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Abstract

A systematic study of Pb-doping and annealing effects in vacuum (2 x 1073 Pa)
on T, and the microstructure of Bi,_,Pb,Sr,CaCu,Os compounds has been
carried out. It is found that the structure belongs to the Bi-2212 phase. The c-
and b-axes almost keep unchanged while Bi is replaced by Pb. With increasing
annealing temperature, c- and b-axis parameters monotonically increase while
the a-axis parameter is unchanged. The modulated period becomes longer
and finally disappears with increasing Pb content and annealing temperature.
Meanwhile, the distortion of CuO, planes becomes serious. There is an
optimum 7, with increasing annealing temperature, which reveals that the
carrier concentration p changes from overdoped to underdoped. It is suggested
that the differences of both the valences and the ionic sizes of Pb** and Bi**
cause the reduction of extra oxygen, resulting in the increasing positive charge
in the BiO double planes. The distortion of CuO; planes is partially caused by
the increase of positive charge in BiO double planes. A charge-transfer between
the carrier reservoir (BiO—SrO) and the conducting CuO, plane is induced by
Pb-doping and annealing in vacuum. Both the distortion of CuO, planes and
the charge-transfer control the carrier concentration and carrier distribution in
CuO; planes, which is related to the superconductivity of the Pb-doped Bi-2212
phase.

1. Introduction

The high-T, cuprate superconductors constitute a special group of materials that share many
common features in crystal structure and properties. One of the characteristic structural features
is that they have layered crystal structures with the two-dimensional (2D) CuO, layers, which
are the most essential structural elements for high-7, superconductivity, and charge reservoirs
[1] like Bi,O,.s that are necessary to provide charge carriers for superconductivity. Like other
high-T, cuprates, the Bi compounds have layered crystal structures with alternating rock-salt
blocks and perovskite blocks which form a homologous system Bi;Sr,Ca,,— 1 Cu,, 02,4445 With
7" = 20, 85 and 110 K for n = 1, 2 and 3 [2], respectively. In fact, a single phase
n = 3 Bi compound has not been grown without cation (such as Pb) doping. In contrast
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with Bi compounds, however, single phase samples with similar n = 1, 2 or 3 structures
to Bi compounds for the Tl;Ba,;Ca,_Cu,O,,.4+s series can be easily made without cation
doping [3,4]. The T"** of the Tl compound is 90, 115 and 125 K forn = 1, 2 and 3 [5],
respectively. Corresponding to the same n, the 7"“* of Bi compounds and Tl compounds is
rather different. The 7*“* difference is, for example, 25 and 10 K for n = 2, 3, respectively.
It is worth noting that both Bi compounds and Tl compounds have a similar crystal structure,
or average atomic structure. Tl and Bi have the same valence and nearly the same ionic
sizes. Their micro-structures are, however, different: Bi-based superconductors occupy intense
incommensurate modulated structures, but Tl-based superconductors do not. These structural
modulations for the TI family are due to only small deviations of the atoms from their mean
positions [6], but for the Bi members the positional distortions are large. It seems that the
differences in the micro-structures may bring about different electronic characteristics among
them.

Pham et al [7] have studied in detail the variation of 7. and the structural modulation
with annealing conditions of Bi,Sr,CaCu;0s, Biy | Sr; 9CaCu;,0s,s and an air-prepared 2212
mixture. It is found that for stoichiometric Bi; Sr,CaCu,Og the maximum of 7, corresponds to
an oxygen content close to 8 and treatments in air produce only a slight increase of the oxygen
content, decreasing the 7, a few degrees but reducing significantly the modulation period (4.91
to 4.7). For the other samples the 7, goes through a maximum (~90 K) and then decreases with
increasing oxygen content. Calestani et al [8] have investigated the (Bi, Pb),Sr,(Ca, Y)Cu, 0O,
system and pointed out the existence of a modulation-free 2212 phase over a wide range of
composition (Bi—,Pb,Sr;Y;_,Ca,Cu0,, 0 < y < 0.8 and x = (1 — y/2) £0.2). The
non-modulated Bi,_,Pb,Sr,Y;_,Ca,Cu,0, phase still shows superconductivity in the Ca-
rich region with 7, decreasing with increasing Y content, supplying a further example of
superconductivity not being related to the structural modulation in the Bi system.

