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ABSTRACT: Owing to the recent discovery of the current-induced metal-insulator transition and
unprecedented electronic properties of the concomitant phases of calcium ruthenate CazRuOs, it is
emerging as an important material. To further explore the properties, the growth of epitaxial thin
films of Ca2RuOs is receiving more attention as high current densities can be applied to thin-film
samples and the amount can be precisely controlled in an experimental environment. However, it
is difficult to grow high-quality thin films of Ca2RuO4 due to easy formation of crystal defects
originating from sublimation of RuOs; therefore, the metal-insulator transition of CazRuOs is
typically not observed in the thin films. Herein, stable current-induced metal-insulator transition
is achieved in high-quality thin films of Ca2RuOa4 grown by solid phase epitaxy under high growth
temperatures and pressures. In the CazRuOa thin films grown by ex-situ annealing at >1200 °C
and 1.0 atm, continuous changes in the resistance of over two orders of magnitude are induced by
currents with a precise dependence of the resistance on the current amplitude. A hysteretic, abrupt
resistive transition is also observed in the thin films from the resistance—temperature measurements
conducted under constant-voltage (variable-current) conditions with a controllability of the
transition temperature. A clear resistive switching by the current-induced transition is
demonstrated in the current—electric-field characteristics, and the switching currents and fields are
shown to be very stable. These results represent a significant step toward understanding the high-
current-density properties of Ca2RuOs and future development of Mott-electronic devices based

on electricity-driven transitions.



INTRODUCTION

As an important unsolved problem in strongly correlated electron physics, the possibility of
electricity-driven metal-insulator transition, where the current density or electric field serves as the
control parameter, has been actively debated since the 1990s."> Moreover, to enable the practical
application of Mott memories and transistors,* current- and field-induced metal-insulator transition
has been intensively explored in recent years due to their significant advantages in electronics
applications. Easier integrability into electronic devices and higher controllability of the resistance
state is expected for the electricity-induced transition than the more general temperature-induced

5

metal-insulator transition,* as it can be operated purely by electrical parameters, and not by

temperature increases through Joule heating. Recent studies have successfully verified the

3 and these

presence of electrically driven transitions in some narrow-gap Mott insulators,®
materials are receiving increasing attention. Layered perovskite CazRuO4 (CRO) is one such
material, where the metal-insulator transition is induced by currents or fields through electron
redistributions in the 4d t:g orbitals.>!%!3-16 In CRO, novel electronic properties that do not appear
in the thermally induced phases have been observed in the electrically induced phases, including
strong diamagnetism under a high current density.'* This indicates the particular importance of the
electricity induced transitions of CRO because the electrically driven transitions in other materials
generally induces only the same phases with the thermally driven transitions. Therefore, active

investigations into the electronic properties of CRO are being conducted, particularly for the high-

current-density phases.

The characterization of epitaxial thin films is considered essential for understanding the
mechanisms of the electrically induced transition of CRO as the current density of thin films can

be precisely controlled and much increased under experimental conditions. However, previous



studies have demonstrated that the metal-insulator transition of CRO becomes very obscure in the
thin films.!”° Gradual temperature-dependent changes in the resistivity p have been observed
over a broad temperature range of 2—-300 K in the thin films, instead of the sharp transition in bulk
CRO. The low-temperature p of the CRO thin films is also strongly dependent on the growth
method with approximate values of 10~ Q cm by pulsed laser deposition (PLD)!"!° and 107! Q
cm by molecular beam epitaxy (MBE).2° However, the transport properties of thin-film ruthenates
are strongly influenced by the high concentrations of crystallographic (planer and point) defects.?!
25 In CRO thin films, the large influence of crystal defects is also suggested from the growth
method dependence of p. The superconductivity of thin films of strontium ruthenate Sr2RuOs,
which is a chemical analog of CRO with a similar crystal structure, has recently been achieved by
reducing the planar defects and Ru deficiencies.”>?® This suggests that the suppression of
crystallographic defects may influence the observations of the metal-insulator transition of CRO
thin films and allow for a detailed understanding of electrically induced transitions. Therefore, in
this study, we attempted to grow epitaxial thin films of CRO with a reduced defect density and

achieve electrically driven transition in the films.

