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The crystal structure (determined from X-ray diffraction measurements), the
superconducting properties (from resistivity measurements) and electronic structure (from
X-ray photoelectron spectroscopy investigation) of Bi,Sr, _,La,CaCu,0Os compounds
(substituted on the strontium site) have been studied for different lanthanum
concentrations. A systematic increase in the lattice parameter a and a decrease in the c-axis
with increasing x was observed. The p—T characteristics for different x showed that

T. increases up to 91 K (x = 0.2) then falls for higher doping, indicating that the substitution
induces a decrease in the hole density. The superconductor-insulator transition occurred at
a higher doping level (x = 0.7) than in the case of a substitution for calcium. This behaviour
has been correlated to the change in the electronic structure. This was revealed

by a lowering of the Fermi level and a shift towards lower energy of the core level X-ray
photoelectron spectra Bi4f. The different effect of the strontium substituted site in
comparison with that of the calcium site has been tentatively explained by their respective
crystallographic situations giving rise to different charge transfer and coupling between

Bi-O and Cu-0O; planes.

1. Introduction

It is now fairly well established that for high T super-
conductor (HTSC) cuprates, there is an optimum
carrier concentration for the occurrence of supercon-
ductivity below which the material turns to the insu-
lating state, while for larger concentration, it exhibits
more metallicity. In this region, T, can increase
(underdoped range), pass through a maximum then
decrease (overdoped range).

In general, the three types of behaviour (insulating,
superconducting and metallic) can be brought about
in a cuprate HTS by varying the carrier concentration.
This can be performed either by oxygenation or by
different cationic substitution at different sites. How-
ever, if the substituting cation is aliovalent with
respect to the on-site cation, an ambiguity in the
interpretation of the transport data may arise due to
the change in the oxygen stoichiometry. In bismuth-
based cuprate Bi,Sr,CaCu,Oq, a large number of
works used the effect of cationic substitution upon
carrier concentration in order to determine the phase
diagram of this compound. Most of the results were
concerned with substituting for bismuth and calcium.
For bismuth the substitution by lead leads to a change
in the structural modulation (modification of the lat-
tice parameters and increase of the modulation peri-
odicity) and only a slight change in T, [1-5]. The
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substitution for calcium by a rare-earth induces
a large change in T, with a metal-insulator transition
for 0.5 < x < 0.6 [6-11]. The observed effect was usu-
ally explained by the variation in the carrier concen-
tration which should be considered as the result of
both the aliovalent substitution and change in the
oxygen stoichiometry. Few studies have reported
the substitution for strontium, probably due to the
difficulty of producing single-phase samples [12].
Koike et al. [13] have shown a variation of T, and
a metallic-insulator transition for 0.6 < x < 0.8 by
electrical and magnetic measurements. Up to now, no
attempt has been made to explain this difference in the
doping level for which the metal-insulator transition
occurs.

In this work we have produced and studied single-
phase Bi,Sr, . La,CaCu,0Og .5 samples with varying
doping levels (0 < x < 1). We chose La* because it
most probably substitutes for Sr** in preference to
Ca*™, owing to the closer similarity of their ionic radii
(La®* = 0.120 nm, Sr?>* = 0.128 nm). The investiga-
tion was aimed at studying the influence of La’™
substitution for Sr** on the crystal structure, the
superconducting properties (correlation between
x and p and T,) and the electronic structure deter-
mined by X-ray photoelectron spectroscopy (XPS). In
the XPS studies we attempted to ensure that the
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studied surfaces exhibited the properties of the bulk
material [14,15] and that the spectral changes reflec-
ted well the evolution of the material. The doping
effect on the valence states of cations, structure of the
valence band and position of the Fermi level were
studied in detail.

