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Hall coefficients and resistivities of Bi 2¿xSr2ÀxCuOy single crystals:
The presence of a mobility edge in correlated two-dimensional electron
system
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Department of Applied Physics, Hokkaido University, Sapporo 060-8628, Japan
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Hall coefficients and resistivities of a series of Bi21xSr22xCuOy single crystals were measured to
investigate the relation between the carrier concentrationn and the resistivity-minimum temperature
Tmin . The Tmin was found to obey a simple linear relation:Tmin } nc2n, where nc.4.2
31021cm23 is a critical carrier concentration. A model of two-dimensional electron systems with a
mobility edge was introduced to explain this linear relation, and the presence of a mobility edge in
two-dimensional copper-oxide-based metals was suggested. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1509842#

I. INTRODUCTION

Recent studies have revealed that a new kind of two-
dimensional~2D! metallic phase can exist, according to the
results of the dynamical scaling theory.1,2 Such 2D metallic
phases have been experimentally observed: Longitudinal re-
sistivity in the quantum Hall system varies from infinity
~quantum Hall insulator! to zero~quantum Hall liquid! by the
tuning of the applied field, and a metal phase emerges be-
tween the two;3 and superconductivity of a molecular-beam-
epitaxy-grown Nd22xCexCuO42y crystal is suppressed by
the applied field, and a metal phase is observed just at the
superconductor-insulator~SI! transition.4 Similar results are
also obtained in the SI transition of ultrathin films of
bismuth.5 In addition, a different type of 2D metal-insulator
transition at zero field has been proposed to explain the ex-
perimental results in metal-oxide-semiconductor field-effect
transistors.6 These theoretical and experimental develop-
ments exhibit a striking contrast to the well-known nature of
conventional noninteracting 2D systems, in which all elec-
tron states are localized and there is no 2D metallic state.7

These discussions seem analogous to those of minimum con-
ductivity, first proposed by Mott,8 and later clearly denied by
the scaling theory of noninteracting 2D electron gas.7

High-Tc superconducting cuprates provide a stage for
the investigation of a 2D electron system with strong corre-
lation. The normal state of cuprates can be explained as a 2D
doped Mott insulator. The CuO2 plane of the cuprates show
metallic behavior when carriers are doped. Since the word
‘‘metallic’’ here implies the electron system at finite tempera-
tures exhibits a positive temperature coefficient of resistivity
~dR/dT.0!, it is important to deduce the behavior of the
electron system at zero temperature from the data obtained at
finite temperatures. Bi21xSr22xCuOy is an ideal material to
study a 2D electron system in the cuprates because of low-
superconducting transition temperature~Tc;8 K) even at
the optimum carrier concentration and its highly anisotropic
electric conduction~sab /sc.104).9 In this article, we pro-
vide experimental results for resistivity and Hall coefficient
of Bi21xSr22xCuOy single crystals of different carrier con-

centrations. Accurate control of geometry by use of the
excimer-laser cutting technique allows us to evaluate the re-
sistivity and the carrier concentration of each crystal and to
investigate the evolution of the resistivity as a function of the
carrier concentration. We found that the temperature of the
resistivity-minimumTmin obeys a simple relation to the car-
rier concentration n: Tmin}nc2n, where nc.4.2
31021cm23 is a critical carrier concentration. This relation
suggests the presence of a mobility edge in the two-
dimensional CuO2 planes of the superconducting cuprates.

II. EXPERIMENT

The Bi21xSr22xCuOy single crystals used in this study
were synthesized by the self-flux method. We changed the
ratio of starting powders Bi2O3 and SrCO3, so that we could
control Bi/Sr substitution. A composite powder consisting of
Bi2O3 , SrCO3, and CuO was placed in an MgO crucible,
and the mixture was heated in a furnace at 1000 °C for 4 h.
The furnace was cooled at the rate of 2 °C/h. All processes
were carried out under standard atmosphere. The resulting
crystals were black and slabshaped.

The obtained crystals were cut into the shape of the Hall-
bar by repeating step-by-step laser drilling. The laser system
consists of a Kr-F excimer laser source~wavelength 248
nm!, an attenuator, a lens~f51:300!, and a computer-
controlled x-y stage. The beam was focused to a 50
350mm2 spot. The sample was fixed on thex-y stage, which
can be positioned with an accuracy of 2mm. Shortly we will
discuss why such accuracy is required for this study.
Bi21xSr22xCuOy crystals of 10 to 200mm thickness were
able to be pierced by 50 to 1000 laser pulses. The typical size
of the sample is 2.7 mm in length, and 0.5 mm in width. The
sample has two potential terminals and two Hall terminals,
the size of which is 0.330.4 mm2. Sample thicknesst was
calculated from the sample area and density. Weight of the
sample was measured by a microbalance~Mettler M3! up to
the order of 0.1mg. The typical thickness was;10 mm.

