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Hall coefficients and resistivities of a series of Bi21xSr22xCuOy single crystals were measured to
investigate the relation between the carrier concentration and the disorder of the system in the
superconductor-insulator transition. Excimer-laser cutting technique was applied to fabricate the
Hall-bar shaped samples in order to determine precisely the transport properties of the single
crystals. The Hall coefficients were found to be independent of the temperature, which suggests
Coulomb interaction was negligible in the localized regime of Bi21xSr22xCuOy . We found the
Ioffe–Legel conditionkFl;1 laid aroundn0;831020 cm23 in this system, and the carriers in the
localized regime were essentially ‘‘metallic.’’ ©1996 American Institute of Physics.
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The normal state of the superconducting cuprate can
explained as a two-dimensional doped Mott insulator. T
CuO2 plane becomes metallic when the sufficient amoun
carriers are doped on it, that is, the superconductor-insul
~S-I! transition occurs at a certain threshold carrier conc
tration. In the cuprates, however, the doped carriers also
troduce disorder into the CuO2 plane. It is well known that
the nature of transport phenomena is changed by the diso
of system: in noninteracting two-dimensional electron s
tem, any amount of disorder can prevent the system fr
being metallic.1 Consequently, in investigating the transpo
phenomena in S-I transition of cuprates, it is necessar
distinguish the effects due to varying of carrier concentrat
and those of disorder.

Bi21xSr22xCuOy is an ideal system to observe the S
transition in cuprates, since it has the properties of low
superconducting transition temperature (Tc;8 K! and aniso-
tropic electric conduction (sab /sc.104).2 This system
changes from superconductor to insulator by doping exc
Bi and Sr sites into stoichiometric Bi2Sr2CuO6.

3,4 The ex-
cess Bi31 ions are thought to compensate carriers in
CuO2 planes. They are also regarded as the source of ran
potential.5–7To date, the relation between the carrier conc
tration and the disorder remains unknown.

In this letter, we present the experimental results of
sistivity and Hall coefficient in the S-I transition o
Bi21xSr22xCuOy single crystals, aiming to investigate th
relation between the disorder and the carrier concentrat
To determine both of sheet resistance and Hall coeffic
precisely, it is necessary to know accurate dimensions of
sample. Recently, excimer laser become available to a
for material processing, such as drilling and cutting. We u
laser cutting technique to fabricate the Hall bars
Bi21xSr22xCuOy single crystals. We, thereby, obtained a
curate control of the dimensions of the single crystals.
were able to observe the S-I transition in a series of cryst
by varying the Bi/Sr ratio. We found the relation between t
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disorder and the carrier concentration in the insulator side
S-I transition of Bi21xSr22xCuOy .

The Bi21xSr22xCuOy single crystals used in this study
were synthesized by the self-flux method. We changed t
ratio of starting powders Bi2O3 and SrCO3 to control Bi/Sr
substitution. A composite powder consisting of Bi2O3 ,
SrCO3, and CuO was placed in an MgO crucible and th
mixture was reacted in a furnace at 1000 °C for 4 h. Th
furnace was cooled at the rate of 2 °C/h. All the process
were carried out under standard atmosphere. The result
crystals were black and slab-shaped.

The samples were cut into the shape of the Hall bar
repeating step-to-step laser drilling. The wavelength of t
laser we used to fabricate to the Hall bars was 248 nm. T
laser passed through an attenuator and a lens (f51:300).
The beam was focused to a 50350 mm2 spot. The sample
was fixed on a computer-controlledx-y stage. Thex-y stage
was moved along the programmed position with an accura
of 2 mm. Bi21xSr22xCuOy crystals of 10–200mm thickness
were able to be pierced by 50–1000 shots of laser pul
Figure 1 shows a picture of the fabricated Hall bar o

FIG. 1. A Hall-bar shaped Bi21xSr22xCuOy single crystal. The sample was
cut by repeating step-by-step laser drilling. Sample size was 2.7 mm
length and 0.5 mm in width.
3075)/3075/3/$10.00 © 1996 American Institute of Physics
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Bi21xSr22xCuOy single crystal. The size of sample shown
Fig. 1 is 2.7 mm in length, and 0.5 mm in width. The samp
has two potential terminals and two Hall terminals, the s
of which is 0.330.4 mm2. Sample thicknesst was calculated
from sample area and density. Weight of the sample w
measured by a microbalance~Mettler M3! up to the order of
0.1mg. The typical thickness was;10 mm.