To understand the layered copper oxide superconductors, a local charge picture has been
proposed by Cava [1]. At the centre of the local charge picture is the idea that all the
layered copper oxide superconductors have crystal structures that can be considered as built
of electronically active CuO, superconducting layers sandwiched between other structural
layers which act as spacers, and, most importantly, as electronic charge reservoirs. The
doping of the active CuO, layers is controlled by the electronic state of the charge reservoirs.
Each of the kinds of charge reservoir layer presently known has its own characteristic
behaviour in transferring charge to or from the CuO, planes. High-7, superconductivity
is created by doping (adding charge carriers to) a ‘Mott’ insulator [9]. Although the structural
relationships in the layered copper oxide superconductors can be clarified, the means by
which the charge reservoir layers act electronically on the CuO, double planes is by no
means straightforward. The connection of charge transfer and the micro-structure is still
unclear.

Aliovalent cation substitutions can change the effective copper valence and the carrier
concentration, which is intimately linked with 7,. Therefore, aliovalent cation substitution
in cuprate has been one of the basic methods to investigate the mechanisms of high-7,
superconductors. By substitution of rare-earth elements for Ca in Bi,Sr,CaCu,O,, a transition
from superconductor to insulator is found to occur with progressive substitution of rare earths,
and this transition has been attributed to a decrease in the carrier concentration. Groen
et al [10] found that rare-earth ion doping in the Sr site of Bi,Sr,CuOj is accompanied by
incorporation of extra oxygens, and enhancement of 7, up to 30 K. By substitution of Pb for
Bi in Bi;Sr,CaCu,O,, in this paper, the microstructure is changed by Pb dopant and the extra
oxygen located in Bi, O, layers is decreased by annealing in vacuum with different temperature
and time. The relationship of microstructure and 7 is studied.
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2. Experimental methods

The samples of Bi,_,Pb, Srp,CaCu,0;s (x = 0-0.5) were prepared by a conventional solid state
reaction method starting from high-purity powder of Bi, O3, PbO, SrCO3, CuO and CaCO;
in the appropriate ratios required for an overall 2212 stoichiometry. The intimate mixtures
were sintered in air at 780 °C for 24 h, then reground and sintered in air at 810 °C for 24 h.
Finally, the resulting powder was reground and pressed into pellets and calcinated between
820 and 840 °C for 24 h and furnace-cooled in air. All the samples were annealed in vacuum
(of degree 2 x 1073 Pa) at a temperature of 500°C for 2 hours. The x = 0.4 sample was
annealed in vacuum at annealing temperature 350 °C, 400 °C, 500 °C, 550 °C, 600 °C, 650 °C,
respectively, for 3.5 hours, or at 500 °C for different times, respectively. The absolute oxygen
content of the samples was determined by iodometric titration.

X-ray diffraction (XRD) analysis was carried out by a Mac Science M18X diffractometer
with graphite monochromatized Cu Ko (A = 1.540 18 A) radiation. The lattice parameters of
some selected samples were obtained by a least-squares fit of peak positions. The resistivity
dependence on temperature was measured by using a standard four-probe method in a closed-
cycle helium cryostat C50W. The temperature range for the measurement was from 14 to
300 K. The electron diffraction patterns were performed by using a transmission electronic
microscope (TEM), type H-800. Raman spectra of the samples were performed on a Spex-
1403 Raman spectrophotometer by using a back-scattering technique. The 5145 A line from
an argon ion laser was used as an excitation light source.

