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Unoccupied electronic states of-Bi,SL,CaCyOg [X-Bi2212, X=1, Hgl,, and (Py-CH),-Hgls, Py
=pyridine] have been probed by ®-edge and Cl.-edge x-ray absorption near-edge structGf&NES)
spectra using a bulk-sensitive x-ray-fluorescence-yield technique. In tisasrption edge of X-Bi2212, the
pre-edge feature at528.3 eV is attributed to transitions into @ Bole states located in the Cy@lanes. As
deduced from (K-edge and ClL-edge x-ray absorption spectra, the hole concentration in the, Gla@es of
X-Bi2212 increases foX=1 and Hgh, but decreases foX=(Py-CHs),Hgl,, relative to pristine Bi2212. The
present XANES results clearly demonstrate that the hole density within the @la@es of intercalated
Bi,Sr,CaCyOg can be not only decreased but also increased, depending on the chemical character of the

intercalants.
DOI: 10.1103/PhysRevB.71.094501 PACS nunt®er78.70.Dm, 74.72-h
I. INTRODUCTION Several techniques have been widely utilized to estimate

the hole concentration for cuprate superconductors, including
the Hall coefficient measurement, calculation of the bond-
Walence sum® iodometric titrationt”-18 soft-x-ray absorption
spectroscopy?® and thermoelectric power measuremént.
Among them, soft-x-ray absorption spectroscopy using syn-
chrotron radiation offers advantages over other measure-

The intercalation of guest molecules into highsuper-
conductive copper-oxide materials has received much atte
tion recently because of practical application of high-
superconductors? Several new highr, intercalated super-
conductors, such as bL@uQ,_sF,°* SKLCUOF,,s°

HgBa,SK,C,(C03)0;° . (H90-3PQ)-7)Sr4CUZ(CO3)O7'; ments. The x-ray absorption near-edge structi¢aNES)
(Tlo.sPhy 5 SKCL(CO3) Oy, (B|01_5Hg0.5)8r4Cu2(C03)07, spectrum at the GK-edge and Cu.,s-edge directly probes
HgB&,Ca,-1CUOzns2+sF,(N=1-3), ° _ and X the|ocal concentration of hole carriers at distinct oxygen and
-BizSrCan1CuyOy [Mm=1 and 2;X-Bi2201 and X-Bi2212;  copper sites in superconductive cuprate matetfals.

X=1, Hgly, (Me3S),Hgl,, and (Py-CiHzn.1)2Hgl,, n=1-12, Based on extended x-ray absorption fine-structure

Py=pyridind'*12 have been reported. Among them, (EXAFS) measurements at the Bill;-edge, CuK-edge, |
X-Bi2212 or X-Bi2201 systems have attracted extensive in-|-edge, and HglLs-edge for Bi2212, Hg+Bi2212, and
vestigation because of their unique properties and controve(Me,S),Hgl,-Bi2212, it has been proposed that fheevo-
sial issues regarding the role of interlayer coupling onjytion of Bi2212 and its intercalates is related mainly to the
superconductivity*—° - ~_variation of the hole concentration in the Cu@anest? To
Pristine Bi2212 and Bi2201 exhibit weakly bound Bi-O ynderstand further the mechanism of hihsuperconduc-
double layers, enabling free expansion of the unit cell in theiyity, it is crucially important to probe directly the hole den-
c direction without significantly changing other internal sty of intercalated cuprates with various interlayer distances.
structure of the latticé:*? Various inorganic or organic |n this study, the unoccupied electronic states for Bi2212 and
modulation layers have been intercalated intgBidouble  x_gj2212 [X=1, Hgl,, and (Py-CHs),Hgl,] have been
layers of these Bi2201 and Bi2212 materials. In particularprobed by OK-edge and CiL-edge x-ray absorption spectra
long-chain organic molecules, such @y-GHan1)2Hals  ysing a bulk-sensitive x-ray fluorescence yield. Our XANES
with n=1-12, were successfully intercalated into Bi-basedresylts demonstrate clearly that the hole density in the CuO
cuprates in the form of a complex heterostructured High- pjanes of intercalated B$r,CaCuOg can be both decreased

superconducting nanohybrid.Relative to pristine Bi2212, ang increased, depending on the chemical character of the
the onsetT, value increases slightly upofPy-CH),Hgl,  intercalants.

intercalation, wherea3, decreases-10 K upon intercala-

tion of mercury(ll) iodide and by~15 K upon intercalation Il. EXPERIMENTS
of iodine!12Elucidation of the origin of this variation of,
through various intercalants into Br,CaCyOg is of inter- The polycrystalline Bi2212 compound was prepared

est so as to gain profound insight into the mechanism of théhrough conventional solid-state reaction. Detailed proce-
appearance of higffi; superconductivity. One possible factor dures for preparing superconductingBi,SL,CaCyOg [X

is the structural change along thexis; another is the varia- =1, Hgl,, and(Py-CH;),Hgl,] are reported elsewhet&!?in
tion of the hole concentration in the Cy@heets through brief, I- and Hgb-intercalated Bi2212 compounds were pre-
intercalation. pared on heating the pristine materials and the guest iodine
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FIG. 2. Hole content in the Cu(planes as a function of inter-
layer distance between the Cu@lanes in adjacent blocks of pris-
tine Bi2212, 1-Bi2212, Hg)-Bi2212, and(Py-CHs),Hgl,-Bi2212.

