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Electronic structure of TlBa2CaCu2O72d

R. P. Vasquez
Center for Space Microelectronics Technology, Jet Propulsion Laboratory, California Institute of Technology,

Pasadena, California 91109-8099

D. L. Novikov and A. J. Freeman
Science and Technology Center for Superconductivity, Department of Physics and Astronomy, Northwestern University,

Evanston, Illinois 60208-3112

M. P. Siegal
Sandia National Laboratories, Albuquerque, New Mexico 87185-1421

~Received 25 November 1996!

The core levels of TlBa2CaCu2O72d ~Tl-1212! epitaxial films have been measured with x-ray photoelectron
spectroscopy~XPS!. The valence electronic structure has been determined using the full-potential linear
muffin-tin-orbital band-structure method and measured with XPS. The calculations show that a van Hove
singularity ~VHS! lies above the Fermi level (EF) for the stoichiometric compound (d50), while for 50%
oxygen vacancies in the Tl-O layer (d50.5) EF is in close proximity to the VHS. Samples annealed in
nitrogen~to reduce the hole overdoping by the removal of oxygen! exhibit higher core-level binding energies
and a higherTc , consistent with a shift ofEF closer to the VHS. Comparisons are made to the core levels and
valence bands of Tl2Ba2CaCu2O81d ~Tl-2212! and HgBa2CaCu2O61d ~Hg-1212!. The similarity of the Cu
2p3/2 spectra for Tl-1212 and Tl-2212 indicates that the number of Tl-O layers has little effect on the Cu-O
bonding. However, the Tl-1212 and Hg-1212 Cu 2p3/2 signals exhibit differences which suggest that the
replacement of Tl31 with Hg21 results in a decrease in the O 2p→Cu 3d charge-transfer energy and
differences in the probabilities of planar vs apical oxygen charge transfer and/or Zhang-Rice singlet-state
formation. Differences between the Tl-1212 and the Tl-2212 and Hg-1212 measured valence bands are con-
sistent with the calculated Cu 3d and ~Tl,Hg! 6s/5d partial densities of states.@S0163-1829~97!04721-8#
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I. INTRODUCTION

Among the Tl-cuprate high-temperature superconduct
the TlBa2Can21CunO312n2d @Tl-12(n21)n# family has re-
ceived little attention relative to the Tl-22(n21)n family,
due to both the somewhat lower superconducting transi
temperatures (Tc) and the greater difficulty in obtaining
high-quality Tl-12(n21)n phases. Comparison of single
and double-Tl-layer materials is of fundamental interest
determining the effect of the charge reservoirs and dista
between Cu-O planes on the electronic structure. Howe
band-structure calculations of single-Tl-layer materials h
been limited to a single tight-binding study.1

Some interest in applications of the Tl-1223 phase
been motivated by its lower anisotropy, greater flux pinni
and consequently higher critical current densities relative
the more commonly studied Tl-2212 and Tl-2223 phas
The Tl-1212 phase also has greater flux pinning, but
been the subject of even fewer studies. TheTc of Tl-1212
depends sensitively on the oxygen doping,2 varying in bulk
powders from 80 K for samples synthesized in oxygen to
high as 110 K asd increases, thus requiring controlled a
nealing in an inert atmosphere to achieve optimal doping
removal of excess oxygen. The growth of high-quality e
taxial Tl-1212 films, which are of interest for microwav
device applications, has only recently been demonstrate3,4

High-temperature superconductors have been wid
studied with photoemission spectroscopy. Valence-b
550163-1829/97/55~21!/14623~9!/$10.00
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measurements provide a measure of the density of sta
while core-level measurements provide information on
sues such as oxidation states and doping-induced chem
potential shifts and, in the case of the highly correlated
cations, charge-transfer mechanisms and multiplet splitt
However, photoemission studies of the Tl cuprates have b
limited by the difficulty in obtaining well-characterized
high-quality materials, as well as by the well-known diffi
culty, common to all of the cuprates, in obtaining clean s
faces due to the reactivity of the alkaline-earth compone
Previous x-ray photoelectron spectroscopy~XPS! measure-
ments on Tl-1212 are limited to reports from a sing
group.5–7 The earlier XPS studies reported no detecta
Fermi edge and were on polycrystalline samples scrape
vacuum,5–7which can yield surfaces with significant spectr
contributions from nonsuperconducting grain-boundary s
cies and/or artifacts from scrape-induced damage.8 XPS
measurements from higher-quality Tl-1212 surfaces
therefore desirable.

