
JOURNAL OF SOLID STATE CHEMISTRY 141, 546—553 (1998)
ARTICLE NO. SC988017
Effects of Cationic Substitution on the Electronic and
Magnetic Properties of Manganocuprate with a Layered

Eu3Ba2Mn2Cu2O12 Structure

Ichiro Matsubara,*,1 Noriaki Kida,- Ryoji Funahashi,* Kazuo Ueno,* Hiroshi Ishikawa,* and
Nobuhito Ohno-

*Osaka National Research Institute, AIST, Midorigaoka 1, Ikeda, Osaka 563, Japan; and -Osaka Electro Communication University, Hatcho,
Neyagawa, Osaka 572, Japan

Received January 27, 1998; in revised form August 25, 1998; accepted August 31, 1998
Systematic studies on the effect of substitutions on the layered
manganocuprate Eu3Ba2Mn2Cu2O12 have been conducted. To
introduce holes, we have made substitutions of Ca for Eu and/or
Sc for Mn, (Eu32xCax)Ba2(Mn22yScy)Cu2O12. Single-phase
compounds are obtained over a fairly wide range of x and
y values for x40.7 (y 5 0), x40.5 (y 5 0.5), and x40.1
(y 5 1.0). The doped holes are received predominantly at the
Mn–O site and change the charge of Mn from 31 to 41, and no
superconductivity has been obtained for any sample. The elec-
tronic ground state of (Eu32xCax)Ba2(Mn22yScy)Cu2O12 is
discussed by comparing with that of the three-dimensional perov-
skite La12xCaxMnO3 and K2NiF4-type La12xSr11xMnO4 com-
pounds. The substitution of Sr for Ba gives rise to a different
crystal structure, the Sr3Ti2O7 structure. ( 1998 Academic Press

1. INTRODUCTION

Since the discovery of high-¹
#
superconducting cuprates,

special attention has been given to layered perovskite oxides
consisting of copper oxide layers interleaved between other
metal oxide sheets. There are three principal ordered ar-
rangements of B and B@ ions in the perovskite oxides of
formula AA@BB@O

6
:BO

6
and B@O

6
octahedra are ordered (i)

in the NaCl-type of superstructure, (ii) in two directions to
yield parallel chains of both octahedra, and (iii) in a layered
structure in which two-dimensional BO

6
and B@O

6
net-

works are layered alternatively. The ordering of the B-site
cations in a layered structure is a crucial condition for
realizing superconductivity. A

2
CuB@O

6
perovskites tend,

however, to show an NaCl type of ordering of Cu and B@
(A"La, Sr; B@"W, Nb, Ta, Ir, Sb, Ti) except for the one
example of La

2
CuSnO

6
with a layered ordering (1—3). In

contrast, the introduction of oxygen vacancies leads to the
1To whom correspondence should be addressed.
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ordering of Cu and B@ cations through the formation of
ordered oxygen vacancies and different preferences of the
cations for octahedral and square-pyramidal coordination.
The epoch-making compound La

2
Ba

2
Cu

2
Sn

2
O

11
has been

reported by Anderson et al. as the first example in which the
double layers of square-pyramidal CuO

5
are interleaved

with double layers of octahedrally coordinated tin cations
(4). The isostructural Gd

2
Ba

2
Cu

2
Ti

2
O

11
has been dis-

covered in the process of systematic substitutional studies in
La

2
Ba

2
Cu

2
Sn

2
O

11
(5). Other than these quadruple perov-

skites, recent publications report new layered cuprates,
Gd

2
CaBa

2
Ti

2
Cu

2
O

12
(6), Y

2
Ba

3
Cu

3
Co

2
O

12
(7), Nd

2
Ba

2
Ca

m
Ce

n
Ti

2~dCu
2`dO11`m`2n

(m, n"0 or 1) (8), and
Eu

3
Ba

2
Mn

2
Cu

2
O

12
(9) with various intergrowth sequences

between the sheets of CuO
5

pyramids.
Among these compounds, Eu

3
Ba

2
Mn

2
Cu

2
O

12
is inter-

esting because of its potential for superconductivity but
also for magnetoresistance, which appear in hole-doped
manganese oxides with the perovskite structure (10—15).
Eu

