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Precision neutron-diffraction study of the high-T. superconductor HgBaCuO,, s

V. L. Aksenov, A. M. BalaguroV, V. V. Sikolenko, and V. G. Simkin
JINR, FLNP, 141980 Dubna, Russia

V. A. Alyoshin, E. V. Antipov, A. A. Gippius, D. A. Mikhailova, and S. N. Putilin
Moscow State University, 119899 Moscow, Russia

F. Bouree
LLB, 91191 Gif-sur-Yvette, France
(Received 31 July 1996

A neutron-diffraction study of HgB&£uO,, s structure and its dependence on extra oxygen contend for
between 0.06 and 0.19 has been carried out with four pure samples using high-resolution TXOFcandt
diffractometers at room temperature ahde 8 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 th€1/2,1/2,0 position of the basal plan€l; varied parabolically withs and
exhibited a maximum of 98 K af~0.12. The data obtained can be considered as evidence of the conventional
anion doping mechanism withézholes per Cu@layer.[S0163-182@07)01506-3

[. INTRODUCTION drops when the oxygen content shifts to either sides of this
optimal value. This result is in a good agreement with ex-
One of the obstacles encountered in investigation of thggerimental data obtained for other Cu-containing
mechanisms of high-, superconductivity is connected with Superconductors’™° Based on this data, the universal pa-
fair complexity of the crystal structure of copper oxides andrabola equation for the dependence ®f on p was
diversity of their structural defects. This is the reason Whyproposed14
mercury-bearing superconducting copper mixed oxides with
general formulas of HgB&a,_;Cu,0,,. 5 5 are attractive Te/Tema=1-82.6 (p—0.16° 1)
to the investigation of the relationship between structure and . ) . ) N
superconducting properties. These compounds have a réccording to this equation, the maximum transition tempera-
markably high critical temperature and relatively simplefure is realized at a hole concentration corresponding to the
crystal structures. The simplicity of their structures is causedormal copper valence of,=+2.16. o
by the absence of a mismatch between the layef€o0,), Recently, —several structural investigations  of
(BaO), (Ca), and (HgO,) alternating along the axis of the HgBa,CuQ,, 4 baseg on powder neutro_n—dlffracnon experi-
unit cell Moreover, the first member of the homologous Ments, were don&® In general, there is good agreement
series HgBsCUO,, 5 (designated Hg-1201has practically between the refined structural parameters, but, at the same
none of the layer stacking faults along thexis existing in ~ time, there are severe discrepancies concerning the Hg and
other members of the serfethat introduce systematic errors interstitial oxygen positions and occupancies. As an ex-
into the refinement of these layered structures based on digmple, the occupancies of the O3 positiéine center of the
fraction data. As a result, Hg-1201 can be considered as orfdd laye) obtained in Refs. 4-9 for samples with closg
of the most convenient compounds for the structural studied'® listed in Table I. Calculations of the formal copper va-
of high-T, materials. lence based on some of these data lead to numbers consid-
The simplicity of the HgBsCuQ,, s structure created erably different from the optimal value determined by Eq.
great interest in investigating the structure of this compoun(ﬁl)- ]
with different extra oxygen contents), which influence the In the first structural paper on Hg-1201, the extra oxygen
fransition temperature to the superconducting stag.3-2  Was put in the center of the basal plane chlyt later in
It should be mentioned that the presence of only one type of
oxidizing fragment in the HgB&uQ, 5 structure, namely, TABLE I. Oxygen content_in the O3 positidithe center of.Hg
Cu atoms in(CuQ,) layers, provides a paraboliclike depen- !ayer) in Hg-_1201 structure _thﬁ'c close toT maxas was obtained
dence ofT, on the extra oxygen content, which determinesin neutron-diffraction experiments.
the hole concentration in the conducting bapdl. (Assuming
the formal valence of the atoms to Bg;=Vg,=+2 and Ref. 4 3 6 - 9
Vo=-2, one can calculate the hole concentragen2é for 1. k o4 95 95 97 94
Hg-1201. The results of iodometrical titration, to determinen(03)  0.06314) 0.0596) 0.181) 0.1128) 0.101)
the formal copper valeno®/c,),2%*?showed that the maxi-
mum transition temperature is realizedvat,=+2.16 andT 8An additional position for oxygen was found.
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Refs. 5 and 7 were found partial substitution of Hg atoms by
copper(7 and 20 % and the appearance of additional inter-
stitial oxygen near the perovskite oxygen positiomddle of

the edgé bonded to these Cu atoms. That this substitution
takes place, though probably under specific synthetic condi-
tions, and complicates the interpretation of thevs p rela-
tionship because of the additional Cu at¢im the Hg posi-
tion) which can change the oxidation state.

