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conducting transition temperature for the corresponding
The possibility of existence of a Hg12xSxBa2CuO412x1d solid phases.

solution [(Hg, S)-1201] was studied at 18 kbar and 9208C. On the other hand it has been shown that layered Cu-
Monophasic samples were obtained in the range 0.00 # x # mixed oxides containing layers of oxyanions sandwiched
0.15, where the unit cell parameters were found to vary from between two SrO or (Ba, Sr)O layers (15, 16) can be syn-
a 5 3.8685(1) Å, c 5 9.4667(2) Å for x 5 0.00 to a 5 3.9010(1) thesized. In the structures of the HgBa2Can21CunO2n121d
Å and c 5 9.3048(6) Å for x 5 0.15. Samples with x $ 0.20 homologous series it is possible to replace [HgO22

2 ] with
were polyphasic and the unit cell parameters of the [(Hg, S)-

oxyanions as these are located between two BaO layers.1201] phases were found to vary up to a 5 3.9072(1) Å, c 5
The incorporation of carbonate groups in the Hg cuprates9.2654(5) Å for a nominal composition x 5 0.30. The as-pre-
and its effect on the superconducting properties has alreadypared phases with 0.00 # x # 0.05 were found to be nonsuper-
been investigated for the third and fourth members ofconducting due to overdoping, while superconductivity ap-
the series by Kopnin et al. (17). However, carbonate- andpeared at x 5 0.10 (Tc,onset 5 40 K). Tc increases with the amount
nitrate-containing Cu mixed oxides have limitations re-of sulfate substitution due to the decrease of the average copper

valence. For the annealed samples, the variation is opposite to garding their thermal stability (18). Tetrahedral oxyanions
that found for the as-prepared samples, Tc,onset being higher for such as sulfates or phosphates have also been successfully
the sulfur-free phase. Rietveld refinements of neutron powder incorporated into the structures of layered Cu-mixed ox-
diffraction data has determined P18% of the HgO22

2 dumbbells ides such as (Y, Sr, Ca)Sr2Cu2.8(MO4)0.2O6.2 [M 5 S, P],
to be substituted by SO22

4 groups. In this structure the SO22
4 where P25% of the Cu cations of the reservoir blocks were

anion adopts an average S–O bond length that is slightly higher
substituted by SO22

4 or PO32
4 anions (18). Our aim in the

than those in BaSO4 .  1996 Academic Press, Inc.
present work was to study the possibility of replacing in
the Hg-1201 phase [HgO22

2 ] by tetrahedral sulfate oxy-
anions, and to study its effect on the structural and super-INTRODUCTION
conducting properties.

HgBa2CuO41d was the first member of the HgBa2Can21

CunO2n121d homologous series to be synthesized by Putilin
EXPERIMENTAL

et al. (1). Its relatively high Tc for one CuO2 superconductor
(94 K) generated a great interest for the properties of A precursor with the nominal composition Ba2CuOy was
this phase and related compounds. Studies regarding the prepared by mixing high-purity oxides (BaO2 [Aldrich,
synthesis techniques and the variations of the extra oxygen 95%] and CuO [Aldrich, 99%]) in an agate mortar. The
content both in the overdoped (2, 3) and underdoped (4, mixture was placed in a tubular furnace at 8308C under
5) regions have also been extensively carried out. A variety an oxygen flow for 10 h, following the procedure described
of studies have been dedicated to cation substitutions such in Ref. (3). This precursor was then mixed in a glove box
as with Pb and Bi, the lanthanides Pr and Ce, or the d with the amounts of HgO [Aldrich, 99%], BaSO4 [Rec-

