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Manipulating the superconducting states of high transition temperature (high-Tc) cuprate superconduc-
tors in an efficient and reliable way is of great importance for their applications in next-generation elec-
tronics. Here, employing ionic liquid gating, a selective control of volatile and non-volatile
superconductivity is achieved in pristine insulating Pr2CuO4±d (PCO) films, based on two distinct mecha-
nisms. Firstly, with positive electric fields, the film can be reversibly switched between superconducting
and non-superconducting states, attributed to the carrier doping effect. Secondly, the film becomes more
resistive by applying negative bias voltage up to � 4 V, but strikingly, a non-volatile superconductivity is
achieved once the gate voltage is removed. Such phenomenon represents a distinctive route of manipu-
lating superconductivity in PCO, resulting from the doping healing of oxygen vacancies in copper-oxygen
planes as unravelled by high-resolution scanning transmission electron microscope and in situ X-ray
diffraction experiments. The effective manipulation of volatile/non-volatile superconductivity in the
same parent cuprate brings more functionalities to superconducting electronics, as well as supplies flex-
ible samples for investigating the nature of quantum phase transitions in high-Tc superconductors.

� 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Copper oxide (cuprate) superconductors continue to be consid-
ered as technologically attractive materials mainly due to their
high transition temperature (high-Tc). Although high-Tc cuprate
superconductors have been discovered for more than three dec-
ades, the micro mechanism still remains unclear and the progress
of their applications in superconducting electronics is relatively
slow. The superconductivity of cuprates is commonly achieved
by doping charge carriers, via either cation substitution or oxygen
variation, to the parent compound known as Mott insulator [1,2].
However, the superconductivity and physical properties of cup-
rates are very sensitive to subtle changes of chemical composition,
which is hard to control during the synthesis procedure [3–5].
Lately, much effort was spent on controlling the superconducting
properties via a two-step post-annealing method, which tunes
the oxygen content and induces superconductivity in the insulat-
ing parent cuprates [6–8]. Such annealing process is performed
at several hundred degrees Celsius, where only one superconduct-
ing state can be obtained in each trial, consequently the cost is high
and the efficiency is low. Exploring an efficient in situ method to
manipulate the superconductivity of cuprates will not only help
us understand the origin of superconductivity in high-Tc supercon-
ductors, but also further promote their practical applications.

Lately, ionic liquid gating (ILG) technique emerged as an attrac-
tive method to trigger phase transitions by tuning the charge
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carriers in a large scale (1014–1015 cm�2) with the electrostatic
field effect [9–14]. For example, ILG can turn semiconducting ZrNCl
[15] and MoS2 [16] into superconductors, and tune the supercon-
ducting properties of La2�xSrxCuO4 [17], YBa2Cu3O7�d [18], Pr2�x-
CexCuO4 [19,20], La1.95Ce0.05CuO4 [21], and FeSe [22]. Such
process is reversible as the gating effect vanishes after removing
the gate voltage. In addition to the electrostatic field effect, some
studies argue that electrochemical interactions driven by ILG,
e.g., (de-)oxygenation and protonation, play an important role in
driving materials into new electronic phases. This happens, for
example, in oxides SrCoO2.5 [23], VO2 [24], SrTiO3 [25] and in
superconductors La1.96Sr0.04CuO4 [26], YBa2Cu3O7�d [27,28],
NdBa2Cu3O7�d [20], FeSe [29]. Nevertheless, in ionic liquid gated
high-Tc superconductors, the microscopic pictures of oxygenation
or protonation remain largely unknown. The complex interplay
between electrostatic carrier doping and electrochemical reaction
needs to be elucidated in order to understand the origin of high-
Tc superconductivity. Therefore, it is tempting to systematically
study the effect of ILG on high-Tc cuprates, by both electrostatic
carrier doping and electrochemical interaction, which can be
in situ controlled and thus will provide more device functionalities
and better understanding of high-Tc superconductivity.

