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ABSTRACT

Searching for new materials and phenomena to enable voltage control of magnetism and
magnetic properties holds compelling interest for the development of low-power non-volatile
memory devices. In particular, reversible and non-volatile ON/OFF control of magnetism above
room temperature are highly desirable yet still elusive. Here, we report on a non-volatile voltage
control of magnetism in epitaxial SrCoi..Fe.Oss (SCFO). The substitution of Co with Fe
significantly changes the magnetic properties of SCFO. In particular, for the Co/Fe ratio of ~1:1,
a switch between nonmagnetic (OFF) and ferromagnetic (ON) state with a Curie temperature

above room temperature is accomplished by ionic liquid gating at ambient conditions with voltages



as low as +2 'V, even for films with thickness up to 150 nm. Tuning the oxygen stoichiometry via
the polarity and duration of gating enables reversible and continuous control of the magnetization
between 0 and 100 emu/cm® (0.61 up/fu.) at room temperature. In addition, SCFO was
successfully incorporated into self-assembled two-phase vertically aligned nanocomposites, in
which the reversible voltage control of magnetism above room temperature is also attained. The
notable structural response of SCFO to ionic liquid gating allows remarkable strain couplings
between the two oxides in these nanocomposites, with potential for voltage-controlled and strain-

mediated functionality based on couplings between structure, composition and physical properties.
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Electrical manipulation of magnetism and magnetic properties is highly desirable both for
fundamental science and technological applications. Although advances have been made in
current-induced magnetic switching using spin transfer and spin orbit torques,!? voltage control
of magnetic properties is attractive as it can further reduce the switching energy by using an electric
field instead of a current to accomplish the nonvolatile magnetic reversal.® Several processes for
voltage control of magnetic properties have been discovered in past decades.* One relies on the
electric field effect in ferromagnetic (FM) semiconductors or oxides: controlling the carrier
density>® or hole doping”® via electrostatic gating allows a modification of magnetic properties,
but the gating effects are minor and the Curie temperature (7c) and magnetization of FM

semiconductors are very low. This carrier modulation concept has also been demonstrated in FM



metals and alloys,”!° but is only limited to ultrathin films and lacks nonvolatility. Beyond this,
another strategy for voltage control of magnetism involves the magnetoelectric (ME) coupling in
multiferroic ~ systems, including single-phase  multiferroics,'’"!?  magnet/multiferroic
heterostructures,'®>!* and strain-mediated magnetostrictive/piezoelectric composites!>®  or
heterostructures.!’-?! These approaches, however, are limited by the paucity of room-temperature

multiferroic materials, as well as the weak ME coupling between magnetic and electric orderings.

Voltage-driven migration of ions in magnetic materials, i.e. the magneto-ionic effect, has
become an emerging strategy for controlling magnetic properties.?>3* Utilizing the redox reaction

at the interface of an ultra-thin metal or alloy layer adjacent to gate oxides enables a tuning of the
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magnetic anisotropy, coercivity, and exchange bias?’ in different systems. An example is
provided by O*-driven easy axis reorientation of a Co/GdOx heterostructure whose typical
response time is of the order of minutes.??>** However, this approach is usually limited to metal
layer thicknesses of order 1 nm and requires elevated temperatures (>100°C). Although optimizing

the gating geometry and the material of gate oxide could realize a faster switching at room

temperature, the coercivity has only been tuned by a few oersteds.?®

In order to accomplish a more robust magnetic response, processes that involve volumetric
magnetic phase transitions induced by voltage-driven ion migration have drawn considerable

interest.?8-34 Like lithium ions?®?° that can alter the magnetic properties of bulk-like electrodes (e.g.
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Fe;03) upon charging and discharging in a battery, oxygen and hydrogen’~* ions are also
capable of inducing magnetic phase transitions in certain oxides. Compared with polycrystalline
oxide films, e.g. C0304,%2 in which the response is slow even with high voltages, epitaxial complex
oxides are of greater interest. This arises from two main reasons: the ordered channels present in

the crystal lattice allow easier migrations of oxygen or hydrogen ions; and the strong correlations



among the lattice, spin, charge and orbitals enable a concomitant control of various properties
besides magnetic, e.g. optical, electrical and thermal.3%3%-38 Many strongly-correlated oxides
exhibit fascinating topotactic phase transitions,’®-3437-3 but obtaining reversible control of the

magnetic moment above room temperature in such ordered oxides has remained challenging.

