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The CuO2 layer dependence of the superconducting transition temperatureTc at ambient pressure on the
intrinsic transition temperatureTc( i ) of the type-I CuO2 plane in which the copper atom has fivefold pyramid
coordination of oxygen and the fourfold square coordinated type-II plane is studied in terms of the generalized
Lawrence-Doniach theory. Calculations show that the increase ofTc with the number of CuO2 layers benefits
from the difference of the intrinsicTc( i ) of the two types of CuO2 layers and that interlayer coupling between
the neighboring CuO2 layers can enhanceTc for the multilayer cuprates. The upper limit ofTc is predicted to
be 146 K for the bilayer thallium-based series. We present an extended pressure-induced charge transfer model
for layered cuprate superconductors, assuming that the charge distribution among the crystallographically
inequivalent CuO2 layers is nonhomogeneous, which enables us to investigate the pressure effect on the
intrinsic Tc( i ). The intrinsicTc( i ) of the two types of CuO2 layers is predicted to behave with pressure in a
paraboliclike manner. For the optimally doped single, double, and triple CuO2 sheets compounds, the satura-
tion values ofTc(I ) of the type-I CuO2 plane of 91.1, 119.6, and 133.9 K are obtained whenP52.3, 2.9, and
6.0 GPa, respectively. For the underdoped Tl-2234 compound withTc5113 K, the calculatedTc(I ) of 118.5
K is obtained atP56.0 GPa. Under the application of pressure, the intrinsicTc(II ) of the type-II CuO2 plane
in Tl-2234 increases strongly compared with a modest increase ofTc(II ) in Tl-2223, possibly resulting from
its underdoped nature. We suggest that at low pressure theTc is the intrinsicTc( i ) of the type-I CuO2 plane,
and at relatively high pressures the intrinsic effect of the type-II plane dominates. Our theoretical results are in
agreement with experiments.@S0163-1829~99!04805-5#
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I. INTRODUCTION

The bilayer thallium-based homologous series
Tl2Ba2Can21CunO 2n142y (n51, 2, 3, and 4! @designated
Tl-22(n21)n] compounds has drawn particular interest b
cause of the following features:~1! A negative pressure de
rivative of Tc was observed in the single layer compou
Tl-2201,1–3 in contrast to the positive derivatives genera
found for hole-doped high-Tc superconductors~HTSC’s!.4,5

~2! Multilayer material such as Tl-2223 or Tl-2234 shows
nonhomogeneous pressure effect onTc ,6,7 initially increas-
ing with increasing pressure, reaching a maximum, and t
decreasing with further increasing pressure. After go
through a minimum,Tc started to increase again.~3! The
superconducting transition temperatureTc varies with the
numbern of CuO2 layers.Tc is found to increase initially
with n, with a maximum value of 90 K for Tl-2201,8 118 K
for n52 ~Tl-2212!,9 and 128.5 K forn53 ~Tl-2223!.10,11

The fourth member~Tl-2234! has a somewhat lowerTc of
116 K.12 There exist two types of CuO2 planes which are
crystallographically inequivalent when the number of Cu2
layers is greater than 2. The one in which the Cu atom h
fivefold pyramidal coordination of oxygen is defined as
type-I CuO2 plane. The other, that has a fourfold squa
coordinated CuO2 plane, is called a type-II plane. Therefor
the bilayer thallium-based system provides a good oppo
nity to investigate the relationship betweenTc and the num-
ber and the type of CuO2 planes both at ambient pressure a
PRB 590163-1829/99/59~6!/4513~11!/$15.00
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under high pressure, i.e., the role played by each CuO2 plane
in the mechanism of high-Tc superconductivity.

The most obvious connecting link betweenTc and the
number or type of CuO2 layers is the charge distributio
among the CuO2 layers, since these layers are generally b
lieved to play the central role in high-Tc superconductivity.
Kasowski, Hsu, and Herman13 calculated the electronic
structure of the four members of the bilayer thallium-bas
family, and found that the partial density of states of Cu2
layersNCuO2

(EF) is different for the two types of CuO2 lay-
ers. Di Stasio, Mu¨ller, and Pietronero14 obtained nonhomo-
geneous hole carrier distribution in the two types of Cu2
layers within the sheet-charge model. Haines and Tallo15

modified the sheet-charge model to a point-charge mo
and concluded that the hole distribution is nearly u
form among the CuO2 planes in Tl-2223 and inhomoge
neous in Tl-2234. The 17O NMR measurements on
(Bi,Pb)2Sr2Ca2Cu3O102y ~Ref. 16! and 63Cu NMR measure-
ments on HgBa2Ca2Cu3O81d ~Ref. 17! suggested that the
hole concentration (nH) is slightly higher in the type-I CuO2
planes than that in the type-II plane.63Cu and 17O NMR
measurements on the triple-layered Tl-2223 brought con
versial results. Early17O NMR measurements by Howe
et al.18 and 63Cu NMR measurements by Hanet al.19 in op-
timal doped samples withTc5125 K showed that there is
homogeneous charge distribution in the type-I and type
CuO2 planes. Recently,63Cu and17O NMR studies20 in an-
nealed (Tc5123 K! and as-grown (Tc5115 K! Tl-2223 sug-
4513 ©1999 The American Physical Society
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gested that there are two different spin lattice relaxation ra
for the type-I and type-II CuO2 planes, suggesting a nonho
mogeneous charge distribution in this system. Furtherm
the NMR data21 of 63Cu and 17O in slightly overdoped (Tc
5117 K!, nearly optimally doped (Tc5123 K!, and under-
doped (Tc5104 K! samples revealed that the hole conce
tration in the type-I CuO2 plane is in each case larger tha
that in the type-II plane. The inhomogeneity of the char
distribution is weakened with the reduction of the hole co
centration, and it may disappear in the highly underdop
regime. The calculation of the Cu valences f
mercury-based22,23 and bilayer thallium-based24 series
clearly demonstrates that the valences around Cu atom
the type-I CuO2 plane are slightly higher than that around C
in the type-II plane. Recently, Zhouet al.25 performed polar-
ized micro-Raman-scattering measurements on the
members of the mercury-based family; they found that
oxygen-related phonon spectrum showed a systematic ev
tion with the number of CuO2 layers. When increasing th
layer numbern above 2, the 590 cm21 peak becomes unob
servable while the 470 cm21 peak begins to appear an
eventually becomes dominant in Hg-1245. Using the s
consistent Born approximation, Yin and Gong26 obtained
quasiparticle bands for the multiple-layer superlatticet-J
models, and found that the type-I CuO2 planes are slightly
less doped than the type-II ones.

