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Epitaxial thin films of the TI cuprate superconductors,B&,CaCyOg TI,Ba,CaCu;0;, and
Tl 76Big.2Bag 4Sh (CaCus04 5 are studied with x-ray photoemission spectroscopy. These data, together with
previous measurements in this lab 0fB&CuGQ;, s and TIBgCaCuyO,_ s comprise a comprehensive data set
for a comparative study of Tl cuprates with a range of chemical and electronic properties. In tipesfec2ra,
a larger energy separation between the satellite and main pEak<E(,) and a lower intensity ratiol {/I,,)
are found to correlate with higher values ©f. Analysis of these spectra within a simple configuration
interaction model suggests that higher valuesTpfare related to low values of the @2»Cu 3d charge
transfer energy. In the Oslregion, a smaller bond length between Ba and Cu-O planar oxygen is found to
correlate with a lower binding energy for the signal associated with Cu-O bonding, most likely resulting from
the increased polarization screening by Bins. For samples near optimum doping, maximlyts observed
to occur when the Tl #;, binding energy is near 117.9 eV, which is near the middle of the range of values
observed for Tl cuprates. Higher Tf4, binding energies, corresponding to formal oxidation states nearer
TI**, are also found to correlate with longer bond lengths between Ba and TI-O planar oxygen, and with higher
binding energies of the Oslsignal associated with TI-O bonding50163-182€09)12729-2

[. INTRODUCTION spectra have also been analyzed within a simple configura-
tion interaction model utilizing a two-band Hamiltoni&h!’

The Tl-based tetragonal cuprate superconductors of the/ithin this model, the O B— Cu 3d charge transfer energy
form TI,BaCa,_1Cu,Oonimio+s (M=1,2; n=1,23), A, the O2-Cu3d hybridization strengtil, and the on-site
commonly abbreviated Tin2(n—1)n, are a class of mate- Coulomb interaction between Cp2and Cu 3l holesU, are
rials in which the chemical and electronic properties, forrelated to the experimentally determined energy separation
which photoemission is a sensitive probe, vary with the numbetween the poorly screened satellite and well-screened main
ber of TI-O and Cu-O layers. In tetragonal cuprate superconpeak Es—E,,) and to the ratio of the intensities of the sat-
ductors, a van Hove singularity/HS) is typically located ellite and main peakl(/I ). Attempts to determine system-
near or below the Fermi leveEg),* thus requiring synthesis  atic trends in the Cu-O bonding parameters for the supercon-
in an oxidizing atmosphere to optimize the hole doping andducting cuprates have yielded contradictory results, with
the superconducting transition temperatdrg, as in the some studies reporting théj/l,, (and A/T) increases with
double TI-O layer materials. However, the stoichiometricincreasingr, (e.g., Refs. 18 and 1@nd other studies report-
(6=0) single TI-O layer materials are hole overdoped and ang the oppositde.g., Refs. 20 and 21These contradictory
VHS lies aboveEr 2 thus oxygen deficiency, sometimes re- results may be related to differences in dopiogygen con-
quiring  post-synthesis annealing in a reducingteny between the samples studied by different groups, at
atmospheré&;® or partial substitution of trivalent rare earth least in the surface region probed by photoemission, since
ions on the Ca sifds necessary for optimuffi,. The varia-  14/1,, depends sensitively on dopid@®-2°Surface prepara-
tion of E; with oxygen stoichiometry is detectable in rigid tion which avoids loss of oxygen is thus critical in such
shifts of the photoemission core levels, as previously restudies.
ported for TI-2201(Ref. 7) and TI-1212(Ref. 2. The TI-O bonding also varies with the number of TI-O

