamination reflects the fact that samples fracture
both transgranularly and along the contamination-bearing
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grain boundaries —boundaries which, in turn, frustrate
efforts to achieve high critical currents. The relatively
small amount of (volume) contamination exposed at these
internal surfaces distorts the photoemisson results because
of the inherently high surface sensitivity of photoemission.
Such distortions become greater as the mean free path di-
minishes, as has been seen in our synchrotron radiation
photoemission studies through the Ba Sp emission.

A picture of the exposed surface with suitable chemical
and spatial resolution would reveal portions of the clean
superconductor exposed by fracture, together with varying
amounts of the grain boundary or intergranular phase(s)
coating grains of superconductor. On a different scale, it
would also show voids that account for deviations from
100% density. Our results show that the amount of the
grain-boundary phase varies with sample preparaton: It
was very small for sample C and for La~ s5Sro ~sCu04, but
was much larger for samples A and 8. Unfortunately, it is
impossible to estimate the amount of this grain-boundary
phase because of the complex morphology of the sur-
face."

B. Experimental valence bands and band calculations
for YBa2Cu306.y and La~.85Sr0.~5CuOq
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In the two panels of Fig. 2 we compare our photoemis-
sion and inverse photoemission results for sample C of
YBa2Cu3069 to analogous results for La~ sqSro ~5Cu04.
Also shown is a direct superposition of our XPS valence-
band spectra for these two superconductors to draw atten-
tion to their similarities. For this comparison, we have
shifted EF for the 1:2:3compound 0.3 eV relative to that
for the 2:1:4compound, as indicated by the arrows. The
dominant manifold of Cu-0 hybrid states is virtually iden-

tical, with the exception of the maximum at 3 eV which is

more pronounced for YBa2Cu3069. Both exhibit three
distinct valence-band features, a centroid at about —4
eV, a very low emission at EF, weak emission to -2 eV
above EF, and then strong empty-state emission. The ori-
gin of these empty-state structures is indicated. For
YBa2Cu3069, the empty Ba 4f feature appears and the
features closer to EF represent Ba Sd and Y 4d bands.
For La~ s5Sro~5Cu04, the La 4f emission dominates for
this incident electron energy, but the La Sd emission is
also clearly evident. (See Ref. 19 for a complete discus-
sion of the empty-state spectra. )

It is interesting to note that the band calculations for
these two superconductors show greater differences than
the experimental results would suggest. Changes at
EF should be expected because the calculations show the
crossing of three bands for the 1:2:3material compared to
only one for the 2:1:4. Beyond that, however, the band
calculations for the 1:2:3 material predict a well-defined
minimum between two prominent Cu-0 derived struc-
tures (the resonance gap at M in the Brillouin zone).
Those for the 2:1:4predict no such minimum. These gen-
eral observations can be seen from Fig. 2, where the calcu-
lated densities of states are reproduced. Mattheiss and
Hamann and Mattheiss have treated both systems, pre-
dicting states extending from +2 to —5.5 eV for the 1:2:3
compound, with a centroid at about —2 eV and a bifur-
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FIG. 2. Photoemission and inverse photoemission spectra for
clean YBa2Cu306.9 and La~.85Sr015Cu04 showing the occupied
states and empty states. The spectral features reflect Cu-0 hy-

brids from approximately —7 eV to —2 eV for both supercon-
ductors, together with the empty La Sd, Ba 5d, Y 4d bands, and

the atomiclike La and Ba 4f states (see Ref. 19 for a detailed
discussion). Calculated densities of states are shown above the
experimental spectra, as discussed in the text. Direct superposi-
tion of the experimental results for the 1:2:3 and 2:1:4 com-

pounds shows their compelling similarity.
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cated structure around this centroid. For the 2:1:4com-
pound, the predictions show the centroid at approximately
—3 eV and the bifurcation to be missing. In neither case
is there strong emission from the vicinity of the Fermi lev-
el. Comparison to the XPS results suggests that the ex-
perimental centroid lies approximately 1 eV deeper than
these authors predict for both compounds.

