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Abstract 1 The surface clectronic structure as a function of the oxygen content has been studied
by mcans of photoemission of sintered 1-2-3 and BISCCO powders. The influence of oxygen
stoichiometry on the core level lincshapes of O, Ba and Cu of YBCO has been reponed. Our
results indicate that n the YBCO compound, the 531 ¢V peak of O 1s spectra anses because of
an extnnsic contribution only. Oxygen present on the surface and the intergranular space give 1o
nise this peak The shape ol Ba 4d spectra i found 10 be influenced by ordenng of oxygen
vacancies 1n the basal plane It appears that the low binding energy component (- 87 eV) of | a

4d specira 1s a measure of the Meissner Iracuion of the sample Cu 2p spectra show the presence
of Cu 1+ and 2+, and absence ol 34 1n the ground stae

Keywords :

Ihgh temperawre superconductivity, X-ray photoemission spectroscopy, oxygen
storchiomet ry

PACS Nos. 0 7470 Vy, 74904n, 79 60 Gs

1. Introduction

Although, a rcasonably consistent picuturc has ecmerged about the electronic structure of
high tempcrature superconducting oxides, from the high energy probes such as
photocmission and X-ray absorption, somc questions arc still wide open. For instance, it is
interesting 1o note that, while a widesprcad conscnsus cxists on the natare and location of
oxygen holes [1-5] the nature of core level O 1s pholoemission specirum is still not
unambiguously understood. Most of the spectra published so far, show two main structures
(at approximately 529 and 531 ¢ V) of variable intensity ratio. Some groups [6, 7] have also
reportcd the growth of a third feature at 533 ¢V at low temperatures, which they attribute to
the formation ol 022 dimers. There is no controversy about the 529 ¢V peak and is also
observed in CuO, indicating its associaton with Cu-O bond. But whcther the higher
binding cnergy component at ~531 ¢V has a structural origin or it 1s only due o surlacc-
contammation is sull an unanswered question. Duc 10 the strong dependence of the
intensity of 531 ¢V peak on the sample surface preparation, many studies have assigned this
peak to surface contammation [8-10]. However, some authors have discussed its presence in
terms of the intrinsic contribution [11-13]. In polycrystals, clcaved in UHV at room
tcmperature, the 531 ¢V peak is weak and disappears on mild Ar bombardment. A single
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peak with negligible high binding cnergy component (531 ¢V) is observed in the O 1s core
level spectrum of YBCO single crystal cleaved at 20 K [14]. But 531 eV peak starts
developing as soon as the temperature is raiscd to 50 K. Its growth is attributed to

contaminant bulk oxygen that starts diffusing towards the surface at 50 K.

In this paper, we attempt to resolve this controversy on the basis of our detailed
study of change in O 1s spectra as a funcuon of oxygen content in the sintered powder of
YBCO.

The lincshape of Ba 4d photocmission spectra of YBCO is found to be influenced
by the oxygen stoichiometry. Structural studics have revealed that the chemical environment
at Ba sites is significantly influcnced by the charge distnbution and charge transfer among
the chains and the conduction Cu-O laycrs induced by the oxygen stoichiometry [15]. It is
found that the Ba 4d spectra 1s not only rclated o the oxygen content but also to the degre§
ol ordering of oxygen vacancics. '\

In the present study, we have aucmpted o (ind out the importance of ordering of |
oxygen vacancies and its clfcct on Ba 4d corc levels. Influence of oxygen content on Cu 2p
corc levels has also been studied in the sintered powder of YBCO.

2. Experimental

YBCO was preparcd by usual solid state reaction, using high purity carbonates and oxides.
BISCCO (2223) samplc was picparcd by mixing Bi;O,, PbO, SrCO4, CaCO4 angd CuO 1n
therr nomuinal ratio, and heated ac 800°C and 810°C with an intermediate grinding. The
sample was then fired at 868°C for morce than 72 hrs.

The resistivily mcasurements were made using Vander Pauw configuration in
conventional four probe technique. The average oxygen content was determined by
lodometric Titrauion method.

XPS mcasurements were performed in UHV using Mg k X-ray source. Electrons
were momitored by a VG CLAM-2 hemispherical analyscer. The FWHM was 0.85 ¢V at
100,000 cps for Mg k radiation on Ag 3ds,, pcak. To ascertain the surface stability, before
cach sct of mcasurcment samplc was scraped repeatedly in situ to expose the fresh
supcrconducting grains of correct stoichiometry. Spectra aken after fresh scrapings were

found to be reproducibic.

