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Two-dimensional superconductor-insulator quantum phase transitions in an electron-doped cuprate
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We use an ionic liquid-assisted electric-field effect to tune the carrier density in an electron-doped cuprate
ultrathin film and cause a two-dimensional superconductor-insulator transition (SIT). The low upper critical field
in this system allows us to perform magnetic-field (B)-induced SIT in the liquid-gated superconducting film.
Finite-size scaling analysis indicates that SITs induced both by electric and by magnetic fields are quantum
phase transitions and the transitions are governed by percolation effects—quantum mechanical in the former and
classical in the latter cases. Compared to the hole-doped cuprates, the SITs in the electron-doped system occur at
critical sheet resistances (Rc) much lower than the pair quantum resistance RQ = h/(2e)2 = 6.45 k�, suggesting
the possible existence of fermionic excitations at finite temperatures at the insulating phase near the SITs.
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Electric-field-effect doping has long been a key technology
to tune the charge carrier of a material in a reversible
quasicontinuous way and without inducing structural changes
[1–5]. More recently, the field effect in a electronic double-
layer transistor (EDLT) configuration which uses ionic liquids
(ILs) and a polymer electrolyte as gate dielectrics has been
shown to induce a large amount of carriers (up to a level
of 1015/cm2) at the surface of a thin film [6] and thus
is attracting growing interest. The capability of EDLTs
in accumulating charge carriers has been demonstrated by
gate-induced phase transitions in various materials [6–18].
In particular, employing EDLT superconductivity has been
induced in nonsuperconducting samples, such as SrTiO3 [7],
KTaO3 [9], ZrNCl [8], MoS2 [15], and the hole-doped cuprate
La2−xSrxCuO4 (LSCO) [11].

Tuning the carrier density in high-Tc cuprates is of particular
interest since the properties of cuprates depend dramatically
on the charge carriers. Doping both holes and electrons could
cause the change in cuprates from antiferromagnetic Mott
insulators to high-Tc superconductors. However, what happens
near the critical point where superconductor-insulator transi-
tion (SIT) occurs, and what are the differences between hole-
and electron-doped cuprates at the critical point are key open
questions. To address such questions, quasicontinuous tuning
of carrier density by electric-field effect across the SIT point is
required. In the hole-doped cuprates LSCO and YBa2Cu3O7−x

(YBCO), EDLT-tuned two-dimensional (2D) SIT occurred
at pair quantum resistance RQ = 6.45 k� [11,12], which
suggests that Cooper pairs preserve at both superconducting
and insulating sides near the SIT as opposed to the formation
of fermionic excitations. Furthermore, it has been suggested
that the SITs in a hole-doped system are 2D quantum phase
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transitions (QPTs) via finite-size scaling analysis. However, a
counterpart of LSCO, electron-doped R2−xCexCuO4 (R = Pr,
Nd, Sm, or Eu) exhibits different crystalline structures, phase
diagrams, and electronic properties [19]. These suggest that
the SITs in electron-doped cuprates may be expected to be
different. Understanding the nature of carrier-induced SITs in
electron-doped systems should shed more light on the origins
of superconductivity in cuprates.

Furthermore, as the SIT strongly depends also on the
dynamics of the vortices, it would be revealing if a B-induced
SIT could be studied as one suppresses the superconductivity
via vortices as opposed to charge injection. B-induced SITs in
cuprates have been investigated in chemically doped supercon-
ductors [20,21]. Unlike chemical doping, superconductivity
induced by an EDLT has a distinct 2D nature due to the short
screening length in cuprates [11,22]. B-induced SIT in such
an EDLT superconducting state would be very interesting.
However, this has not been performed in hole-doped cuprates
due to the huge upper critical field Hc2. In electron-doped
cuprates Hc2 is much lower, and this provides an opportunity
to study a B-induced SIT in a superconducting EDLT.

In this Rapid Communication, we simultaneously study
the SITs induced by both electric and magnetic fields in
electron-doped Pr2−xCexCuO4 (PCCO) ultrathin films. Using
the EDLT configuration, electrostatically induced supercon-
ducting transition in an initially insulating PCCO ultrathin film
is observed. In such superconducting EDLTs with different
doping levels, insulating states are realized by applying
magnetic fields. We found that the SITs induced by both
electric and magnetic fields occurred at Rc much lower than
RQ. Moreover, finite-size scaling analysis is performed, and it
is suggested that the transitions are 2D-QPTs.

