
PHYSICAL REVIEW B VOLUME 35, NUMBER 13 1 MAY 1987

Rapid Communications

The Rapid Communications section is intended for the accelerated publication of important new results Si.nce manuscripts
submitted to this section are given priority treatment both in the editorial once and in production, authors should explain in
their submittal letter why the work justtftes this special handling z1 .Rapid Communication should be no longer than 3Vz printed
pages and must be accompanied by an abstract Pag. e proofs are sent to authors, but, because of the accelerated schedule,
publication is not delayed for receipt of corrections unless requested by the author or noted by the editor

X-ray absorption studies of La2 (Ba,Sr) Cu04 superconductors

J. M. Tranquada, S. M. Heald, A. R. Moodenbaugh, and M. Suenaga
Brookhaven National Laboratory, Upton, Ne~ York 11973

(Received 18 February 1987)

X-ray absorption spectroscopy has been used to study superconducting compounds with the
composition Laz —„(Ba,sr)„Cu04 for x =0 to 0.3. X-ray absorption measurements at the Cu It'

edge indicate that the copper valence is 2+ for all dopant concentrations, and that the mean-

square relative displacements for Cu-0 nearest neighbors are approximately the same for all com-
positions, with an average characteristic temperature of 570+ 30 K. Measurements at the La L3
edge suggest that the number of empty states near the Fermi energy with 0 2p character in-
creases with dopant concentration.

Materials which are superconducting at temperatures
above 35 K and have the general formula
Laq- (Ba,Sr)„Cu04 have recently been reported. ' The
compounds which show superconducting behavior at the
highest temperatures have a Ba or Sr concentration x of
-0.15. The first evidence for such behavior in oxide sys-
tems was obtained in a study of compounds of the form
Ba„La5—„Cu505(3 —y) in which the samples were found to
contain several different structural phases. Further
work revealed that the superconducting phase has
the K~NiF4-type structure with composition
La2 —„Ba Cu04 ~. The oxygen content of such materials
is known to depend on the method of sample preparation
and subsequent treatment; however, a neutron-
diAraction study on a sample of La185Ba015Cu04 found
that the concentration of oxygen vacancies is 1% or less.

The observations of superconductivity at such high tem-
peratures have generated a considerable amount of excite-
ment and have led to numerous speculations about the su-
perconducting mechanisms in these systems. For exam-
ple, in a purely ionic model, one might expect that the
substitution of some Ba + or Sr + for La + might be
compensated by the conversion of some Cu + to Cu +.
Alternatively, the reduction in the number of valence elec-
trons might result in an increase in oxygen vacancies. It
has been suggested that the presence of mixed-valent
copper might result in strong electron-phonon coupling,
and indeed the expectation of finding polaronic eff'ects ap-
pears to have motivated Bednorz and Muller's original
study of the Ba-La-Cu-0 system. Possible similarities
with the superconducting oxide BaPb1 —„Bi 03 have also
been suggested. A theoretical study of that system
suggested that a "breathing"-type phonon mode involving
the oxygen neighbors about a Bi atom could be responsi-

ble for strong electron-phonon coupling and a relatively
high T, . For La2 Sr„Cu04 it is speculated that a high-
frequency breathing mode of the elongated octahedron of
oxygen atoms about each copper could be important.

We have performed x-ray absorption measurements on
samples with the nominal compositions La2 Sr„Cu04
with x =0, 0.1, 0.15, 0.2, and 0.3, and La2 — Ba„Cu04
with I =0.15, 0.2, and 0.3. Studies of the x-ray absorp-
tion near-edge structure (XANES) of the Cu K edge
show that Cu has a valence of 2+ which does not vary
with increasing dopant concentration. On the other hand,
measurements of the La L3 edge reveal a systematic in-
crease in the density of unoccupied states having d sym-
metry with respect to the site. The increase in d-
symmetry holes is most likely due to a decrease in occupa-
tion of 0 2p states caused by the reduction of valence-
electron density through doping. From temperature-
dependent measurements of the extended x-ray-
absorption fine structure (EXAFS) at the Cu K edge, the
mean-square relative displacements (MSRD's) between
Cu and 0 nearest neighbors have been determined. We
find that the Cu—0 bond is quite strong, with no
significant variations due to doping and no anomalous be-
havior as a function of temperature. Analogous measure-
ments on the 2 15-structure superconductor Nb3Sn show
large anomalies in the MSRD's for Nb-Nb and Nb-Sn
near neighbors at low temperature, indicative of the
strong electron-phonon coupling existing in that sys-

10, 11

The measurements were performed on beam line X-
112 at the National Synchrotron Light Source (NSLS)
using a double-crystal monochromator with Si(111)crys-
tals and a nominal energy resolution at 9 keV of —1.3 eV
for near-edge scans and —2.4 eV for EXAFS scans.
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Each of the samples measured was ground to a fine
powder and rubbed onto Kapton or Scotch Magic tape.
The energy scale of the Cu K-edge spectrum for each
sample was referenced to a simultaneous Cu foil measure-
ment, giving an accuracy in the relative energy scale of
~ 0. 1 eV. For the temperature-dependent measurements,
the powder-on-tape samples were mounted on a copper
sample holder and cooled with an Air Products Displex re-
frigerator. Temperatures were monitored with a gold-
chromel thermocouple attached to the sample holder.

