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Pressure effect onTc for the rare-earth series RBa2Cu3O7Àd
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The pressure dependence of the superconducting transition temperatureTc in RBa2Cu3O72d (R5Y and
rare earths! series has been investigated systematically on the basis of thet-t8-t9-J model withd-wave pairing
by taking into account the variations of the hole concentration in the CuO2 planes and the effective interaction
with pressure. It is shown that the pressure-induced change of hole concentration increases with the trivalent
rare-earth ion radius. The calculatedTc and its pressure derivativedTc /dP are found to be the increasing
functions of the radius of theR31 ions for the fully oxygenatedRBa2Cu3O7. Good agreement with experi-
ments suggests that the rare-earth ion size effect ondTc /dP in RBa2Cu3O7 mainly originates from the
pressure-induced charge transfer from the charge reservoir CuO chain to the conducting CuO2 planes. The
change ofdTc /dP with hole concentration and the pressure dependence ofTc in the recently discovered
superconducting PrBa2Cu3Oy are well reproduced in this simple model. We have arrived at the conclusion that
the unusually largeTc enhancement in PrBa2Cu3Oy under pressure results from its underdoped nature. Further
experiments are proposed to enhanceTc at ambient pressure in PrBa2Cu3Oy .
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I. INTRODUCTION

Substitution with rare-earth elements on the Y site of
high-temperature superconductors~HTSCs! YBa2Cu3O72d
is an important method for understanding the mechanism
the occurrence of superconductivity. Recent measuremen1,2

show that the superconducting transition temperatureTc in-
creases systematically with the ionic radius of trivalent ra
earth ions in the fully oxygenatedRBa2Cu3O7 (R5Y and
rare earths! compounds. PrBa2Cu3Oy has been believed a
the exceptional material being nonsuperconducting am
the isostructuralRBa2Cu3O72d compounds for a long time.3

However, very recently, Zou et al.4 reported that
PrBa2Cu3Oy grown by the traveling-solvent floating zon
~TSFZ! method is superconductive withTc585 K. The
long-standing search for the chemical pressure and the o
of the intrinsic pressure effect onTc is an important issue in
the high pressure studies.5–7 The RBa2Cu3O72d series pro-
vides a model system with this attempt. For a single co
pound such as YBa2Cu3O72d , the pressure derivative ofTc ,
dTc /dP, may vary by changing oxygen content.8 Further-
more, across the rare-earth series ofRBa2Cu3O7 samples
both Tc and dTc /dP increase modestly with the trivalen
rare-earth ion radius.1 The pressure effect onTc in
PrBa2Cu3Oy has drawn particular interest because of the
usual high pressure derivative ofTc , dTc /dP, of 3.5 K/GPa
incompatible with other fully oxygenated serie
RBa2Cu3O7.1 Moreover,Tc has been observed to exceed 1
K at a pressure of 9.3 GPa and still have a poten
increase.4 While the pressure effect onTc in superconducting
PRB 610163-1829/2000/61~5!/3691~8!/$15.00
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RBa2Cu3O72d series seems to yield important insight in
superconductivity, at present there is no microscopic the
that can explain it.

Among the various theories proposed so far for t
mechanism of high-Tc superconductivity, thet-(t8-t9)-J
model is the simplest that describes strongly correlated e
trons and has been proposed as the low energy model Ha
tonian that applies to the doped CuO2 planes.9,10 It is sug-
gested that Hall coefficient,11 specific heat,12 quasiparticle
lifetime,12 high transition temperature,12–14 CuO2 layers
effect,12–14 and variation in maximumTc among various
cuprates15 might be understood by assuming a presence
the antiferromagnetic van Hove singularities~AVHS! in the
quasiparticle density of states. The angle-resolved ph
emission spectroscopy~ARPES! measurement on layere
cuprates provides a direct test for thet-t8-t9-J model as a
model Hamiltonian for the HTSCs. Recent studies show t
the t-t8-t9-J model can be used to not only reproduce t
ARPES data for the quasiparticle dispersion of Sr2CuO2Cl2
~Refs. 16–18! but also explain the evolution of the quasipa
ticle dispersion with doping for hole-dope
Bi2Sr2Ca12xDyxCu2O81d as well as electron-dope
Nd1.85Ce0.15CuO4, especially the origin of the AVHS nea
Fermi surface.19,20

In this paper we explain the pressure effect onTc in
RBa2Cu3O72d series in terms of thet-t8-t9-J model with
d-wave pairing. The outline of this paper is as follows:
Sec. II we present a theoretical approach for pressure e
on Tc . Section III is devoted to the theoretical results ofTc
3691 ©2000 The American Physical Society
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and dTc /dP as a function of rare-earth ionic size. We al
discuss the origin of unusually largeTc enhancement in
PrBa2Cu3Oy under pressure. A brief summary is given
Sec. IV.

