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The title compounds have been prepared by high pressure/high temperature reaction. Thermogravimetric measurements indi-
cate that they decompose above = 350°C in He flow. Electron microscopy and X-ray powder and single crystal diffraction data
are presented. They all reveal the presence of three types of superstructure, corresponding to different unit cells, which can be
observed in different grains of the same sample. The results of an average structure refinement carried out with the unit cell, and
symmetry of the T* phase are presented for the Tm,CuO, compound. These results are compared with those obtained for Gd;CuO,.

1. Introduction

The compounds corresponding to the R,CuO,
chemical formula, where R denotes a rare-earth ele-
ment, are known to exist for R ranging from La to
Gd and exhibit extremely interesting physical prop-
erties. La,CuO, has the K,NiF,-type T structure and
has been extensively studied as a p-type high-tem-
perature superconductor when doped with excess
oxygen with a large divalent cation. The R,CuO,
compounds with R=Pr, Nd, Sm and Eu become n-
type high temperature superconductors when the R
cations are partially substituted by tetravalent cat-
ions. They have the Nd,CuO, T’ structure contain-
ing square-coordinated Cu cations and eight-coor-
dinated R cations. Although it has the same structure,
Gd,CuO, does not become uperconducting throu
doping.

For heavier rare-earth cations (R=Tb to Lu), the
R,CuO, compounds cannot be prepared at ambient
pressure and compounds with the R,Cu,O5 formula
are usually formed. Recently, it has been shown that
the R,CuO, compounds with R=Tb to Tm can be
prepared under high pressure and that they present

gh

the T’ structure [1]. We present here results on the
synthesis conditions, stability and crystal structure
of these new compounds.

2. Sample preparation

Powder samples of R,CuO, (R=Y, Tb, Dy, Ho,
Er, Tm) were obtained by high-pressure and high-
temperature reactions using a high-pressure belt-type
apparatus. The maximum pressure and temperature
were 9 GPa and 1500°C, respectively. Stoichiomet-
ric mixtures of copper and rare-earth oxides werc
thoroughly ground and sealed in platinum capsules.
Various experimental conditions were tried in order
to determine the range of stability of the R,CuO,
phase for each R eilement (R=Y, Tb, Dy, Ho, Er,
Tm, Yb and Lu). For every experiment, the pressure
was first increased to the nominal value at a rate of
~0.2 GPa/mn, then the temperature was raised to
the desired value at ~ 100°C/mn. The pressure and
the temperature were kept constant for one hour, after
which the furnace power supply was shut off and the
pressure was decreased to normal within = one hour.
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The samples were checked by energy-dispersive mi-
croanalysis, using a Kevex Delta class analyzer in-
stalled on a JSM 840-A scanning electron micro-
scope, and by X-ray powder diffraction, using a
Guinier camera and Fe Ka radiation. The films were
digitalized with a LS20 line scanner and the Bragg
angles were obtained with the reflexion positions of
a Si internal standard.

The R,CuO, phase was obtained for R=Y, Tb, Dy,
Ho, Er and Tm. For Y, it was observed at pressures
and temperatures above 5 GPa and 900°C, while for
Tb, Dy, Ho and Er the minimum values at which the
phase was obtained were ~8 GPa and 1000°C. The
Tm,CuO, phase was obtained at 9 GPa and 1200°C.
For smaller rare-earths such as Yb and Lu, the
R,CuO, phase could not be obtained. For R=Y, Tb,
Dy, Ho, Er and Tm, the inner part of the pellets ob-
tained corresponded to the R,CuO, composition as
revealed by microanalysis, with very small inclu-
sions of copper oxide. The outer part consisted of a
thin layer of a parasitic phase. Microanalysis and X-
ray diffraction showed that this phase corresponded
to the high pressure phase B-R,0; [2]. Since this
parasitic phase was only present at the surface of the
pellets, it could be easily removed by scraping the
surface.

During one run for the Tm,CuQO, phase the pellet
contained single crystals about 0.1 mm in size. Sim-
ilar single crystals of the Y,CuO, phase were syn-
thesized by slow-cooling (2°C/mn) a stoichiomet-
ric mixture of Y,O; and CuO under high pressure.
This technique should allow us to grow single crys-
tals of the R,CuO, phase for the other rare-earth
cations.

