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Oxygen content, thermodynamic stability, and superconductivity of Hg1ÀxRexBa2CuO4¿d

A. Serquis* and A. Caneiro
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The oxygen nonstoichiometry of single phase~Hg, Re!-1201 samples was studied by high-temperature
thermodynamic techniques. The relevant structural features and the oxygen occupancy numbers were deter-
mined by Rietveld refinements using x-ray and neutron powder diffraction data. Underdoped and overdoped
samples for different Re contents obtained by changing oxygen content through suitable post annealing treat-
ments enable us to analyze the effect of both substitutions onTc . The Re doping increases the thermodynamic
stability of the Hg-1201 phase due to the incorporation of strongly bonded oxygen atoms. The Re incorporation
also makes it possible to easily reach the overdoped regime, without appreciably affecting the maximumTc .
The slight decrease of the maximumTc may be due to the cation disorder introduced by Re. The effect of extra
oxygen in the (Hg,Re)Od layer on theTc of Hg-1201 compound is discussed.

DOI: 10.1103/PhysRevB.63.014508 PACS number~s!: 74.72.Gr, 74.25.Bt, 74.62.Dh
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I. INTRODUCTION

The HgBa2CuO41d material discovered by Putilin
et al.1 belongs to a series of general formu
HgBa2Can21CunO2n121d with 1,n,7. Then51 member
of this series~designated Hg-1201! with a Tc>97 K was the
first one synthesized at ambient pressure, while then53
member achieves, to date, the record value forTc ~135 K! at
ambient pressure,2 and at high pressure~164 K at 31 GPa!.3,4

The advantage of the Hg-1201 material compared to th
of higher n, for the analysis of the structural defects, is t
absence of intergrowth layers. Some intergrowth structu
may occur due to the identical atomic configuration of t
basal plane of HgO in the higher members of this series
have been observed by high resolution transmission elec
microscopy.5

Although the average structural model for the simpl
Hg-1201 compound is widely accepted, there is poor ag
ment concerning the possible defects and the amount of
gen excessd and its relation with superconductivity. Th
variation of extrad oxygen modifies the carrier concentr
tion in the CuO2 planes and therefore theTc ; nevertheless,
the range of oxygen excess and thed values corresponding
to the maximumTc show appreciable spread~see as ex-
amples Refs. 1,6–13!. All workers who carried out structura
refinements of this phase report less than ideal occupanc
the Hg site or extremely large Debye-Waller factors for t
site and the O~2! site. There are at least four proposals
explain this:~i! a real Hg deficiency, i.e., Hg vacancies,14 ~ii !
substitution of Cu on the Hg site,15–17 ~iii ! substitution of C,
in the form of CO3, at or near the Hg site,6 ~iv! Hg atoms are
displaced off the ideal Hg site in a anharmonic way.18

In addition, there is one report of two different oxyge
defect locations.7 One of these sites is the usually report
interstitial oxygen site in the Hg plane. The second one
0163-1829/2000/63~1!/014508~9!/$15.00 63 0145
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also in the Hg plane, but is at an (x,x,0) site that is displaced
towards one of the Hg atoms. However, this second oxy
defect site could be associated with CO3 defects. As differ-
ences are seen among samples made in different ways,
likely that one or more of these defects actually occurs a
they depend on synthesis techniques.

Therefore, the lack of consensus about the fine detail
the crystal structure may be due to different sample prep
tion methods, which lead to difficulties in obtaining sing
phase materials and determining the excess oxygen con
The high vapor pressure of Hg and the high reactivity of
precursors with CO2 and H2O make the synthesis of single
phase materials much harder than with other high-Tc cu-
prates.

