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Valence- and core-level photoemission spectra of vacuum-annealed polycrystalline Nd,_,Ce,CuO,
ceramics have been studied over the composition range 0 <x <0.20. The cleaned surfaces give simple
Ols core line shapes in x-ray photoemission spectroscopy (XPS) and metallic samples with x values in
excess of 0.1 display x-ray and Ne(I) excited valence-region spectra showing a distinct Fermi-edge cutoff.
Valence-band and core-level binding energies are inconsistent with filling of a rigid conduction band.
Moreover, there is little change in the Cu 2p XPS line shape across the series. This observation is dis-
cussed in relation to the Larsson-Sawatzky model. The Cu 2p core-level data for Nd,_, Ce,CuO, are
compared with those for La,_,Sr,CuO,. The experimental work reveals a stabilization of Cu 3d levels
in Nd,CuO, as compared with La,CuO, and suggests a negative charge-transfer parameter A in the

former compound.

I. INTRODUCTION

The discovery in 198912 of superconductivity in the
phase Nd,_,Ce, CuO, aroused widespread interest be-
cause simple electron-counting considerations suggest
that replacement of trivalent Nd! by formally tetra-
valent Ce'Y should lead to n-type doping of the insulating
parent compound. In contrast to the p-type supercon-
ductors, which in general achieve optimal superconduct-
ing properties by annealing under oxidizing conditions,
Nd,_,Ce,CuO, must be postannealed under conditions
where oxygen loss from air-sintered samples is possible
(e.g., in an Ar or N, atmosphere or in vacuum) in order
to produce a superconducting material. In addition, Hall
effect and Seebeck coefficients are both observed to have
signs opposite to those for the more conventional p-type
oxide superconductors, in agreement with the idea that
there are n-type carriers.! 3 Interest therefore focuses on
the nature of the charge carriers. In the simplest picture,
the parent compound Nd,CuQ, is a charge-transfer insu-
lator* with any empty upper Hubbard band of dominant
Cu 3d atomic character lying above a broad O 2p band;
the lower Cu 3d Hubbard band sits in the middle of the O
2p band. The added electrons thus occupy the initially
empty upper Hubbard band. In a formal bookkeeping
sense some of the Cu'! has been reduced to the Cu! state.
In chemical terms it is, however, difficult to understand
the coexistence of Ce!Y and Cu': the redox potentials in
aqueous solution® (Ce'Y/Ce™=1.70 V; Cu'l/Cu!=0.159
V) suggest that Ce!¥ should oxidize Cu' to Cu'’.

Early studies by OK edge energy-loss spectroscopy
called into question the notion of n-type doping and sug-
gested that O 2p holes were present even for undoped
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samples.® It was later shown that the pre-edge structure
was in fact due to excitation of O s electrons into a Hub-
bard band of the dominant Cu 3d character strongly ad-
mixed with O 2p states.” The OK edge spectra show little
change with electron doping. By contrast, pronounced
changes in CuK edge x-ray absorption spectra suggest
reduction from Cu’ to Cu! with Ce doping, although it is
controversial as to whether the added electrons should be
regarded as localized or itinerant.® 1 In an elegant and
careful experiment, Alexander et al.” observed that Th!Y
doping in Nd; gsTh, ;sCuO,4 causes a 14% reduction in
the relative intensity of the excitonic feature in the Cu
2ps,, energy-loss spectrum of Nd,CuQO,. This appears to
provide definitive support for the expected increase in the
mean 3d electron count on copper in this system.

A detailed study of core-level structure in x-ray photo-
emission provides an alternative and complementary ap-
proach to the investigation of the valence states of the
various ions in Nd,_,Ce,CuO,. In particular, for Cu'!
compounds, the Cu 2p core peak contains a “main peak”
associated with a well-screened Cu 2p°3d '°L ! final state
(where L ! designates a single hole on the ligand oxygen
atom) and a satellite associated with the poorly screened
configuration Cu 2p°3d°L °. By contrast Cu! gives a sin-
gle final-state configuration Cu 2p°3d'°L © at an energy
close to that of the Cu 2p°3d°L ! peak for Cu'l. Thus the
ratio between satellite and main peak intensities should
be diagnostic of the Cu oxidation state, reduction from
Cu!! to Cu' being accompanied by a corresponding reduc-
tion in satellite intensity. The first comprehensive study
of Nd,_,Ce,CuO, core levels was carried out by Ishii
et al.'! These workers found that the satellite to main
peak intensity ratio in Cu 2p x-ray photoemission spec-
troscopy (XPS) decreased with Ce doping for samples
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that had been annealed only in air. However, for “re-
duced” samples subject to subsequent ex situ annealing in
Ar, the satellite intensity was constant over the composi-
tion range 0.1 <x <0.2. Suzuki et al.!? found a similar
decrease in satellite intensity for air-annealed samples but
studied only a single “reduced” sample with x =0.15.
This study was noteworthy for the observation of a nicely
defined Fermi-edge structure in x-ray excited valence-
region photoemission spectra of samples with x =0.15.
Fujimori et al."® also concentrated on unreduced, air-
annealed samples. They found a roughly constant satel-
lite intensity up to x=0.15, with a sudden drop at
x =0.20. Their He(II) photoemission spectra showed no
indication of a Fermi-edge structure. Finally, Klauda
and co-workers'* !5 studied core levels in both unreduced
and reduced samples for x values in the range
0<x <0.15. Here the relative satellite intensity de-
creases with Ce doping for both reduced and unreduced
samples. The situation with respect to core-level spectra
is thus extremely confusing with no clear consensus in
the literature.