tapur, .98%] and CuO, [Aldrich, 99%] necessary to pre-transition elements Ti, V, Cr, Mo, or W (6–14). However,
all these substitutions resulted in a decrease of the super- pare phases with sequential stoichiometries 0.00 # x #
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c 5 9.4667(2) Å. These are typical values for an overdoped
Hg-1201 phase (2, 3). The phase with x 5 0.05 showed a
significant increase of the a-parameter to a 5 3.8819(1) Å
as well as a significant decrease of the c-parameter to c 5
9.3949(2) Å. Up to x 5 0.15, the unit cell parameters follow
this general trend, this concentration representing the limit
between mono and polyphasic regions (see Fig. 2). It has
to be pointed out that the simultaneous increase and de-
crease of the a- and c-parameters, respectively, cannot be
obtained by extra oxygen doping alone (2). Therefore, the
variation of the unit cell parameters is a confirmation that
sulfate has in fact entered the structure. However, for the
polyphasic samples with 0.20 # x # 0.50 the well-defined
increase and decrease are not observed any longer and
one can only draw a dashed guide line parallel to the

FIG. 1. X-ray powder patterns of the Hg12xSxBa2CuO412x1d phases, abscissa (see Fig. 2). In this region, however, the unit cell
with 0.00 # x # 0.30 [Dx 5 0.05]. parameters are not constant as a function of the nominal

composition, probably due to an imperfect control of the
thermodynamic parameters during the high-pressure syn-
thesis. For some samples, like the x 5 0.25, the rather large0.30 [Dx 5 0.05], x 5 0.50, 0.75, and 1.00 of the general
value of the c-parameter and the small value of the a-formula Hg12xSxBa2CuO412x1d . Gold capsules containing
parameter seem to indicate that the real composition liesthe samples were placed in a cell appropriate for high-
in the 0.15 # x # 0.20 range. On the other hand, thepressure high-temperature synthesis. These cells were then
unit cell parameters of the 1201 phase obtained in theplaced in a belt-type apparatus and the pressure was raised
polyphasic x 5 0.30 sample (a 5 3.9072(1) Å, c 5 9.2654(5)up to 18 kbar, after which the temperature was increased
Å) are consistent with a real composition somewhat greaterup to 9208C and kept fixed for 0.6 h. Subsequently the
than 0.20. This observation leads us to conclude that thecurrent was turned off and the pressure decreased to the
real limit for the solid solution is slightly higher than theambient value. The capsules were open and the products
15% obtained for the monophasic sample.were placed immediately in a glove box filled with dry

The samples with nominal composition x 5 0.50, 0.75,argon. The annealing treatments were performed in a tubu-
and 1.00 were also prepared under the same experimentallar furnace under a flow of pure argon at 2508C for 10 h.
conditions but with a different precursor. The sulfate-sub-X-ray powder data were collected between 108 and 908,
stituted Hg-1201 phase was identified in the samples withusing a Siemens D5000 powder diffractometer in transmis-
x 5 0.50 and 0.75 but with a much smaller fraction andsion mode, equipped with a Ge monochromator placed on

the primary beam (CuKa1 radiation, l 5 1.54056 Å), a
rotating sample holder and a mini PSD.

A.C. susceptibility measurements were made using an
a.c. susceptometer with a field of 0.4 Oe at 119 Hz. In
order to get a correct evaluation of the superconducting
volumes, the measurements were performed on finely
ground powder samples. The temperature was measured
with calibrated Pt and Ge 100 V thermometers.

X-RAY POWDER AND a.c. SUSCEPTIBILITY
CHARACTERIZATION

The X-Ray powder patterns of the samples with 0.00 #
x # 0.30 are shown in Fig. 1. The samples with nominal
composition 0.00 # x # 0.15 were found to be monophasic.
For x 5 0.20, however, small quantities of BaSO4 (marked