In Fig. 2 we have also reproduced the density of states
from Temmerman et a/. , who considered both materials,
and Herman, Kosowski, and Hsu, who examined the
effects of oxygen stoichiometry for YBazCu30„. For the
2:1:4 compound, the calculations by Temmerman et al.
predict a broader Cu-0 manifold and a centroid which is
slightly deeper than that observed experimentally. For
YBazCu30s 9, they also predict a bifurcated structure, but
it is less severe than that in the calculations of Hamann
and Mattheiss or Hermann and co-workers. Again, their
Cu-0 centroid is the deepest of the three, and all are 1-2
eV closer to EF than we see in the XPS spectra.

This shift in the centroid has been used to argue for
strong hole-hole repulsion at the Cu sites, consistent with
correlation effects observed in the core-level and valence-
band satellite structures noted above. ' ' z3 (Unfor-
tunately, several of the early experimental papers were
troubled by contamination which shifted the centroid to
even greater binding energy, as can be seen from Fig. 1 or
Ref. 18.) Redinger et al. calculated the photoemission
spectra for LazCu04-derived materials and Fujimori et
al. '5 corrected their experimental EDC's to try to account
for photoionization cross-section variations. Comparison
of the predicted and experimental results, as shown in Fig.
2, showed poor agreement. Subsequent analysis led to
suggestions that d-d Coulomb correlation effects would
shift the experimental Cu-derived structures 1.5-2 eV to
greater apparent binding energy. Less significant shifts
would be expected for states of predominantly oxygen 2p
character. Account of these final-state effects would sub-
stantially improve agreement between experiment and at
least some of the calculated one-electron densities of
states. They would not, however, eliminate the theory-to-
theory variation.

Comparison of these XPS results for the valence band
to lower photon energy EDC's taken with synchrotron ra-
diation shows that the experimental features have very lit-
tle hv dependence (see spectra in Fig. 2 for hv 1486.6
and 50 eV, with the caveat that our Ba Sp core-level re-
sults for hv 50 eV showed more broadening than did the
XPS spectra, and it is likely that the emission near 6 eV is
stronger than it should be). This is in contrast to the cal-
culated EDC's for LazCu04 by Redinger et al.

It is apparent that if more valence information is to be
extracted from photoemission, it should be sought through
angle-resolved studies. Unfortunately, the preliminary re-
sults of Stoffel et al. for single crystals of YBazCu30„
showed relatively little new structure, no doubt because of
the multiplicity of Cu-0 hybrid bands that contribute to
the dominant valence-band features. Their results do,
however, show subtle changes near the Fermi level which
indicate dispersion of the uppermost bands. Similar
dispersive changes near EF can be observed through the
inverse photoemission spectra shown in Fig. 2. In particu-

lar, the intensity and shape of the Cu-0 emission near EF
is seen to change with incident electron energy. Further-
more, an angle-integrated bremsstrahlung isochromat
spectrum at hv 1486.6 eV clearly displays a sharp
minimum at -2 eV above EF, in good agreement with
calculations for the top of the Cu-0 antibonding band.
Unfortunately, the polycrystalline nature of our samples
has so far prevented empty-state band mapping.

Finally, it should be noted that there is a weak feature
for YBazCu30s9 at 9.4 eV. The intensity of this feature
varies in the diff'erent EDC's in the literature, but it has
consistently been observed. Part of it in the early studies
may be related to C 2s emission, but even those studies
(such as ours here) which examined samples that were
carbon free found it to be present. To our knowledge, a
definitive explanation for the 9.4-eV feature is still not
available. Its presence in 1:2:3 and 2:1:4 compounds
which are carbon free and have only Cu and 0 in common
points to one of these as the source. "

C. Surface modifications by argon sputtering

In this section we discuss changes observed when frac-
tured surfaces of YBazCu3069 were exposed to argon ion
bombardment. Part of the motivation for this study was
that Ar+ sputtering is routinely used to prepare clean sur-
faces for study —and it had been reported that air-
exposed high-T, surfaces could be sputtered clean prior to
metallization. Our results show, however, that sputtering
leads to the disruption of the surface region and the likely
loss of superconductivity. For polycrystalline, air-exposed
surfaces it leads to atomic redistributions and unknown
final configurations. Moreover, these depend on the start-
ing surface and the sputtering conditions.

