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Gate voltage tunable ultrathin high-Tc cuprates supply a unique platform to investigate the electronic phase
diagram and superconductor-insulator transition. One of the challenges in this field is the precise determi-
nation of the doping content in the underdoped nonsuperconducting region. Here we report the discovery
of a universal relation between the doping content p and the normal-state resistance at a fixed temperature
R(Tf ), p = α + β ln[1/R(Tf )], in the ultrathin Bi2Sr2CaCu2O8+x flakes. The in-depth analysis shows that the
evolution of carrier scattering probability with doping content and the change of effective mass caused by
superconductor-insulator transition are two key factors leading to this logarithmic relation. Based on our finding,
the more precise electronic phase diagram can be established. In addition, the superconductor-insulator transition
is verified to be a quantum phase transition using a finite size scaling analysis. The scaling exponent zν is found
to have a close correlation with the disorder levels. The present result provides an important foundation to
investigate the fascinating electronic states in the ultra-thin cuprates.
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I. INTRODUCTION

High-Tc superconductors and low-dimensional materials
are two significant platforms to investigate the exotic quantum
phenomena. The combination of these two platforms could
bring more novel physics. For example, although the elec-
tronic phase diagram and superconductor-insulator transition
(SIT) have been studied intensively in the bulk sample of high-
Tc superconductors [1–7], the ultrathin materials can supply
a unique platform to investigate these phenomena by using
the electrostatic technique [8–14] which can modulate the
carrier density in the order of magnitude of 1014 cm−2. This
technique has already been adopted in the investigations of the
ultra-thin transition metal disulfide superconductors [15–17].
An obvious advantage of this technique is that the experiments
can be carried out on one sample, which eliminates many
other uncontrollable factors induced by the variation of the
samples.

A prerequisite, which is also the main challenge, for this
technique is the precise determination of the doping content
p in the underdoped nonsuperconducting (non-SC) region.
Previously, in most cases, a rather simple relation based on
the Drude model, p = S/R(Tf ), where S is a constant and
R(Tf ) is the resistance at a fixed temperature Tf in the normal
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state, was adopted [8,9,13,18]. In this treatment, it is assumed
that both the relaxation time τ and effective mass m∗ are
constants during the tuning process. This relation works well
in ultra-thin films of YBa2Cu3O7−x (YBCO) [9] and flakes of
Bi2Sr2CaCu2O8+x (Bi-2212) [13] with the thickness of 40 nm.
In the ultra-thin Bi-2212 system with the thickness of several
unit cells, however, the doping content could not be derived
accurately by using this relation [12,14], indicating the fail-
ure of the simple hypothesis in this system. Although some
efforts have been made [14], a reliable and universal route to
solve this problem is still lacking up to now. Moreover, the
underlying mechanism for the violation of the simple relation
has not yet been clarified.

On the other hand, the phase transition between the ground
states, which is accompanied by quantum rather than ther-
mal fluctuations, is called the quantum transition [19]. The
SIT is typically driven by disorder, magnetic field, and car-
rier concentration [20–24]. Currently, the critical exponents
zν for the SIT is rather controversial in different cuprate
systems [8,9,13,14,18]. By carefully controlling the disorder
levels, Yu et al. have divided the system to the clean and dirty
limits, which dominates the detailed critical behaviors [18].
This argument still needs further verification by more experi-
ments.

In this paper, we report the discovery of a universal relation
between the doping content p and the normal-state resistance
at a fixed temperature R(Tf ), p = α + β ln[1/R(Tf )], in the
gate voltage tuned ultra-thin Bi-2212. This relation works
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satisfactorily in the two samples of this work and the sam-
ples of two other groups [14,18], representing a quite good
universality. Based on this relation, the doping content in the
heavily underdoped region is calculated and the more precise
phase diagram can be acquired. Further analysis reveals that
the scattering probability 1/τ could not be treated as a con-
stant in the tuning process. Our data also indicates the drastic
change in carrier effective mass m∗ due to the superconductor-
insulator transition. Moreover, finite size scaling analysis is
adopted to investigate the temperature dependent resistance
data and a superconductor-insulator quantum phase transition
is revealed. The scaling exponent zν is determined to be 2.86
and 1.50 for the samples with a high and low level of disorder,
respectively. Our result verifies that disorder is indeed a key
factor in determining the behavior of the SIT.