FIG. 2. Unit cell parameters a (white circles) and c (black circles)by an arrow) as well as CuO appeared and their content
vs x for the as-prepared Hg12xSxBa2CuO412x1d samples with 0.00 # x #

increased with increasing x. The X-ray powder pattern of 0.30 [Dx 5 0.05] and 0.50. Error bars are smaller than the symbols. Lines
the sample with x 5 0.00 was indexed on the P4/mmm through the points are guides for the eye. The vertical dotted line indicates

the limit between monophasic (left) and polyphasic (right) samples.space group with unit cell parameters a 5 3.8685(1) Å,
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TABLE 2TABLE 1
Observed Relative IntensitiesUnit Cell Parameters and Tc,onset Values as a Function of x

of the 101 and 103 Reflections of(x 5 Nominal Sulfate Content) for the Hg12xSxBa2CuO412x1d

the Hg12xSxBa2CuO412x1d PhasesPhases with 0.00 # x # 0.30 [Dx 5 0.05] and x 5 0.50
with 0.00 # x # 0.20

x a (Å) c (Å) Tc,onset (K)
x I101 I103

0.00 3.8685(1) 9.4667(2) 0
0.05 3.8819(1) 9.3949(2) 0 0.00 0.301 0.040

0.05 0.279 0.0420.10 3.8894(1) 9.3550(5) 41
0.15 3.9010(1) 9.3048(6) 62 0.10 0.262 0.054

0.15 0.251 0.0600.20 3.9041(1) 9.2890(5) 65
0.25 3.9009(1) 9.3003(4) 63 0.20 0.252 0.065
0.30 3.9072(1) 9.2654(5) 73
0.50 3.9071(3) 9.276(3) 71

vs temperature curves for the as-prepared samples with
0.10 # x # 0.50 are shown in Fig. 3. The samples with

these samples contained large amounts of impurities such x 5 0.00 and 0.05 were found to be nonsuperconducting.
as BaSO4 and CuO. The sample with x 5 1.00, in addition As stated above, this result is consistent with the already
to the impurities found with x 5 0.50 and 0.75, contained published results for highly overdoped nonsuperconduct-
also BaCuO2 as well as other unidentified phases, but no ing Hg-1201 phases (2, 3). Superconductivity appears for
trace of the 1201 phase was detected. The a-unit cell param- x 5 0.10. the Tc,onset is 41 K but the transition is quite
eter of the sulfate-substituted Hg-1201 phase obtained in broad. The sample with x 5 0.15 exhibits a sharp transition
the sample with nominal composition x 5 0.50 was found with an onset at 62 K. The Tc,onset increases slightly to 65 K
to be (within the error bars) the same as the a-parameter for x 5 0.20, but decreases to 63 K for x 5 0.25. The
of that with x 5 0.30 [a 5 3.9071(3) Å], but the c-parameter a.c. susceptibility measurements seem to corroborate our
was slightly larger [c 5 9.276(3) Å], being more consistent supposition that the real stoichiometry of the [(Hg, S)-
with a composition in the interval 0.20 # x # 0.30. The 1201] phase obtained in the sample with nominal composi-
values of the unit cell parameters as a function of the tion x 5 0.25 would in fact lie between x 5 0.15 and x 5
nominal composition x are plotted in Fig. 2 and reported 0.20. The sample with nominal composition x 5 0.30 exhib-
in Table 1. its a sharp transition with a Tc,onset at 73 K. This phase is

The sulfate incorporation can be monitored by the varia- then the most reduced within the isolated products. The
tion of the intensities of some reflections that are strongly sample with x 5 0.50 had a much smaller superconducting
affected by this substitution. The Lazy program [1991–92, volume and a Tc,onset at 71 K. The data are in agreement
V2] was used to calculate the theoretical diffraction pat- with both the small phase fraction and the unit cell parame-
terns of different Hg12xSxBa2CuO412x1d phases [0.00 # ters found by X-ray powder diffraction, as discussed above.
x # 0.20], and the intensities of all the major reflections The unit cell parameters and the superconducting critical
were followed in order to observe which were the most
affected by the substitution. Only the decrease of the scat-
tering factor of the Hg-site was taken into consideration.
The relative intensities [Ihkl/I102] of the 101 and 103 reflec-
tions follow opposite variations. The 101 reflection shows
the most significant decrease while the 103 reflection shows
a considerable increase with increasing x. These reflections
were followed in the experimental X-ray powder patterns.
The results are given in Table 2. It can be seen, as expected,
that the relative intensity of the 101 reflections decreases
and that of the 103 reflection increases with increasing x.
In agreement with the variation of the unit cell parameters,
the relative change of the 101/103 intensities supports the
conclusion that sulfate groups are gradually incorporated
into the structure.