3. Results and discussion
Ols:

To invesugate the problem of O 1s photocmission spectrum, a careful study has been made
in which oxygen stoichiomctry is varied by heating, quenching and sputtering the bulk 1-2-
3 samplc. The O 1s pholocmission spectra are shown in Figure 1 for different status of the
samplc. Curve 1(a) represents O 1s measurement on the supereonducting 1-2-3 sample
immediately after inseruon into the UIHV chamber and shows two peaks at ~532 (which is
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dominating) and 529 cV. The samplc had a 7, ~ 92 K and an oxygen content 6.87. On
scraping, the §32 ¢V pcak disappcars and the weight of the higher binding cnergy
componcnt (~ 531 ¢V) decreascs (Figure 1(b)). The disappearance of the 532 eV peak on
scraping shows that it arises only (rom an extrinsic contribution. It probably corresponds Lo
contamination of the surface by CO; molccules when the starting compounds used in

synthesis happen to be carbonates [12]. On subscquent scrapings the weight of 531 ¢V peak
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Figure 1. O 1s spectrum of sintered peller of YBayCu30q ., - (a) as-grown, (b) scraped in
vacuum, (c) heated for 8 hrs at 550°C, (d) quenched 10 LN, iemperature from 600°C, (e) Arion
sputtered lor 6 hrs in vacuum, () exposed (c) to air, (g) heated for 12 hrs at 550°C in O,.

decreases only marginally. This, howcver, docs not mean that the residual intensity of the
531 eV peak derives from the intrinsic oxygen. It has 10 be remcmbered that our YBCO
sample has got a high density (81.2%) and is very hard to scrape. So, mere scraping is
unlikely to remove all the surface and intergranular oxygen present in it. This becomcs all
the more clear from our measurements on the BISCCO (2223) compound (Figure 2). As
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can be seen from it, the 531 ¢V peak tolally disappears on scraping in this casc. In
comparison to YBCO, BISCCO 1s morc porous (density 55.5%), so mere scraping is
adequate to remove all the surface and intergranular oxygen giving rise to a single peak at
~529 ¢V.
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Figure 2. O 15 spearum of simiered pellet ol BISCCO (2223)  (a) as-grown, (b) scraped in
vacuum
The YBCO samplc was then heated o 550°C in air followed by scraping and
subscquent measurement (Figure 1(¢)). The /., on heating went down to 40 K and the
oxygen content got depleted to 6.55. The 531 eV peak still continucs to dominate despite
depletion in intrinsic oxygen content. The sample was then heated and quenched to LNT
from 600°C and remcasured after scraping (Figure 1(d)). It had now changed to an insulator
and thc oxygen content had further gonc down 0 6.43. The O 1s spectrum however, shows
no significant change, with the 531 ¢V peak still dominating in intensity.

Next, we sputtered the quenched sample in situ for 6 hours further reducing the
oxygen content from 6.43 10 6.40. There was now a dramatic change in the intensity of the
531 ¢V peak which reduccs drastically (Figurc 1(c)). Recapitulating our results thercfore, it
may bc pointed out that although the lattice oxygen content goes.down from 6.87 10 6.43 in
first heaung the sample in air 1o S50°C and quenching it to LNT from 600°C, the relative
intensity of the 531 ¢V pecak stays high and constant. As a matter of fact, the intensity of
the 531 ¢V peak shows no appreciable change from 1(b) to 1(d) even though the intrinsic
oxygen content is very different for these samples. The only common factor was that the
sample was heated and quenched i air, The obvious conclusion to draw would be that the 531
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eV peak owes its origin to the extrinsic oxygen. However, in a recent study done by
Balzarotti et al [16], the intensity of 531 ¢V peak was reported Lo be drastically reduced,
when.the bulk 1-2-3 sample was hcated between 450-550°C in situ, and the oxygen conlent
was reduced 10 ~ 6.3-6.4 from 6.93. There were however, only mimor changes obscrved in O
1s spectra upto 350°C. They have ascribed this reduction in the itensity of 531 ¢V pcak o
the removal of itrinsic oxygen from the Cu-O chan sites. If this is true that 531 eV has an
intrinsic contribution, our spectra ol superconducung and quenched sample should also
have shown some decrcase in the miensity of the 531 ¢V peak. But they do not, and the
relauve ratios of the integrated intensities of 529 and 531 ¢V peaks were also found to be
similar (Isp9/ls3; ~ 0.7). It 1s thus very unlikely that the 531 ¢V could owe its origin to the
intnnsic oxygen. Our Ba 4d and Cu 2p core level spectra in which changes are reflected as
and when oxygen content s vaned, no matier whether the sample is treated in situ or in arr,
further strengthen Gur argument. Absence ol any such change i our O 1s spectra of
superconducting ard quenched sample implics that the reduction in the intensity of the 531
¢V peak, (after heaung a1 450°C-550'C) observed by Balzarotu et al [16] may have bcen
duc o escape of the extrinsic oxygen [rom the surface and the intergranular space. That 1s
why, when we heated and quenched our sample in air causing depletion in oxygen content
(from 6.87 10 6.43), duc probably 1o restoration of surface and intergranular oxygen, no
reduction in the mtensity of 531 ¢V peak was observed. On the other hand, on sputlering,
even though there was an msigmibicant reduction i the oxygen content (from 6.43 10 6.40),
the mtensity of the 531 ¢V peak was reduced drasucally. Adding to these, restoration of the
intensity of the 531 ¢V peak on exposing the sample to arr after sputtering (Figure 1))
and no further change on reoxygenauon (Figure 1(g)), gives us no choice but to conclude
that the higher binding cnergy peak of O 1s core level spectra of YBCO has an extrinsic
ongin only.