For this purpose, a prototypical parent cuprate Pr2CuO4±d (PCO)
is chosen as our model system. It consists of alternatively stacked
fluorite-like rare earth layers and square-planar CuO2 layers. PCO
becomes superconducting by either electron injection with Ce dop-
ing, namely Pr2�xCexCuO4, or carefully tuning the oxygen content
via an annealing process, with a superconducting dome indicated
by the blue region in Fig. 1a [30–32]. Therefore, this system pro-
vides an ideal platform for studying high-Tc superconductivity
via ILG. We find that a positive gate voltage (PGV) can drive the
insulating PCO thin films into superconducting state, forming a
dome-like superconducting phase in the temperature-voltage (T-
V) phase diagram (SC I in Fig. 1a), mimicking the superconducting
dome in the phase diagram of T-Ce substitution [3]. Such a super-
conducting state disappears as the PGV is withdrawn, consistent
Fig. 1. (Color online) Phase diagrams of annealing and gating in Pr2CuO4±d. (a) The depen
lattice constant (the blue dome) and gate voltages (yellow domes, SC I and SC II). Th
respectively. (b, c) Schematic illustrations of electron carrier doping and oxygen vacancy
which the SC I dome arises and (c) shows negative field gating where the electrochemi
with the previous reports on La2�xCexCuO4 (LCCO) [21] and Pr2�x-
CexCuO4 [19]. This phenomenon is interpreted as electron injection
into the sample through the PGV process (see Fig. 1b).

Strikingly, although the sample becomes more resistive with a
negative gate voltage (NGV) of �4 V, a non-volatile superconduct-
ing state emerges after the NGV is removed. A corresponding
superconducting dome feature (SC II in Fig. 1a) via this NGV oper-
ation is presented in the T-V phase diagram along with the SC I
dome. Combined with high-resolution scanning transmission elec-
tron microscope (HR-STEM) and in situ X-ray diffraction (XRD)
measurements, we propose that the repairing of oxygen vacancies
in the CuO2 planes under the NGV process (see Fig. 1c) is a good
candidate to understand such a new phenomenon.

2. Experimental methods

2.1. Sample preparation

PCO thin films were grown on [0 0 l]-oriented SrTiO3 (STO) sub-
strates by the polymer assisted deposition method. Firstly, the pre-
cursor solution was prepared by mixing Pr/Cu nitrates,
polyethylenimine (PEI) and ethylenediaminetetraacetic acid
(EDTA) in deionized water, as described in Ref. [32]. The precursor
solution was first spin-coated on STO substrates and calcined at
550 �C in air to remove the organic residues. Successively, the as-
grown samples were fired at 850 �C in a multizone tubular furnace
with oxygen pressure of ~200 Pa for crystallization. Finally, these
samples were annealed at 400–600 �C under an oxygen pressure
of 1 Pa. By adjusting the annealing temperature and duration, insu-
lating and superconducting samples with various Tc’s were
obtained. The typical film thickness is about 60 nm.

To check the structure and crystallinity of the PCO films, we
performed the 2h-scan and reciprocal space mapping (RSM) of
the (�1 0 9) diffraction peak of the samples using XRD. The results
are shown in Fig. S1a (online). All Bragg peaks can be indexed to (0
0 l) orientation, indicating that the film is in a single phase
dence of the superconducting transition temperature (Tc) as a function of the c-axis
e blue and yellow domes are obtained with the annealing and gating methods,
repairing induced by ILG. (b) shows the configuration of the positive field gating by
cal reaction may occur, leading to the SC II dome.
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with c-axis orientation. In addition, the RSM data in Fig. S1b (on-
line) reveals that the PCO film has a good epitaxy.
2.2. Sample characterization

