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ABSTRACT: Perovskite cobaltites have emerged as archetypes for electrochemical control of materials properties in electrolyte-
gate devices. Voltage-driven redox cycling can be performed between fully oxygenated perovskite and oxygen-vacancy-ordered
brownmillerite phases, enabling exceptional modulation of the crystal structure, electronic transport, thermal transport, magnetism,
and optical properties. The vast majority of studies, however, have focused heavily on the perovskite and brownmillerite end points.
In contrast, here we focus on hysteresis and reversibility across the entire perovskite ↔ brownmillerite topotactic transformation,
combining gate-voltage hysteresis loops, minor hysteresis loops, quantitative operando synchrotron X-ray diffraction, and
temperature-dependent (magneto)transport, on ion-gel-gated ultrathin (10-unit-cell) epitaxial La0.5Sr0.5CoO3−δ films. Gate-voltage
hysteresis loops combined with operando diffraction reveal a wealth of new mechanistic findings, including asymmetric redox
kinetics due to differing oxygen diffusivities in the two phases, nonmonotonic transformation rates due to the first-order nature of the
transformation, and limits on reversibility due to first-cycle structural degradation. Minor loops additionally enable the first rational
design of an optimal gate-voltage cycle. Combining this knowledge, we demonstrate state-of-the-art nonvolatile cycling of electronic
and magnetic properties, encompassing >105 transport ON/OFF ratios at room temperature, and reversible metal−insulator−metal
and ferromagnet−nonferromagnet−ferromagnet cycling, all at 10-unit-cell thickness with high room-temperature stability. This
paves the way for future work to establish the ultimate cycling frequency and endurance of such devices.
KEYWORDS: electrolyte gating, magnetoionics, complex oxides, perovskite−brownmillerite transformation, hysteresis, reversibility

■ INTRODUCTION
Recent years have seen dramatic expansion of interest in the
area of electric-field or voltage control of materials properties
via electrochemical mechanisms. It is now understood that this
can be achieved via ionic liquids and gels,1−5 solid electro-
lytes,2,5−7 and ionic conductors,2,5−7 utilizing these media to
control the insertion/extraction of various chemical species
into/out of target materials they are interfaced with. These
species include oxygen ions/vacancies (O/VO),

2−33 H
ions,2,5−7,13,25,28,30,31,34,35 Li ions,28,36,37 N ions,38,39 F ions,40

etc., inserted/extracted into/from a variety of target materials,
spanning metals,5−7,9,10,35,37 oxides,2−8,11−34,40 two-dimen-
sional materials,3−5,28,36 nitrides,38,39 polymer semiconduc-
tors,1,3 and more. Devices operating on these principles are

electrochemical transistors, where a gate voltage (Vg) across
the electrolyte or ionic conductor controls the properties of the
target material electrode through ion insertion/extraction,
merging concepts from materials science, electrochemistry,
physics, and electrical engineering. The resulting modulation of
materials properties spans extraordinary ranges of elec-
tronic,1−5,8,11−30,34,36,37 magnetic,2−7,9,10,13−22,31−33,35,37−39
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thermal,3,23,25 and optical3,13,16−18,29−31 properties, leading to
device potential in magnetoionics,2−7,9,10,13−22,31−33,35,37−39

neuromorphic and stochastic computing,2,5−7,41 thermal
management,3,23,25,28 voltage-tuned photonics,2,3,28,29 etc. In
addition to exceptional property modulation, this approach
also offers nonvolatility, low power consumption, reversibility,
and competitive frequencies for many applications, although
the ultimate limits on frequency and endurance remain
unclear.2

Complex oxides have emerged as premier examples of the
power of this approach,2−5,11−33 particularly perovskite
cobaltites such as SrCoO3−δ.

11−14,16,19−21,24−27,31 These
materials offer low free energies of formation of VO
(ΔGVdo

),4,42−45 high diffusivities of VO (DVdo
), even at ambient

temperature,4,46−48 and very different properties in fully
oxygenated and reduced states,49,50 ideal attributes for Vg-
actuated redox-based electrochemical control. As the VO
concentration is increased, this system in fact topotactically
transforms from cubic perovskite (P) SrCoO3−δ with
disordered VO to orthorhombic brownmillerite (BM)
SrCoO2.5 (Sr2Co2O5) with ordered VO.

51,52 These structures
are illustrated in Figure 1(a), where the BM exhibits alternating
O-sufficient and O-deficient planes, with octahedral and
tetrahedral Co−O coordination, respectively.50,53,54 The
physical properties of P and BM SrCoO3−δ are thus
dramatically different: P SrCoO3 is an opaque metallic
ferromagnet (F) with a Curie temperature (TC) of ∼305
K,49 while BM SrCoO2.5 is an insulating antiferromagnet (AF)
with a Neél temperature (TN) of ∼540 K50 and a band gap that
has been reported to be as high as ∼2 eV.13 Building on the
ability to thermally cycle between P and BM in thin-film
perovskite cobaltites,55,56 recent work in ionic-liquid/ion-gel/
ionic-conductor-based transistors established electrical cycling
(i.e., gating) between these phases.11−14,16,19−21,24−27,31 As
illustrated in Figure 1(b), ionic-liquid/gel-based transistors
achieve reduction of P SrCoO3−δ to BM SrCoO2.5 under
positive Vg (left panel), and oxidation of BM SrCoO2.5 to P
SrCoO3−δ under negative Vg (right panel),

11−14,16,19−21,24−27,31

the requisite O for the latter likely deriving from electro-
chemical splitting of H2O in the ionic liquids/gels.2,4,13,19 This
cycling is nonvolatile, and intrinsically power-efficient due to
low electrochemical gate current (Ig). Related effects have also
been proposed for topotactic resistive random access memory
devices.57,58

By the above means, electrochemical gating of epitaxial films
of compounds such as SrCoO3−δ,

11−14,16,19−21,24−27,31

SrCo1−xFexO3−δ,
19 and La1−xSrxCoO3−δ

18,22,23,29 has been
intensively studied. In terms of the structure, both ex situ
and operando studies of Vg-controlled P ↔ BM trans-
formations have been performed, via transmission electron
mic roscopy14 , 2 1 , 2 2 , 2 4 , 2 7 , 2 9 and X- ray d iffrac t ion
(XRD),11−13,16,18−24,27,29 significantly advancing the under-
standing of this (first-order18) topotactic transition.18,56,59

Interestingly, some studies, particularly on SrCoO3−δ, present
clear evidence for tristate gating between P SrCoO3−δ, BM
SrCoO2.5, and hydrogenated HSrCoO2.5,

13,25,31 while others,
particularly on La1−xSrxCoO3−δ, evidence bistate gating
between P and BM phases;18,22,23,29 this difference is not yet
understood. In terms of electronic transport, accompanying Vg-
induced metal−insulator transitions have been observed
through temperature (T)-dependent resistivity (ρ) measure-
ments,13,18,21,23 leading to room-temperature ρ modulations up

to 105 in SrCoO3−δ and La1−xSrxCoO3−δ.
13,18,29 In terms of

thermal transport, substantial recent attention has focused on
electrochemically gated cobaltite films,23,25 with the room-
temperature modulation of thermal conductivity reaching a
factor of ∼10 between P SrCoO3−δ and HSrCoO2.5,

25 and a
factor of ∼5 between P La0.5Sr0.5CoO3−δ and BM
La0.5Sr0.5CoO2.5.

