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By performing experiments on samples as pure as presently available, the origin of the reported pressure-
inducedTc values well above 150 K in the mercury-based high-Tc superconductors has been investigated. For
HgBa2Ca2Cu3O81y ~Hg-1223! maximumTc values between 142 K and 146 K are obtained under pressure up
to 30 GPa, while for HgBa2Ca3Cu4O101y ~Hg-1234! Tc never exceeds 121 K. To verify the reproducibility
between different laboratories the pressure dependence of a sample from the same batch as the sample on
which Nuñez-Regueiro reported aTc value of 157 K at 23.5 GPa has also been measured. Below 10 GPa the
agreement with his results is rather good and a possible explanation for the disagreement above 10 GPa is
given. It appears that the reported highTc values in non-single-phase Hg-1223 samples are due to the presence
of Hg-1234 phase impurities. Also some of the adopted definitions ofTc have led to somewhat optimistic
values ofTc : The high-pressure results on Hg-1223 found in the literature are therefore reviewed and reana-
lyzed. @S0163-1829~96!05830-4#

I. INTRODUCTION

The highest values for any superconducting transition
temperatureTc have been observed in HgBa2Ca2Cu3O81y

~Hg-1223! samples under very high pressures.1–6 Even at
ambient pressure Hg-1223, which was discovered by Schill-
ing et al.,7 has set a new record value with aTc as high as
134 K. Gaoet al.8 performed the first high-pressure experi-
ment on a Hg-1223 sample with at ambient pressure aTc of
135 K. Under hydrostatic conditions they measured the su-
perconducting transition resistively under pressure up to 1.7
GPa. They observed an increase inTc up to 138 K at a rate
of 1.8 K/GPa. These results are in very good agreement with
those obtained by Kleheet al.9 Using a BeCu high-pressure
cell they applied under purely hydrostatic conditions a pres-
sure of 0.9 GPa on a Hg-1223 sample with at ambient pres-
sure aTc of 134 K. DeterminingTc from ac-susceptibility
measurements they observed an increase inTc at a rate of 1.7
K/GPa. In a subsequent experiment Gaoet al.2,3 were able to
raise Tc above 150 K by applying a pressure of 18 GPa
under quasihydrostatic conditions. Applying still higher
pressures2,3 they even observed in one particular case super-
conductivity above 160 K at 31 GPa. Independently, Nun˜ez-
Regueiroet al.4 observed superconductivity above 150 K at
23.5 GPa. Also Takahashiet al.5 were able to increaseTc
above 150 K by applying pressure, although in their case this
high Tc value was already reached at 11 GPa. It is very
important at this point to determine whether the Hg-1223
phase really is responsible for the observed highTc values
and not a different superconducting minority phase~impurity
phase! which could be present. In an attempt to do this Ihara

et al.6 measured the pressure dependence of a sample with a
single superconducting Hg-1223 phase and two other
samples containing also the superconducting
HgBa2Ca3Cu4O101y ~Hg-1234! phase. Surprisingly, the
single-phase Hg-1223 sample reached a maximumTc of
only 140 K at 13 GPa, while the mixed-phase samples
reachedTc’s of 150 K and 156 K at 25 GPa. From these
results Iharaet al.6 concluded that the highTc values in the
mixed-phase samples are due to the presence of small
amounts of Hg-1234 and that under pressure Hg-1234 should
have a much higherTc than Hg-1223. The main purpose of
the present paper is to check whether theTc of pureHg-1234
can be raised above 150 K by performing similar measure-
ments on Hg-1234 samples which are as pure as presently
available.

In fact high-pressure measurements on Hg-1223 and Hg-
1234 samples are interesting for two other reasons. From the
schematic crystal structure of Hg-1223 and Hg-1234 shown
in Figs. 1~a! and 1~b! it is obvious that the CuO2 layers
which are held responsible for superconductivity are not all
identical since they have different surroundings. Therefore,
both Hg-1223 and Hg-1234 have distinct inner (i ) and outer
(o) CuO2 layers, contrary to high-Tc compounds with only
one (n51) or two (n52) CuO2 layers per unit cell. While
the copper atoms of the inner CuO2 layer~s! have a fourfold
oxygen coordination, the copper atoms of the outer CuO2
layers have a fivefold coordination. As a result the charge
carrier densitynh and hence the intrinsicTc may be different
for the inner and outer CuO2 layers.

The other reason for interest in these compounds is the
relation between the maximumTc at any pressure and the
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number of CuO2 layers per repeat unit. The general formula
for the homologous series of the mercury-based high-Tc su-
perconductors is given by HgBa2Can21CunO2n121y where
n is the number of CuO2 layers per unit cell. While some
phenomenological models10–12 predict a monotonic increase
of the maximumTc for n51 up to n54, in the related
Bi2Sr2Can21CunO2n141y and Tl2Ba2Can21CunO2n141y
series the maximumTc was experimentally found to occur in
the n53 compound under ambient conditions,13–15 but also
under pressure.16 At ambient pressure theTc of Hg-1223 is
higher than that of Hg-1234. This could in principle be due
to nonoptimal doping of the Hg-1234 compound. Since pres-
sure generally increases the hole concentration, thereby in-
creasing doping, it is interesting to verify whether the maxi-
mum Tc under pressure in the mercury-based compounds
occurs forn53 or for n54. Attempts to vary the doping
level in Hg-1223 via substitution of mercury by lead and
oxygen anneals indicated17 that the maximumTc at optimal
doping in this compound is approximately 134 K.

