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Effect of physical and chemical pressure on the superconductivity of high-temperature
oxide superconductors
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We have compared the changes in the structure and superconductivity of the Gd& Y„Ba2Cu307—$
system produced by rare-earth-ion substitution (chemical pressure) and by hydrostatic pressure. Al-
though the application of both chemical and physical pressure result in an overall compression of the
unit cell, the effect on T, is of opposite sign. A detailed comparison of the evolution of the structure un-
der both kinds of pressure shows that the origin of this qualitatively different behavior in T, is correlated
with the apical oxygen to Cu02-plane distance which also presents opposite trends. The origin of this
difference is found in the extremely inhomogeneous character of the chemical pressure which, in spite of
inducing an overall compression of the structure, produces an expansion of certain regions of the unit
cell.

One problem satisfactorily solved for the 1:2:3cuprates
was the existence of a single superconducting compound
with a layered perovskite crystalline structure. This
well-known structure including oxygen ordering was
resolved by Rietveld re6nement of neutrons-diffraction
data. ' However the relation between this structure and
the origin of superconductivity has not been elucidated.
Various structural distances have been claimed to be cru-
cial for the superconductivity of high-T, oxides. Kam-
imura has claimed within the framework of a spin-
polaron model that the Cu(2)-O(4) (Ref. 3) overlap affects
the Cu site Hund's coupling between the Cu d 2 2 and

X

Cu d 2 levels affecting in turn the effective spin-spin in-
Z

teraction. Cava has related the critical temperature with
the charge transfer to the Cu02 planes whose changes are
mainly due to the Cu(2)-O(4) bond-length changes. The
same Cu(2)-O(4) distance is important within the anhar-
monic phonon model proposed by Muller. Hirsch has
introduced a BCS model in which the charge carriers are
holes moving through the oxygen-anion lattice in the
Cu02 planes with hopping rate dependent on the O(2)-
O(3) distance. Hamiltonians which take account of the
site Coulomb interaction have been proposed ' in order
to model the behavior of the Cu02 planes with an obvi-
ous dependence of the hopping rates on the interatomic
distances.

With this background the experimental study of the
efFect of pressure on the structure and superconducting
properties of the high-T, cuprates is of great importance.
Determination of the crystalline structure under pressure
using diffraction methods is not an easy experimental
task. A possible alternative is the use of "chemical pres-
sure, " i.e., the substitution of ions of different sizes to in-
duce changes in the crystalline lattice. For this purpose
the R Ba2Cu307 & systems —where R is Y or a rare earth
with the exception of Pr, Ce, and Tb—provide the in-
teresting advantage that the superconducting critical
temperature is only slightly affected by the substitution of
the trivalent ion on the R site. In this way it is possible

to induce changes in the material structure without com-
pletely suppressing the superconductivity. Moreover, re-
cently it was shown' that hydrostatic and chemical pres-
sures have opposite effects in the superconducting and
magnetic properties of the Eu& Pr Ba2Cu307 & system.

The main goal of this paper is to determine which
structural parameter is mainly responsible for the pres-
sure dependence of T, . For this purpose we chose
Gd& Y Ba2Cu307 & as a model system" to induce
chemical pressure without modifying other physical
properties of the system. We studied the evolution of the
crystalline structure and the superconductivity of
Gd& Y Ba2Cu307 & as a function of F concentration,
x. The structure was determined by Rietveld
refinement' of powder x-ray-diffraction spectra (XRD)
and the critical temperature and its pressure dependence
were determined from electrical resistivity measurements.
The results show that chemical and physical pressures
have opposite effect on the superconducting properties of
high-temperature oxides. A comparison of the evolution
of the structure in both cases shows that there is a direct
correlation between the changes in T, and the Cu(2)-O(4)
distance. Moreover, the data indicates that the changes
in all other distances are not correlated with the changes
in T, . This may provide an important clue in determin-
ing possible mechanisms responsible for the superconduc-
tivity in high-temperature oxide superconductors.

Gd& „Y Ba2Cu307 & ceramics were prepared from
high purity Gd203, Y203, BaCO3, and CuO. After the ox-
ides were mixed and ground the resulting powder was
calcined 2 h in air at 930 C and cooled to room tempera-
ture at a rate of 10 C/min. This procedure was repeated
three times. The powder was then pressed into a pellet,
heat treated in a Aow of O2 at 950 C for 6 h, and cooled
to 400'C at a rate of 2 C/min. This temperature was
maintained for 6 h and then the pellet was cooled down
to room temperature at 2 C/min. Iodometric titration'
on representative samples showed the oxygen content to
be 7.00+.05.
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FIG. 1. Unit cell structure and nomenclature of ions for
Gd( Y Ba2Cu307 g. Drawing of structure and nomenclature
of ions after Ref. 1.

