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X-ray-absorption studies of cation ordering and valence
in the T'-Phase La2 „yR„SryCuO& (R =Sm, Eu, Gd, Tb, and Dy)
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Physics Department and Institute ofMaterials Science, The University of Connecticut, Storrs, Connecticut 06269-3046

S-W. Cheong and A. S. Cooper
A Tck TBell Laboratories, Murray Hill, New Jersey 07974-2070

P. C. Canfield and Z. Fisk
Los Alarnos National Laboratory, Los Alamos, New Mexico 87545

(Received 25 February 1991;revised manuscript received 30 April 1991j

X-ray-absorption measurements have been made at the lanthanide L edges, Sr and Cu K edges in the
T*-phase La2 „~R„Sr~Cu04 compounds with R=Sm, Eu, Gd, Tb, and Dy. The La and rare-earth x-
ray-absorption near-edge (XANES) data and the extended x-ray-absorption fine-structure data both
clearly indicate that the R and La ions selectively enter the M site and M site, respectively. The degree
of this site ordering is nearly perfect and is similar for the Sm, Eu, Gd, Tb, and Dy members of this fami-
ly. The L3 XANES data show that the La, Sm, Eu, Gd, and Dy are trivalent in these compounds, but
about 20% of the Tb ions are tetravalent in the Tb material. The Cu K-edge XANES spectra are con-
sistent with a divalent state for copper, and are essentially identical for the as-prepared nonsupercon-
ducting samples and the high-pressure oxygenated superconducting counterparts. This indirectly sug-
gests that the hole carrier in the T*-phase superconductors is largely associated with oxygen atoms as in
Lal 85Sro l&CuO&. Based on the results of cation-ordering, cation-valence, and oxygen-content measure-
ments, the superconducting behavior of Sm, Em, and Gd T phases and the lack of superconductivity in
the Tb and Dy compounds are discussed.

I. INTRQDUCTIC)N

The T*-phase compounds (Nd, Ce,Sr)2Cu04 (Refs.
1 —3) and La& R„Sr~Cu04, with R =Sm, Eu, and
Gd, exhibit superconductivity with transition temper-
atures (T, ) above 30 K. This provides a channel for
studying the mechanism(s) of high-T, superconductivity,
especially considering the relationship between the T*
materials and T-phase La2 Sr„CuO~ and T'-phase
Nd2 „Ce Cu04 superconductors. The T* phases them-
selves possess many interesting properties which distin-
guish them from other materials. For example, high-
pressure oxygen treatment is necessary for producing su-
perconductivity in La@ „~R Sr~ CuO4 (R =Sm, Eu,
and Gd) and, to a lesser degree, in (Nd, Ce,Sr)zCuO~. The
values of T, depend strongly on the conditions of oxy-
genation. The T* structure forms with a combination of
a variety of large and smaller lanthanides, but the phase
homogeneity range appears to be rather narrow.

The T* structure is closely related to the K2NiF4-type
( T) and NdzCuO~-type ( T') structures in that its unit cell
consists of half of the T and half of the T' unit cells
stacked along the tetragonal c axis. There are two ine-
quivalent lanthanide sites in the T* structure; the M site
is locally similar to the La site in La&Cu04, and the M
site is locally similar to the Nd site in Nd2CuO4. Based
on neutron-difFraction data, Izumi et al. suggested that
Sr and Ce preferentially enter the M and M' sites respec-
tively in the (Nd, Ce,Sr)zCuO& system. Kwei et al. have

found in LaQ 9GdQ 9SIQ 2Cu04 that Gd enters only the M'
site and Sr and La occupy the M site and remaining M'
positions. Our x-ray absorption data have shown that the
lanthanide cations are ordered in LaQ 9RQ 9SIQ 2Cu04 for
R =Sm, Eu, Gd, and Tb. ' Site ordering between La and
Dy ions in La& $5DyQ75Cu04 has also been observed. "
The cation site ordering in the T* structure appears to be
a general characteristic and closely related to the ionic
radii disparity. What remains unclear is whether the de-
gree of site ordering varies with different cation combina-
tions and how it affects the physical properties of the ma-
terial. We have thus attempted to determine the local en-
vironment of La and rare-earth ions in the T* phases
LaQ 9RQ 9SrQ zCu04 with R =Sm, Eu, Gd, Tb, and Dy, by
studying the x-ray-absorption spectra near the L, 3 edge of
each element. Both x-ray-absorption near-edge structure
(XANES) and extended x-ray-absorption fine structure
(EXAFS) data indicate that La and R ions are nearly per-
fectly ordered with the smaller R ions occupying only the
M' site and the larger Sr and La occupying the M site
and the rest of the M' sites. Within our experimental un-
certainty, the degree of cation site ordering is similar for
rare earths from Sm through Dy.