The Cu-O bonding varies with the number of Cu-O lay- layers, with Tl being bonded tGn addition to the long pla-
ers, with the oxygen coordination being distorted octah&dralnar TI-O bonds two apical oxygerst*?for m=1, and to
for n=1, square pyramidaf® for n=2, and a mixture of one apical oxygen and one oxygen in the adjacent TI-O
square pyramidalouter Cu-O layers and square planar layer”! for m=2. It has been reported that the single and
(middle Cu-O layer (Refs. 10—12 for n=3. It has been double TI-O layer materials have distinguishable photoemis-
proposed that such differences in Cu-O bonding result irsion spectra which reflect differences in charge transfer be-
differences in Cu-apical oxygen charge transfer which aréween TI-O and Cu-O layer&.
detectable in the Cup2 photoemission spectfd.The Cu 2 In this work, x-ray photoemission spectroscopyPS
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measurements of TI-2212, TI-2223, and the TI-1223 phaser greater than typical photoelectron attenuation lengths. The
Tlo.7eBig.2B8 4SS CaCuOgy_ 5 [(Tl, Bi)-1223 are reported  (Tl, Bi)-1223 films have an Ag contaminant present at a level
which, together with previously reported measurements irof 1-2 at. %, presumably from the annealing procedure,
this lab of TI-2201(Ref. 7) and TI-1212(Ref. 2, comprise a which contributes a detectable small feature to the valence
comprehensive comparative study of Tl cuprates with aand spectra, as discussed later.
range of chemical and electronic properties. These results are After completion of the XPS measurements, ac suscepti-
compared to earlier studies which have included comparisohility determinations of T, (typically slightly lower than
of several Tl cuprate®23as well as studies of individual TI zero-resistance temperaturegere performed. The measured
cuprate phase®:24-26 onsets of the superconducting transition temperature and
transition widthsA T, for the TI-2223 films ard .= 109 and
111 K andAT.=2K, T,=103-106K andAT.=1K for
the (TI, Bi)-1223 films; andT,=102 and 104 K and\T,
Two epitaxial films each of TI-22126000-A thick and =1 K for the TI-2212 films.
TI-2223 (4300-A thick on LaAlO; (100 substrates are ob-
tained by sputter deposition of Tl-free precursor films fol-
lowed by anex situ anneal together with Tl-rich TI-2223
pellets in an alumina crucible for thallination. Details of the  The results of the XPS measurements of core levels other
film growth, annealing, and characterization are describethan the Cup are summarized in Table | for 16 samples of
elsewheré! The zero-resistance temperatures of the TI-2223he 5 different Tl cuprate phases measured in this lab, as well
films are 112.5 and 114 K, and the TI-2212 films haveas previous measurements in thisffor epitaxial films of
Meissner transitions at 102 K as determined with a supercorHgBa,CaCyOg. 5 (Hg-1212, which is chemically and struc-
ducting quantum interference device magnetometer. Fiveurally closely related to the Tl cuprates. The core level bind-
1-um thick epitaxial films of(Tl, Bi)-1223 are grown on ing energies are determined from least squares fitting for the
LaAlO; (100 substrates by laser ablation, followed by post-T|4f and Baal and 4 signals, which consist of a single
growth annealing of the films wrapped in Ag foil together component or which contain components which are well
with Tl-rich (Tl, Bi)-1223 pellets. This procedure typically separated. For the Ca2and O Is signals, which consist of
yields films with zero-resistance temperatures in the rangeomponents with significant overlap, the uncertainty in the
105-111 K. Details of the film growth, annealing, and char-least squares fitting is considerably greater, with the deter-
acterization are described elsewh&é’ Epitaxial films of  mined binding energies varying by as much as 0.2(e\Mt
the rare earth cuprates J@u0Q,, Nd,CuQ,, and GgCuO,; typically <0.1 eV) for the same spectrum with different ini-
are grown by pulsed laser deposition in 100 mTorr back+ial fitting parameters. The binding energies for these core
ground pressure of oxygen onto LaAlQL00) substrates at levels listed in Table | are therefore those determined from
650 °C. the second derivatives, for which the variability is generally
The film surfaces are cleaned in a dry box with an inertcomparable to the other core levels.
ultrahigh purity N, atmosphere which encloses the load lock  XPS measurements of the Cp Zore levels for the Tl
area of the XPS spectrometer using a nonaqueous etchamtd rare earth cuprates are summarized in Table |l, together
consisting of 0.1% Brin absolute ethanol for 15-60 sec with previous measurements in this lab for Hg-12R&f.
(etch rate~1000 A/min), rinsed in ethanol, and loaded into 30), Bi,Sr,CaCuOg (Bi-2212),3' and YBaCu,0; (Y-123).3
the XPS spectrometer with no atmospheric exposure. Thghe Cu 25, satellite to main peak intensity ratios,(l ,,)
XPS spectrometer is a Surface Science Instruments SSX-5Qke determined from the integrated intensities above a flat
utilizing monochromatic AK, x-rays(1486.6 eV.. Spectra  background from the smoothed spectra, and the positions
are measured at ambient temperature with photoemissidisted in Table Il are the centroids. The data in Tables | and
normal to the surface. The core level spectra are measurafshow that the measurements from different films of the
with an x-ray spot size of 150m and the pass energy of the same phase with simildf.'s are very similar, demonstrating
electron energy analyzer is set to 25 eV. The energy scale §ood sample-to-sample reproducibility. The results for TI-
calibrated using sputter-cleaned Au and Cu with the AyA 2212 are similar to previous measurements in this lab using
binding energy set to 83.950.05eV[0.7 eV full width at  films grown with a different technique and different photo-
half-maximum (FWHM)] and the Cu Ps, binding energy  emission measurement conditichis*
set to 932.450.05eV(1.0 eV FWHM. The surface prepa- The O Is spectra for the five Tl cuprate phases considered
ration, XPS spectrometer characteristics, and measuremeiére are shown in Fig. 1. The signal near 531 eV is dominant
conditions are described in more detail elsewHere. prior to etching and is associated with contaminants, particu-
The measured surface stoichiometries normalized to Clarly hydroxides and carbonates of the reactive alkaline earth
are TI:Ba:Ca:Cu:&1.65:2.1:2.25:3 for the TI-2223 films, elements® The lower binding energy manifold near 528 eV
Tl:Ba:Ca:Cu:G=2:2.2:1.2:2 for the TI-2212 films, and consists of signals from the inequivalent lattice sites in the
TI:Bi:Sr:Ba:Ca:Cu:(-0.8:0.3:1.6:0.5:1.8:3 for thell, Bi)-  superconductors. This signal is clearly detectable prior to
1223 films. The slight deviations from the expected bulketching and the binding energy is not affected by the etching
stoichiometries may result from residual surface and/or grainias is also the case for the other core leyeds indication
boundary contaminants, evident in the XPS spectra as rehat the surface is not detectably damaged by the etching.
sidual high binding energy signals in the ® &and alkaline  The dominance of the lower binding energy signals evident
earth core level regions, or from the layered nature of thesa Fig. 1 is a measure of the surface quality achieved in this
materials, since the-axis lattice constants are comparable towork. In earlier works on Tl cuprates, the @ §ignals were

