PHYSICAL REVIEW B 75, 174504 (2007)

Local lattice structure in Mn-doped La,_, Sr,CuQ, studied by Cu and Mn K-edge XAFS
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The local lattice structures in Mn-doped La,_,Sr,CuO, are investigated by Cu K-edge and Mn K-edge
x-ray-absorption near-edge structure and extended x-ray-absorption fine structure from 10 to 300 K. The re-
sults confirm that the doped Mn ions are located at the Cu site of La,_, Sr,CuO, phase and the impurity phases,
such as La;_,Sr,MnOs, are not presented in the samples. It is found that the local lattice structures of Cu are
not affected by Mn impurities and the local lattice environments of Mn are similar to those of Cu. We consider
that the Mn impurities only break the Cu-O p-d hybridization locally, while the local lattice environments and
the superconductivity in the regions away from the impurities remain untouched. This result implicates that
local lattice inhomogeneity plays an important role in the mechanism of high-temperature superconductivity.
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I. INTRODUCTION

Transition-metal oxides with layered perovskite-type
structure have attracted considerable attention due to their
exotic structural, electronic, and magnetic properties. These
properties are derived from many competing ground states of
the complex phase diagram, strong coupling across different
energy scales, and the presence of an inhomogeneous
texture.'™ One consequence of this complexity is that enor-
mous physical property changes can be induced by small
chemical and physical perturbations. In high-temperature su-
perconductor, the study of the effects of impurity doping on
the electronic and magnetic structures is one of the most
useful ways in exploring the mechanism of high-temperature
superconductivity.®= It has been found that in cuprate super-
conductors, small amount of impurity doping at the Cu site
leads to severe depression of superconductivity, i.e., only a
few percent of impurity (such as Fe, Co, Ni, Zn, Ga, and Al)
doping at Cu site results in the complete suppression of
superconductivity.>!%13 In a naive view, it is believed that
the depression of superconductivity in doped cuprates ac-
cords with the traditional magnetic pair breaking effect, just
like that in type-I superconductors.!®!"'* However, recently,
more and more experimental results indicate that the 7. de-
viation in Li-, Al-, Zn-, and Ni-doped La,_ Sr,CuO, and
YBa,Cu30,_s is far more complicated; most of these results
reveal the importance of local lattice effects on the supercon-
ductivity. For example, Ishida et al. reported from Al and Cu
NMR measurements in Al-doped La, 3551 ;5CuO, that the Al
impurity induces local moments at neighboring Cu sites,
whereas the magnetic property at Cu sites away from an Al
impurity is nearly the same as in pure La,_,Sr,CuQ,, indi-
cating that the disturbance by doping Al takes place locally."
In a neutron-scattering study, Kimura et al. calculated that
charge carriers in an area m&,, (w&,~ 18 A) around Zn
impurities in La; g5Sr( 15Cu;_,Zn, O, are excluded from the
superconductivity.'® These results support a picture that the
superconductivity is locally destroyed by the impurities, but
it still survives in the regions away from the impurities,
which might give a possible explanation for the microscopic
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coexistence of the superconductivity and the antiferromag-
netism, as an inhomogeneous mixture of these two ground
states.

Recently, we found a more surprising 7. suppression be-
havior in studying the effects of Mn doping in La,_ Sr,CuOy,
superconductor. With a few percent of Mn substitution for
Cu (less than 6%), we found that the onset critical transition
temperature (72"°*) remains unchanged at about 37 K, while
the superconductivity disappears at high Mn doping
content.!”~1° This result leads to a more complicated situation
in the suppression of superconductivity induced by impurity
doping, which should contribute to the understanding of the
mechanism of high-temperature superconductivity. However,
the unchanged T2 is so strange that we must first make
sure that the Mn ions are really located at the Cu site in the
Cu(Mn)Og octahedra of K,NiF,-type structure. Furthermore,
it is of great importance to investigate the local structural
effects induced by Mn impurity and its interplay with the
superconductivity.

