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X-ray absorption measurements on high-7,. superconductors: Cu-valence and
cation-bond-length effects
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We present the results of Cu and Y K-edge and rare-earth and Ba L-edge x-ray absorption
measurements on a series of new quaternary high-T. superconducting compounds
La;—xSrxCuQO4-, and RBa,Cu3O; (R=Y, Er, and Ho). The Cu K-edge results are shown to
reflect the Cu valence state in these materials. The other measurements are discussed in the con-
text of binary rare-earth oxides and the quantitative influence of bond lengths on continuum reso-

nances in such spectra.

The electronic and structural properties of the new
high-temperature superconducting materials is of course
of great current interest.'™ In this paper, we present
results of x-ray absorption near-edge spectroscopy
(XANES) performed on both the La,—,Sr,CuO4-, and
RBa;Cu30; (R=Y, Er, and Ho) superconductors. We
will discuss the near-edge structure of elements on each of
the sublattices (except oxygen) in these materials. The
Cu K-edge measurements will focus on the spectral evolu-
tion with increasing Cu valence. The Ba and R L-edge
measurements revealed anticipated K,NiF, structure for
the La;—,SryCuO4-, series and YBa,Cu3O; structure
for the RBa,Cu30O; series. Traces (~5%) of some un-
known phase(s) were also observed except for YBa,-

Various samples used in this study were prepared in
both the Rutgers Physics and Chemistry Departments and
at Bell Communications Research. X-ray diffraction
measurements revealed anticipated K,;NiF, structure for
the La;—,Sr,CuO4—, series and YBa;Cu30; structure
for the RBa,Cu30O7 series. Traces (~5%) of some un-
known phase(s) were also observed except for YBa,-
Cu305. All of the materials discussed here exhibited su-
perconducting transition temperatures characteristic of
other similar materials reported in the literature.>>% The
x-ray absorption measurements were performed in the
transmission mode on fine powders supported on tape at
the Cornell high-energy synchrotron source (CHESS).
Simultaneous standards were run for absolute energy cali-
bration of the edge energies.

We show in Fig. 1 the superimposed Cu K-edge spectra
of Cu-metal, Cu;0, CuO, YBa;Cu307, and La;_,Sr,-
CuOy4 -, (x~0.15). These spectra were taken simultane-
ously with a Cu-metal standard so that the relative onset
energies of the edges are calibrated with respect to each
other. The initial rise at the absorption edge moves to

36

higher binding energy in this sequence of compounds as
expected with increasing Cu valence.””® The empirical
fact that the onset of the Cu K edge occurs at higher ener-
gies than the formally Cu?* oxide compound (CuO) sup-
ports the idea that the Cu valence state in the supercon-
ducting compounds is greater than Cu?*. This is in ac-
cordance with expectation. It should also be noted, how-
ever, that we have found little, if any, discernible change
in the Cu K edge in the La;—,Sr,CuO4-, compounds
with varying x. Thus the shift of the Cu K edge is ap-
parently not too sensitive to the Cu valence state in the
Cu?* to Cu3? range.

We would now like to focus on the structure Cu K near
edge in these compounds. Following Grunes,’ Bair and
Goddard,!© and Kosugi, Yokoyama, Asakura, and Kuro-
da!! we associate the peak C [see Fig. 1(a)] with 1s— 4p
transitions and the preedge peak B with 1s— 4p transi-
tions in the presence of a d-electron shakedown. Two
effects combine in this shakedown process. First, Cu 3d
states are pulled below the Fermi energy (gr) when the s
core hole is created and, second, an electron makes a tran-
sition into this 34 level, leaving behind a hole state shared
by the ligand atoms which are coordinated with the Cu
atom (O atom in this case).”"!' The 1s— 4d +d shake-
down transition occurs at an energy A below the 1s— 4p
transition where A is the energy of the shaken down d lev-
el below the Fermi energy.