2. Experimental procedure

A set of doped 2212 Bi compounds, Bi,Sr,_.La,-
CaCu,Oy _ 5, with 0 < x < 1 was studied. The samples
were synthesized by the conventional solid-state
reaction method with high-purity oxides Bi,O;,
CuO, La,O; and carbonates SrCO; and CaCOQO..
The constituents were mixed, pelletized and fired
in air successively at 810, 845 and finally 850 °C for
12 h each, with intermediate grindings for samples
x =0,0.1 and 0.2, at 850, 870 and 900 °C for x = 0.4,
0.6 and 1. Finally, they were sintered for 22 h at 850 °C
for x =0, 880°C for x = 0.1 and 0.2, and 900 °C for
x = 0.4 and 0.6 and 1. The pellets were quenched to
liquid nitrogen at the end.

The phases were characterized by powder X-ray
diffraction (XRD) using a Philips automated X-ray
diffractometer. The electrical resistivity was measured
using a d.c. four-probe configuration. Electrical con-
tacts for these measurements were made using silver
paint fired at 400°C for 1 h in flowing oxygen.

XPS measurements were taken with a VG ES-
CALAB MKII spectrometer using a non-mono-
chromatized AlK, source (hv = 1486.6¢V). The
spectrometer was calibrated with Au 4f;, at a binding
energy (BE) of 83.8 + 0.1 ¢V and with Cu2p;, at
BE =932.7 4+ 0.1 eV. All the data were recorded at
room temperature. Prior to XPS analysis, the ceramic
sample surface was scraped and then immediately
introduced into the preparation chamber where
heating from room temperature to 200°C under
107> mbar oxygen for 60 min was performed. We
have checked, as in a previous paper [14], that such
a treatment provided a surface exhibiting similar
properties to the bulk.

The oxygen content was estimated by iodometric
titration.

3. Results and discussion

3.1. Crystal structure

All the XRD patterns show well-defined peaks which
are indexable on the basis of the tetragonal structure
of Bi 2212 except for x = 1. Furthermore, there are no
lines attributable to impurity phases, indicating that
the samples are single-phase in agreement with that
reported by Munakata et al. [6]. Fig. 1 shows the
XRD patterns for x =0, 0.4 and 1. The presence of
second phase (2201) for x =0 can be observed, in
accordance with previous studies [16—18].

The deduced lattice parameters are plotted as a
function of x in Fig. 2. As can be seen, there is a
systematic increase in the lattice parameter a and
decrease in the c-axis with increasing x. The decrease
in the c-axis with increasing x is consistent with the
substitution of smaller La** (r = 0.120 nm) for larger
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Figure 1 XRD patterns for Bi,Sr,_.La,CaCu,05 with x = (a) 0,
(b) 0.4 and (c) 1. (%) Peaks attributed to 2201.
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Figure 2 Lattice parameters (@) a, b and () ¢ as a function of x for
Bi,Sr,_.La,CaCu,0Oys.

Sr2*(r = 0.128 nm) ions. The increase in the a-axis
with x is more complex. It could be attributed to the
lengthening of the Cu—O bond in the Cu—O, planes,
induced by electron doping brought about by substi-
tution of divalent strontium by trivalent lanthanum,
thus implying a decrease in the hole concentration in
these planes.



3.2. Oxygen content

The substitution of divalent Sr** by trivalent La®* is
expected either to modify the copper valence or to
bring into the structure some supplementary oxygen,
or both, in order to maintain the charge neutrality.
The oxygen content was determined by iodometric
titration. Fig. 3 shows the evolution of the copper
valency and the deduced oxygen content with doping.
Whenever the oxygen content is not known directly,
it can be reasonably considered that the evolution of
these parameters with doping are significant. We note
a continuous increase in the oxygen content and de-
crease in the copper valency with x varying from 0-1.
The change in the oxygen content, 8, with doping is
inferior to x/2 for all doping levels, leading to a dimin-
ution of copper valency with increasing x, but it still
remains greater than 2 for x = 1 although it exhibits
an insulating behaviour. This evolution in the copper
valency has been confirmed by spectroscopic measure-
ments, as described further.

