
PHYSICAL REVIEW B VOLUME 51, NUMBER 2 1 JANUARY 1995-II

X-ray-absorption studies of electron doping and band shifts
in R2 „Ce„CuO& 8 (R =Pr, Nd, Sm, Eu, and Gd)

G. I.iang, Y. Guo, D. Badresingh, and W. Xu
Department ofPhysics, Sam Houston State University, Huntsville, Texas 77341

Yijie Tang
Department of Chemistry, Sam Houston State University, Huntsville, Texas 77341

M. Croft, J. Chen, and A. Sahiner
Department ofPhysics, Rutgers University, Piscataway, New Jersey 08855

Beom-hoan 0 and J. T. Markert
Department ofPhysics, University of Texas, Austin, Texas 78712

(Received 27 September 1993; revised manuscript received 15 September 1994)

We have measured the polarized x-ray-absorption spectra at the Cu E edge of Nd2 „Ce„Cu04 z sin-

gle crystals and the unpolarized spectra of R2 „Ce„Cu04 z (R =Fr, Nd, Sm, Eu, and Gd) ceramic sam-
ples. The results indicate that up to the T -phase stability limit (and including the narrow region of su-

perconductivity), Ce doping continuously donates electrons into the Cu 3d orbitals. Our results evidence
a Cu'+ content in these T'-phase materials which increases almost linearly with the Ce-doping level x,
and an electron doping fraction from each Ce atom to Cu which is quite close to unity (except in the
R =Gd series). It is found that the size variation of the rare-earth elements 8 causes a number of feature
changes in the Cu I( edge, including an about 0.5 eV upward edge shift. These effects are explained by
the ligand field shift of the unoccupied Cu 4p and 3d bands. A cluster model description has been
developed to correlate the spectral features of the Cu E-edge spectra to different 3d configurations. The
experimental results can be well described by the following model parameters: Cu 1s-3d Coulomb in-
teraction U,d -6.5 eV, Cu 1s-0 2p Coulomb interaction U L

—1.1 eV, d-ligand hybridization V-2.7 eV,
Cu~O charge-transfer energy 5-1.3 eV (at x =0), and 5-0.5 eV (at x =0.2).

I. INTRODUCTION

In spite of extensive spectroscopic studies, the nature
of the charge carriers and the electronic structure in the
n-type oxide superconductors R 2 A Cu04
(R =rare-earth elements and A =Ce, Th) (Refs. 1—3) are
still not fully understood. While all the Ce I 3 x-ray ab-
sorption spectra (XAS) and Ce 3d emission results
clearly support electron doping, the Cu 1s, 2p, and 0 1s
XAS, " ' x-ray photoemission spectroscopy
(XPS),6 I'6 ' and electron-energy-loss spectros-
copy (EELS) results have led to conflicting con-
clusions regarding whether the electrons are doped from
Ce into localized Cu 3d orbitals or other extended bands.
In particular uncertainties in the interpretation of the
XAS Cu K-edge results could be due partially to the lack
of the polarized data on doped single crystals, from
which the spectral features and their modifications can be
unambiguously identified.

In this paper we will discuss two groups of experimen-
tal Cu E-edge studies on these materials. In the first the
polarized edge spectra for the R =Nd system will be ana-
lyzed within a cluster model. In the second the electronic
structure modifications induced by varying R across the
rare-earth series will be discussed.

The polarized Cu X-edge results reported by Tan

et al. on the Pr2 Ce Cu04 is particularly interesting.
They interpreted their results in terms of a Ce doping in-
duced almost rigid shift in the Elc spectra and produc-
tion of a new d' feature in the E~~c spectra. Thus, they
proposed that the upper unoccupied band, consisting of
predominantly Cu 3d states, shifts downwards, and con-
cluded that Ce doping injects electrons from Ce atoms
into the localized Cu 3d orbital. This work provided a
new understanding of the electron doping mechanism
and clarified the interpretation of the Cu K-edge XAS
data of polycrystalline Nd2 Ce Cu04. '" ' How-
ever, since the XAS results of Tan et al. were only re-
ported for compounds with O~x ~0. 12, the proposed
electron doping and in the high-level Ce-doping region
(where the superconducting transition occurs), are not yet
clear. Thus, a polarization Cu E-edge study extended to
the high-level Ce-doped (x )0. 12) compounds is needed.

In the present study, we report the polarized Cu K-
edge XAS results on high-level Ce-doped
Nd2 „Ce Cu04 single crystals. It should be noted that
even though the Nd2 Ce„Cu04 system is the most
widely studied n-type superconductor system, there is so
far no report on the polarized Cu K-edge data for the
doped compounds '" ' in this series. The results
presented here for the high-level Ce-doped crystals pro-
vide a test of the electron-doping mechanisms proposed
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by Tan et al. Furthermore, with the combination of
the polarized Cu E-edge data in both the low- and high-x
region, a cluster model is proposed to interpret the spec-
tral features. The justification of extending the use of the
cluster model from XPS to Cu K-edge XAS was recently
discussed by Tolentino et al. In the present work, we
use the cluster model to analyze the Cu K-edge XAS data
for doped n-type superconductors and give a rough esti-
mate of the cluster model parameters.

We also present systematic Cu K-edge spectra for
R2 Ce CuO4 & with R including all of the rare-earth
elements (Pr, Nd, Sm, Eu, and Gd) (Refs. 1 —3,24) which
stabilize the T' phase. ' It has been found that, in con-
trast with the p-type 1:2:3superconductors in which T, is
almost unchanged with R-element variation, the T,
in these n-type superconductors are strongly R-element
dependent' ' even though all of the R elements are
trivalent. ' ' The mechanism for such a dependence is
still unclear. It is possible that this dependence is related
to the changes in electronic structure of the CuOz layer
induced by R-element variation. For example, Tan et al.
have suggested that the shift of the unoccupied Cu bands
in Pr2 „Ce„CuO~ (Ref. 22) may be related to the a lattice
parameter expansion, thus, it is expected that such a
band shift should also occur when the R elements vary
from larger size to smaller size. We intend to provide the
electronic structure information related to the variation
of rare-earth elements.