Cursory examination of the results for 500-eV sputter-
ing shows that the 0 ls emission always decreases with
sputtering time. For sample C, the total 0 emission de-
crease was 10% over the first ten sputter cycles (each of
30-s duration), then decreased only slightly during 2 h of
subsequent sputtering. At the same time, there was a con-
tinuous shift to higher binding energy of the 0 ls emis-
sion. This shift, which amounted to +0.6 eV during 2 h
of sputtering, indicated a change in environment for oxy-
gen as the bonding configuration characteristic of the su-
perconductor was lost. The fact that the oxygen emission
changed during early sputtering probably reflects atomic
redistribution within the probed region. The 0 ls stabili-
ty thereafter suggests that the amount of oxygen did not
change dramatically. Although one must be cautious in
interpreting these results because of preferential sputter-
ing, they fail to give any indication of massive oxygen de-
pletion in the surface region. Likewise, none of our other
results indicated the loss of oxygen from fractured or sput-
tered surfaces due to inherent instabilities.

Sputtering of sample A revealed analogous trends for
the superconductor-related oxygen emission. However,
sputtering of the partially contaminated surface also led
to a rapid drop in total oxygen emission because of rapid
modification of the contaminant phase at the surface.
Indeed, for sample A there was a 40% drop in 0 emission
during the first hour of sputtering. We conclude that
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sputtering reduced grain-boundary contamination, though
it also disrupted the superconductor.

Equally dramatic Ar+-induced changes were observed
in the Ba 315ii and Cu 2py2 core-level EDC's. For the
partially contaminated samples, there was a change in rel-
ative intensity of the two Ba 3d components as the super-
conductor environment was lost and one that was more
like that of the contaminant was formed. For the cleaner
YBa2Cu3069, it was possible to see an overall 3d shift in

binding energy as the superconductor environment was
destroyed. For Cu, the 2py2 core-level EDC's showed a
rapid loss of the satellite intensity, signaling a change
from a nominally divalent to a nominally monovalent
state. This loss was observed for both clean and partially
contaminated YBa2Cu3069 with a faster conversion rate
for the clean surface, presumably because it was less pro-
tected by a grain-boundary-phase skin. These rapid
changes indicate the destructive effects of even low-energy
Ar+ bombardment; although sputtering removes the
second phase, it also suppresses superconductivity in the
probed region (depth at least 30 A).
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i. Ti/YBa2Ctt30s 9 interface formation

The results discussed above show that the surfaces of
these high-temperature superconductors are complicated
and are readily modified by Ar+ ion bombardment or ex-
posure to atmospheric gases. In this section and the next,
we examine the stability of these surfaces when exposed to
adatoms of Ti and Cu. As we will see, both induce pro-
found changes in the near-surface region and complex,
metastable interfaces evolve.

In Fig. 3 we show a representative collection of Ti 2p
core-level EDC's measured following the deposition of Ti
onto sample C, starting with 0.5 A (bottom) and proceed-
ing through 48 A (top). These spectra are normalized to
constant peak height. These results highlight the changes
in chemical state of the adatoms as the interface evolved.
At lowest coverage, the 2py2 structure is very sharp while
that for the 2p ~i2 core is much broader, as is observed in a
range of Ti-0 systems. 3' With increasing deposition,
these Ti features shift rigidly to higher binding energy,
with slight changes in line shape. After 4 A the Ti 2p3/2
structure is clearly distorted and is shifted 1.2 eV relative
to its position at lowest coverage. This shift to higher
binding energy indicates that the oxidation state has
evolved as the amount of Ti has increased. (As will be
discussed below, this evolution is associated with the pro-
gressive loss of oxygen from the substrate. ) The fully
reacted product observed at 4 A is most likely Ti02-like in
bonding configuraton, though these interface reaction
products are spatially constrained and are not likely to de-
velop extended crystallites. Moreover, the results for 4 A
show a second Ti chemical configuration that appears at
-2 eV lower binding energy. This new component grows
with coverage and ultimately dominates the EDC by -8
A. Inspection of Fig. 2 shows that it shifts to lower bind-
ing energy until it reaches a final position at 453.8 eV
(spin-orbit splitting 6.3 eV). This final configuration re-

0.5

467 465 459 455 451

Binding Energy (eV)