This paper is organized as follows. In Sec. II two relevant
phenomenological models are considered: In the first model
a homogeneous charge distribution among all the CuO2 lay-
ers within a unit cell is assumed while in the second model
the possibility of an inhomogeneous distribution is explicitly
taken into account. After a description of the sample prepa-
ration and the experimental details in Secs. III and IV, high-
pressure results on severalhigh-purityHg-1223 and Hg-1234
samples are presented and discussed in Sec. V. These results

are then compared with existing data found in the literature.
In order to do this it is necessary to briefly consider the
various definitions ofTc and to use the same definition when
comparing the results. Finally, a possible scenario for the
apparent discrepancy between the various high-pressure ex-
periments and the origin of the reportedTc values well above
150 K is given.

II. PHENOMENOLOGICAL MODELS

Since there is no microscopic theory for high-Tc super-
conductivity, two simple phenomenological models are dis-
cussed in this section in order to indicate which parameters
could play an important role in reaching higherTc’s. Other
approaches are possible, but these are the most simple ones
that contain the necessary elements. The discussion of these
models is based on the crystal structures shown in Fig. 1,
although it generally applies to other layered structures as
well. In the first model18 it is assumed that the charge carriers
or holes are distributed equally between all the CuO2 layers
within a unit cell regardless of their number, while in the
second model19 the possibility of a nonhomogeneous charge
distribution among theinequivalent CuO2 layers in the
n53 and 4 compounds is explicitly taken into account.

In the first model, that of Wheatleyet al.,18 Tc is mainly
determined by the coupling between the CuO2 layers. All the
CuO2 layers within a unit cell are taken to be equivalent,
resulting in a homogeneous charge distribution, and only the
coupling between nearest-neighboring CuO2 layers is con-
sidered. The coupling between CuO2 layers within a unit cell
is L i , while the coupling between the adjacent outer CuO2
layers of neighboring unit cells isLo . Both coupling param-
etersL i andLo are related to the interlayer transfer integrals
t' i andt'o , respectively, and to the intralayer exchange cou-
pling parameter20–23J54t i

2/U as follows:

L i ,o5
t'
2
i ,o

J
5
t'
2
i ,o

4t i
2 U, ~1!

wheret i is the intralayer transfer integral andU is the on-site
Coulomb repulsion.

For layered structures with one (n51) CuO2 layer per
unit cell Wheatleyet al.18 give the following relation for
Tc :

Tc~1!52Locnh , ~2!

wherec is a constant of order unity andnh is the hole doping
with respect to half-filling, defined as the number of holes
per CuO2 layer and copper atom. At half-filling each copper
site is occupied by a single electron which leads to insulating
behavior. Adding holes results in an insulator-metal transi-
tion and superconductivity is experimentally observed for24

0.05,nh,0.27. Since Hg-1201 has a maximumTc of 98 K
at optimal doping,25,26 substituting this value forTc(1) in
Eq. ~2! yieldsLocnh549 K.

For layered structures with two (n52) CuO2 layers per
unit cell the following relation forTc is found:

18

Tc~2!5~Lo1L i !cnh . ~3!

FIG. 1. Idealized structures of~a! HgBa2Ca2Cu3O81y ~Hg-
1223! and ~b! HgBa2Ca3Cu4O101y ~Hg-1234! with, respectively,
three (n53) and four (n54) CuO2 layers per unit cell. Both struc-
tures haveinequivalentinner (i ) and outer (o) CuO2 layers. While
the copper atoms of the inner CuO2 layer~s! have a fourfold oxygen
coordination, the copper atoms of the outer CuO2 layers have a
fivefold oxygen coordination.
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Since Hg-1212 has a maximumTc of 127 K at optimal
doping,9,25 substituting this value forTc(2) ~and forLocnh
the previously found value of 49 K! yields L icnh578 K.
Assuming that neitherc nor nh change with the numbern of
CuO2 layers per unit cell27 implies thatL i is larger than
Lo . This is consistent with the interlayer spacings.

For layered structures with three (n53) and four
(n54) CuO2 layers per unit cell the eigenvalue equations
given by Wheatleyet al.18 have to be solved. This leads to
the following relations forTc:

Tc~3!5
1

2
~Lo1ALo

218L i
2!cnh ~4!

and

Tc~4!5
1

2
~Lo1L i1ALo

215L i
222LoL i !cnh . ~5!