A variety of theoretical models have been proposed in
study of the connection betweenTc and the number of CuO2
layers in the layered superconductors within the framew
of interlayer coupling.27–34 The results provide strong sup
port for an interlayer coupling between the adjacent Cu2
planes as the driving force of the largeTc enhancement in
multilayer compounds. However, in these theoretical ana
ses, the topologically inequivalent CuO2 planes are usually
treated as having an equal contribution toTc , without con-
sidering the possible inhomogeneity of charge distribution
the two types of CuO2 planes. Despite considerable theor
ical and experimental works so far, a thorough understand
of the influence of the number and type of CuO2 layers on
the transition temperature in homologous layered cupr
series is still lacking.

The pressure dependence ofTc of cuprate superconduct
ors is of fundamental interest for elucidating the microsco
mechanism of the superconducting state as well as for fi
ing new materials with higher critical temperature by usi
the chemical pressure. For multilayer cuprates, since the
trinsic hole concentrationnH( i ) in the type-I and type-II
CuO2 planes may not be the same, the pressure depend
of the intrinsic transition temperatureTc( i ) of these planes is
expected to be different. Tristan Jover and co-workers35,36

measured resistively the pressure dependence ofTc of Hg-
1223 and Hg-1234 under quasihydrostatic conditions up
30 GPa. The results of several high-pressure experiment
different samples of Hg-1223 and Hg-1234 showed tha
low pressuresTc increases relatively fast, while at highe
pressuresTc may either increase further, saturate, or ev
decrease, depending on the particular sample. They in
preted this behavior in terms of the model of Haines a
Tallon.15 They proposed that at low pressures theTc is de-
termined by the type-II CuO2 plane~s!, while at high pres-
suresTc is determined by the type-I CuO2 planes. For the
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present Tl-2223 and Tl-2234, Tristan Joveret al.7 measured
resistively the pressure dependence ofTc up to 21 GPa, and
interpreted quantitatively the nonhomogeneous pressure
fect onTc by using the model of Haines and Tallon.15 Inter-
estingly, they suggested that at low pressures theTc of
samples is determined by the intrinsicTc of the type-I CuO2
layers, while at higher pressures it is determined by tha
the type-II CuO2 layer~s!. It is interesting to verify the intrin-
sic behavior of the type-I and type-II CuO2 planes under the
application of pressure. Among the theoretical models p
posed in the study of pressure effects onTc ,4,37 the pressure-
induced charge transfer~PICT! model has been proved to b
a simple but powerful tool for cuprate superconductors
has been used to interpret successfully the observed pre
effects onTc in HTSCs.44,38–45In the present paper we pro
pose an extended PICT model for layered superconduc
which can be used to predict the pressure dependence o
intrinsic transition temperatureTc( i ) for the two types of
CuO2 planes.

The outline of this paper is as follows. In Sec. II we stu
the effect of the type and number of CuO2 planes on transi-
tion temperature on the basis of the generalized Lawren
Doniach theory. We discuss the influence ofTc on both the
difference of the intrinsic transition temperatureTc( i ) of the
two types of CuO2 planes and interlayer coupling for th
bilayer thallium-based series. In Sec. III we present an
tended pressure-induced charge-transfer model for lay
cuprate superconductors to extract the inequivalent Cu2
layers contribution toTc . We investigate the pressure effe
on the intrinsic transition temperatureTc( i ) of two types of
CuO2 planes in the Tl212(n21)n (n51 –4) superconduct-
ors. Section IV contains ours conclusions and a brief su
mary.

II. INEQUIVALENT CuO 2 LAYER DEPENDENCE OF Tc
max

FOR BILAYER THALLIUM-BASED SERIES

In the phenomenological model of Klemm,46 layered su-
perconductors are viewed as a stacked array of t
dimensional conducting CuO2 layers, coupled together b
weak Josephson tunneling between adjacent layers. Ass
ing that the order parameter fieldc i is taken to be spatially
homogeneous, no vector potential is present, and the
pling between interlayers in adjacent unit cells is weak co
pared with that within the unit cell and can thus be neglect
one writes the free energy density per unit cell as

f 5(
i 51

n

@a i uc i u21 1
2 b i uc i u4#1l (

i 51

n21

uc i2c i 11u2, ~1!

where

a I5m@Tc~n!2Tc~ I !#/Tc~ I !,

a II 5n@Tc~n!2Tc~ II !#/Tc~ II !,

andb I andb II are the Ginsburg-Landau parameters for t
type-I and type-II CuO2 planes, respectively,Tc( i ) is the
distinct intrinsic critical temperature corresponding to ea
c i , Tc(n) is the predicted superconducting transition te
perature for layered cuprates withn CuO2 layers, andl the
intracell interlayer coupling.
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Following Birman and Lu,28 we neglect all but the diag
onal terms in the right-hand side of Eq.~1!, and obtain the
free-energy density in another gauge invariant form:

f 5(
i 51

n

@a i uc i u21 1
2 b i uc i u4#2l (

i 51

n21

c i•c i 11* 1c.c. ~2!

