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Precision neutron-diffraction study of the high-Tc superconductor HgBa2CuO41d
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A neutron-diffraction study of HgBa2CuO41d structure and its dependence on extra oxygen content ford
between 0.06 and 0.19 has been carried out with four pure samples using high-resolution TOF andl5const
diffractometers at room temperature andT58 K. Sample characterization was done by measuring ac suscep-
tibility, x-ray and EPR spectra, and by iodometric titration. A detailed analysis of atomic structure and the
occupancy factors of mercury and oxygen was performed and showed the stoichiometric cation content. Extra
oxygen was found only in the~1/2,1/2,0! position of the basal plane.Tc varied parabolically withd and
exhibited a maximum of 98 K atd'0.12. The data obtained can be considered as evidence of the conventional
anion doping mechanism with 2d holes per CuO2 layer. @S0163-1829~97!01506-3#
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I. INTRODUCTION

One of the obstacles encountered in investigation of
mechanisms of high-Tc superconductivity is connected wit
fair complexity of the crystal structure of copper oxides a
diversity of their structural defects. This is the reason w
mercury-bearing superconducting copper mixed oxides w
general formulas of HgBa2Can21CunO2n121d are attractive
to the investigation of the relationship between structure
superconducting properties. These compounds have a
markably high critical temperature and relatively simp
crystal structures. The simplicity of their structures is cau
by the absence of a mismatch between the layers of~CuO2!,
~BaO!, ~Ca!, and~HgOd! alternating along thec axis of the
unit cell.1 Moreover, the first member of the homologo
series HgBa2CuO41d ~designated Hg-1201! has practically
none of the layer stacking faults along thec axis existing in
other members of the series2 that introduce systematic error
into the refinement of these layered structures based on
fraction data. As a result, Hg-1201 can be considered as
of the most convenient compounds for the structural stud
of high-Tc materials.

The simplicity of the HgBa2CuO41d structure created
great interest in investigating the structure of this compou
with different extra oxygen contents~d!, which influence the
transition temperature to the superconducting state (Tc).

3–12

It should be mentioned that the presence of only one typ
oxidizing fragment in the HgBa2CuO41d structure, namely,
Cu atoms in~CuO2! layers, provides a paraboliclike depe
dence ofTc on the extra oxygen content, which determin
the hole concentration in the conducting band (p). Assuming
the formal valence of the atoms to beVHg5VBa512 and
VO522, one can calculate the hole concentrationp52d for
Hg-1201. The results of iodometrical titration, to determi
the formal copper valence~VCu!,

8,10,12showed that the maxi
mum transition temperature is realized atVCu512.16 andTc
550163-1829/97/55~6!/3966~8!/$10.00
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drops when the oxygen content shifts to either sides of
optimal value. This result is in a good agreement with e
perimental data obtained for other Cu-containi
superconductors.13–15 Based on this data, the universal p
rabola equation for the dependence ofTc on p was
proposed:14

Tc /Tc,max51282.6 ~p20.16!2. ~1!

According to this equation, the maximum transition tempe
ture is realized at a hole concentration corresponding to
formal copper valence ofVCu512.16.

Recently, several structural investigations
HgBa2CuO41d, based on powder neutron-diffraction expe
ments, were done.4–9 In general, there is good agreeme
between the refined structural parameters, but, at the s
time, there are severe discrepancies concerning the Hg
interstitial oxygen positions and occupancies. As an
ample, the occupancies of the O3 position~the center of the
Hg layer! obtained in Refs. 4–9 for samples with closeTc
are listed in Table I. Calculations of the formal copper v
lence based on some of these data lead to numbers co
erably different from the optimal value determined by E
~1!.

In the first structural paper on Hg-1201, the extra oxyg
was put in the center of the basal plane only,3 but later in

TABLE I. Oxygen content in the O3 position~the center of Hg
layer! in Hg-1201 structure withTc close toTc,max as was obtained
in neutron-diffraction experiments.