The quality of the sample surface is clearly a matter of
crucial importance in any photoemission work. In most
of the core-level studies alluded to above and in other pa-
pers not discussed in detail'® '3 surfaces were prepared
by scraping ceramic samples. In all these cases the sur-
faces have a significant level of residual contamination, as
gauged by the appearance of a shoulder on the high bind-
ing energy side of the main O 1s peak. Suzuki et al.'” ar-
gued that low-temperature fracture (the fracture is
predominantly intragranular) of ceramic samples pro-
vides a route to better quality surfaces, but even these
surfaces showed a high binding energy O 1s component.
Only one paper deals with cleaved single-crystal surfaces
but, unfortunately, this is concerned only with valence-
band spectra and it is not possible to make contact with
the core-level work."

In the present communication we employ an alterna-
tive method of surface preparation: high-temperature an-
nealing of ceramic samples under carefully controlled
UHYV conditions. This method of sample cleaning obvi-
ously mimics the reduction step involved in the prepara-
tion of superconducting materials within the
Nd,_,Ce,CuO, phase and is appropriate only for the
study of reduced samples. The annealed surfaces differ in
principle from cleavage surfaces in that they present
atomic distributions which may be brought into thermo-
dynamic equilibrium with the bulk and high-energy steps
and defects that may be present on cleavage surfaces are
healed during the annealing process. Sakisaka et al.?®
have used a closely related procedure to prepare clean,
ordered, thin-film (001) single-crystal surfaces for ultra-
violet valence-region photoemission studies. Confidence
in the approach can be drawn from the very high quality
of the photoemission spectra obtained by them and their
observation of sharp (1X1) low-energy electron
diffraction (LEED) patterns. In fact, the definition of
structure close to the Fermi energy is much better in
their work than for surfaces prepared by any other
means, including cleavage of single crystals.'® In our
own hands, UHV annealing leads to atomically clean sur-
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faces with O 1s XPS line shapes free of high binding ener-
gy shoulders. As noted by Fowler et al., appraisal of the
photoemission studies is often hampered by “selective”
reporting of the available data and a failure to quantify
the level of C surface contamination.?! In the present pa-
per we make a full presentation of core-level spectra. By
working on well-defined surfaces of this sort we are able
to explore the new physics to emerge from our data with
some confidence.

The work on Nd,CuQOy is extended to include compar-
ison with La,CuO, and La, 4sSry ;sCuQO,. There has been
little photoemission work on this system in the past two
years but there is no obvious consensus in the literature
about the effects of Sr doping on Cu core-level spectra.

II. EXPERIMENTAL

Samples within the series Nd,_,Ce,CuO, (x=0.00,
0.05, 0.10, 0.15, and 0.20) were prepared by firing finely
ground mixtures of Nd,0; (Aldrich 99.99%), CuO (Al-
dridge 99.999%), and CeO, together at 1050 °C in air for
5 days with intermediate regrindings.’?> The CeO, was it-
self freshly prepared by thermal decomposition of
Ce(CO,), (Aldridge 99.99%) at 900°C.”2 Samples were
then pelletized and refired in flowing He (BOC Secial
Gases Zero Grade) at 910°C for 16 h and quenched to
room temperature under a sustained He flow. Samples
were subject to a final anneal in flowing He at 550°C, as
recommended by Takagi, Uchida, and Tokura.?

X-ray powder diffraction patterns of samples prepared
in this way contained only reflections characteristic of the
tetragonal T’ phase. The c-axis lattice parameter de-
creased smoothly from 12.18 to 12.06 A as x varied from
0.00 to 0.20, while the basal plane parameter a showed a
small but progressive increase from 3.943 to 3.945 A.

Samples with x =0, 0.05, and 0.10 showed activated
conduction with no transition to a superconducting state.
Nd, 3sCey 1sCuO, showed an almost temperature-
independent normal state conductivity, with a supercon-
ducting onset at 23 K and zero resistance at 20 K.
Nd, 5Ce; ,CuO, showed nonactivated conduction but did
not undergo a superconducting transition at tempera-
tures above 13 K.

Photoemission spectra were measured in a two-
chamber VG ESCALAB 5 Mark II spectrometer. The
main chamber (base pressure 8X107!! mbar) was
equipped with a 150 mm mean radius spherical sector
electron energy analyzer, twin anode (Mg, Al) x-ray
source and high-intensity noble gas discharge lamp. The
analyzer resolution was set at 0.4 eV for x-ray and He(II)
excited spectra and at 0.1 eV for spectra excited with
He(I) and Ne(I) radiation. Samples were mounted on
stainless-steel stubs and held in place by stainless-steel
clips.

As-prepared samples showed prounced C ls intensity
in XPS (Fig. 1) and gave an O 1s signal with a strong high
binding energy shoulder (Fig. 2). In situ cleaning of the
Nd,_,Ce,CuO, ceramics was effected by annealing in
UHV (base pressure 5X 107 !1° mbar) at 550°C with the
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FIG. 1. Al Ka core-level XPS in C 1s region for (a) Nd,CuO,
and (b) Nd, gsCe 15CuO, for as-prepared samples (dots) and
after in situ cleaning (solid lines).

aid of a 1.5 kW rf generator coupled to the sample and its
stub by a water-cooled copper workcoil.?> The surface
temperature during the annealing treatment was mea-
sured by an emissivity calibrated infrared pyrometer.
After a pressure rise to about 10”7 mbar, associated with
desorption of contaminants, the base pressure was

(a) \  Nd1.85Ceqp.15Cu0O4
: Al:Ka

0O:1s

520 525 550 535 540 545
binding energy (eV)

(b) NdpCuO4
E Al:Ka O:1s

520 525 530 535 540 545
binding energy (eV)
FIG. 2. Al Ka core-level XPS in O 1s region for (a)

Nd, gsCep,1s5CuO, and (b) Nd,CuO, for as-prepared samples
(dots) and after in situ cleaning (solid lines).

recovered after around 2-3 h sustained annealing. After
this in situ treatment, the C 1s level was reduced below
the limit of detectability in XPS (Fig. 1) and the high
binding energy shoulder on the O 1s core line was essen-
tially eliminated (Fig. 2). As emphasized in Figs. 1 and 2,
this pretreatment is effective at removing surface contam-
inants for both doped and undoped samples.

