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Role of oxygen in superconductivity of Ndz „Ce„Cu04 „studied
by x-ray-absorption near-edge structure
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The eFect of reduction on the electron states of Nd2 „Ce„Cu04 ~ (0.15 (x (0.17) has been re-
vealed by x-ray-absorption near-edge structure on the Cu K edge for a series of samples annealed at
various oxygen partial pressures (p02=1-10 atm). %'e 6nd that the Ce doping-induced states in
the near-edge structure systematically increase the magnitude with the decrease of oxygen partial
pressure, well correlating with the oxygen pressure dependence of superconducting fraction and T,
value. The results indicate that the reduction strongly enhances the electron density at the copper
sites, through the removal of a small number of defect oxygen atoms that suppress n-type doping in
the Cu02 plane.

I. INTRODUCTION

Nd2 „Ce Cu04 y contrasts previously known high-

T, superconductive cuprate compounds in that the major
charge carriers are electrons rather than holes. ' In this
system, as-prepared samples are not superconductive
upon Ce doping. Superconductivity is observed over the
narrow Ce concentration range (0. 14&x &0.18}, only
after heat treatment under reducing conditions. ' Al-
though the nature of charge carriers has been extensively
studied, ' there still remain several important problems
which have not been resolved yet, such as the location of
charge carriers and the role of oxygen in superconduc-
tivity. As for the location of doped carriers, contradict-
ing experimental results or even different interpretations
of the same results have been reported. Initial x-ray-
absorption near-edge studies ' reported the formation of
Cu+ (d' configuration} upon Ce doping, indicating that
doped electrons occupy the Cu d» states. On the oth-

x —y
er hand, photoemission study and more recent x-ray ab-
sorption studies suggested that doped electrons occupy
other states, such as the Cu 4s states, or they form the
impurity states near the Fermi level, while later photo-
emission studies supported the formation of Cu+ as a re-
sult of Ce doping.

The role of reduction in superconductivity is an in-
teresting, yet another puzzling problem since the addi-
tional carrier concentration due to the oxygen non-
stoichiometry change during reduction" ' is much
smaller than that originating from Ce"+ doping. Such a
small change of oxygen deficiency cannot account for a
large change in the apparent carrier density as observed
in the Hall coefficient experiment. ' Moreover, the pres-
ence of excess oxygen atoms' ' now provides a possibili-

ty of hole doping or additional electron doping, depend-
ing on whether the mobile oxygen atoms are incorporated
or removed. In order to investigate the role of oxygen in
superconductivity, we have performed a systematic x-
ray-absorption near-edge structure measurement on
Nd2 „Ce„CuO~ (0.15 & x & 0. 17) prepared at various
oxygen partial pressures. The effect of oxygen partial
pressure p during heat treatment on the Cu EC near-

2

edge structure which provides direct information on the
doping-induced states at the copper sites is carefully ana-
lyzed. The result shows that annealing at low po in-

2

creases the magnitude of Ce doping-induced states in the
near-edge structure, which correlates well with the super-
conducting fraction and T, value. The active role of
reduction in the enhancement of carrier density in the
Cu02 plane has been confirmed.

II. EXPERIMENT

Nd2 „Ce„Cu04 „samples were synthesized from a
mixture of Cu02, Nd203, and CuO as reported in Ref. 1.
The mixed powder was calcined in air at 950'C for 10 h
and pressed into pellets. The pellets were sintered at
1100 C for 10 h and slowly air cooled to room tempera-
ture. A series of samples to study the effect of reduction
were prepared by annealing the sintered pellets at 1050'C
for 20 h with various oxygen partial pressures
(po =1—10 atm) in an argon-oxygen gas mixture.