X-ray-absorption near-edge structure (XANES) and ex-
tended x-ray-absorption fine structure (EXAFS) are increas-
ingly used in order to determine the local atomic environ-
ment around a particular atomic species of sample. As a
powerful local structure probe technique, x-ray-absorption
spectroscopy (XAS) has been widely exploited to study the
cuprate superconductors in order to determine the distribu-
tion of local lattice distortions in the electronically active
Cu-O networks.?>6 In recent years, it was found that the
local structure distortion and local charge inhomogeneity
play an important role in high-temperature superconductiv-
ity. Based on the above facts, in this paper, we report a de-
tailed analysis of the local lattice structures in Mn-doped
La,_,Sr,CuO, by both Cu K-edge and Mn K-edge XANES
and EXAFS studies.

II. EXPERIMENT

It is well known that the Mn ions tend to exist at +3 or +4
valence states in perovskite oxides (such as K,NiF,-type
manganite La,_,Sr;,, MnO, and ABO5-type La;_,Sr,MnO3).
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Since the nominal valence state of Cu ions in La,_,Sr,CuO,
is believed to be only slightly higher than +2, the substitution
of Cu by high-valent Mn would lead to rapid decrease of
nominal hole concentration, which consequently leads to the
valence mismatch in this system. As the result, it is difficult
to obtain pure phase La;gs5Sry5Cu;_Mn, O, samples at
higher Mn doping level. In fact, we find impurity phases in
La, 5S1; 5Cu,_,Mn, O, at x>0.1."8 However, since the va-
lence state of Sr (+2) is lower than that of La**, one can
expect that simultaneous change of the Sr and Mn concen-
trations can partially compensate the valence mismatch in-
duced by Mn doping. Using this technique, we have success-
fully synthesized high-quality single phase
La, g5_,S1¢ 154yCu;_Mn, O, samples at high Mn doping level.
In this Study, Lal.875_1.5xsr0.|25+].chul_anxoél (O$x$02)
polycrystalline samples are synthesized by means of a con-
ventional solid-state reaction method and the detailed proce-
dure has been described elsewhere.!’!° The Sr concentration
in the parent compound La; g75S1( 1,5CuQy, is slightly lower
than the optimal concentration of x=0.15. The reason for
choosing the Sr concentration of 0.125+1.5x is based on two
facts: One is that the increasing of Sr concentration, with
increasing Mn doping will nominally compensate the va-
lence mismatch induced by Mn doping and avoid the rapid
decrease of charge carrier concentration, and the other is that
one can check the 7, value at different Mn and Sr contents.
The weighted powder was mixed and preheated at
1150 to 1180 °C for several times. Then, the powder is
pressed into pellets and sintered at the same temperature for
24 h. It should be mentioned that low-temperature preheat
tends to form impurity phase which should be avoided.
X-ray-diffraction analysis indicates that all samples are
formed in a single phase within resolution limits. Resistivity
as a function of temperature was measured using a standard
four-probe method in a closed-cycle helium cryostat. All
XAS measurements were performed in a fluorescence detec-
tion mode at BL13B, Photo Factory. A novel Ge pixel array
detector (PAD) with 100 segments was used in order to gain
high throughput and energy resolution, and as a result, high
signal-to-noise Mn K-edge x-ray-absorption spectroscopies
for dilute Mn-doped samples are achieved. The detailed de-
scription of PAD apparatus was reported elsewhere.?’
Samples are mounted on an aluminum holder and attached to
a closed-cycle helium refrigerator. The holder rotates on a
high-precision goniometer (Huber 420) to change the inci-
dence angle. The incidence angle is 15° with respect to the
sample surface for Cu K-edge XAS experiments and 12° for
Mn K-edge XAS experiments. These specific angles are cho-
sen in order to decrease the self-absorption effect in fluores-
cence signal and avoid the diffraction.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of resistivity
for Laj g75_1 5,570 12541 5:Cu;_ Mn, O, (0<x=<0.2) samples.
From Fig. 1, one can see that the resistivity of Mn-free
sample with x=0 decreases with decreasing temperature. It
exhibits superconducting transition at about 28.5 K, and zero
resistivity is found at about 22.8 K. The broad transition
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FIG. 1. Temperature dependence of resistivity for

L31A875_]A5XSI'0_125+]A5xCl1]_anXO4 (0 $X$02) samples. The inset
shows the enlarged view near the transition temperature.