II. EXPERIMENTAL

The Bi-2212 single crystals were grown by the traveling-
solvent floating zone method [25]. The mechanical exfoliation
method was employed to fabricate the ultra-thin samples. The
Bi-2212 ultra-thin flakes were exfoliated from the single crys-
tal by Nitto tape and transferred onto the solid ion conductor
(SIC) substrate [26,27]. The SIC substrate is Li+ ion conduct-
ing glass ceramic (PrMat, Li2O-Al2O3-SiO2-P2O5-TiO2). The
fabricating process was carried out in an atmospheric environ-
ment. The SC properties of the ultra-thin samples can survive
in air for dozens of minutes. Sample S-1 was exposed in air
for seven minutes after the fabrication, while sample S-2 was
exposed for four minutes. Typically the in-plane dimension
of the fabricated samples can be as large as 300 μm. The
morphology and thicknesses of films were measured by an
atomic force microscope (AFM, Bruker Dimension Icon). As
can be seen in the Supplementary Material (SM) (Fig. S1)
[28], the thickness of the samples in the present study is two
unit cells.

The electrical resistance was measured in the physical
property measurement system (Quantum Design, PPMS) by
a standard four-probe method. The silver paste was used to
prepare the electrodes. The gate voltage was tuned at 260 K,
where Li+ ion mobility inside the glass is activated. The gate
voltage is below 1 V and the duration time at the doping
temperature for the voltage gate tuning varied from 10 to 30
minutes depending on the initial and final doping levels.

III. RESULTS

A. SIC-assisted gate voltage tuning on the superconductivity

We concentrate our study on two samples, S-1 and S-2,
with different disorder levels tuned by the exposure time in
air. As we have mentioned in the Experimental section, S-1
and S-2 were exposed to air for seven and four minutes,
respectively, after they were mechanically exfoliated. Conse-
quently S-1 has a relatively higher level of disorder compared
with S-2. In addition, we found that the oxygen concentration
in the ultra-thin sample can be increased in the process of
exposing to air for several minutes [see Fig. S2(a) in SM],
which introduces extra hole doping into the sample. In this
sense, sample S-2 should be more underdoped than S-1. This
tendency is consistent with the result reportd by Yu et al. [18].

As shown in Figs. 1(a)–1(c), with the aid of SIC [see the
inset of Fig. 1(a)], the temperature dependent resistance of S-1
can be tuned continuously by gate voltage from the original
curve (labeled with A). With the increase of the duration time
at 260 K under the positive gate voltage, where the ions in the
SIC are mobile, the superconducting (SC) transition tempera-
ture is enhanced slightly (A → B) and then decreased towards
zero (B → O), revealing the evolution from the slightly over-
doped region via the optimal doped point to the underdoped
region. Meanwhile, the magnitude of resistance in the normal
state is increased monotonically and the insulating behavior
emerges after the superconductivity vanishes. Resistance of
S-2 shows roughly similar evolution to that observed in S-1,
see Figs. 1(d) and 1(e). The only difference is the relatively
lower Tc in sample S-2 as it is more underdoped.

Typically, electrostatic carrier accumulation, oxygen-
vacancy injection, and Li+ intercalation through the basal
plane could be the most probable mechanisms for the doping
effect in the SIC-assisted gating process. From the previous
report with the similar SIC-assisted configuration [13], the
density of Li+ ions can reach a considerably high level in
Bi-2212, suggesting that the Li+ intercalation could be the
dominant mechanism for the doping evolution in the present
experiment.

Figure 1(f) describes the details for determining the SC
critical transition temperature. After the normal state resis-
tance Rn is fixed by the intersection of the two dashed
extrapolated lines, three critical points Tc,90%Rn , Tc,50%Rn , and
Tc,10%Rn can be obtained. Another criterion, the maximum of
the differential dR/dT , is also adopted, which gives Tc,di f f .

