PHYSICAL REVIEW B VOLUME 53, NUMBER 22 1 JUNE 1996-II

Doping dependence of the O d.core-level photoemission in Bi-Sr-Ca-Cu-O superconductors

M. Qvarford
Department of Synchrotron Radiation Research, Institute of Physics, Lund University, Box 118, S-221 00 Lund, Sweden

S. Salerholm
Materials Physics, Department of Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden

G. Chiaia, R. Nyholm, J. N. Andersen, and I. Lindau
Department of Synchrotron Radiation Research, Institute of Physics, Lund University, Box 118, S-221 00 Lund, Sweden

U. O. Karlsson
Materials Physics, Department of Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden

L. Leonyuk
Department of Geology, Moscow State University, 119 899 Moscow, Russia

A. Nilsson and N. Maensson
Department of Physics, Uppsala University, Box 530, S-751 21 Uppsala, Sweden
(Received 3 January 1996

The O & core level of three different Bi-Sr-Ca-Cu-O superconductors has been studied by means of
high-resolution x-ray-photoelectron spectrosc@iPS) and x-ray-absorption spectroscof§AS). The O &
XPS spectra could be decomposed into three components that were unambiguously assigned to the emission
from the three different oxide layers in the crystal structure. These are, in order of increasing binding energy,
Cu-0,, Sr-O, and Bi-O. Furthermore, the component assigned to the Qay@rs exhibits a shift which
depends on the hole doping as monitored by the XAS spd&fH.63-18206)50822-2

Since the discovery of Cu-O based higp- One important step in this direction was the © xtray-
superconductofs (HTSC) photoelectron spectroscopy has photoemission spectroscop§XPS) study by Parmigiani
been an important tool in the investigation of their electronicet al*? Due to the high energy resolutigdE=0.35 eV} in
structure’® Several aspects of this field are today generallytheir experiment they were able to resolve a IByfeature
agreed upon, for instance the divalent nature of copper aand thereby establish that the @ §pectrum consists of at
revealed by intense satellite structures in the Cp 2 least two components. Furthermore, by changing the surface
spectrunt,® the fact that dispersive valence bands cross theensitivity they showed that the lo®, structure is bulk
Fermi level® and that strong electron correlation gives riserelated. In order to be more specific about the identification
to a valence band satellifeln contrast to this and despite of these two components, and a proposed third, Parmigiani
a large number of reporfsno consensus exists on the in- et al. pointed out that further experiments performed at
terpretation of the 4 core level photoemission spectrum higher energy resolution and/or with less statistical noise
of oxygen, the other common element besides copper iwere needed.

HTSC. For instance, in the case of,8i,CaCyOg (Bi2212) The importance of reaching a good understanding of the
no agreement has emerged among the assignments of tlels spectrum is evident from its predicted doping depen-
different components in the Oslspectrum to the three dence. Using a GD, planar cluster, Eskes and Sawatzky
inequivalent oxygen sites in this layered struct(see, for calculated the Odspectrum to consist of a single peak with
instance, Refs. 5391t has even been proposethat an weak satellites at higheE, arising from the core-hole
intense additional peak at about 531 eV binding energyalence-hole repulsion. Upon doping with 0.5 hole per Cu
(Ep) is of intrinsic nature despite the findings of earlier site, a doping level comparable to the situation in Bi2#12,
studie$ which showed that the Oslspectrum for a clean the calculated O 4 photoemission peak is shifted about 0.5
HTSC should consist of one rather broad peak at about 528V towards lowelE,, .

eV E,. In the present work OsSLXPS spectra at very high energy

As is well known HTSC are obtained by doping of an resolution(AE=0.25 eV} and with low statistical noise have
insulating mother compound. The importance of oxygen inbeen measured. Three different HTSC samples, Bi2212,
this doping process, exemplified by the doping of Bi2212Bi,S,L,CuQ; (Bi2201), and (Bi,Pb),Sr(Ca,En;Cu,Oq
being dependent on the oxygen contand the creation of [Bi2212Ca/Ep], were studied in order to unravel the @ 1
holes in O D stated! upon doping, calls for further system- XPS spectrum and investigate its doping dependence. X-ray-
atic studies in order to achieve a general understanding of thebsorption spectroscopfXAS) at the OK edge was also
O 1s photoemission spectrum. performed since the hole doping of oxygen in HTSC can be
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FIG. 1. XAS spectra at 80 O K edge normalized to the inte-

grated intensity up to 544 eV FIG. 2. O  XPS spectra of Bi2212 measured at different emis-

sion angles. The vertical lines are guides to the eye in order to

) 4 ) compare differences in intensity on the high and Byvside of the
monitored by such measuremefits? The obtained O 4 peak and the horizontal arrows mark the FWH#ée Table )L