Ref. 4 5a 6 7a 9

Tc , K 94 95 95 97 94
n~O3! 0.063~14! 0.059~6! 0.18~1! 0.112~8! 0.10~1!

aAn additional position for oxygen was found.
3966 © 1997 The American Physical Society
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Refs. 5 and 7 were found partial substitution of Hg atoms
copper~7 and 20 %! and the appearance of additional inte
stitial oxygen near the perovskite oxygen position~middle of
the edge! bonded to these Cu atoms. That this substitut
takes place, though probably under specific synthetic co
tions, and complicates the interpretation of theTc vs p rela-
tionship because of the additional Cu atom~in the Hg posi-
tion! which can change the oxidation state.

For the fitting between neutron and thermoelectric pow
data of Hg-1201 samples with differentd values, a formal
charge close to21 for the interstitial oxygen atom wa
suggested.6,11 This oxidation state, however, was only foun
earlier in the peroxide group.16 The existence of isolated O21

ions in the Hg-1201 structure at such long distances from
cations~dHg-O3 anddBa-O3.2.7 Å! is doubtful because of the
high chemical activity of the O21 ions due to the unpaired
electron.

Mercury cations can be partially replaced not only
copper but also by carbonate groups, as was shown for
Hg-1201 and Hg-1223 samples obtained by the hi
pressure technique.8,17 It should be mentioned that in thi
case isovalent substitution is realized because@HgO2#

22

dumbbells are replaced by@CO3#
22 groups that do not

change the hole concentration. But the presence of the a
tional oxygen atoms bonded to carbon can lead to the hig
oxygen concentration found from neutron data. Thus,
studying Hg oxides, we are faced with a typical high-Tc
materials problem when it is not quite clear what is und
investigation, compound or sample.

In this paper, using our previous experience, we h
tried to synthesize a series of monophase Hg-1201 sam
with different d for systematic investigation of the occup
tion of the interstitial oxygen position~or positions! as well
as the problem of partial occupation of Hg position or de
ciency of this position. A sample characterization was do
by measuring ac susceptibility, x-ray spectra, ICP-AES e
ment analysis for Hg, Ba, and Cu, and by iodometric tit
tion. Important information was obtained by measuring E
spectra. The main part of the experiments was carried
with the high-resolution diffractometers at the IBR-2 hig
flux pulsed neutron source in Dubna and at the steady-s
reactor Orphee in Saclay. Due to the high-quality diffracti
data we were able to obtain the precise structural informa
from the Rietveld refinement and additionally to calcula
scattering density maps to reveal the important details of
structure.

II. SYNTHESIS AND SAMPLE CHARACTERIZATION

Four samples of HgBa2CuO41d ~A, B, C, andD! were
synthesized from stoichiometric mixtures of Ba2CuO31x and
HgO according to methods described in Ref. 12. The syn
sis was carried out at 800 °C for 6 h in evacuated silica tube
in a two-temperature gradient furnace. SamplesA, C, andD
were annealed at controlled partial oxygen pressures, cre
by a mixture of Co3O4/CoO and CuO/Cu2O oxides ~for
sampleD! situated in the hotter part of the tubes. SampleA
~m52.09 g! and C ~m51.93 g! were obtained at
p~O2!50.15 bar; sampleD ~m51.84 g! was obtained at
p~O2!50.0012 bar. In the case of sampleB ~m52.05 g!, an
additional pellet of Ba2CuO31x was placed in the hot part o
y
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the tube~820 °C! to decrease the partial mercury pressu
Samples thus synthesized were then annealed for more
24 h in a flow of oxygen at 250 °C~C and D!, argon at
350 °C (A), and under oxygen pressure as high as 90 bar
250 °C (B).

Phase composition of the samples was determined f
x-ray powder data~Guinier FR-552 focusing camera, CuKa1
radiation,l51.540 56 Å, Ge internal standard!. SamplesA,
B, C contained only the Hg-1201 phase, with the except
of traces of the starting Ba2CuO31x phase found with the
main Hg-1201 phase in sampleD.

To check chemical composition of one of the monopha
samples obtained at the same conditions and with cell par
eters close to sampleC, its full chemical analysis was carrie
out in MPI ~Stuttgart!. Hg, Ba, and Cu concentrations we
determined by the ICP-AES technique, and total oxygen c
tent by the ‘‘solid-state hot-gas’’ method~crystal SiO2 as an
internal standard!. It gave good agreement with a stoichio
metric cation composition: Hg0.99~1!Ba2.00~1!Cu0.97~1!O4.03~6!.

