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Pressure dependence of the T, of YBa2Cu307 up to 170 kbar
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The superconducting onset temperature T of single-phased YBa2Cu309 —b (with 8=2) mea-
sured resistively in a diamond anvil cell is found to increase at a rate of dT+dp =0.043 Kkbar
up to 170 kbar. This is much weaker than for La-Ba-Cu-0 for which dTJdp =0.64 Kkbar
The pressure dependence of the high-T, superconductors measured so far cannot be explained
within a standard electron-phonon Bardeen-Cooper-SchrieA'er theory. Predictions of resonating-
valence bonds and bipolaronic theories are discussed.

In spite of the rapidly growing body of data on La-Ba-
Cu-O, La-Sr-Cu-O, and Y-Ba-Cu-0 the origin of high-T,
superconductivity in these metal oxides remains unclear.
Until now, quantitative predictions about T, have only
been obtained within a "standard" BCS theory with
strong electron-phonon interaction with so-called breath-
ing modes. Using the results of band-structure calcula-
tions of Mattheiss' and infrared data for the oxygen
stretch modes for La2Cu04, Weber calculated T, for
La2-„(Ba,Sr, )„Cu04. The values for T, at the lattice-
instability limit are in the range 26-38 K depending on
the exact values of the Cu-0 force constant and of the Ba
or Sr substitution concentration X. It is at present not
clear whether or not the same approach is able to repro-
duce the much higher T, 's observed in Y-Ba-Cu-0 and
R-Ba-Cu-0 compounds ' (R: rare earths). For T, =95
K, one expects that values substantially higher than 3 are
required for the electron-phonon enhancement parameter
X. Under such conditions bi- or many-polaronic supercon-
ductivity is, however, likely to occur.

Another difficulty of the standard theory is that Weber
had to assume spatial fluctuations in the dopant concen-
tration (Ba,Sr) in order to explain the unusually large
pressure dependence of the onset critical temperature T„
measured by Chu et al. ' in Ba-La-Cu-0. The fact that
not only T„but also the midpoint transition temperature
(and, in fact, the whole transition curve) is displaced to
higher pressures (see Fig. 3 in Ref. 10) is, however, not
consistent with the presence of concentration Auctuations
(spinodal waves). "

These difficulties and the fact that dT, /dp is probably
strongly model dependent, motivated the present investi-
gation of the pressure dependence of the T, of Y-Ba-Cu-
0 at pressures much higher than reported until now. '

The samples were prepared by standard powder metal-
lurgical methods from high-purity Y203, BaCO3, and
CuO powders. After mixing in a dismembrator the
powder was compacted under 4 kbar, heated up 950 C in
air during 6 h, and slowly cooled down to room tempera-
ture. After pulverization and mixing the same procedure
was repeated for another 6 h in flowing oxygen. The oxy-
gen concentration was determined thermogravimetrically,
by means of a Met tier thermogravimetric
analysis-diA'erential thermal analysis system. As shall be
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FIG. 1. Schematic representation of the pressure chamber of
the diamond anvil cell. For clarity it is shown in the situation
before pressurizing the sample into the gasket/epoxy hole.

reported elsewhere' we found that at 950 C the compo-
sition of the samples was YBa2Cu3063. After slow cool-
ing (2 K/min) down to room temperature the oxygen con-
tent increased by -0.8 to give YBa2Cu307 i. The sam-
ples were checked to be single phase by means of x-ray
scattering. At room temperature the lattice parameters
were found to be a = 3.8239 A, b =3.8876 A., and
c =11.6788 A in good agreement with previous data. The
samples had typically an onset temperature of 92 K.

For the measurements of T, at high pressure we used a
beryllium-copper diamond anvil cell mounted in an optical
cryostat similar to that described by Silvera and
Wijngaarden. ' As the diamond-anvil-cell system will be
described in detail elsewhere' we mention here only that
the heat exchanger of a continuous liquid-nitrogen or heli-
um Aow system is incorporated in the body of the cell.
This is useful for rapid temperature sweeps over the whole
operation range (1.5-300 K) of the diamond anvil cell.
The force on the diamonds may be varied from 0 to
3&10 N at all temperatures. The resulting pressure is
determined optically in situ by means of the ruby-
fluorescence method ' (Ramalog Double Spectrometer
1403, Spex Industries, Inc. ).

Figure 1 shows schematically the experimental config-
uration used for resistive measurements of the supercon-
ducting transition of a small YBaqCu307 i sample. As our

36 5602 1987 The American Physical Society



56O336 BRIEF REPOR

nic modelor the bipolaro
ressure depen-

ond theoryo
h model the p ".

f the re-
jthin t »

basis 0
g gheo&3'

discussed onC

and Dynes,
en

sed by Allenation propose

1.04(1+k)
( )fif exp ~-p1.2

he Eliash bergei hted averag e of the
a

h arameter q is i

atwese 2
—. orff nt from uni y

se uentlydard value p* —0.
1 differen ni

the stan ar
&

W

kgT, =

e use

3/2 i/3fi== (1+0.142K (2)

co . the Eliashberglog.T depends

y
C

that for
function has

1 hd ~=47
hh th"""''' N.gl-.g ~pounds. ' ' e

find

8 Ink
Xlo (&)

dp B (3)

with

(4)g ~ —for } 5wgw]0g(X) =0.4+ —„ for

and

8

Incubi,

s
&In V

h-T supercon ductivityto high-
m ressi-thermal expan~1.1. From

nd
the bulk mokbar for

=0.043 Kkbar a —. n.J p=oro
=30 me wing to hco~,~=

(4),

(6

(5)