II. EXPERIMENT

The single crystals of Nd2 Ce Cu04 & with x =0.15
and 0.20 were grown from Cu0-rich composition of the
high-purity starting materials Nd203 (99.99%%uo), Ce02
(99.99%), and CuO (99.999%). Approximately 40 g of
predried starting materials with overall composition
Nd& 73Ceo 27Cu4 70~ and Nd& 77Ceo 23Cu4 70„ for the
x =0.20 and 0.15 samples, respectively, were mixed and
fired in air several times at =1000'C in 50-ml alumina
crucible. The mixtures were then heated to 1240'C for 1

h and cooled at a rate of 5 'C/h to 940 C, and removed to
air. Many mm-size crystals were mechanically removed
from cavities in the Aux. The Ce contents were deter-
mined from energy dispersive spectroscopy (EDS) and
electron microprobe (wavelength dispersive spectroscopy,
WDS), with a series of ceramic calibration standards, and
are accurate to Ax =+0.02. The x =0.20 crystal was an-
nealed in oxygen at 950 C and cooled slowly to room
temperature. The x =0.15 sample was reduced at 890 C
in Aowing He gas for 16 h, and quenched to room tem-
perature. This crystal displayed diamagnetism at 10 K in
dc SQUID measurements in a 10-Oe field. The prepara-
tion and characterization of the undoped x =0.00 single
crystal have been described elsewhere by Tan et al.

The polycrystalline samples of R z „Ce Cu04 & were
prepared by solid-state reaction from predried starting
materials, with several firings at 900 and 1000'C (about 1

week total with intermediate grindings), then pressed into
large pellets. The pellets were then fired at 1080 C for 2
days, and then fired in Aowing oxygen at 950 C and
slow-cooled to room temperature at 25'C/h. The pellets

were then cut in half, the reduced samples were made by
annealing the second half of each pellet in Qowing He at
temperatures ranging from about 800 to 900'C for about
16 h, then rapidly cooled to room temperature. Thermo-
gravimetric analysis was used to identify the temperature
at which oxygen loss begins to occur for selected speci-
mens; along with past experience and past iodometric ti-
trations, we chose temperatures which we believe corre-
spond to 5=0.02, and indeed the measured values of 5
are 0.0 within the experimental error of +0.02. In gen-
eral, we find that the larger the rare-earth host ion, or the
greater the Ce concentration, the higher the reduction
annealing temperature required for a given oxygen loss.
The T' phase of the samples was confirmed by x-ray-
diffraction measurements. The oxygen deficiency 5 in the
oxygen reacted samples was determined by titration to be
5=0.00.

The x-ray-absorption measurements were carried out
at the National Synchrotron Light Source on beam line
X-11A using a Si(111) monochromator and 0.5-mm en-
trance slit. The spectra for single crystals were measured
using fluorescence detection mode while the unpolarized
spectra for powder polycrystalline samples were obtained
using transmission detection mode. The degree of linear
polarization as a percentage of total is about 99.6% at the
energy of the Cu K edge (-9 keV). To obtain higher sig-
nals for the single crystals, collages of similarly oriented
small crystals (each about 3X3XO. 1 mm) were carefully
assembled on scotch tape. Energy calibration was made
by simultaneously measuring the absorption spectra of a
Cu metal or a CuzO powder reference. For convenience
of discussion, we have chosen the energy of the preedge
peak in the spectrum of Cu20 as the zero energy. All of
the spectra presented in this paper have been background
subtracted and normalized in the same energy region.

III. Cu EC-EDGE XAS-3d
CONFIGURATION CORRELATION:
A CLUSTER MODEL DESCRIPTION

Attempts to understand high-T, superconductivity
have involved models related to Anderson lattice and
multiple-band Hubbard models. A simple local clus-
ter model incorporating both 3d correlation and 3d-2p
hybridization effects has been successfully used to inter-
pret the features of the XPS spectra (such as Cu 2p spec-
tra) (Refs. 8, 17,35 —37) of Cu oxides and both p- and n

type cuprate high-T, superconductors (HTS). The exten-
sion of using a cluster model from XPS to XAS (e.g., Cu
IC edge) for some cuprate insulators has been recently dis-
cussed by Tolentino et al. We will follow the spirit of
Tolentino's discussion; however, the emphasis will be fo-
cused on the interpretation of the new Cu d' feature
occurring in the Cu K edge of the n-type superconductors
R2 Ce Cu04

Cu compounds such as CuO or undoped cuprates such
as Nd2Cu04 are usually well described as charge-
transfer-type insulators. In the Cu K-edge absorption
process of these insulators, the initial states (the states be-
fore absorbing a photon) of Cu including the Cu 3d—O 2p
hybridization can be described as linear combinations of
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~%'s, &
=cos8~ d &

—sin8~ d ' L &,

~%',„&=sin8~d &+cos8 d' L &, (2)

with tan(28) =2 V/b, . Similarly, the two final states are

3d and 3d' L configurations, where I. denotes a hole in
the ligand 0 2p states. During the absorption, a .Cu 1s
core hole is produced, thus, the final (or core-hole) states
reached in XAS should be described as linear combina-
tions of cd 4p and cd ' L 4p configurations, where c
represents the Cu 1s core hole. If the hybridization ma-
trix element is represented by V then a simple matrix cal-
culation similar to that of Shen et a/. would lead to the
energy diagram shown on the left part of Fig. 1. Here 6
is the energy separation between the two configurations
of the initial states. The final-state energy separation is
b ' = U,d

—
U~L b., with —U,d ( U,L ) representing the

Coulomb interaction between the Cu 1s hole and the Cu
3d (0 2p) hole. One should note that the U I introduced
here is a new parameter which has not been previously
used in models for the interpretation of spectroscopic
data. We believe that the necessity of introducing this
parameter in the model is similar to the necessity of in-
troducing the Coulomb interaction ( —1.2 eV) between
the 0 1s hole and Cu 3d hole in the interpretation of 0
K-edge spectra of the p-type superconductor
La2 „Sr„Cu04+&.

Within this two-level model, the ground and excited
states of the initial states can be expressed as

yield a K edge which is a superposition of two edge
features separated by an energy of

SE, =Q(U,„—U, —S)'+4V' .

