Inorganica Chimica Acta, 196 (1992) 145-149

A new series of mixed-metal cuprates in the T’ structure:
Nd, . ,A,Ce,Cu0O,_; (A"=Mg and Ca)

S. Wang, J. D. Carpenter, S.-J. Hwu*
Department of Chemistry, P.O. Box 1892, Rice University, Houston, TX 77251 (USA)

R. Sauerbrey
Department of Electrical and Computer Engineering, Rice University, Houston, TX 77251 (USA)

J. T. Vaughey, K. R. Poeppelmeier
Department of Chemistry, Northwestern University, Evanston, IL 60208 (USA)

S. N. Song and J. B. Ketterson
Department of Physics and Astronomy, Northwestern Urniversity, Evanston, IL 60208 (USA)

(Received December 23, 1991)

Abstract

We report the synthesis of a new series of layered copper oxide compounds, Nd,_,_,A,Ce, CuQO,_; (A"=Mg
and Ca), which are isostructural with the T’'-phase of the superconducting, n-type Nd,_,Ce, CuO,_,. An extended
solid solubility range, x +y < 0.60, is observed. The as-prepared air-quenched samples show semiconducting behavior.
These newly prepared compounds raise further questions about electron-doped superconductivity in the cuprate
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oxides.

Introduction

Since the discovery [1] of n-type high transition-
temperature (high T.) superconductivity in cerium-
doped Ln, _,Ce CuO, (Ln=Pr, Nd and Sm) compounds,
the effort to understand the fundamental parameters
that describe electron-type superconductivity [2] has
been two-fold. Synthetically, the substitution of fluorine
for oxygen [3] in Nd,CuO, has been employed as an
alternative route for achieving a reduction of copper,
electron conductivity and superconductivity (7, =27 K).
Chemical substitutions by tetravalent cations [4, 5]
demonstrate that the superconductivity appears to be
associated with electrons in the CuO, planes, which
are donated by tetravalent (or intermediate valent, +3
and +4) Ce and Th when substituted for trivalent
lanthanide cations, e.g. Eu, ,CeCuO,_; and (Nd,
Pr),_,Th,CuO,_,. Experimental evidence from both
photoemission spectroscopy [6] and X-ray absorption
spectroscopy (XAS) [7] have confirmed that the system
is indeed doped with electrtons. Theoretically, the local
density functional energy band calculations [8] of T’-
Nd, _,Ce CuO, _; reveal that the electronic structure
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of this electron-doped superconductor near the Fermi
level (Ef) is similar to the hole-doped superconductors.
The unique feature of the band structure appears to
be the additional O(2) p-band, lying just below Eg,
that has resulted from the interaction of p,—p, orbitals
from vertical O(2)-O(1)-O(2)-O(1) chains (see struc-
ture description below).

The Ce-doped superconductors adopt the Nd,CuO,
structure (T’-phase, as shown in Fig. 1) which is com-
posed of a metal framework similar to that of K,NiF,.
In the T" structure the Cu is coordinated to four oxygens,
O(1) atoms, in a square planar geometry. In contrast
to La,CuO, (T-phase), the O(2) atoms are in a totally
different position than the apical oxygen of Cu. They
share the same in-plane symmetry as the O(1) atoms
and also connect the O(1) atoms along the z direction
perpendicular to the Cu-O(1) plane. In the T'-phase,
the A-site cation (Nd in this case) has a coordination
number of eight, which is the same as that found in
YBa,Cu,0,, but less than nine as seen in La,CuQO,
and La,_,Sr,CuO, (T-phase). It is interesting to note
that the structure of the Sr-codoped n-type
Nd,_,_,Sr,Ce,CuO,_; superconductors (7,=~28 K)
[9-11] no longer retains the T’-structure, but rather
they possess the T*-structure which has the same metal
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Fig. 1. A schematic drawing of the structure of T'-Nd,CuQ,.

framework but a different oxygen arrangement. Its
structure can be described as a combination of T-phase
(e.g. CuQg octahedral in La, _,Sr,CuO,_;) and T’-phase
(e.g. CuO, square planar in Nd,_,Ce,CuO,_,), giving
rise to a square pyramidal coordination at the Cu sites;
e.g. CuQ;. Furthermore, ordering of the cations, Nd(Ce)
versus Nd(Sr), is found in the structural fragments of
T’ versus T, respectively. However, the factors that
govern the phase formation of T, T* or T’ are not
totally understood.

In this paper we describe the synthesis, crystal struc-
ture and conductivity of divalent cation-doped T'-
Nd,_, ,A,Ce,CuO, (A" =Mg and Ca). We demonstrate
that the relative cation sizes of Mg>* and Ca** (in-
cluding Ce**) versus Nd®>* may be responsible for
retaining the T’-structure. Superconductivity appears
to be introduced by Ce** doping in the compounds
of Nd, .Ce,CuO, _; (6§=0.04) [1] but does not exist
in the current systems due to an appreciable amount
of oxygen deficiency.