In the T*-phase Laz „R Sr„Cu04 family, the Sm,
Eu, and Gd members become superconducting after
high-pressure oxygen treatment. However, the Tb and
Dy members are not superconducting under similar treat-
ment. If we assume that the rare earths in these materi-
als are trivalent, then Sr + seems to play the role of a
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hole dopant. The need of oxygen treatment for produc-
ing metalliclike conductivity and superconductivity sug-
gest that oxygen vacancies may exist in the untreated ma-
terials. The oxygen vacancies in Tb and Dy phases could
persist even after high-pressure oxygenation. In the case
of Tb T' compounds, another possibility is that some
tetravalent Tb may be present and compensates the hole
doped by Sr. A direct determination of the rare-earth
valence is needed to resolve these possibilities. Our L3
XANES data indeed indicate that a significant amount of
Tb in the T phase is tetravalent, while La, Sm, Eu, Gd,
and Dy assume only a trivalent state.

While charge carriers are holes in the T-phase
La2 „Sr Cu04 and electrons in the T'-phase
Nd2 Ce„Cu04 superconductors, Hall-coefficient mea-
surements and the behavior of conductivity with oxygen
treatment ' ' suggest that the carriers in the T* super-
conductors are holes. Attempts to introduce n-type car-
riers have not been able to produce superconductivity in
the T* structure. ' ' The ability to accept holes or elec-
trons in the Cu02 planes appears to be related to the oxy-
gen coordination configuration around the copper ion. In
addition to four oxygens in the plane common to the T,
T*, and T' structures, the copper is further coordinated
with two apical (out-of-plane) oxygens in the T com-
pounds and one apical oxygen in the T compounds. We
report the Cu K-edge XANES data and discuss the local
electronic properties and their relation to doping.

showed a clear decrease in the c-axis lattice constant as
compared to NdzCu04, as expected.

X-ray-absorption experiments were carried out at the
National Synchrotron Light Source (NSLS) on Beam
Line X-11A using a Si(ill) double-crystal monochroma-
tor. For La and rare-earth L edges, the monochromator
entrance-slit vertical separation was set at 0.5 mm and
both XANES and EXAFS were measured in a single
scan. The Cu K-edge XANES and EXAFS spectra were
taken separately using a 0.25 and 0.50-mm slit, respec-
tively. Usually, a reference spectrum was simultaneously
measured in a second channel along with the sample for
energy calibration. Samples were made in the form of
four to six layers of fine powders rubbed on Scotch tape.
The spectra were obtained in the transmission mode for
concentrated absorbers and in the Auorescence mode for
diluted absorbers using gas-ionzation chambers as detec-
tors. We note that in transmission measurements of sam-
ples in the present form the intensity of the strong L3
main peak (white line) may be slightly reduced because of
a thickness effect, while other spectral features are not
affected. Fortunately, none of our results relies on an ac-
curate measurement of the white-line intensity.

III. CATION SITE ORDERING

A. Lanthanide XANES results

II. EXPERIMENTS

Polycrystalline samples were prepared by firing ap-
propriate mixtures of starting materials in the form of
powders and pellets in air. High-purity metal oxides
L203 (I.=La, Sm, Eu, Gd, and Dy), Tb407, CuO, and
SrC03 were used for starting materials. In particular,
T'-phase Laa 9R0 9S10 2CuO~ were prepared as described
previously. " We will denote the air-Ared samples as "as-
prepared" and label the individual Lap9RQ9Srp2CuO&
samples as RQ 9 for brevity; for example, Smp 9 stands for
the Lap 9SmQ 9Cu04 sample. The as-prepared T*-phase
samples showed no superconductivity down to 5 K. As
reported previously, the Sm, Eu, and Gd members be-
come superconducting after high-pressure oxygen anneal-
ing. In the present experiments, we have treated the
Smp 9, Tbp 9, and Dyp 9 samples in 160 bars of oxygen at
575'C for at lease 18 h. The Sm sample is superconduct-
ing with an onset of diamagnetism at 21 K, but the Tb
and Dy analogs are not superconducting. The x-ray-
absorption results presented below are for the as-
prepared samples unless otherwise noted.

For reference purposes, samples of T-phase
La, 85Srp»CuO&, La, 4Smp 4Srp 2Cu04, T'-phase R 2Cu04
(R =Nd, Sm, Eu, and Cxd), and Nd2Cu04 with La, Tb,
and Dy substituting for part of Nd were also prepared.
All samples were characterized by x-ray powder
diffraction to check the phase purity. The
Lai 4Smp4Srp zCu04 is dominantly T Phase with about
5%%uo T*-phase impurity. Other samples are single phase.
The Nd, ,Tbp ~Cu04 and Nd, 8Dyp 2Cu04 samples

In this section we use the La and rare-earth L3
XANES spectra to determine the valence state and site
location of these ions in the T* compounds
La2 R Sr Cu04. The site location is inferred from a
comparison of the spectra of T* samples to those of T
and T' compounds in which there is only one La or rare-
earth site. This is made possible by the identification of a
unique spectral feature. The site location is also deter-
mined independently by the analysis of the L3 EXAFS
data, which will be presented in the next section.

