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Correlation between hole density and oxygen excess in the Bir,CaCu,Og, s Superconductor
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Charge-carrier density in Bi-2212 oxide superconductor samples with well-defined cation molecularity has
been measured by means of Cy-k-ray absorption spectroscopy, as a function of the oxygen content, which
was fixed to known values by annealing at predetermiheshd P(O,), and subsequent quenching. The main
results of this work can be summarized as followsi) at low oxygen content the hole density is greater than
that one determined by the oxygen excess ofily;at intermediary oxygen content values the hole density is
almost entirely determined by the oxygen excess only; each extra oxygen atom contributes two holes to the
overall charge-carrier densityiii) for the highest values of the oxygen content, each extra oxygen atom
contributes only one hole to the overall charge-carrier density. From these results a band model is drawn in
which the extra oxygen levels lie in energy near the Fermi 1d80163-182608)04022-3

The oxide superconductor usually known as BSCCO-pressures to unambiguously fix the oxygen content, and
2212 or Bi-2212i.e., with Bi,S,CaCyOg, s reference com- quenched. After determination of molecularity and oxygen
position has been deeply investigated in the last years wittstoichiometry, the samples have been investigated by (u-L
x-ray-absorption spectroscog}(AS) to gain insight into its edge XAS.
electronic structure® in the normal and superconducting  The BSCCO(2212 materials were prepared by solid-
states, and into the modifications produced by injecting holestate  reaction,  starting from §€w,0,  and
with different mechanisms of doping. Many fine details of its Cay 37651p.08Bio.5481.273 15 This corresponds to a pseudobi-
complicated electronic structure have been elucidated with aary cut in the Ca, Sr, Cu, Bi/O pseudoquaternary phase
number of careful experiments on the BjL Cu-K, and diagram, so that only the desired product is allowed to form
(mostly) O-K and Cu-l,, edges, also using polarized x-ray- during the reaction. $iICu,4,04; Was prepared starting from
absorption and high-quality single crystals. There is nowCuO (Aldrich, 99.99% and SrCQ (Atomergic Chemetals
general agreement on the nature of the itinerant states havifp.999%. The starting materials were weighted in the
a predominant oxygen@character mixed with a copped3 proper stoichiometric ratio, mixed in acetone and stirred
character, i.e., doping induces holes in a band having a prevernight. The homogeneous mixture obtained after acetone
dominant Cu-O antibonding character. It is also well knownevaporation was pressed into pellets and heated at 800 °C
that a significant overlap with another antibonding band perunder pure oxygen flow for more than 100 h, with two
tinent to the[BiO] layers produces a charge transfer, whichintermediate grinding and repressing steps.
can be seen as a partial oxidation of ff@uO,] planes by  C& 37650008 Bio.54401 273 Was prepared with a similar proce-
the [BiO] planes. It has also been shown that, likely due todure starting from BiO; (Aldrich, 99.99%, CaCQ (Atom-
local structural relaxation in thECuQ,] planes, there is a ergic Chemetals 99.999%and SrCQ (Atomergic Chemet-
significant increase in the relative amount of itinerant holesals 99.999% The homogeneous mixture obtained after
below T.11? acetone evaporation was pressed into pellets and heated at

These features, the related properties of the phase, and tB80 °C under pure oxygen flow for more than 72 h, with two
onset of superconductivity, dramatically depend on thentermediate grinding and repressing steps. The reaction be-
amount and kind of doping. It is important to note that thetween the two parent materials to give the desired BISCCO
oxidizing effect of the[BiO] planes causes the relationship (2212 phase was achieved at 750 °C under a flow of an
between the hole density and the oxygen content to be nom,/O, mixture with P(0,)=10"2atm, for more than 450 h,
linear. It is therefore worthwhile to investigate how the elec-with six intermediate grinding and re-pressing steps.
tronic structure of BSCC0O-2212 is modified when varying Samples with different oxygen contents have been prepared
the independent thermodynamic variables corresponding tby annealing the as-prepared material at appropiiatend
the amount of additional oxygens on normally empty sitesP(O,).