Experimental

Polycrystalline  samples of Nd, , A CeCuO,
(A"=Mg and Ca) were prepared by the solid state
reaction of Aldrich cupric oxide (99.999%), magnesium
oxide (99.99%), calcium carbonate (99.995%), cerium
oxide (99.9%) and neodymium oxide (99.9%). Powders
were ground with a mortar and pestle and calcined in
air three times (12 h each time) with intermittent

grindings at temperatures ranging from 950 to 1000
°C. The dark black samples were pressed into pellets
before continuing the reaction at higher temperatures,
e.g. 1000-1100 °C. The products were reground and
repelletized twice. Thermogravimetric studies (with a
DuPont 9900 Thermal Analysis System) were performed
in a hydrogen atmosphere to determine the oxygen
composition.

Disc-shaped spccimens, 12 mm in diameter and 1
mm thick, were isostatically pressed at 12 Kbar at room
temperature for resistivity measurements. The pellets
were sintered at 1000-1100 °C and quenched in air.
Discs were checked for metallic behavior using a two-
probe voltmeter from room temperature down to liquid
nitrogen temperature. Selected discs were cut into
rectangular specimens with cross sections of 3 X7 mm
and four lcads were attached with silver paint for 4-
point resistivity measurements.

X-ray diffraction (XRD) measurements were carried
out on pelletized polycrystalline samples. XRD powder
patterns were recorded on a Philips PW1840 diffrac-
tometer with Cu Ke radiation and a Ni filter. National
Burcau of Standards (NBS) silicon was used for an
internal standard. The XRD powder patterns
(20<26<60°) were indexed and refined by the least-
squares program LATT [12] with constraint to the
tetragonal crystal system. The refined lattice parametcrs
of observed XRD powder patterns with 9-12 reflections
are tabulated in Table 1.

Results and discussion

The current research was motivatced by the following
questions: (i) what is required for a structure to retain
a T'-phase and (ii) what happens to the supercon-
ductivity when the degree of orbital overlaps between
oxygens p,—p, and Cu-O(1) dpo bands varies because
of a reduction in the c-axis dimension? The latter may
be achieved by pressure* or, alternatively, by substituting
smaller cations for Nd** . For this purpose, two relatively
small (compared to Sr**) divalent cations, Mg?* and
Ca®*, were chosen to substitute for Nd®* in the following
Ce-codoped systems: Nd,_,  ,MgCe CuO, ; (system
A, y=x-0.20), Nd, , ,CaCeCuO, ; (system B,
y=x—020), and Nd, g _,Cay,Ce,CuO,_; (system C,
y=0.05-0.25). Systems A and B were prepared in an
attempt to achieve an isoeleetronic substitution (see
later discussion). In system C, the effect of copper
reduction on superconductivity was investigated by re-

*Pressure-dependent electrical resistivity measurements reveal
an increase of T, with applied pressure for Nd4CegsCuO,_s
(6=0.02) at a rate of ~d7./dp=0.025 K/Kbar, see ref. 14.
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TABLE 1. Cell parameters and TGA results of T’'-Nd,_,_,A.Ce,Cu0O, (A"=Mg, Ca)

Compositions a (A) c (&) cla z*
System A (y=x—0.2)

Nd, goMgo20CuO, 3.9446(7) 12.181(2) 3.09 3.80
Nd, 70Mgg25Ce05CuO, 3.947(2) 12.137(6) 3.08 372
Nd, oMo 30Ce016Cu0, 3.951(2) 12.119(5) 3.07 3.70
Nd, 5oMgp 35Ce015Cu0, 3.951(2) 12.082(6) 3.06 3.67
‘Nd, soMgp 49Ceo20Cu0;’ 3.952(2) 12.072(6) 3.06 NA®
“Nd, 10Mgy 4sCe02sCu0;’ 3.9497(9) 12.057(4) 3.05 NA®
System B (y=x-0.2)

Nd, 5Cag0CuO, 3.944(1) 12.162(4) 3.08 4.06
Nd, 2Cag25Ceq 6sCu0, 3.9445(6) 12.145(2) 3.08 4.00
Nd; Cag30Ce01Cu0, 3.946(2) 12.104(8) 3.07 3.84
Nd, 59Cag 35Ceq1sCu0, 3.944(2) 12.082(6) 3.06 3.84
Nd; 45Cag5/Cep 15Cu0, 3.946(1) 12.073(5) 3.06 3.78
Nd, 40Cag.0Ce020CUO, 3.946(1) 12.052(4) 3.05 3.74
Nd, 39Cag 45Ce025Cu0,” 3.948(1) 12.062(4) 3.06 NA®
System C (x=0.20, y=0.05-0.25)

