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The lattice parameters, the oxygen content, and the electrical and magnetic properties of M,Nd*-, 
CUO~-~ (M = Na and Ce) with the NdQr04 structure have been determined by means of X-ray powder 
diffraction, thermogravimetry, electrical resistivity, and magnetic susceptibility measurements. The 
oxidation states of Cu were estimated from the measured y values and the nominal composition x, on 
the basis of charge neutrality. The composition dependence of the lattice parameters is discussed by 
taking the oxygen content, the ionic radii, and (Cu+/Cu) into consideration. The formation of holes and 
electrons on the Cu-0 bond within the basal plane is discussed in terms of the Cu-0 bond length in the 
structure of the host materials. 0 1989 Academic Press, Inc. 

Introduction 

Since the first discovery by Bednorz and 
Mtiller (1) of a high T, superconducting 
copper oxide, BaXLaz-,CuOd-y, with the 
K2NiF4 structure, extensive efforts have 
been devoted to synthesizing new super- 
conducting copper oxides having higher T,. 
M-La-Cu-0 (M = Sr, Ca, and Na) (2,3), 
Y-Ba-Cu-0 (4), Bi(Tl)-Sr(Ba)-Ca-Cu-0 
(5, 6), and Ce-Sr-Nd-Cu-0 (7) systems 
have been discovered as new bulk super- 
conductors and investigated in detail. Main 
features which these superconductors have 
are (1) two-dimensional planes of Cu06 oc- 
tahedra or CuOs square pyramids in their 
crystal structure, and (2) metallic conduc- 
tion by hole carriers which are related to 
Cu3+ ion (or O- ion) (8, 9) in two dimen- 
sional copper planes. The structure of the 
tetragonal Nd&uOd which was first ana- 

lyzed by Miiller-Buschbaum and Wollschla- 
ger (10) is called T’-type NdzCuOd struc- 
ture and is known for having only 
two-dimensional Cu04 square planes. Ndz 
Cu04 shows semiconducting conduction 
behavior (II). However, efforts to intro- 
duce holes in two-dimensional CuO4 square 
planes of T’-type NdzCuOd by substitution 
of Nd by alkaline earth metal ions have 
been unsuccessful. 
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Recently, new superconducting copper 
oxides Ce,Lnl-,CuOd-, (Ln = Pr, Nd, and 
Sm) were discovered by Tokura et al. (12, 
13). The surprising feature of these com- 
pounds is electron (not hole) type super- 
conductivity. In this paper, we report syn- 
thesis of MxNd2-xCu04-y (M = Na and Ce) 
and measurements of their lattice parame- 
ters, oxygen content, electrical resistivity, 
and magnetic susceptibility. For compari- 
son, MxNd2-xCu04-y (M = La and Sm) 

0022-4596189 $3.00 
Copyright 0 1989 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



238 OH-ISHI ET AL. 

were also synthesized and their lattice pa- 
rameters were measured. We estimate P = 
(Cu3+/Cu) and Q = (Cu+/Cu) from the val- 
ues of y and the nominal composition x 
on the basis of charge neutrality and take 
P and Q as representations of the oxida- 
tion states of Cu ions. Finally, we compare 
both compounds NaxNd2-CuOq+ and Ce, 
Nd2-$Zu0+ with M,La2-,Cu04-, (M = 
Ba, Sr, Ca, and Na) compounds and dis- 
cuss the relation between the Cu-0 bond 
length within the basal plane and the forma- 
tion of holes or electrons on the bond. 

Experimental 

For the synthesis of MxNdZ-,CuOa-y (M 
= Na, Ce, La, and Sm), NazCO3 (99.98%), 
Ce02 (99.99%), CuO (99.99%), La203 
(99.99%), Srn203 (99.9%), and Ndz03 
(99.99%) were mixed according to the fol- 
lowing ratios: (2 - x)/2 Ndz03/ (x/2) NaZC03 
or Laz03 or Smz03/ x CeOJ 1 CuO. Mix- 
tures were prefired at 750°C for the Na se- 
ries and at 950°C for the Ce series for 12 hr 
in air. Prefired products for the Na series 
were ground, pelletized, and sintered at 
900°C for 24 hr and then quenched in oxy- 
gen atmosphere in order to keep out the 
occurrence of NaCuOz (14). The Ce series 
was sintered at 1 IOO- I 150°C for 12 hr and 
then furnace-cooled in air. For the Ce se- 
ries, sintered products were reground, re- 
pelletized, and annealed at 900°C for 12 hr 
and then quenched in argon atmosphere in 
order to introduce forcibly the oxygen de- 
fect into their structure. Samples were syn- 
thesized on a boat made of gold for the Na 
series and of platinum for the Ce series. 
M,Ndz-,CuOd (M = La and Sm) were syn- 
thesized by a method similar to that in the 
case of M = Na and Ce. Both prefiring and 
sintering conditions were 1100°C for 12 hr 
in air with the platinum boat. 