Ultrathin layering structures with nominal 1 unit cell (uc)
underdoped PCCO on 4-uc Pr2CuO4 (PCO) were grown
on TiO2-terminated SrTiO3 (001) substrates by a pulsed
laser deposition (PLD) system. The Ce contents of the top
Pr2−xCexCuO4 layers are xCe = 0.1 (samples A and B) and
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FIG. 1. (Color online) (a) Atomic force microscopy image (4 × 4 μm2) of the surface of ultrathin PCCO/PCO films. (b) Optical micrograph
of a typical device and the measurement circuit. (c) Schematic of the operation of an EDLT. (d) Gate voltage (VG) dependence of the leakage
current (IG).

0.04 (sample C). The thin films were deposited at 790 °C
under an oxygen partial pressure (PO2 ) of 0.25 mbar and
then cooled down to room temperature from 720 °C in
vacuum (PO2 < 10−4 mbar) at a cooling rate of 20 °C/min.
Figure 1(a) shows an atomic force microscopy image of
ultrathin PCCO/PCO films. The root-mean-square roughness
is ∼0.32 nm, indicating a smooth surface of thin films. Devices
with a Hall bar geometry were fabricated to accurately measure
the sheet resistance. Before deposition of thin films, SrTiO3

substrates were patterned into Hall bar geometry by using
conventional photolithography and depositing amorphous AlN
films as hard masks. Then, the patterned substrates were set
into a PLD chamber for the deposition of the thin films. Finally,
after film deposition, Cr/Au (10/70 nm) layers were deposited
for current/voltage probes and gate electrodes. A micrograph
of a fabricated device is shown in Fig. 1(b). The width of the
Hall bar is 50 μm, and the length is 500 μm. A six-probe
configuration of the Hall bar allows for the measurement of
both longitudinal and Hall resistances. A large planar gate
electrode is used to accumulate ions.

A small droplet of the IL, N,N-diethyl-N-methyl-N-
(2-methoxyethyl) ammonium bis(trifluoromethyl sulpho-
nyl)imide, covered both the conducting channel and the gate
electrode. Then the sample was set into the chamber of a
Quantum Design physical property measurement system for
the transport measurements. The gate voltage (VG) was applied
at 210 K and kept for 20–40 min for charging. A resistance
measurement was made as the samples were cooled down

while keeping the VG constant. In order to change VG, the
sample was heated to 210 K after each resistance-temperature
curve measurement and a new VG was applied. As is shown
in Fig. 1(c), when a positive VG is applied, the mobile cations
accumulate on the transport channel and induce electrons on
the surface of the thin film. Figure 1(d) shows the leakage
current (IG) as a function of VG for a PCCO-EDLT device. It
can be seen that IG is on the order of 1 nA. This negligibly small
IG indicates good operation of the device. In these experiments
the IL predominantly induces charges at the surface as opposed
to changing the local oxygen vacancy concentration [17,23].

Figures 2(a) and 2(b) show the sheet resistance versus
temperature (Rs − T ) curves at various VG’s for samples with
xCe = 0.1 (sample A) and xCe = 0.04 (sample C). The Rs − T

curves of sample B can be seen in the Supplemental Material
Fig. S8 [24]. Since the Ce content is lower in sample C, initial
resistance at VG = 0 V is much higher than that of sample A.
Many curves were recorded, and insulator-to-superconductor
transitions were observed in both of the samples. The initially
underdoped samples show insulating behavior. Even at the VG

near the SIT, the resistance increases with decreasing T below
∼140 K, suggesting that EDLT samples have a much higher
resistance at the insulating phase (Supplemental Material
Sec. 6 [24]). As VG is increased, the accumulation of electrons
on the surface is enhanced, and the Rs decreases. Note that
the bottom PCO layer does not contribute to this resistance
drop as verified by direct field-effect experiments on PCO
without a top PCCO layer. At VG above certain values (2.59 V
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FIG. 2. (Color online) The logarithmic-scale sheet resistance versus temperature (Rs − T ) curves at various VG’s for samples with Ce
contents of (a) xCe = 0.1 (sample A) and (b) xCe = 0.04 (sample C). The insets are the linear-scale Rs − T curves near the SITs.

for sample A and 2.41 V for sample C), the resistance drops
sharply at low T, signaling the onset of superconductivity. As
VG is increased, the Tc increases up to a maximum of ∼14 K
and then decreases for further increasing VG. The Tc is taken
to be the T at which the Rs falls to 50% of its normal-state
value. Due to the short Thomas-Fermi screening length in
cuprates [11,22], the active layer in the EDLT is limited to one
or two CuO2 planes, leaving the deeper layers unaffected.
To further demonstrate this screening effect, devices with
optimally doped Pr1.85Ce0.15CuO4 showing superconducting
Tc of ∼15 K were fabricated and tested. It was found that even
at a higher VG of 4 V, only a small change in Tc but no insulating
phase was obtained in a film with thickness above 3 uc,
indicating the shunting effect from the deeper layers which
are not influenced by the field effect. These suggest that the
superconductivity obtained in the underdoped EDLT devices
occurs within one or two CuO2 layers on the surface and, thus,
is two dimensional. This is different from the multilayers of
electron-doped cuprates in which the redistribution of charge
could be over a long distance, and thus, the transport properties
of one layer could be affected by the other ones [25].

