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Hole distribution in (Tl sPby 5)Sr»(Ca;_,Y,)Cu,0- studied by x-ray absorption spectroscopy
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High-resolution OK-edge and Cu ,3-edge x-ray-absorption near-edge-structure spectra for the series of
(Tlg 5Py 5SKH(Ca Y, )Cw,O; compounds (x=0-0.9 were measured using a bulk-sensitive total-
fluorescence-yield technique. Near the ®¢eldge, a well-pronounced pre-edge peak with maxima%28.3
eV is observed, which is ascribed to the excitations ofS@lectrons to O p holes located in the Culplanes.

The intensity of this pre-edge peak increases linearly with the Ca dopingfe=0.5. This indicates that the

effect of chemical substitution of &afor Y3* is to induce hole states in the Cuflanes near the Fermi level,
which are important to control th&, for the series of Tly gPhy 5)Sr(Ca; Y )Cuw,0O; compounds. Moreover,

the generation of holes in the QpZorbitals within the Cu@ planes is probably responsible for inducing a
transition from a semiconductor to a superconductor. In thé @dge absorption spectra, high-energy shoul-
ders at 933.1 and 952.9 eV are assigned to the transitions from t(&pg.‘zul,z)SdgL ground state to the
Cu(2p3,211,?)*13d10L excited state, wherk denotes the O R ligand hole. The normalized intensity of these
defect states shows a linear increase with increasing the chemical concentration of Ca in the Y sites.
[S0163-18296)05341-9

I. INTRODUCTION However, a system exhibiting a composition-induced
metal-superconductor-insulator transition offers a great
Following the discovery of the new high-temperature su-potential for investigating the important structural and
perconductors, there has been a massive research effort étectronic characteristic which can lead to superconduc-
understand the mechanism of superconductivity. It has beetivity at such extraordinary high temperature. One of such
experimentally demonstrated that holes are responsible fmystems is the so-called Tl-based septenary cuprate
superconductivity from the correlation between the super{Tl,_,Ph)Sr,(Ca _,Y,)Cu,0;, hereafter referred to as TI-
conducting transition temperatureT{ and the hole 1212, where botlx andy can be varied. The structure of the
concentratiort.A precise knowledge of the unoccupied elec-TI-1212 phase(Tl, Pl )SKL(Ca _,Y,)Cw,O; can be de-
tronic structure near the Fermi level of these compounds iscribed in terms of an intergrowth of double rocksalt-type
therefore an important first step toward comprehensive unlayers [({TI/PbO)(SrO] with double [SKCa,Y)Cu,Os]
derstanding the electronic states of holes and the mechanisoxygen-deficient perovskite layetsformed by sheets of
of superconductivity. For this reason, direct experimental incorner-sharing Cuf pyramids interleaved with calcium
formation on the electronic structures of these compounds iand/or yttrium ions as illuminated in Fig. 1.
of particular importance. For years, absorption spectroscopy This septenary system has the high@st among the
techniques, such as high-energy electron-energy-loss spetwallium cuprate systems with the so-called 1212 struc-
troscopy (EELS) and x-ray-absorption spectroscopy, haveture. Typically, this structure sustainf.~80 K in the
been widely applied to probe the unoccupied density ofphases (Tl Pk, 5)SL,CaCyO; and TISE(Ca,Y)Cu,,0;.
states near the Fermi level in the highsuperconductors.*  However, the parent compound T}8aCu0, is itself a
X-ray-absorption near-edge structd@ANES) is a modern metal, but exhibits no superconductivity at temperatures
tool for the investigation of the electronic states at a selectedown to 4 K. Such a conduction can be efficiently modi-
site in complex materials. The availability of dedicated third-fied chemically by the stepwise substitution of Thy PK',
generation synchrotron radiation x-ray sources make it feaby the substitutions of Ga by Y*', or, indeed, by the
sible to measure high-signal-to-noise-ratio and high-dual substitutions PI'/P**, C&*/Y>". In Fig. 2 we show
resolution absorption spectra. the T, as a function of the compositional parameein
The occurrence of superconductivity adjacent to a(Tl, Pk, 9)SKL(Ca _,Y,)Cu0O, compounds. This system ex-
metal-insulator boundary is a characteristic feature ohibits superconductivity over the homogeneity range0—
many highT, superconducting cuprate  systems,0.5, with the superconducting transition temperature showing
e.g., Lg_,Sr,CuQy,, YBa,CuO;_, and a maximum of 108 K ak=0.2. However, towards the high
Bi,Sr,Ca,_,Y,Cu,0q.°~" As yet, the precise mechanism of end of the Ca doping, th&, of these compounds decreases
high-temperature superconductivity has not been delineategihich leads to a dome-shaped curve as shown in Fig. 2.
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FIG. 1. A schematic representation of the crystal structure of 30
(Tlg 5Py e)SK(Ca Y, )Cw,0;. Oxygen in the Cu@planes, apical i Superconductor
sites, andTl,Pb)-O planes are denoted by O1, O2, and O3, respec- 20 -
el X
tively 10 b
Across the homogeneity range=0.6—1.0, the material also ol 1 v 1 1 B & & &
undergoes a metal-insulator transition at temperature above 00 01 02 03 04 05 06 07 08 09 10
T.. The great attraction of such materials is able to control X in (Tl sPb, )Sr,(Ca, Y, )Cu,0,