3
Ba

2
Mn

2
Cu

2
O

12
consists of an intergrowth of single

rock-salt layers with quadruple oxygen-deficient perovskite
layers (Fig. 1). The double layers of CuO

5
square pyramids

are, therefore, separated by K
2
NiF

4
-type layers, instead of

double layers of perovskite units. The double layers of
square pyramidal CuO

5
units are a familiar structural unit

in the oxide superconductors, a new family of potential
superconductors. The magnetoresistant properties of these
materials depend in a highly sensitive manner on structure
(16). In the family of (La, Sr)

n`1
Mn

n
O

3n`1
, perovskite

(n"1) compounds show a transition from a high-resistive
paramagnetic state to a low-resistive ferromagnetic state
upon cooling due to double exchange, the exchange of
electrons between Mn3` and Mn4` ions (17). The interac-
tion also causes the giant magnetoresistive effect near the
transition temperature. Layered double-perovskite (n"2)
compounds exhibit a still larger magnetoresistive effect
6



FIG. 1. Schematic diagram of the Eu
3
Ba

2
Mn

2
Cu

2
O

12
structure.

FIG. 2. X-ray diffraction patterns of Eu
3~x

Ca
x
Ba

2
Mn

2
Cu

2
O

12
(x"

0.0, 0.6, 0.7, 0.8, 0.9, and 1.0) indexed on a tetragonal unit cell. Closed circles
represent an impurity phase.
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owing to the reduction of dimensionality (16). On the other
hand, the two-dimensional K

2
NiF

4
-type (n"1) compound

is not metallic or ferromagnetic (18, 19). In Eu
3
Ba

2
Mn

2
Cu

2
O

12
, the K

2
NiF

4
-type manganate layers are separ-

ated by double layers of square-pyramidal cuprate. This
compound, therefore, has the further reduced dimensional-
ity of a Mn—O network compared with the simple K

2
NiF

4
-

type compound. It is thus interesting to examine the elec-
tronic and magnetic properties of the hole-doped Eu

3
Ba

2
Mn

2
Cu

2
O

12
compounds. In this study, several cationic

substitutions have been performed on Eu
3
Ba

2
Mn

2
Cu

2
O

12
.

To introduce holes, we have made substitutions of Ca for Eu
and/or Sc for Mn, (Eu

3~x
Ca

x
)Ba

2
(Mn

2~y
Sc

y
)Cu

2
O

12
. The

stabilization of the Eu
3
Ba

2
Mn

2
Cu

2
O

12
structure as a func-

tion of constituent alkaline earth metal, Sr, has been investi-
gated.

2. EXPERIMENTAL

Samples of (Eu
3~x

Ca
x
)Ba

2
(Mn

2~y
Sc

y
)Cu

2
O

12
(04x4

1.0, 04y41.4) were prepared by conventional solid-state
reactions of the appropriate amounts of Eu

2
O

3
, CaCO

3
,

BaCO
3
, Mn

2
O

3
, Sc

2
O

3
, and CuO. These reactants were

mixed thoroughly, pressed into pellets, and then heated at
1000°C for 4 h in air and 1075—1100°C for 4 h with inter-
mediate grinding and pelletizing.

X-ray powder diffraction (XRD) data at room temper-
ature were collected on a Rigaku diffractometer with CuKa
radiation in the range 4°42h460° at an increment of
0.02° (2h) to examine sample purity and determine cell
parameters. Silicon was employed as an internal standard.
The temperature-dependent resistivity was measured using
a standard four-probe method at a constant dc current of
0.01 mA. The dc magnetization was measured with a super-
conducting quantum interference device (SQUID) mag-
netometer (MPMS

2
: Quantum Design) with a 4-cm scan

length in the temperature range 5—300 K. The applied mag-
netic field was 0.3 T for the M—¹ measurements. The oxy-
gen content was determined by a melt-reduction method
(Horiba EMGA-2800). The pulverized sample was melted in
a carbon crucible together with a nickel and tin flux to
reduce oxygen to carbon monoxide, which was detected by
infrared absorption. Transmission electron microscopy
(TEM) images and electron diffraction patterns were ob-
tained with a Hitachi H9000 UHR microscope operated at
300 kV. Samples for TEM observations were prepared us-
ing an ion-etching method.

