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SUPERCONDUCTIVITY AT 108 K IN YBa,CuO; AT PRESSURES UP TO 12 GPa
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Resistive measurements in a cryogenic diamond anvil cell show that the T, of YBa,Cu,Os can be increased by almost 30 K by
applying a pressure of 12 GPa. The pressure derivative is, however, not constant. At pZ5 GPa, dT./dp=5 K/GPa. At higher
pressures dT,/dp decreases gradually and T, saturates at ~ 108 K. This behaviour is reproduced by a phenomenological model
where T, depends only on the number of holes in the CuO, planes.

1. Introduction

Soon after the discovery of superconductivity
around 30 K in La-Ba—-Cu-O by Bednorz and Miiller
[1], Chu et al. [2] showed that the T, of
Lag sBag ,CuQO;_; could be increased to above 40 K

by application of 1.5 GPa hydrostatic pressure. The

pressure derivative d7./dp=6.1 K/GPa was the
largest ever observed in a superconductor. This large
influence of pressure led to the idea of replacing La
by a smaller atom, Y, in order to produce a “chem-
ical” internal pressure. This resulted in the discovery
of YBa,Cu;O; by Wu et al. [3]. The relevance of
high-pressure experiments stimulated a large exper-
imental activity from which the following trend
emerged. The relative volume dependence din 7../din
V of superconductors with a large T, is much smaller
in absolute value than that of high-7, superconduc-
tors with low transition temperatures such as
La,CuQ,.sand (La, Ba),CuQO, [4]. Possible origins
of this trend have been discussed by Griessen [5],
Wijngaarden and Griessen [4] and Murayama et al.
[6].

In 1989, Bucher et al. [7] found a remarkably large
pressure derivative d7./dp=5.5 K/GPa in
YBa,Cu,O; (with T.=80 K) for pressures up to 1.3
GPa. This pressure derivative is almost an order of
magnitude higher than that of YBa,Cu;O,. The 124-
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compound is thus rather unique and it is interesting
to investigate its behaviour under much higher pres-
sures. In this article we show that 7, may be in-
creased by almost 30 K by application of 12 GPa by
means of a diamond anvil cell.

2. Sample preparation

The first synthesis of bulk YBa,Cu,Os was
achieved under high oxygen pressure by Karpinski et
al. [8]. The high phase purity of the material was
subsequently demonstrated by means of X-ray and
neutron diffraction by Fischer et al. [9].

The ceramic material used in this work was also
synthesized in a high temperature two-chamber au-
toclave [10]. A stoichiometric mixture of fine
grained YBa,Cu;0; and CuO resulting from the de-
composition of oxalates was heated to 980°C under
21 MPa oxygen for 30 h and then slowly cooled down
at a rate of 5°C/min. From high sensitivity volu-
metric oxygen analysis [11] it is concluded that the
material is stoichiometric with YBa,Cu4O7 9g6 +0.001-
The T, of bulk ceramic material is 80 K and thus
similar to that of two-phased thin films investigated
earlier by Kapitulnik [12]. The lack of twinning in
YBa,Cu,O; makes it possible to accurately deter-
mine the a-b anisotropy in single crystals by means
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of X-ray scattering. The orthorhombic lattice param-
eters are a=3.8413 A, »=3.8708 A and ¢=27.240
A, with the double square planar chains in the b-c
plane {13].

3. Experimental methods

A diamond anvil cell was used to apply pressures
up to 12 GPa. The cell, which is entirely made of
berylium-copper, is mounted in an optical cryostat
for optical access of the sample chamber. A heat ex-
changer incorporated in the body of the cell makes
1t possible to vary the temperature rapidly by flowing
liquid helium. Pressure can be changed at any tem-
perature by means of a knob at the top of the cryos-
tat. The diamond anvil cell and optical cryostat are
described elsewhere [14]. The samples used in this
work consisted of a number of small pieces taken
from a polycrystalline bulk sample prepared as de-
scribed above. Each piece was checked for super-
conductivity by verifying that it levitated above a
magnet at 77 K.