3. Thermogravimetry

The stability of these high-pressure phases with re-
spect to temperature was checked by thermogravi-
metric experiments. A Perkin-Elmer TGA 7 ther-
mogravimetric analyzer was used. The samples
placed in a Pt container were heated to 800°C at
2°C/mn in a He flow. The reducing atmosphere was
chosen because such an atmosphere is needed to ob-
tain superconducting samples of the Ce doped
Nd,CuO, phase. A typical thermogravimetric curve
is reported in fig. 1 for the Y,CuO, compound. The
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Fig. 1. TGA curve obtained for Y,CuQ, in He atmosphere.

sample weight remains approximately constant up to
2 300°C, where an abrupt weight loss is observed. A
second and more pronounced weight loss is visible
above ~800°C. For all the R,CuO, compounds, the
first weight loss occurred between 300 and 350°C.
Guinier films taken with samples annealed at tem-
peratures between the two weight losses indicated that
the R,CuO, phase decomposed. This result shows
that it is not possible to keep the R,CuQ, phase after
high-temperature annealing in a reducing atmo-
sphere. This could be the reason why these com-
pounds do not become n-type superconductors.

4. Electron microscopy

Two different instruments were used for the elec-
tron microscopy/diffraction studies: a Philips EM400
T (120 kV) at the C.N.R.S. Grenoble, and a Jeol
200CX (200 kV) at the L.B. L., Berkeley. Each mi-
croscope was equipped with a double tilting goniom-
eter stage in order to reach as many planes as pos-
sible in reciprocal space with the same sample.

For the samples of Y>CuO, and Tm,CuQO, ob-
tained under high pressure, the strongest reflexions
corresponded to  the  Nd,CuOstype  cell
a,Xay,Xc(cx11.7 A); however, three different su-
percells were found to exist for both compounds, de-
pendine on the grain observed:

- (a) superstructure corresponding to a
2a,./2Xay/2Xc cell



180 P. Bordet et al. / Synthesis and study of R,CuO,

- (B) superstructure corresponding to a
2a,./2X2a,./2 X% 2c cell

- (y) superstructure corresponding to a
ap/2Xap/2Xc cell.

The (a) superstructure was the most commoniy
present in Y,CuO,. It is characterised by strong
(1/21/20) and (1/4—1/4 0) reflexions and weak
(1/2—-1/20) ones (figs. 2(a,b)). The absence of
(1/200), (1/400), (01/20), (01/40), etc...
reflexions when the multiple scattering is not present

indicates that this (a) superstructure can as a first
approximation be characterized by two components
that are weakly linked, namely a (1/21/20) su-
perstructure along (a+5) anda (1/4—1/4 0) mod-
ulation along (a—b). Along this direction, the first
order reflexions (1/4—1/40) are much stronger
than those of the second order (1/2—1/20), and
diffuse lines parallel to this direction are observed.
This indicates that this modulation is nearly sinu-
soidal and presents stacking faults.

Fig. 2. (a): [001] zone axis electron diffraction pattern from Y,CuO, sample showing reflexions from the (a) superstructure. ( b):

corresponding high-resolution image.
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The (B) superstructure could be observed clearly
in Tm,CuO, samples (fig. 3(a)) and was also pres-
ent, but weakly, in Y,CuO, samples. This super-
structure is analogous to that reported by Chen et al.
[3] for Ce-doped Nd,CuO, compounds; however,
the superstructure reflexion intensities seem to be
weaker in our case. Chen et al. reported that the su-
perstructure spots were due to two domains, and only
a one-dimensional superstructure in the plane per-
pendicular to the [001] direction was found by in-
specting a single domain grain. The same behaviour
is true for our samples. It is due to the extinction
condition, corresponding to the A-centered space-
group, observed in grains oriented perpendicularly
to each other. Instead, in Tm,CuQ,, we found a two-
dimensional superstructure in a single domain. A high
resolution image of this sample reveals the small do-
main size. Figure 3(b) is a low magnification HREM
image corresponding to the ED pattern of fig. 3(a).
In part A of one grain the superstructure is along one
direction, and dislocations are visible. But in an-
other grain the two-dimensional superstructure has
been found in part B (fig. 3(c) ). The overlapping of
two domains perpendicular to each other, each pre-
senting the one-dimensional superstructure, could
explain this observation. As can be seen in fig. 3(c),
the contrast of the (B) superstructure is wavy, as in
a sinusoidal modulation, and its periodicity is four
times the (1 1 0) d-spacing.