II. THEORETICAL APPROACH

The Hamiltonian considered here is9,10

H5J(
^ i j &1

Si•Sj2S t (
^ i j &1 ,s

1t8 (
^ i j &2 ,s

1t9 (
^ i j &3 ,s

D c̃is
† c̃ j s ,

~1!

in the standard notation of the constrained Fermi operat
brackets denoting the first (^ i j &1), second (̂i j &2), and third
(^ i j &3) neighbor sites, respectively.

Using the slave fermion-spin wave formalism, one obta
a model describing holons~spinless fermions! strongly
coupled to spin-wave excitations19

H5(
q

vqbq
†bq1(

k
ekhk

†hk1(
kq

~hk
†hk2qbqMkq1H.c.!,

~2!

whereh and b are spinless fermion and magnon operato
respectively.vq52JA12gq

2 is the linear spin-wave spec
trum. The bare hole dispersion has the form

ek54C1tgk14C2t8lk14C3t9hk , ~3!

whereC1 ,C2, and C3 are the first-order matrix element o
the kinetic energy for̂ i j &1 ,^ i j &2, and ^ i j &3, respectively.
gk5 1

2 (coskx1cosky), lk5coskx cosky , and hk5 1
2 (cos 2kx

1cos 2ky). The holon-spin-wave coupling function is

Mkq5
4

AN
@uq~ tgk2q1t8lk2q1t9hk2q!

1vq~ tgk1t8lk1t9hk!#, ~4!

where uq ,vq are Bogolubov transformation parameters
the linear spin waves.

In building up a model for the cuprates to describe
superconducting phase, the interaction among the hole
siparticles is necessary. It will be constructed based agai
results for the two-dimensionalt-J model where it is well
known that an effective attractive force exists in an antif
romagnet leading to the bound state of two holes in
d-wave channel. Here we investigate this explicitly, follow
ing Dagotto, Nazarenko, and Moreo~DNM!,12 for the case of
a static attractive nearest-neighbor interactionH int5
2Veff(^ i j &ninj . Such an interaction is actually provided
the t-J model by the exchange term because of the e
magnetic bond in the system when two polarons are
neighboring sites or, equivalently, by the dominant term
the static approximation to the~actually somewhat longer
range! interaction generated by spin fluctuations.21 The bind-
ing energy of two holes isDB5e2h22e1h5J(^Si•Sj&
20.25), whereenh is the energy ofn holes with respect to
the antiferromagnetic ground state energy, andi and j are
nearest neighbors. It is known12 that ^Si•Sj&'20.3346, and
thusDB'20.585J. To mimic this effect, an effective attrac
tive term is introduced that reduces the energy when
s,
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,
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quasiparticles share the same link (Veff'0.585J). The effec-
tive Hamiltonian considered here for HTSCs is

Heff5(
k

«kck
†ck2Veff(̂

i j &
ninj , ~5!

whereck
† is the hole quasiparticle creation operator at m

mentumk, andni5ci
†ci is the number operator of quasipa

ticles at sitei.
Straightforward application of Bardeen-Cooper-Schrief

pairing theory assuming ad-wave order parameterDk
5D0(coskx2cosky) leads in the familiar way to a self
consistent equation determiningTc ,

2

Veff
5

1

N (
k

~coskx2cosky!2

«k2m
tanhS «k2m

2Tc
D , ~6!

where D0 is the parameter to be obtained self-consisten
andN is the number of sites. The chemical potentialm sat-
isfies

nH5
1

2
2

1

2N (
k

tanhS «k2m

2Tc
D , ~7!

wherenH is the quasiparticle hole density. DNM~Ref. 12!
obtained the hole dispersion from accurate numerical
analytical studies as «k.0.16625 coskx cosky
10.046(cos 2kx1cos 2ky) eV. Recent exact diagonalizatio
results show that this rigidity of quasiparticle dispersion
appropriate over a wide range of doping from underdoped
optimally doped.19