The formal oxidation state of copper was determined
iodometric titration, described in Ref. 18. Based on the iod
metric data, the formal charges of copper atoms w
VCu512.02 ~sampleA!, 12.25 (B), 12.16 (C) with statis-
tical errors of 0.02. The formal oxidation states of the oth
atoms was assumed to be standard:VHg5VBa512 and
VO522. In this case, the chemical formulas of the stud
compounds can be written as HgBa2CuO4.01~1! (A),
HgBa2CuO4.13~1! (B), HgBa2CuO4.08~1! (C). SampleD was
not investigated by this method due to the presence of im
rities which were detected by x rays. The oxygen conten
all samples including sampleD was refined then in a
neutron-diffraction experiment.

ac magnetic susceptibility measurements were carried
in the temperature range 12–120 K with an external field
H051 Oe at a frequency of 27 Hz. The dependence ofx(T)
for all samples is shown in Fig. 1. Since the beginning of

FIG. 1. ac magnetic susceptibility for samplesA–D as mea-
sured at 27 Hz in a magnetic field of 1 Oe.
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transitions for samplesA andB is not sharp, probably due t
an inhomogeneous distribution of the extra oxygen, the te
perature of the sharp drop inx was assumed as the transitio
temperature, namely,Tc571 K (A), 83 K (B), 98 K (C) and
96 K (D).

Measurements of EPR spectra for samplesA andC were
performed on the 3-cm range E-4~Varian! EPR spectrom-
eter. Powder patterns with;1-mm particle sizes were use
for the measurements. This allowed the skin effect on
EPR spectra to be excluded, because of the thickness o
skin layer at the working frequency of the spectrometer~9.18
GHz!, for a sample with a resistivity of several mOhm cm
about 10–20mm. EPR spectra were measured at room te
perature in a range of magnetic fields up to 4000 Gs
microwave frequency power of 20 mW, with modulatio
amplitude of magnetic field of 8 Gs and frequency modu
tion of 100 kHz.

III. NEUTRON DIFFRACTION

Neutron-diffraction experiments were performed with t
high-resolution Fourier diffractometer19 ~HRFD! at the
IBR-2 pulsed reactor in Dubna and with the constant wa
length diffractometer 3T2 at the Orphee reactor in Sac
The HRFD diffractometer is a time-of-flight~TOF! correla-
tion spectrometer using a fast-Fourier chopper for modu
ing the intensity of the incident neutron beam and the RT
method for gathering scattered neutrons. The HR
d-spacing resolution depends on the frequency of the in
sity modulation, and in the experiments with HgBa2CuO41d
it was close toDd/d50.0015. The 3T2~l51.227 Å! is a
high-resolution powder diffractometer~Dd/d is close to
0.003 at the minimum of the resolution curve for 108 colli-
mator before sample!, equipped with 203He detectors.

A cylindrical, 5-mm-diam, Ti-Zr sample holder withou
coherent scattering was used to hold the Hg-1201 pow
Diffraction patterns were measured with HRFD for samp
A–D at room temperature and for sampleB at T58 K. The
3T2 was used for measuring the diffraction pattern of sam
A at T5293 and 8 K.

For samplesA, B, and C, all diffraction lines corre-
sponded to the well-known Hg-1201 structure with the
tragonalP4/mmmspace group. No attributes of extraneo
phases were obtained, confirming the high quality of th
samples. For sampleD, weak peaks~intensities were less
than 1% of the strongest peak! of the Ba2CuO31x phase were
found in the spectrum.