23 In terms of magnetism, a F to non-F
transition is established to accompany the Vg-induced P to BM
and metal−insulator transitions in SrCoO3−δ

13,16,19−21,31 and
La1−xSrxCoO3−δ,

18,22 enabling modulations of F magnetization
over 2.2 μB/Co,

13,18 modulations of TC over 220 K,13,18 and
room-temperature ON/OFF control of F order in
SrCo1−xFexO3−δ.

19 In terms of optical properties, opaque−
transparent cycling in the visible region is well-established via
Vg-based P ↔ BM cycling in SrCoO3−δ.

13,16,31 Recent work on
La1−xSrxCoO3−δ reported a more comprehensive assessment of

Figure 1. Crystal structure, device, and experimental setup
schematics. (a) Crystal structures of LSCO in perovskite (P, left)
and brownmillerite (BM, right) phases. Purple spheres are La/Sr ions,
gold spheres are O ions, and the CoO6 octahedra and CoO4
tetrahedra are shown in green. Note the quadrupling of the c-axis
lattice parameter in the BM phase due to the O vacancy order. (b)
Schematic LSCO-based ion-gel-gate electrochemical transistor
operating in both reduction (Vg > 0, left) and oxidation (Vg < 0,
right) modes. (c) Schematic experimental device setup showing the
LaAlO3 substrate (which was 10 × 10 mm2 for X-ray measurements
only), LSCO channel, ion gel, Pt gate and film electrodes, incoming/
outgoing synchrotron X-ray beam, source−drain current (ISD),
measured voltage for four-terminal measurements (V4T), and gate
voltage (Vg).
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Vg-control over the visible to mid-infrared response, establish-
ing promising modulations of the real and imaginary refractive
index of up to ∼1.8 and 8.2, respectively.29 Finally, in terms of
translation to device applications, several advances are
particularly noteworthy, including progress with P ↔ BM
switching speed in La0.5Sr0.5CoO3−δ,

22 room-temperature
magnetoionic function in SrCo1−xFexO3−δ,

19 low-power non-
volatile modulation of x-dependent optical properties in
La1−xSrxCoO3−δ,

29 and strain- and doping-based tuning of P
→ BM threshold voltages in La1−xSrxCoO3−δ, with excellent
room-temperature stability.18

While the above progress is impressive, a shortcoming of the
existing literature is the heavy focus on P and BM end points.
Studies exist of structural evolution as a quasi-continuous
function of gating time or voltage,11−14,16,18,19,21,23,24 with
accompanying tracking of transport13,14,16,18,23,24 and mag-
netic16,18,19 properties, but Vg hysteresis loops of essential
quantities such as ISD (the source−drain current), Ig, ρ, lattice
parameters, other structural parameters, etc., are rarely, if ever,
reported,20,24,26,27 though they have proven insightful in other
systems.60 This omission is glaring, for many reasons. First,
hysteresis loops are an obvious base for frequency-dependent
measurements to probe and advance the limits on cycling
speed of Vg-driven redox-based control. Second, the same can
be said for the other main obstacle to applications, namely,
endurance, particularly at high cycle numbers. Third, there
exist powerful methods for the study of hysteretic phenomena,
such as minor hysteresis loops61,62 and first-order reversal
curves,63−65 which have much potential to advance the

understanding of topotactic Vg-driven P ↔ BM cycling, but
have not yet been applied.
The critical application issue of cycling speed also highlights

another shortcoming of the existing literature, specifically the
dearth of studies on ultrathin films. It is apparent that the
switching speed of redox-based Vg-cycled devices will be
limited by diffusion of the relevant species, in the cobaltite P ↔
BM case the DVdo

at (ideally) ambient temperature.2,4 This
directly focuses interest on ultrathin cobaltite films in such
devices, but this is not prevalent in the literature. Early reports
focused on 20−50-nm-thick films,11,13,14 reducing to 11 nm in
La1−xSrxCoO3−δ

18 and 5 nm in a single report on SrCoO3−δ,
27

typically well above the unit-cell-level thickness to which
perovskite oxide heterostructures are explored in other
contexts.66 It is thus unknown how P ↔ BM ionic control is
affected by interface/surface effects and dimensional confine-
ment in the ultrathin limit.
In light of the above, here, we report the first complete study

of hysteresis and reversibility across the Vg-controlled P ↔ BM
transformation, using ion-gel-gated ultrathin (10-unit-cell-thick
(3.8 nm)) epitaxial films of La0.5Sr0.5CoO3−δ (hereafter,
LSCO) on LaAlO3 (LAO) (001) substrates. ISD vs Vg
hysteresis loops are shown to reveal a wealth of new
mechanistic findings, including asymmetric redox kinetics
due to differing oxygen diffusivities in the P and BM phases,
nonmonotonic P ↔ BM transformation rates due to the first-
order nature of the topotactic transformation, and limits on
first-cycle reversibility. Simultaneous operando synchrotron
XRD (SXRD) coupled with quantitative depth-wise structural

Figure 2. Perovskite ↔ brownmillerite cycling probed via gate-voltage hysteresis loops and operando SXRD. (a) Log10-scale source−drain current
(ISD) vs gate-voltage (Vg) hysteresis loop from an ion-gel-gated 10-unit-cell-thick LSCO film. Gating was performed at 300 K, in N2, at a sweep rate
of 1 mV s−1 and a source−drain voltage of 0.1 V. The colored and numbered circles represent points where the Vg sweep was paused, the device
was cooled to 150 K, and SXRD scans were collected; the device was then warmed to 300 K and the process repeated. (b−g) Operando specular
(00L) SXRD scans around the LaAlO3 substrate 002 reflections at Points 1−6 labeled in panel (a); these correspond to Vg = 0.0, 1.9, 3.0, −1.6,
−3.0, and 0.0 V. Open circles are data points, while the solid lines are refinements. Perovskite (P) and brownmillerite (BM) peaks are labeled.
Reciprocal lattice units (r.l.u.) are based on the substrate. Black arrows illustrate the sweep direction.
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refinement further elucidates these findings, in particular,
establishing the origins of the limits on first-cycle reversibility
in terms of structural degradation and roughening. Bringing to
bear powerful approaches to the study of hysteretic
phenomena, minor hysteresis loops are shown to provide
much additional insight, enabling the first rational design of an
optimal Vg cycle. Finally, these advances are combined to
present state-of-the-art Vg cycling of electronic/magnetic
properties in electrolyte-gated LSCO, including >105 ISD
ON/OFF ratios at room temperature, and reversible metal−
insulator−metal and F−non-F−F cycling. This is all achieved
in 10-unit-cell-thick LSCO, setting the stage for future work to
address the critical application issues of the ultimate limits on
frequency and endurance.