Substituting in Eqs.~4! and ~5! the values previously found
for Locnh and L icnh yields Tc(3)5137 K for the n53
compound andTc(4)5143 K for then54 compound. The
fact that ambient pressure experiments on the mercury-based
high-Tc superconductors show that the maximumTc is
reached in then53 compound28 implies that eitherL i de-
creases or that optimal doping is never reached in then54
compound~conceivably because the charge reservoir layer
does not contain enough holes to optimally dope all the
CuO2 layers!. Under pressure it is expected thatTc increases
since bothLo and L i increase as the interlayer distances
decrease.

In the secondmodel, that of Haines and Tallon,19 the
possibility of a nonhomogeneous charge distribution among
the inequivalent CuO2 layers in structures with three
(n53) or four (n54) CuO2 layers per unit cell is explicitly
taken into account. Their model is based upon the assump-
tion that each CuO2 layer behaves as a superconducting
structural unit with a well-defined intrinsicTc which depends
on the charge carrier densitynh of the layer under consider-
ation. In the simplest case,Tc as a function ofnh follows the
inverted parabolic dependence29,30

Tc5Tcmax@12b~nh2nhmax!
2#, ~6!

with29 b582.6 andnhmax50.16. Even though the values of
these parameters were obtained for La22zSrzCuO4 it has
been shown by Shafer and Penney24 that they describe also
the behavior of other high-Tc superconductors. The pressure
dependence ofnh for most high-Tc superconductors

31 lies in
the rangednh /dp50.00120.04 holes per copper atom per
GPa. More specifically for Hg-1223, from a local-density-
approximation~LDA ! electronic structure calculation Singh
and Pickett32 find a value ofdnh /dp50.002 holes per cop-
per atom per GPa for Hg-1223. For an increase in pressure
by 20 GPa~henceDnh50.04), a changeDTc.16 K is cal-
culated from Eq. ~6! for a sample with initially
Tc5Tcmax5120 K, taking the parameter values mentioned
above. ForTcÞTcmax, the change would be even larger.
Clearly, from this calculation the pressure-induced change in
nh has a significant effect onTc for Hg-1223; for Hg-1234 a
similar behavior is expected. Although in principle the pa-
rametersTcmax, b, andnhmax may also change under pres-

sure, for the present discussion the exact shape ofTc as a
function of nh is not essential and for simplicity will be
referred to in the rest of this paper as an inverted parabola.

The charge distribution among the inequivalent CuO2
layers is determined by minimizing the sum of band and
Madelung energies as described below in more detail. As-
suming that afraction x of the total numberd of holes trans-
ferred from the charge reservoir~the charge reservoir being
in this case the HgOy layer! resides on the inner CuO2 lay-
er~s!, a fraction 12x has to reside on the outer CuO2 layers
~see Fig. 1!. In this purely ionic model the total energyU tot
per unit cell is defined as the sum of a band energyUb and
the Madelung energyU Mad:

U tot5Ub1UMad. ~7!

Since in this model the holes are noninteracting, the band
energyUb for a particular CuO2 layer is given by

Ub5
p\2

2m* a2
nh
2 , ~8!

where

nh5
x

n22
d[nh

inner for the inner CuO2 layer~s! ~9a!

and

nh5
12x

2
d[nh

outer for the outer CuO2 layers, ~9b!

since there are by definition two outer CuO2 layers and
n22 inner CuO2 layers in a compound with more than two
CuO2 layers per unit cell. In Eq.~8!, m* is the effective
mass of holes in a parabolic CuO2 band whilea is the lattice
parameter of thesquareCuO2 layer. The total band energy
is then the sum of contributions of all the CuO2 layers within
a unit cell. For then53 and 4 structures the following ex-
pressions are obtained:

Ub~x!5
p\2

2m* a2
d2S 3x22 2x1

1

2D for n53 ~10a!

and

Ub~x!5
p\2

2m* a2
d2S x22x1

1

2D for n54. ~10b!

Obviously, the total band energy alone leads to a homoge-
neous charge distribution since the minimum occurs at
x51/3 for n53 and atx51/2 for n54. It is therefore the
Madelung energy which is responsible for nonhomogeneous
charge distributions. As shown by Haines and Tallon19 the
Madelung energy can be written as a function ofd andx:

UMad5
e2d

2eS
@b01b1d1~b21b3d!x1b4dx

2#, ~11!

wheree is the electron charge,e is the dielectric constant
introduced here to take into account all the charge carriers
which are not included in the parabolic CuO2 bands, andS is
the average Wigner-Seitz radius. The coefficientsbi only
depend on the distribution of holes between the copper and
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oxygen sites within the CuO2 layers and the crystal struc-
ture. BothUb andUMad and henceU tot are therefore a func-
tion of x. The charge distribution among the inequivalent
CuO2 layers is now found by minimizingU tot with respect to
x. As a result

xmin5
12Ap~b2 /d1b3!

312Apb4
for n53 ~12a!

and

xmin5
12Ap~b2 /d1b3!

