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Structure and charge transfer driven by the controlled amount of additional oxygen
in cation-stoichiometric Bi2Sr2CuO6¿d
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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,
d in Bi2Sr2CuO61d , 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 compositions,Tc varies 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.

DOI: 10.1103/PhysRevB.68.174511 PACS number~s!: 74.72.Hs, 74.62.Bf
ch
d
m
cu

u
i

at
r

ha

u
0
io
m
u

re
n

pa
ifi
o

u

tm
e
io
b

th
a

s
tri
w
i

e
-

-

of
to-
of

od,
ely.
ed to
mo-

-

12
ively

een
ate

e on
eaks

rtial

red.
r-
nge
ther-
by

er-
ui-
I. INTRODUCTION

As High-Tc superconductors remain the subject of mu
experimental data collection, continuous efforts dedicate
the careful study of the solid-state chemistry of these co
pounds is quite important. Among the superconducting
prates, the single-layer Bi-based compound Bi2Sr2CuO61d

~Bi-2201! is known to be a challenging system to study, d
to the difficulties in obtaining single-phase samples and to
highly variable composition. Indeed, mostly nonideal c
ionic ratios in Bi-2201 have been reported in the literatu
since that situation appeared to be predominant in the p
diagram.1–7 However, the oxide’s relatively lowTc and high
carrier concentration, spontaneously lying close to the s
pression of superconductivity, make the study of Bi-22
normal-state properties of particular interest. The motivat
for the present work was to allow a tracking of the co
pound properties as a function of the doping level witho
resorting to different cationic compositions, which thus
quires a determination and control of the oxygen conte
Very few systematic studies have been achieved for this
ticular purpose,8 and the results are dependent on a spec
aspect of the Bi-2201 phase, that is the extended solid s
tion giving rise to the general formula Bi21xSr22yCuOz . The
contamination of the strontium site by bismuth being infl
enced by many parameters such as the initial Bi/Sr ratio
the precursor mix, the synthesis temperature, and the a
sphere composition, it remains one of the most erratic f
tures of Bi-2201, with the consequence of data dispers
and an increased difficulty when general trends have to
evidenced. Therefore, attention should be paid to the fact
nearly stoichiometric Bi-2201 was obtained under
moderately-high oxygen pressure,9 and more recent report
have pointed out the possibility to achieve a stoichiome
2:2:1 phase under atmospheric pressure by means of lo
sintering temperatures (730– 750 °C in air, and 800 °C
pure oxygen!.10,11 Since this phase was found to b
superconducting,9,11 it is worth pursuing to explore the Bi
0163-1829/2003/68~17!/174511~6!/$20.00 68 1745
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2201 properties dealing with the ‘‘reference’’ cationic com
position.

In this paper, we report the determination and control
the oxygen excess in polycrystalline Bi-2201 exhibiting s
ichiometric cationic ratios, and we present the evolution
Tc and lattice parameters, including the modulation peri
according to the oxygen content as monitored quantitativ
The samples that we characterize hereafter have been us
study in detail the temperature dependence of the ther
electric power12 and electronic susceptibility13 from the
strongly overdoped range to the underdoped range.

II. EXPERIMENT

Polycrystalline Bi2Sr2CuO61d was prepared by the solid
state reaction in air of Bi2O3 , SrCO3 and CuO mixed in
stoichiometric amounts. The precursors were fired for 10–
h at 600 °C as a first step. The powder was then success
heated for several days at increasing temperatures betw
700 and 730 °C, with intermediate regrinding in an ag
mortar. Powder x-ray diffraction~XRD! was performed after
each run, and the synthesis was considered as complet
the basis of two criteria: absence of secondary phase p
and the non-evolution of the XRD pattern~peak shape and
position! when the compound was further annealed.

Oxygen nonstoichiometry in Bi2Sr2CuO61d was investi-
gated by thermogravimetric analysis~TGA!. Samples~1–3
g! were exposed to various temperatures and oxygen pa
pressure (Po2) ranging from 300 to 700 °C and from 1024 to
1 atm, respectively, and the oxygen exchange was measu
Since TGA yields only weight variations, it is of first impo
tance to ensure that the variation is due to oxygen excha
only, and that the measurements are achieved between
modynamic equilibria. Therefore, all experiments began
an initial heating at high temperature~depending on the Po2
used, e.g., 700 °C under Po251 atm) to allow the desorption
of H2O and CO2 from the sample and holder, and an isoth
mal step after slow cooling to leave the compound at eq
librium under well definedT-Po2 conditions. Absolute oxy-
©2003 The American Physical Society11-1
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gen content was determined from the mass loss induce
the reduction of the oxide by hydrogen. Setaram~B60, Lab-
sys! and Netzsch~STA449C! devices were used, couple
with gas distribution systems delivering N2-O2 mixtures
which were checked with an oxygen analyser, or Ar-2
~10% H2) flow for the reduction experiments.