The pressure-chamber is schematically illustrated
in fig. 1. The gasket is made of a stainless steel foil
(T301, thickness ~200 um) with a hole (diameter
~300 pm) as sample chamber. Six gold wires (di-
ameter 25 um) are laid onto the bottom diamond in
such a way that after placing the gasket on top of
them, they just reach the sample chamber. The in-
sulation between gasket and wires consists of epoxy
reinforced with Al,O,-powder (grain size ~0.05 um)
and a 7 um-thick kapton foil. Six wires are mounted
(instead of four) so as to be able to select the best
configuration for four-point resistivity measure-
ments. A number of leads greater than the strict min-
imum makes it also possible to proceed with an ex-
perimental run even when one or two leads are cut
at the diamond edges during pressurization. The
room temperature resistivity is typically 100 mQ. It
is somewhat larger than the value of expected from
£=300 pQ cm at room temperature. This is prob-
ably due to contact resistance between grains of the
crunched sampled in the diamond anvil cell.

Pressure is determined using the fluorescence of
several grains of ruby which are pressurized together
with the sample. The calibration of Mao et al. [15]
for the shift in frequency with pressure corrected for

the temperature dependence of the ruby [16] is used.
Temperature is measured by means of a standard
platinum resistor (R(273 K)=100 Q) mounted in
a copper ring which fits precisely around one of the
diamonds. Due to the good thermal contact the hys-
teresis between cooling-down and warming-up mea-
surements is at most a few tenths of a degree.

4. Results

The variation of T, with pressure for four different
samples is shown in fig. 2. At low pressures d7./dp=
5 K/GPa in good agreement with the data obtained
by Bucher et al. [7] at pressures below 1.3 GPa, by
Tallon and Lusk [17] on 7% Ca doped samples and
very recently by Diederichs et al. on pure samples at
pressures up to 2.6 GPa [18]. Agreement is also
found with the results of susceptibility measure-
ments in single crystals under high pressure by
Chouteau et al. [19]. The consistency of the sets of
data is interesting in itself as it shows that large d 7./
dp are observed with completely different experi-
ment techniques (a beryllium—-copper self-clamping
cell with a mixture of n-pentane and isoamylalcohol
as pressure medium in ref. [7] and a diamond anvil
cell without pressure medium in the present work).
At higher pressure (above 5 GPa) dT_/dp decreases
gradually with increasing pressure. Above 10 GPa it
is comparable to d7,./dp in YBa,Cu;0, [20]. The
highest value observed in the course of this work was
T.~108 K. This is slightly larger than the highest
value reported so far for a Y-Ba-Cu-O sample
[4,21]. It is definitely the highest value ever ob-
served for the YBa,Cu,O; system.

5. Discussion

In fig. 3 the pressure derivatives d7./dp (for p—0)
of YBa,Cu,Oz are compared to the many experi-
mental data published so far for superconductors
made of Y, Ba, Cu and O. Although relatively large
dT./dp values have been reported in the literature
for oxygen deficient YBa,Cu,0, with 7,=20 K, 45
K and ~70 K, the data in fig. 3 show clearly that
dT7./dp for stoichiometric YBa,Cu,Oj3 is much larger
compared to stoichiometric YBa,Cu,O,. This is at
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Fig. 1. Cross-section (a) and bottom-view (b) of the pressure chamber before compression. The gasket hole diameter is 300 pm.

first sight rather remarkable as the main structural
difference between these two compounds is the pres-
ence of a double chain in YBa,Cu4O;. In fact, the
presence of a double chain in YBa,Cu,05 seems to
be responsible for a peculiar behaviour of the lattice
parameters under pressure. From table I one sees, as
pointed out by Ludwig et al. [27], that YBa,Cu,O3
is characterized by a large anisotropic pressure de-
pendence of the a- and b-lattice spacings and a much
larger linear compressibility along the c-axis. Most
remarkable is also the large displacement of the ap-
ical oxygen (O,) towards the CuO, plane under
pressure determined by Kaldis et al. [28]. In a
YBa,Cu,0, s sample (with 7.=20 K), however, no
such large relative displacement of the apical oxygen
has been detected [29] although its pressure depen-
dence (dT./dp=4 K/GPa) is almost as large as that
of YBa,Cu,Os. The value of this observation is at
present not clear [29] because this sample was te-
tragonal and a tetragonal sample is probably not in

equilibrium [33]. We still believe, therefore, that the
contraction of the apical Cu,-O, bond is most im-
portant in determining the increase in 7. This is in
agreement with the theoretical model of Bishop et al.
[31] and the conclusions in a recent review by Miiller
[32].

