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New photoemission data are presented for a series of Ce-doped or undoped, reduced or nonre-
duced, Nd cuprates. The data, taken with high signal-to-noise level in the constant-initial-state
mode, demonstrate the presence of Cu+, in contrast with previous photoemission and electron-
energy-loss studies.

The discovery of high-temperature superconductivity
in Ce-doped Nd cuprates has generated a great deal of
controversy concerning the valence state of copper and,
to some extent, the nature of the carriers. ' The early
experiments on these materials reported n-type conduc-
tivity based on Hall measurements this seemed con-
sistent with the evidence for Cu+ derived from core-level
photoemission data. Later, energy-loss experiments by
Nucker et al. raised questions about the presence of
Cu+ in Ce-doped samples. Earlier valence-band photo-
emission experiments by Fujimori et al. , as well as pre-
liminary results of our study, seemed to corroborate
these questions, since they did not provide evidence for
Cu+. The controversy produced doubts about the mech-
anism of superconductivity in this class of materials, in-
cluding, perhaps, questions about the revolutionary
discovery of n-type high-temperature superconductivity. '

We recently completed a careful study of this issue us-
ing resonant photoemission, and our results eliminate the
controversy by showing a weak, but clearly detectable,
resonating Cu signal in Ce-doped samples. This con-
clusion is based on a careful analysis of constant-initial-
state photoemission spectra ' taken on nine different
Nd2 Ce Cu04 samples. In this way, we have been able
to observe the resonating Cu+ signal that was not detect-
ed in earlier experiments.

The experiments were performed on a series of
Nd2 Ce Cu04 samples with x=0, 0.05, 0.10, 0.15, and
0.20. We examined samples that had or had not been re-
duced in a nitrogen atmosphere; specifically, reduced
samples of all compositions were investigated and nonre-
duced samples with x=0, 0.10, 0.15, and 0.20. Of these,
the nitrogen-reduced x =0.15 compound is a high-
temperature superconductor. The procedure for growing
and characterizing these materials has been described in
Ref. 8. The samples were sintered pellets, and clean sur-
faces were obtained by scraping in situ under ultrahigh-
vacuum conditions with a diamond grinder. The surfaces

were characterized by taking valence-band and core-level
photoemission spectra; in particular, valence-band spec-
tra (see Fig. 1) do not show evidence of contamination.
The procedure used for the photoemission experiments is
equivalent to that described in Ref. 5, except for the
constant-initial-state technique ' described later.

The technique used to detect the Cu+ signal was reso-
nant photoemission. Under certain conditions, the in-
tensity of features in the photoemission spectra resonates
for a narrow range of photon energies. The resonance is
due to the quantum interference between two different
channels for photoelectron production, both with the
same initial and final states. Resonances occur for pho-
ton energies near the optical absorption thresholds of the
element that produces the resonating photoemission
features. Thus, this phenomenon can be exploited to
enhance the signal from a given element, and to extract
information on its properties. In the present case, from
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FIG. 1. Conventional photoemission spectrum (energy distri-
bution curve) taken for the valence band of the superconducting
cuprate Nd& 85Ceo»CuO4 at a photon energy of 80 eV.

43 3678 1991 The American Physical Society



43 BRIEF REPORTS 3679

N12 xCe&Cu0&

x=O

Cu 2+

the enhanced copper signal, information is extracted on
the valence state of copper.

The resonating photoemission features explored in our
study were the so-called copper satellites. Each one of
these satellites is caused by a multielectron photoemission
process from copper in a specific valence state. ' Consid-
er the ground configuration of a Cu atom in the 1+
valence state (as, for instance, in CuzO): 3p 3d ' . The
excitation of a single photoelectron from the d band
leaves the atom in the configuration 3p 3d . The pho-
toelectric process, however, can also involve the parallel
excitation of a second electron to an empty state nl (in
this case 4s,p); the final configuration is 3p 3d nl The.

excitation of the second electron reduces the energy of
the photoelectron. Thus, this process produces a low-
kinetic-energy satellite of the main Cu 3d photoemission
feature.

Similarly, for Cu atoms in the 2+ state, such as in
CuO, the single-electron photoemission process is

3p 3d +photon —+ 3p 3d +photoelectron .

The corresponding satellite occurs when a second 3d elec-
tron is excited to an nl state (in this case, an empty 3d
state). Because of the different states and configurations
involved, the position in energy of this satellite is
different with respect to that of Cu+.