If U,d is much larger than the other parameters, then the

mixing of ~cd 4p & in ~%s„,& and ~cd' L4p & in ~@s„2&
(i.e., ~sin8'

~ ) can be quite small. In such a case, the inten-
sities of these two features (e.g., the Cu K-edge double
features A and 8 or C and D in Fig. 2) are approximately
related to the weight of each configuration ( ~d' L & and
~d & ) in the ground state. The intensity ratio of the dou-
ble features is approximately

1„,=1,/I =~(&e„e„„,&/(+„~+„„,&)'

=a tan ( 8+8' ),
where e is a constant.

Next, we discuss the effects of Ce doping on the
predominantly d —d' L ground state of Cu in Nd2Cu04.
The Ce doping could inject extra electrons into either the
3d orbitals of the Cu sites with d state or the 2p orbitals
of the ligand 0 sites associated with the d' L state. In
both of these two cases, the d ' state of Cu is formed (via
d +e ~d' and d' L+e —+d' processes, respective-
ly) without involving the energy U required in the Hub-
bard model. The electrostatic potential argument, as

2,, 5 I I I i
(

I I I I
(

I I I I
[

I I I I

~4„„,&= —sin8' cd 4p &+cos8' cd' L4p &,

~e„„,& =cos8'~cd'4p &+sin8' cd "L4p &,
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with tan(28') =2V/( U,d
—U I —b, ). The transitions of

the ground state into the final states ~%„„,& and %„„2&
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FIG. 1. Energy-level diagram for configurations of the clus-
ter model description of the initial and final states for Cu E
XAS. N is the number of d electrons of the pure d configuration
(without hybridization effects) in the cluster model. N = 10 cor-
responds to the injection of an electron from Ce into a Cu orbit-
al.

FIG. 2. Polarized Cu K-edge spectra for single crystals
Nd2 „Ce CuO4 q with x =0 (dashed curve), 0.15 (dotted
curves), and 0.2 (solid curves). L9 is the angle between the E vec-
tor and the c axis of the crystal. The spectra of polycrystalline
Cu metal and Cu20 are also shown for reference. The final

states (and final d orbital configurations) associated with the
feature assignments in the figure are A ', 4p „(d ' ); A,
4p (d' L); B, 4p„(d ); C', 4p (d' ); C, 4p (d' L); and D,
4p (d ). Note that the intensities of the d' features A' and C'
increase with Ce doping while the intensities of the other
features A through D decrease.



51 X-RAY-ABSORPTION STUDIES OF ELECTRON DOPING AND. . . 1261

pointed out by Tranquada et al. , favors the former
electron-doping process over the latter and this is indeed
supported by the 0 K-edge results. ' ' The fraction of
electrons doped into the Cu 4s orbitals should be negligi-
ble small because the local Cu 3d to 4s excitation energy
(-4—5 eV) (Ref. 38) is usually quite large and these or-
bitals are neglected. Neglecting higher-lying states, inter-
site hopping only redistributes the d' sites without alter-
ing their population. Thus the d ' state population
should be proportional to the Ce concentration x and to
the fractional efficiency of Ce doping into the planes.

The energy level of Cu d' is shown in the right part of
Fig. 1, where Ez i—s the binding energy [with typical
value of 2.0 eV (Ref. 35) obtained from XPS data on p-
type cuprate superconductors] of an electron added to
the 3d hole. The initial and final (core hole) 3d' states
are denoted in Fig. 1 by ~d' ) and ~cd' 4p ), respectively.
We will interpret the A ' and C' features (the d' features)
in the polarized spectra of the Ce-doped samples (see Fig.
2) as corresponding to the transition of Cu from ~d' ) to
~cd' 4p ). The energy difference between the energy re-
quired for this transition and that required for the transi-
tions from 4, ) to ~%'„„,) (mainly ~d

' L ) ) is

1(+g2+4y2+g) 1(+gi2+4y2

(7)

which should correspond to the energy separation be-
tween the feature A' and A in Fig.2.

IV. POLARIZED SPECTRA
OF Nd2 „Ce„CuO4
SINGLE CRYSTALS

A. Polarized Cu K-edge spectra: Feature identi6cation

In Fig. 2, we compare the polarized Cu K-edge spectra
of the doped crystals (x =0.15 and 0.2) with those of the
undoped sample (x =0.0). It is clear from the single-
crystal data that features A and B are only present in the
E~~c-axis (or 8=15') spectrum while feature C and D are
most prominent in the Ej.c-axis (or 8=90') spectrum.
The small components of the C and D features visible in
the 8=15' spectrum could be due to the small in-plane
component of x-ray polarization vector E. These
double-peak features can be interpreted in a similar way
to those previously used for the undoped Nd2Cu04 crys-
tal, '2 i.e., the features A and B in the E~~c spectrum are
assigned to the 1s to out-of-plane 4p states transitions,
whereas the features C and D in the Elc spectrum are
due to the transitions from 1s to the in-plane 4p states.
The lower-energy A and C features involve "shakedown"
final states in which the core hole is better screened (rela-
tive to the B and D related processes) by ligand to metal
charge transfer. ' These final states are usually denoted
by 3d ' L, where L denotes a hole on the ligand shell.

Tan et al. first identified the A' feature as due to
1s ~4p transition with Cu in a 3d ' configuration in
their XANES study on single-crystal Prz „Ce„Cu04
with 0 ~ x ~ 0. 12. This identification was made based on
the fact that the A ' feature can be observed only in the

E~~c Cu K-edge spectra of the Ce-doped crystals and that
the energy position of the feature is close to but below the
positions of the 4p features of Cu2O and Cu metal. Our
polarized Cu XANES data on the heavily Ce-doped
Nd2 Ce Cu04 & with x ~0. 15 support this assignment
for feature A'. The very weak intensity of A' feature
visible in the Elc (8=80') spectrum of the x =0.2 sam-

ple can be attributed to the small out-of-plane component
of E. The value of 0 was set to be about 80' for the
x =0.2 sample (rather than 90' as for the undoped sam-
ple) to avoid the Bragg refiection features in the near-
edge region. The absence of the A' feature in the spectra
of the undoped sample indicates that A ' feature is associ-
ated with Ce doping. On the other hand, the absence of
the A ' feature in the Elc spectra of our high-level doped
Nd2 Ce Cu04 & suggests that this feature is 4p state
related. The locations of the feature A', as determined
by the peak positions of the difFerence spectrum (obtained
by subtracting the spectra of x =0.0 sample from that of
the x ~0. 15 samples) are 3.2 eV below the well-screened

4p„ feature A of the x =0.0 sample. This value is exact-
ly the same as that reported for the low-level (x ~0. 12)
Ce-doped Pr2 Ce Cu04 & crystals.