The resistivity of the samples was measured by the stan-
dard four probe method with a current of less than 100mA.
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The Hall voltage and the voltage drop across the sample was
monitored with a nanovoltmeter~Keithley 182!. In the Hall
measurement, magnetic fields up to 4 T were applied perpen-
dicular to the CuO2 plane. We measured the Hall voltages of
both directions in order to eliminate the offset voltage at zero
field. We used a battery-operated current generator to mini-
mize the line noise induced by the power lines.

It is important to evaluate if the geometry of the Hallbars
have the accuracy required for this study. Magnetoresistance
will appear on Hall terminals, if the terminals are not posi-
tioned on the same equipotential line. When the Hall termi-
nals are misaligned byD l , a 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 the
Hall terminals

DV

VH
5

r

RHB

D l

w
. ~2!

In cuprates, the typical resistivityr;1026 Vm, and the Hall
coefficientRH;1029 C21 m3. To makeDV/VH comparable,
thus D l /wB;1023 (tesla)21 is required. Assuming a mag-
netic field of several teslas, and a sample widthw ; 1 mm,
one should align the Hall terminals withinD l ,1023 mm to
satisfy the above conditions. We attained this accuracy by
means of the laser cutting technique described above. We
also estimatedD l by the voltage drop across the Hall probes
at zero magnetic field. The electrically estimated misalign-
ment ofDl was, however, the order of 1022 mm. Typically,
DV/VH;100 was obtained.

III. RESULTS

Figure 1 shows that the temperature dependence of the
resistivity in Bi21xSr22xCuOy single crystals withx50.0
~hereafter A!, 0.2 ~B!, 0.3 ~C!, and 0.4~D and E!. Data for a
sample showing a superconducting transition is also shown
as a reference~S!. It is shown that the resistivity depends
systematically on the Bi/Sr ratio of the samples. Sample A
showed a superconducting transition at 8 K, whereas B, C,
D, and E showed no superconducting transition down to 1.8
K. We found that the SI transition lies between samples A
and B in the observed Bi21xSr22xCuOy system. We calcu-
lated the sheet resistance per CuO2 plane, taking the separa-
tion between CuO2 planes as 12 Å.10 The sheet resistance of
1 kV corresponds to the resistivity 1.231024 V cm. It was
proposed that associated with the superconductor-insulator
transition is a universal critical resistanceh/4e2(6.45 kV).1

The critical sheet resistance obtained here was about two
times this value.

Sample A exhibits lnT upturn in the resistivity in the
temperature regime from superconducting transition tem-
perature to 50 K. In the weak localized regime, the conduc-
tivity obeys the following logarithmic form:7

s~T!5s01ap~e2/2p2\!ln T, ~3!

wherea is a parameter of the order of unity, andp is deter-
mined ast i}T2p. We obtaineds059.2431025 V21 and
ap(e2/2p2\)57.1731026 V21, hence,ap50.57. Conse-
quently, it is shown that the behavior of sample A is de-
scribed in terms of the weak localization. The possibility of
the resistivity upturn being due to magnetic impurities~the
Kondo effect! should also be evaluated. Several authors in-
cluding us have independently reported anisotropic magne-
toresistance in Bi2Sr2CuOy.

11,12 The anisotropy of the mag-
netoresistance is a reliable indicator for Anderson
localization. In contrast, for the Kondo effect the magnetore-
sistance is purely isotropic. We shall therefore, interpret the
resistivity upturn on the basis of the Anderson localization.

We evaluated the disorder of the crystals from the re-
sidual resistivity. The randomness of a system is character-
ized by the metallic parameterkF,, wherekF is the Fermi
wave vector and, is an elastic mean free path. The metallic
parameterkF, is related to the residual sheet resistanceR0

1/R05~e2/h!kF,. ~4!

We obtainedkF,54.0 for sample A, 2.0 for B, 1.6 for C, 1.4
for D, and 1.1 for E. This result suggests that the Bi/Sr sub-
stitution effectively enhances system disorder. If much Bi/Sr
substitution were carried out up to the Ioffe-Regel limit
kF,;1, the carriers could not extend over the sample due to
disorder. However, sincekF,.1 for the all substitutions, our
system remains metallic.