In this work, XPS core-level and valence-band measu
ments are reported for high-quality epitaxial Tl-1212 film
These results are compared to the band structure calcu
in this work and to previously reported XPS measureme
of Tl-1212 polycrystalline pellets.5–7 The Tl-1212 film sur-
faces are demonstrated to be high quality, as shown by
relatively low intensities observed for the high-bindin
energy contaminant signals in the O 1s and Ba core levels
and the observation of a clear Fermi edge in the valen
14 623 © 1997 The American Physical Society



o

f

by
en

cu
is
ta
er
3
ri

ol
or
r

h
e

.
o
l,
n
oa
ac
rb
cu

12

te
ed
ac
m
e

ts
a
g

ro

C
C

ar
en
tin

se

ro

s
re

-
r
ds
d,

ll-

In
o ei-
m-
n-

er

d in
Tl-

e
ic

s
me
of
. In
s are

tent

nsi-
ing
he

um
or

y
l-
um

s

tes

y

gy

14 624 55VASQUEZ, NOVIKOV, FREEMAN, AND SIEGAL
band region. Comparison of the data measured in this w
to earlier measurements on epitaxial films of Hg-1212~Ref.
9! and Tl-2212~Ref. 10! yields information on the effects o
varying the number of Tl-O layers or replacing the Tl31

with Hg21. The effects of oxygen doping are investigated
comparing XPS spectra from as-grown and nitrog
annealed Tl-1212 samples with significantly differentTc’s.
The doping-induced core-level shifts and change inTc are
compared to expectations based on band-structure cal
tions, and the possible role of van Hove singularities is d
cussed. The measured Tl-1212 valence-band density of s
is compared to those of Tl-2212 and Hg-1212, and diff
ences are explained by comparison of the calculated Cud
and~Tl,Hg! 6s/5d partial densities of states of these mate
als.

II. EXPERIMENT

Epitaxial Tl-1212 films on LaAlO3 ~100! substrates are
obtained by sputter deposition of Tl-free precursor films f
lowed by anex situanneal in a static two-zone furnace f
thallination. Details of the film growth, annealing, and cha
acterization are described elsewhere.4 Some of the films re-
ceived an additional anneal in nitrogen at 250 °C for 1
Prior to the final nitrogen anneal, which adjusts the oxyg
content, the films are typically superconducting at;70–75
K, while Tc is raised to;85–90 K after nitrogen annealing

The films were cleaned with a nonaqueous etchant c
sisting of 0.1% Br2 in absolute ethanol, rinsed in ethano
and blown dry with nitrogen in the ultrahigh-purity nitroge
atmosphere of a glove box which encloses the XPS l
lock. This procedure minimizes exposure of the clean surf
to reactive atmospheric gases such as water vapor and ca
dioxide and has yielded high-quality surfaces for other
prate superconductors,8 notably including the Tl-cuprate
phases Tl-2212~Ref. 10! and Tl-2201~Ref. 11! as well as
the chemically and structurally similar Hg cuprate Hg-12
~Ref. 9!. The etch rate was found to be;1000 Å/min, and a
45-s etch was sufficient for obtaining XPS spectra charac
istic of high-quality surfaces, using criteria describ
elsewhere.8 The XPS spectra were accumulated on a Surf
Science Spectra SSX-501 spectrometer with monochro
tized Al Ka

n x rays~1486.6 eV!, photoemission normal to th
film surface, and a base pressure of 5310210 Torr. The x-ray
beam diameter was 150mm for the core-level measuremen
and 300mm for the valence-band measurements. The p
energy of the electron energy analyzer was 25 eV, yieldin
peak full width at half maximum~FWHM! of 0.7 eV for a
Au 4f 7/2 signal. The Fermi level of Au is taken to be the ze
of binding energy, which yields a Au 4f 7/2 binding energy,
measured from a deposited Au film, of 83.9 eV and a
2p3/2 binding energy, measured from an Ar-ion-etched
plate, of 932.5 eV.

One fully oxygenated and two nitrogen-annealed films
measured in this work, and ac susceptibility measurem
following the XPS measurements show a superconduc
transition onset at 74.5 K with a transition width of 2 K for
the oxygenated film, and superconducting transition on
of 86 and 87 K with transition widths of 1 K for the nitrogen-
annealed films. Equivalent XPS spectra are obtained f
both nitrogen-annealed films; the spectra presented here
rk
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from the film with Tc587 K. The surface stoichiometrie
after etching for all three films measured in this work a
near Tl:Ba:Ca:Cu51:1.85:1.15:2.

III. BAND-STRUCTURE CALCULATIONS

Since the oxygen content in Tl-O layers is of crucial im
portance forTc , the electronic structure is calculated fo
Tl-1212 with two different oxygen contents; one correspon
to d50 when all oxygen sites in the Tl-O layer are occupie
and another corresponds tod50.5 when every other oxygen
site is vacant.