2~11Apb4!
for n54, ~12b!

whereAp is defined as

Ap5
e2

\2

a2

pS

m*

e
~13!

andxmin is the value ofx for whichU tot is a minimum. The
charge carrier density of the inner and outer CuO2 layers in
Hg-1223 and Hg-1234 is therefore not the same. Assuming
that d increases with pressure, the charge distribution be-
tween the inequivalent CuO2 layers also changes as a func-
tion of pressure. In passing note that the first model men-
tioned could easily be adapted in order to take also the
inequivalence of the CuO2 layers in compounds withn.2
into account.

III. SAMPLE PREPARATION AND CHARACTERIZATION

In this work the superconducting transition of several Hg-
1223 and Hg-1234 samples from Zu¨rich ~Z! and Grenoble
~G! has been measured resistively under very high pressure.
The Hg-1223 sample from Zu¨rich will be denoted in the rest
of this paper by Hg-1223 Z while the Hg-1223 samples from
Grenoble will be denoted by Hg-1223 G1 and Hg-1223 G2,
respectively. In a similar way the Hg-1234 samples from
Grenoble will be identified as Hg-1234 G1 and Hg-1234 G2.

The sample Hg-1223 Z~containing 60% of Hg-1223 but
no other superconducting phase! was prepared following the
procedure described by Putilinet al.33 From a well-ground
mixture of the respective nitrates Ba~NO3) 2 , Ca~NO3) 2 ,
and Cu~NO3) 2 , sintered at 900 °C, a precursor material
with nominal composition Ba2CaCu2O51y was first pre-
pared. After successively regrinding and mixing with pow-
dered HgO, pellets were pressed from the so obtained mix-
ture. These pellets were then sealed in evacuated quartz
tubes, placed in steel containers and held at 800 °C for 5 h.
After cooling down to room temperature the pellet from
which the sample Hg-1223 Z is obtained was annealed at
300 °C in flowing oxygen for several hours.

The samples Hg-1223 G1 and Hg-1223 G2~both samples
containing more than 95% of Hg-1223!, as well as the
samples Hg-1234 G1~containing more than 80% of Hg-
1234! and Hg-1234 G2~containing more than 90% of Hg-
1234!, were prepared under high pressure in a belt-type ap-
paratus of the Laboratoire de Crystallographie and at high
temperatures. As described by Antipovet al.,34 a precursor
material with nominal composition Ba2Ca2Cu3O71y was
prepared in a similar way as described above by mixing the
respective nitrates in appropriate amounts. The mixture thus

obtained was initially heated at 600 °C in air for 12 h, and
then reground and annealed at 925 °C in flowing oxygen for
72 h with three intermediate regrindings. Powdered HgO was
added and the reactant mixture thoroughly grounded and
succesively sealed in a gold capsule. Samples with predomi-
nantly the Hg-1223 phase or the Hg-1234 phase were ob-
tained by carrying out the reactions at a pressure of 1.8 GPa
and at an annealing temperature of 920 °C for 1.6, 1.6, 3.5,
and 1.7 h, respectively. The samples Hg-1223 Z, Hg-1223
G1, and Hg-1223 G2 were optimally doped with an ambient
Tc around 134 K, while the samples Hg-1234 G1 and Hg-
1234 G2 were slightly underdoped with an ambientTc
around 115 K. For an underdoped sample the highestTc
under pressure is expected since in such a sampleTc in-
creases both due to an increase in charge carrier
concentration31 and due to intrinsic effects.9,30,35–38

IV. EXPERIMENTAL DETAILS

Using a cryogenic diamond anvil cell39 ~DAC!, made en-
tirely of stainless steel, pressure is generated and applied to
the samples. Its principle of operation is based on pushing
two parallel aligned diamonds towards each other using a
lever-based system. In this work 16-sided diamond anvils are
used with a culet~high-pressure face! diameter of typically
0.85 mm. In order to reduce pressure gradients across the
edges of the culet, the diamonds are single beveled under an
angle of 5°. The diameter of the culet and bevel together is
typically 1.2 mm. Under these conditions resistive measure-
ments up to pressures as high as 30 GPa are possible within
this DAC.

In order to support the diamond anvils and to sustain the
quasihydrostatic pressures generated in the DAC a 100mm
thick stainless steel foil, known as the gasket, is used. In the
center of the gasket a hole with a diameter of 300mm is
drilled which serves as sample space. This space is then
completely filled with sample material. In this case the
sample itself acts as its own pressure transmitting medium.
Depending upon the sample, the pressure medium may influ-
ence theTc vs p behavior as shown by Klotz and Schilling.