Minimizing f with respect to a variation inc i* , we have the
matrix equation

(
i 51

n

@a ic i1b i uc i u2c i2l~c i 211c i 11!#50. ~3!

Here uc i u2 denotes the carrier concentration of thei th layer.
Suppose the maximumTc is independent of theuc i u2 term
when the layered compounds are optimally doped, we
take the value ofb i to be zero.28 Then Eq.~3! reduces to

(
i 51

n

@a ic i2l~c i 211c i 11!#50. ~4!

The Ginsburg-Landau parametera i is defined by the deter
minant

U a I 2l 0 •••

2l a II 2l 0 •••

0 2l a II 2l �

A � 2l � �

� � � � A

� a II 2l 0

� 2l a II 2l

••• 0 2l a I

U50.

~5!
This equation hasn roots, and the superconducting state

defined by the lowest value ofa i
j ( j 51,2, . . . ,n).32 If a

homogeneous contribution toTc is considered for the two
types of CuO2 planes, one can puta I5a II @i.e., m
5n,Tc(I )5Tc(II )]. Thus a remarkably simple expressio
for Tc(n) is found,

Tc~n!5Tc~ i !F112
l

m
cosS p

n11D G , ~6!

where Tc(1) is the critical temperature of the single-lay
compound, and its value is just equal toTc( i ). It is interest-
ing that our result agrees well with the work of Byczuk a
Spaled based on microscopic theory.33

For the casea IÞa II , that is, the superconducting trans
tion temperatureTc of layered cuprates depends on the ty
of CuO2 layers, one can rewrite Eq.~5! in the following
form:

n51, a I50,

n52, a I
22l250,

n53, a Ia II 22l250,

n>4,
n

a II ~a I2l2!222lFa I
2 cosS p

n21D22l2a I cosS p

n22D
1l2 cosS p

n23D G50, ~7!

To illustrate the above, we investigated the dependenc
Tc on the type and number of CuO2 layers at ambient pres
sure in multilayer cuprates. Based on the experimental va
of Tc for the single CuO2 layer compound Tl-2201 and
double CuO2 layers compound Tl-2212,8,9 one can obtain the
intrinsic Tc(I )5Tc(1)590 K and the parameterl/m of 0.31
by using Eq.~7!. In the multilayer cuprates withn>3, there
exist two types of inequivalent CuO2 planes per unit cell.
ChoosingTc(II )/Tc(I )5 1

3 , 1
2 , and 9

10 , Eq. ~7! yields the
correspondingl/n of 2.25, 1.27, and 0.40 according to th
Tc ~3! of 128.5 K for the triple Tl-2223 phase.10 It is shown
that for a given value of the numbern of CuO2 layers,Tc
exhibits a significant variation with interlayer couplingl.

In Fig. 1, Tc vs l is plotted for different values of
Tc(II )/Tc(I ). It is clear that the transition temperatureTc
increases withl. At any l, Tc is an increasing function o
n, reaching 95% of the maximum possible valueTn(`) by
n55. The larger the difference between the intrinsicTc(II )
and Tc(I ), the stronger the increase ofTc with n. This be-

FIG. 1. Relationship betweenTc and the interlayer coupling
parameter for the ratio of distinct intrinsic transition temperature
inequivalent CuO2 planesTc(II )/Tc(I )5

1
3 , 1

2 , and 9
10 as a function

of the number of CuO2 layers in bilayer thallium-based compound
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havior looks quite reasonable because the greater the i
mogeneity of carrier distribution among the inequivale
CuO2 planes, the larger the difference between the dist
intrinsic Tc(II ) andTc(I ).

From Eq.~6!, we have seen thatTc(n) can be obtained
from the observed values of theTc’s of single and double
CuO2 layer compounds. The predicted superconducting tr
sition temperatureTc as a function of number of CuO2 layers
is presented in Fig. 2. As shown,Tc increases initially with
increasing the layer numbern, and reaches saturation whenn
tends to infinity. The upper limit ofTc for the bilayer
thallium-based cuprates is 146 K. Our present theoret
study shows that interlayer coupling can enhance the su
conducting transition temperature for the multilayer syste
It is therefore possible that, at large numbern, Tc maintains
a relatively high value because of the existence of the imp
tant coupling of CuO2 planes, even in spite of the depletio
of intrinsic hole concentrationnH(II ) in the type-II CuO2
plane. This is supported by detailed experiments on theTc
;n correlation in both thallium and mercury-base
series.47,48