FIG. 3. Core-level EDC's for Ti 2p~y2, y2 as a function of Ti
deposition onto sample C, The spectra, which are normalized
for visual clarity, show the increased oxidization state of Ti for
coverages below -4 A. At intermediate coverages (4-16 A),
our measurements detect both fully oxidized Ti-0 and a new
component which shifts with coverage as the 0 coordination by
Ti increases. For coverages greater than 16 A, the results show
metallic Ti. These results indicate a metasable interface limited
in extent by diffusion of oxygen to sites where adatoms of Ti ar-
rive.

veals the growth of a metallic Ti overlayer, the shift in
binding energy and reduction in full width at half max-
imuin indicating convergence to Ti metal. The final line
shape indicates metallic screening of the core hole. At
the same time, its energy and width when first observed
suggests that the progression from the TiQ2-like
configuration seen at 4 A to Ti metal is gradual as oxygen
diffuses into the Ti layer and forms metal-rich Ti—0
bonding configurations. We note that the attenuation be-
havior of the substrate core-level emission is quite com-
plex. Significantly, if the attenuation rates for 0 1s, Cu
A@2, Ba 3dg2, and Y 3d are compared, we find that oxy-
gen is attenuated at a slower rate than Y, whereas from
the photoelectron mean free paths we would have expect-
ed the opposite. This is consistent with oxygen out
diffusion into the growing reacted Ti overlayer. The at-
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tenuation rates for all of the substrate constituents are
much slower than would be found for a layer-by-layer
growth mode. From these results, it is clear that the inter-
face reaction products and morphology are complex.

It is important to note that the growth of the Ti over-
layer on La~ ssSr0~5Cu04 parallels that summarized in
Fig. 3, although the spectral changes occur at slightly
lower coverages for La~ s5Sro ~5Cu04 (Ref. 20). We con-
clude that the Ti-induced chemical modification of these
two clean interfaces is very nearly the same. The coverage
differences may reflect the slightly different morphologies
for the starting surfaces. Significantly, the results of
analogous experiments for partially contaminated YBa2-
Cu306 9 surfaces of samples A and 8 are also very similar
to those of Fig. 3, but the second component, correspond-
ing to Ti metal, does not dominate until 16 A (versus 8 A
for sample C). We suspect that this slower convergence to
metallic Ti is a consequence of Ti adatom reaction with
oxygen present in the grain-boundary phases. The eventu-
al growth of metallic Ti is a consequence of kinetic limita-
tions for 0 transfer to the surface, but the complex mor-
phologies for these surfaces preclude quantitative model-
ing of these processes.

In Fig. 4 we summarize the behavior of the 0 ls core-
level EDC's during Ti deposition onto sample C. At low
coverage, ~ 1 A, the dominant 0 ls feature broadens and
shifts to higher binding energy. This broadening reflects
Ti—0 bonding at the surface as well as modification of
the bonding configurations for 0 that remains in the sub-
strate. Moreover, the oxygen emission characteristic of
the unchanged substrate also decreases. Line-shape
decomposition makes it possible to quantitatively follow
this rate at which emission from 0 atoms in the
unaff'ected superconductor is attenuated. The substrate
emission is reduced to 10% of its original intensity for a Ti
coverage of 8 A, suggesting major disruption at the inter-
face for low coverages. At higher coverages when Ti02
and the early metal-rich oxide form (e & 16 A), the dom-
inant 0 ls emission is centered at 530.5 eV. In turn,
emission from this intermediate bonding form of 0 is at-
tenuated when the final stage of interface formation
starts, as can be seen from the EDC at 26 A. This sug-
gests a sequence of bonding configurations for 0 with one
growing over the other rather than at its expense. Com-
parison of the 0 ls results for sample C to those for
La~ s5Sro ~5Cu04 shows parallel behavior because of
analogous process involving reaction with Ti. However,
for Ti overlayer growth on samples A and 8 of
YBa2Cu3069, the 0 1s emission for the clean surface per-
sisted to higher coverages (28 A), but the 0 evolution was
more difficult to observe because the 0 1s was much more
complex for the starting surface (see Fig. 1).