2

Some of the pellets were also annealed at 900 C and
quenched to room temperature in a pure argon atmo-
sphere. The oxygen deficiency y was monitored by an in-
ert gas fusion nondispersive ir method. Powder x-ray
diffraction measurements confirmed that all samples are
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III. RESULTS AND DISCUSSION

In Fig. 1- polarized Cu K-edge spectra for single-crystal
Pr2Cu04 are shown in the upper column together with
the powder data for Nd, 85Ceo»Cu04 y and Nd2Cu04
in the lower column. The near-edge features observed at
8980-9006 eV are strongly polarized with respect to the
orientation of the basal plane. The fine structures c and d
in the in-plane (8=90') polarized data are assigned to the
ls-4p'(o ) quasibound-state transitions, whereas the pre-
edge features a and b observed in the out-of-plane
(8=10') data are due to the ls-4p'(m) transitions. The

I I

Cu K edge
1s-4p t~)

(: d

single-phase materials. X-ray absorption experiments
were performed using synchrotron radiation from the
2.5-GeV storage ring at the Photon Factory. The Cu E-
edge spectra were obtained in a transmission mode. The
energy resolution is approximately 2 eV at 9 keV using an
encoded Si(111)double-crystal monochromator. The en-

ergy scale was calibrated by recording the Cu metal data
with the characteristic feature indicating the Fermi level
(8980.3 eV). All spectra were sequentially measured at
room temperature to minimize the experimental error in
an energy scale. The experimental error in energy is
within 0.1 eV.

The polarized near-edge spectra were measured for
single-crystal Pr2Cu04 grown by a fiux method. The an-
gle between the electrical field vector and the c axis 8,
was chosen to obtain the in-plane (8=90'} and out-of-
plane (8=10') polarized spectra. The Cu Ea Suores-
cence yield spectra were recorded using an array of nine
NaI scintillation detectors. A Quorescence detection
mode was shown to be equivalent to a transmission mode
because of strong absorption of emitted fiuorescence x-
rays by heavy elements in cuprate compounds such as
La2Cu04, ' i.e., Pr atoms in the case of Pr2Cu04.

lower-energy features a and c arise from the final-state
effect with the presence of ligand-to-metal charge
transfer. ' The satellite-to-main peak intensity ratio
(I, /Ib) for the ls-4p'(n) transition is larger in the T'
phase than in the T phase. ' This indicates that the d'
contribution in the ground state is larger in the former
since the satellite peak originates from the final state
3d' L, where L denotes a hole in the ligand orbital. '

Both satellite and main peaks of the ls-4p'(m ) transition
are broad and thus partly overlap with the ls-4p'(cr}
transitions or the onset of continuum, suggesting an ex-
tended nature of the 4p'(m) states in the T' phase. The
observed near-edge structures for powder Nd2Cu04 can
be assigned to features a-d in the polarized data of
Pr2Cu04, shoulderlike features observed at 8983 and
8992 eV in the powder spectrum are attributed to a and
b, respectively, while the twin peaks observed around the
absorption maximum are due to features c and d. As re-
ported previously, the efFect of Ce doping is most
significantly observed around features a —d; the pre-edge
region around features a and b increases the intensity,
while features c and d decrease the intensity upon Ce
doping.

Figure 2 shows the Cu E near-edge spectra for
Nd, s5Ceo, sCu04 annealed at various po (1—10

atm) plotted on an expanded energy scale. In the lower
column, the near-edge spectrum for Nd2Cu04 is superim-
posed on the data for Nd, 85Ceo»Cu04 y annealed in a
pure argon atmosphere under the strongest reducing con-
dition. Features A -E indicate the positions of charac-
teristic features in difference spectra which increase in
magnitude with the increase of x. The near-edge
structure gradually changes as a function of p& in a simi-

2

lar manner with the change associated with Ce doping;
i.e., the shoulderlike features a and b increase the intensi-
ty, while features c and d decrease the intensity as po is

2

lowered.

