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Abstract : A review of the high pressure studics inade by the authors on the recent high 7
superconducting oxide materials has been presented. Both high pressure electrical resistivity and
high pressure X-ray diffraction studies have been carried out on La, (A, CuO, (where A = Sr, Ba)
RBa,Cu3 ;M,0;_, R =Y, Gd, Dy, Ho and Pr, M = Fe) and La,,,Ba; ,Cu30,_, oxides at room
temperature. A brief description of the experimental set up employed has also been presented.
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1. Introduction

The importance of high pressure investigation was realised soon after the discovery of
superconductivity around 30 K in a La-Ba-Cu-O system by Bednorz and Muller (1984). The
superconducting transition temperature (7,) of this system is increased by about 10 K under
pressure of 15 kbar which is not observed in any known superconductors (Chu et al 1987).
In fact this led to the successful idea of replacing La by the smaller Y, resulting to
YBa,Cu;0; superconductor with a T, of 90 K (Wu et al 1987). More than hundred papers
were so far appeared on the effect of pressure on the high temperature (HT,) superconductors
(Wijngaarden and Griessen 1989). Present paper is a review of the work carried out in this
laboratory for the past three years. It includes both high pressure electrical resistivity and
high pressure X-ray diffraction studics carried out on HT, superconductors at room
temperature. A brief description of the experimental set up employed was also presented for
the sake of completeness.

2. Experimental
2.1.  Experimental set up for electrical resistivity measurements at high pressures :

The opposed anvil high pressure device is widely used in solid state studies, as this method
is simple and easy to assemble compared to the other apparatus. For the present study also,
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this method has been chosen and fabricated. Figure 1(A) shows thc- schematic diagram of q,c
experimental set up for clectrical resistivity mecasurements at high pressures. '.I’he anvils
have been made of EN 24 (AISI 4340) ailoy steel, hardened to RC 60. The working face of
the anvil is 10 mm and the outer diameter is 99 mm. As the taper angle decreases, the
massive support factor increases and so the taper angle is chosen as 10 degrees so as to have
maximum massive support. The load is applied through a 100 ton h){draulic press
(Lawrence & Mayo (India) Pvt Ltd) and the sample cell assembly is placed in between the
two opposed anvils.
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Figure 1. (A) The experimental set up for high pressure ressistvity measurements. (B)
Schemauc diagram of the sample cell.

22.  Sample cell assembly for resistivity study :

The sample ccll asscmbly is schematically. shown in Figure 1(B). The gasket is the
pyrophyllite, and has the dimensions of 10 mm outer diameter, 2 mm inner diameter and a
thickness of 0.5 mm. Steatite disk serves as the pressure transmitting medium.
Simultaneous pressure calibration has been done by using metallic bismuth. The four probe
method is used to measure the resistivity as most of the materials have low resistivity at
room temperature. Tungsten wire of diameter 0.1 mm have been used as the electrical leads.
They emerge from the cell via grooves between a pair of gaskets in the split gasket
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configuration. High sensitivity digital microvoltmeter (Aplab 1041 DC Standard) and
constant DC current source (Pacific Electronics Type PMV 16) have been used to measure
the resistivity (p).

It is found that the alloy steel with nominal strength of 10 kbar can be used as the
anvils upto 100 kbar for many cycles at room temperature. By controlling the dimensions
of the gasket, it is possible to get good reproducibility in the pressure calibration.

23. Experimental set up for high pressure X-ray diffraction :

The measurements of unit cell parameters and the cell volume as a function of pressure can
be done in a number of ways. Bridgman used the piston displacement measurements
extensively upto 100 kbar (Bridgman 1971). X-ray diffraction studies offer the advantage of
measuring the lattice parameters and studying the changes in crystal symmetry directly
under pressure. In the last few years various types of high pressure X-ray apparatus have
been developed (Bassett and Takahashi 1974, Graham 1986).

SAMPLE CELL

Figure 2. Schemauc diagram of X-ray diffraction sct up at hugh pressure.

