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Comparative photoemission studies of T12Ba2Ca„&Cu„02n+4 (n = 1, 2, and 3)
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Detailed studies on the bi-Tl layer family of cuprate superconductors for the first three members have
been carried out by valence-level and core-level photoemission. Ca 2p and Ba 3d core levels show a vari-
ation in broadening with an increasing number of Cu02 planes. The Tl 4f core level shows a mixed
valent character [Tl(I) and Tl(III)] in all the three samples. The Cu 2p core-level spectrum also shows a
change in the satellite to main line intensity and the energy difference between them. Simplified
configuration interaction calculations are carried out to explain the observed changes. A rigid shift of
the valence band is observed with the increase in the number of CuO2 planes. Near-Fermi-level features
are identified as due to a Kondo-type resonance and resulting heavy-electron band states.

I. INTRODUCTION

Sheng and Hermann have reported high-temperature
superconductivity above 100 K in the Tl-Ba-Ca-Cu-0
system in 1988.' From electron and x-ray diffrac-
tion measurements, Hazen et al. identified tetragonal
phases T12Ba2CaCu20s (a =5.44, c =29.55 A), and
T12Ba2Ca2Cu30, o (a =5.40, c =36.25 A) and concluded
that the structures were closely related to that of Bi
2:2:1:2. It is now known that the superconducting phases
in this system can be represented as
T12Ba2Ca„&Cu„O2„+4, were n is the number of consecu-
tive Cu-0 layers. (The phases are herein referred to by
their nominal Tl:Ba:Ca:Cu ratio, e.g., Tl 2:2:I:2.)

Differences in the crystal structures of these phases
arise from different stacking sequences along the tetrago-
nal c axis. Two series of oxides can be distinguished cor-
responding to the formulas T12Ba2Ca„,Cu„02„+4, and
T1Ba2Ca„ iCu„O2 +3 respectively. In these oxides the
number of Cu02 sheets, n, can be 1, 2, 3, and perhaps as
high as 4 or 5. While the c axis lengthens with increasing
n, the a axis of all the superconducting phases are of ap-
proximately the same length. One might expect these
phases to be insulators or semiconductors when we as-
sume normal valences for all the elements. A few sugges-
tions have been made as to the origin of charge carriers in
the double-Tl layer phases, such as band overlap, cation
and/or oxygen vacancies, etc. Changes in the carrier
concentration due to any of the above effects can affect
the properties of superconducting phases. However, the
single Tl-0 layer phases require an additional positive
charge per unit cell to achieve charge neutrality to make
them conductors, assuming the normal valences for all
the elements. Moreover, the variation in the hole con-
centration in this superconductor is limited mostly to
Cu-0 planes and not with Tl.

The electronic description of the high-temperature su-
perconducting cuprates is currently an experimental as
well as a theoretical challenge. An understanding of the

structure and properties of these materials is essential to
develop a workable model as a prerequisite to understand
the complete electronic structure. Superconductivity is
caused by a change in the state of electrons that are close
in energy to the Fermi level. In order to clarify the na-
ture of high-T, superconductivity, it is important to learn
as much as possible about these states. In this regard
photoelectron spectroscopy has become an important and
indispensable tool. However, before the advent of high-
T, superconductor s, photoemission methods failed to
make a substantial contribution to superconductivity
research. Furthermore, the electronic structure of 3d
transition metal compounds is a long-standing puzzle.
This is mainly due to correlation effects, which are
difFicult to describe in these systems. This is a key reason
why the mechanism for high-T, superconductivity is not
completely understood.

Undoped cuprates are insulators of the charge-transfer
type and, however, to explain the insulating properties
Mott-Hubbard band split tings, should be considered.
The first unoccupied band above Fermi level is based on
3d 2 2 orbitals of Cu and has a partial O 2p character

X

due to covalency. Upon doping, by one of the processes
mentioned above, a hole impuritylike band is formed at
the bottom of the gap, which finally merges with the
valence band to build a partially filled conduction band.
This model of the dominant O 2p character of hole car-
riers is supported by different high-energy spectroscopic
studies. ' However, this model has to be refined to ac-
count for all the spectroscopic results.

