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Detailed analyses of Cu K-edge x-ray-absorption near-edge structure (XANES) of electron-doped
and hole-doped Cu-based oxides with several Ce/Sr substitution rates, Nd2 „Ce„Cu04 y and

La2 „Sr„Cu04 have revealed that each Ce/Sr substitution has an effect on -4-5 Cu sites and that
an additional electron or hole supplied with the substitution is distributed mainly to -4-5 [CuO,]
units, yielding "impurity (localized) states. " When x =0.15 the "impurity states" amount to
-60-75 % of the whole [Cu02] units; the interaction and superposition among the localized states
are caused to produce bands like Fermi-liquid states. The substitution causes substantial and a little
change in the XANES spectra of Nd-Ce-Cu-0 and La-Sr-Cu-O, respectively. This means that the
electron doping takes place mainly at the Cu site of [CuOz] in Nd-Ce-Cu-0 and that the hole doping
in La-Sr-Cu-0 takes place mainly at the oxygen site. In the "unreduced" Nd-Ce-Cu-0 samples no
monovalent species but rather divalent species with relatively large 3d ' contributions are found. In
the "reduced" and superconducting Nd-Ce-Cu-0 sample (x =0.15), Cu20-like monovalent species
are found but probably correspond to segregated impurity phases. The t:ssential effect of the reduc-
tion to induce the superconductivity in Nd-Ce-Cu-0 (x -0.15) has not yet been revealed.

I. INTRODUCTION

Recent studies on high-T, superconducting Cu-based
oxides show that the two-dimensional (2D) sheet struc-
ture of [Cu04] squares is indispensable to superconduc-
tivity, irrespective of the types of doped carriers, elec-
trons or holes. In 25-K-class electron-doped supercon-
ducting Cu-based oxides, i.e., so-called T'-phase com-
pounds such as Nd2 „Ce„Cu04 s (Nd-Ce-Cu-O,
x-0. 15), electron doping to the 2D [Cu04] sheet is
achieved with Ce + substitution for Nd + in Nd2Cu04
and subsequent reduction, and in 40-K-class hole-doped
superconducting Cu-based oxides, i.e., so-called T-phase
compounds such as Laz „Sr„Cu04 (La-Sr-Cu-O, x
=0.12—0.22), hole doping to the 2D [CuO&] sheet is
achieved with Sr + substitution for La + in La2Cu04.
On the other hand, in 90-K-class superconducting Cu-
based oxides, i.e., so-called 1-2-3 compounds such as
YBa2Cu30» (Y-Ba-Cu-O, y-7), the oxygen content y is
the key element of hole doping; that is, the hole doping
into the 2D [Cu04] sheet [Cu(2) site] is achieved with
hole donation of the electron-deficient 1D CuO chain
[Cu(1) site] in Y-Ba-Cu-0 (y-7). The electron doping
which destroys the superconductivity in the 2D [Cu04]
sheet is achieved with electron donation of the electron-
rich linear [Cu02] ion [Cu(1) site] in Y-Ba-Cu-0
(y -6).

The electron or hole-pairing mechanisms in Cu-based

oxide superconductors have not yet been settled. Within
the rigid-band and single-band models the Sr or Ce sub-
stitution, oxygen doping, or reduction introduces holes or
electrons into the 2D [Cu04] sheets in the parent com-
pounds, NdzCu04, La2Cu04, and YBa2Cu30~, and they
are distributed in a single band so that each Cu/0 atom
sees an average change in charge. The correlated models
result in mixed-valent CulO ions, Cu+ and Cu +, 0
and 0, or [Cu02], [Cu02], and [Cu02] . The Ce
substitution and the subsequent reduction in Nd-Ce-Cu-
0 (x-0.15) are both necessary to induce superconduc-
tivity, though either the substitution or the reduction can
introduce conductive electrons in Nd2Cu04. This indi-

cates breakdown of the rigid-band and single-band mod-
els in which both the substitution and the reduction
should induce the same change in electronic (band) struc-
ture. In the present work, we have studied how the sub-
stitution and reduction induce changes in the electronic
and geometrical structures in Nd-Ce-Cu-0 and La-Sr-
Cu-0 by means of x-ray absorption near-edge spectrosco-
py (XANES) at the Cu K edge.