We carried out electrical transport measurements in the com-
mercial physical property measurement system (PPMS). PCO sam-
ples were placed at the bottom of a small quartz-glass cup and
immersed entirely by ionic liquid, as shown in Fig. S2 (online). A
Pt slice as gate electrode was fixed to the side wall of the quartz-
glass cup, which was mounted on the PPMS puck and transferred
to PPMS. The electrical transport properties were measured with
the internal electronic measurement system of PPMS, and an exter-
nal Keithley 2400 source meter was employed to apply bias volt-
ages between the sample and the gate electrode. All the samples
were patterned into standard Hall bars. The electrodes were pro-
tected by GE varnish to avoid corrosion by electrochemical reac-
tion. In situ XRD measurements were performed in a high-
resolution diffractometer (SmartLab, Rigaku) with monochromatic
Cu Ka1 radiation (k = 1.5406 Å). The gate voltage varies from �2.5
to 2.5 V in steps of 0.5 V. Since the gating device shields the lower
angle, the scanning 2h range was set between 41� and 49�.

The micro-structure was investigated by the HR-STEM (ARM-
200CF from JEOL) equipped with double spherical aberration (Cs)
correctors. The PCO specimens were prepared by the focused ion
beam technique and observed along the [1 1 0] zone axis. The
experiments were performed at 200 keV and the probe current of
angular bright-field (ABF) images and spectrum images (SI) were
set at 23 and 68 pA, respectively, to avoid beam damage. The SI
data was collected with a rate of 0.1 s/pixel and the energy disper-
sion for SI was set at 0.25 eV/pixel to obtain a high signal-to-noise
ratio. The collection semi-angle in the electron energy loss spec-
troscopy (EELS) was 100 mrad.
Fig. 2. (Color online) Electrical transport properties of PCO thin films under ILG. (a, b) T
gating sequence marked by the arrow. (a) demonstrates the volatile superconductivity w
After gating, the resistance is higher than the original value, indicating the presence of
process, where superconductivity emerges after a gating cycle to �4 V and returning to 0
gating states of panels (a) and (b), respectively. (e, f) Resistance as a function of te
superconducting sample S2, PGV can push the superconducting state into a metallic state
also induce superconductivity, demonstrating the non-volatile superconductivity does n
3. Results and discussion

3.1. Volatile superconductivity with positive gate voltage

Fig. 2a shows the temperature dependence of resistance mea-
sured under various PGVs for sample S1. With increasing PGV (gat-
ing temperature Tg = 250 K), the normal state resistance gradually
decreases and the sample becomes superconducting when PGV
reaches 2.1 V. However, this superconductivity disappears once
PGV is switched off. To detect the variation of carrier density with
gating, we carried out Hall resistivity measurements. As can be
seen in Fig. 2c, the Hall resistivity qxy gradually increases with
increasing PGV, similar to the effect of substituting Pr3+ by Ce4+

from underdoped regime to optimal doping [33,34]. This suggests
that the PGV-induced superconductivity (SC I) is caused by elec-
tron doping, which is further supported by the gating experiment
on another sample S2. As shown in Fig. 2e, S2 is originally super-
conducting and PGV can push the superconducting state into a
metallic state, mimicking the superconductor-to-metal transition
from optimally doped to heavily overdoped regime in Ce-doped
PCO [1]. Therefore, by starting with only two different sample
states (insulating and superconducting), the superconducting state
tuned by ILG can span the whole phase diagram from underdoped
to overdoped regime, in analog to electron doping by Ce-
substitution.