width AT, (~6 K) may come from the grain-boundary ef-
fects in bulk polycrystalline sample. The resistivity normally
increases with increasing Mn doping. The increase of resis-
tivity should be related to the perturbation of hybridization of
Cu 3d orbitals and O 2p orbitals induced by Mn impurities.
However, as one can see from the inset of Fig. 1, the resis-
tivity shows a subtle drop at about 37 K in x=0.02, 0.04, and
0.06 samples, which is related to the superconducting transi-
tion. The decrease of resistivity becomes weaker as the Mn
doping content is increased, which indicates that the super-
conducting volume decreases with increasing Mn doping.
Similar behavior of Mn doping effects in La; g5Sr, ;5CuOy
superconductor has been reported in our previous
studies.!”!"” The drop of resistivity at about 37 K indicates
that the superconducting transition occurs at higher tempera-
ture in Mn-doped samples than that in x=0 sample, even
though the superconducting transition lasts in a wider tem-
perature range. We consider that the simultaneous change of
Sr and Mn dopings leads to the change of the resistivity
behavior. The Mn doping introduces impurities into the
CuO, plane, which results in the increase of resistivity. How-
ever, the increasing of Sr content results in the increase of
onset superconducting transition temperature. This drop of
resistivity is consistent with our previous reports that the
T2 value keeps at about 37 K with a few percent of Mn
doping in La, g5Srj ;5CuO,. The anomalous behavior in Mn-
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FIG. 2. Normalized Cu K-edge XANES spectra at room tem-
perature for Laj g75_1 5,510 12541.5.Cu;_Mn,O4 for x=0, 0.08, and
0.15 samples. The inset shows the normalized Cu K-edge XANES
spectra for x=0.15 at several representative temperatures.

doped La,_,Sr,CuO, superconductor obviously contradicts
with previous reports where the T, value decreases rapidly
with a few percent of impurities doping at Cu site.>10-13
The anomalous behavior in Mn-doped samples is quite
interesting as it should certainly be related to the principle
mechanism of high-temperature superconductivity. However,
it is well known that another type of perovskite manganite
oxide, La;_,Sr,MnOs, can be formed under similar synthe-
sizing environments, i.e., higher than 1000 °C in air. Thus, it
is crucial to investigate whether the doped Mn ions are
formed in K,NiF,-type structure and whether the Mn ions
are located at the Cu site or not. Furthermore, it is of great
importance to investigate the effects of Mn doping on the
local lattice structure of the La,_ Sr,CuQO, superconductors.
In order to solve these uncertainties, we performed
systematical studies of Cu K-edge XAFS and Mn K-edge
XAFS of La; g75_1 5,510 1254+1.5:Cu;_Mn,O, from room tem-
perature to low temperature. Figure 2 shows normalized Cu
K-edge XANES spectra at room temperature for
La; g75_15,5r0 12541.5:Cu;_ Mn,O4. The spectra display the
usual characteristic features observed in Cu K-edge XANES
spectra of cuprates. As the samples are polycrystalline, the
absorption feature contains the information of both in-plane
and out-of-plane structures. In Fig. 2, the energy positions of
characteristic features (A, A,, By, and B,) observed within
30 eV above the weak 1s-3d transition peak are indicated.
The A, and A, features are due to the 1s-4p”(w) transition,
while B, and B, are assigned to the 1s-4p” (o) transition. The
absorption feature of Mn-doped samples are similar to that of
Mn-free sample, which means that the doping of Mn does
not lead to any structural changes or any valence variation of
Cu. In the inset of Fig. 2, we show the temperature depen-
dence of normalized Cu K-edge XANES for x=0.15 sample.
The energy shift with decreasing temperature is very small
(less than 0.1 eV), which indicates that no structural phase
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FIG. 3. Cu K-edge EXAFS signal multiplied by k> measured on
Laj g75_1 5:570.125+1.5:Cu1_Mn, O, samples at 300 K (solid line) and
30 K (dashed line) for (a) x=0 and (b) x=0.15.

transitions or valence evolutions occur with decreasing tem-
perature.

