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Effect of hydrostatic pressure on HgBa2Ca2Cu3O8¿d superconductor doped with Re
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Samples of the Hg12xRexBa2Ca2Cu3O81d superconductor~Hg, Re-1223!, with varying rhenium~Re! con-
tent (0.00,x,0.30) were produced with the help of a thermobaric analysis, which can monitor the total
pressure inside the quartz tube during the synthesis at high temperatures. The sample quality was verified by
means of Rietveld analysis of the x-ray-diffraction data, ac susceptibility, and by ac resistance measurements.
The same procedure was used to prepare all the samples with different Re content~reduction of oxygen content
in the precursor RexBa2Ca2Cu3O71d and the increase of the mercury partial pressure inside the quartz tube!.
The Re atoms lead to a reduction of the lattice parameter along thec axis with a decrease of the lattice volume
which is equivalent to an applied hydrostatic pressure of 1 GPa. The aim of this work is a comparative and
quantitative study of the chemical and external hydrostatic pressure on the Hg, Re-1223 system. The samples
with 0.10,x,0.25 showed strong magnetic shielding effects and low residual resistance. Resistance measure-
ments as a function of temperature display an increase of the superconducting transition temperatureTC with
applied hydrostatic pressure. The]TC /]P value depends strongly on the Re doping and the sample with the Re
contentx50.18 showed the largest measured]TC /]P56.8(2) K/GPa. We argue that the Re concentration
does not increaseTC in the same way as external hydrostatic pressure but provides a strong influence on the
intrinsic term proposed by Almasanet al. @Phys. Rev. Lett.69, 680 ~1992!#.
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I. INTRODUCTION

Seven years after the discovery of high-temperature
perconductivity~HTSC!1 the highestTC of 134 K, at ambi-
ent pressure, was recorded in the new family of mercu
based superconductors for HgBa2Ca2Cu3O81d ~Ref. 2!
compounds. This mercury family, which chemical formula
represented by HgBa2Can21CunO2n121d with n51,2,3 . . .
@Hg-12(n)(n21)#, was found in 1993 by Putilinet al.3 Ini-
tially, it was possible to stabilize the pure phase of t
Hg-12(n)(n21) series only by sintering at pressures in t
order of a few GPa and at temperatures close to 850 °C4,5

Later, it was shown that Hg-1223 can be prepared as m
phase under normal pressure condition by controlled va
solid reaction or by substituting cations with higher valen
for Hg.6–12 This is the case for rhenium~Re! substitution
at the Hg site, which allows the preparation
~Hg, Re!Ba2Can21CunOy under normal pressures in a quar
tube.

In our previous paper,13 the synthesis of
Hg0.82Re0.18Ba2Ca2Cu3O81d samples was optimized b
the thermobaric analysis~TBA!,14 which is used in the
PRB 610163-1829/2000/61~22!/15454~8!/$15.00
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present work to improve the preparation of th
Hg12xRexBa2Ca2Cu3O81d samples (0.00,x,0.25). In the
same way, the oxygen content present in the sam
Hg12xRexBa2Ca2Cu3O81d , was optimized by controlling
the pressure during the synthesis.15 The knowledge of the
best thermal treatment parameters also helped to reduce
amount of CaHgO2 impurity16 present in the samples.

The physical pressure effects on the Hg-12(n21)(n) se-
ries have been intensively studied since their discovery
1993,3 despite the initial difficulty related with their prepa
ration which involves high-pressure sintering. Single cryst
grown under normal pressure have been available s
1994.17,18 One of the remarkable features revealed by hig
pressure studies on Hg-1223 is the increase ofTC reaching
an increment of the order of 30 K compared toTC at ambient
pressure.19 Gaoet al.20 found thatTC increases in the pres
sure range of 0.0–2.0 GPa with a rate of 1.7 K/GPa, which
his opinion corresponds to the behavior of an underdo
sample. Other measurements with optimally doped sam
up to a higher pressure value~> 15 GPa! confirm thatTC
increases with a lower rate, reaching 153 K at 15 GPa~Ref.
21! and the maximumTC as function of pressure@TC(P)#
15 454 ©2000 The American Physical Society
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rises to 164 K at 30 GPa.20,22,23 The characteristicTC(P)
curve is an inverted parabola with a linear behavior at l
pressures and reaching a maximum inTC at higher pressure
A linear ]Tc /]P dependence close to 4 K/GPa for the op
mally doped samples was found in the low pressure ra
0–1.0 GPa.24,25 This initial ]Tc /]P behavior has a clear de
pendence on the oxygen content or hole concentration o
sample. Therefore, the control of the oxygen content in
synthesis process is necessary in order to study the]Tc /]P
value associated to the optimally doped samples.