the hole concentration in the CyGheets with a simple
chemical substitution involving other layers in the unit
cel. Based on our neutron-diffraction measurements, FIG. 2. Dependence of the superconducting transition tempera-
the oxygen stoichiometry across the series ofture T, as a function of compositional parameter in
(TloePhy 9SK(Ca Y, )CWwO, remains unchanged. This  (ThosPeS(Ca—Y,)CLO;.
had an advantage over some measurements which the oxy-
gen content is varied, because the disorder at oxygen sitesd pressed into a cylindrical pellet. The pellets were then
makes it difficult to distinguish changes in the electronicwrapped in gold foil to prevent loss of thallium and lead
structure. during heating process. Subsequently, the samples were sin-
In this paper we report soft-x-ray-absorption measuretered at 950 °C fo3 h in flowing oxygen, followed by cool-
ments at the OK edge and Cu. edge in the series of ing to room temperature at a rate of 2—5 °C/min. The series
(Tly sPhy 9Sr(Ca _Y,)CWwO; samples withx between O of materials are single phase as checked by x-ray diffraction
and 0.9 using a bulk-sensitive fluorescence-yield-detectiofXRD), neutron-diffraction, and energy-dispersive x-ray
method. Although the electronic structures of these materialEDX) spectroscopies.
have been measured by the EELS technique, the energy reso-In the x-ray-absorption measurements, each sintered
lution in those studies is only about 1 é¥/Therefore, the sample was crushed into powder form. The resulting powder
detailed electronic structure near the Fermi level may havavas glued onto a carbon-based conducting tape. The XANES
been lost. Our aim in this paper is to understand the variatiomeasurements were carried out on the 6-m high-energy
of electronic structure of composition-induced insulator-spherical grating monochromatdSGM) beam line of the
superconductor-metal transition. The results reported her8ynchrotron Radiation Research Cent8RRQ in Taiwan.
may be able to stimulate further experiments and theoriesThe x-ray-fluorescence yield spectra were obtained using a
since this system offers a remarkable opportunity of testingnicrochannel platgMCP) detectort? This MCP detector
and evaluating a theory of high-temperature superconductiveonsists of a dual set of MCP1®25-mm diameterwith an
ity. electrically isolated grid mounted in front of them. For x-ray-
fluorescence detection, the grid was set to a voltage of 100
V, while the front of the MCP’s was set t62000 V and the
rear to —200 V. The grid bias ensured that positive ions
Samples with nominal compositions of would not be detected while the MCP bias ensured that no
(TlysPhy 9Sr(Ca _Y,)CWwO; (x=0-1) were prepared by electrons were detected. The collector was set at ground po-
the solid-state reaction method which has been reported itential and its output was detected using analog mode or
detall elsewhere, and so only pertinent details will be giverstandard pulse-counting techniques. The MCP detector was
here® Samples in the whole composition range were predocated~2 cm from the sample and oriented parallel to the
pared by mixing and grinding high-purity powders of sample surface. Photons were incident at an angle of 45°
CaCQ, Y,05, SrCQ;, and CuO in the appropriate stoichio- with respect to the sample normal. The reference beam in-
metric proportions. The mixtures were calcined at 970 °C fortensity (,) was measured simultaneously by a Ni mesh with
12 h in air to form a precursor. The precursor was mixed80% transmission. All the measurements were normalized to
stoichiometric proportions J0; and PbO, and then ground |,. The photon energies were calibrated within accuracy of