Ba dd :

Interest n the Ba 4d photociission spectra derives from the dependence of its lineshape on
the oxygen stoichiometry. Ba 4d measurements were therelore also made on YBCO sample
and the spectra are shown in Figure 3.

The Ba 4d level for the 92 K superconductor sample consists of two sets of spin
orbit split doublets giving rise 1o charactersue spectra with three peaks (Figure 3(a)).
Stenicr et al [17] and Ford et al [11] have ascribed both the high and the low encrgy
components 1o the superconducting phase  Stoffel ¢t ol [18] and Liu ef al [19] have
intcrpreted their data as a surface core level shift but draw opposing conclusions about
which peak represents the surface component. StofTel ez al | 18] have assigned the spin-orbit
doublet at higher binding cnergy to the surface component whereas Liu et al [19] have
concluded that it is the lower binding encrgy componcnt that represented the surface
component. Recently, Parmigiani ¢t al [20] have pointed out that in all Ba corce level
mécua, the bulk orthorhombic superconducting phasc is represented by the lower binding
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energy component and the non-superconducting tctragonal phasc by the higher binding
encrgy component. This mierpretation is, however, doubtlul because their spectra in case of
sintered bulk and thin [ilm YBCO samples show a higher intensity for the high binding
cnergy componcnt 1 the superconducting state, 1.c. when the orthorhombic phasc is
dominant. Also, their spectra for a YBCO single crystal, tetragonal phase, show that the
lower binding energy component has more intensity than the higher binding cnergy onc.
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Figure 3. Ba 4d spectrum ol aintered pellet of YRBa,Cu,0, . (a) as-grown, (b) scraped in
vacuum, (c) heated for 8 hrs at 550°C, (d) quenched o LN, temperature from 600°C, (e) Ar 10n
sputtered for 6 hrs in vacuum, (1) heated for 12 hrs at 550°C in O,.

These discrepancies in the published data on Ba core levels, showing
opposite/difterent trends for samples subjected o different treatments have further motivated
us Lo make an attempt (o explain various fcatures observed in Ba 44 spectrum.

As evident from our mcasurements, shown in Figure 3, it is only the low binding
encrgy peak in the Ba 4d spectrum that shows a decrease in intensity with scraping and
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hcating (Figures 3(b) and 3(c)). In casc of the quenched (oxygen 6.43) non-
superconducting sample (Figure 3(d)), the lower binding cnergy doublet (~ 87 ¢V)
disappears completely. These results clearly prove @ (1) The lower binding cnergy
component docs not have a purcly extrinsic origin otherwise 1t should have been present in
the quenched sample spectrum 100, as quenching has been done in air only. The sample
surface is thus identical 10 those i case of the scraped and the heated sample. (1) There
must be a connection between the low binding encrgy component and the superconducting,
propertics of the system. The [cature reappears when the sputiered sample (Figure 3(c)) 1s
rcoxygenated (Figure 3(1)).