III. PRESSURE EFFECTS ON INTRINSIC Tc„I … FOR TWO
TYPES OF CuO2 PLANES

A. Pressure-induced charge transfer
model for layered cuprates

The general structure of hole-doped layered cuprates
sists of an alternate stack of a charge reservoir~CR! block
which contains (M -O)m ~e.g., Bi2O2 , Tl2O2 , TlO, HgOd ,
etc.;m is the number ofM -O planes! planes and a so-calle
infinite-layer ~IL ! block in which n CuO2 planes andn21
alkaline-earth~typically Ca! atomic planes are alternate
stacked. There are twoR-O (R is Ba, Sr, La, etc.! planes
with a rocksalt structure on both sides of the CR block. Th
all the layered cuprates can be represented by the ge
formula,M2m2(n21)n. Takingd to be the total charge o
electrons in the (M -O)m layer~s!, one can obtain a densityd
of holes to be shared among all the CuO2 planes. If one
defines nH(II )5dx as the hole carriers concentration o
each of the type-II CuO2 plane~s! in the layered cuprates, thi
givesn(I )5@12(n21)x#d/2 for the charge on each of th

FIG. 2. Plot of the maximumTc vs the number of CuO2 layers
in bilayer thallium-based compounds.
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two type-I planes. The fraction of the total number of carrie
on each of the type-II CuO2 planes has a form within the
framework of sheet-charge model for layered systems:14,34

x5
1

n1~n22!A
, ~8!

where A54e2d0m* /«\2. The geometric parameterd0 de-
notes the distance between two adjacent CuO2 layers within
the unit cell,m* is the effective mass of the electrons, and«
the medium dielectric constant.

It is now well known that the superconducting transitio
temperatureTc in cuprate superconductors varies appro
mately in an inverted parabolic manner with the hole co
centrationnH in the CuO2 planes.49–51Below a certain mini-
mum hole concentrationnH

min the compounds are no
superconducting, and in this region they show nonmeta
behavior. As the hole concentrationnH is increased,Tc in-
creases, reaching a maximum valueTc

max at an optimal hole
concentrationnH

opt. For still higher values of the hole con
centration,Tc starts to decrease and eventually goes to ze
For the layered cuprates, this behavior can be expresse
the following equation:

Tc~ i !5Tc
max~ i !$12b@nH

opt2nH~ i !#2%. ~9!

Here Tc( i ) ( i 5I ,II ) and Tc
max(i) (i5I,II ) are the intrinsic

transition temperature and their maximum values of
type-I and type-II CuO2 planes, respectively.

Considerable effort has been devoted in recent year
elucidate the pressure dependence of the supercondu
transition temperature of cuprate superconductors. It is g
erally believed that the pressure dependence entersTc

through the two independent variablesTc
max and nH . The

variation in the maximum value of transition temperature
optimal doping (Tc

max) among the various cuprat
superconductors52–54 indicates that Tc

max should be a
pressure-sensitive variable. Some reasons such as inter
coupling between the two neighboring CuO2 layers, the ef-
fective interaction strength, phonon frequency, etc., are
lieved to contribute to changes inTc

max.55–59 Measurements
of Hall effect60 and thermopower61 under high pressure
pressure-induced structural changes,62 bond-valence-sum
calculations,63 and electronic structure calculations64–67dem-
onstrate that the mobile hole carrier concentration in
CuO2 plane increases under the application of pressure.
suming thatb andnH

opt are independent of pressure, the fu
derivative ofTc with respect to pressureP is obtained from
Eq. ~9!

dTc~ i !

dP
5

Tc~ i !

Tc
max~ i !

dTc
max~ i !

dP

12bTc
max~ i !@nH

opt2nH~ i !#
dnH~ i !

dP
. ~10!

In order to generalize Eq.~9! to include the effect of
pressure, we assume that both theTc

max(i)(P) and nH( i )(P)
vary with P in the following forms:



n

of

o

in
by

h
s

te
s
n.

-
o

ile

a

g-

tio
r-

O
ak

ri-

ed
al-
ite,
t
cy
n-
sible
TlO
of

of

l
ea-
ant
al
d
t-
ant
ri-

e

d
nd

n
-

PRB 59 4517DEPENDENCE OF THE SUPERCONDUCTING . . .
Tc
max~ i !~P!5Tc

max~ i !1
dTc

max~ i !

dP
P ~11!

and

nH~ i !~P!5nH~ i !1
dnH~ i !

dP
P. ~12!

Hence the variation of the intrinsicTc( i ) with pressure can
be expressed as

Tc~ i !~P!5Tc
max~ i !~P!$12b@nH

opt2nH~ i !~P!#2%. ~13!

The pressure derivative ofTc( i )(P) under pressure is the
obtained from Eq.~13!:

dTc~ i !~P!

dP
5

Tc~ i !~P!

Tc
max~ i !~P!

dTc
max~ i !

dP

12bTc
max~ i !~P!@nH

opt2nH~ i !~P!#
dnH~ i !

dP
.

~14!

From Eqs. ~11!–~14!, one notices that the change
pressure-induced maximum value of intrinsicTc( i ) signifi-
cantly affects the variation ofTc( i )(P) and dTc( i )(P)/dP
with pressure for the two types of CuO2 layers. As a defini-
tion of Tc

max(i), one chooses the initial pressure derivative
Tc

max for layered cuprates asdTc
max(I)/dP for the type-I CuO2

planes. The crystal structure of the IL compound conta
two-dimensional CuO2 layers separated from each other
alkaline-earth atomsE @E5(Ca, Sr), Sr, (Sr, Ba), etc.#.68,69

