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Chemical bonding between host and guest in the„HgBr2…0.5Bi2Sr1.52xLaxCa1.5Cu2Oy

„x50.0, 0.2, and 0.4… superconducting-insulating nanocomposite system
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X-ray-absorption spectroscopic studies have been systematically carried out for the La-substituted
Bi2Sr1.52xLaxCa1.5Cu2Oy ~x50.0, 0.2, and 0.4! compounds and their HgBr2 intercalates in order to characterize
the variation of the chemical bonding nature of host and guest upon substitution and intercalation reactions.
According to the CuK-edge x-ray-absorption near-edge structure-extended x-ray-absorption fine-structure
analyses, it is found that the oxidation state of the CuO2 layers is reduced by substituting the Sr1II ion with
La1III , while it is enhanced by the intercalation of HgBr2. Such findings provide clear evidence of the main
role of charge transfer in determining theTc of the intercalate. The chemical bonding between host lattice and
intercalant layer has also been investigated by performing the BrK-edge and HgL III -edge x-ray-absorption
spectroscopic analyses, indicating that a small fraction of electrons are transferred from host to guest and that
the bond strength of Hg-Br as well as of Br-Bi is changed as the La-substitution rate increases. These results
underline that the local substitution of La1III ions into the SrO plane gives rise to the overall changes for all the
chemical bonds in these superconducting lattices and clarify that the competing bond model can be effectively
applied to the chemically substituted superconducting oxides.@S0163-1829~98!02805-7#
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I. INTRODUCTION

Recently, we have developed mercuric-halide-intercala
Bi2Sr2CaCu2Oy compounds (HgX2)0.5Bi2Sr2CaCu2Oy ~X
5Br and I!, which are very interesting due to their uniqu
hybridized crystal structure.1 In such nanocomposites, supe
conducting Bi2Sr2CaCu2Oy blocks are alternatively inter
stratified with electronically insulating HgX2 layers. In this
respect, the intercalation of the HgX2 molecule into a
Bi2Sr2CaCu2Oy lattice is expected to minimize the electron
coupling between adjacent superconducting blocks and
sequently to enhance the two dimensionality not only in
crystal structure itself, but also in its electron conducti
process.2 In fact, our previous magnetization study show
clearly that the positional fluctuation of a vortex is signi
cantly increased upon HgX2 intercalation even at far below
the transition temperature (Tc), indicating a remarkable
weakening of the interblock interaction.3 For this reason, the
mercuric halide intercalates have been revealed to be g
model compounds for examining the contribution of inte
block coupling to the high-Tc superconductivity of layered
copper oxides.

More recently, we have performed the intercalation
HgBr2 into Bi2Sr1.52xLaxCa1.5Cu2Oy (0.0<x<0.4)
superconductors4 in which the hole concentration in th
CuO2 layer is controlled by substituting an alliovalent La1III

cation for a Sr1II one5–10 in order to compare theTc changes
between hole-underdoped samples and hole-overdoped
upon HgBr2 intercalation. If theTc variation upon intercala-
tion is due to a weakening of interblock coupling owing
the basal increment,Tc is expected to decrease equally r
gardless of the hole concentration, while if theTc change is
due to the hole doping by charge transfer, the maximumTc
will shift to the hole-underdoped region for attaining the o
timum hole concentration. From magnetic susceptibi
570163-1829/98/57~5!/3156~8!/$15.00
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measurements, it was found that the HgBr2 intercalation de-
presses theTc’s of overdoped pristines by,;6 K, but in-
creases those of underdoped ones by 4–6 K, indicating
hole doping from intercalant layer to host lattice. Therefo
it was concluded that the change of electronic structure
CuO2 layer is primarily responsible for theTc variation after
intercalation rather than the interblock coupling effect.