8 1nk

81n V110

4 valenc~ b(3x10
( )

enerate a
ith a fairly g

d ce «
rather large .

lar e

'c ce]1 can gen
anvils wi .

a rela-

cryogenic
1 d diamon

To insure
N) we used

f g00-&m diam
1 n„ironment w

beve e
meter.

we
ral flat region

'
of the samp

thickness

centra
d hydrostaticity 0

th a starting
tively go

d brass gasket
red with an inof ]5 pm.

f oxy e,„for
f the gasket ane cente«

eter.
150-Pm o

ed within a '
in this hole

;nsulatio
d the sample

cond brass
A ruby grain a

d epoxy layer a
d II. Both brass

r
rein force e

in thic
des for resistiv y

fits snuglyession, s
gasskets serve a

which a ter
ads sol ereb1 o t tl

ure-est runs showe
dments of sup

ht th10 kbar. Eve
70 kb

spread in
n for this inves i

leting tern pe1' h
e To an

eHor et a.
at the inflec iof thection o " base line.

t datais gratifying }1

ures
mental vie p isw oint it is

in-lts indicate c earr . Our resu

ith

( & 19 kb

decreases wit
es linearly up
d =0.

T e
of Ba- a-

/d
el diff'eren

for whic
d dT f/dp

the resona i g-
h sical quantities

standard electron-

100—
UJ
CL

90I—

CL
LU
CL

80—
QJ
I—

70 ~0
~V

60 I

50
I

100
PRESSURE ( kbaI- )

I

150

erature Te onset tempe
ork;

P essure dep
m erature Tcr seep

ure results o&,&, low pressure

hu et a1. ' for Ba-La-nai sis of t ena
'

he data of Chu et a.
h X, =2.5 wouCu-0 wit

81nk
alnv (7)

e of X which woould bee dependence oAs expected --"11,
h h lues}1 1

half-1 b
transition

s. For
n en-with moderately arge

g
high-T, super

opp gU:"b-- yAs ielectrons.



BRIEF REPORTS 36

pects that d inU/d In V=O and consequently that

t)»rb d ln(pda)
t) ln V 3dlnr

(9)

This is comparable to our experimental result for
YBazCu307 ~ but is much too small (in magnitude) to ex-
plain the behavior of Ba-La-Cu-O.

(iii) Bipolaronic superconductivity. In the limit of
large electron-phonon coupling (k & 2.5 according to
Chakraverty ), Anderson, Alexandrov, Ranninger, and
Robaszkiewicz, and Nasu have shown that bipolaron
formation occurs. In the strong-coupling limit the elec-
tron spectrum is strongly renormalized and the bare elec-
tronic band is drastically reduced in width to a narrow po-
laronic band. Migdal's theorem breaks down and the
Eliashberg theory is not applicable. The critical tempera-
ture for bipolaronic superconductivity is instead given by
an implicit equation derived by Alexandrox, Ranninger,
and Robaszkiewicz [Eq. (3.26) in Ref. 8]. As shown by
Griessen, this equation leads to the following relation
for the pressure dependence of T, :

dlnT, 2 r)lntb

dp 8 |)InV

With 8 =1700 kbar and the experimental values for
d T,jdp mentioned above we obtain that r) lntb/6 ln V
= —17 for Ba-La-Cu-O. As tb is mainly determined by
the (pdcr)-energy-transfer integral for which Weber
found that din(pda)/dr=- —1.6+ 0. 1 A ', we obtain
after multiplication by the shortest Cu-0 separation, that

where 8'b is the bare electronic bandwidth, m a typical
phonon frequency, and g = Wb) /(2z 6 co) with z the num-
ber of nearest neighbors. In the strong-coupling limit

g &2 so that dlnT, /dp is essentially determined by
[d ln (k/6 co)]/d ln V. For the Cu-0 stretch modes we ex-
pect dlnco/dlnV= —I in analogy with the results ob-
tained by Sugiura and Yamadaya for BaBi03. For the
width of the electronic band we have dln8'b/din= —I

so that

1 (, )
dinz

dp 8 dlnV

Equation (11) shows explicitly that very large values of
dlnT, /dp may be obtained with "normal" values for
d ln) /d lnV (e.g. , d In) /d In V=—2.7 with g =3 would
reproduce the very large dT„/dp observed in Ba-La-Cu-
0). However, dlnT, /dp in Eq. (10) depends sensitively
on the magnitude and sign of the three terms in the
parentheses so that both large values and small values for
d lnT, /dp are, in principle, possible.

In conclusion, we have shown that both the standard
electron-phonon BCS theory and the resonating-valence-
bond model are able to explain the weak pressure depen-
dence of the T, of YBa2Cu307 ~ measured in a diamond
anvil cell up to 170 kbar. These models are, however, un-
able to reproduce the large dT, /dp observed in the Ba-
La-Cu-0 system. The bipolaron theory of superconduc-
tivity, on the other hand, can easily lead to unusually large
values of dT, /dp. For a quantitative test of the various
models both accurate measurements of Gruneisen param-
eters and compressibilities, and calculations of the volume
dependence of the electron bandwidth and k are required.

d InT, I z d In8'b
4g —I

dp B dlnV

+( 2+ )
dink 2 dlnco
dlnV dlnV
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