B. Determination of the doping content p

To demonstrate the evolution of these critical temperatures
with doping content, we first estimated the doping level from
the resistance value at a fixed temperature Tf ,

pR = S/R(Tf ). (1)

This relation, assuming that the carrier scattering probabil-
ity and effective mass are constants based on the Drude
picture, was frequently used in the two-dimensional cuprate
systems [8,9,13,18]. In Fig. 2(a), we show the result of S-
1 with Tf = 150 K. The value of S is fixed as 178 so
that the optimal point is located at pR = 0.16. At this op-
timal point, Tc,90%Rn and Tc,50%Rn are as high as 95.6 K and
90.7 K, respectively. These data are compared with the generic
relation [29]

Tc(p)/Tc(popt ) = 1 − 82.6(p − popt )
2, (2)

where popt is the optimal doping level which is fixed as 0.16.
Typically the applicability of this equation is only affected by
the disorder at the position of Cu atoms [5]. Thus, Eq. (2) can
be safely used in the system we are studying. As shown by
the olive solid line in Fig. 2(a), this relation deviates from the
experimental data obviously. The situation with Tf = 200 K
(see Fig. S6 in the SM) is similar. Thus the simple hypothesis
for the Drude model is not tenable in the present system. This
problem has been noticed by other groups [12,14]. Actually,
the magnitude of doping content p can be calculated from
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FIG. 1. Temperature dependence of the longitudinal resistance of the ultra-thin Bi-2212 samples S-1 (a)–(c) and S-2 (d) and (e). The inset
of (a) shows a schematic view of the measurement setup. The arrowed lines indicate the directions in which the positive gate voltage increases.
(f) Temperature-dependent resistance (black circles) and its derivative (blue curve) of the sample S-1 (the pristine state, A curve). Different
methods for the determination of Tc (including Tc,10%Rn , Tc,50%Rn , Tc,90%Rn , and Tc,di f f ), are illustrated.

Eq. (2) in the SC state because the values of Tc(p) is available.
The main problem is how to determine the doping levels in
the non-SC state. Wang et al. utilized a linear dependence of
Tc on 1/R(Tf ) in the heavily underdoped region to estimate
the doping content in the non-SC region [14]. However, such
a linear tendency is absent in our data [see Fig. 2(a)] and

the data of Yu et al. [18]. Consequently, this approach is not
universal and not conducive to be extended to other systems.

To conquer this problem, we calculated the p values in the
SC state using Eq. (2) and examined the evolution of obtained
p with 1/R(Tf ) carefully. In the calculation, Tc,50%Rn is used,
which will be abbreviated as Tc hereafter. As can be seen in

FIG. 2. (a) The SC critical temperatures determined using different methods as a function of pR = 178/R (150 K) for sample S-1. The
olive solid line represents the generic relation discovered in the bulk samples [see Eq. (2) in the text]. (b) Doping levels in the SC region
calculated using Eq. (2) as a function of ln[1/R(Tf )]. The data with Tf = 150 K and 200 K are shown together. The data of 200 K are shifted
to the left by 0.4 for clarity. The straight dashed lines are the results of linear fitting in the underdoped region p < 0.13. (c) Doping levels as
a function of ln[1/R(Tf )] in the non-SC region. The data of 200 K are shifted to the left by 0.3 for clarity. The straight dashed lines are the
results of linear fitting. The capital letters correspond to different levels of the gate tuning as shown in Figs. 1(a) and 1(b).
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TABLE I. Summary of the parameters in Eq. (3) and the calculated p in the non-SC region for S-1 at two temperatu res 150 K and 200 K.

Tf α β p(O) p(P) p(Q) p(R) p(S) p(T)

150 K 0.470 0.0451 0.05353 0.04680 0.04186 0.03617 0.02703 0.01598
200 K 0.511 0.0495 0.05351 0.04673 0.04187 0.03612 0.02706 0.01603

Fig. S7 in the SM, p - 1/R(Tf ) curve reveals an obviously
nonlinear tendency, especially in the region with p � 0.10.
Nevertheless, as shown in Fig. 2(b), p displays a fine linear
dependence with logarithm of 1/R(Tf ) in the region p � 0.13.
In this figure, the data at two different Tf (150 K and 200 K)
are shown together, both of which reveal the very similar ten-
dency. This behavior can be observed in a wide temperature
range 100 K � Tf � 250 K, which will be discussed in details
in the next paragraph. The linear behavior can be described by
a simple relation

p = α + βln[1/R(Tf )], (3)