To determine the electronic structure of Tl-1212, the fu
potential linear muffin-tin orbital12 ~FLMTO! was used
within the local density approximation~LDA ! and the
Ceperly-Alder form of the exchange-correlation potential.
these calculations no shape approximations are made t
ther the charge density or potential. The structural para
eters for Tl-1212 are taken from Ref. 13. The unit cell co
sists of two Cu-O2 layers@oxygen atoms in Cu-O2 layers are
referred to as O~1!# separated by Ca and a blocking lay
containing Ba, ‘‘apical’’ oxygen@O~2!#, and the Tl-O layer
with its oxygen site referred to as O~3!. Local atomic distor-
tions around the oxygen vacancy site that were measure
Ref. 13 were taken into account in the calculations for
1212 (d50.5).

The FLMTO calculations are performed in th
spin-restricted scalar-relativistic mode with atom
Ba(5s25p66s26p0), Tl(5s25p65d106s26p1),
Cu(3s23p63d104s1), Ca(3s23p24s2), and O(2s22p4) lev-
els treated as valence-band electrons. A technique,14 similar
to Singh’s ‘‘local orbitals,’’15 is used to enable simultaneou
treatment of orbitals with equal orbital number in the sa
energy window. It is well known that the LMTO scheme
band calculations works well for close-packed structures
order to get a more close-packed structure, empty sphere
introduced at sites~0.5,0.0,0.0!. The MT radii are carefully
chosen based on the spatial distribution of the self-consis
charge density over the unit cell.

The set of radiiRTl52.0, RBa53.4, RCa52.84, and
RO51.8 a.u. is used since these radii attribute charge de
ties centered at different atoms to their correspond
spheres, leaving only relatively smooth variations of t
charge density over the interstitial region. A triple-k basis set
is employed for each type of atom with angular moment
l up to 2 for Tl, Cu, and O and up to 3 for Ba and Ca f
k2520.01 Ry, and up to 1 fork2521.0 and22.3 Ry.
Wave functions with lmax51 are associated with empt
spheres for the firstk value only. The charge density is ca
culated exactly in muffin-tin spheres for angular moment
components up tol56. The samel cutoff is used when
interpolating in the interstitial region over Hankel function
with energies21 and23 Ry. Calculations done forl55 do
not show any difference in band positions, which indica
good convergence of the results withlmax.

The Brillouin-zone~BZ! integrations are carried out b
the tetrahedron method using a 455-k-point mesh~corre-
sponding to 12312312 regular divisions along thekx , ky ,
andkz axes, respectively! in the 1/16 irreducible wedge.

The total andl -projected densities of states~DOS! of Tl-
1212 (d50) are presented in Fig. 1 with the Fermi ener
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55 14 625ELECTRONIC STRUCTURE OF TlBa2CaCu2O72d
(EF) chosen at 0 eV. The upper part of the valence ba
consists of strongly hybridized Cu 3d and O~1,2,3! 2p
states. The effective width of the O 2p states decreases from
O~1! to O~2! and O~3!, reflecting a reduction of the covalen
bonding of oxygen in different crystallographic position
The part of the valence band located around210 eV consists
mostly of Tl 5d and Ba 5p states with Tl 5d states lying
slightly above the Ba 5p. The states at216 eV are com-
posed mainly of O 2s states. A clear shift of the O 2s states
for O~1!, O~2!, and O~3! suggests different degrees of io
ization, being the least for oxygen in Tl-O layers. Anoth
interesting feature is that O~3! has a very narrow 2p band
@compared to O~1! and O~2!#, which suggests that O~3! is
incorporated in the structure as a loosely bonded ion. T
annealing in an inert atmosphere most probably affects o
oxygen in Tl-O layers.

The band structure in the range from218 to15 eV rela-
tive to EF presented in Fig. 2 also shows three distin
groups of bands: In the upper energy are Cu-O-hybridi
bands, Ba 5p–Tl 5d in the middle and O 2s states at the
bottom with a very flat band of O~3! 2s states.

Figure 3 presents the band structure in the vicinity
EF which looks very similar to the band structures of
layered Cu-O-based high-Tc superconductors. Two almos
free-electron-likedps bands~their number corresponds t
the number of Cu-O layers! cross the Fermi level. One ca
see a prominent van Hove singularity~VHS! which is lo-
cated along theX-R direction in the BZ, as is usual for a
tetragonal cuprate high-Tc materials.