The third superstructure (y) is very weak and dif-
fuse in both Y,CuO, and Tm,CuO, d compounds
(fig. 4(a)) and seems to exist only in very small
grains. The superstructure intensities are much
weaker than those of the subcell. Figure 4(t) is the
HREM image corresponding to the figure 4{a) cat-
tern: in parts A and B the ordering directions are per-

two kinds of superstructures can be seen within one
domain. The contrast change through the superstruc-
ture is sharp, which is contrary to that observed for
(B) superstructure.

Besides the difference in vector length among these
different superstructures, their cause may also be dif-
ferent. The intensity of the (a) superstructure re-
flexions is nearly as strong as that of the subcell. These
(a) and (B) superstructures are probably produced
by a displacive cation modulation rather than only
by oxygen ordering. On the other hand, in the (y)

superstructure the intensity of the superstructure re-
flexions is much lower than that of the subcell re-
flexions and this superstructure could be related to
an oxygen/vacancy ordering phenomenon or to ox-
ygen displacements.

5. Comparison with Gd,CuO,

In order to check whether or not similar super-
structures could be observed in ambient pressure-
prepared R,CuO, compounds, we performed an
electron diffraction study of a Gd,CuO, sample. This
compound was chosen because it is the last member
which can be prepared at ambient pressure and it
does not become superconducting when doped with
Ce. Moreover, Galez et al. [4] recently reported a
single-crystal X-ray diffraction study of this com-
pound showing the existence of a structural distor-
tion, but no superstructure has been reported up to
now for Gd,CuO,.

The sample used for the electron diffraction study
was obtained by crushing a flux-grown single crystal.
The same three types of superstructures as described
above for Y,CuO, and Tm,CuQ, were indeed ob-
served for Gd,CuQ,. In this case, the (8) superstruc-
ture was the most commonly found and the super-
structure reflexions were rather strong. Figure 5
shows that the modulation in the [001 ] plane occurs
only along the [110] (or [1-10]) direction. How-
ever, depending on the crystal area observed, the su-
perstructure reflexions can be seen along the per-
pendicular direction. This indicates the presence of
domains for the high-pressure-grown samples. It is
also similar to the observations of Chen et al. for the
Ce-doped Nd,CuO, compound [3]. As reported by

the latier, the [—iii], {i—1ijand {ii1] zone axes
are not equivalent (figs. 6(a-c)), because the su-
perstructure reflexions are present in rows parallel to
only one [112]-type direction. The extinction con-
ditions of the different patterns indicate that the lat-
tice is A-centered.

Some crystals presented the (y) superstructure
(figs. 7(a) and 7(b) as well. In this case, the spots
at (1/21/20) and equivalent positions are very
sharp and strong. We noticed that when the sample
was beam-heated, additional weak superstructure re-
flexions appeared at (1/41/40), (3/43/40) and
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Fig. 3. (a):‘ [001] zone §xis e}ectrop diffraction pattern from Tm,CuO, sample showing reflexions from the (B) superstructure. (b):
corresponding low-magnification, high-resolution image. (c): higher magnification from part Bof (b).



P. Bordet et al. / Synthesi- :.d study of R-CuO, 183

b

Fig. 4. (a): [001] zone axis electron diffraction pattern from Tm,CuQ, sample showing reflexions from the (y) superstructure. (b):

corresponding high-resolution image.

equivalent positions, leading to the (o) superstruc-
ture. These weak reflexions disappeared when the
sample irradiation decreased.