3.3. Resistivity and critical temperature

The temperature dependence of the resistivity, p, for
different x is shown in Fig. 4. For 0 < x <04, the
material is metallic (T > T.), and superconducting.
For x = 0.6, it is still superconducting; the resistivity,
however, shows a small semiconducting behaviour
near to the superconducting transition. When x = 1, it
is clearly an insulator. The metal-insulator transition
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Figure 3 ([J) Oxygen content and (Q) copper valence as a function
of x for Bi,Sr,_,La,CaCu,Og.
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Figure 4 Resistivity transition for different lanthanum concentra-
tions or Bi,Sr,_,La,CaCu,Os.
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Figure 5 Critical temperature as a function of x for Bi,Sr,_,La,-
CaCu,0Og.

was found to occur at the doping level between 0.7
and 1.

For 0 < x < 0.4, the deviation from the equation
p = po +aT, which expresses the metallic behaviour,
occurs at a temperature increasing with x; this down-
ward deviation may be attributed to the effect of
thermal fluctuation.

Fig. 5 shows the dependence of transition temper-
ature, T migpoiny With x. It can be seen that T, increases
up to 91 K for x = 0.2, then decreases for x = 0.4 and
0.6. These changes are likely related to the hole con-
centration in the Cu—O, plane. As each substitution of
La** for Sr?* fills one hole, a decrease is expected in
the hole concentration on the Cu-O, planes. The
observed increase in T, for 0 < x 0.2 is consistent with
the well-known fact that the system with x =0 is
overdoped. In that case Gupta and Gupta [19] have
reported that the hole carrier density obtained by
electronic structure calculation was 0.37 hole/Cu-0.,.
As a substitution of 20% lanthanum for strontium
raises the T, of our samples from 70 K to 91 K, it
appears that this substitution level likely brings the
hole density to its optimum value (which is currently
assumed to be 0.2-0.3 hole/Cu—O, unit). Similar
trends were observed in substituting on the calcium
site [9, 13, 20, 21].

The most remarkable fact is that for x = 0.6 the
material remains superconducting and superconduc-
tivity disappears only for x > 0.7-0.8. When substitu-
ting for calcium, this metal-insulator transition occurs
already for x = 0.55 [8, 13]. The superconductivity
appears to be maintained at a higher substitution level
for the strontium site. This can be tentatively ex-
plained by crystallographic and electrostatic consider-
ations: the strontium site is closer to the apical oxygen
of the Cu-O, plane and to the BiO plane than the
calcium site. This geometric situation of the strontium
site seems favourable to a charge compensation by the
supplementary oxygen situated in the BiO plane.
Moreover, the presence of La®*", more charged than
Sr?*, in increasing the Coulomb interaction with
neighbouring oxygen, thus shortens the Sr—O and
Cu—-0O; (O; is the apical oxygen) bond lengths and
induces a stronger coupling between Bi—O and Cu-0O,
planes than Sr?>* should do. This phenomenon may
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compensate the hole filling and so maintain the super-
conductivity at a higher level than the substitution for
Ca?"does. This is consistent with the comparison of
the ¢ values observed for x = 0.6 and 1 for Sr?* and
Ca?" substitution: ¢ is lower for a substitution on the
Sr2* site than on the Ca?™ site.

A broadening of the resistive transition as a func-
tion of doping was observed as is seen in Fig. 4. This
phenomenon has been described for similar com-
pounds and differently interpreted. Tallon et al. [22]
correlated this broad transition to intrinsic granular-
ity, supported by the fact that the broad transition
occurs only in the underdoped region. In contrast,
Muroi and Street [23-25] explained in terms of phase
inhomogeneity involving a percolative process be-
tween superconducting regions and insulating islands.
Our observations may be more reasonably inter-
pretated by the second model.

The normal-state resistivity measured at 250 K, p,,
as a function of doping is shown in Fig. 6. For x < 0.2
a slight decrease can be observed, for higher doping
levels, p, increases exponentially.