Nd, 75Cag.2Ceq.sCu0, 3.9468(8) 12.148(3) 3.08 3.87
Nd; 76Cag20Ce0.16Cu0, 3.946(1) 12.118(4) 3.07 3.88
Nd, 65Cag20Ce 15CuO, 3.9429(9) 12.077(3) 3.06 391
N4, 6Cag20Ce0.2Cu0, 3.9485(8) 12.070(5) 3.06 3.91
“Nd; 55Cag 20Ce025Cu0,” 3.9439(9) 12.064(3) 3.06 NAb
Nd,CuO, 3.9453(6) 12.174(2) 3.09 3.95
Nd; gsCey15Cu05 5° 3.946 12.081 3.06

Nd, 3sCeyq sCuO, 3.954(1) 12.092(5) 3.06 3.95

“The oxygen stoichiometries (+0.02) are calculated based upon the TGA results.

single phase (see text). “Ref. 13.

ducing the oxidation state of the copper cation through
the substitution of trivalent Nd*>* cations with tetra-
valent Ce®* cations.

All magnesium- and calcium-codoped compounds
adopt the Nd,CuO, structure (T’-phase) according to
the XRD patterns. In Fig. 2 a typical XRD pattern
of Mg-doped Nd, o, ,Mg,CuO,_; (x=0.20 and §=0.24)
is shown and compared with that of T'-Nd,CuO, [15].
The 103 (or 013) and 110 reflections, that show a very
small separation around 32° in 26, are indicative peaks

(103}

(110)

Intensity

(L)

"Not available. The reaction product is not a

of the T'-phase. No evidence shows that the divalent
cations, Mg and Ca in this case, are ordered.
Asreported in Table 1, a change in the cell parameters
is observed. This phenomenon is expected, since the
size of the Nd*>* cation is different from that of Mg?*,
Ca?* and Ce**. The Shannon [16] crystal radii for
eight-coordinated Nd**, Ce**, Ca?* and Mg?* ions
are 1.249, 1.11, 1.26 and 1.03 A, respectively. (The
calculated radius for the magnesium cation is com-
parable with that observed in synthetic pyrope
(Mg;ALLSi;0,,) [17]*.) This cation size effect can be
readily seen from the merging of the 103 (or 013) and
110 reflections, as shown in Fig. 3. For example, these
two diffraction peaks in the Nd,_,_ Mg Ce,CuO, XRD
patterns move toward each other as the total substituents
(x+y) increase from 0.2 to 0.6. A closer examination
of the peak positions revealed that the (103) peak
moves to higher angles and the (110) peak moves to
slightly lower angles, indicating a contraction of the ¢
axis and an expansion of the a axis as the concentration
of the dopant increases. For both magnesium and

20 10 0 0 60
Two Theta
Fig. 2. Powder X-ray diffraction patterns of (a) Nd,CuO, (T’-
phase) and (b) T'-Nd, 3Mgg;CuO; 4.

*The Mg-O bond distances in a distorted MgO; cube are 2.198
and 2.343 A. The eight coordinated Mg radii, resulting from
subtracting the four-coordinated O?~ crystal radius (1.24 A) are
0.96 and 1.10 A.
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x=0.20,y=0.00

x=0.25,y=0.05

Intensity

x=0.30y=0.10

x=0.35,y=0.15

X=0.41,y=0.20

30 3 3‘2 33
Two Theta
Fig. 3. Sections of X-ray diffraction patterns showing the (103)
and the (110} reflections of Nd,_,_ Mg.Ce,CuQ,_;.
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Fig. 4. Values of lattice dimensions vs. total amount of dopant

(x+y) of Nd,_,_,A,Ce,CuO,_;: system A (A'"=Mg, A), system

B (A"=Ca, ), system C (@) and, for comparison, lattice

parameters of Nd,CuO, (W) and Nd, 3sCeq,sCuQ, (A).

calcium doped systems, the c¢/a ratios range from 3.05
to 3.09 (see Table 1), which is aiso a characteristic of
the T'-phase.

In Fig. 4, a linear rclationship between ¢ and (x+y)
indicates that the cation substitution in the
Nd,_,_,A.Ce,CuO, compounds is successful. The sol-
ubility limits (x.) for systems A (Mg-doped), B (Ca-
doped) and C are 0.60, 0.60 and 0.35, respectively,
according to Vegard’s Law. These values are all sig-
nificantly higher than that of Ce-doped Nd,_,Ce,CuO,
(x.=0.2) [13]. The c lattice parameter decreases as the
concentration of the dopant increases. Expectedly, the

unit cell volume decreases with increasing (x+y). The
contraction in c¢ is thought to be primarily due to the
presence of the smaller Ce"* cation. This effect is more
profoundly shown in system C. However, the change
in the cell dimensions is rather complicated. It is more
likely attributed to the combination of the size of the
substituent, the oxidation state of the copper atom and
the oxygen deficiency (8).