The samples were examined by X-ray 
powder diffraction (XRD) using monochro- 
mated CL&Y radiation with a Rigaku go- 
niometer. The lattice parameters were re- 

fined by the least-squares method to better 
than 0.01% accuracy. 

The oxidation state of copper, i.e., the 
oxygen content 4 - y, was determined by 
thermogravimetry using a Shinku-Riko 
thermobalance, by heating to about 750°C 
in 30% hydrogen/argon atmosphere. The 
heating rate was 5”Clmin. In the tempera- 
ture range 25-5Oo”C, this procedure re- 
duces only copper ion to Cu metal, i.e., 

M,Ndz-,CuOd-, * x/2NazO (or xCeOJ 
+ (2 - x)/2Nd203 + Cu (M = Na and Ce) 

(1.1) 

The initial weight of samples used for this 
experiment was about 200 mg and the 
weight loss was about 8 mg. Complete re- 
duction to Cu metal was confirmed by 
means of XRD. 

The oxidation state of Cu ions, as P or Q, 
was estimated from the measured y values 
and the nominal composition x on the basis 
of charge neutrality. The accuracy of the 
oxygen content measured by thermobal- 
ante was generally better than 0.2% for the 
single-phase samples. 

The resistivity of the sintered samples 
was measured by the usual dc four-probe 
method with a current of 1 to 10 mA, de- 
pending on the sample dimensions. Electri- 
cal contact was made by conducting silver 
paste or indium tips. Temperature was 
measured with a previously calibrated ger- 
manium resistance thermometer. 

The magnetic susceptibility of the sin- 
tered samples was measured by ac suscep- 
tometer (Sumitomo Heavy Industries, 
Ltd.) for the Na series and by SQUID sus- 
ceptometer (Quantum Design MPMS) for 
the Ce series, under field-cooled condi- 
tions, with H = 20 Oe. 

Results 

(A) X-ray Powder Diffraction 

According to the methods previously de- 
scribed, T’-type compounds corresponding 



COPPER VALENCE IN M,Ndr-,CuOdm, 239 

to the nominal composition Na,Nd,-, 
Cu04+ were synthesized in a composition 
range 0 < x 5 0.4 and found to be almost 
single phase with a trace of unknown 
phases in x 5 0.2. The diffraction peak in- 
tensity of the unknown phases was small 
but increased with increasing x in 0.2 < x 5 
0.4. MxNdz-,Cu04 (A4 = La and Sm) were 
synthesized as single phase in a composi- 
tion range 0 < x Z 0.4, respectively. The 
lattice parameters are plotted as a function 
of the nominal composition x in Fig. 1. The 
lattice parameter a increased and c de- 
creased with x for the Na series. Both the 
lattice parameters a and c increased with x 
for the La series, while they decreased for 
the Sm series. The cell volume V is plotted 
as a function of the nominal composition x 

12.25 

12.20 

-? 
” 

1265 

3.93 - 
0 0.1 0.2 0.3 0.4 

M Content x 

FIG. 1. Composition dependence of the lattice pa- 
rameters of MXNdz~$u04-, (M = Na, La, and Sm). 
Circles, Na series; hexagons, La series; triangles, Sm 
series. Solid and double symbols correspond to the 
lattice parameters a and c, respectively. 
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FIG. 2. Composition dependence of the cell volumes 
of M,Ndr-,Cu04-, (M = Na, Ce, La, and Sm). Cir- 
cles, Na series; hexagons, La series; triangles, Sm se- 
ries; solid squares, Ce series with the as-prepared sam- 
ples; open squares, Ce series with the argon-annealed 
samples. 

in Fig. 2. The cell volumes increased with x 
for the Na and La series, while it decreased 
for the Sm series. 