In the present study, we have carried out systematic
x-ray-absorption spectroscopic~XAS! analyses for La-
substituted Bi2Sr1.52xLaxCa1.5Cu2Oy compounds with x
50.0, 0.2, and 0.4 and their HgBr2 intercalates, in order no
only to confirm the earlier conclusion about the origin of t
Tc variation upon intercalation, but also to probe the evo
tion of the chemical bonding nature induced by substitut
and intercalation reactions, and to investigate their relati
ship with superconducting properties. Even though it is c
tain thatTc of cuprate superconductors is closely related
the hole concentration of CuO2 layers,6 there might be other
parameters affecting the superconducting properties suc
the Cu-O bond distance. As clearly observed in the La-
Cu-O system, it has been well known that the high-Tc super-
conducting copper oxides including Bi-based cuprates
have like Mott-Hubbard insulators in the region of lo
carrier concentration and like superconductors in the in
mediate ranges, while in the heavily doped region they
normal-metal-like.11–13 And this characteristic phase trans
tion has been interpreted within the context of a relat
betweenU and W, whereU is the intra-atomic correlation
energy andW is the width of valence band, which is strong
dependent on the crystal structure of CuO2 layers.14 In this
respect, the CuK-edge extended x-ray-absorption fin
structure~EXAFS! analyses for La-substituted pristines a
their intercalates might provide useful information about t
relationship between the width of the valence band and
superconductivity in layered copper oxides, along with t
3156 © 1998 The American Physical Society
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variation of hole concentration. And our interests are
tended to chemical environments of La1III , since the incor-
poration of a La1III ion into the SrO plane is expected
induce a significant change in the adjacent chemical bo
Such a change has appeared to be a challenge in applyin
competing bond model to high-Tc superconducting
materials.15–17 A precise understanding of the effect
chemical substitution is thought to be very useful in study
and designing high-Tc materials, since high-Tc superconduc-
tivity in metal oxides has often been achieved through
substitution of an alliovalent cation as in the La-Ba-Cu
and Nd-Ce-Cu-O systems.18,19

II. EXPERIMENT

Polycrystalline samples of Bi2Sr1.52xLaxCa1.5Cu2Oy with
0.0<x<0.4 have been synthesized by the conventio
solid-state reaction method and their HgBr2 intercalates by
heating pristine polycrystals with mercuric bromide
vacuum-sealed Pyrex tubes as described previously, and
characterized by powder x-ray-diffraction~XRD! analysis
and thermogravimetric analysis~TGA!.4 We have chosen
compounds only with the substitution rate ofx50.0, 0.2, and
0.4 for performing the XAS experiments, since they rep
sent the hole-overdoped, optimally doped, and -underdo
states, respectively.

The present XAS spectra were measured with synchro
radiation by using EXAFS facilities, installed at the bea
line 10B at the Photon Factory, National Laboratory for Hi
Energy Physics in Tsukuba, operated at 2.5 GeV and 2
370 mA.20 The samples were finely ground, mixed with b
ron nitride ~BN! in an appropriate ratio, and pressed in
pellets in order to obtain an optimum absorption jum
(Dmt'1), enough to be free from thickness and pin-ho
effects.21,22 All the present spectra were obtained at roo
temperature in a transmission mode using gas-ionization
tectors with a spacing of;0.4 eV for the x-ray-absorption
near-edge structure~XANES! region and;1.5 eV for the
EXAFS one. The silicon~311! channel-cut monochromato
was used for the CuK, Hg L III , Bi L III , and BrK edges. To
ensure the reliability of the spectra, much care has b
taken to evaluate the stability of the energy scale by mo
toring the spectra of Cu metal and Bi2O3 for each measure
ment and thus edge positions were reproducible to be
than 0.05 eV.

