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Abstract. Samples of the Bi,Pb, Sr gsLag 3sCuQ, (x =0, 0.1, 0.2, 0.3, 0.4 and 0.6) system

with different oxygen concentration are obtained. The analysis of x-ray diffraction indicates that
a tetragonal-orthorhombic transition takes place with increase of Pb content. The resistivity
measurement shows that for the quenched samples the hififigst is 35 K, andTC0 (zero
resistivity) is 25 K; while for the samples annealed under low oxygen partial pressure, the
highest7"*¢" and T(,0 increase to 45 K and 37 K, respectively. Moreover, the phenomenon of

a spin gap is systematically observed in this system. The analysis of the experimental results
reveals that the microstructural characteristic of the Bi2201 system is closely related to both the
spin-paring and superconductivity. The dominated spin scattering mechanism is suggested as
the origin of theT -linear resistivity.

1. Introduction

It is generally realized that the physical properties of the £h@sed superconducting
systems are strongly related to the carrier concentration. For example, in th&€sBR
system [1],7, can be increased from 60 to 90 K by changing oxygen concentration. For a
polycrystalline ByS,CaCyO, system [2-4],T. can be improved from 65 to 92 K by the
removal of a small amount of oxygen. However, sometimes we cannot obtain the highest
T, by only regulating the oxygen content. For example, the oxygen content in the Bi2201
system is not the only factor in determinir¥y, and the structural factor also plays an
important role in influencing the superconductivity [5-7].

In order to understand the relationship between the structure and normal-state properties
of cuprate superconductors, many theoretical and experimental studies have focused on
the Bi2201 system [5,8-15]. This is because the Bi2201 system not only possesses
a complicated incommensurate modulation structure, but also exhibits a much wider
temperature region where the normal-state exists, which allows one to measure the normal-
state transport properties to lower temperature than in other highaterials. Among
the elemental-doped B$r,CuQ, systems, La doping is more effective in increasifg
[5,16]. However, it is known that, although La doping can incredseit enhances
the structural distortion [17]. If the distortion of the La-doped Bi2201 phase is relaxed,
further improvement of superconductivity is possible, because strongly structural distortion
can suppress the superconducting transition. In this paper, we perform Pb doping to
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Figure 1. The powder x-ray diffractions for samples of the;BiPb, Sr gsLag.35CuO, system
(x =0, 0.2, 0.4, 0.6); the peaks marked with a full circ®)(correspond to the reflections of
the impurity phases.

relax the structural distortion of the £r,_,La,CuQ, system, and make a systematical
investigation of the normal-state transport properties, as well as the relation of the structure
and superconductivity.

2. Experimental details

Samples were prepared by the conventional solid-state reaction method. Appropriate high-
purity powders of BiO3, La;O3, SfTCQ; and CuO were mixed with a nominal composition

of Biz_,PhSresLagssCuO, (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.6), then preheated in air

at 820°C for 24 h. In order to ensure the complete reaction of the reactant oxides, the
products were reground and reheated in air at°®@@or another day. Then the powders
were pressed into pellets, sintered in air in the temperature range 840-8602 days,

and finally quenched in air. (This series of samples is denoted;a8#4 C;, D1, E; and

Fi forx =0, 0.1, 0.2, 0.3, 0.4 and 0.6, respectively.) Some of the quenched samples were
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Figure 2. (a) Variation of lattice parametera and » with Pb contentx in the
Biz—.Ph, Sn g5Lag3sCuUO, system. For the quenched samples; a; +,b. For the samples
annealed under an pressure of 10° atm: O, a; A, b. (b) Variation of lattice parameter
with Pb contentx in the Bi_, Pb, Sty gs5Lag.35CuO, system. O, the quenched samples, for
the samples annealed under ap @essure of 10° atm.

further annealed at 55@ under an oxygen partial pressure of 1@tm for 3 h, and these
samples are denoted correspondingly asBy, C,, Dy, E; and R.

X-ray diffraction (XRD) analysis was carried out on a Rigaku-D/maX-diffractometer
using high-intensity Cu-K radiation. The lattice parameters were determined from the d-
values of XRD peaks by a standard least-squares refinement method. Resistivity for all
the samples was measured using a standard four-probe method in a closed-cycle helium
cryostat.

