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Gate voltage tunable ultra-thin high-7. 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 determination of the doping content in the underdoped non-superconducting
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(T}), p = « + S In[1/R(T})], in the ultra-thin
BiaSroCaCu2Osy, 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 zv 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.

I. INTRODUCTION

High-T. superconductors and low-dimensional materi-
als are two significant platforms to investigate the ex-
otic quantum phenomena. The combination of these
two platforms could bring more novel physics. For
example, although the electronic phase diagram and
superconductor-insulator transition (SIT) have been
studied intensively in the bulk sample of high-T, su-
perconductors' 7, the ultra-thin materials can supply a
unique platform to investigate these phenomena by using
the electrostatic technique® '* which can modulate the
carrier density in the order of magnitude of 104 cm=2.
Actually this technique has already been adopted in the
investigations of the ultra-thin transition metal disulfide
superconductors'® 7. An obvious advantage of this tech-
nique is that the experiments can be carried out on one
sample, which eliminates many other uncontrollable fac-
tors 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 non-superconducting (non-
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SC) region. Previously, in most the cases, a rather simple
relation based on the Drude model, p = S/R(Ty) where
S is a constant and R(Ty) is the resistance at a fixed
temperature T in the normal state, was adopted®?-13:18,
In this treatment, it is assumed that both the relax-
ation time 7 and effective mass m™* are constants dur-
ing the tuning process. This relation works well in
ultra-thin films of YBagCuzO7_, (YBCO)? and flakes of
BiySroCaCusOgy, (Bi-2212)'3 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'?'4, indi-
cating the failure of the simple hypothesis in this system.
Although some efforts have been made!*, a reliable and
universal route to solve this problem is still lacking up to
now. Moreover, the underlying mechanism for the viola-
tion 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 thermal fluctuations, is called the quantum transi-
tion'”. The SIT is typically driven by disorder, magnetic
field, and carrier concentration?® 24, Currently, the crit-
ical exponents zv for the SIT is rather controversial in
different cuprate systems®?13:1418 By carefully control-
ling the disorder levels, Y. Yu et al. have divided the
system to the clean and dirty limits, which dominates the
detailed critical behaviors'®. This argument still needs



further verifications by more experiments.

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(Ty), p=a+ 3
In[1/R(TY)], in the gate voltage tuned ultra-thin Bi-2212.
This relation works satisfactorily in the two samples of
this work and the samples of other two groups'48, repre-
senting 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 ac-
quired. The further analysis reveals that the scattering
probability 1/7 could not be treated as a constant in the
tuning process. Our data also indicate 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 re-
sistance data and a superconductor-insulator quantum
phase transition is revealed. The scaling exponent zv 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 travel-
ling floating zone method?®. The mechanical exfoliation
method was employed to fabricate the ultra-thin samples.
The Bi-2212 ultra-thin flakes were exfoliated from the
single crystal by Nitto tape and transferred onto the solid
ion conductor (SIC) substrate?527. The SIC substrate is
LiT ion conducting glass ceramic (PrMat, LioO-AlzOs-
Si02-P205-Ti03). The fabricating process was carried
out in atmospheric environment. The SC properties of
the ultra-thin samples can survive in air within dozens
of minutes. Sample S-1 was exposed in air for 7 min-
utes after the fabrication, while sample S-2 was exposed
for 4 minutes. Typically the in-plane dimension of the
fabricated samples can be as large as 300 ym. The mor-
phology and thicknesses of films were measured by atomic
force microscope (AFM, Bruker Dimension Icon). As can
be seen in supplementary materials (SM) (Fig. S1), the
thickness of the samples in the present study is 2 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 dura-
tion 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 Experimen-
tal section, S-1 and S-2 were exposed in air for 7 and 4
minutes, respectively, after they were mechanically exfo-
liated. Consequently S-1 have 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 in air within 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 Y. Yu et al'®.

As shown in Figs. 1(a)-(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 (labelled 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 temperature is enhanced slightly (A—B)
and then decreased towards zero (B—O), revealing the
evolution from the slightly overdoped region via the op-
timal doped point to 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 (e). The only difference is the relatively
lower T, 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 configu-
ration'?, the density of Li* ions can reach a considerable
high level in Bi-2212, suggesting that the Lit intercala-
tion could be the dominant mechanism for the doping
evolution in the present experiment.

