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Pressure dependence of high-T, superconductors
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The pressure dependence of the transition temperature of high-T, superconductors is considered
within the framework of the standard Bardeen-Cooper-Schrieff'er (BCS) electron-phonon theory,
the bidimensional BCS theory, the resonating-valence-bond theories, and various bipolaronic su-
perconductivity models.

I. INTRODUCTION

High-T, superconductivity has been reported to occur
in Ba-La-Cu-0, La-Sr-Cu-O, Y-Ba-Cu-O, and other
compounds involving rare earths. ' Already in the early
stage of research on these perovskitelike compounds Chu
et al. demonstrated that in Ba-La-Cu-0 the critical tem-
perature could be increased drastically under pressure.
The value dT, /dp=0. 64 K (kbar) ' was the highest
pressure derivative ever observed in a superconductor. In
sharp contrast to Ba-La-Cu-O, the Y-Ba-Cu-0 system ex-
hibits only a very weak increase of the onset temperature
T„with increasing pressure. In the low-pressure regime
up to 19 kbar Hor et al. found d T„/dp =0.05 K
(kbar) ', and recently Driessen etal. reported a value
dT„/dp =0.043 K (kbar) ' obtained from high-pressure
experiments in a diamond-anvil cell up to 170 kbar.

Until now various mechanisms have been proposed to
explain the remarkable behavior of high-T, superconduc-
tors under high pressure.

(i) Chu etal. remarked that the large dT, /dp of La-
Ba-Cu-0 is consistent with the occurrence of interfacial
superconductivity between a superconducting metal and a
semiconductor. Pressure in that case acts as a continuous
parameter with which it is possible to optimize the cou-
pling between both constituents, the Fermi energy of the
metal and the band gap of the semiconductor. Within this
interpretation it is not clear why Y-Ba-Cu-0 should be so
diferent from La-Ba-Cu-O.

(ii) For La2-„(Ba,Sr)„Cu04 Weber calculated the
Eliashberg a F(ro) function by means of the non-
orthogonal tight-binding theory of lattice dynamics. He
showed that when lanthanum is partially substituted by a
divalent metal (Ba or Sr) the static Peierls distortion dis-
cussed by Mattheiss for La2Cu04 disappears and that gi-
ant Kohn anomalies exist near the Brillouin-zone bound-
ary for oxygen breathing modes. The stability of the
Peierls distortion depends on the force constant f2 of the
planar Cu—0 bond. For a superconductor with, for ex-
ample, x =0.2 the results of Fig. 3 in Ref. 6 imply that
d ln T,/d lnf 2

= —4.4. Under pressure f2 is expected to in-
crease. Unfortunately, the Gruneisen parameter corre-
sponding to modes determined by f2 have not been deter-
mined yet. For an estimate we use the high-pressure re-
sults of Sugiura and Yamadaya on BaBi03. They found
from Raman scattering experiments at pressures up to
180 kbar that the stretching mode frequency co of the
Bi06 octahedra varies linearly with volume, so that

dlnro/dlnV= —1.4. For f2 in Ba-La-Cu-0 one thus ex-
pects similarly dlnf2/dlnV= —2.8 as f2~co . With a
compressibility of 6x10 bar ' we find finally that
dlnT, /dp= —74X10 (kbar) ' which, for T, =32 K,
leads to dT, /dp —= —0.24 K (kbar) '. This is too small in
magnitude, and furthermore, it has the wrong sign.
Within the normal band-structure electron-phonon in-
teraction formalism it is thus not possible to understand
the large increase of T, with pressure.