XPS spectra could be decomposed into three components.

By varying the surface sensitivity for Bi2212, and therebytivity_ In the more bulk sensitive spectru80° emission
the relative photoemission intensity of the different OXideangIe) the low E, component(markedA) is more intense
layers, these components were unambiguously assigned i@, clearly resolved, i.e., it is a bulk related feature. Further-
the three different oxygen sites. Furthermore, a doping demgre, by inspecting the horizontal arrows which mark the
pendence, which supports the calculation of Eskes ang| yjgth at half maximum(FWHM) it is obvious that the
Sawatzky'® was found for the component arising from the more surface sensitive spectri#0° emission angeshows
Cu-G, layers. o an increase in intensity on the high, side, demonstrating

Monochromatized AK,, radiation(h»=1486.6 eV from 3t 4 surface related component is present in this region.
a rotating anode was used in the XPS measurements. XPiyg shape of the spectra in Fig. 2 suggests also the presence
spectra were recorded by utilizing a Iarge. hemlspherlca_l eleGss a third component. Figure 3 compares thesXfiectra for
tron energy analyzefSG%mm mean radigswith a multi-  gj>201 and Bi221&Ca/Ep. These spectra are considerably
channel detector system.XAS measurements were per- narrower than the Bi2212 spectrum:; the clearly resolved low
formed at beamline 22Ref. 16 at the MAX National g shoulder seen for Bi2212 is not visible. The correlation
Synchrotron-Radiation Laboratory in Lund, Sweden. T_hebetween the width of the OsIXPS spectra and the intensity
spgctra were recorded by detecting the total eIe(_:tron yields the prepeak in the & edge XAS spectra strongly sug-
using & channeltron and the photon energy resolution was Sghts that the lovE, feature is associated to the oxide layer
t0 0.3 eV. o influenced by the hole doping.

The single cr;_/%al samples were cleaveditu at a pres- In all spectra shown in Figs. 2 and 3 the intensity at and
sure below K10~ Torr and were kept at room temperature ghoye 531 eV is very low, demonstrating the cleanliness of

during cleavage and measurements. The cleaved samples gxg syrfaces. Only for Bi2212a/E) some small structures
pose a BI-O surfac¥. The growth methods of the Bi2212 e seen in thi€, region which may be related to contami-
and Bi2201 crystals are described elsewHéfeThe crystal

structure of these compounds are similar but with the impor-
tant difference that Bi2212 has twice as many Culkyers

XPS O 1s

in the unit cell as Bi2201% In Bi2212(Ca/Ejp,*® the substi- .
tution of divalent Ca by trivalent Er is expected to result in a » 30
depletion of O P holes similar to the case of CalY = s
substitutiont! The onset for superconductivity in Bi2212, > _ :
Bi2212Ca/Ep, and Bi2201 were determined by magnetic ¢ | B0
measurements to be around 90, 70, and 18 K, respectively. N

O K edge XAS spectra of the studied compounds are 5 ;
shown in Fig. 1. The spectra are measured at normal inci- 5 o S
dence which gives the strongest possible intensity of the pre- Z %n S
peak (at about 5285 e) due to its polarization Bi2212(Ca/Er)
dependenc&? The prepeak is clearly more intense in e
Bi2212 than in the other two samples, reflecting a higher 535 530 525
degree of hole doping in Bi2212.In particular, these results BINDING ENERGY (eV)
confirm the expected influence of the Ca/Er substitution de-
scribed above. FIG. 3. O & XPS spectra of Bi2201 and Bi22(a/Ep mea-

Figure 2 shows O 4 XPS spectra of Bi2212 measured at sured at 30° emission angle. See Fig. 2 for explanations of the
different emission angles in order to vary the surface sensivertical lines and arrows.



