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We compare the electronic structure of n-type and p-type dopable high-T, cuprates, namely the hole-
doped Nd, 4Ce; ,Sro4CuO,_5 (T*) system as well as the electron-doped Nd,_,Ce,CuO,_; (T’') and
Srg.3sNdy. 1sCuO,_5 (“infinite-layer”) systems. Investigations were done mainly by means of core-level
and valence-band photoemission spectroscopy. Also we performed auxiliary measurements of Hall effect
and magnetic susceptibility. From the investigations on the Cu-O layers we propose that one criterion
for electron dopability in high-T, cuprates is a comparatively high value of the Cu 3d Coulomb interac-
tion U,,. This is concluded from model calculations on core-level and valence-band spectra. Also the
superconducting infinite-layer compound Sr gsNd, sCuQO,_5 exhibits (besides a remarkably low Cu-O
hybridization) this enhanced value of U,;. For the rare-earth layers of T’ and T* we find small but
characteristic differences in the electronic properties (Nd-O-hybridization and charge-transfer energy),
which can be attributed to structural differences. Crystal-field splitting of Nd 4f levels and antiferro-
magnetic coupling of Nd** moments in Nd, §sCey ;sCuO,_s and Nd, ,Ce ,Sr, 4,CuO,_s have been inves-
tigated by evaluation of the magnetic susceptibility. The dopant ions cerium for 7’ and T* and neodym-
ium for Srg gsNdp ;5CuO,_5 are found to be tetra- and trivalent, respectively, which confirms again that
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the infinite-layer compound is an electron-doped cuprate.

I. INTRODUCTION

Much experimental and theoretical work has been
done on the question of what causes an oxocuprate to
achieve metallic behavior and superconductivity either by
electronlike or holelike doping. A few months before the
discovery of n-type high-temperature superconductors
(HTSC’s),"»? namely, the M,_,Ce, CuO,_g systems of T"
structure [M =Pr, Nd, Sm, and less later, Eu (Ref. 3)], su-
perconductivity was found in the p-type conducting
Nd, ,Ce, ,Sr, 4CuO,_5 compound by Akimitsu et al.*
Both systems are well suited for comparative investiga-
tions on the origin of n- or p-type dopability due to their
very close structural relationship (as will be described
below) and due to similar constituents (Cu and Nd) in the
characteristical  structural elements. The recent
discovery of supposed n-type high-temperature supercon-
ductivity in the Sr;_ Nd,CuO,_s systems by Smith
et al.’ offers a further possibility to characterize the
essential structural and electronic features of electron-
dopable HTSC’s by comparison of the infinite-layer
compound  Sr;_,Nd,CuO,_s with the “old”
M,_,Ce,CuO,_g systems.

As mentioned above, the first superconducting T* sys-
tem Nd, ,Ce,,Sry ,CuO, s was found in 1988.%
Neutron-scattering structure refinements by Sawa et al.$
and Izumi et al.” confirmed the T* structure to be a hy-
brid of the well-known T'-(Nd,CuO,) (Refs. 8 and 9) and
T-(La,Cu0,)'® systems, being composed of alternating
slabs of T and T’ parts. Therefore each copper ion has a
pyramidal surrounding of five oxygen ions in contrast to
the octahedral and planar O coordinations of Cu in T and
T', respectively (see Fig. 1). All T* compounds known so
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far are of the composition (M,_,_,M,Sr,),CuO,_5 M
and M’ being rare-earth ions such as La, Nd, Pr (for M)
and Ce, Sm, Eu, or Gd (for M').!'-15 Formation of the
single-phase T* structure (instead of the competing,

Cu
(Sr,Nd)

242

FIG. 1. structure of Nd,_,Ce,CuO,_;5 (a),

Crystal
Nd, 4Ce, St 4,CuO,_5 (b), and La,_,Sr,CuO,_; (c), as well as
Sr;_,Nd,CuO,_; (d).
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more stable T and 7' structures) strongly depends on the
mean size of the rare-earth element (M,M’) and on the
amount of Sr doping.!6-18

A common feature of all T* systems obviously is a
positive sign of charge carriers.!>»!%20 Especially for
Nd, 4Ce ,Sr; 4CuO,_5 the temperature dependence of
the Hall coefficient |Ry(T)|—aside from the sign—is
quite similar to the n-doped pendant
Nd, §sCep ;sCuO,_5.2%!  For superconducting com-
pounds among the T*-family transition temperatures
range from below 2 K (Lag ¢Gdg ¢Sty ,CuO4_5) up to 30
K for high-pressure-prepared Nd, ,Ce, ,Stq ;CuO,_5. >

For our investigations we chose the
Nd, ,Ce, ,S1p 4CuO,_5 compound since both structure
and constituents are very similar to the n-
type Nd,_,Ce,CuO,_s5 compounds. Furthermore,
the T* system at the utmost borderline to electron-
doped®-?"  high-temperature  superconductivity in
Nd, 35Cep.15CuO,_; is of particular interest for investiga-
tions on the electronic structure of Cu-O sheets due to its
relative structural simplicity compared with other
HTSC’s. This offers the opportunity to study the
influence of structural characteristics such as apical oxy-
gen atoms on the dopability of HTSC’s for a kind of mod-
el compound. On the other hand it is interesting to com-
pare the simple T* compounds to other, more sophisti-
cated HTSC’s such as, e.g., Bi,Sr,CaCu,0y4, 5, containing
CuOs pyramids as well.

Also the comparison of the electronic properties of the
rare-earth  layers of both Nd,_,Ce,CuO,_s5 and
Nd, ,Ce, ,Sry 4CuO,_5 seems very promising. In the n-
doped systems M, _,Ce,CuO,_5 (M =Pr, Nd, Sm) there
exist strong antiferromagnetic correlations between M
spins?®-3 as well as antiferromagnetic order for M =Nd
and Sm and x,=0.15 at Ty =1.2 K (Refs. 31 and 32)
and 4.65 K,*>33 respectively. In the p-doped system
Nd, ,Ce ,Sry 4CuO,_5 one could expect similar interac-
tions between Nd spins, provided that the electronic pa-
rameters of the rare-earth sheets are similar to
Nd, 45Cep 15CuO,_s.

The so-called “infinite-layer compound”
(Sry 16Cag g4)Cu0,, discovered in 1988 by Siegrist
et al.,> was disengaged as pure infinite-layer SrCuQ,—
in contrast to the low-pressure modification with double
chains of CuO, tiles**—first in 1989 by Takano et al.’¢
under high pressure. Superconductivity was achieved by
substitution of Sr by Nd and Pr recently by Smith et al.’
at a T, of 34-40 K and by Takano et al. for
Sr,_,Ba, CuO,_;,37 whereas for the latter compound the
real composition of the superconducting phase is not yet
totally clear. Up to now, Er et al.’® and Korczak, Per-
roux, and Strobel®® demonstrated that superconductivity
also could be observed for substituting Sr by La or Sm,
respectively. As is depicted in Fig. 1(d), the
Sry gsNdy ;sCuO,_5 structure consists of planar Cu-O
and Sr layers without any apical or out-of-plane oxygen
positions in either of both sheets (Cu and Sr).3* The
Cu-O bond length of 1.972 A is very similar to the n-type
Nd, 35Ce.15CuOy4_5 (1.970 A). Therefore, one presumes
this new family of HTSC’s to be also an electron conduc-
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tor with doped charge carriers mostly in the antibonding
a7 orbitals.**-%? Recent results by Er et al.** indeed
show a negative sign of the Seebeck coefficient, but unfor-
tunately reveal a positive Hall coefficient for x =0.1 and
T>100 K for the (Sr;_,La,)CuO,_g system, similar to
the positive Ry,; of Nd,_,Ce,CuO,_5 with
x 20.17.42! Nevertheless, confirmation of this data on
other samples (e.g., thin films as prepared by Adachi
et al.® and Sugii et al.*9) is still lacking. From the elec-
tronic point of view therefore one may want to confirm
the valence of Nd dopants to be trivalent (to get hints on
the “chemical” sign of doped charge carriers) and to
characterize some of the most important electronic pa-
rameters of Cu-O layers (in order to compare it with the
above-mentioned prototypes of simple p- and n-type
doped HTSC’s).