In this structure the CuO2 sheet has no apical oxygen, whic
is just like the type-II CuO2 plane in layered cuprates. Thu
it is reasonable to take the initial slope ofdTc

max/dP in hole-
doped IL materials likedTc

max(II )/dP for the type-II CuO2

planes.70

It should be noted that at present it is very hard to de
mine the intrinsicdnH( i )/dP value which possibly depend
on both the type of CuO2 planes and hole concentratio
Gupta and Gupta64 obtaineddnH /dP51.1331022 holes/
GPa for La1.85Sr0.15CuO4 calculated from structural data de
termined by neutron analysis using a cluster model. J
gensenet al.63 calculateddnH /dP56.531023 holes/GPa
for YBa2Cu3O6.93 using the bond valence sum method, wh
a modest dnH /dP of 3.4631023 holes/GPa for the
YBa2Cu3O7 compound was reported by Gupta and Gupt65

using a cluster model. The slightly lower value ofdnH /dP
of 2.1731023 holes/GPa was obtained for the triple H
1223 system in a local-density approximation.66 Recently,
Chen and Jiao43 reported a value ofdnH /dP of 1.51
31023 holes/GPa for a HgBa2CaCu2O6.22 compound using
the bond-valence-sum model. Since there is no calcula
for the value ofdnH /dP for the thallium-based class supe
conductors so far, we tentatively usednH /dP55.031023

holes/GPa for the single- and double-sheet CuO2 thallium-
based compounds, in which there exists only the type-I Cu2
plane. For the multilayer thallium-based compounds, we t
thednH( i )/dP value of 3.531023 holes/GPa for each CuO2
plane in our calculation.
f

s

r-

r-

n

e

In the following, we will concentrate on the charge dist
bution and pressure effects on the intrinsicTc among the
inequivalent CuO2 layers in the typical bilayer thallium-
based superconductors Tl2Ba2Can21CunO2n142y (n51, 2,
3, and 4!. The hole sources in the bilayer thallium-bas
compounds contain some combination of thallium and c
cium or thallium and copper, vacancies on the thallium s
and excess oxygen.71 The partial replacement of trivalen
thallium by divalent calcium and/or copper, or the deficien
of thallium, might explain the somewhat lower oxygen co
tent values observed in this series. There are other pos
origins of hole doping such as charge transfer between
and CuO2 layers, which leads to a mixed-valency state
Tl31 and Tl1. Such coexistence of Tl31 and Tl1 ions was
proposed in an x-ray photoemission spectroscopy study
Tl-2223,72 while only a Tl31 signal was detected by205Tl
NMR measurements.73 Furthermore, both the wet chemica
route74 and x-ray absorption near edge spectra m
surement75 reveal that the thallium valence remains const
and close to13.0. Wet chemical analyses show the optim
hole concentrationnH

opt is 0.14 holes in the thallium-base
series.50,76Sinclairet al.77 determined very precisely the ca
ion content using combined powder neutron and reson
x-ray diffraction, and confirmed this value. Extensive expe
ments revealed thatb582.6/holes2 is universal for many
hole-doped HTSC’s.51 In the present analysis we choos
nH

opt50.14 holes andb582.6/holes2 for bilayer thallium-
based compounds. In this way,Tc appears to be maximize
at nH

opt50.14 holes, and falls to zero on the underdoped a
overdoped sides atnH

min50.03 holes andnH
max50.25 holes,

respectively.

B. Results and discussion

1. Tl2Ba2CuO62d and Tl2Ba2CaCu2O8 systems

Calculation ofTc(P) was carried out for the optimally
doped Tl-2201 compound withTc590 K. Based on the work
of Sieburger and Schilling,2 we assumedTc

max/dP50.9
K/GPa. With these parameters, from Eq.~13! we can calcu-
late the variation ofTc with pressure. The results are show
in Fig. 3. As can be seen,Tc increases modestly with pres
sure initially, and saturates at 91.1 K whenP52.3 GPa. For

FIG. 3. Pressure dependence ofTc in the optimally doped Tl-
2201 compound withTc590 K up to 8 GPa.
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higher pressuresTc begins to decline, and reaches a value
84.4 K at 8 GPa. In contrast, in a single CuO2 layer Hg-1201
compoundTc strongly increases from 97 atP50 to a maxi-
mum of 118 K at 24 GPa, with an initial slope of 1
K/GPa.78 Since experimental values ofTc are not available
beyondP50.6 GPa in the present single CuO2 layer Tl-2201
compound, further experiments are required to compare
theoretical prediction.

For the second member of bilayer thallium-based ser
i.e., Tl-2212, we take the experimental data ofTc(P) ob-
tained by Môri et al.,1 and compare with results of the fo
lowing calculations. Now we evaluateTc(P) numerically as
a function of pressure for a nearly optimally doped b
slightly overdoped Tl-2212 compound withTc5117 K. The
maximumTc

max of 118 K ~Ref. 9! is attained at an optima
hole concentrationnH

opt50.14 holes. The hole concentratio
can be determined by Eq.~9! asnH50.15 holes. The maxi-
mum pressure derivativedTc

max/dP is then calculated from
Eq. ~10!, which yields a value of 2.71 K/GPa. Based on the
parameters, we calculatedTc from Eq. ~13! as a function of
pressureP in the range of 0<P<8 GPa. In Fig. 4 we
present the pressure dependence ofTc for Tl-2212. As can be
seen, as pressure is increasedTc increases initially, then
reaches a maximum at some pressure level, and decrea
higher pressures. For comparison, data from Moˆri et al.1 are
displayed. We found that the experimental data poi
roughly lie on our theoretical curve.Tc already reaches a
maximum value of 118 K at normal pressure of the Tl-22
cuprates. For a pressure of 2.0 GPa,Tc is calculated to be
119.3 K, in excellent agreement with the work of Moˆri et al.1

The maximumTc of 119.6 K on theTc;P curve occurs at
2.93 GPa. Susceptibility studies79,80 revealed thatTc(P)
passes through a maximum at 3 GPa after increasing
;2.5 K. Interestingly, our prediction coincides well wit
these experiments.