As for the measurement of the absolute oxygen cont
the presence of Hg makes impossible its determination
thermogravimetry. Instead, iodometric titration and neutr
powder diffraction data refinements are used for this p
pose. However, the oxygen content values obtained w
these two techniques show significant differences. The m
likely reason is that iodometric titration will not give the re
oxygen content unless samples are single phase. X-ray
fraction cannot be used to conclusively check phase pu
because impurities can be noncrystalline.12,15,19,20

Several authors have reported additional problems in
study of these compounds: a rapid degradation under am
ent conditions of apparent single phase samples20 and a pos-
sible decomposition of the phases upon annealing at h
temperatures.8,21 Additionally, using thermogravimetric
analysis ~TGA! in 1 atm. oxygen pressure Tokiwa
Yamamotoet al.22 have obtained the starting decompositi
temperatures of 420, 480, and 520 °C for the Hg-1201, H
1212, and Hg-1223, respectively, while Tsuchiyaet al.23 cal-
culated 376, 396, and 440 °C for the same values. Th
temperatures decrease for lower oxygen partial pressures
©2000 The American Physical Society08-1
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Tampieri reported a possible Hg loss at a temperature as
as 270 °C in their thermal stability study in air.24

The chemical substitutions of Re and other transition e
ments for Hg has been explored as a means to simplify
synthesis of the Hg compounds.25 The partial substitution of
mercury by a high valence transition metal incorporates e
oxygen atoms into the HgOd plane. In the case of Re subst
tution, each Re cation introduces four extra oxygen atom
the O~4! crystallographic site.26,27 The addition of Re is re-
ported to have beneficial effects on the phase formation
chemical stability of the Hg-1212 and Hg-1223 phases,
pecially regarding their sensitivity to H2O and CO2.28–31

Figure 1 displays the unit cell of the Hg~Re!-1201 com-
pound proposed by Chmaissemet al. from Rietveld refine-
ments of neutron powder diffraction data.26,27 This figure
shows the existence of two types of crystallographic oxyg
sites in the HgOd plane. One of them, the O~3! site, corre-
sponds to that of the oxygen doping for the Re-free sam
(HgBa2CuO41d). The other one, the O~4! site, is related to
the oxygen atoms bonded to each Re cation.

No available studies delineate the thermodynamic and
perconducting behavior of Re doped Hg-1201 materials
oxygen content. In this paper, we present a high-tempera
thermodynamic study of the Hg12xRexBa2CuO41d system
performed to analyze the thermodynamic stability and
oxygen nonstoichiometry. These data, in addition to neut
powder diffraction~NPD! measurements, allowed the prep
ration of samples with controlled oxygen content for Re co
centrations ranging between 0 and 0.15.

II. EXPERIMENTAL

Samples of Hg12xRexBa2CuO41d were prepared follow-
ing a method similar to that proposed by Alyoshinet al.32

High purity HgO, ReO2, CuO, and BaO were the raw mat
rials for these samples. CuO and BaO in the stoichiome
ratio of Ba2CuO31d were mixed and heated under pure ox
gen at 930 °C. The obtained Ba2CuO31d single phase mate
rial was mixed with ReO3 and HgO. The HgO was incorpo

FIG. 1. Unit cell of the Hg~Re!-1201 compound, which corre
sponds to the tetragonal systemP4/mmm~Ref. 27!.
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rated with an excess of 10% relative to the stoichiome
composition to compensate for the loss of Hg by volatiliz
tion during the synthesis. All sample handling was done i
dry box. The final oxide mixtures were heated in sea
quartz capsules under controlledp(O2) given by the
CoO/Co3O4 equilibrium. We used a two-zone furnace whe
the sample was placed in the lower-temperature part of
tube and the CoO/Co3O4 mixture in the higher-temperatur
region. Details of the synthesis process will be repor
elsewhere.20

Powder x-ray diffraction~XRD! data were recorded on
Philips PW-1700 diffractometer using Cu-Ka radiation and a
graphite monochromator. The collection time in steps
0.02 ° was 10 sec per step. X-ray data of the samples w
refined by the Rietveld method with theDBWS-9411

program.33 The quality of the samples was also checked
scanning electron microscopy~SEM! and microanalysis on a
Philips 515 SEM microscope fitted with an EDAX 9900 e
ergy dispersive spectrometer~EDS!.

