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Structure and charge transfer driven by the controlled amount of additional oxygen
in cation-stoichiometric Bi,Sr,CuQOg 5
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Polycrystalline Bi-2201 with stoichiometric cationic ratios has been prepared, and an extensive study for the
determination and control of the oxygen content was carried out. The extra-oxygen amount per formula unit,
§in Bi,SrL,CuQ;, 5, ranged from 0.18 down to 0.10 under appropriate annealing conditions. The evolution of
the lattice parameters with the oxygen concentration, featuring a switch in the modulation wave-vector com-
ponents, is presented. In this range of compositidiysvaries from 3 K(overdoped to 10 K (underdoped
through a maximum at 16.5 K, showing that, by fine tuning the oxygen excess, most doping levels are
accessible in the nominal, substitution-free, Bi-2201.
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[. INTRODUCTION 2201 properties dealing with the “reference” cationic com-
position.

As High-T, superconductors remain the subject of much In this paper, we report the determination and control of
experimental data collection, continuous efforts dedicated téhe oxygen excess in polycrystalline Bi-2201 exhibiting sto-
the careful study of the solid-state chemistry of these comichiometric cationic ratios, and we present the evolution of
pounds is quite important. Among the superconducting culc and lattice parameters, including the modulation period,

prates, the single-layer Bi-based compoundSBiCuO;. s according to the oxygen content as monitored quantitatively.
(Bi-2201) is known to be a challenging system to study( due’he samples that we characterize hereafter have been used to

to the difficulties in obtaining single-phase samples and to itStudy in detail the temperature dependence of the thermo-
highly variable composition. Indeed, mostly nonideal cat-€lectric powef® and electronic susceptibilty from the

ionic ratios in Bi-2201 have been reported in the Ii'[eratureStronglly overdoped range to the underdoped range.
since that situation appeared to be predominant in the phase

diagram!~’ However, the oxide’s relatively loW, and high

carrier concentration, spontaneously lying close to the sup- Polycrystalline BjS,CuQ;. s was prepared by the solid-
pression of superconductivity, make the study of Bi-2201state reaction in air of BD;, SrCQ; and CuO mixed in
normal-state properties of particular interest. The motivationstoichiometric amounts. The precursors were fired for 10-12
for the present work was to allow a tracking of the com-h at 600 °C as a first step. The powder was then successively
pound properties as a function of the doping level withoutheated for several days at increasing temperatures between
resorting to different cationic compositions, which thus re-700 and 730 °C, with intermediate regrinding in an agate
quires a determination and control of the oxygen contentmortar. Powder x-ray diffractiofXRD) was performed after
Very few systematic studies have been achieved for this paeach run, and the synthesis was considered as complete on
ticular purposé and the results are dependent on a specifithe basis of two criteria: absence of secondary phase peaks
aspect of the Bi-2201 phase, that is the extended solid sol@nd the non-evolution of the XRD pattefpeak shape and
tion giving rise to the general formula gi,Sr,_,CuQ,. The  position when the compound was further annealed.
contamination of the strontium site by bismuth being influ- Oxygen nonstoichiometry in Bsr,CuG;, s was investi-
enced by many parameters such as the initial Bi/Sr ratio iigated by thermogravimetric analyi§GA). Samples(1-3

the precursor mix, the synthesis temperature, and the atm@) were exposed to various temperatures and oxygen partial
sphere composition, it remains one of the most erratic feapressure (Pg ranging from 300 to 700 °C and from 16to