It is interesting 10 note that while m our case the onginal shape of the Ba 4d
spectrum and suncrconductivity 1s regained on reoxygenation, Balzarott ¢t af |16) have
carlicr reported that Ba 4d spectrum does not regain is original shape on reoxygenation
cven though the superconductivity gets restored. They have mentioned that the behaviour of
two distinct sets of components probably related not only 0 the oxygen content but also (o
the degree of ordering of the oxygen vacancies Although oxygen was reintroduced 1n therr
sample also, but because of the short anncabing tme, oxygen content might have randomly
increased in the basal planc but ordering of the vacancies could not be restored. In our case,
because of the long anncaling ume, the ordering of the oxygen vacancies, following their
argument, must be also getting restored. Maignan ef al [21] in their studics on T1 (2201)
cuprates, have emphagised the role ol (wo factors, oxygen stoichiometry and its
homogencous distribution 1n the superconducung behaviour of the sample. The former, they
point out, governs the hole carner density and the latter, the Mcissner fraction. They found
the Meissner fracuon to mercase liom 6% 10 65% when the sample 1s anncaled for a longer
period so that a progressive ordenng of oxygen vacancics can take place. Applied to the
present case it imphes that the low energy doublet may cmphasise the Meissner fraction
rather than just being a signature lor superconducuvity. May be, because of this reason,
Balzaroui et al [16], although they do get superconducuvity restored in their quickly
rcoxygenated sample, the low binding encrgy doublet shows very low intensity, indicating
the low superconducting fraction. Mcasurcments on T1 samples are contemplated to further
explore, if any of thear XPS corc level spectra would also show a behaviour on ordering or
lack of ordering of oxygen vacancics.

Cul2p:

Because of the large hybridization between Cu3d and O2p valence clectrons, major changes
are expected in the Cu core level with oxygen stoichiometry. The modification of the
spectrum can be discusscd in terms of relative amounts of Cu'*, Cu® and Cu** (Cu3d’ L)
configurations in the ground state.

The Cu2ps, core level spectra of the as grown and screpcd surface (Figures 4(a),
(b)) indicates the dominance of Cu®. The signature of divalency is the presence of a
satellite at ~ 942 ¢V which is ascribed to the poorly screencd Cu2ps 34’ final state. This is
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observed in CuO as well. Muluple sphitting duc to the intcraction of the Cu 2p core hole
with the hole n the 3d shell gives rise 10 the trapesoigal (orm of the satellite line. The main
peak at ~ 933 ¢V corresponds to a Cu 2/753(!“' OZpS state, i.c. a configuration where the Cu
core hole 1s shiclded by a charge transfer from an oxygen atom,
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Figure 4. Cu 2p specirum of sintered pellet of YBa,Cuy04 (a) as-grown, (b) scraped in
vacuum, (c) heated for 8 hrs a1 550°C, (d) quenched 10 [N, temperature from 600°C, (¢) Ar won
sputtcred for 6 hrs in vacuum, (f) heated for 12 hrs at 550°C 1n 0,

The main line shows clear asymmelry on the higher binding encrgy side in the
sample having higher oxygen content and the main line tends to increase in breadth with
oxygen content (Figures 4(a), (b), (¢) and (I)). This weight on the higher binding cnergy
side reduces as oxygen 1s removed from the sample (sce Figure 4(d), (c)). A possible
explanauon for this has been given by Bianconi ¢t al [22] which 1s based on their Cu 2p
XPS and Cu L, 5 X-ray absorption mcasurcments on YBa,Cu;04 _,. In that they had
idenuficd this contribution as a shakedown of a 3¢” L inival statc (L indicates a hole in
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the ligand). Thus, there is no chinching evidence for presence of Cu 3d”, in high energy
spectroscopy data, in the ground state.

Reduction in the intensity of the satelhite feature on Ar ion sputtering (Figure 4(c))
is because of the conversion of surface Cu®* into Cu'* [12, 23], Its presence otherwise in
the superconducting 4s well as non-superconducung samples (Figure 4) indicates that it can
probably be corrclated only 1o presence of Cu** and Cu® (3d°L) rather than to presence of
supcrconductivity in the sample.

4. Conclusions

The present photoemission study appears Lo resolve the controversy regarding the nature of
core level O 1s photoemission spectrum of YBCO compound. It 1s established thal the
higher binding encrgy peak (531 ¢V) arises because of an extrinsic contribution only. This
extrinsic contribution arises (rom the surface and intergranular oxygen in the YBCO sample
which is hard to scrape. Disappcarance of the high binding energy component on scraping
in case of the BISCCO sample, which 1s casier (o scrape, further supports this argument.

1t was found that the shape of Ba 4d spectra depends very much on the ordering of
oxygen vacancies. It appears that the low binding energy component of Ba 4d spectra is a
mcasure of Meaissner fraction of the sample rather than just being a signature of
supcrconductivity.

Cu 2p spectra do not show any feature which can be dircctly attributed to
superconductivity. The spectra however do show the presence of Cu 1+ and 2+, and absence
of 3+ (dx) in the ground state
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