The electric-field-effect-induced phase diagram of Tc ver-
sus carrier concentration x is constructed based on the
measured R-T curves at different VG’s and shown in Fig. 3. The
details of the estimation of x can be seen in the Supplemental
Material Sec. 3 [26]. For comparison, a field-effect-induced
phase diagram of hole-doped LSCO is extracted from Ref. [11]
and plotted. The superconductivity occurs at doping levels of
x ≈ 0.12 for sample A and x ≈ 0.11 for samples B and C,
comparable to that in chemically doped PCCO [27]. These
doping levels are much higher than that of LSCO, indicating
that more charge carriers are required to induce superconduc-
tivity in electron-doped cuprate EDLT. This could also be seen
from the fact that the VG at which superconductivity occurs in
PCCO (above 2 V) is higher than that (1.25 V) in LSCO [11].
The inset of Fig. 3 shows the normalized Tc, Tc/Tc (x = 0.15)
as a function of x for field-effect and chemical dopings [27].

One can see that the phase diagrams derived from field-effect
and chemical dopings are reasonably similar. This suggests
that the estimation of x is reliable, a necessity for quantitative
analysis near the SIT. The highest Tc obtained by field-effect
doping is ∼14 K, which is lower than that of LSCO (∼29
K), and that (∼21 K) obtained by chemical doping [27].
The difference in Tc between EDLTs and chemically doped
samples has also been observed in hole-doped LSCO [11].
This may be due to the possible disorder in the ultrathin film
as well as the 2D nature of superconducting EDLTs.

It is proposed that the SIT at the limit of zero T and 2D
is an example of a QPT [28–31]. At nonzero T , the signature
of a QPT is a success of finite-size scaling in describing the
finite-T data [2,11,12,28–34]. For a 2D system, the Rs near a
quantum critical point collapses onto a single scaling function
Rs(xt ,T ) = RcF (|xt − xc|T −1/vz, where T is the temperature,

FIG. 3. (Color online) Electric-field-effect-tuned critical temper-
ature Tc versus carrier concentration x for electron-doped PCCO
(samples A–C) and hole-doped LSCO. Tc versus x for LSCO
is extracted from Ref. [11]. The inset shows the normalized Tc,
Tc/Tc(x = 0.15) as a function of x for the electric-field-effect and
chemical dopings. Tc/Tc(x = 0.15) versus x for chemical doping of
PCCO is extracted from Ref. [27].
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FIG. 4. (Color online) Isotherms of Rs as a function of x at T

ranging from 2.2 to 7 K for sample C. The inset is the finite-size
scaling of the isotherm curves, showing the resistance as a function
of |x − xc|/T 1/vz with a critical exponent vz = 2.4.

xt is the tuning parameter (in the present result, xt is the
carrier concentration and magnetic field), xc is xt at the critical
point, Rc is the critical Rs at xt = xc, v is the correlation
length critical exponent, z is the dynamic critical exponent,
and F (u) is a universal function of u with F (u) → 1 when
u → 0. The low-T resistances near the SIT were extracted for

quantitative analysis. Figure 4 shows the resistance isotherms
of sample C from 2.2 to 7 K as a function of x. One can
see that all curves cross at a single point which separates the
insulating and superconducting regimes. The data at the point
give the critical values of x and Rs to be xc ≈ 0.1005 and
Rc ≈ 2.88 k�. The Rc is much lower than RQ. The inset of
Fig. 4 is the finite-size scaling analysis of the data in the
vicinity of the SIT. Given the exponent product vz = 2.4,
all of the isotherm curves collapse onto a single function,
suggesting the occurrence of a 2D-QPT. The scaling analysis
of other samples is shown in the Supplemental Material
Figs. S7–S9 [24], and the similar values of Rc and vz are
also observed, indicating that our results are reproducible.
The value of vz for PCCO is different from those for the
hole-doped 214-structure counterpart, vz = 1.5 for LSCO [11]
and vz = 1.2 for La2CuO4+δ [13]. It is consistent with that of
the quantum percolation model (vz ≈ 7/3) [12,35–38].