tures of Bi-2201, with the consequence of data dispersiod atm, respectively, and the oxygen exchange was measured.
and an increased difficulty when general trends have to b&ince TGA yields only weight variations, it is of first impor-
evidenced. Therefore, attention should be paid to the fact thdance to ensure that the variation is due to oxygen exchange
nearly stoichiometric Bi-2201 was obtained under aonly, and that the measurements are achieved between ther-
moderately-high oxygen pressutend more recent reports modynamic equilibria. Therefore, all experiments began by
have pointed out the possibility to achieve a stoichiometrican initial heating at high temperatutdepending on the Bo
2:2:1 phase under atmospheric pressure by means of lowesed, e.g., 700 °C under ol atm) to allow the desorption
sintering temperatures (730—750°C in air, and 800 °C imof H,O and CQ from the sample and holder, and an isother-
pure oxygeh'®!! Since this phase was found to be mal step after slow cooling to leave the compound at equi-
superconducting! it is worth pursuing to explore the Bi- librium under well definedr-Po, conditions. Absolute oxy-

II. EXPERIMENT
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gen content was determined from the mass loss induced by Mr—T———T T 71—
the reduction of the oxide by hydrogen. Setard60, Lab- i
sy9 and Netzsch(STA449Q devices were used, coupled — 600 | B
with gas distribution systems delivering,ND, mixtures s £
which were checked with an oxygen analyser, or Ar-H g 5
(10% H,) flow for the reduction experiments. ‘g 400 §
Samples with a controlled oxygen content were prepared & : 3
by annealing pellets from the same batch under appropriate €200} : 2
conditions of temperature and Joand quenching them = : =
without changing the atmosphere composition in a liquid o-— 14
nitrogen-cooled setup. XRD patterns were recorded on a 0 24 48 72 9% 120 144
Philips diffractomete(PW1710 using CiK « radiation, be- — 1 T T
tween 10° and 130° every 0.02° with a counting time of 18 450 - : 0
s per step. Thermopower and magnetization measurements S -10?
were performed as already described in Refs. 12 and 13. < 400+ z
5 23
Ill. RESULTS AND DISCUSSION g =
g 350 g
A. Cationic composition § '30§
Our observations confirm the spontaneous contamination 300 -+ _405
of the Sr site by bismuth during the synthesis, but also that it ——
can be forced back by long-time heating at moderated tem- 0 10 20 30 40
perature (700—730 °C). After the first few runs, the XRD Time (h)
pattern revealed the Bi-2201 phase and some impurity peaks, ) _ o
the most intense being attributed to SrCQI~3.54 A). FIG. 1. TGA with a~0.5-g Bi-2201 sample; mass variation

(solid line) and temperaturé@lot) are represented vs tim@) Initial
heating under Pg=10"! atm. Desorption of adsorbed species
(combined with oxygen logsis observed as the temperature is

Considering, therefore, that all £); has reacted at this step,
the primary reaction can be written

O in air, COT o ramped up to 700 °C, equilibrium being reached after three days.
Bi,O3+2SrCQ+Cu0 ——— =——Bi,,,SKL_,CuQ, Oxygen uptake occurs as the temperature is lowdBdreduction
2+X of Bi-2201 under H/Ar flow.
4x : . . .
+ 2Tsrcq several day$Fig. 1(a)]. Heating Bi-2201 in the presence of
X

hydrogen induces the reduction of the cuprate into metals
and strontium oxide:

X
+ 5——CuO. _ ,
2+Xx Bi,SrLCuQy, 5+ (4+ 8)H,—2Bi+2SrO+ Cu
In the following thermal cycles, the slow disappearance of +(4+ 6)H,0.

SrCG; and the increase of the parameter of Bi-2201 were o
observed on the XRD patterns, as the consequensedef As shown in Fig. 1b), the temperature was kept low enough

creasing on the right hand in the equation above, i.e., thiP avqid the evaporation of bismuth. Itis noticgable that the
progressive replacement of bismuth by strontium in Bi-2201 £xperiment lasts about four times longer than in the case of
The key parameter here is time rather than temperature: &-2212:" Although the heating rate or the final temperature
740°C and higher temperatures phase degradation was uf€re not precisely optimized, preliminary experiments
ambiguously observed. showed no significant enhancement of the reaction rate up to