To this purpose, we have prepared a series of BSCCO The determination of the oxygen nonstoichiometry was

samples with well-defined cationic composition and with dif- carried out in a homemade apparatus built starting from a
ferent amounts of oxygen nonstoichiometry. A syntheticCahn 2000 thermobalance, in flowing pure oxygen, in the
pathway based on a solid-state reaction along a pseudobinargnge 25<T (°C)=<750. For the measurements 120 mg of

cut of the overall Bi, Sr, Ca, Cu/O system has been used tthe BISCCO material were preliminarily annealed at 800 °C

achieve a precise molecularity. With this method, a couple ofn flowing pure oxygen for 50 h, and then cooled down to

suitably selected single-phase materials is allowed to react iroom temperature at a rate of 1 °C/min. The sample was then
such a way that only one product phase can form. Therintroduced in the thermobalance and submitted to a thermal
different batches of the BSCCO phase have been submittedycle consisting of a ramp by 1 °C/min and isothermal steps
to different thermal cycles under different oxygen partialof 16 h after every 50 °C. The thermal cycle was accom-
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FIG. 1. Oxygen nonstoichiometry in
Bi; 1551 4dCa 310 0g o751 5, Under differentl andP(O,). Circles, FIG. 2. Cu-L, spectrum of a Bi;sSr 44Ca 3CW,0g 145 Sample,

diamonds, and hexagons refer ®(O»)=1, 10, and 1.55 after background subtraction. Dots are the experimental data, while

X 10™* atm, respectively. For the 1 atm plot, hollow and filled gashed and full lines refer to partial and total fit with pseudo-Voigt
symbols refer to two different sets of measures. Lines in this figurgynctions.

are eye guidelines.
to-noise ratio, two different scans, taken in different regions
. . . . . ... . of each samples, have been averaged. The scan to scan re-
plls_hed both in hegtmg and in cooling; full rgproduubmty N broducibility was shown to be very good>09%). The
weight was obtained between the heating and coolingpectra were analyzed afté) subtracting the smooth pre-
steps: this indicates that no significant evaporation of maedge background, fitted with a straight lin@) calibrating
terial or change in the chemical composition took place. Thehe energy to the CuO Cugl peak at 931.2 eV® Each
oxygen content under lower oxygen partial pressures wasbsorption line has been fitted employing a pseudo-Voigt, in
obtained by monitoring the weight loss under isothermalorder to account for both intrinsic and experimental broad-
change of the flowing gas from pure oxygen to mixtures ofening, showing Lorentzian and Gaussian shape, respectively.
oxygen in nitroged 1<P(0,) (atm)<1.55x10 4]. To ob-  The fit has been performed usingvanuIT routine, fitting
tain the absolute value of the oxygen content, the sample wggarameters being energy position, area, width, and
annealed in oxygen at 550 °C and then reduced in the thet-orentzian/Gaussian character; see Ref. 17 for further de-
mobalance at 550 °C in flowing ArlH7% H,) at the same tails.
temperature, which has been selected in order to aveidBi [N Fig. 1 the oxygen content of the material is reported as
evaporation and to allow complete reduction. a function of temperature and oxygen partial pressure. Data
Electron microprobe analysis was carried out with a JEOLOF this figure are in nice agreement with what is reported in
JXA-840A, equipped with three dispersive wavelength specthe literaturé®® when the different cation composition of
trometers. The measurements were made with a beam cufe present samples is taken into account. Figure 2 shows a
rent of 20 nA and a spot of Am?. Materials were found to typical Cu-L spectrum after background subtraction as de-
have high phase purity>99%) and homogeneous cation scribed in the experimental section. Near the absorption edge
composition: according to the analysis, the phase chemicdV0 main lines are apparent. The line at 930.6 eV is unani-
formula can be written as BiSh 4Ca sCULOgoms s  MOUSlY assignéd to the|3d%)—|2ps;3d™) transition, ie.,
which nicely corresponds to the nominal starting composi{0 formally Cull) states, the Tine at 932.2 eV to the
tion. |3d°L)—|2p3,3d*°L) transition, i.e., to CUIl) states. Al-
Cu-L,,, edge x-ray absorption measurements were perthough a full theoretical approach to this matter is still lack-
formed at room- and liquid-nitrogen temperature by usinging, several experimental evidendgefs. 21-23, and refer-
synchrotron radiation from the Synchrotron Radiationences therejnallow us to state that the relative intensity of
Source at the Daresbury Laboratdfaresbury, U.K. The the two resonance lines reflects the relative density of the
samples were thoroughly mixed with a roughly equal amountorresponding initial states. In short, the actual density of
of graphite (Ventron, 99.5% in an agate mortar, and then doping holes can be estimated on the basis of the resonance
pressed into pellets. The pellets were fixed to stainless-steareas; i.e.[h']=Icyu)/[Icum)*+!cun]. This ratio should
sample holders by means of a conductive bi-adhesive tapee corrected taking into account the anisotropic distribution
and then immediately introduced into the experimentalof holes. Powder spectra must correspond to single-crystal
chamber at the station 3.4, and pumped down. The spectspectra, with thea,b plane set at 35° with respect to the
were collected in total electron yield mode using a ring cur-electric field(a magic angle This has been verified by com-
rent varying from 250 to 200 mA. The thickness of the paring Cu-l, spectra of Bi-2212 powders and thin films.
probed layer can be estimated to4€00 A. A double crys-  Accordingly, a normalization factor equal to 1/0.85 has to be
tal Be(1010) monochromator was employed. This gives anapplied to the above formula, in agreement with the doping
energy resolution of=400 meV. To obtain a better signal- hole x>-y?> symmetry?>?* The main source of error is here
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The diagonal line in this plot corresponds to the formation of two  (2) At intermediate oxygen content (0.£43<0.14) the

holes per copper atom per extra oxygen atom. The small segmegioping hole density is nearly entirely produced by the oxy-

joining the last two points corresponds to the formation of one holegen excess only.