The XANES spectra presented here are normalized to
the edge jump after the preedge background subtraction.
The energy reference EQ for the L3 edge was chosen at
the half-height point of the absorption edge, since this
choice gave the most reproducible energy scale for the
EXAFS data. Figure 1(a) presents the L3 XANES data
of La and rare earths in the T compounds
Lap 9R Q 9 Sl Q 2Cu04 and in trivalent lanthanide oxides.
The edge position is sensitive to the valence state of the
absorbing atom. In general, the edge shifts to a higher
energy for an absorber in a more positive valence state.
For example, the edge shift amounts to 7 eV between
Sm + in SmS and Sm + in SmP. ' The structure of the
main peak above the edge depends on the f occupancy
and final-state effects. The L 3 spectra of trivalent
lanthanide are characterized by a single peak above the
edge. As shown in Fig. 1(a), La and rare earths in the
T*-phase samples all exhibit a single peak and the edges
occur at the same position as in the corresponding
trivalent oxides. Clearly, La, Sm, Eu, Gd, and Dy in the
T* compounds are trivalent.

The Tb L3 spectrum of the Tbp 9 sample differs from
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other members of the T' phases. Figure 1(b) displays the
Tb L3 spectra for T*-phase TbQ 9, T'-phase
Nd& 8TbQ2Cu04, and Tb407. The energy scale is com-
mon for all three samples with the origin set at the half-
height point of Tb407. It is known that 4f and valence-
band hybridization may occur in Tb compounds; for ex-
ample, Tb in Tb02 has an f occupancy of 0.3 and cannot
be strictly described as Tb +.' Tb4f 02p —hybridiza-
tion may also occur in the T* compounds. Nevertheless,
we will use the term Tb + or tetravalency for simplicity
in our discussion, but with the understanding that it has a
similar meaning as Tb valence in TbOz. The Tb in

Nd ] 8Tbp 2CUO4 shows a single-peak white line that is
characteristic of Tb +. Above the edge, Tb407 exhibits
two peaks of about equal amplitude separated by 8.6 eV.
The low-energy peak is due to Tb with a small contri-
bution from Tb +, while the high-energy peak is due to

A

", —Lao 9RO 9Sro 2Cu04

0
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0
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-20 0 20 40
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60
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Tb L3 edge
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FIG. 1. (a) La and rare-earth L3-edge XANES spectra of
T*-phase Lao 9RO 9Sro 2Cu04 (solid line) compared to those of
oxides (dashed lines). (b) Tb 1.3 spectra; the area of the shaded
regions are used to estimate the amount of Tb + (see text).

Tb . ThclI' Iclatlvc intensity 18 COIlslstcnt with about
equal amounts of Tb + and Tb + in Tb407. The main
peak for the TbQ 9 sample is followed by a shoulder at the
same energy as that of the Tb + peak in Tb407. Since the
Tb local environment in the T* structure is similar to
that in the T' structure (see below), this shoulder cannot
be of structural origin judging from the spectrum of
Nd ] 8TbQ 2CUO4. We attribute the shoulder to Tb + con-
tributions in the T*-phase LaQ9TbQ9SrQ~CU04 sample.
The L3 XANES data cannot distinguish whether the
Tb contribution is from isolated Tb ions (among
Tb +

) or from mostly trivalent ions with some Tb +

character. The Tb, La, and Sr EXAFS data (see below)
suggest structural distortion in LaQ 9TbQ 9Slp 2CU04 as
compared to other RQ 9 members. The structural distor-
tion favors the existence of Tb + ions as opposed to the
mostly trivalent ions with some Tb + character. We con-
clude that the TbQ9 compound contains both Tb + and
Tb + lons.

The amount of Tb + is crudely estimated to be 20% of
the total Tb ions as follows. Since the high-energy peak
in the XANES spectrum arises from localized f ground
states, ' its intensity is insensitive to the specific crystal
structure and is not significantly affected by the core-
hole-induced final-state effects (this does not apply to the
low-energy peak). The peak intensity thus provides a
measure of the number of Tb + ions. In addition, the
line shape of the main Tb + peak in the T* sample is ex-
pected to be similar to that in Nd& 8TbQ2CUO4. The
amount of Tb + is then estimated from the ratio between
the area of the dot-shaded region and the line-shaded re-
gion [Fig. 1(b)], and bear in mind that the latter is due to
about 50% Tb +. Ideally, one should decompose the
spectrum into subspectra of Tb + and Tb + and compare
their intensity; but the above estimate is sufhcient for our
purpose.

For the 160-bar oxygen-annealed TbQ9 sample, the
shoulder at 14 eV is slightly stronger (not shown), sug-
gesting a small increase in the Tb + percentage after oxy-
genation. We note that the Tb + observed here cannot
be due to impurity phases that are not detectable in x-ray
powder diffraction. We have also observed Pr + in a
T*-phase Pr, 6SrQ 4Cu04 sample.

Having determined the valence of La and rare earths,
we now turn to their site locations in the T phases.
First, we identify a spectral feature in relevant structures.
Figure 2(a) presents La and rare-earth L3 XANES data
for samples with T' structure. We draw attention to the
peak labeled A at -20 eV. Feature A is present for Nd
in Nd2Cu04, Gd in Gd2CU04, and in particular La in
T'-phase Gd& 9LaQ, Cu04. In addition, feature A is ob-
served in the La spectra of T'-phase NdQ 2LaQ 2Cu04 and
Nd, 5LaQ 5Cu04. Feature A also exists in the L3 spectra
of other members of T'-phase R2Cu04 (see Fig. 3).