For the fitting between neutron and thermoelectric power
data of Hg-1201 samples with differedtvalues, a formal
charge close to—1 for the interstitial oxygen atom was
suggested!! This oxidation state, however, was only found
earlier in the peroxide grouf$.The existence of isolated @
ions in the Hg-1201 structure at such long distances from the
cations(dyg.o3 anddg,.03>2.7 A) is doubtful because of the
high chemical activity of the O' ions due to the unpaired
electron.

Mercury cations can be partially replaced not only by
copper but also by carbonate groups, as was shown for the
Hg-1201 and Hg-1223 samples obtained by the high-
pressure techniquet’ It should be mentioned that in this
case isovalent substitution is realized beca{idgO,]*"
dumbbells are replaced bjCO,]*~ groups that do not FIG. 1. ac magnetic susceptibility for samplas-D as mea-
change the hole concentration. But the presence of the addiured at 27 Hz in a magnetic field of 1 Oe.
tional oxygen atoms bonded to carbon can lead to the higher
oxygen concentration found from neutron data. Thus,
studying Hg oxides, we are faced with a typical high-
materials problem when it is not quite clear what is unde

investig_ation, compo_und or sampile. . 350 °C (A), and under oxygen pressure as high as 90 bars at
In this paper, using our previous experience, we hav%50 °C B)

tried to synthesize a series of monophase Hg-1201 samples Phase composition of the samples was determined from

with different & for systematic investigation of the occupa- x-ray powder datdGuinier FR-552 focusing camera, gy
tion of the interstitial oxygen posi;iofor position?_as well _radiation,\=1.540 56 A, Ge internal standa)champI’esA,
as the problem of partial occupation of Hg_posmon or deﬁ-B, C contained only the Hg-1201 phase, with the exception

. - f f th i h f ith th
by measuring ac susceptibility, x-ray spectra, ICP-AES elee-b traces of the starting B&UO; ., phase found with the

; ; .~~~ ~main Hg-1201 phase in sample.
[_nentl anal;iSBt f.O; Hg, Ea’ and Ctl)Jt f’mdd kz)y '°d°m6t_“c tll_:tlr:)a- To check chemical composition of one of the monophase
ion. Important information was obtained by measuring Fgamples obtained at the same conditions and with cell param-
spectra. The main part of the experiments was carried oul;

: . ) : ) ers close to samplf@, its full chemical analysis was carried
with the high-resolution diffractometers at the IBR-2 high- out in MPI (Stuttgart. Hg, Ba, and Cu concentrations were

; X N Stalfstermined by the ICP-AES technique, and total oxygen con-
reactor Orphee in Saclay. Due to the high-quality dlffractlontent by the “s):)Iid-state hot-gas” mcéthddrystal sigQ Zg an