16

The total andl -decomposed DOS for Tl-1212 (d50.5)
are presented in Fig. 4. The introduction of oxygen vacan
in the Tl-O layer produces quite dramatic changes in
band structure of Tl-1212~as compared to thed50 case!.
First of all, the interaction strength of O~3! with the rest of
the crystal is changed: The O~3! 2p bandwidth is enlarged

FIG. 1. Total andl -projected DOS for Tl-1212 (d50). The Tl
6s and O 2s DOS are shown by dashed lines. The scale for the
6s states is enlarged by a factor of 8.
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and shifts deeper belowEF ~cf. Fig. 4!, or alternativelyEF
shifts up in energy; the O~3! 2s states are now located i
nearly the same energy region as the O~1! 2s states, while
the O~2! 2s states are shifted to approximately 2 eV belo
~higher binding energy than! the O~1! and O~3! 2s states.
This changes the O 2s state ordering found for the Tl-121
(d50) case. Also, note that the Ba 5p states corresponding
to the Ba atom with completely occupied O~3! sites are
;2 eV lower in energy~higher binding energy! than the
5p states of Ba with an O~3! vacancy in its nearest vicinity
Such changes in oxygen and Ba states are caused by s
changes in the Madelung potential of the Tl-O layers induc
by partial removal of the O~3! atoms.

Another interesting feature of the Tl-1212 (d50.5) elec-
tronic structure is theEF location, which lies well below the
VHS in Tl-1212 (d50), but in Tl-1212 (d50.5) is in close
proximity to the VHS. This is clearly seen in Fig. 4, whe
EF is close to the DOS maximum produced by the VHS.

IV. XPS CORE-LEVEL MEASUREMENTS

The core-level binding energies and peak FWHM me
sured in this work from as-grown and nitrogen-annealed

l

FIG. 2. FLMTO band structure along high-symmetry directio
for Tl-1212 (d50).

FIG. 3. FLMTO band structure in the Fermi-energy region f
Tl-1212 (d50).
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14 626 55VASQUEZ, NOVIKOV, FREEMAN, AND SIEGAL
1212 epitaxial films are summarized in Table I, together w
measurements previously reported for Tl-1212 polycrys
line pellets5–7 and for Hg-1212 and Tl-2212 epitaxia
films.9,10 The O 1s spectrum measured from a nitroge
annealed Tl-1212 film after etching is compared in Fig. 5
the corresponding spectra from Hg-1212 and Tl-2212 epi
ial films.9,10 The peak near 531 eV, which is dominant pri
to etching, is associated with contaminants,8 particularly
alkaline-earth carbonates. The lower-binding-energy ma
fold is a minor component prior to etching and originat
from the nonequivalent oxygen sites in the Tl-1212 latti
The dominance of the lower-binding-energy supercondu
signals in Fig. 5 demonstrates the surface cleanliness

FIG. 4. Total andl -projected DOS for Tl-1212 (d50.5). The Tl
6s, Ba @near the O~3! vacancy# 5p, and O 2s DOS are shown by
dashed lines. The Tl 6s states are shown enlarged by a factor of
h
l-

o
x-

i-

.
r
b-

tained in this work. In contrast, earlier studies of polycrys
talline Tl cuprates5–7 exhibited O 1s spectra with contami-
nant and superconductor signals nearly equal in intensity.6

The Tl-1212 O 1s signal consists of two components, a
demonstrated more clearly in the second derivatives of t
spectra shown in the inset of Fig. 5. As previously men
tioned, O~3! in the Tl-O planes is the oxygen with the lowes
binding energy ford50 and has nearly the same binding
energy as the O~1! states ford50.5. Assuming 75% O~3!
occupancy for optimally doped Tl-1212,13 the O~3! signal
would account for only 11% of the total O 1s intensity and
would be,20% of the intensity of the O~1! signal from
Cu-O planes. The lowest-binding-energy signal which is r

.

FIG. 5. O 1s spectra measured from chemically etched epitaxi
films of Tl-1212~this work!, Tl-2212 ~Ref. 10!, and Hg-1212~Ref.
9!. The inset shows the second derivatives of the spectra.
ts for

TABLE I. Summary of core-level binding energies (60.05 eV!, peak full widths at half maximum~in parentheses!, and Cu 2p3/2 satellite

to main peak (I s /I m) intensity ratios (60.02) for Tl-1212 epitaxial films measured in this work, together with previously reported resul
Tl-1212 polycrystalline pellets and for Tl-2212 and Hg-1212 epitaxial films.

Material Tl 4f 7/2 Ba 3d5/2 Ba 4d5/2 Ca 2p3/2 Cu 2p3/2 I s /I m O 1s Ref.

Tl-1212 117.75~1.4! 778.09~1.4! 87.67~1.15! 344.61~1.2!, 933.1~3.2! 0.44 527.99~1.0!, this work
(Tc587 K! 345.68~1.2! 528.64~1.2!

(Tc586 K! 117.83~1.4! 778.13~1.5! 87.71~1.15! 344.61~1.3!, 933.1~3.3! 0.42 528.02~1.0!, this work
345.70~1.4! 528.72~1.1!

(Tc574.5 K! 117.66~1.4! 777.99~1.5! 87.56~1.2! 344.57~1.2!, 933.1~3.2! 0.43 527.93~1.0!, this work
345.60~1.2! 528.60~0.9!