Data processing was performed by the Rietveld met
using theMRIA ~Ref. 20! andFULLPROF ~Ref. 21! programs
for diffraction patterns from HRFD and 3T2, correspon
ingly. For the coherent scattering length, we used22 12.69,
5.07, 7.718, and 5.803 fm~1 fm510213 cm! for Hg, Ba, Cu,
and O, respectively. The absorption correction was ca
lated using the tabulated absorption and incoherent scatte
cross sections. For the HRFD spectra the influence of abs
tion was noticeable ford>1.8 Å ~l>3.5 Å!. The lattice
parameter calibration was done using the Al2O3 NIST stan-
dard SRM-676. Rietveld structural analysis of the HRF
spectra was performed on thedhkl interval from 0.81 to 2.09
Å, with 110 diffraction peaks of Hg-1201, using the starti
parameters as given in Ref. 3. Figure 2 shows an examp
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these refinements~d'0.12, sampleC!. The diffraction pat-
terns measured on the 3T2 diffractometer were refined
the interval of 6°<u<126° with ;150 peaks. The refine
ments were performed for thez coordinates of Ba and O2
~oxygen in the apical position!, the occupancy factors of Hg
and O3~oxygen in the center of the Hg plane!, and for the
thermal factors of all atoms except the O3 atom. In the fi
refinement, the thermal factor of copper was kept fix
@B~Cu!50.5# to reduce the influence of systematic errors
the occupancy factor analysis.

IV. RESULTS AND DISCUSSION

A. Structure data for Hg-1201

The initial refinement was carried out assuming full occ
pancy of the mercury positions. The results are presente
Table II, together with the relevant bond distances. The g
correspondence between the data for sampleA, which were
obtained on two diffractometers and by using different
finement programs, can be noted.

On the whole, the listed results are in good agreem
with the Hg-1201 structure data published in Refs. 4–9, a
especially with the data of a recent neutron-diffracti
study.6 All of the known features of the Hg-1201 structu
and, specifically, the dependence on temperature and ox
content mentioned in Refs. 4–6, are confirmed.

The decrease in thea andc lattice parameters was 0.00
~0.009! and 0.025~0.027! Å, respectively, for sampleA (B)
as the temperature decreased to 8 K. The shortening of tc
axis in sampleA is mainly the result of the shortening of th
Cu-O2 bond distance, while both Cu-O2 and Hg-O2 d
tances decrease in the same degree in sampleB.

For the samples with various extra oxygen contents, th
is a correlation betweend and the value of the lattice param
eters and some interatomic bonds. The Cu-O1 in-plane
tance and the Cu-O2 apical distance decrease ifd increases,
while the Hg-O2 distance increases~Fig. 3!. The significant
dependence of the Cu-O2 and Ba-O3 apical bonds on e
oxygen should be stressed. The overall contraction of thc

FIG. 2. Neutron-diffraction pattern of HgBa2CuO4.12 ~sample
C!, measured at room temperature with the HRFD diffractome
Experimental points, calculated profile, and difference curve
shown. The difference curve is normalized on the mean-square
viation.
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TABLE II. Structural parameters for HgBa2CuO41d obtained at room temperature andT58 K with the
HRFD and 3T2 diffractometers. The data are given after refinement with a fixed mercury occupancy
n~Hg!51. The results forn~Hg! andB~Hg! that were obtained in a joint refinement are also listed~3T2 data
were processed by this variant only!. All other structural parameters changed negligibly~smaller than their
errors! whethern~Hg! was fixed or varied. Parameters without errors were fixed in the final refinement
relevant interatomic and interlayer~denoted as /l ! distances~in Å! are also presented.

Sample (Tc)
Diffractom.
Collected at

A ~71 K! B ~83 K! C ~98 K! D ~96 K!

HRFD
293 K

3T2
293 K

3T2
8 K

HRFD
293 K

HRFD
8 K

HRFD
293 K

HRFD
293 K

a, Å 3.8864~1! 3.8862~2! 3.8783~2! 3.8795~1! 3.8705~1! 3.8851~1! 3.8851~1!

c, Å 9.5316~3! 9.5319~5! 9.5073~4! 9.5237~3! 9.4968~3! 9.5263~3! 9.5202~3!

Hg, n 1 1 1 1 1
B, Å2 1.92~6! 1.82~5! 0.74~9! 1.66~5! 1.73~8!

Hg, n 0.97~1! 0.94~2! 0.94 0.94~1! 0.93~2! 0.96~2! 0.91~2!

B, Å2 1.77~12! 1.04~8! 0.22~6! 1.45~6! 0.23~12! 1.45~11! 1.09~15!

Ba, z 0.3007~3! 0.3004~4! 0.3007~4! 0.2976~3! 0.2972~5! 0.2982~3! 0.2982~3!

B, Å2 0.90~7! 0.6 0.1 0.44~5! 0.3 0.46~6! 0.29~7!