■ RESULTS AND DISCUSSION
As already noted, Figure 1(a,b) presents schematics of the P
and BM crystal structures of LSCO and the principle of
operation of ion-gel-gated LSCO thin-film electrochemical
transistors. As in SCO, electrochemical splitting of residual
H2O in the ion gels is believed to play a key role in the redox
switching from P to BM and particularly BM to P.2,4,13,19

Figure 1(c) provides additional details on the experimental
setup, showing the device geometry, electrical wiring for
transport measurements, and configuration for operando
SXRD. Fabrication and measurement details are provided in
the Methods section. These devices are based on high-quality,
epitaxial, single-phase, smooth LAO/LSCO(10-unit-cell) films
that have been extensively characterized;18,23,29,67−70 their
electronic/magnetic properties are among the best re-
ported67−70 at this thickness and strain state (1.2%
compression). Importantly, LSCO films are in the P phase
as-deposited,18,22,23,29 in contrast to SrCoO3−δ gating studies,
which start from as-deposited BM11−14,16,19−21,24−27,31 due to
the difficulty of stabilizing P SrCoO3−δ under typical growth
conditions.55,71 We estimate an initial δ ≈ 0.14 for these P
LSCO films, using established methods based on comparisons
of resistivity to bulk single crystals.68

We begin the discussion of the primary results and analyses
with Figure 2(a), which shows a 300 K ISD−Vg hysteresis loop
for an ion-gel-gated 10-unit-cell LAO/LSCO film. This loop
was recorded at a slow Vg sweep rate of 1 mV s−1 but was
interrupted at the numbered points to record operando SXRD
data. As discussed below, uninterrupted constant-sweep-rate
loops provide substantial finer detail, but Figure 2(a)
nevertheless serves as a good starting point to discuss initial
observations. The loop starts (Point 1) at Vg = 0, in the as-
deposited P phase, where ISD at this source−drain voltage (0.1
V, see the Methods section) is ∼1 × 10−4 A. More extensive
four-terminal transport data are discussed below, but we note
for now that this corresponds to ρ ≈ 300 μΩ cm at 300 K,
representative of high-quality 10-unit-cell LAO/LSCO
films.67−70 As Vg is increased, a reasonably well-defined
threshold voltage of ∼1 V is apparent,18 above which ISD
drops rapidly by orders of magnitude, before slowing at ∼2 V
(Point 2). ISD then flattens by 3 V (Point 3), at which stage the
Vg sweep direction was reversed. A more gradual increase of
ISD is observed at negative Vg (centered on ∼ −2 V), followed
by saturation at −3 V (Point 5). Notably, returning Vg to zero
(Point 6) results in substantially recovered ISD but not to
exactly the initial level (Point 1). Quantitatively, the ON/OFF
ISD ratio of this device on gating P → BM (at positive Vg) is ∼9
× 103, whereas the ON/OFF ISD ratio on gating BM → P (at

negative Vg) is ∼2 × 103, meaning that there is a factor of ∼4
difference in ISD between the initial (Point 1) and final (Point
6) states. As returned to below, this factor is only ∼2 for ρ,
meaning that a significant part of ISD decrease from Point 1 to
Point 6 is contact-related.
SXRD data at Points 1−6 around the loop in Figure 2(a)

confirm that the above behavior results from P → BM → P
cycling and clarifies the origin of the loop nonclosure. Figure
2(b−g) shows specular (00L) SXRD scans centered on the
LAO(002) reflection, i.e., log10 intensity vs L in substrate
reciprocal lattice units (r.l.u.). At Point 1 (Figure 2(b)), SXRD
confirms high-quality smooth LAO(001)/LSCO. The primary
reflection is just to the left of the LAO(002) substrate,
corresponding to an out-of-plane lattice parameter a = 3.89 Å,
in good agreement with the 1.2% mismatch and LSCO Poisson
ratio of ∼1/3.69,70 Laue fringes are pronounced, consistent
with high structural quality and low surface/interface rough-
ness. By Point 2 at 1.9 V, however (Figure 2(c)), the situation
changes: The LSCO reflection near the substrate downshifts
(indicating lattice expansion, consistent with VO forma-
tion18,72), while clear BM 006 and 0010 peaks emerge,
indicating the quadrupling of the c-axis lattice parameter in the
BM phase. The broad primary reflection in fact appears to have
both P 002 and BM 008 components, consistent with prior
observation of P/BM coexistence at intermediate voltages,
implying a first-order transition.18 By Point 3 (3.0 V, Figure
2(d)), only BM 006, 008, 0010, and 0012 peaks are apparent,
indicating nominally phase-pure BM. Figure 2(e) at Point 4
then shows that the BM is retained at −1.6 V, albeit with an
upshift of the primary reflection, consistent with VO
annihilation. In contrast, at Points 5 and 6 in Figure 2(f,g)
(−3.0 and 0.0 V, respectively), the primary features of BM are
removed, leaving essentially the P 002 and associated Laue
fringes. The SXRD data at Points 1−6 are thus qualitatively
consistent with an interpretation of the hysteresis loop in
Figure 2(a) in terms of P → BM → P cycling, with P/BM
phase coexistence at intermediate points. As an aside, we note
that the BM in Figure 2(c−e) is (00L)-oriented, i.e., the
alternating octahedral and tetrahedral Co−O layers (Figure
1(a)) are in-plane. This is as in our prior work,18 independent
of the strain state and Vg cycling; this is in contrast to some
observations21 for reasons that are not entirely clear. Also, as
noted in the Introduction section, no clear evidence of H
incorporation or a HLa0.5Sr0.5CoO2.5 phase is found, and the
origin of this difference compared to the SrCoO3−δ system
remains unclear.
Regarding the loop nonclosure in Figure 2(a), i.e., the

inequivalence of Points 1 and 6, it is noteworthy that the
SXRD scans in Figure 2(b,g) are different. The primary LSCO
P 002 reflection in Figure 2(g) is broader and less intense than
in Figure 2(b), and the Laue fringes are less pronounced and
wider-spaced. This immediately suggests that the high epitaxial
quality in the as-deposited P state is reduced after the first P →
BM → P cycle. Although the P ↔ BM transformation is
topotactic, this is perhaps unsurprising. Deeper insight is
provided by quantitative analysis of SXRD data. This was
achieved through a structural refinement based on a newly
developed constrained-phase-retrieval algorithm, as described
in Methods and Supporting Information Section A. This
procedure refines the one-dimensional, laterally averaged,
layer-by-layer electron density profile as a function of depth
through the film and substrate. Example refinements are shown
in close-up in Figure 3(a) for the Vg = 0 (as-deposited), 3.0,
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and −3.0 V cases, as in Figure 2(b,d,f), respectively. The open
points here are data and the solid lines are refinements, which
describe the data very well (as in Figure 2(b−g)). Figure 3(b−
d) shows the corresponding extracted depth (z) profiles of
electron density. At Vg = 0 (Figure 3(b)), the determined
structure is near-ideal, with a quite sharp LAO/LSCO
interface, uniform electron density in the LSCO interior
(with alternating La/Sr−O and Co−O layers), and a low-
roughness top surface. The extracted root-mean-square (rms)
roughness is 2.7 ± 0.3 Å, resulting in a surface region (pink
background in Figure 3(b−d), shown as the first atomic plane
above which a significant drop in electron density occurs) of
∼2 unit cells.
At Vg = 3.0 V (Figure 3(c)), as expected, the refined depth

profile is much different. First, the electron densities of the
atomic planes in the film interior are distinctly suppressed

relative to Figure 3(b), and a subtle two-peak structure
develops on the La/Sr−O planes (inset to Figure 3(c)). We
ascribe the overall electron density decrease to diminished
structural coherence of the BM phase relative to the as-
deposited P film, likely due to formation of multiple coexisting
BM domains during topotactic reduction. The two-peak
structure in the inset is expected in BM due to the noncoplanar
O2− ions (Figure 1(a)). Associated with this, the inter-A-site
distance oscillates vs depth, due to the alternating octahedrally
and tetrahedrally coordinated Co−O layers.50,53,54 This is
shown in Figure 3(e), where the depth profile of the A−A
distance clearly oscillates in the Vg = 3.0 V (i.e., BM) case, in
contrast with the Vg = 0 and −3.0 V (i.e., P) cases. In the latter
cases, there is only a weak increase in A−A distance toward the
surface, potentially reflecting a mild composition gradient. The
conclusion of nominally phase-pure BM at 3.0 V is thus

