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A number of underdoped Bi2Sr2CaCu2Oy single crystals have been obtained by two different ways:~1!
substitution of Y for Ca, and~2! removing oxygen from crystals by vacuum annealing. The in-plane resistivity
(rab) measurements reveal different transport properties between these crystals. For the Y-doped crystals,
rab(T) exhibits metallic behavior until the crystal reaches a doping level where the metal-insulator transition
should occur. AnS-like T-dependentrab(T) in the underdoped samples, similar to the observations in under-
doped YBa2Cu3O72y and La22xSrxCuO4, was observed. However, for vacuum-annealed crystals,rab(T)
becomes nonmetallic. We analyze the data and argue that the disorder introduced by vacuum annealing is much
greater than that by Y doping as long as the crystals have the sameTc . @S0163-1829~96!04634-6#

I. INTRODUCTION

The understanding of high-temperature superconductivity
requires the careful study and understanding of the unusual
normal-state properties of these materials. A promising way
towards this goal is to perform a systematic study so as to
establish how these properties evolve as a function of doped
carrier concentration. Previous studies on underdoped
YBa2Cu3O72x ~Ref. 1! and YBa2Cu4O8 ~Ref. 2! have pro-
vided evidence that the charge transport in the CuO2 planes
is determined by spin scattering. Similar systematic studies
on charge transport have also been done on La22xSrxCuO4 at
different doping levels.3,4 In this work, we present measure-
ments of the temperature dependence of in-plane resistivity
in underdoped Bi2Sr2CaCu2Oy ~Bi2212! single crystals.

As in other high-Tc cuprate systems, there are two ways
to reduce the carrier concentration and, thus, prepare samples
out of the underdoped region in Bi2Sr2CaCu2Oy . One is to
substitute an element in the crystal structure by another one
with a higher valence state. In this case the substitution of
Y31 for Ca21 has been found to be most efficient in
Bi2212.5 It should be mentioned that although a lot of work
has been done on this substituted system, only a few experi-
ments were performed on single crystals.6–8 Another way is
to remove oxygen from the pure samples. This can be
achieved by annealing the samples in an atmosphere with
low partial oxygen pressure.9 Though both methods have
been adopted to adjust the carrier concentration and prepare
samples out of the underdoped region in the past, there has,
so far, been no careful comparison and discussion about
whether or not the normal-state properties evolve in a similar
way. We shall show here that, when the superconducting
transition has been depressed to about the same temperature
by the different methods, the normal-state resistivity behav-
iors become completely different.

II. EXPERIMENTAL DETAILS

As mentioned above, we used two ways to get under-
doped Bi2Sr2CaCu2Oy single crystals: By ~i! growing
Y-doped Bi2Sr2CaCu2Oy crystals and~ii ! annealing the

crystals in a vacuum state. The Bi2Sr2Ca12xY xCu2Oy
single crystals were grown from a bismuth-oxide-rich melt in
Al 3O3 crucibles. We chose Bi2.5Sr2Ca12xY xCu2Oy with
x50, 0.07, 0.11, and 0.17 as the nominal compositions of
the melt. The mixture of the starting materials of Bi2O3,
SrCO3, CaCO3, Y 2O3, and CuO was ground and fired at
800 °C for 17 h 2 or 3times. The products were melted at
970–1000 °C~depending on the Y concentration! for 4 h,
then cooled down slowly to 820–835 °C at a rate of 1.5
°C/h, followed by a furnace cooling down to room tempera-
ture. The crystals were removed mechanically after breaking
the crucible. To improve the homogeneity of oxygen content,
some crystals were annealed in an O2 atmosphere at 620
°C for 18 h. Vacuum annealing was carried out in a con-
stantly pumped quartz tube at, approximately,;531026

mbar and 400 °C.
X-ray-diffraction ~XRD! measurements were performed

in an effort to determine the possible presence of secondary
phases and to demonstrate the effect of Y doping and oxygen
concentration on thec-axis lattice parameter. The resistivity
was measured via an ac (f543 Hz! four-probe method using
a lock-in amplifier. The typical dimensions used to determine
the resistivity were 1.5 mm3 0.7 mm3 8 mm. Contact was
made using silver paint. These silver contact pads were
painted on samples before annealing. Normally the contact
resistance was below 3V for oxygen-annealed samples.
However, for vacuum-annealed samples, the contact resis-
tance, which depends on the Y concentration in the crystal,
increases strongly.