Several possible effects, such as electrostatic charge modulation
[15,16], oxygen removal [28,35], and H+ ions injection [23,36–38]
may arise during the PGV process in the oxide system. Considering
the fact that the thickness of the PCO thin film, ~60 nm, is much
larger than the Thomas-Fermi screening length (several nanome-
ters), pure electrostatic field effect can only modulate the elec-
tronic property of the surface layers, and therefore cannot extend
to the whole film and suppress the superconductivity of the bulk.
emperature dependence of resistance for sample S1 at various gate voltages, with
ith PGV process, where the superconductivity vanishes after retracting gate voltage.
electrochemical reaction. (b) shows the non-volatile superconductivity with NGV
V. (c, d) Hall resistivity versus magnetic field measured at 30 K, corresponding to the
mperature at different gate voltages for samples S2 and S3, respectively. For a
. For a non-superconducting sample S3, directly applying and withdrawing NGV can
ot depend on PGV process. For all the experiments, the gating temperature is 250 K.
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This conclusion is further substantiated by a contrast experiment
with gating temperature lowered to 220 K, where the gating effect
is purely electrostatic and the electrochemical reaction can be
unambiguously excluded [15,16]. At T = 220 K, even by applying
a Vg up to +3 V, no superconductivity occurs. When the gating tem-
perature is raised to 250 K and the gate voltage reaches +2.1 V, PCO
becomes superconducting immediately (Fig. S3 online). Therefore,
pure electrostatic field effect can be ruled out. The deoxygenation
effect is a more complex issue. In the next section, we will show
that the negative gating process repairs the oxygen vacancies and
induces superconductivity. Consequently, if the deoxygenation
effect dominates the PGV process, more oxygen vacancies will be
generated and the sample would be driven further away from
the superconducting state. Therefore, although it might be present,
deoxygenation should be a minor effect and cannot be responsible
for the superconductivity induced in the PGV process. Instead, H+

injection/removal is the most plausible explanation [29]. Our
recent work has also proven H+ injection/removal as the main
mechanism to tune the superconductivity in another electron-
doped cuprate LCCO [38]. H+ ions locate at interstitial positions,
and go out once the gate voltage is withdrawn.

3.2. Non-volatile superconductivity with negative gate voltage

In the negative bias gating process, as seen in Fig. 2b, the resis-
tance of sample S1 shows an indiscernible change in the voltage
range from 0 to �3 V (i.e., resistance curves almost overlap)
whereas a remarkable increase occurs at �4 V. Surprisingly, a
superconducting state emerges after the gate voltage is turned
off. Correspondingly, the Hall resistivity barely changes in the volt-
age range from 0 to �3 V but drops substantially at �4 V, as illus-
trated in Fig. 2d. When the gate voltage is removed, there is an
abrupt sign change of Hall resistivity from negative to positive. A
similar phenomenon has been observed in Pr2�xCexCuO4 with
increasing Ce doping concentration from underdoped to overdoped
regime [33,34]. However, a simple scenario based on electrostatic
carrier doping cannot account for the nature of non-volatile super-
Fig. 3. (Color online) In situ XRD characterization of PCO thin films on SrTiO3(0 0 1) substr
shifted for clarity and the arrow with dotted line represents the ILG sequence. The 2h-sca
about 14 min. The reference diffraction peak of the STO substrate remains almost unvarie
maximum (FWHM) (b), angle (c) and amplitude (d) of PCO (0 0 6) peak. FWHM and angle
(b) and the shaded area in (c). Dc ~ 0.005 Å indicates the variation of c-lattice constant co
significantly increases as the NGV reaches �2.5 V, marked in red color both in (a) and (d
temperature.
conductivity because the cycle of 0 ? �4 ? 0 V is unlikely to
cause an electron doping effect. In other words, the superconduct-
ing phase SC II arises from a novel and peculiar effect, which is dif-
ferent from the PGV-driven deoxygenation or proton injection in
copper- and iron-based superconductors [28,29,35]. In order to
further verify that the SC II phase appearing after a cycle of NGV
is indeed non-volatile, we did the measurements on another
non-superconducting sample S3. As shown in Fig. 2f, superconduc-
tivity also emerges after the sample undergoes a NGV process
to �3.5 V. A natural question one may ask is: what happens to
the samples as the NGV reaches a threshold?