Comparing the C peaks of the Elc spectra of the
x =0.0 and 0.2 materials (in Fig. 2), we note that the
x =0.2 C feature is broadened on the low-energy side.
Two contributions could contribute to this effect: a
downward edge shift as proposed by Tan et al. and dis-
cussed later in this paper; and the appearance of a new C'
feature 3.2-3.5 eV below the C-feature peak located at
—12.7 eV. Such a C' feature would be the in-plane anal-

ogy of the A' feature with the identification 1s~4p
with a Cu 3d' configuration. The Ce-doping induced in-
tensity increase of the A ' and C' features, accompanied
by the simultaneous intensity decrease of the unprimed
features A, B, C, and D (as discussed in next section),
does modify the shape of the E~~c and Etc edges to some
degree. Further consideration of the potential relative
roles of the C' feature and the edge shift will be made in
the context of the rest of our results (particularly those
on the compression induced edge-shift) in the discussion
section (Sec. VD), where the C' feature interpretation
will be shown to be more satisfactory relative to the
edge-shift interpretation.

By comparing the energy level scheme in Fig. 1 and the
relative positions of the features in Fig. 2, one can make
the following assignments in terms of cluster model: A

(as well as C) and B (as well as D) correspond, respective-
ly, to the transitions of Cu from ~%, ) into the final

states qI„„,) and Vs„2 ), but for features A and B the
photoelectron is in the Cu 4p state while for features C
and D the photoelectron is in the Cu 4p state. Feature
A' (and C') is due to transition from the initial state
~d' ) into final state ~cd' 4p ) with the photoelectron in a
Cu 4p (and 4p ) orbital. With these identifications, the
experimental values for 5E, in Eq. (5) and 5Ez in Eq. (7)
should be roughly the observed 6.7+0.3 eV energy sepa-
ration between features A and B (or C and D) for the un-

doped crystal and the 3.2-eV energy separation between
features A' and A for the doped crystal, respectively.
For Nd2 „CuO4 &, the values of 6 and V deduced from
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Cu 2p XPS data range from 1.0 to 1.55 eV and from 2.5
to 3.0 eV, respectively. The value of 6 deduced from re-
cent optical reQectivity and Raman-scattering data is
about 1.45 eV. ' lf we use 1.35 eV for 6 and 2.7 eV for
V, then the values obtained from solving Eqs. (5) and (7)
are 6.5+0.4 eV for U,d and 1.1+0.1 eV for U,~. The 6.5
eV U,d indicates that the Cu 1s-3d hole Coulomb interac-
tion is comparable to the Cu 2p-3d hole Coulomb interac-
tion, which is -5.5 eV, as deduced from Cu 2p3&2 soft-
x-ray -absorption spectra. ' The 1.1 eV U L between the
Cu 1s and 0 2p holes, however, is quite close to the
—1.2-eV Coulomb interaction between the 0 1s and Cu
3d holes. With these model parameters, the mixing
fraction of ~cd 4p ) in ~%'s„, ) and ~cd' L4p ) in ~%'s„z)
can be calculated to be ~sin8'~ =0.2. This indicates that
the intensities of features A and C contain about 80%
d' L ) component, while the intensities of features B and
D contain about 80% ~d ) component.

B. Electron-doping-induced feature changes

The Ce doping induces a number of interesting spectral
changes on the polarized Cu K-edge spectra of
Nd2 Ce Cu04 & shown in Fig. 2. The feature changes
with Ce doping can be summarized as follows: (1) The in-
tensities of features A' and C' increase along with the
suppression of the intensities of features 8, C, and D;
meanwhile feature A located at —1.9 eV degrades from a
prominent peak at x =0 to a bump at x =0.2. (2) An ap-
parent edge shift in the Elc spectra (see the discussion
section, Sec. VD) observed at Ce-doping level x =0.2.
(3) The peak position of feature B shifts about 0.6 eV up-
wards at Ce-doping level x =0.2. (4) The intensity of
feature C decreases relatively less than that of feature D.

With the feature assignment discussed in previous sec-
tion, observation (1) clearly indicates that Ce doping
donates electrons into Cu 3d orbitals to form ~d' )
configuration and simultaneously reduces the ~d ) and
d' L ) configurations. The intensity reduction of feature

A is not as obvious as that of the other features due to
the intensity increase of the nearby A' feature. Con-
sistent with this, the low-level doped Pr2 Ce Cu04
(x ~ 0. 12) where the A '-feature intensity was smaller,
the intensity reduction of feature A was clearly observed.
Observation (2), as will be discussed in detail in Sec. V D,
can be explained as being primarily due to the intensity
increase of the electron-doping-induced new d' feature
Cl

With the simple cluster model, observation (3) just
means that with Ce doping, the energy separation 5E, in
Eq. (5) increases. This increase can be explained by the
decrease of the b, . Observation (4) (i.e., the slower de-
crease of the intensity of the feature C than that of the
feature D with the increase of x), which was usually left
without explanation in the literature, can also be ex-
plained by the cluster model. Since tan(28) =2V/b, and
tan(28') =2V/b, ' with 6'= U,d

—
U~L

—b„ the reduction
of 6 will increase 0 substantially but decrease 0' only
slightly. Thus the ratio of the intensity of feature C to
that of feature D, i.e., the I„& in Eq. (6), will increase
with the reduction of b, (or the increase of Ce-doping lev-

el x). Since the in-plane Cu 3d & 2 states hybridizex —y
strongly with the 0 2pz y states, Ce doping could shift the
3d» (including the d' state) and 0 2p„(containing
the L state}, and thus also the d' L state downwards.
This shift could reduce the value of the charge-transfer
energy 5 in Fig. 1 and increase the value of 5E& in Eq.
(5), which is the energy separation between features A

and B (or C and D). This interpretation is consistent
with the impurity-state picture proposed by some au-
thors, ' ' ' i.e., low-level doping of electrons into Cu
creates new states (the "impurity states") without
significantly effecting the 3d band; high-level electron
doping joins these new states to the unoccupied 3d band
and pulls the latter down more. The optical refiectivity
measurements of Arima et aI. ' on Pr2 Ce Cu04 even
suggested that these new states are hkely to be composed
of hybridized 0 2p and Cu 3d states.