3. Experimental results

3.1. XRD and ED analysis of the Bi,_, Pb,SryCaCu,Os (x = 0-0.5) samples

The XRD patterns show that all the samples belong to the Bi-2212 phase. No impurity
can be detected. For the unannealed Bi,_,Pb,Sr,CaCu,0s (x = 0-0.5) samples, the XRD
patterns give a tetragonal symmetry. The a- and c-axes of the unannealed samples have
little change with increasing Pb content x (figure 1(a)). To control the oxygen content, the
Bi; ¢Pbg.4Sr;CaCu,0s samples were annealed in vacuum. It is found that the structure is
changed gradually from tetragonal to orthorhombic with increasing annealing temperature.
As the annealing temperature rises from 350 to 650°C (figure 1(b)), the c-axis and b-axis
parameters monotonically increase while the a-axis parameter is unchanged. The changing
of oxygen content of Bi; ¢Pbg 4Sr,CaCu,0s dependent on annealing temperature is shown in
figure 2. From figure 2 it is found that the oxygen content monotonically decreases while
the annealing temperature increases, which is consistent with the changing of the c- and b-
axes in figure 1(b). These results reveal that the extra oxygen in Bi, O, layers is removed by
annealing.

Figure 3 shows the electron diffraction (ED) patterns of some selected samples. These
patterns are measured in the ab- (001) plane in which the change of the modulated period is
observed. Itis well known that there is an incommensurate modulated structure along the b-axis
in the Bi2212 superconductor. The incommensurate modulated structure is thought to be due
to an excess of oxygen atoms inserted in the Bi-O layers, or to the intrinsic property of the Bi**
6s2 lone pair [11]. Figure 3(a) exhibits that with increasing Pb content, the modulated structure
gradually weakens; that is, the modulated wavelength increases. The ratio of the modulated
wavelength of Bi,_,Pb, Sr,CaCu,0; (x = 0-0.5) to the b-axis is 4.69, 4.84, 5.21, 5.36, 7.50,
10.71, respectively. Observed from figure 3(b), it is found that the modulated wavelength of the
annealed Bi; ¢Pbg 4Sr,CaCu, 05 sample further increases with rising annealing temperature.
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Figure 1. Lattice parameter for (a) unannealed Biy_Pb, Sr,CaCu,Os (x = 0-0.5) samples against
the dopant content and (b) Bij ¢Pbg 4SroCaCu,Os annealed at different temperature for 3.5 hours
against different annealing temperature.
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Figure 2. Oxygen content § change of Bi; ¢Pbg 4 SroCaCu;O; dependent on annealing temperature.

The ratio of the modulated wavelength of the annealed Bi; ¢Pbg 4Sr,CaCu,Os sample to the
b-axis increases from 7.90 to 9.38 to 12.50 with annealing temperature rising from 350 to 500
to 650 °C. Both Bi replaced by Pb and annealing in vacuum lead to oxygen content decreasing,
thus causing the modulated wavelength become longer.

The lengths of a- and b-axes are considered to be controlled by the in-plane Cu—O bond
distance, which is closely related to the carrier concentration [12]. The a- and b-axis parameters
should be decreased due to the hole concentration increase, which can strengthen the Cu—O
bonding force when Pb content increases [12]. Similarly to the c-axis, the parameter change can
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Figure 3. Electron diffraction patterns for (a) unannealed Bi,_, Pb, Sr,CaCu,; 05 (x =0, 0.1, 0.2,
0.3, 0.4, 0.5) and (b) Bi| ¢Pbg.4Sr,CaCu;Os annealed at 350, 500 and 650 °C for 3.5 hours.