As the impurity amount eventually became undetectabl@30 °C- The absolute oxygen content of Bi-2201 at 300 °C in
by powder XRD, the final composition of the oxide was PUre 0xygen was measured seven times and was found to be
likely to be very close to the nominal one,,Bi,CuOs. 5. 6.18+0.04, the error bar being calculated from the statistical

No significant deviation from the ideal cationic ratios wasdif’trib‘*'tion-1-'l—hiS value is in agreem(lesnt with that reported by
detected by electron microprobe analysis. Finally, the cellNiinae etal™ (6~0.20). Saleset al.™ measured by TGA
parameters determined for our samples<p~5.37 A, ¢ the oxygen content in BSK, _,La,CuG;. 5, and extrapolat-
~24.7 A, see beloywstrongly suggest that actualy-0.0in N9 their Qata tox=0.0 yu_alds§~0_.2. Considering the sto-
the formula Bi., S, ,CuQ;. 5, according to the variation ichiometric 2:2:1 phase in the Bi,Sr,_,CuG;, ; system,

of these parameters with the Bi/Sr ratio, as evidenced by'€ Same _amount is found by Fle_mneg al.7?oci:60rd|ng 0
many independent studiég:>67:10:11 heir titration results. Other estimatidrfs’ %% suggest

slightly lower values, in the range 0.14-0.18 extra oxygen
per formula unit.

When the samples were exposed to variduBo, condi-

The amount of adsorbed,®@ and CQ on the samples tions, the oxygen exchange appeared as rapid as in other
was ~3—-6 mgperg of Bi-2201, and the desorption takesBi-based cuprates, and equilibria in all cases could be

B. Oxygen nonstoichiometry
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Bi-2201. Open circles: o« has been measured on samples with

FIG. 2. Thermogravimetric measurements under , Po @ccurately determined oxygen excess. Crossest samples an-

—10"% atm at various temperatures. Equilibrium is reached af€aled at700°C under Pe 102 (A), 10"* (B), and 10 * atm(C)
580°C and below. is determined from the linear fit of the prior data after theig,R

was measured.

reached in less than 12 h. The reversibility of the changes in
composition was checked, and oxygen losses/uptakes wefgct determination of oxygen content was made so it was
reproducible within 0.002 oxygen per formula unit. extrapolated from other data established with the quantita-
When low Pg’s are used, the decrease of the phase statively controlled samples. It had been evidenced in a previ-
bility limit (740°C in air) is a strong limiting factor to the ©0uUs report that the room-temperature thermoelectric power
extent of the accessible range of compositions. It was notSzeor) Varies linearly with oxygelf content in the range
possible to reach equilibrium under 2010 * atm at tem-  0.14< 6<0.18. Measurements of,gy were performed on
peratures higher than 580 °C, as can be seen in Fig. 2. Phasamples annealed at 700 °C under lovy Pt0*-10"atm),
decomposition was detected by XRD when long-time treatand the oxygen content was determined from the linear fit of
ment was applied. Figure 3 presents the stability region ofhe prior data as plotted in Fig. 4. Thus, the diagram in Fig.
Bi-2201 according to our TGA and/or XRD results. The de-5 giving the oxygen excess in Bi-2201 as a function of an-
composition process, which at these temperatures probabfiealing conditions T-Po,) includes both the TGA data and
consists in the contamination of the strontium site by bisthe isotherm at 700 °C, indirectly constructed on the basis of
muth, appears significantly slower than the oxygen exihe évs Sgok relation. The slight difference of reactivity at
change. Given the large difference in kinetics, some sample300 and 500 °C was confirmed by remeasuring the weight
were annealed under these severe conditions for further inariations under these conditions, and may find its
vestigation, quenching being achieved after a sufficiently

short time 24 h, typically. In such case, however, no di- 0.19 , . , . , . , . ,
0.18 |- 4
800 T . T . T . T v } Modulation 1 E
017 |- —
750 - @ 0.16 -Modulation 2 B
[ F J
R 2:2:1 phase unstable R % o015 b e T ]
O 700 | .7 _ o ST o AP Sl 1
s 100 * . g oedp P Stability limit of .
Q . [ Y 1
= L. & ol the 2:2:1 phase ]
2 650 - . - g [ ]
s . R g oz -
= B [ SR LY S s .
2600 |- ° ° - = 011 | -
g o | I ]
2:2:1 phase stable 0.10 |- .