La,CuO, and La, 4sSr; ;sCuO4were prepared by stan-
dard techniques.?* In situ cleaning for these samples in-
volved annealing in the ESCALAB preparation chamber
under 1 atm of pure oxygen (BOC zero grade) at 600 °C.
This cleaning procedure yielded single-peak O 1s core-
level spectra,?® vanishingly low levels of C contamination
of He(ITI) spectra free of adsorbate peaks around 9.5 eV:
the data were comparable in these respects to that for
Nd,CuO,.

III. RESULTS AND DISCUSSION

A. Valence-level spectra of Nd,_, Ce, CuO,

Consideration of experimental data begins with discus-
sion of valence-level spectra, because these provide a crit-
ical benchmark as to the quality of the sample surface.
In particular, we regarded the presence of the expected
Fermi-edge cutoff in x-ray excited valence-band spectra
of metallic samples and the absence of peaks due to ad-
sorbates at 9—-10 eV binding energy in He(II) spectra as
prerequisite indicators of a successful cleaning cycle.
Figures 3-6 show valence-region spectra excited with
Ne(I) (Fig. 3, hv=16.8 eV), He() (Fig. 4, hv=21.2 eV),
He(II) (Fig. 5, hv=40.8 eV), and AlKa (Fig. 6,
hv=1486.6 V) radiation.

Optimal surface sensitivity and separation between
valence-band structure itself and secondary electron
structure is achieved in He(Il) spectra (Fig. 5). There is
no indication in these data of structure to the high bind-
ing energy side of the main valence band associated with
unwanted adsorbates. For YBa,Cu;O,; (Ref. 25) and
La,CuO, (Ref. 26) it is now generally accepted that struc-
ture below the main valence band [other than that due to
Cu 3d?® valence-band satellites] is associated with poor
surface quality or surface adsorbates and similar con-
sideration must apply to Nd, _, Ce,CuO,. It is surprising
then that most published photoemission spectra, includ-
ing those of Grassman et al.,'* Hwu et al,”” Reihl
et al.,’® and Sakisaka et al.?° show a strong adsorbate-
related structure at around 9-10 eV.

The main valence-band onset in He(II) photoemission
spectra is about 0.75 eV below the Fermi level for the
parent Nd,CuO,. This compares with the bulk charge-
transfer gap of about 1.5 eV.? The overall valence band-
width in He(II) spectra is of the order of 8 eV. The band-
width is similar in Al Ka spectra (Fig. 6). Moreover,
there is no major change in spectral profiles on changing
from excitation at 40.8 to 1486.6 eV. Across this photon
energy range there are very pronounced changes in the
ionization cross sections® for the atomic states contribut-
ing to the valence-band intensity (Table I). At the lower
photon energy, the spectra should be dominated by the O
2p partial density of states, but at the higher x-ray energy
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FIG. 3. Valence-region photoelectron spectra of FIG. 5. Valence-region photoelectron spectra of

Nd, -, Ce,CuO, excited with Ne(l) radiation: hv=16.8 eV.  Ng,  Ce CuO, excited with He(Il) radiation: hv=40.8 eV.
Binding energies are given relative to the Fermi energy of the Structure due to He(I)B and He(IDy radiation has been sub-
metallic sample stub. Binding energy scales in the other tracted.

valence-band spectra are also defined in this way.
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FIG. 4. Valence-region photoelectron spectra of FIG. 6. Valence-region photoelectron spectra of

Nd,_,Cu,CuO, excited with He(I) radiation: Av=21.2 eV. Nd,_,Ce, CuO, excited with AlKa radiation: hv=1486.6 eV.
Structure due to He(I)B and He(I)y satellite radiation has been Structure due to satellite radiation has been subtracted from the

subtracted from the spectra. spectra.
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TABLE 1. One-electron ionization cross sections (o) and fractional contributions (/) to total
valence-band intensity for occupied valence levels of La,CuO,4 and Nd,CuO, at differing photon ener-
gies.
hv (eV) 16.8 21.2 40.8 1486.6
o(Nd 4/)/Mb 1.04X107! 1.74x107! 7.08X 107! 1.58Xx 1073
o(Cu 3d)/Mb 6.45X 107! 7.55% 107! 9.93%x 107! 1.20x1073
(O 2p)/Mb 2.61 2.67 1.70 6.0X107°
La,CuO,
I(Cu 3d) 0.085 0.096 0.180 0.882
IO 2p) 0915 0.904 0.820 0.118
Nd,CuO,
I(Nd 4/) 0.005 0.007 0.041 0.187
I(Cu 3d) 0.084 0.095 0.172 0.738
IO 2p) 0911 0.898 0.787 0.075

the major contribution to the spectral intensity comes
from the Cu 3d partial density of states (with a small but
significant contribution from Nd 4f states). The lack of
major changes in the spectral profiles therefore indicates
that there is very substantial mixing between Cu 3d and
O 2p states, with relatively little change in atomic compo-
sition across the band.