where α and β are the fitting parameters. After obtaining the
values of α and β by fitting the data in Fig. 2(b), the doping
levels of the non-SC region can be calculated by substitut-
ing the 1/R(Tf ) values into Eq. (3). The results for S-1 are
summarized in Fig. 2(c) and Table I. It is worth noting that
the calculated p values in the non-SC region using the R(Tf )
data with Tf = 150 K and 200 K are very close to each other.
The deviation between them is below 1%. This confirms the
reliability of the present analysis. Sample S-2 also reveals the
similar tendency, which is shown in the SM [see Fig. S8(a)].
Moreover, the data from Yu’s [18] and Wang’s [14] groups are
also analyzed with the same process, both of which obey the
Eq. (3) we proposed above [see Figs. S8(b) and (c) in the SM].
Particularly in Yu’s work, the doping level of the ultra-thin
samples was tuned by controlling the oxygen content in an
annealing process. Thus the relation revealed in Eq. (3) is
quite universal in the ultra-thin Bi-2212 system, regardless of
the tuning routes.

To acquire additional information about the parameters α

and β, we checked the p-ln[1/R(Tf )] curves in a wide tem-
perature range (100 K � Tf � 250 K) for S-1, see Fig. 3(a).
The linear dependence of p on ln[1/R(Tf )] is observed in the
whole temperature range in the underdoped side, indicating
that the relation in Eq. (3) works quite well in a wide tem-
perature range from 100 K to 250 K. By fitting these curves
using Eq. (3), temperature dependent values of α and β can be
obtained, which are shown in Fig. 3(b).

C. Electronic phase diagram

As the doping content p has been determined reliably, we
can draw the electronic phase diagram for the gate voltage
tuned system. Here we show the result of S-1 as an example.
As can be seen in Fig. 4, the contour map of the resistance
represents clearly the boundary between SC and normal states.
The Tc data determined by 50% Rn is also shown for reference.
The roughly vertical contour line of 10 k� separates the
metallic and insulating regions in the normal state (typically
above 50 K in the heavily underdoped region). The white
dashed line indicates the position of the SIT (see the next
section), which resides very close to the edge of the SC dome.

D. Superconductor-insulator transition

From the R-T curves in Figs. 1(c) and 1(e), a clear SIT
induced by gate voltage is revealed for both S-1 and S-2. Here
we replot the data as R versus p in the low temperature region
below 25 K, see Figs. 5(a) and 5(c). All curves intersect at
one critical point pc (0.047 and 0.051 for S-1 and S-2, respec-
tively). Such a doping (rather than temperature) controlled
transition is a candidate for the quantum phase transition
(QPT). The physical properties near the critical point of QPT
is typically analyzed by finite-size scaling method, which
states that resistance near the critical point can be described by
the critical exponents (z, ν) and the distance from the critical
point |p − pc| in the relationship [30,31]

R(p, T ) = RcF [(p − pc)T −1/zν], (4)

where pc is the critical point, ν is the correlation-length ex-
ponent, z is the dynamical-scaling exponent, and F is an
arbitrary function with F (0) = 1. The value of zν is tuned
to achieve a fine scaling behavior.

As shown in Figs. 5(b) and 5(d), all the experimental data
collapse into a single curve, indicating the occurrence of a
superconductor-insulator QPT induced by doping. From this
scaling, the critical exponents zν = 2.86 and 1.50 are obtained
for samples S-1 and S-2, respectively. The critical resistances
per square (Rc) are about 32 and 22 k� for S-1 and S-2,
which are obviously larger than the quantum resistance RQ =
h/(2e)2 = 6.45 k�. We note that the values of Rc obtained
here have a relatively large uncertainty due to the difficulty in
precisely determining the dimension of the electrodes.

FIG. 3. (a) The doping levels calculated using Eq. (2) (see text)
as a function of ln[1/R(Tf )] in a wide temperature range 100 K �
Tf � 250 K for sample S-1. The temperature interval is 25 K. The
data at each fixed temperature has been shifted upwards by 0.02 for
clarity. The straight dashed lines are the results of linear fitting in
the underdoped region p < 0.13. (b) Fitting parameters α and β as a
function of T .
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FIG. 4. Phase diagram for the gate voltage tuned ultra-thin Bi-
2212. The contour map represents the magnitude of resistance. The
Tc data using the criterion of 50% Rn is also shown. The solid blue
lines are the contour lines of selected values of resistance (the unit is
�). The white dashed line indicates the position of the SIT.