data we were able to thain the precise_s_tructural informatioi ternal standard It gave good agreement with a stoichio-
from the R|etvgld refinement and ad.dltlonally to C"?llcu'atemetric cation composition: Hgq1Ba, 01 Clo.s11,04 036
scattering density maps to reveal the important details of the The formal oxidation state of copper was determined by
structure. iodometric titration, described in Ref. 18. Based on the iodo-
metric data, the formal charges of copper atoms were
Ve, =+2.02(sampleA), +2.25 B), +2.16 (C) with statis-
tical errors of 0.02. The formal oxidation states of the other
Four samples of HgB&uGQ,, 5 (A, B, C, andD) were  atoms was assumed to be standaw,;=Vg,=+2 and
synthesized from stoichiometric mixtures of BaiO;,, and  Vo=-—2. In this case, the chemical formulas of the studied
HgO according to methods described in Ref. 12. The synthecompounds can be written as HgBaO, ;) (A),
sis was carried out at 800 °Crf6 h in evacuated silica tubes HgBa&CuO, 13y (B), HgB&CuQ, ogy) (C). SampleD was
in a two-temperature gradient furnace. Sample€, andD not investigated by this method due to the presence of impu-
were annealed at controlled partial oxygen pressures, createities which were detected by x rays. The oxygen content of
by a mixture of Cg0,/CoO and CuO/CyO oxides (for  all samples including sampl® was refined then in a
sampleD) situated in the hotter part of the tubes. Samples neutron-diffraction experiment.
(m=209 g9 and C (m=193 g were obtained at ac magnetic susceptibility measurements were carried out
p(0,)=0.15 bar; sampleD (m=1.84 g was obtained at in the temperature range 12-120 K with an external field of
p(0,)=0.0012 bar. In the case of samBe(m=2.059g,an Hy=1 Oe at a frequency of 27 Hz. The dependencg(df)
additional pellet of B&CuO;_, was placed in the hot part of for all samples is shown in Fig. 1. Since the beginning of the

AC magnetic susceptibility

inthe tube(820 °Q to decrease the partial mercury pressure.
Samples thus synthesized were then annealed for more than
24 h in a flow of oxygen at 250 °QC and D), argon at

Il. SYNTHESIS AND SAMPLE CHARACTERIZATION
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transitions for sampleA andB is not sharp, probably due to e
an inhomogeneous distribution of the extra oxygen, the tem- Hg-1201
perature of the sharp drop jpwas assumed as the transition n(03)=0.12
temperature, namelf,,=71 K (A), 83K (B), 98 K (C) and 283K

96 K (D).

Measurements of EPR spectra for sampleand C were
performed on the 3-cm range E(¥arian) EPR spectrom-
eter. Powder patterns withr1-um particle sizes were used
for the measurements. This allowed the skin effect on the
EPR spectra to be excluded, because of the thickness of the
skin layer at the working frequency of the spectromé®et8
GHz), for a sample with a resistivity of several mOhm cm is
about 10-2Qum. EPR spectra were measured at room tem-
perature in a range of magnetic fields up to 4000 Gs, at
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microwave frequency power of 20 mW, with modulation ld(A)

amplitude of magnetic field of 8 Gs and frequency modula-

tion of 100 kHz. FIG. 2. Neutron-diffraction pattern of HgB@uQ, ;, (sample

C), measured at room temperature with the HRFD diffractometer.
Experimental points, calculated profile, and difference curve are
lll. NEUTRON DIFFRACTION shown. The difference curve is normalized on the mean-square de-

Neutron-diffraction experiments were performed with the V1ation-

high-resolution Fourier diffractometér (HRFD) at the i o . .
IBR-2 pulsed reactor in Dubna and with the constant wavel1€se refinement&s~0.12, sampleC). The diffraction pat-
length diffractometer 3T2 at the Orphee reactor in Sacla terns measured on the 3T2 diffractometer were refined for

The HRFD diffractometer is a time-of-flighif OF) correla- the interval of 6%¢<126° with ~159 peaks. The refine-
{ments were performed for the coordinates of Ba and O2

tion spectrometer using a fast-Fourier chopper for modula ; . "
ing the intensity of the incident neutron beam and the RTOROXYgen in the apical positionthe occupancy factors of Hg

method for gathering scattered neutrons. The HRFCRNG O3(0xygen in the center of the Hg planend for the
d-spacing resolution depends on the frequency of the intent-he,rmal factors of all atoms except the O3 atom. In the flnal
sity modulation, and in the experiments with HgBaO,. 5 refinement, the thermal factor of copper was kept fixed
it was close toAd/d=0.0015. The 3TA\=1.227 A is a [B(Cu)=0.5] to reduce the m_fluence of systematic errors on
high-resolution powder diffractometetAd/d is close to e occupancy factor analysis.
0.003 at the minimum of the resolution curve for’ Illi-
mator before sampleequipped with 20°He detectors. IV. RESULTS AND DISCUSSION

