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Abstract

Epitaxial thin ftis of the Tl cuprate superconductors TlJ3qCaCu.Q, Tl@@i@@lo, and

~0.T8B&.zzBa0.ASrl.6C%CuqOg.5Me studied witi x-ray photoemission spectroscopy. These data,

together with previous measurements in this lab of TlzB~CuO~ and TlBqCaCq07.5, comprise a

comprehensive data set for a comparative study of Tl cuprates with a range of chemical and

electronic properties. In the Cu 2p spectra, a larger energy separation between the satellite and

main peaks (J3~-EJand a lower intensity ratio (I&J are found to correlate with higher values of TC,

Analysis of these spectra within a simple confQuration interaction model suggests that higher

values of TCm related to low values of the O 2p ~ Cu 3d charge transfer energy. In the O 1s

region, a smaller bond length between Ba and CU-O planar oxygen is found to comelate with a

lower binding energy for the signal associated with CU-O bonding, most likely resuhing from the

increased polarization screening by Ba2+ions. For samples near optimum doping, maximum TCis

observed to occur when the Tl 4f7n binding energy is near 117.9 eV, which is near the middle of

the range of values observed for Tl cuprates. Higher Tl 4f7n binding energies, corresponding to

formal oxidation states nearer TI1+,are also found to correlate with longer bond lengths between Ba

and T1-O planar oxygen, and with higher binding energies of the O 1s signal associated with T1-O

bonding.
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L Introduction

The 11-based tetragonal cuprate superconductors of the form Tl~B~Ca~.lCuDOz~+~+~

(m = 1,2; n = 1,2,3), commonly abbreviated to T1-m2(n- l)n, are a class of materials in which

the chemical and electronic properties, for which photoemission is a sensitive probe, vary with the

number of T1-Oand CU-O layers. In tetragonal cuprate superconductors, a van Hove singularity

(VHS) is typical!y located near or below the Fermi level (EJ,l thus requiring synthesis in an

oxidizing atmosphere to optimize the hole doping and the superconducting transition temperature

TC,as in the double T1-O layer materials. However, the stoichiometric (6 = 0) single T1-O layer

materials are hole overdoped and a VHS lies above EF,2 thus oxygen deficiency, sometimes

requiring post-synthesis annealing in a reducing atmosphere,3-5 or partial substitution of trivalent

me earth ions on the Ca site6 is necessary for optimum TC. The variation of & with oxygen

stoichiometry is detectable in rigid shifts of the photoemission core levels, as previously reported

for T1-2201 (Ref. 7) and T1-1212 (Ref. 2).

‘Ihe CU-O bonding varies with the number of CU-O layers, with the oxygen coordination

being distorted octahedral’ for n = 1, square pyramickd9’]0for n = 2, and a mixture of square

pyramidal (outer CU-Olayers) and square planar (middle CU-O layer) 10-12for n = 3. It has been

proposed that such differences in CU-Obonding result in diffe~nces in Cu - apical oxygen charge

transfer which are detectable in the Cu 2p photoemission spectra.’3 The Cu 2p spectra have also

been analyzed within a simple conf@uration interaction model utilizing a two-band

Hamiltonian.1417 Within this model, the O 2p + Cu 3d charge transfer energy A, the O 2p -

Cu 3d hybridization strength T, and the on-site Coulomb interaction between Cu 2p and Cu 3d

holes U, are related to the experimentally-determined energy separation between the poorly-

screened satellite and well-screened main peak (E, - EJ and to the ratio of the intensities of the

satellite and main peak (IJIJ. Attempts to determine systematic trends in the CU-O bonding

parameters for the superconducting cuprates have yieIded contradictory resuks, with some studies

reporting that I.jI~ (and ~) increases with increasing TC(e.g. Refs. 18,19) and other studies

reporting the opposite (e.g. Refs. 20,21). These contradictory Esuhs may be related to differences
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in doping (oxygen content) between the samples studied by different groups, at least in the surface

region probed by photoemission, since IJI~ depends sensitively on doping. ‘6’1‘“20 Surface

preparation which avoids loss of oxygen is thus critical in such studies.