Equilibrium p(O2) data as a function of temperature an
oxygen content were obtained using highly sensitive therm
gravimetric equipment consisting of a symmetrical th
mobalance based on a Cahn 1000 electrobalance coupl
an electrochemical gas blending system.34 The electrochemi-
cal system~zirconia pump and oxygen sensor! provides a
controlled Ar-O2 atmosphere for the thermobalance wi
p(O2) values ranging between 131026 and 1 atm. The error
in p(O2) can be estimated as approximately 2%~including
systematic errors!. The thermobalance allows the detectio
of changes in ‘‘d ’’ within 0.001 for a sample of about 0.5 g
The time required to approach equilibrium after a change
p(O2) was typically 24 to 72 h depending onT andp(O2).
The equilibrium criterion used in this work was consta
sample mass with time within610mg verified over 24 h
periods and longer. The absolute oxygen contents of
Hg12xRexBa2CuO41d samples were determined by Rietve
refinements of the NPD data.

Time-of-flight neutron powder diffraction data were co
lected at room temperature on the Special Environment D
fractometer~SEPD! at Argonne’s Intense Pulsed Neutro
Source ~IPNS!.35 Data from the high resolution back
scattering detector were analyzed by the Rietveld techni
using GSAS code36 over a d-spacing range of 0.5 to 4 Å
Table I summarizes the refined structural parameters
Hg12xRexBa2CuO41d samples prepared at 300 °C in O2.

The presence of superconductivity was detected thro
dc magnetization~M! measurements with a Quantum Desi
SQUID magnetometer.M was measured under a nomin
magnetic field of 5 Oe after the samples were cooled from
T.Tco to 5 K in ~a! zero field~ZFC! and ~b! in field ~FC!.

III. RESULTS AND DISCUSSION

Figure 2 displays the x-ray diffraction patterns
Hg12xRexBa2CuO41d samples annealed at 300 °C und
pure oxygen. The oxygen contents of these samples are p
tically the same as those of the as-made ones. No reflect
of secondary phases are observed, especially in the 27–
2u region where the major reflections of the common imp
8-2
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TABLE I. Oxygen content,Tco and refined structural parameters~NPD data! of Hg12xRexBa2CuO41d prepared at 300 °C in pure O2;
tetragonal symmetry of space groupP4/mmm~Ref. 20!.

Nominal Re content x50.00 x50.05 x50.10 x50.15

Tco(K) 97.2~4! 96.0~5! 95.0~5! 35~2!

do n(O3)1n(O4) 0.15~1! 0.37~5! 0.42~4! 0.58~4!

a(Å) 3.880~1! 3.872~1! 3.872~1! 3.8760~4!

c(Å) 9.527~1! 9.464~1! 9.420~1! 9.390~2!

Hg ~0,0,0!
B115B2251.1(1) B115B2251.48(7)

B(Å 2) Biso50.8(1) Biso50.8(1)
B3350.8(1) B3350.57(9)

n 1 a 0.90~4! 0.86~4! 0.817~9!

Re n 0.10~4! 0.14~4! 0.15a

Ba ~1/2,1/2,z)
z150.305(2) z150.302(2)

z 0.299~2! 0.2925~2!

z250.276(5) z250.277(4)

n150.74(8) n150.65(11)
n 1 a 1 a

n250.26(8) n250.35(11)
B1iso50.2(1) B1iso50.2(1) B115B2250.65(7)

B(Å 2) Biso50.4(1)
B2iso50.1(1) B2iso50.3(2) B3351.26(12)

Cu ~0,0,1/2!
B(Å 2) Biso50.31(8) Biso50.2(1) Biso50.3(1) Biso50.51(5)

O~1! ~1/2,0,1/2!
B(Å 2) Biso50.41(9) Biso50.4(1) Biso50.4(1) Biso50.60(5)

O~2! ~0,0,z)
z 0.2086~3! 0.299~2! 0.2089~2! 0.2090~2!

B115B2251.31(8) B115B2251.1(1) B115B2251.0(1) B115B2251.51(7)
B(Å 2)

B3350.7(1) B3350.8(1) B3350.9(1) B3350.93(13)
O~3! ~1/2,1/2,0!

B(Å 2) Biso50.8a Biso50.8a Biso50.8a Biso51.49(40)
n 0.15~1! 0.05~1! 0.02~1! 0.01~1!

O~4! (x,x,0)
x 0.316~6! 0.337~3! 0.347~2!

n 0.32~4! 0.40~4! 0.57~3!