In order to illustrate the influence of precise determination
of the doping contents on the quantum phase transition, we
show the phase transition analysis based on the doping con-
tents determined from Eq. (1) in the SM [28], see Fig. S9. One
can see that the route for the determination of p can affect both
the position of critical point and the critical exponents.

IV. DISCUSSION

The simple relation pR = S/R(Tf ) is applicable to ultrathin
YBa2Cu3O7−x films and 40 nm thick Bi-2212 flakes [9,13].

FIG. 5. (a, c) Doping dependence of resistance in the temperature
region below 25 K of samples S-1 and S-2 respectively. (b, d) Resis-
tance of samples S-1 and S-2 respectively as a function of scaling
variable |p − pc|T −1/zν . The blue dashed lines are visual guides.

FIG. 6. The evolution of m∗/τ as a function of the doping content
p calculated using Eq. (5).

It fails in the Bi-2212 system with the thickness less than or
equal to two unit cells [12,14]. These facts indicate that, at
least for Bi-2212 system, thickness may be an important fac-
tor. For the YBCO film, although the superconducting layer
is only one to two unit cells, an insulating layer with the
thickness of five to six unit cells are covered on it. The pos-
sible influence of this insulating layer on the low-dimensional
system is still unknown.

In order to have a comprehensive understanding of the
unique feature in the ultra-thin Bi-2212 system, we consider
the influences of the relaxation time τ and effective mass m∗
on the electrical transport. The conductivity can be expressed
as

σ = nq2τ/m∗, (5)

where q is the elementary charge and n = p × x is the carrier
concentration. Here x = 8.9 × 1027 m−3 is the concentration
of Cu atoms in Bi-2212. With the combination with Eq. (3),
we can derive the following relation,

m∗

τ
= Ape−p/β, (6)

where A = xq2eα/βS/l . S and l are the cross-sectional area and
distance between the voltage leads of the measured sample,
respectively. By substituting the values of these parameters,
the value of A is obtained to be about 7.5 × 10−14 kg/s.
In order to have an intuitive impression, we represent this
relation in Fig. 6. The data are shown in a limited doping
range below 0.13, where Eq. (3) holds. Although the accuracy
of this set of data may be limited by the somewhat inac-
curate determination of the sample dimension, we can still
obtain important information from the evolution trend of m∗/τ
with p.

In the high-Tc superconducting system with strong corre-
lation, the transition to insulating state is closely related to
the enhancement of the effective mass [31]. Thus, m∗ will
increase significantly near the SIT point. While in the dop-
ing region far away from the phase transition point, m∗ will
change less violently, which can be roughly treated as a con-
stant. In this case, Eq. (6) actually reflects the relation between
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TABLE II. Summary of the critical exponent zν in the ultra-thin
cuprate syste ms.

Samplea Thickness zν Ref.

LSCO 1 unit cell 1.5 [8]
YBCO 1-2 unit cellsb 2.2 [9]
PCCO 1 unit cell 2.4 [11]
Bi-2212 40 nm 1.5 [13]
Bi-2212c 1 unit cell 1.57 [14]
Bi-2212 a half unit cell 1.53, 2.45, 2.35d [18]
Bi-2212 2 unit cells 1.50, 2.86e This work

aLSCO, YBCO, PCCO, and Bi-2212 are the abbreviations
of La2−xSrxCuO4, YBa2Cu3O7−x , Pr2−xCexCuO4, and
Bi2Sr2CaCu2O8+x , respectively.
bThe first five to six unit cells are insulating. Thus the film with
the thickness of seven unit cells has a superconducting layer that is
actually only one to two unit cells thick.
cSr is partially doped with Bi (x = 0.1).
dThe disorder was tuned by annealing the samples in different
atmospheres.
eThe disorder was tuned by changing the duration time in air after
the samples are exfoliated.

scattering probability 1/τ and the doping content p. At a fixed
temperature, 1/τ increases monotonically with the decrease of
p down to about 0.06. This trend undoubtedly shows that the
SIC-assisted gate voltage tuning not only changes the carrier
concentration, but also has a significant impact on the scatter-
ing probability of the carriers. At the same time, this fact also
explains why the previous simple equation, pR = S/R(Tf ), is
no longer applicable in this system. It should be pointed out
that a large part of the increase of 1/τ should come from the
enhancement of disorder in the tuning process. The influences
of ion-gating induced disorder has been reported in transition
metal disulfides [32,33]. Such disorders are not located at the
position of Cu atoms, so it has no significant effect on the
values of Tc and the Tc-p phase diagram.