Bi2212 andX-Bi2212[X=1, Hgl,, and (Py-CH),Hgl,] are
depicted. The core-hole effect in the K3edge absorption
spectrum can be neglected, because of the strong similarity
of O 1s absorptionledges and resonant inverse photoemission
FIG. 1. OK-edge x-ray-fluorescence-yield absorption spectra otf) Irastfgsat?]feEl’(l)zcﬁ%n-(l;ggu(;iz(-jeggﬁs?t?/sgfrrs)ig[r;:F\:nei‘ect;/rrLrl]rr?w(t:jus
-Bi2212, Hgl-Bi2212, Bi2212, andPy-Chy)oHgl,-Bi2212. try at the O sites. Based on polarization-dependeRt&ige
or Hgl,, respectively, in a Pyrex tube sealed under vacuumx-ray absorption spectra of pristine Bi2212 and $Bi2212
Intercalation of the organic molecules was performedsingle crystals, the pre-edge peak-é$28.3 eV in Fig. 1 has
through  the  solvent-mediated reaction  betweermainly O 2o,, symmetry and is ascribed to holes in the sin-
Hgl,-intercalated Bi2212 and methyl-pyridinium iodide. As glet band formed omp-type doping in the Cu@planes, i.e.,
verified by powder x-ray diffractionXRD) analysis and the Zhang-RicgZR) states?-2* A similar feature has been
high-resolution electron-microscopfHREM) images, all  characterized for many othgrtype doped superconductive
samples for the present work are single phase. cuprate€>-2” The feature at~530.5 eV is due to overlap-
X-ray absorption measurements were performed at thging of wide antibonding Bi p~O 2p and the upper Hub-
6-m high-energy spherical-grating-monochromatdSGM)  bard band UHB).1819The absorption energy of the ZR band
beamline of the National Synchrotron Radiation Researcklightly decreases with increasing intensity of the ZR band.
Center(NSRRQ in Taiwan. X-ray absorption spectra were This effect demonstrates that the Fermi level is shifted to
recorded in the x-ray-fluorescence-yield mode using a microjower energy when the hole concentration within the guO
channel plate detector. The x-ray-fluorescence-yield meglanes increases.
surement is sensitive strictly to the bulk of a sample because To quantify the results in Fig. 1, we analyzed the spectral
the probing depth is hundreds of nm. The fluorescence deweight of pre-edge features by fitting with Gaussian func-
tector was oriented parallel to the sample surface. Photongons. The energy shift of ZR bands upon intercalation in
were incident at an angle 45° with respect to the sampl@®i2212 was taken into consideration. The resulting hole con-
normal. The incident photon flu{do) was monitored simul-  tent in the CuQ planes as a function of interlayer distance
taneously with an Au mesh located after the exit slit of thebetween the Cu@ planes in adjacent blocks of pristine
monochromator. The x-ray-fluorescence-yield absorptiorBi2212 and various intercalates is shown in Fig. 2. As is
spectra were corrected for both the energy-dependent inciiscernible from Fig. 2, the hole concentration in the GuO
dent photon intensity and the self-absorption effects, and nolanes ofX-Bi2212 increases foX altering from Hgj to |,
malized to a tabulated standard absorption cross section it decreases foX=(Py-CH),Hgl,, relative to pristine
the energy range 600-620 eV at thekdedge and 1000 - Bi2212. As noted, the variation of hole concentration in the
1020 eV at the CuL, s-edge. The photon energies were cali- CuO, planes ofX-Bi2212 is insensitive to the interlayer dis-
brated with an accuracy 0.1 eV using the knowrKédge tance between the Cy@lanes. The present XANES results
absorption feature at 530.1 eV and the Cuwhite line at  demonstrate clearly that the Cgplane hole concentration
931.2 eV of a CuO reference. The monochromator resolutionf intercalated Bi2212 can be not only decreased but also

was set at-0.22 eV and~0.45 eV at the (K-edge and Cu increased, depending on the chemical nature of the intercal-
L, s-edge, respectively. ants.
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Organic or inorganic molecules become intercalated be-
lll. RESULTS AND DISCUSSION tween BO, layers in Bi2212! Hence, in these intercalated
In Fig. 1, the OK-edge x-ray absorption spectra for Bi-based cuprates, the Bi-O plane directly faces the intercal-
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FIG. 4. Normalized intensity,(Cw®"/[I(CZH)+1(Cu*Y)], as a
function of interlayer distance between the Guflanes in adjacent
blocks of pristine Bi2212, 1-Bi2212, HgBi2212, and (Py-
CH,),Hgl,-Bi2212.
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T, as a function of hole concentration in the Gu@lanes
conforms to a parabolic curve for mamytype highT. cu-