Cu,B, Å2 0.5 0.5 0.1 0.5 0.2 0.5 0.5
O1,B, Å2 1.08~7! 0.70~8! 0.38~8! 0.79~5! 0.35~8! 0.65~6! 0.18~7!

O2, z 0.2059~3! 0.2066~4! 0.2079~4! 0.2090~3! 0.2088~5! 0.2074~3! 0.2080~3!

B, Å2 1.76~6! 1.53~8! 0.67~7! 1.79~6! 0.90~7! 1.69~6! 1.60~7!

O3, n 0.057~10! 0.07~2! 0.07 0.19~1! 0.19 0.124~9! 0.12~1!

B, Å2 1.0 1.0 0.5 1.0 0.5 1.0 1.0

Rp 0.068 0.057 0.068 0.058 0.056 0.070 0.095
Rw 0.068 0.071 0.085 0.059 0.056 0.065 0.077
Re 0.086 0.066 0.077 0.062 0.071 0.088 0.116
x2 1.065 1.18 1.21 1.78 1.06 1.07 1.13

Cu-O2 2.803~3! 2.797~4! 2.777~4! 2.771~3! 2.765~5! 2.787~3! 2.780~3!

Hg-O2 1.963~3! 1.969~4! 1.977~4! 1.990~3! 1.983~5! 1.975~3! 1.980~3!

Cu-O1 1.9432 1.9431 1.9392 1.9398 1.9352 1.9426 1.9426
Ba/l -Cu/l 1.900~3! 1.903~4! 1.895~4! 1.928~3! 1.927~5! 1.922~3! 1.921~3!

Ba/l -O2/l 0.904~4! 0.894~5! 0.882~5! 0.844~4! 0.840~7! 0.865~4! 0.859~4!

Ba-O3 2.866~3! 2.863~4! 2.859~4! 2.834~3! 2.822~5! 2.834~3! 2.839~3!
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lattice parameter is only 0.008 Å over a range ofd from
d'0.06 ~sampleA! to d50.19 ~sampleB!, while both the
Cu-O2 and Ba-O3 distances decrease by;0.03 Å. As a re-
sult the interlayer distance between the Ba and O2 lay
decreases greatly~by '0.06 Å!. Qualitatively, this can be
interpreted on the basis of the Coulomb splitting model, s
gested in Ref. 23, as a positive charge transfer to the C2
layer when the oxygen content increases in the HgOd layer.

B. Occupation of mercury positions

As shown in Table II, the temperature factors of Hg a
O2, which form a dumbbell configuration of Hg-O2 are quite
large. The same unexpectedly large values of these pa
eters were found in Refs. 4–8. Thermal motion gives
essential contribution to the thermal factors, because atT58
K, the valueB~Hg!, for instance, becomes several tim
smaller in comparison with room temperature, though
stays large. This last effect can indicate some structural
order or partial occupation of the site. The attempt at str
ture refinement with disordered Hg sites gave no effe
which means that there is no static displacement. In a j
rs

-

m-
n

it
s-
-
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nt

refinement of Hg occupancy and thermal parameter the
ordinates of other atoms do not change butn~Hg! andB~Hg!
are markedly reduced~these new values are also listed
Table II!. These two parameters,n~Hg! andB~Hg!, correlate
strongly that do not lead to a conclusion about their r
values. In Fig. 4, the dependence ofn~Hg! on B~Hg! is
shown, which was obtained in a refinement at fixed values
B~Hg! for sampleC. The same figure shows theRw factor as
a function of B~Hg!, with a gently sloping minimum at
B~Hg!51.0–1.8 Å2 and, accordingly, atn~Hg!50.9–1.0.

A possible explanation for such a low occupancy factor
the large thermal factor of Hg can be mercury substitut
for copper or a carbonate group, as it was suggested in R
5, 7, and 8. If the conditionn~Hg!1n~Cu/C!51 is fulfilled,
the refined occupancy factors would ben~Hg!'0.9 and
n~Cu/C!'0.1. The authors of Refs. 5 and 7 have proved
Hg substitution for Cu by the additional extra oxygen ato
located near the middle of the edge of the Hg mesh with
appropriate square coordination for the Cu cations. We tr
to find this additional oxygen by calculating the experimen
scattering density distribution and drawing maps for the va
ous cross sections of the unit cell. The very highdhkl reso-
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3970 55V. L. AKSENOV et al.
lution of our diffraction patterns helped us to obtain the re
Fhkl values for many of the diffraction peaks, which is ver
important in finding the low occupancy positions.