Il. EXPERIMENTAL

IIl. RESULTS AND DISCUSSION
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TABLE I. Summary of core level binding energies and peak full widths at half maxiriparenthesegdgor (Tl, Bi)-1223, TI-2212, and
TI-2223 epitaxial films measured in this work, together with previously reported measurements from this lab for epitaxial films of TI-2201,

TI-1212, and Hg-1212.

Material Te TI4f,, Ba 3ds)» Ba 4ds), Ca2pyp O1s Source
TI-1212 87.5 117.781.42 778.09(1.5)) 87.67(1.20 344.42 and 345.51  528.08 and 528.58 Ref. 2
86.4  117.831.42 778.13(1.50 87.71(1.19 344.45 and 345.65  527.99 and 528.55 Ref. 2
(overdopedl 745  117.661.40  777.99(1.489 87.56(1.18  344.40 and 345.49  527.93 and 528.55 Ref. 2
(Tl, Bi)-1223 106.1 117.881.33 777.94(1.44 87.56(1.1) 344.59 and 345.73  527.98 and 528.51 This work
105.3 117.81(1.32 777.92(1.45 87.55(1.05 344.61 and 345.70  528.02 and 528.61 This work
105.2 117.831.349 777.94(1.48 87.57(1.05 344.64 and 345.72  528.01 and 528.62 This work
104.7 117.791.29 777.92(1.47) 87.56(1.08 344.59 and 345.37  528.01 and 528.63 This work
103.2 117.821.30 777.97(1.48 87.57(1.07) 344.65 and 345.53  528.01 and 528.56 This work
TI-2201 63 118.121.25 777.89(1.44) 87.50(1.05 none 527.50 and 528.95 Ref. 7
53 118.20(1.27) 778.00(1.51) 87.61(1.20 none 527.57 and 528.97 Ref. 7
(overdoped 11 117.88(1.23 777.77(1.49 87.35(1.03 none 527.39 and 528.63 Ref. 7
(overdoped 11 117.86(1.19 777.76(1.45 87.36(1.049 none 527.39 and 528.58 Ref. 7
TI-2212 104.2 117.981.27 778.26(1.47) 87.89(1.11) 344.57 and 345.67  527.97 and 528.75 This work
101.8 118.031.27) 778.34(1.48 87.96(1.17) 344.64 and 345.89  527.95 and 528.80 This work
TI-2223 1114 117.841.23 778.05(1.43 87.67(1.11 344.61 and 345.78  527.94 and 528.63 This work
109 117.91(1.21 778.10(1.43 87.71(1.06 344.58 and 345.80  527.96 and 528.73 This work
Hg-1212 117 none 778.211.44) 87.83(1.13 344.39 and 345.58  527.82 and 528.70 Ref. 30
116 none 778.281.52 87.96(1.15 344.47 and 345.56 527.86 and 528.69 Ref. 30

TABLE Il. Summary of the Cu B3, main peak binding energie€f,= centroid positioh, peak full
widths at half maximum(FWHM), satellite-main peak intensity ratiod¢(l,,), and satellite-main peak
energy separation&(— E,,,) for epitaxial films of the Tl and rare earth cuprate phases measured in this work,
together with previously reported measurements from this lab.

