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The effects of Ce substitution and reduction on the core levels and valence electronic states of
Nd2 „Ce,Cu04 ~ have been investigated using x-ray photoelectron spectroscopy (XPS). It is

found that the surfaces could be tremendously degraded by scraping, leading to changes in the elec-

tronic structures of Cu, 0, and the Fermi edge. The changes in the Cu 2p spectra imply that the Ce
substitution and the reduction donate electrons to Cu sites to show the appearance of monovalent

Cu. The fraction of monovalent Cu derived from the Cu 2p spectra is less than the amount of Ce,
which suggests that Ce is in the mixed-valence state. The XPS valence spectra show the Fermi edge

formed by the electrons injected into the electronic state with the Cu 3d' configuration. The na-

ture of the Fermi edge is discussed in terms of photoionization cross section.

I. INTRODUCTION

Recently Tokura et al. ' discovered a new family of
cuprate superconductor Ndz „Ce„Cu04„with a Tc of
24 K. The most remarkable characteristic in

Nd2, Ce~ Cu04 y
is that, as shown in the Hall

coefficient data, the charge carriers are doped electrons
(n-type superconductors), in contrast with hole carriers in
the conventional cuprate superconductors (p-type super-
conductors). ' Therefore, it is of great interest to see
the differences of the electronic structures between n- and
p-type superconductors.

To elucidate carrier doping effects on the electronic
structures of Nd2 „CeCu04, several spectroscopic
measurements such as electron energy-loss spectroscopy
(EELS), x-ray absorption (XAS), and photoemission have
been carried out. However, the results and the interpre-
tations are not consistent with each other. Nucker et al.
reported from their EELS data that there is no clear evi-
dence for monovalent Cu caused by the Ce substitution
and holes exist at the 0 sites like the cases of conven-
tional p-type superconductors. However, their result was
criticized by showing XAS data which imply that the
hole state exists about 1 eV above the Fermi level. Tran-
quada et al. reported from XAS data that the doped
electrons fill Cu 3d holes, but Alp et a1. concluded that
the electron is injected into a band rather than being lo-
calized on each Cu site leading to monovalent Cu. On
the other hand, Kosugi et al. reported that the Ce sub-
stitution yields impurity (localized) states whose interac-
tion and superposition are caused to produce bands like
Fermi-liquid states. From XPS, Uji et al. ,

' Grassmann
et al. ,

" and Liang et al. ' reported that the Cu2p core-

level spectra show the evidence of monovalent Cu due to
the Ce substitution, but Rajumon et al. ' pointed out it is
due to covalency effects. On the other hand, Ishii et al. '

pointed out the partial occupation of the Cu3d orbitals
from the analysis of the satellite spectral intensity of
Cu2p3/2 On the contrary, Fujimori et al. ' reported no
evidence for the occupation of Cu3d by the doped elec-
trons in XPS and no density of states near the Fermi level
in ultraviolet photoelectron spectroscopy (UPS).

We have, for the first time, reported that our XPS data
show the clear Fermi edge definitely caused by the elec-
tron doping and pointed out that the density of states at
the Fermi level consists of Cu 3d electrons, ' which was
recently confirmed by resonant and angle-resolved photo-
emission measurements using synchrotron radiation
source. ' ' The Fermi edge was only observed on the
clean-cleaved surface, which suggests the importance of
the surface preparation. In photoemission measurements
for the high-T, oxides, mechanical cleaning such as
scraping by a file has widely been used. Here we should
pay much attention to the surface stability of the sam-
ples. In case of Bi-Sr-Ca-Cu-0, the spectra from the
scraped surface are considered to be reliable, because the
surface of the oxide is substantially stable even if not at a
low temperature. ' However, the scraped surfaces of Y-
Ba-Cu-0 and La-Sr-Cu-0 could be easily deteriorated un-
der ultrahigh vacuum. ' ' In case of Nd2 „Ce
Cu04 y the photoemission data reported, ' ' except
for Refs. 16—18, were taken from scraped surfaces, al-
though its surface stability has not been clear. Therefore,
we have to be careful about the method to obtain a clean
surface being appropriate for the photoemission measure-
ments. We found it is a reliable method for XPS to
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cleave the sample in situ under ultrahigh vacuum condi-
tions even though the sample is polycrystalline.