We think photoemission spectroscopy to be a very use-
ful tool to clarify some of the questions mentioned above
because of the great success this method met with in
many previous investigations on HTSC’s besides other
high-energy spectroscopies such as, e.g., x-ray-absorption
spectroscopy or electron-energy-loss spectroscopy.*’
Furthermore, photoemission offers the possibility to
determine many of the important parameters of the elec-
tronic structure by treatable theoretical models such as
Anderson impurity or small-cluster calculations. After
earlier publications of x-ray-photoemission-spectroscopy
(XPS) data on T* systems by Ohashi, Ikawa, and Fuku-
naga*®® and ourselves*>*® we try to give here a more
comprehensive study of the occupied electronic states of
T* and Srg ¢sNd, ;sCuO,_5 systems by XPS, ultraviolet-
photoemission-spectroscopy (UPS), resonant photoemis-
sion, and supplementary methods such as Hall-effect and
magnetic susceptibility measurements.

II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

Samples of the T* system Nd,_,_,Ce,Sr,CuO,_s,
x =0.2, y =0.4, have been prepared by a standard solid-
state reaction technique’’>? using stoichiometric
amounts of Nd,0; CeO,, SrCO;, and CuO, each of
99.9% or higher purity. Mixed powders have been cal-
cinated by 950°C in air for 24 h and fired twice at 1040°C
in flowing O, (purity 99.998%) for 15 h with intermediate
regrindings. After this, samples were again reground,
pressed into pellets, and sintered twice at 1140 °C for a to-
tal of 80 h in flowing O,. Phase purity of the samples was
checked by means of x-ray diffraction in a SIEMENS
D5000 diffractometer using monochromatized Cu Ka;
radiation and a position-sensitive detector. Secondary
phases with an amount of less than 5% were attributed to
vestiges of the T’ phase. In order to achieve supercon-
ductivity with a T, of about 25 K an oxidation step at
temperatures between 900°C and 400°C for more than
100 h was necessary after the final sintering procedure.
Thermogravimetric-analysis (TGA) measurements did
not give any hint on loading the samples with additional
oxygen during this process. Thus the main purpose of
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the low-temperature oxidation step might be a rearrange-
ment of the O structure. Figure 2 shows the supercon-
ducting transition of the magnetic susceptibility [mea-
sured in a Quantum Design superconducting quantum in-
terference device (SQUID) magnetometer model MPMS]
of a representative Nd; ,Ce, ,Sr; 4CuO,_5 sample (field
cooled and zero-field cooled). A Meissner fraction of
more than 26% guarantees bulk nature of superconduc-
tivity.

Samples of the  “infinite-layer = compound”
Sr;_,Nd,CuO,_5 have been prepared from citrate-
nitrate precursors optimized with respect to a homogene-
ous distribution of the corresponding cations on a molec-
ular level. Decomposition and removal of the organics
were done at temperatures around 600°C and 1000°C.
The resulting black powders were then sintered in a
modified belt press using high temperatures by simultane-
ously applying high quasihydrostatic pressure. Typical
parameters are 7 =1400°C and p =40 kbar with a
second annealing step at 1100°C and the same pressure.
A slightly reducing atmosphere generated by Pt crucibles
was necessary to guarantee the incorporation of Nd into
the structure. The samples were then quenched down to
room temperature before releasing the pressure. Samples
are superconducting at a T™dPoint of apout 31 K
(T2™**~40 K) with a superconducting volume fraction of
R 26% without any subsequent annealing steps necessary
(Fig. 3). X-ray-diffraction patterns reveal a phase purity
of more than 90% with small amounts of not yet
identified high-pressure phases. The lattice parameters
obtained from structure refinements are a=3.9427 A
and ¢ =3.3922 A.

Measurements of the lower critical field H% (T) have
been performed in order to check the homogeneity of the
superconducting phase. The determination of the lower
critical field was done in two different ways, giving the
same results for H%(T) within the error bars given in
Fig. 4. The first method to obtain H% was to determine
the first deviation of the field-dependent magnetization
M(H) from a linear behavior or equivalently of
dM /dH|; from a constant value.’>* A second, in-
dependent method is the determination of the magnetic
field H, beyond which time-dependent relaxation in
M (H,t) starts.”*»3? As can be seen from Fig. 4, for both
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FIG. 2. Magnetic moment (field cooled and zero-field cooled)
in the superconducting transition of Nd, 4,Ce, ,Sr, ,CuO,_5;.
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FIG. 3. Magnetic moment (field cooled and zero-field cooled)
in the superconducting transition of Sry gsNdg ;sCuO,_s.

Nd,; 4Cey ,Sry 4CuO,_5 and Sry gsNd; ;s5CuO,_5 one has a
parabolic temperature behavior®® HZ(T)=H(0)
[1—(T/T,)*] with (1—=N)uH(0)=4.4 mT and 1.5
mT, for T* and Sr; ¢sNd, ;sCuO,_;, respectively, indi-
cating quite good homogeneity of the superconducting
phase (/N denotes the demagnetization factor of the single
grains of the samples).

For comparison, samples of the Nd,_, Ce, CuO,_; sys-
tem have been prepared by the standard solid-state reac-
tion technique with calcination, sintering, and reducing
(Ar flow) steps following Tokura, Takagi, and Uchida' as
described in detail in Refs. 30 and 56 for the samples used
in our investigations. All  samples of the
Nd,_,Ce,CuO,_5 system were confirmed to contain no
secondary phases within the resolution of x-ray
diffractometry. Superconducting samples have Meissner
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FIG. 4. Lower critical field HZ(T) of Nd, 4Ceo ,Sro 4CuO,_;
(upper curve) and Sr;gsNdy ;sCuO,_5 (lower curve). Drawn
lines are fits after HFP(T)=HH0)X[1—(T/T,)].
Nd; 4Ce( ,Sro4CuOy_5:  pHH(0)=4.4 mT, T.=30 K;
Srg gsNdg 15Cu0,_s: uoH(0)=1.5 mT, T,=32 K.
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fractions of about 45% (x.,=0.15) and a T, of =24 K
as deduced from SQUID measurements.

For Hall-effect measurements samples were thinned to
platelets with a thickness of about 0.2 mm. Gold con-
tacts were evaporated on the samples and annealed for
several hours at 400°C in Ar or O, flow for T’ and T*
samples, respectively. After that, wires were soldered
onto the contacts using Wood’s metal. The resulting
resistance of the contacts was less than 0.1 . Measure-
ments were done varying the magnetic field in the way
—7 T=0T=7T in order to rule out contributions from
longitudinal resistance and magnetoresistance of sample
and contacts. Values of Ry measured for various sam-
ples from different preparation batches are equal within
an error of 5-10%.