The T1-O bonding also varies with the number of TI-O layers, with Tl being bonded to (in

addition to the long planar T1-O bonds) two apical oxygens9° “12for m = 1, and to one apical

oxygen and one oxygen in the adjacent T1-O laye#10 form =2. It has been reported that the single

and double TI-O layer materials have distinguishable photoemission spectra which reflect

differences in charge transfer between T1-O and CU-O layers.n

In this work, x-ray photoemission spectroscopy (XPS) measurements of T1-2212, T1-2223,

and the T1-1223 phase T~.TgBi0.z2B%,Jkl.bC~CuJOg.5 ((Tl,Bi)- 1223) m reported which, together

with previously reported measurements in this lab of T1-2201 (Ref. 7) and T1-1212 (Ref. 2),

comprise a comprehensive comparative study of Tl cuprates with a range of chemical and electronic

properties. These results are compared to earlier studies which have included comparison of

several Tl cuprates,20-23as well as studies of individual Tl cuprate phases.20Wx

II. Experimental

Two epitaxkd ftis each of TI-2212 (6000 ~-thick) and T1-2223 (4300 ~-thick) on LaAIO~

(100) substrates are obtained by sputter deposition of T1-free precursor fdrns followed by an ex

situ anneal together with T1-rich T1-2223 pellets in an ahunina crucible for thailination. Details of

the fti growth, annealing, and characterization are described elsewhere.27 The zero-resistance

temperatures of the T1-2223 fdms are 112.5 K and 114 K, and the T1-2212 ftis have Meissner

transitions at 102 K as determined with a SQUID magnetometer. Five 1 ~-thick epitaxial ftis

of (Tl,Bi)- 1223 are grown on LaA103 (100) substrates by laser ablation, followed by post-growth

annealing of the fbs wrapped in Ag foil together with ‘H-rich (Tl,Bi)- 1223 pellets. This

procedure typically yields films with zero-resistance temperatures in the range 105 - 111 K.

Details of the fti growth, annealing, and characterization are described elsewhere.28$2gEpitaxial
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films of the rare earth cuprates L~CuOq, Nd2Cu04, and Gd2Cu04 are grown by pulsed laser

deposition in 100 mTorr background pressure of oxygen onto La#JOJ ( 100) substrates at 65(YC.

The film surfaces are cleaned in a dry box with an inert ultrahigh purity Nz atmosphere which

encloses the load lock area of the XPS spectrometer using a nonaqueous etchant consisting of

0.1% Brz in absolute ethanol for 15-60 seconds (etch rate -1000 ~minute), rinsed in ethanol,

and loaded into the XPS spectrometer with no atmospheric exposure. The XPS spectrometer is a

Surface Science Instruments SSX-501 utilizing monochromatic Al & x-rays (1486.6 eV). Spectra

are measured at ambient temperature with photoernission normal to the surface. The core level

spectra are measured with an x-ray spot size of 150pm and the pass energy of the electron energy

analyzer is set to 25 eV. The energy scale is calibrated using sputter-cleaned Au and Cu with the

Au 4f,n binding energy set to 83.95 &0.05 eV (0.7 eV fill width at half-maximum (FWHM)) and

the Cu 2pw binding energy set to 932.45 * 0.05 eV (1.0 eV FWHM). The surface preparation,

XPS spectrometer characteristics, and measurement conditions are described in more detail

elsewhere.2’7

The measured surface stoichiometries normalized to Cu are Tl:BaCa:Cu:O = 1.65:2.1:2.25:3

for the ‘II-2223 ftis, Tl:BaCXCUO = 2:2.2:1.2:2 for the TI-2212 films, and

TkBfiScBaCicCu:O = 0.8:0.3:1.6:0.5:1.8:3 for the (Tl,Bi)-1223 ftis. The slight deviations

from the expected bulk stoichiometries may result from residual surface and/or grain boundary

contaminants, evident in the XPS spectra as residual high binding energy signals in the O 1s and

alkaline earth core level regions, or from the layered nature of these materials, since the c-axis

lattice constants are comparable to or greater than typical photoelectron attenuation lengths. The

~,Bi)-1223 films have a Ag contaminant present at a level of 1-2 atomic percent, presumably

from the annealing procedure, which contributes a detectable small feature to the valence band

spec~ as discussed later.

After completion of the XPS measurements, ac susceptibility determinations of TC(typically

slightly lower than zero-resistance temperatures) were performed. The measured onsets of the

superconducting transition temperature and transition widths ATCfor the T1-2223 films are T. =
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109 Kandlll Kand ATC=2K; TC= 103- 106 Kand ATC= 1 K for the (Tl,Bi)-1223 films; and

TC= 102 K and 104 K and ATC= 1 K for theT1-2212 films.