per copper atom per extra oxygen atom. (3) The injection of further oxygen atom#$¥%0.14) has a
lower effect on the overall hole density. Although this seems
to be a fully reasonable result, to the present authors’ knowl-

clearly associated with the background subtraction proce‘—edgllf;"";t Qggvre]o:eﬁitltgeci&dbisfr:!cgtredrgt‘etg?nlIttgrrr?f:rgfa simple
dure. Errors are likely to equally affect all data, since a sys P b

: ) ' pand-structure model, as drawn in Fig. 4. It is well known
tematic procedure has been used: after making use of dity5t in the Bi-2212 materials the band gap is of a charge

ferent choices in background subtraction and with the help ofansfer nature. In order of increasing energy, near the Fermi

previous experienck, the error in the doping hole density |evel one expects: (i) a filled band mainly O B in charac-

can be estimated to be lower than 5%, as is shown by theer; (ii) a nearly empty Bi-O antibonding band: superposi-

error bars in Fig. 3. tion (and likely hybridization of these two bands is respon-
Actually, further spectral weight can be seen at lower ensible for the creation of the extra holes at Id@walues;(iii )

ergy (around 928 eVin Fig. 2. Possibly, it is an experimen- an empty Cu-Q(mainly Cu 3 in charactey Hubbard half

tal artifact or is in some way related to the procedure of datdand. Panels in Fig. 4 roughly correspond to the following:

analysis, but we are better inclined to argue that it is a still (@ 6=0: No extra oxygen levels are present and the

unexplained real feature of the CyLspectra of cuprate dOPIng hole density is completely determined by the Bi-O

materials. This feature is indeed frequently reported in théntibonding band. L
13,21-25 (b) 6=0.12: The injection of extra oxygen atoms cre-

literature, and has been found by our group also on t tra level hich ted 1o live i
BaCuG samples:’ no significant correlation with oxygen ates extra Ievels, which are expected 1o five in energy near
e O 2 band. If all the extra oxygen levels lie under the

content was found in both cases: indeed, a quite significa ermi level each extra oxvaen atom contributes for two

correlation is found between the intensity of this feature an | evel, - ex xyg . 1ou )

the time samples spend in the high-vacuum chamber. F oles to the doping hole density; this lowers the Fermi level

this reason, this feature is tentatively attributed to surface CHnder thg edge of the B'.’Q antlbondmg_ band, SO that its

states. It should be noted that this feature is of almost n Qntr|but|on be_comes negligible. Oxygen_mtercalatlon in the
i-2212 material has been reported to increase the formal

importance on the final result§.e., the hole densily its S . oo
effect being well within the experimental error. The doping o;:?};a)’:gjsrllsstate of bismuth to nearly 3 in highly oxygenated

hole density as seen by XAS is plotted as a function of th (©) 8=0.17: Further extra oxygen atoms occupy sites

oxygen content in Fig. 3. In this figurévalues are obtained hWith increased energfthis could be reasonably attributed to

by subtracting from the overall oxygen content of eac Madel ik tential and t th "
sample a reference value of 8.075 needed for the electric adelung-iike potential and some of the €extra oxygen
evels lie above the Fermi level. When the Fermi level

neutrality of the formula. Figure 3 therefore depicts the hole .

injection sequence induced by oxygen doping in theroughly crosses these levels, ea(_:h extra oxygen atom contrib-

BSCCO-2212 materials. Three different doping regimes ar&tes one hole to the overall doping hole density.

clearly apparent: This work has been partially supported by the Ministero
(1) At low oxygen content §<0.10) the doping hole den- dell'Universitae della Ricerca Scientifica e Tecnologica of

sity is higher than what is predictable on the basi$ohly.  the Italian GovernmentMURST-40%. Thanks are given to

As previously mentioned, this effect has already been dethe Daresbury Laboratory for the provision of the beamtime,

scribed in the literatufé'*and has been ascribed to the pres-and to the Daresbury staff, particularly to Andy Smith, for

ence near the Fermi level of a band with Bi-O antibondinghelp during the experiment. Further thanks are due to Pia

character, which acts as a source of holes. In chemical ternRiccardi, of the Centro Grandi Strumenti dell’Universia

this can be described by a redox reaction like Pavia, for the EMPA.
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