Figure 5 shows the pressure dependence of the pres
derivative ofTc evaluated from Eq.~14! for a nearly opti-
mally doped but slightly overdoped Tl-2212 compound w
Tc5117 K. The initial pressure derivativedTc /dP is 1.7
K/GPa. The value ofdTc(P)/dP decreases with increasin
pressure, and changes sign from positive to negative at

FIG. 4. Pressure dependence ofTc in the nearly optimally doped
but slightly overdoped Tl-2212 compound withTc5117 K up to 8
GPa.
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maximumTc(P). At the pressure level of 8 GPa, the calc
lated value ofdTc /dP is 23.6 K/GPa, compared to the ex
perimental value of22.3 K/GPa.1

2. Tl2Ba2Ca2Cu3O102y system

According to Eqs.~8! and ~9!, one can determine the in
trinsic Tc( i ) values of the two types of CuO2 planes normal-
ized with respect toTc

max. ParameterA in Eq. ~8! denotes the
relative contribution of the electrostatic and band energ
Substituting the values ofd053.16 Å,71 and m* /me«
.0.33,14 0.09, and 0.045 in the definition ofA, one attains
corresponding values ofA of 8.8, 2.4, and 1.2, respectively
So far, there is not an effective way to distinguish the intr
sic Tc

max(i) among the inequivalent CuO2 layers; we assume
their values are equal at ambient pressure. In
Tl2Ba2Ca2Cu3O102y system, the maximumTc

max is 128.5 K
~Ref. 10! obtained atnH

opt50.14 holes.50,76 Figure 6 shows
the normalized intrinsicTc( i ) values for the type-I and
type-II CuO2 planes of Tl-2223 as a function of total ho
concentrationd for A58.8, 2.4, and 1.2, respectively. Thre
clear parabolas are presented for the type-I CuO2 planes, and
the optimal carrier concentrationdopt pushes backward from
0.3 through 0.4 to 0.5 with decreasing the value ofA. Addi-
tionally, the width of the parabola expands with the decre
in the value ofA. One can also see that the type-II CuO2
plane possesses a broad parabola, and the peak in the
shifts to higher carrier concentration with increasingA. For
the case ofA58.8, superconductivity occurs in the type-
CuO2 plane for values ofd above 0.35. With a further in-
crease ofd above 0.7, the type-II CuO2 plane is still super-
conducting while the type-I CuO2 planes are no longer su
perconducting. ForA51.2, the type-I CuO2 planes become
superconducting ford values between 0.11 and 0.95, reac
ing a maximumTc at d50.5. The type-II CuO2 plane be-
haves in a similar way: it is superconducting in the bro
range 0.12–1.05, with a maximum value ofTc(II ) at a large
d of 0.6. WhenA51.2, one findsnH(I )51.1nH(II ), which
is in agreement with the 63Cu and 17O NMR
measurements.16,17,20,21Since there is not an available valu
of m* /me« for cuprates, we chooseA51.2 in the following.

Choosing the experimentally observed values as the
trinsic Tc(I ) and dTc(I )/dP of the type-I CuO2 plane, one

FIG. 5. Calculated values ofdTc(P)/dP with pressure up to 8
GPa in the Tl-2212 compound withTc5117 K.
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gains dTc
max(I)/dP51.75 K/GPa for the optimal material.7

The effect of pressure onTc in IL cuprates has been reporte
by various laboratories.59 Takahashiet al.70 showed that for
(Sr0.3Ca0.7)0.95CuO2, Tc increases up to 120 K for 8 GPa
a rate ofdTc /dP50.7 K/GPa. It is therefore reasonable
takedTc

max(II )/dP50.7 K/GPa for the type-II CuO2 plane in
the layered cuprate superconductors due to the similar s
ture of the CuO2 sheet for the IL and layered HTSC’s.

The pressure dependence of the intrinsicTc( i )(P) for an
optimally doped Tl-2223 compound withTc5128.5 K can
be evaluated by using Eqs.~11!–~13!. Hence the intrinsic
Tc(I )5128.5 K, and the corresponding intrinsicnH(I )
50.14 holes for the type-I CuO2 planes. The intrinsic hole
concentration for the type-II CuO2 plane can be determine
by Eq. ~8! as nH(II )50.127 holes; the intrinsicTc(II ) is
then calculated from Eq.~9!, which yields a value of 126.7
K. From the parameter values determined above, we ca
lated Tc as a function of pressureP in the range of 0<P
<20 GPa. Figure 7 gives the results for the inequival
CuO2 planes. We can see that the intrinsicTc( i ) changes
with pressure in a parabolic manner. There exist two diff
ent parabolas for the two different types of CuO2 planes,
which cross at 12 GPa. However, the maxima for the typ
and type-II CuO2 planes occur at nearly the same press
level. The maximumTc(I ) of the type-I planes is 133.9 K a
6 GPa, in good agreement with Tristan Jover a
co-workers,7,11 who measured a maximum value of 133 K
4.2 GPa. At 7.4 GPa, the calculated value ofTc(I ) is 133.6 K
for the type-I CuO2 planes, compared with 131.560.5 K as