111. Results and Discussion

The results of the XPS measurements of core levels other than the Cu 2p are summarimd in

Table I for 16 samples of the 5 different TI cuprate phases measured in this lab, as well as previous

measurements in this lab30for epitaxial films of HgB~CaC~O&5 (Hg- 1212), which is chemically

and structurally closely related to the TI cuprates. The core level binding energies are determined

from least squares fitting for the Tl 4f and Ba 3d and 4d signals, which consist of a single

component or which contain components which are well separated. For the Ca 2p and O 1s

signals, which consist of components with significant overlap, the uncertainty in the least squares

fitting is considerably greater, with the determined binding energies varying by as much as 0.2 eV

(but typically cO.1 eV) for the same spectrum with different initial fitting parameters. The binding

energies for these core levels listed in Table I are therefore those determined from the second

derivatives, for which the variability is generaIIy comparable to the other core levels.

XPS measurements of the Cu 2p core levels for the Tl and rare earth cuprates are summarized

in Table II, together with previous measurements in this lab for Hg-1212 (Ref. 30),

Bi&CaC~O~ (Bi-2212),31 and YB~Cu30, (Y-123).32 The Cu 2p,n satellite to main peak

intensity ratios (IJIJ are determined from the integrated intensities above a flat background from

the smoothed spectra, and the positions listed in Table II are the centroids. The data in Tables I

and II show that the measurements from different films of the same phase with similar TCSare very

similar, demonstrating good sample-to-sampIe reproducibility. The results for T1-2212 are similar

to previous measurements in this lab using films grown with a different technique and different

photoemission measurement conditions.33’~

The O 1s spectra for the five TI cuprate phases considered here am shown in Fig. 1. The

signal near 531 eV is dominant prior to etching and is associated with contaminants, particularly

hydroxides and carbonates of the reactive alkaline earth elements.3S The lower binding energy
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manifold near 528 eV consists of signals from the inequivalent lattice sites in the superconductors.

This signal is clearly detectable prior to etching and the binding energy is not affected by the

etching (as is also the case for the other core levels), an indication that the surface is not detectably

darnaged by the etching. The dominance of the lower binding energy signals evident in Fig. 1 is a

measure of the surface quality achieved in this work. In earlier works on Tl cuprates, the O 1s

signals were either not reported,19-21making an assessment of the intrinsic nature of the

measurements problematic, or the higher binding energy contaminant signals were significantly

large#3’u than those evident in Fig. 1.

Ill. a. CU-O Bonding

Information on the CU-Obonding can be obtained from the O 1s and Cu 2p core levels. The

low binding energy O 1s signal consists of two components, most clearly evident in the T1-2201

spectrum (bottom curve in Fig. 1), associated with CU-O bonding (lowest binding energy

component) and T1-O bonding (-1 eV higher binding energy). The two components are more

clearly separated in the second derivatives shown in Fig. 2. The differing lineshapes evident in

Fig. 1 result from differences in the energy separations of these two components (see Fig. 2) and

horn differences in the relative intensities due to the differing T1/Curatios in the various phases. A

qwditative understanding of the observed O 1s binding energies and their relationship to chemical

bonding can be gained by consideration of the crystal structures of the various Tl cuprate

phases.*-12 To avoid confusion related to the different atom numbering employed for the various

phases, the CU-O planar oxygen in the single and double CU-O layer materials and in the outer

CU-Olayers of triple CU-O layer materials will be referred to as O(l), the CU-O planar oxygen in

the middle CU-Olayer of triple CU-Olayer materials will be referred to as 0(1 ‘), the apical oxygen

(Ba-O layers) will be referred to as O(2), and oxygen in the T1-Olayers will be referred to as O(3).

In addition to in-plane coordination to two Cu atoms, each O(1) is coordinated to either four

Ba2+ions (TI-2201) or two Ba2+and two Caz+ion (T1-n212 and the outer CU-O planes in

and each 0( 1‘) is coordinated to four Ca2+ions. There appears to be no correlation of

6
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binding energies and the CU-O bond lengths, which for the TI cupratcs considered here are all near

1.93 ~ with the exception of (Tl,Bi)- 1223 which has CU-O bond lengths of 1.91 ~. However, as

shown in Fig. 3, 0(1,1’) O 1s binding energies are correlated with the much longer Ba-0(1) bond

lengths (2.73-2.84 & due to the larger Ba2+ ionic radius), with lower O 1s binding energies

occurring for shorter Ba-0( 1) bond lengths. Since the (Ba,Sr)-0( 1) bond length determined by

powder neutron diffraction12 in (Tl,Bi)- 1223 is an average, the local Ba-0( 1) bond length is

assumed to be the same as in T1-1223 (Ref. 11). Also included in Fig. 3 is Hg-1212 using

previously reported XPS measurements from this lab30 and the crystal structure reported in the

literature.% Contributions to a lower O 1s binding energy resulting from a shorter Ba-0(1) bond

length include an increased Madelung energy at the O(1) site (assuming other contributions to the