Due to such special properties of the Hg-1223 family a
the fact that doping with Re provides an effective chemi
pressure, we decided to study the external hydrostatic p
sure effect on the Hg, Re-1223 samples by resistance
susceptibility measurements. The influence of the exte
hydrostatic pressure on the Hg, Re-1223 samples is
cussed together with the chemical pressure effects.

II. EXPERIMENTAL PROCEDURES

A. Synthesis procedure

The synthesis of the samples involves as the first step
preparation of the RexBa2Ca2Cu3O71d precursor. Initially,
Ba2Ca2Cu3O71d ~99.9%-PRAXAIR! and ReO2 ~99%-
Aldrich! powders were weighted in 1:(x50.05,0.10,0.15,
0.18,0.20,0.25) molar ratio. The powder mixture was kep
930 °C for 10 h. The produced precursor was post-anne
in an Ar ~90%!-O2(10%) gas flux composition15 with a con-
trolled flow rate using a Quanta Chrome Inc. gas mixer.
precursors were prepared under 1 bar~total pressure! at the
same partial oxygen pressurePO~2!50.10 bar.

The Hg12xRexBa2Ca2Cu3O81d samples were synthesize
from a stoichiometric mixture of (12x) HgO ~99%, Ald-
rich! and RexBa2Ca2Cu3O71d precursor. Samples with si
different Re contents~x50.05, 0.10, 0.15, 0.18, 0.20, an
0.25! were prepared by using the TBA~Ref. 14! with filling
factor ff50.70 g/cm3.13 The heating was performed with
rate of 300 °C/h up to 700 °C, changed to 120 °C/h un
860 °C was reached16,26and kept for 10 h at this temperatur
Finally, the samples were cooled to room temperature w
120 °C/h.

B. Sample characterization methods

Powder x-ray-diffraction patterns (Cu-Ka1) were
recorded with a Rigaku D-MAX 2000 diffractometer an
the Rietveld analysis27,28 was performed with theDBWS

program.29

For the magnetic characterization of the compounds
samples were used in powder form. The pellets w
grounded in an agate mortar and dried in an oven in2
atmosphere at 105 °C for 1 h. After the latter procedure,
powder was cooled in a dry box during 1 h and mechanically
sifted in order to get particles sized below 65mm.

The ac susceptibility at ambient pressure was meas
with a homemade calibrated and automated device usin
driving field Hac58 A/m and a frequencyn5500 Hz.30,31

The induced voltage in the astatic pair of pickup coils w
detected by a Lock-In-Amplifier 5210, dual phase, EG&
Superconducting quantum interference device measurem
confirm the ac susceptibility results.
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The resistance measurements were made using a Li
Research Inc LR-700 ac bridge at a frequencyn516 Hz with
an ac currentI ac5100mA. The resistance at room temper
ture shows the same value after thermal cycling confirm
the good quality of the contacts.

For both measurements~ac susceptibility and ac resis
tance! a Lake-Shore temperature controller, model 310, w
used to set the temperature detected with a calibra
GaAlAs-sensor~GAL 8957!.

In order to compare the ac resistance measurement re
at ambient pressure, all samples were cut to slabs of 232
312 mm3. The electric contacts on the samples were ma
with copper wires fixed with DuPont silver conductive pain
The distance between the voltage contacts was 2 mm.