(Tc573–79 K! 117.7~1.5! 778.8 not reported 345.0 933.3~3.4! 0.41 ;529 5–7

Tl-2212 118.02~1.25! 778.27~1.55! 87.87~1.15! 344.66~1.2!, 933.1~3.1! 0.45 527.84~0.9!, 10
(Tc5102 K! 345.73~1.2! 528.69~1.4!

Hg-1212 none 778.21~1.45! 87.83~1.1! 344.48~1.1!, 932.9~3.4! 0.36 527.87~0.9!, 9
(Tc5117 K! 345.62~1.2! 528.72~1.1!
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55 14 627ELECTRONIC STRUCTURE OF TlBa2CaCu2O72d
solvable in Fig. 5 is the signal with the greatest intensity a
is therefore assigned to Cu-O planes, consistent with stu
of other cuprate superconductors.9–11,17–21 The higher-
binding-energy component is assigned to Tl-O~2! bonding,
consistent with the O state ordering found in the ban
structure calculations in this work and with previous expe
mental assignments.10,11,19,21The O~3! signal would either
contribute to the O~1! signal or would be an unresolvabl
small component on the low-binding-energy side of t
much more intense O~1! signal. These assignments are ve
fied with angle-resolved measurements, which show that
photoelectron emission angle 70° from normal the Tl, B
and higher-binding-energy O 1s core-level signals are en
hanced relative to the Cu and lower-binding-energy Os
core-level signals. These observations suggest Tl-O sur
termination, consistent with previously reported measu
ments of chemically etched Tl-2212.21 The relative Ca abun-
dance is not angle dependent, which likely results from
occupying multiple lattice sites, as discussed later.

The O 1s signals of Tl-2212 and Hg-1212 also consist
two components, as shown for comparison in the inset
Fig. 5, with the high-binding-energy component of Hg-12
being associated with Hg-O bonding. The two O 1s compo-
nents have the same binding energies for Hg-1212 and
2212, with different intensity ratios yielding the observe
difference in the manifold line shapes. For Tl-1212 and H
1212, on the other hand, the difference in observed mani
line shapes originates from two O 1s components having
similar intensities, but differing binding energies, with th
energy separation being 0.3–0.4 eV less for Tl-1212.

The Tl 4f and Ba 4d spectra are presented in Fig. 6.
least-squares fitting shows that the Tl 4f spectrum is consis-
tent with a single doublet, in agreement with previous m
surements from Tl-1212 polycrystalline pellets scraped
vacuum,5–7 as well as other Tl cuprates.10,11,19,22,23The Tl
4 f 7/2 binding energy, which in Tl cuprates is intermedia
between Tl2O and Tl2O3, has been interpreted5–7,23 as evi-
dence that Tl is in an intermediate oxidation state betwe

FIG. 6. Tl 4f and Ba 4d spectra measured for Tl-1212, togeth
with the results of least-squares fitting.
d
es
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11 and 31, being nearly 31 for Tl-1212. Similarly, the
increase in the Tl 4f 7/2 binding energy with decreased hol
doping when Y31 is substituted for Ca21 has been
interpreted7 as a change in the Tl valence. However, in th
work the primary effect of a change in the doping level
found to be a shift of the Fermi level, as discussed later.

The Ba 4d ~Fig. 6! and 3d ~not shown! spectra consist of
the dominant superconductor signal and a lower-intens
contaminant signal at higher binding energy. An earl
study6 of Tl-1212 found a Ba 3d5/2 binding energy 0.7 eV
higher than that measured in this work. However, the Os
signal exhibits a significantly higher contaminant signal
the earlier work6 compared to this work, and the Ba 3d sig-
nal, with lower photoelectron kinetic energy, is more surfa
sensitive. Since the energy separation of the Ba 3d signals
from the superconductor and contaminants is nearly the s
as the peak width, the lower binding energy observed in t
work reflects the lower level of contaminants. The ban
structure results in Fig. 4 suggest that Ba atoms near O~3!
vacancies should yield photoemission signals at;2 eV
lower binding energy than Ba atoms near occupied O~3!
sites. Assuming 75% O~3! occupancy, the Ba signal shoul
therefore consist of two signals with a 3:1 ratio between
high- and low-binding-energy components, which is not o
served in Fig. 6. Some possible reasons for this appa
discrepancy are that the splitting of the states may be m
pronounced for the shallow Ba 5p core levels, the band
structure calculated ford50.5 may not be directly compa
rable to a doping level ofd50.25, or the crystal structure
determined ford50.25 may not be completely accurate fo
the calculations of thed50,0.5 cases.