Consider for example the well-studied SrCoO;.s system which is described as an oxygen
sponge.*? Varying § can yield a topotactic phase transition between the fully oxidized 4803 (8=0)
perovskite (P) and oxygen-deficient 428,05 (0~0.5) brownmillerite (BM). The BM phase can be
derived notionally from the P structure where oxygen vacancies order in such a way as to form
alternating layers of octahedrally and tetrahedrally coordinated B-site cations. lonic liquid (IL)
gating, as an emerging method, can not only induce electrostatic effects®*-*!4! but can also drive
ionic intercalation via electrochemical effects,***** which can sufficiently stabilize the P-SCO3%43
that is difficult to synthesize conventionally due to the unfavorable Co*™* valence states and requires
annealing in oxygen at extremely high pressures or in ozone. Specifically, the hydrolysis of water
absorbed by the IL from the environment can produce oxygen and hydrogen ions upon gating
(Figure 1a). Under a negative voltage, the produced oxygen ions will accumulate at the film-ionic-
liquid interface and then be forced into the film, decreasing & and ultimately driving a BM - P
transition. Reversing the polarity of gating from negative to positive will then extract oxygen ions,
increasing 6 and eventually switching the structure back to the oxygen-deficient BM phase. While
the P-SCO is ferromagnetic and can show a Tc of 305 K in the ideal crystal,* the easy formation
of oxygen vacancies drastically weaken the magnetism by lowering the 7c to ~200 K,*¢ particularly
in the form of thin films. Given that the BM-SCO has a G-type antiferromagnetic ordering with a
Néel temperature of 570 K,*” it is difficult to obtain noticeable magnetic moment change above

room-temperature even though IL gating can drive the topotactic phase transition under ambient



conditions (see Figure S1, Supporting Information).*® Note that gating with higher positive voltage
may lead to the intercalation of hydrogen ions into the BM-SCO lattice, yielding a series of

hydrogenated-BM phases.*’

Here, we report on a non-volatile voltage control of magnetic moment above room temperature
in epitaxial oxide epitaxial SrCoi<Fe O35 (SCFO) thin films, in which a topotactic phase transition
between BM and P structures is also attained similar to that of the end member SCO via IL gating.
The difference is that substitution of Co with Fe significantly changes the magnetic properties of
perovskite phase (P-SCFO). At the optimal Co/Fe ratio, that is ~1/1, we find that the P-SCFO
exhibits an enhanced ferromagnetism with a 7c higher than room temperature, which can be
suppressed by removing oxygen. IL gating can therefore allow an ON/OFF magnetism transition
above room temperature between 100 emu/cm? (0.61 pg/f.u.) and 0. The magnetic properties are
primarily determined by the oxygen stoichiometry (8) and the ON/OFF switch can be even realized
while the material remains in the perovskite structure. Furthermore, we incorporated the
magnetically-switchable SCFO into a self-assembled epitaxial 2-phase vertical aligned
nanocomposite consisting of pillars of spinel in a P-SCFO matrix, with a similar morphology to
that of BiFeO3-CoFe,04 (BFO-CFO) nanocomposites.'® Compared with the minor strain change
caused by the piezoelectric effect in conventional multiferroic nanocomposites, the significant
structural change of SCFO upon IL gating allows a much greater strain to be induced, which shows
potential for voltage-controlled and strain-mediated cross-coupling of properties and offers

opportunities for additional applications.