Rp(%) 3.2 3.2 3.2 3.59
Rwp(%) 5.0 5.0 5.0 5.62

x2 1.23 1.25 1.23 1.279

aNot refined.
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rities appear~see inset in Fig. 2!. Although the lack of re-
flections from second phases does not guarantee single p
material ~because second phases are often noncrystall!,
SEM and EDS analysis did not show the existence of s
ondary phases.20 Well-developed grains of around 5–20mm
were observed in all samples. Even if there could exist
amorphous coating on grains its contribution will be neg
gible due to the large grain size of our samples~5–20mm!.

We found by SEM observations that our Re-free samp
remain stable over one year under ambient conditions.
Tco and Meissner fraction did not show any significa
01450
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change with time. The high stability of the samples may
due to the HgO excess in the starting HgO-Ba2CuO31d mix
which allows us to obtain nearly Hg-stoichiometric an
single phase materials. This excess and the thermal c
used would avoid the formation of secondary phases c
posed of Ba and Cu oxides which are likely responsible
such degradation in nonproperly made samples.20

The lattice parameters obtained by Rietveld refineme
in the P4/mmm space group for NPD and XRD data a
shown in Fig. 3. These results are in agreement with thos
the literature.26 The linear variation of thec axis as a func-
8-3
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A. SERQUISet al. PHYSICAL REVIEW B 63 014508
tion of Re content suggests the full incorporation of Re c
ions in the 1201 structure forx values up to 0.20. In contras
the a axis does not show appreciable variation as a func
of the Re content. However, both parameters decrease a
oxygen content increases, as will be discussed below.

Figure 4~a! displays the equilibriump(O2) measurements
as a function of oxygen content 41d for thex50.00 sample.
The absolute oxygen content values for the undoped sam
and for all the Re compositions were computed from d
obtained by the NPD refinement for samples annealed u
pure oxygen at 300 °C. For thex50.00 sample, the iso
therms below 300 °C were reproducible under system
oxidation or reduction. Exceptions to this were the lo
p(O2) data points of the 350 °C isotherm, which presente
continuous drift of the sample mass. The oxidation of t
sample from theseT andp(O2) values leads to mass value
lower than those previously obtained. This suggests the

FIG. 2. Powder x-ray diffraction data for Hg12xRexBa2CuO41d

samples annealed at 300 °C under pure oxygen. The inset sho
detail the 27° –31° 2u region where the major reflections of th
common impurities appear.

FIG. 3. Lattice parameters a and c as a function of nominal
contentx for Hg12xRexBa2CuO41d samples annealed at 300 °C u
der pure oxygen.
01450
t-

n
the

le
a
er

ic

a
s

e-

ginning of a slow decomposition process at 350 °C a
log10@p(O2)#,23.00, which may be due to Hg loss in th
x50.00 sample. This mass loss~0.1 wt. % in two days! is
small and therefore, this decomposition can not be dete
by x-ray diffraction measurements. This process may oc
mainly at the surface of the sample as was observed
SEM.20 A decomposition involving the bulk of the samp
may take place only at higher temperatures.24

The decomposition process in our samples is slower
occurs at lowerp(O2) values than has been previous
reported.24,23 Note that the mercury compositions of tho
studies are 0.9 and 0.92, as determined by electron mi
probe analysis and ICP emission spectrometric methods
spectively. These results could indicate that our samples
more stoichiometric in agreement with our EDS analysis20

Equilibrium p(O2) data for the Hg-1201 compound wer
previously measured by Maruccoet al.8 Their data roughly
agree with ourp(O2) measurements. The main differenc
concern the shape of the isotherms. In Ref. 8 they obse
for the 300, 350, and 400 °C isotherms that the slope
log10@p(O2)# vs ‘‘d ’’ increases asp(O2) decreases. This be
havior of p(O2) suggests a stabilization of the oxygen su
lattice for a d r value ~residual fraction! greater than 4.00
From their log(d2dr) vs logp(O2) data, a slope of 1/6 is
obtained which indicates the existence of double ionized
terstitial oxygen defects. However, we have observed
this slope is extremely sensitive to the absolute value of
oxygen content. Therefore, it is very difficult to assert a d
fect model based only on these data.

in

e

FIG. 4. Log10@p(O2)/atm# vs oxygen content for
Hg12xRexBa2CuO41d samples.~a! x50; ~b! x50.10;~c! 0.15. The
arrows indicate nonequilibrium points.
8-4
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TABLE II. DH̄O2
andDS̄O2

values for different compounds. These values were computed for the ox
excess ranged.