B. Photoemission

XPS spectra were recorded using nonmonochroma-
tized Al K, radiation (%iw=1486.6 eV) at a base pressure
of the spectrometer of 8 X 10~ !! mbar. In the XPS mode
the overall energy resolution of the system was about 1.0
eV. At the same spectrometer UPS measurements (He II,
He I, Ne I) with a total energy resolution of about 70
meV were performed. Investigations using synchrotron
radiation were done at DESY/HASYLAB, Hamburg, at
the beam line E2 (spectrometer FLIPPER II), the base
pressure for this apparatus being less than 1X 10710 with
a total-energy resolution of about 0.2 eV at #iwo=100 eV.

Clean surfaces were obtained by scraping the samples
in situ with a coarse-grained diamond file. Scraping was
repeated every 1-2 h for the reasons discussed below.
After scraping, the surface quality for the XPS measure-
ments was checked by recording the O 1s core line at a
binding energy of Ep=529 eV (Fig. 5). Whereas the
main feature of this line results from O~ in the bulk ma-
terial, the shoulder at Ez =532 eV is due to chemisorbed
oxygen on the surface (see, e.g., Refs. 57-61), between
the grain boundaries of the samples and on the sample
holder. Whereas for well-scraped 7' systems the 532 eV
feature could not be observed any more, for the T* com-
pounds this feature only could be minimized to the extent
shown in Fig. 5. We attribute this mainly to O adsor-
bates on the sample holder, which for the smaller T*
samples was also grazed by our nonfocused x-ray beam.

Besides checking the sample surface by recording the
O 1s feature, Cu 2p spectra were measured for two
different escape depths of photoelectrons by changing the
angle between sample and x-ray source. By doing so, no
change in the satellite to main line ratio could be ob-
served for ““clean” surfaces.

For measurements of the valence-band chemisorbed
oxygen on the surface is indicated by a peak at E5=9.5
eV in the spectra, as was also observed for many other di-
valent oxocuprates.’?-%45%25  The evolution of this
feature for a  freshly scraped surface of
Nd, 4Cey ,Sry 4,CuO,_5 after several times under UHV at
room temperature can be seen from Fig. 6. A similar
behavior was also observed for the other compounds un-
der investigation. Together with an increase of the 9.5-
eV peak the relative weights of the two main features of
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FIG. 5. O 1s peak of Nd, ,Ce ,Sro4CuO,_; after scraping
under UHV.

the valence band at 3.2 eV and 4.8 eV also change, as can
be seen from Fig. 6, too.

Because of the rapid surface degradation at room tem-
perature for metallic and superconducting samples, a
Fermi edge could not be observed, as it was detected by
room-temperature XPS by Suzuki et al.%®> and Sakisaka
et al.® in the case of Nd, 4sCe ;sCuO,_5. This indicates
the topmost surface region of the samples to have a
slightly changed oxygen content compared to the metallic
material. Oxygen depletion of the uppermost layers of
the structure only could be avoided by cooling the sam-
ples down to 10-20 K and scraping or cleaving the
cooled samples, as was done for T’ single crystals, e.g., by
Allen et al.% Further consequences from this surface
behavior will be discussed further below.

All core-level and valence-band spectra for each com-
pound were recorded for several samples from different
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FIG. 6. Surface degradation of Nd, 4Ce;,Sry,CuO,_s
valence-band spectra after various times under UHV (1X 107 1°
mbar) at room temperature.
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preparation batches. For well-characterized surfaces
differences between various samples of the same com-
pound could not be observed within our experimental
resolution.

III. RESULTS AND DISCUSSION

A. Copper-oxygen layers

Many theoretical and summarizing articles have dis-
cussed the importance of the apical oxygen atoms and the
Cu-O bond length for the dopability of HTSC’s. Discus-
sions in terms of ligand field splitting,*""*> Madelung ener-
gies,“’69 and band-structure calculations’® have been
given to explain the reasons for different signs of charge
carriers in superconducting cuprates of 7 and T* struc-
ture on the one hand and 7’ compounds on the other.
We try to work out the differences and similarities
of the electronic structure of the closely related
Nd, 4,Ce ,S1ry 4CuO,_5 and Nd,_,Ce,CuO,_5 systems as
well as of the infinite-layer Srg ¢sNdj sCuO,_5 in order
to find a criterion for the dopability of high-T, cuprates
from the point of view of high-energy spectroscopy.

1. Cu 2p core-level spectra

Figure 7 depicts the Cu 2p;,, core-level spectra for
oxidized (superconducting) and nonoxidized
Nd, ,Ceq ,S1ry 4Cu0O,_5 as well as, for comparison, of cal-
cined Nd,CuO,. Calcined Nd,CuO, has been chosen as a
reference since, as a previous investigation showed,?® Cu
3d occupancy is enhanced by Ce doping of T’ com-
pounds®>%47172 a5 well as by heat treatment of the sam-
ples (T'% 1050 °C), which is indicated by an enhanced rel-
ative intensity of the main line at E; =933 eV. For cal-
cined Nd,CuO, we therefore expect no enhanced Cu 3d
occupancy due to oxygen vacancies and thus no “Cu*t”
contribution to the Cu 2p spectra.

Similar to all other cuprate HTSC’s the existence of a
main line at E3 =933 eV and a broad satellite around 942
eV in the Cu 2p; , spectra indicates Cu to be mainly in a
divalent oxidation state. The reason for the existence of
an additional satellite in Cu?>" compounds was first dis-
cussed for Cu dihalides by Larsson’® and Sawatzky and
co-workers:"*7> The satellite feature mainly results from
ald’) configuration in the final state of the photoemis-
sion process (¢ denotes a hole in the Cu 2p core level). It
consists of eight single lines due to the coupling of the an-
gular momenta of the core hole (J=3) and of the open d
shell (J=2 and J=3, since for strong crystal fields the
total angular momentum is not a good quantum number
any more). The main line at 933 eV is predominantly due
to a charge-transfer process from O 2p levels into the
open Cu 3d shell in the final state. Since in the presence
of a core hole in the Cu 2p shell the Cu 3d levels are ener-
getically lowered by an attractive core-hole potential U,
the above-mentioned charge transfer becomes more prob-
able. According to its derivation the main line is denoted
as |d'°L¢ ), L being a hole in the O 2p (ligand) orbital.

From Fig. 7 one can see the relative weight of the main
line for Nd,CuO, to be noticeably higher than for the two
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FIG. 7. Cu 2p;,, core-level spectra of oxidized (a) and
nonoxidized (b) Nd, 4Ce ,Sry 4CuO,_5 as well as of Nd,CuO,
(c). Spectra are normalized onto the |d’c ) satellite.

Nd, 4Ce, ,Sr; 4CuO,_5 samples, whereas the peak posi-
tions are essentially the same for both systems. Between
the superconducting (oxidized) T* sample and its nonoxi-
dized counterpart there is only a very small difference in
the intensity ratio of no more than 5%. This perhaps
might be interpreted as a removal of some remainders of
“monovalent” copper (a diminution of Cu 3d occupancy
in the sense of Refs. 25 and 26) due to the oxidation treat-
ment.

For a theoretical description of the Cu 2p,,, spectra
we take a single-impurity Anderson model’®~"° as will be
briefly described in the following.

