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ABSTRACT

O K-edge absorption studies show that the density of O 2p empty
states near the Fermi level increases with increasing oxygen content
for YBa Cu,0 , and Sr concentration in La, _Sr_CuO With Zn sub-
stitutlon %or tu in YBa,Cu,0 , T does not &orrefate w1th the density
of O 2p empty states. zn %hls cSse Tc dramatically decreases with Zn
substitution while the pre-edge feature remains unchanged. The O K-
edge spectrum of Nd Ce CuO barely changes from the undoped,
insulating, to the Ee doped superconductlng sample. The lack of
unoccupied O 2p states near the Fermi level in this case is consis-
tent with naive expectations for electron-doping.

INTRODUCTION

It is generally believed that undoped La,CuO, is a charge-
transfer insulator and that the metallic conductivity is achieved by
substituting divalent Sr for trivalent La which yields extra hole
doping. For YBa,Cu,O < "doped holes" are created by added oxygen
atoms which modl%y ghe electronic structure. In addition, T
increases with increasing oxygen content as x>0.50. The transition
from the insulating (x<0.5) to the superconducting phase (x>0.5) is
also accompanied by a transition from tetragonal to orthorhombic
crystal structure. The latter contains both CuO, planes and Cu-0
chains. Photoemission,! electron energy loss,? and x-ray absorp-
tion®* measurements on La, _Sr_CuO, and YBa Cu have revealed
that there is very little e¥idince 'of the Cu 32 vafence state and
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the doped holes have dominantly oxygen 2p character. In addition,
Hall effect measurements® indicate that holes are the charge. How-
ever, the nature and symmetry of the O 2p orbitals, which are thought
to be the hole sites, are not yet firmly established.

Another interesting subject is the study of the effect of
substitutions on high T superconductivity. For YBaZCu 0., it is
known that the substitufion of rare earth elements fér % 7except Ce

’ ’
Pr and Tb, does not affect the superconductivity. This has been
interpreted as showing that the rare earth site is not involved in
the mechanism for superconductivity. Transition metal substitution
for Cu has been investigated by both thermodynamic and magnetic
measurements. %’ Surprisingly, Zn substitution for Cu exhibits a more
dramatic depression rate for Tc than that for magnetic ions, e.g., Fe
and Ni. To understand this significant change in T , it is crucial
to study the change in the density of unoccupied O ﬁp states with Zn
substitution.

Recently, new superconducting cuprates, Nd, _Ce_Cu0,, have been
discovered,® and Hall effect and seeback coeffiéidnt*measurements?
have confirmed that the charge carriers are electrons, which is
naively predicted by simple valence counting. This simple picture
naturally raises the interesting question of whether or not hole
doping is a prerequisite for high Tc superconductivity.

EXPERIMENTAL

In the work reported here, O K-edge absorption measurements
using total electron yield were performed on the U7A beamline at the
National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory. The photon energies were calibrated by comparing the
oxygen ls --> 1lr_ absorption peak of condensed molecular oxygen with
that of reportedggas phase data which yields the n_feature at 530.8
eV. Polycrystalline samples were scraped in situ §ith a stainless
steel grinder under UHV conditions. Scraping was continued until the
carbon 1ls peak due to surface contamination could no longer be
observed.

RESULTS AND DISCUSSION

The oxygen K-edge absorption spectra of La, _Sr_CuO, with x=0.0
and x=0.15 are shown in figure 1. The pre-edge ﬁéakxmarﬁed A at
about 530 eV for undoped La CuO4 is similar to that observed for
simple transition metal oxi%es, e.g., CuO and NiO.!? It has been
suggested that this feature is due to filling a hybridized Cu 3d
state which has some oxygen component because of the strong hybridi-
zation between the Cu 3d and O 2p orbitals. For the Sr doped
superconducting material, a new feature marked B appears at about
528.5 eV, which was also observed in the electron energy loss? and
fluorescence emission!! measurements. It should be pointed out that
the reported data for the XPS O ls core level still remain controver-
sial, and the position of this feature is very important for the
interpretation of O K-edge absorption studies. The earlier published
resultsb13!3 for cleaved single crystal and scraped polycrystal
La, _Sr_CuQO, and YBa Cu30 showed that the XPS O 1ls core level was at
523-§V.x However, a %omlnant 0 1s feature at 528 eV for cleaved

single crystal YBa2Cu3O7 was reported very recentlyl!* and must be
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Fig. 1: O K-edge absorption
spectra of La _xSr Cu0, with Sr
concentration“x=0.0 ané x=0.15

If we take 529 eV as the

position of the XPS O 1ls core level in the case of our scraped
samples, the pre-edge peak is 0.5 eV lower in energy, and since the
core hole is expected to be deeper in binding energy due to the hole
in the final state one can argue plausibly that the new feature

marked B for La

Cu0

can be attributed to a transition into

Sr
initially emptyléggteg'near the Fermi level which are dominantly of O

2p character.