It can be concluded that the same types of order-
ing exist in Gd,CuQ, and in the high-pressure syn-
thesized R,CuQO, compounds. All these samples are
far from homogeneous and the relative proportions
of each type of superstructure are strongly sample-

dependent. This seems to indicate that the super-
structures are related to deformations of the lattice
taking place to accommodate the small rare-earth
cations and thus are very sensitive to the sizes of these
cations. The (y)— (a) transformation observed for
Gd,CuO, could also exist in the high-pressure syn-
thesized R,CuO, compounds at somewhat lower
temperatures. This could explain why the (a) su-
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Fig. 5. [001] zone axis electron diffraction pattern for Gd,CuO,.

perstructure is very often observed for the latter. The
(v) superstructure is very weak and of short range.
However, since several superstructures are present
in a given sample, the complete determination by
diffraction techniques of the corresponding struc-
tural distortions will be extremely difficult.

6. X-ray powder diffraction

As a first approximation, the Guinier films of the
R,CuO, compounds synthesized under high pres-
sure can all be indexed with the Nd,CuO,-type unit
cell and the I4/mmm space group. Figures 8(a) and
8(b) represent the variation of the cell parameters
and of the ¢/a ratio versus the ionic radii of the rare-
earth cations taken from reference [5]. These results
are in qualitative agreement with those reported by
ref. [1]. The values for the R,CuO, compounds with
R=Pr-Gd obtained by solid state rearticn at am-
bient pressure are included for comparison. Con-
trary to what one would expect, the cell parameters
do not vary linearly as a function of the ionic radii
and the deviation from linearity is even more pro-
nounced for the c¢/a ratio. Three different behav-
iours can be distinguished in the c/a versus r curve.
One corresponds to rare-earth cations smaller than
Tb where the ¢/a ratio varies linearly. A second cor-
responds to the rare-earth cations larger than Eu
where the c/a ratio also varies linearly but with a
slope different from that corresponding to the small
rare-earth cations. The third behaviour corresponds
to Eu, Gd and Tb for which the c/a ratios are in-
termediate between the previous two. This can be
related to the existence of structural distortions, as
revealed by electron microscopy for the R,CuO,
compounds with small rare-earth cations.

Fig. 6. (a): [—111] zone axis electron diffraction pattern for
Gd,CuO,. (b): [1—11] zone axis electron diffraction pattern.
(c): [111] zone axis electron diffraction pattern.

A closer analysis of the Guinier films revealed the
presence of many extra, weak reflexions. These extra
reflexions could be indexed in one of the supersiruc-
ture cells determined by electron microscopy and
single-crystal X-ray diffraction (see below). The
largest superstructure unit cell is orthorhombic with
parameters ;% 2a,./2, b,~2a,/2 and c;~ 2c. Ow-
ing to the very large size of this unit cell (22500 A?)
and to the pseudo-symmetry, the indexing of the
Guinier films is not unambiguous. Nevertheless, a
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Fig. 7. [001] zone axis electron diffraction pattern for Gd,CuQ,.
(a): Sharp spots are present at (1/2 1/2 0) and equivalent po-
sitions. (b): same pattern after beam-heating.

satisfactory indexing of the Tm,CuO, Guinier film
could be obtained by comparison with the single-
crystal data collected from the above superstructure
cell. The corresponding Guinier film is shown in fig.
9 and its indexing is given in table 1. The reflexions
reported in table 1 are indexed on the
2a,./2X a,\/2 X c unit cell of the () superstructure
described above. Actually, there are about 10 more
very weak, extra reflexions which can be indexed on
the 2a,./2X2a,./2X2c cell, but most of them do
not respect the A-centering condition found by elec-
tron diffraction and none could be gbserved by sin-
gle-crystal X-ray diffraction. They could be attrib-
uted to small amounts of parasitic phases. Therefore,
for this sample, the (a)-type superstructure seems to
be predominant over the (B)-type one. The cell pa-
rameters obtained are a,=10.8388(9) A,
b,=5.4341(4) A and ¢,=11.5984(7) A.
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(b) for the R,CuO, compounds vs. the ionic radii of the rare-
earth cations.
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7. Single-crystal X-ray diffraction