The data analysis for the present spectra was perfor
by the standard procedure as reported previously.1 All the
present XANES spectra were normalized by fitting t
smooth EXAFS high-energy region with a linear functio
after subtracting the background extrapolated from the p
edge region. In the case of the BrK edge~13 470 eV!, a
perturbation from the adjacent BiL III edge~13 426 eV! was
removed by subtracting the BiL III -edge spectrum of HgI2
intercalate from the perturbed original spectra.1 The EXAFS
oscillations were separated from the absorption backgro
by using a cubic spline background removal technique. T
resultingx(k) oscillations were weighted withk3 in order to
compensate for the diminishing amplitude of the EXAFS
the high-k region. For analyzing the EXAFS data, a nonli
ear least-squares curve fitting was carried out to the Fou
filtered first coordination shell by minimizing the value ofF
-
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„F5@(k6(xcal2xexpt)
2#1/2/n, where the summation was pe

formed over the data points (n) in the analyzedk range… with
the use of well-known single-scattering EXAFS theory.23

III. RESULTS AND DISCUSSION

Figure 1 represents the CuK-edge XANES spline
and second-derivative spectra for the pristin
Bi2Sr1.52xLaxCa1.5Cu2Oy ~x50.0, 0.2, and 0.4! and their
HgBr2 intercalates, together with those for reference
Nd2CuO4, La2CuO4, LaCuO3, and La2Li0.5Cu0.5O4, where
divalent or trivalent copper ion is stabilized in the differe
local geometries. It is found that the edge energies of
based cuprates are lower than those of Cu1III references, but
higher than those of Cu1II ones, indicating the mixed oxida
tion state of copper (Cu1II /Cu1III ) in these compounds. In
comparing the spectra of the pristines, there is an ove
shift toward lower energy as the Sr1II ion is substituted by a
La1III one, indicating that the hole concentration of the Cu2
layer is effectively reduced. And this is consistent with t
parabolic feature of the plot ofTc vs x as previously
reported.4 In order to get detailed information on the ele
tronic and geometric structures of the copper-oxygen lay
each spectrum has been carefully investigated by using
second-differential method which is quite effective in diffe

FIG. 1. CuK-edge XANES~a! spline and~b! second-derivative
spectra for~i! the pristines Bi2Sr1.52xLaxCa1.5Cu2Oy with x50.0,
0.2, and 0.4,~ii ! their HgBr2 intercalates,~iii ! Nd2CuO4, ~iv!
La2CuO4, ~v! LaCuO3, and~vi! La2Li0.5Cu0.5O4. For ~i! and~ii !, the
solid, dotted, and dashed lines represent the pristines and int
lates withx50.0, 0.2, and 0.4, respectively. In case of the Bi-bas
cuprates, the second derivatives were multiplied by 2 in orde
represent clearly the spectral changes upon La substitution.
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entiating a small difference of spectral features@Fig. 1~b!#.21

A small pre-edge peak~denoted asP! is observed commonly
for all the present compounds, which is assigned to
quadrupole-allowed transition from the core 1s level to the
unoccupied 3d state.24 The energy of this peak for the Bi
based cuprates is found to be slightly lower than that for
Cu1III references, but higher than that for the Cu1II ones,
confirming again the presence of mixed-valent copper in
lattice. In the main-edge region, there are some peaks co
sponding to the dipole-allowed transitions from the cores
level to unoccupied 4p states, which are denoted asA, B,
andC. According to our previous CuK-edge XAS study,25

the main-edge featuresA andB are attributed to the transi
tions from the 1s orbital to the out-of-plane 4pp one with
and without shakedown processes,26 respectively, whereas
the featureC is ascribed to an in-plane 4ps orbital transition
without a shakedown process. In the case of La2Li0.5Cu0.5O4

where the trivalent copper ion is stabilized in the anisotro
crystal field, the shakedown peakA is separated intoA
and A8 peaks, those which correspond to 1s23d8

→1s13d94pp
1L and 1s23d8→1s13d94ps

1L transitions,
respectively. Since the shakedown process to the 4ps orbital
occurs exclusively for the trivalent copper compound,
peakA8 has been revealed as an indicator for the presenc
Cu1III species. In fact, this peak has been effectively app
for investigating the oxidation state of copper in chemica
and electrochemically prepared La2CuO4.08.