II. EXPERIMENT

The samples used in the present study are the same as
in the previous work. ' The substitution rates are as fol-
lows: x =0.0, 0.05, 0.08, 0.12, 0.15, and 0.20 for
Ndz „Ce„Cu04 and x =0.0, 0.055, 0.10, and 0.15 for
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plane polarized XANES spectra of Sr2Cu03. We can
easily understand that B and C, and D and E are 1s-m and
1s-o transitions, respectively, and that such a splitting
(6—7 eV} is not observed in monovalent Cu20. It should
be noted that the twin-peak structure in divalent Cu com-
pounds is similarly observed in out-of-plane polarized
XANES spectra of (creatinium}2CuC14 with planar
[CuC14] structure, where the lower ls-4po peak (D, well
screened} is shifted down to the higher Is-4pm peak posi-
tion (C, poorly screened} due to the weak crystal field of
Cl ions, and therefore in the powder spectrum of
(creat)2CuC14, we accidentally find only a single-shoulder
structure B, widely assigned to 1s-4p~+LMCT core-hole
screening ("shakedown" in ionic compounds s' }.

In Fig. 1, the 1s-4pm. transitions are clearly observed in
La2Cu04, as well as Sr2Cu03 and Nd2Cu04, though Cu in

LazCu04 is coordinated with two apical oxygen atoms
below and above the [Cu04] plane and Cu in Sr2CuOi
and Nd2Cu04 has no apical oxygen. The reason why the
1s-4pm. transitions are not suppressed in La2CuOz is that
[Cu06] octahedron in La2Cu04 is elongated in the apical
direction: R (in-plane Cu-0) =1.90-1.91 A and R (apical
Cu-0}=2.43—2.46 A. Furthermore, as inset in Fig. 1 on
a magnified scale, in (a) LazCu04 and (b) NdzCu04 the
well-screened peaks B are weaker and stronger than the
poorly screened peaks C, respectively. It is well known
that in Cu 2p x-ray photoemission spectroscopy (XPS) of
divalent Cu compounds the main peak corresponds to the
-31' (L ', well screened through LMCT) final state
and the satellite band corresponds to the -3d (poorly
screened) final states, "' and it is seemingly applicable to
the Cu K-edge XANES. The screening effect upon core-
hole creation is as dominant in divalent Cu compounds in
photoabsorption as in photoemission, ' ' though the
screening mechanism in core-excited states where an ex-
cited electron takes part more or less in core-hole screen-
ing is not identical with that in core-ionized states.
Therefore, the peak intensity ratio between B and C can
be approximately related to the electronic state of the
ground state; that is, "divalent" Cu atoms of [CuOs] in

La2Cu04 and in NdzCu04 have large d and d'o(L ')
components, respectively, in the ground states. This is
supported by the observation that the ls-3d peak intensi-
ty for La2Cu04 is stronger than that for Nd2Cu04 as
above mentioned. These conclusions are consistent with
those deduced from the satellite-to-main peak intensity
ratios (I, /I ) in Cu 2p XPS [I,/I =-0.25 in Nd-Ce-
Cu-0 (Ref. 13) and -0.33 in La-Sr-Cu-0 (Ref. 14)] and
with those deduced from a simple crystal-field considera-
tion: in Nd2Cu04 the Cu site with no apical oxygen
anions is sharing an electron with the in-plane oxygen
iona in [Cu04] through covalency in the ground state,
and the two apical oxygen anions at the Cu site in
La2Cu04 is repelling electrons on Cu electrostatically and
increases ionicity of the Cu—0 bond in [Cu04].

B. La& Sr CuO4and Nd2 Ce CuO4(unreduced)

Figure 1 shows Cu K-edge XANES spectra of the sub-
stituted compounds (x =0.15) with dashed hnes, which
are normalized relative to those of the parent compounds

(x =0) shown with solid lines. The change of the spectra
from x =0 to 0.15 in Nd-Ce-Cu-0 is much larger than
that in La-Sr-Cu-O. This means that the substitution
affects local electronic and geometrical structures around
Cu drastically in Nd2Cu04 but not so much in La2Cu04.
This is consistent with the widely accepted thoughts that
the electron and hole doping occur mainly at Cu of
[CuOz] in Nd-Ce-Cu-0 and at 0 in La-Sr-Cu-O, respec-
tively.

Figures 3 and 4 show Cu K-edge XANES spectra of
unreduced Nd2 „Ce„Cu04 (x =0,0.05,0.08,0. 12,0. 15,
0.20} and La& „Sr„Cu04 (x =0,0.055,0. 10,0.15), re-
spectively. Furthermore, we have obtained difference
spectra to investigate the substitution dependence of the
XANES: [Nd2 „Ce„Cu04 (x%0)]—[Nd2CuO~] and
[La2 „Sr,Cu04 (x%0)]—[La2Cu04]. The difference
spectra for Nd-Ce-Cu-0 shown in Fig. 3 agree with the
previously reported ones by Tranquada et al. The
change in the spectra for La-Sr-Cu-0 is small and noisy,
but for Nd-Ce-Cu-0 the change is appreciable and indi-
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FIG. 3. Cu K-edge XANES spectra of Nd2 „Ce„Cu04 and
difFerence spectra: [x%0{unreduced)) —[x =0{parent)]. Some
isosbetic points are indicated by arrows. Dashed lines corre-
spond to the spectra of reduced samples (x =0.12,0.15).