In this paper, we report the details of our XPS results
and discuss the Ce substitution and reduction effects on
the electronic structures of Ndz Ce Cu04 . The con-
tents we discuss here are as follows: (i) Importance of the
procedure to obtain a clean surface which is adequate for
the XPS measurements; (ii} Ce substitution and reduction
effects on the core levels of 01s, Nd 3d, Ce 3d, and Cu 2p;
(iii) Analysis of the Cu 2p core-level spectra and the rela-
tionship between the amount of Ce and the fraction of
monovalent Cu derived from the Cu 2p spectra; (iv) The
valence electronic states in the x-ray photoemission spec-
tra.

axis decreased with Ce doping (0 ~ x ~ 0.2) and both were
saturated in the region of x )0.2, showing the solubility
limit of Ce in this system at about 0.2.

The x-ray photoemission measurements were carried
out at room temperature under an ultrahigh vacuum con-
dition (-10 Pa) by using a SSX-100 spectrometer (Sur-
face Science Instruments) equipped with a sample
preparation chamber, in which the samples are scraped
by a file or cleaved. Spectra were taken by using a mono-
chromatized x-ray source of Alka (1486.6 eV} with a spot
size of 300 pm in diameter. The total energy resolution
(AE) of the spectra was 0.36 eV. The stability of the
binding energy scale is within +0.05 eV.

II. EXPERIMENT

The samples of Ndz „Ce„Cu04 (x=0, 0.05, 0.10,
0.15, 0.20, and 0.25) were synthesized by reaction of ap-
propriate amounts of Nd&03, CeO, and CuO, according
to a previous paper. The mixed powder was prefired at
950'C for 12 h in air and they were ground, pressed into
pellets, and sintered at 1100'C for 12 h in air. The super-
conductive samples with a T, of 23 K (Fig. 1) were ob-
tained by heating the pellets of Nd& 8&Ceo»Cu04 at
900'C for 12 h in vacuum (-10 Pa) and cooled in the
vacuum furnace. In this study the vacuum annealing was
adopted as the reduction treatment in place of a heat
treatment in a low oxygen atmosphere e.g. , Ar/Oz mix-

ture, ' because we have experienced that an annealing for
many hours in the Ar/Oz mixture could make the sample
decomposed.

The oxygen loss y caused by the vacuum annealing was
estimated to be 0.038 from the weight loss, which is in
good agreement with the value measured by an
ipdpmetrjc tjtratjpn and thermpgravjmetry. ' The x-

ray powder diffraction patterns showed that the samples
in a region of 0 x ~ 0.2 consisted of a single phase, but a
small amount of CeOz exists in the sample with x =0.25.
The lattice parameter of a-axis slightly increased and c

III. RESULTS AND DISCUSSION

A. Comparison between the cleaved and scraped surface

The morphology of a cleaved surface of Nd, 85Ceo»
CuO~ (reduced) is shown in Fig. 2. About 90% of the
cleaved surface consists of transgranular cleavages and
the other consists of voids and grain boundaries. Because
of the dominant transgranular cleavages, it could be con-
cluded that the cleaved surface is suitable for the photo-
emission measurements. As mentioned in Sec. II, the
sample reduced in Ar/Oz mixture does not show this
kind of transgranular cleaveages but most of the cleaved
surface consists of grain boundaries. It should be em-

phasized that the inconsistencies of spectroscopic data
mentioned in Sec. I might be ascribed to the sample
preparation methods.