27 It is clearly
observed from Fig. 1~b! that peakA8 is significantly de-
pressed with an increase of the La substitution rate (x),
whereas peakA relating to the Cu1II ion is enhanced, which
is in good agreement with the shift of the edge energy. Ho
ever, there is no remarkable change in the CuK-edge
XANES spectra before and after intercalation of HgBr2, sug-
gesting that the modification of electronic structure in t
CuO2 layer is too weak to be observed. Actually, the C
K-edge XANES spectrum cannot reflect sensitively suc
small change since it does not probe the orbital withd char-
acter that is directly involved in the chemical bonding. Ho
ever, it is expected that such a slight modification of t
electronic structure could be detected by measuring
~Cu-O! bond distances. In this respect, the CuK-edge
EXAFS analyses have also been carried out for the prist
and their intercalates in order to determine the evolution
local structure around copper upon intercalation.

The k3-weighted EXAFS spectra for pristin
Bi2Sr1.52xLaxCa1.5Cu2Oy ~x50.0, 0.2, and 0.4! and their
HgBr2 intercalates were Fourier transformed in thek range
of 2.6– 12.8 Å21 as shown in Fig. 2~a!.28 The first prominent
peak in the Fourier transform~FT! corresponding to the in
plane and out-of-plane~Cu-O! pairs was isolated by invers
Fourier transform tok space.29–31 The resulting k3x(k)
Fourier-filtered EXAFS oscillations are represented in F
2~b!, and the curve fittings were carried out to them in ord
to determine the structural parameters such as coordina
number (N), bond length@R(Hg-X)#, and Debye-Waller
factor (s2). The best fitting results to the first coordinatio
shell are compared to the experimental spectra in Fig. 2~b!,
and the fitted structural parameters are listed in Table I.
in-plane and out-of-plane~Cu-O! bond distances for the pris
tines and their HgBr2 intercalates are plotted as a function
e
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the La substitution rate (x) in Fig. 3. There is an increasin
trend of the in-plane Cu-Op bond distance for the pristine
and their intercalates with an increase of La content, indic
ing the reduction of the CuO2 layer due to electron doping b
La substitution. This is consistent with an increase of
a-axis lattice parameter determined from powder XR
analysis and the shift of the edge energy in the CuK-edge
XANES spectra. In contrast to a small variation in the i
plane bond distance, we can observe a significant decrea
the out-of-plane Cu-OSr bond distance by substituting
La1III ion for a Sr1II one, which is also in good agreeme
with a decrease of thec-axis lattice parameter. In principle
there are two competitive factors affecting the Cu-OSr bond
distance. One is the size factor where the crystal lattice
contracted by replacing a larger Sr1II ion with a smaller
La1III one32 @Sr1II~8!51.25 Å, La1III ~8!51.18 Å, where the
number in parentheses represents the coordination num#,
and the other is the electronic factor where the substitution
a higher-valent La1III cation results in a decrease of the a
erage oxidation state of the CuO2 sheet; consequently, th
Cu-OSr bond is elongated due to a decrease of covalen
The observed bond contraction upon La substitution in
cates clearly that the former factor plays a more import
role in determining the Cu-O bond distance rather than

FIG. 2. ~a! Fourier-transformed Cu K-edge EXAFS
spectra and ~b! their inverse Fourier transforms of~i!
Bi2Sr1.5Ca1.5Cu2Oy , ~ii ! Bi2Sr1.3La0.2Ca1.5Cu2Oy , ~iii !
Bi2Sr1.1La0.4Ca1.5Cu2Oy , ~iv! ~HgBr2!0.5Bi2Sr1.5Ca1.5Cu2Oy ,
~v! ~HgBr2!0.5Bi2Sr1.3La0.2Ca1.5Cu2Oy , and ~vi!
~HgBr2!0.5Bi2Sr1.1La0.4Ca1.5Cu2Oy . In ~a!, the range over which the
Fourier filtering has been made is shown by the dashed lines. In~b!,
the solid lines and open circles represent the fitted and experime
data, respectively.
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TABLE I. Results of a nonlinear least-squares curve fitting for the first shell of Cu K-edge EX
spectra for the pristines Bi2Sr1.52xLaxCa1.5Cu2Oy and their HgBr2 intercalates.