I I
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FIG. 1. Polarized Cu K-edge spectra for single-crystal
Pr,Cu04 (upper curves) together with powder data for pure
Nd&Cu04 and reduced Ndl 85Ceo»Cu04 y (lower curves). 0
denotes an angle between the electrical-field vector E and the c
axis.
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FIG. 2. Cu K near-edge spectra for Nd& 8&Ceo»Cu04 —y
re-

duced by annealing at oxygen pressures po =1, 10 ' and 10

atm at 1050'C (upper curves). The data for Nd, ,5Ceo»Cu04 —y
annealed in pure argon atmosphere are compared with that of
Nd2Cu04 {lower curves).
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FIG. 3. Cu EC-edge difference spectra for
Nd&»Ceo &5Cu04 ~(po =1, 10 ', and 10 atm) obtained by

2

subtracting the absorption spectrum for pure Nd2Cu04 from
the data shown in Fig. 4 (lower curves). The data for Cu20 are
also shown scaled down by a factor of 0.5 (upper curve).

In Fig. 3 the difference spectra between the raw data
for Nd, »Ceo»Cu04 y and the standard NdzCu04 data
are shown where each spectrum was normalized at iso-
betic points (8973 and 9029 eV) before subtracting the
standard data. The energy positions of characteristic
features in the difference and raw spectra are listed in
Table I. With the decrease of po, features A-E gradu-

ally increase the intensity in a similar manner with the
previously reported Ce concentration dependence. 3

The presence of Cu+ was first indicated based on the fact
that features A, B, D, and E are also observed in the
difference spectrum for CuzO, ' while the absence of
feature C led to the different conclusion that doped elec-
trons occupy other states. It might be worthwhile to
note that, in case of BazYCu30„(6&y &7), similar
characteristic features are observed in difference spectra
as the Cu+ is formed in the Cul sites with the decrease of
y. Also in difFerence spectra for oxygen-deficient
BazYCu30„, the shoulder region corresponding to
features B and C in CuzO data are not reproduced, sug-
gesting that this region is sensitive to the coordination
geometry, in particular, projected along the c axis and
msy not be directly compared. However, since the mag-
nitude of feature A correlates well with the carrier densi-
ty measured by the Hall effect, ' we believe that feature
A refiects the carrier density at the copper sites, possibly,
electrons occupying the Cu d-holes.

-4 -2
log+(POp/otm }

FIG. 4. Intensity of the Ce doping-induced states (8982 eV)
for Nd2 „Ce„Cu04 ~ with x =0.15-0.17 annealed at po =1,

2

10 ', and 10 ' atm. The diamagnetic fraction with a field of 10
Oe at 5 K and onset T, value determined from resistivity are
also shown in the lower column. The shaded region indicates
the boundary between semiconductive and metallic regions
beyond which superconductivity apparently initiates.

Figure 4 shows that the magnitude of feature A in-
creases as a function of po for samples with

2

x =0.15-17. Numerical values are summarized in Table
II. The observed enhancement by heat treatment is most
significant for a sample with x =0.15, which exhibits the
highest T, value (23 K).' The intensity increased by as
much as 60%%uh

astro

is lowered from 1 to 10 3 atm. This
2

behavior correlates well with the diamagnetic fraction y
measured in s magnetic field of 10 Oe at 5 K. ' In Fig. 4
the onset T,o values determined from the temperature
dependence of resistivity ' are also shown. The tempera-
ture dependence of resistivity is semiconductive for sam-
ples with po = 1 atm, while samples with po ( 10 ' atm

2 2

exhibit metallic temperature dependence of their resistivi-
ty. Superconductivity is observed above the crossover be-
tween the semiconductive and metallic regions' indicat-
ed by s shaded boundary in Fig. 4. From this figure it is
natural to expect that the oxygen vacancies are somehow
introduced during heat treatment, although oxygen non-
stoichiometry change is negligible.

It hss been recently recognized that the initially report-
ed oxygen nonstoichiometry 0.04 determined by s titra-
tion method' is severely overestimated due to the reduc-
tion of Ce + and the presence of Cu+. The oxygen
deficiency y in Nd& &5Ceo»Cu04 y is less than 0.008 sc-

TABLE I. Energy positions of characteristic features in the near-edge spectra.