The values of Tc,onset for the as-prepared samples with FIG. 3. a.c. susceptibility vs temperature for the as-prepared
0.00 # x # 0.50, as obtained from a.c. susceptibility mea- Hg12xSxBa2CuO412x1d samples, with 0.00 # x # 0.30 [Dx 5 0.05] and

x 5 0.50.surements, are reported in Table 1. The a.c. susceptibility
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TABLE 3
Unit Cell Parameters and Tc,onset for the x 5 0.00 and 0.15

Hg12xSxBa2CuO412x1d Phases Annealed at 2508C for 10 h Argon
Flow

x a (Å) c (Å) Tc,onset (K) uDau uDcu

0.00 3.8803(1) 9.504(1) 88 0.0118 0.037
0.15 3.9060(1) 9.304(1) 77 0.005 0.001

temperatures for the x 5 0.00 and 0.15 samples after argon
annealing are reported in Table 3. A.C. susceptibility vs
temperature curves are shown in Fig. 4. In both cases,
unit cell parameter a increases upon annealing, which is
consistent with a reduction of the copper oxidation state.
The simultaneous increase of Tc confirms that the as-pre-
pared samples are overdoped.

NEUTRON POWDER DIFFRACTION

Time-of-flight neutron powder diffraction data were ob- FIG. 5. Section of a difference fourier map showing a portion of the
[x, y, 0] plane of the Hg12xSxBa2CuO412x1d (x 5 0.15) structure. Observedtained on the as-prepared sample with nominal composi-
and calculated intensities were obtained using the ‘‘ideal’’ Hg-1201 with-tion x 5 0.15 at room temperature using the POLARIS
out additional oxygen (see text). The map size (center to edge) is 1.4 Å.diffractometer at the ISIS facility of the Rutherford Apple-
Contours are drawn every 0.02 3 10212 cm/Å3, starting from 0.04 3 10212

ton Laboratory. The sample, weighing P0.2 g, was con- cm/Å3. The labels indicate the appropriate positions of the O3 and O4
tained in a vanadium can during the measurement. Only atoms used in subsequent refinements (see text).
the backscattering data (2u 5 1458) were employed in
the refinements. Before the refinements, raw data were
normalized to the incident spectrum and corrected for ab- An initial set of refinement cycles were performed based
sorption based on the geometrical shape and the apparent on the ‘‘ideal’’ 1201 structure. Attempts to refine the occu-
density of the powder, the statistical errors being propa- pancy factors resulted in reduced values for mercury and
gated through the correction process. Structural parame- the apical oxygen O2 (70–80% of full occupancy). This
ters were refined by the Rietveld method, using the GSAS model was then employed to extract ‘‘observed’’ integrated
program by Larsen and Von Dreele (20). Bragg peaks intensities, which allowed difference Fourier maps (DFM)
from the vanadium can and a small amount of BaSO4 were to be constructed. After a peak search, followed by visual
fitted as additional phases during the refinement. inspection of the maps, the following observations were

made:

(1) The strongest peaks in the DFM are located on the
mercury plane. Besides a strong peak centered on [1/2,
1/2, 0], corresponding to the usual location of additional
oxygen in Hg-1201, four ‘‘satellite’’ peaks are also present,
with approximate coordinates [61/3, 61/3, 0]. A DFM
section of the [x, y, 0] plane is shown in Fig. 5.

(2) Strong peaks in the DFM were also located between
the Hg and O2 positions, with approximate coordinates
[0, 0, 0.14]. These maxima are rather extended in the plane
perpendicular to the z-axis.