Figure 3 gives representative examples of the Cu
K-edge EXAFS oscillations (weighted by k) extracted
from the measured absorption on the
La; g75_1 5:510.1254+1.5.Cu_Mn, O, samples at 300 and 30 K
for (a) x=0 and (b) x=0.15, respectively. The absorption
threshold (k=0) is set to 8980.3 eV, Ej of Cu metal. One can
find that the magnitude of the oscillations increases at higher
k region as temperature is decreased, in accordance with dy-
namic lattice disorder (uncorrelated phonons). This indicates
that the oxygen displacement suffers from a lattice disorder
effect in both Mn-free sample and Mn-doped samples. Fig-
ures 4(a) and 4(b) show the Fourier transforms |FT(k*x(k))|
of the EXAFS oscillations (weighted by k) of the x=0 and
x=0.15 samples at several representative temperatures. The
k-dependent profile of total oscillation reflects the weighted
sum of scattering amplitude functions of La(Sr), Cu(Mn),
and O. The first peak in the Fourier transform (FT) corre-
sponds to the in-plane Cu-O atoms, while the doublet peak
structure at around 3—4 A corresponds to the Cu-La(Sr) and
Cu-O-Cu multiple-scattering signals. The small peaks lo-
cated at the 2-3 A range come from the contribution of
Cu-O (apical) bonds and local CuOg4 octahedral distortions.
The peaks of Cu-O, Cu-La(Sr), and Cu-O-Cu scattering sig-
nals show strong temperature dependence, i.e., the FT ampli-
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FIG. 4. [(a) and (b)] Fourier transforms of the EXAFS oscilla-
tions (weighted by k%) of the x=0 and x=0.15 samples at several
representative temperatures. (c) The temperature dependence of
Cu-O (planer) Debye-Waller factor for x=0, 0.04, and 0.15
samples.

tudes increase with decreasing temperature. It is noticeable
that both the feature and the temperature-dependent ampli-
tude of the Fourier transforms are similar for the x=0 and
x=0.15 samples. The EXAFS signals of the Cu-O bonds are
well separated from the longer bond contributions and have
been extracted by the standard Fourier filtering method. The
filtered EXAFS signals represent single backscattering of the
photoelectron emitted at the Cu site by its nearest-neighbor
oxygens and therefore probe the correlation function be-
tween Cu and oxygen pairs. Multiple-scattering signals,
which make the data analysis more complex, are excluded in
this analysis because such signals have a longer effective
photoelectron path length. Individual EXAFS data (k
<18 A™') for the nearest-neighbor Cu-O, correlations are
filtered and curve fitted in k space using a single-scattering
formula with theoretical phase-shift functions calculated by
FEFF6. Structural parameters such as the in-plane Cu-O,, dis-
tance Rc,.o and mean-square relative displacement of oxy-
gens oc, o relative to copper ions are determined. This ap-
proach is adopted to make a direct comparison of the local
lattice distortions of the Mn-doped samples with the Mn-free
sample, where the correlated Debye-Waller factor (DWF) of
the Cu-O pairs is the suitable order parameter of local CuO,
displacements. Within experimental uncertainties, the R, o
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FIG. 5. Upper panel: normalized Mn K-edge XANES spectra
for Laj g75_1 5:570.125+1.5:C01_Mn, O, polycrystalline samples with
0.06<x=<0.2 and Lagj;Sr; sMnO, single-crystal sample. For the
single-crystal sample, the incidence beam is arranged so that the
electric-field vector E of the synchrotron radiation is parallel to the
ab plane. The inset shows the enlarged view of the absorption edge
region. Lower left panel: an expanded view of the pre-edge of Mn
K-edge spectra. The dashed lines are the background approxima-
tions to guide the eyes. The background-subtracted pre-edge fea-
tures vs energy are given in the lower right panel.

value is found to be temperature independent and similar to
that determined by diffraction study (Rc,.o~ 1.885 A). The
temperature dependence of correlated DWF of Cu-O pairs is
shown in Fig. 4(c) for x=0.15, x=0.04, and x=0 samples. At
high temperature, the Debye-Waller factor decreases with de-
creasing temperature, which is due to the weakening of ther-
mally fluctuation-induced oxygen displacement. A noticeable
feature is that the temperature-dependent DWF displays an
upturn at temperature below 80 K. This upturn is a common
feature in the temperature dependence of DWF of cuprate
superconductors.