Samples with a controlled oxygen content were prepa
by annealing pellets from the same batch under approp
conditions of temperature and Po2 , and quenching them
without changing the atmosphere composition in a liq
nitrogen-cooled setup. XRD patterns were recorded o
Philips diffractometer~PW1710! using CuKa radiation, be-
tween 10° and 130° every 0.02° with a counting time of
s per step. Thermopower and magnetization measurem
were performed as already described in Refs. 12 and 13

III. RESULTS AND DISCUSSION

A. Cationic composition

Our observations confirm the spontaneous contamina
of the Sr site by bismuth during the synthesis, but also tha
can be forced back by long-time heating at moderated t
perature (700– 730 °C). After the first few runs, the XR
pattern revealed the Bi-2201 phase and some impurity pe
the most intense being attributed to SrCO3 (d'3.54 Å).
Considering, therefore, that all Bi2O3 has reacted at this step
the primary reaction can be written

Bi2O312SrCO31CuO ——→
O2 in air, CO2↑ 2

21x
Bi21xSr22xCuOz

1
4x

21x
SrCO3

1
x

21x
CuO.

In the following thermal cycles, the slow disappearance
SrCO3 and the increase of thec parameter of Bi-2201 were
observed on the XRD patterns, as the consequence ofx de-
creasing on the right hand in the equation above, i.e.,
progressive replacement of bismuth by strontium in Bi-22
The key parameter here is time rather than temperature
740 °C and higher temperatures phase degradation was
ambiguously observed.

As the impurity amount eventually became undetecta
by powder XRD, the final composition of the oxide wa
likely to be very close to the nominal one, Bi2Sr2CuO61d .
No significant deviation from the ideal cationic ratios w
detected by electron microprobe analysis. Finally, the
parameters determined for our samples (a'b'5.37 Å, c
'24.7 Å, see below! strongly suggest that actuallyx;0.0 in
the formula Bi21xSr22xCuO61d , according to the variation
of these parameters with the Bi/Sr ratio, as evidenced
many independent studies.1,2,5,6,7,10,11

B. Oxygen nonstoichiometry

The amount of adsorbed H2O and CO2 on the samples
was ;3 – 6 mg per g of Bi-2201, and the desorption tak
17451
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several days@Fig. 1~a!#. Heating Bi-2201 in the presence o
hydrogen induces the reduction of the cuprate into me
and strontium oxide:

Bi2Sr2CuO61d1~41d!H2→2Bi12SrO1Cu

1~41d!H2O.

As shown in Fig. 1~b!, the temperature was kept low enoug
to avoid the evaporation of bismuth. It is noticeable that
experiment lasts about four times longer than in the cas
Bi-2212.14 Although the heating rate or the final temperatu
were not precisely optimized, preliminary experimen
showed no significant enhancement of the reaction rate u
530 °C. The absolute oxygen content of Bi-2201 at 300 °C
pure oxygen was measured seven times and was found t
6.1860.04, the error bar being calculated from the statisti
distribution. This value is in agreement with that reported
Niinae et al.11 (d'0.20). Saleset al.15 measured by TGA
the oxygen content in Bi2Sr22xLaxCuO61d , and extrapolat-
ing their data tox50.0 yieldsd'0.2. Considering the sto
ichiometric 2:2:1 phase in the Bi21xSr22yCuO61d system,
the same amount is found by Fleminget al.5 according to
their titration results. Other estimations2,6,7,10,16 suggest
slightly lower values, in the range 0.14–0.18 extra oxyg
per formula unit.