With these peak assignments in mind, we interpret the
above-noted Cu K-edge changes with increasing Cu
valence as being rooted in the disappearance of the 4p +d
shakedown feature. The closing of the d-shakedown chan-
nel with increasing Cu valence is accompanied by a
transfer of spectral intensity to the normal 1s — 4p transi-
tion (peak C).® In order to illustrate this interpretation
we have used an arctangent function to simulate the onset
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FIG. 1 (a) Cu X edges for elemental Cu, two Cu oxides, and
two high-T, superconducting compounds. (b) Illustration of the
formation of a difference spectrum by subtracting an arctangent
step function from the CuO, Cu K spectrum. Here the
arctangent function (labeled continuum) is used to approximate
the 1s— continuum transition. (c) Difference spectra for Cu
compounds. Note the transfer of relative intensity from peak B
to peak C with increasing Cu valence.

of 1s— continuum transitions at the Cu K edge and have
subtracted this contribution from each of the compound
spectra to form ‘“difference spectra.” The virgin spec-
trum, arctangent function, and difference spectrum for
Cu,0 are shown in Fig. 1(b). With the continuum onsét
approximately subtracted features, B and C, appear much
more clearly in the compound difference spectra shown in
Fig. 1(c). The difference spectra illustrate the increasing
C feature intensity relative to the B feature intensity in
the sequence Cu metal — Cu;O— CuO (i.e., with in-
creasing Cu valence). In the superconducting compounds,
the B feature (of d-shakedown origin) is even weaker than
in the divalent standard CuO. This supports the notion
that in the high-T, superconducting compounds, the Cu
valence is greater than 2+. The disappearance of the d-
shakedown feature with increasing valence is presumably
driven by the d'° state (which is shaken down) moving
further above & as the ground state is shifted beyond d°
toward d® Thus, the peak assignments of Refs. 9-11
suggest a mechanism which offers some merit in under-
standing the Cu K-edge spectra of these compounds.
Nevertheless, we feel that alternate mechanisms should
also be considered. We prefer to emphasize here the

empirical spectral evolution illustrated by our results in
Fig. 1(c).

The rare-earth, Y, and Ba atoms in these superconduct-
ing materials are near-neighbor coordinated with oxygen;
consequently, these materials are related to the R,0;
binary oxides. In Fig. 2, we show the rare-earth L; edges
in both the binary and superconducting Er and Ho oxides.
The dominant feature, labeled a, in these spectra is an
atomic like 2p-— 5d transition and is commonly referred
to as a “white line” (WL).!2 A second, weak feature (b)
has been tentatively ascribed by previous authors to a
many-body effect, and will not be discussed further here. '?
A third, strong feature (c) is usually referred to as a con-
tinuum or shape resonance and is associated with the ex-
istence of a shell or a cage of ligand atoms around the cen-
tral absorbing atom.!3-'® The potential due to this ligand
shell can cause a resonance in the continuum outgoing
photoelectron spectrum for electronic k values (wave-
lengths) close to the ligand-shell geometrical resonance.
This is analogous to the ‘“‘almost-bound” particle in a
finite-well-type problem. Rather than assume a specific
model for the continuum resonance, we will start with the
ansatz that its energy should be correlated with the radius
(bond length) of its near-neighbor ligand shell. We will
use the peak of the WL feature as the reference energy
since it is clearly the best empirically defined energy in the
near-edge spectra. That is, we will consider the energy
differences AE,. between the centers of peaks a and c.
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FIG. 2. RL; (R=Er and Ho) and Ba L3 edges for
RBa;Cu30O7 and YBa,Cu30O7 superconducting compounds. The
length scale at the bottom of the figure is that empirically de-
rived in the text for the continuum resonance feature. Inset:
AE; vs R— O bond length in the cubic R>03 compounds.
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We have performed L 3;-edge measurements on most of
the heavy-rare-earth R,03 oxides which occur in the cu-
bic (distorted florite) structure. We plot in the inset of
Fig. 2 the energy difference AE,. versus the average R
—O bond length in these materials (here the bond length
is the equivalent florite bond length). There is a good
linear correlation in these data and the solid fitted curve
has the formula AE,. = —mr+Ey with m =17.06 eV/A
and Eq=+75.28 eV or r =rg—AE,/m with ro=4.41 A.
We have observed that the AE,. value for the Er L, edge
of Er,Oj; falls very close to the corresponding L; edge
AE,. value, suggesting that this empirical bond-length
correlation energy may be generalizable to the L, edge
also.

In Fig. 2 we compare the R L3 edges of RBa,;Cu30; to
those of R,O; where R =Er and Ho. In both cases, the
quaternary oxide continuum resonance occurs at a smaller
AE,. value than in the binary oxide pointing to an expand-
ed R— O bond length in the quaternary compound. If one
extends the empirical relation determined above
(r=ro—AE,/m) to these compounds, one finds the
bond-length (r) predictions shown in Table I. For com-
parison, we also show in Table I the observed Y— O bond
length for the isostructural YBa,Cu30O; compound. The
agreement suggests that our binary oxide AE,-r relation
can reasonably be extended to these quaternary oxides.

