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The orthorhombic-to-tetragonal structural phase transition in the high-7, superconducting ox-
ides of the type Ri+xBaz-xCu3O7+5 [R (for rare earth) =Nd, Sm, and Eu] has been investigated
using powder x-ray diffraction, dc resistivity, and thermogravimetric techniques. It was found
that the orthorhombic-to-tetragonal transition occurs for samples whose nominal stoichiometric
content of oxygen is greater than 7.0 (0 <& <0.3) as compared to less than 7.0 in YBa;Cu3O7-s.
With increasing [R/Ba] ratio in R;+xBaz-xCu3O7+5, a clear convergence of multiple orthorhom-
bic peaks to a well-defined single tetragonal peak was observed in the x-ray diffraction pattern.
The presence of orthorhombic distortion in this system appears to be essential for achieving 90-K

superconductivity.

INTRODUCTION

It is well established that the high-T, superconducting
oxides RBa,Cu3;07-;5 (referred to as 1:2:3 compounds,
where R=Y and all the rare-earth elements except Ce,
Pr, and Tb) undergo an orthorhombic-to-tetragonal tran-
sition as a result of variation in the oxygen content and ox-
ygen distribution. T, is dramatically effected by oxygen
content, oxygen distribution, and crystal symmetry.!?
For 6=0, the crystal symmetry is orthorhombic and
T.~92 K. When samples are heat treated at elevated
temperatures and/or in reducing atmospheres, the oxygen
content and T, decrease; at § > 0.5, the samples may be
tetragonal and semiconducting. The depletion of the oxy-
gen content of 1:2:3 compounds also leads to the reduction
of both the formal oxidation state and coordination num-
ber of the Cu(l) atoms in the Cu-O one-dimensional
chains along the b direction. In the fully oxygenated or-
thorhombic form of 1:2:3, the average formal valence of
copper is 2.33 and all of the O(4) (0,3 ,0) positions are
occupied, while all of the O(5) (%,0,0) positions are emp-
ty.? In tetragonal YBa,Cu30g, Cu(1) appears to have a
formal charge of +1 and twofold coordination to oxygen
along the c axis of the unit cell.* The tetragonal form of
1:2:3 is semiconducting, while the ordered orthorhombic
YBa,Cu30s3 is superconducting;>® in the former, the
0O(4) and O(5) positions are randomly occupied, in the
latter, although a large number of O(4) atoms are missing
along the b axis, the long-range order of the Cu—O chain
is maintained. YBa;Cu307-; with 0.3 < & <0.5 prepared
at low temperature by oxygen getter methods is a ~60-K
bulk superconductor.”> Thus, both oxygen content and
the microscopic oxygen configuration has a large effect on
T., and near full (§ <0.2) occupation of the O(4) posi-
tions is required for 90-K superconductivity. The
structural and transport properties of orthorhombic and
tetragonal YBa;Cu3O7 -5 phases are well established.

In addition to thermal treatments, the oxygen content
and the crystal symmetry of the 1:2:3 compounds may be
changed by chemical substitution. For example, in
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La;+,Bas—,Cu3O7+5 La3* substitution for Ba?* leads
to an increase in the oxygen content, a change in the dis-
tribution of oxygen ions in the lattice, and concomitant
changes in crystal symmetry, electronic properties, and
T..%" For 0 <x <0.3 the samples are orthorhombic and
superconducting, while for x> 0.3, the samples are
tetragonal and semiconducting. & increases with increas-
ing x; however, the formal oxidation state of cogper is
2.33, nearly independent of the oxygen content.® This
suggests that the copper oxidation state alone is not
sufficient to produce superconductivity. More recent re-
ports indicated that even small rare-earth ions including
Nd, Sm, Eu, and Y can substitute for the large Ba cations
in the 1:2:3 structure leading to higher oxygen content
than seven.® ~!® However, in these reports, the relation-
ship between the oxygen content, orthorhombic-to-
tetragonal phase transformation, and superconducting be-
havior was not established in detail. Substitutions for Cu
by all of the 3d transition-metal cations or by Al** or
Ga3" have also been carried out; some of these substitu-
tions also lead to orthorhombic-to-tetragonal phase transi-
tions. Nevertheless, it is not clear at the present what the
effect of 3d transition metal or that of the AI’* or Ga3*
ion substitutions are on the oxygen content or oxygen or-
dering of the 1:2:3 compounds.'' ™13

We have undertaken a systematic investigation of
R(Ba;—xR,)Cu307+5 with R =Nd, Sm, and Eu in order
(i) to examine the range of x for solid solution formation
and its relationship to oxygen content, copper valence, and
high-T, superconductivity; (ii) to find unambiguous evi-
dence of orthorhombic-to-tetragonal transition in these
substituted phases and to establish the relationship be-
tween oxygen content and symmetry transformation. In
this Communication, we show an upper limit of oxygen
content for the existence of the high-T, superconducting
phase and unambiguous evidence of orthorhombic-
tetragonal transition in R(Ba;-;Re,)Cu3O7+5; with
R =Nd, Sm, and Eu; the transition is sharp and occurs at
x==0.2. The oxygen content increases, while T, decreases
with increasing x.
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EXPERIMENT

Rare-earth oxides used in this investigation were fired
at 950°C in air to elimiante hydrates, carbonates, and
other impurity adsorbates. Stoichiometric amounts of
reagent grade, or better purity Nd;O3; or Sm;0s, or
Eu,03, BaCO;, and CuO were weighed according to the
chemical equation

3+ (1+x)R,03+ (2 — x)BaCO3+ 3CuO
i R]+xBa2—xCu30y .