Here, we demonstrate stable current-induced transition in epitaxial thin films of CRO grown by
solid phase epitaxy (SPE). To suppress defect formation in CRO thin films, we performed epitaxial
growth at a high temperature above 1200 °C under a non-vacuum pressure of 1.0 atm by SPE. As
previous studies on Sr2RuOs4 thin films®*?> demonstrated that utilizing a high growth temperature
and preventing the composition loss of Ru due to the sublimation of RuOs in the vacuum
deposition®® are vital for defect suppression, we assumed that the high growth temperatures and
pressures of the SPE method would aid in high-quality epitaxial growth of CRO. In the CRO thin

films grown by SPE, clear current-induced transition was observed in the resistance—temperature



(R-T) and current—electric-field (/-E) characteristics. The switching-currents and fields of the
transition were extremely stable. Additionally, we found that the behavior of the current-induced
transition can be tuned based on the amount of current flow: Both gradual and abrupt resistive

transitions are possible in the epitaxial films of CRO.

RESULTS AND DISCUSSION

In this study, CRO thin films with a thickness of 30 nm were grown on LaAlO3 (LAO) (001)
substrates, which had an AlOx-terminated step-and-terrace surface formed by HCI etching.?” The
CRO thin films were grown from the amorphous precursor deposited on the LAO substrates, under
an Ar + Oz atmosphere with a pressure of 1.0 atm and temperature of 1200-1400 °C using an
external furnace by SPE (see METHODS for details). The electrical transport measurements for
the CRO thin films were conducted following standard four- and two-probe methods after applying
Au(35 nm)/Cr(5 nm) electrodes to the films. The four-probe measurements were performed for
large scale (>5.0 mm?) samples using non-continuous reading currents of <50 pA. The two-probe
method was used to investigate the current-induced transition. In the measurements, continuous
currents or voltages were locally applied to the CRO thin films using two-terminal electrodes with
a separation of 20 um (see Figure S1 for details), fabricated on CRO thin films with a dimension

of 1.0 x 1.0 cm?.

The X-ray diffraction (XRD) patterns of the films in the 8-28 scan (Figure 1a) indicated that
phase-pure, c-axis-oriented thin films of CRO were grown by the SPE method. The in-plane

orientations of the CRO films ([110] of CRO || [100] of LAO) were also confirmed from the ¢ scan
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Figure 1. XRD patterns of a CRO thin film on an LAO (001) substrate grown by SPE, measured
under (a) 8-268scan and (b) ¢ scan for the CRO 119 and LAO 103 reflections. The asterisks in
(a) indicate the reflections from the LAO substrate. (c) Reciprocal space map around the CRO
119 and LAO 103 reflections obtained from XRD measurements. (d) Cross-sectional HAADF-
STEM image of a CRO thin film grown on an LAO (001) substrate. The positions of Ca, Ru, La,
and Al ions are indicated with blue, red, orange, and green spheres for clarity, respectively. (e)
Higher-magnification HAADF-STEM image of a CRO film around a single-unit-cell-height step
on the LAO substrate. The solid pink and broken red lines indicate the RuO: planes of CRO and
CRO/LAO interface, respectively. (f) Topographic AFM image of a CRO thin film on an LAO
(001) substrate. The bottom figure shows the surface profile along the horizontal red line in the

image.



(Figure 1b). The reciprocal space mapping by XRD (Figure 1c¢) indicated that the in-plane crystal
lattice of the CRO film is matched with that of the LAO substrate, and the lattice constants were a
=b=0.536 nm and ¢ = 1.216 nm. These values indicate that the crystal lattice of the CRO film is
elongated from that of bulk CRO in the c-axis direction, which has @ = 0.541 nm, » = 0.549 nm,
and ¢ =1.196 nm at 7=295 K,?® due to compressive strain from LAO (with amounts of 0.9-2.4%).
The c-axis lattice constant of the SPE-grown thin films was slightly smaller than the lattice
constant ¢ of approximately 1.224 nm reported for CRO/LAO (001) thin films grown by PLD.!®!?
The smaller lattice constant may indicate the reduced defect densities of the SPE-grown thin films,
as the lattice constants of ruthenate thin films generally increase with increasing defect

concentrations.?’