In the present study, Bridgman opposed anvil principle has been used to obtain high
pressure X-ray diffractogram. The'basic principle is as shown in Figure 2. The X-ray beam
is passed perpendicular to the axis of the load in the opposed anvils and the diffracted beam
is detected either by film or X-ray detectors. For the present work a Bridgman anvil clamp
type high pressure cell has been designed and developed. The clamp cell offers the advantage
of loading and locking the high pressure at the hydraulic press itself, so that only the cell is
Placed near the X-ray generator.
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24. Sample cell for X-ray diffraction study :

The sample cell is the heart of the high pressure cell. Amorphous boroP waf.er and
amorphous boron with epoxy resin (40 wt. %) are used- as the gasket. The d:mens-xons of
the sample cell are : the outer diameter is 3 mm, inner diameter 0.2-0.3 mm and thu:kncs.s
0.3 mm. At the maximum pressure the gasket thickness reduces to 0.2 mm. The sa.lnp]e is
mixed with NaCl and filled in the hole of the gasket. NaCl acts both as the ll.nemal
calibrant and also as a pressure transmitting medium. The maximum pressure attained in
this cell is about 80 kbar. Mo K, radiation (A = 0.7107A) from a rotating anode X-ray
generator (Rigaku, Japan) of 12 kW power (60 kV, 200 mA), is employed. The target
rotation is 6000 rpm and the beam focus size is 0.2 x 2 mm.

25. Proportional counter X-ray detecting system :

The diffraction patterns from the clamp cell are recorded by using the proportional counter
detecting system (Victor Jaya and Natarajan 1988) and the details are given below. The
detector is the krypton filled proportional counter and is scanned at a speed of 1.6 deg./min.
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Figure 3. Block diagram of the high pressure X-ray dif‘ractometer.

by using a synchronous motor. Fixed sample and moving detector technique is used. This
low rate of scan gives better intensity data collection. Figure 3 shows the block diagram of
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the diffractometer set up developed for the present high pressure X-ray diffraction work.
zirconium foil is used as the filter and it is placed at the detector window. This method was
found to give better counts when the patterns are recorded at high pressures. The distance
petween the detector and the sample is 100 mm. The accuracy in 20 measurements is 0.08
degrees. The electronic parts used are manufactured by ECIL, India. The strip chart recorder
(Ominiscribe 5000, of Digital Electronics Ltd, Bombay), is used to record the

diffractograms.
26. Materials preparation and characterisation :

The compounds are synthesised by high temperature solid state reaction method using high
purity oxides and carbonates. The samples are characterised by X-ray powder diffraction
method (XRD) and superconductivity above 77 K was checked by Meissner effect. The high
pressure X-ray diffraction and electrical resistivity measurements were carried out at room
temperature upto 100 kbar.

3. Results and discussion

Most of the high pressure studies on oxide superconductors reported in the literature were
related to the variation of T, with pressure and some of them were carried out on multiphase
samples especially of the Bi and Tl based superconductors. Furtner as the HT,
superconductors are very sensitive to its oxygen stoichiometry, substitution and its
concentration ana also on the processing condition, there is no systematic high pressure
study in this regard. Results were often reported using a single technique only on a single
composition. We have carried out high pressure study of a series of oxides of the LBCO
(40 k superconductors) system and also of the YBCO (90 K superconductors) system. These
systems were chosen as they were easy to prepare in single phase and also exhibit
interesting behaviour with respect to the above parameters. We have always employed both
resistivity study to monitor any variation in the electronic behaviour and also X-ray
diffraction method to check actually the decrease of the unit cell volume and also any
structural transition under pressure. The resuits are presented below together with the
relevance of the system chosen for high pressure study.