40

However, while Klotz and Schilling40 found a marked
change in theTc vs p behavior of a Bi2Sr2CaCu2O81y ~Bi-
2212! single crystal using a pressure medium and no pres-
sure medium at all, a study by van Eenige41 shows that the
use of a pressure transmitting medium does not influence the
measurement noticeably if the sample is polycrystalline. For
example, experiments on YBa2Cu4O8 ~Y-124! under quasi-
hydrostatic conditions42 and similar experiments under hy-
drostatic conditions43 gave practically the same results for
Tc vs p. Since the mechanical properties of Hg-1223 and
Hg-1234 lie intermediate between those of Bi-2212 and
Y-124, the use of a pressure medium is expected to have
some influence, but not a drastic one. Besides the sample
material, several very small ruby chips are also included in
the sample space to allow a direct determination of the ap-
plied pressure, also as a function of position on the sample.
At 30 GPa, the pressure gradientDp/p is at most 20% be-
tween the center of the sample and its edge. The area be-
tween the contacts for resistivity measurements experiences
a gradient of less than 10%. The piece of ruby closest to the
center of this area was used for the pressure determination.
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Pressure can be changed at any temperature simply by
turning a knob at the top of the cryostat. The applied pres-
sure is determinedin situ, close to the superconducting tran-
sition of the samples, with the ruby fluorescence method.
After correction for the temperature-induced shift of the ruby
R1 fluorescence line

44 the calibration of Maoet al.45 is used.
For the excitation of the ruby an Ar1-ion laser is operated at
514.5 nm. The fluorescence spectrum of ruby is then de-
tected with an optical multichannel analyzer~OMA!.

The advantages of the ruby fluorescence method to deter-
mine the applied pressure are manifold. For the purpose of
this paper it is important to note that it allows measuring
pressurein situ at any temperature as long as the position of
the ruby R1 line is corrected for temperature. This is an
important improvement over the lead~Pb! manometer
method used by several other groups1,2,4,6where the pressure
has to be determined at the superconducting transition tem-
perature of Pb, close to liquid helium temperatures. It is also
an improvement over the method where the pressure is de-
termined from the pressure-induced phase transitions in bis-
muth at room temperature.1 Since theTc values of the Hg-
1223 and Hg-1234 samples are much higher than theTc
value of Pb and considerably below room temperature, and
since pressure may change significantly when changing the
temperature in most high-pressure generating apparatuses,
this may lead to serious errors in determining the applied
pressure.

The temperature of the sample is measured using a stan-
dard platinum resistor placed in a copper block in which one
of the diamonds is mounted. Since at low temperatures dia-
mond has an even higher thermal conductivity than copper,
there is a good thermal contact between sample and ther-
mometer. To check for possible thermal gradients in the
body of the high-pressure cell two other platinum resistors
are mounted approximately 1 cm above and below the dia-
mond anvils. The temperature difference is found to be 0.6
K. Interpolated linearly, this corresponds to a temperature
difference across the sample of 3 mK.

The sample can be cooled by flowing liquid helium
through a heat exchanger at the bottom of the DAC while its
temperature can be increased by passing a current through a
constantan wire heater, wound around the high-pressure cell.
In this way the temperature of the sample can be varied
continuously between 10 K and 300 K under control of a
temperature regulator.

The superconducting transition temperatureTc of the
sample is determined resistively using the standard four-
probe technique. For this purpose only four electrical leads
to the sample are strictly needed. In practice six leads are
placed on top of one of the diamonds in order to have two
spare ones. These leads consist of flattened gold wires with a
diameter of 25mm which are pressed onto the sample for
electrical contact. Since the gasket is placed on top of the
gold wires, it has to be insulated. This is done by gluing a
thin kapton foil to the gasket using a 1:1 mixture of Al2O3
powder with an average grain size of 0.05mm and epoxy
adhesive. The four-point resistanceR(T) of the sample as a
function of temperature is then measured with a Keithley
2001 multimeter using a current of 1 mA.

V. EXPERIMENTAL RESULTS AND DISCUSSION

In Figs. 2 and 3 typical superconducting transitions of the
Hg-1223 and Hg-1234 samples are shown at different pres-
sures. Under pressure the polycrystalline samples break up
into smaller grains. Since the intergrain boundaries are not
superconducting, they are responsible for residual resistances
observed at temperatures belowTc . After subtraction of
these residual resistances at 100 K for the Hg-1223 samples
and at 90 K for the Hg-1234 samples, the superconducting
transitions are normalized with respect to their values at 160
K and 140 K, respectively. The values of the residual resis-
tances RR and the normal-state resistancesRn for Hg-1223
and Hg-1234 are given in Table I. Under pressure the
normal-state resistance aboveTc often changes from a me-
tallic to a semiconducting behavior. In two samples~Hg-
1223 G1 and Hg-1223 G2! this semiconducting behavior is
most clear around 10 GPa and disappears at much higher
pressures. This behavior is usually ascribed to properties of
the intergrain boundaries and is therefore not related to su-
perconductivity at all. The changing background fortunately
has only a very limited effect upon the determination of
Tc . Even when under pressure some broadening occurs, the
superconducting transition remains clearly visible and well
defined.

However, it is clear that due to broadening of the transi-
tion under pressure different definitions ofTc may lead to
significantly different values ofTc . In fact, the apparent dis-
crepancy between theTc vs p results published so far by
various high-pressure groups can be partially attributed to
different definitions ofTc . Some of these definitions are
shown in Fig. 4.Tct is defined as the intersection of the
tangent through the inflection point of the resistive transition
with a straight-line fit of the normal state just above the
transition.Tcd is obtained from the first derivative]R/]T of
the resistive transition with respect to temperature. It is de-
fined as the intersection of the tangent through the point
where]2R/]T2 has the largest negative value with the ex-
trapolation of the normal-state behavior just above the tran-
sition. Tcv is defined as the temperature where]R/]T starts
to deviate from the approximately constant high-temperature
behavior.