= 550 - P . T T T T T

| -4 -3 -2 -1 0

500 T T T T T T T T LOg10 [P 02 (atm)]
-4 -3 2 -1 0
Log, [Po, (atm FIG. 5. Oxygen exces§in Bi,Sr,CuQ;. s as a function of P.
10 LEO, Y9 290 P) 0

and temperature. Open circles show the data collected by TGA, and
FIG. 3. Bi-2201 stability limit(dotted ling as observed by TGA open triangles mark the compositions determined from thggS
and XRD. Open circles: phase integrity is preserved. Closed circlesneasurements after treatment at 700 °C. Solid lines are only guides
phase alteration was noticed by XRD and/or equilibrium could notfor the eye, and the dotted line was drawn according to the data
be reached during TGA. displayed in Fig. 3.
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FIG. 6. Parts of the x-ray powder diffraction pattems of Bi-2201 g1 7. parts of the x-ray powder diffraction patterns of Bi-2201

with 5=0.18 and 0.16 showing the two sets of satellite peaks. FO(ith s=0.18 and 0.17 showing the dependence of the modulation
clarity, only the satellites for thé=0.18 phase have been marked \ector on the oxygen content.

by an asterisk.

origin in the oxygen-related structural evolution of the sys-mains the same, the satellites due to the modulation have
tem described in the next section. Beside this, the overalheir positions and intensities brutally modified. In the
behavior of the oxide is consistent with what is generallymostly oxygenated phases we foulg~0.21b*—0.46c*
observed in the Bi-based cuprates, i.e., as temperature ifmodulation }, these components varying with oxygen sto-
creases the isotherms progressively invert theilichiometry as illustrated in Fig. 7. In the phases with
curvaturé®**1"~1*The values ofs that were determined out- <0.16, the modulation vector ,~0.1%*—0.31c* (modu-

side of the stability domain are validated by several concortation 2), and not further affected by the oxygen concentra-
dant observations: satisfactory incorporation of these data ifion unless the annealing conditions stand over the stability
the & vs (T-Pq,) diagram, the induced variation @ (see |imit. Preliminary calculations show that the amplitudes of

below), the thermop_owé? and the spin susceptibilifﬁ_ displacements are similar in the two mod&sThe lattice
Within the stability domain, the isotherms provide the

" : 2 arameters determined for the whole series are displayed in
conditions to cover the overdoped regime in Bi-2201, anoEF

h % b ied with lar | s Al able 1. The cell dimensions remain almost unchanged,
the oxygen excess can be varied with regular intervals. / though smooth variations of treeparameter and monoclinic
the samples having the same cationic composition, this al-

lows one to follow the physical properties as function of aangle are detectable. The present results are compatible with

single parameter. Quenching within 24 h has allowed the usgther r_eports n Wh'(.:h the lnfluence_ of the post_-syntheSI_s
of high-T/low-Po, conditions and thus the study of the Bi- ar_meallng on the Iattme_paramgters |nllcatlon-stomhlometnc
2201 properties at lower doping levels, since further oxyger?"zzc.)l has been examined. Niinaeal.™ observed such a
was actually removed from the host-lattice. One must kee odification of the* modulation vector compone*nts, from
in mind, however, that these phases are metastable and th ?l t0 0.19 along” and from 0.46 to 0.29 along" after

H o H 25
arameters such as disorder may have an increasing impa .ngallng at 400 °C in argon. Shenql. have shown that
P y gimp at higher temperature (700 °C) theaxis component further

decreases, though we find a greater variation.