Band-structure calculations" for the double-Tl layer
cuprates reveal that the Tl 6s bands lie below the Fermi
level, so that electrons are transferred from CuO2 sheets
to T12O4 layers. But in the case of single-Tl layer cu-
prates, the Fermi energy is calculated to lie well below
the Tl 6s band. Thallium and oxygen contents appear to
be important in determining the properties of thallium su-
perconductors. ' In the case of Tl 2:2:0:1phase, samples
can be made nonsuperconducting or superconducting
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is the substitution of Ca into the Tl site. This also leads
to a higher hole concentration and, hence, a variation in
T, . Single-crystal x-ray-diffraction studies ' and transmis-
sion electron microscopic measurements also support
the above conclusion. At the same time the above refer-
ences suggest that, at most, 10—15%%uo of Tl is replaced by
Ca, which is not sufhcient for a sample to be supercon-
ductive, with a T, higher than 100 K, since the average
hole concentration in a CuOz layer is estimated to be 0.1.
Once again the mixed-valent character of Tl may be the
possible reason for higher T, . Our XPS measurements
indicate the mixed-valent character of Tl in Tl 2:2:1:2
and Tl 2:2:2:3. But the decrease in BE of Tl 4f and 5d
levels suggest that there is a decrease in mixed-valent
character of Tl as we move from Tl 2:2:0:1to Tl 2:2:2:3.

The Tl-Tl near-neighbor interaction in these samples
will decrease as we increase the number of CuOz layers.
As we progressively increase the number of CuOz layers,
the Tl(I) ions get oxidized to Tl(III) and the Tl 6s band
narrows down in width, decreasing the overlap between
the Tl 6s and o.*» bands. The presence of electrons in

X

Tl 6s bands, unambiguously borne out by XPS, would ac-
count for the polarized chemical bonds which could be
the driving force for the layered structure.

primarily depends on the contribution of different
configurations. The lower BE (932.7 eV) observed for Tl
2:2:2:3 suggests a higher contribution of d ' L
configuration to the ground state, and vice versa for Tl
2:2:1:2,where a higher BE of 933.1 eV is observed. In Tl
2:2:1:2alone, a clear hump [marked by an arrow in Fig.
3(a)] is seen at higher BE (936.0 eV) side, indicating the
contribution of the d L configuration to the ground state.
Moreover, the tail of the satellite extends up to a BE of
947 eV, which is a characteristic feature of the Cu(III)
compounds, ' in Tl 2:2:1:2. This is the main reason for
the larger width of the main line in Tl 2:2:1:2alone. In
Tl 2:2:0:1 and Tl 2:2:2:3 mostly two configurations con-
tribute, namely, d and d' L, which leads to an observa-
tion of lower FWHM.

~~2 BQ2 CQ„)CU~02~ 4,

(a) Cu2p
3/2

C. Cu 2@3/p XPS

The Cu 2@3/p core-level XPS spectra collected from
freshly scraped surfaces of Tl 2:2:0:1,Tl 2:2:1:2,and Tl
2:2:2:3are shown in Fig. 3(a). They are composed of two
components with the main line at a BE of around 933 eV
and a satellite between 937 and 949 eV due to a well-
screened final state (Cu 2p 3d' L ), where L denotes the
holes on the surrounding ligands, and an unscreened (Cu
2p 3d ) final state, respectively. The I, /I ratios are ob-
tained from the areas under the satellite and main line
after background subtraction and the satellite to main
line separations ( 8') are obtained from the energy
differences between the centroids of the two peaks. The
satellite intensity is directly proportional to the weighting
of d species.

There is a clear trend in the variation of these spectra
as the number of CuOz layers increases. The BE of the
main line varies from 932.8 eV for Tl 2:2:0:1and 933.1
eV for Tl 2:2:1:2to 932.7 eV for Tl 2:2:2:3. The I, /I
and 8 decrease continuously from Tl 2:2:0:1 to Tl
2:2:2:3. I, /I decreases from 0.30 to 0.24 and 8' de-
creases from 10.3 to 9.4 eV. Although the change in
I, /I is not quite obvious from Fig. 3(a), a quantitative
analysis shows a clear trend in the variation [Fig. 3(b)].
Besides, the FWHM of main line varies from 2.4 eV for
Tl 2:2:0:1 and 2.7 eV for Tl 2:2:2:3 to 3.0 eV for Tl
2:2:1:2.