There has been a great deal of interest in recent yea
extract the intrinsic pressure dependence ofTc in cuprates. It
has been postulated that the application of pressure leads
change of hole carrier concentrationnH , which has been
supported by measurements of Hall effect,22 thermopower,23

and neutron powder diffraction24 under high pressure. It is
expected that the pressure-induced change ofnH is an impor-
tant factor responsible for the pressure dependence ofTc .
Meanwhile, Raman scattering experiments and mo
analysis25–27 suggest that the in-plane superexchange in
action J is a pressure-sensitive parameter which is direc
related to the effective pairing interactionVeff . Therefore, it
is reasonable to assume that pressure-induced change oVeff
is the second variable that would best describe the pres
dependence ofTc . In order to generalize Eqs.~6! and~7! to
include the effect of pressure, we assume that the pres
dependence of theTc is related to the pressure dependenc
of nH andVeff . That is,

nH~P!5nH1
dnH

dP
P ~8!

and

Veff~P!5VeffS 11
d ln Veff

dP
PD . ~9!

This approximation is reasonable for low values ofP, but is
likely to breakdown for largeP since one expectsVeff(P)
andnH(P) to saturate at large pressures.
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Therefore, the pressure dependence ofTc can be simply
written as

Tc~P!5Tc@nH~P!,Veff~P!#. ~10!

The initial pressure derivative ofTc is then calculated from
Eqs.~6! and ~7! as

dTc

dP
5FF4

I
2

F5

2TcI
GdnH

dP
1

F1

2TcIVeff

d lnVeff

dP
, ~11!

with

I 5
1

4Tc
3 @F1F312TcF2F42F2F5#,

F15
1

2N (
k

sec h2S «k2m

2Tc
D ,

F25
1

2N (
k

~«k2m! sec h2S «k2m

2Tc
D ,

F35
1

2N (
k

~coskx2cosky!2 sec h2S «k2m

2Tc
D ,

F45
1

2N (
k

~coskx2cosky!2

~«k2m!2
tanhS «k2m

2Tc
D ,

F55
1

2N (
k

~coskx2cosky!2

«k2m
sec h2S «k2m

2Tc
D .

From Eqs.~10! and~11!, one notices that in order to stud
the pressure dependence ofTc(P) and dTc /dP, one must
have a knowledge of the values ofdnH /dP andd lnVeff /dP.
Hall effect and thermoelectric power experiments un
pressure can provide results fordnH /dP. Meanwhile,
d lnVeff /dP can be estimated from the Raman scatter
measurements of the in-plane superexchangeJ under pres-
sure. In general,J is a function of the in-plane lattice param
etera.25 It is reasonable to assume the pressure-induced
tive change ofVeff , d ln Veff /dP, as

d ln Veff

dP
53ka , ~12!
r

g

la-

where ka52d ln a/dP is the lattice compressibility along
the a axis. The pressure-induced change ofnH can be ob-
tained from the bond valence sum~BVS! analysis28,29

dnH

dP
5hFdr0

dP
VCu1(

i
r i j k i expS r 02r i j

0.37 D G . ~13!

Where h52.7(nH
opt2nH

min)/(VCu
opt2VCu

min), nH
opt(VCu

opt) denotes
the optimumnH ~Cu valence! corresponding to theTc

max and
nH

min(VCu
min) is the minimumnH ~Cu valence! resulting in su-

perconductivity,r i j is the distance of Cu-O~i! bond,r 0 is the
constant that depends upon the atoms constituting
bond,30 andk i52d ln ri /dP is the Cu-O~i! bond compress-
ibility. The compressibility of HTSCs can be estimated
using the anisotropic bond model proposed by Cornel
Klotz, and Schilling~CKS!.31,32

It is worth noting that the presentt-t8-t9-J model is based
on the assumption ofd-wave pairing which is generally sup
ported in experiments.21,33,34Recent investigations on thet-J
model exhibits discrepant results. Exact numerical studie35

for small clusters within thet-J model show ad-wave super-
conducting instability. Shihet al.36 found that this model
does not have long-ranged-wave superconducting correla
tion in the interesting parameter range. While Yokoyama a
Ogata argued37 that near the half filling where the high-Tc
superconductivity is expected, thedx22y2-wave pairing state
is always the most stable among various symmetries. In
estingly, Newnset al.38 found that the van Hove singularit
scenario with s-wave pairing renders similar results t
d-wave symmetry. Considering that the two intrinsic facto
responsible for the value ofTc under pressure are the sam
with different symmetries, thet-t8-t9-J model with the
dx22y2-wave pairing would not make much difference com
pared with the case of thes wave for the pressure effect o
Tc , at least qualitatively.