3.1. 40K superconductors :

The superconducting oxides of the 214 family viz La, ,M,CuO, where M = Ba, Sr, and Ca
show large increase of T, under pressure which is about an order of magnitude larger than
the previously studied superconductors (Chu et al 1987). These unusual large pressure
effects are not clearly understood at present. In addition they also reveal anomaly in a7 /dp
leading to two pressure regions such that for p<p,,dT /dp = 0.1 K/kbar while for p>p,
dTJdp = 0.04 K/kbar, with P, = 6.4 kbar for example in La, ;Bag;CuO, (Moret et al
1988).
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The substitution of bismuth for lanthanum in the La,_,Sr,CuO, superconductors
also increses the T, as high as 42 K (Michel et al 1987). Bi ion is indeed characterized by
the presence of the lone pair of electrons and can play the role of an anion, thereby can
modify the oxygen framework. Also owing to its ability to form lamellar oxides including
the recently discovered bismuth based superconductors, bismuth substitution in lanthanum

compounds is worthwhile to examine.

1-0

08

0-2

2.2

+—= Lay gSrg ,Cu0, {1.8
-—s La,_GSrO.ZBiOQCuO‘ E
>—o Lay9Bay 4Cu0, \;j‘:
o—o LOZCUO‘ 50
(4

114

1 1

1 .0
W0 60 80 100
PRESSURE (kbar)

Flgure 4. The variation of resistivity with pressure of L, §S7;Cu0, (A), La; Bag sCuO
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The variation of resistivity with pressure of La, §Sry,CuQ4, La, ;Bag4CuQ, and
?.a,_GSro 2Bio ,CuO, are shown in Figure 4. For comparison, pressure variation of La;CuQO,
is also in the same figure. The ‘p’ of undoped oxide increases steeply with pressure up to 30
kbar. and then remains nearly constant up to 80 kbar. This behaviouras typical of a
'sen.noo_nductor. However all the sybstituted oxides show sharp drop in ‘p’ up to 30 kbar,
indicating metallic behaviour. The p of La, 4Sr9,Cu0,, which is a superconductor at 40 K,
reaches a very low value compared to other oxides at 80 kbar.
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The variation of unit cell volume (V) with pressure for La,CuQ,, La, §Sr,CuQ,4 and
La, ¢STo.2Bio2CuO4 Oxides, as determined by X-ray powder diffraction method is shown in
Figure 5. The ‘V” of La,CuO, decreases continuously with pressure up to 70 kbar, but ‘V”
of La, ¢S102Big2CuOy4 decreases only to about 5% at this pressure. This can be due to Bi
substitution which is known to improve the grain boundary cohesion of conventional
ceramics. The compressibility values determined agrees well with the reported values
(Dietrich et al 1987a, 1987b, Takahashi ef al 1987). The ‘d’ values of the observed peaks of
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Figure 5. Recduced umt cell volume (V/V,) vs pressure for La; ¢Srp,CuOy (0),
La, ¢S19,B192Cu0,4 () and La;CuO4 (8).
La, ;Bag3CuO, as a function of pressure is shown in Figure 6 and these values above 10
kbar could not be best fitted to the normal tetragonal structure. This may due to a possible
structural transition around 10 kbar as reported by Moret et al (1988).

32. 90K superconductors :

The salient feature of YBa,Cu30,_, superconductors is its sensitivity to oxygen

stoichiometry. The orthorhombic structure of the superconductor with x < 0.5 results from
the oxygen vacancy ordering and for x > 0.5 it undergoes structural transition to
tetragonal, non-superconducting phase (Jorgenson et al 1987). This reversible orthorhombic
10 tetragonal transition also occurs on heating at 1023 K and thus the tetragonal phase can
be easily realized by air annealing from this temperature (Schuller ez al 1987). Application
of high pressure can also cause the structural transition of the superconductors (Victor Jaya
et al 1988). Further high pressure study of the tetragonal phase will also be interesting to
check the possible transformation to other phases which may have still higher 7.
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Figure 7 shows variation of ‘p’ with pressure for both the superconducting and nop-

superconducting phases of YBa,Cu;0;., . As expected the superconductor shows a Sm
drop in ‘p’, a typical of metals up to 20 kbar, while the tetragonal phase shows a relatively

slow decrease of ‘p’ extending up to 30 kbar pressure. At .higper pressun‘e,. above 70 kba',_
only the ‘p’ of the superconductor starts increasing, indicating a transition around thig

pressure.
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Figure 6. ‘2’ values vs pressure for La, ;Bay 3Cu0,.