Fig. 1(f) describes the details for determining the SC
critical transition temperature. After the normal state
resistance R, is fixed by the intersection of the two
dashed extrapolated lines, three critical points Tt g% R,, s
T, 50%R,, and T¢ 10%R, can be obtained. Another cri-
terion, the maximum of the differential dR/dT, is also
adopted, which gives T¢ ;.

B. Determination of the doping content p

To demonstrate the evolution of these critical temper-
atures with doping content, we first estimated the doping
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FIG. 1: Temperature dependence of the longitudinal resistance of the ultra-thin Bi-2212 samples S-1 (a, b, ¢) and S-2 (d,
e). The inset of (a) shows a schematic view of the measurement set-up. 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 T.. (including T 10%r,, , Te,50%R,, » Le,90% R, »
and T 4ifr), are illustrated..

TABLE I: Summary of the parameters in Eq. (3) and the calculated p in the non-SC region for S-1 at two temperatures 150

K and 200 K.

Ty o B p(O) p(P) r(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
200K 0511 0.0495  0.05351  0.04673  0.04187  0.03612  0.02706  0.01603

level from the resistance value at a fixed temperature 77,
pr = S/R(Ty). (1)

This relation, assuming that the carrier scattering proba-
bility and effective mass are constants based on the Drude
picture, was frequently used in the two-dimensional
cuprate systems®?1318  In Fig. 2(a), we show the re-
sult of S-1 with 7y = 150 K. The value of S is fixed as
178 so that the optimal point is located at pr = 0.16.
At this optimal point, Tt go%r, and T, so%r, are as high
as 95.6 K and 90.7 K, respectively. These data are com-
pared with the generic relation?®

Tc(p)/Tc(popt) =1- 82.6(]9 - popt)Qa (2)

where p,p; 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®.
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 obvi-
ously. The situation with Ty = 200 K (see Fig. S6 in

SM) is similar. Thus the simple hypothesis for the Drude
model is not tenable in the present system. This prob-
lem has been noticed by other groups'®!. Actually, the
magnitude of doping content p can be calculated from
Eq. (2) in the SC state because the values of T,.(p) is
available. The main problem is how to determine the
doping levels in the non-SC state. F. Wang et al. uti-
lized a linear dependence of T, on 1/R(Ty) in the heavily
underdoped region to estimate the doping content in the
non-SC region'*. However, such a linear tendency is ab-
sent in our data (see Fig. 2(a)) and the data of Y. Yu
et al'®. 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(Ty) carefully. In the calculation,
T, 50%R, is used, which will be abbreviated as T, here-
after. As can be seen in Fig. S7in SM, p - 1/R(T}) curve
reveals an obviously non-linear 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(Ty) in the region p < 0.13. In this figure, the
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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 calculating using Eq. (2) as a function of In[1/R(Ty)]. The data with Ty = 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 In[1/R(7%)] 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 (b).
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FIG. 3: (a) The doping levels calculating using Eq. (2) (see
text) as a function of In[1/R(TY)] in a wide temperature range
100 K< Ty < 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 o and § as a function of 7.

data at two different Ty (150 K and 200 K) are shown
together, both of which reveal the very similar tendency.
Actually, this behavior can be observed in a wide temper-
ature range 100 K< Ty < 250 K, which will be discussed
in details in the next paragraph. The linear behavior can

be described by a simple relation
p=a+ B[l/R(Ty)], 3)

where o and 3 are the fitting parameters. After obtaining

the values of @ and S by fitting the data in Fig. 2(b),
the doping levels of the non-SC region can be calculated
by substituting the 1/R(T) values into Eq. (3). The
results for S-1 are summarized in Fig. 2(c) and Table
I. Tt is worth noting that the calculated p values in the
non-SC region using the R(Ty) data with Ty = 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. The sample S-2 also reveals the
similar tendency, which is shown in SM (see Fig. S8(a)).
Moreover, the data from Yu's'® and Wang’s'4 group are
also analyzed with the same process, both of which obey
the Eq. (3) we proposed above (see Figs. S8(b) and (c) in
SM). Particularly, in Yu’s work, 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 parame-
ters o and B, we checked the p-In[1/R(T)] curves in a
wide temperature range (100 K< Ty < 250 K) for S-1,
see Fig. 3(a). The linear dependence of p on In[1/R(T})]
is observed in the whole temperature range in the under-
doped side, indicating that the relation in Eq. (3) works
quite well in a wide temperature range from 100 K to
250 K. By fitting these curves using Eq. (3), tempera-
ture dependent values of & and 8 can be obtained, which
are shown in Fig. 3(b).