Next we consider changes in spectra with doping. In a
rigid band model, n-type doping into the upper Cu 3d
Hubbard band should lead to a shift of valence-band
features to higher binding energy and to the appearance
of a conduction-band peak separated from the main
valence band. There is no indication of such a shift. In-
stead, at the lowest photon energy (hv=16.8 eV, Fig. 3),
there is some indication of broadening of the valence-
band edge toward the Fermi level with Ce doping, and a
very small (0.2 eV) shift to lower binding energy for the
valence-band maximum as x in Nd, ,Ce, CuQO, varies
from x =0.0 to 0.2. This is in contrast to the downward
band shift observed by Reihl et al.,?® although we draw
attention to the very high intensity of the contaminant
structure in the He(II) spectra of this earlier work. The
lack of shift is in fact more in keeping with the data of
Allen et al.,' who overlaid valence-band spectra of
Nd,CuO, and Nd, 4sCe; ;5CuO, excited with synchro-
tron radiation at hv=72 eV. There was no discernible
shift in the valence-band maximum, but a small broaden-
ing of the valence-band edge. We return to discussion of
the rigid band model in the context of comparison of data
for Nd, §5Cej 15CuO, and La, 45Sr; ;5CuOy,.

Turning next to the states at the Fermi energy itself, a
weak but well-defined Fermi-edge cutoff structure is
found in Ne(I) and AlK a excited spectra. Note, howev-
er, that the photoemission intensity at E, in Ne(I) spectra
continues down to the main valence-band onset and there
is no well-defined gap between “valence” and ‘“‘conduc-
tion” bands (Fig. 7). The intensity close to E is very low
at hv=21.2 and 40.8 eV. The 21.2 eV data are in agree-
ment with the experiments of Sakisaka et al,?® who
found vanishing Fermi energy intensity below Av=30
eV, with a very strong maximum in the Fermi energy in-
tensity at Av=>50 eV. These variations were interpreted

in terms of the one-electron cross-section profile for Cu
3d states, although the experimental intensity peaked
much more strongly than the atomic cross-section profile.
Allen er al.'’® studied the Fermi-level intensity in the en-
ergy range 40 eV <hv <140 eV and found a less sharp
maximum at Av=50 eV and antiresonance behavior
around the Cu 3p core threshold at hv=74 eV. This
again conforms to the pattern expected for states of dom-
inant Cu 3d atomic character. The high Fermi energy in-
tensity of hv=16.8 eV is thus somewhat puzzling when
viewed in the context of previous photoemission experi-
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FIG. 7. Ne(I) photoemission spectra (hv=16.8 eV) of
Nd,_,Ce,CuO, in the region close to the Fermi energy. The
intensity has been normalized relative to the valence-band max-
imum.
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ments. However, it is important to recognize that due to
covalency the states at E, must have very substantial O
2p as well as Cu 3d atomic character. In addition, it is
well known that the inelastic mean-free-path length for
electrons in solids increases strongly at low photon ener-
gies,’! so that photoemission measurements at hv=16.8
eV are intrinsically less surface sensitive than at the
higher energies. Thus if the density of states at Ej,
N(Ey), is depressed in the near surface region over dis-
tances of the order of electron pathlengths, enhanced
Fermi energy intensity will be found on increasing the
path length.

There are, in turn, at least three potential mechanisms
for suppression in N(Ef) at the surface. First, there is
the possibility of poor surface quality. It would be
dangerous to discount this consideration although the
clean O 1s line shape argues against it. Second, there
may be “desegregation” of Ce with a reduced Ce/Nd ra-
tio and correspondingly lower n-type carrier concentra-
tion near the surface. However, we can discount this pos-
sibility because the Ce/Nd core-level intensity ratio
shows no obvious change with the change in angle of the
off take of photoelectrons (Sec. III C). Finally, there is
the possibility of an “intrinsic” suppression in the density
of states close to the surface due to band narrowing and
enhanced tendency toward localization of the n-type car-
riers into states falling below the bulk conduction band,
due, for example, to trapping as small polarons.*?

B. Comparison of valence-level spectra
of La,_, Sr,CuO, and Nd, _, Ce, CuO,

Ne(I) photoemission spectra of oxygen-annealed
La,CuO, and La, 4sSr; 15CuO, are shown in Fig. 8. The
p-type doping leads in this system to the appearance of a
well-defined Fermi-edge structure, as emphasized in Fig.
9, which shows expanded scans close to the Fermi ener-
gy. As with the Nd,CuO, system, we fail to observe the
shift in the position of the valence-band maximum which
would be expected on the basis of a rigid band model.
This is at variance with the shift of the valence-band

Lap —xSryxCuO4
Nel hv=16.8eV

8 6 4 2 E¢ -2
binding energy (eV)

FIG. 8. Ne(I) photoemission spectra (hv=16.8 eV) of
La,CuQO, and La; 4sSry ;sCuOy,.
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FIG. 9. Ne(I) photoemission spectra (hv=16.8 eV) of
La,CuO, and La, 4sSr; ;5CuO, in the region close to the Fermi
energy. The intensity has been normalized relative to the
valence-band maximum.

structure toward the Fermi level with hole doping ob-
served by Shen et al.*® in Bi,Sr,CaCu,04. However, the
lack of rigid band shifts is in accord with previous photo-
emission work on the closely related perovskite material
La,_,Sr,VO; (Ref. 34) that undergoes a metal to non-
metal transition with increasing hole doping. There is
also no indication of a rigid band shift in inverse photo-
emission spectra La,_ Sr,NiO,.%

Although within the two series La,_,Sr,CuO, and
Nd,_,Ce,CuO, the separation between valence-band
structure and the Fermi energy remains fixed, the
valence-band structures for the two series do not coin-
cide. This is illustrated in Fig. 10 which shows superim-

L Nel
i hy=16.8eV

Il 4 I 1 1 { } p
T t t T T T t

8 6 4 2
binding energy (eV)

