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Localization of charge carriers in the normal state of underdoped Bi2+xSr2−xCuO6+δ
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We report the transport results of underdoped Bi2+xSr2−xCuO6+δ (0.05 � x � 0.40) single crystals. A close
relationship between the upturn of in-plane resistivity [ρab(T )] and the sign of magnetoresistance in the
normal state upon Bi substitutions is found. Combining the results of the field and angular dependence of
magnetoresistance, the model fitting of ρab(T ), as well as the Hall coefficient results, we suggest a crossover from
weak to strong localization of charge carriers in the underdoped Bi2+xSr2−xCuO6+δ , which may be responsible
for the rather narrow superconducting dome in this system.
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I. INTRODUCTION

The exotic transport properties in the normal state of high
transition temperature superconductors (HTSCs) have been the
subjects of considerable theoretical attentions and sources of
fascinating experimental investigations [1]. In contrast to the
clear pictures in the overdoped regime, the transport properties
in the underdoped side are far from well understood due
to the complex competing behaviors among various orders
[2,3]. Among different cuprate families, the single-layered
Bi2Sr2−xLnxCuO6+δ (Ln = La, Pr, Nd, Sm, Eu, Gd, etc.) (Ln-
Bi2201) system is one of the best materials for studying the
novel ground states of HTSCs, which can be achieved by either
the chemical substitution outside the Cu-O planes or oxygena-
tion within the Cu-O layers [1]. The out-of-plane substitution
by Ln drives the Tc of optimal superconductivity from 35 K
in La-Bi2201 to about 10 K in the pure Bi2+xSr2−xCuO6+δ

(Bi2201) [4–9]. In the meantime, Tc also can be tuned by
oxygenation in the post-annealing process [10]. The rich chem-
istry of the Bi2201 system offers an opportunity to elucidate
the normal-state properties of HTSCs in the comparatively
simple case of single-layer compounds. Especially for the pure
Bi2201, the normal state at low temperatures can be easily
reached by applying a magnetic field large enough to totally
suppress the superconductivity at the measured temperatures
[11] due to its rather low upper critical field (less than 25 T at
0 K) [7,8]. In the past 20 years, many classic trans-
port researches have been done in the La-Bi2201 sys-
tem, establishing some important pictures such as the
non-Fermi-liquid nature of cuprates [12–17]. However,
the results of the pure Bi2201 system mainly focus
on the high magnetic field effects on the transport
properties of the moderate doped samples [7,8,18–24].
The transport behaviors of the underdoped samples under low
fields, especially for the crossover between the insulating and
superconducting regimes, remain to be explored.

It is well observed that for most of the underdoped cuprates,
a semiconductinglike upturn in resistivity appears at the tem-
peratures close to Tc, commonly attributed to the dilution of the
charge carriers and the metal-to-insulator crossover [12–21].
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Such behavior also indicates that the scattering mechanism of
quasiparticles is much more complex when the temperature
approaches to Tc in the underdoped regime [25–27]. In
the Ln-Bi2201 system, the superconducting dome, namely,
the bell shaped, is distorted and much narrower than those
in YBa2Cu3O7−δ (Y123) and La2−xMxCuO4 (M = Sr, Ca,
Ba, etc.) (La214) systems [10,28–31]. Recent angle-resolved
photoemission spectroscopy (ARPES) measurements on our
Bi2201 crystals also suggest that the pseudogap in the under-
doped regime evolves into a large soft Coulomb gap when
the system approaches the insulating phase, which pushes
the superconducting threshold to higher doping concentration
[32]. In pursuing the understanding of the mechanism of
superconductivity and the distorted phase diagram of the
Bi2201 system, it is of fundamental importance to investigate
the electrical transport behaviors in the normal state.

Here, we report detailed studies on the temperature,
magnetic field, and angular dependence of MR and Hall
coefficients in Bi2201 single crystals throughout the under-
doped regime. We find a close relationship between the upturn
of in-plane resistivity [ρab(T )] and the behaviors of MR
in the normal state of Bi2201 with different Bi-substitution
content x. By comparing these results with previous works,
we conclude that a crossover from weak to strong localization
of charge carriers is induced by out-of-plane Bi substitution
in the underdoped regime. Thus both localization effect and
reduction of hole concentration contribute to the suppression
of superconducting dome in Bi2201.