Previous studies demonstrate that NGV above a threshold could
trigger an electrochemical reaction in some oxides, such as
SrCoO2.5 [23] and YBa2Cu3O7–x [28]. That is, oxygen ions are intro-
duced into the samples. In order to get an explicit picture of the
non-volatile superconductivity we observed, in situ XRD measure-
ments were performed on an insulating PCO thin film at room tem-
perature. As shown in Fig. 3, the almost unchanged full width at
half maximum (FWHM, Fig. 3b) and angle (Fig. 3c) of (0 0 6) Bragg
peak suggest minute crystallographic or structure factor modifica-
tion along the c-axis in the ILG process. This also indicates that no
extra oxygen ions are introduced to the apical sites, otherwise the
c-axis lattice constant should increase [39,40]. Notably, the ampli-
tude of (0 0 6) Bragg peak is significantly enhanced as the NGV is
set to �2.5 V, highlighted by the red lines in Fig. 3a and red sym-
bols in Fig. 3d. Such enhancement is retained after the gate bias
is switched off, implying irreversible modification of the XRD form
factor. In other words, the atomic electron density distribution and
crystal structure change within the building block CuO2 planes by
negative voltage operation. Here the room temperature (~293 K)
threshold bias voltage for NGV operation is about �2.5 V for the
in situ XRD measurements. According to the NGV experiments per-
formed at different gating temperatures, the threshold voltage for
inducing superconductivity decreases with increasing tempera-
ture. At room temperature, the threshold voltage of �2.5 V is also
consistent with the Vg-Tg parameter space for electrochemical
interaction [41,42] (Fig. S4 online).
ates under ILG. (a) 2h-scans at representative gate voltages. The curves are vertically
ns are measured with a voltage step of 0.5 V, and the time interval for each curve is
d during the gating process. (b–d) Gate voltage dependence of the full width at half
have no changes during the whole gating process, as indicated by the dashed line in
rresponding to the fluctuation of the diffraction angle. The amplitude of (0 0 6) peak
), and it weakens after switching to PGV. The measurement was performed at room
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In order to identify the origin of such crystallographic and/or
electronic related changes in the compound, we compare the HR-
STEM and EELS results between superconducting (SC) and non-
superconducting (NSC) samples. Fig. 4a and b are the ABF images
with atomic resolution along the [1 1 0] zone axis for NSC and SC
samples, respectively. The images have been processed by averag-
ing multiple frames with the SmartAlign software [43], which are
more representative and insensitive to noise. The dark, gray and
light spots represent Pr, Cu and O, respectively, as indicated by
the structure model overlaid on the upper right corner. Fig. 4d
and e display the corresponding line profiles of CuO2 layers in
the atomic columns highlighted in Fig. 4a and b. The valleys corre-
spond to the dark spots in the ABF image, where deeper valleys sig-
nify higher occupancy of oxygen or copper. Therefore, the content
of oxygen can be reflected by the depth of the valleys marked with
the inverted triangles (O atomic positions). The lines that connect
the triangles of the NSC sample are much more undulating than
that of the SC sample, suggesting that the oxygen atoms are not
uniformly distributed in the NSC samples. Namely, more oxygen
vacancies exist in the NSC sample. Furthermore, the oxygen
K-edge spectra of EELS from both NSC and SC samples are pre-
sented in Fig. 4f. It is clear that the superconducting sample has
a more pronounced leading edge peak structure in the EELS spec-
tra, mainly related to the oxygen p-orbital hybridizing with the
Cu d-orbital upper Hubbard branch from the CuO2 planes [44].
Especially the major peak features around absorption threshold
between 530 and 560 eV in the SC sample show clear spectroscopic
distinction compared to the NSC sample. To be more specific, the
peak feature around 535 eV presents clear red shift compared to
its counterpart in the NSC spectra, and the peak around 545 eV
pops out more pronouncedly from the spectral background in the
SC sample. All these suggest clear electronic structure modification
associated with oxygen ions in the CuO2 planes induced by the
NGV process.

It is known that unavoidable water inside the ionic liquid can
decompose into negatively charged O2� and positively charged
H+ through electrolysis if sufficiently high gate voltage is applied
[23,38]. Under NGV, anions accumulate on the surface of the sam-
ple. Since the oxygen vacancies in CuO2 planes actually act as pos-
itively charged centers, they will attract negatively charged oxygen
Fig. 4. (Color online) STEM and EELS study of PCO films. (a, b) Angular bright field imag
processed by averaging multiple frames with the SmartAlign software. The dark spots rep
and the corresponding atom notations are shown in panel (c). Scale bar: 0.5 nm. (c) Schem
layers in the corresponding atomic columns marked by the dashed lines in (a) and (b), r
valleys marked with inverted triangle symbols represent oxygen atom positions. (f) EELS
difference of the curves for SC and NSC samples is highlighted by red color.
ions O2� once the electrostatic potential can overcome the crystal
lattice energy. Therefore, it is reasonable to speculate that the
�3.5 V bias plays a role in repairing the oxygen vacancies electro-
chemically within the CuO2 planes, and consequently alters some
local electron density distribution, which is consistent with the
variation of peak amplitude in the in situ XRD measurements.