Before proceeding with a discussion about the various
high-pressure results of other high-pressure groups, the re-
sults obtained in this work forTct andTcd will be presented
now. While Tct is less sensitive to paraconductivity and
hence might be closer to the thermodynamicTc , Tcd is use-
ful for comparison with the results published so far.Tcv can
obviously not be identified with the true critical temperature
Tc since it is related to the onset of superconducting fluctua-
tions which may be considerable aboveTc in these high-Tc
layered compounds. The anisotropy of the mercury-based
compounds lies intermediate between those of YBa2Cu3O7
~Y-123! and the very anisotropic bismuth-based
compounds.46

In Fig. 5,Tct andTcd are shown as a function of pressure
for the three different Hg-1223 samples studied in this work.
All the samples exhibit a relatively large increase ofTc up to
approximately 10 GPa. At higher pressuresTct clearly con-
tinues to increase for Hg-1223 Z, saturates for Hg-1223 G1,
and decreases slightly for Hg-1223 G2. This last sample is of
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the same batch as the sample measured by Nun˜ez-Regueiro
et al.4 Their results are also included in Fig. 5~c!. Since they
usedTcv as a definition ofTc , their published results have
been reanalyzed in terms ofTcd to allow a meaningful com-
parison. Although at low pressures there is a good agree-
ment, at pressures above 10 GPa the behavior is quite differ-
ent. A possible explanation is that the oxygen concentration
is not the same in both samples. During preparation of ce-
ramic samples of typically 1 cm3 a gradient in the oxygen
concentration may develop. Hence, the small grains of typi-
cally 1025 cm3 used in high-pressure experiments can differ
in oxygen concentration, even when taken from the same
batch.

In Fig. 6 most of the high-pressure results published so far
on Hg-1223 samples are shown together with the results ob-
tained in this work. Where necessary the results have been
reanalyzed in terms ofTcd , again to allow a meaningful
comparison. In their original publication, Nun˜ez-Regueiroet
al.4 usedTcv which is approximately 3 K higher thanTcd .

FIG. 2. Superconducting transitions of~a! Hg-1223 Z,~b! Hg-
1223 G1, and~c! Hg-1223 G2 at different pressures. After subtrac-
tion of the residual resistance at 100 K the superconducting transi-
tions are normalized with respect to their values at 160 K. Under
pressure the normal-state behavior in Hg-1223 G1 and Hg-1223 G2
changes from metallic to semiconducting and back to metallic.

FIG. 3. Superconducting transitions of~a! Hg-1234 G1 and~b!
Hg-1234 G2 at different pressures. After subtraction of the residual
resistance at 90 K the superconducting transitions are normalized
with respect to their values at 140 K. Under pressure the normal-
state behavior in Hg-1234 G1 and Hg-1234 G2 changes from me-
tallic to semiconducting.
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For the discussion of the new high-pressure results on Hg-
1223 presented in this paper, now theTcd values shown in
Fig. 5 are used. The results shown in Fig. 6 can roughly be
divided into two groups: group~a! whereTc does not exceed
148 K and group~b! whereTc reaches values well above 150

FIG. 4. Plot of the resistive transitionR(T) of Hg-1223 G2 as a
function of temperature and its first derivative]R/]T with respect
to temperature at 2.7 GPa. This plot is used to illustrate the various
definitions ofTc used in the literature.Tct is defined as the inter-
section of the tangent through the inflection point of the resistive
transition with a straight-line fit of the normal state just above the
transition.Tcd is defined as the intersection of the tangent through
]R/]T where]2R/]T2 has the largest negative value with the ex-
trapolation of the normal-state behavior just aboveTc . Tcv is de-
fined as the temperature where]R/]T starts to deviate from the
approximately constant high-temperature behavior.

FIG. 5. Pressure dependence of the superconducting transition
temperaturesTct andTcd of ~a! Hg-1223 Z,~b! Hg-1223 G1, and
~c! Hg-1223 G2 up to 26 GPa. In~c! the high-pressure results of
Nuñez-Regueiroet al. ~Ref. 4! are also included. Below 10 GPa the
agreement with the results obtained in this work is rather good. For
the definition ofTct andTcd see Fig. 4.

TABLE I. Residual resistances RR at 100 K for Hg-1223 and 90
K for Hg-1234 and normal-state resistancesRn at 160 K for Hg-
1223 and 140 K for Hg-1234 for the superconducting transitions
shown in Figs. 2 and 3.