II. EXPERIMENTAL DETAILS

We have successfully grown high-quality
Bi2+xSr2−xCuO6+δ (0 � x � 0.5) single crystals by
traveling-solvent floating-zone method [9]. The high density
of doping carriers for our crystals enables us to investigate
the transport properties extensively in the underdoped regime.
Figure 1 shows the phase diagram of our samples in the
underdoped regime with Bi-substitution content ranging from
x = 0.05 to 0.40, where the optimal Tcmax in this system
is about 9 K at x = 0.05. The bottom x axis is the hole
concentration p deduced from ARPES measurements [32] by
integrating the whole Fermi surface area in linear dependence
of x: p = 0.182 − 0.36x. Since the Bi3+ substitution for
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FIG. 1. (Color online) Phase diagram of our Bi2201 single crys-
tals, where the hole concentration p is deduced from ARPES results
with p = 0.182 − 0.36x. The solid line is the “universal” bell shape
defined as Tc/Tcmax = 1 − 82.6(p − 0.16)2, much broader than the
superconducting (SC) dome of Bi2201. The gradient color is TMR at
H = 9 T. Upon Bi substitution, the clear sign change of TMR suggests
the scattering mechanism evolves from superconducting fluctuation
(SF), weak localization (WL) to strong localization (SL) in the normal
state.

Sr2+ introduces electron doping and thus reduces the
hole concentration p, the system is pushed away to the
underdoped side by increasing the Bi3+ doping, where the
superconductivity is totally suppressed around x = 0.23.
Comparing to the normalized superconducting dome of
La-Bi2201 [16], the dome shape of Bi2201 is highly distorted
[9,10]. Both of them are much narrower than the “universal”
bell shape [31] in the form of Tc/Tcmax = 1 − 82.6(p − 0.16)2

(the solid line in Fig. 1). Therefore the effect of the
out-of-plane substitution in Bi2201 system is not the same as
that of the oxygenation in the Cu-O layer. Dual effects from
both the chemical disorder and the doping may play important
role in the evolution of the superconductivity [4,5,33].

To study the effect of the out-of-plane substitution on
the scattering mechanism of charge carries in the normal
state, we have systematically performed resistivity and magne-
toresistance measurements on the underdoped Bi2201 under
magnetic field. The typical sizes of these single crystals are
about 1 × 2 × 0.03 mm3, with the c axis oriented along the
smallest dimension. Four Ohmic contacts with low resistance
(about 1 �) on ab plane were made by silver epoxy (H20E
type). The measurements were carried out on a Quantum
Design Physical Property Measurement System (PPMS). A
sense current I = 1 mA was applied to the ab plane by the
standard four-probe method. In order to lower the noise, we
used a rather slow sweeping rate of temperature (0.4 K/min)
and magnetic field (50 Oe/s) in all measurements of MR. Here,
we define transverse magnetoresistance (TMR) with H‖c ⊥ I

geometry, and longitudinal magnetoresistance (LMR) with
H‖ab‖I geometry. The angular dependent magnetoresistance
(AMR) was also determined by rotating the sample with
the angle θ between H and c from 0◦ to 360◦ in 1◦/step.
The Hall coefficient was measured by magnetic field scan
at selected temperatures and confirmed by temperature scan

under H = ±9 T. The thermal hysteresis of the temperature
sensors (Cernox) and the residual contribution of the Hall
effect were eliminated by applying current or field in opposite
directions. All results are double checked on several crystals
with the same Bi content.

III. RESULTS AND DISCUSSION

Before describing the sign change of TMR in Fig. 1 in detail,
we first discuss the in-plane resistivity ρab(T ) under zero field
shown in Fig. 2. In the nearly optimally doped compounds
with x = 0.05, 0.10, and 0.12, the ρab in the normal state
increases linearly up to room temperature, which represents the