A rough estimate of the reduction of 5 with Ce doping
can be made with the use of the model parameters de-
rived earlier, i.e., U,d=6. 5 eV, U,L =1.1 eV, 6=1.35 eV
at x =0.0, V=2.7 eV. If all of the parameters except 6
are assumed unchanged' with Ce doping, then the calcu-
lated b, reduction using Eq. (5) is about 0.85 eV for a 0.6-
eV increase of 5E&. This result means that 5 is about 0.5
eV at the Ce-doping level x =0.2, which is almost the
same as that estimated 5=0.4 eV from some XPS data
for x =0.15 samples. ' One should note that an accurate
estimate of the 6 dependence of the I„~ (=IC/ID) re-
quires accurate function fitting of the triple peaks C', C,
and D and detailed knowledge about the change of the
Cu 4p DOS with Ce doping. This is due to the fact that
the Cu I( -edge XAS feature intensities here can be con-
sidered as the convolution of the Cu 4p partial density
states and the spectral lines observed in XPS. Detailed
curve fitting results will be reported elsewhere.

C. d' concentration: x correlation

With a clear identification of the A ' feature in the E~~c

spectra as the d' feature for both the heavily doped
Nd2 Ce, CuO& &

with x )0. 12 (in Fig. 2) and the light-
ly doped Prz „Ce„Cu04 & with x ~0. 12 (in Ref. 22), the
d' concentration as a function of the Ce-doping level x
in the entire doping range (0 ~ x ~ 0.2 } can be estimated
from the intensity of the d' feature A'. The intensity
values of the feature A' (located 3.2 eV below feature A )

can be estimated approximately by the heights of the
peaks (see Sec. V B) in the difference spectra which are
obtained by subtracting the x =0.0 E~~c spectrum from
the x+0 E~~c spectra. Hereafter, the 2' feature will be
frequently referred to as the Cu'+ 4p feature and thus
Cu'+ only stands for the Cu d' (%= 10) configuration
in the cluster model.

In Fig. 3, the Cu'+ 4p intensities are plotted against x
for the Nd2 Ce Cu04 & single crystals. Note that the
data points for x =0.4 and x =0.12 were generated by
scaling the values measured from the data of
Pr2 Ce CuO4 & crystals in Ref. 22. The scaling factors
( = 1) at these two x values were derived from the intensi-
ty ratio of the Cu'+ 4p„ intensity of the difference spec-
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ously injects electrons into Cu 3d orbitals to form d',
and the fraction of electron donated by each Ce atom is
the same in the entire range of the Ce-doping level
0(x ~0.2. To calculate this fractional value, one needs
to normalize the Cu'+ 4p intensities to the Cu'+ 4p in-
tensity of the Eiic spectra of some Cu'+ single-crystal
standards. In the absence of polarized Cu K-edge data of
such crystals, we will use the unpolarized spectra of
powder Cu20 for determining the Cu'+ content later in
this paper in the discussion of our R2 Ce Cu04
(R =rare earth) results.
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FIG. 3. The peak height of the Cu'+ 4p spectral feature ob-
tained from the polarization Cu X-edge difference spectra dis-
cussed in the text. All the peak heights have been normalized to
the peak height of the Cu'+ peak in the difference spectra of
powder Cu20 (see Fig. 4). The data for x =0.04 and 0.12 are
from the spectra of Ref. 22 and have been discussed in the text.

tra between the R =Nd and R =Pr powder
R2 „Ce Cu04 s compound series (see Fig. 4). The use
of the unpolarized spectra for scaling is justified by the
fact that the intensity of feature A ' in the powder spectra
is dominated by the A ' feature in the corresponding Eiic
(see Fig. 5 or Fig. 2 of Ref. 22) spectra. It is clearly seen
in Fig. 3 that the intensity of the d' A' feature increases
linearly with the increase of the Ce-doping level x. This
result unambiguously shows that the Ce-doping continu-

V. POLYCRYSTALLINE R2 „Ce„Cu04

In this section, we study the electron-doping and
band-shifting processes in R2 Ce Cu04 & compounds
with R being all of the rare-earth elements which stabilize
the T -phase structure. Due to the limited availability of
single crystals, only the unpolarized Cu K-edge spectra
for powder polycrystalline samples will be discussed here.
To exclude the effects produced by reduction annealing
and to make the analysis systematic, only the spectra for
samples annealed in oxygen will be presented. The effects
on the Cu E-edge due to the sample reduction process
will be briefly discussed in Sec. V D below; more detailed
discussion will be presented elsewhere.

A. Feature interpretations

In order to facilitate identification of the spectral
features in the unpolarized Cu K-edge spectra for the
powder samples, we have plotted in Fig. 5 both the polar-
ized and unpolarized spectra for the Nd& 8Ce02Cu04
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CU K CU20
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FIG. 4. The difference spectra at the Cu K
edge for the polycrystalline R& „Ce Cu04
R =Nd and Pr, sample series. The x =0 spec-
tra in each series in Fig. 6 were used as Cu +

standards and were subtracted from all of the
x )0 spectra and Cu20 spectrum. Note that
the intensity of the Cu'+ 4p feature in the
difference spectra increases with the increase
of the Ce-doping level x.
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single-crystal and powder samples (all annealed in oxy-
gen). It can be clearly seen that all of the features A ', C',
and A through D, observed in the polarized spectra, ap-
pear in the unpolarized spectrum. Indeed, the unpolar-
ized spectrum of the x =0.2 powder sample in Fig. 5 can
be well reproduced by the combination of the polarized
Elc (8=80') and Elle (8= 15') spectra using the formula
o(8)=o,cos (8)+a,bsin (8). Here o, and o,b are the
absorption cross sections with the polarization vector E
along the c axis (8=0') and in the ab plane (8=90'), re-
spectively, and the value of 0 is set at about 63' for the
powder spectrum. This procedure justifies the use of the
same feature assignments as used in the polarized studies
(see Fig. 2).