3. RESULTS AND DISCUSSION

A. EuPCa Substitution

To introduce holes in the samples, we substituted Ca for
Eu, Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
(04x41.0 in an increment

of 0.1). The valence state of the parent compound, x"0, has
been reported to be Eu

3
Ba

2
MnIIIMnIVCu

2
O

12
(9), and

hence there are two possible sites receiving the doped holes,
the Cu—O site and/or the Mn—O site. Here we discuss the
hole-doping site, change of ground state compared with the
cubic and K

2
NiF

4
-type manganese oxides, and the occur-

rence of superconductivity.
Figure 2 shows the XRD patterns for samples where

x"0.0, 0.6, 0.7, 0.8, 0.9, and 1.0. Because of the



FIG. 4. Calculated (open circles) and experimental (closed squares)
oxygen content of Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
compounds.
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improvement of crystallinity, the full width at half-max-
imum of diffraction peaks is reduced and the intensity of
(00l) peaks is enhanced for the Ca-substituted samples,
reflecting the layered structure. Diffraction peaks due to an
impurity phase are marked with closed circles. Although the
impurity phase is detected around 2h"31° in the x50.8
samples, it is not observed in the x40.7 compounds. All the
diffraction peaks of the x40.7 compounds can be indexed
on the basis of tetragonal parameters as reported by Her-
vieu et al. (9), indicating that the solid solubility range is
x40.7 in the Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
system. The

change of lattice parameters is shown as a function of x in
Fig. 3. With increasing x, both the a- and c-axis lattice
parameters decrease monotonously, from 3.882 to 3.865 As
and from 35.27 to 35.09 As , respectively. The lattice para-
meters of x"0.0 are consistent with those in a previous
report (9). They become constant values for the x50.8
samples. The change of the lattice parameters supports the
solid solubility range of x40.7 found from the XRD
measurements. Such a wide range of solid solubility for the
EuPCa substitution indicates that Eu

3
Ba

2
Mn

2
Cu

2
O

12
has a large structural flexibility and the capacity to accept
holes. On the other hand, the substitution of Ca for the
lanthanide in the quadruple perovskites La

2
Ba

2
Cu

2
Sn

2
O

11
and Gd

2
Ba

2
Cu

2
Ti

2
O

11
contains impurity (4, 5).

Figure 4 shows the change of oxygen content measured
using a melt-reduction method for the single-phase com-
pounds. The calculated oxygen content in weight percent
increases with increasing x because Eu ions are replaced by
smaller mass Ca ions. The experimental oxygen content is
smaller than the calculated value for all the samples by
about 0.3 wt%, indicating the existence of a small amount of
oxygen deficiency. However, it increases in the same manner
as the calculated value. It should be noted that no extra
oxygen deficiency is induced by the EuPCa substitution
FIG. 3. a- and c-axis lattice parameters for Eu
3~x

Ca
x
Ba

2
Mn

2
Cu

2
O

12
compounds at room temperature.
and holes are doped effectively in the Eu
3~x

Ca
x
Ba

2
Mn

2
Cu

2
O

12
compounds.