The coherent growth of the CRO films and a sharp interface structure were also observed in the
high-angle annular dark-field (HAADF) images obtained by scanning transmission electron
microscopy (STEM) (Figure 1d). In the TEM observations, few extended defects were detected in
the CRO lattice over ~300 nm width. In previous studies on epitaxial thin films of CRO and
Sr2RuOs, out-of-phase boundaries (OPBs) were assumed to be inevitably formed in the films
particularly at the surface steps of the substrate with an approximate height of 0.4 nm'*?**° (Figure
S2a and b). However, in our thin films grown at high temperatures, OPB formation was
significantly suppressed, even at the steps on the substrate. As shown in Figure le, structural
mismatch in the out-of-plane direction was immediately accommodated in the first unit cell of
CRO at most of the substrate steps (see Figure S2b for details). Atomic force microscopy (AFM)
observations indicated that the CRO films had a periodic surface structure with atomically flat
terraces and 0.4 nm-high steps (Figure 1f). This structure indicates that the "steric type" of OPBs*

in the film were formed at these steps with an approximate interval of 300 nm, which was much



smaller than the step interval on the LAO substrate (Figure S2a), and were accommodated by the
CRO lattice. Unaccommodated OPBs were also observed in the TEM observations (Figure S2c)

with an approximate interval of 300 nm, and were the only notable defects observed.

The in-plane resistivity p of the CRO thin films exhibited an insulator-like temperature
dependence in T=4-400 K (Figure 2a), and the values were much lower than those of bulk CRO.?!
The reduced p is considered due to the destabilization of the insulating phase by the compressible
strain from the LAO substrates.'” Similar insulator-like behavior of p has also been reported in
CRO/LAO (001) thin films grown by MBE,?* however, the values in the SPE-grown films are one
to two orders of magnitude higher than those of MBE-grown films. The large growth-method
dependence of p suggests the strong influence of the crystal defects on the metal-insulator
transition of CRO thin films. Three possible mechanisms can be envisioned for the influences: (a)
hole doping by Ru deficiency formation, (b) electron doping by O deficiency formation, and (c)
changes in the structural-stress state by defect formation. While further investigations are
necessary to identify the dominant mechanism, the difference of p between the SPE- and MBE-
grown thin films can be explained by the changes in the structural stresses as a possible scenario.
Our SPE-grown thin films were shown to have a smaller c-axis lattice constant of 1.216 nm than
that of PLD grown thin films (1.224 nm).'®! This indicates that the SPE-grown thin films will
have a smaller compressive strain in the in-plane direction due to reduction of the defect-induced
lattice expansion.?’ Therefore, anisotropic in-plane pressure effects on the metal-insulator

transition®? will be reduced in the SPE-grown thin films, and the p will be increased.

The Hall resistivity pxy of the SPE-grown thin films exhibited an almost linear dependence on

the magnetic field up to 9 T (Figure 2b). The majority carriers in the CRO films were indicated to
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Figure 2. (a) Temperature dependence of the in-plane p for a CRO thin film on an LAO (001)
substrate grown by SPE. The inset shows In(p) vs. 1/T and 1/T"? plots for the p—T characteristic.
(b) Magnetic field dependence of the Hall resistivity pxy and (c) in-plane magnetoresistance for a
CRO thin film on an LAO (001) substrate measured at 7= (b) 50-350 K and (c) 10-100 K. The

inset in (b) shows the temperature dependence of the Ru derived from the pxy measurements.

be holes, based on the positive Hall coefficients Ru (inset of Figure 2b) determined from the slopes
of the pxy—H characteristics. The carrier concentrations derived from the Ru were 4.3 x 10%2 ¢cm™>
at 50 K and 1.7 x 10?* cm ™3 at 200 K. These concentrations are much increased from those of bulk
CRO (3.5 x 10'% cm™ at 200 K).** Effects of the compressive epitaxial strain of 0.9-2.4% from
the LAO substrate will be involved in the increased carrier concentrations. The in-plane
compression will inhibit flattening distortion of RuOe octahedra in CRO lattice, which causes

energy splitting between the (4dxz, 4dy.) and 4dxy orbitals,>* and will stabilize the metallic phases

as observed in bulk CRO under uniaxial*> and chemical®* pressures. However, the very small

values of Ru may be due to the nonnegligible contributions from the minority carriers (electrons)