134 KOSUGI, TOKURA, TAKAGI, AND UCHIDA 41

increase of the ls-4pn. region and the decrease and/or
shift of the 1s-4@0. region with the substitution. It should
be noticed that peaks in the difference spectra do not al-
ways correspond to real peaks in the absorption spectra.

We have found isosbetic points in the difference spec-
tra. Some of them are shown by arrows in Figs. 3 and 4.
The existence of the isosbetic points indicates that the
spectra for the substituted systems consist of two com-
ponents, parent and additional ones, and the former de-
creases and the latter increases with the substitution.
Furthermore, the uniformity of the substituted samples
indicates that the additional components introduced with
the substitution are not segregated impurity phases but
uniformly or randomly distributed "impurity states. " In-
stead of discussing the difference spectra, we have tried to
extract XANES spectra for the impurity state from the
spectra of the parent (unsubstituted) and substituted com-
pounds. The extracted XANES spectra for the addition-
al components (impurity state) can be obtained as follows:

([Nd2 „Ce„Cu04]—b[Nd2CuO&])/a,

([La2 „Sr,Cu04] —b[La2Cu04])/a, (a =1 b) . —

However, we cannot know the value of a in advance. Let
us suppose a is proportional to x,a=kx, where the
coef6cient k is an unknown parameter but becomes a very

significant one; for example, if k =0.5, an extra electron
(hole) yielded with the Ce(Sr) substitution for Nd(La)
would 611 only a single Cu atom, irrespective of the sub-
stitution rate x.

The upper part of Fig. 5 shows the dependence of the
extracted XANES spectra for the additional components
on k for Nd-Ce-Cu-0 (x=0.12). When k=2 —2. 5 the
extracted spectra give reasonable features compared with
known spectra for several Cu-based oxides, though there
remains some arbitrariness. The lower part of Fig. 5
shows the extracted XANES spectra for the additional
components in the other Nd-Ce-Cu-0 (x=0.05,0.08,
0. 15) when k =2. They seetn to be almost independent
of x considering that large errors are included for small
x. This means that each Ce + ion substituting Nd +

changes 4-5 [Cu02] units and that an additional electron
supplied with the substitution is distributed mainly to
4—5 [Cu02] units (there might be a little contribution
from the oxygen atoms covalently bonded with Cu in the
2D [Cu04] plane with no apical coordination). The local
change in electronic structure could be related to a local
geometrical change at least within a [Cu04] cluster. Such
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FIG. 4. Cu K-edge XANES spectra of La2 Sr„Cu04 and
difference spectra: [x%0(substituted)] —[x =D(parent)).
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FIG. 5. Extracted XANES spectra for additional com-
ponents {impurity state) introduced with the substitution from
the spectra of the parent (unsubstituted) and Ce-substituted
NdzCu04. ([Ndz, Ce„Cu04] —b[N12Cu04])la (a = 1 b= kx ). —
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a local structural change is consistent with considerable
difference between the parent and extracted XANES
spectra, but is not inconsistent with the result of x-ray
crystallography which shows that the c axis shrinks with
the increase in substitution (12.15 A for x =0, 12.05 A
for x =0.20), because x-ray crystallography sees an aver-
age structure and inner-shell absorption spectroscopy,
EXAFS (extended x-ray absorption fine structure) and
XANES sees local electronic and geometrical structures
within a time scale of —10 ' sec; for example, in solid
solution, the former supports the virtual-crystal approxi-
mation, often called Vegard's rule, but the latter does
not. "