In contrast,

if we take 528 eV for the XPS 0O 1ls core

level energy, the unoccupied states related to this pre-edge peak are

somewhat above the Fermi level.

In the metallic case excitonic

effects in the near edge spectrum would be expected to be small and
are not thought to affect the results.
Shown in figure 2 are oxygen K-edge absorption spectra of

Nd

Ce Cu0, with x=0.0 and x=0.15.

The spectrum does not change on

gOLﬁg f¥om the undoped insulating to doped metallic state except for

a small shift to higher photon energies.

It should be noted that
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spectra of Nd, Ce CuO, with Ce
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of samples was also used for the fluorescence emission measurements
which are much more bulk sensitive, and the results do not indicate
any shift. 1In view of this, it seems implausible that the shift
observed in the absorption spectrum is intrinsic to the bulk material
and is thought to be due to some variation of surface stoichiometry
upon scraping. Electron energy loss measurements!® on Nd, _Ce_Cu0O
by Nucker et al. also showed that the pre-edge position o%‘ﬁe ﬁopeﬁ
material is the same as that of undoped sample. However, they
claimed that there is a slight change in the height of the feature.
Again, taking the energy position at 529.5 eV of the pre-edge feature
for Nd, Ce_Cu0, with x=0.0 and 0.15, compared with the XPS O 1ls core
level #hich®is %rom 528 to 529 eV, the unoccupied states are located
at least 1 eV above the Fermi level. (If one accounts for the core
hole, the discrepancy is even larger.) Furthermore, comparing with
the case of La,Cu0, discussed above, this pre-edge feature of

Nd, . Ce CuO, could be a hybridized Cu 3d state. The lack of 0 2p
ho%ég at thé Fermi level for superconducting Ndl 85Ceo 1 Cu0, is
consistent with naive expectations for electron-doping. “However, the
interpretation made by Nucker et al.,!® based on the increase in the
pre-edge feature for the doped sample, implies the behavior of these
samples is similar to the hole doped superconductors.

M vy absorption measurements!! of Ce and Nd, which are not
shown gere, together with other macroscopic studies,? indicate that
the Ce ions are in an intermediate valence state between 3+ and 4+
and that the Nd ions remain in the trivalent state. The immediate
question is to understand where the doped electrons go. Based on the
Cu K-edge studies,!® Tranquada et al. argued that electrons are
located in the Cu d orbital forming a Cu 1+ state. On the other
hand, other groups!? claimed that the doped electrons are delocalized
in the Cu0, plane and a localized Cu 1+ state is not evident. This
controversy must be addressed by further experimental and theoretical
studies, although we emphasize that both studies indicate the Nd
based compounds are indeed electron doped.

The O K-edge absorption spectra of YBaZCu3O6 with x=0.25,
0.55, 0.65, 0.75 and 1.0 are shown in figure 3 THe spectrum of
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tetragonal YBa Cu O 25 is similar to that of LaZCuO which is shown
in figure 1. %he pré-édge peak which emerges at™530.5 eV for this
sample can also be interpreted as the oxygen part of the hybridized
Cu 3dstate which was mentioned previously. As oxygen content
increases to x=0.55, the crystal structure changes to orthorhombic
and the sample becomes superconducting at low temperatures. Two new
features appear in the pre-edge region and are marked B at 528.5 eV
and C at 527 eV.18 The intensity of these two peaks visibly
increases as the oxygen content increases; while Tc reaches 95 K for
x=1.0. Peaks B and C were also observed by electron energy loss
measurements? on single crystal YBa Cu O for the q vector
perpendicular to the c axis (CuO pzane) and parallel to the c-axis
(Cu-0 chain), respectively. However peak C was not always observed
in the polycrystalline samples by other groups%!® using synchrotron
radiation. This might be due to sample quality, surface contamina-
tion, and/or instrumental resolution.

It is unclear how the double peaked structure in the 1-2-3
compounds should be interpreted. In compounds which have only two-
dimensional planes such as La, _Sr_CuO, and Bi,Sr,CaCu,O, only a
single pre-edge feature is seén. Tt is thus temp%lng %o identify the
different features in the 1-2-3 materials with chains and planes.?
It seems clear that the lower energy states near 527 eV are the
states near the Fermi level and it is reasonable that these should be
associated with conduction band states in the planes. However these
states have been interpreted as due to oxygen in the chains.? This
situation needs clarification, and more single crystal experiments
are necessary.