III. RESULTS AND DISCUSSION

A. Anisotropic compressibility and pressure-induced charge
transfer

The crystal structure of theRBa2Cu3O72d system is made
up of three distinct layers. The first consists of the Cu(1)O6
and BaO12 polyhedra. The second is a perovskite layer co
taining the Cu(2)O5 and BaO12 polyhedra. The third con-
tains the single RO8 polyhedron. The compressibility of th
individual layerskL can be obtained by using the compres
ibilities of the component polyhedron. The linear compre
bulk

109
4
9
5
8
8.6
TABLE I. Results of the model calculation for the anisotropic and volume compressibilities and the
modulus for rare earth seriesRBa2Cu3O7. Ionic radii ~coordination number eight! for R31 ions are taken
from Ref. 42.

R31 Yb Tm Er Ho Y Dy Gd Eu Sm Nd

r (Angstrom) 0.985 0.994 1.004 1.015 1.019 1.027 1.053 1.066 1.079 1.
ka(31023 GPa21) 2.36 2.37 2.38 2.39 2.39 2.41 2.38 2.41 2.44 2.4
kb(31023 GPa21) 2.42 2.42 2.43 2.44 2.44 2.46 2.43 2.46 2.48 2.4
kc(31023 GPa21) 2.88 2.86 2.87 2.86 2.87 2.86 2.86 2.86 2.86 2.8
kV(31023 GPa21) 7.65 7.66 7.68 7.69 7.70 7.72 7.68 7.73 7.78 7.7
B(GPa) 130.6 130.5 130.2 130.0 129.8 129.5 130.2 129.3 128.5 12
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ibility along ath axis in the component polyhedron is writte
ask l (a)

p 50.44310233r i j
3 /Vj GPa21, whereVj denotes the

valence of central cation in polyhedron which can be de
mined in terms of BVS method.39 Knowing the fraction of
the total volume (f i) that each layer occupies in a unit ce
the anisotropic compressibility of HTSCs is given by 1/ka
5( i f i /ka( i ) , 1/kb5( i f i /kb( i ) , and kc5( i f ikc( i ) . From
this, the volume compressibility of material,kV5ka1kb
1kc , and its bulk modulus, B[1/kV can be
calculated.31,32,40 Based on the consistent set of structu
parameters at temperatureT510 K for the series
RBa2Cu3O72d (R5Y,Yb-Nd;d50.0060.02) determined
by neutron diffraction,41 one can evaluate the anisotrop
compressibilities of the compound on the basis of the an
tropic bond model of CKS. The calculated results as wel
trivalent rare-earth ion radii~coordination number 8!42 are
summarized in Table I. As can be seen, the compressib
along thec axis is always higher than that either along thea
axis or theb axis. Furthermore, the volume compressibil
kV increases gradually with increasing the trivalent ra
earth ion radius. It is well established that thekV decreases
with increasing nH .24,43,44 This implies that thenH in
RBa2Cu3O7 decreases with increasing the trivalent rare-ea
ion radius. The model calculation of charge distribution de
onstrates that theRBa2Cu3O7 phases withR5La, Nd, are
underdoped and those withR5Y, Sm-Lu are overdoped.45 It
is therefore indicated that thekV is a valid probe of thenH in
HTSCs.

The pressure-induced change ofnH , dnH /dP, can be cal-
culated by using the Eq.~13! according to the neutron dif
fraction data.41 The Cu-O~i! bond compressibility can be es
timated by using the anisotropic bond model.31 In the hole-
doped HTSCs, the superconductivity occurs for anH;0.06
holes and the maximumTc is attained at a value ofnH

opt

;0.25 holes.8,45–47TheVCu
min52.082 andVCu

opt52.135 are ob-
tained by using the structural data for YBa2Cu3O72d
compounds48 in terms of the BVS analysis.28,39 Following
Jorgensen et al.,24 we assume dr0 /dP522.9
31023 Å/GPa ~Ref. 29! which can reproduce a reasonab
dnH /dP for the fully oxygenatedRBa2Cu3O7. Figure 1
shows both thenH and thednH /dP versus the trivalent rare
earth ion radius inRBa2Cu3O7 family. The values ofnH are
taken from the work of Samoylenkov, Gorbenko, and Ka
~SGK!.45 It was found thatnH decreases smoothly with th
increase of trivalent rare-earth ion radius. While thednH /dP
increases with the increase of the trivalent rare-earth io
radius.