We can identify whether the doped holes are present at
the Cu—O site or the Mn—O site from the result of the lattice
parameter changes because of the substitution. In the
La

1~x
Sr

1`x
MnO

4
(0.5(x(1.0) system with the K

2
NiF

4
structure, the a-axis decreases with x (19, 20), whereas it has
been reported that the c-axis increases slightly (19) or de-
creases (20). In the case of the c-axis, the effect of the
increasing value caused by the substitution of the larger Sr
ions for La ions and the effect of the decreasing value caused
by the change in charge of Mn ions from 3.5# (x"0.0)
to 4# (x"0.5) may balance out. In the case of the
Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
system, because the difference in

ionic radii between Eu3` and Ca2` is much smaller than
that between the La3` and Sr2` ions, both the a- and c-axis
would be predicted to decrease with Ca content when the
holes are present at the Mn—O site. It has been reported that
the in-plane Cu—O bond length decreases and the apical
Cu—O bond length increases in the CuO

5
pyramid when

holes are doped in the CuO
2

plane (21). If the holes, were
doped at the Cu—O site, a- and c-axis values would decrease
and increase, respectively, in the Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
system. The change of lattice parameters (Fig. 3) strongly
suggests that the doped holes due to the EuPCa substitu-
tion are at the Mn—O site, which is reasonable considering
the higher 3d energy level of Mn than Cu.The increase of Ca
content from x"0.0 to x"0.7 corresponds to the change
in the formal charge of Mn from 3.5# to 3.85# assuming
the Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
oxygen stoichiometry.

Magnetization was measured as a function of temper-
ature and field. The magnetization M vs temperature ¹ plot
measured in a zero-field-cooled (ZFC) sequence is shown in
Fig. 5. There is a magnetic transition at temperatures lower
than 30 K, where a steep increase in M is observed. In the



FIG. 5. Magnetization vs temperature plot for Eu
3~x

Ca
x
Ba

2
Mn

2
Cu

2
O

12
(x"0.0, 0.2, 0.4, 0.6, and 0.7) measured in a field of 0.3 T.

TABLE 1
Magnetic Propeties of Eu32xCaxBa2Mn2Cu2O12

Sample (x) k
%&&

a (k
B
) # (K)b ¹

F
(K)c I

3
(emu/g)d

0.0 8.8 1.0 19 0.1
0.1 9.0 20.2 24 0.5
0.2 8.7 30.1 30 1.9
0.3 8.6 38.3 34 1.8
0.4 9.1 38.8 32 1.5
0.5 8.7 36.2 29 1.2
0.6 8.9 25.6 26 0.7
0.7 8.7 25.4 22 0.2

aEffective paramagnetic moment.
bParamagnetic Curie temperature.
cFerromagnetic transition temperature.
dRemanent magnetization.
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magnetization M vs applied field H curve, a distinct hyster-
esis cycle is observed at 5 K, indicating that the magnetic
transition is due to the ferromagnetic ordering as reported
by Hervieu et al. (9). They have reported another magnetic
ordering at 100 K, whereas such a distinct transition was
not observed in our measurements. The ferromagnetic mo-
ment at 5 K increases with increasing Ca content up to
x"0.4 and decreases again to a similar value in the un-
doped x"0.0 compound. The inverse magnetic susceptibil-
ity vs temperature plot is analyzed according to a Curie—
Weiss law, s"C/(¹!#), where C is the Curie constant
and # is the paramagnetic Curie temperature. The effective
paramagnetic moment k

%&&
is estimated from the Curie con-

stant. The k
%&&

and # values are summarized in Table 1
together with the ferromagnetic transition temperature (¹

F
)

and remanent magnetization (I
r
). The k

%&&
values are in the

range 8.6—9.1 k
B
. These values agree with those calculated

using the moments of 3.4 k
B

for Eu3`, 4 k
B

for Mn4`, 5.1 k
B

for Mn3`, and 2.4 k
B

for Cu2`, 8.5—9.4 k
B
, depending on

the Mn3`/Mn4` ratio. The obtained ¹
F
, #, and I

r
indicate

that the ferromagnetic interaction is most marked for the
x"0.3 and 0.4 compounds.