Parameter

x50 x50.2 x50.4

Pristine Intercalate Pristine Intercalate Pristine Intercala

R ~Å! Cu-Oeq 1.901 1.900 1.913 1.910 1.914 1.914

Cu-Oax 2.364 2.348 2.343 2.325 2.321 2.298

s2 Cu-Oeq 3.20 4.06 4.53 4.11 4.36 6.33

(1023 Å 2) Cu-Oax 4.70 4.41 8.84 11.25 10.88 7.11

CNa Cu-Oeq 4 4 4 4 4 4
Cu-Oax 1 1 1 1 1 1

aThe coordination number was fixed to the crystallographic value due to a strong correlation betwe
Debye-Waller factor and coordination number.
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latter. In the case of HgBr2 intercalate, the out-of-plane bon
distance is found to decrease remarkably compared to th
the pristine, whereas the in-plane one is not significan
changed. Since the La content remains constant during
intercalation reaction, the aforementioned size factor can
excluded as an origin of the change in bond length. The
fore, the shrinkage of the Cu-OSr bond induced by intercala
tion is surely due to an electronic factor, implying that t
copper ion is oxidized by charge transfer between the h
CuO2 layer and guest HgBr2 along the Cu-OSr and Bi-OSr
bonds.33 Moreover, the difference in the Cu-OSr bond dis-
tance between pristines and intercalates is determined t
nearly constant in all substitution ranges, indicating that
structural evolution of the CuO2 layer is independent of La
substitution.

From the viewpoint of electronic structure, the variati
of the Cu-O bond distance gives rise to a change in the w
of the valence band (W). In a tight-binding approximation,34

W is given asW'8b;«s(ls
21ls

2), whereb is the spin-
independent electron transfer energy integral~resonance in-
tegral! for nearest-neighbor copper atoms,«s is the one-
electron energy, andls ~or ls! is the covalent-mixing
parameter,ls ~or ls)[bca/DE for electron transfer from an

FIG. 3. Variation of in-plane Cu-O bond distances~cubes! and
out-of-plane ones~circles! as a function of La content for the pris
tines ~open symbols! and their HgBr2 intercalates~solid symbols!.
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O 2ps ~or O 2s! orbital to an empty Cu 3dx22y2 one with a
cation-anion resonance integralbca and energy difference be
tween two orbitalsDE. When the apical Cu-O bond be
comes shorter, it is expected that the Coulombic repuls
betweenc-axis oxide ions and basal-plane ones will be
markably enhanced, and thereby the Madelung stabiliza
of O 2p orbitals becomes weaker.35 Since the O 2p orbital
lies below the empty Cu 3dx22y2 one,36 DE is lowered and
W becomes larger. For YBa2Cu4O8, an increase inTc with
hydrostatic pressure has been found to be correlated wi
decrease in thec-axis parameter and Cu~2!-O bond.37 In con-
trast, the Tc of the hole-overdoped compoun
Tl22yBa2CuO62x has been revealed to be depressed wit
decrease of thec-axis parameter and with an increase of t
bandwidth.38 Together with the above examples, the pres
Cu K-edge EXAFS results indicate clearly that the contra
tion of the copper-axial oxygen bond gives rise to a differe
Tc variation depending upon the hole concentration of
CuO2 layer; that is, it enhances theTc of the underdoped
compound (x50.4), but depresses that of the overdoped o
(x50.0). On the basis of such findings, it is suggested t
the Tc of the superconducting material can be optimized
controlling the axial Cu-O bond distance through chemi
substitution.