The hole concentration can be written asnH5Q/V, where
Q is the number of carriers andV the volume of the sample
r-

l

o-
s

ty

-

h
-

l

ic

Taking the partial derivative ofnH with respect to pressure
P, one can obtain the relative change of pressure-indu
carrier number

d ln Q

dP
5

1

nH

dnH

dP
2kV . ~14!

With the calculateddnH /dP, volume compressibilities, and
nH , one can evaluate the values ofd lnVeff /dP and
d ln Q/dP from Eqs.~12! and ~14!, respectively. The results
of the model calculations for theRBa2Cu3O7 series are dis-
played in Table II. As can be seen from Table II,d ln Q/dP
increases significantly with the trivalent rare-earth ion radi
We note thatd ln Veff /dP increases modestly with increasin
ionic radius ofR31, with an almost constant value of;7.0
31023 GPa21.

B. Rare-earth ionic size effect ondTc ÕdP in RBa2Cu3O7

In Fig. 2 we plot the transition temperature as a functi
of the hole concentrationnH with different values ofVeff
using the dispersion relation of DNM. It is clearly seen th
the magnitude ofTc depends strongly on the doping lev
and reaches its maximum atnH'0.246 holes, which is very
close to the prediction of 0.25 holes of several groups.8,45,46

On the other hand, the transition temperature increases
Veff and rises rapidly at the optimal doping. In fact, the var

FIG. 1. Ionic radius of trivalent rare earths dependences of h
concentrationnH ~a! and pressure-induced changes of hole conc
tration dnH /dP ~b! for the fully oxygenatedRBa2Cu3O7 series.
The hole concentration data are taken from SGK in Ref. 45.
nduced
ation in

233
.44
.44
32
TABLE II. Predicted values of the pressure-induced changes of hole concentration, the pressure-i
relative changes of the number of hole carriers, and the effective interaction as well as hole concentr
the CuO2 planes taken from Ref. 45 for rare-earth seriesRBa2Cu3O7.

R31 Yb Tm Er Ho Y Dy Gd Eu Sm Nd

nH ~holes! 0.303 0.298 0.296 0.292 0.287 0.284 0.273 0.265 0.262 0.
dnH /dP(31023 holes/GPa) 2.90 3.68 3.89 4.37 4.70 5.03 6.47 6.59 6.92 8
d ln Q/dP(31023 1/GPa) 1.92 4.69 5.46 7.27 8.68 9.99 16.02 17.14 18.63 28
d ln Veff /dP(31023 1/GPa) 7.06 7.11 7.13 7.16 7.17 7.22 7.16 7.23 7.32 7.
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tion in maximumTc among various cuprate superconducto
seems to indicate thatTc should be correlated withVeff .

15

These results demonstrate that bothnH andVeff significantly
affect the values ofTc .

In Fig. 3 we plot theTc as a function of the trivalence rar
earth ionic radius with thenH of SGK as well asVeff
50.0396 eV using the dispersion relation of DNM. It
clearly seen thatTc depends on the ionic radius ofR31 for
the fully oxygenatedRBa2Cu3O7. Tc increases modestly
from Tc592.4 K forR5Yb to Tc594.8 K forR5Nd with
increasing trivalent rare-earth ionic radius. For comparis
experimental data from Linet al.1 and William and Tallon2

are also displayed. It is clear that our theoretical predicti
are in qualitative agreement with experiments. Noting t
theTc is an increasing function of the trivalent rare-earth i
radius inRBa2Cu3O7 series, we suggest that the maximu
Tc in optimally doped PrBa2Cu3Oy should be near to 95 K
This implies that the PrBa2Cu3Oy crystal grown by Zou
et al.4 may be underdoped.

Lin et al.1 measured systematically the rare-earth ion s
effect on dTc /dP for fully oxygenated RBa2Cu3O7 (R
5Yb, Tm, Ho, Dy, Gd, Sm, and Nd!. They found that
dTc /dP increases with the ionic radius ofR31. With the

FIG. 2. Variation ofTc with hole concentrationnH as a function
of effective interactionVeff50.0393, 0.0403, and 0.0413 eV.