A cylindrical, 5-mm-diam, Ti-Zr sample holder without
coherent scattering was used to hold the Hg-1201 powder.
Diffraction patterns were measured with HRFD for samples The initial refinement was carried out assuming full occu-
A-D at room temperature and for samfideat T=8 K. The  pancy of the mercury positions. The results are presented in
3T2 was used for measuring the diffraction pattern of sampldable Il, together with the relevant bond distances. The good
A atT=293 and 8 K. correspondence between the data for samplevhich were

For samplesA, B, and C, all diffraction lines corre- obtained on two diffractometers and by using different re-
sponded to the well-known Hg-1201 structure with the te-finement programs, can be noted.
tragonalP4/mmmspace group. No attributes of extraneous On the whole, the listed results are in good agreement
phases were obtained, confirming the high quality of thesavith the Hg-1201 structure data published in Refs. 4-9, and
samples. For samplB, weak peakgintensities were less especially with the data of a recent neutron-diffraction
than 1% of the strongest peatf the BaCuO,.,, phase were  study® All of the known features of the Hg-1201 structure

A. Structure data for Hg-1201

found in the spectrum. and, specifically, the dependence on temperature and oxygen
Data processing was performed by the Rietveld methodontent mentioned in Refs. 4—6, are confirmed.
using theMmRrIA (Ref. 20 and FULLPROF (Ref. 21 programs The decrease in the andc lattice parameters was 0.008

for diffraction patterns from HRFD and 3T2, correspond-(0.009 and 0.0250.027 A, respectively, for samplé (B)
ingly. For the coherent scattering length, we #8etR.69, as the temperature decreased to 8 K. The shortening af the
5.07, 7.718, and 5.803 fifl fm=10"*2 cm) for Hg, Ba, Cu, axis in sampleA is mainly the result of the shortening of the
and O, respectively. The absorption correction was calcu€u-O2 bond distance, while both Cu-O2 and Hg-O2 dis-
lated using the tabulated absorption and incoherent scatteriignces decrease in the same degree in saBiple

cross sections. For the HRFD spectra the influence of absorp- For the samples with various extra oxygen contents, there
tion was noticeable fod=1.8 A (\=3.5 A). The lattice is a correlation betweefiand the value of the lattice param-
parameter calibration was done using the@INIST stan-  eters and some interatomic bonds. The Cu-O1 in-plane dis-
dard SRM-676. Rietveld structural analysis of the HRFDtance and the Cu-O2 apical distance decreagdritreases,
spectra was performed on tdg,, interval from 0.81 to 2.09 while the Hg-O2 distance increas@dg. 3). The significant

A, with 110 diffraction peaks of Hg-1201, using the starting dependence of the Cu-O2 and Ba-O3 apical bonds on extra
parameters as given in Ref. 3. Figure 2 shows an example @ixygen should be stressed. The overall contraction ofcthe
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TABLE Il. Structural parameters for HgBGuGO,, 5 obtained at room temperature afie-8 K with the
HRFD and 3T2 diffractometers. The data are given after refinement with a fixed mercury occupancy factor,
n(Hg)=1. The results fon(Hg) andB(Hg) that were obtained in a joint refinement are also li&R data
were processed by this variant oplll other structural parameters changed negligi@@snaller than their
error9 whethern(Hg) was fixed or varied. Parameters without errors were fixed in the final refinement. The
relevant interatomic and interlay&lenoted aslj distancegin A) are also presented.