Figure 2 shows the carrier concentration of samples A,
B, C, D, and E, defined asn51/RHe, whereRH is the Hall
coefficient. This treatment is justified by applying a single-
carrier model as the first approximation. We found the fol-
lowing two characteristics in the Hall coefficients: the carrier
concentration became smaller when Sr sites were substituted
by excess Bi atoms; and the Hall coefficients of each sample
were temperature independent. The observed temperature in-
dependent Hall coefficient is consistent with the Anderson
localization picture.13 The carrier concentrations of the
samples are 3.660.4, 2.660.3, 2.060.2, 1.160.1, and 0.9

FIG. 1. Resistivities of the samples with different Bi/Sr ratio. The sheet
resistance of 1 kV corresponds to the resistivity 1.231024 V cm. The re-
sidual resistivity becomes higher when a significant amount of Sr is substi-
tuted by Bi.
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60.131021cm23 for A, B, C, D, and E, respectively. These
are equivalent to the carrier number per each Cu site as
0.2560.03, 0.1860.02, 0.1460.01, 0.0860.01, and 0.06
60.01.10

IV. DISCUSSIONS

A striking result is the discrepancy of temperature de-
pendencies between the resistivity, increasing by several or-
ders, and the Hall coefficient, being almost constant. This
discrepancy between the resistivity and the Hall coefficient
has been observed in various superconducting cuprates, such
as ion-beam-damaged YBCO films,14 BiSr~Ca, Y!CuO single
crystals,15 polycrystalline BiSr~Ca, Pr!CuO,16 and BiSrCuO
single crystals.11,17 We focus on the temperatures at resistiv-
ity minima Tmin to understand the discrepancy. Figure 3 is a
close up of the resistivity variation with temperature in the
region of Tmin for different carrier concentrationsn deter-
mined from the Hall coefficients. The temperatureTmin sys-
tematically increases as carrier concentrationn decreases.

A few authors have discussed the physical interpretation
of the Tmin in terms of localization theories: the temperature
when the inelastic scattering length becomes comparable to
the localization length,18 and the energy difference between
the Fermi level and the mobility edge.16

We analyze the experimental results, making use of the
idea thatTmin represents the energy difference between the
Fermi level and the mobility edge.16 The resistivity has a
metal-like temperature dependence (dr/dT.0) aboveTmin ,
whereas it shows insulating properties belowTmin . The in-
sulating sample@dr/dT(T→0),0] can also exhibit metallic
behavior at finite temperatures for which the thermal energy
kBT exceeds the difference between the mobility edgeEc

and the Fermi levelEF . Therefore, the temperature of resis-
tivity minimum is given by the following formula:16

kBTmin;uEc2EFu. ~5!

We now consider two-dimensional electron systems with
a mobility edge. The Fermi energyEF is proportional to the
carrier concentration, that is,

EF}kF
2}n. ~6!

Hence, Eqs.~5! and ~6! lead to a relation between theTmin

and n,

Tmin}nc2n, ~7!

where nc is a critical carrier concentration, if the mobility
edgeEc is not sample dependent.

To see if the relation~7! is satisfied, we plotTmin as a
function of n in Fig. 4. It is shown that the relation~7! fits
our data well, and the critical carrier concentration is ob-
tained asnc.4.231021cm23. This value corresponds to
5.031014cm22 ~or 0.35 per Cu site! in terms of two-
dimensional electron systems.

The model of two-dimensional electron systems with a
mobility edge describes our experimental results of the tem-
perature dependences of the resistivities and Hall coefficients
of Bi21xSr22xCuOy single crystals. By extrapolating our re-

FIG. 2. Carrier concentration of samples A, B, C, D, and E, determined as
n51/RHe, whereRH is the Hall coefficient. The carrier concentration be-
comes smaller when a significant amount of Sr is substituted by Bi. It is
shown that the Hall coefficient of each sample is independent of tempera-
ture.

FIG. 3. Resistivity minima of samples A, B, C, D, and E. The temperatures
of the resistivity minima depend on the carrier concentration.

FIG. 4. Relation between the resistivity-minimum temperatureTmin and the
carrier concentrationn.
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sults toTmin→0 K, we predict that a metal-insulator transi-
tion should take place in Bi21xSr22xCuOy whenEF is equal
to Ec at n5nc , and a two-dimensional metallic system will
appear at the phase transition point. We believe further in-
vestigation to determine the critical exponent will reveal the
details of this noble type of metal-insulator transition, by
lower temperature studies of the cuprates whose carrier con-
centrations lay in the neighborhood ofn5nc .

V. CONCLUSIONS

In conclusion, we present the experimental results for
resistivity and Hall coefficient of Bi21xSr22xCuOy single
crystals of different carrier concentrations. We found that the
temperature of the resistivity-minimumTmin obeys a simple
relation to the carrier concentrationn: Tmin}nc2n, where
nc.4.231021cm23 is a critical carrier concentration. This
relation suggests the presence of a mobility edge in two-
dimensional CuO2 planes of the superconducting cuprates.
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