FIG. 3. Ionic radius of trivalent rare earths dependence ofTc for
the RBa2Cu3O7 superconductors withVeff50.0396 eV. The ex-
perimental data are those from Refs. 1,2.
s

,

s
t

e

calculatednH anddnH /dP, andd ln Veff /dP shown in Table
II, one can obtaindTc /dP from Eq. ~11!. In Fig. 4 we plot
dTc /dP against the ionic radius ofR31 for the RBa2Cu3O7
series. ThedTc /dP is an increasing function of the radius o
R31 ions, which agrees qualitatively with the experiment1

The predicteddTc /dP is in good agreement with the mea
surements in the fully oxygenatedRBa2Cu3O7 compound
with small radius of rare-earth ion except Yb. For the larg
rare-earth ion NdBa2Cu3O7 material, the calculateddTc /dP
of 0.97 K/GPa is comparable with the experimental result
1.21 K/GPa.1 Interestingly, the predicted value ofdTc /dP of
0.50 K/GPa in YBa2Cu3O7 is very near the the experimenta
result of 0.4 K/GPa.8 Considering that the pressure-induc
relative change ofVeff does not depend significantly upon th
trivalent rare earth ionic radius, the increase ofdTc /dP with
the trivalent rare earth ionic radius is mainly due to the
crease ofdnH /dP. It is therefore indicated that the origin o
the ionic size effect ondTc /dP observed in the fully oxy-
genatedRBa2Cu3O7 series is the pressure-induced char
transfer from the charge reservoir Cu~1!-O chain to the con-
ducting CuO2 planes.

C. Origin of unusually large Tc enhancement in PrBa2Cu3Oy

under pressure

Although the mechanism of the superconductivity
PrBa2Cu3Oy is still needed to clarify, a remarkableTc en-
hancement in a PrBa2Cu3Oy crystal has drawn much atten
tion. There are at present no available experiment value
d ln Veff /dP and dnH /dP for PrBa2Cu3Oy . From Table II,
we know that the values ofd ln Veff /dP and dnH /dP for
fully oxygenated PrBa2Cu3O7 should be larger than those fo
NdBa2Cu3O7 with small radius of rare-earth ion. Neglectin
the possible change ofdnH /dP with hole concentration, we
adopt dnH /dP51.3731022 holes/GPa in PrBa2Cu3Oy as
that in the underdoped YBa2Cu3O6.78 compound.49 For con-
creteness in discussion, we taked ln Veff /dP51.0
31022 GPa21 for PrBa2Cu3Oy in the present study. Figure
5 shows the transition temperature dependence of pres
derivatives ofTc of PrBa2Cu3Oy . The solid line is our the-
oretical prediction based on Eq.~11!. It can be seen that the

FIG. 4. Predicted pressure derivativedTc /dP as a function of
ionic radius of trivalent rare earths forRBa2Cu3O7 series. The ex-
perimental data points are taken from Linet al. in Ref. 1.
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Tc;dTc /dP curve displays a familiar behavior which
well known for other HTSCs.5–7 With increasing transition
temperature, the magnitude ofdTc /dP decreases modestly
The theoretical results coincide well with the experimen
data of Zouet al.4 and Yeet al.50 The calculated value of the
maximum pressure derivativedTc

max/dP is 1.13 K/GPa,
which just falls in the consistent tendency of other optima
dopedRBa2Cu3O72d series.1 Even though the pressure d
rivative of Tc for PrBa2Cu3Oy with Tc585 K(dTc /dP
53.5 K/GPa) is almost an order of magnitude higher th
that of optimally doped YBa2Cu3O72d , this value is compa-
rable to 4.0 K/GPa in the underdoped YBa2Cu3O6.78 with
Tc.87.6 K.8 Interestingly, the underdoped SmBa2Cu3O72d
sample with Tc578 K possesses the samedTc /dP
53.5 K/GPa.51 These results strongly indicate that theun-
usual large value of dTc /dP in superconducting
PrBa2Cu3Oy possibly comes from the underdoped nature

With the parameters given above, we calculatedTc in
PrBa2Cu3Oy compound withTc585 K as a function of
pressureP in the range of 0<P<20 GPa by using Eq.~10!
with Veff50.0396 eV(Tc

max595 K). The numerical results
are presented in Fig. 6. For comparison, the experime

FIG. 5. CalculateddTc /dP as a function of transition tempera
ture Tc in PrBa2Cu3Oy along with the experiment data from Zo
et al. in Ref. 4 and Yeet al. in Ref. 50.