At around p=0.05, where the superconductor-insulator
transition occurs (see Fig. 5), the monotonic increasing trend
of m∗/τ with the decrease of p is reversed. Actually, this
reflects the change of carrier effective mass m∗ caused by the
drastic change of the band structure accompanying the SIT.
As we have mentioned, the effective mass enhancement is a
typical feature for strongly correlated systems near the phase
transition point [31]. The consistency of the location of these
two events, SIT and the reversal in the m∗/τ -p curves, verifies
the reliability of our analysis.

On the other hand, it has been noticed that the critical
exponent zν for the SIT is quite scattering in the ultra-thin
cuprate systems [8,9,11,13,14,18]. In the epitaxial films of
La2−xSrxCuO4 with the thickness of one unit cell [8], zν
was found to be 1.5. While in the ultrathin YBa2Cu3O7−x

films [9], zν = 2.2. Even in the same Bi-2212 system, a
universal result is still not achieved [13,14,18]. Table II sum-
marizes the typical reports in recent years. In general, zν =
4/3 is a hallmark for the classical percolation model [21,34],
while zν = 7/3 and 2/3 are predicted by the quantum per-
colation model [35] and 3D XY model [36], respectively.
As has been pointed out by Yu et al., these data focus on

two values, 3/2 and 7/3, which were attributed to the dif-
ferent degrees of the disorder [18]. For sample S-2, the zν
value (1.50) is consistent with this classification. However,
zν = 2.86 in S-1 is clearly larger than 7/3. Considering the
relatively longer duration time in air for S-1, which may
introduce more disorder in the sample, it seems that the
levels of disorder have a direct influence on the critical
exponent, consistent with the argument of Yu et al., [18]
qualitatively.

In the ultrathin Bi-2212 system, an obvious feature brought
about by the increase of disorder is that, the rising trend of
resistance in the insulating state with the decrease of tem-
perature will be suppressed [18]. In order to provide more
convincing information about the differences in disorder be-
tween the two samples, we compared their resistance behavior
in the insulating state, as shown in Fig. S10. Obviously, com-
pared with sample S-2, the rising trend of resistance of S-1 is
significantly weakened. Thus, there is relatively more disorder
in sample S-1, which is consistent with the longer exposure
time of sample S-1 in air.

Finally, we need to point out that, considering the fact
that the SIC-assisted gate tuning process will also affect the
disorder of the samples, the SIT observed here is not simply
induced by the evolution of doping contents, but by both the
doping and disorder.

V. CONCLUSION

In summary, we tuned the electronic state of the ultra-thin
Bi-2212 superconductors using gate voltage with the aid of
SIC. A universal relation, p = α + β ln[1/R(Tf )], was dis-
covered in the underdoped region of this system. Further
analysis reveals that two factors play important roles in de-
termining the transport behavior of ultra-thin Bi-2212: (1)
the evolution of carrier scattering probability with the gate
voltage tuning and (2) the change in effective mass due to
the superconductor-insulator transition. Based on the present
finding, a solid determination for the doping content in the
heavily underdoped non-SC region was made and the precise
phase diagram was obtained. In addition, the doping induced
superconductor-insulator QPT was found in two samples with
the critical exponent zν = 2.86 and 1.50 respectively. A de-
tailed analysis shows that the level of disorder may be an
important factor affecting the critical exponent of the SITs.
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[20] N. Marković, C. Christiansen, and A. M. Goldman, Phys. Rev.
Lett. 81, 5217 (1998).

[21] A. Yazdani and A. Kapitulnik, Phys. Rev. Lett. 74, 3037
(1995).

[22] J. Biscaras, N. Bergeal, S. Hurand, C. Feuillet-Palma, A.
Rastogi, R. C. Budhani, M. Grilli, S. Caprara, and J. Lesueur,
Nat. Mater. 12, 542 (2013).