A (71 K) B (83 K) C (98K D (96 K)
Sample T.)
Diffractom. HRFD 372 372 HRFD HRFD HRFD HRFD
Collected at 293 K 293 K 8 K 293 K 8 K 293 K 293 K
a, A 3.88641) 3.88622) 3.87832) 3.87951) 3.870%1) 3.88511) 3.88511)
c, A 9.53163) 9.53195) 9.50734) 9.52373) 9.49683) 9.52633) 9.52023)
Hg, n 1 1 1 1 1
B, A? 1.926) 1.825) 0.749) 1.6605) 1.7398)
Hg, n 0.971) 0.942) 0.94 0.941) 0.932) 0.962) 0.91(2)
B, A? 1.7712)  1.049) 0.226) 1.456) 0.2312 14511  1.0915
Ba, z 0.30073) 0.30044) 0.30074) 0.29763) 0.29725) 0.29823) 0.29823)
B, A? 0.907) 0.6 0.1 0.445) 0.3 0.466) 0.297)
Cu, B, A? 0.5 0.5 0.1 0.5 0.2 0.5 0.5
01,B, A? 1.087) 0.708) 0.3998) 0.795) 0.3598) 0.656) 0.187)
02,z 0.20593) 0.20664) 0.20794) 0.209G3) 0.20885) 0.20743) 0.208(3)
B, A? 1.76(6) 1.538) 0.677) 1.796) 0.907) 1.696) 1.60(7)
03,n 0.05710) 0.072) 0.07 0.191) 0.19 0.1249)  0.121)
B, A? 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
Ry 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
1% 1.065 1.18 1.21 1.78 1.06 1.07 1.13
Cu-02 2.8083) 2.7914) 27774  2.7743) 2.7685  2.7813)  2.78(3)
Hg-02 1.9683) 1.9694) 19774  1.9903) 1.9835  1.9753)  1.98073)
Cu-01 1.9432 1.9431 1.9392 1.9398 1.9352 1.9426 1.9426
Bal-Cull 1.9003) 1.9034) 1.8954)  1.9283) 1.9275) 1.9223)  1.9213)
Ba-021 0.9044) 0.8945)  0.8825)  0.8444) 0.84Q7) 0.8654)  0.8594)
Ba-O3 2.8663) 2.8634) 2.8594) 2.8343) 2.8245)  2.8343)  2.8393)

lattice parameter is only 0.008 A over a range &from  refinement of Hg occupancy and thermal parameter the co-
5~0.06 (sampleA) to §=0.19 (sampleB), while both the ordinates of other atoms do not change b{iig) andB(Hg)
Cu-02 and Ba-03 distances decrease-$,03 A. As are- are markedly reduce@hese new values are also listed in
sult the interlayer distance between the Ba and O2 layer$able Il). These two parametens(Hg) andB(Hg), correlate
decreases greatlfpy ~0.06 A). Qualitatively, this can be strongly that do not lead to a conclusion about their real
interpreted on the basis of the Coulomb splitting model, sugvalues. In Fig. 4, the dependence wfHg) on B(Hg) is
gested in Ref. 23, as a positive charge transfer to the,CuGshown, which was obtained in a refinement at fixed values of
layer when the oxygen content increases in the Kig@er. B(Hg) for sampleC. The same figure shows tg, factor as
a function of B(Hg), with a gently sloping minimum at
B(Hg)=1.0-1.8 & and, accordingly, an(Hg)=0.9-1.0.

A possible explanation for such a low occupancy factor or

As shown in Table Il, the temperature factors of Hg andthe large thermal factor of Hg can be mercury substitution
02, which form a dumbbell configuration of Hg,@re quite  for copper or a carbonate group, as it was suggested in Refs.
large. The same unexpectedly large values of these pararh; 7, and 8. If the conditiom(Hg)+n(Cu/C)=1 is fulfilled,
eters were found in Refs. 4—8. Thermal motion gives arthe refined occupancy factors would €Hg)~0.9 and
essential contribution to the thermal factors, becau3e=e8 n(Cu/C)=0.1. The authors of Refs. 5 and 7 have proved the
K, the value B(Hg), for instance, becomes several timesHg substitution for Cu by the additional extra oxygen atoms
smaller in comparison with room temperature, though itlocated near the middle of the edge of the Hg mesh with an
stays large. This last effect can indicate some structural disappropriate square coordination for the Cu cations. We tried
order or partial occupation of the site. The attempt at structo find this additional oxygen by calculating the experimental
ture refinement with disordered Hg sites gave no effectscattering density distribution and drawing maps for the vari-
which means that there is no static displacement. In a joinbus cross sections of the unit cell. The very hij, reso-

