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ABSTRACT: Controlling the oxygen content can manipulate the electrical conductivity
of transition metal oxides (TMOs). Although the superconductor-metal-insulator
transition is useful for functional devices, an electrical path must be developed to
manipulate the oxygen deficiency (d) while maintaining the solid-state. YBa,Cu3O7-s

(YBCO,0 = 6 =< 1)is a high transition temperature (7c) TMO that can be modulated



from superconductor (7 ~92 K when o0 = 0) to insulator (6 ~ 1). Here, we show a simple
and efficient way to manipulate ¢ in YBCO films using a solid-state electrochemical
redox treatment. Applying a negative voltage injects oxide ions to the YBCO films,
increasing 7c. Employing a positive voltage suppresses the superconducting transition
and modulates the electrical conductivity. The present results demonstrate that the
superconductor-metal-insulator transition of YBCO is modulated electrochemically in
the solid state, opening possibilities of superconducting oxide-based device

applications.

KEYWORDS: YBa>CuzO7-5, superconductor-metal-insulator transition, oxygen

deficiency, electrochemical redox reaction, yttria-stabilized zirconia

INTRODUCTION

Various functional properties in transition metal oxides (TMOs) are strongly corelated
with the valence state of the transition metal ions. Examples include the electrical
conductivity, optical transmission, magnetism, and thermal conductivity. These

properties can be manipulated by controlling the oxygen content!'.

Many methods have been proposed to control the oxygen content of TMOs, including
heat treatment in a controlled oxidating/reducing atmosphere, heat treatment with a
strong oxidating/ reducing agent?, and electrochemical oxidation/reduction using liquid

electrolyte®. Electrochemical methods are the most suitable to utilise the functional



properties of TMOs because reversible redox control of TMO-based devices is
possible*. Additionally, an essential feature to realise reversible redox control of TMO-
based electronic devices is a crystallographic similarity between the oxidised and
reduced states. For example, the valence state of the cobalt ion in a SrCoO, oxygen
sponge’ can be adjusted electrochemically from +2 to +4 %1% dye to the flexibility of
the valence state of the cobalt ion and the topotactic change of the crystal lattice of

SrCoO, between brownmillerite and perovskite.

In this study, we focus on the solid-state electrochemical redox treatment of
YBaxCuz07-5 (YBCO)!'. YBCO is a well-known high-temperature superconductor. Its
superconducting properties highly depend on the oxygen deficiency (5)'%. As ¢ varies
from 1 to 0, YBCO ranges from metallic to semiconductive (Fig. 1a). The oxidised and
reduced states have similar crystal structures. Additionally, the superconducting
transition temperature (7¢) is strongly affected by 6. When 0 is zero, 7. is ~92 K but Tt
is almost 0 K when ¢ is ~0.6'2. Therefore, controlled tuning of § in YBCO is essential to

develop superconducting oxide-based devices.

Similar to other TMOs, 7. of YBCO can be modulated in several ways such as (1) heat
treatment in a controlled oxygen atmosphere'?, (2) electrostatic effect!?, (3) electrostatic
effect plus an electrochemical reaction using an ionic liquid'*, and (4) an interfacial

redox reaction via metal deposition'>. However, these approaches have their limitation



for specific applications and face problems for device applications, where good
repeatability is needed. In (1), the oxygen atmosphere must be precisely controlled,
while the controllable sheet charge concentration in (2) is low. When employing the
ionic liquid method, (3) suffers from a liquid leakage problem. In (4), the interfacial
redox reaction is uncontrollable. In this light, the development of a simple and

controllable method with easily accessible conditions is very important.

In this study, we demonstrate solid-state electrochemical switching of the
superconductor-metal-insulator transition in a YBCO-based device, which efficiently
manipulates ¢ in YBCO films. Applying a negative 10 V, the YBCO film shows an
increased 7. from ~41 K to ~87 K, whereas applying a positive 10 V efficiently removes
oxygen and successfully modulates the electrical conductivity of YBCO films from
superconductor to insulator. The present results clearly show that the superconductor-
metal-insulator transition of YBCO is modulated electrochemically in the solid state.
Thus, this approach opens new possibilities of superconducting oxide-based device

applications.

EXPERIMENTAL SECTION
Preparation of YBCO films: YBCO films (66 nm) were grown on (100) YSZ single
crystal substates (10 mm % 10 mm x 0.5 mm) at 850 °C in an oxygen atmosphere (10

Pa) by the pulsed laser deposition technique (KrF excimer laser, ~2 J cm 2 pulse !, 10



Hz). Prior to the deposition of YBCO, an ~7-nm-thick layer of 8 mol% Gd-doped CeO>

(GDC) was grown on the substrate at 750 °C under an oxygen pressure of 3 Pa.