III. RESULTS AND DISCUSSIONS

By means of XRD we could verify the crystals, which
grow preferentially along theab plane, to be of the proper
2212 phase. No trace of secondary phases could be identi-
fied. As examples, Fig. 1 shows the~0,0,1! x-ray-diffraction
patterns for a pure 2212 crystal both before and after
vacuum-annealing and also for a Y-doped crystal with
x50.11. We see that there is an opposite trend for the effect
of Y doping and vacuum annealing on thec-axis lattice pa-
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rameter. The lattice parameterc decreases with the increase
of Y concentration. However, vacuum annealing results in an
increase of the lattice parameterc. The inset of Fig. 1 illus-
trates the lattice parameterc, before and after annealing in
vacuum, as a function of Y concentration. The dependence
of thec-axis parameter on nominal Y concentration in unan-
nealed crystals is in good agreement with previous
publications.6,8 The increase of the lattice parameterc after
vacuum annealing is apparently due to the loss of oxygen in
the crystal structure so that the repelling force amongst cat-
ions becomes relatively large. As we shall see below, the
vacuum-annealed pure 2212 crystal has nearly the same su-
perconducting transition temperature as the Y-doped crystal
with nominal compositionx50.11. While the lattice param-
eterc of the vacuum-annealed crystal is increased compared
to pure unannealed sample, it is reduced for the Y-doped
crystal. From this observation, we conclude that the super-
conducting transition temperature is not directly related to
lattice parameters.

Figure 2 showsrab vs T curves for an undoped and sev-
eral Y-doped Bi2212 crystals. The latter ones were annealed
in an O2 atmosphere. There are several features worth men-
tioning. Firstly, the superconducting transition temperature
Tc ~defined as the onset of the sharp transition! precipitously
drops as Y is added.Tc for undoped 2212 is 87 K, 70 K for
nominal x50.07, 32 K forx50.11 and 14 K forx50.17,
respectively. This shows clearly that the crystals evolve from
optimally doped to underdoped as a result of hole filling due
to the substitution of Y31 for Ca21. Secondly, the crystals
still show metallic behavior withdrab /dT.0 up to
x50.11, even though the magnitude of the resistivity in-
creases rapidly. The metal-insulator transition occurs when
the nominal Y concentration approaches 0.17. Thirdly, the
underdoped sample exhibits anS-like T-dependent resistivity
in the normal state. This is evident in Fig. 2 for the
x50.11 sample. Thisrab(T) dependence is similar to the
one observed in underdoped YBa2Cu3O72y ~Ref. 1! and
La22xSrxCuO4.

3,4

The increase of the resistivity with Y doping is apparently

due to the reduction of the carrier concentration. The disor-
der introduced as a result of substitution of Y31 for Ca21

also contributes to this increase. Thex50.17 sample can be
considered to be close to the critical doping level where the
metal-insulator transition should occur in the well-
established phase diagram for high-Tc cuprates. Concerning
theS-like temperature dependence of the in-plane resistivity
in the underdoped sample~we shall focus here on the
x50.11 sample!, there could be two explanations. One is
that the accelerated decrease in the resistivity at around 200
K can be related to the opening of a gap in the spin-

FIG. 1. X-ray-diffraction pat-
terns for a pure 2212 crystal both
before and after annealing in a
vacuum;531026 mbar at 400
°C for 14 h and for a Y-doped
2212 crystal withx50.11, mea-
sured using 1.54 Å CuKa radia-
tion. There is no indication of sec-
ondary phase material. The inset
shows thec-axis parameter as a
function of nominal Y concentra-
tion both before and after vacuum
annealing.