R(Q)
200

150

X 100
~

50

10°

0.03 0.06 0.09 0.12 0.15

FIG. 4: Phase diagram for the gate voltage tuned ultra-thin
Bi-2212. The contour map represents the magnitude of re-
sistance. The T, data using the criterion of 50%R,, is also
shown. The solid blue lines are the contour lines of selected
values of resistance (the unit is €2). The white dashed line
indicates the position of the SIT.

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 be-
tween SC and normal states. The T, data determined by
50%R,, is also shown for a reference. The roughly vertical
contour line of 10 k(2 separates the metallic and insulat-
ing 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 (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 tem-
perature region below 25 K, see Figs. 5(a) and (c). All
curves intersect at one critical point p. (0.047 and 0.051
for S-1 and S-2 respectively). Such a doping (rather than
temperature) controlled transition is a candidate for the
quantum phase transition (QPT). The physical proper-
ties 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, v) and the distance from the critical point
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FIG. 5: (a, c¢) Doping dependence of resistance in the temper-
ature region below 25 K of sample S-1 and S-2 respectively.
(b, d) Resistance of sample S-1 and S-2 respectively as a func-
tion of scaling variable |[p — p.|T~'/#”. The blue dashed lines
are visual guides.

|p — pe| in the relationship?®:39

R(p,T) = ReF[(p — po)T~ "), (4)

where p, is the critical point, v is the correlation-length
exponent, z is the dynamical-scaling exponent, and F' is
an arbitrary function with F'(0) = 1. The value of zv is
tuned to achieve a fine scaling behavior.

As shown in Figs. 5(b) and (d), all the experimental
data collapse into a single curve, indicating the occur-
rence of a superconductor-insulator QPT induced by dop-
ing. From this scaling, the critical exponents zv = 2.86
and 1.50 are obtained for samples S-1 and S-2, respec-
tively. The critical resistances per square (R.) are about
32 and 22 k(2 for S-1 and S-2, which are obviously larger
than the quantum resistance Rg = h/(2e)? = 6.45 kQ.
We note that the values of R, obtained here have a rela-
tively large uncertainty due to the difficulty in precisely
determining the dimension of the electrodes.

In order to illustrate the influence of precise determina-
tion of the doping contents on the quantum phase tran-
sition, we show the phase transition analysis based on
the doping contents determined from Eq. (1) in the sup-
plementary materials, 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(Ty) is applicable in
ultrathin YBasCuzO7_, films and 40 nm thick Bi-2212
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flakes®'3. It fails in the Bi-2212 system with the thick-
ness less than or equal to 2 unit cells'®>'4. These facts
indicate that, at least for Bi-2212 system, thickness may
be an important factor. For the YBCO film, although the
superconducting layer is only 1-2 unit cells, an insulating
layer with the thickness of 5-6 unit cells are covered on
it. The possible 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, here we
consider the influences of the relaxation time 7 and ef-
fective mass m™* on the electrical transport. The conduc-
tivity can be expressed as

o =ng*r/m’, (5)

where ¢ is the elementary charge and n = p x z is the
carrier concentration. Here z = 8.9x 10?7 m~3 is the con-
centration of Cu atoms in Bi-2212. By the combination
with Eq. (3), we can derive the following relation,

m*

20 Apefp/ﬁ, (6)
i

where A = z¢?e®/#S/l. S and | are the cross-sectional
area and distance between the voltage leads of the mea-
sured sample, respectively. By substituting the values of
these parameters, the value of A is obtained to be about
7.5x107 kg/s. In order to have an intuitive impres-
sion, 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 inaccurate determination of
the sample dimension, we can still obtained important
information from the evolution trend of m™* /7 with p.

In the high-T, superconducting system with strong cor-
relation, the transition to insulating state is closely re-
lated to the enhancement of the effective mass3?. Thus,

TABLE II: Summary of the critical exponent zv in the ultra-
thin cuprate systems.