When the samples were exposed to variousT-Po2 condi-
tions, the oxygen exchange appeared as rapid as in o
Bi-based cuprates, and equilibria in all cases could

FIG. 1. TGA with a ;0.5-g Bi-2201 sample; mass variatio
~solid line! and temperature~dot! are represented vs time.~a! Initial
heating under Po251021 atm. Desorption of adsorbed specie
~combined with oxygen loss! is observed as the temperature
ramped up to 700 °C, equilibrium being reached after three d
Oxygen uptake occurs as the temperature is lowered.~b! Reduction
of Bi-2201 under H2 /Ar flow.
1-2
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STRUCTURE AND CHARGE TRANSFER DRIVEN BY THE . . . PHYSICAL REVIEW B 68, 174511 ~2003!
reached in less than 12 h. The reversibility of the change
composition was checked, and oxygen losses/uptakes
reproducible within 0.002 oxygen per formula unit.

When low Po2’s are used, the decrease of the phase
bility limit (740 °C in air! is a strong limiting factor to the
extent of the accessible range of compositions. It was
possible to reach equilibrium under Po251024 atm at tem-
peratures higher than 580 °C, as can be seen in Fig. 2. P
decomposition was detected by XRD when long-time tre
ment was applied. Figure 3 presents the stability region
Bi-2201 according to our TGA and/or XRD results. The d
composition process, which at these temperatures prob
consists in the contamination of the strontium site by b
muth, appears significantly slower than the oxygen
change. Given the large difference in kinetics, some sam
were annealed under these severe conditions for furthe
vestigation, quenching being achieved after a sufficien
short time (,24 h, typically!. In such case, however, no d

FIG. 2. Thermogravimetric measurements under P2

51024 atm at various temperatures. Equilibrium is reached
580 °C and below.

FIG. 3. Bi-2201 stability limit~dotted line! as observed by TGA
and XRD. Open circles: phase integrity is preserved. Closed circ
phase alteration was noticed by XRD and/or equilibrium could
be reached during TGA.
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rect determination of oxygen content was made so it w
extrapolated from other data established with the quan
tively controlled samples. It had been evidenced in a pre
ous report that the room-temperature thermoelectric po
(S290K) varies linearly with oxygen12 content in the range
0.14<d<0.18. Measurements of S290K were performed on
samples annealed at 700 °C under low Po2 (1024-1022atm),
and the oxygen content was determined from the linear fi
the prior data as plotted in Fig. 4. Thus, the diagram in F
5 giving the oxygen excess in Bi-2201 as a function of a
nealing conditions (T-Po2) includes both the TGA data an
the isotherm at 700 °C, indirectly constructed on the basis
the d vs S290K relation. The slight difference of reactivity a
300 and 500 °C was confirmed by remeasuring the we
variations under these conditions, and may find

t

s:
t

FIG. 4. Oxygen excess vs room-temperature thermopowe
Bi-2201. Open circles: S290K has been measured on samples w
accurately determined oxygen excess. Crosses:d in samples an-
nealed at 700 °C under Po251022 ~A!, 1023 ~B!, and 1024 atm~C!
is determined from the linear fit of the prior data after their S290K

was measured.

FIG. 5. Oxygen excessd in Bi2Sr2CuO61d as a function of Po2
and temperature. Open circles show the data collected by TGA,
open triangles mark the compositions determined from the S290K

measurements after treatment at 700 °C. Solid lines are only gu
for the eye, and the dotted line was drawn according to the d
displayed in Fig. 3.
1-3
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origin in the oxygen-related structural evolution of the sy
tem described in the next section. Beside this, the ove
behavior of the oxide is consistent with what is genera
observed in the Bi-based cuprates, i.e., as temperature
creases the isotherms progressively invert th
curvature.8,14,17–19The values ofd that were determined out
side of the stability domain are validated by several conc
dant observations: satisfactory incorporation of these dat
the d vs (T-Po2) diagram, the induced variation ofTc ~see
below!, the thermopower12 and the spin susceptibility.13

Within the stability domain, the isotherms provide th
conditions to cover the overdoped regime in Bi-2201, a
the oxygen excessd can be varied with regular intervals. A
the samples having the same cationic composition, this
lows one to follow the physical properties as function o
single parameter. Quenching within 24 h has allowed the
of high-T/ low-Po2 conditions and thus the study of the B
2201 properties at lower doping levels, since further oxyg
was actually removed from the host-lattice. One must k
in mind, however, that these phases are metastable and
parameters such as disorder may have an increasing im