In Fig. 5, we show the Ti-induced changes in the Ba
3d5g2 core-level emission for sample C. For Ti depositions
up to 8 A, there is a steady loss of intensity from the
feature at 778.3 eV and the growth of a new feature at
higher binding energy as the overall 3d5g2 emission
broadens. As for the 0 ls emission, these results clearly
show Ti-induced changes in bonding configurations. They
offer information that could not be obtained from the 0
spectra, however, because the Ba atoms are less mobile

t I I I I I } I I
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FIG. 4. 0 1s core-level EDC's as a function of Ti deposition.
Changes at low coverage indicate the Ti-induced modification of
the 0 bonding. The feature at -530 eV is related to the growth
of Ti02. At highest coverage, the 0 1s emission reflects oxygen
in solution in Ti.

than 0 and more directly sample the changing supercon-
ductor. These changes therefore represent modification of
the superconductor that is a consequence of the loss of ox-
ygen. (Again, we should note that the EDC's in this pa-
per are normalized to emphasize changes in line shape
rather than reflect absolute emission intensities. In an ab-
solute sense, the deposition of 8 A of Ti reduces the total
Ba 3dy2 emission to 37% of its initial value while line-
shape decomposition shows the very rapid loss of the
chemical configuration representative of the superconduc-
tor. Analogous results for the Ba 3d5g2 core-level evolu-
tion of Ti overlayers on partially contaminated YBa2Cu3-
069 surfaces show a complex line shape for the deposi-
tions between 1 and 16 A. This is due to overlap in emis-
sion of the Ti-induced reaction product (as in Fig. 5) and
the impurity emission present for the starting surface
(Fig. 1).

In Fig. 6, we show the Cu 2py2 core-level emission as a
function of Ti coverage. The most striking result is that
very little Ti leads to the complete loss of the Cu + satel-
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absence of the Cu-0 chains in La~ s5Sro ~5Cu04, but the
compellingly similar Cu 2p behavior, indicates that oxy-
gen is also leached from the Cu-0 planes for both systems.

In Fig. 7 we show Ti-induced changes in the valence
bands and shallow core levels for sample C. For Ti depo-
sitions below 4 A, the emission near EF decreases, con-
sistent with oxygen loss and structural modification of the
probed region. This is analogous to what we have ob-
served with other reactive interfaces (adatoms of Fe, Al,
Pd, La, and Ge). Changes near EF can best be seen
through difference curves of the sort shown in Ref. 20.
Hence, the newly-formed region is likely to be poorly con-
ducting, at best. When the amount of deposited Ti
reaches 8 A, the emission at EF increases as Ti metal nu-
cleates. From Fig. 3, metallic Ti 2p emission also appears
at this coverage. These valence bands also show structure
near 7 eV which appears at -8 A and persists to the
upper limit of our measurements. We associated this with

Ti/YBaz Gus Oeg
Valence Bands

48A

0 in solution in the Ti-rich overlayer, by analogy to what
is observed from the 0 Is emission and the measurements
of others for Ti oxidation. From Fig. 7, we can see that
the 0 2s emission also persists, shifting to higher binding
energy and being partially responsible for the broad
feature at -24 eV at 48 A. At higher coverages, the Ti
d-band emission near the Fermi level grows as the surface
region converges to Ti. Analgous behavior is observed for
Ti deposition on La~ 85Sro ~5Cu04. In that case, the oxy-
gen emission is ultimately lost because the measurements
extended to 100-A deposition.

The results of Fig. 7 provide evidence that the Ba bond-
ing configuration changes during interface evolution, sup-
porting conclusions based on deeper core levels. As
shown, the well-resolved Ba Sp~g y2 doublet at 12.5 and
14.2 eV is badly distorted by the deposition of 1 A of Ti.
The Ba Sp line shape sharpens above 1 A as the probed re-
gion converges to the new, no-longer-superconducting
bonding configuration with a Ba chemical shift of —1.5
eV to higher binding energy, again corresponding to what
was shown in Fig. 5.

Finally, in the high-coverage spectra for these core lev-
els, there is weak emission in binding energies which cor-
respond to those of the substrate, together with stronger
emission from chemically shifted states. This reflects
small regions which have not been covered up by the ada-
toms. It can be understood in terms of the complex mor-

phology of the fractured surface and shadowing effects for
a rough surface. Quantitatively, the total Y 3d, Ba 3d,
and Cu 2p emission reduced to 3% of the original emission

by 48-A deposition.