Weber suggested, however, that dT, /dp might be large
for inhornogeneous samples, e.g. , samples in which spino-
dal decomposition waves lead to spatial fluctuations in x.
An increase in f2 under pressure pushes the Peierls insta-
bility to smaller values of x where higher electron-phonon
enhancement factors k are possible without destroying the
lattice stability. As follows from the lattice stability line
in Fig. 3 of Ref. 6, T, increases on this line approximately
as d lnT, /d lnf2 =1.5. Using the same estimates as above
one then obtains dT, /dp=0. 08 K (kbar) '. Thus even if
one assumes that under pressure regions of the sample
with Ba (or Sr) concentrations smaller than the nominal
concentration become superconducting because of an in-
crease in f2 with pressure, one still obtains values for
dT, /dp which are almost one order of magnitude smaller
than found experimentally. Furthermore, as pointed out
in Ref. 5, the spatial concentration fluctuations required
to explain a large and positive dT, /dp would lead to a con-
siderable smearing out of the transition and, in particular,
to a lowering of the midpoint transition with increasing
pressure, in sharp contrast to the experimental data.

(iii) Hor et al. suggested that the weak pressure
dependence of T, for Y-Ba-Cu-0 might be due to the
"chemical" pressure already present due to the replace-
ment of La by Y. To check the validity of this argument
we use the recent structure studies of Capponi et al. , and
Beno etal. ' for YBa2Cu307 and Jorgensen etal. " for
La ~ 85Bao ~5Cu04. In YBa2Cu307 the four nearest oxygen
neighbors are at an average distance of 1.92 A from a
copper atom. In La~ 85Bao~qCu04 there are four oxygen
atoms at a distance of 1.90 A. . On the basis of this argu-
ment one would therefore conclude that the Cu—0 bonds
are rather insensitive to the "chemical" pressure men-
tioned by Hor et al. "

On the other hand, if one simply considers that the
average volume per atom, 0 =13.3 A. for YBa2Cu307, is
significantly smaller than 0 =27.2 A for Lai.ssBao. &s-

Cu04 or ft =26.9 A for La~ s5Sro ~5Cu04, YBa2Cu307
may then be considered as a "compressed" Ba-La-Cu-O,
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TABLE I. Pressure and volume dependence of the onset temperature T„,the midpoint temperature T„and the temperature T,f at
which the transition is completed. For the conversion of pressure derivatives to volume derivatives we used 8 1600 kbar for the bulk

modulus of La-Ba-Cu-0 and La-Sr-Cu-0 and 8 1700 kbar for Y-Ba-Cu-0. The pressure range for each experiment is indicated in

the column p. The symbols in the last column are used in Fig. 1.

Sample

La~ 25Srp. ~5Cu04 —y

La~ SSrp 2Cu04 —y

LaqCu04
Lap 8Bap.2Cu03 —y

La ~.85Bao.~5Cu04 —y

YO.325Bap.675CU02. 3

Yp 35Bao.65Cu02. 3

Yp 425Bap 575Cu02. 3

Yp 4Bap 6Cu03 —y

YBa2Cu307

(Yo.6Bao.4)2Cu04 —q

YBa2Cu307

Y ~ 2Bai.sCu306, 6

TCO

(K)

37
37

=40
32
35.2

92

93

93.5

91.5

91

92

TCO

(K)

36

30.4

89.7

TCf

(K)

84

83.6

85

88.5

P
(kbar)

~10
~ 20

~10
~17
~19

~ 170

~ 120

d Tn. /dp

(K/kbar)

0.28
0.12
0.32
1.05
0.64
0.32
0.17
0.13
0.17
0.40
0.10
0.20
0.09
0.28

—0.25
—0
—0

——0.30
0.114

—0.079
0.043

—0.070
0.045

—0.060

d ln T„/dp

(10 ~ kbar ')

7.78
0.32
0.87
2.63
2.00
0.90
0.56
0.50
0.19
0.48
0.11
0.25
0.01
0.34

—0.28
—0
—0

——0.35
0.13
0.09
0.047
0.080
0.049
0.069

d lnT„.
dlnV

—12.4
—5.2

—13.9
—42
—32.0
—14.5
—8.9
—8.0
—3.1
—8.1
—1.8
—43
—1.6
—5.7

4.7
—0
—0
—6.0
—2. 1

1.5
—0.80

1 ~ 35
—0.83

1.17

Symbol, Ref.