FIG. 6. Normalized intrinsicTc( i ) values for the inequivalen
CuO2 planes in the Tl-2223 system as a function of carrier conc
tration for A58.8, 2.4, and 1.2, respectively.
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found by Berkleyet al.81 In the type-II CuO2 plane, the
maximum value of intrinsicTc(II ) is 131.9 K at 6.2 GPa
which is slightly lower than that in the type-I CuO2 planes.
The lower maximumTc(II ) of the type-II CuO2 plane com-
pared with that of the type-I plane is possibly caused by
low value ofdTc

max(II )/dP chosen for the type-II plane in th
Tl-2223 phase. The difference in theTc( i );P curve arises
from the different intrinsic values ofTc( i ) andnH( i ) among
inequivalent CuO2 planes. In recent pressure measureme
on Tl-2223 by Tristan Joveret al.,7 the variation ofTc with
pressure clearly exhibits two regimes. Below 12 GPa
data points follow one parabola, while above 12 GPa th
follow another parabola which has a slightly lower max
mum Tc and a larger width. Both parabolas have maxima
approximately the same pressure. Furthermore, a kink on
Tc;P curve was also observed at about 13 GPa for lowTc
Tl-2223 phase.6 It follows that this kink may stem from the
nonhomogeneous charge distribution among the two type
CuO2 layers. Since the intrinsic value ofTc( i ) in the type-I
CuO2 planes is the exact value ofTc at ambient pressure fo
superconductors, the variation ofTc with pressure is ex-
pected to be followed from the curve of the intrins
Tc(I )(P) for the type-I CuO2 planes under low pressure
Above the pressure level of the occurrence of the kink,
effect of the type-II CuO2 plane dominates. Interestingly, ou
extended PICT model for layered cuprates can be use
explain this pressure dependence ofTc successfully.

3. Tl2Ba2Ca3Cu4O122y system

In the Tl2Ba2Ca3Cu4O122y system, we obtained a theo
retical maximum value ofTc of 135.3 K within the frame-
work of the Lawrence-Doniach theory. Following the abo
treatment, we also suppose that the intrinsic maxim
Tc

max(i) is the same for the two types of CuO2 layers, that is,
Tc

max(i)5135.3 K. The normalized intrinsicTc( i ) values for
the type-I and type-II CuO2 planes as a function of total hol
concentrationd calculated from Eqs.~8! and ~9! are plotted
in Fig. 8 for A58.8, 2.4, and 1.2, respectively. Three cle
parabolas are presented for the type-I CuO2 planes, and the
optimal carrier concentrationdopt moves back from 0.51
through 0.41 to 0.31 with the increase ofA. On the other

-

FIG. 7. Pressure dependence of the intrinsicTc( i ) for Tl-2223
with Tc5128.5 K. The solid and dotted curves denote the predic
values ofTc( i )(P) for type-I and type-II CuO2 planes, respectively
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4520 PRB 59XIAOJIA CHEN AND CHANGDE GONG
hand, the minimum carrier concentrationdmin in the type-II
CuO2 plane increases with an increasing value ofA. How-
ever, thedmin in the type-I CuO2 planes scarcely change. Fo
the case ofA58.8, superconductivity occurs in the type-
CuO2 plane for values ofd above 0.65 compared with 0.3
in the Tl-2223 system. To our surprise, there is a regime
0.55–0.65 where superconductivity would vanish complet
due to the high inhomogeneity of charge distribution b
tween the two types of CuO2 layers. ForA51.2, the type-I
CuO2 plane is superconducting ford values between 0.12
and 0.90, reaching a maximumTc at d50.51. When the hole
concentration is over 0.9, the type-I CuO2 planes are no
longer superconducting while the intrinsicTc(II ) reaches
nearly the maximum in the type-II CuO2 plane.

To our knowledge, there are few reports on the press
dependence of the superconducting transition temperatu
Tl-2234. Recently, Tristan Joveret al.7 investigated the pres
sure effect onTc for the Tl-2234 compound withTc5113 K
up to 14 GPa, and reported an initial pressure deriva
dTc /dP of 2.0 K/GPa. Here we use our extended PIC
model to interpret their results. For the type-I CuO2 plane,
the intrinsic Tc(I ) and intrinsic initial pressure derivativ
dTc(I )/dP are 113 K and 2.0 K/GPa, respectively.7 The cor-
responding intrinsicnH(I ) is obtained to be 0.095 holes a
cording to Eq.~9!. Then, the intrinsic hole concentration fo
the type-II CuO2 plane can be determined by Eq.~8! as
nH(II )50.056 holes, and Eq.~9! yields an intrinsicTc(II )
value of 56.6 K. Using Eq.~10!, one can obtain the intrinsic

FIG. 8. Normalized intrinsicTc( i ) values for the inequivalen
CuO2 planes in the Tl-2234 system as a function of carrier conc
tration for A58.8, 2.4, and 1.2, respectively.
f
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maximum pressure derivativedTc
max(I)/dP of 21.79 K/GPa