FIG. 2. (Color online) (a) Temperature dependence of in-plane
resistivity ρab(T ) for Bi2201 single crystals with x = 0.05 ∼ 0.25.
(b) ρab(T ) for the extremely underdoped compounds with x = 0.31
and 0.40 both in logarithmic and linear (insert) scale. (c) Temperature
and doping dependence of dρab(T )/dT , where TK is the “kink”
temperature corresponding to the sign change point of the slope of
ρab(T ).
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non-Fermi liquid behavior in Bi2201 [1,13]. A little bit raise
in ρab(T ) when approaching the superconducting transition
emerges in x = 0.14 compound and evolves into a clear
upturn for x = 0.15, 0.20, and 0.25 [see Fig. 2(a)]. By further
Bi substitution, ρab(T ) gradually changes into a diverging
behavior at low temperature in nonsuperconducting samples
with x = 0.31 and 0.40, as an evidence of the superconducting-
insulating zone boundary. Such semiconducting-like behavior
of ρ(T ) is a common feature of underdoped cuprates [12–16],
especially for the quasi-two-dimensional (2D) systems with
single Cu-O layer [18,22]. For a qualitative comparison of the
“kink” of resistivity versus Bi substitution, we plot the slope
of ρab(T ) in Fig. 2(c). A clear sign change of dρab(T )/dT is
found around TK above x = 0.12.

It is well known that the 2D weak localization (WL) of
charge carriers may induce such upturn behavior of in-plane
resistivity in underdoped cuprates [25–27]. In this case, the
ρab(T ) in the low-temperature region just above Tc should
follow this model [13,34–37]:

ρ(T ) = a − ρ0 ln(T/T0). (1)

As shown by the green lines in Fig. 3(a), the WL-fitting
captures the main features of ρab(T ) in the upturn region for
x = 0.15 and 0.20, where a clear linear zone could be found
in the relation of ρab(T ) versus ln(T ) [insert of Fig. 3(a)]. In
addition, the ARPES measurements on Bi2201 clearly show a
suppression of the spectral weight (“gap”) up to � ∼ 0.19 eV

FIG. 3. (Color online) (a) WL fitting (green lines) in the upturn
region for x = 0.15 and 0.20 by Eq. (1), where insert shows in
logarithmic scale. (d) SL fitting (black lines) for x = 0.40 by Eq. (2),
where insert shows the linear dependence of lnρab vs T −1/2.

TABLE I. The model fitting parameters of ρab(T ) for Bi2201
single crystals with x = 0.15, 0.20, and 0.40.

x Model ρ0 (m� cm) T0 (K)

0.15 WL 0.30 ± 0.01 37 ± 5
0.20 WL 0.33 ± 0.01 42 ± 5
0.40 SL 2.9 ± 0.2 400 ± 10

for the x � 0.31 samples without clear coherent peaks [32]. By
comparing with the theory of the classical Coulomb gap, it is
interpreted as a soft Coulomb gap. Therefore the insulatinglike
behavior at low temperature for x = 0.40 may be explained by
the strong localization (SL) model of variable-range hopping
(VRH) with a soft Coulomb gap [35,38,39]:

ρ = ρ0 exp[(T0/T )1/2]. (2)

Here, T0 = e2/κξ is the long-range Coulomb energy scale
determined by the dielectric constant κ and the localization
length ξ . We plot the fitting result in Fig. 3(b), where a linear
relation also can be found for ln[ρab(T )] versus T −1/2 [insert of
Fig. 3(b)]. The WL and SL model fitting parameters of ρab(T )
are summarized in Table I. The long-range Coulomb energy
scale T0 is about 400 K, qualitatively agreeing with the visible
soft gap even above 280 K in ARPES measurements [32]. One
may notice the deviation at high temperatures in these fittings.
Since the WL and SL models describe the scattering processes
of electron-electron, electron-spin, and/or electron-impurity,
these interactions manifest themselves in low-temperature
range in most cases where the thermal activation is absent.
Indeed, the fittings capture the main features of the upturns of
ρab(T ) below 50 K for x = 0.40 and below 25 K for x = 0.15
and 0.20. Therefore it suggests that a crossover from WL to SL
of charge carriers happens after introducing more out-of-plane
Bi substitutions, where superconductivity is totally suppressed
in this doping regime. As the x = 0.25 and 0.31 samples are
located in the crossover regime, neither the WL model nor the
SL model can fully describe the ρab(T ) behavior of them.