Figure 3. Structural details around perovskite ↔ brownmillerite hysteresis loops from quantitative operando SXRD. (a) Operando SXRD data
(open points) and refinements (black lines) at selected gate voltages (Vg): 0.0 V (as-deposited, gray), 3.0 V (maroon), and −3.0 V (green), as in
Figure 2(b,d,f). Reciprocal lattice units (r.l.u.) are based on the substrate. (b−d) Electron density vs depth (z) profiles extracted from the
refinements in panel (a), at 0.0 V (as-deposited, gray), 3.0 V (maroon), and −3.0 V (green). The substrate (light brown), LSCO film interior (light
green), and LSCO film surface region (pink, from the first atomic plane above which significant drops in electron density occur) are labeled, and
the vertical dashed line marks the start of the refined range. In the LSCO, the more intense peaks are the La/Sr−O layers, while the less intense
peaks are Co−O layers (the integrated peak intensities correspond to the electron densities on each layer). The inset in panel (c) highlights the
features due to brownmillerite. (e) Depth dependence of the A-site-to-A-site vertical distance extracted from panels (b−d), using the same Vg color
scheme. The dashed line corresponds to the substrate (LaAlO3 (LAO)) value. (f) Integrated electron (e−) density (normalized to 1 in the film
interior) vs. depth (z) for the 0.0 V (as-deposited perovskite) and −3.0 V (gated back to perovskite) cases. The solid lines are error function fits,
while the dashed curves are corresponding normalized Gaussian distributions of film thickness illustrating the different surface locations and
roughness. (g) Extracted film-interior out-of-plane lattice parameter (a) vs Vg. Black arrows illustrate the sweep direction and the dashed line is a
guide to the eye. The error bars represent the standard deviation of the mean value of the A-site-to-A-site distance in the film interior.
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supported by not only the BM peaks in Figures 2(d) and 3(a)
but also the details of the depth profile. Another observation
from the Vg = 3.0 V data (Figure 3(c)) is that the LSCO
surface roughness is higher in the BM phase. The rms surface
roughness in fact increases to 6.7 ± 1.2 Å, generating a surface
region (pink background) of ∼4 pseudocubic unit cells.
Finally, we note that some of the findings at 3.0 V depend on
an assumption in the refinement, specifically whether the first
LSCO layer (at the substrate interface) is octahedral or
tetrahedral Co−O. Based on prior literature,73,74 we assume
octahedral CoO6; the impact of this is explored in Supporting
Information Section B, Figure S1.
Figure 3(d) moves to Vg = −3.0 V, in the recovered P state,

revealing several differences from the as-deposited P state
(Figure 3(b)). First, the electron density in the LSCO interior,
particularly on La/Sr−O planes, does not fully recover after
the BM → P transformation, very likely reflecting that
oxidation from the multidomain BM state results in a lower
structural coherence P phase compared to the as-deposited
one. Second, there are striking changes near the surface. The
surface region (pink background in Figure 3(d)) not only
broadens relative to Figure 3(b) but also shifts to lower z,
indicating decreased thickness. This is illustrated in Figure
3(f), where the integrated electron density of each atomic layer
is plotted (normalized to the interior) vs z, comparing the Vg =
0 and −3.0 V cases. P → BM → P cycling is seen to decrease
the thickness from 40.2 to 31.5 Å, simultaneously increasing
the rms roughness from 2.7 ± 0.3 to 5.9 ± 0.4 Å. These points
are further emphasized by the solid lines in Figure 3(f), which
show normalized Gaussian distributions of thickness based on
the shown density profiles at 0 and −3.0 V (more details are
provided in Supporting Information Section B, Figure S2). The
∼2 unit-cell decrease in LSCO thickness may seem surprising,
but is likely simply due to mild etching at large positive Vg; this
is known in electrolyte gating,67,75,76 including oxides67,76 and
LSCO,67 the latter having been studied via atomic force
microscopy to the point of etch pit formation. This is thought
to be due to electrochemical splitting of residual H2O in ionic
liquids/gels, generating H+ ions that acid-etch the film at large
positive Vg, decreasing the thickness and increasing the
roughness.67 Such effects are more noticeable here in very
thin films compared to the majority of literature studies at 10−
50 nm.
As a final finding from operando SXRD, Figure 3(g) shows

the extracted out-of-plane lattice parameter around the first P
→ BM → P cycle. As noted in connection with Figure 1(b),
the Vg = 0 as-deposited a = 3.89 Å is as-expected based on the
strain state on LAO.18,23,69,70,72 As Vg is increased, VO
formation leads to a rapidly increasing above ∼1 V, reaching
4.10 Å at 3.0 V in the BM phase, consistent with a prior
work.18 (This is a pseudocubic lattice parameter here, i.e., 1/4
of the BM out-of-plane lattice parameter.) Decreasing Vg then
decreases a due to VO annihilation, reaching a ≈ 3.94 Å in the
recovered P phase at −3.0 and 0 V. The slight (1.2%)
difference in lattice parameters between the as-deposited and
recovered P states is consistent with the above findings,
highlighting that, in addition to the lower structural quality
than the as-deposited film, the δ of the cycled P film is also
slightly larger. Based on the known a(δ) in the P phase of
LAO/LSCO,18,68,72 we estimate a final δ of 0.19 compared to
the initial 0.14 (see Supporting Information Section B, Figure
S3, and Table S1, for more details). The loop nonclosure in
Figure 2(a) thus results from a combination of factors in the

cycled P film, including slightly larger δ, reduced structural
coherence, and increased roughness. Limits on the oxidation of
the recovered P phase have been uncovered in prior thermal
cycling studies also.77

With the main features of the ISD vs Vg hysteresis loop in
Figure 2(a) understood in terms of structural insights from
quantitative operando SXRD, we turn to additional insights
revealed by uninterrupted constant-sweep-rate hysteresis loops.
Figure 4(a) shows a typical loop, recorded at 300 K, 1 mV s−1

sweep rate, and 0.1 V source−drain voltage. Similar to Figure
2(a), ISD starts at ∼1 × 10−4 A in the as-deposited P phase; this
corresponds to ρ ≈ 300 μΩ cm at 300 K (and ρ ≈ 150 μΩ cm
at 10 K), representative of high-quality 10-unit-cell LAO/
LSCO.67−70 While the main features of Figure 2(a) are
retained in Figure 4(a), such as the clear P → BM and BM →
P transitions (at positive and negative Vg, respectively), and the
loop nonclosure, interesting new features emerge in constant-
sweep-rate loops. First, the P → BM transformation at positive
Vg completes more abruptly (between ∼1.5 and ∼2.5 V) than
the BM → P transition at negative Vg (between ∼0.5 and ∼
−2.5 V), leading to distinctly asymmetric loops. Second, there
emerge obvious shelf features on the right and left sides of the