in the type-I CuO2 plane. The pressure derivativ
dTc

max(II )/dP for the type-II CuO2 plane is chosen to be 0.
K/GPa.70

In Fig. 9 we present the pressure dependence of the
trinsic Tc( i ) for Tl-2234. As can be seen, the two types
CuO2 planes have themselves paraboliclike curves. As p
sure is increased the intrinsicTc( i ) increases initially until it
reaches a maximum at some pressure level, and at hi
pressuresTc( i ) decreases. The maximum intrinsicTc(I ) of
118.8 K on theTc(I );P curve is exhibited at 6.0 GPa in th
type-I CuO2 plane. For a pressure of 6.6 GPa, the intrin
Tc(I ) is calculated to be 118.7 K, in good agreement w
Tristan Joveret al.7 The inset of Fig. 9 gives the variation o
intrinsic Tc(II ) with pressure up to 30 GPa for the type-
CuO2 plane. The intrinsicTc(II ) increases in a regular man
ner withP. It already attains 113 K, the value for the unde
doped Tl-2234 compound at normal pressure, atP;9.7 GPa.
Further increasing pressure to 15.4 GPa, it reaches the t
retical maximum value of 135.3 K at normal pressure for t
Tl-2234 cuprates. At higher pressures it considerably
ceeds this value and the maximum is achieved forP;26
GPa with intrinsicTc(II )(P) of 152.8 K, which is larger
than the theoretical saturation value ofTc of 146 K at ambi-
ent pressure for the bilayer thallium-based series. It is s
gested that the type-II CuO2 plane becomes active unde
high pressure. It is possible to attain higher critical tempe
tures for the multilayer superconductors by using chem
pressure to increase the mobile carrier concentration in
type-II CuO2 plane, which may mimic the effect of a tru
pressure. Atomic substitution introduces off-diagonal or no
hydrostatic stresses which have a large effect onTc , as has
been found in Y-123 (saa vs sbb). It should be noted tha
the maximum intrinsicTc(II )(P) in type-II planes exceeds
the maximumTc(P) of 120 K in the IL compound.70 There
is also a kink inTc( i )(P);P curves. The calculated pres
sure level of the kink occurrence is at 10.5 GPa, which is j
the experimentally observed value of 10.5 GPa.7 We found
that the experimental data obtained by Tristan Joveret al.7

lie between the two intrinsicTc( i )(P);P curves when pres-

-

FIG. 9. Pressure dependence of the intrinsicTc( i ) for type-I
~solid! and type-II~dotted! CuO2 planes in the Tl-2234 phase wit
Tc5113 K up to 15 GPa. Inset: A plot of the intrinsicTc(II ) vs
pressure in the range from 0 to 30 GPa.



h

ic
e
s

in
3
m

d
a

an

ar
d
a
-

si

e
ur
nc
t i
pa

tu

nder
fol-

e

le
ted

nd

ith

at
4.

s.

-

.

y
for
a.

PRB 59 4521DEPENDENCE OF THE SUPERCONDUCTING . . .
sure is above 10.5 GPa. Therefore the type-II CuO2 plane
should become the dominant conducting layer under hig
pressure.

In the above calculation, we found that the intrins
Tc(II ) of the type-II CuO2 plane in Tl-2234 can increas
strongly from 56.6 to 152.8 K under the application of pre
sure, while a modest increase ofTc(II ) occurs from 126.7 to
131.9 K in Tl-2223. This is because the type-II CuO2 plane
in Tl-2234 is highly underdoped due to the depletion of
trinsic hole concentration compared to that in Tl-222
Therefore, mixed-phase samples of Tl-2223 containing so
superconducting Tl-2234 phase should have a higherTc than
the pure Tl-2223 phase. This behavior has been confirme
the pressure effects onTc in Hg-1223 and Hg-1234 by Ihar
et al.,82 who reported the highest onsetTc of 156 K at 25
GPa for a Hg-1223 and Hg-1234 mixed-phase sample
140 K at 13 GPa for a Hg-1223 phase sample.

IV. SUMMARY AND CONCLUSION

We have presented a simple pressure-induced ch
transfer model for layered cuprate superconductors base
the sheet-charge theory. The model, which utilized the
sumption that each CuO2 plane has its intrinsic hole concen
tration, critical temperature, and pressure derivative ofTc ,
can distinctly predict the pressure effect on the intrin
Tc( i ) among the crystallographically inequivalent CuO2 lay-
ers. The effect of interlayer coupling between the adjac
CuO2 layers on the superconducting transition temperat
has been investigated using the generalized Lawre
Doniach theory based on the hypothesis that the distinc
trinsic critical temperature corresponding to each order
rameterc i is probably different for the two types of CuO2
planes. We studied the dependence of transition tempera
on the type and number of CuO2 layers in bilayer thallium-
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based superconductors both at ambient pressure and u
high pressure. Our major results and predictions are the
lowing.

~1! The transition temperatureTc increases with interlayer
couplingl. At any l, the larger the difference between th
intrinsic Tc(II ) and Tc(I ), the stronger the increase ofTc
with the number of CuO2 layers.

~2! Tc is an increasing function ofn, reaching 95% of the
maximum possible valueTn(`) by n55. The upper limit of
Tc for the bilayer thallium-based cuprates is 146 K.

~3! For the optimally doped single, double, and trip
CuO2 sheets thallium-based superconductors, the predic
saturation values ofTc(I ) of the type-I CuO2 plane of 91.1,
119.6, and 133.9 K are obtained whenP52.3, 2.9, and 6.0
GPa, respectively. For the underdoped Tl-2234 compou
with Tc5113 K, the calculatedTc(I ) of 118.5 K is obtained
at P56.0 GPa. These predictions are in good agreement w
experiments.

~4! The intrinsic Tc( i ) of the type-I and type-II CuO2
planes follow from two different parabolas which cross
high pressure in multilayer compounds Tl-2223 and Tl-223
The results indicate that at low pressuresTc is the intrinsic
Tc( i ) of the type-I CuO2 plane, and at the relatively high
pressures the intrinsic effect of the type-II plane dominate

~5! Under the application of pressure, the intrinsicTc(II )
of the type-II CuO2 plane in Tl-2234 increases strongly com
pared with a modest increase ofTc(II ) in Tl-2223. We sug-
gest that the strong pressure effect on the intrinsicTc(II ) in
the type-II CuO2 plane results from its underdoped nature
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