It is noteworthy that the additional maxima can be ar-
ranged in a somewhat distorted tetrahedron, with vertices
at [0, 0, 60.14] and [61/3, 1/3, 0] or at symmetry-equivalent
positions. Furthermore, the distance between the verticesFIG. 4. a.c. susceptibility vs temperature for the annealed Hg12xSx

Ba2CuO412x1d samples, with x 5 0.00 and x 5 0.15. and the center of this tetrahedron is of the order of 1.5 Å,
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TABLE 4
Structural Parameters of Hg12xSxBa2CuO412x1d , as Obtained from Rietveld Refinements

of Time-of-Flight Neutron Powder Diffraction Data

Atom x y z B (Å2) Mult. Fract. Occ.

Hg 0 0 0 0.89(7) 1 0.743(14)
Ba 0 0 0.29267(24) 0.71(5) 2 1.0000
Cu 0 0 0.5 0.44(5) 1 1.0000
O1 0 0 0.5 0.53(5) 2 1.0000
O2 0 0 0.2153(4) 1.0(1) 2 0.800(17)
O3 0.5 0.5 0 1.0 1 0.150(14)
S 0 0.139(4) 0 1.0 4 0.046(3)a

O4 0.3297(33) 0.372(5) 0 1.0 8 0.046(3)a

O5 0 20.095(5) 0.1383(14) 1.0 8 0.046(3)a

Note. The space group is P4/mmm. The unit cell parameters and cell volume are a 5 b 5 3.8986(2), c 5

9.2466(6) Å; V 5 141.30(1) Å3. Phase fractions: Vanadium, 83.25%; Hg12xSxBa2CuO412x1d , 16.5%; BaSO4 , 0.258%.
The number in parenthesis are statistical errors of the last significant digits (when absent, the parameter was held
fixed). The site symmetry and the fractional occupancy of each site are reported in the last two columns. The
number of atoms/f.u. can be obtained multiplying the site symmetry by the fractional occupancy. Rwp 5 1.26%;
R(F2) 5 10.2%; x 2 5 2.54.

a Constrained to be equal.

hence comparable with typical S–O distances in sulfates to approximately 0.125(12), 0.26(2), and 0.24(2) atoms/
f.u., respectively.(21). It is therefore reasonable to hypothesize that these

At this stage, however, two difficulties arose: first, sulfurmaxima correspond to oxygen atoms belonging to sulfate
cannot be satisfactorily introduced in the refinements. Ingroups SO22

4 , which, in this case, would replace HgO22
2

fact, the center of gravity of the aforementioned O4 tetra-dumbbells. On the basis of this hypothesis, subsequent
hedron would be located at [x, 0, 0] with x p 0.15. Thisrefinement cycles were performed introducing three addi-
site is too close to the Hg site to be refined independently,tional oxygen sites: O3 at [1/2, 1/2, 0] (the ‘‘normal’’ posi-
given the fact that such an amount of sulfur would corre-tion for interstitial oxygen in Hg-1201); O4 at [x, x, 0],
spond to less than 3% of the mercury setting. Second,x p 1/3 and O5 at [0, 0, z], z p 0.14. Positions and occu-
setting O4 and O5 on the [x, x, 0] and [0, 0, z] specialpancies can be refined independently for all these atoms,
positions contrains the dihedral angle perpendicular to thealthough it is necessary to make reasonable assumptions
z-axis to be 908 (it is 70.328 in a regular tetrahedron).about their thermal parameters. In particular, the refined
Although it is quite likely that the SO4 tetrahedron isoccupancies of the O3, O4, and O5 sites would correspond
indeed somewhat distorted (as it is, for instance, in BaSO4