FIG. 2. Temperature dependence of the in-plane resistivity for
pure and Y-doped Bi2Sr2CaCu2Oy single crystals.x gives the
nominal Y concentration.
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excitation spectrum, a situation similar to other bilayered cu-
prates like YBa2Cu3O72y ~Ref. 1! and YBa2Cu4O8.

2 How-
ever, the available experimental data concerning the spin
excitation for Bi2212 do not yield a consistent picture,
though it may be expected that the bilayer-coupling systems
should have similar excitation spectra. For example, Ishida
et al.10 reported that even for a slightly overdoped Bi2212
crystal, theT-dependent Knight shift,63K(T), as well as the
spin-lattice relaxation rate, (T1T)

21, resemble the behavior
established for underdoped YBa2Cu3O72y :

63K(T) de-
creases upon cooling and (T1T)

21 vs T has a peak above
Tc . In contrast to this, no distinct features have ever been
observed inrab vs T for undoped Bi2212 crystals.

An alternative approach is to consider theS-like shape of
rab(T) as an indication of resistivity saturation at high tem-
perature. We noticed that Takagiet al.3 analyzed their ex-
perimental results for underdoped La22xSrxCuO4 following
this idea. From simple Drude model for a quasi-two-
dimensional ~2D! system rab5(h/e2)dc /kFl , where
dc5c/2 is the periodic length in thec axis,kF is the Fermi
wave vector, andl is the mean free path, it is easy to estimate
the saturated valuerM of the resistivity by application of the
Mott-Ioffe-Regel criterionkFl;1. This yields rM;4 m
V cm for 2212. From Fig. 2, we find that the resistivities for
x50.11 forT.270 K and 0.17 samples already exceed this
value. As the mean free pathl cannot be less than the mini-
mum scattering lengtha/2 (a is the in-plane lattice param-
eter!, this may imply thatkF is much smaller thanp/a. In
other words, this could imply that the underdoped materials
have a small Fermi surface.

Figure 3 shows therab(T) curves for two crystals after
annealing in a high vacuum (;531026 mbar! at 400 °C for
14 h: i.e., a pure 2212 and a Y-doped one with nominal
compositionx50.07. We find that vacuum annealing de-
presses the superconducting transition temperatures strongly.
Tc is reduced from 87 to 30 K for the pure 2212 crystal, and
from 70 to 10 K for the Y-doped (x50.07) crystal. This
rapid depression inTc is undoubtedly caused by the loss of
oxygen content which shifts the sample towards the under-

doped region. The increase of thec-axis parameters provides
additional evidence for the loss of oxygen. However, we re-
frained from performing a quantitative determination of the
oxygen content before and after the annealing.

The large change inTc allows us to compare how the
normal-state properties evolve upon reducing the doping lev-
els caused either by Y doping or by oxygen removal via
vacuum annealing. The vacuum-annealed pure 2212 sample
has almost the same superconducting transition temperature
(;30 K! as theY-doped x50.11 crystal. However the
normal-state in-plane resistivities behave completely differ-
ently. The Y-doped one shows metallic behavior with

FIG. 3. Temperature depen-
dence of the in-plane resistivity
for both a pure and an Y-doped
x50.07 Bi2Sr2CaCu2Oy single
crystal after vacuum annealing.
The inset shows therab(T) curve
normalized at 300 K for the same
vacuum-annealed pure 2212 crys-
tal, but after having been rean-
nealed in air at 400 °C for 1 h.