53 DOPING DEPENDENCE OF THE OsICORE-LEVA. . .. R14 755

T T T —T T to use the same width for compondhtbut the smaller slope
Bi2212 Bi2201 on the highE, side suggests a larger width of componént
80 30 Letting C be broader thak andB (Ref. 22 a good fit is

G achieved, as seen in Fig. 4. There are several possible expla-
nations for the extra broadening of componé&ht For in-
stance, it could be due to larger disorder in the corresponding

S — T crystal layer, to a nonstoichiometric oxygen content, or to a
Bi2212 Bi2212(Ca/Er) proposed energy loss structdrét could also arise from a
70° 30° larger vibrational broadening, as can be expected for oxygen
at the surface. In the fits of the spectra for Bi2201 and
Bi2212Ca/Ep the Gaussian widths of componedtsand B
were kept the same as for Bi2212 but the Gaussian width of

L L e b L Lo 1 componenC is slightly smaller than for Bi221%* This does
534 531 528 525534 531 528 525 not violate the proposed explanations for the extra broaden-

BINDING ENERGY (eV) BINDING ENERGY (gV) ing of componentC. Also, the asymmetry of the Doniach-

Sunijic line profile is smaller for Bi2201 and Bi221Qa/Ey.

FIG._ 4. _The result of a curve fitting analysis of the spectraThe results of the analysis of the XPS spectra are summa-
shown in Flgs._ 2 and 3. The measur_ed spectra are plotted with dc_’Ff'zed in Table 11, g c andE, 5 ¢ are the relative intensities
Wh.ere.as the fitted spectra gnd their components are plotted with), 4 binding energies of the componeAts3, andC, respec-
solid lines. See text for details. tively.

Comparing the curve fitting for the Bi2212 spectra
nation. It is clear from the Bi2212 spectra measured at difmeasured at different emission angles clearly shows that
ferent emission angles that the tail extending up to 534 eV, decreases wheredg increases in the more surface sen-
E,, is not due to surface contamination. It is believed to be ofitive spectrum, in agreement with what was already sug-
intrinsic nature, as will be discussed below. gested by the inspection of Fig. 2 above. The crystal struc-

In order to extract a more precise interpretation of the Cture of Bi2212 consists of a stacking of oxide layers which
1s XPS spectra presented in Figs. 2 and 3, they have bedrmom the surface of the cleaved crystal to three layers down
analyzed by a curve fitting procedure. Previous attempts tare Bi-O, Sr-O, and Cu-© respectively. Especially in the
use curve fitting analysis have suffered from low energymeasurement performed at 70° emission angle, the major
resolution and/or high statistical noise. With the presensO 1 part of the intensity in the XPS spectrum originates from
XPS spectra for Bi2212 the curve fitting is less arbitrary forthese first layers because of the strong surface sensitivity.
two reasons: first, the high energy resolution which results imThese considerations give a straightforward assignment of
a resolved shoulder on the lo&, side and an asymmetric the different componentsA corresponds to Cu-Q B to
profile with a tail at highE,, ; secondly, the spectra measured Sr-O, andC to Bi-O.2® As noted above, Balzarotét al®
with different surface sensitivity must be fitted with the sameassigned an intense component at 531.5 eV to the combined
line-shape parameters, the only difference being the intensitgmission from the Bi-O and Sr-O layers, an interpretation for
of the components. Three components were chosen, a humhich no support is found in the present results. This peak
ber well justified both by inspection of the spectra and thedoes not exist for a sample which is clean and not heavily
presence of three different oxygen sites in the crystal strucexygenated?
tures. The tail at highg, was modeled by the use of the  The variation ofl, seen in Table | between the three
asymmetric Doniach4jic line profile?! convoluted with a  compounds is consistent with the assignment of component
Gaussian profile, for all components. This is an approximaA to the Cu-Q layers. For Bi2201l , is smaller than for
tion because at least part of the intensity in this tail can bd3i2212, a difference which is understood by considering the
expected to arise from the predicted weak satelliteshort electron escape depth in XPS and the different numbers
structures In the calculated spectrum these satellites re-of Cu-G, layers in the unit cell, i.e., in Bi2212 the first and
sulted in a tail extending up to 534 €%, . second Cu-Q layers are separated only by a Ca layer,