Figure 5 gives the normalized Mn K-edge XANES spectra
for La; g75_1 5057 12541 5.Cu1_,Mn, O, samples with 0.06=<x
=<0.2. In order to compare the local environments of Mn
ions, we also plot the normalized in-plane Mn K-edge
XANES spectrum for LajsSr; sMnO, single crystal in the
same figure. The LagsSr; sMnO, sample is the same as the
one used previously.?® The arrangement of the incidence
beam used to measure the x-ray-absorption spectroscopy of
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single crystal with the electric-field vector E is parallel to the
ab plane (Ellab). It is found that the XANES spectra of
La;_Sr;,,MnO, exhibit anisotropic feature, i.e., the spectra
show difference between in-plane and out-of-plane compo-
nents regarding their spectral shape or the absorption edge
positions. The powder spectra (nonpolarized) recorded in
fluorescence mode is found to be well reproduced by the
weighted sum (2/3:1/3) of the polarized in-plane and out-
of-plane spectra.”® For the La, sSr; sMnO, single crystal, the
energy difference in the position of the absorption edge be-
tween both polarizations is very small and the absorption
edge of a powder LajsSr; sMnQ, is identical to the absorp-
tion edge of the polarized in-plane spectra. From Fig. 5, we
notice that the absorption thresholds of
La; g75_15,5r0.1254+1.5.Cu;_ Mn, O, samples are higher in en-
ergy compared to that of LajsSr; sMnO,. This results may
give an evidence that the nominal valence state of Mn in
Lay g75_1 5,570 125+1.5,:Cu;_Mn, O, samples is slightly higher
than 3.5, taking into account that the nominal valence state
of Mn in Laj5Sr; sMnO, is +3.5. However, the quantitative
determination of the valence state of Mn is not allowed from
XANES spectra. The low intensity pre-edge region, which
roughly extends from 6535 to 6550 eV, shows a double-
peak feature (labeled as A and B) in both Lag 5Sr; sMnO, and
La; g75_1 5,510 1254+1.5:Cu1_ Mn, O, samples. In the lower left
panel of Fig. 5, an expanded view of the pre-edge of Mn
K-edge spectra is given. The dashed lines are the background
approximations to guide the eyes. In order to have a closer
view on the double-peak feature, the background-subtracted
pre-edge features vs energy for these samples are given in
the lower right panel. It is noticeable that the double-peak
feature has similar magnitude in the nonpolarized
La; g75_15,510 1254+1.5:Cuy_ Mn, O, powder samples. However,
feature A is much stronger in the ab-plane spectra of
Lay5Sr; sMnO, in which feature B is much weaker. This
gives an implication that feature A is more related to the ab
plane and feature B is more likely related to out-of-plane
spectra.’® It can be noticed that the prepeak feature is
smeared in La; g75_1 5,51 1254+15:Cu1_ Mn, O, samples com-
pared to that in Laj sSr; sMnO,, which is consistent with the
fact that the Mn ions are dilutedly distributed in the
Cu(Mn)O, plane in  Lajg75_1 5570 125+1.5:Cuy,Mn, Oy
samples.

Figure 6(a) gives the corrected Mn K-edge EXAFS oscil-
lation for Laj g75_1 5,510 125+15,.Cu;_Mn, O, with x=0.15 at
300 and 10 K. The absorption threshold (k=0) is set to
6539.1 eV, the first inflection point of the pure Mn foil. The
Mn K-edge EXAFS oscillation spectra are similar to that of
Cu K-edge EXAFS oscillation spectra of La,_,Sr,CuQ,, but
different from the Mn K-edge EXAFS oscillation spectra of
La;_,Sr,MnO;.3"3 This result further confirms that Mn ions
are doped at the Cu site in La,_,Sr,CuQO, phase and it does
not form La;_ Sr,MnOj; phase in these samples. In order to
rule out the possibility of Mn impurities taking the La site,
we make a comparison of a simulated Mn K-edge EXAFS
oscillation of the Mn-O pair assuming that Mn ions are tak-
ing the La site with the experimental EXAFS oscillation of
the first shell, as shown in Fig. 6(b). It can be seen that the
deviation between experimental data and the simulation is
large, which confirms that Mn ions are not taking the La site.
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FIG. 6. (a) The Mn K-edge EXAFS oscillation for
Laj g75_1 5:570.125+1.5:Cu1_Mn, O, with x=0.15 at 300 K (solid line)
and 10 K (dotted line); (b) comparison of the simulated Mn K-edge
EXAFS oscillation assuming that Mn takes La site (dashed line)
with the experimental oscillation of the first shell (solid line); and
(c) and (d) are experimental isolated Mn-O contributions to the Mn
K-edge EXAFS oscillation at 300 and 10 K, respectively (solid
lines). Theoretical fitting based on a Gaussian RDF of Mn-O bonds
are shown as dashed lines. (e) and (f) are Fourier transform magni-
tude curves for the nearest-neighbor Mn-O,, correlation at 300 and
10 K, respectively. Experimental curves are indicated by solid lines,
and dashed lines indicate Fourier transform results for theoretical
EXAFS curves based on a single-scattering formula and theoretical
phase-shift functions. (g) Fourier transform magnitude curves for
the nearest-neighbor Mn-O,, correlation at 10 K using two-site
model (dashed line) and comparison with experimental curves
(solid line).