It is noticed, in the extracted XANES spectra for the
impurity state introduced with the substitution in Nd-
Ce-Cu-0 as shown in Fig. 5, that the well-screened peaks
B and D are considerably strong but the poorly screened
peaks C and E are remaining. The twin-peak structure
both in the 1s-4pm region (B and C) and in the 4prr region
(D and E) is found, irrespective of the value of k. There-
fore, Cu atoms in the impurity state have more 3d ' con-
tribution than in the parent compound but are still di-
valent. The present conclusion disagrees with that by
Tranquada et al. who discussed the difference spectra
and concluded that the extra electrons introduced with
substitution fill 3d holes on the Cu atoms and convert
some divalent Cu + ions to Cu+. They found that the
peak position of B in Fig. 5, which corresponds to the
lowest peak in the difference spectra shown in Fig. 3, is
nearly the same as that of a 1s-4pm peak typically ob-
served in monovalent Cu20 with linear [CuOz] coordina-
tion, but ignored the ls-4pm transitions to the poorly
screened (-3d } core-hole states (C), and they assigned
the Is-4pa transitions to the well-screened (-3d' )

core-hole states (D) as the transitions to the poorly
screened (-3d ) ones. The present result does not ex-
clude the contribution of Cu 4s, ' but the observation is
inconsistent with that of Cu 2p XPS by Fujimori et al. '

who reported that the satellite-to-main peak intensity ra-
tio remains unchanged with the Ce substitution. This
discordance probably arises from the spectroscopic
difference in sensitivity to electronic and structural
changes; for example, as insetted in Fig. 1 on a magnified
scale, the intensity ratios between peaks B (well screened
4pn) with C (poorly screened 4pm) in Cu K-edge XANES
of Nd2Cu04 and LazCu04 are more sensitive to the elec-
tronic and structural changes than the intensity ratios be-
tween satellite and main peaks in Cu 2p XPS.' '

Figure 6 shows extracted XANES spectra for the addi-
tional components (impurity state} with the substitution
in La-Sr-Cu-O, similarly to the extracted spectra in Nd-
Ce-Cu-0 shown in Fig. 5. The extracted spectra in La-
Sr-Cu-0 are also reasonable when k =2—2.5. The shoul-
der structures which correspond to the 1s-4pm transitions
are obscure behind the noise level but it is clearly ob-
served that the 1s-4pcr transition to the well-screened
state D is a little weakened compared with that for the
parent compound. This means that Cu atoms in the im-
purity state have more 3d contribution than in the
parent compound and that the substitution of Sr for La
causes the hole doping mainly in oxygen atoms but also a

0 10 20 30 40 50 60
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FIG. 6. Extracted XANES spectra for additional com-
ponents (impurity state) introduced with the substitution from
the spectra of the parent (unsubstituted) and Sr-substituted
La2Cu04: ([La, „Sr„Cu04]—b[La,CuO~])/a (a =1 b=kx).—

little in Cu atoms. It is, however, impossible to elucidate
the Cu 3d hole state quantitatively from the well-
screened-to-poorly-screened peak intensity ratio of the
1s-4po transitions which are not only overlapping the
continuum transitions but also interacting with the con-
tinuum through the interchannel coupling. This effect
explains why the relative intensities of the well-screened
and poorly screened peaks are different between 1s-4p~
and 1s-4p 0..

The 1s-3d peak A seems to be weakened and
strengthened in the extracted XANES spectra for the ad-
ditional components in Fig. 5 (Nd-Ce-Cu-0) and in Fig. 6
(La-Sr-Cu-O), respectively, relative to the parent spectra
shown in Fig. 1. The observation is consistent with the
above conclusion. However, we could not observe the
systematic dependence in 1s-3d peak intensity on the sub-
stitution rate (x}. The noise level in ls-3d bands may be
strengthened in the extracted spectra for the additional
components.

C. Ndz Ce CuO~ r (reduced)

As shown by dashed and solid lines in Fig. 3, the spec-
tra for the reduced Nd-Ce-Cu-0 samples (x =0.12,0. 15)
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are not identical with those for the unreduced ones,
whereas Tranquada et al. reported that the spectra of
the oxidized and reduced samples for x =0.15 were iden-
tical. This discordance probably arises from the differ-
ence in energy resolution. Similarly to the above pro-
cedure, we have tried to extract XANES spectra for re-
duced components. The extracted XANES spectra for
the reduced components can be obtained as follows:

I [Ndz, Ce„CuO~ (reduced)]—

b[Nd2 „Ce„Cu04(unreduced)]] /a,
where a=1—b. As shown in Fig. 7, the extracted
XANES spectra for the reduced components show a sin-
gle ls-4pm (P) and a single ls-4po (Q) transitions, ir-
respective of the values of a. This indicates that the
reduction yields monovalent species unlike the Ce substi-
tution. Examination on various values of a has revealed
that the reduced components correspond mainly to
Cu20-like species as shown in Fig. 7.