In view of the above it can be anticipated that the Ce-
doping-induced feature changes in the powder K-edge
spectra should resemble those feature changes observed
in both the Elle and Elc polarized spectra in Fig. 2.
Indeed, it can be seen from Fig. 5 (and Fig. 6) that as x
increases from 0.0 to 0.2 in Nd2 Ce Cu04, the intensity
of the Cu'+ (or d' configuration) features A ' and C' in-
creases, concomitant with the decrease of the intensities
of the Cu + (or d and d' L configurations) features A

through D. These trends are the same as those observed
in the polarized spectra (in Fig. 2) as discussed previous-
ly.
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FICs. 5. Polarized Cu K-edge spectra for single-crystal
Nd& 8Ceo2Cu04 z and for polycrystalline Nd2 „Ce Cu04
x =0 and 0.2. 0 is the angle between the E vector and the c axis
of the crystal.

Figure 6 shows the Cu K near-edge spectra for the
polycrystalline R z „Ce Cu04 & compounds with
O~x ~0. 18 and R =Nd, Pr, Sm, Eu, Gd. It can be seen
that with Ce doping, x dependence of the spectral
features for all of these compounds varies in the same
manner as in the R =Nd series. This indicates that the
electron-doping effects are almost identical in all of the
T'-phase series with different R elements. To see this

FIG. 6. Cu II -edge spectra for polycrystalline oxygen-
annealed R~ Ce Cu04 z, R =Pr, Nd, Sm, Eu, Gd, and
0&x ~0. 18.

point more clearly, we will analyze below the quantitative
Cu'+-x correlation and the R dependence of the in-plane
band shift for all of these series.

The quantitative determination of Cu'+ content, in
copper complexes of a mixed oxidation state, using the
intensity of the Cu'+ peak of the difference spectra, has
been applied previously to various systems. ' ' The
study of Hodgson's group ' has shown that the ampli-
tude ( -0.49—0.54) of the Cu'+ preedge feature intensi-
ties, for multitude Cu'+ compounds with three or four
Cu coordination numbers (CN's), are quite insensitive to
the ligand geometry and chemical environment of the Cu.
Thus, this amplitude value can be used to estimate the
Cu'+ component of mixed Cu'+/Cu + compounds with
CN=4 such as R2 „Ce Cu04 & compounds. We use
the intensity of the Cu'+ 4p feature of CuzO (which has
CN= 2) for Cu'+ estimate because it has almost the same
amplitude (-0.54) (Refs. 43 and 44) in its difference
spectrum as that for the Cu'+ compounds with CN =3
and 4. The error of such an estimate is expected to be
about 10%. It should be noted that the Cu K-edge XAS
measurements do not directly measure the weight of the
various Cu 3d configuration. In general, the intensities of
the spectral features are influenced by the Cu 4p unoccu-
pied density of states (DOS) and ls~4p matrix element,
although the relative constancy of the Cu'+ preedge
feature intensity (with CN =3 or 4) seems to indicate
these effects are not large.
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The Cu'+ content of R2 Ce Cu04 & can be estimat-
ed from the intensity of the A' [the 4p (d' )] feature in
the difference spectra which were obtained from subtract-
ing the powder spectra of the undoped (x =0) sample
from those of the Ce-doped (the x&0) samples in each
series. Figure 4 shows, for example, such difference spec-
tra for the R =Nd and Pr series. Also plotted in Fig. 4 is
the difference spectrum of the Cu'+ standard material
CuzO, which was obtained by subtracting the Nd2Cu04
spectrum. The intensities of the peaks located at -9.7
eV in the different spectra in Fig. 4 are predominantly C'
feature induced and thus also can be used for estimating
the Cu'+ content. However, since the very nearby 8
feature (see Fig. 6) variation also contributes to these in-
tensities, we believe that more accurate results can be ob-
tained by using A'-feature intensity than by using the
C'-feature intensity. In Fig. 7, we plot the values of the
Cu'+4p (d' ) intensities (normalized to that of the Cu20
difference spectrum) against the Ce-doping level x for all
of these R series. These normalized Cu'+ 4p intensities
should yield the ~d' ) concentration on the Cu sites. The
linear relation between the Cu'+ intensity and Ce-doping
level x, observed previously in the single crystals, is again
seen here in the R =Nd and Pr polycrystalline series.
For R =Sm, Eu, and Gd, the dependence of Cu'+ on x
appears to deviate somewhat from a linear relation, indi-
cating that the electron doping from Ce into Cu 3d orbit-
al may become harder as the doping level x becomes
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FICx. 7. The peak height of the Cu'+ 4p spectral feature in
the difference spectra (see Fig. 4 for example) obtained by sub-
tracting the x =0 spectra in each R~ „Ce„Cu04 z series of Fig.
6 from the x&0 spectra. All the peak heights have been nor-
malized to the peak height of the Cu'+ peak in the difference
spectra of powder Cu20 (see Fig. 6). Note the almost linear re-
lation between the Cu'+ 4p intensity and the Ce-doping level
X.

larger in these series. The value of the slopes of the fitted
straight lines in Fig. 7 is about 0.95 0.05 for all the
series except the R =Gd series. For the R =Gd series,
the value is 0.82+0.05.

Thus, we conclude that the average fraction of the elec-
trons doped into Cu 3d orbitals from each Ce atom is
close to (but slightly smaller than) unity in the
R z Ce Cu04 & materials with R =Nd, Pr, Sm, and
Eu, but shows a 15% decrease for the R =Gd series.
This conclusion is supported by the proposal of
Goodenough et al. , i.e., if the Cu-0 bond length in the
Cu02 planes of the T' structure is too small, as in the
R =Gd series, the planes do not readily accept antibond-
ing electrons into the upper 3d 2 2(o*) band. This

conclusion is also consistent with the recent result from
the transport measurements of (Nd, Gd, Ce)2Cu04 which
indicated the number of charge carriers increases with
the substitution of Nd for Gd.

C. R-variation erat'ects on Cu E-edge spectra

1. Observations

Figure 8 shows the Cu K-edge spectra of the powder
R2 Ce Cu04 & samples with x =0 and 0.15. The fol-
lowing effects on the Cu K-edge spectra are observed
upon the R-element variation from larger to smaller size,
i.e., from Pr~Nd —+Sm~Eu~Gd: there is about a
DE=0.48+0.05 eV overall upward edge shift of the
spectra, including the whole region of the D feature (but
between Eu and Gd an anomalous slight downward shift
occurs); the shift is noticeably smaller in the energy re-
gion where the intensity is dominated by the 4p features
A ' and A than in the main edge region (i.e., above 5 eV)
where the intensity is dominated by the 4p features C
and D; and the intensity ratio I„,(=Ic/ID) decreases
slowly and continuously, which is clearly seen in the
x =0 spectra in which the electron-doping-induced C'
feature is absent.