26 2. CulYBa2Cu306 9 interface formation
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FIG. 7. Valence band and shallow core-level emission for
clean and Ti-reacted YBa2Cu306.9. Titanium deposition below
4 A depletes states within 1 eV of Er, at intermediate and

higher coverages there is increased emission at EF due to the nu-

cleation and growth of Ti metal. The structure near 7 eV re-
veals a Ti-rich configuration for 0 in a metal matrix. The Ba
Sp, Y 4p, and 0 2s emission shows the appearance of multiple
chemical configurations related to structural disruption of the
superconductor.

To further examine the stability of the superconductor
against oxygen loss and structural degradation, we investi-
gated Cu adatom interactions with the clean 1:2:3surface.
In Fig. 8 we show EDC's for the 0 Is core level for Cu
depositions between 0.5 and 46 k For this fracture, the
amount of second phase was greater than that of Fig. l.
The deposition of Cu leads to a broadening and shift to-
wards higher binding energy of the dominant 0 ls emis-
sion feature (0.3 eV full-width-at-half-maximum increase
and total shift of 0.75 eV within the first 4 A., with negligi-
ble changes thereafter). The binding-energy shift implies
that the effect of Cu adatoms is very similar to that of Ti,
although to a lesser extent. In contrast, the feature associ-
ated with the impurity phase is unaffected by the deposi-
tion of Cu and does not shift or broaden measurably. This
indicates preferential reaction of Cu adatoms with the
high-T, phase. Quantitative assessments of the rate at
which the total 0 Is emission intensity is attenuated show
that it persists more than would have been expected for
layer-by-layer overlayer growth on a smooth surface
(—12% of the clean-surface value after 86-A Cu deposi-
tion). This is a consequence of 0 outdiffusion and reac-
tion with. Cu and a nonplanar starting surface. This
outdiffusion is also reflected by the changing intensity ra-
tio of the two 0 1s features since the superconductor
phase contributed —75% of the total 0 1s intensity for
the clean surface, but the contribution of the reaction-
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FIG. 8. 0 ls core-level EDC's for Cu deposition onto
YBa2Cu306.9 as in Fig. 4 for Ti adatoms.
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FIG. 9. Valence bands and shallow core levels of YBa2-
Cu306.9 as a function of Cu coverage, analogous to those of Fig.
7.

induced low-binding-energy feature increased to 85% by
26 A of Cu coverage.

In Fig. 9 we show the Cu-induced changes in the
valence bands and the shallow Y, Ba, and 0 core levels.
As for Ti, the deposition of 0.5-2.5 A. of Cu reduces the
emission at EF because of disruption of Cu-0 hybrids and
structural modification. After 4 A, the emission at EF in-
creases as Cu metal nucleates on the surface. These
changes correlate well with the 0 Is core-level shifts and
indicate that surface reactions became kinetically limited
at -4-A Cu deposition. (Note that this observation is for
a complex interface, not a layer-by-layer system, and that
nucleation of Cu clusters at one site may produce metallic
emission before reaction at another becomes kinetically
limited; the 300-pm-diam x-ray beam averaged over a
great many such inequivalences. )

For Cu coverages between 0.5 and 4 A, our results show
an asymmetric broadening and shift toward higher bind-
ing energy of the Y 4p, Ba Sp, and 0 2s emission (Fig. 9),
indicating the creation of new, unresolved reaction prod-
ucts. These features attenuate with coverage with Y and
Ba disappearing more rapidly than O. Chemically shifted
components also appear on the higher-binding-energy side
of the Y 3d and the Ba 3d5g2 core levels during the first 4
A. of Cu deposition. However, for higher coverages it was
the reacted component of Ba that persisted, while it was
the unreacted component of the Y signal which was
strongest. This suggests that a small amount of Ba, freed
by Cu disruption of the superconductor, segregates to the
surface region of the thickening Cu overlayer. (The total
Y 3d signal is reduced to -3% of its original value by
86-A Cu coverage, while the total Ba 3dy2 signal is re-
duced to only —10% of its initial intensity. The Y emis-

sion can be understood because of shadowing, but if only
shadowing were important then the emission 5f both Y
and Ba should attenuate at the same rate. ) Similar results
have been found for synchrotron radiation studies2' of
Cu/YBa2Cu30s9. This is in contrast with the results for
the Ti overlayer, where it was seen that the emission from
all species except oxygen attenuated the same.