In Fig. 7 the extracted spectra are best 6tted to the
spectrum of pure Cu20. The resultant values of a are
0.07-0.08. This means that y =0.24-0.28 (for example,
[Cu03 72] =0.92[CuO~]+0.04[CuzO]). The values of y
obtained with the XANES analysis is much larger than
that obtained with the iodometric titration technique,
which has revealed that the oxygen content decreases
from y =0-0.01 to y-0.04 after the reduction when
x -0.15. Most of the oxygen deficiencies correspond to a

tiny CuzO impurity phase (1—2%) found with powder
x-ray diffraction; that is, 0.99[Cu04]+0.005[Cu20]
=[Cu03 965] This is consistent; there is no remarkable
difrerence found in the lattice parameters between the
samples before and after the reduction. The discordance
of the values of y obtained with the XANES analysis and
with the iodometric titration and powder x-ray
diffraction techniques probably arises from the difference
in sensitivity to impurity phases and from the experimen-
tal and analytical errors.

On the other hand, Cu 2p XPS spectra for unreduced
and reduced samples (x =0.15) show that the satellite-
to-main peak intensity ratios I, /I are 0.25 and 0.21, re-
spectively, ' indicating that monovalent species are in-
cluded up to 16%%uo after the reduction and y =0.56 if they
are all CuzO ([Cu03 44] =0.84[Cu04]+0.08[Cu20]).
Fujimori et al. ' concluded that the small value of I, /I
in the reduced sample is likely due to extrinsic Cu+ con-
tamination since a prolonged reduction of the same sam-

ple in CO& resulted in detectable monovalent impurity
phases. The values of y obtained with XPS are much
larger than those obtained with XANES, iodometric ti-
tration, and powder x-ray diffraction. This probably
means that the monovalent species are impurity phases
such as surface contamination and grain-boundary segre-
gation since photoabsorption (transmission-mode) and
photoelectron spectroscopies are bulk sensitive and sur-
face sensitive, respectively, and there is extrinsic Cu+
contamination mainly at the surface and grain boundary.

IV. CONCLUSION

O
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FIG. 7. Extracted XANES spectra for additional com-
ponents (impurity state) introduced with the reduction from the
spectra of the unreduced and reduced Nd2 „Ce„Cu04.
([Nd2 „Ce„CuO~ «(reduced)] —b[Ndz „Ce„CuO&(unreduced)])
/a ~here a = 1 —b. (a) x =0.12, a =0.08; (b) x =0.15,a =0.07;
(c) Cu20.

Cu K-edge XANES spectra have been measured for
electron-doped and hole-doped Cu-based oxides with
several Ce/Sr substitution rates, Ndz „Ce„CuO& ~ (Nd-
Ce-Cu-0) and La2 „Sr„CuO~ (La-Sr-Cu-0). We have
tried to extract XANES spectra for the uniformly or ran-
domly distributed impurity state introduced with the sub-
stitution from the spectra of the parent (unsubstituted)
and substituted compounds:

I [x%0 (substituted)] b[x =0 (p—arent)] J /a,
(a=1 b=kx) . —

This approach is rationalized by the existence of isosbetic
points in the difference spectra between [x%0] and
[x =0]. When k=2-2. 5, the extracted spectra are al-
most independent of x and give reasonable features com-
pared with known spectra for several Cu-based oxides.
This means that each Ce +/Sr ion substituting
Nd +/La + changes 4-5 Cu sites and that an additional
electron or hole supplied with the substitution is distri-
buted mainly to 4—5 [Cu02] units, yielding impurity (lo-
calized) states. When x =0. 15, the impurity states
amount to 60—75%%uo of the whole [CuOz] units; the in-

teraction and superposition among the localized states
are caused to produce bands such as Fermi-liquid
states. '

In the extracted XANES spectra in Nd-Ce-Cu-0 the
well-screened peaks B and D are considerably strong but
the poorly screened peaks C and E are remaining. This
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means that Cu atoms in the impurity state have more
3d' contribution than in the parent compound but are
still divalent. The present conclusion disagrees with that
by Tranquada et al. On the other hand, in La-Sr-Cu-0
the change in XANES is much smaller than in Nd-Ce-
Cu-O, but it is observed that the ls-4po transition to the
well-screened state D in the extracted spectra is a little
weakened compared with that for the parent compound.
This means that Cu atoms in the impurity state in La-Sr-
Cu-0 have a little more 3d contribution than in the
parent compound and that the substitution of Sr for La
causes the hole doping mainly in oxygen atoms but also a
little in Cu atoms.

From the XANES spectra of the reduced and super-
conducting Nd-Ce-Cu-0 sample (x =0.15) and the unre-

duced and nonsuperconducting sample, we have success-
fully extracted an XANES spectrum of Cu20-like mono-
valent species. However, they probably correspond to
segregated impurity phases. The essential e8'ect of the
reduction to induce the superconductivity in Nd-Ce-Cu-
0 has not yet been revealed.
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