3. Results and discussion

The XRD analysis shows that all the prepared samples remain single phase except the
samples Fand , and annealing under an oxygen partial pressure of Hm does not
cause phase decomposition. Figure 1 displays the typical XRD patterns for the quenched
samples A, C;, E; and i. The impurity phase peaks are denoted by solid circle. The lattice
parameterg, b andc are shown in figure 2(a) and (b). Following figure 2 it can be seen that
the parameters andc decrease continuously as Pb content increases, whilereases. The
change of the lattice parameters clearly indicates that a tetragonal-orthorhombic transition
takes place with the increase of Pb content, which is consistent with the split of (02 0) and
(200) peaks (see figure 1). On the other hand, the annealing treatment under low oxygen
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Figure 3. Temperature dependence of the resistivity for the quenched samples of the
Biz2—Phb,Sn gsLap3sCuO, system O, x = 0;+,x = 0.1; O, x = 02; O, x = 0.3; A;
x = 0.4; x, x = 0.6). The inset showg "¢ (x) and TCO (@) as a function of Pb content

partial pressure produces lattice parameters which are greater than those observed with the
corresponding quenched samples.

Figure 3 shows the temperature-dependent resistivity for sample8:A Cy, D1, E;
and R. All the samples show a superconducting transitigfi’*’ and T° (zero resistivity)
for these samples are shown in the inset. FromTihealues, one can see that appropriate
Pb substitution for Bi in the Bi.Sr eslagssCuQ, system can increasg’* and TCO,
while heavy Pb doping results in decreasifig Samples A, B; and G exhibit aT-linear
resistivity aboveT,, while samples B, E; and i show a faster than linear increase in
resistivity as shown in figure 3. Obviously, the samplas By and R lie in the overdoped
region. We plot the resistivity for samples;DE; and R as In(p — pg) versus IfT) in
figure 4. It can be seen that the resistivity approximately follows a simple power law
p —po=aT". The best linear fit of the data gives= 1.11, 1.25 and 1.23, angy = 0.4,
0.41 and 0.52 2 for samples B, E; and F, respectively. A similar behaviour is also
found in other overdoped systems, for example, ia_L.&r,CuQ, [18] an exponenkz ~ 2
is obtained for the overdoped sample with= 0.3; in the ThBa,CuO, system [19], the
exponent: changes gradually from 1 to 2 with the samples changing from superconductor
to an overdoped normal metal.

Figure 5(a) shows the temperature-dependent resistivity for samplé3AC,, D,, Ex
and R. All the samples still show a superconducting transiti@ji?*** and 7.0 are shown
in figure 5(b). By comparison with the inset of figure 3, it can be seen that the annealing
treatment improves the superconductivity remarkably. The high#st’ increases from 35
to 45 K andT? increases from 25 to 37 K. This result not only indicates that the carrier
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Figure 4. In(p — po) as a function of Ia7T") for samples B (d), E; (A) and R (x). The best
fit givesn = 1.11, 1.25 and 1.23, respectively.

concentration is closely related to the superconductivity, but also reveals that the crystal
microstructure has a strong influence on the superconducting transition. It is known that
Pb doping of BiS,CuO, can lower the monoclinic modulation [17]; when the dopant (Pb)
concentrationt > 0.2, the monoclinic modulation disappears and merely the orthorhombic
modulation induced by Pb doping exists. With further increase of Pb content, all the
modulation disappears. For our samples, Pb doping relaxes the structural distortion, hence
improving the superconductivity. This result is in agreement with the suggestion of Onoda
and Sato [20] and Gaet al [21] that the deviation of the Cu-atom positions from the
plane caused by the modulation wave in the 2201 phase may be one of the origins of the
rather lowT, value of the Bi-Sr—Cu—O compound, and also supports the view oféflab
[6] that the crystal microstructure has a direct relation with Higlsuperconductivity. Now
let us look at the shape of the curves in figure 5. Samplestfows a semiconductor-like
behaviour abovd,.. For sample B, the p(T)-T curve exhibits an unusual phenomenon,
i.e. above 170 K they(T) shows a semiconductor-like behaviour, while below 170 K the
conduction shows a metal-like behaviour. For samplgsDg, E; and R, the resistivity in
the normal state is not exactly linearly temperature dependent, a downturn in(ZheT
curves can be seen around 170 K which is closely related to the opening of a spin gap, as
will be discussed elsewhere [22]. In order to clearly observe the deviation of the resistivity
from T-linearity, we replot the data for samples,,, D, and & as [p(T) — p(0)]/aT
versusT in figure 6, wherex is the slope of thel'-linear region of theo(T)-T curve
and p(0) is the extrapolated value t6 = 0 K from the T-linear region. From figure 6,
we can see that the temperatuf®), where the resistivity begins to deviate downward
from T-linearity, increases gradually from samplg té D, to C,, which is coincident with
the decrease of carrier concentration. In other words, the spin-gap temperature increases
gradually with decreasing carrier concentration.