The mixtures were ground in an agate mortar and cal-
cined in air of 950°C with repeated grindings and
refirings (usually two or three), until no changes in the
powder x-ray diffraction could be detected. The powder
samples were pressed into pellets and then sintered at
950°C for 24 hs. In order to maximize the oxygen con-
tent, pellet samples were annealed at 450-500°C in flow-
ing oxygen atmosphere for 24 h, followed by slow cooling
to room temperature. X-ray powder diffraction data were
recorded by a SCINTAG PAD 1V diffractometer using Si
as an internal standard. Oxygen contents were deter-
mined by H; reduction of the powder specimens in a Du-
Pont 951 thermogravimetric analyzer (TGA). Electrical
resistivity was measured in the temperature range 4-300
K on rectangularly shaped bar samples with indium solder
contacts in a four-probe configuration. All measurements
reported in this investigation are reproducible.

RESULTS AND DISCUSSION

X-ray powder diffraction data indicate that the solubili-
ty limit of R(Ba;—,R,)Cu3O7+5 with R =Nd, Sm, and
Eu is 0<x <0.5. The prediction of Zhang ef al.,’ of a
larger upper limit of solubility in R(Baz-,R,)Cu3O7+5
with increasing size of the rare-earth ion was not ob-
served. For compositions corresponding to x =0.5 the
powder x-ray diffraction patterns of R(Ba;-,R,)Cus-
O7+s analogs show close resemblance to that of
La3Ba3Cus-Oj4+5 (3:3:6). Figure 1 compares the
diffraction patterns of Nd(Ba,-,Nd,)Cu307+; of x =0.0
and x =0.5. It is evident that the 3:3:6 analogs of Sm,
Nd, and Eu are isostructural with their parent 1:2:3 struc-
tures in agreement with recent neutron and x-ray
diffraction studies of Nd, +xBa; - xCu30,,. 1415 At x> 0.5
decomposition of the perovskite-type phase occurs, and an
impurity phase of K;NiF4-type shows up in the powder-
diffraction patterns of Sm and Eu at x=0.6; an
unidentified phase is seen in the Nd system at x =0.6.

Table I summarizes the unit-cell parameters, crystal
symmetry, total oxygen content, and 7, for the series
R(Ba;-xR,)Cu307+5 (R=Nd, Sm, and Eu). Cell pa-
rameters were determined by fitting the observed x-ray
data by least-squares refinement techniques. Orthorhom-
bic Nd(Ba;-,Nd,)Cu3O07+5 Sm(Ba;—,Sm,;)07+5 and
Eu(Ba;—xFu,)Cu307+5 show a decrease in the b and ¢
cell parameters, and an increase in the @ parameter with
increasing [R1/[Bal ratio. a and b converge for x=0.2
(Fig. 2), then decrease monotonically. Thus, the
orthorhombic-to-tetragonal phase transition is clearly
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FIG. 1. Comparison of powder x-ray-diffraction patterns ot
two members of the solid solution series Nd;+xBaz-xCu3O7+s
(a) x =0.0; (b) x =0.5 (Nd 3:3:6).

resolved in all three systems. Peak profiles of the (006),
(020), and (200) reflections as a function of x in
Nd(Ba;-,Nd,)Cu307+5 are presented in Fig. 3. For
x =0, the characteristic orthorhombic splitting of the peak
is seen. With increasing x, the triplet peak gradually
transforms first to a doublet and eventually to a single
peak at x =0.5. Similar behavior is seen in the Sm and
Eu analogs, except that the tetragonal phase seems to be
stabilized for smaller values of x (~0.1-0.2).

Figure 4 shows the variation of the total oxygen content
in Nd(Ba;-xNd,)Cu307+5 as a function of x as deter-
mined by thermogravimetric analysis (TGA). A nearly
monotonic increase in & with increasing x is observed. In
all three systems, we see a clear transition from ortho-
rhombic-to-tetragonal symmetry at §=0.1030.01. This
indicates that a minimum occupancy of the O(5) site is
required to increase the symmetry. At low values of §, all
of the O(4) sites, and few of the O(5) sites are occupied so
that orthorhombic symmetry and long-range order of the
one-dimensional Cu—O chains in the b direction remain,
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FIG. 2. Variation of the cell parameters a, b, and c as a func-
tion of x in Nd;+xBaz—xCu307+s.
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TABLE I. Physical parameters of Ri+xBaz—xCu3O7+5, R=Nd, Sm, and Eu. In the crystal symmetry column, O and T denote

orhtorhombic and tetragonal, respectively.