For x = 1, which showed a semiconducting behav-
iour, the resistivity could be fitted with the expression

pr = po exp(To/T)" (1)

where T, and n are constants. The value of the expo-
nent n determines the nature of the conduction mecha-
nism [26]. A value of n = 1/4 corresponds to a three-
dimensional variable-range-hopping (VRH) process
and n = 1/3 to a two-dimensional VRH mechanism.
As can be seen in Fig. 7 which represents the variation
of log p as a function of T ~ ' or T ~!/3, the difference
between the two fittings is rather subtle. The fittings
are fairly good in the low-temperature region. In the
three-dimensional VRH process, the T, value is 1.4
x 10* K. Our T, value is of the same order of magni-
tude as those reported in the literature for substitution
on the calcium site. Hopping conductivity in
Bi,SrLaCaCu,Os .5 implies that the electronic states
are localized at the Fermi level by disorder, because
La3* has a different size, charge and electronic struc-
ture in comparison with strontium. Similar behaviour
has been seen for other 2212 substituted systems
Bi,Sr,Ca; _,Ln,Cu,0g4,5; where calcium was re-
placed by a lanthanide (Ln = Y, Ce or Ga, Pr and Gd)

1x10°

1x10 -7

Resistivity at 250 K (m€ cm)

1x107" — 77— T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
La concentration, x

Figure 6 Variation of the normal-state resistivity measured at
250 K with doping x for Bi,Sr,_,La,CaCu,Os.
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[27-29]. The substitution for strontium appears to
induce the same type of perturbation.

3.4. XPS study

It is interesting to correlate the observed changes in
superconducting properties with the change in elec-
tronic structure. Using X-ray photoelectron spectro-
scopy, we have studied how this chemical substitution
affects the valence states of cations, structure of the
valence band and position of the Fermi level.

After the in situ treatment, the survey XPS spectrum
displayed the characteristic core levels of the elements
constituting the material, and indicated a nearly com-
plete absence of the C 1s peak; no other impurity peak
was observed.

For pure 2212 and lead-doped 2212 [14], the O 1s
spectra consisted of a main peak at 529.4 eV, assigned
to oxygen bonded to cations; the small one at higher
BE (531.2 eV) was assigned to remaining adsorbed
H,O and/or hydroxyl ions.

We analysed a series of samples with x =0, 0.2,
0.6 and 1. For the sake of clarity, we report only the
spectra corresponding to x = 0 and 1.

3.4.1. Valence band

The valence band spectra obtained for x = 0 and 1 are
shown in Fig. 8. Only the spectrum for the insulating
sample (x = 1) necessitated a correction from charging
effect (0.3 eV). This charging effect was estimated by
taking the spectra at different beam intensities (600
and 200 W). In the energy range — 4 to 6 ¢V, the
shape of the spectrum is similar to that previously
observed for Bi,Sr,CaCu,Oyg .5 and Bi;¢Pb,,Sr,Ca
Cu,0y .5 [14]. For x < 0.6, a clear Fermi edge can
be seen, indicating that the conductivity in the sur-
face regions is metallic. In contrast, for x = 1, the
intensity is low, as expected from the insulating
character of the sample. The large valence band fea-
ture at about 3 eV is assigned to emission from bands
derived from Cu-O hybrids (Cu3d®L or Cu3d®L?). As
a whole, the shape is unchanged, only a shift to higher
BE with doping is observed. The curves could be made
to coincide with the others by shifting along the
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energy axis (0.1, 0.3 and 0.4 eV for x = 0.2, 0.6 and 1,
respectively, see Table I). These shifts can be at-
tributed to a lowering of the Fermi level, as a conse-
quence of the expected (and observed above) decrease
in the hole density. These values are comparable to
those reported for Bi,Sr,Ca; _ Y, Cu,0O4 .5 [9]. How-
ever, the shift is more important for the insulating
sample in the case of substitution for Ca®>* than for
Sr2* (0.6 eV for Bi,Sr,YCu,Og,5 [9] and 0.4 for
Bi,SrLaCaCu,0Os ,5). This tends to show that for the
same doping level (x = 1), the hole filling is lower for
a substitution for Sr?* than for Ca?*.

It thus appears that the only influence of doping
on the valence band spectrum obtained with XPS is
a shift towards higher BE due to a change in Eg.

3.4.2. Core levels
In the following sections, all the binding energies were
corrected from the change in the Fermi level.