All the compounds show a semiconducting-like transport
(do/d¹(0) as in the case of La

1~x
Sr

1`x
MnO

4
com-

pounds. The resistivity monotonously decreases with in-
creasing Ca content. The resistivity at room temperature
drops by about two orders of magnitude for the x"0.7
sample compared to the undoped x"0.0 one. This tend-
ency can be contrasted with that in the La

1~x
Sr

1`x
MnO

4
(0.5(x(0.7) system, in which resistivity at room temper-
ature increases with increasing x, corresponding to the in-
crease of Mn4` (18). The La

1~x
Sr

1`x
MnO

4
(0.5(x(0.7)

compounds have an anomaly around 230 K, where the R—¹
curve shows a steep increase due to real-space ordering of
the doped holes (18). There is no such anomalous behavior
in any Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
compound.
A plot of resistivity vs ¹~1 shows a continuous decreas-
ing slope with ¹ (Fig. 6a). The logarithm of the resistivity is
plotted against ¹~1@4 in Fig. 6b to illustrate the agreement
between the data and the Mott variable-range-hopping
(VRH) low, o"o

0
(¹/¹

0
)1@2 exp((¹

0
/¹)1@(d`1)), where o

0
is

a virtually temperature-independent material parameter,
¹

0
is a measure for the degree of charge carrier localization,

and d is the dimension of the conduction mechanism (22).
A ¹~1@4 dependence would be consistent with the isotropic
conductivity although a ¹~1@3 dependence would be ex-
pected from the layered structure. It is difficult to determine
experimentally which dependence is provable for the poly-
crystalline samples. The quantity K

B
¹

0
is related to the

density of state at the Fermi energy g(E
F
) and the localiza-

tion length m as K
B
¹

0
:b/g(E

F
)m3, where K

B
is the Bol-

tzmann constant. The ¹
0

values obtained by least-squares
fitting of the data are 4.2]108, 2.7]108, 1.8]108, and
1.4]108 K for the x"0.0, 0.3, 0.5, and 0.7 compounds,
respectively. The ¹~1@4 dependence cannot be followed to
very low temperatures because the values of ¹

0
are so large,

being consistent with those of amorphous semiconductors
(23), that the resistivity quickly becomes too large to
measure as ¹ is reduced. Assuming that m is &10 As (24),
g(E

F
) is estimated to be on the order of 1020/cm3 eV, and the

decrease of resistivity with Ca content could be attributed to
the increase of g(E

F
).

The electronic phase diagram of Eu
3~x

Ca
x
Ba

2
Mn

2
Cu

2
O

12
as a function of x is given in Fig. 7 together with

those of La
1~x

Ca
x
MnO

3
(25) and La

1~x
Sr

1`x
MnO

4
(18).

Comparing the diagram of these three compounds, we can
consider the effect of Mn—O network dimensionality on
electromagnetic properties in the range between Mn4`/
(Mn3`#Mn4`)"50% and 85%. It is concluded that
Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
has a ground state of a ferro-

magnetic insulator (FM-I). There is no evidence of charge
ordering. The spin-glass state due to the competition
between the generic antiferromagnetic superexchange



FIG. 6. Plot of resistivity vs ¹~1 (a) and ¹~1@4 (b) for Eu
3~x

Ca
x

Ba
2
Mn

2
Cu

2
O

12
(x"0.0, 0.3, 0.5, and 0.7).

FIG. 7. Electronic phase diagrams of Eu
3~x

Ca
x
Ba

2
Mn

2
Cu

2
O

12
,

La
1~x

Ca
x
MnO

3
(25), La

1~x
Sr

1`x
MnO

4
(18). FM, AFM, PM, SG, CO,

-M, and -I stand for ferromagnetic, antiferromagnetic, paramagnetic, spin
glass, charge ordering, metal, and insulator, respectively.
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interaction and the ferromagnetic double-exchange interac-
tion has been observed for La

1~x
Sr

1`x
MnO

4
. Basically, all

three compounds are thought to have two magnetic inter-
actions which are reduced by increasing the two-dimen-
sionality. The La

1~x
Ca

x
MnO

3
compounds clearly show an

antiferromagnetic transition in the magnetization vs tem-
perature curve at temperatures higher than ¹

N
"150 K,

whereas it is not observed for Eu
3~x

Ca
x
Ba

2
Mn

2
Cu

2
O

12
.