Madelung energy ~main constant) and increased polarization screening of the photoionized O 1s

core hole final state. If the effect of the alkaline earth - O(1) bond length on the Madelung energy

is the dominant effect, then one would expect that the O 1s binding energy for TI-2201 (four

Ba-0(1) bonds) would be higher than for the other Tl cuprates (two Ba-0(1) and two Ca-0(1)

bonds, or four Ca-0(1’) bonds), since the Ca-0(1, 1‘) bond lengths are much shorter than the Ba-

0(1) bond lengths. This is the opposite of what is observed. Alternatively, if the polarization

screening is the dominant effect, then the O 1s binding energy for TI-2201 would be lower than for

the other Tl cuprates, which is consistent with the measurements presented here, since the

polarizability of Ba2+is mo~ than triple that of Ca2+ (Ref. 37). Though not conclusive, the

correlation evident in Fig. 3 thus suggests that the final state screening is the dominant contributor

to the observed differences in the O 1s binding energies evident in Figs. 2 and 3.

Representative Cu 2p3fl spectra are presented in Fig. 4. The multiplet at higher binding

energy, referred to as a satellite peak in the literature, corresponds to states of predominant @3d9L

character, where underscoring denotes a hole and L is the oxygen ligand, while the main peak at

lower binding energy corresponds to states of predominant ~53d11 character resulting from

ligand-to-metal (O 2p + Cu 3d) charge transfer. 14’17>38It is to be noted that the values of I& in

Table H are at the high end of the range of values found in the literature, e.g. for T1-2223 the value
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of ().38-0.39 in this work compares to previously reported values of 0.19 (Ref. 20), 0.24 (Refs.

19, 21), 0.21 and 0.38 (Ref. 24), and 0.38 (Ref. 23). The variability in reported results is likely

due to problems in reproducibly obtaining high quality surfaces, since typically surface preparation

consists of scraping a polycrystdline pellet in vacuum, which has been reported to cause reduction

of Cu2’ to CU1+(i.e. low values of IJIJ for other cuprate superconductors-35’39+@

As shown in Fig. 5, higher values of TCare correlated with lower values of IJI. for samples

near optimum doping. This trend is consistent with some earlier reports,20’21despite the

differences in reported values of IJI~, and is in contradiction to other studies .lg’19 We now

consider factors which may explain such a comlation. As previously mentioned, IJQ and E, - &

are related to the parameters A (O 2p + Cu 3d charge transfer energy), T (Cu 3d - 0 2p

hybridization energy), and U (on-site Coulomb interaction between Cu 2p and 3d holes) in a

simple configuration interaction model. 1417Although the two experiment.dlydetermined quantities

are insuffkient to uniquely determine the three model parameters, the data set in Table II is

sufficient to restrict their values to nrmow ranges. The experimental values of ~ and E, - E. in

Table II for all of the superconducting cuprates are reproduced in calculations for A = 0.5- 1.0 eV,

T = 2.2 -2.5 eV, and U = 7.6 -8.0 eV. If the oxygen-oxygen interaction is included in the

calculations and freed at 0.5 eV, as in Ref. 15, then A = -0.5 to O eV. This range of values for A

corresponds to Cu d orbital occupancy n~-9.4, characteristic of strong mixed va.lency as previously

noted.ls

Comparison of the measured values of IJQ and E, - E. with the values calculated as A or T is

varied with the other two model parameters fwed is shown in Fig. 6. Decreasing values of ~

and increasing values of E, - ~ are reasonably well explained qualitatively by calculations with

either decreasing values of A or increasing values of T, i.e. more covalent CU-O bonding. T is to

first order proportional to da.o-4 (Ref. 17), where dcu.o is the CU-O bond length. Since the Tl

cuprates, as well as Hg- 1212, have very similar CU-O bond lengths, then variation of A is likely to

be the dominant cause of changes in IJI. and E, - E.. The comelation evident in Fig. 5 therefore
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suggests that higher values of TCare related to low

energy.