FIG. 3. Cul,yedge x-ray absorption spectra of I-Bi2212, Praté Supercor)duc;to?@BiZSrZC{:lCuzOg is situated in the
Hgl,-Bi2212, Bi2212, andPy-CHs),Hgl,-Bi2212. overdoped region in which an increased hole concentration

in the CuQ planes produces a decreasgd'® Thus Hgb-

ant layer. It is generally believed that hole doping of the@nd Il-intercalated Bi2212 depressfor overdoped pristines,
CuO, planes in Bi2212 reflects charge transfer from thecorresponding to the hole doping from intercalant layers to
CuO, planes to the BiO planes through internal redox equi-CuQ, sheets. In contrast, thd. recovery upon (Py-
librium Bi(ll1)+Cu(ll) < Bi(lll- &)+ Cu(ll+ £).1219 Accord-  CHa)2Hgl, intercalation is attributed to a decreased hole den-
ingly, the hole density in the Culplane is modified by the Sity in the CuQ planes upon attaining an optimum hole con-
redox of the Bi-O layer in close contact with the intercalatedcentration, originating from charge transfer from intercalant
guests. The chemical interaction between host and guest 6heets to the CuOlayer in host materials. Our present
intercalated Bi2212 is primarily affected by the relative elec-XANES results clearly demonstrate that the variation of hole
tron donating or accepting ability involving the orbitals of concentration in the Cufplanes is primarily responsible for
Bi-O layers and guest molecules. Calculations based on th&e variation ofT. upon intercalation.
extended Hiickel tight-binding band method have determined In Fig. 3, the Cul, sedge x-ray-fluiorescence-yield ab-
the relative energy levels of molecular orbitals in the@  Sorption spectra of pristine Bi2212 and-Bi2212 [X=I,
cluster, Hgp, and Hgf .12 For Hgl-intercalated Bi2212, the Hglz, and(Py-ChH);Hgl,] in the energy range 925 - 960 eV
HOMO of Bi,03 acts as a donor orbital and the LUMO of are reproduced. As noted, the Ciedge absorption spectrum
Hgl, as an acceptor orbital. Electrons are thereby preferablgxhibits an asymmetric profile with a tail extending to higher
transferred from the 50421_ cluster to the Hgl |ayer upon energies. Two excitonic features centered-&31.2 eV and
intercalation, and in turn the Bi-O layer becomes slightly~951.2 eV are ascribed to transitons from the
oxidized. In contrast, for Hgl-intercalated Bi2212, the Cu(2psj21/23d°~O 2p° ground statéformally Ci*) into the
HOMO of Hgl2~ behaves as a donor orbital and the LUMO Cu(2ps/2,1/9*3d"-O 2p° excited state, in whick2psz 1™
of Bi,0,2” as an acceptor orbital, leading to partial electronrepresents ag,, or 2p,/, hole. The high-energy shoulders in
transfer from the Hgl™ anion to a BjO; ™ cluster, i.e., to the Fig. 3 originating from O P hole states are ascribed to tran-
Bi-O sheet. Such theoretical predictions are consistent witlsitions from the C(2ps173d°L ground state into the
the present K-edge XANES spectra. Cu(2psp2.1/913d 1L excited state(formally Cu**), with L

If the T, variation of pristine Bi2212 upon intercalation is denoting a ligand hole in the Op2orbital 182932
attributed to a weakening of interblock coupling due to the We analyzed the absorption spectra in Fig. 3 by fitting the
basal incrementT. is expected to decrease monotonically Cu L; peak and its shoulder with Gaussian functions. The
with increasing basal increment regardless of the holéntegrated intensity of the shouldefQu®*) is normalized
concentratiort® However, in contrast to theoretical predic- against the sum of integrated intensity of the main feature
tion, relative to pristine Bi2212, the onsEt value increases |(Cuw?") and that of the shoulder itself. The normalized inten-
slightly despite a basal incremettd~10.9 &) upon (Py- ity of the shoulder, i.e.(Ct¥*)/[1(CU?*) +1(Cu®*)], enables
CHg),Hgl, intercalation, wherea¥, decreases-10 K upon  an estimate of the hole concentration in the Gp@nes, like
intercalation of Hgy (Ad~7.2 A) and by~15 K upon in-  the pre-edge peak at528.3 eV observed in the ®-edge
tercalation of iodindAd~ 3.6 A).1112|t has been shown that x-ray absorption spectrui.In Fig. 4, the obtained normal-
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ized intensity of the shoulder is plotted as a function of in--CHs),Hgl, into Bi2212 is ascribed to a decreased hole con-
terlayer distance between the Cuanes in adjacent blocks centration in the Cu@planes upon attaining an optimum
of pristine Bi2212 and various intercalates. The normalizechole concentration. The present XANES results demonstrate
intensity of the shoulder increases upon intercalation wittclearly that the hole density within the Cu@lanes of inter-
Hgl, and iodine and decreases after intercalation Wil  calated BjSr,CaCyOg can be both decreased and increased,
CH,),Hgl, into Bi2212. This result is consistent with O depending on the chemical character of the intercalants. The
K-edge absorption spectra in Fig. 1. variation of CuQ-plane hole concentration of Bi2212 is pri-
marily responsible for th&@; variation upon intercalation.
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