In the anisotropic magnetization measurements for
LaSrMnO

4
single crystal, an antiferromagnetic transition is

observed at 120 K only for H//c-axis configuration, indicat-
ing that the behavior is characteristic of an antiferromag-
netic transition with spins aligned along the c-axis (18). This
has been supported by neutron diffraction results (26). The
antiferromagnetic interaction is therefore drastically re-
duced by increasing the two-dimensionality, especially for
Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
. The paramagnetic Curie tem-

perature h for Eu
3
Ba

2
Mn

2
Cu

2
O

12
, La

0.5
Sr

1.5
MnO

4
, and

La
0.5

Ca
0.5

MnO
3

is 1, 310, and 312 K, respectively. The
decrease of # also suggests a reduction of ferromagnetic
interaction. However, the degree of reduction is very signifi-
cant for an antiferromagnetic interaction, indicating that
the ground state of Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
is that of

a ferromagnetic insulator.
B. (MnPSc)#(EuPCa) Substitution

Evidence of superconductivity has not been observed in
the Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
compounds because the

doped holes are predominantly at the Mn—O site. To try to
dope holes into the CuO

2
plane, we have prepared

(Eu
3~x

Ca
x
)Ba

2
(Mn

2~y
Sc

y
)Cu

2
O

12
, in which the mixed-

valence Mn ions are substituted by Sc ions with a fixed
charge of 3#.

Figure 8 shows the solid solubility range for
(Eu

3~x
Ca

x
)Ba

2
(Mn

2~y
Sc

y
)Cu

2
O

12
. There is no detectable

impurity phase in the XRD pattern for y41.0 when
x"0.0, corresponding to the abscissa line in Fig. 8. The
change of lattice parameters of Eu

3
Ba

2
(Mn

2~y
Sc

y
)Cu

2
O

12
is shown as a function of y in Fig. 9. Both the a- and c-axis
lattice parameters increase monotonously from 3.885 to
3.913 As and from 35.26 to 35.70 As with substitution, which
reflects the difference in ionic radii of the Mn and Sc ions.
The lattice parameters become constant values for the
x'1.0 samples. The change of lattice parameters supports
the solid solubility range of y41.0 determined from XRD
measurements. The amount of substitution of Sc for Mn
reaches as high as Sc/(Mn#Sc)"50%.

Magnetization of Eu
3
Ba

2
(Mn

2~y
Sc

y
)Cu

2
O

12
was

measured as a function of temperature and field. The



FIG. 8. Solid solubility range for (Eu
3~x

Ca
x
)Ba

2
(Mn

2~y
Sc

y
)Cu

2
O

12
. FIG. 10. Magnetization vs applied field curves for Eu

3
Ba

2
(Mn

2~y
Sc

y
)Cu

2
O

12
(y"0.0, 0.2, 0.5, and 1.0) measured at 5 K.
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ferromagnetic transition clearly observed for the y"0.0
sample disappears with increasing y up to 1.0. The magnet-
ization M vs applied field H curve is shown in Fig. 10; the
distinct hysteresis cycle vanishes and it is replaced by para-
magnetic behavior with increasing y. The ferromagnetic
interaction is thought to be reduced due to the incorpora-
tion of a foreign ion, Sc3`, in the pure Mn—O network.
These results imply that the observed magnetic behavior in
the y"0.0 samples is derived mainly from the K

2
NiF

4
-type

Mn—O layers.
As the charge of Sc is fixed at 3#, hole doping into the

CuO
2

plane is expected when the total amount of
(CaPEu#ScPMn) substitution is larger than one,
x#y'1. In the pure samples shown in Fig. 8, the (x"0.1,
y"1.0) sample satisfies the condition of x#y'1. Fig-
ure 11 shows the temperature dependence of the resistivity
of the (x"0.1, y"1.0) sample compared with the (x"0.0,
y"1.0) sample. Although the resistivity decreases by about
FIG. 9. a- and c-axis lattice parameters for compounds at room tem-
perature.
one order of magnitude due to the EuPCa substitution, it
is still semiconducting. The results of oxygen analysis of the
(x"0.1, y"1.0) sample indicate an oxygen deficiency
of d"0.1 in the chemical formula, (Eu