&, 15
&, 16
&, 16
~, 17
~, 3
0, 18
O, 18
e, 18
o, 19
o, 19
~, 19
~, 19
a, 19
a, 19
&, 20
&, 21
&, 21
&, 21
v, 4

, 5
5
22

M, 22

although the value of such reasoning is highly question-
able.

From the foregoing it is quite clear that a coherent
description of the pressure dependence of T, in metal ox-
ide is still lacking. In this work we assume that the ob-
served properties of high-T, superconductors are bulk
properties and show that the normal BCS approach can-
not account for the various dT, /dp values measured so far
for superconducting meta1 oxides. To simplify the com-
parison of theory and experiment it is useful first to con-
vert the pressure derivatives dT, /dp into relative volume
derivatives d lnT, /d inV. From the measurements of Salo-
mons et al. ' we estimate that the bulk modulus of
YBazCu307 ~ is B=—1700 kbar. From the pressure data of
Driessen etal. and Horetal. it then follows that

10,

—10-

O —20—
~U
C
l3

—30—

dlnT,
dlnV

and from the data of Chu et al. for YBazCu307 ~ that

d lnT,'= —32
d1n V

I

20
I

40
I

60 80 100

if one uses the same bulk modulus value for Ba-La-Cu-0
as that measured by Takahashi et al. ' and Terada
et al. ' (8 =1600 kbar).

Very recently Allgeier et al. ' reported that for La~ q5-

Sro &sCu04 T, also increases rapidly with pressure (p ( 10

FIG. 1. Relative volume dependence of T, as a function of
T, . The symbols are defined in Table I. The error bar for
La2Cu04 reflects the uncertainty in defining a midpoint transi-
tion temperature for this oxide (Ref. 17). The large scatter of
points for Y-Ba-Cu-0 (T, & 80 K) is probably due to the use of
polyphased samples in the earlier investigations.
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kbar) at the rate of dT, /dp=0. 28 K (kbar) '. With
T, =36 K and 8= 1600 kbar we then obtain

with

dlnT, = —12.4 .
dlnV

(3)
co~,

—=exp —~ a F(co)dco2 7 into
„0 Q7

(7)

II. BCS THEORY WITH ELECTRON-PHONON
INTERACTION

For the discussion of the volume dependence of T,
within the standard BCS model we start from the expres-
sion of Allen and Dynes

with

elo lf2Tq= exp
1.2

i.o4(i+~)' —p*(1+0.62K)
(4)

More experimental values are given in Table. I. Quite im-
pressive is the good agreement between the measurements
of Okai, Takahashi, and Ohta and Driessen etal. on
Y-Ba-Cu-0 in the high-pressure regime. The data in
Table I also exhibit a general trend for dlnT„. /din V. For
the superconductors with the highest T„- the volume
dependence of the transition temperature is especially
weak. This is clearly shown in Fig. 1.

The Eliashberg function has not been calculated for the
high-T, superconductors (except La~Cu04) until now.
From numerical examples we conclude, however, that
coq=co~,s and that f~=l. For simplicity we set fr=1.
We also assume that p* is volume independent. The criti-
cal temperature is then given by an expression of the form

T, =e~,sf(~,p*) (io)

and its volume derivation can be written

and
1/2

cop= coa F(a))de dco . (8)
pOO a~F(co)

dp 8
p* is the conventional Coulomb pseudopotential, X the
electron-phonon enhancement parameter, e', s

—=hco~~z/ka,
and a F(co) the Eliashberg function. ~ and a F(co) are
related to each other by

""a'F(co)dco (9)

f i =[I+[~/(2. 46+9.35@*)]

(Gp/~, s
—1)z'

p=1+ ' +(1.82+11.5@*) cop'/co~~os

(5)

(6)
with

ding * ding
dinV dinV

and

1.04(1+0.38@*)~ k 3/2

[g —p*(I+0.62') l 2[g '+(2.46+9.35@*) ]

I

(13), and (14) that for large ~

(12)

y',s= —dine', s/din V .