Figure 2(b) displays the L3 data for T-phase com-
pounds. Feature A is completely absent in the spectra of
La in both La& 85SrQ &5CUO4 and La& 4Smp4SrQ2CuO4.
There is a weak residue of feature A in the Sm spectrum
of La& 4SmQ4SrQ2Cu04. This residue is very likely to
come from a T impurity phase, since about 5%%u~ T*



X-RAY-A SORPTION STUDIES OF CATION ORDERING AND . . 4 7011

gSrp zCu04

O

0
V)

a
CD
N

E
O

I I. . . , I

20 40 660 80

0

0
N

N

g5

0

Pro ~Cu04

.Prp. acu04

gsrp, aCuO

p gSITlp gSrp &Cu04

0 duo sS.ra 2C. uO~

p gGdp gSl p 2CU04

.gTbp. gSr p.2Cu04

II I I I I I I

40 60
E-Eo (ev)

80

gDyp gSI'p pCu04

I I I I I I I I I I I I I

20 40 60
E—Eo (eV)

80

FIG. 2. La ana and rare-earth L3 XANES d
and (b) T-phase sam 1 Th r

'
ep es. e element r

1 'd' h be a sorber. Feature A is
e or-

th i h T' structure, but is absent i
a ure in the Sms ec

a T -phase impurity (see text)
spectrum may arise from

FIG. 3. (a) Rare-earth L3 XANES s ep o p g
0 9 p 9 rp 2 U 4 (R =Sm, Eu G

4. ote that feature A is c th tp, comparing T*-phasea 3 ANES spectra

the h 1f-h i ht poi t ofin o each absorption edge.

phase was detected in the x-ra - i p
structure exhibits feat

m an
ure ( ee elow).

o a sent in the rare-ea
T-h t 1a eria s, for exam le G
d GdN'Ti0 d

.9 P1 4

considerable number f
u 4. n summary, in the

sured, we always obs
um er o the corn ounp ds we have mea-

ays o serve feature A in th
La and trivalent rare earths in the T' st

'n e I.3 spectra of

the T structure.
s ructure, but not in

Figure 3(a) show th
phase La R S

s e rare-earthth 1.3 spectra of T*

R
Q 9 (j 9 Ip pCuO~ (solid line a

D .
CQ 1 (d hdas e lines) for R =Sm Eu

Si th th
' f T' Desis o T'-phase D

h h ' hwe ave made a Nd D&. 8 yo. 2 4 p
yp esi e with T'-t e 1

both T' and T' stru
ear y present for Sm Eu, Gd, and Dy in
s ructures with similar

1 'd ti 1 pea intensity. We h
the Sm and Dy L

e ave also measured
y 3 spectra for the 160-

Smo 9 and D
60-bar oxygenated

yp 9 samples, res ect' el
f t A i h

F 3(b)les.
ains t e same as in the as- r

Lap R' S' Cu0 f R4 or =Sm, Eu, Gd
h h h of h T-o e -phase La Sr

1 ). Loo1c t 20 V
tially absent in all th T*

e, we And that feeature A is essen-
ese T samples.

Now let us cons d
'

th
Feature A is

i er jointl th
is present for La and o

y the following facts. (1)

h
'

h T' s ructure, but is absent i
e structure, the M and M' site are lo-

cally similar to the lanth dani e sites in the T
1 d 3, an Sm, Eu G

sample exhibit fi eature A with a sirn
, Gd, and Dy in the T*

th T' y g
se resu ts clearl ds y emonstrate that in T*-

p 9 i p 2Cu04, Srn, Eu, Gd an
tl th M'

enter the M site. The
e site and the m ajonty of La ions

the La spectrae. e similarity between

that Tb and La 1

respectively.
a a so selectivel enty n er the M' and M sites,

Because of the strong M-site p

ticular Lap 9R Sr C
o a as to occu thepy e M' site for the par-

p 9 p 9 1p 2Cu04 composition; i.e. a

t 3 Th XANE
llL io tb h h

S spectra in Fi .
a ot the M and M' si

o t'b tdfo th M'
ho M Fi 3(b) H

e '-site La ion
gowever, on an en

samples is not quite a d
eva eyintheLas spectra for the T

qui e as deep as that of La
T is is consistent with h

a, 8~Srp, 5CuO .

L'""'h'M " L
wi t e picture that

si e in ao9R Sr
b d 48Tbo. zCuO show

ani e ions do in a T' 1

er
in a ' ocal environment

ofT*- h L
c ange in the slo e at

us t e data are consistent with Tb + '
ions



7012 ZHENGQUAN TAN et al.

O. l
Gd~Cu04, Gd L3 edge

R window: 0.4 —B.O A

—0.1
A

Q)

—0.2

—0.3
1.75

I I I I I I I I i I I I I I I I I I I

2 225 25 275
k(A')

FIG. 4. Fourier-transform Altered Cird I., EXAFS function
(multiplied by k) for Gd2CuO4. For clarity, data are shown
only in the region where feature A appears. The R window in-
dicated is the range for inverse transform from real to k space.

occupying the M' site in this T* sample. For tetravalent
ions such as Ce, Th, and Tb, eightfold oxygen coordina-
tion is common, while ninefold coordination is rare. In
the T* structure, Tb4+ is expected to prefer strongly the
M site, which is coordinated by eight oxygens. In sum-

mary, the Tb site selectivity is in complete accordance
with the La L3 XANES data discussed above.