The observed variations are explained as follows: The
low I, /I and a BE value of about 932.9+0.2 eV, close
to that of CuO, for all the three samples suggest that
more of the d ' L configuration contributes to the
ground-state system. As we increase the number of CuOz
layers, the average hole concentration per CuOz layer de-
creases and hence lowers I, /I . The BE of the main line
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FIG. 3. {a) Cu 2@3/p core-level spectra for Tl 2:2:0:1, Tl
2:2:1:2, and Tl 2:2:2:3. Note the contribution of the d L
configuration for Tl 2:2:1:2{arrow mark). (b) Variation of I, /I
and energy separation against the number of CuO& layers. Solid
lines are guides to the eye.
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The change in 8'is more dificult to explain. To ana-
lyze this feature, we associate the evolution of two
ground-state configurations of the Cu(II) with the ob-
served Cu 2p3/2 spectra in Fig. 3(a). We have not con-
sidered any d L contribution to our calculations. We
mention here that Cu(II) and Cu(III) states are not mixed
in the final states, since the hybridization strength is
zero. We interpret our results presented here
in terms of the CI model, which is explained in detail
by van der Laan et al. , and applied success-
fully to Bi2Sr2Ca& Y Cu20s (Ref. 25) and
T12 «,Ba2Ca2+„Cu30&o ~ (Ref. 26) systems. The two
experimentally observed parameters I, /I and W depend
on three unknowns; namely, charge-transfer energy (b, ),
hybridization strength (r), and core hole d-hole interac-
tion energy ( Ud, ). In order to explain the experimental
results, reasonable ranges of these can be assumed and
the resulting calculated I, /I and W can be compared
with the experiments. In Fig. 4 we have plotted the
values of I, /I and W(2p) as a function of three
difFerent values of ~=2, 2.5, and 3.0. Ud, is fixed (8.0 eV)
in all the calculations. Our calculation of I, /I shows
that (I) the value of 6 decreases from Tl 2:2:2:3 to Tl
2:2:0:I and (2) an increase in r is responsible for the de-
crease in I, /I

Here the CI model fails to explain the variation of 8'
and it shows the opposite trend. This indicates that there
must be some other configurations contributing to the
ground state of these systems, which is likely to be d' L
and/or d . d is highly unstable compared to other
states, on the basis of energy considerations, and hence is
ruled out. But d' L cannot be ruled out because its
energy is more or less equal to the energy of other
configurations. Contribution of this configuration to the
ground state would correspond to holes being mostly lo-

It is interesting to study the efFect of chemical doping
on the electronic structure by photoemission spectrosco-
py (PES). The change in carrier (hole) concentration may
rigidly shift the valence level as predicted from the band-
structure calculation, or it may produce some impurity-
like states as in heavily doped semiconductors or Kondo-
like states as in heavy Fermion systems. One is still not
clear about the origin of the electronic states near the
Fermi level in high-T, cuprate superconductors. Howev-
er, the nature of the electronic states near the Fermi level
has been studied by electron-energy-loss spectroscopy
(EELS) and x-ray absorption spectroscopy (XAS),
which show that the states near the Fermi level have a
dominant 0 2p character. We have measured the
UVPES of the Tl 2:2:0:1,Tl 2:2:1:2,and Tl 2:2:2:3to un-
derstand its valence-band electronic structure and the na-
ture and origin of electronic states near Fermi level.

Figure 5 shows the UVPES spectra of Tl 2:2:0:1,Tl

TI2 8 2 COF) 1 C(j& O2r)+ hy = 21.2eV

calized on oxygen. This in turn suggests the Fermi-liquid
nature of these superconductors. d' L is another form
of d, which increases the hybridization strength and
leads to a higher 8 between main line and satellite. This
is the main reason for the observation of higher W in Tl
2:2:0:1. In conclusion, a larger amount of d' L contrib-
utes to Tl 2:2:0:1apart from d and d' I. But the d' L,

contribution decreases as we move from Tl 2:2:0:1 to Tl
2:2:2:3.