At first stage of our XPS measurements, we compared
the XPS spectra for the scraped and cleaved surface of
Nd& s&Ceo»Cu04. ~ (reduced). The results for the Ols
and Cu2p core levels and valence spectra are shown in

Fig. 3, where any C 1s lines were not observed. To clarify
the effects induced by scraping on the spectra, the spectra
for the cleaved surface were first taken and those for the
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FIG. 1. Inductance as a function of temperature for
Ndl 85Ceo»Cu04 y Open and solid circles show the result of
an as prepared (nonsuperconductive) and a reduced (supercon-
ductive) sample, respectively. The Meissner signal is observed
at 23 K for the reduced sample.

FIG. 2. Scanning electron micrograph of a cleaved surface
for Ndl 8&Ceo»Cu04 —y (reduced). About 90% of the cleaved
surface consists of transgranular cleavages and the other is
voids and grain boundaries.
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here). The result (i) is explained by the surface degrada-
tion caused by scraping. The result (ii) contradicts an ex-
pectation that if the electronic states at the Fermi level
originate from Cu 3d, the Fermi edge should be more
easily observed by using a photon source with a lower en-

ergy because of its larger photoionization cross section.
However, UPS is more sensitive to the surface than XPS.
The escape depth of photoelectrons with the kinetic ener-

gy of 1486.6 eV is about one order of magnitude larger
than that in the ultraviolet energy range. Therefore, the
result (ii) could be explained by assuming a degradation
in vacuum, which leads to the requirement of keeping the
sample at a low temperature for the UPS measure-
ments. ' '

B. Ce substitution and reduction efFects on the core levels

It is of primary importance to find which elements are
affected by the Ce substitution and reduction. Figure 5
shows XPS spectra of the 01s, Nd 3d5/2, and Ce 3d core
levels for Nd2 Ce„Cu04 . The binding energy of 01s
slightly shifts toward a higher-binding-energy side ac-
companying the Ce substitution; the 01s peak energies
for Nd2Cu04 and Nd, 8Ce02 Cu04 are 528.5 and 528.7
eV, respectively. However, the peak energy of 528.6 eV
at x =0.15 is not changed by the reduction. This behav-
ior of the 01s peak is also observed in the result previous-
ly reported. ' We suppose that the reason for the chemi-
cal shift lies in the hybridization effect of the Cu—0
and/or Ce—0 bonding. This is because the hybridiza-
tion could make the oxygen valence increased like
0 ~0' ', which qualitatively agrees with a general
tendency of the chemical shift toward a higher-binding-
energy side.

As shown in Fig. 5(b), the Nd 3d~zz state is affected by
neither the Ce substitution nor the reduction. The Nd
3d5&z spectrum consist of two peaks ascribed to 4f and
4f L final states and are exactly the same as that of
Nd20& (trivalent Nd). A peak at 972 eV is due to the
E 1 L 23L i3 Auger peak of oxygen. Therefore, the valence
of Nd in Nd2 „Ce„Cu04y is considered to be trivalent.

Figure 5(c) shows the Ce 3d core-level spectra which
exhibit a characteristic triple-peak structure being similar
to that of Ce02. Two sets of the three peaks denoted by
(v ] vp v3) and (u „u2,u i) can be ascribed to 3d, &2 and

3d3/2 respectively. The Ce 3d spectra showed no depen-
dence of the amount of Ce and the reduction treatment.
It should be pointed out that the peaks of U, and u, in
the figure are a little broader than those of Ce02, which
suggests that the valence of Ce in Nd2 Ce„Cu04
would be a little different from that in Ce02. The same
feature was observed in the spectra reported in Refs. 10,
13, 15, 29, and 30.