C. Resistance and susceptibility measurements
under hydrostatic pressure

The resistance under pressure was performed in a B
piston-cylinder cell, similar to the one used in oth
works,32,33with a n-pentane-isoamyl alcohol mixture~1:1! as
pressure medium providing hydrostatic conditions. Roo
temperature pressure was measured by a manganin ma
eter. The pressure change upon cooling due to thermal
traction effects was calibrated considering the Thompso34

procedure. The temperature dependence of the resistan
several pressures~0.0–1.0 GPa! was measured by a standa
four-probe method on slabs of 0.731.535 mm3. The resis-
tance measurements were made using the LR-700 ac br
at n516 Hz and with I ac5100mA. A calibrated GaAlAs
sensor~GAL8957! and a Lake Shore temperature controlle
model 340, were used to set the temperature. The super
ducting transition temperatureTcd was determined from the
variation of resistanceR with temperature for all the pressur
values.Tcd was defined as the intersection of the tang
through]R/]T, where the]2R/]T2 has the highest negativ
value, with the extrapolation of the normal-state behav
just aboveTConset.

35

The ac susceptibility under pressure was measured
diamond-anvil cell.36–38 Hydrostatic conditions were ob
tained with a methanol-ethanol mixture~4:1! in a pressure
cavity of 0.4 mm diameter of a CuBe gasket prepressed
0.3 mm. The pressure was detected by a superconduc
manometer~Pb, 99.9999%, Koch-Light-Lab.! placed in the
gasket hole next to the sample. The primary coil~200 turns!
and the astatic pair of pickup coils~23 470 turns! were pro-
duced with copper wire of 45mm diameter. An additional
compensation coil was used to trim the offset. The ac s
ceptibility was measured with a driving fieldHac'200 A/m
and a frequencyn5483 Hz. The induced voltage in th
pickup coil was measured using a Stanford SR 810 Lock
amplifier. In order to hold the amplitude of the ac field co
stant over the whole temperature range and to minimize
noise, a special current source~Rahf Co! was used, leading
to a signal-to-noise ratio better than 10:1. A platinum res
tance~Pt-100! and a Conductus LTC-20 temperature contr
ler were used for the high-temperature range~Hg, Re-1223!.
For the low-temperature range~Pb!, a ruthenium oxide resis
tance, an AVS-45 Automatic Resistance Bridge and a mo
fied Thor 2020 ramp heater were used. We observed
changes onTConset of the Pb sample to verify the pressur
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FIG. 1. The variation of the lattice paramete
for the Hg12xRexBa2Ca2Cu3O81d samples as a
function of the different nominal Re content. Th
left axis refers to thea, b unit-cell parameters
~tetragonalP4/mmmspace group symmetry! and
the right one to thec parameter. The parameter
were determined by Rietveld analysis of the x-r
powder-diffraction patterns.
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TConsetwas also used as the criterion of critical temperat
for the probed Hg0.82Re0.18Ba2Ca2Cu3O81d sample.

III. RESULTS AND DISCUSSION

A. Sample characterization

Figure 1 displays the lattice parameter variation with
Re content. The left and the right axis are related with thea,
b andc parameters, respectively. The parameters of the
1223 compound without Re are an average taken from R
19. The other parameters were obtained from our sample
Rietveld analysis taken into account the results of Chmais
et al.39 and considering theP4/mmm space-group symme
try. The details of the fit quality are listed in Table I.

The Re ion in fact does substitute the Hg ion in t
Hg12xRexBa2Ca2Cu3O81d compound. It is surrounded b
the usual four oxygen ions located in the HgO plane and
extra oxygen neighbors, above and below, completing
octahedral coordination. This kind of structural analy
was already done by Kishio et al.40 for the
Hg0.75Re0.25Ba2Ca2Cu3O81d sample, in agreement with
Chmaissenet al.,39 concerning the number of oxygen coo
dination for the Re ion. The increase of the Re concentra
from x50.05 up tox50.10 decreases thec parameter, while
the a and b parameters remain almost constant. Therefo
there is a reduction of the cell volume when the Re cont

TABLE I. The lattice parameters carried out by Rietveld ana
sis ~Refs. 27–29!. For the Hg-1223 without Re case it was writte
using the average of Ref. 19. The Renom ~nominal! values take into
account only the initial stoichiometric of the samples. TheSparam-
eter is equal to a ratioRwp /Rexp and shows the goodness-of-fit.