Material Te Emn FWHM I/l Es—En Source
Tl-1212 87.5 933.53 3.39 0.419 8.47 Ref. 2
86.4 933.49 3.44 0.418 8.47 Ref. 2
74.5 (overdoped 933.51 3.49 0.425 8.46 Ref. 2
(TI, Bi)-1223 106.1 933.45 3.71 0.374 8.55 This work
105.3 933.42 3.68 0.372 8.54 This work
105.2 933.42 3.64 0.374 8.51 This work
104.7 933.48 3.39 0.379 8.44 This work
103.2 933.47 3.49 0.376 8.47 This work
TI-2201 63 933.34 3.35 0.450 8.46 Ref. 7
53 933.33 3.31 0.421 8.54 Ref. 7
11 (overdoped 933.36 3.39 0.476 8.49 Ref. 7
11 (overdoped 933.33 3.35 0.446 8.41 Ref. 7
Tl-2212 104.2 933.45 3.50 0.397 8.44 This work
101.8 933.56 3.49 0.413 8.34 This work
TI-2223 111.4 933.41 3.53 0.391 8.46 This work
109 933.38 3.45 0.376 8.52 This work
Hg-1212 117 933.41 3.72 0.362 8.63 Ref. 30
116 933.50 3.72 0.371 8.55 Ref. 30
Bi-2212 85 933.48 3.50 0.413 8.58 Ref. 31
Y-123 89 933.39 3.50 0.407 8.41 Ref. 32
0 (underdoped 933.47 2.40 0.289 8.78 Ref. 32
La,CuQ, 0 933.51 2.93 0.411 8.73 This work
Nd,CuQ, 0 933.75 3.39 0.363 9.01 This work
Gd,CuQ, 0 934.19 3.15 0.388 8.73 This work
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FIG. 1. Representative Gslspectra measured from the five Tl

cuprate phases considered in this work. FIG. 2. Second derivatives of the spectra from Fig. 1, showing

more clearly the two components of the spectra associated with
either not reported®2 making an assessment of the intrin- CU-O and TI-O bonding.

sic nature of the measurements problematic, or the higher ) )
binding energy contaminant signals were significantlytion of (Tl, Bi)-1223 which has Cu-O bond lengths of 1.91

largef>?* than those evident in Fig. 1. A However, as shown in Fig. 3, O(1)10 1s binding en-
ergies are correlated with the much longer Bd)Obond
A. Cu-O bonding lengths(2.73-2.84 A, due to the larger Baionic radius,

with lower O 1s binding energies occurring for shorter Ba-
Information on the Cu-O bonding can be obtained fromo(1) pond lengths. Since th@a, Sp-O(1) bond length de-
the Ols and Cu? core levels. The low binding energy termined by powder neutron diffracti&hin (TI, Bi)-1223 is
O 1s signal consists of two components, most clearly evidengn average, the local Ba¢D bond length is assumed to be
in the TI-2201 spectruntbottom curve in Fig. I, associated  the same as in TI-122@Ref. 11). Also included in Fig. 3 is
with Cu-O bonding(lowest binding energy compongrind  Hg-1212 using previously reported XPS measurements from

TI-O bonding(~1 eV higher binding energyThe two com-  thjs |al?° and the crystal structure reported in the literafifre.
ponents are more clearly separated in the second derivatives

shown in Fig. 2. The differing line shapes evident in Fig. 1~ , ¢,
result from differences in the energy separations of these twc + TI1-2201 * .
componentgsee Fig. 2 and from differences in the relative o TI-2212
intensities due to the differing TI/Cu ratios in the various 2.82 :%}ﬁii
phases. A qualitative understanding of the observeds O 1 x TI-1223

S ) . . . . . o Hg-1212
binding energies and their relationship to chemical bonding
can be gained by consideration of the crystal structures of th
various Tl cuprate phasés!? To avoid confusion related to
the different atom numbering employed for the various
phases, the Cu-O planar oxygen in the single and doubleg
Cu-O layer materials and in the outer Cu-O layers of triple§
Cu-O layer materials will be referred to agi], the Cu-O
planar oxygen in the middle Cu-O layer of triple Cu-O layer %
materials will be referred to as O(), the apical oxygen 274 4
(Ba-O layer$ will be referred to as @), and oxygen in the
TI-O layers will be referred to as @).