arise from the variance of extra oxygen induced by the aliovalent substitution. But figure 1(a)
shows that as the Pb content increases from x = 0to 0.5, the lattice parameters have no obvious
change. This means that the effect of Pb doping on the microstructure of the Cu—O plane in
Pb-substituted Bi2212 is small. The unchanged lattice parameter can be explained by both the
change of excess oxygen content and the ionic size difference of Pb>* and Bi**. The ionic size
of Pb>* (R = 0.12 nm) is considerably larger than that of Bi** (R = 0.093 nm). Thus, by
considering the ionic size alone, the substitution of Pb increases the lattice parameters. On the
other hand, after doping Pb in the Bi site, the valence of Cu and Bi is unchanged, which are
+2 and 43 respectively, only the average valence of (Bi—Pb) decreases [13]. The difference
in the valences between Pb** and Bi** lowers the extra oxygen content and decreases the
lattice parameters. The opposite reaction of ionic size and ionic valence on lattice makes the
substitution of Pb for Bi have little effect on the structure of the samples so that the average
structures have no distinct change. However, the reduction of extra oxygen incorporated in
Bi,0, layers caused by the substitution of Pb definitively affects the modulation structure,
as shown in ED patterns. The Pb-doped Bi-2212 superconductors are still in an overdoped
state [14].
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Nagoshi et al [15] have reported that both the c- and b-axis of the undoped Bi-2212
superconductor increase as the oxygen content decreases, which was caused by annealing in
vacuum. Owing to the excess oxygen decreasing, the incommensurate modulation weakens
so that the degree of the mismatch between the Bi,O, and the perovskite layer is weakened
[16]. The stress of the perovskite layer is released, thus leading to the elongation of the b-axis.
Similarly after annealing, the hole concentration decreases. The elongation of the b-axis, which
is controlled by the in-plane Cu—O bond distance, can be interpreted by the weakening Cu—O
bonding caused by the decreasing hole concentration [12]. For c-axis elongation induced
by the change of excess oxygen, one explanation [17] is that the decrease of extra oxygen
incorporated into Bi, O, layers leads to a change of the orientation of the Bi** lone pair, which
causes an increase of the distance of the two adjacent BiO layers.
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Figure 4. Raman spectrum patterns for (a) unannealed Biy_;Pb,SrpCaCuyOs (x = 0-0.5)
samples; (b) Bij ¢Pbg4SrpyCaCu,O; annealed at different temperatures for 3.5 hours. (R.S. =
Raman shift.)

3.2. Raman scattering analysis of the Bir_, Pb,SryCaCu,Os (x = 0-0.5) samples

Clearly the structural change mentioned above should be displayed in the Raman spectra.
The Raman spectra of the samples are shown in figures 4(a) and (b) respectively. Three
vibration modes of 287, 464, 630 cm™! for Bi,_,Pb,Sr,CaCu,0; (x = 0-0.5) and annealed
Bi; ¢Pby 4Sr,CaCu, Q5 are visible in figure 4. In figure 4(a), the peaks change little with
increasing Pb content, which is in accordance with the fact that the a-, b- and c-axis parameters
keep unchanged with increasing Pb content in figure 1(a). Figure 4(b) shows the Raman peaks
for annealed Bij ¢Pbg 4Sr,CaCu,Oj, in which the 630 cm~! mode is almost unaffected by
annealing, while the intensities of 464 and 287 cm~! modes change with annealing temperature
increasing. The frequency of 287 cm ™! slightly decreases.

The 464 cm™! mode has been assigned to O(3)g; A; ¢ c-axis vibration [18, 19] (A, nodes
are symmetric c-axis vibration of Bi, Sr, O(1)¢,, O(2)s, and O(3)3;), which is connected with
the more labile oxygen atoms in the Bi, O, layer. In figure 4(b), it is clear that the 464 cm™!
peak intensity decreases with increasing annealing temperature. Annealing in vacuum causes
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excess oxygen loss in the Bi, O, layer. The oxygen loss directly influences the Bi,O, plane
and the distance of the BiO-BiO layers, with a result of the Bi—-O(3)5; bond increasing and
the broadening and the weakening of the Raman peak while the red-shift is not apparent. The
630 cm~! mode has been assigned to O(2)s, Ay, vibration along the c-axis [18,19]. In this
experiment, for the 630 cm~! mode, the frequency and intensity almost keep unchanged with
increasing annealing temperature. Because the replacement of Pb for Bi takes place in the
Bi,O; planes, the Bi,O, layer is directly influenced. This indicates that annealing in vacuum
does not affect the microstructure of the SrO layer.