Figure 4. Detailed gate-voltage hysteresis loops around the perovskite
↔ brownmillerite transformation. (a) Log10-scale source−drain
current (ISD) vs gate-voltage (Vg) hysteresis loop from an ion-gel-
gated 10-unit-cell-thick LSCO film. Gating was performed at 300 K,
in vacuum (<1 × 10−5 Torr), at a sweep rate of 1 mV s−1, and a
source−drain voltage of 0.1 V. (b) Corresponding logarithmic
derivative of ISD vs Vg, i.e., d log(ISD)/|dVg|. (c) Corresponding gate
current (Ig) vs Vg. Black arrows illustrate the sweep direction. Vertical
dashed lines mark the features in the data described in detail in the
text.
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loop, which are sharp on the right and broader on the left.
Along with these unusual features, the peak ON/OFF ISD ratio
reaches almost 105, comparable to the best reported in
electrochemically gated cobaltites.13,18,21,22,29 Figure 4(b)
highlights and quantifies these observations by plotting the
Vg dependence of a logarithmic derivative of ISD, i.e.,
d log10(ISD)/|dVg|. This reveals two sharp, closely spaced
negative peaks at positive Vg, along with two broader,
further-spaced positive peaks at negative Vg. The minima in
the logarithmic derivative between these peaks reflect the shelf
features in Figure 4(a), while the larger spacing between the
peaks at negative Vg reflects the asymmetry in Figure 4(a). The
corresponding Ig(Vg) loop in Figure 4(c) reveals a broad
positive-Vg peak centered on the two sharp peaks in the
logarithmic derivative in Figure 4(b), along with two broader
negative-Vg peaks aligned with the broader peaks in the
logarithmic derivative in Figure 4(b). The alignment of these
features is highlighted by the vertical dotted lines in Figure 4.
In Figure 4(c), the features are superimposed on the typical
increases in the magnitude of Ig at the extremes of Vg
(particularly negative Vg), which indicate the approach to the
limits of the electrochemical stability window.1,2

Based on the current understanding of the voltage-driven P
→ BM → P topotactic phase transformation in gated cobaltite

films, we provide simple interpretations of the phenomena in
Figure 4. First, we believe that the distinct Vg asymmetry in
Figure 4(a,b) simply reflects the known differences in mass
transport dynamics between P → BM and BM → P
transformations.59 Due to the one-dimensional VO channels
in the O-deficient planes of BM LSCO (Figure 1(a)),50,53,54

the dimensionality for O diffusion is distinctly reduced
compared to the three-dimensional situation in VO-disordered
P LSCO. Consequently, the kinetics of the oxidative
transformation from BM to P should be slower than the
reductive transformation from P to BM, which we propose
results in the Vg asymmetry in Figure 4(a,b). Both
experimental and theoretical literature support this interpreta-
tion. X-ray photon correlation spectroscopy on thermally
transforming SrCoO3−δ, for example, evidences one-dimen-
sional ionic migration processes from BM → P, in contrast to
three-dimensional processes from P → BM.59 Calculations of
activation energies for migration of O defects also yield
minimum values of only 0.5−0.6 eV in the P phase of
SrCoO3−δ, compared to a more anisotropic 0.6−0.8 eV in the
BM phase.43,78 From the applications perspective, such factors
likely mean that the BM → P transformation will limit the
ultimate frequency of P → BM → P cycling.

Figure 5. Minor hysteresis loops: designing an optimal gate-voltage cycle. (a−c) Minor hysteresis loops with fixed minimum (negative) gate
voltage (−4.0 V) but varied maximum (positive) gate voltage (1.5−4.0 V, in varied colors). Plotted are the gate-voltage (Vg) dependences of (a)
source−drain current (ISD) on a log10 scale, (b) gate current (Ig), and (c) current ON/OFF ratio (black, left axis) and current recovery ratio (blue,
right axis). (d−f) Minor hysteresis loops with fixed maximum (positive) gate voltage (3.0 V) but varied minimum (negative) gate voltage (−1.5 to
−4.0 V, in varied colors). Plotted are the Vg dependences of (d) ISD on a log10 scale, (e) Ig, and (f) the current ON/OFF ratio (black, left axis) and
current recovery ratio (blue, right axis). The ON/OFF ratio is defined as I0/Imin, where I0 is the initial (Vg = 0) value of ISD, and Imin is the minimum
value (at any Vg > 0) of ISD. The recovery ratio is defined as Imax/I0, where I0 is the initial (Vg = 0) value of ISD, and Imax is the maximum value (at
any Vg < 0) of ISD after cycling from positive to negative Vg. (g, h) Increasing Vg sweeps (varied colors) after sweeping from 0 to 3.0 V, to varied
negative voltages. Plotted are the Vg dependences of (g) ISD on a log10 scale and (h) dlog(ISD)/|dVg|. The dotted black line is a major hysteresis loop
for reference. Shown in panel (i) are the dependences of the threshold voltages for reduction (Vth,red), defined by the peaks in panel (h), on the
magnitude of the minimum (negative) gate voltage. All data were taken at 300 K, in vacuum (<1 × 10−5 Torr), at a sweep rate of 1 mV s−1, and a
source−drain voltage of 0.1 V. Black circles and arrows indicate the starting points of the highlighted loops and the sweep directions, respectively.
In panels (c, f), the blue horizontal lines mark ideal recovery, i.e., a recovery ratio of 1.
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Second, with respect to the shelf features in Figure 4(a) that
generate the split peaks in Figure 4(b), we believe the key
factor is the first-order nature of the P ↔ BM trans-
formation.18,56,59 Specifically, we interpret these features not
as twin peaks per se, but in terms of a region of anomalously
low transformation rate in the middle of the transformation.
We believe this occurs as the system enters the P/BM
coexistence regime, where additional work must be done to
propagate P/BM phase boundaries before a single-phase state
can be reached. Using positive Vg as an example, reduction
commences at 1.0−1.5 V in Figure 4, with the formation of VO
in the P phase, reaching a maximum transformation rate
shortly thereafter. At this point, BM regions appear, resulting
in P/BM coexistence, slowing the transformation due to the
work needed to propagate P/BM boundaries to expand the
BM domains. As these boundaries are extinguished, and phase-
pure BM is approached, the transformation rate again peaks
before the final stage of reduction and VO ordering in phase-
pure BM. These processes occur in reverse at negative Vg, but
with smaller, broader, wider-spaced peaks in Figure 4(b) due
to the abovementioned asymmetry in DVdo

in P and BM phases.
Similar features then arise in Figure 4(c), particularly peaks in
the electrochemical gate current when the P ↔ BM
transformation rates peak, analogous to other redox-based
gated devices.60 Such details of the P ↔ BM transformation
mechanism in electrolyte-gated cobaltite films have not been
previously detected, highlighting the power of Vg hysteresis
loops.
Reassuringly, the data of Figure 4(c) are also in reasonable

quantitative consistency with the expected redox mechanism.
Integrating the raw data of Ig vs time corresponding to the
positive-Vg peak in Figure 4(c), for example, generates a charge
value that is only a factor of ∼2 larger than expected based on
removal of a half an oxygen per unit cell on transforming from
P to BM (based on known film area and thickness). This is a
reasonable level of agreement considering that a more accurate
analysis would require subtraction of effects associated with
ionic motion in the ion gel and water splitting. While we
emphasize in the Introduction section the voltage-driven
nature of the effects studied in this work, we thus acknowledge
that the quantity of gate current flowing under the applied gate
voltages is of course significant and meaningful. As a final
comment on the data of Figure 4, we note that additional work
to measure such hysteresis loops as a controlled function of
environment and humidity would be of high interest in order
to further understand the role of residual H2O. A measurement
scheme with a reference electrode would be beneficial in such
studies, enabling direct interpretation of the voltage scale in
Figure 4(c).
As already noted, there exist a number of additional