T’-type compounds corresponding to the 
nominal composition CexNd2-xCu04-y 
were synthesized and found to be single 
phase with one diffraction peak of unknown 
phases whose diffraction intensity was in 
less than 1% in a composition range 0 < x 5 
0.2. The lattice parameters are plotted as a 
function of the nominal composition x in 
Fig. 3. The lattice parameter u increased 
and c decreased with x. This tendency was 
similar to that of the compounds Na,Nd,-, 
CuO4+. The lattice parameter c of the ar- 
gon-annealed samples became larger than 
that of the as-prepared samples in x 2 0.1. 
The cell volume V is plotted as a function of 
the nominal composition x in Fig. 2. The 
cell volume decreased with x. The cell vol- 
ume of the argon-annealed samples became 
larger than that of the as-prepared samples 
in x 2 0.1. The cell volume of NdzCuOd-, 
did not change appreciably by the argon an- 
nealing. 
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FIG. 4. A typical TG curve chart for M,Nd2-$u04~, 

(M = Na and Ce). 
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FIG. 3. Composition dependence of the lattice pa- 
rameters of Ce,Nd2-XCu0,-,. Solid symbols, as-pre- 
pared samples; open symbols, argon-annealed sam- 
ples. 

(B) Thermogruuimetry 

A typical TG curve chart of M,Ndz-, 
CUO~-~ (A4 = Na and Ce) is shown in Fig. 4. 
The weight loss began at about 230°C and 
seemed to finish with a sharp break in TG 
curve at about 500°C. We assumed that the 
weight loss AW in this process corre- 
sponded with reaction (1.1). Although the 
reduction from CeO;! to CeOzea might be 
possible for the Ce series samples in this 
reduction process, there seemed to be no 
influence on the analysis because the Ce 
series samples contained only a small 
amount of cerium and the 500°C tempera- 
ture was too low for the reduction of Ce02, 
which was confirmed by Brauer and 
Holdschmidt (15) and by our thermobal- 
ante experiment. The gradual weight loss 
in the temperature range above 570°C was 
due to instrumental drift of the thermobal- 
ante apparatus because this tendency was 
observed for Nd$uO+ samples. 

The weight loss of single phase Ndz 
CuOdPY in a reduced atmosphere of 30% 
Hz-Ar was measured several times by ther- 
mobalance. The values of 4 - y were close 
to 4 within an experimental error. Figure 5 
shows the relation between the sodium con- 
tent x and the oxygen content 4 - y for the 
Na series. The result showed that the value 
of 4 - y linearly decreased with increasing 
x and P = 2x - 5 was kept constant at 0 
due to the charge compensation by the oxy- 
gen defect; that is, the oxidation state of Cu 
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FIG. 5. Composition dependence of oxygen content 
of M,Nd2-,CuO+ (M = Na and Ce). Solid squares, 
Na series; circles, Ce series (solid, as-prepared sam- 
ples; open, argon-annealed samples). 
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FIG. 6. Temperature dependence of magnetic sus- 
ceptibility of argon-annealed CexNdz-,Cu04-,. Cir- 
cles, x = 0.15; triangles, x = 0.20. 

was held at Cu2+. For the Ce series, the 
relations between x and 4 - y of both the 
as-prepared and argon-annealed samples 
are shown in Fig. 5. The oxygen content 4 
- y of the as-prepared samples was kept 
constant at 4, while 4 - y of the argon- 
annealed samples slightly increased with x. 
The fact that the measured values of the 
oxygen content of the as-prepared samples 
for the Ce series were kept at 4 despite in- 
creasing cerium content in Ce,Nd2-, 
CuO+ confirmed that there was no influ- 
ence of the reduction of Ce02 on the A W of 
reaction (1.1). Q = (Cu+/Cu) increased lin- 
early with x for the as-prepared samples 
and nonlinearly as Q = x + 2y for the argon 
annealed samples. 

(C) Electrical Resistivity 

The resistivity of the Na series samples 
of x = 0.3 and 0.5 increased in a semicon- 
ducting fashion with decreasing tempera- 
ture. Superconductivity was not realized. 
The Ce series samples showed much 
smaller resistance (several ohms) than that 
of Nd$ZuOd (several kilohms) at room tem- 
perature . 