Il. EXPERIMENTS
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least about 5—-10 eV above the Fermi le¥eTherefore, the
transitions from O & core level to these empty states hy-
bridized with O 2» states are more likely to be responsible
for the main absorption peak at537 eV in Fig. 3. The
XANES spectra for various compounds with differental-

ues, as shown in Fig. 3, were normalized to have the same
height at the main peak of 537 eV.

As the Ca doping increases, this gives rise to a new pre-
edge feature at-528.3 eV forx=<0.5. In addition, this pre-
edge peak fox=0 in Fig. 3 shifts by 0.1-0.2 eV to higher
energies as the increase of the Y content. This indicates that
the effect of chemical substitution of &afor Y is to
induce hole states with the Op2character near the Fermi
level. In this respect, the compounds are typical @-ype
cuprate superconductdt®Liu and Edwards have measured
the Hall number per Cu at room temperature for these com-
pounds versus Ca concentrattdriThey observed a mono-
tonic increase in the Hall number with a decrease in the
compositional parametet. This data gives an evidence in
support of our observation.

T T Based on the recent studies of electronic structures in the
525 530 535 540 545 550 555 HgBa,CuQ,, ;s (Hg-1201, HgBaCaCuyOg, s (Hg-1212, and
HgBa,Ca,Cu;0g. 5 (Hg-1223 compounds by Pellegrin
Photon Energy (eV) et alf\%7 they have assigned the low-energy excitation at
about 528.2 eV to O 2 hole states in the @) and Q1')

FIG. 3. OK-edge x-ray-absorption near-edge-structure spectraites within the Cu@planes. This assignment was supported
for the series of(Tlo sPhy 5)SK(Cay Y x)CW,O; compounds with  py the polarization-dependent XANES measurements on
x=0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.9 by measuring the tOtal'X'ray'single-crystalIine HQB§383CU4010+5-17 Furthermore, ac-
fluorescence yield. These spectra have been normalized to have tESrding to the x-ray photoelectron spectroscopy measure-
same height at the main peak of 537 eV. ments on the O 4 core levels of epitaxial Hg-1212 films,

. ) the O Is binding energy in the @) site is smaller than
0.1eV using _the X-edge absorption peak at 530.1 eV a'_’dthat in the @2) sites® In the crystal structure of
Cu L3_Wh|te Ilne_at 931.2 eV of CuO compound. To obtain (Tlo.sPhy 9SH(Ca Y, )CWO, (TI-1212), it consists of three
the high-resolution spectra, the energy resolution of thenonequivalent oxygen sites(D in the CuQ layers, @2) in
monochromatc_)r was set t60.25 qnd~0.5 eV at O k5 and the apical oxygen sites, and® in the (TI,Pb)-O planes, as
Cu 2p absorption edges, respectively. All the measurementfminated in Fig. 1. Such a structure is similar to that of
were done at room temperature. Hb,Ba,CaCu0s. s (Hg-1212 having aP4/mm space group

and lattice constants @~3.8 A andc~12 A® In analogy

Ill. RESULTS AND DISCUSSION to results from othep-type cuprate superconductdrsthe
pre-edge peak at-528.3 eV in Fig. 3 for the series of
A. O K-edge XANES (Tly sPhy 5SK(Ca, _,Y,)Cw,0; samples can be ascribed to