Our conclusion about the La and rare-earth site prefer-
ence in the T* compounds does not rely on the detailed
interpretation of the physical origin of feature 3, since
the spectra of the T* samples are compared with those of
the closely related T and T' materials. It is, however, of
fundamental interest to consider possible physical pro-
cesses which give rise to feature A. Two likely possibili-
ties are multiple scattering by the oxygen near neighbors
and multielectron excitation. Backscattering by the cat-
ion neighbors is readily ruled out, since the cation
configuration is essentially the same in the T and T'
structures and feature 3 is absent in the former. In addi-
tion, 3 is present for Sm, Eu, and Gd, but is absent for
La in the T* structure, suggesting that the occurrence of
feature A is determined by the oxygen neighbors.

To consider the possibility of multiple scattering, we
have examined the scattering paths associated with
feature A in real space for Gd2Cu04 as follows. First,
the Fourier transform is obtained for the EXAFS func-
tion including feature A. Then parts of the Fourier-
transform spectrum are selectively transformed back to k
space (k is the photoelectron wave vector), the feature-A
region of which is shown in Fig. 4. Clearly, the main in-

tensity of feature A is associated with the 3.9—4.7-A re-
gion in the Fourier-transform spectrum. The scattering
paths are twice this value plus a phase-shift correction,
which falls in the 9—12-A range. Among a number of
paths that are compatible with this range we single out
the Gd-0-Gd-O'-Gd path, where 0 and 0' are two oxy-
gen atoms forming the body diagonal of the oxygen cage
surrounding the Gd absorber. The 0, Gd, and 0' atoms
are nearly collinear. The forward scattering by Gd can

have an enhancement effect (shadowing} on the backscat-
tered wave from 0 that is traveling toward O'. Thus the
Gd-0-Gd-O'-Gd scattering can be significantly enhanced.

The position of feature 3 is remarkably insensitive to
the type of absorber. It persistently appears at 16 eV
above the white-line peak. If the photoabsorption is ac-
companied by a valence electron excitation, the photo-
electron will have an energy smaller than in single-
electron excitation by an amount equal to the excitation
energy AE. For these events the fine structure will ap-
pear at a higher photon energy by AE. In particular, the
white line shifted to a higher energy by AE could appear
as feature A. If feature 3 is due to the shifted white line,
its intensity should be proportional to the white-line in-
tensity. We found that the feature-A —to —white-line in-
tensity ratios are about the same for the L3 and L2 spec-
tra of Nd2Cu04. The multielectron excitation picture is
compatible with this finding.

To look into the possibility of a dipole-forbidden 2p -Sp
transition, we have compared the Nd L, and L3 spectra
of Nd2Cu04 on a common energy scale by lining up the
EXAFS oscillations as suggested by Lytle and Greegor. '

We found that feature A appears at -5 eV above the L1
main peak which is due to transitions from the 2s to the
p-like final states. This finding argues against a 2p-5p
transition as the origin of feature A, since such a transi-
tion is expected to peak at the L1 main peak.

Based on above considerations, we believe that feature
3 is likely to arise from multiple scattering by the oxygen
near neighbors or from a multielectron excitation event.

B. KXAFS data

The EXAFS spectrum is determined by the type and
number of near neighbors and their distances to the ab-
sorber. By analyzing the EXAFS data measured at the
La and rare-earth absorption edges, the local environ-
ment around La and R ions can be determined. Such an
analysis also led us to the conclusion that La and rare
earths are ordered in T*-phase Lap 9Rp 9Srp 2Cu04. The

0

M site is coordinated with nine oxygens, one at -2.3 A,
four at -2.6 A, and four at -2.7 A. On the other hand,
the M' site is coordinated with eight oxygens, four at
-2.3 A and four at -2.6 A. Such coordinations for the
M and M' sites are suKciently difFerent to allow an in-
dependent determination of the site location of the rare-
earth ions by studying the oxygen neighbor contribution
to the EXAFS function.

Figure 5 displays the Fourier transforms of the Sm,
Gd, Tb, and Dy L3 EXAFS function in T*-phase
Lap 9R p 9Srp 2Cu04. The overall spectral features of
these samples are similar except that the Tb spectrum is
somewhat difFerent from others. To quantify the oxygen
coordination configuration, we have analyzed the oxygen
contributions by nonlinear least-square fitting. Standards
for the EXAFS amplitude and phase-shift values were ex-
tracted from LaSmSrCu206 and LaGdSrCu206 for Sm-0
and Gd-0 pairs, respectively. LaSmSrCu206 and
LaGdSrCu206 have La2SrCu206-type tetragonal struc-
ture. ' Sm and Gd occupy the site between the double
Cu02 layers and have eight oxygen neighbors at a
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TABLE I. Parameters for R-0 bonds in T*-phase
Lao 9R o 9 Sro &Cu04 and R 2 Cu04 obtained from fitting the rare-
earth L3 EXAFS spectra. The EXAFS phase and amplitude
parameters were extracted from LaSmSrCuz06 and
LaGdSrCu206, and the Sm-0 and Gd-0 distances were assumed