and suggest the occurrence of mixed conduction by holes and electrons in the CRO thin films. The
Ru of the CRO thin films was highly dependent on the temperature (inset of Figure 2b). Such
strong temperature dependence of Ru has been observed in bulk metallic (Ca,Sr)2Ru0O4**> and CRO
in current applications,'® often with a temperature-dependent reversal of the sign, indicating the
alteration of the carrier type. However, in our CRO thin films, no sign reversal was observed for
the Ru in the temperature range of 50-350 K. For the current-induced phases of bulk CRO,
negative magnetoresistance of approximately —2% at 7 T was also observed.!* Regarding this
feature, our CRO thin films exhibited large negative magnetoresistance, even before applying a
large constant current. As shown in Figure 2c, the CRO thin film begun to exhibit negative
magnetoresistance below an approximate temperature 7" of 50 K, and the value reached to —9% at
toH =7 T and T = 10 K. This behavior may suggest that the magnetic ground state of the CRO
thin films is ferromagnetic, as such large negative magnetoresistance is generally caused by the
spin fluctuation in a ferromagnetic material, which has been observed in bulk CRO under isotropic

pressure.®

In bulk CRO, the temperature dependence of p fits well the activation-type insulating behavior
of In(p) o« T~! or the Efros-Shklovskii-type variable-range hopping mechanism of In(p) «
T~Y2in T'< 250 K.'%3137 The p of bulk CRO deviates from these laws near the metal-insulator
transition temperature 7m of 357 K due to the supposed changes in the energy gap and effective
mass.'? In our CRO thin films, however, the p deviated from these dependences in the all range of
T'=4-400 K (inset of Figure 2a). We have confirmed that the temperature dependence of p also
does not obey small-polaron or Mott-variable-range hopping mechanisms. The temperature-
dependences of p and Ru suggest that the metal-insulator transition of the CRO films was

broadened over this temperature range due to the epitaxial strain from LAO, similarly to
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CRO/LAO (001) thin films grown by PLD.'®!° The SPE-grown films are supposed to be in a
metastable state below the 7m of 240 K (as discussed later), where the transition is not completely

undergone.

Current-induced resistive transition was found to emerge when applying continuous currents to
the CRO thin films using a two-terminal gap electrode (Figure S1). In the resistance—temperature
characteristics measured under a constant current flow, gradual suppressions of the resistance were
observed depending on the current amplitude (Figure 3a). We observed that this current-dependent
resistance change was a reversible phenomenon. By reducing the applied currents after the
application of 10 mA, very similar R—T characteristics were measured under the lower current
amplitudes. The current dependence of the resistance almost disappeared above a ridge observed
at 240 K (Figures 3a and S3). This temperature can be considered as the 7wm of the SPE-grown
CRO films, from which the broadened transition begins. This 7m is close to that of CRO/LAO
(001) thin films grown by MBE (Tm = 230 K).?* The coincidence of the 7w in the SPE- and MBE-
grown films also suggests that their difference in the p is mainly caused by the difference in the
in-plane strain, which does not cause an apparent shift in the 7m.3> Regarding the I-E
characteristics measured with the same electrode, a rapid increase in the currents (i.e., resistive
switching) and hysteretic behavior were observed when the temperature was approximately 60 K
or less after reaching a threshold current 7 of 8.7 mA (Figure 3b). This current value corresponds
to a current density of around 0.4 MA c¢m 2 in the electrode configuration (Figure S1). Little
temperature dependence was observed in /i, whereas the threshold field Ew, which is the electric
field under which resistive switching occurs, exhibited a systematic variation depending on

temperature.

Additionally, we found that an abrupt phase transition emerges in the CRO thin films by
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Figure 3. (a) Temperature dependence of the resistance of a CRO thin film on an LAO (001)
substrate measured under a constant current of 1.0 LA—10 mA. The inset is a schematic
illustration of the two-terminal electrode with a lateral gap of 20 wm used for the measurements.
(b) I-E characteristics of a CRO thin film on an LAO (001) substrate measured at 7= 8—-80 K.
The arrows indicate the directions of the electric field sweeping. The horizontal line at 20 mA
shows the current compliance set by the measurement unit. (¢c) Temperature dependence of the
resistance of a CRO thin film on an LAO (001) substrate measured under a constant voltage of
6.0 V, and (d) its voltage-amplitude dependence. The current values shown in (¢) are for the two