Sample p ~GPa! RR (V) Rn (V)

Hg-1223 Z 0.0 4.3 22.8
3.7 23.9 54.3
18.8 15.1 24.7
26.2 12.5 19.7

Hg-1223 G1 1.5 1.9 4.3
7.6 0.95 1.5
24.3 2.5 3.1

Hg-1223 G2 2.7 2.3 5.2
12.7 1.1 2.2
26.3 0.3 0.4

Hg-1234 G1 1.7 1.0 2.2
8.5 0.6 0.9
29.8 10.3 13.4

Hg-1234 G2 0.5 15.4 23.9
1.5 3.1 4.6
9.3 2.6 4.2
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K. Apart from the high-pressure results of Nun˜ez-Regueiro
et al.,4 group ~b! includes the results of Chuet al.,1 Gao
et al.,2,3 and the results of Iharaet al.6 on one of the mixed-
phase Hg-1223 samples. Considering the results of Ihara
et al. 6 the highTc values of group~b! could be explained, as
they pointed out, by the hypothesis that under pressure Hg-
1234 has a higherTc than Hg-1223 and that hence the su-
perconducting Hg-1234 minority phase can short-circuit the
rest of the sample. In order to verify whether theTc of Hg-
1234 is indeed higher than that of Hg-1223, the pressure
dependence ofhigh-purityHg-1234 has been measured. The
result is shown in Fig. 7. At ambient pressure theTc of
Hg-1234 is considerably lower than that of Hg-1223. From
resistive measurements aTc of 114–116 K~extrapolated val-
ues from theTc vs p curves! is found, while from ac-
susceptibility measurements an average value of 115 K is
obtained. Also under pressure theTc of the Hg-1234 samples
remain lower than that of the Hg-1223 samples, in contradic-
tion with the hypothesis that under pressure Hg-1234 should
have a higherTc than Hg-1223. Clearly, this conclusion is
based on the high-purity Hg-1234 samples measured in this
work. However, the possibility that the Hg-1234 minority
phase in the experiment of Iharaet al.6 is of a different com-
position or~being embedded in Hg-1223! experiencing a dif-
ferent strain cannot be ruled out.

While comparison of all these results is difficult due to
possibly different pressure conditions, the results presented
in this paper have all been obtained under the same condi-
tions, enabling a fair comparison. Now the different behavior
of Tc vs p in the Hg-1223 samples will be discussed in terms
of the model of Haines and Tallon19 described in Sec. II. In
this model the inequivalence of the inner and outer CuO2
layers is explicitly taken into account. The total amount of
doping d of all the CuO2 layers is partially due to oxygen
off-stoichiometry and partially due to pressure-induced dop-
ing, i.e.,d5dy1dp . Using the model of Haines and Tallon

19

the distribution ofd among the CuO2 layers is then found
and hence also the charge carrier densitynh

inner of the inner
CuO2 layer~s! andnh

outer of the outer CuO2 layers. Consid-
ering a layered structure with three CuO2 layers per unit cell
Fig. 8~a! shows as an example a possible charge distribution
satisfying the conditionnh

inner12nh
outer5d. Even though both

nh
inner and nh

outer increase linearly withd, the rate at which
they do so is not the same. The intrinsicTc of each CuO2
layer follows now directly from the parabolic behavior
shown in Fig. 8~b! and the charge carrier densitynh of that

FIG. 6. Pressure dependence of the superconducting transition
temperatureTcd of Hg-1223 obtained in this work~solid symbols!
and from the literature~open symbols!. For the definition ofTcd see
Fig. 4. The results published by Nun˜ez-Regueiroet al. ~Ref. 4!
were reanalyzed in terms ofTcd . The remaining results are from
the following references: Chuet al. ~Ref. 1! Gaoet al. ~Refs. 2,3!,
Takahashiet al. ~Ref. 5! and Iharaet al. ~Ref. 6!. The large spread
at high pressures is possibly due to a different oxygen concentration
of the samples. These results can roughly be divided into two
groups labeled group~a! and group~b!.

FIG. 7. Pressure dependence of the superconducting transition
temperatureTct andTcd of ~a! Hg-1234 G1 and~b! Hg-1234 G2 up
to 30 GPa. For the definition ofTct andTcd see Fig. 4.
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layer. Since in Fig. 8~a! nh
inner andnh

outer are given as a func-
tion of d, a relation for the intrinsicTc as a function ofd can
be calculated for the inner and outer CuO2 layers, respec-
tively. The result is a different parabolic function ofTc vs
d for each kind of layer@see Fig. 8~c!#. If dp increases lin-
early with pressure,31 thend5dy1ap which implies that the
horizontal axis in Fig. 8~c! can be replaced by a pressure
axis. The starting point at ambient pressure depends upon the
actual value ofdy .