We chose to study by X-ray diffraction a single
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Table 1
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Indexation of the Guinier film obtained for Tm,CuO,. The reflexions are indexed on the 2a,,/2 X a,./2 X c unit cell corresponding to

the (o) superstructure

hkl Theta obs. Theta calc. Difference I(%)

112 15.068 15.077 —0.009 1.31
211 15.413 15.42 —0.007 24.20
302 18.409 18.414 —0.005 2.18
113 18.673 18.676 —0.003 8.67
311 19.426 19.427 —-0.001 5.62
004 19.518 19.515 0.003 4.41
213 20.837 20.834 0.003 100.00
020 20.885 20.886 —0.001 23.57
400 20.945 20.945 0 17.45
121 22.148 22.142 0.006 3.05
022 23.201 23.185 0.016 1.87
411 24.087 24.085 0.002 2.09
024 29.257 29.246 0.011 29.91
124 29.785 29.78 0.005 3.43
006 30.077 30.072 0.005 16.49
420 30.323 30.322 0.001 75.80
512 30.609 30.614 —-0.005 3.28
414 31.382 31.381 0.001 1.93
315 31.826 31.822 0.004 2.87
206 32.148 32.142 0.006 1.06
600 32.415 32.426 ~0.011 1.75
513 32.855 32.848 0.007 3.43
504 33.907 33.912 —0.005 3.66
132 34.569 34.564 0.005 7.37
415 35.317 35.301 0.016 1.71
522 36.553 36.551 0.002 1.78
133 36.663 36.674 ~0.011 1.50
424 37.244 37.256 -0.012 2.00
406 37.98 37.991 -0.011 33.19
233 38.097 38.097 0 42.40
117 38.138 38.147 —0.009 63.53
126 38.408 38.421 -0.013 11.42
604 39.191 39.18 0.011 1.59
134 39.548 39.556 -0.008 8.87
711 40.986 40.982 *© 0.004 3.37
317 41.864 41.867 -0.003 2.43
008 41.922 41.922 0 1.87

crystal of the Tm,CuO,4 compound, which should
present a large distortion of the basic R,CuQ, struc-
ture because of the relatively small Tm ionic radius.
An irregularly-shaped, single crystal was first ex-
amined by X-ray diffraction with a precession cam-
era. It was then mounted on a Philips PW 1100 dif-
fractometer equipped with graphite
monochromatized Ag Ka radiation. The lattice pa-
rameters of the (a,, a,, ¢) unit cell were refined from
the position of 18 reflexions with Bragg angles rang-

ing from 8° to 12°. Scans of reflexions that could be
indexed on the (a), (B) and (y) superstructure unit
cells were performed. It became evident that the
largest unit cell (that is the (2a,\/2, 2a,\/2, 2¢) unit
cell of the (B) superstructure) had to be taken into
account in order to index all reflexions. The A-cen-
tering extinction condition observed by electron dif-
fraction was also verified for this single crystal.

All reflexions up to #=20° were collected. Those
which did not obey the A-centering condition were
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omitted. The scan width was 1.4°, with 0.02° s~!
scan speed. Between one and three consecutive scans
were carried out according to the intensity. Detector
slits of 1 1 mm? were used. A total of 3838 reflex-
ions were measured and corrected for Lorentz-po-
larization effects.

In order to determine the percentage of the dif-
ferent superstructures, statistical tests on the inten-
sities after averaging them in the Ammm space group
were carried out. Of the 990 independent reflexions,
103 belonged to the (a,, a,, ¢) I-centered unit cell of
the T’ structure, of which 101 had I>¢ and 80
I> 100; 86 belonged to the same cell but did not obey
the I-centering condition, of which 71 had I> o and
24 1>100; 125 reflexions (with & and / even) be-
longed to the (@,./2, a,\/2, ) unit cell of the (y)
superstructure, of which 103 had I>o and 36 I> 10g;
333 reflexions (with h odd and / even) belonged to
the (2a,./2, ap/2, ¢) unit cell of the (a) super-
structure, of which 288 had I>o and 187 I> 100; and
finally, 343 reflexions (with k and / odd) belonged
to the A-centered (2a,./2, 2d,\/2, 2¢) unit cell of
the (B) superstructure, of which 25 had I>0¢ and
none had I> 100.