Device fabrication and electrochemical redox reaction: Ag paint was pasted on the
back side of the YSZ substrate as the gate electrode and Au foil was used as the counter
electrode attached with the YBCO film (Fig. 1b). The electrochemical redox reaction
was conducted at 300 °C with an applied voltage of +10 V for reduction and —10 V for
oxidation. At 300 °C, the oxide ion conductivity of the YSZ substrate was ~3 x 107 S
cm . When +10 V was applied to the YSZ substrate, the oxide ion (O?") in the YBCO
lattice was attracted by the positive bias through the YSZ substrate. This flow of O ion
was detected as the electronic current. On the other hand, when —10 V was applied to
the YSZ substrate, O>" ion in the air was injected to the YBCO film through the YSZ
substrate by the negative bias. The oxygen deficiency o0 of the YBa>xCuzO7-5 films was

modulated by applying different electron densities.

Crystallographic characterisation: Crystalline phase, orientation, and thickness of the
resultant films were analysed by X-ray diffraction (XRD, Cu Kai, ATX-G, Rigaku). The
atomic arrangement of the resultant films was visualized using STEM (ARM200CF,
JEOL Co. Ltd) operated at 80 keV, to reduce the irradiation damage for YBCO. The
convergence semi-angle is 24 mrad and the collection semi-angle span from 90 to 200

mrad for HAADF-STEM imaging. Further, the valence state of Cu was analysed by the



electron energy loss spectroscopy (EELS), which was recorded using an Enfina
spectrometer (Gatan Inc.) with a cold-field emission gun. The collection semi-angle is
100 mrad and the dispersions used for collecting O K-edge and Cu L-edge are

0.1eV/channel and 0.25 eV/channel, respectively.

Resistivity and thermopower measurements: The electrical resistivities of the
resultant YBCO films were measured by the dc four-probe method in the van der Pauw
electrode configuration. In-Ga alloy was use as contact electrodes. The thermopower S
of the YBCO films was measured using a steady-state method at room temperature. Our

thermopower measurement setup is reported elesewhere. 617

RESULTS AND DISCUSSION

Figure 1b schematically depicts the fabrication of a YBCO-based simple device. We
chose an yttria-stabilized zirconia (YSZ) single crystal as the substrate because YSZ is a
well-known oxide ion conducting solid electrolyte and YBCO can be heteroepitaxially
grown on YSZ. YBCO films (66 nm) were heteroepitaxially grown on 8 mol% Gd-
doped CeO; (7 nm) buffered YSZ substrate by the pulsed laser deposition (PLD)
method. After YBCO film growth, Ag paint was pasted on the back side of the YSZ
substrate. Then the YBCO film surface was mechanically attached on Au foil. Finally,

the electrochemical redox treatments were performed at 300 °C in air.



We applied voltages of +10 V for reduction and —10 V for oxidation. The applied
electron density (Q) was calculated as Q = (I't-e 'v'!), where /, ¢, e, and v are the
applied current, time, electron charge, and film volume, respectively. As summarised in
Fig, 1c, we oxidised three samples as (B) O =—2.93 x 10*?> cm 3, (C) —1.01 x 10* cm>,
and (D) —1.32 x 10%* cm 3, and we reduced four samples as (E) +2.5 x 10*! cm ™3, (F)
4.0 x 10*' cm™, (G) 8.9 x 10*! cm 3, and (H) 9.4 x 10*! cm>. Sample A was kept in the

as-grown state for comparison.

Figure 2a shows the temperature dependence of electrical resistivity (p—7 curves) of
samples A—H. The p—T curves change drastically as Q is varied. The as-grown sample
(A) and oxidised samples (B, C, and D) show clear superconducting transitions. By
increasing Q, samples show a higher 7. and a lower normal-state resistivity. Figure 2b
plots the normalised resistivity at 100 K (p/p100 k) of samples A, B, C,and D as a
function of temperature. 7. significantly increases from ~41 K (A) to ~87 K (D) after
applying O of —1.32 x 10?* cm > (Fig. 2¢). In contrast, the superconducting transition is
completely suppressed by applying a positive voltage without an apparent transition
down to the lowest measured temperature (samples E, F, G, and H). Additionally, the
normal-state resistivity of the reduced samples increases with the reduction degree.
These results clearly indicate that a solid-state electrochemical switch of

superconductor-metal-insulator is realised.