Sample d 2DH̄O2
(kJ/mol) 2DS̄O2

(J/mol K) Ref.

Gd-123 0.1–0.9 160–170 120–210 Pradoet al. ~Ref. 37!
Y-123 0.1–0.9 190 120–320 Lindemeret al. ~Ref. 38!
Bi-2212 0.26a 166 130 Xionget al. ~Ref. 10!

0.41b 100 180
Hg-1201 0.14c 136 120 Xionget al. ~Ref. 10!

0.19–0.24a 110 160
Hg-1201 0.05–0.16 46.3 14 Maruccoet al. ~Ref. 8!
Hg-1201 0.1–0.13c 200630 320630 this work

0.14–0.15a 170630 280640 this work
Hg0.9Re0.1021201 0.36–0.40 107612 170630 this work
Hg0.85Re0.1521201 0.56–0.57a 130615 225625 this work

0.58–0.59b 95620 160630 this work

aOptimally doped samples.
bOverdoped samples.
cUnderdoped samples.
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In Figs. 4~b! and 4~c! we plot our equilibriump(O2) data
for the x50.10 and 0.15 samples. The overall oxygen co
tents for these samples are higher than those of the Re
ones. This effect is due to the high oxidation state of R
According to the structural model proposed by Chmaiss
et al.27 each Re cation bonds four extra oxygen atoms i
the structure. According to the NPD refinements, the to
oxygen excess ‘‘d ’’ values can be split into two termsn(O3)
andn(O4). The first term corresponds to the oxygen ato
in the O~3! position while the second one is due to the ox
gen atoms in the O~4! site bonded the Re atom and should
equal to 4x. However, the shift of the curves ofTc as a
function of d is not exactly 4x.

We have computed the partial molar quantitiesDH̄O2
and

DS̄O2
from the temperature dependence of ourp(O2) data at

fixed compositions. The obtainedDH̄O2
and DS̄O2

values

and data of the literature for Hg-1201 and other high-Tc
superconductors are shown in Table II. Due to the smad
range displayed by this compound in thep(O2) range used
in our experiments (1026–1 atm.!, the computedDH̄O2

and
DS̄O2

show appreciable scatter and they must be consid
only as semiquantitative values. Our values agree roug
with those determined by Xionget al.10 for the Hg-1201
compound and other superconducting oxides.37,38 The DH̄O2

values increase as the oxygen content increases, which c
indicate a strong defect interaction as was suggested by t
authors. TheDH̄O2

quantities also increase with Re conte
which is due to the effect of the additional oxygen ato
bonded to the Re ions.

Furthermore, the equilibriump(O2) data provide the fol-
lowing information.

~i! The temperature of the beginning of the decomposit
process increases as the Re content increases. Fo
x50.10 sample, this temperature is 400 °C while for t
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x50.15 one it is higher than 500 °C, indicating an improv
ment on the thermodynamic stability of the Hg-1201 pha
with the Re doping.

~ii ! The oxygen nonstoichiometry range as a function
p(O2) decreases as the Re content increases. To compar
oxygen nonstoichiometry for samples with differentx values
we have plotted in Fig. 5 thep(O2) data at 300 °C vs
d2do(x), wheredo(x) is the oxygen content value unde
pure oxygen of each Re-doped sample. These data rev
stabilization of the oxygen sublattice as a function of the
content indicating that, in the~Hg,Re!-Od plane, the O~4!
oxygen atoms are more strongly bonded than the O~3! ones.
This stabilization of the oxygen sublattice is evidenced
the increment of theDH̄O2

quantities as Re conten
increases.