It is commonly believed that a spin gap usually occurs in the underdoped region of the
phase diagram. Yet, for the £Br,_,La,CuQ, system, we cannot observe the spin gap in
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Figure 5. (a) The temperature-dependent resistivity for samples, b, Sy gsLag 35CuU0, (O,
x=0,4+,x=01; ¢, x =02;0 x =0.3; A, x = 0.4; x, x = 0.6) annealed under an,0
pressure of 10° atm. (b) 72"°¢" (x) and 70 (®) as a function of Pb content for samples
Biz—.Ph. Sr g5L.a0.35CUO, annealed under an (ressure of 10° atm.

the underdoped region. This is not to say that the spin gap does not exist in the Bi2201
phase. In fact, a spin gap does exist in the underdoped region of the Bi2201 system with
a proper microstructure. Here, the microstructural characteristic plays an important role
in determining the spin excitation spectrum. The strongly structural distortion changes the
orientation of Cé+ spins and influences the interplay of these spins, thus impeding the
effective spin-paring and suppressing the occurrence of a spin gap.

Due to the spin gap not being found in the Bi2201 system for a long time, there are
few reports to discuss the normal-state transport properties in terms of spin scattering. It
is known that among the unusual normal-state properties, the observed linear temperature
dependence of the electrical resistivity extending from the critical tempergturne to very
high temperature remains a puzzling question [19,22-25]. Mattial [10] fitted their
resistivity data to the Bloch—@neisen formula and found an unphysically low transport
Debye temperature of less than 35 K. Hetal [25] pointed out that the electron—phonon
mechanism was inadequate to account for the electrical transport alorg-ihglane in
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Figure 6. [p(T) — p(0)]/aT as a function of temperature-( C;, ¢; Cyp; [J, Dy; A, Ey) where
p(0) is theT = 0 intercept of the line extrapolated from tiielinear part andx is the slope of
the T-linear resistivity.

the cuprates. Andet al [26] reported that the in-plane resistivity in the La-doped Bi2201
system exhibited & -linear behaviour down to 0.66 K. However, Vedenegal [27] argued

that the in-plane resistivity of the Bi2201 phase could be described well by BlotneGen
theory. Up to now, no consensus has been achieved dh-timear resistivity in the Bi2201
system. Our experimental result of the strong dependend@& a@n oxygen concentration

rules out the possibility of phonon scattering. The scattering by spin fluctuation should be
the most plausible candidate as the origirfefinear resistivity. From figure 5(a), one can

see that, above the spin-gap temperature, samplePL£ E;, and k, all exhibit aT-linear
resistivity, wherep o« T, and when the spin gap opens the spin scattering decreases, thus
producing a turndown in the—T curve. Obviously, the spin scattering in the normal-state
transport plays a critical role. If no spin gap occurred, Thénear resistivity would exist

down to a very low temperature. In fact, when some strongly structural distortion exists in
the Bi2201 system, there is no spin gap occurring. For example, in h&Bp_,La,CuO,

system, we did not observe the features associated with the spin gap either in resistivity or
in thermoelectric power. Pb doping of the Bi2201 system can lower the structural distortion,
as has been discussed above, so we can easily observe the spin-gap phenomenon in this
system. All the above analysis demonstrates that the microstructural characteristic, along
with the carrier concentration, determines the spin excitation spectrum. Moreover, in spite
of whether the spin gap exists or not, the spin scattering always exists and the spin scattering
mechanism is still the origin of th&-linear resistivity.

In summary, we have successfully obtained samples of the, Bb, Sr g5L.ap.35CuO,
system with different carrier concentrations. The XRD analysis indicates that a tetragonal—
orthorhombic transition takes place with increase of Pb content. The improvemé@nt of
reveals that the crystal microstructure has a significant influence on the superconductivity.
Additionally, the spin scattering mechanism is also suggested as the origin Bflthear
resistivity in the Bi2201 system.
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