(i3)

If for p we choose the canonical value 0.13 the func-
tion g(~) is well approximated by the following simple ex-
pression

g(~) =0.4+(I/')

d lnT, d in@=0.5 16
d lnV d lnV

Fo™nysuperconductors ding/dlnV= —2, so that
dlnT, /din V= —I, which is much smaller than the values
given in Eqs. (1)-(3)or Table I.

in the range 1.5 ~ X ~ 10 relevant to high-T, supercon-
ductors. From Eqs. (11) and (13) then directly follows
that a volume derivative as large as that observed in Ba-
La-Cu-0 [(Eq. (2)] is not possible within the standard
electron-phonon BCS theory unless unrealistically large
Gruneisen parameters or strongly volume-dependent
electron-phonon enhancement parameters are assumed.
To be more specific we express X in terms of the electronic
electron-phonon interaction parameter g and the phononic
part M(co ). We have then

dink ding (i4)
d lnV d lnV

with

din((co~)'t')
d ln V

as ~=@/M(co ). As (y)=y~, s it follows from Eqs. (11),

III. BIDIMENSIONAL BCS MODEL

n(E) = In
D

where D is the "width" of the singularity given by

2
D=

[(E4 —E )~+16y ]'t (i8)

where y is the transfer integral between d 2 y2 and p„or-

Recently Labbe and Bok presented a model for the
superconductivity of a nearly half-filled two-dimensional
lattice. Because of the bidimensional character the elec-
tronic density of states n(E) has a logarithmic divergence
at the energy E, corresponding to an exactly half-filled
band. Near E„
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bitals and N is the number of unit cells. In Eq. (18)
Ed Ep is the difference between the energy of copper 3d
and oxygen 2p states. By assuming that EF coincides with
E„Labbe and Bok obtained the following expression for
T„ in the weak-coupling limit

k~T, =1.13hDexp[( —I/JX)] . (19)

This relation shows explicitly that the cutoff energy of in-
terest is determined by the width of the logarithmic van
Hove singularity and not by the phonon frequency. For
the volume dependence of T, one finds by simple
differentiation of Eq. (19) that

dlnT, dlnD 1 ding
dlnV dlnV 2jg dlnV

(20)

From Eq. (18) it follows that d lnD/d ln V=d IntI, /d ln V= —1 if the volume dependence of Ed —E~ is neglected.
To calculate the contribution of the second term in Eq.
(20) we need to evaluate A, . As the width Wb of the band
is Wb =8tb, we estimate from the band-structure calcula-
tions of Mattheiss, Oguchi, and Yu, Freeman, and
Xu that @=1.4 eV, a=0.3 eV, and, consequently,
Jk—=0.27 corresponds to T, =95 and JR=0.21 to
T, =32 K (Ba-La-Cu-O).

In Fig. 2 we indicate how dlnT, /dlnV varies with T,
for two diff'erent cases: (i) with d lnD/d ln V = —1,
d Ink/d ln V= —2, and D =0.3 eV; and (ii) with
dlnD/dlnV=4, dink/dlnV= —3, and D =0.3 eV. This
second case is chosen to show that the trend in Fig. 1 may
be qualitatively reproduced by means of a two-
dimensional (2D) BCS theory. The assumed positive
value of dlnD/dlnV implies, however, that Ed E~ is-
strongly volume dependent. Band-structure calculations
at various volumes would be required to clarify this as-
sumption.

To conclude this subsection on standard BCS theory
(with electron-phonon coupling) it is worth mentioning
that from the magnetic-susceptibility measurements of
Allgeier eral. ' it follows that (dlnN(EF)/dlnV~ ~3 in

La~ s5Sro ~sCu04. The large dink/dlnV which would be
required within the 2D or 3D BCS theory to explain the
high d lnT, /d ln V would therefore imply very large volume
dependence of the effective attractive interaction V,~ ~h as
A, =N(EF) Vg/ ph.