B. Occupation of mercury positions
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FIG. 3. Bond distances Cu-Q&ght scal¢, Cu-O1 and Hg-O2 1100]
(left scalg as a function of extra oxygen conteftO1 is oxygen in
the CuQ planes, O2 is apical oxygen. FIG. 5. The difference scattering-density map for the basal

plane of samplé\ calculated with the difference of the experimen-
lution of our diffraction patterns helped us to obtain the realtal and calculated structure factof§;esp—Fca)- The O3 oxygen
Fh« values for many of the diffraction peaks, which is very was excluded from the calculation &,.. The amplitude of the
important in finding the low occupancy positions. O3 maximum is equivalent to the coherent scattering length of 0.35
The sensitivity of the search can be estimated from Fig. 5fm, the background peak amplitudes are not higher than 0.14 fm.
where the difference map of the scattering density for the
basal plane of sampl& with 6~0.06 is shown. The scatter- should be noted that we did not see any static disorder of the
ing density maximum of the O3 atom can be clearly seenQ03 atom along the diagonal that was found in Ref. 7.
The amplitude of its peak is-2.5 times larger than the most  Thus, the additional O4 atom and, consequently, the no-
intensive background maxima. This means that atoms witficeable substitution of Hg for Cu were not present in our
coherent scattering lengths close to that of oxygfen in-  samples and we can now conclude that the large value of
stance, carbgnwould be found if occupation of their posi- B(Hg) and B(O2) are the consequence of large oscillations
tions in the structure is close or higher than 3%. The (liof the HgQ fragment as a whole. It should be mentioned
2,y,z) cross section of the Fourier map for sami@eis  once more that the chemical analysis performed with one of
shown in Fig. 6. One can see that in the positions 12,0, our samples showed a practically stoichiometric cation com-
(z~0.04) and 1/%,0 (y~0.08), where additional oxygen position and, consequently, confirmed an absence of notice-
was found in Refs. 5 and 7, no real peaks are present. Kble cation replacement. The same conclusion was made in
Ref. 6 on the basis of structural data, and in Ref. 24 where
the studies of Hg ,CuBa,Cu0,, s samples obtained under

LS 771 6.60 high pressure of 1.8 GPa were carried out. This agrees also
14- ,
131 1656 % W U &
12 ] ol 6 ol
1.1 — 6.52
1.0—-
0.9—- 6.48 ) © © (
0.8—- 1 g
07- 1644
0.6
0,5-.,,.,..,.,.,.,.,,,.T,,.,.6.40
0204060810121416182022242628 03
B /7

[010]
FIG. 4. Occupancy of the Hg positid0,0,0 as obtained in the
refinement for sampl€ data at various fixed values of the thermal FIG. 6. Experimental scattering-density mégalculated with
factor B(Hg) (left scalg and related values of thR,, factor (right F expt Structure factosof the (x=0.5, Osy=<1, 0<z=<0.5) plane of
scale, in %. the unit cell of sampleC (5~0.12.
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FIG. 7. The occupancy of the O3 positidd/2,1/2,0 as ob- FIG. 8. The behavior ofT, vs & drawn for our neutron-

tained in the refinement for the sampl data at various fixed

diffraction data(curve 2, ¢ ) for samplesA-D, together with data
values of the thermal factd(O3).

from Ref. 6(curve 3,@) and our data of iodometric titratiofcurve

1, +).

with the right temperature dependenceBiHg) andB(02) o )
although the x-ray-absorption fine-structup¢AFS) datg®  eters are significantly smaller than those determined by
did not show large amplitudes of Hg-O bond movement, dudiuang et al® for the HgBaCuO,, , superconductors with

to its high covalence. closeT.'s (curves 2 and 3 in Fig.)8A shift in the twoT.(6)