(21), there is no a priori reason to assume such a large
distortion. On the other hand, some assumptions have to beTABLE 5
made to assure the stability of the refinement. A reasonableSelected Bond Distances for
compromise is to impose a so-called rigid body constraint.Hg12xSxBa2CuO412x1d , as Ob-
In this scheme, S, O4, and O5 are constrained to lay attained from Rietveld Refine-
the center and on the vertices of a regular tetrahedron,ments of Time-of-flight Neutron
respectively. The single S–O distance (constrained to bePowder Diffraction Data
equal for O4 and O5), as well as the position of the tetrahe-

Bond pair Bond length (Å) dron in the cell can be refined. For simplicity, the sulfur
atom was placed on a [0, y, 0] site and the three occupancy

Hg–O2 2.001(4)
factors f (O4), f (O5), and f (S) were constrained to beHg–O3 2.75672(13)
equal. Due to the different site multiplicity, this constraintBa–O1 2.7413(16)
imposes the correct ratios between sulfur and oxygen inBa–O2 2.8491(11)

Ba–O3 2.7209(22) the SO4 groups. The refined values of f (O4), f (O5), and
Cu–O1 1.94930(9) f (S) are consistent with a sulfate content of 0.18(1) mols/
Cu–O2 2.647(4) f.u. The refined structural parameters using this model are
S–O4 1.574(16)a

reported in Table 4. Selected bond distances are reportedS–O5 1.574(16)a

in Table 5. A Rietveld plot and a schematic drawing of
a Constrained to be equal. the structure are shown in Figs. 6 and 7, respectively.
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FIG. 6. Rietveld refinement profile for the Hg12xSxBa2CuO412x1d (x 5 0.15) sample. The plus (1) signs are the time-of-flight neutron powder
diffraction data, after normalization with respect of the incident spectrum and adsorption correction. The solid line is the calculated profile. Tick
marks below the diffraction profile indicate the position of the Bragg reflections for Hg-1201, vanadium, and BaSO4 , from bottom to top. The
background was fitted as part of the refinement, but was subtracted before plotting. A difference curve (observed minus calculated) is plotted at
the bottom.

Analysis of the time-of-flight neutron powder diffraction
data, therefore, confirms the substitution of approximately
18% of the HgO22

2 dumbbells with SO22
4 groups. Since the

two groups have the same electrical charge, this substitu-
tion does not contribute to the overall doping of the com-
pound. However, a substantial amount of additional oxy-
gen was found in the ‘‘interstitial’’ position [1/2, 1/2, 0],
indicating that the compound is strongly overdoped. This
is consistent with the thermal annealing result on the as-
prepared x 5 0.15 sample. This process increased the Tc

of the treated sample while simultaneously increasing
the a-parameter, which indicates that some oxygen in the
(1/2, 1/2, 0) position has been removed and the copper
valence has been reduced. Rietveld refinements employing
the Rigid Body Constraint indicate that sulfur is displaced
up to 0.5 Å from the [0, 0, 0] position, and is at the center
of an O4 tetrahedron, with S–O distances of 1.57(2) Å.
This distance is longer by a few standard deviations than
typical S–O distances in other sulfates (for example, in
BaSO4 , these distances vary between 1.48 Å and 1.52 Å).
Although this result has to be taken rather cautiously, due
to the simplified nature of the model employed in the
refinements, such an elongation would not be impossible
in the framework of the constraints imposed by the 1201

FIG. 7. Structure of Hg12xSxBa2CuO412x1d , as determined from the structure. The ‘‘displaced apical oxygen’’ O5 and the ‘‘dis-
present work. The c-axis is in the vertical direction. An SO4 group is

placed interstitial oxygen’’ O4, forming the O4 tetrahedron,shown in the top left corner of the unit cell, with the bonding emphasizing
are both shifted by about 0.8 Å with respect to the ‘‘ideal’’the tetrahedral coordination. Thermal ellipsoids are drawn at 70% proba-

bility. sites O2 and O3. The reduction in occupancy of the O2
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site is consistent, within the error bars, with the presence found based on the structural chemistry of the compound.
As we have seen, neutron diffraction data analysis indicatesof 18% of O5, while the occupancy of the Hg site, even