IV. RESONATING-VALENCE BONDS

From structural information on La2Cu04 Anderson
concluded that the Cu + ions were in an S= —,

' singlet
state, strongly hybridized with the p levels of the nearest
oxygen atoms. On the basis of an earlier article he pro-
posed that, certainly for the two-dimensional triangular
antiferromagnet with S = 2, and probably for other lat-
tices, the ground state might be the analog of the precise
singlet in Bethe s solution of the one-dimensional antifer-
romagnetic chain. Both for the linear chain and the tri-
angular lattice he showed that a state consisting only of
nearest-neighbor singlet pairs is more realistic than the
regular spin-up, spin-down arrangement of the Neel state.
Further lowering of the ground-state energy is obtained
by allowing the singlet pairs to tunnel through the lattice.
These qualitative statements are supported by the numeri-
cal simulations of Hirsch ' for the 2D square-lattice Hub-
bard model with various band fillings.

For the resonating-valence-bond models in the strong-
coupling limit (tb & U) Anderson s proposes that T,

rb/U, where tb is the single-electron hopping integral
for the noninteracting system (U=O). U is the local
electron-electron repulsion for electrons of opposite spins
in the same atomic orbital. For a two-dimensional square
lattice the width Wb of the electronic band is Wb =8tb.
For the volume dependence of T, it then follows that

d lnT, d ln8'b'=2
dlnV dlnV dlnV

(21)

—4
C
D

I

50
I

]00
T, (x)

150
I

200 250

FIG. 2. Relative volume dependence of T, as a function of T,
according to the Labbe and Bok model. T, is calculated by
means of Eq. (19) with D =0.3 eV for the width of the logarith-
mic singularity in the density of states at EF. The volume
derivatives d ln T,/d ln V are obtained from Eq. (20) with
d ink. /d ln V —2 and d 1nD/d ln V = —I ( ) and d ink/d ln V

—3 and dlnD/dlnV 4 (---). The values indicated corre-
spond to k.

H g [jr/aQcli~+ Ug n/fnrl (22)

with the transfer integral tb between nearest neighbors,

For pure d bands, 1ln Wb/d ln V= ——', and for free elec-
trons d lnWb/d lnV= ——', . For most pure metals the
electronic Griineisen parameter y, —=[d lnN(EF)]/
dlnV—= —dlnWt, /dlnVvaries between 0.2 and 2. For the
present discussion we take d In'/din V= —l. U being
essentially an intrasite parameter, we expect that
d lnU/d lnV=O so that, typically, d lnT, /d lnV= —2.

As for the standard BCS theory with (strong) electron-
phonon interaction, we see that the resonating-valence-
bond model (in the form presented above) is not able to
reproduce the large dlnT, /d lnV=- —32 observed in Ba-
La-Cu-O.

In a recent paper Fukuyama and Yosida explored
some implications of the mechanism proposed by Ander-
son. Starting from the nondegenerate Hubbard model
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kg T, =1.136cooexp
1

X(n)

they find in the limit U» tb that T, is given by

(23)

From Eq. (26) it follows that

d ln T, d lntb 1+
d lnV dlnV tb

(27)

with

8 tb
X(n) = ——e(n),

x U (24)

where @(n) depends only on the electron density per site,
n =1 corresponding to the case of a half-filled band. The
cutoff energy heap is of the order of tt, Fr.om Eqs. (23)
and (24) it then follows that

d lnT, d lntb 11+
dlnV dlnV A, (n)

(25)

if, as before, dlnU/dlnV is taken to be zero. With
Atop 0.2tb 0.08 eV (Refs. 7, 26, and 27) we find from
Eq. (23) that X=0.4 corresponds to T, =95 K and X=—0.3
to T, =32 K for a nearly half-filled band (n =0.9). In
this version of the resonance-valence-bond model we thus
see that moderately high values for d ln T,/d In V are possi-
ble ( —3, . . . , —8). The values of k mentioned above
(0.3, 0.4) imply, however, that tb=U. The use of the
eA'ective Hubbard Hamiltonian derived by Hirsch ' for
the case tb && U is therefore questionable.