Cu2p. All the spectra are composed of a main
component (Cu,,;,) associated with the 2p 3d*°L final
state (L indicates a ligand hole) accompanied by a sat-
ellite (Cusg,,) associated with the multiplet splitting of
the 2p 3d° final state at a higher energy of ~9eV.
The Cu 2p;, core level XPS spectra corresponding to
x =0 and 1 are shown in Fig. 9. We characterized
the Cu 2p;, spectra by the BE of the main peak,
the full-width at half-maximum (FWHM) and the
ISy /155, ratio. As can be seen in Table I, the BE of
Cup,in and the FWHM remains unchanged with x,
except for x =1, which is characterized by a shift

Intensity (Arb. units)

6 4 2 0 -2 -4
Binding energy (eV)

Figure 8 Valence band spectra of Bi,Sr,_ La,CaCu,0Oginthe — 4
to 6 eV binding energy range for (----) x =0 and (—) x = 1.

towards lower BE and a narrowing of the peak. The
IS8 /155, ratio increases with x up to x = 0.6 then
decreases for x = 1. All these observations are consis-
tent with a decrease in the formal valence of copper.
The evolution in the IS5 /1S4, ratio can be explained
as follows [30]. With increasing x, the hole density
decreases, the fraction of Cu?"—O! ~ decreases and the
amount of Cu?*—O?" increases, leading to an in-
crease in the satellite intensity (and the I§%/IS%.
ratio) up to x = 0.6. For x = 1, the shift in the BE
(0.3-0.4 eV), the noticeable narrowing of the main
peak (2.8 instead of 3.4 eV) and the decrease in the
IS% /1Su., prove the presence of some Cul ™.

Bi 4f, La 3d, Sr 3d, Ca2p. The data for the core
levels of these elements are collected in Table II. As
indicated, all the BE values were corrected from the
change in Ep.

For x = 0, the Bi 4f core level spectrum is similar to
that in Bi,O3: in the undoped sample, the valence of
Bi is 3 4+, as we have previously reported [14]. For
doped samples (Fig. 10), the BE of Bi 4f shifts towards
a lower energy, showing a decrease of the bismuth
valency with doping. If we correlate the bismuth val-
ence to a charge transfer process between Cu—O, and
Bi-O planes, as suggested by Pham et al. [8] for
undoped Bi 2212, our results show a transfer increase
with doping and so are in contrast with their XAS
results for Bi,Sr,Ca; _.Y,Cu,0Og.5. This observed
increase in the charge transfer with x may explain
why superconductivity is maintained at a higher
doping level for Bi,Sr,_,l.a,CaCu,Oq ;5 than for
Bi,Sr,Ca; _ Y. Cu,0O4 5.

Intensity (Arb. units)

| | | |

927 931 935 939

Binding energy (eV)

943 947

Figure 9 Cu 2p;,, core level XPS spectra of Bi,Sr,_La,CaCu,Og4
for(----)x = 0and (—) x = 1 after correction for the charging effect
and shift of the Fermi level.

TABLE I The Cu 2p;, XPS characteristics as a function of lanthanum concentration, x

X Fermi level Cu 2p;),
AEg (eV) BE (eV) BE corrected FWHM (eV) ISe /1Sy,
from AE; (V) nem
0 0 933.1 933.1 34 0.33
0.2 0.1 9332 933.1 34 0.40
0.6 0.3 933.3 933.0 32 0.42
1 0.4 933.1 9327 2.8 0.37
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TABLE II The Bi4f, La 3d, Sr3d and Ca 2p binding energies,
corrected from the shift of the Fermi level, E ., and charging effect,
as a function of lanthanum concentration, x

X Binding energy (eV)

Bi4f , La3d,, Sr3d,, Ca2p,,
0 158.4 131.9 3452
0.2 158.2 833.8 1319 345.3
0.6 158.0 833.8 131.9 3454
1 157.8 833.7 131.9 3457

Intensity (Arb. units)

= | | | | 1
155 157 159 161 163 165

Binding energy (eV)

Figure 10 Bi 4f core level XPS spectra of Bi,Sr, _ La,CaCu, Oy for
(----) x =0 and (—) x = 1 after correction for the charging effect
and shift of the Fermi level.