FIG. 10. Comparison between Ne(I) excited photoemission
spectra of La, gsSry 15CuOy (dashed line) and Nd,; 3;sCep 15CuOy,
(solid line).
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posed Ne(I) excited spectra of La;gsSry,5CuO, and
Nd, 3sCey 1sCuOy:  these are chosen rather than the
parent undoped species because the position of the Fermi
energy is unambiguously defined by the observed Fermi-
Dirac cutoff in the photoemission profile. However, a
similar picture pertains for the undoped parents. It is
clear from Fig. 10 that the valence band is shifted down-
ward in energy relative to the Fermi energy for
Nd, 35Cep.15Cu0O, as compared with La, 3sSr; ;CuO,. In
contrast to Allen et al.'® we cannot therefore put forward
a model where doping is into “midgap” states at the same
energy for both La,CuO, and Nd,CuO,. Instead, we en-
visage that in the undoped compounds the Fermi levels
are pinned at different positions by impurity states for the
parent compounds, i.e., for La,CuO, the Fermi level is
pushed into the lower half of the charge-transfer gap due
to formation of Zhang-Rice singlet states*® by low con-
centrations of p-type carriers, while for Nd,CuO, the
Fermi level sits just below the bottom of the upper Hub-
bard band at the top of the charge-transfer gap. In addi-
tion, it must be remembered that the charge-transfer gap
is smaller for Nd,CuO, than for La,CuO, (Refs. 29, 37,
and 38) so that the change in position of the Fermi ener-
gy cannot be equated with the charge-transfer gap of ei-
ther compound taken alone. In agreement with this
broad picture, the O 1s core level binding energy shows a
shift to lower binding energy for the La,_,Sr ,CuO,
series as compared with the Nd,_,Ce,CuO, series (see
below), although the shift of ~0.3 eV is somewhat small-
er than expected.

C. Core-level spectra of Nd, _, Ce, CuOy:
O 1s, Nd 3d, and Ce 3d regions

The O 1s spectra for the series Nd,_, Ce, CuO, in Fig.
11 demonstrate the efficacy of the sample cleaning pro-
cedure across the complete composition range studied.
The O 1s binding energy is essentially fixed at 528.840.1
eV (Table II). The constant binding energy is incon-
sistent with rigid band filling of an upper Hubbard band
and reinforces the conclusion from valence-band studies
that this model is inappropriate to describe electron dop-
ing in Nd,CuO,. The fact that we are able to obtain
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Ndo - xCexCuO4
Al:Ka

O:1s

5350 535 540
binding energy (eV)

520 525 545

FIG. 11. Al Ka excited photoemission spectra of compounds
within the series Nd,_,Ce, CuO, in the O 1s region. Structure
due to satellite radiation has been subtracted from the spectra.
Note the clean O 1s line shape and the lack of shift of peak posi-
tion with Ce doping.

clean O 1s core line shapes is crucial to exploring the ap-
plicability of the rigid band model by core-level photo-
emission spectroscopy because the other core levels
display complex line shapes due to a variety of many elec-
tron processes, as will emerge below.

Consider next the Nd 3d core levels (Fig. 12). Each of
the two spin-orbit components of this core level is
characterized by a shoulder to the low binding energy
side of the main peak. The ground state of Nd'! is well
described with a relatively pure 4f> valence shell
configuration, but due to the strong 3d core hole 4f

TABLE II. Core electron binding energies for Nd,_,Ce,CuO, and La,_,Sr,CuQ,. All values in

eVv.
x O 1s Cu 2p;,, Nd 3ds,, Ce 3ds,,
v U” v!l'
Nd,_,Ce,CuO,
0.00 528.8 932.8 981.7
0.05 528.8 932.7 981.5
0.10 528.8 932.8 981.5
0.15 528.9 932.8 981.3 881.4 887.9 899.6
0.20 528.7 932.8 981.1 881.3 887.8 899.5
La,_,Sr,CuO,
0 528.4 932.7
0.15 528.5 932.7
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FIG. 12. Al Ka excited photoemission spectra of compounds
within the series Nd,_,Ce,CuO, in the Nd 3d region. Struc-
ture due to satellite radiation has been subtracted from the spec-
tra. The peak labeled O(A) is due to OKLL Auger emission.
The spectrum for x =0.20 (dashed line) has been overlaid on the
spectrum for x =0.00 in the bottom panel.

Coulomb attraction, the 4f levels are pulled down in the
final state. This allows appearance of a screened final
state in which an electron is transferred from the ligand
(L =oxygen) level into the 4f shell to give a final-state
valence shell configuration 4f ‘L ! (where the bar indi-
cates a hole on the ligand).*® This is responsible for the
low binding energy shoulder. In addition, the 3d5,, peak
has a satellite to higher binding energy close to the foot
of the 3d;,, peak. This was assigned by Klauda and co-
workers'# !> to a final-state 4/ configuration. A similar
structure appears in the 4d core-level spectrum of Nd,0;
and is apparently associated with electrostatic coupling
between the core hole and the outer 4f3 electrons, rather
than with a descreened 4f? configuration.** In agree-
ment with Klauda et al.'®> we find that with Ce doping,
the intensity ratio I(4f3%)/I(4f*L!) increases. This sug-
gests decreasing 4/-O 2p covalency due to competition
from the more acidic Ce!" ions and less efficient final-
state screening by charge transfer from oxygen. In addi-
tion, there is a progressive and well-defined downward
shift in the binding energy of the main 43 peak with Ce
doping. This is again consistent with a decrease in the
transfer integral (413 H|4f*L ') with increasing Ce
doping.