Renominal a,b ~Å! c ~Å! Rwp Rexp S5Rwp /Rexp

0% 3.854~2! 15.835~9!

5% 3.8536~6! 15.742~4! 18.6% 9.42% 1.97
10% 3.8513~2! 15.692~2! 20.3% 7.29% 2.79
15% 3.8563~5! 15.697~3! 21.5% 6.05% 3.56
18% 3.8519~6! 15.686~3! 19.1% 4.51% 4.23
20% 3.8534~3! 15.684~3! 22.0% 5.40% 4.07
25% 3.8548~8! 15.710~4! 23.0% 5.34% 4.30
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increases up to 10%, while forx50.10 up to 0.25 the conten
yields no significant variation of the lattice parameters.

Table II shows the fraction of the other phases,
Ba4CaCu3Oy~CO3!, BaCuO21y , HgCaO2, Ca0.85CuO2,

41 for
each sample with different Re content. The results are
agreement with Rederet al.42 and no signature of the Hg
1212 phase was observed. Taking into account the ph
distribution and the stoichiometric conservation, it is cle
that there was a Re content increment on the Hg, Re-1
phase when it is compared with the initial nominal comp
sition. Therefore, as we have shown,43 the Hg, Re-1223
phase is optimized when the sample is produced by qu
tube method with a filling factor ff50.70 g/cm3 ~Ref. 13! and
the precursor is treated with low oxygen partial pressure15

X-ray-diffraction pattern also revealed the reduction
CaHgO2 in the samples suggesting that the reduction of o
gen content of the precursor (RexBa2Ca2Cu3O71d) and the
concomitant increase of the partial mercury pressure red
the amount of CaHgO2 in the Hg system, i.e., it led to an
improvement of the superconductor formation phase.16

B. ac susceptibility

Figure 2 shows the temperature dependence of the
magnetic susceptibility data at ambient pressure with diff
ent Re contents. The measurements were done on po
samples with controlled size smaller than 65mm, chosen in
order to reduce the influence of intergrain magnetic shie

-
TABLE II. The ratio among different phase distribution, as o

tained from the Rietveld analysis, presents in the each differen
content. It was used in Refs. 39–41 to choose the Rietveld in
parameters of the Ba4CaCu3Oy(CO3), ~412 C! and the Hg/Re-1223
phases.

Renom Hg,Re-1123 CaHgO2 412C Ca0.85CuOx BaCuO21x

5% 86.0~5! 4.6~5! 1.0~4! 2.3~6! 3.9~5!

10% 82.7~6! 5.7~5! 0.8~5! 3.0~5! 5,6~5!

15% 95.8~3! 1.1~2! 0.9~3! 0.9~3! 1.2~3!

18% 94.8~3! 1.2~2! 0.8~2! 0.8~2! 1.4~2!

20% 88.9~4! 5.4~3! 1.5~3! 1.7~2! 2.5~3!

25% 85.3~6! 6.4~5! 1.6~5! 2.2~5! 3.2~5!
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FIG. 2. The magnetic ac sus
ceptibility of the different samples
in powder form. The insert reveal
the sharper onset of the superco
ducting transition of the Re 18%
as compared with Re 15% and R
20% samples.
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ing. The maximum shielding for all powder samples occ
close to 40 K and the stronger magnetic shielding is obtai
with samples having 0.10,x,0.25 Re content. As can b
seen in the inset, thex50.18 ~Re 18%! content shows the
sharpest onset of the superconducting transition.