The resistivity of sample was measured by the stand
four probe method. The passing current was less than
mA. The voltage drop across the sample was piked up b
nanovoltmeter~Keithley 182!. In the Hall measurement
magnetic fields up to 4 T were applied perpendicular to th
CuO2 plane. The voltages across the Hall terminals w
measured by the nanovoltmeter. We measured the Hall v
ages of both direction in order to eliminate the offset volta
at zero field. The passing current through the samples w
mA for all Hall measurement. We used a battery-opera
current generator to minimize the line noise induced by
power lines.

Before we proceed to the experimental results,
briefly discuss the required accuracy of sample dimensio
Magnetoresistance will appear on Hall terminals, if the t
minals are not positioned on the same equipotential li
When the Hall terminals have misalignment of the leng
D l , the voltage drop across the Hall terminals occurs:

V5Ir
D l

tw
, ~1!

wherer is resistivity,t is thickness, andw is width. Magne-
toresistance effect may changer in Eq. ~1! as much as a few
percent. Since the Hall voltage is represented asVH

5RHIB/t, we compared it to the voltage drop across t
Hall terminals:

DV

VH
5

r

RHB

D l

w
. ~2!

In cuprates, the typical resistivityr;1026 V m, and the Hall
coefficient RH;1029 C21 m3. To make DV/VH compa-
rable, thusD l /wB;1023 T21 is required. Assuming the
magnetic field of a several teslas, and sample widthw;1
mm, one should align the Hall terminals withD l,1023 mm
to satisfy the above conditions. We attained this accuracy
means of the laser cutting technique described above.
also estimatedD l by the voltage drop across the Hall prob
at zero magnetic field. The electrically-estimated misalig
ment D l was, however, the order of 1022 mm. Typically,
DV/VH;100 was obtained.

Figure 2 shows that the temperature dependence of
resistivity in Bi21xSr22xCuOy single crystals withx50.0
@one is metallic~A! and the other weakly-localized~B!#, 0.2,
0.3, 0.4~hereafter C, D, and E, respectively!. It is shown that
the resistivities are dependent systematically of the Bi/Sr
tio. Samples A and B showed superconducting transition
K, whereas C, D, and E showed no superconducting tra
tion down to 1.8 K. We found that the S-I transition lay
between the samples B and C in the observ
Bi21xSr22xCuOy system. We calculated the sheet resistan
per CuO2 plane, considering the separation between Cu2

planes is 12 Å. The sheet resistance of 1.0 kV corresponds to
3076 Appl. Phys. Lett., Vol. 69, No. 20, 11 November 1996
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the resistivity 1.231024 V cm. It is proposed that the
superconductor-insulator transition has a universal critic
resistanceh/4e2 ~6.45 kV!.8 The critical sheet resistance ob-
tained here was about two times of this value.

We evaluated the disorder of the crystals from the r
sidual resistivity. Randomness of a system is characteriz
by a metallic parameterkFl , wherekF is a fermi wave vector
and l is an elastic mean-free path. The metallic paramet
kFl is related with residual resistivity:

s051/r05~e2/h!kFl . ~3!

We obtainedkFl54.0 for sample B, 2.5 for sample C, and
1.5 for sample D. This result clearly shows that the Bi/S
substitution enlarges the degree of disorder of the system
much Bi/Sr substitution is carried out up to the Ioffe–Lege
limit kFl;1, the carriers cannot extend over the sample d
to disorder, hence the sample changes to insulator.