powerful methodologies to probe hysteretic phenomena in
condensed matter systems, not yet applied to Vg hysteresis in
these types of electrochemical transistors. Perhaps the simplest
is minor hysteresis loops, which are explored in detail for ion-
gel-gated LAO/LSCO(10-unit-cell) in Figure 5. Shown in
Figure 5(a) is a series of 300 K minor ISD(Vg) loops recorded
by sweeping from Vg = 0 to varied maximum positive Vg
(labeled next to each curve), then back to a constant minimum
Vg of −4.0 V. The first striking observation is that the curves
trace essentially the same trajectory at positive Vg, exhibiting a
sharp decrease beyond ∼1 V (due to reduction of P LSCO),
the now familiar shelf at intermediate Vg (across the P → BM

transformation) and then saturation at low ISD beyond ∼3 V
(the ON/OFF ratio again reaches ∼105 as phase-pure BM is
reached). This evidences high reproducibility of these devices
and hysteresis features. In stark contrast to the overlapping
curves at positive Vg, the recoil trajectories when the Vg sweep
is reversed depend strongly on the maximum positive Vg.
When the maximum Vg is only 1.5 V, the recoil trajectory is
initially roughly horizontal to ∼ −1.5 V, below which ISD
recovers to almost exactly its initial (Vg = 0) value. This is
therefore a highly reversible cycle in terms of initial and final
ISD, but with an ON/OFF ratio of only 4 × 101, likely involving
little BM formation/annihilation. As the maximum Vg is
increased to 2.0−3.0 V, somewhat similar behavior prevails, an
initially roughly horizontal recoil trajectory occurring prior to
substantial recovery of ISD at negative Vg. The ISD ON/OFF
ratio progressively increases (to 1 × 105 at a maximum Vg of
3.0 V), indicating a full P → BM transition, at the cost of
relatively modest decreases in recovery in terms of initial and
final ISD. At maximum Vg ≥ 3.5 V, however, while marginal
additional gains in ON/OFF ratio are achieved, these come at
the cost of dramatic decreases in recovery. By 3.5 V, for
example, ISD at −4.0 V reaches only 10−6 A, a factor of >102
below the initial ISD. By 4.0 V maximum Vg, the recovery at
negative Vg is negligible. As this progression occurs, the Ig(Vg)
curves (Figure 5(b)) reveal broad peaks at positive Vg centered
on the P → BM transformation (as in Figure 4(c)), but with
larger changes at negative Vg. Specifically, larger maximum Vg
generally leads to a larger magnitude, steeper Ig at negative Vg,
indicating large electrochemical currents.
Figure 5(c) summarizes these results by plotting the ON/

OFF ratio (left axis, black points) and the recovery ratio (right
axis, blue points) vs the maximum positive Vg applied. The
ON/OFF ratio is defined as I0/Imin, where I0 is the initial (Vg =
0) ISD and Imin is the minimum ISD at positive Vg. The recovery
ratio is defined as Imax/I0, where Imax is the maximum recovered
ISD at negative Vg. The ideal behavior thus corresponds to the
largest possible ON/OFF ratio at a recovery ratio close to
unity. What is found in Figure 5(c) is instead a clear
compromise. At higher maximum Vg, the ON/OFF ratio can
be driven above 105, even approaching 106, but at the cost of
diminishing recovery, particularly above 3 V. The light blue
shaded region at 2−3 V thus defines the optimal maximum Vg,
realizing ON/OFF ratios near 105 with recovery ratios up to
∼0.6 (60%).
Complementary to Figure 5(a), Figure 5(d) shows ISD(Vg)

minor loops recorded with a constant maximum Vg of 3.0 V
but varied minimum (negative) Vg, from −1.5 to −4.0 V. The
positive Vg curves are tightly consistent, as are the
corresponding Ig behaviors in Figure 5(e). The threshold,
shelf, and saturation effects again arise in ISD(Vg), accompanied
by broad peaks in Ig(Vg), as explained above. Interestingly, the
various traces also overlap at negative Vg, yet further
evidencing the high reproducibility of these devices and
hysteresis loop features. Decreasing minimum Vg thus leads to
increased recovery while maintaining the 105 ON/OFF ratio
set by the maximum Vg = 3.0 V. This is illustrated in Figure
5(f), where the recovery ratio increases as the minimum
(negative) Vg is decreased, then saturates at −2.5 V. These
data thus suggest that all minimum Vg values below −2.5 V
result in optimal recovery to the P state. Further analysis,
however, reveals another factor. Figure 5(g,h) illustrates what
evolves in ISD when devices are cycled from 0 to 3.0 V, to
varied minimum (negative) Vg, then back to positive Vg to
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induce a second P → BM transformation. The open circles
here label the minimum Vg for each loop. The data reveal a
new phenomenon, where the threshold Vg at which ISD begins
to decrease on the second cycle progressively decreases with
the minimum (negative) Vg applied during the first cycle. By
the time the blue curve is reached, for example (minimum Vg =
−3.5 V), the threshold Vg on the second cycle has shifted to
negative voltage, indicating substantial reduction from P to BM
even at Vg = 0. By a minimum applied Vg of −4.0 V (purple),
the second-cycle P → BM transformation appears to be near-
complete by Vg = 0. It must be emphasized that such behavior
corresponds to a loss of nonvolatile retention of the P (ON)
and BM (OFF) states at Vg = 0, which would be undesirable
for some applications. Figure 5(h) shows that the second-cycle
P → BM transformations are again marked by two peaks in the
logarithmic derivative (as in Figure 4(b)), the positions of
which are plotted vs minimum (negative) Vg on the first cycle
in Figure 5(i). The threshold voltages are approximately
constant (and positive), down to −2 V. At lower minimum Vg,
however, they decrease, switching sign below ∼ −3.5 V. To
avoid this inversion in threshold voltage on the second cycle,
the minimum (negative) Vg applied should thus be above ∼
−3.5 V. In totality, the analyses of minor loops in Figure 5 thus
quantitatively establish the optimal operating range of ion-gel-
gated LSCO for the first time, at approximately −3.5 V < Vg <
3.0 V. This range ensures large enough maximum Vg to obtain
high ON/OFF ratio at workable recovery ratio, while the
minimum Vg is large enough to avoid the threshold voltage
inversion on the second cycle.
At the highest level, the above analysis of minor ISD(Vg)

loops simply establishes a general finding that is highly
analogous to more extensively studied electrochemical devices
such as Li-ion batteries.79 Specifically, limits on voltages must

be adhered to for maximal cyclability,80 in order to avoid
overoxidation and overreduction of the electrodes, in this case
specifically LSCO. Deeper understanding of the specifics of the
origins of the overoxidation and overreduction phenomena in
LSCO electrochemical transistors is more challenging and
requires separation of effects in the LSCO, the electrolyte, and
their interface. With respect to the limit on the maximum
(positive) Vg that can be applied (Figure 5(a−c)), we believe
that the LSCO itself is not the limiting factor. Multiple
observations, including optical inspection of failed devices and
lower recovery ratios in ISD compared to ρ (discussed above
with Figures 2(a) and 4(a) and returned to with Figure 6(a)),
in fact indicate that device factors, particularly contact
degradation,30 are the central issue (see also Supporting
Information Section C, Figure S4). Further work could thus
realize substantial improvements through better device design,
for example, with regard to the overlap of contact regions and
the electrolyte. With respect to the limit on the minimum
(negative) Vg that can be applied, conversely, we believe that
the LSCO may be the limiting factor. As shown in Figure 5(g),
application of negative Vg below this limit does not prevent
reduction to BM on the second cycle, indicating that the
devices continue to function. Large negative Vg instead likely
overoxidizes x = 0.5 LSCO to the point that the mean Co
valence reaches the limits of stability of a 10-unit-cell film at
ambient conditions,18,67 making VO formation spontaneous as
the Vg sweep direction is reversed, as in the blue and purple
curves in Figure 5(g). This is the same phenomenon detected
in earlier work through cruder voltage-step measurements.18,67