C. Incommensurate modulation

Powder XRD experiments were systematically perform
after thermal treatment, indexation of the peaks be
achieved using a monoclinic cell and a modulation vectoq
with two incommensurate components along theb and c
axes. While the modulation period in Bi-2201 is known to
rather stable along theb axis at'1/5b!, the literature pro-
vides many different values for thec-axis component in the
range 0.3–0.7, depending on the Bi/Sr ratio.2,5,6,9,10,20–23Our
results indicate that, in addition, a minor change in
amount of inserted oxygen can induce pronounced struct
evolution. In fact, two sets of patterns have been clearly
tinguished, corresponding to the samples withd50.18 and
0.17, on the one hand, and those withd<0.16 on the other
hand. Figure 6 shows that, while the average structure

FIG. 6. Parts of the x-ray powder diffraction patterns of Bi-22
with d50.18 and 0.16 showing the two sets of satellite peaks.
clarity, only the satellites for thed50.18 phase have been marke
by an asterisk.
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mains the same, the satellites due to the modulation h
their positions and intensities brutally modified. In th
mostly oxygenated phases we foundq1'0.21b!20.46c!

~modulation 1!, these components varying with oxygen st
ichiometry as illustrated in Fig. 7. In the phases withd
<0.16, the modulation vector isq2'0.19b!20.31c! ~modu-
lation 2!, and not further affected by the oxygen concent
tion unless the annealing conditions stand over the stab
limit. Preliminary calculations show that the amplitudes
displacements are similar in the two modes.24 The lattice
parameters determined for the whole series are displaye
Table I. The cell dimensions remain almost unchang
though smooth variations of thea parameter and monoclinic
angle are detectable. The present results are compatible
other reports in which the influence of the post-synthe
annealing on the lattice parameters in cation-stoichiome
Bi-2201 has been examined. Niinaeet al.11 observed such a
modification of the modulation vector components, fro
0.21 to 0.19 alongb! and from 0.46 to 0.29 alongc! after
annealing at 400 °C in argon. Shenet al.25 have shown that
at higher temperature (700 °C) thec-axis component further
decreases, though we find a greater variation.

The transition between the two differently modulat
structures is reversible as additional oxygen is incorpora
in the lattice or extracted from it. It is noteworthy that, if
sample is furnace cooled during a typical synthesis proc
~e.g., in air or flowing oxygen!, according to our data the
oxygen content will get close to the switch betweenq1 and
q2 , and either the former modulation or the latter can
observed, depending on the initial temperature, cooling r
etc. As no indications were given about the cooling p
cesses, this could explain the apparent discrepancy betw
the results of Khasanovaet al.10 and Niinaeet al.11 who ob-
served modulations of 2 and 1, respectively, in stoichiome
Bi-2201 prepared in quite similar conditions~flowing oxy-
gen!. In addition, chemical heterogeneities~‘‘oxygen-rich’’
and ‘‘oxygen-poor’’ regions!, caused by an out-of-

r
FIG. 7. Parts of the x-ray powder diffraction patterns of Bi-22

with d50.18 and 0.17 showing the dependence of the modula
vector on the oxygen content.
1-4
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TABLE I. Oxygen content, annealing conditions, and lattice parameters of Bi-2201 samples quenched after a 24-h treatment. Th
indicates an extrapolated value~see the text!.

d
Annealing conditions

T (°C)/Po2 (atm)

Lattice parameters

a ~Å! b ~Å! c ~Å! a (°) qb* qc*

0.18 300/1 5.365 5.369 24.68 90.03 0.208 20.473
0.17 425/1 5.367 5.369 24.68 90.04 0.204 20.438
0.16 500/1021 5.371 5.366 24.65 90.11 0.187 20.318
0.15 535/1024 5.372 5.366 24.66 90.13 0.187 20.318
0.14 580/1024 5.375 5.366 24.66 90.15 0.187 20.317
0.125* 700/1023 5.375 5.364 24.65 90.17 0.177 20.233
0.10* 700/1024 5.381 5.365 24.67 90.11 0.179 20.189
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equilibrium thermodynamic state, may result in the prese
of the peaks of both systems, which was not observed w
the quenched samples.