The Ca 2p spectrum in Fig. 7 consists of two doublets,
shown in the least-squares fitting results in Fig. 7, both
which are associated with Tl-1212. Prior to etching, a high
binding-energy surface contaminant signal with a Ca 2p3/2
component near 347 eV is also prominent, but is not dete
able after etching. The two doublets evident in Fig. 7 are a
observed in the Ca 2p spectra of Hg-1212~Ref. 9! and Tl-

FIG. 7. Ca 2p spectrum measured for Tl-1212, together with th
results of least-squares fitting.
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14 628 55VASQUEZ, NOVIKOV, FREEMAN, AND SIEGAL
2212~Ref. 10!, as well as other Ca-containing cuprates su
as Bi2Sr2CaCu2O81d ~Bi-2212!,24 and have been interprete
as originating from occupation of inequivalent lattice sit
due to cation disorder, with the lower-binding-energy do
blet assigned to the site between Cu-O planes. As in ot
alkaline-earth compounds in general and cuprate superc
ductors in particular, the Ba and Ca core-level binding en
gies of Tl-1212 measured in this work are significantly low
than those of the corresponding metals, which has been
tributed to initial-state electrostatic effects, specifically t
Madelung energy being larger than the ionizatio
energy.24–27

The Cu 2p3/2 spectra measured from Hg-1212, Tl-121
and Tl-2212 are compared in Fig. 8, and are typical
Cu21 compounds. The satellite at higher binding energy c
responds to a multiplet of2p53d9L states, where underba
denotes a hole andL denotes the oxygen ligand, and th
main peak near 933 eV is usually attributed to well-screen
2p53d10L final states resulting from ligand-to-metal~O
2p→Cu 3d) charge transfer.28–30The relatively large width
~.3 eV! and asymmetry of the 933 eV signal cannot b
explained by core-hole lifetime broadening or instrumen
resolution, or by multiplet splitting, which would not be ex
pected when the Cu 3d states are fully occupied, and ar
usually attributed to O 2p band effects. The main peak bind
ing energy and width and the satellite/main intensity ra
I s /I m for Tl-1212 measured in this work are in gener
agreement with those reported for Tl-1212 polycrystalli
pellets scraped in vacuum.6,7 The satellite–main-peak energ
separation andI s /I m are related to the O 2p–Cu 3d hybrid-
ization and charge-transfer energy,29,30 the similarity of the
Cu 2p3/2 spectra for Tl-1212 and Tl-2212~see Fig. 8 and
Table I! thus indicates that the number of Tl-O layers h
little effect on the Cu-O bonding. However, the Tl-1212 an
Hg-1212 Cu 2p3/2 signals do differ, with the Hg-1212 signa
having a lower value ofI s /I m and the main signal being
broader on the low-binding-energy side. Such observati

FIG. 8. Cu 2p3/2 spectra measured for Tl-1212~this work!, Tl-
2212 ~Ref. 10!, and Hg-1212~Ref. 9!.
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could be an indication of oxygen deficiency in Hg-121
which would be accompanied by an increased intensity
the high-binding-energy side of the O 1s signal ~near 529
eV; e.g., see Refs. 21 and 31!. This possibility can be elimi-
nated by examination of Fig. 5, which shows that the H
1212 O 1s signal has enhanced intensity at lower bindi
energy compared to the Tl-1212 signal. The observed dif
ences in the Tl-1212 and Hg-1212 Cu 2p3/2 signals thus
appear to be intrinsic. The lower value ofI s /I m observed for
Hg-1212 indicates that replacement of Tl31 with Hg21 re-
sults in a lowering of the O 2p→Cu 3d charge-transfer en
ergy. The observed differences in the Cu 2p3/2 main peak
widths, according to the conventional interpretation, sho
reflect differences in the O 2p bandwidths. The calculated O
2p bandwidth for Hg-1212~Ref. 32! does not differ signifi-
cantly from that for Tl-1212~see Fig. 1!, though if electron
correlation effects differ significantly in the two material
then O 2p bandwidth differences could result due to the C
3d–O 2p hybridization. Other possibilities are considere
below.

Two models have recently been proposed which resul
the Cu 2p3/2 main peak having contributions from more tha
one final state. In one model, the Cu 2p3/2main peak consists
of two final states corresponding to charge transfer fr
Cu-O plane oxygens~O 2px,y→Cu 3dx22y2) and apical oxy-
gens ~O 2pz→Cu 3dz2).

33 This model is consistent with
the larger Cu 2p3/2 main peak widths and asymmetr
line shapes ~skewed towards higher binding energ!
observed from Cu compounds with pyramidal or octahed
oxygen coordination compared to compounds w
square planar oxygen coordination. However, Tl-12
and Hg-1212 are isostructural, with Cu having pyramid
oxygen coordination in both compounds. If this mod
is correct, then the observed line shape differences m
reflect differences in the planar vs apical oxyg
charge-transfer probabilities. In the second mod
the Cu 2p3/2 main peak consists of2p53d10L final states at
higher binding energy and lower-binding-energy2p53d10 fi-
nal states which result from core-hole repulsion yieldi
Zhang-Rice singlet states.34 If this model is correct, then the
observed line shape differences may reflect differences in
probability of Zhang-Rice singlet-state formation. Bo
mechanisms may contribute to the Cu 2p3/2 main peak width
and complex line shape.