The Tco values as a function of the oxygen content

FIG. 5. Log10@p(O2)/atm# at 300 °C vsd2do(x), wheredo(x)
is the oxygen content value under pure oxygen of each Re-do
sample.
8-5



b
te
w

ry

em

e
b

p-
o

a
e
a
in

b
u

e

rd
tr

n-

he

e

lly

and

ue
her
dies

n

d
r t

tion

A. SERQUISet al. PHYSICAL REVIEW B 63 014508
1d) for samples of Hg12xRexBa2CuO41d (0.00,x,0.15)
are plotted in Fig. 6. The oxygen contents were obtained
thermogravimetry taking as a reference those oxygen con
values determined by NPD; the later are indicated by arro
The samples were prepared by annealing at 200,T (°C)
,300 under 1029, log10@p(O2)/atm#,2. In order to cover
the underdoped and overdoped regions it was necessa
perform annealing treatments underp(O2) values higher and
lower than those given by our electrochemical syst
@1026,p(O2),1 atm.#.

The x50.00 samples show a maximum ofTc at dmax
;0.16. Nevertheless, a small plateau is observed betw
0.15 and 0.18 which is in agreement with data reported
Jorgensenet al.7 The literature data fordmax cover the range
between 0.08 to 0.18.6–13 The sources of such large discre
ancies may be due to different sample preparation meth
and annealing treatments.

The bond distances Hg-O~2!, Cu-O~1!, and Cu-O~2! of
the oxygen annealed and vacuum annealed samples
function of Re content~x! are plotted in Fig. 7. The decreas
in the a and c parameters with the oxygen content, for
given Re concentration, is mainly the result of the shorten
of the Cu-O~1! and Cu-O~2! bond distances. The Hg-O~2!
bond distance at fixed Re content shows a more erratic
havior with the oxygen content. The analysis of these str
tural data indicates the following.

~i! The Hg-O~2! and Cu-O~2! bond distances decreas
with Re content giving rise to a shortenedc axis. The change
of these distances with the oxygen content is a second o
effect as compare with their dependence with Re concen
tion.

~ii ! The Cu-O~1! bond distances remain practically co
stant with Re content.

In Fig. 8 is plotted theTc of the as-made samples and t
Tc maximum (Tc max) as a function of the Re contentx. The
as-made samples become progressively overdoped as th

FIG. 6. Tco as a function of oxygen excess ‘‘d ’’ for
Hg12xRexBa2CuO41d samples prepared with controlled oxyge
contents determined by NPD and TGA. Thex error bars are only
present for NPD data. The arrows indicate samples anneale
300 °C under pure oxygen, which were used as references fo
oxygen content.
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content increases. However, it is possible to get optima
doped samples by oxygen removal. The obtainedTc max val-
ues are nearly the same as for the unsubstituted sample
decrease slightly as a function of Re content.

Other cation substitutions (Me5V, Mo, Cr, W, Ti, S, Se!
in the Hg site of the Hg-1201 compound decreaseTc
appreciably.25,39,40 These samples would be overdoped d
to an increment of the oxygen content caused by the hig
valence of the incorporated cations. Nevertheless, no stu

at
he

FIG. 7. Bond distances Cu-O2, Cu-O1, and Hg-O2 as a func
of Re content for samples annealed under 1 atm~closed symbols!
and vacuum~open symbols! at 300 °C.

FIG. 8. Tc of the as-made and optimally doped samples (Tc max)
as a function of Re content.
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detail the effect of different annealing treatments in the
~Hg, Me!-1201 compounds and it is possible that their ox
gen content has not been optimized.

Although the Re substitution for Hg causes importa
structural changes such as shortening of thec axis, the effect
on Tc max is small. The contraction of the structure due to
substitution compresses the Cu-O~2! distance more than th
Hg-O~2! distance as shown in Fig. 7. Similar variation of t
Cu-O~2! distance as a function of Re content and a sm
buckling were observed for~Hg,Re!-1212 and~Hg,Re!-1223
compounds.27 However, no evidence of buckling~e.g., an
increase in the temperature factors for the oxygen atom
plane! was observed in our samples. Therefore, the varia
of these distances has minimal effect onTc max. The small
observed decrease inTc max ~from 97.4 to 96 K! may be
caused by cation disorder affecting the electronic structu

It had been previously suggested that thec-axis shorten-
ing and metallic character of ReO3 should result in an inter-
layer metallization, and thus a change in the dimensiona
of these superconductors, which would be manifested a
significant enhancement ofs, the muon relaxation rate.41