Using the approach he proposed in the context of
heavy-electron systems, Cyrot obtained the following
expression for T, :

0.001 0.01 0.02 0.03

T, = tt, Bexp( —US/tb ),
where 6 is the fractional doping which creates some Cu +

ions instead of Cu +. This expression for T, has a max-
imum for B=tb/U. For this value T, =tb/U as predicted
by Anderson for his resonating-valence-band model.

In Fig. 3 we represent d lnT, /din V as a function of T, for
the case tb =0.5 eV, U =5 eV, and d lntb/d In V = —1. For
fractional doping 8 & 0.1, d InT, /din V becomes more and
more negative while T, decreases. This behavior is in
qualitative agreement with the experimental data shown
in Fig. 1.

V. MANY-POLARONIC SUPERCONDUCTIVITY

Before discussing bi- or many-polaronic superconduc-
tivity it is useful to determine which values of the elec-
tron-phonon enhancement parameter X are required to
reproduce T, ~ 35 K within the framework of the stan-
dard strong-coupling BCS theory.

We consider first Ba-La-Cu-0 for which Weber has
made quantitative calculations of X. From Fig. 3 in Ref. 6
it follows that T, =35 K for k =2.5 and a planar Cu —0
band-stretching force constant f2 =11 eV/A . The corre-
sponding e~,s determined from Eq. (3) by setting T, =35
K, k=2.5, and p* =0.13 is e~,g=194 K. To obtain
T, =95 K with the same B~,g we would need A, =13.5.
Even with a significant higher e~,s, say e~, =400 K, we
still need X=3.75. As discussed by Cyrot, s Chakraver-
ty, Anderson and Cohen, , Rice and Sneddon, Alex-
androv and co-workers, and Nasu ' in the limit of
large electron-phonon coupling bipolaron formation may
occur. The condition for bipolaron formation is essential-
ly the same as that for strong coupling in the standard
BCS theory, k & 1, i.e.,

2zg 5 co

8'b

where Wb is the width of the bare (i.e., unrenormalized)
electron band, z the number of nearest neighbors in the
lattice under investigation, m a characteristic phonon fre-
quency, and g a dimensionless parameter characterizing
the strength of the electron-phonon interaction defined as

C
U

O

0.1
~
U(q)

~
[I —cos(q(R —R, ) l

Q
2 2

03q
(29)

q

where U(q) is the Fourier transform of the electron-
lattice interaction and R is the position of the mth sites.
For a square density of states Wb =1/N(EF), where
N(EF) is the bare electronic density of states at the Fermi
energy and Eq. (28) can be written in the usual form:

VN(EF) & I (30)

0
I

50
I

100
I

150
I

200 250

FIG. 3. Relative volume dependence of T, as a function of T,
according to the model of Cyrot. T, is calculated by means of
Eq. (26) with tb 0.5 eV and U=5 eV. The corresponding
dlnT, /dlnVare obtained from Eq. (27) with dlntb/dlnV= —l.
The values indicated correspond to the fractional doping 6'.

with V=2zg @co as the phonon-mediated attractive in-
teraction. Starting from the usual Frohlich interaction,
Alexandrov, Ranninger, and Robaskiewicz derived the
following equation for the superconducting T, :

2nb —1

1 (2nb —I )=—g coth (t —tg)
N & 2k' Tc

(31)

where nb is the concentration of bipolarons, N the number
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of sites in the lattice, and

2ztb
exp( —2g'),

tg = ge—'"
2R

5=2g Aco —Vp,

(32)

(33)

(34)

the formation of local bipolarons. The hybridization of
these narrow-band electrons with the wide-band electrons
provides a new mechanism for superconductivity in which
the local pair formation leads to quasibosons and the
itinerant electrons play the role of Cooper pairs. Micnas
et al. expect that the maximum value for T, is obtained
when the concentration of both types of electrons is rough-
ly equal. Then

where tb is the bare electron hopping integral (Wb =81b
for a square lattice) and Vo the Coulomb repulsion.
Equation (32) pertains to the case where keT, & A & @co.
(For the case hto(&6, see Ref. 5.)