It is generally accepted that the oxygen content depe
on the cationic composition, i.e., any modification of t
charge balance by chemical substitution is at least parti
compensated for by a variation of the inserted oxyg
amount. This correlation, however, remaining sometimes
clear, prevents one, for example, from predicting precis
the result of a cationic substitution on the carrier concen
tion in a given compound. In the present system, devia
from the nominal formula is replacing Sr21 by 31 species
~bismuth, lanthanum, and rare earth!, which will shift the
oxygen content towards higher values. From a structu
point of view, the composition at which the transition occu
may simply be out of reach by post treatments, as sugge
by the unique modulation vector observed
Bi21xSr22xCuOz as soon asx>0.1.11 In return, the occur-
rence of that transition after soft annealing can be conside
as an efficient test to determine if the oxide is actually clo
to the 2:2:1 composition.

D. Charge transfer

The superconducting transition temperature, as de
mined from magnetization measurements, is plotted a
function of oxygen excess in Fig. 8. Overdoped, optimal a
underdoped ranges are displayed,Tc being maximised at
16.5 K for 0.12–0.13 extra oxygen per formula unit. It
easily seen that if the 2:2:1 phase is synthesized or p
treated using a high pressure of pure oxygen, the compo
is likely to be nonsuperconducting (d.0.18). On the under-
doped side, the use of highly purified inert gas (P2
<1025 atm) during annealing—rather than a high
temperature—is expected to achieved further decrease oTc ,
since according to Fig. 5 a significant oxygen removal woul
occur.

Since the samples are homogeneous, the 2:2:1 comp
is superconducting whether the structure is modulated w
q1 or q2 . Moreover, no steplike evolution ofTc occurs, in-
dicating that the charge transfer is not noticeably affect
The variation of Tc with d is rapid, consistent with the
single-layer situation that is expected to make the additio
oxygen particularly efficient as a doping element. In fact,
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data can be reasonably fit using the parabolic law of Pres
et al.26 Tc5Tcmax

3@1282.63(p2popt)
2#, the linear relation

p2popt5A3d1B being assumed. In the formulaTcmax

516.5 K according to our results, andA was fixed to 2 holes
transferred to the Cu-O plane by each extra oxygen. T
fitting parameter notedB, directly linked to the absolute oxy
gen content and thus to the experimental difficulty to m
sure it, was found to be20.255(4).

As suggested by the evolution of the isotherm
(]2D/]Po2

2 changes its sign!, it is likely that the defect struc-
ture, namely the nature and concentration of punctual def
related to the additional oxygen, is changing in relation w
the annealing temperature. The consequence can be a m
fication of the charge transfer and for a given oxygen c
centration one may observe differentTc’s, as it was noticed
in the Bi-2212 compound,14 causing again data dispersio
between different studies. However, in the case of Bi-22
because of the lower temperatures used during the p
synthesis treatments, such an effect can be expected to
lower magnitude.

FIG. 8. Evolution ofTc with oxygen excessd. The solid line
was obtained using the parabolic empirical relation~Ref. 25!, as-
suming a linear relation between the hole concentration p andd, and
two holes transferred per additional oxygen~see the text!. The
dashed line recalls where the change of modulation vector occ
1-5
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Further work has been achieved in the previously m
tioned studies of the thermoelectric power12 and electronic
susceptibility.13 The nonconventional properties of Bi-220
in the strongly overdoped range are pointed out and analy
in terms of a growing density of states near the Fermi le
as doping increases. In addition, the relationTc /Tcmax

vs

S290K in Bi-2201 ~Ref. 27! has been discussed relative to t
other cuprate tendency that was outlined by Obertelliet al.28

A comparison between the experimental data and theore
previsions is currently in progress.29

IV. CONCLUSION

We have determined the conditions to control the oxyg
content in polycrystalline cation-stoichiometric Bi-220
This phase has been stabilized by sintering in air
700– 730 °C instead of the commonly usedT>800 °C tem-
perature range, and its stability limit as a function of oxyg
partial pressure has been evidenced. The oxygen exces
formula unit,d, has been displayed from 0.18 to 0.10, co
d

K
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ering most of the superconducting region from a stron
overdoped compound (Tc53 K) to an underdoped one (Tc

510 K). The monoclinic unit cell appears barely affected
the changes of oxygen content. In contrast, the modula
shows strong correlation to the oxygen concentration,
particularly thec-axis component. Different wave vector
have been identified corresponding to the samples witd
>0.17, on the one hand, and samples withd<0.16, on the
other hand, the transition between the two modes being
versible. The overall agreement with other studies emp
sizes the improvement of reproducibility achieved throug
synthesis process and post-treatments that are adapted
2:2:1 phase and thus avoid spreading the samples in the c
plicated Bi-Sr-Cu-O phase diagram.
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