In addition to in-plane coordination to two Cu atoms, each ~ 2.72 i i T i y N

O(1) is coordinated to either four Baions(TI-2201) or two 5274 5215 5216 52717 . 5278 5219 5280 5281
Ba®" and two C&" ions (TI-n212 and the outer Cu-O planes O O 1s Binding Energy (V)
in Tl-n223) and each O() is coordinated to four Ca FIG. 3. Ba-@1) bond length vs O 4 binding energy, using the
ions. There appears to be no correlation of thes®ihding  data from Table | for those samples near optimum doping and crys-
energies and the Cu-O bond lengths, which for the Thkal structure determinations from the literatRefs. 8—12, 36 A
cuprates considered here are all near 1.93 A with the excefiinear least squares fit is also shown as a guide to the eye.
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FIG. 4. Representative Cygj, spectra measured from the five

Tl cuprate phases considered in this work.
reported to cause reduction of €uto Cu** (i.e., low values

Contributions to a lower O4 binding energy resulting from  Of Is/1,) for other cuprate superconductdrs®°
a shorter Ba-Ql) bond length include an increased Made- As shown in Fig. 5, higher values &f. are correlated
lung energy at the () site (assuming other contributions to With lower values ofl s/I,, for samples near optimum dop-
the Madelung energy remain constaand increased polar- ing. This trend is consistent with some earlier rep6Hs,
ization screening of the photoionized ® tore hole final  despite the differences in reported values gt ,,, and is in
state. If the effect of the alkaline earthd bond length on  contradiction to other studie§:** We now consider factors
the Madelung energy is the dominant effect, then one wouldvhich may explain such a correlation. As previously men-
expect that the O4 binding energy for TI-220%four Ba-  tioned, Is/I, and Es—E,, are related to the parametess
O(1) bondg would be higher than for the other Tl cuprates (O 2p—Cu 3d charge transfer energyT (Cu 3d-O2p hy-
[two Ba-Q(1) and two Ca-@1) bonds, or four Ca-O() bridization energy, andU (on-site Coulomb interaction be-
bondg, since the Ca-O(1/) bond lengths are much shorter tween Cu3 and 3 holes in a simple configuration inter-
than the Ba-QL) bond lengths. This is the opposite of what action modef**" Although the two experimentally
is observed. Alternatively, if the polarization screening is thedetermined quantities are insufficient to uniquely determine
dominant effect, then the Gslbinding energy for TI-2201 the three model parameters, the data set in Table Il is suffi-
would be lower than for the other Tl cuprates, which is con-cient to restrict their values to narrow ranges. The experi-
sistent with the measurements presented here, since the ppental values ofs/I,, andEs—E, in Table Il for all of the
larizability of B&" is more than triple that of Ga (Ref. 37. superconducting cuprates are reproduced in calculations for
Though not conclusive, the correlation evident in Fig. 3 thusA=0.5-1.0eV,T=2.2-2.5eV, andJ=7.6-8.0eV. If the
suggests that the final state screening is the dominant co@Xygen-oxygen interaction is included in the calculations and
tributor to the observed differences in the ®hinding en-  fixed at 0.5 eV, as in Ref. 15, theh=—0.5 to 0 eV. This
ergies evident in Figs. 2 and 3. range of values foA corresponds to Cd orbital occupancy

Representative Cu,, spectra are presented in Fig. 4. Na~ 9.4, characteristic of strong mixed valency as previously
The multiplet at higher binding energy, referred to as a sathoted:®
ellite peak in the literature, corresponds to states of predomi- Comparison of the measured values Iqfl;,, and Eg
nant2p®3d°L character, where underscoring denotes a hole- En With the values calculated @ or T is varied with the
and L is the oxygen ligand, while the main peak at lower other two model parameters fixed is shown in Fig. 6. De-
binding energy corresponds to states of predominangreasing values df/l, and increasing values &;—E, are
2p®3di%L character resulting from ligand-to-metal (@2 reasonably well explained qualitatively by calculations with
—Cu3d) charge transfe¥*1"8 |t is to be noted that the either decreasing values df or increasing values df, i.e.,
values ofl /1 ,, in Table Il are at the high end of the range of more covalent Cu-O bonding.is to first order proportional
values found in the literature, e.g., for TI-2223 the value ofto dcto (Ref. 17, wheredc,o is the Cu-O bond length.
0.38-0.39 in this work compares to previously reported val-Since the Tl cuprates, as well as Hg-1212, have very similar
ues of 0.19Ref. 20, 0.24(Refs. 19, 21, 0.21 and 0.38Ref. ~ Cu-O bond lengths, then variation d&f is likely to be the
24), and 0.38(Ref. 23. The variability in reported results is dominant cause of changeslig/l , andEs—E,,. The cor-
likely due to problems in reproducibly obtaining high quality relation evident in Fig. 5 therefore suggests that higher val-
surfaces, since typically surface preparation consists ofies of T, are related to low values of the (»2+Cu 3d
scraping a polycrystalline pellet in vacuum, which has beercharge transfer energy.
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o) o FIG. 7. Representative Tlf4spectra measured from the five Tl
cuprate phases considered in this work.
E described above is that, in the absence of other differences,
= with the additional charge transfer one might also expect
/1, to be lower for LaCuQ,, while the opposite is ob-
served in this work as well as in earlier studté4:*2Among
the TI cuprates, TI-2201 with octahedral coordination also
exhibits a higher value of¢/l,, compared to the other
cuprates which have pyramidal or mixed pyramidal and
> square planar coordinatiofsee Table ). The measured
> widths of the Cu ® main peaks are also larger for pELO,
and GgCuQ, than for LaCuQ,, which is also contrary to
expectations based on the model described above. The sug-
. gestion that the peak shapes of the main @GsRnals reflect
0.5 the specific suggested differences in charge transfer path-

8.30 8.40 8.50 8.60 ways therefore does not appear to be supported by the mea-
E, -Ep (V) surements in this work.