0
to be 2.47 and 2.45 A, respectively. The mean-squared variation
of bond lengths b,o. is relative to that in the corresponding
reference compound. Numbers in parentheses are uncertainty
in the last digit(s).
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2.63(13)
2.33(2)

0.034(26)
—0.005(1)

FIG. 5. Fourier-transform magnitudes of rare-earth L3 EX-
AFS data for Lao 9R o 9S10 2Cu04 {R=Sm, Gd, Tb, and Dy). Lao 9Gdo 9Sro 2Cu04 Gd-0( 1)

Gd-0(3)
2.49(5)
2.31(2)

0.018(16)
—0.003( 1)

Lao 9Tbo 9Sro &Cu04 Tb-0{1)
Tb-0(3)

2.47(7)
2.32(2)

0.021(29)
0.001(4)

single distance. The Sm EXAFS data for
both Lap 9Smp 9Srp zCu04 and Sm2Cu04 were fitted
using the Srn-0 reference. The Gd data for
Lap 9Gdp 9Srp 2Cu04 and Gd2Cu04 and Tb data for
Lap 9Tbp 9SI'p 2Cu04 were fitted using the Gd-0 reference.
The initial fitting assumed that the rare-earth ions are
taking the M' position with the coordination number
fixed. This led to a well-defined distance for the four
nearest oxygen neighbors Q(3). The distance for the oth-
er four oxygen atoms O(l) is less well defined and is sensi-
tive to the energy shift. By adjusting the energy shift,
good agreement is obtained between the data and fit.
Once the energy shift and distances are fixed, the coordi-
nation numbers (N) were also varied, and the resulting
value remained close to 4.0 for both O(3) and O(l) in the
Sm samples, but a deviation from 4.0 for O(1) occurred
for the Gd and Tb samples. This deviation is probably
due to the correlation between N and the pair disorder
parameter (her ). Considering the behavior of N for
Q(3), N values were fixed to 4.0 for both Q(l) and O(3)
atoms in the final fitting. The Sm-0 and Gd-0 distances
in LaSmSrCu206, and LaGdSrCuz06, respectively, are not
known to high precision. However, their values are close
to 2.50 A, judging from the Nd-0 distance of 2.511 A in
LaNdSrCuz06. ' The Sm-0 and Gd-0 distances were
adjusted to give a M'-0 distance that matches the
values determined by neutron diffraction on
Lap 9Smp 9Srp 2Cu04 and Lap 9Gdp 9Srp zCu04.

Structural parameters obtained from the fitting are list-
ed in Table I. The R -O(3) distance, coordination num-
ber, and disorder parameter appear to be well defined in
the fitting. We estimate the relative uncertainty in N for
O(3) to be —10%. This gives the uncertainty of the site
determination based on the EXAFS fitting, since
N(O(3)) is affected by the same percentage of any site
disorder between M' and M sites. Within an uncertainty
of 10', our EXAFS analysis results indicate that Srn,

Gd, and Tb occupy only the M' site in the corresponding
LaQ9RQ9SrQ2Cu04 samples. By fixing the R-O(3) dis-
tance to that determined by neutron diffraction, the R-
O(1) distance obtained in our fit also agreed with the neu-
tron data, which attests to the validity of the fitting. As
shown in Table I, the pair disorder parameters Ao. for
the Sm-O(3) and Sm-O(1) pairs are similar in SmQ 9, while
in GdQ 9 and TbQ 9 samples, the R-O(l) pair is more disor-
dered than R-O(3). Similarly, the pairs with the longer
bond length [R -Q(1)] in G12Cu04 are more disordered.

Knowing that the rare-earth ions enter only the M'
site, La can occupy the M site and the remaining M' site
in T*-phase Lap 9Rp 9Srp 2Cu04. The Fourier transform
of La EXAFS spectra is shown in Fig. 6 for R =Sm, Gd,
Tb, and Dy. The spectrum for R =Eu is identical to
those of Sm and Gd samples and is omitted for clarity.
The oxygen peaks (1.0—3.0 A) are nearly identical for
R =Srn, Gd, and Dy, indicating a nearly identical La lo-
cal environment in these samples. The Tbp9 sample
shows a small but clear difference from others in the oxy-
gen peak, suggestive of distortion in the oxygen neigh-
bors. The M' site is off center in the oxygen cage. Tb +
ions may prefer a more centered position and cause dis-
tortion in the nearby oxygen positions. Trivalent ions
with a small Tb"+ character are less likely to cause
significant distortion. In this sense the distortion suggest-
ed by the Tb, La, and Sr (Fig. 7) EXAFS data favors the
existence of Tb + ions in the Tb T* compound, as was
referred to in the discussion of the Tb XANES data.