Under pressure the total dopingd of the sample increases
and theTc of the sample as a whole will therefore follow
from the two parabolas. The resultantTc will either be the
maximum of the two curves~in absence of proximity cou-
pling! or intermediate between the two curves~in presence of
proximity coupling!. In any case a complicated behavior as a
function of pressure is expected. This behavior can be even
more complicated, as depicted in Fig. 8~d!, if the fact is
taken into account35 that in general alsoTcmax increases with
pressure. The experimental results obtained in this work will
now be interpreted in terms of the model just described. In
absence of proximity coupling, theTc of the sample as a
whole follows the highest intrinsicTc of the superconducting

CuO2 layers. In Fig. 8~d! the parabolas labeled ‘‘1’’ corre-
spond to ambient pressure. IfTcmax increases as a function of
pressure,35 and if this increase is larger for the inner CuO2
layer, at higher pressures the parabolas labeled ‘‘2’’ and at
still higher pressures the parabolas labeled ‘‘3’’ are obtained.
The various experimental curves can now easily be repro-
duced if at ambient pressure different values fordy and
hence different starting points are taken. The schematic
curves shown in Fig. 8~d! are labeled according to the cor-
responding experimental curves, where NR is used to repre-
sent all the high-pressure results in group~b! of Fig. 6. From
calculations performed by Haines and Tallon19 it appears that
at low pressures theTc of the sample Hg-1223 Z is deter-
mined by the inner CuO2 layer. Above 14 GPa the total
~ambient pressure plus pressure-induced! doping of the
sample has shifted to a point whereTc is determined by the
outer CuO2 layers. Because of this, theTc of Hg-1223 Z
starts to increase again above 14 GPa. At ambient pressure
Hg-1223 G1 is at the left-hand side of the left-hand parabola
and even up to 25 GPa the doping cannot be increased
enough to follow the right-hand parabola. As already men-
tioned in Sec. II, a saturation ofTc at higher pressures could
also mean that simply no charge carriers are available any
more in the charge reservoir layer. The sample Hg-1223 G2
is on the right-hand side of the right-hand parabola, and after
an initial increase due to the increase ofTcmax with pressure,
the down-going slope dominates andTc decreases. The curve
NR is at the most favorable position:Tc increases both due
to the increase ofTcmax and due to the shape of the parabola.

It is assumed here thatTcmax increases at a faster rate for
the curves NR and G2 than for the other curves. This can be
due either to a larger]Tcmax/]p for the outer CuO2 layers or
to an enhancedTc due to the presence of Hg-1234 phase
impurities. Such an enhancement ofTc by a secondary phase
has previously been observed by Raffyet al.47 in
BiSrCaCuO superlattices. They report that theTc of multi-
layers consisting of ultrathin Bi-2212 layers separated by
metallic Bi-2201 layers is enhanced remarkably with respect
to single phase Bi-2212 films prepared under the same con-
ditions. Unfortunately the results of this high-pressure ex-
periment cannot discriminate between these two interpreta-
tions.

For Hg-1234 a comparison with the literature is not pos-
sible due to the lack of other high-pressure experiments on
Hg-1234. The pressure dependence of the two Hg-1234
samples in Fig. 7 can be understood in a similar way as
discussed for Hg-1223 since Hg-1234 G1 behaves very
much like Hg-1223 G1 and Hg-1234 G2 like Hg-1223 G2.

At this point it must be emphasized that the scenario dis-
cussed above yields a possible but not a necessary explana-
tion of the observed behavior in the mercury-based high-Tc
compounds Hg-1223 and Hg-1234 under pressure.48 The ex-
periments on the Hg-1234 samples show clearly that the Hg-
1234 phase investigated in the present experiment cannot be
responsible for the pressure-induced enhancement ofTc in
multiphase materials to values well above 150 K. On the
other hand, it cannot be ruled out that another Hg-1234 phase
~e.g., differently doped; a similar case for Y-123 is discussed
in Ref. 36! is responsible. Another possibility is that the
Hg-1223 and Hg-1234 phases alternate on an atomic scale in
the mixed-phase samples. Then it is not inconceivable that
both the doping levels and internal strains are significantly

FIG. 8. ~a! Possible charge distribution among the inner and
outer CuO2 layers in a layered structure with three CuO2 layers per
unit cell. The charge carrier densitynh

inner on the inner CuO2 layer
and nh

outer on the outer CuO2 layers has to satisfy the condition
nh
inner12nh

outer5d. ~b! Parabolic dependence ofTc upon the charge
carrier concentrationnh needed to calculate~c! the intrinsicTc’s of
the inequivalent CuO2 layers as a function ofd. ~d! Possible ex-
planation of the experimental results obtained in this work assum-
ing thatTcmax also depends on pressure.
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different from the pure compounds, which in principle could
result in higherTc values.

VI. CONCLUSION

Using a cryogenic diamond anvil cell the pressure depen-
dence of the superconducting critical temperature of Hg-
1223 and Hg-1234 has been measured resistively under
quasihydrostatic conditions up to 30 GPa. At ambient pres-
sure, these compounds with, respectively, three (n53) and
four (n54) CuO2 layers per unit cell haveTc’s of 133–135
K and 114–116 K. The results of several high-pressure ex-
periments on different samples of Hg-1223 and Hg-1234
show that at low pressuresTc increases relatively fast, while
at higher pressuresTc may either increase further, saturate,
or even decrease, depending on the particular sample. This
behavior can be explained in terms of a model involving
inequivalentCuO2 layers. From the high-pressure results
presented in this paper it appears that neitherpureHg-1223
nor pureHg-1234 on its own is responsible for the observed
Tc values above 145 K. Samples containing both supercon-

ducting phases, on the other hand, have reached much higher
values ofTc .
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