Figure 4(a) shows the O K-edge absorption spectra of YBa (Cu1 %
Zn_).0, with x=0.02, 0.04 and 0.16. Surprisingly, the intensity of
peaks g and C is not significantly reduced as the Zn concentration
increases to 16%; while T is suppressed entirely at about 10% Zn
substitution which can be®seen in figure 4(b). In other words, Tc
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does not correlate with the density of O 2p holes and this is in con-
trast to the case of YBa,Cu,0 with different oxygen content. This
behavior is in good agreément with that of EuBa,Cu,0. and

EuBa,(Cu, __2Zn )40, which has been reported previously.19

A x-ﬁ.lﬁ, the critical concentration for the complete suppres-
sion of superconductivity, there is a dramatic increase of the resis-
tivity and a switch from metallic to semiconducting-like behavior.
For x>0.10, the resistivity data cannot be fit to a simple thermally
activated behavior with one characteristic energy scale.?® Anderson
localization can lead to a variable £7Ege hopping expression for the
resistivity given by R(T)=Aexp[(B/T) ], and which fits the experi-
mental data in a crude way. This may suggest that the conduction is
due to phonon-assisted variable range hopping and the electronic
states are localized at the Fermi level by disorder in this system,
and thus superconductivity is suppressed dramatically.

From the viewpoint of chemical bonding,?! it has been known for
some years that,Cu with a 2+ valence state forms fourfold coordinated
bonds with a sp“d configuration. This type of bond configuration
forms the square planar lattice found in the high T superconductors.
Zn however would have no d involvement in the bondi%g and this would
change the local symmetry and could lower Tc dramatically. ,For the
case of Ni, which is magnetic, similarly to the Cu case, sp”d four-
fold coordinated bonds with oxygen are formed and thereby the bonding
symmetry is not seriously affected. This would explain why Ni doping
in YBa20u307 has less effect on Tc’ when compared to Zn.

CONCLUSION

We show that the pre-edge features of Sr doped La,Cu0, and
YBaZCu3O7 are different from those for undoped La2CuO£ an
YBaZCu 0 . However, the O K-edge spectra of Nd _xCexCuO4 barely
change " from the undoped to the Ce doped superconductor.” So far there
is no well accepted mechanism to explain the significant depression
of T by Zn substitution for Cu in YBaZCu 07. The absence of changes
in tfe density of O 2p empty states near %he Fermi level, along with
drastic changes in the resistivity implies that the states probed in
the near edge measurement become localized with Zn substitution.
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marked B for La1 5Sro Cu0, can be attributed to a transition into
initially empty é%ates'near the Fermi level which are dominantly of O
2p character. In contrast, if we take 528 eV for the XPS 0 ls core
level energy, the unoccupied states related to this pre-edge peak are
somewhat above the Fermi level. In the metallic case excitonic
effects in the near edge spectrum would be expected to be small and
are not thought to affect the results.

Shown in figure 2 are oxygen K-edge absorption spectra of
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did not shift as compared with that of undoped NdZCan. The same set
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of samples was also used for the fluorescence emission measurements
which are much more bulk sensitive, and the results do not indicate
any shift. 1In view of this, it seems implausible that the shift
observed in the absorption spectrum is intrinsic to the bulk material
and is thought to be due to some variation of surface stoichiometry
upon scraping. Electron energy loss measurements!® on Nd, _Ce_Cu0

by Nucker et al. also showed that the pre-edge position o%-ée ﬁopeé
material is the same as that of undoped sample. However, they
claimed that there is a slight change in the height of the feature.
Again, taking the energy position at 529.5 eV of the pre-edge feature
for Nd, _Ce _Cu0, with x=0.0 and 0.15, compared with the XPS 0 1ls core
level wﬁ§chxis ?rom 528 to 529 eV, the unoccupied states are located
at least 1 eV above the Fermi level. (If one accounts for the core
hole, the discrepancy is even larger.) Furthermore, comparing with
the case of La,Cu0, discussed above, this pre-edge feature of

Nd,__Ce Cu0, could be a hybridized Cu 3d state. The lack of 0 2p
hozég at thé Fermi level for superconducting Nd Ce0 1 Cu0, is
consistent with naive expectations for electron-doping. “However, the
interpretation made by Nucker et al.,!® based on the increase in the
pre-edge feature for the doped sample, implies the behavior of these
samples is similar to the hole doped superconductors.

M vy absorption measurements!! of Ce and Nd, which are not
shown %ere, together with other macroscopic studies,? indicate that
the Ce ions are in an intermediate valence state between 3+ and 4+
and that the Nd ions remain in the trivalent state. The immediate
question is to understand where the doped electrons go. Based on the
Cu K-edge studies,!® Tranquada et al. argued that electrons are
located in the Cu d orbital forming a Cu 1+ state. On the other
hand, other groups!? claimed that the doped electrons are delocalized
in the Cu0, plane and a localized Cu 1+ state is not evident. This
controversy must be addressed by further experimental and theoretical
studies, although we emphasize that both studies indicate the Nd
based compounds are indeed electron doped.