The transition between the two differently modulated

Powder XRD experiments were systematically performedstructures is reversible as additional oxygen is incorporated
after thermal treatment, indexation of the peaks beindn the lattice or extracted from it. It is noteworthy that, if a
achieved using a monoclinic cell and a modulation veqgtor sample is furnace cooled during a typical synthesis process
with two incommensurate components along thendc  (e.g., in air or flowing oxygen according to our data the
axes. While the modulation period in Bi-2201 is known to beoxygen content will get close to the switch betwegnand
rather stable along thle axis at~1/5b*, the literature pro- q,, and either the former modulation or the latter can be
vides many different values for theeaxis component in the observed, depending on the initial temperature, cooling rate,
range 0.3—0.7, depending on the Bi/Sr r&ttd:%1%2°-Z0ur  etc. As no indications were given about the cooling pro-
results indicate that, in addition, a minor change in thecesses, this could explain the apparent discrepancy between
amount of inserted oxygen can induce pronounced structurahe results of Khasanowet all° and Niinaeet al* who ob-
evolution. In fact, two sets of patterns have been clearly disserved modulations of 2 and 1, respectively, in stoichiometric
tinguished, corresponding to the samples with0.18 and  Bi-2201 prepared in quite similar conditiori8owing oxy-
0.17, on the one hand, and those wi&0.16 on the other gen. In addition, chemical heterogeneiti€®xygen-rich”
hand. Figure 6 shows that, while the average structure reand “oxygen-poor” regiong caused by an out-of-

C. Incommensurate modulation
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TABLE I. Oxygen content, annealing conditions, and lattice parameters of Bi-2201 samples quenched after a 24-h treatment. The asterisk
indicates an extrapolated val(see the text

Lattice parameters

Annealing conditions

8 T (°C)/Pg, (atm) aA) b (A) c A) a (°) Qo Qe
0.18 300/1 5.365 5.369 24.68 90.03 0.208 —0.473
0.17 425/1 5.367 5.369 24.68 90.04 0.204 —0.438
0.16 500/10* 5.371 5.366 24.65 90.11 0.187 —0.318
0.15 535/104 5.372 5.366 24.66 90.13 0.187 —-0.318
0.14 580/10* 5.375 5.366 24.66 90.15 0.187 —-0.317
0.12% 700/10°3 5.375 5.364 24.65 90.17 0.177 —0.233
0.10° 700/10°* 5.381 5.365 24.67 90.11 0.179 —0.189

equilibrium thermodynamic state, may result in the presencéata can be reasonably fit using the parabolic law of Presland
of the peaks of both systems, which was not observed witlet al?® Te=T, X[1-82.6X(p— popaz], the linear relation
the quenched samples. P—Pop=AX6+B being assumed. In the formuld.

It is generally accepted that the oxygen content depends . '
on the cationic composition, i.e., any modification of the_le'5 K according to our results, a#dwas fixed to 2 holes

charge balance by chemical substitution is at least partia”Xa_nsferred to the Cu-O plane by each extra oxygen. The
compensated for by a variation of the inserted oxyge itting parameter noteB, directly Imkgd to the gpsolute OXy-
amount. This correlation, however, remaining sometimes ungeén content and thus to the experimental difficulty to mea-
clear, prevents one, for example, from predicting preciselysure it, was found to be-0.2554).