representative data points before/after the rapid change in the resistance was observed.
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conducting measurements under constant-voltage conditions (i.e., with no current limit; Figure 3c¢).
The abrupt transition exhibited hysteresis due to temperature sweeping, which is typical of first-
order metal-insulator transitions. Regarding the heating characteristic, a rapid increase in the
currents (from 2.9 to 9.3 mA) was observed before and after the transition, which is consistent
with the constant-current-mode measurements (Figure 3a), where the resistance was largely
suppressed in a similar range of currents. We also observed that the temperature of the abrupt
resistive transition can be tuned by the voltage amplitudes. As shown in Figure 3d, the transition
temperature was significantly shifted depending on the voltage, with an amount of approximately

20 K/V.

For single crystals of bulk CRO, cracking (sample break-down) is readily caused by current- and
field-induced transition due to the large deformation in the crystal structure.” However, the
breakdown problem was significantly suppressed in the epitaxial thin films discussed here, and
stable cycling of the current-induced transition was achieved. Figure 4a presents the results of the
I-E measurements under multiple field sweeping cycles. The characteristics followed very similar
profiles during the 15 sweeping cycles, and the switching to the low resistance state occurred at
the same Ewn between 9.6-9.7 kV cm™!. The polarity reversal of the applied fields also caused no
change in the /-FE characteristics (Figure 4b). The cycle-to-cycle distributions of /m and Ew in the
CRO thin films appeared to be significantly smaller than those in threshold switching by
temperature-induced metal-insulator transition, where distributions of >10% typically occur due
to the randomness in the Joule heating and thermal dissipation.’®3° We examined the influences of
thermal dissipation on the /- characteristics of the CRO thin films by changing the field sweeping
rate. In the measurements shown in Figure 4c, the field sweeping rate was changed by setting a

waiting time (#w) for every measurement point having a measurement period of 10 points/kV cm ™.
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Figure 4. [-F characteristics of CRO thin films on LAO (001) substrates measured at 7= § K for
(a) 15 field sweeping cycles, (b) two cycles with different voltage polarities, and (c) three cycles
with different sweeping rates controlled by the #w. Note that two different samples were used for
the measurements shown in (a,b) and (c), respectively. The arrows in the figures indicate the
directions of the electric field sweeping. The horizontal lines at 20 mA show the current

compliance set by the measurement unit.

Because the amount of heat generated by Joule heating and thermal dissipation has a time
dependence, the Ewm of resistive switching by temperature-induced metal-insulator transition
strongly depends on the field sweeping rate.® The two-terminal structures used for the
measurements were shown to be in non-thermal equilibrium at tw = 0 s from the current hysteresis
observed at an increased temperature (Figure S4), and the local temperatures will also have a time
dependence in the measurements. However, the It and Ew of the CRO thin films did not change

with the field sweeping rate, and the /-E characteristics were stable (Figure 4c).

The measurements also indicate that the /-E characteristics are highly nonlinear in the field

range before the abrupt switching occurs. We have confirmed that the characteristics do not fit an
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exponential-type dependence, which is attributable to the interface barriers (data not shown). This
suggests that the current-induced resistance suppression (Figure 3a) may have already been
induced in the CRO films in the measurements, even before the abrupt switching is observed, and
the upward curves are due to the decrease in the resistance. The suppressions of resistance observed

by current applications of <5 mA in the R—T characteristics (Figure 3a) also support this conclusion.

The influences of increases in temperature due to Joule heating will be nonnegligible in the
current transport of the CRO thin films as the current density in the measurements should be high
(in the order of 0.1 MA c¢cm?). However, the abrupt transition observed in the /-E and constant-
voltage-mode measurements is unlikely to be explained by a local temperature increase in the
samples, as the CRO thin films intrinsically have a gradual temperature dependence of p and there
was no abrupt transition in the p-T curves (Figure 2a). However, an abrupt resistance—temperature
slope is required for inducing resistive switching by Joule-heating-driven metal-insulator
transitions.*>*’ Joule heating was also confirmed to not be the dominant cause of the transition
from the resistance hysteresis observed in the R—7 characteristics across 7m (see Figure S3 in the
Supporting Information). In previous studies on Mott insulators, Zener’ and avalanche’
breakdowns of the Mott-Hubbard gap were proposed as possible origins of the electrically driven
metal-insulator transition. However, in the CRO thin films, these field-driven mechanisms cannot
explain the gradual current dependence of the resistance (Figure 3a), as they should cause

threshold-like (two-state) changes in the resistance.