Fhmlly, we consider the effects of differences

values of the O 2p + Cu 3d charge transfer

in oxygen coordination on the CU-O bonding

as reflected in the Cu 2p spectra. In studies comparing the Cu 2p spectra measured from L~CuOq

(distorted octahedral O coordination to Cu) and N~CuO, (square planar coordination), it has been

reported that in the latter compound the main line is narrower. 13 The proposed explanation was

that O 2pX,Y+ Cu 3dXz.Yzcharge transfer occurs in both compounds, while O 2pZ + Cu 3dZz

charge transfer is possible only in L~CuO& The additional charge transfer pathway results in an

additional contribution to the main peak, and thus a broader and asymmetric signal, as is also

observed in high temperature superconductors. To verify this, measurements on L~CuOq,

N~CuOA, and Gd@O1 (which has the N~CuOq crystal structure and square planar O

coordination to Cu) have been done in this work, and the results are included in Table II. A

possible problem with the scenario described above is tha~ in the absence of other differences,

with the additional charge transfer one might also expect ~ to be lower for L%CUO1,while the

opposite is observed in this work as well as in earlier studies .17’41’42Among the Tl cuprates,

T1-2201 with octahedral coordination also exhibits a higher value of ~ compared to the other

cuprates which have pyramidal or mixed pyramidal and square planar coordination (see Table II).

The measured widths of the Cu 2p main peaks are also larger for Nd2CuOd and Gd2CuOg than for

L~CUOQ, which is also contrary to expectations based on the model described above ‘II=

suggestion that the peak shapes of the main Cu 2p signals reflect the speeiilc suggested differences

in charge transfer pathways therefore does not appear to be supported by the measurements in this

work.

III. b. T1-O Bonding

Information on the TI-O bonding can be obtained from the Tl 4f spectra and the higher

binding energy component of the O 1s spectra. Representative TI 4f spectra measured from each

of the five Tl cuprate phases measured in this lab are presented in Fig. 7. The spectra are well
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represented by a single doublet in the expected 4:3 intensity ratio, consistent with a single TI

chemical state. The higher binding energy component of the O 1s spectra originates from T1-O

bonds, which are to 0(2,3) pZstates as discussed below.

Crystal structure determinations&12show that the in-plane T1-0(3) distances are much longer

than TI-O distances in the c direction, which are Tl bonds to the O(2) (apical) oxygens, and in the

case of the double T1-O layer materials also to O(3) in the adjacent TI-O layers. Band structure

calculationsz43’Ualso show that the in-plane T1-0(3) pX,Yinteractions are weak, while the stronger

Tl 6s - 0(2,3) pZcovalent interactions yield hybridized states. For the double ‘II-O layer materials,

the hybridized states form occupied bonding bands of predominant Tl 6s character which are -7 eV

below the Fermi energy, and antibonding bands of predominant 0(2,3) pZcharacter which are -O-2

eV above the Fermi level and are nearly empty, but do dip slightly below the Fermi level forming

electron pockets at the r point, and also at the Z point for TI-2212 and T1-2223. For the single

TI-O layer materials the situation is similar, but both the bonding and antibonding bands are -2 eV

higher energy (lower binding energy) so that the antibonding bands are completely empty. In all

cases states with signiilcant Tl 6s character m therefore occupied, so Tl should be viewed as

mixed valent and in terms of formal oxidation state is intermediate between Tll+ and T13+.

However, Tl should not be viewed as discrete ions, some with occupied and

orbitals, since the bands are dispersive and the electrons are thus delocalized.

Higher Tl 4f7nbinding energies are cordated with higher 0(2,3) O 1s

some with empty 6s

binding energies, as

shown in Fig. 8. Usually a higher metal core level binding energy indicates increased metal-to-

ligand charge transfer and should be correlated with lower ligand core level binding energies.

However, the higher Tl core level binding energies of Tll+ compounds relative to T13+compounds

are well-documented,19’n>45’%and have been attributed to enhanced final state relaxation in

conductive T13+compounds,45 though specific calculations or additional experimental evidence in

support of this conjecture appear to be lacking. The data in Fig. 8 thus seem to be consistent with

the view19’21-23z5’2Gthat the Tl 4f7nbinding energies in Tl cuprates reflect mixed valent Tl (which is

also consistent with band structure calculations), with single T1-O layer materials being closest to
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T13+. However, states with predominant Tl 6s character in the single TI-O mi.iterials remain well

below the Fermi level and hence are occupied and the formal oxidation state remains intermediate

between T1*+and T13+.The observed variation of the Tl core level binding energies for the various

phases may reflect differences in the occupation of the Tl 6s states, or differences in the relative TI

6s character of the states.