However, newmSR experiments carried out recently on o
samples do not reveal any evidence for interlayer metall
tion induced by Re,42 in accordance with some recent resu
obtained for the compounds with two and three Cu
layers.43

In order to discuss the effect of the oxygen atoms bon
to Re onTc , the O~3! and O~4! occupancy numbers@n(O3)
and n(O4)] determined by NPD for samples annealed
300 °C under 1 atm. of oxygen are plotted in Fig. 9. The
data show that for the Re-free sample the oxygen excessd)
is only at the O~3! crystallographic site, determining the ca
rier concentration.n(O3) decreases as the Re content
creases, with values near zero for thex.0.05 samples.
Therefore, for the~Hg,Re!-1201 samples, the O~4! oxygen
atoms dope holes into the CuO2 plane.

Preliminary measurements of thermoelectric power~TEP,
i.e., Seebeck coefficients! indicate a hole concentratio
p50.16 for our oxygen optimally dopedx50.10 sample,

FIG. 9. O~3! and O~4! occupancy numbers@n(O3) andn(O4)]
determined by NPD for samples annealed at 300 °C under 1 atm
pure oxygen.
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with occupancy numbers of 0.40 and 0.02 for the O~4! and
O~3! sites, respectively. In addition, for the Hg-1201 com
pound it has also been reported that theTc maximum occurs
at p50.16 as for all other high-Tc cuprates.10

The dmax, Tc max and the numbers of holes per oxyge
atom assumingp50.16 for all samples are displayed i
Table III. Thus, the doping level on the Cu layer correspon
to one hole per oxygen atom forx50 samples, which is in
good agreement with previous measurements.10 This doping
level decreases as the Re content increases. This fact w
indicate that theaveragecovalent bonding in the (Hg,Re)Od
layer is stronger as the oxygen content increases. This ex
nation agrees with local density approximation calculatio
which indicates a doping level of one additional hole p
occupied O~4! site for Hg-1223.45

An alternative explanation could be supported by t
quantitative analysis made by Jansenet al.46 for the oxygen-
doping effects onTc based on indirect-exchange pairin
These authors obtained numerical results for the indire
exchange coupling upon approximating the wave functio
of two electrons by simple Gaussian functions of parame
a andb.47 The latter is thus a ‘‘localization’’ parameter o
conduction electrons. Their results indicate that a chang
theb parameter, which reflects the density of ‘‘active’’ oxy
gens, is related to the change in thec-axis length. These
authors concluded that the relation betweenp ~the carrier
concentration! andd denotes a fictitious carrier concentratio
which contains the effect of changing theb parameter.46

Another way to estimate the effective valence of the e
cess oxygen atoms may be done by simple making a ch
balance. From the bond lengths, the Re valences were
mated using the Brown-Altermatt44 bond-valence sum
method. The calculations give an average Re valence~over
all samples measured by NPD! of 6.37, 6.52, and 5.89 for
x50.05, 0.10, and 0.15, respectively. Although these nu
bers should be interpreted carefully, it is possible, from
difference between Re and Hg valence, to estimate
charge transfer of the O~4! atoms to the superconductin
CuO2 planes~the number of ‘‘active’’ extra oxygen atom
which modifies the carrier concentration in the CuO2 planes!.
The O~4! valence obtained forx50.10 and 0.15 sample
@assumingd;n(O4)] is roughly 1.3. Therefore, each O~4!
atom borrows one electron from the Re cation and about
from the CuO2 planes. Thus, although the valence of t
O~4! atoms may be higher than that of the O~3! atoms, they
transfer less holes to the superconducting planes, bec
they are tightly bound to the high valence Re cations, as
discussed above.

The data of Fig. 9 show an(O4) of approximately 4x for

of

TABLE III. dmax, Tc max, and the numbers of holes per oxyge
atom assumingp50.16 for Hg12xRexBa2CuO41d samples.

x Tc max(K) d holes/oxygen atom

0.00 97.4 0.162 0.99
0.05 97.0 0.372 0.43
0.10 96.8 0.425 0.38
0.15 96.3 0.525 0.30
8-7
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the as-made samples according to the Chmaissen model
exception is thex50.05 sample, where the refinements
the NPD data also indicate a Re content of 0.10~4! in dis-
agreement with the nominal value.