While the Sr 3d core level remains unchanged, that
of Ca 2p shifts significantly to higher BE with x. We
have previously shown that the mixed occupancy of
strontium and calcium was valid for BiPb 2212 [14],
We have used here the same calculation procedure
and deduced the occupation fractions and number of
ions of strontium and calcium in the SrO and calcium
layer. The obtained values are not noticeably different
from the formal ones. Thus the shift in Ca 2p cannot
be correlated to some occupation change but more
probably to a change in the calcium valence. This shift
was also observed in the case of substitution for cal-
cium [7, 9-117] and attributed either to a change in the
chemical environment, which considered changes in
the valence state and bond length [9, 11], or to an
increase in the calcium valence [7, 10].

The rare-earth compounds give rise to complex
XPS line shapes. These line shapes are due to hybrid-
ization effects between the valence band of the solid
and localized f states of rare-earth ions in the final
state of photoionization. In the case of lanthanum, the
photoionization of the 3d levels results in a situation
in which the Coulomb attraction exerted by the core
holes lowers the energy of 4f! final state relative to the
4f° final state to such an extent that both energies
become comparable. This leads to a hybridization of
the two states, giving rise to the typical two-peaked
shape of the La 3d doublet components. This shape
is observed in La,Osj, in perovskite and in HTSC
cuprates.
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Intensity (Arb. units)

Binding energy (eV)

Figure 11 High-resolution XPS spectra of La 3ds,, for x = 1 after
correction for the charging effect and shift of the Fermi level.

In our sample, this type of spectrum was observed,
as shown in Fig. 11, for x = 1. On the whole, the
spectral lines are wider than those observed in La,O;
[31], in perovskite [32] or in zeolite [33] showing the
influence of environment. The best fit of the spectrum
in Fig. 11 was obtained with three components, two
major peaks at BE = 833.6 and 837.9 eV, respectively,
and a third small peak at an intermediate energy of
835.8 eV. These three components were valid to fit all
the spectra relative to the different x, the most remark-
able being the absence of the extra peak with increas-
ing x. This shows that La** occupies a single site: that
of Sr** as expected.

4. Conclusion

The present study has shown the influence of the
substitution site Sr?* or Ca?* on some properties of
Bi 2212 substituted compounds.

The phase diagram of Bi 2212 substituted com-
pounds in which La®* is substituted for Sr?*, is
analoguous to that reported for a substitution
on the calcium site with a difference concerning the
metallic-insulator transition. The transition occurs
at a higher doping level for Sr?*(x > 0.7) than for
Ca?*(x = 0.5) [8,13]. We can explain this by the
shortening of Sr—O and Cu—O; (O3 is the apical oxy-
gen) bond lengths leading to an increased coupling
between Bi—-O and Cu-O, planes favouring their
charge transfer and thus superconductivity for a
higher doping level. In the insulating regime, the
conduction mechanism is of the three-dimensional
variable range hopping type, implying the localization
of state near the Fermi level.

A shift towards higher BE upon doping of the whole
valence band is observed for both types of substitu-
tion. This shift was shown to be due to a lowering of
the Fermi level induced by a decrease in the hole
density. For x = 1, the lowering of the Fermi level of
0.4 eV measured for our Sr?*-substituted compound
is smaller than the value of 0.6 eV reported in the
literature for a substitution on the calcium site [9].
This is consistent with the observed effect of the sub-
stituted site on the phase diagram. Furthermore, the



present XPS investigation provides proof of the exist-
ence of self-doping in these compounds, which in-
creases with doping. This is revealed by the observed
bismuth valency state change. The nearly unchanged
lineshape of La 3ds/, core level shows that lanthanum
substitutes only for strontium as expected from the
ionic radii. The change of Cu 2p;, lineshape (shift

towards lower BE, narrowing of the main peak, de-

crease in the ISy /IS%, ratio) shows that the copper

valency decreases with x, in agreement with results
obtained by chemical titration.
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