Let us first look at the so called “isoelectronic’ systems
A and B, where the copper oxidation state presumably
stays the same if §=0. For each divalent magnesium
(Mg**) or calcium (Ca>*) cation substituted for a
trivalent neodymium (Nd**), a tetravalent cerium
(Ce**) cation was co-substituted to keep the charge
balanced. In Nd, goAq20CuO, systems (A =Mg and Ca),
the ¢ axis of Mg>*-doped compounds is larger than
that of the calcium analogue, e.g. 12.181(2) versus
12.162(4) A, respectively. This comparison in ¢ leads
to a result which is the opposite of what one would
expect when decreasing the cation size, e.g. Ca>Mg.
Further studies indicate that this opposite trend may
be associated with the oxygen stoichiometry (z), e.g.
Ca (4.06) versus Mg (3.76). While the charge of elec-
tropositive divalent cations (Ca*>* and Mg>*) remains
unchanged, the reduction due to less oxygen stoichio-
metry may occur on the copper site. The reducing
electrons, which presumably fill the Cu-O(1) dpo an-
tibonding orbitals, give rise to the longer ¢ axis. It is
noted that the possibility of incorporation of Mg>”*
cations in the copper sites, which would give rise to
the above described opposite trend, cannot be totally
ruled out. However, careful XRD powder pattern ex-
aminations show no sign of a second phase in the solid
solution region.

The thermogravimetric analysis (TGA) reveals that
these compounds are highly oxygen deficient (Table
1). This phenomenon becomes more obvious in the
solid solution regions with higher levels of dopant
concentrations. In Nd, ;,Mg,;sCeq5Cu0;;, for ex-
ample, extensive oxygen deficiency leads to a formal
oxidation state of copper which is reduced to as low
as 1.54. It is also noted that Nd, Ca,,CuQ, shows no
oxygen defects (within experimental error by TGA)
while Nd, ;Mg,,Cu0,_; (6=0.24) shows a significant
oxygen deficiency. This may be attributed to the small
size cation effect which decreases the oxygen coordi-
nation number with respect to A-site cations. In any
case, based only on powder XRD patterns there is no
structural evidence to show that the oxygen vacancics
are ordered. However more complete characterization
with HREM is required.

The TGA results from system C are interesting in
a sense that the oxygen stoichiometry seemingly in-
creases as the concentration of the Ce dopant (y) goes
higher, see Table 1. Thus the calculated formal oxidation



state of copper ranges in an increasing order from 1.82
to 1.89. In increasing the Ce-dopant level, the systematic
trend in decreasing c-lattice parameter is still evident.
This suggests that the dominating factors in determining
the c-axis dimension are primarily the size of the
substituent and, to a lesser extent, oxygen vacancies.

The temperature dependent resistivity was measured
for the title compounds, Nd,_,_ A Ce,CuO,. Although
they all show semiconducting behavior, doping with
Mg** and Ce** ions improves the conductivity re-
markably when compared to the undoped compound,
Nd,CuO, [11, 18]. Post oxygen annealing in an ambient
atmosphere does not increase the oxygen content nor
change the bulk conductivity significantly. While the
results are preliminary, our findings do reflect two
points: first, doping with smaller cations improves the
conductivity by a factor of 1000 and second, high pressure
oxygen annealing may help in decreasing oxygen va-
cancies, possibly favoring superconductivity. It is known
that high pressure oxygen produces bulk supercon-
ductivity in some Sr-doped phases [10, 19].

In conclusion, all of these newly prepared compounds,
Nd,_, M,Ce,CuO,_; (M=Mg and Ca), crystallize in
the T'-structure as opposed to Sr-doped compounds
which form the T*-phase. This research demonstrates
that the size of the A-site cations is responsible for
retaining the T'-phase. It is not known, however, whether
the lack of superconductivity is associated with the
difference in the crystal structures (T’ versus T*) or
to the extended oxygen vacancies. Nevertheless, co-
doping with both divalent and tetravalent cations extends
the solubility limit (0.60 for the Mg®*- and Ca**-doped
compounds), and, moreover, significantly improves the
conductivity of the T’-phase. The small cations affect
on the resistivity, coupled with the large oxygen de-
ficiency indicates that high pressure oxygen annealing
studies need further investigation in order to understand
the 7, with respect to the carrier concentration and
crystal structure.
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