RESULTS AND DISCUSSION



Epitaxial SrCoi.,Fe Os.5 with x=0.5 thin films with different thickness (30-150 nm) were firstly
prepared by pulsed laser deposition (PLD) on 001-oriented SrTiO3 (STO) substrates, and the Co/Fe
ratio was measured by X-ray photoelectron spectroscopy (XPS). High-resolution X-ray diffraction
(XRD, Figure 1b), reciprocal space mapping (RSM, Figure 1¢), and high-angle annular dark-field
(HAADF) aberration-corrected scanning transmission electron microscopy (STEM) (Figure 1d)

show that the as-grown SCFO (x=~0.5) films exhibit a high-quality BM phase (BM-SCFO).

To provide direct evidence of the IL-gating-induced structure changes, we performed in situ
XRD measurements on the 60 nm-thick SCFO (x=0.5) film upon IL gating. It shows that a
structural change from BM to P occurs only if the applied negative voltage exceeds —1.5 V (Figure
S2b, Supporting Information), meaning that a critical voltage is needed to electrochemically
decompose the water and insert oxygen ions into the film. We therefore gated the as-grown BM-
SCFO with a voltage of —2 V (denoted as N2G) for 30 mins, and observed a complete transition
from BM to the P phase as indicated by the ex situ XRD (Figure 1b) and RSM (Figure 1c) analysis,
as well as the HAADF and annular bright-field (ABF) STEM images (Figure le). In spite of a
noticeable out-of-plane contraction due to the infilling of oxygen vacancies, this P phase remains
coherently strained to the substrate according to RSM (Figure Ic) as well as STEM (Figure S3,
Supporting Information). Chemical mapping reveals a homogeneous distribution of Co and Fe
over the entire film thickness (Figure 1f), and atomic-level elemental mappings along both
pseudocubic 100- (Figure 1g) and 110- (Figure S3b) zone axes further indicate no specific ordering

of Co and Fe ions on the B-sites.

If the N2G sample is subsequently gated with positive voltages, the P phase peak shifts towards
lower angles (Figure S2¢, Supporting Information) as a result of deintercalation of oxygen ions.

With a positive voltage up to +3 V, we did not see any signature of hydrogen intercalation. Further



increasing the positive gating voltage could produce hydrogenated phase of SCFO, but that is
beyond the scope of the present work. Gating with +2 V (denoted as P2G) for 30 mins almost fully
restores the BM phase revealed by ex sitzu XRD (Figure 1b), which is still strained to the substrates
according to the RSM (Figure 1c), but the slightly larger q, of the RSM peak of the P2G sample
compared to the as-grown sample suggests a slight residual out-of-plane contraction owing to a
small amount of intercalated oxygen ions left in the lattice. The topotactic transitions between BM
and P phases are reversible (Figure 1h), and occur much faster in thinner films (e.g. 1-minute
negative gating can completely drive the BM—> P transition for the 15-nm-thick films). Moreover,
these ex situ structural characterizations show that the structural transitions are non-volatile (i.e.

retained after the removal of voltage), as we will describe below for the magnetic transitions.

The chemical states of these two distinct topotactic phases, i.e. as-grown BM and N2G-yielded
P, were analyzed by X-ray absorption spectroscopy (XAS) at the Co L-edge, Fe L-edge and O K-
edge acquired in the total fluorescence yield (TFY) mode. As shown in Figure 1i, both Co and Fe
L-edge peaks shift towards higher energies after N2G, indicating significant increases in valence
states of Co and Fe and a decrease of 6 from 0.5 to almost zero as a result of oxygen intercalation.
Further support is also provided by the O K-edge XAS spectra, particularly the feature 4 in the
pre-peak related to Co and Fe 3d bands (green-shaded region), which is ascribed to the strong
hybridization of O 2p orbitals with octahedrally coordinated Co and Fe 3d orbitals.’*! The
substantial enhancement of feature 4 in the N2G sample confirms the presence of the perovskite
lattice and indicates a ligand-hole feature that has covalent bond character commonly seen in

negative-charge-transfer compounds.>?