Since all of the R elements in the T'-phase materials
are trivalent ' and the Ce-doping level x for the x =0.15
spectra in Fig. 8 is the same, these R-variation spectral
changes must be attributed to the lattice compression and
should be electron-doping independent. This last point is
verified by the presence of the same changes in Fig. 8 in
the spectra of the undoped RzCu04 compounds. Indeed,
the same R-variation-induced spectral changes have been
observed in the R2 Ce„Cu04 & material at all Ce-
doping levels (i.e., O~x ~0. 18). In Fig. 9, we show the
dependence of the edge-energy shift bE (measured rela-
tive to the edge spectrum of Pr2CuO4 &) on the R-
element variation in the entire Ce-doping range
(O~x ~0. 18) of the R2 „Ce„CuO4 s materials. Figure
9 shows that the hE versus R curves for different x values
are nearly parallel to each other. This indicates that the
magnitudes of the edge shifts of the K-edge spectra due to
the variation of R from Pr~Nd —+Sm —+Eu~Gd are ba-
sically independent of the Ce-doping level x. Figure 9
also indicates that the edge shift is basically upwards with
the decrease of the R-element size but with a slight down-
ward shift seen for R from Eu to Gd.
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2. Interpretation of the Cu K edge feat-ure changes

We now turn a discussion of the origins of the R-
variation-induced feature changes of the Cu X edge, par-
ticularly the origins of the edge shift. We tentatively in-
terpret this R-element-induced edge shift as due to the
shift of the unoccupied in-plane Cu 4p states. This inter-
pretation is consistent with the fact that the main-edge
region (i.e., the region from post-A feature to post-D
feature) shifts almost rigidly with R variation (see Fig. 8).
The previously mentioned relatively sma11er shift of the
spectra (in Fig. 8) in the A -A feature region than in the
B-C'-C-D region can be understood by the fact that the
intensity of the powder spectra in the A -A region is
dominated by the contribution from the transition from
1s to out-of-plane 4p final states, thus the intensity
change due to the shift of the in-plane 4p states in this
region should appear relatively weaker than in the other
regions.

Second, this proposal is qualitatively consistent with
the ligand field (or crystalline field) theory. Cu in the T'
structure has a square planar coordination, i.e., with four
oxygen ligands around a central Cu in the CuOz plane.
As the rare-earth elements R are varying from R =Pr to-
wards R =Gd, the lattice parameters a and c are decreas-
ing, and thus the four oxygen ligands are moving to-
wards the central Cu ion. According to the 1igand field
theory, ' the repulsive forces exerted by the ligands due
to this compression will raise the energies of the in-plane
Cu 4p antibonding orbitals. In contrast, the out-of-
plane 4p orbitals should be less affected and thus the en-
ergies are less changed by the lattice compression. The
upward shift of the 4p states would in turn produce an
upward shift of the 4p features C and D and thus an
overall shift of the K edge in the main-edge region (i.e.,
where the 4p features O' C Ddominate). -O-n the other

hand, the relatively smaller shift of the 4p states will

produce a relatively smaller shift in the region where the
spectral intensity is dominated by the 4p features A'

and A. This is in complete accord with the observations
mentioned above.

It should be noted that the change of the ligand field
also raises the energies of the Cu 3d orbitals upon the
compression of the square planar complex. The inhuence
of the a-compression-induced ligand-field change on the
in-plane Cu 3d 2 2 orbital should be much greater than

on the other Cu 3d orbitals (i.e., 3d„, 3d„„3d„and
3d &) and thus the energy of the d 2 2 orbital will be
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FIG. 9. The dependence of the edge-energy shift hE on the
rare-earth elements R for R2 Ce„Cu04 z compounds at
different Ce doping levels x. Here the edge-energy shift is mea-
sured relative to the edge energy of the Pr~Cu04 z spectrum.
Note the similar behavior of the AE vs R curves at different
Ce-doping levels x.
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raised most. ' The observation (mentioned earlier) that
I„& decreased with decreasing R size, can also be ration-
alized by the upward shift of the Cu 3d» states (due

X —y
to lattice compression) in the light of the cluster model.
In contrast to the earlier discussion in Sec. IV B, here the
upward shift of the Cu 3d 2 2 states will increase thex —y
charge-transfer energy 6 which is the energy gap between
the energies of the 3d' I. and 3d configurations in the
cluster model (see Fig. 1). If the other model parameters
are assumed unchanged upon the lattice compression,
then I„& will decrease with the increase of 4. However,
compared with the Ce-doping induced I„i change (see
Fig. 6), I„i decrease caused by R variation is relatively
smaller. Our proposal (based on cluster model here) that
6 increases with decreasing R size is also supported by
recent optical edge-shift results of Cooper et al. ' which
showed a 0.25-eV linear increase of 6 with the decrease
of R size from R =Pr to Gd.

D. Discussions

Below we would like to comment on three issues not
discussed in detail in the above text.

C' feature versus edge shift. As discussed above, we
have attributed the edge shift, caused by R variation, to
the upward shift of the unoccupied Cu 4p band. The
shift of the edge upon the R variation (at a fixed
electron-doping level x) originates solely from the lattice
compression induced ligand-field change. The magnitude
of this compression effect can be estimated by noting that
for x =0.15 from Eu to Pr one has ha =0.052 A leading
to a compression shift rate of —9.6 eV/A. We note that
Ce substitution in the Ndz „Ce CuO4 & system also en-

0
tails an a-axis dilatation of b.a =0.008 A (from x =0.0 to
0.2) and hence the lattice-induced edge shift anticipated
would be —0.08 eV. In fact the spectral changes noted
in the Elc spectra between x =0 and 0.2 would require
the much larger shift value of —1.3 eV if interpreted
solely in terms of a rigid spectral shift. With this motiva-
tion we wish to return to the C' feature versus edge shift
discussion deferred from Sec. IV A.