To further confirm the localization picture from the fitting
results of ρab(T ), we have also investigated the MR in the
normal state of underdoped Bi2201. Here, MR is defined as

�ρab(H )/ρab(0) = [ρab(H ) − ρab(0)]/ρab(0), (3)

where H is the applied magnetic field ranging from 0.5 to
9 T. Figure 4 shows the normal state TMR under H‖c ⊥ I

for typical compounds with x = 0.05, 0.10, 0.12, 0.14, 0.15,
0.20, 0.25, 0.31, and 0.40. One immediately observed feature
is the sign change of TMR at different doping levels. For
the slightly underdoped samples with x = 0.05–0.14, where
no obviously upturn in ρab(T ) is found [see Fig. 2(a)], the
normal state TMR is always positive and decays quickly as
temperature increases [see Figs. 4(a)–4(d)]. Once upturn of
ρab(T ) shows up in x = 0.15 and 0.20 compounds, TMR
changes sign to negative [see Figs. 4(e)–4(f)]. After reaching
a maximum at certain temperature, the negative TMR also
decays as temperature increases. In the samples with x = 0.25,
p = 0.09, no superconductivity is found above 2 K. Most parts
of TMR curves are positive with only a tiny negative TMR
below 15 K and above 7 T [see Fig. 4(g)]. For the heavily doped

024506-3



HUIQIAN LUO AND HAI-HU WEN PHYSICAL REVIEW B 89, 024506 (2014)

FIG. 4. (Color online) (a)–(e). The normal state TMR under H‖c and I‖ab for typical compounds with x = 0.05, 0.10, 0.12, 0.14, 0.15,
0.20, 0.25, 0.31, and 0.40.

sample with x = 0.31 and 0.40, the resistivity is insulatinglike
at low temperatures. Although the MR appears with too many
noises due to large magnitude of ρab, it is generally positive
and slightly enhanced by the magnetic field by less than 1%
[see Figs. 4(h) and 4(i)].

We summarize the doping evolution of TMR at H = 9 T in
Fig. 1 by gradient colors ranging from −1% to +3%, where the
blue area indicates the negative TMR. It is well known that the
magnetic field destroys the cooper pairs and thus suppress
the superconducting fluctuations just above Tc. Magnetic
transport measurements on our Bi2201 samples have revealed
large amplitude of superconducting fluctuations, which can
be explained in terms of a Ginzburg-Landau approach by the
introduction of a total-energy cutoff in the fluctuation spectrum
[40]. Therefore the significant positive TMR in x = 0.05–0.14
can be simply understood as a result of the suppression of
superconducting fluctuations. On the other hand, the 2D-WL
theory predicts a negative MR when the spin-orbit coupling is
weak [35,41]. Since the applied magnetic field could break
the local interference of charge carriers and then weaken
the localization effect, more delocalized charge carriers will
contribute to the conductivity and lower the resistivity. When
the delocalization effect from magnetic field is stronger than
the suppression effect of superconducting fluctuations in the
WL region, a negative MR will emerge. Such negative MR has
already been observed in many cuprates [27,42,43]. For both
La and Bi substituted Bi2201 systems, negative out-of-plane
MR was found to be related to either the superconducting

fluctuations or spin effects on the pseudogap in the normal state
[19,24,44]. We also observed that a negative in-plane MR has
already been found in pure Bi2201 with Tc = 6.8–8 K under
low field, which is better to be interpreted by the interaction
theory rather than the localization theory due to both

√
T

and
√

B dependencies under a high field [23]. While in our
case the hole concentration with negative in-plane MR is
much lower than in the optimal doped sample with maximum
Tc = 9 K and close to insulate zone boundary, one of the
most likely mechanisms for such negative MR is the magnetic
field suppression of localization effects. If the localization
effect grows up, such small energy from a magnetic field is
not enough to delocalize the charge carriers. Instead, for the
sample close to the AFM regime, the spin order will give
another positive γ AFH 2 contribution to MR [25,26,42]. The
p of the x = 0.40 sample is about 0.04, which is very closed
to the AFM boundary [32,45]. It is thus reasonable to have a
positive MR due to the strong scattering from the spin-spin
correlations. Moreover, it is usually suggested that MR has the
same sign as the corresponding temperature coefficient of the
resistivity �ρab/ρab = Q∂ ln ρab/∂T , where Q is a positive
coefficient depending on the real scattering mechanism [42].
This is a phenomenal explanation for the link between the sign
of MR and the curvature of ρab(T ) in our samples.