Even though the oxygenated samples forx50.10 and
0.15 show an(O4) of approximately 4x, they are overdoped
as is shown in Fig. 8. Therefore, it is necessary to rem
oxygen atoms from the O~4! site to reach the optimal an
underdoped regime, which is confirmed by then(O4) refine-
ment for samples with lower oxygen content than those
the oxygenated ones~see Fig. 6!.

It has been reported that a high-pressure high-tempera
technique is necessary to obtain highly overdoped Hg-1
phases. However, these samples seem to favor the rep
ment of Hg by C and easily decompose into BaCO3, CuO,
and BaHgO2.6 Another possibility to obtain overdoped Hg
1201 samples is through a very long time thermal annea
~240 h! at moderates temperatures~around 200 °C).10 The
present work indicates that the overdoped regime can
reached more easily as the Re content of the samples
creases. Thus, it is possible to study the behavior of o
doped samples with chemically stable samples.

IV. CONCLUDING REMARKS

Our study of single phase Hg12xRexBa2CuO41d samples
allows us to distinguish the effects of Re substitution a
oxygen contents on the behavior ofTc for the Hg-1201 com-
pound. The equilibriump(O2) measurements indicate th
Re doping increases the thermodynamic stability of the 1
phase, increasing the low-temperature limit for decompo
tion due to the incorporation of highly bonded oxygen ato
in the ~Hg,Re!-Od planes. The improvement of the 1201 st
bility is reflected by the increment ofDH̄O2

values as a func-
tion of oxygen and Re.

The high valence of Re introduces extra oxygen in
~Hg,Re!-Od layers, which overdopes the superconduct
a-
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CuO2 layers, as reported in this and other simil
substitutions.25,39,40,48Therefore, the as-made samples forx
.0.05 are overdoped and their oxygen contents are appr
mately 4x. However, it is possible to get optimally dope
and underdoped samples by oxygen removal with suita
treatments under vacuum at high temperatures. Some ox
must be removed from the O~4! crystal site to get optimally
doped samples.

The contraction of the 1201 structure due to Re subst
tion compresses the Cu-O~2! distance more than the Hg-O~2!
distance without inducing buckling in the CuO2 planes. The
O~3! oxygen atoms dope holes to the CuO2 layer for the
Hg-1201 compound while the hole doping mainly depen
on the O~4! oxygen atoms for the~Hg,Re!-1201 ones. The
carriers provided by these extra oxygen atoms in the Cu2
planes decrease in number as the Re content increases.
reduced charge transfer to the CuO2 planes may be related t
a strong covalency between Re and O~Ref. 45! or to a
change in theb parameter due toc-axis length shortness.46

Finally, Re doping allows us to easily reach the ove
doped regime by increasing the oxygen solubility, witho
affecting appreciably the maximumTc . This small decrease
in Tc may be due to the cation disorder introduced by
which affect the electronic structure.

ACKNOWLEDGMENTS

The authors acknowledge L. Fa`brega for valuable discus
sions and a critical reading of this manuscript. We gratefu
acknowledge the help of Dr. V. Gru¨nfeld in the English re-
vision of this manuscript. This work was supported
CNEA ~Argentine Energy Commission!, CONICET ~Argen-
tine National Research Council!, CEB ~Bariloche Electricity
Company!, and ANPCyT, Argentina, Grant No. PICT 3-52
1027. The work at Argonne was supported by the U.S. D
partment of Energy, Division of Basic Energy Science
Materials Sciences, Contract No. W-31-109-ENG-38.
B.

A.

C

*Email address: serquis@cab.cnea.gov.ar
Also at CONICET, Argentina.

1S.N. Putilin, E.V. Antipov, O. Chmaissem, and M. Marezio, N
ture ~London! 362, 226 ~1993!.

2A. Schilling, M. Cantoni, J.D. Guo, and H.R. Ott, Nature~Lon-
don! 363, 56 ~1993!.

3C.W. Chu, L. Gao, F. Chen, A.J. Huang, R.L. Meng, and Y.
Xue, Nature~London! 365, 323 ~1993!.
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