Sample B exhibits lnT upturn in the resistivity in the
temperature regime from superconducting transition tem
perature to 50 K. In the weak localized regime, the condu
tivity obeys the following logarithmic form:1 s(T)5s0

1ap(e2/2p2\)ln T, wherea is a parameter of the order of
unity, and p is determined ast i}T

2p. We obtaineds0

59.2431025 V21 and ap(e2/2p2\)57.1731026 V21,
henceap50.58. Consequently, it is shown that the behavio
of sample B is described in terms of the weak localizatio
The residual resistivities of samples C, D, and E are larg
than the weakly-localized sample B. The carriers in the
samples are, hence, thought to affect the stronger disor
due to much Bi/Sr substitution. Instead of the logarithmi
behavior, the electric conduction in these sample exhibit
the ‘‘variable range hopping’’ behavior:s}exp(2T0 /T)

a,
wherea51/(d11), d is the dimension of system.5

Figure 3 shows the carrier concentration of samples
C, D, and E, determined asn51/RHe , whereRH is the Hall
coefficient. We found the two characteristics in the Hall co
efficients as follows: the carrier concentration becam
smaller when much Sr sites were substituted by excess
atoms; and the temperature dependence of each sample

FIG. 2. Resistivities of the samples with different Bi/Sr ratio. The she
resistance of 1.0 kV corresponds to the resistivity 1.231024 V cm. The
residual resistivity becomes higher when much Sr is substituted by B
Sample B exhibits the weak localization, whereas C, D, and E show t
variable range hopping conduction.
Inagaki, Tanda, and Sajiki
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the same behavior. It is surprising that the Hall coefficien
are temperature-independent even in the ‘‘insulating’’ cry
tals studied here.9 We suggest that the Coulomb interactio
is negligible in the localized regime of Bi21xSr22xCuOy , as
well as the weak localized Bi2Sr2CuOy which we previously
reported.7 It is known that the Anderson localization gives n
change in the Hall coefficient.10 On the contrary, Hall coef-
ficient can be influenced by the resistivity change, if oth
mechanism is dominant. The Coulomb interaction gives t
correction for the Hall resistanceRH , which is proportional
to the temperature dependence of resistance:11 dRH(T)/RH

52dR(T)/R. We observed the temperature independe
Hall coefficients in the samples B, C, and D~see Fig. 4!. The
result of Hall measurement shows that the resistivity rise
the low temperatures should be attributable to the Anders
localization.

We demonstrated that Bi21xSr22xCuOy changes from

FIG. 3. Carrier concentration of samples B, C, D, and E, determined an
51/RH , whereRH is the Hall coefficient. The carrier concentration become
smaller when much Sr is substituted by Bi. It is shown that the Hall coe
ficient of each sample is independent of temperature.

FIG. 4. Normalized resistivitydR(T)/R ~solid lines! and Hall coefficient
dRH(T)/RH ~solid circles with error bars! of samples B, C, and D. If the
Coulomb interaction plays a major role in resistivity upturn, the Hall coe
ficient should depend on the resistivity:dRH(T)/RH52dR(T)/R. The data
shown here demonstrate no such dependency.
Appl. Phys. Lett., Vol. 69, No. 20, 11 November 1996
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superconductor to insulator by Bi/Sr substitution. Both of th
disorder of the system and the carrier concentration we
subject to the Bi/Sr substitution. Figure 5 shows the carri
concentration as a function of the metallic parameter 1/kFl .
By extrapolating then vs 1/kFl plot, we show the Ioffe–
Legel limit kFl;1 lays aroundn0;831020 cm23. The av-
erage spacing between carriers atn0 is calculated as 10 Å,
corresponding to;3 times as long as the spacing betwee
Cu sites~3.8 Å!. The system may lose metallic behavior a
n0 since the wavefunction cannot extend over the system.
this sense, our result implies that the carrier concentration
samples B, C, D, and E are larger thann0 and still remain
‘‘metallic,’’ even the carriers are localized by the disorder.
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FIG. 5. Relation between disorder and carrier concentration. The disorde
indexed by the metallic parameter 1/kFl . The Ioffe–Legel limitkFl;1 lays
aroundn0;831020 cm23.
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