The RBa,Cu;0,_, compounds with R = Nd; Sm, Gd, Dy and Er also exhibit long
range magnetic ordering at low temperatures, however the 7, is insensitive to the presence
of these R ions. This result is in contrast to conventional superconductors whereirt presence
of such impurities strongly suppress the T,. The insensitivity of T, to R ions indicates very
weak exchange interaction between the R* magnetic moments and the superconducting
electron spins. Application of high pressure can possibly influence this interaction. Olsen
et al (1988) have carried out high pressure studies of RBa;Cuy0,_, with R = Y and Eu and
have reported orthorhombic 1o tetragonal transition at around 200 kbar, GdBa,Cu;0;_,
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under pressure remains orthorhombic with preferential decrease of c-axis up to {50 kbar as
shown by Ecke et al (1988). The PrBa;Cu;0,_, although forms with the same crystal
structure as the 123 phase, it is not superconducting and the lack of superconductivity in the
Pr compound seems to be of structural origin, since the large Pr ion can possibly occupy
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Figure 7. Nomalised resisitvity vs pressure of YBa;Cu30, for Ortho (O) and Tetra (T) phases.

Ba position, leading to a strongly deformed coordination polyhedron (Dalichaouch et al
1988). This might affect T, as the presence of the magnetic atom is adjacent to Cu-O
chains. Pr in a mixed valence state in these compounds have been observed exprimentally
and Pr ion could in principle also substitute a Cu position. Metal Pr shows several
Structural modifications under pressure including an electronic transition (Wittig 1981). In
this context high pressure studies of PrBa,Cu;0;_, will be very informative.

The variation of resistivity of RBa,Cus0,_, (where R = Dy, Ho, Gd and Pr) oxides
with pressure is shown in figure 8. Surprisingly all the oxides including the
nonsuperconducter PrBa,Cu,0, shows a sharp drop in ‘p’ up to 20 kbar pressure. Above 20
kbar all the superconductors show further decrease in ‘p’ up to 80 kbar, but the resistivity of
Pr compound starts increasing from 40 kbar onwards which may due to some stryctural
lransition at this pressure.
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Figure 9 shows the variation of the unit cell volume of the superconductors
YBa,Cu;0;, DyBa,Cu;0; and HoBa,Cu;O; and also of the nonsuperconducting
YBa,Cu;0,_,. Compressibility of the superconductor obtained from the above data, are in
agreement with the reported values (Dietrich et al 1987a, 1987b). However ‘the
compressibility of the nonsuperconductor is low compared with those of superconductors,
This is anticipated as the tetragonal phase is at less oxygen content than the

superconductors.
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Figure 8. Nommalised resisuvity vs pressure for RBa,Cu30, (where R = Dy, Ho, Gd and Pr).

' Mﬂ substitution of Fe for Cu in the superconductor YBa,Cu;0; shows structural
mfnfnon from onhoxrh‘ombxc to tetragonal phase (Maeno et al 1987). But the T is not
sensitive to the transition although the magnetic atoms like Fe are distributed in the
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superconducting plane rather than in any other sub lattice leading to interesting coexistence
of magnetic ordering and superconductivity. For X = 0.033, it is possible to stabilize either
T or O structures at room temperature by simply varying the final high temperature
weatment in different atmospheres (Kurisu et al 1988). Air cooled sample is orthorhombic
and superconducting above 77K while oxygen annealed sample is tetragonal and is not
superconducting. Application of high pressure can induce superconductivity in the latter
phase.

—— YBa,Cug0, (0)
-— YBQZCuSOG(T)
'00 i . 00 HOBGch3o7
096
092 + .
()
z -
;088
0.84 +
0-80
0.76 |
0 20 40 60 80

PRESSURE (kbar)

Figure 9. Reduced unit cell volume (V/V,) vs pressure for RBa;Cu30; (where R = Dy, Ho,
Y(O) and (T) ).