FIG. 6. Plots of T and A vs (a) I¢/l,, and (b) E;c—E,,. The
curves are the calculated valuesl ¢fl ,, andE;— E,,, as(top curve B. TI-O bonding

in each panelT is varied for fixedA (0.75 eV} andU (7.8 eV), and . . .
(bottom curve in each pane is varied for fixedT (2.4 eV) andU h In.;?;rfnatlon on thc? El_%.bﬁndlg.g d(?an be obtained from
(7.8 e\). The data points are the experimental value$of,, and the spectra and the higher binding energy component
Es— E, vs the values off or A obtained from the individual spec- of the O Is spectrf':l. Representative Tl &pectra megsurgd
tra. from each of the five Tl cuprate phases measured in this lab
are presented in Fig. 7. The spectra are well represented by a
Finally, we consider the effects of differences in oxygensingle doublet in the expected 4:3 intensity ratio, consistent
coordination on the Cu-O bonding as reflected in the @u2 with a single Tl chemical state. The higher binding energy
spectra. In studies comparing the Qu 8pectra measured component of the O4 spectra originates from TI-O bonds,
from La,CuQ, (distorted octahedral O coordination to )Cu which are to O(2,3), states as discussed below.
and NgCuOQ, (square planar coordinatipnit has been re- Crystal structure determinatidhs? show that the in-
ported that in the latter compound the main line isplane TI-Q3) distances are much longer than TI-O distances
narrower'®> The proposed explanation was that Q3 in the c direction, which are Tl bonds to the(® (apica)
—Cu3d,2_,2 charge transfer occurs in both compounds,oxygens, and in the case of the double TI-O layer materials
while O2p,—Cu3d,2 charge transfer is possible only in also to @3) in the adjacent TI-O layers. Band structure
La,CuQ,. The additional charge transfer pathway results incalculation$**** also show that the in-plane T8 p,,
an additional contribution to the main peak, and thus anteractions are weak, while the stronger $6(2,3)p, co-
broader and asymmetric signal, as is also observed in higialent interactions yield hybridized states. For the double
temperature superconductors. To verify this, measurement®-O layer materials, the hybridized states form occupied
on LaCuQ, Nd,CuQ, and GdCuQ, (which has the bonding bands of predominant Té&haracter which are-7
Nd,CuQ, crystal structure and square planar O coordinatioreV below the Fermi energy, and antibonding bands of pre-
to Cu) have been done in this work, and the results are indominant O(2,3p, character which are-0-2 eV above the
cluded in Table II. A possible problem with the scenario Fermi level and are nearly empty, but do dip slightly below
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FIG. 8. 02,3 O 1s vs Tl4f,, binding energies. A linear least

C ’ FIG. 9. T, vs the Tl 4f,,, binding energy for samples near op-
squares fit is also shown as a guide to the eye.

timum doping. A quadratic least squares fit is also shown as a guide

. . . to the eye.
the Fermi level forming electron pockets at thegoint, and y

also at theZ point for Tl-2212 and TI-2223. For the single
TI-O layer materials the situation is similar, but both the TI4f,, binding energies in Tl cuprates reflect mixed valent
bonding and antibonding bands are€2 eV higher energy TI (which is also consistent with band structure calculations
(lower binding energy so that the antibonding bands are with single TI-O layer materials being closest t¢ Tl How-
completely empty. In all cases states with significant 16 ever, states with predominant T$&haracter in the single
character are therefore occupied, so Tl should be viewed a8-O materials remain well below the Fermi level and hence
mixed valent and in terms of formal oxidation state is inter'are occupied and the formal oxidation state remains interme-
mediate between 1 and TP*. However, Tl should not be giate between " and TF*. The observed variation of the
viewed as discrete ions, some with occupied and some With| core level binding energies for the various phases may
empty & orbitals, since the bands are dispersive and thegfiect differences in the occupation of the T 6tates, or
electrons are thus delocalized. __differences in the relative Tl$character of the states.
Higher Tl4f7, binding energies are correlated with Finally, for samples which are reasonably close to opti-