D. Valence-band spectra
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E
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FIG. 4. Satellite to main line intensity (I, /I ), and energy
separation between the main line and satellite (8) calculated
using configuration interaction model are plotted against
charge-transfer energy (6) in the range of 0—4 eV for three
different transfer integral values (~=2.0, 2.5, and 3.0). Ud, is
assumed to be 8.0 eV throughout the calculations.
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FIG. 5. Valence-band photoemission spectra of superconduc-
tors Tl 2:2:0:1,Tl 2:2:1:2,and Tl 2:2:2:3. Near EF features are
shown at higher amplification.
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2:2:1:2,and Tl 2:2:2:3. The HeI spectra are dominated by
a steeply rising background of secondary electron emis-
sion above 12 eV BE. The photoemission intensity at E~
increases with the number of Cu02 layers. The main
peak in the VB is dominated by 0 2p, Cu 3d, and Tl 6s
derived states, especially by 0 2p due to its higher photo-
ionization cross section (o ). Other elements, Ca and Ba
have lower o. and due to high ionic character they do not
contribute to the VB at the given incident radiation of
21.2 eV. Another important observation is the move-
ment of the main VB away from E~ as we go from Tl
2:2:0:1to Tl 2:2:2:3. For Tl 2:2:0:1the main line VB is at
5.2 eV, Tl 2:2:1:2at 5.7 eV, and Tl 2:2:2:3 is at 5.9 eV.
From our core-level results of Cu 2p and Tl 4f, we have
explained the decrease in hole concentration as we go
from Tl 2:2:0:1to Tl 2:2:2:3. This is consistent with the
idea that we are filling holes in VB, with electrons provid-
ed by Tl-0 layers to Cu02 layers. This observation leads
to the conclusion of chemical potential shift with hole
and/or electron doping. The BE shift observed in Tl 4f
and Cu 2p core levels and the main peak in VB suggest
that the nature of the chemical potential shift is localized
and associated with Tl, Cu, and O. It can also be seen
that the onset of the main part of VB moves away from
Fermi level, from 1.0 to 2.0 eV BE as we go from Tl
2:2:0:1 to Tl 2:2:2:3. The rigid shift of VB suggests that
the electronic states are simple one-electron states as pre-
dicted from the band-structure calculations derived most-
ly from 0 2p and Cu 3d states.

Now let us examine the near EF level features. As we
go from Tl 2:2:0:1 to Tl 2:2:2:3 the density of states
(DOS) at E~ increases. Besides, there is a finite photo-
emission intensity between Ez and the onset of the main
VB, in spite of the movement of the VB for Tl 2:2:1:2and
Tl 2:2:2:3towards higher BE. These observations strong-
ly suggest that the origin of near E~ features are of
Kondo-like states as in a heavy Fermion system. The na-
ture of these states are derived from Tl and 0 orbitals.
As we move from Tl 2:2:0:l to Tl 2:2:2:3 the Tl 4f core
level and Tl 5d shallow core level shifts towards lower
BE, thereby its higher oxidation state is monitored. This
is in agreement with the widely held opinion that charge
(electron) is transferred from Cu-0 layers to Tl-0 layers.
From Cu 2p spectrum we have shown that holes are
mostly localized on oxygen orbitals, which get filled up
by the Tl 6s electrons as we move from Tl 2:2:0:1 to Tl

2:2:2:3. However, we cannot exclude the possibility of
the Cu contribution to these near EF features. Resonant
photoemission measurements are required to find out the
contribution of other elements to these near Ez features.

The metallic character of all the three compounds are
explained due to the observation of clear Fermi edge with
finite DOS. In the case of the main VB, a shift of 0.7 eV
is observed towards higher BE from Tl 2:2:0:1 to Tl
2:2:2:3. On the other hand, there is a transfer of spectral
weight from conduction band into the valence band.
Moreover, our Cu 2p core-level spectra and CI calcula-
tions show that Cu interacts strongly with holes and/or
electrons. All these observations reinforce the Kondo-
like states as in a heavy Fermion system and need not be
oxygen split-off states as suggested by Fujimori et al.
In short, within the Fermi-liquid approach we have con-
sidered a Kondo-type many-body resonance of 0 2p char-
acter and resulting renormalized heavy electron bands
formed in the vicinity of the Fermi level.

IV. CONCLUSIONS

To summarize, XPS and UVPES experiments have
been performed on polycrystalline single-phase double
Tl-layer cuprates with the first three members. The vari-
ations observed in the Ca 2p and Ba 3d core-level spectra
are explained in terms of mixed occupancy. The Tl oxi-
dation state increases as we move from Tl 2:2:0:1 to Tl
2:2:2:3and its mixed-valent character is shown in all the
three compounds. We have observed variations in the Cu
2p spectra, which are analyzed in terms of the contribu-
tion of different configurations to the ground state. A
rigid shift in the VB is observed and explained in terms of
a single one-electron band picture. Near-Fermi-level
features are identified as due to a Kondo-type resonance
and resulting heavy electron band states.
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