We have also investigated the field dependence of MR on
two typical superconducting compounds with x = 0.12 and
0.15. Both the TMR under H‖c ⊥ I geometry and LMR
under H‖I‖ab geometry are shown in Fig. 5, where the solid
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FIG. 5. (Color online) (a) and (b) The field dependence of LMR and TMR in x = 0.12 sample at 12, 16, 20, and 50 K, where the solid lines
and dash lines are polynomial fitting curves by ∼αH 2 and ∼αH 2 + βH , respectively. (c) and (d) The field dependence of LMR and TMR in
x = 0.15 sample at 8, 12, 16, 20, 50, and 100 K.

lines and dashed lines represent the pure square law ∼αH 2

and quadratic law mixed with a linear term ∼αH 2 + βH ,
respectively. Generally, both LMR and TMR almost follow
the pure H 2 law except for x = 0.12 at 12 and 16 K, which
is mixed by an additional linear term ∼αH 2 + βH [see
Fig. 5(b)]. The origin of such anomalous H -linear term in
the TMR just above Tc is not very clear yet [46]. It is possible
due to the contribution from the scattering of flux flow [47,48].
The positive H 2 term of MR in x = 0.12 sample is a typical
feature of the suppression of superconducting fluctuation [49].
It should be noted that the negative MR in the x = 0.15 sample
is totally smeared above 50 K, where there is no upturn in
resistivity. The Kohler’s rule is violated in our MR results,
resulting from the non-Fermi-liquid behaviors as shown by
previous works [27,50]. Furthermore, the similar behaviors
of LMR and TMR suggest that a spin contribution may get
involved in, since it is the isotropic spin scattering instead of
the anisotropic orbital scattering that mostly contributes to the
LMR. It is worth to mention that the LMR is only about 10%
of the TMR for the x = 0.12 sample, while it is about 60%
for the x = 0.15 sample. Such an increasing component of
spin-related MR suggests that the spin scattering is enhanced
by Bi substitutions [25], and finally dominates in the positive
TMR of x � 0.31 compounds [see Figs. 4(h) and 4(i)]. If the
spin-orbit coupling is weak enough, the orbital contribution to
MR (OMR) could be obtained by subtracting the LMR from
the TMR. Then we have two kinds of OMR with opposite sign
representing totally different orbital scattering mechanisms
between x = 0.12 and 0.15 compounds. Indeed, it is further

confirmed by the angular dependence of MR (AMR) shown in
Fig. 6. Here, AMR is defined as

�ρab(θ )/ρab = [ρab(θ ) − ρab(0◦)]/ρab(0◦), (4)

where the starting position θ = 0◦ is corresponding to H‖c
geometry. A γ sin2 θ dependence of positive AMR is found up
to 50 K, the ending temperature of the upturn in ρab(T ) for x =
0.15 [see Fig. 6(b)]. The AMR for x = 0.12 is negative and it
also has sin2 θ dependence except for T = 12 K. It is argued
that such sharply increased magnitude of AMR [red points
in Fig. 6(b)] might come from the suppression of a flux-flow
dissipative process when the field became parallel to the ab

plane [47,48], as shown by the dashed line in Fig. 6(a). Because
the Nernst experiments [51] have already shown evidences of
vortex above Tc but below the pseudogap opening temperature
T ∗, it is possible that the vortex dissipation introduces a linear-
H contribution to TMR [see Fig. 5(b)] and a sharp dip in AMR
[see Fig. 6(a)] of the slightly underdoped samples.

In WL theory [35,41], the negative OMR in the upturn
region could be described as �ρorb

ab /ρab = −(H/He)2, where
He is the characteristic field for elastic scattering. The elastic
scattering length could be estimated by Le = (�/4eHe)1/2.
Using the data in Figs. 5(c) and 5(d) [(H/He)2 = 0.35% at
H = 9 T and T = 8 K], we obtained Le = 10 Å for x = 0.15,
only twice the length of the in-plane lattice constants (a ≈ b ≈
5.3 Å in orthorhombic unit cell). Furthermore, the transport
mean free path Ltr could be estimated from the resistivity ρab

and the Hall coefficient RH by the following equations based
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FIG. 6. (Color online) The angular dependence of MR in Bi2201
with (a) x = 0.12 and (b) x = 0.15 at 8, 12, 16, 20, and 50 K,
where the solid lines are fitting results for sin2 θ dependence, and
dashed line is fitting data that involved both quasiparticle and flux-
flow contributions [47,48].