higher 02,3 O1s binding energies, as shown in Fig. 8. : : oo
Data from both near-optimally doped and overdoped TI—220£ern doping we notg a corr(_elatlon betweer_1 the i} Abind
ing energy andl', with maximumT_ occurring for Tl 4f,

and TI-1212 are included in Fig. 8, and for these materials %inding energies near 117.9 eV, as shown in Fig. 9. This

linear correlation is not surprising since variation in doping lation i dent f les far f . d
causes a shift in the chemical potential which is observabl&°'€ ation is not evident for samples far from optimum dop-

as a rigid shift of all core levels. The observed slope neald: €.g. overdoped TI-2201T¢=11K) also exhibits
unity even when only optimally doped samples are consid:r|4f?/2 bmdmg energies near 117.9 eV. The correlat!on evi-
ered suggests that the correlation may also reflect differenc&i€nt in Fig. 9 appears similar in form to the correlation ob-
in the chemical potential between materials. However, th&€rved in a studyf of the effect of pressure on TI-2212, in
other core levels do not shift rigidly with the TF4, core ~ Which T was found to be maximum for an optimum Ba
level, e.g., the near-optimally doped TI-2201 samples exhibi€oordinate. Indeed, comparing the crystal structures of the
the highest Tl 4,,, binding energies but the lowest Cpg,  various Tl cuprate phas®d! shows thafT, is maximum for
binding energies among the phases studied, and compariffyBa&-A3) distance near 2.85 A, suggesting a relationship
TI-2201 with TI-2212 the Tl 4,5, binding energies are the Petween the Ba-@) bond length and the TI#,, binding
most similar among the phases studied, while the Ba corM€rgy- This conjecture is confirmed in Fig. 10. The correla-
level binding energies are the most dissimilar. Thereforellon evidentin Fig. 10 is not surprising for double TI-O layer

other effects need to be considered. materials, since Tl is bonded to(8 atoms in the adjacent

Usually a higher metal core level binding energy indicates! "© layers. However, in single TI-O layer materials, the
increased metal-to-ligand charge transfer and should be coP?ly TI-O(3) interactions are the weak in-plane interactions,
related with lower ligand core level binding energies. How-Which suggests that other factors may be responsible, such as
ever, the higher Tl core level binding energies of Ttom- the Madelung energy or thaf( charge traznsfer between the
pounds relative to PI compounds are well docu- 1O and Cu-O layers is mediated by the®Bsons.
mented:®2°>4%4%and have been attributed to enhanced final
state relaxation in conductive *fl compound$? though spe-
cific calculations or additional experimental evidence in sup-
port of this conjecture appear to be lacking. The data in Fig. Representative Badl spectra measured from the five Tl
8 thus seem to be consistent with the viétt232>%%hatthe  cuprate phases considered in this work are presented in Fig.

C. Alkaline earth-oxygen bonding
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FIG. 12. The average Ba-O bond lengtR(Ba-O)) vs the
Ba 4ds;, binding energy. The line is a guide to the eye.

0O(1) bond lengthgFig. 3), and the Tl 4, binding energies

11. Each spectrum consists of a dominant doublet at lovre correlated with the Ba{@) bond lengthgFig. 10. The
binding energy corresponding to the superconducting phas&a 4ds, binding energies, on the other hand, do not correlate
and a minor doublet at higher binding energy correspondingvith any individual Ba-O bond length. However, a reason-
to residual surface contaminant phases. The spectra are camble correlation with the average Ba-O bond length
sistent with Ba being in a single chemical state, and ar¢R(Ba-O)) is evident, as shown in Fig. 12, with lower
comparable to Bad signals measured from other cuprate (R(Ba-O)) corresponding to lower Badk, binding ener-

superconductorée.g., see the review in Ref. 18
Ba is coordinated to four @) atoms, four @2) atoms,
and one @) atom. Band structure calculaticrf$** show

gies, though a larger deviation from the trend line is apparent
for data measured from TI-1212 samples compared to data
measured from the other Tl cuprate phases. The observed

that the valence band states have little Ba or Ca character; tgend is consistent with both the increased Madelung energy
a good approximation the alkaline earths can therefore band with increased polarization screening of thé Bimns
considered to be ideally ionic. As previously noted, thewith smaller Ba-O bond lengths. While both effects are ex-
O(1,1') O1s binding energies are correlated with the Ba- pected to contribute to the observations, previous studies of

Ba 4d

INTENSITY

1 1
98 95 92 89 86 83

BINDING ENERGY (eV)

FIG. 11. Representative Baldspectra measured from the five
Tl cuprate phases considered in this work.

simple alkaline earth salts have shown that the Madelung
energy is the dominant factd?->!