In Fig. 3 high-resolution X-edge x-ray-absorption near- the excitations of O § electrons to O P holes located in the
edge structure (XANES) spectra for the series of CuG, planes. As seen from Fig. 3, the intensity of this pre-
(Tly sPhy 9Sr(Ca _Y,)CWwO,; samples (x=0-0.9 in the edge peak increases with increasing the Ca doping. A similar
energy range of 526—555 eV are shown by measuring thbehavior in the oxygendabsorption spectra against the hole
total x-ray-fluorescence yield. It has been demonstrated thatoncentration was reported for the ,LaSr,CuGy,
in the cuprate superconductors the discrete resonant absofpBa,Cu;0;_ 5 and BySK,Ca Y, Cu,0g compounds:19-22
tion dominates the multiple-scattering modulation to the For most of cuprate superconductors, the lowest binding
x-ray-absorption near-edge regime. In the first-order approxienergies for the oxygenslstates have been found to be
mation, the multiple-scattering effect in the XANES spec-between 528.5 and 529.0 é¥?*1t is reasonable to assume
trum can be neglected. The XANES can be regarded as that the lowest binding energies for the & tate in the
direct probe of the local density of unoccupied states close ttitled compounds are also in the same range. In addition, the
the Fermi level at the excited atom. Dipole selection rulescore-hole effect in O 4 absorption spectrum can be ne-
apply for small momentum transfer. Therefore, in the oxygerglected. This assumption is supported by the strong similar-
K-edge x-ray-absorption spectrum measurement, the unoccily of O 1s absorption spectra and resonant high-energy in-
pied states with the mainly Of2character are probed. verse photoemission spectra on®,CaCy0g.2° Therefore,

The OK-edge x-ray-absorption spectrum for the samplethe broad peak at530 eV in OK-edge absorption spectrum
with x=0.9, as seen from Fig. 3, mainly consists of a peak atndicates that above the semiconducting gap, the conduction-
~530 eV and a broad peak at537 eV. As determined by band states must have considerable oxygercRaracter.
inverse photoemission experiments, the Sr enthtfates as According to band-structure calculations, electron pockets
well as other empty states of Ca and Y are all located at at theT andZ points of the Brillouin zone are formed from

Normalized Fluorescence Yield (arb. units)
1
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FIG. 4. Dependence on compositional parameter in FIG. 5. Coppel,5-edge x-ray-absorption spectra for the series

(TloePhy 9SK(Cay, Y, )CWO; of relative intensity of the pre-edge ©f (TlosP9SHCa Y,)CL,0; compounds wittx=0, 0.1, 0.2,
peak at~528.3 eV corresponding to the pholes from the Cu® 0.3, 0.4, 0.5, and 0.9.
planes. The curves are drawn as a guide for the eyes.

peak at~530 eV may be due to a superposition of unoccu-
an antibonding band composed of2D 2p (in the BaO pied O 2 states originating from the @) and Q3) atoms
planeg and Q3) 2p orbitals(in the TIO planeshybridized  and the upper Hubbard band related to the Cplanes.
with TI 6s and Tl 5d3,2r ? orbitals thus forming @)-TI-O(3) The absorption features shown in Fig. 3 were analyzed by
bridges along the axis in the related $Ba,CaCuyOg and fitfing Gaussian functions to each spectrum. The integrated
TI,B3,CaCuw0;0 compounds®?’ This strong hybridization jntensity of the pre-edge peak at528.3 eV, normalized
is related to very short TI-B) and TI-Q2) bond distances. ,yainst the intensity of main peak a637 eV, is plotted as
The h|gh-energy prepeaks around 530 eV in the © 1 5% nction of compositional parameterin Fig. 4. It can be
absorption  edge from the HaCaCy0O, and seen from Fig. 4 that the intensity of this pre-edge peak

T12B3,Ca,CL30;0 compounds were ascribed to the transi-;, o o linearly with the Ca doping for<@<0.5. This

?)czgf S(?I e(sjés&z%lectrons to O p hole states in the @) and demonstrates clearly that the pre-edge peak-828.3 eV