Feature

energy
{eV)

8982.9 8989.1 8993.0 8996.6 9002.3

8985.1
b

8991.6
C

8996.6
d

9002.3
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TABLE II. Normalized intensity of the characteristic feature A for Nd2, Ce„Cu04 —y as a function
of oxygen partial pressure. Intensity is normalized to the Cu&O data. EI„=[I„(10 ) I„—(1)]/I„(1).
Values in parenthesis indicate uncertainty in the last digit.

Normalized intensity I„
po (atm)

Specimen

Nd2 Ce Cu04 y
x =0.15
x =0.16
x =0.17

Cu20

0.137(8)
0.154(8)
0.133(8)
1.0

10-'

0.179(8)
0.194(8)
0.157(8)

10

0.219(8)
0.209(8)
0.182(8)

0.60
0.36
0.37

cording to a recent thermogravimetric study. ' In the
present study, no systematic change in y was observed as

p~ was varied within experimental error. Let us assume
2

that the reduction-induced oxygen vacancies increase the
carrier density by 2(y' —y ), where y and y' denote the ox-

ygen deficiency before and after heat treatment, respec-
tively. If we assume charge neutrality, the relative
change in the intensity of feature A is given by
bI& =2(y' —y ) l(x +2y ), where bI„ is listed in Table II.
Since EI„=0.6 for a sample with x =0.15, and if the
upper limit of oxygen nonstoichiometry after reduction'
y'=0. 01 is used, we obtain an unrealistic negative y
value. Thus the oxygen deficiency is much smaller than
the change in carrier density, and a simple scheme of
electron doping by oxygen vacancies is inadequate.

There has been no structural evidence for oxygen va-
cancies introduced during the reducing process; the re-
sults of the structural refinement of powder neutron-
diffraction data were essentially the same for samples
with and without reduction, ' ' suggesting that oxygen
vacancies introduced by reduction are not located at nor-
mal oxygen sites in the T' structure considered in the
refinement process. However, the presence of excess oxy-
gen atoms in Ce-doped NdzCu04 were recently report-
ed, ' ' which can be reversibly added or removed by oxy-
gen or vacuum annealing. Such excess oxygen atoms
may be located on the apical oxygen sites, which are nor-
mally empty in the ideal T' structure, or as defects in the
interstitial site ( —,', —,', —,

'
) in the unit cell of the tetragonal T

structure as in the case of oxygen-rich La2Cu04+ .
The presence of apical oxygen atoms is unfavorable for

doping electrons due to the repulsive Coulomb interac-
tion as shown by the calculation of Madelung energy by
Kondo and Nagai. Therefore, it is reasoned that a
small amount of excess oxygen atoms at the apical sites
which have prevented doped electrons from "residing" in
the Cu02 plane is removed by heat treatment. Doped
electrons are provided into the conductive plane if the ap-

ical oxygen atoms are removed, thereby increasing super-
conducting fraction. If such weakly bound oxygens are
trapped in the interstitial defect sites, there would be no
large change in the total oxygen stoichiornetry as ob-
served. Indeed, Sr doping removes apical oxygen atoms
and forms interstitial oxygen defects in La2 Sr, Cu04.
The fact that excess oxygen atoms decrease in number
with the increase of x (Ref. 16) may also explain why the
Hall coefBcient RH rapidly decreases its magnitude with
the increase of x above the critical value for superconduc-
tivity.

IV. CONCLUSION

The eFect of annealing under reducing conditions on
electron states at the copper sites in Nd2, Ce, Cu04 ~
(0. 15 &x &0.17) has been studied by the Cu K near-edge
structure for samples annealed at various po (1—10

2

atm). The Ce doping-induced characteristic near-edge
features systematically increase their intensity with the
decrease of po, which correlates with the superconduct-2'

ing fraction and T, value. These results indicate that the
carrier density in the Cu02 plane is strongly enhanced by
the rearrangement of oxygen atoms during reduction. A
large increase in carrier density despite a small change in
oxygen nonstoichiometry after reduction may occur if the
excess oxygen atoms at the apical sites which suppress
electron doping in the CuOz plane are removed.
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