In the sudden approximation one has for the photo-
emission spectrum I (E\;, ), applying Fermi’s golden rule,

I(Eyin)~ 3 [ f;1c|0) [P8( By, — (eg— ) +Hiw)) (1)
j

or, rewriting the § distribution,

I(Ekln)'\'%in%ImG(Ekln—'iS) N (2)
with
G(z)=<0 cf—1 c O> (3)
- z—gg—fiw+H, ’

where |f;) and |0) denote final states and initial (ground)
state, respectively, and z—:f} and g, the corresponding ener-
gies of the system. c creates a photoemission hole in the
system and H, stands for the Hamiltonian of the final
state.

8lo)eﬁning the Anderson single-impurity Hamiltonian
as

H=3Y ekcltck-i-sdde-i-z(tkcld +H.c.)
k k

+Uygng—Ugng(1—n,) (4)
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(ek,cl are the energies and creation operators of the O 2p
band; €, , d' are the energy and creation operator of the
Cu 3d level; t, is the Cu-O hybridization; Uy, is the Cu
3d Coulomb correlation energy), one has to calculate the
ground-state Green’s function of the final state, giving

1 1 (ng)oUqe

<0|G(Z)|O)=z—go+ (2_80)2 I—Udc<d|GQ(Z)ld> >

(5)

with

-1
te

(d|Gy(2)ld)= |z—3 6)

Kk Z T €y

The ground-state energy €, and ground-state d occupancy
(n, ), can be obtained from the Green’s function of the
initial state, given by Eq. (6). For the energy dispersion
of the O 2p band in Eq. (4) we adopt a simple two-
dimensional tight-binding relation

sk=§——¥[cos(kxa)+cos(kya)] @
and an energy-dependent hybridization
2t —
te=t(g,)= 45;\]\/1—(81(—81()2/( W/2)%, 8)

with N=3600 k states. In this model we disregard all
other Cu 3d states besides 3dx2_y2 (b, symmetry) as well

as the coupling of angular momenta of the core hole and
open d shell, resulting in the absence of any multiplet
splitting of the |d°c) satellite. A more careful analysis
taking into account also the other Cu 3d orbitals a,, b,,
and 2Xe besides b, a symmetry-dependent Cu-O hy-
bridization, and the effects of multiplet splitting can be
found, e.g., in Refs. 81 or 82. Also we should refer to the
Cu 2p XPS model calculation of Tranquada et al.% for
CuO4 and CuOy; clusters, including also Cu 4s and 4p
states in the final-state screening process.

We also neglect “Cu’*” initial states due to doped
holes in the initial- and final-state calculations. Because
of the large Coulomb correlation energy at the copper
site, the 3d8 configuration only contributes to a negligible
extent to initial and final states.®* Therefore neither the
main line to satellite intensity ratio nor the peak separa-
tion should be significantly influenced by hole doping.®’

In our case we are interested in extracting leads for the
Cu-O hybridization ¢, and the charge-transfer energy
A=¢,—%+U,. The core-hole potential Uy, is left as a
free parameter like the O 2p bandwidth W, for which
band-structure calculations on Nd,; gsCeq ;sCuO,_ (Refs.
86 and 87) and T*-type Nd,CuO, (Ref. 88) give values of
about 4-6 eV.

Table I gives the values for energy separation AE and
intensity ratio I,, /I, of main line and satellite for
Nd,CuO,, Nd, 4Ce, ,Sry 4CuO,_s, and Bi,Sr,CaCu,04 5
(as from Ref. 59 obtained at the same XPS spectrometer).
AE was determined from the energy difference of the
|d'®Le) peak and the center of gravity of the |d°c)
feature.
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TABLE I. Values for main line to satellite intensity ratio
1,, /I, and energy difference AE obtained from Cu 2p;,, core-
level spectra.

Nd,CuO, Nd, 4Ce, ;510 4Cu0,_ 5 Bi,Sr,CaCu,04,5°

L, /I, 3.1 2.6 2.2
AE (eV) 8.7 8.6 8.6

2Reference 59.

We are analyzing only the Cu 2p;,, spectra since for
the Cu 2p, , part interference effects between the relaxa-
tion of valence electrons and the Costers-Kronig decay of
the 2p, , core hole are known to change the satellite to
main line ratio to a non-negligible extent.’%

Figures 8(a) and 8(b) show ¢, and A, respectively, as a
function of the O 2p bandwidth W for Nd,CuO,,
Nd,; 4Ceq ,Sry 4CuO,_s, and Bi,Sr,CaCu,04,5 [U,;. =8.2
eV (Ref. 91)]. All curves saturate for small values of W
onto a constant value (zero bandwidth limit of a 2X2
configuration interaction model’*) and approach each
other for higher values of W. Figures 9(a) and 9(b) depict
the values obtained for ¢, and A for varying U, between
8 ¢V and 9 eV at a constant W =4 eV. In all four dia-
grams the values of T*-type Nd, ,Ce, ,Sry,CuO,_; lie
between the parameters for Nd,CuO, and
Bi,Sr,CaCu,0O4, 5. We assume this trend in the Cu-O hy-
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FIG. 8. Cu-O hybridization ¢, (a) and charge-transfer energy
A (b) as a function of O 2p bandwidth W for a constant
U,.=8.2 eV (see text for definitions).
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TABLE II. Cu-O bond lengths for Nd,CuO,, Nd, ,Ce, ,Sr; 4,CuO,_s, and Bi,Sr,CaCu,04 5.

Ndzcu04 Nd|_4ce0'2srol4cu0475 Bi25r2CaCu208+5
Cu-O™" p]a"eo(;\) 1.97 1.94 1.95
Cu-O%** (A) 2.23 3.13
Reference 92 7 93
bridization to be mainly due to the existence of a remote  band by the relation®®
apical oxygen in T* and Bi,Sr,CaCu,O compounds
P Y& 220225l g+ cOmpouncs, UST~Ey(Cu 2p)—2E(v)—Ey(Lyvv) . 9)

which lowers the mean Cu-O overlap for the p-doped
compounds. Values for the Cu-O distances in the three
systems under consideration are listed in Table II. For a
rough estimate of the mean value of ¢, we use Harrison’s
rules®® for the distance dependence of 3d-2p hybridization
and take the mean over the Cu 3d-O 2p bonds listed in
Table III. For Nd, 4Ce ,Sry 4CuO,_5 and
Bi,Sr,CaCu,04,5 we thus estimate ¢, to be lower by
about 10% and 25% compared to Nd,CuO,, respectively.
This could account for the experimental findings for
W324eVand U, R8.2 eV [Figs. 8(a) and 9(a)].

The difference in the charge-transfer energies A of n-
and p-type systems could with some caution be explained
by an enhanced Cu 3d Coulomb correlation energy U,
in Eq. (4) for the n-type Nd,CuO,: Because of the miss-
ing apical oxygen two charge carriers on the Cu site are
not allowed to delocalize as good as for the compounds
containing CuOs pyramids. We will refer to this inter-
pretation further below in the discussion of the valence-
band spectra.

Because of the simplifications of the used model, as al-
ready mentioned above, and because of the uncertainties
in determining AE and I,, /I, the absolute values ob-
tained for A and t, should not be taken too serious. Also
one should bear in mind that together with changes in A
also changes in U, are going along, described by the
empirical relation Uy, ~0.7U,,."” Thus the given results
only should be interpreted as to give some general trends
for hybridization and charge-transfer energy.