Because of relatively short distance of ab8uA between dhernr/]e(lj from Q1) S|_tes n the Cu@planes is _correlated_ to_
TI and Q2) atoms along the ¢ axis in the the hole concentration induced by the chemical substitution

(Tlo.Phy 9SK(Cay _,Y,)C,O, compounds, the hybridiza- ©f Ca" for Y*" in the titled system. _

tion of Tl 6s and Tl 5d with O(2) and Q3) 2p orbitals is The new electronic state at528.3 eV disappears by re-
therefore expected to be very strong. Thus, we would expeducing the sample and by going in the semiconducting
the hybridized states of TIsand Tl 5 with O(2) and Q3) phase. It should be pointed out that the system goes through
2p orbitals in the(Tl, Pk, 9 Sr,(Ca Y, )Cw,0, compounds @ transition from a semiconductor to a metal-superconductor
to contribute the empty conduction band. However, in conatx=0.6. Therefore, the generation of holes derived from the
trast to the double-thallium-layer compounds, this conducpre-edge feature at528.3 eV near the Fermi level is prob-
tion band does not cross the Fermi level because the conably responsible for inducing a transition from a semicon-
pounds forx>0.6 are nonconducting. It is therefore believedductor to a superconductor. In addition, the intensity of the
that one possible contribution to the peak-é830 eV is due pre-edge peak at528.3 eV closely correlates with the com-

to the transitions to the @)-(TI,Pb)O(3)-O(2) hybridized positional variation of superconducting transition tempera-
states. However, another possible final state associated withre. This leads to conclude that holes generated in th¢ O 2
the transition at~530 eV is the upper Hubbard band of the orbitals within the Cu@ planes play an important role to
strongly correlated Cu @ states highly hybridized with the control theT, of the titled system.

O 2p states. Such a band has always been assumed to exist The peaks at-532.4 and~533.8 eV are due to surface
since the parent compounds of the cuprate superconductocentamination since those peaks exhibit a greater intensity in
are known to be antiferromagnetic insulators with strong onsurface-sensitive total-electron yield spectra. Existence of
site correlation on the copper sit&sTherefore, the broad surface contamination has been reported by many research-
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FIG. 6. Dependence on compositional parameter in FIG. 7. Calcium L,yedge x-ray-absorption spectra of

(Tlo 8Py 5)SK(Cay _ Y )CWw0O; of the normalized intensity of de- (Tly sPhy 5)SH(Ca, —,Y,)CW0; with x=0.2, 0.3, 0.4, and 0.5.
fect states at 933.1 eV on the Cu sites. The curves are drawn as a

guide for the eyes. For samples with decreasing(i.e., increasing hole con-
centration, the absorption peaks become asymmetric and
two new features appear to exhibit at the high-energy side of
&he main peak. From the curve-fitting analysis, the new fea-
tures are found to center at about 933.1 and 952.9 eV, re-
spectively. In Fig. 6 the area under this high-energy shoul-
der, normalized against the area under lthepeak at 931.3
The  unoccupied Cu @ states in  the eV, is plotted as a function of the compositional parameter
(Tly sPhy 5)Sr(Ca _ Y4 Cu,0; compounds can be probed by The areas were estimated by fitting the main peak and the
the CuL-edge x-ray-absorption spectrum. However, contraryshoulder by Gaussian functions. As seen from Fig. 6, the
to the O Is x-ray-absorption spectrum, the absorption specnormalized intensity of this high-energy shoulder shows a
trum in the CuL edge exhibits strong excitonic character duelinear increase with increasing the Ca concentration.
to a significant overlap of the finald3wave functions with It is noted that the curve in Fig. 6 resembles the behavior
those of the p core hole. Therefore no direct information on for the pre-edge peak at528.3 eV in the (K-edge absorp-
the partial density of unoccupied Cul3tates can be ob- tion spectra shown in Fig. 4. Therefore, it is suggested that
tained. However, some useful information on the occupatiorthese high-energy structures may originate from the 2
of the ground and final states can be extracted from the exaole states and are assigned as transitions from the

ers. According to their photoemission results, Iglealal.
concluded that these peaks are due to absorption of hydrid
water, and CQon surface'’