XRD measurements were performed on a rotating-
anode Rigaku diff'ractometer (model D/Max-8) equipped
with a graphite monochromator. All the samples studied
showed a single-phase XRD spectrum. The structural
parameters were refined using the RIETAN program for
the Rietveld refinement of powder XRD spectra. The or-
thorhombic RBa2Cu307 & system has the Pmmm (No.
47) space symmetry group. ' Figure 1 shows the structure
of the unit cell and ion nomenclature adopted. Table I
defines the refined and fixed parameters. It was found
that the noise level of our data provided enough sensitivi-
ty to refine the positions of the 0 ions but not their occu-

pation or Debye-Wailer factors. Changes of more than
10% did not show any significant diS'erence within the
experimental error bars. Because of this fact the oxygen
occupancies were fixed at one atom per site in accordance
to titration experiments and the Debye-Wailer
coe%cients were fixed at the values reported by Beno
et aI. ' Refinements were carried out modeling the sam-
ple as a mixture of GdBa2Cu307 & and YBa2Cu307
phases. This hypothesis does not fit the experimental
data which indicates that these samples consist of
Gd& „Y Ba2Cu307 & solid solutions. For these, the R
position in the center of the unit cell, is occupied by both
Y and Gd. Several methods were used to refine this posi-
tion; (a) the occupancies of Y and Gd were refined in-
dependently, (b) the occupancies of Y and Gd were
refined with the constraint that they should add up to 1,
(c) the occupancies of Y and Gd were fixed at the nomi-
nal composition. All these methods gave the same results
within statistical deviation and for cases (a} and (b) the
refined composition coincided with the nominal composi-
tion within 10%. As a test for the uniqueness of the re-
sults we used both pure YBa2Cu307 & and the pure
GdBa2Cu307 & structures as starting point for the
refinement procedure. In both cases convergence oc-
curred to the same set of structural parameters.

The temperature dependence of the resistivity was
measured in the 8 —290 K range with a four-probe dc
method on slabs of size 1X1X7 mm . The pressure
dependence of the resistivity was measured in the
0.5 —16-kbar range by a four-probe ac setup and current
densities smaller than 3 A/cm . Measurements under
pressure were performed in a piston-cylinder
hydrostatic-pressure cell similar to that used in Ref. 15
with a 40:60 mineral oil:pentane mixture as pressure
medium. The temperature was measured using a Si02
diode in thermal contact with the exterior of the cell. At
the typical temperature sweep rate of 0.1 K/min used in
the experiments there was no thermal lag between sample
and thermometer and the resistance data was the same
both in cooling down and warming up. In the pressure
range under consideration both the transition width and
the normal state resistivity at the onset of the transition
remained constant. Because of this fact within experi-
mental accuracy the pressure derivative, dT, /dP, was in-

TABLE I. Fixed and refinable parameters for the XRD Rietveld refinement in
Gd& Y„Ba2Cu3O7 z. Relative ion position in the unit cell, x, y, z, in units of lattice parameters a, b, e,

0
respectively, occupancy, g, of the site, isotropic thermal parameters, 8, in A . Numerical values indi-
cate fixed parameters.

Y
Gd
Ba
CU(1)
CuI,'2)

O(1)
O(2)
O(3)
O(4)

0.5
0.5
0.5
0
0
0
0.5
0
0

0.5
0.5
0.5
0
0
0.5
0
0.5
0

0.5
0.5
ZBa

0
ZCU(2)

0
Zo(2)

Zo(3)

~Q(4)

gY
god
1

1

1

1

1

1

1

Bp
&Gd

Baa
+Cu(1)
+Cu(2)
1.12
0.62
0.64
0.75
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FIG. 2. Transition temperature, T„as a function of yttrium
concentration, x, in the system Gd& Y Ba2Cu307 z. Bars in-
dicate the 10—90% transition width.

FIG. 4. Lattice parameters a, b, and c as a funcition of yttri-
um concentration, x, in the system Gd& Y Ba2Cu3O7 z. Lines
show linear fit to the data.

dependent of the specific definition of T, . The extrapola-
tion of T, to P=O coincided with the independent dc
resistivity measurements.

Figure 2 shows the critical temperature T, as a func-
tion of x was defined at 50% of the resistive transition
and the bars indicate the 10—90% transition width. The
monotonic decrease in T, is clearly independent of the
criterion used for the definition of T, . Figure 3 shows the
pressure dependence of T, for several values of x. It is
clear that in the studied pressure range T, increases
linearly with pressure for all compositions. The limiting
values of dT, /dP for x =0 and x = 1 are in good agree-
ment with the literature' and dT, /dP decreases linearly
with x, as shown in the inset of Fig. 3.

Table II shows the structural parameters obtained
from the Rietveld refinement of XRD as a function of yt-
trium concentration, x. It should be stressed that, as ex-
plained previously, these parameters have been obtained
by a variety of di6'erent methods to assure us that they

are not spurious results caused by the numerical
refinement procedure.