As noted in Sec. IVA, both an appearance of a C'
feature and the occurrence of a downward edge shift
could introduce similar changes in the x%0 Elc spectra.
The presence of a C' feature analogy to the A ' feature is
certainly appealing in terms of the model interpretation.
Moreover, as noted above, a lattice dilation mechanism
(as originally proposed) for an edge shift is not of the
proper magnitude to explain the data. There is also addi-
tional circumstantial evidence supporting the C' feature
origin of the spectral weight increase (with increasing Ce
substitution) in the Eic spectrum. In the case of the R
variation in the (constant x) R2 Ce CuO4 material, for
example, where an edge shift is clearly operative, one dis-
tinctly sees a concomitant shift in energy of the spectral
weight in the C-feature, D-feature, and post-D-feature
ranges (see Fig. 8). In contrast the Elc
Ndz „Ce„Cu04 s spectra (see Figs. 2 and 6) such con-
comitant shifts are not seen. Thus there is both motiva-
tion and evidence which is in favor of the presence of an
electron-doping-induced C' feature and against the edge-

shift interpretation. Moreover, the C -feature intensity
interpretation is inherently inconsistent with the cluster
model which predicts that the d' features should appear
in both the EJ.c and E~~c spectra with electron doping.
Indeed the energy separation between the C' and C
features (estimated from Figs. 4 and 6), is about 3.2—3.5
eV, which is almost the same as the energy separation be-
tween A ' and 3 features. On the other hand, the missing
C feature in the band-shift interpretation is in conAict
with this cluster model prediction. In our opinion, the
C'-feature interpretation of the apparent edge shift in the
Elc spectra in Fig. 2 is more natural and reasonable than
the edge shift (or 4p band shift) interpretation.

In fairness, however, it should be noted that a simul-
taneously role of a downward edge shift cannot be com-
pletely ruled out based on the difference spectral data
(Fig. 4) for the present set of materials. The uncertainty
arises naturally from the fact that the C' feature has a
weak, broad, and unresolved character and is riding on
the steeply rising part of the edge. In an attempt to shed
light on this issue, difference spectra were calculated us-
ing shifted and unshifted x =0 spectra (as in Fig. 4).
These shifted difference spectra yield structures in the
same energy range as expected from the occurrence of a
C feature. Considering the additional uncertainties in-
troduced by the C and D feature intensity decrease with
x, it was found that such difference spectra cannot be
used to definitively separate the C' versus edge-shift con-
tributions to the spectra in this range. Definitive resolu-
tion of this interesting spectral question will have to
await higher signal to noise, higher resolution, and better
oriented single-crystal measurements. Perhaps the higher
resolution available at the Cu I., edge could provide this
answer. Toward this end higher surface area crystals or
epitaxial films would also be extremely useful, if used in
conjunction with multielement detectors (to eliminate
Bragg re6ection signals).

Role of reductions. Since the reduction of samples in
vacuum or inert gas is necessary to stabilize superconduc-
tivity we would like to comment on our XAS results on
reduced materials. We have carried out an extensive Cu
K XAS measurements on the R2 Ce„Cu04 & samples
which were reduced very systematically in helium gas.
We found the overall effects of reduction (to be presented
elsewhere ) on the Cu K edge is negligibly small when
compared with the Ce-doping and R-variation-induced
effects. Figure 10 shows the effect of reduction on the Cu
K edge of the x =0.1S samples as an example. This re-
sult is inconsistent with the conclusion of Oyanagi
et al. ' who proposed an equivalency of Ce doping and
reduction. Further this result is inconsistent with
reduction-induced impurities. Our results do favor the
direct extension of our basic conclusions on unreduced
materials to the reduced materials.

T, coupling to Cu bands. It is well known that in gen-
eral, both the Ce doping' ' and the increase of the size
of the R elements in the T' structure
R

& 85 Ceo»Cu04 & materials induce superconductivity
and/or enhance T, (see Fig. 11). The anomalous small
depression of T, between Nd and Pr could be related to
the approaching T' structure stability limit. In the
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FIG. 10. The Cu K-edge spectra of the polycrystalline
R &»Ceo»Cu04 z compounds comparing the oxygen-annealed
samples with the helium-reduced samples. Note that there is al-
most no change of the spectra due to the reduction of samples.

present XAS study, we see a clear correlation between
the T, and R size increase caused downward shifts of the
Cu J edge (and thus the Cu 4p and 3d bands shifts, as
discussed earlier). Such correlation suggests that it is the
downward shifts of the unoccupied Cu bands towards the
Fermi energy that are the underlying positive contribut-
ing factors in enhancing the superconducting properties
(e.g. , T, ) in these n-type superconductors. There are, of
course, other factors, such as the optimal charge carrier
concentration for charge carrier pairing (appearing to be
around x =0.15), which are critical in determining T,

VI. SUMMARY

ception of the Gd compounds where this efficiency is
somewhat reduced. The Ce substitution was also shown
to decrease the charge-transfer gap energy h.

In addition we have found that a-axis compression
(effected by the variation of the trivalent rare-arth ele-
ments from Pr to Cxd) caused an about 0.5-eV edge shift
towards higher energy and the decrease of the relative in-
tensity ratio of the 4p features C to D. These effects
were attributed to the shift of unoccupied Cu 4p and 3d
bands in response to the change of the ligand field. The
decrease of T, with the increase of the size of R elements
was correlated to this band shift.

A cluster model description was developed to explain
the spectral feature changes induced by electron doping
and by the variation of the size of the rare-earth ele-
ments. The experimental results support the choice of
model parameters with the following values: Cu 1s-3d
Coulomb interaction U,d-6. 5 eV; Cu 1s-0 2p Coulomb
interaction U,I —1.1 eV; Cu 3d-0 2p ligand hybridiza-
tion V —2. 7 eV; and Cu~0 charge-transfer energy
b, —1.3 eV (at x =0) and 6-0.5 eV (at x =0.2).

We have reported systematic polarized and unpolar-
ized Cu E XANES studies on a wide range of T' struc-
ture electron-doped high-T, materials. Our work indi-
cates the continuous Ce-substitution-induced doping of
electrons into the Cu 3d orbitals over the entire range of
substitution (as evidenced by the 2'- and C'-d' feature
variation in the Cu IC-edge spectra). The C'-feature inter-
pretation proposed through the present study appears
more acceptable over the edge-shift interpretation in ex-
plaining the present Elc spectra. The efficiency of the Cu
3d' state production per Ce substitute is constant and
close to unity for all of the rare-earth hosts, with the ex-
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