The presence or absence of a copper satellite is, there-
fore, a powerful test for the existence of the correspond-
ing valence state. This technique has been extensively
applied to high-temperature superconductors. " The con-
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troversy concerning the valence state of copper in Ce-
doped Nd cuprates stimulated the use of resonant photo-
emission to explore this issue. Early experiments pro-
duced inconclusive data, ' and were unable to detect a
clear signal from Cu+.

We have been able to reverse this situation primarily
by taking constant-initial-state spectra with signal-to-
noise ratio as high as possible. The constant-initial-state
mode of photoemission is implemented ' by measuring
the number of photoelectrons detected per unit time in an
energy window centered at Ef and with a photon energy
h v,' both Ef and h v are scanned simultaneously, but their
difference is kept constant. In this way, one observes the
photon-energy dependence of the feature that appears
Ef-hv below the Fermi level in conventional photoemis-
sion spectra. This approach is quite effective in em-
phasizing resonating features.

The evidence for Cu+ as well as for Cu + resonances is
presented in Figs. 2 and 3. Figure 2 presents convention-
al photoemission spectra (energy distribution curves), i.e.,
the distribution as a function of Ef of the detected photo-
electrons for a fixed photon energy. The spectra shown
here were taken on three different specimens and with
different photon energies; specifically, hv=74 and 76.5
eV are photon energies near the resonances for Cu + and
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FICx. 2. Conventional photoemission spectra taken for three
di6'erent Nd cuprates; the two Ce-doped samples were reduced
in a nitrogen atmosphere. The horizontal scale is the kinetic en-

ergy for the h v=76.5 spectra, the other spectra have been shift-
ed to compensate for the change in hv. The vertical arrows
mark the position of the Cu+ and Cu + resonances.
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FICx. 3. Constant-initial-state photoemission spectra taken at
(constant) Ef-hv energies —17.6 (open circles) and —20 eV
(solid circles), where Ef is the photoelectron kinetic energy.
Data are presented for the same three specimens of Fig. 2. The
positions of the two resonances are marked for the central spec-
tra. The two curves for each concentration have been normal-
ized to each other, but the scales for diferent concentrations are
diA'erent and arbitrary.
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for Cu+. The spectral region of the figure corresponds to
the copper satellites. The resonating Cu + satellite is
readily visible. On the contrary, the 1+ satellite is bare-
ly, if at all, visible.

The 1+ satellite, however, becomes much more evi-
dent by taking constant-initial-state spectra with high
signal-to-noise ratio. Figure 3 shows typical data for the
same specimens as Fig. 2. The Cu+ resonance is clearly
visible for the Ce-doped specimens, and the 2+ reso-
nance is evident for all specimens. This result eliminates
all questions about the presence of copper in the 1+ state
for Ce-doped materials.

We tried to quantitatively investigate the relative
amounts of Cu+ and Cu + in the different specimens.
Unfortunately, this procedure is affected by two prob-
lems; first, we do not have an absolute normalization for
the Cu+/Cu + concentration ratio. Second, because of
the weakness of the signal, the background correction
procedure introduces rather large uncertainties. On a
non-normalized scale, we found a Cu+/Cu + ratio of 0,
0.5, 0.3, and 0.3 for the nonreduced x=0, 0.1, 0.15, and
0.2 samples. The uncertainty is at least 0.1 —0.2 on this
scale, so the differences between the last three specimens
are not necessarily significant. ' For the reduced sample,
we found ratios of 0.2, 0.5, 0.4, 0.4, and 0.5 for x=0,

0.05, 0.1, 0.15, and 0.2 on the same scale. The nonzero
ratio for the reduced x=0 sample is somewhat surpris-
ing. The absolute value of the ratio is at the borderline of
uncertainty but some Cu+ could be conceivably pro-
duced by the reduction process.

In summary, by carefully exploring many different
specimens of Ce-doped or undoped Nd cuprates with the
constant-initial-state technique, we have been able to re-
move the puzzling controversy' concerning the pres-
ence or absence of Cu+. This also removes questions
about the nature of the carriers in these specimens; our
own oxygen resonance data fully support n-type conduc-
tivity. The clarification of this issue should make it
easier to exploit the existence of n-type high-temperature
superconductivity for a simplification of the theoretical
picture of this exciting phenomenon.
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