In order to find an explanation for the saturation
of T, at high pressures shown in fig. 2 we discuss ex-
perimental results obtained recently for YBa,C;O.,.
In fig. 4 we summarize relevant data by Cava et al.
[33] for the oxygen dependence of T, the apical
bond length Cu,-O, and the c-axis. From a com-
parison of the curves in figs. 4(a) and 4(b) it is ev-
ident that the contraction of Cu,-O, is directly re-
lated to the variation of 7. From a calculation of the
corresponding x-dependence of the bond valence
sums V; for the various anions and cations in
YBa,Cu;0, Cava et al. also found that the concen-
tration dependence of V,, was practically identical
to that of T_. It is thus reasonable to assume that 7
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Fig. 2. Pressure dependence of T gnset in YBa;Cu,O; o046 as deter-
mined by Bucher et al. [7]: (@) polycrystalline sample, (H)
single crystal, Diederichs et al. [18] (A) and at high pressure
(@) [this work]. The inset shows our R(T)-curve measured for
p=5.66 GPa. The dashed lines indicate the way T ongee Was
determined.
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Fig. 3. Pressure derivatives vs. T, curves for YBa,Cu;0, (O)
and YBazclhOg (@®). For YBa;Cu;Ox see refs. [4], [7], [22]
and [23] and for YBa,Cu,Oq refs. [7], [8], [24] and [25].
(®@): the value obtained from an extrapolation to low pressure
of our data in fig. 2. The line is a guide to the eye.

is mainly determined by the number 7, of holes in
the CuQ, planes. Most remarkable is that both (Cu,-
0,) and the change in holes An,, exhibit a much more
complicated behaviour than the c-axis, which apart
from the abrupt change at the orthorhombic-tetrag-
onal transition varies simply linearly with oxygen
concentration. This observation, together with the

experimental data in fig. 5(a) which show clearly that
a saturation in T is also observed in substoichiom-
etric YBa,Cu,0, with x<7, suggest strongly a sim-
ilarly in the behaviour of the number of holes An,, as
a function of oxygen concentration and pressure. This
can be expressed as

T.(x,p)=a(p)-Any(x, p) . (1)
At zero pressure «(0)=92 K/0.08=1150 K, and
T.(x,0)=1150An,(x,0)=T.(x) . (2)

Following the idea that a change in oxygen concen-
tration produces an effect on T, comparable to that
of applying pressure as assumed in [28] and proved
by [34], we make the simplifying assumption that

X—Xo(p)

T=x(0)) (7T—x0(p=0))

Any(x, p) =Anh(

+x0(p=0), 0) , (3)

where x,(p) is the oxygen concentration at which 7,
drops to zero, i.e. xo(p=0)=6.35. Equation (3)
means that pressure causes a scaling of the concen-
tration dependence of An,. It is important to note
here that eq. (3) does not imply that the oxygen stoi-
chiometry changes under pressure. It simply means
that there exists a relation between the influence of
pressure on An, and that of a change in oxygen stoi-
chiometry on An,. From egs. (1) and (3) follows
then that

a7, 7—xo{p=0)
—l = Anj ————~ 4
x|, a(p) Ani 7—xo(P) “)
and
aT, da ,
» x_ d» An, +a(p)Any,

7— =0 —-7) dx

(T=x(p=0))(x—7) dxo (5)

(7T—x0(p))? dp’

where Any, is the derivative of the function An,;, with
respect to the variable y=[(x—x(p))/
(7T=x0(P))I1X (7=x0(p=0)) + %, (p=0). At zero
pressure eq. (5) reduces to
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Table I

Pressure derivatives of the unit cell volume ¥, the lattice parameters a, b and ¢ (the b-axis is taken along the direction of the chain(s))
and the distance between the apical oxygen O, and in-plane copper (Cu,) and in-chain copper (Cu, ). Pressure is given in GPa. Refer-

ences are given within parentheses.