2.9
Ca

0.1
)Ba

2
(Mn

1.0
Sc

1.0
)Cu

2
O

12~d . The actual doped holes are, there-
fore, less than those which are expected to be doped into the
CuO

2
plane. It should be mentioned that the substitution of

Sc for Mn may induce disordering in the B-site cations.
A neutron diffraction study is necessary to investigate the
change in the ordered structure. The CuO

2
plane seems to

hardly receive the doped holes in the (Eu
3~x

Ca
x
)

Ba
2
(Mn

2~y
Sc

y
)Cu

2
O

12
compounds.

C. BaPSr Substitution

The in-plane Cu—O bond length estimated from the lat-
tice constant is 1.94—1.96 As , which is larger than that of
FIG. 11. Temperature dependence of resistivity of (x"0.0, y"1.0:
open squares) and (x"0.1, u"1.0: open circles) compounds.
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typical p-type superconductors and, if anything, closer to
that of n-type superconductors. This would explain the lack
of superconductivity in doped Eu

3
Ba

2
Mn

2
Cu

2
O

12
com-

pounds. Attempts to dope electrons into this material with
tetravalent Ce ions on the Eu sites failed to produce a single-
phase compound. To shorten the the in-plane Cu—O bond
length, the substitution of Sr for Ba was attempted.

The stoichiometric composition Eu
3
Sr

2
Mn

2
Cu

2
O

z
has

a structure different from the Eu
3
Ba

2
Mn

2
Cu

2
O

12
structure.

Figure 12 shows the powder XRD patterns of these
two samples. Almost all the diffraction peaks of the
Eu

3
Sr

2
Mn

2
Cu

2
O

z
compound can be indexed on the basis

of a tetragonal unit cell with a"3.79 As and c"20.3 As .
Some small peaks due to an impurity phase are observed
(shown by closed circles in Fig. 12). It is important to select
the proper lanthanides to obtain pure layered copper perov-
skites (27, 28). The ¸n

3
Sr

2
Mn

2
Cu

2
O

z
(¸n"Nd, Gd) com-

pounds prepared under the same conditions as
Eu

3
Sr

2
Mn

2
Cu

2
O

z
show an impurity phase in their XRD

pattern. Attempts to synthesize a pure phase by substituting
constituent lanthanides for Eu were unsuccessful. Efforts to
determine the composition and optimal processing con-
ditions for the single phase were concentrated on
Gd

3
Sr

2
Mn

2
Cu

2
O

z
. Attempts to improve the phase purity

were made by slightly varying starting compositions of Gd,
Sr, and Cu. The mixtures of starting materials were heated
at various temperatures (1050—1150°C) for 30—60 h. Among
these samples, the off-stoichiometric Gd

2.5
Sr

2.2
Mn

2
Cu

2.1
O

z
compound heated at 1050°C for 30 h shows no impurity

phases in its XRD pattern.
From the XRD patterns and cell parameters, we propose

the Sr
3
Ti

2
O

7
structure, the second member of the Ruddles-

den—Popper-type compound series, as the structural model
FIG. 12. X-ray diffraction pattern of Eu
3
Sr

2
Mn

2
Cu

2
O

z
compared

with that of Eu
3
Ba

2
Mn

2
Cu

2
O

12
. Closed circles show an impurity phase.
for Gd
2.5

Sr
2.2

Mn
2
Cu

2.1
O

z
. This model is supported by

TEM observations. Figure 13 shows a high-resolution
transmission electron microscope image with the incident
electron beam along the [110] direction and the corres-
ponding selected-area electron diffraction pattern. The lat-
tice image clearly shows layers with a uniform spacing of
about 10 As , which corresponds to nearly half the c-axis unit
length. There is no stacking fault in this observation, indic-
ating a high homogeneity in this layered compound. The
electron diffraction pattern can be indexed with respect to
the (a*#b*)!c* reciprocal lattice sections of the tetrag-
onal cell with a"b"3.8 and c"20 As . The layer spacing
and the observed atomic image strongly support the
Sr