Finally, for samples which are reasonably close to optimum doping we note a comelation

between the Tl 4f7n binding energy and TC, with maximum TC occurring for ‘II 4f7fl binding

energies near 117.9 eV, as shown in Fig. 9. This correlation is not evident for samples far from

optimum doping, e.g. overdoped T1-2201 (TC= 11 K) also exhibits ‘II 4f7n binding energies near

117.9 eV. The correlation evident in Fig. 9 appears similar in form to the correlation observed in a

study47 of the effect of pressure on T1-2212, in which T, was found to be maximum for an

optimum Ba z coordinate. Indeed, comparing the crystal structures of the various Tl cuprate

phases8-11shows that TCis maximum for a Ba-0(3) distance near 2.85 ~, suggesting a relationship

between the Ba-0(3) bond length and the Tl 4f7n binding energy. This conjecture is confiied in

Fig. 10. The correlation evident in Fig. 10 is not surprising for double T1-O layer materials, since

TI is bonded to O(3) atoms in the adjacent T1-O layers. However, in single T1-O layer materials,

the only TI-0(3) interactions are the weak in-plane interactions, which suggests that other factors

may be responsible, such as the Madehmg energy or that charge transfer between the T1-O and

CU-Olayers is mediated by the Ba2+ions.

III. c. Alkaline earth - oxygen bonding

Representative Ba 4d spectra measured from the five Tl cuprate phases considered in this

work are presented in Fig. 11. Each spectrum consists of a dominant doublet at low binding

energy comsponding to the superconducting phase, and a minor doublet at higher binding energy

corresponding to residual surface contaminant phases. The spectra are consistent with Ba being in

a single chemical state, and are comparable to Ba 4d signals measured from other cuprate

superconductors (e.g. see the review in Ref. 48).
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Ba is coordinated to four 0( 1) atoms, four O(2) atoms, and one O(3) atom. Band structure

calculations2-43’Mshow that the valence band states have little Ba or Ca characteu to a good

approximation the alkaline earths can therefore be considered to be ideally ionic. As previously

noted, the 0(1,1’) O 1s binding energies are correlated with the Ba-0(1) bond lengths (Fig. 3),

and the Tl 4f7n binding energies are correlated with the Ba-0(3) bond lengths (Fig. 10). The Ba

4d~nbinding energies, on the other hand, do not cordate with any individual Ba-O bond length.

However, a reasonable correlation with the average Ba-O bond length cR(Ba-0)> is evident, as

shown in Fig. 12, with lower cR(Ba-0)> corresponding to lower Ba 4d~n binding energies,

though a larger deviation from the trend line is apparent for data measured from TI-1212 samples

compared to data measund from the other Tl cuprate phases. The observed trend is consistent

with both the increased Madelung energy and with increased polarization screening of the Ba2+ions

with smaller Ba-O bond lengths. While both effects are expected to contribute to the observations,

previous studies of simple aIkaline earth salts have shown that the Madehmg energy is the

dominant factor.49-51

Representative Ca 2p spectra measured from the four Ca-containing Tl cuprate phases

considered in this work are presented 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 (Ca 2p3nbinding energy near 347 eV), which is

prominent prior to etching but is not detectable in the spectra in Fig. 13. These spectra are

comparable to Ca 2p signals measured from other Ca-containing cuprate superconductors (e.g. see

the review in Ref. 48), and the two signals have been interpreted as originating from occupation of

inequivalent lattice sites due to cation disorder,

corresponding to the site between CU-O planes.

detected in structure studies of Tl cuprates.5253

Ca2+ions are coordinated to eight O(1) atoms

with the lower binding energy component

Signiilcant cation disotier has in fact been

in double CU-O layer ’11cuprates, and to four

O(1) and four 0(1’) atoms in triple CU-O layer Tl cuprates. There is relatively little variation in the

Ca 2p3n binding energies between the various Tl cuprate phases, reflecting the similarity of the
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chemical environments since the average Ca-O bond distance is 2.48 + 0.()1 ~ for all of the Ca-

containing Tl cuprates studied here.

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 other cuprate

superconductors48 and simpler alkaline earth compounds.49 The negative chemical shift observed

in alkaline earth compounds is attributable to initial-state electrostatic effects, originating from the

larger value of the Madelung energy relative to the ionization energy!%51

III. d. Valence band measurements

Representative valence band spectra measured from the five 11 cuprate phases considered in

this work are presented in Fig. 14. A closer view of the Fermi level region is shown in the inset of

Fig. 14. The density of states at the Fermi level for the Tl cuprates is lower than is observed for

other cuprate superconductors (e.g. see the review in Ref. 35), though Fermi edges are still

apparent with varying degrees of clarity. The intensity of the feature near 4.5 eV in the spectrum

measured from ~,Bi)- 1223 correlates with the level of Ag contaminant observed on the surface,

and is thus an artifact of the annealing procedure.

The valence bands are comprised of states with primarily Cu 3d, O 2p, and Tl 6s and 5d

character.2’43’MFor the photon energy used in this work, the photoionization cross-sections are

such that the Cu and Tl states are dominant in the spectra.54’55The feature near 7 eV consists of

states with primarily Tl 6s character.2’43’Mi55The variation in the relative intensity of this feature,

evident in Fig. 14, is consistent with the variation in the T1/Cu ratios in the phases studied here.