Another possible cause, however, could be electrochemical
degradation of anions in the ion gel (TFSI− in this case), which
may break down at lower Vg magnitudes than the cations
(EMI+).81,82 This would result in a shift of the charge neutral

Figure 6. Reversibility of electronic and magnetic properties. (a) Temperature (T) dependence of the resistivity (ρ) of a 10-unit-cell-thick LSCO
film at various gate voltages (Vg) around the 300 K hysteresis loop shown in the inset. The hysteresis loop plots the source−drain current (ISD) vs
Vg (solid black line), with the various Vg values in the main panel highlighted by points that are color-coded with the main panel (and defined at the
top of the figure). In the main panel, solid lines are for increasingly positive Vg (P → BM), and dashed lines are for increasingly negative Vg (BM →
P). The horizontal black line marks the quantum resistance multiplied by the film thickness, i.e., ht/e2, where h is Planck’s constant, e is the
electronic charge, and t is the film thickness. (b) Corresponding T-dependence of the transverse (Hall) conductivity (σxy) at the same Vg as in panel
(a). (c) Corresponding 50 K magnetic field (H) dependence of σxy at the same Vg as in panels (a, b). The inset to panel (c) is a zoomed-in view of
the solid green and blue data, at 1.1 and 1.3 V, showing the vanishing of the anomalous Hall effect in the BM phase. For accuracy, in all parts of this
figure, data after gating to the BM phase were treated using the reduced thickness determined from Figure 3.
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point to lower (i.e., negative) Vg; further study is needed to
deconvolute these effects.
With the optimal parameters for Vg cycling established,

Figure 6 focuses on magnetotransport and magnetic properties
of ion-gel-gated LAO/LSCO(10-unit-cell) films around the P
→ BM → P cycle. The inset to Figure 6(a) first shows a typical
300 K ISD(Vg) loop, from 0 V → 2.5 V → −3.5 V, i.e., within
the determined optimal range. The colored points on the loop
indicate voltages at which the loop was paused and the device
cooled, to perform ρ(T) and Hall effect measurements, before
rewarming and continuing the Vg sweep. As shown in the main
panel of Figure 6(a), the initial (Vg = 0) state of these LAO/
LSCO(10-unit-cell) films corresponds to state-of-the-art
metallic ρ(T) (black line) with a residual resistivity ratio of
2.0.67,68 The inflection point at ∼165 K marks TC

67,68,70 (see
Supporting Information Section C, Figure S5), which is
comparable to the best reports at this thickness.67−70 As Vg is
increased to 0.9 V (yellow line; the inset and panel (a) are
color-coordinated), weakly metallic behavior persists, but with
increased residual resistivity, consistent with increased δ in the
P phase. This situation changes at 1.1 V (green line) where
ρ(T) becomes insulating and ρ(T → 0) exceeds the quantum
resistance multiplied by thickness, (h/e2)t. This indicates a
metal−insulator transition, very close to the point at which the
sharp decrease in ISD occurs in the inset, and to the point at
which the first BM forms (from Figures 2−5). At larger Vg,
progressively more insulating behavior evolves, eventually
reaching the brown (2.5 V) line in Figure 6(a), where the
300 K ρ is 1.3 × 104 times higher than the initial state, and ρ
rapidly increases on cooling; this corresponds to nominally
phase-pure BM. More details on the nature of the transport in
this state are provided in Supporting Information Section C,
Figure S6. At intermediate Vg, the forms of ρ(T) are somewhat
unusual due to P-BM coexistence and thus inhomogeneous
transport.18,23 The dashed lines in Figure 6(a) then show the
evolution in ρ(T) on gating back to the P state. Close-to-
metallic transport first emerges at −3.0 V (light blue dashed
line), followed at −3.5 V (green dashed line) by metallic
behavior. The latter is unambiguous, from finite ρ(T → 0), ρ <
(h/e2)t, and the substantial regime of positive dρ/dT. Our
optimal Vg cycle thus enables nonvolatile metal → insulator →
metal cycling around the P → BM → P transformation.
Consistent with one of the main messages from above,
however (Figures 2−5), the recovery of the metallic P state is
imperfect. The Vg = −3.5 V curve in Figure 6(a) is in fact
similar to the Vg = 0.9 V curve, the 300 K ρ being 1.8 times
larger than in the initial state. This is due to the combined
effects of diminished structural perfection in the recovered P
state (Figures 2(g) and 3(a,d)), slightly higher δ (Figure 3(g)
and Supporting Information Section C, Figure S7), and higher
surface roughness (Figures 2(g) and 3(a,d,f)). Again, the
recovery is better in terms of ρ than ISD, indicating contact
degradation (see also Supporting Information Section C,
Figure S4).
Notably, the Vg = −3.5 V curve in Figure 6(a) displays an

inflection point at ∼145 K (Supporting Information Section C,
Figure S5), strongly suggesting a well-defined TC (∼20 K
below the initial value),67,68,70 which would indicate true F →
non-F → F cycling. This was probed further through
anomalous Hall effect measurements, which offer distinct
advantages over (signal-limited) magnetometry measurements
in such thin films.67,68 Figure 6(b) therefore shows the T-
dependence of the remanent transverse (Hall) conductivity, σxy

= [ρxy(T, 50 Oe) − ρxy(T, −50 Oe)]/2[ρxx(T, 0)]2. The Vg =
0 behavior is characteristic of LSCO,67,68,83 exhibiting a sharp
turn on in σxy at TC ≈ 168 K (in reasonable agreement with
our estimate from ρ(T) and expectations at this thickness;67−69

see Supporting Information Section C, Figure S8), and a broad
maximum at intermediate T. This is characteristic of the
anomalous Hall effect in x = 0.5 LSCO.83 As Vg is increased,
σxy progressively decreases in amplitude down to 0.9 V (yellow
solid line). By 1.1 V (green solid line), coincident with the
metal−insulator transition in Figure 6(a), σxy practically
vanishes, evidencing only a weak magnetic transition at ∼150
K. This is consistent with prior work on LSCO bulk crystals84

and epitaxial films,69,85 which lose metallicity near TC ≈ 150 K,
effective dopings beneath this inducing glassy, phase-separated
magnetism.86 As Vg is reversed in Figure 6(b), critically, a F-
like σxy(T) re-emerges, the −3.5 V case (green dashed line, TC
≈ 152 K, see Supporting Information Figure S8) coinciding
closely with the 0.9 V case (yellow solid line), as for ρ(T) in
Figure 6(a). Our optimal Vg cycle thus enables nonvolatile F
→ non-F → F cycling in addition to metal → insulator →
metal cycling. We emphasize that while the non-F BM phase of
bulk SrCoO2.5 is known to be AF with a high TN of 540 K,50

