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New family of layered copper oxide compounds with ordered cations:
Prospective high-temperature superconductors
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A new family of layered copper oxide compounds with ordered rare-earth cations has been
designed and synthesized. The compounds are partially Sr-substituted L[La]Cu04, where L
(=Sm, Eu, and Gd) and La ions are sequentially ordered thus: [ L —L —La ——La —]. As a re-
sult, the Cu-0 network of the new compound forms single-layer sheets of Cu05 pyramids, which
is essentially the same as in the 30-K superconductor (Nd, Ce,Sr)2Cu04 discovered recently by
Akimitsu et a/. Extensive oxygen annealing makes the new compounds metallic, indicating their
possibility as a new class of high-temperature superconductors with hole-type charge carriers.

Since the discovery of high-temperature superconduc-
tivity (high T,) in copper oxide compounds by Bednorz
and Muller, ' unprecedented extensive efforts have been
devoted to synthesizing new superconducting copper oxide
compounds with higher T,. Some of those attempts have
succeeded as is well known, realizing higher-T, com-
pounds with new structures. Most of the new supercon-
ductors, e.g. , Y-Ba-Cu-0 (Ref. 2) and Bi(T1)-Sr(Ba)-
Ca-Cu-0 (Refs. 3 and 4) systems, are characterized by
the layered structures which comprise Cu-0 pyramidal
sheets, as a common structural unit, and also sequentially
ordered noncopper cations along the normal to the Cu02
planes. In this Brief Report, we describe the design and
synthesis of a new family of layered copper oxide com-
pounds, partially Sr-substituted L, ~ La i Cu04, where L
stands for Sm, Eu, and Gd: The new compounds are com-
posed of the single-layer sheets of Cu-0 pyramids, as
shown in Fig. 1(a), and show the sequential ordering of
the cations in such a way as [—La —La —L —L —]. We
have found that the Sr-doping into the mother compound
LLaCu04 stabilizes the new structure, which we will call
the T* phase hereafter, and makes the compounds metal-
lic (and possibly superconducting, if we can diminish oxy-
gen vacancies). The new compounds form essentially
the same Cu-0 network as the 30-K superconductor
Nd2 „,Ce„Sr,Cu04 discovered by Akimitsu et al. ,
which shows the partial ordering of Nd and Sr as shown in
Fig. 1(b). The T* phase compound is possibly the sim-
plest system among the Cu-0 pyramidal sheet compounds
and, hence, will provide a unique opportunity for investi-
gating basic physical properties relating to the existing
multisheet compounds with higher T, but with more com-
plicated structures.
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FIG. 1. Crystal structures of metallic (and possibly supercon-
ducting) copper oxide compounds with single-layer Cu02 sheets:
(a) L~ — La~+ —,Sr, Cu04 (T phase; L Sm, Eu, and Gd); (b)
Nd2 — —,Ce Sr,Cu04 (T* phase); (c) La2 —„Sr„Cu04(T
phase); and (d) L2 — Ce Cu04 (T' phase; L =Pr, Nd, Sm, Eu,
and Gd).

Our synthetic strategy for the new single-layer Cu-0
pyramidal sheet compounds was as follows: There are two
well-known examples of copper oxide compounds with
single-layer sheets: The K2NiF4 structure or the so-
called T phase [shown in Fig. 1(c)] as observed in
La2Cu04 and the N12Cu04 structure or the so-called T'
phase [shown in Fig. 1(d)] as in L2Cu04, L being Pr, Nd,
Sm, Eu, and Gd. Whether rare-earth metal copper oxides
with single-layer Cu02 sheets have the T or T' phase
structure seems to be critically dependent on the ionic ra-
dius of constituent rare-earth ion. In particular, the T
phase is only stabilized for the largest La ion among rare-
earth trivalent ions. The relatively large Pr (and Nd) ions
can form the solid solution with the largest La ions,
La2 —„Pr„Cu04and La2 —„Nd CuOq, over the whole
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composition range, but undergoes the T-to-T' phase trans-
formation at critical concentration. On the other hand,
the large La ions can hardly be dissolved in the smaller ion
sites (Sm, Eu and Gd sites) in the T' phase structures, and
vice versa in the T phase structure. The key to get a new
structure is to mix the large La ions and small Sm (or Eu
or Gd) ions, which are mutually insoluble, approximately
with the 1:1 ratio. This is essential for realizing the
sequential ordering of the large and small cations, just as
in the case of Y (small)-Ba2 (large)-Cu307. Then, the
resultant structure is expected to be a hybrid of the T
phase (characteristic of La sites) and T' phase (I. sites),
that is the T phase structure shown in Fig. 1(a), com-
posed of two-dimensional (2D) sheets of the Cu-0 pyra-
mids.