The nominal valence of Ce in CeOz is tetravalent.
However, it was reported that the triple-peak structure of
Ce3d in CeOz could be explained by considering a
mixed-valence state with 4f and 4f' configurations in
the ground state. ' Fujimori ' concluded that the oc-
cupancy of 4f state nf is about 0.6, and the three peaks
in the Ce 3d spectrum originate from 4f, 4f ', and 4f
final states in the photoemission process. On the other

hand, Hor et a/. reported the possibility of the mixed
valence of Ce in Nd2 Ce Cu04 y from the analysis of
the cell volume, being consistent with their XPS analysis.
On the contrary, there are reports showing tetravalent Ce
in CeOz. Wuilloud et al. reported that the mixed
valence can be excluded in CeQz, because the empty lo-
calized Ce4f state within the band gap was observed in
the bremsstrahlung isochromat spectroscopy (BIS) data
and no density of states was observed at the Fermi level
in the XPS data. In Lni „Ce„CuO&~ (Ln:Nd or Gd),
Huang et al. reported that the valence of Ce is not
trivalent but tetravalent from the analysis of the lattice
parameters. At present, we cannot estimate the exact
valence of Ce in Nd2 „Ce,Cu04 y, but can suggest a
possibility of its mixed valence from the analysis of the
carrier concentration in the Cu-0 planes which will be
discussed later.

Figure 6 shows the Cu 2p3/2 spectra for Nd2
Ce„Cu04 . The systematic variation of the Cu 2p3/p
spectrum with the Ce substitution is found, that is, the
main peak width becomes wider and a peak intensity on
the higher-binding-energy side in the satellite peaks de-
creases. The reduction makes the same effects on the Cu

2p3/2 spectrum though the magnitude is small. In order
to analyze the Cu 2p3/2 spectral change, a spectrum of
Nd2Cu04 was subtracted from that of Nd, 85

Ceo»CuO~ (reduced). The reference spectra for CuO
and Cu20 are displayed in Fig. 7. The subtracted spec-
trum shows an intense peak at 931.6 eV and a dip at
941.0 eV. The former is similar to the spectrum of Cu20
(monovalent Cu) in the binding energy and the peak
width, which is an evidence of monovalent Cu cuased by
the doping.

Furthermore, we calculated spectral intensity ratios of
the satellite (I„,) to the main Cu 2pi&2 peaks (I~„„)for
CuO and Nd2, Ce„Cu04 y

The results are listed in

Table I. It should be noted that the I„,/I
„„

for
Nd2Cu04 is smaller than that for Cu0, and the Ce substi-
tution and reduction make the value decreased. These
experimental results could lead us to a conclusion that
monovalent Cu increases and divalent Cu decreases with
the Ce substitution and reduction, which exactly shows
the electron doping to the Cu sites.

From the Cu2p3/2 spectra, the fractions of monovalent
Cu in Ndz „Ce„Cu04y

were estimated by spectral in-
tensity ratios of the peak at 931.6 eV for
Nd2 „Ce„CuO~ to the total peaks (main plus satellite)
for Nd2Cu04. The result is displayed in FIg. 8. They are
almost proportional to x in Nd2 Ce„Cu04 up to
x =0.2 and saturate in the region of x more than 0.2.
This tendency agrees with the fact that the solubility lim-
it of Ce is about 0.2. It is interesting to examine whether
x in Nd2 „Ce„CuO~(as prepared) is equal to the fraction
of monovalent Cu or not, because if Ce is tetravalent, it is
expected that a Cu accepts the electron xe in average.
Our data indicate that the fractions of monovalent Cu for
as prepared samples (open circles in Fig. 8) are less by
about 20%%uo than x in Ndz „Ce„CuO~(0.05~x ~0.2).
We suggest that the reason lies in Ce whose valence is less
than 4+ due to its mixed valence. The fraction of mono-
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of monovalent Cu with the 3d' configuration appears
with the Ce doping. The fraction of monovalent Cu de-
rived from the Cu 2p spectra is about 20% less than x in
Nd2 „Ce„Cu04~ (0.05 ~ x ~ 0.2), which suggests that
Ce in the system has the mixed valent state.

The valence spectra in XPS show that a density of
states at the Fermi level appears with the Ce doping.
This behavior is consistent with the changes of the Cu 2p
core-level spectra, which implies that the electronic states

at the Fermi level are ascribed to the electrons injected
into the Cu sites with 3d character.
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