(0) Magnetic Susceptibility 

Diamagnetism was not detected for the 
Na series samples. For the Ce series, 
diamagnetism was clearly observed for the 
argon-annealed samples of x = 0.15, while 
the small amount of diamagnetism was ob- 
served for the argon annealed sample of x = 
0.2. The results are shown in Fig. 6. The 
volume fraction of the diamagnetism was 
about 25 and 1% for the argon-annealed 
samples of x = 0.15 and 0.20, respectively. 
Diamagnetism was not detected for the as- 
prepared samples of x = 0.15 and 0.20 and 
the argon-annealed sample of x = 0.10. 

Discussion 

NaxNd2-xCuOd-Y Compounds 
If Nd3+ ions were substituted by similar 

trivalent lanthanoid ions such as La3+ or 
Sm3+, the lattice parameters a and c and the 
cell volume V simply increase or decrease 
in accordance with the difference between 
the ionic radii of Nd3+ and of La3+ and 
2m3+, as shown in Figs. 1 and 2 {~L,J+ = 1.18 
A, r&,3+ = 1.12 A, rsm3+ = 1.09 A (26)). For 
the Na series, on the other hand, the lattice 
parameter a increases with x, while c and 
the oxygen content 4 - y drastically de- 
crease with x. The oxygen defect is consid- 
ered to be on the Ou site between the Nd-0 
l?yers, since the Nd-011 bond length (2.32 
A (IO)! is larger than the Cu-O1 bond length 
(1.97 A) within the basal plane. Hence, the 
decrease of c with x may be caused by the 
oxygen defect. The increasing rate of a with 
x of the Na series is also anomalously large, 
compared with that of the La series despite 
rLa?t > rNa3’ = 1.16 A and the existence of 
the oxygen defect of the Na series, while 
the effect of the substitution on V is smaller 
in the Na series than that in the La series. 
The cell volume of the Na series increases 
with x despite the oxygen defect. For Nd2 
CuO4+, there is no difference between the 
cell volumes of the as-prepared sample and 
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the argon-annealed sample due to volume 
compensation of expansion in a and con- 
traction in c. The increase in a with x of the 
Na series is suggested to be caused by both 
the substitution of Nd3+ by larger Na+ and 
the volume compensation against the con- 
traction of c caused by the oxygen defect. 

The hole concentration P (or the amount 
of Cu3+ or O-) of the NaxNd2-xCu04-y 
compounds is described as P = 2x - 2y on 
the basis of charge neutrality of the substi- 
tution of Nd3+ by Na+. P depends on both 
the sodium content x and the oxygen defect 
y. The measured data were found close to 
the broken line (Fig. 5) which shows the 
relation between x and 4 - y in the case of 
P = 0. Thus, the effects of y and x compen- 
sate each other and P is kept at 0. The 
result is consistent with the absence of su- 
perconductivity and similar to the results in 
La2Cu04 (8, 9). The longer Cu-Or bond 
within the basal plane in Nd2Cu04 is disad- 
vantageous for the formation of hole (Cu3+, 
O-) whose amount is to be reflected on the 
contraction of the Cu-Oi bond (9). 

CexNd2-xCuOq-Y Compounds 

If the cerium ion exists as larger Ce3+ 
(rCe)+ = 1.14 A > rNd3+) in Ce,Nd*-,CuO+, 
both the lattice parameters a and c should 
increase with increasing x, as in the case of 
the La3+ substitution. However, a in- 
creases and c decreases with x. The de- 
crease in c suggests that the cerium ion ex- 
ists as the smaller Ce4+ ion (v ce4+ = 0.97 A) 
in the structure. 