It is worth noting that the 287 cm~! mode, which has been assigned to the B, modes,
is an out-of-phase vibration of O(1)¢, atoms along the c-axis. It is directly related to the
conducting CuO; planes and exhibits a pronounced asymmetry induced by a Fano interferent
between the phonon and an electronic scattering background. From figure 4(b), the intensity
of 287 cm~! clearly decreases and the peak position shifts to low wavenumber with increasing
annealing temperature. This result and the change of lattice parameters in figure 1(b) prove the
distortion of the CuO, plane: with the elongation of the b-axis, the Cu—O(1) bond weakens,
which indicates that the effect of Cu on O(1) decreases. Meanwhile the carrier concentration
of the carrier reservoir increases due to a reduction of the extra oxygen atoms. This enhances
the exchange interaction between the carrier reservoir and the O(1)¢, atom, leading to the
deviation of O(1)¢, atom from CuO, plane. Therefore the Raman peak of the O(1)¢, atom
shifts to low wavenumber. Observed from figure 1(b) and figure 4(b), with the annealing
temperature rising, the longer the b-axis, the weaker the O(1)¢, Raman peak (red-shift) so that
the distortion of the CuO, plane becomes bigger and bigger. The micro-structural change of
the conductive CuQO, planes should affect the superconductivity.
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Figure 5. The temperature dependence of the resistivity for (a) unannealed Biy_,Pb, SrpCaCu,O;
(x = 0-0.5) samples; and (b) Bij ¢Pbp 4Sr,CaCu,O; at annealing temperature 1, T = 350 °C,
2, T =400°C,3,T =500°C,4, T =550°C,5, T =600°C, 6, T = 650°C for 3.5 hours, and
7, T = 500°C for 2 hours.

3.3. Electronic transport properties of the Biy_Pb,Sr;CaCuy Os (x = 0-0.5) samples

Figure 5(a) shows the temperature dependence of the resistivity for Bi,_,Pb,Sr,CaCu, 0O
(x = 0-0.5). For the sample x = 0.0, 7.7 is 84 K, T¢o is 25 K, AT = T — T
is the superconducting transition width. With Pb content increasing from 0.0, 0.1, 0.2, 0.3,
0.41t0 0.5, AT is 59, 20.13, 6.23, 3.88, 3.46 and 2.35 K respectively. The very broad AT in
x = 0.0 is clearly due to oxygen inhomogeneity. From both figure 3(a) and figure 5(a), it is
found that with increasing Pb content, Pb doping weakens the incommensurate modulation
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and decreases AT, which stabilizes the Bi-2212 phase. Meanwhile, the Pb doping reduces
the extra oxygen. This result reveals that the oxygen inhomogeneity mainly comes from
the disorder distribution of extra oxygen. We also noticed that the normal-state resistivity
systematically decreases with increasing Pb content, implying an increased number of charge
carriers. The increase of the carrier concentration has been interpreted as a result of electron
vacancy due to the additional holes contributed by the aliovalent Pb>* ion replacing the trivalent
Bi**. Obviously the Pb-doped samples lie in the overdoped state [19]. In order to adjust the
carrier concentration, the sample with x = 0.4 was annealed in vacuum. Figure 5(b) shows
the temperature dependence of resistivity for annealed Bi; ¢Pbg4Sr,CaCu,O;s at different
annealing temperature for 3.5 hours. It is found that the optimum 7, appears at 500 °C.
Then we annealed the samples at 500 °C for different annealing time (figure 6(a)). The result
reveals that the optimum annealing temperature and annealing time is 500 °C and 2 hours
(figure 6(b)). Therefore in the same conditions, we annealed the other samples. Figure 6(c)
reveals the temperature dependence of resistivity for Bi,_,Pb,Sr,CaCu,0s (x = 0.1-0.5,
annealing temperature: 500 °C, annealing time: 2 hours). It is obvious that after annealing,
the T greatly increases by 15 K or so for Bi,_,Pb, Sr,CaCu, 05 (x = 0.1-0.5). The optimum
T, appears in the sample Bi; ¢Pbg4Sr,CaCu,Oj at annealing temperature 500 °C, annealing
time 2 hours. Obviously the optimum superconductivity does not appear in the most distorted
CuO; plane, but in an optimum distortion. Observed from figure 3 and figure 4, the maximum
distortion of CuQ,; plane occurs at annealing temperature 650 °C for 3.5 hours. The optimum
Tco is 87 K at annealing temperature 500 °C, annealing time 2 hours, which shows that CuO,
plane occupies an optimum distortion.

4. Discussion

It is well known that the Bi-2212 superconductor possesses a strong incommensurate
modulation structure due to a lattice mismatch between the Bi, O, layers and the perovskite-like
blocks. In order to stabilize the crystal structure, extra oxygen is induced in the Bi, O, layer.
In this work, the ED patterns show that the substitution of Pb for Bi, as well as annealing in
vacuum, decreases the superlattice modulation. The extra oxygen located in the Bi, O, layers
decreases with Pb content x and/or increasing annealing temperature [19].