The main manifold in the 1-6 eV region consists of states with primarily Cu 3d character and

exhibits relatively little difference for the various phases, reflecting the similarity in the calculated

Cu 3d partial densities of states?’43’u
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[V. Summary and Conclusions

Photocmission measurements of T1-2212, T1-2223, and (Tl,Bi)- 1223 have been presented

which, together with previous measurements in this lab of n-2201 (Ref. 7) and T1-1212 (Ref. 2),

comprise a comprehensive data set for a comparative study of Tl cuprates with a range of chemical

and electronic properties. Higher values of TChave been found to correlate with low values of ~

and high values of E,-E~ in the Cu 2p spectra. Analysis of these spectra within a simple

configuration interaction model suggests that higher values of T, are related to low values of the O

2p + Cu 3d charge transfer energy, i.e. to more covalent CU-O bonding. In the O 1s region, a

smaller Ba-0(1) bond length has been 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

Ba2+ions. For samples near optimum doping, maximum T, has been observed to occur when the

Tl 4f7nbinding energy is near 117.9 eV, which is near the middle of the range of values observed

for Tl cuprates. Higher Tl 4fTn binding energies, corresponding to formal oxidation states nearer

Tll+, have also been found to correlate with longer Ba-0(3) bond lengths and higher binding

energies of the O 1s signal associated with T1-Obonding. The alkaline earth core levels have been

found to be similar to those measured from other cuprate superconductors. The measured valence

bands have been found to be very similar to each other, consistent with the similarity in the Cu 3d

partial densities of states found in band structure calculations, with the exception of a feature near 7

eV corresponding to states with predominant Tl 6s character, the dative intensity of which varies

consistently with the varying T1/Cu ratio in the phases studied.
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Table I. Summary of core level binding energies and peak full widths at half maximum (in parentheses) for (T},Bi)- 1223, T1-2212 and
T1-2223 eDitaxial ftis measured in this work, topether with meviouslv re~orted measurements from this lab for mitaxid tilms of.
T1-2201, ~-1212, and Hg-1212.

Material z T1 4f7n

T1-1212 87.5 117.75 (1.42)
86.4 117.83 (1.42)

(overdoped) 74.5 117.66 (1.40)

(Tl,Bi)-1223 106.1 117.83 (1.33)
105.3 117.81 (1.32)
105.2 117.83 (1.34)
104.7 117.79 (1.29)
103.2 117.82 (1.30)

T1-2201 63 118.12 (1.25)
53 118.20 (1.27)

(overdoped) 11 117.88 (1.23)
(overdoped) 11 117.86 (1.19)

T1-2212 104.2 117.98 (1.27)
101.8 118.03 (1.27)

T1-2223 111.4 117.84 (1.23)
109 117.91 (1.21)

Hg-1212 117 none
116 none

Ba3iW2

778.09 (1.51)
778.13 (1.50)
777.99 (1.48)

777.94 (1.44)
777.92 (1.45)
777.94 (1.48)
777.92 (1.47)
777.97 (1.48)

777.89 (1.44)
778.00 (1.51)
777.77 (1.49)
777.76 (1.45)

778.26 (1.47)
778.34 (1.48)

778.05 (1.43)
778.10 (1.43)

778.21 (1.44)
778.28 (1.52)

.Ba4&L2
87.67 (1.20)
87.71 (1.14)
87.56 (1.18)

87.56 (1.11)
87.55 (1.05)
87.57 (1.05)
87.56 (1.08)
87.57 (1.07)

87.50 (1.05)
87.61 (1.20)
87.35 (1.03)
87.36 (1.04)

87.89 (1.11)
87.96 (1.17)

87.67 (1.11)
87.71 (1.06)

87.83 (1.13)
87.96 (1.15)