Since the atomic 5d final states of the Ba L3 edge are
the same as at the rare-earth L; edges it makes sense to
attempt to extend the above discussion to the Ba sites.
We show in Fig. 2 (bottom) the Ba L; edge in the com-
pound YBa;Cu;0;. Relative to the R L3 cases, the Ba L;
continuum resonance is strongly shifted to smaller AE,.
values and shows a pronounced low-energy shoulder. The
smaller AE,. value is consistent with the observation that
the Ba— O bond length is substantially expanded com-
pared to the R— O (R =Er, Ho, or Y) bond length in this
structure. Using our empirical relation (r =4.41 —AE,./
17.06) we have placed a bond-length scale near the Ba L;
spectrum. It should be noted that extrapolation of this
empirical relation determined for the R,0;(R =heavy
rare earth) compounds to the Ba site in the quaternary ox-
ide can serve only a first approximation to be tested or im-
proved upon. The arrows under the Ba L3 spectrum indi-
cate the known distribution of Ba—O bond lengths in
YBa,Cu30;. As can be seen, the barium-oxygen bond
lengths [O(1)-0O(4)] do fall in the range of part of the Ba
L 3 continuum resonance feature.

The reader should note that there is a distinct shoulder
on the low-energy side of the continuum resonance in the

TABLE I. Bond-length predictions.

AE, (eV) Predicted r (A)
ErBa;Cu;09 Ly 35.2 2.35

L, 345 2.39
HOBazCU307 L3 34.5 2.39
YBazCU307 robs-2.39A“

2Reference 17.

Ba L; spectrum (see Fig. 2). Extrapolation of our energy
versus neighbor distance scale would suggest that this
shoulder may be caused by neighboring shells with clear
“lines of sight” to the Ba sites at distances greater than
3.2 A. Indeed, there are eight such Cu neighbors within
3.3-3.5 A of the Ba and there are five Ba and one Y
neighbors within 3.7-4.4 A of the Ba. We, therefore, ten-
tatively associate the spectral intensity in this energy
range with these Ba, Y, and Cu neighboring shells.

Core s-state to above-gr p-state transitions are involved
in the Er and Ba L;-edge, and Y K-edge results shown in
Fig. 3. As before, a prominent continuum resonance
feature is present in all of the oxide spectra. By compar-
ison, the relatively featureless Y metal K edge dramatical-
ly underscores the oxide continuum feature. The shift of
the Er L, continuum feature closer to the edge on going
from Er,O3; to ErBa;Cu3;05 again reflects the bond-length
expansion found above. The comparable energies (rela-
tive to the WL at the edge) of the Er L, and Y-K reso-
nance features reflects the similar Er— O and Y—O bond
lengths in the closely related Er and Y quaternary oxides.
Finally, the Ba L, edge continuum resonance (in analogy
to the L3 results) shows more structure and a lower rela-
tive binding energy than in the above two Er and Y cases.
This again supports the expanded nature of the Ba site
and perhaps the enhanced contribution of more distant
shells. A more quantitative analysis of the continuum res-
onance coupling to bond length in these materials is not
possible at present, due to both the lack of other oxide L,
and K-edge results and to the stronger more varied struc-
ture of the WL feature at these edges.

The strength and structure in the WL feature in these
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FIG. 3. The Er and Ba L, edges and Y K edge for selected
superconducting compounds and standards.
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oxide L, and K-edge spectra also deserve comment. The
strength of these WL features indicates the presence of
rather localized p states (i.e., Er 5p, Ba 5p, and Y 4p)
above &r in these materials. The localization of these
states is emphasized by comparison of the strong oxide
WL relative to the comparatively featureless Y metal X
edge. Here the Y-metal 5p states are presumably strongly
hybridized and itinerant. Finally, we note the bimodel
structure of the WL at Er L, edges in Fig. 3 and the dis-
tinct pre-WL shoulder at the Ba L, edge in the same
feature. A better basic and empirical understanding of
these near-edge WL features is needed before detailed
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conclusions can be drawn.

In summary, our results suggest that x-ray absorption
spectroscopy can potentially play several roles in helping
to understand these interesting new classes of materials.
Moreover, it also appears that these materials can provide
a very useful proving ground for extending the utility of
x-ray absorption near-edge spectroscopy.
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