Explicit values for the Coulomb correlation energy U,
unfortunately cannot be obtained directly from the Cu 2p
core-level spectra. A way to give a crude estimate of U,
is to consider the Cu L3 vv Auger line and its relative po-
sition to the self-convolution of the partial Cu 3d valence

TABLE III. Parameters for Cu-O hybridization and charge-
transfer energies used in the valence-band cluster model.

Cu 3d t,® €t €a
in plane

aj d322—r2 toa A+, 0
a:lapex \/it&v“b A
b] dxz_yz ‘/St;d A_tpp 0
b, 1 d,, 2t A+z, 0
ein plane dyz,d,, Vg A 0
Capex V2tqv*st A

2Reference 108.

b, — JCu-O Cu-0
v Zdin plane /d apex *

Ez(Cu2p), 2Eg(v) and E;,(L;vv) denote the binding en-
ergies of a Cu 2p;,, core hole and two noncorrelated Cu
3d holes (two-hole binding energy) as well as the energy
of the Cu Ljvv Auger line. The quantity 2E(v) should
be determined from the self-convolution of the XPS
valence band.’® The line shape and position of the Auger
line are strongly influenced by the multiplet structure of
the valence band,’>°’ the Coster-Kronig decay of a Cu
2p,,, core hole®® as well as by the relaxation of the two-
hole final state of the Auger process.”® Therefore this
procedure only can give an effective and very rough esti-
mate for the Coulomb correlation energy. Keeping in
mind this proviso, one obtains values for U of 7.5 eV
and 7.2 eV for Nd,CuO,_s and Nd, ,Ce ,Sry ,CuOy,_j,
respectively, which is considerably larger than the value
of Uf=6 eV obtained by Hillebrecht et al. for
Bi,Sr,CaCu,04 5. '
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FIG. 9. Cu-O hybridization ¢, (a) and charge-transfer energy
A (b) as a function of the core-hole potential Uy, for a constant
O 2p bandwidth W=4eV.
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2. Valence-band spectra

Figure 10 depicts the valence-band spectra of
Nd, §5Cep.15Cu0,4_s and Nd, 4,Ce ,Sr; 4,CuO,_5 recorded
with He II light (%iw=40.8 eV). As for all other cuprate
HTSC’s,'°! the main valence band consists of two
features around the binding energies of 3.2 eV and 4.8 eV,
respectively. From the characteristic photon energy
dependence of both features between #iw =20 eV and 100
eV (not shown here) one can attribute predominant Cu
(O) character to the feature at lower (higher) binding en-
ergy.'2 For comparison, the calculated total and partial
Cu density of states (DOS) from local-density-
approximation (LDA) calculations for T*-type Nd,CuO,
by Szotek, Guo, and Temmerman®® are also shown. In
order to get a crude correspondence between the LDA-
DOS and the experimental spectra one has to shift the
theoretical curve by about 1.6 eV towards higher binding
energies, indicating again both the importance of electron
correlations!® also in the Nd; ,Ce, ,Sr, 4CuO,_5 system
as well as the degradation of the surface for room-
temperature measurements on 7'* samples (see, e.g., Refs.
63 and 67). Comparison of the He II valence-band spec-
tra of Nd;3sCey5CuO4_5 and Nd, ,Cey,Srg 4CuOy_g
shows an increased spectral weight of the valence band of
T* at low binding energies, which we will discuss in
terms of a simple cluster approach further below.

Valence-band spectra in the Cu?* (3p —3d) resonance
at fiw=74 eV can be seen from Figs. 11(a) and 11(b) for
Nd, ,Cey 815 4Cu0O4_5 and Nd,CuO, as well as for
Sry4sNdg ;sCuO,_5 in Fig. 11(c). Arrows indicate the
resonantly enhanced Cu 3d? singlet final states (!G) at
about 13 eV. The resonance mechanism is attributed to a

0
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FIG. 10. He II valence-band spectra (#w=40.8 eV) of
Nd,CuO, and Nd, 4Ce, ,Sr; 4CuO,4_;5 (solid line). For compar-
ison, the total and partial Cu DOS obtained from LDA band-
structure calculations (Ref. 88) are depicted, too (solid line, total
DOS, dashed line, partial Cu DOS). Note the different positions
of the Fermi energy.
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FIG. 11. Valence-band spectra of Nd, ,Ce, ,Sro 4CuO,_; (a),
Nd,CuOj (b), and Srg gsNd,, ;sCuO,_; (c) in the Cu 3p — 3d reso-
nance at #iw=74 eV together with the partial Cu 3d valence-
band spectra obtained from CuO, (7", ) and CuOs (T*) clus-
ter calculations (for parameters, see Table IV).

constructive interference of the normal 3d emission and
the Auger decay of a 3p — 3d excited Cu 3p electron

fw
3p%3d°—3p33d'°—>3p3di+e .

For the 3d? triplet final states around =9 eV one has a
considerably lower value of the matrix element for the
Auger decay of 3p°3d '°,!% which is why this feature can-
not be seen as well in the spectra.

As can be seen from Figs. 11(a) and 11(b), the main
difference between 7' and T* compounds seems to be a
shift of the 3d® singlet feature towards lower binding en-
ergies for the p-doped compound. This was observed also
for Bi,Sr,CaCu,0g, 5 in comparison with the n-doped T
systems by Grassmann et al.?> For Sr, 4sNd, ;sCuO,_s,
the main valence band is considerably narrower and the
energy position of the resonantly enhanced 3d°® feature is
shifted even further towards lower values of Ej.

An interpretation of these results is done within a sim-
ple CuO§~ cluster model with D4h symmetry in the case
of Nd,CuO, and Srj3sNdj ;sCuO,_5, as was given by
Eskes, Tjeng, and Sawatzky for Cu0.!°>1% For the
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Nd, 4Ce, 581, 4Cu0O,_5 compounds we employ a CuOjs
cluster with C4v symmetry,'®? taking into account the
apical oxygen of the T* structure. In the following we
will give a short description of the model.

With the Hamiltonian for the CuO{?" ~2)~ cluster

H=3 Ed,idf+2 8p,iciTci
; :

+3 (t,dfc;+H.c)+ 3 Uypdldd,)d, (10)
i klmn
(€4 and €, ; are the energies of the Cu 3d and O 2p lev-
els, respectively; indices of the sums denote summation
over the four symmetries a,, b;, b,, and e, involved in
D4h and C4v; Coulomb interactions on the O site and be-
tween O 2p and Cu 3d electrons are not taken into ac-
count), one can calculate the ground-state configuration
[in which due to the large crystal-field (CF) and ligand-
field splitting of the ground state only orbitals with b,
symmetry are regarded (deyZ and p,,)] and the partial
Cu 3d photoemission spectrum from Eq. (3):
)

x{jld,l0) , (11)

1

I(E)~1i old}! |i < —
(B)~lim 3 3 (0ld,, [1){: E—id—e,+H,

5.0 ™" bJ

m and n denoting again the symmetries and i, j being final
states of the photoemission process.

As described in detail in Ref. 105, we adopt for the
symmetry-dependent hybridizations and O 2p energies
the values given in Table III.

For the CuOs cluster we additionally adopt a hybridi-
zation between in-plane and apex O 2p orbitals of the
same symmetry,'% namely,

v3

_‘/thp (1+U2)2

for a, ,

v3

tPP (1 +l)2)2

The Coulomb correlation matrices Uy, are given in
terms of the Racah parameters A, B, and C (Refs. 108
and 109) explicitly, e.g., in Ref. 105 for the D4h point
group, and are found to be the same for C4v symmetry.
For B and C we take the free-ion values given in Ref. 110,
namely, B=0.15 eV and C=0.58 eV, whereas the main
diagonal term of the Coulomb correlation A is left as a
free parameter.