Figure 7 presents the Sr X-edge EXAFS data for Sm,
Eu, Gd, and Tb T* materials. The spectra of Sm, Eu,
and Tb samples are compared with that of the Gd sample
(dashed line). The spectra, including detailed features,
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ized to the edge jump. Figure 8(a) shows the Cu XANES
spectra for as-prepared and 160-bar oxygen-treated T*-
phase Lao 9Smo 9Sro zCu04 and Lao 9Tbo 9Sro zCu04. The
oxygenated Sm sample is superconducting, but the as-
prepared one is not. Neither the as-prepared nor oxy-
genated Tb sample is superconducting. We note that the
oxygen-treated samples were stored in liquid nitrogen to
prevent oxygen diffusion. The main absorption edge lines
up with those of CuO and SmzCu04 [see also Fig. 8(b)],
consistent with divalent copper in the T* compounds.
The spectra for as-prepared and oxygenated samples are
essentially identical, and the difference between the Sm
and Tb samples is also minimal. These results demon-
strate that the occurrence of superconductivity in the T
material is not accompanied by any appreciable change of
the copper electronic states observable in the Cu X-edge
spectra.

Although p-type cuprate superconductors are frequent-
ly described to have a copper valence greater than 2, the
Cu ground state has little 3d character because of large
on-site d -d Coulomb repulsion. The doping is largely as-
sociated with 0 2p states, and the Cu states are affected
to a lesser extent. In the present case of T*-phase com-
pounds, we observe essentially no difference in the Cu K-
edge spectra between the superconducting and nonsuper-
conducting samples. We anticipate hole doping to take
place on the oxygen states.

Figure 8(b) compares the Cu XANES data among
Lao 9Smo 9Sro zCu04, La& 4Smo 4Sro zCu04, and SmzCu04,
which are of T*, T, and T' structures, respectively. All
three show a main edge at about the same energy. Of in-
terest here are features P and Q. Both P and Q arise from
2s-4p transitions for copper in a 3d ground state; but
for P the transition is accompanied by a ligand-to-metal
charge transfer. P is strongest in SmzCu04 in which
Cu is coordinated with only four in-plane oxygens. The
intensity of P is drastically reduced by the addition of an
apical oxygen in T*-phase Lao 9Smo 9Sro zCu04 and is
further reduced in T-phase La& 4Smo 4Sro zCu04 in which
two apical oxygens are present. In correspondence to the
reduction in P, the intensity of Q increases. This shows
that the apical oxygen very effectively inhibits the
ligand-to-copper charge transfer. In other words, even
with an attractive potential created by the core hole, the
ability for Cu to accept an electron is much reduced by
the apical oxygen. This is probably why the T and T'
structures cannot be doped with electrons.

V. DISCUSSION

A. Superconductivity and rare-earth concentration

By studying the La and rare-earth L3 XANES and
EXAFS data, we have shown that the La and R ions
enter the M and M' sites, respectively, in an ordered way
in T -phase Lao 9RO 9Sro zCu04 for R =Sm through Dy.
The degree of the observed cation ordering is near1y per-
fect and is similar for Sm, Eu, Gd, Tb, and Dy members
of the family. Our results are in agreement with x-ray
and neutron-diffraction studies in similar Cid and Srn T*
materials. ' A number of properties of T*-phase com-
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FIG. 9. Superconducting transition temperature T, (the on-
set of diamagnetism) as a function of rare-earth concentration in
T*-phase La, 8 „R Sr02Cu04 (from Ref. 6) and in T-phase
La& 85 „Gd„Sro»Cu04 (Ref. 31) and La& 8 „R„Sr02CuO4
(R =Pr, Nd, Sm, Eu, and Gd) (Ref. 30).

pounds can be better understood based on the cation or-
dering; for example, the narrow range of phase homo-
geneity of the T* phase is likely due to the tendency of
cation site ordering and competition between the T and
T' structures. ' '

Here we consider the relationship between the cation
ordering and superconducting properties of the T* ma-
terials. In Fig. 9 we have plotted the T, data of Fisk
et al. as a function of the rare-earth concentration x for
150-bar oxygenated T*-phase La& 8 R„Sro zCu04. Also
plotted are the T, data for rare-earth substituted T-phase
Laz „Sr Cu04. ' ' The T, values all refer to the onset
of diamagnetism. For T compounds, superconductivity
occurs in a narrow region centered near x=0.9—1.0.
This region for the Sm T sample is relatively broad, but
the Meissner data peak in a narrower region near
x =0.9. The phase boundaries between the T, T*, and
T' phases are only schematic; the details depend on the
rare-earth combination and, to a lesser extent, on the
preparation conditions. In T-phase Laz „Sr„Cu04,
rare-earth substitution reduces T, substantially without
affecting the overall structural symmetry. The degree of
T, suppression clearly correlates with the ionic radius;
namely, the smaller ions are more effective in suppressing
T, . ' The mechanism responsible for the T, suppres-
sion has been under considerable discussion. Based
on a fairly convincing argument, magnetic exchange in-
teractions and volume effects have been ruled out as the
principal mechanisms. There appear to be two remaining
possibilities, local structural disorder and oxygen Uacan
cies Becau.se of the size mismatch between the (La Sr)
and rare-earth ions, local strain may be produced upon
substitution. In addition, the oxygen coordination
configuration in the T structure is quite uncommon for
rare-earth ions other than La. The T' structure of
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R2Cu04 for R =Pr, Nd, . . . , Gd and the M' site prefer-
ence for rare earths in the T* structure suggests that the
rare-earth ions prefer a T'-type oxygen configuration. It
is likely that rare earths substituting in La& 8Srp2Cu04
cause distortions in the local oxygen environment, which
can affect the Cu02 plane. Local structural disorder as
used in this paper hereafter includes both strain due to
size mismatch and possible distortion in the oxygen
configuration. Since T, generally depends on the hole
concentration, T, may be reduced if the rare-earth substi-
tution creates oxygen vacancies that reduce the hole con-
centration.