The ac susceptibility signal can be divided into a real a
an imaginary part,xac5xac8 1 ixac9 . The xac8 corresponds to
the magnetic shielding, and thexac9 is related to a dissipation
process. Considering the dissipation componentxac9 , the in-
tragrain region is associated with the low-angle discorda
defects between crystal planes, while the intergrain on
associated with junctions between the grain regions. In
samples with pellet shape, thexac9 signal value reveals the
influence of intergrain and intragrain component on the m
netic shielding. Considering the previous measurement
thexac9 signal value for all powder samples and the Krame
Kronig relations,44 it can be estimated that only 20% of th
maximal magnetic shielding, shown inxac8 at 10 K, is due to
the intergrain effect. Therefore, basing on the models
Bean45 and Kim,46 it can be concluded that samples wi
0.10,x,0.20 Re content show the higher critical curre
I C , and this result is in agreement with the magnetic m
surements of Rederet al.42

C. The ac resistance

Figure 3 shows the variation of the resistance with te
perature at ambient pressure for all samples. Above the t
sition temperature, low resistance values were found
samples in the 0.10,x,0.25 Re doping range, in agreeme
with the stronger magnetic shielding found in the ac susc
tibility measurement. Thex50.18 ~Re 18%! sample shows
the lowest normal-state resistance as well as the lowes
sidual resistance~metallic behavior!. The temperature a
which the resistance reaches its lowest value varies with
Re content. The derivation]R/]T for samples with x
50.15 and 0.18 shows a maximum at 133 K and the nor
resistance displays metalliclike behavior~linear temperature
s
d

d

e
is
e

-
of
-

f

t
-

-
n-
r

p-

e-

e

al

dependence of the resistance!. Out of the 0.15<x<0.20
range, the value of the resistance in the normal state is
times higher and there is no signature of the metallicl
temperature dependence.

D. The ac resistance and susceptibility
under pressure up to 1 GPa

The typical temperature variation of the resistan
under different pressures up to 0.92 GPa
Hg0.82Re0.18Ba2Ca2Cu3O81d ~Re 18%! is shown in Fig. 4,
indicating the expected increase ofTC with hydrostatic pres-
sure. In order to define the transition temperature,
adopted the criterion which is based on the different press
dependencies of the intergrain and intragrain part of
]R/]T curve.47 Following the arguments in the Ref. 47, w
decided to use only the maximum of the intragrain part of
]R/]T curve, which has a small transition widthD, as a
definition of TC . A value of D'3 K was obtained for the
sample with the optimum Re content~Re 18%! from the fits
of ]R/]T with two Lorentzian curves.

The results of the ac susceptibility measurements of
Re 18% sample under pressure are shown in Fig. 5.
pressure dependence ofTConset was plotted in Fig. 6~open
square! together with the ac resistance data. At low pre
sures, the data of both methods agree. Unfortunately, n
susceptibility data at higher pressure were available u
now, since our diamonds were damaged during this exp
ment.

Under similar conditions, the resistance for five differe
Re samples and the variation of the critical transition te
perature with hydrostatic pressure were measured, and
results are shown in Fig. 6.

As can be seen in Fig. 6, despite the fact that the sam
with x50.15 andx50.18 are not too much different with
respect to variation of resistance and susceptibility with te
perature, they show a different response to hydrostatic p
sure. Samples withx50.05 and 0.15 show an increase ofTC
with pressure similar to the one reported by Chuet al.21 for
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FIG. 3. The resistance of the sample pellets
a function of temperature measured by four-pro
ac method. The Re 18% sample shows the low
resistance value and a metalliclike behavior.
e

o

nt
s
n
g

G

en
ly

the
s

-

f
t
ical

to
to

es-

s, is

ole
Hg-1223 without doping. A linear fit to the data of the R
18% sample yields]TC /]P56.8(2) K/GPa, which is prob-
ably one of the largest values reported. We will discuss m
about this important feature further below.

E. Discussion

The chemical and external hydrostatic pressure

As shown in our previous work43 for a
Hg0.95Re0.05Ba2Ca2Cu3O81d sample, there is no agreeme
between external hydrostatic pressure and chemical pres
when only the relative volume reduction is taken into co
sideration. In this case, the volume compressibility for H
1223 compound (kv'931023 GPa) ~Ref. 48! was assumed
to be the same for the Hg0.95Re0.05Ba2Ca2Cu3O81d ~Re 5%!.
Therefore, an external hydrostatic pressure of about 0.9
leads to a volume reductionDV/V0'20.8% in the Re 5%
sample, and such a volume change corresponds toDTC
'3 K for external hydrostatic pressure at optimal oxyg
doping. On the other hand, in Fig. 1 the x-ray Rietveld ana
re