V. EFFECT OF DOPING
ON THE CHEMICAL POTENTIAL

Tl-1212 is unusual in that even for a stoichiometric ox
gen content~d50!, the Fermi level lies below the VHS see
so prominently in Fig. 3 at theR point (EF typically lies
above the VHS and hole doping is required to lower it on
the VHS!. In several models,35 the VHS is regarded as one o
the main reasons for high-Tc superconductivity. However
the recent observations of an extended VHS near the Fe
level for Bi-2201 (Tc;10 K! ~Ref. 36! and Sr2RuO4
(Tc;1 K! ~Refs. 37 and 38! suggest that the VHS may b
necessary but not sufficient for producing high-Tc supercon-
ductivity. Even though the VHS may not be directly respo
sible for high-Tc superconductivity, the role of the VHS in
those compounds which do exhibit high-Tc superconductiv-
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ity appears to be that an optimumTc is associated with an
EF shifted onto or close to the VHS. Thus the fact thatEF
crosses theX-R line of the VHS makes it understandab
why samples of Tl-1212 synthesized in oxygen are alre
high-Tc superconductors. In order to increaseTc further,
EF must shift upwards onto the prominent VHS at theR
point.

The core levels measured in this work from both nitroge
annealed Tl-1212 films are consistently observed at slig
higher binding energies than those of the as-grown sam
~see Table I!. With the exception of the Cu 2p3/2 signal, for
which the width of the signal makes detection of small sh
difficult, these binding-energy shifts (60.05 eV! are in the
range 0.04–0.11 eV for theTc587 K sample and 0.04–0.1
eV for theTc586 K sample. The higher values may be mo
reliable, since the lower values are from the Ca 2p and O
1s signals, which consist of overlapping components wh
binding energies determined from least-squares fitting m
have greater uncertainty. Core potential differences due
changes in effective charges or to changes in the Made
potential~e.g., from bond length changes! would be expected
to have opposite effects on different sites. The obser
shifts in the core-level binding energies in the same direc
by nearly the same amount~within experimental error! with
doping thus suggest that the change in the chemical pote
is the dominant effect of doping. Doping-induced changes
chemical potentials have previously been reported
Tl-2201,11 as well as for other cuprates.39–43

During the process of annealing in nitrogen, oxygen
depleted from the O~3! position~since, as indicated above,
is the weakest bonded ion! and so adds electrons to the co
duction band. As shown by the Tl-1212 (d50.5) calcula-
tions, this shiftsEF onto the VHS at theR point. The obser-
vations thatTc increases and the core levels shift to high
binding energies with nitrogen annealing are consistent w
a reduction in the level of hole doping and a shift ofEF close
to the VHS that are expected with the removal of oxyg
Clearly, in this view, the same effect could also be achie
through trivalent ion substitutions for Ca. In fact, substituti
of Nd, Gd, or Y for Ca in Tl-1212 has been reported
increase Tc , with maximum Tc occurring for 30%
substitution,44 and substitution of Y for Ca has been report
to result in an increased Tl 4f 7/2 binding energy.

7 In the latter
study, the increased Tl 4f 7/2 binding energy was interprete
as evidence for a change in the Tl valence, rather tha
change in the chemical potential, since the Cu 2p3/2 binding
energy was not doping dependent. It is difficult to assess
validity of this interpretation since other core-level measu
ments were not reported. However, the possibility tha
Fermi-level shift could have been masked is suggested by
higher levels of surface contaminants in the earlier studie5–7

and the greater surface sensitivity and large width of the
2p3/2 signal.