The starting materials for sample synthesis were La203,
Cu0, and BaC03 or SrC03, all of reagant grade or better.
Components were mixed in the appropriate proportions,
ground together, and fired in air at 1000-1100 C. After
a second grinding, pellets were formed and fired in air at
1100 C. Some of the samples were fired a third time at
900- 1100 C in air or oxygen. The superconducting
properties were characterized by measuring the change in
ac magnetic susceptibility with temperature. For the sam-
ples doped with Sr, x =0 1, 0 15, and 0 2, and Ba,
x =0.15, the signal strength indicated essentially bulk su-
perconductivity, with onsets of superconducting behavior
at 29, 36, 28, and 26 K, respectively. X-ray diffraction
measurements indicate that the content of impurity
phases is generally less than 5%, with no observable im-
purities above —2% in some cases.

By doping LazCu04 with Sr or Ba one obtained a crys-
tal with a tetragonal structure in which each Cu atom is
coordinated by four oxygen atoms in the a-a plane at a
distance of 1.89 A, with two more along the c axis at 2.43
A, forming an elongated octahedron. The La ions are
ninefold coordinated by oxygen atoms at several different
distances. In the "pure" material, the octahedra are tilted
by a few degrees with respect to the tetragonal c axis, with
neighboring octahedra tilted in opposite directions, result-
ing in a lower-symmetry, orthorhombic structure. The
tetragonal-to-orthorhombic distortion causes only very
small changes in distances between near-neighbor atoms,
and the Cu environment remains relatively unchanged.

Cu E-edges for samples with a Sr doping of x =0, 0.15
and 0.3 are compared with Cu'+ and Cu + standards in

Fig. 1. All three edges line up quite well with the 2+ stan-
dard. Since a good reference material containing Cu +

was not available, atomic calculations were performed to
estimate the expected edge shift. ' In both the ionic and
fully screened cases the edge shift in going from Cu + to
Cu + was comparable to the shift between Cu'+ and
Cu +, which experimentally is about 10 eV. In a purely
ionic model with no oxygen vacancies, for each Sr + atom
which replaces a La + atom, a copper atom would go
from 2+ to 3+. This is clearly not consistent with the Cu
E-edge results, as the main edge is almost unaffected by
doping and no new absorption features appear at higher
energies. A small constant shift in the main peak does
occur on going from x =0 to x & 0, probably correspond-
ing to the change in crystal symmetry previously men-
tioned. For Sr doping the shift is 0.6 ~ 0.1 eV and for Ba
doping it is 0.8 ~ 0.2 eV. The small feature near —3 eV
is due primarily to quadrupolar transitions to Cu 3d
states. ' Again it is found that this feature is
strengthened in going from x =0 to x )0, but is indepen-
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FIG. 1. XANES measured at the Cu Kedge (EO =8980 eV),
normalized to the edge step. (a) Comparison of edges for
several valences of Cu. The Cu '+ was obtained by electrochem-
ically dissolving a Cu electrode in an HC1 solution, and the
Cu2+ was produced by dissolving CuC12 in water. (b) Compar-
ison of edges in La2 —„Sr„Cu04.

dent of doping levels.
The area under the "white line" observed at an L3 edge

is proportional to the number of empty states near the
Fermi energy with d symmetry relative to the absorption
site. ' Because of spin-orbit coupling, the d-symmetry
final states will have total angular momentum quantum
numbers j = —', or —,

' . It has been shown ' that the white
line intensity at an L3 edge, with an initial state of 2p3/2,
should be proportional to (5hsyz+hyz)/6, where h~ is the
number of d-symmetry holes with angular momentum j.
For a complete characterization of the density of d-
symmetry empty states, one should also look at the L2
edge, which we have not yet done. Nevertheless, Fig. 2
shows normalized L3 edge absorption measurements in

La2 „Sr Cu04 for x =0 to 0.3. The height of the white
line and the area beneath it clearly increase with Sr con-
centration, although the increase is not strictly monotonic.
Similar results have been obtained for Ba doping. In both
cases the increase in area of the La white line is
=8%-10% at higher doping levels. Measurements at the
Ba L3 edge in La2 Ba„Cu04 are shown in Fig. 3. The
density of empty d states about a Ba ion, in contrast to
that about La, decreases with Ba concentration.