The Ce 3d core-level spectrum itself shows a complex
six-line pattern (Fig. 13). The spectral intensity increases
with Ce doping and the intensity ratio I(Ce 3d)/I(Nd 3d)
is, after correction for atomic sensitivity factors, close to
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Ndo _yCeyCuO4g
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binding energy (eV)

FIG. 13. AlKa excited photoemission spectra of compounds
within the series Nd,_ ,Ce,CuQ, in the Ce 3d region. Structure
due to satellite radiation has been subtracted from the spectra.
The intensity has been normalized by reference to the Nd 3d in-
tensity. The notation v, v"’, etc. is discussed in the text.

the value expected from the nominal bulk doping level
(Table III). The distinct six-line pattern observed at
x =0.20 persists down to the lowest doping level and
across the complete composition range studied it bears a
striking qualitative similarity to the Ce 3d spectrum of
CeO,. In discussing this spectrum we label the six peaks
v, v, v"’, u, u'"’, and u'", in accordance with the nota-
tion introduced by Burroughs et al. in their pioneering
XPS study of this compound.*! Assignment of the spec-
trum has proved to be controversial,*? but following Ko-
tani and co-workers*>** and Fujimori*>*® the following
interpretation can be given. Due to Ce 4/-O 2p covalen-
cy, the ground state in CeO, must be regarded as a linear
combination of 4f° and 4f!L! configurations. The
Coulomb interaction between the 4f levels and the 3d
core hole allows three distinct valence shell final-state
configurations to appear in XPS. These are 4f°, 4f!L !,
and 4f2L 2% The bare 4f° configuration lies at the
highest binding energy with 4f2L 2 below 4f!L !. Thus
the six lines are assigned as follows:

0(3_115/214f1L b, U"(Ms/zl“’le_a ),
U”I(M5/214f0)) u(3_d3/2‘4f1L 1) ,
u,’(_:id3/214f2L 2)’ u'l’(M3/214f0) .

Here the underbar designates a core- or valence-level
hole. Ce,0O; differs from CeO, in that the ground state is
a relatively pure 4f! configuration and only two possible
final states are possible. These are the unscreened
configuration 4/ ! and the screened configuration 4f2L .
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TABLE III. Cu 2p;,, satellite intensities and energies and model parameters for La,CuO, and
Nd,CuQ, in the Larsson-Sawatzky model. The bold values correspond to the same value of Q for both
compounds. The effect of reducing Q for Nd,CuQ, is also shown. The formally acceptable set of pa-
rameters shown in parentheses for Nd,CuQ, is not believed to be physically realistic (see text).

Wi(eV) I, /I, Q(eV) AleV) T(eV)

La,CuO, 8.6 0.41 7.9 0.8 24

Nd,CuO, 9.1 0.26 7.9 —0.9 1.2
(7.9 +3.8 2.9)
7.8 —0.9 1.4
7.7 —0.9 1.5
7.6 —0.8 1.8
7.5 —0.7 2.0
7.4 —0.2 2.5

The absence of the “bare” 4f° configuration is diagnostic
of a Ce™™ ground state.’**3 The present data is thus im-
portant in establishing for the first time that at all Ce
doping levels, the Ce is substituting as Ce'Y rather than
Ce!!, even in reduced samples.

D. Cu 2p core-level spectra of Nd,_ , Ce, CuO,
and comparisons with La, ,Sr, CuO,

Cu 2p,,, core-level spectra for reduced vacuum-
annealed samples of Nd,_,Ce,CuO, (x=0, 0.05, 0.1,
0.15, and 0.2) are shown in Fig. 14. As with other copper
oxide superconductors, a two-peak structure is observed.
There is, however, little change in the peak profiles with
Ce doping, as emphasized in Fig. 15 which shows spectra
of Nd,CuO, and Nd, 3Ce; ,,CuO, overlaid. This con-

Ndo —«CeyxCuO4
Al:Kae  Cu:2p3z /2

x=0.20

925 930 935 940 945 950
binding energy (eV)

FIG. 14. AlKa excited photoemission spectra of compounds
within the series Nd,_, Ce, CuO, in the Cu 2p; , region. Struc-
ture due to satellite radiation has been subtracted from the spec-
tra.

trasts with the situation for La,_ Sr,CuO,, where Sr
doping leads to a broadening of the low binding energy
peak and a general shift in spectral weight to high bind-
ing energy (Fig. 16). It is also striking in comparing data
for Nd, ,Ce,CuO, and La, ,Sr,CuO, that the high
binding energy satellite peak is much weaker in the form-
er series and has a greater separation from the main peak.

Consider first the parent undoped compounds. In
terms of the Larsson-Sawatzky model,*’ 732 the two-peak
structure arises as follows. In a purely ionic system, the
initial state corresponds to a 3d° valence configuration on
copper. To incorporate the effects of covalency a second
configuration 3d!'°L ! is introduced, where L' corre-
sponds to a hole on the ligand (oxygen) atoms surround-
ing the Cu. The energy A between these configurations is
given by

A=E(|3d'°L '))—E(|3d°)) . (1)

The two configurations interact through a transfer in-
tegral T defined by

T=(3d°|H|3d'°L!) )

to give a ground state whose wave function is

1 1 1 1
925 930 935 940 945 950
Binding Energy (eV)

FIG. 15. Overlaid AlKa excited photoemission spectra of
Nd,CuO, (solid line) and Nd, 3Ce; ,CuO, (dots) in the Cu 2p;,,
region.
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925 930 935 940 945 950
Binding Energy (eV)

FIG. 16. Overlaid Al Ka excited photoemission spectra of
La,CuO; (solid line) and La,; g;Srq ;5CuO, (dots) in the Cu 2p;,,
region.