considering the SO4 substitution, is a few standard devia- that two of the oxygen atoms belonging to the SO4 tetrahe-
dra are located in the Hg plane. Consequently, as sulfatetions too low. It has to be pointed out, however, that previ-

ous refinements of the Hg-1201 structure based on powder groups are introduced in the structure, less sites are avail-
able for the ‘‘doping’’ oxygen O3. The increase in interac-neutron diffraction data have systematically yielded either

a low occupancy or a large thermal parameter for the Hg tion energy between oxygen atoms in the Hg plane would
therefore justify a reduction of the O3 occupancy (and ansite (22, 23). Although several models have been proposed,

it is likely that this effect may arise, at least in our case, increase of Tc) as a function of sulfate content at a given
PO2

.from a too simplistic model of the mercury static and/or
dynamic displacements. This is also confirmed by the fact It is very difficult to determine which of these explana-

tions is correct. In fact, high-pressure synthesis takes placethat Rietveld refinements of our X-ray powder diffraction
data (not presented in this paper) yield a Hg occupancy neither at constant oxygen stoichiometry nor at constant

PO2
, but rather in extreme nonequilibrium conditions.of 0.822(3).

Given the complex interplay between sulfur and oxygen
doping in this compound, the direct effect of the sulfateDISCUSSION
substitution upon superconductivity cannot be conclusively
determined from the present work. After annealing inOn the basis of the structural determination, the correla-

tion between sulfate content and Tc for the as-prepared argon under the same conditions, Tc for the sulfur-free
sample is indeed higher than for the sulfate-containing one,samples can be discussed in greater detail. As we have

seen, neutron diffraction data indicate that SO22
4 oxyanions but there is no evidence that these annealing conditions are

optimal for the latter sample.replace HgO22
2 dumbbells. Therefore, this substitution

does not contribute to the overall electrical doping of the
CONCLUSIONcompound. In Hg12xSxBa2CuO412x1d , doping is provided

entirely by additional oxygen atoms O3 as it is in HgBa2
A solid solution with the tetrahedral sulfate oxyanionCuO41d . Nonetheless, the increase of Tc as a function of

was found for the first member of the mercury-based super-the nominal sulfate content x is consistent with a reduction
conducting mixed oxide series. This solid solution of com-of the copper oxidation state, given the fact that all samples
position Hg12xSxBa2CuO412x1d has a limit that lies betweenare in the overdoped region of the phase diagram. We
15 and 20% of sulfate substitution. This substitution affectsshall therefore conclude that, at least for the as-prepared
particularly certain reflections such as 101 and 103, whichsamples, the concentration d of the ‘‘doping’’ O3 oxygen
allowed us to follow the sulfate incorporation by determin-atoms decreases as x increases. The sign of the change in
ing the variation of the relative intensities. Neutron diffrac-the a-axis as a function of x would also be consistent with
tion data analysis indicates that SO4 tetrahedra replacea reduction of the copper valence. It has to be remarked,
HgO2 dumbbells in the structure, and suggest that the S–Ohowever, that the magnitude of this effect is too large to
bond length might be slightly elongated with respect tobe solely due to extra oxygen doping and, has to come, at
the value found for BaSO4 . The refined occupancy of theleast in part, from the unit cell strain induced by the SO4
doping oxygen O3 site is consistent with the sample exam-incorporation. The reduction of the c-axis is consistent with
ined being in the overdoped state. The sulfate incorpora-the much shorter S–O distance as compared to the Hg–O
tion brings about a reduction of the copper valence withbond length.
respect to sulfur-free samples prepared under the sameA simple explanation of the decrease of d as a function
conditions, which causes a raise on the Tc,onset of the as-of x is related to the average oxidation state of copper in
prepared samples up to 73 K for x 5 0.30 sulfate nomi-the reactants. In fact, up to x 5 0.30, all the samples were
nal composition.prepared with the same precursor Ba2CuOy , which consists

of a mixture of phases where the average copper valence
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