Without solving Eq. (31) we obtain, by differentiating
with respect to volume, both sides of Eq. (31),

g 2

kgT, —6 (39)

where J is the hybridization coupling between the two
bands and W„ is the width of the wide band. As
I-exp( —2g ) we find for the volume dependence of T,

d lnTc d lnt d lntb d ln5 2 d lng
dlnV dlnV dlnV dlnV dlnV

d lnT 2 ding dlnW
d ln V d ln V d ln V

4g 2 (40)

(35)

if one neglects the volume dependence of Vp. Equation
(35) leads to

d lnT, d In W'b=2 + — 2g +
d lnV d lnV 1 vp 1 vp d ln V

(36)

where y—= —dingo/d InV and vo= Vo/(2hcog ) is the ratio
of the Coulomb repulsion to the polaronic level shift
2@cog . As bipolaron formation is required for the ex-
istence of superconductivity we have necessarily vp& 1.
One interesting feature of Eq. (36) is that it may lead to
large volume derivatives for T, . To illustrate this point we
note that the set of parameters z =4, g =4, @co=74 meV
(corresponding to a Cu—0 stretch bond of 600 cm '),
Wb =2.4 eV, and V0=0.54 eV satisfy Eq. (28) and the
condition keT, & b, & A to as d =52 meV. We have
T, =-0.3t =28 K (see Fig. 4 in Ref. 40) and

d lnT, d lnWb d lng2=2 +11@—19 37

With d lng /d ln V =2, y = I, and d ln Wb/d ln V = —I one
then obtains, for example, dlnT, /dlnV= —31. For this
example, the bipolaron binding energy 6 is larger than the
renormalized polaronic half-band width

8'b
W~= exp( —g ), (38)

which is equal to 22 meV. In this regime of strong
polaron-polaron coupling, local small bipolarons occur.
As the value assumed for the Coulomb repulsion is rela-
tively small the bipolarons are probably involving polarons
on adjacent atoms rather than polarons located on the
same atom.

Micnas, Ranninger, and Robaskiewicz proposed re-
cently an extension of their bipolaronic theory of super-
conductivity. In order to investigate the formation of elec-
tron pairs in the regime of moderately strong electron-
lattice coupling they consider a system consisting of a
mixture of wide- and narrow-band electrons. The
narrow-band electrons are able to induce a strong polar-
ization of the surrounding ligands, which in turn leads to

In the intermediate electron-lattice coupling regime one
expects g =2, so that with ding /dlnV 2 and dlnW„/
dlnV= —I again relatively large values of dlnT, /dlnV
are possible (d ln T,/d ln V = —15).

VI. CONCLUSIONS

The dT, /dp data available until now for high-T, super-
conductors indicate that dlnT, /dlnV assumes very large
negative values for the "low" high- T, metal oxides
La2Cu04, La-Sr-Cu-O, and La-Ba-Cu-O, while it is
essentially zero for Y-Ba-Cu-O. Among the several
theoretical models considered in this work only (i) the
two-dimensional BCS model of Labbe and Bok, (ii) the
resonating-valence-bond-like models (as treated by
Fukuyama and Yosida and Cryot ), and (iii) the bipo-
laronic model of Alexandrov, Ranninger, and Robasz-
kiewicz are able to reproduce large values for
d ln T,/d In V without having to assume unrealistically
large values for d Ink/d ln V or d Intb/d ln V for the
electron-phonon enhancement parameter X, or the bare
overlap integral tb.

In the light of the recent measurements of the absence
of isotope effect in YBa2Cu307 and EuBa2Cu307 it is
worthwhile to mention that the 2D BCS model may be
weakly dependent on the isotope mass while any bipola-
ronic model is necessarily strongly isotope dependent. On
the basis of the present analysis of dT, /dp and of the ab-
sence of isotope effect one would thus favor the approach
of Fukuyama and Yoshida or that of Cyrot. However,
both more experimental and theoretical work is clearly
needed for an unambiguous identification of the mecha-
nism responsible for high-T, superconductivity. %'e hope
that the present work will stimulate theorists to discuss
explicitly in the future the implications of their models for
the volume dependence of T,.
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