Figure 10 shows the ‘p’ variation with pressure of YBa;Cu, ¢;Fe09007_x Oxygen
annealed sample. For comparison the ‘p’ behaviour of the air annealed superconducting
sample of the same composition is also shown in the same figure, which is same as that of
any other ceramic superconductors studied earlier. However, ‘p’ of the nonsuperconducting
phase initially increases up to 15 kbar followed by a continuous decrease up to 80 kbar
similar to that of the air cooled superconducting phase. As the initial increase of ‘p’ with
pressure is typical of semiconductors, the observed behaviour at 15 kbar suggests possible
metallization around this pressure.
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33. Lay,Ba,,,Cus0;.,, system:

The system mentioned above, depending upon the value of x, leads to three differey
compounds. viz La;Ba;CugOy4 . LasBaCusO;34 and La, 15Ba, 35Cu30,. LagBasCuc0,,
being semiconductor shows a slow decrease under pressure in its normalize resistivity valye
up to 80 kbar (Figure 11). LayBaCusO,34 which is metallic, exhibits a steeper fall up 10 1]
kbar, a slow decrease up to 50 kbar and almost constant value up to 80 kbar as a function of

12

o—o AIR COOLED
e OXYGEN ANNEALED

//£ (Skbar )

04}

0-2)

20 40 60 80

PRESSURE (kbar)

Figure 10. Nommalised resistivity vs .
oxygen annealed (o) oxides. Y v pressure for YBa;Cu, 19Fe0.090;_, air cooled (O) and

pnessur_e (Figurf‘, ll) Superconducting La, 15Baj 4sCuy04, behaves in a different manner. Its
normalized resistivity curve falls Steep up to 9 kbar, decreases gradually up to 50 kbar and
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shows constant level almost coinciding with the value of normalized resistivity of
La,Ba;CuaOia.l .

The structure of the superconductor as confirmed by X-ray powder diffraction method
is orthorhombic while that of the other oxides are tetragonal. The variation of normalised
unit cell volume with pressure of all the oxides is shown in Figure 12. It is evident from
the figure that the compressibility of the superconductor is the highest while that of the
metallic oxide is the lowest of all the three.
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Figure 11. Normalised resistivity of LagBayCugO;4; (), LagBaCugO;3, (O) and
La, ,5Ba, 4sCusO; (3 ) oxides under pressure.

A summary of the high pressure resistivity and high pressure X-ray diffraction results
of the high T, superconductors studied are given in Table 1.
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Figure 12. The variauon of normalized unit cell volume with pressure of all the oxides.

Table 1. Cell parameters, resisuvity and compressibility data.

Cell parameters p(S kbar) Compressibility
Samples
a(A) A% cA% Q-am (kbar™)
La, ¢Srg2Cu0, 3762)  3.76(2)  13.13(5)
La, ¢S10,7Big 2Cu0, 375(6)  3.756)  13.19(20) 1.29x1072 6.45%107
La, ;Bag;Cu0, 375(5)  3755) 133202 9.78x1072
YB#,Cu,0,._, (0) 3.82(8)  3.89(8)  11.62(4) 1.45x10° 10.5x10
YBa,Ciy 0, (T) 3.86(1) 3.86(1)  11.63(4) 7.85x10™ 4.73%x1073
HoBa;CuyO 384(5)  3.89(7)  11.68(2) 5.31x10°2 1.15x10°3
PrBa,Cu,0,._, 3.92(5) 3.92(5)  11.76(2) 7.53x1072 5.59x107
GdBa,Cu,07., 3.833)  3.89(5)  11.67(7) 792x1072 1.25x107
DyBa,Cu,0, 383(6)  3.84(6)  11.89(20) 1.69x1072 7.69x107*
LayBay,Cug0,4 552(5)  5.52(5)  11.89(13) 9.14x10™ 1.98x107
La,BaCugOy5 ¢ 8.53(7)  8.53(7) 3.87(4) 1.45x10° 1.49x107
La, sBa, gCu30, 367(0)  3.99(1)  11.63(3) 1.65%1072 2.30x107
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