The other additional effect that can raise the value ofdependencies from each other with-0.05 can be easily
B(Hg) is the deficiency of Hg positions at the surface of theSeen. TheT(5) dependence for our samples where the
Hg-1201 grains, which was found in Ref. 26 for quenchedcontent was determined by iodometric titration, assuming
samples. To some degree, this is proved by comparing th8sa=Vug="*2, Vo=—2 is shown also in Fig. 8. The addi-
results obtained for sampleéd and D, which were synthe- tional experimental data obtained by this analysis for other
sized at different oxygen partial pressuf@sl5 and 0.0012 Hg-1201 samples synthesized under similar conditions are
bap and then annealed under the same conditions. The difiepicted in Fig. 8 by the same sigf). _
ferent oxygen partial pressures in a closed volume during the The paraboliclike dependencies are shifted from each
synthesis of Hg-1201 lead to the different mercury partialother along thed axis. The maximum discrepancy in tie
pressures, which was higher for sample This means that values for the samples with closk's exists between the
this sample should be more Hg deficient than sanple iodometric data and the neutron-diffraction data from Ref. 6.
Indeed, thec axes of these two samples are different, whileThe estimated hole concentration for the Hg-1201 sample
the a parameters are the same. It is interesting to note tha¥ith maximumT,, based on thermoelectric power data was

SampleD has a |0werTc value that can also be a conse- found to be+2.16 (Ref l:D and it fits well with our iodo-
quence of the cation stoichiometry violation. metric data. However, the thermoelectric power technique

allows only the hole concentration in tf€uG,) layers to be
estimated, while the iodometric titration determines the over-
all hole concentration and does not distinguish the holes be-
Special attention was made to the extra oxygen O3 occuween the different structural fragments: {@u0,) layers or
pancy refinement. The small amount of extra oxygen in thehe Hg or O atoms, etc. The discrepancies between the
structure does not allow its thermal parameter to be detemeutron-diffraction and thermoelectric power data were ex-
mined accurately. The problem is alleviated by the smalplained in Refs. 6 and 11 as that, for every extra oxygen
correlation between O3 occupancy and thermal parameteinserted, one hole in th€CuQ,) layers is created while its
The variation ofB(O3) over a large rangfparameter refine- formal charge becomes-1. Self-consistent local-density-
ment with different fixedB(O3) valueg did not change§  approximation calculations performed for the Hg-1223 struc-
more than one standard deviatifffig. 7). The much stron- ture revealed strong covalence between Hg and interstitial
ger correlation shown in Fig. 4 was found betweagiiig) oxygen?’ which decreases significantly the doping level of
and B(Hg), but changing these values did not vary the the (CuQ,) layers in comparison with that expected from
value. Refinements done with and without the absorptioformal ionic consideration. However, chemical analysis,
correction caused an alteration of less than 0.01 for&he which determines the overall hole concentration, in the case
value. of the optimally doped Hg-1201 phase, must reveal the hole
The n(O3) parameters are listed in Table Il, they were concentration p=0.32. Our experimental data for the
obtained with fixedB(03)=1 A% These occupancy param- samples with maximunT,'s were much lowep=0.16 or

C. Extra oxygen position occupation and its influence o .
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V. CONCLUSIONS

30 .
20 The realized study of monophase HgBaO,. s samples
with different §andT,, at the neutron high-resolution diffrac-
tometers allowed new precise structural information to be
obtained, including thermal atomic parameters and extra
oxygen concentration.

Scattering density maps were calculated to find the pos-
sible appearance of additional atoms in the Hg layer, with the
exception of the O3 atom located in the middle of the mesh.
We conclude that no significant replacement of Hg cations
60 T by others takes place and no additional extra oxygen atoms

2000 2500 3000 3500 4000 4500 5000 near the middle of the edge were found in our particular
H(Oe) samples of the Hg-1201 phase. The large value of the tem-

FIG. 9. The EPR spectra for samplagcurve 3 andC (curve peratu.re factors of Hg and O2, which form a dumbbell (.:0”_
2). Curve 1 is the EPR spectra of theBaCuQ compound, re- f!guratlon 'of Hg-Q, are the consequence of large oscilla-
duced 1000 times. tions of this fragment as a whole.