Magnetic-field (B)-tuned SITs were performed on sample
A at three different VG’s of 2.75, 3.0, and 3.2 V, which
correspond to underdoped, optimally doped, and overdoped
states, respectively. At each VG the sample was initially
superconducting and could be tuned to insulating states
(Supplemental Material Fig. S6 [24]). Figures 5(a)–5(c) show
the Rs as a function of B at four T points below the onset of
superconductivity. At each doping level, isotherms of Rs cross
each other at a single point which separates the insulating from
the superconducting phase. The critical magnetic fields Bc and

FIG. 5. (Color online) Resistances of sample A as a function of magnetic fields B at (a) VG = 2.75 V, (b) VG = 3.0 V, and (c) VG = 3.2 V,
corresponding to underdoped, optimally doped, and overdoped states (x = 0.132, 0.15, and 0.153), respectively. The insets show the Rs as a
function of |B − Bc|/T 1/vz. The data can be fitted by a finite-size scaling function assuming vz = 1.4 for three doping levels. (d) Rc, Rn, and
Bc, as a function of x which correspond to different VG’s. Rc and Bc are the resistances and magnetic fields at the points where the resistance
isotherms cross each other. Rn is the resistance obtained at the onset of superconductivity and zero magnetic field (Supplemental Material
Fig. S6(a) [24]).
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Rc as a function of x are shown in Fig. 5(d). It can be seen
that Bc peaks at the optimally doped state and shows lower
values at underdoped and overdoped states. Rc is similar to Rn

at each doping level, decreases with increasing doping levels,
and is much lower than RQ, especially for the ones at optimally
doped and overdoped states. The insets of Figs. 5(a)–5(c) show
a finite-size scaling analysis of isotherm curves. One can see
that all the curves collapse onto a single function except at
high B. The deviation of scaling at high B could probably be
due to the presence of weak localization dominating at high
B, which causes a weak increase in resistance with increasing
B [39]. This can be seen in the Rs-B curves, which show
that above Bc, the resistance tends to saturate at high B.
Interestingly, the same exponent product vz = 1.4 is obtained
at three different VG’s. The vz observed here is consistent
with classical percolation theory (vz ≈ 4/3) [32,37,40] and is
similar to that of the chemically doped sample [21]. Note that
for the case of chemical doping, the B-tuned SIT has only been
observed in the underdoped sample. In our EDLTs, B-tuned
SITs occurred at different doping states, and the same vz was
observed. This suggests that B-tuned SITs in the EDLT are
governed by the same mechanism at different doping levels.

In the bosonic picture of the SIT the perfect duality
between Cooper pairs and vortices predicts that Rc is equal to
RQ = h/(2e)2 = 6.45 k� [11,28,30,31,35,41,42]. The values
of Rc ≈ RQ observed in YBCO and LSCO suggest that
the SITs are driven by quantum phase fluctuations in the
hole-doped cuprates, consistent with the bosonic picture
[11,12]. However, in electron-doped PCCO we observed Rc

much lower than RQ in both carrier- and B-tuned SITs.
This suggests that there are possible fermionic excitations
at finite T contributing to the conduction near the SIT in

PCCO [32]. Furthermore, it is found that in the B-induced
SIT, Rc shares the same evolution with Rn and decreases with
increasing charge carriers [Fig. 5(d)]. Moreover, as is shown
in the electric-field-effect-induced phase diagram (Fig. 3), the
carrier density at which the SIT occurs in PCCO is higher
than that in the hole-doped ones. These observations suggest
that fermionic excitations at the insulating side of the SIT
may occur in n-type superconducting cuprate phases possibly
on account of the higher carrier density compared to the
hole-doped system. However, to fully understand the role of
fermionic excitations on the SIT of electron-doped cuprates
further studies will be needed [31,43,44].

To summarize, we investigated carrier- and B-tuned SITs
in electron-doped PCCO ultrathin films (see Refs. [45–57]).
Using IL as the dielectric material in the EDLTs, the initially
insulating states of underdoped PCCO could be gated into
superconducting states. In superconducting EDLTs, insulating
states were realized by applying B. Through finite-size scaling
analysis, it was suggested that carrier- and B-tuned SITs
are 2D-QPTs. Moreover, we found the Rc

′s in PCCO are
much lower than RQ, which probably suggests that there are
fermionic excitations at finite T contributing to the conduction
near the SIT. The present results could help to further our
understanding of quantum criticalities in cuprates.
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