Finally, in Fig. 10 we show representative Cu 2p3/2
EDC's which confirm surface reaction at low coverage
and convergence to Cu metal at high coverage. On the
left-hand side we show the region of the Cu satellites,
enhanced to yield the same maximum value after subtrac-
tion of a flat background. The relative sizes of these
features can be seen from the spectra on the right-hand
side. As shown, the Cu + satellite features are attenuated
almost as rapidly by Cu adatoms as by Ti adatoms. By
1.5 A, the satellite structure is severely distorted as the
feature at 944 eV dominates. Its presence and the loss of
the strong 2+ satellite emission indicates the conversion of
Cu from 2+ to 1+, and the results on the right-hand side
show a main line shift of only 0.3 eV, as shown on the
right-hand side. Significantly, Cu adatom bonding, which
induces changes in the superconductor surface at low cov-
erage, exhibits the same Cu'+ configuration that is ob-
served for the disrupted superconductor several angstroms
into the matrix. (Spectroscopically, Cu at the surface is
not distinguishable in core-level photoemission from that
in the buried matrix, despite different atomic environ-
ments. ) At higher coverage, the valence-band results in-
dicate nucleation of Cu metal, and the Cu 2py2 results of
Fig. 10 show a gradual shift in binding energy as the emis-
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d final state and, ultimately, to the D' satellites of Cu
metal as the amount of deposited Cu increases.

Finally, comparison of these results for CulYBa2Cuz-
Os 9 to those for Cu/Lat s5Srn I5Cu04 (Ref. 20) shows
analogous behavior for Cu in the superconductor, in the
disrupted region, and in the final metal layer. The princi-
pal difference is that the onset of Cu metal formation be-
gan at slightly higher coverage for YBa2CusOs9 com-
pared to Lai s5SrtI I5Cu04.

III.SUMMARY
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FIG. 10. Cu 2pyz EDC's for the Cu/YBazCu&06. 9 interface
showing rapid reduction of the superconductor Cu2+ config-
uration. As shown at the right, there is a shift of 0.3 eV to
higher binding energy during the conversion from Cu +. The
results on the left-hand side highlight the satellite feature; they
were obtained by subtracting a constant background from the
spectra on the right-hand side and scaling to give spectra with
uniform height for visual but not quantitative inspection. As
shown, by 1.5-A deposition, the satellite structure shows the
presence of the distinctive Cu'+ feature at 944 eV. This satel-
lite persists as the Cuz+ satellite disappears. By 18 A, the main
line has shifted to 0.3 eV lower binding energy relative to the su-
perconductor (932.5 eV), indicative of metallic Cu.

In this paper we have compared valence-band and
core-level photoemission spectra for a variety of samples
of YBa2Cus069, emphasizing results characteristic of the
clean surface and comparing them with results for clean
LaI s5SrtI isCu04. The present results show that the XPS
valence-band spectra of YBa2CusOs9 and LaI s5Sroi5-
Cu04 are remarkably similar, more so than would be ex-
pected based on the various band calculations. Studies in-
volving Ar sputtering and reactive adatom deposition have
shown the stability of the nearly contamination-free and
partially contaminated surfaces. We conclude that the
Cu-0 based 1:2:3and 2:1:4superconductors degrade rap-
idly, both at the surface and for a substantial distance into
the substrate, due to the removal of oxygen from the su-
perconductor and related structural changes of the ma-
trix. These results suggest that reactions are kinetically
limited by the diffusion of oxygen to the surface because it
eventually becomes possible to form clean-metal over-
layers. These interfaces are almost certainly metastable.
Results such as these show that metals with high heats of
oxide formation lead to substrate disruption and hetero-
geneous reaction across the interface. Of the many metals
and semiconductor overlayers studied to date, only Au
forms overlayers which do not adversely affect the super-
conductor.

sion from Cu metal grows (final binding energ of Cu
metal is 0.6 eV lower than for the disrupted Cu' matrix
and 0.3 eV lower than for the clean superconductor).
Comparison of recent synchrotron-radiation-photo-
emission results for samples of the A or 8 family shows
similar evolution for the Cu valence-band satellites. ' In
particular, the resonantly enhanced d final states for
YBa2CusOs 9 rapidly yield to the satellite structure of the
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