The determinedl',(5) dependence exhibits a parabolic-

V,=+2.16, and this fact creates some doubts about thdike behavior similar to that found in previous work& %1t
assumption of the O3 formal charge being equat-th and it agrees with the iodometric analysis data. However,
The presence of the Danion in the Hg-1201 structure, these curves are shifted apart along &hexis, an especially
located far from the cations,(dy,03=2.75 A and large shift is between the neutron-diffraction data from Ref.
dga.0:=2.84 A) should provide a response in the EPR spec6 and the iodometric data. The probable reason can be that

tra due to the unpaired electron. The EPR spe(first de- despite the high accuracy of the neutron datandard de-
rivative of the absorption signahormalized by the amplifier viation of the n(O3) is about 0.0], the real error can be
coefficientK 5mp and the mole numbeN ., of the reduced  significantly larger and cause a systematic shift from the real
sampleA and sampleC treated in an oxygen flow are shown n(O3) value. First of all, the large discrepancies in extra
in Fig. 9. In the same figure, the 1000-times-reduced EPRXxygen content can be due to distinct cation composition of
spectrum of ¥BaCuQ, is shown. This structure has an un- Hg-1201 phases studied by different groups. In this case the
paired electron in the Cii cation and was used as a stan- T, values are determined not only by oxygen content, but by
dard. All spectra exhibit largeg-factor anisotropy: a range of cations replacement also.

0L

0

-10 -
-20 L
a0l
a0l

ANKampt * Nengie ) (arb. units)

50 |

g, =2.04£0.02 andg;=2.23+0.02, which is typical for From our analysis, including the analysis of correlation
powdered samples of compounds with?Cications in their  between occupancy and thermal factor of the O3 atom, we
structure in an axial-symmetric coordination. believe that systematic error for oxygen content in our

Due to the low intensity of the EPR signals of the Hg- samples does not exceed 0.02. A small additional reasén of
1201 samples, and practically the same line shape and wid#hifting towards to a higher value can be extra oxygen inho-
for all three of the samples studied, an estimation of thenogeneity in the sample, leads to the polyphase state of a
paramagnetic centre concentration was made usingample. Such phenomenon of macroscopic phase separation,
Anorm=Al (K gmp<Nmoie) @and was compared with,, for ~ due to low-temperature extra oxygen diffusion, was studied
Y,BaCuQ,. The values thus obtaine@umber of unpaired already in detail both for powdered sampfesnd single
electrons per formula unire 3.5¢10 * for sampleC and crystal$? of La,CuQ,, s The presence of incoherent scatter-
1.4x10°* for sampleA. Such a small number of paramag- ing domains with different amounts of the extra oxygen in
netic centersimore than 400 times smaller than the extrathe crystallites of the sample can lead to a higher valué of
oxygen concentrationrand a shape specific to the €ucat-  if the refinement was done using the single phase model.
ions, the width of the signals and the values of ghfactors,  But, such effects cannot be strong. The 15% broadening of
allow us to conclude that the EPR signals from the @an-  the reflections in the studied Hg-1201 samples, in compari-
ions are absent. However, this phenomenon can be attributetn with the experimental resolution function of the diffrac-
to the covalent interaction between Hg and extra oxygen, a®meter, supports the anion inhomogeneity hypothesis. In
it was revealed in Ref. 27. The origin of the weak EPRturn, the iodometric data may be shifted to smalietue to
signals can be due to local defects in the Hg-1201 structurthe possible presence of amorphous impurity phases in the
or to small amounts of impurity phasésot found by XRD  sample.
analysi$ containing Cé" cations. Taken into account these factors, we can conclude that the

Additional confirmation of the absence of Ganions in  optimal § values for the Hg-1201 superconductor are in the
the Hg-1201 structure is the much low&wralue obtained in  ranged=0.08-0.12. The large discrepancy of our data with
Refs. 4 and 9 and in the present work in comparison with théhe § values determined in Ref. @vhere5=0.18 was founy
data from Ref. 6. It should be noted that for the seconds not clear. The hypothesis of the O3 formal charge being
member of the series, HgBaaCuOs, 5 *®*°whose struc- equal to —1 causes some doubts and cannot explain this
ture has one type of Cu cation in a pyramidal coordinationdiscrepancy. We think that the probable reason for overesti-
the optimals value as calculated for o{€uQ,) layer is also  mation of the O3 content can be due to the phenomena dis-
smaller and equalé/2=0.11 for all of the compounds stud- cussed above or due to an insertion of the additional “non-
ied. oxidizing” oxygen atoms into the structure, located in the
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CO3™ groups, as was suggested in Ref. 8, or in the ACKNOWLEDGMENTS
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