Figures 4~a! and 4~b! represent the BiL III -edge XANES
spline and second-derivative spectra for the pristines
their HgBr2 intercalates, respectively, together with those
the reference Bi2O3. There are three broad peaks, indicat
asA, B, andC, in all the present spectra and their energ
are summarized in Table II. Among them, the pre-edge p
A is assigned to the 2p3/2→6s transition, while the higher
main-edge peaksB andC are attributed to 2p3/2→6dt2g

and

2p3/2→6deg
ones, respectively.39–41It is clearly seen that the

energy difference between peaksB and C is diminished
upon intercalation as listed in Table II. Since this peak sp
ting is surely proportional to the strength of the crystal fiel1

the observed decrease in energy difference (DEt2g2eg
) re-

flects the weakening of the crystal field around bismuth up
intercalation, which is thought to originate from the follow
ing two effects. One is the effect of introducing guest m
ecules in between the Bi2O2 double layer where axially co
ordinated oxygen in an adjacent BiO layer (OBi) is replaced
by bromine. Since the electronegativity of bromine is sma
than that of oxygen, the strength of the crystal field arou
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the bismuth ion decreases. And the other is the effec
increasing the Bi-OSr bond distance which can be well ex
pected from the CuK-edge EXAFS results. As shown in Fig
5, because the axial oxygen is coordinated to a copper io
one direction and to a bismuth ion in the other one, a rema
able shortening of the Cu-OSr bond results in an increase o
the competing Bi-OSr bond distance and thus a weakening
the crystal field around Bi. But it should be noted that the
is another crystal position for the bismuth cation which is n
capped by bromine. However, in the case of such an
capped Bi site, the HgBr2 intercalation is also expected t
give rise not only to the weakening of the crystal field arou
Bi, but to the decrease of the Cu-OSr bond as in a capped B
site, on the basis of the following reasons. At first, the o

FIG. 4. Bi L III -edge XANES ~a! spline and ~b! second-
derivative spectra for ~i! Bi2Sr1.5Ca1.5Cu2Oy , ~ii !
Bi2Sr1.3La0.2Ca1.5Cu2Oy , ~iii ! Bi2Sr1.1La0.4Ca1.5Cu2Oy , ~iv!
~HgBr2!0.5Bi2Sr1.5Ca1.5Cu2Oy , ~v!
~HgBr2!0.5Bi2Sr1.3La0.2Ca1.5Cu2Oy , ~vi!
~HgBr2!0.5Bi2Sr1.1La0.4Ca1.5Cu2Oy , and~vii ! Bi2O3.
of
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of-plane bond between Bi and oxygen in an adjacent B
layer is remarkably elongated by intercalating HgBr2 mol-
ecules into interlayer space, which results in a weakening
the crystal field around Bi. On the other hand, since a h
transferred from the intercalated HgBr2 layer would be delo-
calized over the entire CuO2 plane, to some extent, th
Cu-OSr bond is also expected to be shortened, even bon
with an uncapped Bi site, which induces the elongation
the competing bond between OSr and trans-positioned un-
capped Bi. In fact, there might be some differences in
environment of CuO2 and BiO layers depending on wheth
Bi is capped or not. But as described above, the chem
bonds of Cu-OSr and Bi-OSr are considered to exhibit a sim
lar response to the HgBr2 intercalation regardless of Br co
ordination to Bi. Therefore, the present XANES-EXAFS r

FIG. 5. Schematic representation for the evolution of chem
bonds in the~HgBr2!0.5Bi2Sr1.52xLaxCa1.5Cu2Oy compound upon La
substitution, together with one-dimensional electron density m
along thec axis. In structural model, the boldface and lightfa
solid lines represent the reinforced and weakened bonds upo
substitution, respectively. In the electron density map, the do
and solid lines represent the calculated electron density based o
observed XRD patterns and that on the basis of the present cr
structure, respectively.
s
TABLE II. Peak energies of the BiL III -edge XANES spectral feature for the pristine
Bi2Sr1.52xLaxCa1.5Cu2Oy and their HgBr2 intercalates.