The curve fitting results are shown in Fig. 4. The differentwhereas in Bi2201 the first CuQayer is followed by a
components are labeledl, B, andC in order of increasing sequence of four oxide layers till the second Cul&yer.|
E,. For Bi2212, the shape of the lo®,, shoulder gives a for Bi2212ACa/EJ is nearly the same as for Bi2212, in agree-
strict constraint on the width of compone#it It is possible  ment with their similar crystal structure.

INTENSITY

INTENSITY

TABLE I. The results of the analysis of the G XPS spectral g c andE, g ¢ are the relative intensities and binding energies of the
componentd\, B, andC, respectively g is the emission angle. FWHM are from the raw spectra as marked in Figs. 2 and 3.

Sample 0 FWHM (eV) 15 (%) Ep (eV) g (%) Eg (eV) lc (%) Ec (eV)

Bi2212 30° 1.78 32 528.04 33 528.76 35 529.21
Bi2212 70° 1.64 21 528.04 29 528.76 50 529.21
Bi2201 30° 1.28 12 528.30 43 528.93 45 529.37

Bi2212Ca/Ep 30° 1.31 25 528.58 37 529.00 39 529.44
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In the discussion above of the XPS spectra in Figs. 2 andur lead containing Bi22XZa/Ep sample does not show
3 it was suggested that componénis related to the layer any intense lowg, shoulder.
being hole doped. The intensity variations of this compo- In conclusion, high resolution OsIXPS spectra in com-
nent made it possible to assign it to the Cy@yers, i.e., bination with O K edge XAS spectra of three different
the layers expected to be hole doped in HTSC. EvidentlyBi-Sr-Ca-Cu-O superconductors have made it possible to ob-
this assignment supports that a doping dependence shoudin @ consistent interpretation of the @ XPS spectra in
be present for componer. The curve fitting results in t€rms of three d|ffe_rent components which, in order of in-
Table | together with the XAS spectra in Fig. 1 reveal aCréasindey,, are assigned to the Cu,(O5r-O, and Bi-O lay-
doping dependence consisting of a decreasg,afelative to  €''S respectively. The component arising from the Guag-
Eg and E. upon increased hole doping. The XAS results €S shlfts towards Ioweh‘:b.relatlve to t_he other components
show a clear prepeak structure for Bi2201 which is strongefJpon increased hole doping. The shift of the Cugdmpo-

; . nent as a function of doping has two important implications.
than fo_r B'221anij despite the larger number of Cu;O First, it shows that not gnl;?XAS at theFI)Z) edge brijt also
layers in the unit cell of the latter compound. The Cu-O ’ '

. . ) high resolution XPS of the Oslcore level can be used to
layer .Of Bi2201 is thus rather hlg_hly doped and thereforestudy the doping of HTSC. Secondly, it stresses that it is not
the difference betweelt, and Eg is nearly the same as

; : . sufficient to be guided by measurkg from simple oxides to
for Bi2212. The very low intensity of the ®& edge prepeak
for Bi221ACa/Ej, i.e., a low hole doping, is accompanied interpret the O & spectra of HTSC, as has been attempted

iArd
by a clear increase oE, as compared to the other two earlier.
compounds. The doping dependent shift of the Gus@m- We are grateful to Dr. Z.-X. Shen for providing the
ponent agrees with the theoretical results by Eskes anBi2212 samples, Dr. J. Costa-Knar and Professor K. V.
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data for the claim of Leiroet al?* that the intense low Swedish Natural Science Research Council, the Swedish Re-
Ey, shoulder in O & spectra of Bi2212 to a large extent search Council for Engineering Sciences, and the New En-
originates from oxygen bound to lead in the Bi-O surfaceergy and Industrial Technology Development Organization
layer in lead-substituted samples. Indeed, the spectrum fgNEDO) in Japan.
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