YBa,Cu;0,

YBa;ClhOa

dln V/dp
dln a/dp
din b/dp
dinc/dp

—6.4x10-2 [26]
—~1.9%10-3 [26]
—~1.8x 103 [26]
—2.6x10-3 [26]

—8.2x1073 [27]
~2.8%1073 [27]
—1.0x10-3 [27]
~4.5%10-3[27]

1 d(Cu,-0y)
(Cu,-0y) dp

1 d(Cu,-0,
(Cuy,-0,) dp

—21.5% 1073 [28]

~37.3x10% [28]
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Fig. 4. Oxygen concentration dependence of T, the distance Cu,—
0, and the c-axis lattice parameter [33]. The scale for Cu,-O,
has been shown so as to show the similarity with the T vs. x-
curve. The change An, in the number of holes per Cu in the CuO,
plane is essentially given by the same curve as Cu,-O, (see figs.
8 and 15in [33]). Any, is arbitrarily set equal to zero for x=6.

aT,
ap

-1 Qe
= a(0) dp

Te(x)

x,p=0

aTc(x)< x=17 )gx_o
ox \7—=xo(p=0)/ dp "’

For stoichiometric YBa,Cu,0;, 8T./0x=0, T (x=7,
0)=92 K and 97,./dp=0.5 K/GPa [4,20] so that
(1/a(0))da/dp=5.4x 102 GPa~'. For a substo-
ichiometric sample YBa,Cu;O;; (with 7.=70 K)
Berman et al., [23] found 87,/8p= 3 K/GPa which
combined with 97,/9x (x=6.74, p=0) =210 K leads
to dxo/dp=—3.13x10-2 GPa~'. With these pa-
rameters (which have been determined in the limit
p—0) we can write (using the definition in eq. (2)),
that

+ (6)

0.65x+0.2191p
T(x,p)=(1 +0.0054p)Tc( 0.65+0.0313p ) . (7)

This means that 7.(x, p) can easily be derived
from the measured T, versus x curve in fig. 4(a). The
pressure dependence of T for samples with various
oxygen contents obtained from eq.(7) and the T,
versus x curve in fig. 4(a) are compared to experi-
mental data in fig. 5. The model reproduces nicely
the main features of the data. It is gratifying that such
a simple model can also reproduce the plateau around
70 K in T,(p) for the sample with 7,(0) =35 K. The
quantitative agreement is not as good for the sam-
ples with T, < 70 K because of the large experimental
uncertainties in the 7, versus x curve for x<6.4
[29,30,33].

On the basis of the previous discussion of the pres-
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Fig. 5. Experimental (a) and calculated (b) pressure dependences of T gnse in various YBa,Cu,O, samples determined by resistivity
measurements. The experimental data are from refs. [20] (curve 6), [21] (curve 1) and [23] (other curves). The curves in fig. 5(b)
have been calculated by means of eq. (7) by using the T.= T.(x) curve in fig. 4.

sure and oxygen concentration dependence of 7 in
YBa,Cu,;0,, we arrive at the following interpreta-
tion of the T.(p) data in fig. 2. Although YBa,Cu,O,
is a stoichiometric compound with a much higher
oxygen stability than YBa,Cu;0; and its 7.(x) has
so far not be investigated in great detail, the simi-
larity of the curves in figs. 2 and 5 suggests strongly
that the saturation of the T, of YBa,Cu,Os as a func-
tion of pressure is due to a saturation in the number
of holes Any, with increasing pressure [34]. As an in-
crease in Any, is directly related to the concentration
of the Cu,-O, bond length it would be highly desir-
able to carry out X-ray or neutron diffraction ex-
periments to determine the behaviour of (Cu,-0,)
at pressures up to 15 GPa.

6. Conclusions
It has been shown that the T, of YBa,Cu,O; can

be increased up to 108 K by application of pressure
up to 12 GPa. The similarity of the behaviour of

YBa,Cu,0O; and stoichiometric YBa,Cu;0, under
pressure and the similarity between a 7, change due
to pressure and oxygen concentration in YBa,Cu;0,
suggests that the saturation of T at pressures above
~5 GPa is related to a corresponding saturation in
the number of holes in the CuQO, planes of
Y13a1(3u4()&
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