LNF-98/030

Local-Structure Determination in T— and T'- Phase
Materials by ZII: x—Ray—Absorption Spectra of
a, Nd, Y, and Sr

Z. Wu, M. Benfatto, C.R. Natoli

Physical Review B 57, 17, 10336-10339, (1998)



PHYSICAL REVIEW B

VOLUME 57, NUMBER 17

1 MAY 1998-1

Local-structure determination in 7- and T'-phase materials by 2p x-ray-absorption spectra
of La, Nd, Gd, Y, and Sr

Ziyu Wu
Institut des Materiaux de Nantes, CNRS UMR 110, Laboratoire de Chimie des Solides, 2 rue de la Houssiniere,
44072 Nantes Cedex 03, France

and INFN - Laboratori Nazionali di Frascati, P.O. Box 13, 00044 Frascati, Italy

M. Benfatto and C. R. Natoli
INFN - Laboratori Nazionali di Frascati, P.O. Box 13, 00044 Frascati, Italy

(Received 13 November 1997)

In analyzing the x-ray-absorption near-edge structure (XANES) at the La, Nd, Gd, Y, and Sr L, edges in T-
and T'-phase materials, we have found a general rule that links the presence of a feature at about 20 eV from
the rising edge, called A in the experimental data by Tan et al. [Phys. Rev. Lett. 64, 2715 (1990)], with the
geometrical arrangement around the absorbing site. The absorption spectra of La, . Sr,CuQ,4, Nd,CuQy,
Gd,CuQ,, and YBa,Cu;0,; compounds are analyzed by full multiple-scattering theory with complex potential
of Hedin-Lundqvist type obtaining very good agreement between theory and experiments. As a result of this
analysis we show that feature A in these spectra appears every time the photoabsorber has an eightfold
hexahedron-type coordination with its nearest neighbors. This finding can be used to determine the rare-earth
ordering in T*-phase superconductors. [S0163-1829(98)05614-8]

T- and T'- phase compounds La,CuO, and Nd,CuQy,
contain square CuQ, planes. In the T phase, each copper 1s
further coordinated by two out-of-plane oxygens, the six
near-neighbor oxygens forming an elongated octahedron
along the ¢ axis. La,CuQO,4 forms in an orthorhombic distor-
tion of the T phase in which Lanthanum atoms are coordi-
nated with nine oxygen atoms. In Nd,CuQO,-type T’ phase,
the Cu atoms are only coordinated with four and the Neody-
mium ions with eight oxygens. They can both be doped by
St and rare-earth elements. The resulting complexes show a
rich variety of physical properties, and they are often
superconductors.’ ™’

Although great theoretical and experimental efforts have
led to important general insight into the chemical and elec-
tronic structure of the high-T, cuprates, a satistactory under-
standing of the phenomenon of high-temperature supercon-
ductivity and its occurrence in the copper oxides is still far
from being achieved.® The structure plays an important role
in determining the superconducting properties and, conse-
quently, a detailed understanding of it is a prerequisite to a
full investigation of these properties.” Therefore, e.g., a
simple rule relating the local structure around the photoab-
sorber to definite features in the absorption spectrum of these
materials would provide a cheap and useful means for decid-
ing about local structural arrangements, especially in cases of
impurity doping.

A step forward 1n this direction was taken recently by Tan
etal.™ In an x-ray-absorption near-edge structure
(XANES) study of some T*-, T-, and T’-phase materials,
both at the rare-earth L5 edge and the K of the Sr dopant,
these authors suggested that a spectral feature (called peak A
in their paper), appearing approximately 20 eV above the
absorption edge, is related to an eightfold-coordinated ab-
sorber with two sets of four equivalent near neighbors. How-
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ever, 1n two subsequent pa ers'’ we have contested this
g pap

simple interpretation of the presence (or absence) of peak A
and shown that in these compounds near-edge spectral fea-
tures (and in particular peak A) are not only related to the
coordination environment of the photoabsorber but also de-
pend on the type of final state probed by the photoelectron,
the electronic configuration of the absorbing atom and the
type of neighboring atoms. In particular we were able to
show that multiple-scattering (MS) calculations could repro-
duce all the transition peaks present in the Sr K-edge
XANES spectrum of the La, _ Sr,CuO, compound, and in
particular peak A, in a cluster configuration in which the
dopant Sr atom is ninefold coordinated with the surrounding
oxygens, contrary to the suggestion put forward by Tan
et al."'? In this case we found that feature A was due to a
constructive interference between the outgoing photoelectron
wave and waves backscattered by atoms lying in far away
coordination shells, so that the crystallographic order was
somehow expedient to the build up of peak A.