ure
-
-

Pa

-

sis already indicates a volume reduction of about 0.4% in
structure of the Hg, Re-1223,40,42when the Re content varie
from x50.05 up to 0.10. However, no change inTC is ob-
served~ac susceptibility, Fig. 2!. Thus, it seems that an iso
tropic decrease of the unit cell~external hydrostatic pressure!
leads to an increase ofTC , while the anisotropic decrease o
the c axis alone does not changeTC . Such nonequivalen
behavior between external hydrostatic pressure and chem
pressure has already been found in other systems.32,41There-
fore, the change in volume is not the only important factor
influenceTC , and this information may need to be taken in
account in theoretical models.

It is now generally accepted that an applied external pr
sureP induces a charge transfer~PICT! to the CuO2 planes,
which produces a change inTC .49–54However, sinceTC can
increase above the optimal dopingTC

max, it is clear that an-
other pressure effect, probably due to structural change
present and this is known as ‘‘intrinsic effect.’’ Thus one
assumes, for a given compound with a charge density or h
concentrationn, an expansion ofTC(n,p) in powers ofP
or-
ur-
FIG. 4. The pressure dependence of the n
malized resistance vs temperature, using the fo
probe ac resistance method~Re 18%!.
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FIG. 5. The ac susceptibility of the Re 18%
sample at different pressures.
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where the linear coefficient~on the pressure! is given by51–54

dTC /dP5]TC
i /]P1@]TC /]n#@]n/]P#, ~1!

where]TC
i /]P is the intrinsic term and@]TC /]n#@]n/]P# is

attributed to PICT. Both]TC
i /]P and]n/]P depend on the

given compound. The derivative]TC /]n may be estimated
phenomenologically through theTC-x-n diagram forP50
which satisfies an inverse ‘‘universal’’ parabolic behavior
given by the following equation:

TC~n!5TC
max@12h~n2nop!

2#, ~2!

where TC
max is the maximumTC(n) at the optimal doping

nop. Concerning the intrinsic term, there is no theory ab
its origin, despite some attempts that have been mad
relate it with changes in the phenomenological attractive
tential of an extended Hubbard model.53,54

As can be seen from Fig. 4, our samp
Hg0.82Re0.18Ba2Ca2Cu3O81d , Re 18%, has nearly the sam
TC'133 K as the pure optimal doped Hg-1223. This res
seems to indicate that the addition of Re does not produ
detectable charge transfer. If this is true for every dop
regime ~or hole content!, it can be assumed that the R
doped compounds have the sameP50 parabolicTC(n) of
the pure Hg-1223 and consequently the same]Tc /]n.

Figure 6 shows an unusual highdTC /dP56.8 K/GPa, at
low pressures for our Re 18% sample~starting at 133 K!,
which is about three times higher than the value measu
for optimal doped Hg-1223~Gao et al.22! or the recently
measured Hg12xAux-1223 ~Acha et al.55!, and about twice
of that measured for Bi2Sr2CaCu2O81y ~Huang et al.56!.
Now, if our Hg12xRex-1223 compound is optimally doped
which is assured by its highTC'133 K,15 the second term in
the right-hand side of Eq.~1! is zero or be very small, which
implies that this highdTC /dP'6.8(2) K/GPa is due almos
entirely to the intrinsic term.

Thus, based on the analysis above, it can be conclu
that the chemical pressure made by the Re doping produc
change in thec-axis lattice parameter, as shown in Fig.
which under hydrostatic pressure gives a very large intrin
term. Furthermore, it is expected that our Re 18% sam
behave similarly to the other 3-CuO2-layer compounds ana
t
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-

lt
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ed
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,
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lyzed by Wijngaarden.57 For pressures greater than 12 GP
the TC vs P curves for some three-layer compounds may
fitted by two parabolas, which may be interpreted as due
nonequivalence of the charge distribution as estimated f
the model of Hailes and Tallon.58 This model supports the
idea that the charge of the ‘‘outer’’ layers increases w
faster rate than that of the ‘‘inner’’ layers.57 Due to the low-
pressure limitation of our equipment, no detectable dou
parabolic behavior was found, but it may be possible that
measured very largedTC /dP value is only due to the oute
CuO2 layers.