Compound A~eV!a B ~eV!a C ~eV!a C-B ~eV!a

Bi2Sr1.5Ca1.5Cu2Oy 13417.7 13428.0 13442.9 14.9
~HgBr2!0.5Bi2Sr1.5Ca1.5Cu2Oy 13418.0 13428.0 13442.4 14.4
Bi2Sr1.3La0.2Ca1.5Cu2Oy 13417.7 13427.6 13443.3 15.7
~HgBr2!0.5Bi2Sr1.3La0.2Ca1.5Cu2Oy 13418.2 13427.6 13442.5 14.9
Bi2Sr1.1La0.4Ca1.5Cu2Oy 13417.7 13427.4 13443.2 15.8
~HgBr2!0.5Bi2Sr1.1La0.4Ca1.5Cu2Oy 13417.8 13427.4 13442.6 15.2

aPeak energies were determined from the peak position of the second derivatives.
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sults correspond to averaged variations of the Cu-OSr bond
distance and of the crystal field around Bi.

The Br K-edge XANES spectra for HgBr2 intercalates
and free HgBr2 are represented in Fig. 6~a!. All the present
spectra exhibit a pre-edge peakA ~so-called ‘‘white-line’’-
type feature! around 13 470 eV, assigned to the transiti
from the 1s core level to the 4p state above the Fermi en
ergy level (EF). Although HgBr2 has a formal oxidation
state of Br2, there is a distinct pre-edge peak attributed to
formation of a partially empty 4p state resulting from a mix-
ing between Hg 6s and Br 4pz orbitals, which is expected
from a higher polarizability of Hg1II ion with an electronic
configuration of@Xe#4 f 145d106s0, whered and f electrons
shield the nucleus poorly.

The intensity of the pre-edge peakA is observed to de-
crease upon HgBr2 intercalation, indicating that the interca
ant HgBr2 layer receives electrons from the host lattice. A
it is also found that the extent of peak depression beco
less prominent with an increase of La content, suggestiv
the different amount of charge transfer depending on the
substitution rate. However, the present CuK-edge EXAFS
results show obviously that the effect of intercalation on
electronic structure of CuO2 layers is nearly the same for a
substitution ranges. Therefore, the intensity variation of p
A upon La substitution should be explained on the basis
competing bond models. As illustrated in Fig. 5, the La su
stitution gives rise to a shortening of the Cu-OSr bond dis-
tance, and thereby the competing Bi-OSr bond is elongated
In turn, a weakening of the Bi-OSr bond leads to a reinforce

FIG. 6. ~a! Br K-edge and~b! Hg L III -edge XANES spectra for
~HgBr2!0.5Bi2Sr1.5Ca1.5Cu2Oy ~boldface solid lines!,
~HgBr2!0.5Bi2Sr1.3La0.2Ca1.5Cu2Oy ~boldface dotted lines!,
~HgBr2!0.5Bi2Sr1.1La0.4Ca1.5Cu2Oy ~boldface dashed lines!, and
HgBr2 ~lightface solid lines!.
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ment of the competing Bi-Br bond, which allows us to e
plain the observed decrease in peak intensity with an
crease of the substitution rate.

The effect of La substitution on the intracrystalline stru
ture of HgBr2 layers was also examined by performing H
L III -edge XANES-EXAFS analyses. Figure 6~b! represents
the Hg L III -edge XANES spectra of HgBr2 intercalates and
unintercalated HgBr2 reference. Since the Hg1II ion has va-
cant 6s and 6d orbitals, it is therefore expected that tw
spectral features should appear corresponding to
2p3/2→6d transition~main-edge peak! and to the 2p3/2→6s
one ~pre-edge peakA!, respectively, for all the HgBr2 inter-
calates including the reference HgBr2.

42,43 As reported,42 a
distinct pre-edge peak appears exclusively for the Hg co
pounds with linear symmetry, but not for those with differe
geometries like trigonal planar, tetrahedral, and distorted
tahedral ones. In this respect, an enhancement of pre-
peakA upon intercalation suggests strongly a change in lo
structure around mercury from an octahedral symmetry t
linear one.