the result of a cationic substitution on the carrier concentra- As suggested by the evolution of the isotherms
tion in a given compound. In the present system, deviatiof{#’A/JdPd; changes its signit is likely that the defect struc-
from the nominal formula is replacing 8r by 3+ species ture, namely the nature and concentration of punctual defects
(bismuth, lanthanum, and rare eartlwhich will shift the related to the additional oxygen, is changing in relation with
oxygen content towards higher values. From a structurahe annealing temperature. The consequence can be a modi-
point of view, the composition at which the transition occursfication of the charge transfer and for a given oxygen con-
may simply be out of reach by post treatments, as suggestegntration one may observe differéfy’s, as it was noticed

by the wunique modulation vector observed inin the Bi-2212 compound causing again data dispersion
Biy. xSl xCuQ, as soon ax=0.1."" In return, the occur- petween different studies. However, in the case of Bi-2201,
rence of that transition after soft annealing can be considerefecause of the lower temperatures used during the post-
as an efficient test to determine if the oxide is actually closeynthesis treatments, such an effect can be expected to be of

to the 2:2:1 composition. lower magnitude.
D. Charge transfer 25 — . T : T : T . ; . ;
The superconducting transition temperature, as deter- :
mined from magnetization measurements, is plotted as 2 20| Modulation 2 \ Modulation 1
function of oxygen excess in Fig. 8. Overdoped, optimal and I
underdoped ranges are displaydd, being maximised at :
16.5 K for 0.12—-0.13 extra oxygen per formula unit. It is __ I5F ' ]
easily seen that if the 2:2:1 phase is synthesized or posts& :
treated using a high pressure of pure oxygen, the compounﬁ 10 F ! J
is likely to be nonsuperconducting$ 0.18). On the under- | \
doped side, the use of highly purified inert gas {Po !
<10 °atm) during annealing—rather than a higher 5r | 7
temperature—is expected to achieved further decrea$g,of 3 :
since according to Figh a significant oxygen removal would P s N —
occur. 0.04 0.08 0.12 0.16 0.20 0.24
Since the samples are homogeneous, the 2:2:1 compoun Oxygen Excess (5)

is superconducting whether the structure is modulated with
g or d,. Moreover, no steplike evolution df. occurs, in- FIG. 8. Evolution of T, with oxygen excess. The solid line
dicating that the charge transfer is not noticeably affectedwas obtained using the parabolic empirical relati&ef. 25, as-
The variation of T, with & is rapid, consistent with the suming a linear relation between the hole concentration paadd
single-layer situation that is expected to make the additionaiwo holes transferred per additional oxygésee the text The
oxygen particularly efficient as a doping element. In fact, thedashed line recalls where the change of modulation vector occurs.
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Further work has been achieved in the previously menering most of the superconducting region from a strongly
tioned studies of the thermoelectric poweand electronic  overdoped compoundT(¢=3K) to an underdoped oneT
susceptibility> The nonconventional properties of Bi-2201 =10 K). The monoclinic unit cell appears barely affected by
in the strongly overdoped range are pointed out and analyzegie changes of oxygen content. In contrast, the modulation
in terms of a growing density of states near the Fermi levekhows strong correlation to the oxygen concentration, and
as doping increases. In addition, the relatidf/T, _ vS  particularly thec-axis component. Different wave vectors
S,q0k iN Bi-2201 (Ref. 27 has been discussed relative to the have been identified corresponding to the samples With
other cuprate tendency that was outlined by Oberglal?®  =0.17, on the one hand, and samples wita0.16, on the
A comparison between the experimental data and theoreticather hand, the transition between the two modes being re-

previsions is currently in progre$s. versible. The overall agreement with other studies empha-
sizes the improvement of reproducibility achieved through a
IV. CONCLUSION synthesis process and post-treatments that are adapted to the

] N 2:2:1 phase and thus avoid spreading the samples in the com-
We have determined the conditions to control the oxygerpjicated Bi-Sr-Cu-O phase diagram.

content in polycrystalline cation-stoichiometric Bi-2201.

This phase has been stabilized by sintering in air at

700-730°C insteadlof the ppmmqnly uskeg SQO °C tem- ACKNOWLEDGMENT

perature range, and its stability limit as a function of oxygen

partial pressure has been evidenced. The oxygen excess perThe authors are grateful to S. Poissonnet for performing
formula unit, 5, has been displayed from 0.18 to 0.10, cov-electron microprobe chemical analysis.
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