In contrast with our results for the chemical pressure
the lattice parameter~Fig. 1! and the large intrinsic effec
~Fig. 6! under external hydrostatic pressure reported abo
Wijngaarden57 points out that several experiments sugges
strong influence of the in-plane~a or b axis! lattice parameter
on the intrinsic term. A number of interesting experimen
mentioned in Ref. 58 provide some evidence that structu
changes along thec-axis influence the charge content of th
CuO2 planes, and those along thea or b axis mainly influ-

FIG. 6. Pressure dependence of the transition temperatureTcd

obtained by the temperature variation of the resistance under hy
static pressure up to 0.92 GPa. The closed circles are relate
TConsetdetermined by the ac susceptibility.
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ence the intrinsic term. Therefore, we arrive at the followi
two tentative explanations for our novel data:

Case 1: Following the discussion above, our Re-dop
compound may be in the optimally doped regime and is
far as we know, the first HTSC to exhibit such an enormo
increase of the intrinsic term in comparison with the pure
compound, concomitantly with a larger structural change
the c axis than that on thea or b axis.

Case 2: An optimal oxygen-doped Re 18% sample15 has
a higher TC than pure Hg-1223, i.e., our Re 18% dop
compound may be underdoped. Under hydrostatic pres
there is some non-negligible charge transfer, proba
strongly enhanced by the derivative]n/]P which, due to the
presence of the Re, becomes much larger than that of
pure Hg compound. The largerdTC /dP is in this case,
mainly due to the large PICT term and the intrinsic term m
be of the order of Hg-1223, which agrees with the gene
trends described in Ref. 57 for structural rearrangeme
mainly along thec axis.

Independent of whether case 1 or 2 is relevant, the
porteddTC /dP values are one of the largest measured
HTSC compounds. The nature of the mechanism and
appropriate interpretation of this large effect will be clarifi
in future by in situ thermopower studies and the analysis
other samples with different oxygen content, having differ
charge densities.

IV. CONCLUSIONS

This work suggests that the maximum variation ofTC
with external hydrostatic pressure, determined from ac re
tance and ac susceptibility measurements, can be relate
the optimal oxygen doping present in the Re 18% samp
re

o,

P.
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.

er

d

K
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.
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s
s
g
n

re
ly

he

y
l

ts

e-
n
e

f
t
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s.

From the Rietveld analysis the nominal Re 18% conte
correspond to 20% of rhenium content present in the Hg
1223 phase. For this sample with Re 18% content it w
observed that all physical properties showed the best val
and in special the linearTC-pressure dependence@6.8~2!
K/GPa# reveals a higher rate compared with the one alre
determined for the Hg family of superconductors without
doping. The estimated maximum ofTC that one may reach
under applied pressure could not be achieved because
above the limit of our present experimental condition
The pressure experiments, however, have shown that t
is a clear nonequivalence between chemical and exte
hydrostatic pressure for all Re-doped samp
Hg12xReBa2Ca2Cu3O81d . This nonequivalence behavio
can be interpreted, in the low~applied! pressure limit, as due
to different effects related to the ‘‘intrinsic’’ term and the
PICT term of Eq.~1!.52–54,58Thermopower experiments ar
under way in our group to get more information for the d
velopment of a better model to explain the external a
chemical pressure influence on the samples, especially
effect on the PICT and intrinsic term.
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55C. Acha, M. Nuñez-Regreiro, S. Le Floch, P. Bordet, J. J. Capo

C. Chaillout, and J. L. Tholence, Phys. Rev. B57, R5630
~1998!.

56T. Huang, M. Itoh, J. Yu, Y. Inaguma, and T. Nakamura, Ph
Rev. B48, 7712~1993!.

57R. J. Wijngaarden, D. Tristan Jover, and R. Griessen, Physic
265, 128 ~1999!.

58E. M. Haimes and J. L. Tallon, Phys. Rev. B45, 3172~1992!.