on 2D Fermi surface [27,52]:{
k2
F = πc/eRH ,

kF Ltr = (h/e2)/(2ρab/c),
(5)

where c = 24.6 Å is the c-axis lattice constant, kF is
the Fermi wave vector, and h/e2 is the natural unit for
conductance. Figure 7(a) shows the temperature dependence
of Hall coefficient RH for our Bi2201 samples with x = 0.12,
0.14, 0.15, and 0.20, while Fig. 7(b) gives the transport mean
free path Ltr deduced by the data from Figs. 7(a) and 2(a).
From the linear temperature dependence of Ltr above 30 K,
we can simply linearly extrapolate the data to T = 0 K and
obtain Ltr(0) = 18, 11, 7, and 4 Å for x = 0.12, 0.14, 0.15,
and 0.20, respectively. For reference, we also list the estimated
data at T = 50 K in Table II, where Ltr(0) = 15, 9, 6, and 4
Å for x = 0.12, 0.14, 0.15, and 0.20, respectively. Although
we should be careful for such estimation, since the concept
of mean free path and of residual resistivity may be no
longer valid when localization effects are important at low
temperature, we still notice that the elastic scattering length
Le deduced from OMR is comparable with the transport mean
free path Ltr. Again, the decreasing magnitude of mean free
path indicates that the localization effect of charge carriers
become stronger upon Bi substitution.

FIG. 7. (Color online) (a) Temperature dependence of Hall coef-
ficient for x = 0.12, 0.14, 0.15, and 0.20. For comparison, we also plot
the published data of Bi2.13Sr1.89CuO6+δ [34], with a slight difference
coming from the oxidation during growth process. (b) Temperature
dependence of transport mean free path Ltr for x = 0.12, 0.14, 0.15,
and 0.20, where the dashed lines are linear extrapolation above 30 K.

It should be noted that the previous results of x-ray
diffraction on our Bi2201 crystals [9] suggest a contraction
of c axis from x = 0.20 to 0.31, corresponding with the
crossover regime from WL to SL as well as the disappearance
of superconductivity in extremely underdoped regime (see
Fig. 1). Such subtle change of crystal structure upon Bi
substitution may change the electronic structure and further
induce localization effects. In the out-of-plane substituted
cuprates, the distance between the apical oxygen and Cu-O
plane is stretched and the Cu-O cage is tilted [53]. The results
of high-resolution transmission electron microscopy (TEM)
on our Bi2201 crystals also suggest the distance between
the Bi-concentrated regions increases upon Bi substitution,
and thus we establish the relation between the structural

TABLE II. Estimated transport mean free path at T = 50 K for
Bi2201 with x = 0.12, 0.14, 0.15, and 0.20.

x RH (cm3/C) ρab (m� cm) kF (cm−1) Ltr (Å)

0.12 0.00198 0.424 4.94 ×107 15
0.14 0.00352 0.940 3.70 ×107 9
0.15 0.00396 1.507 3.49 ×107 6
0.20 0.00450 2.408 3.27 ×107 4
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modulation and the superconductivity [54]. Since the Cu-O
planes take the main responsibility for conducting carriers,
the dual effects both from the distortion between Cu-O planes
and the reduction of p may reduce the bandwidth of electrons
and cause localization effects [55]. This conclusion is further
supported by recent scanning tunneling microscopy (STM) re-
sults, which show the electron structure changes on nanometre
length scales in the Bi-based copper-oxide superconductors
[6,56,57]. While in the high-purity Y123 crystals without
out-of-plane substitution, thermal conductivity experiments
found the delocalized fermionic excitations at zero energy in
the nonsuperconducting state [58]. From another perspective,
our results show the transport evidences on the localization
effects induced by the out-of-plane substitutions in Bi2201
system.

IV. CONCLUSIONS

In summary, we established a localization picture of charge
carriers in underdoped Bi2201 system. Upon out-of-plane

Bi substitutions, the dual effects from the reduction of hole
density and the subtle change of crystal structure give rise
to a crossover from weak to strong localization, which push
the system to the superconducting-insulating zone boundary
and thus significantly suppress the superconductivity. Further
research on the mechanism of localization and its detailed
relation between superconductivity needs to be carried out
by local probes such as STM, nuclear magnetic resonance,
etc. The refinement from x-ray/neutron diffraction on single
crystals will also be much helpful.
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