Composition Crystal Cell parameters (A) Tt gt
x symmetry a b c (X) (X) 8
Nd; +xBaz-xCu3O7+5
0.0 o 3.871(2) 3.914(1) 11.756(2) 88 77 0.04
0.1 o 3.871(1) 3.914(3) 11.7321(1) 81 50 0.05
0.2 T 3.890(1) 3.892(2) 11.696(2) 54 33 0.10
0.3 T 3.890(2) <. 11.661(1) 50 14 0.14
0.4 T 3.874(3) 11.659(4) s s 0.19
0.5 T 3.876(3) 11.649(1) s s 0.30
Sm; +xBaz—xCu3O7+5
0.0 o 3.858(0) 3.910(0) 11.741(0) 92 82 0.01
0.1 o 3.860(2) 3.906(2) 11.729(3) 87 70 0.05
0.2 T 3.881(0) ce 11.654(2) 47 29 0.09
0.3 T 3.879(2) 11.630(2) coe s 0.16
04 T 3.871(1) 11.599(2) s s 0.19
0.5 T 3.861(2) 11.603(3) R coee 0.22
Eui+xBa;—xCu3Or+s
0.0 o 3.844(1) 3.904(4) 11.709(4) 92 88 0.01
0.1 ] 3.854(3) 3.887(8) 11.679(6) 92 70 0.07
0.2 T 3.873(0) s 11.631(2) 56 28 0.18
0.3 T 3.867(1) 11.624(2) 53 26 0.15
0.4 T 3.873(3) 11.619(2) 43 13 0.16
0.5 T 3.859(1) 11.579(3) s < e 0.32

mediating superconductivity. However, at higher values
of & with more of the O(5) sites being occupied, the
structural transformation to tetragonal symmetry occurs;
the chains are partially replaced by Cu—O octahedral lay-
ers in the basal plane (ab) and superconductivity is des-
troyed. A recent report suggests that by annealing the
3:3:6 samples under high oxygen pressure, the O(5) occu-
pancy might be increased up to § =0.6 with superconduc-
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1
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FIG. 3. X-ray-diffraction peak profiles of the (200), (006),
and (020) reflections of Nd;+xBas—Cu3O7+;5 as a function of x.

tivity observed in the sample at ~30 K.'¢ However, this
result needs to be confirmed. by others.

The temperature dependence of resisitivty is shown in
Fig. 5 for R(Baz—xR,)Cu3074+5 with R =Nd, Sm for the
range 0 <x =<0.5. For x=0 (§=0), metallic behavior
between 300-90 K and a metal-to-superconductor transi-
tion at 90 K are observed. The room-temperature resis-
tivity values scale linearly with x. A local minima is evi-
dent before the onset of superconductivity for composi-
tions with 0.2 < x < 0.4 for Nd and with 0.1 <x <0.3 for

0.27

0.18

8 value

0.09
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FIG. 4. The oxygen content 6 as a function of x in
Nd; +xBaz—xCu3Or+s.
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FIG. 5. Temperature dependence of the resistivity as a func-
tion of temperature in R;+xBa;-,Cu3O74+5 (a) R=Nd; (b)
R=Sm.

the Sm compounds. Figure 6 indicates the variation of T,
with x for the Nd and Sm series of solid solutions. T, de-
creases with increasing x for both in a similar way. When
x=0.4 for the Nd and x = 0.3 for the Sm series, only
semiconducting behavior is seen down to 4 K. The Eu
compound is still superconducting at x =0.4 at low tem-
perature (Table I). These results indicate that the tetrag-
onal phase has a deleterious effect on the superconducting
properties in these systems providing further evidence that
square planar coordination of Cu(l) in the bc plane is
essential for superconductivity. The metal-to-semicon-
ductor transition and the broadening of the superconduct-
ing transition seen in some of the substituted samples
(Fig. 5) are attributed to inhomogenieties of the samples.
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FIG. 6. T, as function of x in the solid solution series (a)
Nd, +xBaz-xCu307+5 and (b) Sm;+xBaz—xCu3O7+5 *, T
0,72,

Part of the inhomogeneities might be due to differences in
the relative occupancy of the O(4) and O(5) sites in
different regions of the pellet specimen. However, it
might be partly due the magnetic rare-earth ions (Nd,
Sm, Eu) on the Ba®* site effecting superconductivity.

In summary, we have found solid solution formation in
Ri+xBa;—,Cu307+s (R=Nd, Sm, and Eu) for 0<x
=<0.5. With increasing x, the oxygen content increases
and the formal oxidation state of Cu remains ~2.33. A
clear orthorhombic-to-tetragonal phase transition at
x~0.2 is observed. T, decreases with increasing oxygen
content.
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