Figure 4 shows the relationship between the lattice pa-
rameters and x. The lattice parameters decrease linearly
as a function of composition x; the decrease in a being
larger than in b or c. From the figure it is obvious that
the lattice undergoes a monotonic compression when Gd
is substituted by Y. The orthorhombic lattice strain
defined as e=2(b —a)/(b+a) increases monotonically
from 1.44X10 to 1.64X10 . This result and the
above results for the pressure derivative of T, are in
agreement with the trends' ' observed in oxygen-
deficient (1:2:3),(2:4:7), (1:2:4),and YBa2(Cu, M„)O7
compounds for which dT, /dP increases with decreasing
orthorombicity.

At this point the naive overall conclusion from the
structural point of view is that the application of chemi-
cal pressure is equivalent to the application of hydrostatic
pressure since both lead to an overall compression of the
unit cell. This is in agreement with expectations based on
the relative ionic sizes of Gd and Y, i.e., the substitution

0. 1
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FIG. 3. Critical temperature, T„as a function of pressure, P,
in the system Gd& Y Ba2Cu307 q for x=0 (solid circles);
x =0.4 (solid triangles); x =0.5 (solid diamonds); x =1 (solid
squares). Lines show linear fits to the data. The inset shows the
pressure derivative dT, /dP as a function of x.
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FIG. 5. Composition, x, induced changes, 6, in the lattice
parameter c (solid line), the distance between the Cu02 planes
(solid circles) and di6'erence between them, i.e., height of the
rest of the unit cell (empty circles). Dashed lines are linear fits
to the data. Solid line for lattice parameter c is a linear fit to the
data in Fig. 4.
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FIG. 7. Cu{2)-O{4) distance as a function of chemical, x
(empty circles) and hydrostatic, P (solid circles) pressure. Data
for hydrostatic pressure after Jorgensen et al. (Ref. 19).

P)

01.965
N

0
1.955

0

0 0
~ ~

0
00

il

Q.5
x, P (5.78 kbar)

FIG. 6. Intra-Cu02-plane distances as a function of chemi-
cal, x (empty circles) and hydrostatic, P (solid circles) pressure.
Data for hydrostatic pressure after Jorgensen et al. (Ref. 19).

of a smaller ion is equivalent to applying pressure. How-
ever from the superconducting point of view the trends
are opposite. The substitution of a smaller ion results in
a depression of T„whereas the application of hydrostatic
pressure results in an increase in T, . The possible cause
for this difFerence is shown in Fig. 5 where we plot the
chemical pressure dependence of the lattice parameter c,
the distance between Cu02 planes and the difference be-
tween them, i.e., the height of the rest of the unit cell.
The data indicate that since the distance between Cu02
planes undergoes a higher compression than the whole
unit cell in the c direction, the rest of the unit cell under-
goes expansion at the same time. It is clear then that the
chemical pressure has a highly inhornogeneous character
and its equivalence to a compressive or expansive stress
depends on the particular interatomic distance which is
examined.

The remaining task is to identify which distance is the
one that correlates with changes in T, . A comparison of
trends in the structural data as obtained from Rietveld
refinement of powder neutron diffraction data and the re-
sults presented here may shed some clue to the relevant
structural parameter. Figures 6 and 7 show the behavior
of the intra-Cu02-plane interatomic distances and of the
Cu(2)-O(4) distance both in the case of chemical and hy-
drostatic pressures. ' Although, as expected from the
lower sensitivity of XRD to the 0 ions and specially to
the O(4) position, the O positions have higher scatter

than in the neutron diff'raction case some trends can be
recognized. From Fig. 6 it is clear that of the intraplane
distances only the Cu(2)-O(2) distance has a qualitatively
different behavior for chemical and hydrostatic pressures.
Under hydrostatic pressure it is reduced while under
chemical pressure it either remains constant or increases.
However the change in T, induced by this range of chem-
ical pressure (2 K) is one order of magnitude larger than
the one induced by hydrostatic pressure (0.2 K). This is
in quantitative disagreement with the data in Fig. 6 and
so we must disregard any of the in-plane interatomic dis-
tances as the main origin of the pressure dependence of
T, . Within the scatter of our data in Fig. 7 the Cu(2)-
O(4) distance changes are the only ones in qualitative and
quantitative agreement with the experimental chemical
and hydrostatic pressure dependences of T, .

In conclusion, we found in the Gd, „Y Ba2Cu307
solid solutions a qualitatively diff'erent behavior in the
chemical and hydrostatic pressure dependences of the
critical temperature. This behavior is only correlated
with the Cu(2)-O(4) distance indicating that this distance
may play an important role in the mechanism controlling
the pressure dependence of T, . The qualitatively diff'er-

ent behavior of this distance under chemical or physical
pressure is due to the highly inhomogeneous character of
the chemical pressure which induces an expansion of the
Cu(2)-O(4) distance in spite of the overall compression of
the unit cell.
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