It should be noted that 7t of the as-grown sample is lower than that of YBa,Cu3O7 (7.
~92 K), which is usually obtained by post-annealing in an oxygen atmosphere,
indicating that the oxidised sample D (7. ~87 K) is oxygen deficient. To clarify ¢ in the
YBCO films, we analysed the crystal lattice of the YBCO films using high-resolution
X-ray diffraction (XRD, Cu Kai) (Fig. S2). Only intense 00/ (/ = integer) YBCO peaks
are seen in the out-of-plane XRD patterns together with 002 GDC/Y SZ in the out-of-
plane XRD patterns (Fig. S2a). The full-width at half maximum (FWHM) of the out-of-
plane X-ray rocking curves (data not shown) is narrower than 0.1°, indicating films with
a strong c-axis orientation. In the in-plane Bragg diffraction patterns, intense diffraction
peaks of 400 YBCO are seen together with 110 YSZ (Fig. S2¢). Four-fold symmetry
(data not shown) is clearly observed, indicating heteroepitaxial growth and a stabilised
tetragonal structure. These results reveal that the epitaxial relationship between the
YBCO films and the substrate is (001)[100] YBCO || (001)[110] GDC/YSZ. The redox
treatment does not affect the peak position of 200 (2 =1 and 2) YBCO in the in-plane
Bragg diffraction patterns (Fig. S2¢). This suggests that the g-axis lattice parameter
(0.3860 nm) is constant, which is consistent with that of tetragonal YBaxCu307-s'2. The

peaks in the out-of-plane Bragg diffraction patterns clearly shift (Fig. S2b).

Table S1 lists the extracted c-axis lattice parameters of the YBCO films. Although the
literature indicates a clear relationship between the lattice parameter-oxygen content and

T.'?, the extracted c-axis lattice parameter does not reproduce the observed Te. This is



probably due to the in-plane lattice strain originating from the GDC/YSZ substrate.

To clarify the oxygen content in the YBCO films, we measured thermopower (S) of the
YBCO films at room temperature (Table S1) because S is an excellent measure to
analyse the Fermi energy location of a material. We obtained the oxygen content (Table
S1) using the following equation, which was extracted from the data reported by
Cochrane et al.'® in 1994

0=-0.8120 exp (=S / 72.244) + 0.8992
Figure 3a shows the calibration curve of 0, which is obtained from the reported S — o
data. Using the thermopower data and the calibration curve, we determined the ¢ values
of samples A — H. Figure 3b plots the change in the electrical resistivity (p) as a
function of 6. The p values increase exponentially with increasing 6. Although the
observed p values are slightly higher than the reported values!®, the overall increasing
tendency looks similar. Figure 3¢ shows the c-axis lattice parameter. The c-axis lattice
parameter of the present YBa,CuzO7-s films is ~0.01 nm longer than the reported
values'?. Figure 3d shows T of the samples A, B, and D. Compared to the reported
values'?, the observed Tt of the present YBaxCu3O7-s films is ~5 K lower. These results
reveal that the solid-state electrochemical redox treatments modulate 6 in YBa;CuzO7-5

films in the range of ~0 < J < ~0.87.

To further clarify the crystallographic change after the electrochemical reduction and



oxidation treatment, we performed high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) observations of samples D (oxidised) and H
(reduced) (Fig. 4). A layered crystal structure of YBa,Cu3O7-s films is clearly visualized
together with ~10-nm-thick GDC/YSZ substrate in both samples (Figs. 4a and 4c).

Similar to previous observations of oxidised YBCO films?*-%!

, many planar defects are
also detected in the HAADF-STEM image of sample D. The crystal lattices of sample H
(Fig. 4b) and sample D (Fig. 4d) agree well with the crystal structure models of
YBayCu3O¢ and YBaCu3O7 (Fig. 1a). Thus, the similar crystal structures of

YBayCu3O¢ and YBa,Cu3O7 allow 6 to be modulated by solid-state electrochemical

redox treatments.