VI. XPS VALENCE-BAND MEASUREMENTS

Figure 9 compares the valence bands and the Tl 5d and
Ba 5p shallow core levels of Tl-1212 and Tl-2212, scaled
facilitate comparison of the line shape differences in
valence-band region. The Fermi edges, not reported in ea
studies of Tl-1212,5–7 are shown more clearly in the inse
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further demonstrating the surface quality. The valence ban
consist primarily of Cu 3d, O 2p, and Tl 6s/5d states, with
the Cu and Tl states contributing most of the spectral weig
for the photon energy used in this work.45,46Distinct differ-
ences in the measured Tl-1212 and Tl-2212 DOS are app
ent in Fig. 9. The shoulder near 7 eV in the Tl-2212 spe
trum consists primarily of Tl 6s states.46,47 This feature is
relatively less prominent in the Tl-1212 spectrum, reflectin
both the smaller Tl/Cu ratio relative to Tl-2212 and the oc
currence of the Tl 6s states at lower binding energy, near 5
eV ~see Fig. 1!. Tl-2212 also exhibits significant Tl 6s/5d
spectral weight throughout the energy range 3–7 eV,46 so
that the larger Tl/Cu ratio relative to Tl-1212 is consisten
with the larger observed relative intensity at greater than
eV binding energy. However, the Tl-1212 valence-ban
shape is more skewed towards high binding energy desp
the lower Tl partial DOS in this region. Below the valence
bands in Fig. 9 are the Cu 3d partial DOS ~the primary
contributions to the measured valence bands! from band-
structure calculations of Tl-1212~top, this work! and Tl-
2212 ~bottom, Ref. 47!, shifted by 2 eV to approximately
match the envelopes of the valence bands. Electron corre
tion effects have often been cited as necessitating simi
shifts for other cuprate superconductors. The skewing of t
Tl-1212 valence band towards higher binding energy may
a reflection of the more sharply peaked Cu 3d partial DOS in
the region 5–6 eV.

The valence bands and shallow core levels of Tl-1212 a
Hg-1212 are compared in Fig. 10. The most striking diffe
ence in the valence bands is the increased intensity near 5
in the Hg-1212 spectrum. The Hg-1212 Cu 3d partial DOS
is similar to that of Tl-2212~see the comparison in Ref. 9!,
and the differences with Tl-1212 are not sufficient to accou
for the observed spectra. Shown below the valence bands

FIG. 9. Valence bands and Tl 5d/Ba 5p shallow core-level
spectra measured from Tl-1212~this work! and Tl-2212~Ref. 10!,
scaled to facilitate comparison of the valence-band features. T
inset shows the Fermi edges. Below the valence bands are the
culated Cu 3d partial densities of states of Tl-1212~top, this work!
and Tl-2212~bottom, from Ref. 47!.
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Fig. 10 are the Hg-1212 Hg 5d ~top, Ref. 32! and Tl-1212 Tl
5d ~bottom, this work! partial DOS in the energy range o
interest. The occurrence of Hg 5d states near 5 eV for Hg
1212 and the lack of corresponding states for Tl-1212
consistent with the observed differences in the measured
lence bands.

Within the accuracy of the experimental measureme
no significant differences are observed in the valence ba
of Tl-1212 samples with different oxygen doping leve
Comparing Figs. 1 and 4, doping affects primarily the
~2,3! 2p states in the valence-band region. However, for
photon energy used in this work, the photoionization cr
section of O 2p states is two orders of magnitude smal
than that of Cu 3d states,45 making changes in the O 2p
states undetectable in this work. The primary detectable
fect of doping differences is the core-level shifts resulti
from the change in chemical potential, as previously d
cussed.

VII. SUMMARY AND CONCLUSIONS

The core levels of high-quality Tl-1212 epitaxial film
were measured with XPS, and the valence electronic st

FIG. 10. Valence bands and shallow core levels measured
Tl-1212 ~this work! and Hg-1212~Ref. 9!, scaled to facilitate com-
parison of the valence-band features. The inset shows the F
edges. Below the valence bands are the calculated Tl-1212 Td
~bottom, this work! and Hg-1212 Hg 5d ~bottom, from Ref. 32!
partial densities of states in the binding-energy range 2–7 eV.
nd
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ture was determined by band-structure calculations and m
sured with XPS. The surface quality has been demonstr
by the low level of high-binding-energy signals from co
taminants in the O 1s and alkaline-earth core-level region
and by the observation of a Fermi edge in the valence-b
region. The O 1s signal is resolved into two component
associated with Cu-O planes and Tl-O bonding. The simi
ity of the Tl-1212 and Tl-2212 Cu 2p3/2 spectra shows tha
the number of Tl-O layers has little effect on the Cu-O bon
ing. However, the Tl-1212 and Hg-1212 Cu 2p3/2 signals
exhibit differences which suggest that the replacement
Tl 31 with Hg21 results in a decrease in the O 2p→Cu 3d
charge-transfer energy, as well as differences in the pr
abilities of planar vs apical oxygen charge transfer and
Zhang-Rice singlet-state formation. Measurements fr
samples with differingTc’s resulting from differing oxygen
doping levels show that, within experimental error, the co
levels are rigidly shifted, consistent with a doping-induc
change in chemical potential. The band-structure calculati
show that for the stoichiometric compound~d50! the van
Hove singularity is aboveEF and is close toEF for d50.5.
Samples annealed in nitrogen~to reduce the hole overdopin
by the removal of oxygen! exhibit higher core-level binding
energies and higherTc , consistent with a shift ofEF onto or
nearer the VHS. Differences between the valence band
Tl-1212 measured in this work and previously measured
2212 and Hg-1212 valence bands are consistent with dif
ences in the calculated Cu 3d and ~Tl, Hg! 6s/5d partial
DOS.
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