Sample®  Thickness v Ref.
LSCO 1 unit cell 1.5 18]
YBCO 1-2 unit cells® 2.2 9]
PCCO 1 unit cell 2.4 [11]
Bi-2212 40 nm 1.5 [13]

Bi-2212° 1 unit cell 1.57 [14]

Bi-2212 a half unit cell 1.53, 2.45, 2.35% [18]
Bi-2212 2 unit cells 1.50, 2.86° This work
¢ LSCO, YBCO, PCCO, and Bi-2212 are the abbreviations of
Lag—5Sr;CuOy4, YBasCuzO7_4, Pro_,Ce; CuOy, and
BiaSroCaCuzOgy 4, respectively. b The first 5 to 6 unit cells are
insulating. Thus the film with the thickness of 7 unit cells has a
superconducting layer that is actually only 1 to 2 unit cells thick.
¢ Sr is partially doped with Bi (z = 0.1). ¢ The disorder was
tuned by annealing the samples in different atmospheres. ¢ The
disorder was tuned by changing the duration time in air after the
samples are exfoliated.

m™ will increase significantly near the SIT point. While
in the doping region far away from the phase transition
point, m* will change less violently, which can be roughly
treated as a constant. In this case, Eq. (6) actually
reflects the relation between scattering probability 1/7
and the doping content p. At a fixed temperature, 1/7
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
scattering probability of the carriers. At the same time,
this fact also explains why the previous simple equation,
pr = S/R(Ty), is no longer applicable in this system.
It should be pointed out that a large part of the in-
crease of 1/7 should come from the enhancement of dis-
order in the tuning process. The influences of ion-gating
induced disorder has been reported in transition metal
disulfides®":32. Such disorders are not located at the po-
sition of Cu atoms, so it has no significant effect on the
values of T, and the T,.-p phase diagram.

At around p=0.05, where the superconductor-insulator
transition occurs (see Fig. 5), the monotonic increasing
trend of m* /7 with the decrease of p is reversed. Actu-
ally, this reflects the change of carrier effective mass m*
caused by the drastic change of the band structure ac-
companying with the SIT. As we have mentioned, the ef-
fective mass enhancement is a typical feature for strongly
correlated systems near the phase transition point3°. The
consistency of the location of these two events, SIT and
the reversal in the m*/7-p curves, verifies the reliability
of our analysis.

On the other hand, it has been noticed that the crit-
ical exponent zv for the SIT is quite scattering in the
ultra-thin cuprate systems®?11:13:1418 Tp the epitaxial
films of Las_,Sr,CuO,4 with the thickness of one unit
cell®, zv was found to be 1.5. While in the ultrathin
YBayCusOr_, films®, zv = 2.2. Even in the same Bi-
2212 system, a universal result is still not achieved!3:14:18,



Table II summarizes the typical reports in recent years.
In general, zv = 4/3 is a hallmark for the classical perco-
lation model?!:33, while zv = 7/3 and 2/3 are predicted
by the quantum percolation model®* and 3D XY model®
respectively. As has been pointed out by Y. Yu et al,
these data focus on two values, 3/2 and 7/3, which were
attributed to the different degrees of the disorder!®. For
sample S-2, the zv value (1.50) is consistent with this
classification. However, zv = 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, being consistent with
the argument of Y. Yu et al'® qualitatively.

In the ultra-thin Bi-2212 system, an obvious feature
brought about by the increase of disorder is that, the ris-
ing trend of resistance in the insulating state with the
decrease of temperature will be suppressed!®. In order
to provide more convincing information about the dif-
ferences in disorder between the two samples, we com-
pared their resistance behavior in the insulating state, as
shown in Fig. S10. Obviously, compared with sample
S-2, the rising trend of resistance of S-1 is significantly
weakened. Thus, there is relatively more disorder in sam-
ple 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 = o+ 8 In[1/R(T})],
was discovered in the underdoped region of this system.
Further analysis reveals that two factors play important
roles in determining the transport behavior of ultra-thin
Bi-2212: (1) the evolution of carrier scattering probabil-
ity with the gate voltage tuning; (2) the change in effec-
tive 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 ob-
tained. In addition, the doping induced superconductor-
insulator QPT was found in two samples with the criti-
cal exponent zrv = 2.86 and 1.50 respectively. A detailed
analysis shows that the level of disorder may be an im-
portant factor affecting the critical exponent of the SITs.
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