Materials were synthesized from a mixture of
prescribed amounts of La203, Smq03 (or Eu203 or
Gd203), CuO, and SrC03. Mixed powder was first cal-
cined at 950 C in air for 10 h, then pressed into pellets,
and finally sintered at 1130'C in air for 15 h. The pellets
were quenched to room temperature in air, and subse-
quently annealed at 550 C in the atmosphere with vari-
ous oxygen pressures up to 80 atm.

A series of new compounds with the chemical formula
of I. ~

— La~+, ,Sr, Cu04 —y could be obtained in the
nearly single-phase form for the composition ranges,
0 & x & 0.20 and 0.10 & z & 0.30. In these compounds
the stoichiometric ratio of La to L is kept around 1 to real-
ize the sequential ordering of these cations as described
above. To stabilize the new T* phase, however, a small
amount of Sr is necessary, supposedly due to the condition
of the stable Cu valence slightly above 2.0.

The x-ray-diffraction pattern of the new compound, for
example, Sm~0La075Srp25CU04 —y differs evidently in

peak positions from those of the typical compounds of the
T phase (e.g. , La2-„Sr„Cu04)with 2D sheets of Cu-0
octahedra and of the T' phase (e.g. , Nd2Cu04) with 2D
sheets of Cu-0 squares. The Rietveld analysis of the x-
ray pattern has been carried out for the new-phase sam-
ple, for example, Smi iiLa(j75Slp25Cu04 —~, as shown in

Fig. 2. In an initial refinement, occupation factors of Sm,

La, and Sr were varied freely. It was proven that the oc-
cupation factor of the L-ion site in Fig. 1(a) exceeds uni-

ty. Then this site was assumed to be fully occupied by the
Sm with the largest atomic number of three. The oxygen
content of the present sample has been determined by an
iodometric titration technique as 4 —y =3.95, and occu-
pation factors for 0(1), 0(2), and 0(3) sites were fixed
at 1, 0.95, and 1, respectively. We also used isotropic
thermal parameters of 0.4 A for metal atoms and 0.5 A
for oxygen. In the diffraction pattern, traces of impurity
peaks (less than 5%) were observed, and intensity data in
these regions were excluded in the refinement. Table I
lists final structure parameters determined in the present
Rietveld analysis. The R factors are R„~= 11.9%,
R& =8.8%, RI 4.8%, and RF =4.1%.

Unfortunately, the large neutron absorbance of Sm
prevents us from carrying out the neutron-diffraction
study for the more accurate determination of positions of
oxygen and its vacancy. However, the above structure
model is also supported by the high-resolution lattice im-

age by the transmission electron microscope operated at
400 kV. The micrograph for the same compound,
Sm~ 0La075Sr025Cu04 —y, is shown in Fig. 3 together with
the interpretation of the lattice image. In particular, fair-
ly large separation between two lines of La ions is clearly
seen in the micrograph, which is in accord with the x-ray
analysis.

Reflecting the hybrid character between the T and T'

phase, the new tetragonal compound of the T* phase
structure shows the intermediate values of the lattice con-
stants, a 3.86 A, c =12.6 A, which are to be compared
with the values in the T phase (a =3.78 A, c =13.2 A)
and in the T' phase (a =3.96 4, c =12.1 A). Reasonably,
the x-ray pattern and lattice parameters of the new com-
pounds are nearly identical to those of the 30-K supercon-
ductor Nd2 — —,Ce„Sr,Cu04, having the same T phase
structure. " In the case of Nd2 —„—,Ce Sr,Cu04, how-
ever, the compound is stabilized by a subtle balance of the
electric charge of cations, which can be obtained in a nar-
row compositional range of Ce + ions and Sr + ions. "
By contrast, the present new series of compounds appear
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FIG. 2. Rietveld refinement pattern of Smi.pLap75Srp. 25- Cu04 —~. Positions of 172 Bragg reAections for CuKI and K2 radiations

are indicated by markers, and y; is the diAerence between observed and calculated intensities.
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TABLE I. Structure parameters of Sm].pLa0. 75Sr0.25Cuo3. 95.

Space group P4/nmm a.=3.8588(2) A and c =12.5725(7) A.
g is the occupation factor. Numbers in parentheses are standard
deviations of the last significant digit.