FIG. 6. Calculated values ofTc(P) with pressureP in the un-
derdoped PrBa2Cu3Oy compound withTc585 K up to 20 GPa.
The solid circles are the experiment data from Zouet al. in Ref. 4.
l

n

al

data from Zouet al.4 are also displayed. It can obviously th
there is a parabolic-shaped curve which is extended along
pressure axis. Remarkably, our prediction agrees well w
experiments. The value ofTc already reaches 95 K at 3.
GPa, the predicted maximum value ofTc at ambient pres-
sure. For a pressure of 9.7 GPa,Tc is calculated to be 105.6
K, in good agreement with the work of Zouet al. The maxi-
mum Tc of 106.5 K on theTc(P) curve is exhibited at 12.2
GPa. Note that this maximum is very close to 109 K in t
YBa2Cu4O8 at P512 GPa.52

Now that the PrBa2Cu3Oy crystal of Zouet al. is under-
doped, let us evaluateTc(P) for the optimally doped
PrBa2Cu3Oy with Tc595 K. We integrate Eq.~10! utilizing
the parameters dnH /dP51.3731022 holes/GPa and
d ln Veff /dP51.031022 GPa21. The results are plotted in
Fig. 7. As seen,Tc(P) passes through a maximum of 97.2
at 4.0 GPa followed by a sizable decrease. In theac suscep-
tibility measurements on the nearly optimally dop
YBa2Cu3O72d crystals Tissenet al.53 and Klotz et al.54 in-
deed observed the existence of a maximum inTc(P) near 4
GPa. Interestingly, the increase ofTc under pressure is no
over 3 K in the optimally doped PrBa2Cu3Oy material. It
appears that the optimally doped PrBa2Cu3Oy compound has
a common intrinsic property of other optimally dope
RBa2Cu3O72d materials. In this respect it is desirable to i
vestigate experimentally the pressure effect onTc of an op-
timally doped PrBa2Cu3Oy sample.

Finally, we propose experiments to enhanceTc in
PrBa2Cu3Oy compounds at ambient pressure. The comp
son of pressure effect onTc in the electron- and hole-dope
superconductors55 suggests that a change in the bondlen
between copper and apical oxygen in the pyramids may p
a major part in determining the change ofTc under pressure
One can conjecture that the pressure-induced charge tra
is the result of a shift of the apical oxygen toward the Cu2
plane with the application of pressure. This has been c
firmed in YBa2Cu3O72d and other cuprates.5–7 However, in
the substitution of Y by the small size Gd ion~chemical
pressure!, Fernandeset al.56 found that the apical Cu-O dis
tance presents opposite trends. Thus, the substitution of P
the large size La would result in the enhancement ofTc in
the PrBa2Cu3Oy system due to the possible shortening of t

FIG. 7. PredictedTc(P) as a function of pressure for the opt
mally doped PrBa2Cu3Oy superconductor withTc595 K up to 10
GPa.
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apical Cu-O distances. Another possible way is to reduce
in-plane distances, which could induce the increase of sup
exchangeJ. Consequently,Tc should increase at ambien
condition. Therefore, higherTc is expected for a sample with
higher compressive stress in thea-b plane. In fact, a higher
Tc 5 49.1 K was recently reported for a thin film o
La1.9Sr0.1CuO4 with large compression of thea-b plane by
the epitaxial strain.57

IV. CONCLUSIONS

We have investigated systematically the pressure eff
on Tc in RBa2Cu3O72d series in terms of thet-t8-t9-J model
with d-wave pairing. Assuming the two effects of pressu
application on HTSCs being a change of the effective int
action and a redistribution of the hole concentration, o
simple model is able to give a good qualitative account of t
experimentally observed pressure dependence ofTc as a
-

-

e

e

S

e
r-

ct

r-
r
e

function of ionic radius of the rare-earth elements. We fou
that the pressure derivativedTc /dP increases with the ionic
radius ofR31 in fully oxygenatedRBa2Cu3O7 system. We
suggest that this ionic size effect orginates from the press
induced charge transfer from the charge reservoir Cu~1!-O
chain to the conducting CuO2 planes. The experimental ob
servations of the unusually largeTc enhancement in super
conducting PrBa2Cu3Oy under pressure are reproduced
terms of our simple model. Further experiments are propo
to increaseTc at ambient pressure.
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