FIG. 4. rab vs T curves for both the Y-dopedx50.17 crystal
and the vacuum-annealed Y-dopedx50.07 crystal in a semiloga-
rithmic plot.
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drab /dT.0, while the vacuum-annealed crystal shows a
semiconductinglike behavior. For the vacuum-annealed
Y-dopedx50.07 crystal, the in-plane resistivity increases by
more than one order of magnitude as temperature drops from
300 to 10 K, while the increase of resistivity of the oxygen-
annealed Y-dopedx50.17 crystal withTc;14 K is much
smaller in nearly the same temperature interval. For our
vacuum-annealed Y-doped samples withx>0.11, we did not
obtain reliable data due to very large contact resistances.
However, we are confident that the resistivity must be larger
than in all the other samples measured, as a high sample
resistance also results in a high contact resistance.

The above results indicate that the vacuum annealing af-
fects the normal-state properties more strongly than substitu-
tion of Y for Ca does. This implies that the disorder intro-
duced by vacuum annealing must be greater than that caused
by Y doping provided that the crystals have the sameTc .
This can be understood by assuming that substitution of
Y31 for Ca21 mainly introduces disorder in the Ca layers
sandwiched between the CuO2 planes, while vacuum anneal-
ing removes oxygen from different layers. Considering the
significant difference of the in-plane resistivities in these two
cases and also the fact that the in-plane transport is domi-
nated by the scattering within the CuO2 layers, we argue that
at least some of the oxygen atoms have to be removed from
CuO2 layers by vacuum annealing.

Realizing that the semiconductinglike behavior of
rab(T) for vacuum-annealed samples may be mainly caused
by the disordering effect, we have tried to fit therab(T) data
in the normal state to Mott’s formula of variable-range-
hopping conduction:rab(T)5r0exp(T0 /T)

a with a51/3 for
2D anda51/4 for 3D systems. Unfortunately, the data can
not be reproduced well by this formula. Instead, we find that
for both the Y-dopedx50.17 sample and the vacuum-
annealed Y-dopedx50.07 sample, the resistivities increase
approximately asrab(T);2(h/e2)lnT, typical for a 2D car-
rier system in the weak-localization regime, as shown in Fig.

4. The results suggest that all the crystals belong to the
weak-localization regime.

Finally, we show that the vacuum-annealed samples can
be, reversibly, transformed to superconductors with high
transition temperatures after annealing in air or in oxygen.
As an example, the inset of Fig. 3 shows a normalized
rab(T) curve for the vacuum-annealed pure 2212 crystal dis-
played in the main part, having been reannealed in air at 400
°C for only 1 h. The transition temperatureTc returns from
30 to 90 K. Though the residual resistivity is higher com-
pared to the original as-grown sample, the in-plane resistivity
becomes metallic after reannealing in air. Considering the
rather short annealing period and the relatively low anneal-
ing temperature, we believe that the oxygen addition during
the air-annealing starts to fill up O vacancies within the
CuO2 layers.

In summary, we have successfully obtained underdoped
Bi 2Sr2CaCu2Oy single crystals by using two different meth-
ods: ~i! growing Y-doped crystals and~ii ! removing oxygen
from crystals by vacuum annealing. We find that there are
strong differences in the in-plane transport properties be-
tween these crystals. In case of Y doping, the in-plane resis-
tivities exhibit metallic behavior until the crystal reaches a
doping level where the metal-insulator transition ought to
occur. Particularly, we find a complicatedS-like
T-dependentrab in underdoped Bi2Sr2CaCu2Oy single
crystals, similar to previous observations in underdoped
YBa2Cu3O72y and La22xSrxCuO4. However, for vacuum-
annealed crystals, the in-plane resistivity becomes nonmetal-
lic. Our analysis illustrates that the disorder introduced by
vacuum annealing is much higher than that introduced by Y
doping, as long as the crystals have the sameTc . We em-
phasize that these differences should be taken into account
also when explaining other experimental data for underdoped
Bi 2Sr2CaCu2Oy samples.
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