The sensitiveness of T, suppression to the size of the
rare-earth ions strongly suggests that the local structural
disorder is the main factor that reduces T, . Clearly, this
mechanism is also operational in the T*-phase materials.
In T*-phase La2 ~R„Sr Cu04, the La (Sr) and R ions
tend to enter in an orderly fashion the M and M' sites, re-
spectively. Thus structural disorder caused by a random
distribution of La (Sr) and R ions is eliminated at x = 1.0
in the case of a perfect ordering. Correspondingly, as
shown in Fig. 9, T, is maximum near x = 1.0. In fact, the
highest-T, value (37 K) achieved in the 3-kbar oxygen-
annealed Sm T* sample is close to that of
LaI 8&Srp &5Cu04. Once the rare-earth concentration de-
viates from this optimum value, a mixture of La (Sr) and
R ions starts to occupy one of the M and M' sites. Such a
mixture at one site resembles the rare-earth substitution
in La2 ~Sr~Cu04 and suppresses T, . Again, T, suppres-
sion depends on the size of the rare-earth ions; i.e., the
smallest Gd ion suppresses T, more effectively than the
Eu and Sm ions (Fig. 9). The decrease of T, for x ~ 1.0
in Fig. 9 shows a mixture of La and rare earths at the M'
site suppresses T, as effectively as at the M site. T, in
Nd, 8~Cep, ~Cu04 is suppressed by La substitution, ' '

but is hardly affected by Sm substitution. " In this case
there is a size mismatch for both Nd-La and Nd-Sm corn-
binations as evidenced by the change in lattice parame-
ters upon substitution. However, there is a disparity in
the local-oxygen-environment preference for Nd and La,
but not for Nd and Sm. Thus the disparity in the local-
oxygen- environment preference also plays an important
role in the suppression of T, .

Since T*-phase superconductors are high-pressure ox-
ygenated, the decrease of T, for a rare-earth concentra-
tion deviating from the optimum value is not likely to be
due to more oxygen vacancies in such samples. Thus the
local structural disorder caused by mismatch of ionic ra-
dii and the disparity in the local-environment preference
appears to be the most plausible mechanism for the
suppression of T, in the rare-earth-substituted systems.

8. Lack of superconductivity

In this section we discuss possible reasons why the Tb
and Dy T* compounds are not superconducting. The
necessity of high-pressure oxygen annealing to produce
superconductivity in the Sm, Eu, and Gd T* phases sug-

gests the existence of oxygen vacancies in samples
prepared under ambient pressure. A neutron-diffraction
study indicated an oxygen content of 3.87 for as-prepared
Lap 9Smp9Srp2Cu04 which increases to essentially 4.0
after oxygenation at 3 kbar. The oxygen vacancies were
found to be at the facial site O(3) in the T'-like layer.
The Eu and Gd compounds are expected to behave simi-
larly. From our thermogravimetric analysis (TGA), the
oxygen content of our as-prepared Lap 9TbQ 9Srp 2Cu04
and Lap 9Dyp 9Srp 2Cu04 samples was found to be
3.99+0.02 and 3.91+0.02, respectively. The oxygen
content in the Tb T sample remains essentially un-
changed after 160-bar oxygen annealing. Refinement of
neutron-diffraction data on an as-prepared
La] QTbp 8Srp 2Cu04 sample revealed an oxygen content
of 3.94+0.03. These data suggest that the amount of
oxygen deficiency in the Tb T* compound is less than
that in the Sm and Dy analogs. The lack of superconduc-
tivity in Tb T*-phase samples may be attributed to the
presence of a significant amount of Tb + which reduces
the hole concentration. The presence of Tb + is probably
also responsible for the higher oxygen content than in
other members of the T* compounds, presumably by
preventing the formation of oxygen vacancies at the O(3)
site.

As our TGA data indicated, the oxygen content of the
LaQ 9Dyp 9Srp 2Cu04 sample became 3.92+0.02 after the
160-bar oxygenation as compared to 3.91+0.02 before
the treatment. It appears that the high-pressure oxygena-
tion does not fill in the oxygen vacancies and thus does
not raise the hole concentration as in the Sm, Eu, and Gd
analogs. Additionally, even if the hole concentration is
appropriate, the observation of superconductivity would
depend critically on the cation concentration. This can
be visualized in Fig. 9, in which the superconducting re-
gion becomes progressively narrower as the rare earth
gets smaller in T*-phase La& s R„Sro zCuOz (R =Sm,
Eu, and Gd). Because of the large difference between the
sizes of Dy and La (Sr) ions, any sizable random distribu-
tion of these ions at one type of site may prevent the ma-
terial from being superconducting according to the mech-
anism of T, suppression by increased local structural dis-
order discussed in the previous section.
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