Table IV gives the parameters of the theoretical spec-
tra to be seen in Figs. 11(a)-11(c), which are broadened
with a Lorentzian of 1.0 eV full width at half-maximum
(FWHM).

Keeping in mind the uncertainties in determining
exact-fit parameters for the spectra and the simplicity of
the model used here (in contrast to more sophisticated
descriptions with larger clusters such as Cu,0,,'!! An-
derson impurity models,''? or including also Cu 4s
states!!®) from the energy position of the 3d?® satellite
(! 4, symmetry in terms of the cluster model) one obtains

for e .

TABLE 1IV. Parameters used for the Cu 3d valence-band
cluster calculations (Fig. 11). For definitions, see text.

Nd, 4Ceg 581, 4Cu0,—5 Nd;CuO, Srp gsNdp 15Cu0, 5

A (V) 6.00 6.70 6.70
1% (V) 1.40 1.40 1.00
15 (V) 0.61 0.61 0.44
A (eV) 2.20 2.75 2.75
ty (€V) 1.00 1.00 0.50
0® 0.87

nao 0.38 0.33 0.23
€ (eV) —1.90 —1.70 —0.94

a,, — JCu-O Cu-O
v :din plane /dapex .

for the T* system a remarkably lower value for the
Coulomb correlation energy A [and thereby of A (Ref.
114)]. This is also confirmed by the results from Cu 2p
spectra and Auger data, given above. The value of
U;y('G)=A +4B +2C =7.8 eV for T* is considerably
larger than the correlation energy of U,; =6.5 eV found
by Shen et al.''® for La,CuO, by means of a 3X3
configuration interaction model for the valence-band
spectra.

For Cu-O and O-O hybridization there is no necessity
for changing the values between Nd; ,Ce ,Sry 4CuO,_5
and Nd,CuO,. Please note that changes in the Cu-O hy-
bridization as obtained from the Cu 2p Anderson impuri-
ty calculations are mainly due to a change of the overlap
between Cu and the apex oxygen, which has not been
treated separately for the evaluation of the core-level
spectra.

For the CuOs cluster calculation as done for
Nd, 4,Ce; ;815 4CuO,_5 we furthermore obtain an
enhanced spectral weight at the lower-energy side of the
main valence band due to split-off B, states. This is in
good agreement to the observations for the higher-
resolution He II spectra mentioned above (Fig. 10). We
therefore do not attribute the observed differences to any
kind of shift of E by doping holes or electrons, as should
be expected in rigid-band descriptions.

For the “infinite-layer”” compound Sr; gsNdg ;5CuO,_g
we obtain (besides a comparatively high value of
U;;=6.7 eV as in the case of Nd,CuO,) considerably di-
minished Cu-O and O-O hybridizations. This behavior
cannot be understood in terms of the Cu-O bond lengths
in both compounds [ngCuO4, 1.970 A (Ref. 92);
St gsNdg 1sCuO, _5, 1.972 A (Ref. 5)]. One could explain
this either by a very high number of oxygen vacancies in
the Cu-O layers, reducing the mean Cu-O overlap, or by
a very different overall charge density in the cuprate
sheets of Srj gsNdj 1sCuO,_5. A hint on an altered hy-
bridization between Cu and O also could be seen in re-
cent results of Wooten et al.!'® on the pressure depen-
dence of the critical temperature T,(p) of the infinite-
layer compound. Their experiments give a totally
different behavior of 7.(p) compared to the T’ sys-
tems.!!” Furthermore, it should be mentioned that also
for the nonsuperconducting Cay gsSry ;sCuO, compound
with its small Cu-O bond length d of 1.93 A (Ref. 118)
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Tranquada et al.** observed values comparable to those
of Nd,CuO, with d =1.97 A.

From the results given above we presume the high
value of the Cu 3d Coulomb repulsion (which we attri-
bute to a diminished screening of the d® final-state
configuration) to be a characteristic feature of electron-
dopable high-T,, cuprates. We suppose the high Uy, in
T’ and infinite-layer compounds to prevent doped elec-
trons to remain localized at the Cu sites. Reduced
screening and thus a higher U ; can be achieved either by
a smaller number of ligand oxygen atoms
(La,CuO4«>Nd,CuQ,) or by an elongated Cu-O bond
length (lower Cu-O hybridization). Former investiga-
tions'’® showed that in the series of T’ compounds
M, §sCeq 5CuO,_5 with M =Pr,Nd,Sm the intra-atomic
Coulomb repulsion is diminished with decreasing Cu-O
bond length [Pr—-Nd—Sm (—Eu—Gd)], being in
square with Gd,CuO, not to become an n-doped HTSC
any more. The very low Cu-O hybridization for the
Sty gsNdy 15CuO,_5 compound thus makes electron dop-
ing even more favorable by a reduced screening of the d*®
configuration at the copper site and/or by a diminished
splitting of bonding d;’z_yz and antibonding d7;"_ , orbit-
als (following the arguments of Goodenough and
Manthiram in Refs. 41 and 42).

3. Hall-effect measurements on Nd; 4Ce, ,Sry CuOy_g

Neither from Cu 2p nor from valence-band photoemis-
sion spectra could be observed any significant change be-
tween superconducting and nonsuperconducting samples
of Nd,; ,Ce(,Sry 4CuO,_5. This might be due to the
changed oxygen stoichiometry of the samples’ surface as
mentioned  above. In order to clarify the
importance of the final oxygen treatment of
Nd, 4,Ce, ,Sry 4,CuO,_5 samples a little more, we per-
formed Hall-effect measurements on oxidized (supercon-
ducting) and nonoxidized samples, as is shown in Fig. 12.
For superconducting Nd,; ,Ce, ,Sr; 4CuO,_5 our results
are in good agreement with those obtained by Kosuge
et al.’® The temperature behavior of the absolute values
|[Rgz(T)| closely resembles this of n-doped
Nd, §5Ceq 15Cu0,_5,>7?! indicating a further striking
symmetry between those two n- and p-doped HTSCs.

The Hall coefficient of the nonoxidized
Nd,; 4Cey ,Sry ,CuO,_5 samples is found to be by about
one order of magnitude larger than for the superconduct-
ing system. Within a simple one-band model—which is
surely not appropriate for HTSC compounds'?®—this
would mean an enhanced occupation of the conduction-
band states by doped holes becoming intrinsic due to the
low-temperature oxygen treatment of the samples or—
within a two-band description—an enhanced mobility of
the positive majority-charge carriers.

B. Rare-earth layers

1. Ndj Ce; ,Sry 4Cu0y4_g systems

In the n-doped M,_, Ce, CuO,_g systems the rare-
earth layers are of particular interest not only due to
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FIG. 12. Hall coefficient Ry (T) of oxidized (lower part) and
nonoxidized (upper part) Nd, ,Ce, ,Sry 4CuO,_s.

their role as charge-carrier reservoir but also for their
magnetic properties. Besides large antiferromagnetic
correlations of rare-earth spins in the case of M =Nd and
Sm antiferromagnetic order occurs below T=1.2 K and
T=4.65 K, respectively. In the Nd, ,Ce ,Sr; 4CuO,_;
systems at least one of the two Nd-O sheets in the unit
cell exhibits close structural similarities to those of
Nd, g5Cep 15CuO,_5. Therefore it is interesting to see
whether the electronic parameters are similar to those of
the n-doped HTSC’s or not.