According to the above, the results suggest that the intrinsic control parameter of the observed
transition is current (specifically current density), rather than electrical field or temperature. In

bulk CRO, two possible scenarios have been proposed for the mechanism of the current-induced

15



transition and resistance changes by it. One is the current-dependent reduction of the Mott-
Hubbard gap with the increase of occupancy of the 4dx. and 4dy. orbitals,'!” and the other is the
gradual growth of the metallic domains depending on the current densities.'* For our results, both
phenomena can qualitatively explain the gradual and abrupt resistance changes observed in the
CRO thin films based on the increases in the currents. However, some physical properties of the
current-induced transition of the CRO thin films largely varied from those of bulk CRO, such as
En (10 kV cm ™! versus 40 V ecm ™) and Ru (+107* cm?/C versus £10° cm?/C).!3 For a more precise
description of the transition, future studies should conduct detailed investigations into the impacts

of epitaxial strain and current densities.

CONCLUSIONS

In conclusion, current-induced phase transition was successfully demonstrated in high-quality
epitaxial thin films of CRO grown by the SPE method. An abrupt resistive transition with a
hysteretic behavior was observed in the R—T characteristics measured under constant-voltage
conditions. The current-induced transition in the thin films exhibited very small variations in the
switching fields and currents during cycling. High controllability of the resistance values and
transition behaviors was also observed depending on the amplitudes of applied currents and
voltages. These results also raised some questions concerning the mechanisms of the current-
induced transition, such as the influences of the epitaxial strain and current densities. Although
much higher current densities (~0.1 MA ¢cm ') will be applied to the CRO thin films than those to
bulk CRO (~1 A cm),!315:16 qualitatively similar behaviors were observed between the transitions.

To answer these questions, further measurements under controlled current densities via

16



micropatterning for the CRO thin films should be conducted. The findings in this study will open
new areas for controlling strongly correlated electronic phases based on current applications, and

future developments of Mott-electronic devices with high controllability of the resistance state.

METHODS

Thin-Film Growth. During the first step of SPE growth of CRO thin films, amorphous
precursor films with a composition of CazRui1+xOs+y were deposited on LAO (001) substrates by
PLD. Sintered mixtures of CaCO3 and RuO2 with a final nominal composition of CazRu1.504+y
were used as the PLD targets. The deposition was performed in a vacuum PLD chamber at room
temperature with an oxygen partial pressure of 10 Pa using a KrF excimer laser (4= 248 nm) with
a fluence of ~2 J cm ! and repetition rate of 10 Hz. The surfaces of the LAO (001) substrates were
etched with concentrated HCI solutions prior to deposition to form an atomically stepped structure.
The precursor films were then annealed in an external tube furnace for 1.0 h at 7= 1200-1400 °C
under an Ar(99%) + O2(1%) atmosphere and a pressure of 1.0 atm to complete the epitaxial growth
of CRO. In this article, CRO thin films annealed at 7= 1350 °C were used for the measurements,

where the best crystallinity was obtained.

Structure Characterization. The crystal structures and orientations of the films were
investigated by XRD measurements using a SmartLab (Rigaku) and D8 Discover (Bruker AXS
Inc.) with a Cu K« source, and TEM using a JEM-ARM200F (JEOL) after focused ion-beam
milling with a Quanta 3D 200i (Thermo Fisher Scientific). The surface morphologies of the films

were observed by AFM using a NanoCute (Hitachi High-Tech Co.).
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Electrical characterization. Au(35 nm)/Cr(5 nm) electrodes were fabricated on the CRO thin
films by vacuum evaporation and photolithography to capture the electrical measurements. The
four-probe resistivity, Hall effect, and magnetoresistance measurements were carried out in the
physical property measurement system (PPMS, Quantum Design). The two-probe resistance was
measured with a system consisting of a cryocooler, multimeter (Keithley 2002), and direct current
source (Yokogawa 7651). The [-E characteristics were measured using a Keysight 4156C

Semiconductor Parameter Analyzer and a cryogenic probe station (Nagase, GRAIL-20-305-6-LV).

ASSOCIATED CONTENT
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