We conclude that the Mn ions are formed in a
La,_,Sr,CuO,-type phase and they take Cu site. The magni-
tude of the oscillations increases at higher & region as tem-
perature is decreased, which indicates that the dynamic lat-
tice disorder (or oxygen displacement) around Mn atoms is
significant at low temperature, similar to the Cu K-edge os-
cillation in La,_,Sr,CuQO,. To proceed with the characteriza-
tion of the Mn-O bond distribution, the nearest-neighbor
Mn-O,, is fitted using a single-Gaussian Mn-O radial distri-
bution function (RDF). The phase shifts are calculated using
FEFF6 codes and the lattice parameters of a LajsSr; sMnOy
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single crystal are used with Mn ions located at the center of
the unit cell. The fitting results for x=0.15 sample based on a
single-Gaussian RDF of Mn-O bonds are shown in Figs. 6(c)
and 6(e) for the EXAFS oscillation at 300 K and Fig. 6(d)
and 6(f) for 10 K. It should be noted that the peaks in the FT
do not represent the real atomic distances, and the position
should be corrected for the photoelectron backscattering
phase shifts to find the quantitative value of the atomic po-
sitions with respect to the central Mn. From Figs. 6(c) and
6(e), one can see that a single-Gaussian fit nearly agrees with
the experimental data at 300 K with Mn-O bond length r
=1.9158 A, suggesting that the Mn ions are well crystallized
in a La,_,Sr,CuO, phase. The Mn-O,, RDF is also analyzed
by a mean-square relative displacement for a particular ij
pair o'lzj The o3y, o value at 300 K is 0.001 998 A2, which is
in good agreement with the o'(zju_o value in La,_ Sr,CuQOy,
suggesting that the Mn ions are well substituted under MnOg¢
octahedral environments.2>2* However, fits to the x=0.15
sample at 10 K using a single-Gaussian Mn-O RDF show
disagreement with the experimental data [as shown in Figs.
6(d) and 6(f)]. Note the increased deviation between the
Gaussian RDF fit and data at high values of k (k> 10 A) in
Fig. 6(d). To explain the deviation between the Gaussian
RDF fit and data at low temperature, the two-site parabolic
potential was chosen as the simplest model beyond a single
harmonic site model.?"?® The Fourier transform magnitude
curves for the nearest-neighbor (NN) Cu-0O, corroelation us-
ing two-site model with two NN distance of 0.1 A is shown
in Fig. 6(g) as a dashed line. It is found that the two-site
model fits well the experimental curve (solid line). The de-
tailed analysis of Mn K-edge EXAFS oscillation indicates
that not only the doped Mn ions are located at the Cu site in
a La,_,Sr,CuQO, phase, but also the local environments of Mn
are similar to that of Cu, despite of a small elongation of
Mn-O bond length compared to the Cu-O bond length of r
=1.885 A.