Representative Cg®2spectra measured from the four Ca-
containing Tl cuprate phases considered in this work are pre-
sented in Fig. 13. Each spectrum consists of two doublets
separated by approximately 1 eV. Both of these components
occur at significantly lower binding energies than the signal
from surface contaminants (C@z, binding energy near
347 e\), which is prominent prior to etching but is not de-
tectable in the spectra in Fig. 13. These spectra are compa-
rable to Cap signals measured from other Ca-containing
cuprate superconductofs.g., see the review in Ref. 4&nd
the two signals have been interpreted as originating from
occupation of inequivalent lattice sites due to cation disorder,
with the lower binding energy component corresponding to
the site between Cu-O planes. Significant cation disorder has
in fact been detected in structure studies of Tl cuprzftes.

C&" ions are coordinated to eight(D atoms in double
Cu-O layer Tl cuprates, and to four(D and four O(1)
atoms in triple Cu-O layer Tl cuprates. There is relatively
little variation in the Ca P3j, binding energies between the
various Tl cuprate phases, reflecting the similarity of the
chemical environments since the average Ca-O bond dis-
tance is 2.48 0.01 A for all of the Ca-containing Tl cuprates
studied here.
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FIG. 13. Representative CgpZspectra measured from the four FIG. 14. Representative valence band spectra measured from the
Ca-containing Tl cuprate phases considered in this work. five Tl cuprate phases considered in this work. Inset: Fermi level
region.

The Ba and Ca core level binding energies measured from
the TI cuprates are significantly lower than those measured
from the corresponding metals, as is also the case for oth@us measurements in this lab of TI-22(Ref. 7 and TI-
cuprate sug)erconducté?s and simpler alkaline earth 1212(Ref. 2, comprise a comprehensive data set for a com-
compound$® The negative chemical shift observed in alka- parative study of Tl cuprates with a range of chemical and
line earth compounds is attributable to initial-state electroelectronic properties. Higher valuesf have been found to
static effects, originating from the larger value of the Made-correlate with low values of/I,, and high values of,
lung energy relative to the ionization enertly™* —E,, in the Cu 2 spectra. Analysis of these spectra within a
simple configuration interaction model suggests that higher
values of T are related to low values of the ®2+Cu 3d
Representative valence band spectra measured from tliharge transfer energy, i.e., to more covalent Cu-O bonding.
five Tl cuprate phases considered in this work are presenteié the O 1s region, a smaller Ba-Q) bond length has been
in Fig. 14. A closer view of the Fermi level region is shown found to correlate with a lower binding energy for the signal
in the inset of Fig. 14. The density of states at the Fermi levehssociated with Cu-O bonding, most likely resulting from the
for the Tl cuprates is lower than is observed for other cupratgcreased polarization screening by?Bédons. For samples
superconductorge.g., see the review in Ref. BSthough hear optimum doping, maximuri, has been observed to
Fermi edges are still apparent with varying degrees of clarity ...,r when the Tl #,, binding energy is near 117.9 eV,

The intensity of the feature near 4.5 eV in the spectrum, nich i .
. X ich is near the middle of the range of values observed for
measured frontTl, Bi)-1223 correlates with the level of Ag H cuprates. Higher Tl4,,, binding energies, corresponding

contaminant observed on the surface, and is thus an artifag Y it
of the annealing procedure. o0 formal oxidation states nearer'T| have also been found

The valence bands are comprised of states with primaril 0 cprrelate W.ith longer Ba—@) bond Iengths anq higher
Cu3d, O2p, and TI6s and 5 characte?*>*For the pho- mdlng energies o_f the Oslsignal associated with TI-O
ton energy used in this work, the photoionization cross Sect_)ond_mg. The alkaline earth core levels have been found to

e similar to those measured from other cuprate supercon-

tions are such that the Cu and Tl states are dominant in th ; Th d val bands h b found to b
spectr&*%° The feature near 7 eV consists of states with®Uctors. 1n€ measured vaience bands have been tound to be
very similar to each other, consistent with the similarity in

rimarily Tl 6s charactef:*>#4>°The variation in the relative _ o :
P y hthe Cu 3 partial densities of states found in band structure

intensity of this feature, evident in Fig. 14, is consistent wit culati h th i ¢ a feat 7 eV
the variation in the TI/Cu ratios in the phases studied herefaicutations, wi € exceplion of a leature near 7 ev cor-
esponding to states with predominant &l 6haracter, the

The main manifold in the 1-6 eV region consists of stated ©SPoONdl _ : . i |
with primarily Cu3d character and exhibits relatively little _relatlve Intensity of which varies c_on5|stently with the vary-
difference for the various phases, reflecting the similarity in'N9 TlCu ratio in the phases studied.

the calculated Cu@® partial densities of stateg>44

D. Valence band measurements
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