Figure 13 depicts the Nd 3d;,, core-level spectra of
Nd,CuO, [13(c)] and Nd, ,Ce, ,Sr,,CuO,_5 [13(a) and
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FIG. 13. Nd 3d;,, core-level spectra of oxidized (a) and
nonoxidized (b) Nd, 4Ce ,Sry 4CuO,_5 aswell as of Nd,CuO,
(c). Spectra are normalized onto the |4f*Lc ) shoulder.
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13(b)]. Both spectra strongly resemble those of trivalent
Nd oxide Nd,0;:'?! Besides the main peak at E, =1004
eV there are two satellite lines at higher (1008 eV) and
lower (1000 eV) binding energy. Whereas the main
feature mostly results from a 4f° final state, the higher-
and lower-Ey satellites are due to charge fluctuations
with mainly 42 and 4f* final-state configurations. From
the spectra one only can see a little difference of the in-
tensity of the 4f° main peak relative to the 4f* shoulder
between Nd,CuQO, and Nd, ,Ce ,Srj ,CuO,_5.

Since” the usual values for the charge-transfer energy
between Nd and O in trivalent Nd oxide compounds are
within the order of about 10 eV (Ref. 122) (which is con-
siderably larger than the O 2p bandwidth in the rare-
earth sheets of about 3 eV obtained form LDA calcula-
tions®®) one may’® estimate the electronic parameters of
the Nd-O sheets by using a simple 2 X2 cluster interac-
tion model.” For the initial state we take as a basis | f?)
and |f3L ) configurations (L is the hole in the ligand O
2p orbital) with energies O and A, respectively, and a
Nd-O hybridization z. In the final state we have |f3¢)
and |f*Lc) states with energies O and Z—-Uf,_,, respec-
tively, and hybridization ¢, too (¢ is the Nd 3d core hole).
By diagonalizing the Hamiltonian matrices in the initial
and final states we can calculate a two-line photoemission
spectrum by taking Eq. (2) or (11). Table V shows the
values obtained for Nd-O hybridization and the charge-
transfer energy calculated from the spectra [taking a Nd
3d-Nd 4f core-hole interaction of Uy, of 12.7 eV (Refs.
123 and 122)], which are very similar to the parameters
obtained by Ikeda er al.!?? for Nd,0; (A=9.5 eV;
t=1.59 eV). Both Nd-O hybridization and the charge-
transfer energy are found to be slightly higher for the
Nd,CuQ, system.

These tendencies are confirmed by the partial Nd 4f
spectra to be seen in Fig. 14. Partial Nd 4f spectra are
obtained by recording the valence-band spectra at photon
energies 7w above and below the Nd 4d —4f resonance
threshold at iw =124 eV. Taking the difference of both
energy-dispersion curves (EDC’s) one obtains the contri-
butions of Nd 4f levels to the valence band. As can be
seen in Fig. 14 the partial Nd 4f spectra consist of two
main features around Ez=3.5 eV and Ez=7 eV, as is
typical for trivalent neodymium oxide.!>* Whereas the
lower part of the spectrum can be attributed to localized
4f? final states [final-state multiplet drawn in Fig. 14
(Ref. 125)], the upper part is due to Nd 4/-O 2p hybrid-
ized states, corresponding to a 4f3L final state. In the
case of Nd,CuQ,, the relative weight of the |4f3L ) states
is higher and shifted towards lower binding energy, indi-
cating also an enhanced Nd-O hybridization and/or
charge-transfer energy for the n-doped compound.

TABLE V. Nd-O charge-transfer energy A and hybridization
t for Nd,CuO, and Nd, 4Ce ,Sry 4CuO,_s.
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FIG. 14. Partial Nd 4f valence-band spectra of

Nd, 4Ce, ,Sro.4Cu0,_5 and Nd,CuO,. Also drawn in is the 42
final-state multiplet (Ref. 126).

As can be seen from Table VI, the mean Nd-O bond
lengths in Nd,CuO, and Nd, 4Ce ,Sr, 4CuO,_; differ by
about 0.07 A. The slightly larger Nd-O distance in the
T* compound together with the completely different Nd
coordination in the T part of the Nd, 4,Ce ,Sry 4CuOy4_s
structure (see Fig. 1) should be able to explain the small
differences in hybridization and charge-transfer energy
obtained from the core-level and valence-band spectra.

For a more detailed analysis of the electronic states of
Nd** in Nd,_,Ce,CuO,_s and Nd, ,Ce; ,Sr; 4CuO,_;
we consider the magnetic susceptibility x(7T) of both sys-
tems in order to get information on antiferromagnetic
correlations and crystal-field splitting of Nd 4f levels.
For simplicity, we adopt for the T’ system (and of course
for the T’ part of the T* structure) a cubic instead of the
actually slightly tetragonal surrounding of Nd by O. For
the T part of the T* structure we also found the assump-
tion of a cubic surrounding (for which all axes are, in
contrast to T, distorted by 45°) to fit the experimental
data quite well, despite the actually much more compli-
cated oxygen surrounding of the rare-earth ions in the T
structure. We analyze the susceptibility data in terms of
the model given by Penney and Schlapp,'?® as was done
for Nd,CuO,_5 by Saez-Puche et al.?® and Seaman
et al.?® and for Nd, 4sCe, ;sCuO,_; by ourselves.*®

For the magnetic susceptibility of Nd** (J=2) in the
presence of a cubic surrounding one has

TABLE VI. Nd-O distance in T’ and T* structures. >
denotes the mean Nd-O distance for the whole structure.

Nd,CuO, Nd, ,Ceq ,S10,4CuO,_s
I /I 2.84 2.95
E(f)—E(*Y V) 4.3 4.3
¢t (eV) 1.49 1.47
A (eV) 9.65 9.58

Nd, 85Ce.15Cu04—s Nd, 4Ce 2810 4CuO,4_5

T part
2.69 A

T' part

2.50 244 A

A
b3 2.50 A 257 A
Reference 92 7
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_ 2ng%uppu,
Xnag3+ = p

[0.1483¢ %3984 4-0.2396¢ ~°- 1164 —(,3879¢ ~20-9554

+BA(6.065€19'59BA+4.0316_9'11BA+1.6806_ZO'QSBA)]/(2819'593A+28 *9.11[3A+e—20.9SBA) ,

where A is the total multiplet width of the crystal-field-
split Nd 4f levels divided by 40.54 and g the Landé fac-
tor. Provided M (H) is approximately proportional to H,
antiferromagnetic correlations between Nd ions can be
taken into account by adding a mean-field term to Eq.
(13):

11

X Xng3+

with Cyy being the ordinary Curie constant of the Nd
system. Contributions of Cu?" can be neglected since
due to strong antiferromagnetic correlations the magnet-
ic moment of the paramagnetic Cu spins is very small for
HTSC cuprates [Nd; 3sCe; ;sCuO,4_5, =0.45up (Refs.
127 and 128)].

Figure 15 shows the measured and calculated inverse
magnetic susceptibilities for Nd,; g;Cej ;sCuO,_5 and
Nd, 4Ce ,Sr; 4CuO,_5. For the T* compounds our ex-
perimental results are in good agreement with those of
Ikegawa et al.'”® The parameters of the fit after Eq. (14)
are given in Table VII.