3
Ti

2
O

7
structure. Detailed structural analysis is now in

progress.
Considering the structural model, the Gd

2.5
Sr

2.2
Mn

2
Cu

2.1
O

z
compound has a large deficiency in the A-site

cations (Gd#Sr). The stoichiometric composition would
be expected to be (Gd,Sr)

6
(Mn,Cu)

4
O

14
. The a-axis cell

parameter of Gd
2.5

Sr
2.2

Mn
2
Cu

2.1
O

z
is smaller than that of

isostructural LaSr
2
Mn

2
O

7
(20) and Ca

3
Ru

2
O

7
(29), which

is caused by the large cation deficiency. When the
Gd

2.5
Sr

2.2
Mn

2
Cu

2.1
O

z
compound has the ordered struc-

ture in which the Mn double perovskite units and the Cu
oxygen-deficient double perovskite units are stacked alter-
nately, layers with a different spacing should be observed
alternately. This is not the case in our TEM observation, in
which a very uniform spacing of 10 As is found in each layer.
This indicates that the B-site cations, Mn and Cu ions, may
be disordered in Gd

2.5
Sr

2.2
Mn

2
Cu

2.1
O

z
with the Sr

3
Ti

2
O

7
structure. The susceptibility obeys Curie—Weiss behavior
FIG. 13. High-resolution transmission electron microscope image with
incident electron beam along the [110] direction and corresponding se-
lected-area electron diffraction pattern for Gd

2.5
Sr

2.2
Mn

2
Cu

2.1
O

z
.
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over a wide temperature range. The temperature depend-
ence of the resistivity exhibits a semiconductive behavior.
The apparent lack of magnetic ordering and the high resis-
tivity are attributed to the B-site cation disordering.

The substitution of Sr for Ba in Eu
3
Ba

2
Mn

2
Cu

2
O

12
gives

rise to a change in the stable phase and the disappearance of
B-site cation ordering. In our previous study on the stability
of ¸n

3
Ba

2
Mn

2
Cu

2
O

12
(¸n"Nd, Sm, Eu, Gd, Tb, Dy, Er,

Yb), we have reported that the Eu
3
Ba

2
Mn

2
Cu

2
O

12
struc-

ture is stabilized by a particular ionic size at the ¸n site
(¸n"Sm, Eu, Gd) (30). Selection of proper A-site cations,
lanthanide and alkaline earth cations, is a crucial condition
for obtaining the Eu

3
Ba

2
Mn

2
Cu

2
O

12
structure.

4. CONCLUSION

We have prepared solid solutions in the (Eu
3~x

Ca
x
)

Ba
2
(Mn

2~y
Sc

y
)Cu

2
O

12
system. Single-phase compounds

are obtained in a fairly wide range of x and y values for
x40.7 (y"0), x40.5 (y"0.5), and x40.1 (y"1.0). We
have obtained some evidence for successful doping of holes
through the substitution. The doped holes are received
dominantly at the Mn—O site and change the average
charge of Mn from 3.5# to 3.85#. Superconductivity is not
observed in the (Eu

3~x
Ca

x
)Ba

2
(Mn

2~y
Sc

y
)Cu

2
O

12
system.

The CuO
2

plane accepts almost no holes in the layered
manganocuprates. The ground state of the Eu

3~x
Ca

x
Ba

2
Mn

2
Cu

2
O

12
compounds is that of a ferromagnetic insula-

tor. The substitution of Sc for Mn causes the disappearance
of the ferromagnetic interaction, indicating that the interac-
tion comes from the Mn—O layers. The substitution of Sr for
Ba induces a different crystal structure, the Sr

3
Ti

2
O

7
struc-

ture, together with the disordering of the B-site cations.
Single-phase compounds are obtained from the nominal
composition of Gd

2.5
Sr

2.2
Mn

2
Cu

2.1
O

z
, which implies

a large A-site cation deficiency.
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