W, =cosf|3d’) —sinf[3d'°L !) , 3)
where
tan20=2T /A with 0<20<7 . )

Note that A>0 gives a ground state of a dominant 3d°
character, whereas for A <0 the ground state has a dom-
inant 3d1°L ! character. In the final state in XPS, the Cu
2p core hole stabilizes the 3d° configuration relative to
the 3d '°L ! configuration by an energy Q: for Q > A and
A >0 the ordering of configurations in the final state is
different to that in the initial state. Due to the change in
hybridization between the two configurations, two final
states now appear in XPS with an energy separation W:

W=[(A—Q)*+4T?*]'/? (5)

and an intensity ratio between the low binding energy
peak (usually referred to as the main peak m) and the
high binding energy peak (usually referred to as the satel-
lite peak s) I, /1,,, where

I,/I, =tan%(0'—0) , 6)
tan20'=2T /(A—Q) with 0<26' <7 . V)

We have investigated the variation of W and I /I,
with A and T for various physically realistic values of the
core-valence Coulomb interaction parameter Q in the
range between 7 and 9 eV. In general, the satellite inten-
sity decreases with decreasing A and is particularly low
for A<O, i.e., in situations where d'°L ! already lies
below d° in the initial state and the core-hole Coulomb
potential does not reverse the order of the configurations.
Moreover, negative A values lead to large W values.

Since there are three variable parameters and only two
observables (the relative satellite intensity and energy),
there is no unique way to derive parameters in the model
from experimental data. We have explored all possible
solutions consistent with the experimental Cu 2p;,,
core-level data for La,CuQ, and Nd,CuO, subject only to
the broad constraints that —1 eV<A<3 eV, 0.5
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eV<T<4 eV, and 0 eV<Q <20 eV. Solutions for
Nd,CuO, exist only for Q values in the range 7.4-7.9 eV
and for La,CuQO, in the range 7.8-8.3 eV. Of course Q is
essentially an atomic parameter and it is T and A which
are of greater interest in relation to the valence electronic
structure. We therefore focus particular attention on
solutions in which the core-valence Coulomb parameter
is fixed at the same value of 7.9 eV for both compounds
(Table III). For La,CuO, we find that acceptable values
for the satellite intensity and energy are best reproduced
by a small positive A value of around 0.8 eV and a
transfer integral T of 2.4 eV. These are in sensible agree-
ment with values found elsewhere in the literature.!!-%%2
By contrast, for Nd,CuO, two different sorts of solution
are found. The first has a negative A value of —0.9 eV
and a much reduced transfer integral 7=1.2 eV. The
second solution, which we believe to be unphysical, has
both T and A very much greater than for La,CuO,. The
low satellite intensity and large value of W for Nd,CuO,
in relation to La,CuQ, is thus seen to be associated with
a negative A value. This is not an artifact of constraining
Q to be 7.9 eV: negative A values are obtained for all Q
values in the range from 7.4 eV upward. In fact, solu-
tions with a slightly reduced Q value for Nd,CuQO, are
probably more physically realistic as they do not involve
such a dramatic reduction in T (Table III). Following a
discussion of the low value of the charge-transfer gap for
Nd,CuO, by Maekawa and co-workers,”’ the difference
between La,CuO, and Nd,CuO, may be understood qual-
itatively as follows. The negative Madelung site potential
at the Cu! ion in a cuprate material destabilizes the Cu!
3d levels relative to the O ™! 2p levels. This site potential
is smaller for the four-coordinate Cu?>" environment in
the T structure of Nd,CuQO, than for the six-coordinate
environment of the tetragonal T structure of La,CuO,.
Thus the difference in Madelung energy between in-plane
0%~ sites and Cu®™ sites is 46.37 eV for Nd,CuO, and
49.22 eV for La,CuO, (Ref. 38): a stabilization of the Cu
3d levels relative to the O 2p levels in Nd,CuO, by 2.85
eV compared to the value in La,CuO, is thus predicted
by the ionic model. Given that A=0.8 eV for La,CuQ,,
a negative value of A for Nd,CuO, is perfectly
comprehensible. The stabilization of the 3d'°L!
configuration relative to the 3d° configuration is also im-
portant in raising the effective Cu!/Cu! redox potential
within the T structure and allowing for n-type doping by
Ce". Moreover, the in-plane Cu—O bond length is
longer in Nd,CuO, (1.98 A) than in La,CuO, (1.90 A)
and the transfer integral is expected to be somewhat
smaller in the former compound. Maekawa has suggest-
ed that the transfer integral should scale as (1/bond
length)* so that the reduction is not expected to be quite
as dramatic as in Table III assuming Q=7.9 eV for
Nd,CuO,.

A negative A value has been inferred from the previous
core-level study Nd,CuO, by Ishii et al., but was
dismissed as physically unrealistic.!! However, both
Misokawa et al.® and Okada et al.’* suggested a nega-
tive A value for the Cu'™ compound NaCuO,. There the
ground state was dominantly 3d°L ! and the gap respon-
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sible for the insulating nature of this compound was attri-
buted to the p-p excitation

3d°L '+3d°L '—3d°L *+3d° .

In the present context we are suggesting a dominant
ground configuration 3d I°L ! and a gap due to the excita-
tion

3d'°L '+3d'°L ' —3d 'L *+34 " .

Moreover, electron doping is into states of dominant O
2p character so that the atomic nature of the n-type
charge carriers in Nd,_, Ce, CuQ, is proposed to be very
similar to those of the p-type carriers in La,_,Sr, CuO,.
However, it should be emphasized that owing to the rath-
er small absolute values of A and the strong ground-state
mixing between the configurations, the conduction-band
states retain very substantial Cu 3d character.