3.3. Discussion

Finally, we discuss possible mechanisms for the non-volatile
superconductivity. Considerable oxygen vacancies in CuO2 planes
act as potential barriers, breaking Cooper pairs and preventing
the pristine samples from showing superconductivity [45]. It is
known that there exists a charge transfer gap between the upper
Hubbard band (Cu dx2�y2 orbit) and the O 2p band in cuprates
[46]. The charge transfer gap can be smeared out by chemical dop-
ing [47] or field effect doping [48], due to the enhanced Coulomb
screening effect and weakened on-site Coulomb repulsion [49]. It
should be pointed out that the non-superconducting PCO samples
used here for ILG are not ideal Mott insulators, but rather slightly
doped insulators with Mottness. At the bias voltage �4 V, on the
one hand, the electrochemical reaction process reduces oxygen
vacancies in the CuO2 plane and thus the pair-break scattering
decreases; on the other hand, the conduction carrier density
decreases due to the reduction of oxygen vacancies and thus the
charge transfer gap is substantially enhanced, causing a sharp
decrease of Hall resistivity and the absence of superconductivity.
Once the gate voltage returns from �4 to 0 V, the charge transfer
gap turns to close, thereby allowing the emergence of supercon-
ductivity. Since electrons and holes come from the upper Hubbard
band and O 2p band, respectively, the mixture of these two bands
results in the coexistence of two-type carriers. Such speculation
can explain the non-linear magnetic field dependence of Hall resis-
tivity as the NGV is removed, but requires that hole-type carriers
dominate the transport for a positive Hall resistivity (Fig. 2d).
Another possibility is that besides the replenishing of oxygen
vacancies, some oxygen ions are introduced to the interstitial sites,
meanwhile bringing hole-type carriers into the film. Withdrawing
the electric field, the interstitial oxygen ions accumulate near the
film surface, resulting in a remarkable hole doping effect at the
es of NSC (a) and SC (b) samples, along the [1 1 0] zone axis. The images have been
resent different atoms, as indicated by the model overlaid on the upper right corner,
atic illustration of the crystal structure of Pr2CuO4±d. (d, e) The line profiles of CuO2

espectively. The deeper valley signifies higher occupancy of oxygen or copper. The
profiles of SC and NSC samples normalized to the main peak of oxygen K edge. The
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surface and thereby allowing the emergence of superconductivity.
This scenario is rather charming since hole-doped superconductor
is achieved from the prototype of electron-doped cuprate super-
conductor [50]. Further study is desired to pinpoint the underlying
mechanism of this unusual phenomenon induced by the NGV gat-
ing procedure. Nevertheless, the repair of CuO2 plane is the key to
realize non-volatile superconductivity.

4. Conclusion

In summary, we find that two different states of superconduc-
tivity can be effectively induced in insulating ternary copper oxide
Pr2CuO4±d by employing the ILG technique. One is volatile, result-
ing from electron carrier doping with PGV. The other is non-
volatile, due to the replenishing of oxygen vacancies in the CuO2

planes with NGV. Our findings provide a new paradigm for induc-
ing and manipulating superconductivity in copper oxide supercon-
ductors, which could lead to a more detailed experimental
exploration of fundamental physics as well as a route to optimize
high-Tc superconductors for practical applications. Furthermore,
an inexpensive and easy-to-implement method to control oxygen
vacancies with several volts gate bias is technically extendable to
other oxygen-sensitive functional materials.
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