[23] Y. Sun, H. Xiao, M. Zhang, Z. Xue, Y. Mei, X. Xie, T. Hu, Z.
Di, and X. Wang, Nat. Commun. 9, 2159 (2018).

[24] R. Schneider, A. G. Zaitsev, D. Fuchs, and H. v. Löhneysen,
Phys. Rev. Lett. 108, 257003 (2012).

[25] J. Wen, Z. Xu, G. Xu, M. Hücker, J. Tranquada, and G. Gu,
J. Cryst. Growth 310, 1401 (2008).

[26] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov,
Science 306, 666 (2004).

[27] D. Jiang, T. Hu, L. You, Q. Li, A. Li, H. Wang, G. Mu, Z. Chen,
H. Zhang, G. Yu et al., Nat. Commun. 5, 5708 (2014).

[28] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.104509 for details of the preparation
and characterization of ultrathin Bi-2212 flakes; the effects of
atmospheres on resistance samples; the universality of the re-
lation between p and R(Tf ) [Eq. (3)]; the finite-size scaling of
SIT using pR as the doping content; and a comparison of the
insulating behaviors in S-1 and S-2.

[29] M. Presland, J. Tallon, R. Buckley, R. Liu, and N. Flower,
Physica C: Superconductivity 176, 95 (1991).

[30] S. L. Sondhi, S. M. Girvin, J. P. Carini, and D. Shahar, Rev.
Mod. Phys. 69, 315 (1997).

[31] M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70,
1039 (1998).

[32] D. Ovchinnikov, F. Gargiulo, A. Allain, D. J. Pasquier, D.
Dumcenco, C. H. Ho, O. V. Yazyev, and A. Kis, Nat. Commun.
7, 12391 (2016).

[33] E. Piatti, Q. Chen, and J. Ye, Appl. Phys. Lett. 111, 013106
(2017).

[34] Y. Ma, G. Mu, T. Hu, Z. Zhu, Z. Li, W. Li, Q. Ji, X. Zhang, L.
Wang, and X. Xie, Sci. China: Phys., Mech. Astron. 61, 127408
(2018).

[35] D.-H. Lee, Z. Wang, and S. Kivelson, Phys. Rev. Lett. 70, 4130
(1993).

[36] Y.-H. Li and S. Teitel, Phys. Rev. B 40, 9122 (1989).

104509-7

https://doi.org/10.1103/PhysRevLett.77.3033
https://doi.org/10.1103/PhysRevLett.77.5417
https://doi.org/10.1103/PhysRevLett.77.1837
https://doi.org/10.1103/PhysRevB.46.11813
https://doi.org/10.1016/S0921-4534(02)02330-4
https://doi.org/10.1103/PhysRevLett.93.267001
https://doi.org/10.1073/pnas.1301989110
https://doi.org/10.1038/nature09998
https://doi.org/10.1103/PhysRevLett.107.027001
https://doi.org/10.1103/PhysRevB.87.024509
https://doi.org/10.1103/PhysRevB.92.020503
https://doi.org/10.1038/s41467-017-02104-z
https://doi.org/10.1021/acs.nanolett.8b02183
https://doi.org/10.1038/s41467-021-23183-z
https://doi.org/10.1126/science.aab2277
https://doi.org/10.1126/science.1259440
https://doi.org/10.1038/nphys3580
https://doi.org/10.1038/s41586-019-1718-x
https://doi.org/10.3367/UFNe.0180.201001a.0003
https://doi.org/10.1103/PhysRevLett.81.5217
https://doi.org/10.1103/PhysRevLett.74.3037
https://doi.org/10.1038/nmat3624
https://doi.org/10.1038/s41467-018-04606-w
https://doi.org/10.1103/PhysRevLett.108.257003
https://doi.org/10.1016/j.jcrysgro.2007.09.028
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/ncomms6708
http://link.aps.org/supplemental/10.1103/PhysRevB.106.104509
https://doi.org/10.1016/0921-4534(91)90700-9
https://doi.org/10.1103/RevModPhys.69.315
https://doi.org/10.1103/RevModPhys.70.1039
https://doi.org/10.1038/ncomms12391
https://doi.org/10.1063/1.4992477
https://doi.org/10.1007/s11433-018-9200-7
https://doi.org/10.1103/PhysRevLett.70.4130
https://doi.org/10.1103/PhysRevB.40.9122