The value for the

eNd
CNd ’

(14)

total CF splitting for

T T T T T T
< 500 - i
> Nd, 4Ce(2Sr(4CuOy_s
2
~
="
g 300 | i
wn
=
»n
1%
e Ar=43K
Q
=i
80 ) ==
g 100 + /{.X AT 27TK n
) Ove=25K
wn
'
()
>
=
=
400 - Nd1_85Ce0‘15Cu04_5 T
200 -
0
1 1 Il 1 1 |
0 50 100 150 200 250 300
Temperature (K)
FIG. 15. Magnetic susceptibility x(T) of

Nd, 4Ce ,Sr5 4CuO,4_5 (upper part) and Nd,; ¢5Ceq 15CuO,_;
(lower part). Solid lines are the best fit to the data after the
model described in the text [Eq. (14)].

[

Nd, 35Cep 15Cu0,_5 of 91 meV is in very good agreement
with the multiplet width of 93 meV reported from
neutron-scattering  experiments.!3*~132  The larger
crystal-field splitting of Nd 4f in the T’ part of the
Nd,; 4Ceq 581y 4CuO,_5 structure compared to
Nd, 35Cep 1s5CuO,_5 could be explained by the smaller
Nd-O distance in this structural element as can be seen
from Table VI. The comparatively high value of the anti-
ferromagnetic Curie temperature observed for the T*
compounds seems remarkable. Further experiments will
show whether there is antiferromagnetic order of Nd mo-
ments in Nd; ,Ce, ,81ry 4,CuO,_j;, too.

Since in the description of the magnetic-susceptibility
measurements it was not necessary to take into account
any contributions of doped Ce ions neither for
Nd, 35Cep 15Cu0,_5 nor for Nd; ,Ce, ,Sry 4CuO,_;5, one
should presume the Ce dopants in both compounds to be
tetravalent. This is confirmed by the XPS Ce 3d core-
level spectra as shown in Fig. 16. We compare the mea-
surements on Nd,; ¢;Cej 1sCuO,_5, oxidized and nonoxi-
dized Nd, ,Ce, ,Sry4,CuO,_5. There are no significant
differences between the three curves. All of them strong-
ly resemble the Ce 3d spectrum of tetravalent CeO,, ' as
was already found by Grassmann et al.? for
Nd, ¢sCe; ;sCuO,_5 and by Izumi et al.,” Tokura
et al.,”> and ourselves for Nd, ,Ce, Sty ,CuO,_s.
From the intensity ratios and energy positions of the
three features in the Ce 3d spectra (labeled in the figure
by the final-state designations 4f°, 4f!, and 4f2) we find
by a single-impurity Anderson calculation a mean 4f oc-
cupancy in the initial state of n,~0.4. This is very simi-
lar to the value of n,~0.5 found for CeO, by Wouilloud
et al.3* Despite this n-type doping by Ce*’ in
Nd, 4Ce ,Sr5 4CuO,_5, negative-charge carriers ap-
parently fail to become intrinsic in the Cu-O layers as in
the case of Nd; g;sCey ;sCuO,_5 and/or are overwhelmed
by hole doping with divalent Sr.

2. S’0.85Nd0. 15Cu02._5 systems

Already Smith et al.’ presumed the Nd dopants in
Sry gsNdy ;5CuO,_5 to be trivalent from the Nd-doping
dependence of the lattice parameters. Valence-band pho-
toemission may help to clear up this point by recording

TABLE VII. Fit parameters for the magnetic susceptibility
of Nd, 3sCe ;sCuO,_5 and Nd, 4,Ce ,Srg 4CuO,_s.

Nd, 45Ce 1s5CuO4—5 Nd,; .4Ce.5510.4CuO4 5
T part T' part

A? (K) —26 43 —27
0%y (K) —20 —25

*Total crystal-field splitting, divided by 40.54.
®Antiferromagnetic Curie temperature.
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FIG. 16. Ce 3d,,, core-level spectra of oxidized (a) and
nonoxidized (b) Nd, 4Cey ,Sr; 4CuO,4_5 as well as of Nd,CuO,
(c).

the partial Nd 4f spectrum of the doped ions. Figure 17
depicts the partial Nd valence bands of Nd,CuO,_g and
Srgg5sNdj 15Cu0O,_5. Because of the very small
Srg gsNdj 15CuO,_5 samples and since Nd is only the
dopant element in this system, the signal-to-noise ratio is
not very good for the infinite-layer compound. Neverthe-
less, the general shape of trivalent Nd-O compounds with
localized |4f2) and O 2p hybridized |4f3L ) final states
can be recognized very well from the data, which
confirms the Sry4sNdj 5Cu0O,_5 system to be a further
electron-doped high-T, cuprate.

IV. SUMMARY

The electronic structure of several p- and n-doped
high-T, superconductors or their parent compounds, re-
spectively, has been investigated by means of photoelec-
tron spectroscopy and auxiliary measurements. Com-
pounds under consideration were the p-doped
Nd, ,Ce; ,Srq 4CuO,_5 of the T* structure as well
as the n-doped systems Nd,_,Ce,CuO, 5 and
Sr,3sNdg, 1sCu0; 5.

Evaluation of core-level and valence-band spectra by
means of an Anderson impurity and a CuO, (CuQOs) clus-
ter model, respectively, gives—compared to T*
compounds—a quite high value of the Cu 3d Coulomb
correlation energy for both n-type HTSC'’s,
Nd, §5Ceq. 15CuOy4_5, and Sry gsNd; 15Cu0,_5. We attri-
bute these findings to a lower delocalization probability
for two holes at the copper site in the case of electron-
doped high-T, cuprates. We presume this high correla-
tion energy to prevent doped electrons to become local-
ized at the copper site, thus being a kind of criterion for
n-type high-T, superconductivity. For the

1229

1.4

1.0 -

Counts (arb. units)

0.8 -

0.6 -

0.4

0.2 -

0.0

(Sl‘l_yNdy)Cqu_g

0.2 k1 1 ] ] I L
12 10 8 6 4 2 0

Binding Energy (eV)

FIG. 17. Partial Nd 4f valence-band spectra of Nd,CuO,
(upper part) and Srj gsNdgy sCuO,_5 (lower part). Also drawn
in is the 4/ final-state multiplet (Ref. 125).

Sry gsNdj 15Cu0,_5 system we find a remarkably low
Cu-O hybridization which could, besides the lacking api-
cal oxygen, account for the high value of U,.

Investigations of Nd-O sheets in Nd,_,Ce,CuO,_g
and Nd, ,Ce, ,Sry 4CuO,_5 show quite similar charac-
teristics in the electronic properties (besides small
differences in Nd-O hybridization and the charge-transfer
energy). Evaluation of the normal-state magnetic suscep-
tibilities thus gives very similar antiferromagnetic corre-
lations between Nd spins in both systems.

The valence states of cerium in Nd, 4sCe( ;5CuO,_g
and Nd, ,Cej,Sry ,CuO,_5 and of Nd dopants in
Sry gsNdj 5CuO,_5 have been investigated by core-level
and resonant valence-band photoemission. Whereas Ce is
confirmed to be tetravalent in the 7' and T* systems, we
find Nd to be trivalent in Sry gsNd, ;5CuO,_5. This cor-
roborates again that the infinite-layer compound is a fur-
ther n-doped high-T, cuprate.
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