Now, let us have a brief discussion on the local lattice
structure of the Mn-doped system based on the Cu and Mn
K-edge EXAFS results. From Fig. 4(c), we notice that the
temperature dependence of DWF exhibits an upturn at about
80 K, both in the superconducting samples and in the non-
superconducting sample. This upturn of DWF indicates that
a certain kind of dynamic lattice distortion occurs below this
temperature, which leads to local lattice and charge inhomo-
geneities. The lattice and charge inhomogeneities are ob-
served in different cuprate superconductors by various ex-
perimental methods. The mechanisms of the inhomogeneity
are proposed in different models assuming a specific distor-
tion type, i.e., Q,-type Jahn-Teller distortion,** low-
temperature  tetragonal  distortion,?!  anti-Jahn-Teller
distortion,?® etc. In order to clarify the mechanism, further
studies of various experiments using different materials and
comparison between theory and experiment are needed. In
the Mn-doped samples, the upturn in the temperature depen-
dence of the Debye-Waller factor indicates that the introduc-
tion of Mn impurities does not destroy the intrinsic lattice
distortion in the CuO, plane of this system. However, since
the Mn ions are introduced as impurities, these impurities
certainly destroy the inherent lattice environments around
them. The introduction of Mn impurities may give additional
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disorder around them and may influence the neighboring Cu
sites. Thus, it is natural that the Debye-Waller factor is
slightly larger in Mn-doped samples than that in Mn-free
sample. According to these two facts, we consider that the
effects of Mn are limited to the vicinity of Mn impurities
while the local lattice distortion (or a certain kind of phonon)
away from the Mn impurities remains intact. Since the su-
perconductivity occurs in a cuprate but not in a manganite,
the superconductivity will certainly be destroyed at least in
the vicinity of the Mn impurities. Based on these facts, we
can explain the different way of the suppression of supercon-
ductivity in Mn-doped system (undecreased 72" in the Mn-
doped samples). The anomalous suppression of superconduc-
tivity in Mn-doped La,_,Sr,CuO, superconductor can thus
be explained in terms of the charge inhomogeneity
scenario.’® In La,_,Sr,CuO, superconductor, a small amount
of Mn doping leads to the destruction of the superconductiv-
ity in its vicinity, while the superconductivity in the regions
away from the Mn impurities remains intact. Since the su-
perconductivity is destroyed in the vicinity of Mn, the super-
conducting volume decreases with the introduction of Mn,
which is evidenced by the gradual decrease of the Meissner
volume with increasing Mn doping.!”~!° As the effects of Mn
impurities are limited to the in vicinity, the local lattice en-
vironments away from impurities remain intact and the su-
perconducting transition temperature is not reduced, in con-
trast to the rapid decrease of transition temperature in other
impurity doping conditions (such as Zn, Ni, Fe, etc.). The
superconductivity disappears when the Mn impurities are too
excessive and bulk superconductivity is suppressed.

In spite of the fact that the majority thought that high-
temperature superconductivity in cuprates is dominated by
an electronic mechanism, pure electronic models on a homo-
geneous conducting plane are strongly challenged by recent
experimental results which give increasing evidences of
intrinsic electronic inhomogeneity in cuprate superconduct-
ors. The recent observations of the kink behavior by angle-
resolved photoelectron spectroscopy,” and the unconven-
tional isotope effects by muon-spin rotation,3®% give
evidences that phonons are vital components of the phenom-
enon through the unconventional electron-phonon coupling.
It has been suggested that the charge inhomogeneity governs
the behavior of the superconducting phase coherence and the
transition to the superconducting state at 7,040 In the
present case, the doped Mn ions not only steadily locate at
the Cu site in a La,_ Sr,CuO, phase but also have little
influence on the local lattice inhomogeneity in the regions
away from them (as evidenced by the remaining of the up-
turn and the drop in Cu-O pair DWF in Mn-doped samples).
However, the introduction of Mn impurities destroys the
superconductivity in local areas and decreases the supercon-
ducting fraction. With increasing Mn doping, the supercon-
ducting fraction decreases and eventually the superconduc-
tivity disappears. The most striking point in the Mn-doped
case is that the Mn impurities only suppress the supercon-
ductivity near them, while they do not affect the supercon-
ductivity in the regions away from them. This reveals the
inhomogeneous character of high-temperature superconduc-
tivity, and the lattice and charge inhomogeneities play an
important role in the occurrence of superconductivity. It also
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gives a sign that the pairing mechanism of high-temperature
superconductivity is of short-range nature.

IV. CONCLUSION

In summary, systematical XAFS studies on the local en-
vironments of Cu ions and Mn ions in Mn-doped
La,_ . Sr,CuO, reveal that the Mn ions are undoubtedly lo-
cated at the Cu site in a K,NiF,-type structure. In contrast to
the rapid decrease of 7, value in Ni and Zn doping cases, the
doped Mn impurities do not suppress the superconducting
transition in the conventional way. The detailed XAFS analy-

PHYSICAL REVIEW B 75, 174504 (2007)

sis indicates that the local lattice environments of both Cu
and Mn are nearly the same in both Mn-free and Mn-doped
LSCO superconductors. The results support the scenario that
the local lattice and charge inhomogeneities play an impor-
tant role in the mechanism of superconductivity.
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