Turning next to the effects of doping, the striking
feature of Fig. 14 is that the Cu 2p; , peak profile shows
very little variation with Ce doping. This is emphasized
in Fig. 15 which superimposes spectra for Nd,CuO, and
Nd, {Ce; ,CuO,. Remembering that we are dealing with
reduced samples, the data agree in this respect with Ishii
et al.'! who studied vacuum-annealed samples in the
composition range 0.10<x <0.20. There is a clear
discrepancy with the data of Klauda and co-workers.!*!3
The reasons for the experimental disagreement are un-
clear at present, although our surface preparation pro-
cedure is different from both of these other groups.

Assuming a Ce!V valence, formal electron counting re-
quires that, for a Ce doping level x, a fraction x of the
Cu" ions are converted to Cul. Although the extra elec-
trons may be delocalized in the initial state for x >0.10,
in the final state in XPS we envisage localization to give
distinct final-state configurations associated with Cu!
(3d'°) and Cu" (3d° and 3d'°L "). The 3d'® and 3d'°L '
configurations differ little in energy and therefore will
both fall within the envelope of the main peak. We there-
fore expect a decrease in the intensity ratio I, /I,, by a
factor 1—x, where x is the Ce doping level. The fact that
this change is not observed is extremely puzzling. Oka-
da, Seino, and Kotani>> have considered the effects of
doping electrons into essentially Cu 4s-like states and
have shown that this would lead to constant satellite in-
tensity. However, this model is not consistent with the
observed decrease in Cu 2p;,, core-edge excitonic inten-
sity in electron-energy-loss spectroscopy (EELS) observed
on Th doping Nd,CuO,.” An alternative is that a frac-
tion x of the Cu yields a 3d'° final state, but that for the
remaining fraction (1—x) of Cu ions the parameters 7T,
A, and Q rescale in such a way that the intensity ratio be-
tween

1(3d°)=(I,)
and
[1(3d%)+1(3d'°L )]=I,,)

remains accidentally constant. For example, for
Nd, gCe ,CuOy, this would imply that
I1(3d°)/I1(3d°L 1) increases from the value of 0.26 for

Nd,CuO, itself to 0.33, the value of W remaining fixed.
This is easily achieved with a small increase in Q and a
decrease in A. Thus the data for Nd, 3Ce, ,CuO, can be
fitted with Q=8.0 eV, A=—0.5 eV, and T=1.7 eV.
The actual values of these parameters are not in them-
selves important, but the general point that there is a
strong dependence of satellite intensity and energy on the
parameters of the Larsson-Sawatzky model means that it
is dangerous to derive values of the 3d electron count
from the core-level spectra without a critical considera-
tion of the model involved.

Finally, we consider the effects of Sr substitution in
La,CuO,. As shown in Fig. 16, Sr doping in this system
leads to broadening on the high binding energy side of
the main Cu 2p;,, peak and a small shift to higher bind-
ing energy. There is, however, only a small change in the
intensity ratio between the main peak and the satellite.
The experimental picture here is in agreement with a
number of previous papers including those of Niicker
et al.’® and Ishii et al.,'! although these authors do not
carry out the overlay of spectra necessary to highlight the
main peak line broadening. However, our experimental
data is very different from that of Rao and co-
workers>”*® who found a very pronounced decrease in sa-
tellite intensity with hole doping from the value
1./1,,=0.44 for x =0 to I /I, =0.28 for x=0.15. The
reasons for the major experimental disagreements are un-
clear, although the Cu core-level spectra in the 1991 pa-
pers cannot be appraised either in relation to O 1s core-
level data or valence-level spectra. We also have reserva-
tions about interpretation of data for the hole doped sam-
ples in terms of the Larsson-Sawatzky model with only
two final-state configurations. As discussed in detail else-
where, 33361 the introduction of holes into a parent Cu"
compound allows the appearance of three new final-state
valence shell configurations associated with the formal
oxidation from Cu!! to Cu!, These are 3d?%, 3d°L !, and
3d'°L 2. The peaks associated with 3d°L ! and 3d'°L ?
overlap the high binding side of the 3d° and 3d'°L'
final-state configurations associated with Cu'’. The shift
between the d'°L ! and d'°L ° configurations accounts
for the broadening of the “main peak” of La,CuO, on Sr
doping. The intensity ratio I, /I,, is now given by

I, /1, =[1(3d°)+1(3d°L")]/[I(3d'"°L ")+I(3d'°L?)].
(8)

In the model Cu™ compound NaCuO,, the configuration
3d'°L 2 dominates the spectra’>>*%? and one cannot as-
sume that, in general,

1(3d°)/1(3d"°L ")=1(3d°L ")/I1(3d'°L?) . 9)
Thus the two-configuration Larsson-Sawatzky model may

be misleading when applied to hole doped cuprates.

IV. CONCLUDING REMARKS

The present study represents the first comprehensive
study of valence and core levels in reduced
Nd,_, Ce,CuO, by photoemission techniques on atomi-
cally clean surfaces. Electron doping leads to the appear-
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ance of a measurable density of states at the Fermi energy
in valence-region spectra, but, surprisingly, this is ob-
served most clearly at the low-energy photon energy pro-
vided by Ne(I) radiation (hv=16.8 eV). Ce core-level
spectra indicate that across the complete composition
range, Ce substitutes as CelY. The low satellite intensity
and large satellite to main peak separation in Cu 2p XPS
are shown to be consistent with the Larsson-Sawatzky
model, assuming a negative A value. This in turn implies
that Nd,CuO, should perhaps be regarded as a p-p insula-
tor, rather than a charge-transfer insulator, although in

view of the close energy matching between 3d° and
3d'°L ! ground-state configurations the importance of
this distinction should not be overemphasized.
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