Atom Site X z

2.0

reduced
p=0.08, y=0. 1 1

La
Sr
Sm
Cu

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

2c
2c
2c
2c
4f
2c
2a

0.390(2)
0.390(2)
0.106(1)
0.244(4)
0.243 (1 1)
0.422(8)
0

0.75
0.25
1

1

1

0.85
1

8
Cl

o $ 0 quenched
=0.10, y=0.10

to be realized essentially by the simple order of the large
(La) and small (Sm, Eu, and Gd) rare-earth ions having
the same valence (3+).

In Fig. 4, we show the temperature dependence of resis-
tivity in the T phase compounds, Sm~ oLao7QSrp3pCu-
O4 ~, which were quenched from 1130 C in air or an-
nealed in diN'erent oxygen atmospheres as indicated in the
6gure. The transport properties in the T* phase sample
were found to be quite sensitive to the annealing treat-
ment, as clearly seen in Fig. 4. To characterize each sam-
ple, the effective Cu valence (2+p), or the concentration
(p) of the doped holes per [Cu-0] unit was determined by
an iodometric titration technique. In Fig. 4 are indicated
the p value as well as the oxygen vacancy (y). The latter
value was determined by the condition of electric neutrali-

FIG. 3. High-resolution transmission electron micrograph of
Sm [.OLap. 75Srp. 25CuO4 —y ~
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ty in the sample L~~„+La1„,+Sr, +Cu +i'04 —~. In
the sample quenched from 1130'C in air (y =0.10,
p =0.10) and the sample annealed at 900'C in N2 gas
liow (y =0.11,p =0.08), behaviors of resistivity are semi-
conducting. %ith decrease of oxygen vacancy y, or with
increase of hole concentration p by the annealing pro-
cedure, the resistivity at low temperature is greatly re-
duced. In particular, the extensively oxygenated sample
(p =0.14, y 0.08), which was annealed at 550'C in the
atmosphere of 80 atm oxygen for 20 h, shows the metallic
(i.e., dp/dT & 0) behavior over the whole temperature re-
gion below 300 K. Although a resistivity drop was ob-
served at around 20 K in this sample, the measurement of
the Meissner signal (field-cooling run) indicated that its
vo1ume fraction at 2 K was as small as 10 of the ideal
value and, hence, the observed trace of superconductivity
is not of bulk nature.

The Hall coefficient of this sample was also measured,
which shows the positive value of +2x10 cm /C at
room temperature. This confirms the hole-type charge
carriers in this T phase structure with the Cu-O pyrami-
dal sheets. The similar positive value was also obtained in
the superconducting T phase compound, N12 —„—,Ce-
Sr,CuO4 ~. '' The situation in this T* phase is similar to
the cases of the T phase La-based compounds with octa-
hedral sheets [Fig. 1(c)] and also of other high-T, copper
oxide compounds with pyramidal sheets, but sharply con-
trasts with the T' phase [for example, Nd2-„Ce„Cu04
shown in Fig. 1(d)] in which the charge carriers are elec-
trons.

The observed resistivity behavior in the new compounds
appears to be strongly correlated with the hole concentra-
tion and oxygen vacancies, although it is difficult in the
present case to separate their respective contribution from

Temperature (K)
FIG. 4. Temperature dependence of resistivity in Sm] p-

Lap. 70Srp3pCuO4 —y. The values of p and y represent the nomi-
nal hole concentration per [Cu-0] unit and oxygen vacancy, re-
spectively. The resistivity drop in the p =0.14 sample around 20
K is not due to the bulk superconductivity (see text).
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each other. As compared with the case of La2 —„Sr„Cu04
(T phase) with similar values of p(-0.2) or of Sr con-
tent, ' even the most oxygenated sample shown in Fig. 4
still includes considerable amounts of oxygen vacancies
(y-0.06), which does not seem to be easily fulfilled by
the usual oxygen treatment. Nevertheless, the observed
systematic change of resistivity behavior in the course of
decreasing oxygen vacancies implies that the new T
phase compounds, I. ~

—~La~+x —,Sr,Cu04 —~, will be a
new family of high-T, oxide compounds if the oxygen va-
cancies can be properly fulfilled. For this purpose,
higher-pressure () 100 atm) oxygen annealing and/or
substitution of other divalent ions for Sr may be useful,
which are currently being tested.

Note added in proof. After submission of this paper,
we have obtained the bulk superconducting T -phase
sample, Sm~ OLa075SI025Cu04, by annealing the com-
pound under the partial 02 pressure of 400 atm for 5 h at
900'C. The clear onset of Meissner signal (field cooled)
was observed around 20 K and its magnitude exceeded
10% of the ideal value at 5 K.
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