The O K-edge absorption spectra of YBaZCu3O6 with x=0.25,
0.55, 0.65, 0.75 and 1.0 are shown in figure 3° fﬁe spectrum of
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tetragonal YBa Cu 0 is similar to that of LaZCan which is shown
in figure 1. %he pré- edge peak which emerges at™530.5 eV for this
sample can also be interpreted as the oxygen part of the hybridized
Cu 3dstate which was mentioned previously. As oxygen content
increases to x=0.55, the crystal structure changes to orthorhombic
and the sample becomes superconducting at low temperatures. Two new
features appear in the pre-edge region and are marked B at 528.5 eV
and C at 527 eV.!® The intensity of these two peaks visibly
increases as the oxygen content increases; while T reaches 95 K for
x=1.0. Peaks B and C were also observed by electron energy loss
measurements? on single crystal YBa Cu 0 for the q vector
perpendicular to the c axis (CuO p%ane) and parallel to the c-axis
(Cu-0 chain), respectively. However peak C was not always observed
in the polycrystalline samples by other groups%!® using synchrotron
radiation. This might be due to sample quality, surface contamina-
tion, and/or instrumental resolution.

It is unclear how the double peaked structure in the 1-2-3
compounds should be interpreted. In compounds which have only two-
dimensional planes such as La, _Sr_Cu0, and Bl Sr,CaCu,0, only a
single pre-edge feature is seént Tt is thus temp%lng %o identify the
different features in the 1-2-3 materials with chains and planes.?
It seems clear that the lower energy states near 527 eV are the
states near the Fermi level and it is reasonable that these should be
associated with conduction band states in the planes. However these
states have been interpreted as due to oxygen in the chains.? This
situation needs clarification, and more single crystal experiments
are necessary.

Figure 4(a) shows the O K-edge absorption spectra of YBa,(Cu %
Zn )40, with x=0.02, 0.04 and 0.16. Surprisingly, the intensity of
peaks g and C is not significantly reduced as the Zn concentration
increases to 16%; while T 1is suppressed entirely at about 10% Zn
substitution which can be seen in figure 4(b). In other words, Tc
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Fig. 4: (a) O K-edge absorption spectra of YBa,(Cu, _Zn ) O
with Zn concentration x=0.02, 0.04, and 0.16. % e51s§1v1Zy
vs. T for various Zn concentrations in YBaz(Cul_xan)3 7



does not correlate with the density of O 2p holes and this is in con-
trast to the case of YBa Cu3Q6+ with different oxygen content. This
behavior is in good agreement with that of EuBa,Cu,0. and

EuBaz(Cul_ Zn )30 which has been reported previously.1®

At x-ﬁ.lﬁ, tge critical concentration for the complete suppres-
sion of superconductivity, there is a dramatic increase of the resis-
tivity and a switch from metallic to semiconducting-like behavior.
For x>0.10, the resistivity data cannot be fit to a simple thermally
activated behavior with one characteristic energy scale.??® Anderson
localization can lead to a variable £7Bge hopping expression for the
resistivity given by R(T)=Aexp[(B/T) ], and which fits the experi-
mental data in a crude way. This may suggest that the conduction is
due to phonon-assisted variable range hopping and the electronic
states are localized at the Fermi level by disorder in this system,
and thus superconductivity is suppressed dramatically.

From the viewpoint of chemical bonding,2?! it has been known for
some years that,Cu with a 2+ valence state forms fourfold coordinated
bonds with a sp”d configuration. This type of bond configuration
forms the square planar lattice found in the high Tc superconductors.
Zn however would have no d involvement in the bonding and this would
change the local symmetry and could lower Tc dramatically. ,For the
case of Ni, which is magnetic, similarly to the Cu case, sp"d four-
fold coordinated bonds with oxygen are formed and thereby the bonding
symmetry is not seriously affected. This would explain why Ni doping
in YBa2Cu3O7 has less effect on Tc, when compared to Zn.

CONCLUSION

We show that the pre-edge features of Sr doped La,Cu0, and

YBaZCu3O7 are different from those for undoped La2CuO£ an

YBa,Cu,0 . However, the O K-edge spectra of N4, CexCuO barely
change”from the undoped to the Ce doped superconductor.” So far there
is no well accepted mechanism to explain the significant depression
of T by Zn substitution for Cu in YBa,Cu,0,. The absence of changes
in the density of O 2p empty states near ghe Fermi level, along with
drastic changes in the resistivity implies that the states probed in

the near edge measurement become localized with Zn substitution.
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