The sensitivity of the search can be estimated from Fig.
where the difference map of the scattering density for th
basal plane of sampleA with d'0.06 is shown. The scatter-
ing density maximum of the O3 atom can be clearly see
The amplitude of its peak is;2.5 times larger than the most
intensive background maxima. This means that atoms w
coherent scattering lengths close to that of oxygen~for in-
stance, carbon! would be found if occupation of their posi-
tions in the structure is close or higher than 3%. The (
2,y,z) cross section of the Fourier map for sampleC is
shown in Fig. 6. One can see that in the positions 1/2,0z
(z'0.04) and 1/2,y,0 (y'0.08), where additional oxygen
was found in Refs. 5 and 7, no real peaks are present

FIG. 3. Bond distances Cu-O2~right scale!, Cu-O1 and Hg-O2
~left scale! as a function of extra oxygen contentd. O1 is oxygen in
the CuO2 planes, O2 is apical oxygen.

FIG. 4. Occupancy of the Hg position~0,0,0! as obtained in the
refinement for sampleC data at various fixed values of the therma
factorB~Hg! ~left scale! and related values of theRw factor ~right
scale, in %!.
l

,
e

.

th

/

,

It

should be noted that we did not see any static disorder of
O3 atom along the diagonal that was found in Ref. 7.

Thus, the additional O4 atom and, consequently, the
ticeable substitution of Hg for Cu were not present in o
samples and we can now conclude that the large value
B~Hg! andB~O2! are the consequence of large oscillatio
of the HgO2 fragment as a whole. It should be mention
once more that the chemical analysis performed with one
our samples showed a practically stoichiometric cation co
position and, consequently, confirmed an absence of no
able cation replacement. The same conclusion was mad
Ref. 6 on the basis of structural data, and in Ref. 24 wh
the studies of Hg12xCuxBa2CuO41d samples obtained unde
high pressure of 1.8 GPa were carried out. This agrees

FIG. 5. The difference scattering-density map for the ba
plane of sampleA calculated with the difference of the experime
tal and calculated structure factors,~Fexpt2Fcalc!. The O3 oxygen
was excluded from the calculation ofFcalc. The amplitude of the
O3 maximum is equivalent to the coherent scattering length of 0
fm, the background peak amplitudes are not higher than 0.14 f

FIG. 6. Experimental scattering-density map~calculated with
Fexpt structure factors! of the~x50.5, 0<y<1, 0<z<0.5! plane of
the unit cell of sampleC ~d'0.12!.
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with the right temperature dependence ofB~Hg! andB~O2!
although the x-ray-absorption fine-structure~XAFS! data25

did not show large amplitudes of Hg-O bond movement, d
to its high covalence.

The other additional effect that can raise the value
B~Hg! is the deficiency of Hg positions at the surface of t
Hg-1201 grains, which was found in Ref. 26 for quench
samples. To some degree, this is proved by comparing
results obtained for samplesC andD, which were synthe-
sized at different oxygen partial pressures~0.15 and 0.0012
bar! and then annealed under the same conditions. The
ferent oxygen partial pressures in a closed volume during
synthesis of Hg-1201 lead to the different mercury part
pressures, which was higher for sampleD. This means that
this sample should be more Hg deficient than sampleC.
Indeed, thec axes of these two samples are different, wh
the a parameters are the same. It is interesting to note
sampleD has a lowerTc value that can also be a cons
quence of the cation stoichiometry violation.

C. Extra oxygen position occupation and its influence onTc

Special attention was made to the extra oxygen O3 oc
pancy refinement. The small amount of extra oxygen in
structure does not allow its thermal parameter to be de
mined accurately. The problem is alleviated by the sm
correlation between O3 occupancy and thermal parame
The variation ofB~O3! over a large range@parameter refine-
ment with different fixedB~O3! values# did not changed
more than one standard deviation~Fig. 7!. The much stron-
ger correlation shown in Fig. 4 was found betweenn~Hg!
and B~Hg!, but changing these values did not vary thed
value. Refinements done with and without the absorpt
correction caused an alteration of less than 0.01 for thd
value.