In this case, the electron concentration Q 
which is equal to the increase of the amount 
of Cu+ is described as Q = x + 2y by charge 
neutrality. As y = 0 for the as-prepared 
samples, the amount of Cu+ increases lin- 
early with x. This linear relation between 
the amount of Cu+ and x has been con- 
firmed by XPS measurements (17). Since 
the ionic radius of Cu+ is larger than that of 
Cu2+ and the expansion of Cu ion affects 
the Cu-Oi bond length, the lattice parame- 

ter a increases linearly with the increasing 
amount of Cu+. The fact that the value of a 
of the argon-annealed samples was larger 
than that of the as-prepared samples can be 
explained by larger Q values of the argon- 
annealed samples than those of the as-pre- 
pared samples at the same Ce content be- 
cause of the nonzero y values. The 
composition dependences of a and c change 
their slope around x = 0.10 and the cell 
volume and c of the argon-annealed sam- 
ples become larger than those of the as-pre- 
pared samples in x < 0.10. For the Na 
series, the oxygen defect causes the con- 
traction of c because the valence state of 
Cu ions does not change. This suggests that 
the oxygen defect mainly causes a geomet- 
rical contraction of c. For the Ce series, 
however, both the oxygen defect and the 
change in the valence state of Cu ions are 
induced. There is a competition between 
the geometrical contraction due to the oxy- 
gen defect and expansion due to the genera- 
tion of larger Cu+ ions. In comparison of 
the as-prepared samples and the argon-an- 
nealed samples, the contraction of c ob- 
served in 0 < x < 0.10 seems to be ex- 
plained by a relatively large amount of y, 
while the expansion of c observed in 0.10 5 
x I 0.20 might be due to Cu+ production. 

Takagi et al. (13) reported that (1) bulk 
superconducting state was realized in only 
argon-annealed samples and in a narrow re- 
gion 0.14 I x < 0.18 and (2) Meissner frac- 
tion and T, decreased with x in a region 0.15 
5 x < 0.18 and bulk superconducting state 
disappeared at x = 0.18. Our result is con- 
sistent with that of Takagi et al. Although 
the argon-annealed sample of x = 0.15 and 
the as-prepared sample of x = 0.20 have 
almost the same Q values, the supercon- 
ducting state is realized only in the former, 
which contains oxygen defects. This sug- 
gests that the oxygen defect is very impor- 
tant and necessary for superconductivity in 
this system (13). 

Finally, we compare two systems, the La 
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system (MXLaz_,Cu04-,, M = Ba, Sr, Ca, 
and Na) and the Nd system (A4,Nd2_, 
CuO4-,, M = Na and Ce). For the La sys- 
tem, the Cu-Or bond within the basal plane 
contracts with the formation of hole (Cu3+) 
by the substitution of La3+ by M, and the 
contraction is necessary for superconduc- 
tivity (8). For the Nd system, the contrac- 
tion of the Cu-Or bond and the formation of 
hole cannot be realized in the Na,Nd*_, 
CuO+ compounds, while the Cu-Or bond 
expands with the introduction of electron 
(Cu’) by the substitution of Nd3+ by Ce4+, 
and the superconducting state is realized 
only in Ce,Nd2_,Cu04+ which contain ox- 
ygen defects. Nd2Cu04 has four relatively 
long Cu-Or bonds (Cu-Or = 1.97 A), while 
LazCu04 has four short Cu-Or bonds (Cu- 
Or = 1.90 A) plus two longer Cu-OrI bonds. 
The results suggest that the short and long 
Cu-Or bond lengths in the structure of the 
host materials could be advantageous for 
the formation of holes and electrons on the 
bonds, respectively (28). 

Summary 

For the Na-doped Nd system, the lattice 
parameter c was controlled by the concen- 
tration of the oxygen defect, while a was 
controlled by both the substitution of Nd3+ 
by larger Nat and volume compensation 
against the contraction of c. Hole concen- 
tration P was kept at 0 due to the charge 
compensation between the substitution of 
Nd3+ by Na+ and formation of the oxygen 
defect. Superconductivity was not realized 
in this system because of no hole forma- 
tion. 

For the Ce-doped Nd system, the lattice 
parameter a was controlled by the amount 
of Cu’ corresponding to electron concen- 
tration. The lattice parameter c was con- 
trolled by the substitution of Nd3+ by 
smaller Ce4+ for the as-prepared samples, 
while for the argon-annealed samples it was 
controlled not only by substitution but also 

by formation of the oxygen defect. Electron 
concentration Q increased as Q = x + 2y. 
Bulk superconductivity was realized only 
in the argon-annealed samples of x = 0.15 
containing oxygen defects. 

The Cu-01 bond length in the structure 
of the host materials seemed to determine 
whether they become hole- or electron-type 
conductors. 
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