The L3 edge results indicate that the number of d-
symmetry empty states about the La site increases with Sr
or Ba concentration. This observation is consistent with a
decrease in the number of valence electrons due to the
doping. The fact that this change is observed at the La
edge suggests that electron energy bands crossing the Fer-
mi level must involve either La Sd or, more probably, 0
2p states. (An appropriate combination of 0 2p states
can form a state of d symmetry with respect to a La site. )
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FIG. 2. Normalized XANES measured at the La L3 edge
(ED=5483 eV) in La2 —„Sr„Cu04. The inset gives an expanded
view of the white line peaks.
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We cannot exclude the possibility that Cu 31 states con-
tribute to the bands near the Fermi energy whose occupa-
tion varies with dopant concentration; however, the Cu
K-edge measurements indicate that the number of atomi-
cally localized 3d states does not vary appreciably.

Next we turn to the analysis of the EXAFS data. Mea-
surements were made at the Cu K edge at temperatures
from 10 to 300 K for the samples La2Cu04, La~ 85Sro ~5,

La/ 7SIQ 3Cu04, and La~ 7Bao 3Cu04 (hereafter to be re-
ferred to as pure, Sro ~ s, Sro 3, and Ban 3, respectively).

EXAFS interference function Z(k) was extracted from
the measured absorption data using standard tech-
niques. ' Figure 4 shows Fourier transforms of k Z(k)
for the pure and Sro ~s samples at 10 K. (The k range for
the transforms is 2.0-17.7 4 '. ) The diA'erences be-
tween the transformed data for the two compounds occur
mainly as small variations in peaks corresponding to dis-
tant metal atom coordination shells. The oxygen peak
shows negligible changes due to doping.

The oxygen nearest-neighbor EXAFS contribution has
been isolated by Fourier filtering the peak between 0.8
and 2.0 A in r space. The resulting single shell data were
analyzed using the ratio method. ' Simulations indicate
that the signal due to the two more distant 0 neighbors
along the c axis should be quite small compared to that
from the four neighbors in the basal plane. Indeed, com-
paring the 10-K data with the Cu-0 shell in Cu20 (in
which Cu is doubly coordinated by 0) we find oxygen
coordinations of 3.9, 3.9, 4.0, and 4. 1 for pure, Sr0~5,
Sro 3, and Bao 3, respectively, with an uncertainty of
~ 0.1. If the reduction in the number of valence electrons
with dopant concentration were exactly compensated by
oxygen vacancies, all assumed to be located in the basal
plane, we should expect to observe a coordination varying
from 4.0 to 3.7 as x varies from 0 to 0.3. Our observation
of a roughly constant coordination, though not conclusive,
is inconsistent with complete compensation by oxygen va-
cancies.

The thermal damping of the EXAFS from a single
coordination shell depends on the MSRD o. for the
relevant atom pair. ' The change in a with temperature
for Cu-0 nearest neighbors has been determined for each
of the four samples. The temperature dependence can be
parametrized with an Einstein model. ' Very good fits to
the data are obtained, indicating that any deviations from
harmonic behavior are small. The Einstein temperature
BE, determined from a fit, corresponds to a characteristic
frequency for the Cu-0 bond length fluctuations, which
include the breathing mode suggested to be important to
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FIG. 3. Normalized XANES measured at the Ba L3 edge
(ED=5247 eV) in La2 —„Ba,Cu04.

FIG. 4. Magnitudes of the Fourier transforms of k2X(k) ob-
tained from Cu K-edge measurements in La2Cu04 and
Lai.ssSro. lsCu04 at 10 K.
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the electron-phonon coupling. The observed Einstein
temperatures are 580 ~ 30, 595 ~ 50, 565 + 30, and
550+ 40 K for pure, Sro ~5, Sr03 and Ba03, respectively.
The uncertainties are large for two reasons. The first
reason is that oxygen is a weak backscatterer, and the
second is that because B~ is so high, the change in o is
small over the temperature range studied. No statistically
significant variation in the Cu-0 bond strength is ob-
served due to doping. Although BE is high, the low mass
of the oxygen atom results in an rms bond-length fluctua-

tion of 0.06 A at T =0, increasing only to 0.07 A at room
temperature. This fluctuation length is considerably
larger than the diference of 0.01 A in Cu-0 distances ob-
served between LazCu04 and La~ ssBap ~sCUO4 with neu-
tron difl raction.
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