The n~O3! parameters are listed in Table II, they we
obtained with fixedB~O3!51 Å2. These occupancy param

FIG. 7. The occupancy of the O3 position~1/2,1/2,0! as ob-
tained in the refinement for the sampleC data at various fixed
values of the thermal factorB~O3!.
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eters are significantly smaller than those determined
Huang et al.6 for the HgBa2CuO41d superconductors with
closeTc’s ~curves 2 and 3 in Fig. 8!. A shift in the twoTc(d)
dependencies from each other withd'0.05 can be easily
seen. TheTc(d) dependence for our samples where thed
content was determined by iodometric titration, assum
VBa5VHg512, VO522 is shown also in Fig. 8. The add
tional experimental data obtained by this analysis for ot
Hg-1201 samples synthesized under similar conditions
depicted in Fig. 8 by the same sign~1!.

The paraboliclike dependencies are shifted from e
other along thed axis. The maximum discrepancy in thed
values for the samples with closeTc’s exists between the
iodometric data and the neutron-diffraction data from Ref
The estimated hole concentration for the Hg-1201 sam
with maximumTc , based on thermoelectric power data w
found to be12.16 ~Ref. 11! and it fits well with our iodo-
metric data. However, the thermoelectric power techniq
allows only the hole concentration in the~CuO2! layers to be
estimated, while the iodometric titration determines the ov
all hole concentration and does not distinguish the holes
tween the different structural fragments: the~CuO2! layers or
the Hg or O atoms, etc. The discrepancies between
neutron-diffraction and thermoelectric power data were
plained in Refs. 6 and 11 as that, for every extra oxyg
inserted, one hole in the~CuO2! layers is created while its
formal charge becomes21. Self-consistent local-density
approximation calculations performed for the Hg-1223 str
ture revealed strong covalence between Hg and interst
oxygen,27 which decreases significantly the doping level
the ~CuO2! layers in comparison with that expected fro
formal ionic consideration. However, chemical analys
which determines the overall hole concentration, in the c
of the optimally doped Hg-1201 phase, must reveal the h
concentration p50.32. Our experimental data for th
samples with maximumTc’s were much lower~p50.16 or

FIG. 8. The behavior ofTc vs d drawn for our neutron-
diffraction data~curve 2,L! for samplesA–D, together with data
from Ref. 6~curve 3,d! and our data of iodometric titration~curve
1, 1!.
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VCu512.16!, and this fact creates some doubts about
assumption of the O3 formal charge being equal to21.

The presence of the O2 anion in the Hg-1201 structure
located far from the cations,~dHg-O352.75 Å and
dBa-O352.84 Å! should provide a response in the EPR sp
tra due to the unpaired electron. The EPR spectra~first de-
rivative of the absorption signal! normalized by the amplifier
coefficientKampl and the mole numberNmole of the reduced
sampleA and sampleC treated in an oxygen flow are show
in Fig. 9. In the same figure, the 1000-times-reduced E
spectrum of Y2BaCuO5 is shown. This structure has an u
paired electron in the Cu21 cation and was used as a sta
dard. All spectra exhibit largeg-factor anisotropy:
g'52.0460.02 andgi52.2360.02, which is typical for
powdered samples of compounds with Cu21 cations in their
structure in an axial-symmetric coordination.

Due to the low intensity of the EPR signals of the H
1201 samples, and practically the same line shape and w
for all three of the samples studied, an estimation of
paramagnetic centre concentration was made u
Anorm5A/(Kampl3Nmole! and was compared withAnorm for
Y2BaCuO5. The values thus obtained~number of unpaired
electrons per formula unit! are 3.531024 for sampleC and
1.431024 for sampleA. Such a small number of parama
netic centers~more than 400 times smaller than the ex
oxygen concentration! and a shape specific to the Cu21 cat-
ions, the width of the signals and the values of theg factors,
allow us to conclude that the EPR signals from the O2 an-
ions are absent. However, this phenomenon can be attrib
to the covalent interaction between Hg and extra oxygen
it was revealed in Ref. 27. The origin of the weak EP
signals can be due to local defects in the Hg-1201 struc
or to small amounts of impurity phases~not found by XRD
analysis! containing Cu21 cations.