In an effort to gain a deeper insight into this question and
in order to find cases in which the presence of this feature is
clearly related to the first coordination shell around the pho-
toabsorber, we have reexamined the rare-earth L,;-edge
spectra in the T- and T'-phase compounds. Some of the ex-
perimental results by Tan ef al.""'° are summarized in Fig. 1,
where the left panel contains the L; edges of La in La,CuQy,
[curve (a)], of Nd in Nd,CuO, [curve (b)] and of Gd in
Gd,CuQ, [curve (¢)]; the same edges of Sr in SrF, {curve
(a)] and of Y in YBa,Cu;05 [curve (b)] are shown in the
right panel.'*!® The arrows indicate peak A.

As in our two previous papers,'' our calculations are
based on one-electron multiple-scattering theory.'* The Cou-
lomb part of the potential is built according to the Mattheiss
prescription’> by superimposing neutral atomic charge
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FIG. 1. The experimental L;-edge XANES spectra measured By
Tan et al. (Ref. 1). Left panel: (a) La Ly of La,CuQ, (T phase); (b)
Nd L, of Nd,CuO, (T’ phase); (c) Gd L; of Gd,CuO, (T’ phase).
Right panel: (a) Sr L; in SrF,; (b} Y L5 in YBa,Cu;0,.

densities obtained from the Clementi-Roetti table and the
Hermann-Skillman wave functions for heavy atoms (Z
>54). This method, in general, is known to provide charge
distributions reasonably close to those obtained by self-
consistent calculation for metallic and covalent systems (see
last quotation of Ref. 14). For the exchange-correlation part
of the potential we use the complex Hedin-Lundqvist (HL)
self-energy'® whose imaginary part gives the amplitude at-
tention of the excited photoelectron due to the extrinsic in-
elastic losses.!’ The calculated spectra are further convoluted
with a Lorentzian shaped function with a full width I',= 1.5
eV for Sr and Y atoms, 3.5 eV for La, Nd, and Gd, respec-
tively, to account for the core hole lifetime.'!® We have cho-
sen the muffin-tin radii according to the Norman criterion '’
and have allowed a 10% overlap between contiguous spheres
to simulate the atomic bond. The z axis in all our calcula-
tions is along the ¢ axis of the compounds.

In Fig. 2 we present our theoretically calculated spectra at
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TABLE 1. The nearest-coordination atoms.
Atom X y Z Atom X y Z
YBa,(Cu,0, SrF,
Y 0.0 0.0 0.0 Sr 0.0 0.0 0.0
Ol 0.0 -1932 1431 Fl 1.447 1447 1.447
O1 -1.931 0.0 1.431 Fl -1.447 1447 1.447
Ol 1.931 0.0 1.431 Fl 1.447 -1.447 1.447
9) 0.0 1.932 1.431 Fl -1.447 -1.447 1.447
02 0.0 -1.932 -1.43] F2 1.447 1447 -1.447
02 -1.931 0.0 -1.431 F2 -1.447 1447 -1.447
02 1.931 0.0 -1.431 F2 1.447 -1.447 -1.447
02 0.0 1.932 -1.431] F2 -1.447 -1.447 -1.447
Nd,CuO, La,_ Sr,CuQOy,
Nd 0.0 0.0 0.0 La(Sr) 0.0 0.0 0.0
O 0.0 0.0 2.356
01 1.975 0.0 1.219 01 1.890 0.0 -1.845
Ol -1.975 0.0 1.219 Ol -1.890 0.0 -1.845
O] 0.0 1.975 1.219 Ol 0.0 1.890 -1.845
Ol 00 -1975 1.219 Ol 00 -1.890 -1.845
02 1.975 00 -1.798 02 1.890 1.890 0.568
02 -1.975 00 -1.798 02 -1.890 1.890 0.568
02 0.0 1.975 -1.798  O2 1.890 -1.890 0.568
02 00 -1975 -1.798 02 -1.890 -1.890 0.568

Y, Sr, Nd, and Gd L, edges for four different compounds
and compare them with the experimental data. All the ab-
sorbers (at the center of the respective clusters with a radius
of about 5 A) are eightfold coordinated with oxygen or fluo-
rine nearest neighbors forming an hexahedronlike
structure,”*"%? i.e., two sets of four equivalent ligands (with
the same x and y coordinates) placed on two different z
planes, as illustrated in Table 1. Panel (a) compares the cal-
culated Yttrium L; XANES spectrum in YBa,Cu;0O; com-
pound with its experimental counterpart. Similarly panel (b)

shows Sr L; XANES spectra of SrF,. Nd and Gd L5 edges
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FIG. 2. Comparison between
the experimental and calculated
XANES spectra of (a) Y L3 edge
in YBa,Cu;07; (b) Sr L; edge in
SrF,; (¢) Nd L, edge in Nd,CuQy;
and (d) Gd L, edge in Gd,CuO,.
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for Nd,CuQ, and Gd,CuO, compounds are shown in panels
(c) and (d), respectively. All calculated spectral features are
in reasonably good agreement with those of the experimental
spectra both in relative amplitude and energy position. Fea-
ture A, again indicated by an arrow, is very well defined in
all calculated spectra.