AF order in electrochemically reduced SrCoO2.5 films has not
been directly verified. In x = 0.5 LSCO, the existence or
otherwise of AF order is not established in bulk, let alone gated
films. Further work to address this issue is therefore clearly
needed, and we thus refer to BM LSCO films here simply as
“non-F”.
Finally, Figure 6(c) provides additional insight into Vg

cycling of magnetic properties by plotting 50-K σxy vs applied
perpendicular magnetic field (H) hysteresis loops at various Vg.
The behavior is remarkably simple, the square, wide, hysteresis
loops simply dropping in amplitude as Vg increases from 0 to
0.9 V (LSCO films under compressive stress are known to have
substantial perpendicular magnetic anisotropy69). At Vg = 1.1
V, coincident with the metal−insulator transition in Figure
6(a), and consistent with σxy(T) in Figure 6(b), F behavior in
σxy(H) almost vanishes. As emphasized in the close-up in the
inset to Figure 6(c), the anomalous Hall effect truly disappears
by 1.3 V. Consistent with Figure 6(a,b), reversing Vg to −3.5 V
then recovers the F state (green dashed line), albeit with
diminished maximum σxy relative to the as-deposited P state.
As for Figure 6(a,b), the incomplete recovery of as-deposited
properties is due to the effects of diminished structural
perfection, higher δ, and higher roughness in the recovered P
state.

■ CONCLUSIONS
In summary, we have presented the first full study of hysteresis
and reversibility across the voltage-induced P ↔ BM topotactic
phase transformation in electrochemically gated perovskite
cobaltite thin films. Gate-voltage hysteresis loops around the
entire P → BM → P cycle reveal a wealth of new mechanistic
understanding, particularly in tandem with quantitative
operando SXRD. Examples include asymmetric hysteresis
due to differing oxygen diffusion characteristics in the P and
BM phases, nonmonotonic transformation rates due to the
first-order nature of the transformation, and limits on first-
cycle recovery due to diminished structural coherence, oxygen
content, and surface perfection. Extensive minor hysteresis
loop studies were then shown to provide yet deeper insight,
enabling the first rational and quantitative design of an optimal
gate-voltage cycle in such devices. This cycle was then used to
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realize state-of-the-art voltage control of transport and
magnetic properties, encompassing >105 room-temperature
ON/OFF ratios, high recovery, and metal → insulator →
metal and ferromagnet → nonferromagnet → ferromagnet
cycling, all with high room-temperature stability and non-
volatility. This was achieved in ultrathin (10-unit-cell) ion-gel-
gated La0.5Sr0.5CoO3‑δ thin films, setting the stage for future
assessment of the ultimate limits on the switching speed and
durability of such redox-based electrochemical transistors.

■ METHODS
10-unit-cell-thick P LSCO films were deposited from ceramic targets
onto single-crystal LAO(001) substrates by high-pressure-oxygen
sputter deposition. High-quality, extensively characterized LSCO films
have been reported previously via this method.18,23,29,67−70 In brief,
typically 5 × 5 mm2 LAO substrates (MTI Corp.) were preannealed
for 15 min in ∼1 Torr of flowing O2 at 900 °C. Previously optimized
deposition conditions were employed,18,23,29,67−70 involving 600 °C
substrate temperature, 1.5 Torr O2 pressure, and 55−65 W sputtering
power, resulting in 15−20 Å min−1 growth rates (calibrated from
XRD Laue fringes). Post deposition, films were cooled in 600 Torr of
O2 to minimize δ in the P phase; based on resistivity,68 an as-grown δ
≈ 0.14 was estimated. Side-gate electrolyte transistors (Figure 1(c))
were then fabricated from LAO/LSCO films using a series of steel
masks, Ar ion milling, sputtering of Pt film and gate electrodes, and
ion-gel lamination.18,23,29,67,68,72 Ion gels were first spin-coated onto
sacrificial glass wafers from a 1:4:8 (by weight) solution of polymer
(P(VDF-HFP))/ionic liquid (EMIM-TFSI)/solvent (ace-
tone),18,23,29,67,68,72 followed by drying in vacuum at 70 °C for 1
day. Here, VDF is vinylidene fluoride, HFP is hexafluoropropylene,
EMIM is 1-ethyl-3-methylimidazolium, and TFSI is bis-
(trifluoromethylsulfonyl)imide. Gels were then applied to LSCO
devices using “cut and stick” methods.1,87 Devices with 1.0 × 1.0 mm2

channels were used for all measurements except operando SXRD,
which employed 4.0 × 3.5 mm2 channels (Figure 1(c)), which
necessitated the use of larger, 10 × 10 mm2 LAO substrates.

Electrolyte gating was typically performed at 300 K in vacuum
(<10−5 Torr), as in many prior works. Vg and Ig were applied and
measured with a Keithley 2400 source-measure unit, and Vg was swept
at 1 mV s−1 unless otherwise specified. ISD and the four-terminal van
der Pauw sheet resistance and ρ were then measured with a Keithley
2400 source-measure unit and a Keithley 2002 multimeter, using a
source−drain voltage alternating (for offset compensation) between
±0.1 V. Operando T- and H-dependent transport measurements were
made in a Quantum Design Physical Property Measurement System
from 10 to 300 K in fields up to 90 kOe. After sweeping at 1 mV s−1

to a chosen Vg (at 300 K), devices were then cooled to 10 at 3 K
min−1, and ρ(T) measured on warming at 1 K min−1. After recooling,
Hall resistance measurements were made in ±90 kOe to determine
σxy(T), accompanied by measurement of σxy(H) loops at 50 K.
Rewarming (at 1 K min−1) to 300 K was then performed before
sweeping to the next Vg. Keithley-based DC measurements were again
utilized, with careful choice of excitation currents to avoid self-heating
and nonohmicity.

Operando SXRD during ion-gel gating was done at beamline 12-
ID-D of the Advanced Photon Source, Argonne National Laboratory,
using a five-circle Huber goniometer. Twenty-two keV incident X-rays
(∼0.59 Å wavelength) with a lateral beam spot size ∼200 μm were
illuminated on the LSCO channel area, and scattered X-rays were
collected by a Pilatus II 100 K 2D pixeled area detector. While
operando Vg sweeps were performed at 300 K (under pure N2),
diffraction data were taken at 150 K (using a liquid-N2-flow
cryocooler) to minimize beam damage; each scan took ∼30 min.
To further mitigate potential beam damage, each scan was acquired
on a fresh film spot, shifted by ∼500 μm from the prior one.
Background subtraction employed a Matlab routine specific to the
beamline. As noted in the main text, the structural refinement
employed is described in full in the Supporting Information. Briefly,

this involves a one-dimensional substrate−interface-film model and a
newly developed constrained-phase-retrieval algorithm. The model
describes the one-dimensional projected (averaged) electron density
along the in-plane directions as a function of depth for the film and
substrate. The electron density of each atomic layer and the
corresponding positions are determined by minimizing the mean-
square error between the model-predicted and observed intensities.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c01336.

SXRD data and the constrained-phase-retrieval algo-
rithm; additional structural characterization from SXRD
data and analysis; and additional (magneto)transport
data and analysis (PDF)
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