Additional confirmation of the absence of O2 anions in
the Hg-1201 structure is the much lowerd value obtained in
Refs. 4 and 9 and in the present work in comparison with
data from Ref. 6. It should be noted that for the seco
member of the series, HgBa2CaCu2O61d,

9,28,29whose struc-
ture has one type of Cu cation in a pyramidal coordinati
the optimald value as calculated for one~CuO2! layer is also
smaller and equalsd/250.11 for all of the compounds stud
ied.

FIG. 9. The EPR spectra for samplesA ~curve 3! andC ~curve
2!. Curve 1 is the EPR spectra of the Y2BaCuO5 compound, re-
duced 1000 times.
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V. CONCLUSIONS

The realized study of monophase HgBa2CuO41d samples
with differentd andTc at the neutron high-resolution diffrac
tometers allowed new precise structural information to
obtained, including thermal atomic parameters and ex
oxygen concentration.

Scattering density maps were calculated to find the p
sible appearance of additional atoms in the Hg layer, with
exception of the O3 atom located in the middle of the me
We conclude that no significant replacement of Hg catio
by others takes place and no additional extra oxygen at
near the middle of the edge were found in our particu
samples of the Hg-1201 phase. The large value of the t
perature factors of Hg and O2, which form a dumbbell co
figuration of Hg-O2, are the consequence of large oscill
tions of this fragment as a whole.

The determinedTc(d) dependence exhibits a paraboli
like behavior similar to that found in previous works,6,8,10,11

and it agrees with the iodometric analysis data. Howev
these curves are shifted apart along thed axis, an especially
large shift is between the neutron-diffraction data from R
6 and the iodometric data. The probable reason can be
despite the high accuracy of the neutron data@standard de-
viation of the n~O3! is about 0.01#, the real error can be
significantly larger and cause a systematic shift from the r
n~O3! value. First of all, the large discrepancies in ex
oxygen content can be due to distinct cation composition
Hg-1201 phases studied by different groups. In this case
Tc values are determined not only by oxygen content, but
a range of cations replacement also.

From our analysis, including the analysis of correlati
between occupancy and thermal factor of the O3 atom,
believe that systematic error for oxygen content in o
samples does not exceed 0.02. A small additional reasond
shifting towards to a higher value can be extra oxygen in
mogeneity in the sample, leads to the polyphase state
sample. Such phenomenon of macroscopic phase separa
due to low-temperature extra oxygen diffusion, was stud
already in detail both for powdered samples30 and single
crystals31 of La2CuO41d. The presence of incoherent scatte
ing domains with different amounts of the extra oxygen
the crystallites of the sample can lead to a higher value od
if the refinement was done using the single phase mo
But, such effects cannot be strong. The 15% broadening
the reflections in the studied Hg-1201 samples, in comp
son with the experimental resolution function of the diffra
tometer, supports the anion inhomogeneity hypothesis
turn, the iodometric data may be shifted to smallerd due to
the possible presence of amorphous impurity phases in
sample.

Taken into account these factors, we can conclude tha
optimal d values for the Hg-1201 superconductor are in t
ranged50.08–0.12. The large discrepancy of our data w
thed values determined in Ref. 6~whered50.18 was found!
is not clear. The hypothesis of the O3 formal charge be
equal to21 causes some doubts and cannot explain
discrepancy. We think that the probable reason for overe
mation of the O3 content can be due to the phenomena
cussed above or due to an insertion of the additional ‘‘n
oxidizing’’ oxygen atoms into the structure, located in th
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CO3
22 groups, as was suggested in Ref. 8, or in t

OH2~H2O! groups.
Additional neutron-diffraction experiments of monopha

Hg-based superconductors, especially with large amount
extra oxygen, e.g., HgBa2CaCu2O61d , will allow important
information to be obtained concerning the mechanism
hole creation in this superconducting series. The data
tained in the present work~neutron-diffraction, iodometry,
EPR! support the traditional mechanism of hole creation
the conducting band, with a concentration close to 2d.
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