In order to gain a better insight into the origin of feature A
we present in Fig. 3 three calculations for Y [panel (a)], Sr
| panel (b)], and Nd [panel (c)] L; edges in the same com-
pounds, obtained using the same atomic cluster as in Fig. 2
except for a 45° rotation of the upper plane formed by one
set of the four equivalent oxygen (fluorine) atoms, e.g., Ol
(F1) in Table I, with respect to the lower one defined by the
O2 (F2) atoms. The nearest-neighbor configuration of the
absorber in all clusters is now similar to that of La in
La,CuQ,4 (Refs. 23-25) but with an eightfold coordination,
without one apical oxygen. Feature A does not survive. This
finding clearly indicates that feature A is the result of con-
structive interference between the two oxygen (fluorine)
planes, being sensitive to the relative positions of these at-
oms.

As a counter example we present in Fig. 4 the calculations
of Sr and La L, edges XANES spectra in 7-phase compound
La,_ Sr,Cu0,.”*" In Fig. 4(a) we present the results of Sr
L;-edge XANES spectrum which does not show feature A
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FIG. 4. Theoretical XANES spectra at Sr L; edge [panel (a)]

and La L3 edge [panel (b)] of La,_,Sr,CuO, compounds. Peak A is
absent in both calculations.
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FIG. 3. Theoretical XANES
spectra of (a) Y L, edge, (b) Sr L,
edge, and (c) Nd L, edge, in the
same compounds as in Fig. 2, ob-
tained using the same atomic clus-
ter except for a 45° rotation of the
upper plane formed by ligand at-
oms, e.g., O1 (F1) in Table I, with
respect to the lower one defined
by the O2 (F2) atoms.
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and 1ncidentally 1s completely different from K-edge
spectrum, ! where peak A is present. The absence of peak
A at the Ly edge is an indication that the type of projected
density of state has a bearing on the appearance of this fea-
ture. Figure 4(b) gives La L; edge spectra with the same
structure. Good agreement with the experimental data,
shown 1n Fig. 1, 1s obtained in calculations. Again peak A is
absent, showing the relation between its presence and the
hexahedronlike coordination of the photoabsorber with its
nearest neighbors.

In order to demonstrate that feature A 1s not sensitive to
the coordination number of the nearest-neighbor shell,
whether 8 or 9, but only to the relative orientation of the
upper and lower planes we present in Fig. 5 two test calcu-
lations of La L; edge in La,CuO, and Nd L, edge in
Nd,CuQy,. In the first case [curve (a)], we have rotated arti-
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FIG. 5. (a) Theoretical La L; XANES spectrum of La,CuQ,
using a cluster in which one nearest Ol plane is rotated by 45°
respect to O2 plane; (b) Nd L; XANES for Nd,CuQO, by using a
cluster with one extra apical oxygen.
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ficially the O1 upper plane (see Table I for reference) by 45°
with respect to O2 lower plane while keeping the remaining
atoms in the cluster in their normal crystallographic posi-
tions. In this way the coordination number around the ab-
sorber 1s still nine while the atoms located 1n the upper and
lower planes have the same x,y coordinates. As shown in
curve (a), feature A reappears in the spectrum at about 20 eV
from the rising edge as in the curves (b) and (c) of Fig. 1. In
the second case [curve (b)] we add artificially an apical oxy-
gen atom at about 2.3 A away from Nd along z axis. Peak A
1s not suppressed although now the photoabsorber is ninefold
coordinated.

Finally, to asses the effect of local deviations from aver-
age crystallographic positions on feature A, we have also
made several calculations (that, for brevity, we do not report
in the paper) obtained by moving in different way the eight
oxygen atoms in the hexahedral coordination. We have ob-
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served that feature A 1s almost unchanged for any reasonable
deviation, within about 0.15 A, from crystallographic posi-
tions.

In conclusion, we have presented theoretical calculations
of x-ray-absorption near-edge structure at the Sr, Y, La, Nd,
and Gd L; edges in T- and T'-compounds obtaining results
in good agreement with experimental spectra, when avail-
able, both 1n relative amplitude and energy position. In these
spectra feature A appears only 1n the case where the first
atomic shell surrounding the photoabsorber has an hexahe-
dronlike symmetry due to a constructive interterence of MS
signals between ligands located on the two lower and upper
planes along the z axis. This behavior seems to be a general
rule in these compounds and can be used to determine the
La, rare-earth elements and substitutional dopant ordering in
T*-phase superconductors.>*07:19:26
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