Q@3n
344.42 & 345.51
344.45 & 345.65
344.40 & 345.49

344.59 & 345.73
344.61 & 345,70
344.64 & 345.72
344.59 & 345.37
344.65 & 345.53

none
none
none
none

344.57 & 345.67
344.64 & 345.89

344.61 & 345.78
344.58 & 345.80

344.39 & 345.58
344.47 & 345.56

Q.ls

528.08 & 528.58
527.99 & 528.55
527.93 & 528.55

527.98 & 528.51
528.02 & 528.61
528.01 & 528.62
528.01 & 528.63
528.01 & 528.56

527.50 & 528.95
527.57 & 528.97
527.39 & 528.63
527.39 & 528.58

527.97 & 528.75
527.95 & 528,80

527.94 & 528.63
527.96 & 528.73

527.82 & 528.70
527.86 & 528.69

Source

Ref. 2
Ref. 2
Ref. 2

This work
This work
This work
This work
This work

Ref. 7
Ref. 7
Ref. 7
Ref. 7

This work
This work

This work
This work

Rd. 30
Ref. 30



Table II. Summary of the Cu 2p~,zmain peak binding energies (Em= centroid position), peak full widths at half maximum (FWHM),
sateliite - main peak intensity ratios (1,/1~),and satellite - main peak energy separations (E,-E~) for epitaxial fiims of the Ti and rare
earth cuprate phases measured in this work, together with previously reported measurements from this lab.

Material

T1-1212

(Tl,Bi)-1223

TI-2201

T1-2212

T1-2223

Hg-1212

Bi-2212

Y-123

L~CuO,

Nd2Cu0,

GdzCuO,

T4—
87.5
86.4
74.5 (overdoped)

106.1
105.3
105.2
104.7
103.2

63
53
11 (overdoped)
11 (overdoped)

104.2
101.8

111.4
109

117
116

85

89
0 (underdoped)

o

0

0

E-—
933.53
933.49
933.51

933.45
933.42
933.42
933.48
933,47

933.34
933.33
933.36
933.33

933.45
933.56

933.41
933.38

933.41
933.50

933.48

933.39
933.47

933.51

933.75

934.19

?mmM
3.39
3.44
3.49

3.71
3.68
3.64
3.39
3.49

3.35
3.31
3.39
3.35

3.50
3.49

3.53
3.45

3.72
3.72

3.50

3.50
2.40

2.93

3.39

3.15

L&l
0.419
0.418
0.425

0.374
0.372
0.374
0.379
0.376

0.450
0.421
0.476
0.446

0.397
0.413

0.391
0.376

0.362
0.371

0.413

0.407
0.289

0.411

0.363

0.388

Esall
8.47
8.47
8.46

8.55
8.54
8.51
8.44
8.47

8.46
8.54
8.49
8.41

8.44
8.34

8.46
8.52

8.63
8.55

8.58

8.41
8.78

8.73

9.01

8.73

SQJux!2
Ref. 2
Ref. 2
Ref. 2

This work
This work
This work
This work
This work

Ref. 7
Ref. 7
Ref. 7
Ref. 7

This work
This work

This work
This work

Ref. 30
Ref. 30

Ref. 31

Ref. 32
Ref. 32

This work

This work

This work
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Figure Captions

1.

2.

3.

4.

5.

6.

7.

8.

9.

Representative O 1s spectra measured from the five Tl

work.

cuprate phases considered in this

Second derivatives of the spectra from Fig. 1, showing mom clearly the two components of

the spectra associated with CU-O and TI-O bonding.

Ba-0(1) bond length vs. O 1s binding energy, using the data from Table I for those samples

near optium doping and crystal structure determinations from the literature (Refs. 8-12,36).

A linear least squa&s fit is also shown as a guide to the eye.

Representative Cu 2p~n spectra measured from the five Tl cuprate phases considered in this

work.

1A vs. TC,using the data from Table II for those samples near optimum doping. A linear

least squaws fit is also shown as a guide to the eye.

Plots of(a) ~ and (b) E~-Emvs. T and A. The curves are the calculated values of IA and

E,-E~ as (top curve in each panel) T is varied for freed A

(bottom curve in each panel) A is varied for freed T (2.4

(0.75 eV) and U (7.8 ev), and

ev) and U (7.8 eV). The data

points are the experimental values of ~ and E,-E~ vs. the values of T or A obtained from

the individual spectra.

Representative Tl 4f spectra measured from the five ‘II cuprate phases considered in this

work.

TI 4f7nvs. 0(2,3) O 1s binding energies. A linear least squares fit is also shown as a guide

to the eye.

Tl 4f7abinding energy vs. TCfor samples near optimum doping. A quadratic least squares fit

is also shown as a guide to the eye.

10. Tl 4f7nbinding energy vs. Ba-0(3) bond length for samples near optimum doping. A linear

least squares fit is also shown as a guide to the eye.
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11.

12.

13.

14.

Representative Ba 4d spectra measumd from the five TI cuprate phases considered in this

work.

Ba 4d~nbinding energy vs. the average Ba-O bond length, <R(Ba-0)>.

to the eye.

Representative Ca 2p spectra measured from the four Ca-containing

considered in this work.

The line is a guide

Tl cuprate phases

Representative valence band spectra measured horn the five Tl cuprate phases considered in

this work. Inset Fermi level region.
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