The valence state change of the Cu ion in the chain structure of YBa,CuzO7-s was also
visualized by electron energy loss spectroscopy (EELS). Although the Cu L-edge
spectra of the planes do not differ significantly by the oxidation states (Fig. 4e), the
Cu?" intensity of chains?? in the oxidised film is stronger than that of the reduced one
(Fig. 4f). Additionally, the O K-edge spectra of the films do not differ significantly
(Figs. 4g and 4h). Although Gauquelin et al.?? detected an extra EELS peak at ~529 eV
in the chains of YBa>CuzO7 single crystal, our sample do not show an extra peak. Since
the O K-edge is sensitive to the crystal symmetry, one possible explanation of this
difference is that the crystal symmetry of our YBa,Cu3zO7-s samples is always tetragonal

whereas the YBa>Cu3O7-s single crystal undergoes a symmetry change from tetragonal
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around ¢ ~0.65 (orthorhombic :0 < & < 0.65, tetragonal: 0.65 < § < 1)!2. Thus, the
solid-state electrochemical redox treatments successfully induces a topotactic redox

reaction in the chain part of the YBa>xCu3O7-5 crystal.

Here, we discuss the possibility of reducing the operating temperature. When the
operating temperature is reduced, the oxide ion (O?") conductivity of YSZ is
exponentially reduced?. Thus, the redox treatment requires a longer time and a higher
voltage. In the present work, we used a 0.5-mm-thick YSZ single crystal as the
substrate. One solution would be to use a thinner YSZ single crystal substrate or thin

film.

Another important factor toward device applications is cyclability. We confirmed a good
cyclability of the superconductor-metal-insulator modulation by repeating the
electrochemical redox treatment for 5 cycles (Figure S3). The present method
repeatedly modulates the electrical resistivity and lattice parameter (Figures S4—S6).
This crystallographic stability originates from the similar crystal structures of the
oxidized and reduced states. The present results clearly demonstrate that the
superconductor-metal-insulator transition of YBCO is modulated electrochemically in

the solid state.

CONCLUSIONS
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In summary, we demonstrated a YBCO-based functional device that controls the
superconductor-metal-insulator transition by solid-state electrochemical redox
treatments. The device is simple and composed of YBCO/GDC/YSZ layers. Applying a
negative voltage to the YBCO films injects oxide ions into the YBCO films, increasing
T.. Employing a positive voltage completely suppresses the superconducting transition.
Hence, the results show that the electrical conductivity is well modulated
electrochemically in the solid state. Consequently, this study opens new possibilities of

superconducting oxide-based device applications.
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Figure 1. Solid-state electrochemical switching of superconductor-metal-insulator of
YBa;Cuz07-5 films. (a) Schematic of the crystal structure of YBaxCu3Og (insulator) and
YBaxCuzO7 (high-T. superconductor). Crystal structures are similar. (b) Schematic
illustration of a solid-state electrochemical switch. YBa>xCuzO7-5 film, which is grown
on a GDC-buffered YSZ substrate, is mechanically attached on Au foil. Ag paint is
pasted on the back side of YSZ substrate. Negative (positive) 10 V is applied at 300 °C
in air for oxidation (reduction) of the YBa;Cu3O7-s film. (c) Electron density (Q)
applied to YBaxCuzO7-5 films during the electrochemical redox treatment.
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solid-state electrochemical redox treatments. (a) p—7 curves of the YBa;CuzO7-s films
with various redox states. (b) Normalised resistivity of samples A, B, C, and D. (c)
Superconducting transition temperature (7c onset) as a function of electron density (Q).
T onset gradually increases and approaches the that of YBa>Cu30O7 (92 K).
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Figure 3. Solid-state electrochemical modulation of the electron deficiency (J) in the
YBaxCuzO7-5 films. (a) Thermopower (S). Calibration curve of ¢ in YBa;Cu3O7-5 is
from the reported S—o data. J values of the present films are determined using the
calibration curve. (b) Change in the electrical resistivity (p) as a function of d. Several
reported values are plotted for comparison. (c) c-Axis lattice parameter. c-Axis lattice
parameter of the present YBaxCu3O7-¢ films is ~0.01 nm longer than the reported
values. (d) Superconducting transition temperature (7c). Compared to the reported
values, 7t of the present YBa>CuzO7-5 films is ~5 K lower.
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Figure 4. Microstructure and valence states of the YBa,Cu3O7-5 films. HAADF-STEM
images of (a) reduced (H) and (c) oxidized (D) YBa>xCu3zO7-5 films. Layers of
YBa;Cuz07-5, GDC, and YSZ are clearly visualized. (b, ¢) Magnified HAADF-STEM
images. Scale bars are (a, ¢) 10 nm and (b, d) 1 nm. (e—h) EELS spectra of the
YBaxCuz0O7-5 films. Cu L-edge spectra of planes do not significantly differ by oxidation
state. On the other hand, the Cu** intensity of chains in the oxidized film is stronger
than that of the reduced one. (g, h) No significant difference is detected around the O K-
edge spectra of the films.
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