The intensity of the superstructure reflexions is far
from being negligible and the structural distortions
producing these reflexions must be large, with an ap-
preciable contribution coming from the cations.
Moreover, it should be pointed out that the reflex-
ions, which are indexable only on the unit cell of the
B superstructure, are very weak or unobserved. A
typical scan of one of the strongest reflexions of this
type (1—3 3) is shown in fig. 10 and compared with
the (1 24) reflexion indexable in the (a) super-

Table 2
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Fig. 10. @>-scans of the (1 —3 3) and (1 2 4) reflexions (indexed
in the (a) superstructure unit cell) for a Tm,CuQ, single crystal.

structure unit cell. Consequently, the influence of the
(B) superstructure could probably be neglected in
the first attermpt to solve this complex structural
problem. Sinc< ihe strongest contribution is coming
from the (a) superstructure, the corresponding unit
cell, (2a,./2, a,\/2, c) could be used. However, at-
tempts to refine the structure with this unit cell and
various orthorhombic space groups have failed so far
to give reasonable results.

The preliminary results of a least square refine-
ment of the average structure with the I-cente-ed (a,,
a,, ¢) unit cell and 14/mmm space group of the T’
phase are presented in table 2. The corresponding
interatomic disiances are also given. Data processing
and refinements were carried out by the SDP pro-
gram package [6]. After index transformation and
averaging in the 4/mmm point group, 65 indepen-

Positions, thermal factors (A?) and interatomic distances (A) for Tm,CuO, as determined by average structure refinement with the T

unit cell and space group

atom pos. X y z Un U, Uss
Tm de 0 0 0.34579(9) 0.0255(7) 0.0255 0.0364(5)
Cu - 2a 0 0 0 0.014(2) 0.014 0.006(1)
o(1) 8j 0.091(7) 1/2 0 0.007(25) 0.007(12) 0.11(1)
0(2) ad 0 1/2 1/4 0.022(9) 0.022 0.078(8)
Cu-O(1) (x4) 1.950(5) Tm-0(1) (X2) 2.89(2)
Tm-0(1) (X2) 2.38(2) Tm-0(2)(X4) 2.216(1)

average Tm-O distance: 2.43(32)
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dent reflexions with I> ¢ were retained. The absorp-
tion correction was made by using the DIFABS pro-
gram of Walker and Stuart [7]. The starting atomic
positions were Cu in 2a (000), Tm in 4e
(002z=.33),0(1) in4c (C 1/20) and O(2) in 4d
(0 1/2 1/4). Statistical weights (1/0®) were used.
The reliability factors R=6.1% and wR=3.5% were
obtained by altowing the scale factor, the z-coordi-
nate of Tm and the anisotropic thermal parameters
for all atoms to vary. A very large value (0.19 A2)
was obtained for the U,, parameter of the O(1) atom.
Thus, it was placed in the disordered 8j (x1/20)
position, and x was refined together with the other
parameters. This refinement yielded R=5.8% and
wR=3.3% reliability factors. As these refinements
cannot give anything more than an average structure
we decided not to go any further.

This average structure is very similar to that re-
ported by Galez et al. [3] for Gd;CuO,, for which
a displacement of the O(1) atom along the g-axis
was also found. However, the displacement found
for Tm,CuQ, (x=0.091) is approximately twice as
large as that found for Gd,CuO, (x=0.046). This
larger O(1) displacement observed for Tm,CuQ;, is

probably the result of a larger structural distortion
due to the smaller size of Tm3* compared to that of
Gd3*.

Additional studies are underway in order to go be-
yond this average description of the structure of
Tm,CuO, and of the R,CuO, compounds with
R=Gd, Tb, Dy, Ho and Er. However, the electron
microscopy results indicate that several types of su-
perstructure may coexist in different areas of the
same sample, which complicates the complete so-
lution of the structure.
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