2. Cu L-edge XANES

perimental Cu_-edge x-ray-absorption spectrum. Cu(2pg), l,2)3d L ground state(formal C#** staté to the
The Cu L,redge x-ray-absorption near-edge- Cu2pzp,, 1/2) 3d 19_ excited state, where denotes the O 2
structure total-fluorescence-yield spectra ofligand hole®*3* Increasing the Ca concentration in the

(Tlo.sPy 5SKH(Cay Y, )CwO; (x=0-0.9 at room tempera- (TIO,F,Ptbf))Srz(Cai_x wCWO; system is to induce more@2
ture in the energy range of 926—956 eV are shown in Fig. Sholes on the oxygen sitgge., produce the CuBL defect

For x=0.9, the CuL,s-edge absorption spectrum shows two state$ and consequently increase in intensity at high-energy
narrow peaks centered at 931.3 and 951.1 eV, respectivelghoulder in Cu_-edge absorption spectra. Similar to the de-
In the CuL ,5-edge absorption spectrum of CuO, a white linefect states in O & XANES spectra, these electronic states
at 931.2 eV and satellite structure at 937 eV are observedisappear by reducing the sample and by transferring to the
corresponding to transitons to 2, 3d!® and  semiconducting or insulating phase. Because there is only
(2pa) 13d%s final states, respectively, whef2p,,,) 2 de-  one type of Cu site in the unit cell for the series of
notes a D5, hole®? Therefore, the absorption peaks at 931.3(Tl, Phy ) SKL(Ca _,Y,)Cu,O, compounds(i.e., no Cu-O

and 951.1 eV shown in Fig 5 are ascribed to transitions fronthains as in YBgCu0,_ ), these high-energy features in the
the Cu2p;;, 123d°-0(2)p® ground-state conflguratloﬁor- CuL-edge absorption spectra can be apparently identified as
mal C* statg to the Cu2psp 1) *3d*%-0(2)p® excited the result of the hole doping in the(D sites within the
state. CuG, layers due to the chemical substitution of %Céor
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Y3*. The close resemblance between the high-energy featoping for 6<x=0.5. This indicates that the effect of chemi-
tures in the Cu.-edge absorption spectra and the pre-edgeal substitution of C& for Y3* is to induce hole states in the
peak at~528.3 eV in the O & absorption spectra gives an CuG, planes near the Fermi level. The intensity of this pre-
evidence in support of the suggestion that the pre-edge pealdge peak closely correlates with the compositional variation
at ~528.3 eV originates from the (@) sites within the Cu@  of superconducting transition temperature, showing that
planes. holes generated in the Qp2orbitals within the Cu@ planes
The Ca L,yedge x-ray-absorption spectra of play an important role to control thE, of the titled system.
(Tlp 5Py 5)S1(Ca Y ,)CWw,0; with x=0.2, 0.3, 0.4, and 0.5 In the Cul-edge absorption spectra, high-energy shoulders
are shown in Fig. 7. Two strong peaks at 347.2 and 350.6 e¥t 933.1 and 952.9 eV are assigned to the transitions from the
originate from the transitions of the Capg2,—2ps, Spin-  Cu(2ps123d°L ground state to the QRpg, ) '3d'L
orbit splitting states into the emptg states. The overall excited state, wheré denotes the O R ligand hole. The
shape of the Cd.-edge x-ray-absorption spectrum is the normalized intensity of these defect states shows a linear
same for compounds with differertvalues, but its intensity increase with increasing the Ca concentration. According to
changes roughly in line with the Ca content in these comthe present XANES study, it is interpreted that the transition
pounds. from superconductors to semiconductors of
(Tlp sPhy 5SK(Ca, _Y,)CW,0; as the increase of the Y con-
IV. CONCLUSION tent results mainly from the decrease of the hole content

. ) ) from the CuQ planes.
In this study, we perform high-resolution K-edge and

Cu L,yedge x-ray-absorption near-edge-structure measure-
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