The Fourier transformed HgL III -edge EXAFS spectra fo
the HgBr2 intercalates and free HgBr2 are shown in Fig.
7~a!.28 The first peak in the FT is attributed to the mercur
bromine bonding pair, which is isolated by inverse Four
transformation intok space. The resultingk3x(k) Fourier-
filtered EXAFS oscillations are represented in Fig. 7~b!, to-
gether with the best fits, and the fitted structural parame

FIG. 7. ~a! Fourier-transformed HgL III -edge EXAFS spectra
and ~b! their inverse Fourier transforms of ~i!
~HgBr2!0.5Bi2Sr1.5Ca1.5Cu2Oy , ~ii !
~HgBr2!0.5Bi2Sr1.1La0.4Ca1.5Cu2Oy , and~iii ! HgBr2. The solid lines
and open circles represent the fitted and experimental data, res
tively.
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TABLE III. Results of a nonlinear least-squares curve fitting for the first shell of HgL III -edge EXAFS
spectra.

Compound Parameter
Bond distance

~Å!
Coordination

number
Debye-Waller

factor (1023 Å 2)

HgBr2 2.459 214a 3.09
~HgBr2!0.5Bi2Sr1.5Ca1.5Cu2Oy 2.462 1.857 6.41
~HgBr2!0.5Bi2Sr1.1La0.4Ca1.5Cu2Oy 2.488 1.846 6.35

aThe coordination number of the reference HgBr2 was fixed to the crystallographic value in order to det
mine the amplitude reduction factor. The fitting analysis was carried out for the first shell of the H6

octahedron.
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are summarized in Table III. The coordination number
determined to be 2 for the intercalates withx50.0 and 0.4,
indicating that the mercuric bromide intercalated into a h
lattice is stabilized in the form of a linear molecule as in
gaseous state, regardless of La1III content.44 And it is also
found that the Hg-Br bond distance increases from 2.462 Å
of ~HgBr2!0.5Bi2Sr1.5Ca1.5Cu2Oy to 2.488 Å of
~HgBr2!0.5Bi2Sr1.1La0.4Ca1.5Cu2Oy , pointing to the weaken
ing of the Hg-Br bond upon La substitution. This is also
good agreement with an expectation based on the comp
bond model where the La substitution enhances the b
strength of Bi-Br, therefore, the competing Hg-Br bond
elongated as shown in Fig. 5. Such a result underlines
the local substitution of a La31 ion into the SrO plane in-
duces overall changes for all the chemical bonds. In
respect, it is very important to consider the effect of lo
substitution over all the present chemical bonds in study
the physical properties of cation-substituted superconduc
materials.

IV. CONCLUSION

In the present study, an attempt has been made to in
tigate the effect of substitution and intercalation reactions
the electronic and crystal structures of host and gues
performing the systematic XANES and EXAFS analyses
the Bi2Sr1.52xLaxCa1.5Cu2Oy ~x50.0, 0.2, and 0.4! com-
pounds and their HgBr2 intercalates. According to the C
K-edge EXAFS analyses, the Cu-OSr bond is found to be
remarkably shortened upon intercalation for all the L
substituted phases, reflecting the oxidation of the CuO2 layer.
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It is therefore concluded that the evolution ofTc upon inter-
calation is surely related to the variation of hole concent
tion rather than the weakening of interblock coupling. Fro
the viewpoint of electronic structure, the shortening of t
Cu-OSr bond implies the broadening of the valence ban
which is revealed to induce differentTc changes depending
upon the hole concentration of the CuO2 layer, that is,Tc
enhancement for the underdoped compound, whereasTc de-
pression for the overdoped one. Therefore, it is sugges
that theTc of the superconducting material can be optimiz
by controlling the axial Cu-O bond distance through chem
cal substitution. On the other hand, from the present syst
atic XAS analyses, we provide clear evidence of a signific
effect of local cation substitution upon all the chemic
bonds in the superconducting lattice. And it is also revea
that the competing bond model is very effective in expla
ing such overall changes of chemical bonds induced by
substitution of alliovalent cations. On the basis of these
sults, we claim that the effect of local substitution on all th
present chemical bonds should be carefully investigated
understanding the physical properties of cation-substitu
superconducting materials.
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