The decreasing of the extra oxygen may give two functions on the structure and carrier
concentration of the CuO, planes. One is to introduce the charge-transfer between the carrier
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reservoir (BiO—SrO) and conducting CuO, plane, as well as the change of modulation structure.
By the study of the (Bi, Pb),Sr,(Ca, Y)Cu, O, system, Calestani et al [8] found that the double
(Bi, Pb)O layer plays a competitive role (with respect to the CuO, plane) in accommodating
the extra charge deriving from the substitution of Pb for Bi. The bottom of the Bi—O bands
lies below the Fermi energy Ef, allowing a transfer of electrons to occur from the CuO,
planes to the double BiO planes and creating doping holes on the Cu—O bands in this way
[20, 21]. Because of the requirement of valence balance and the change of ionic radius, the Pb
dopant causes the extra oxygen decrease resulting in the charge-transfer between the carrier
reservoir (BiO-SrO) and the conducting CuO; plane. The carrier concentration decreases with
increasing Pb content. Meanwhile, the incommensurate modulation structure is weakened as
observed in this experiment. The other function is to increase the positive charge in BiO
planes. It is important to point out here that the reduction of extra oxygen content in the
Pb-doped Bi compounds is not entirely due to the difference in the valences between Pb**
and Bi** as has been usually believed. The difference in the ionic sizes of Pb** and Bi**
should make an important contribution to the reduction of the extra oxygen content as well.
Because of the extra oxygen reduction caused by the different ionic sizes, the requirement of
valence balance for Bi** may not be reached, resulting in the positive charge increasing in
the BiO planes. By the attraction of the positive charge, the oxygen atoms located in CuO,
planes shift to BiO planes and strengthen the distortion of CuO; planes as revealed in the
Raman results. The Cu—O bond length increases, resulting in Cu valence change. In this
way the carrier concentration of CuO, planes may be decreased. Meanwhile a net positive
charge and hence the repulsion between the Bi, O, layers increase, causing the increasing of
c- and b-axes. The latter function of extra oxygen reduction can also be shown in annealing
samples. After annealing in vacuum, further extra oxygen loss enhances the charge transfer.
Meanwhile, the increasing of positive charge in BiO planes makes the shifting of oxygen
atoms from the CuO, plane and the distortion of CuO, planes become bigger. This has
been observed in the Raman results. The two functions work cooperatively and control the
carrier concentration change. As a result, the carrier concentration changes from overdoped
to underdoped with the reduction of extra oxygen. The distortion of CuO, planes becomes
bigger and bigger, and an optimum distortion for the optimum superconductivity appears. For
the same reason, all the samples reaches an optimum carrier concentration and an optimum
TC().

The recent discovery of stripes in the underdoped cuprates [22] has brought renewed
interest to the question of the existence of phase separation in the —J and Hubbard models.
Interest in this question began a decade ago, when evidence for phase separation in LayCuOyy
was found [23]. There are, in fact, two main views regarding the origin of stripes. In the
first, stripes form because of a competition between kinetic and exchange energies in doped
antiferromagnets. The second approach starts with the assumption that without long-range
Coulomb interactions, doped antiferromagnets phase separate. Stripe formation arises in this
approach because the long-range Coulomb repulsion frustrates the phase separation, leading
to an inhomogeneous charge density state [24]. In this experiment, the distribution of the
charge in BiO planes caused by the reduction of extra oxygen is incommensurately modulated
due to the incommensurate modulation structure. In fact, Zhu and Tafto have observed the
charge modulation along the BiO double layer in the Bi;St,CaCu,Og.s by electron microscope
experiments [25]. We suggest that the charge-transfer between the carrier reservoir (BiO-SrO)
and the conducting CuQO, plane should be affected by the modulation structure existing in the
Bi; ¢Pbg 4Sr,CaCu, 05 system. Both the charge-transfer and the CuO; plane distortion caused
by the charge modulation distribution in BiO double planes should give an effect on the stripe
formation.
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