With this understanding of structural transitions and chemical changes, we now turn to the

magnetic properties. The as-grown SCFO (x=0.5), Figure 2a, shows no magnetic remanence or



hysteresis, consistent with the reported antiferromagnetic BM phase.>® The magnetic measurement
was repeated ex situ after 30 mins N2G, and magnetic hysteresis (M-H) loops are clearly present
at room temperature with a saturation magnetization (Ms) of about 100 emu/cm? (Figure 2a) and
a coercivity of 50 Oe (Figure S4, Supporting Information). Subsequently gating the N2G sample
with a voltage of +2 V for 30 mins (P2G) causes the magnetization to completely vanish (Figure
2a). This non-volatile voltage-controlled ON/OFF magnetism is independent of the film thickness
up to 150 nm (Figure S5, Supporting Information), and also obtained in samples grown on different
substrates, e.g. (LaAlO3)y3-(SrAlysTays03)o7 (LSAT) and LaAlO; (LAO) (Figure S6, Supporting
Information), indicating that the hysteretic behavior is an intrinsic and volumetric property of the
P-SCFO (x=0.5). The easy axis of P-SCFO is in-plane, and the anisotropy field is independent of
the strain state, implying a negligible magnetoelastic anisotropy contribution. The anisotropy field
is ~5 kOe, of which shape anisotropy accounts for 4nMs=~ 1.26 kOe. This indicates that there is an

additional contribution to anisotropy, possibly arising from a growth-induced anisotropy.

To explain the origin of the magnetism of the N2G SCFO, ex situ X-ray magnetic circular
dichroism (XMCD) at the Co L-edge, Fe L-edge and O K-edge were analyzed in total electron
yield (TEY) mode for both the as-grown BM phase and the N2G-yielded P phase. As Figure 2b
shows, negligible XMCD signals are seen in the as-grown sample, meaning that the net moment
at the Co, Fe and O sites is insignificant, consistent with the magnetometry result. For the N2G
sample, clear XMCD signals, i.e. the differences between XAS spectra acquired with left and right
circularly polarized light, are observed at both Co and Fe L-edges. These signals are reversed when
the magnetic field is reversed (—H), indicating that the nonzero magnetic moments at the Co and
Fe sites are ferromagnetically aligned. A weak XMCD signal is also observed at the same position

as feature 4 in the O K-edge XAS spectra, further confirming that the ferromagnetic coupling is a



result of the strong hybridization of 2p-3d orbitals in P-SCFO. XMCD was also acquired in the

TFY mode (Figure S7, Supporting Information), which is consistent with the TEY results.

Along with the reversible ON/OFF magnetism switching, a continuous variation of the room-
temperature magnetization can be obtained by varying the gating time. As depicted in Figure 2c,
the Ms increases as the duration of N2G increases, showing similar cumulative effects to the
resistance variation observed in memristors. Specifically, the Ms increases to ~70 emu/cm? after 5
mins N2G, and approaches the maximum of ~100 emu/cm? for longer times. For subsequent P2G,
the room-temperature Ms is reduced by 80% after as little as 1 min gating, and vanishes after 3
mins gating. The magnetism switching from ON to OFF occurs more rapidly than from OFF to
ON, indicating faster oxygen deintercalation from the P phase compared to oxygen intercalation
into the BM phase. This might be due to the fact that the tetravalent Co and Fe are unfavorable,

which leads to the easier introduction of oxygen vacancies in the P-SCFO.

By alternating the duration and polarity of gating voltage, we can therefore realize multiple-
state control of room-temperature magnetization, which is nonvolatile and reversible over multiple
cycles. The response time in our work is of the order of a few minutes, which is comparable with
that of ultrathin Co/GdOx stacks???* and much faster than polycrystalline Co3Os films.3? Response
time could be further improved by reducing the dimensions of the film and optimizing the gating

geometry, requiring further study.

The Curie temperature 7¢c of the magnetic SCFO was determined from temperature-dependent
magnetization (M-T) curves. As Figure 2d shows, the FM state turned ON by 30 mins N2G has a
Tc of around 340 K, significantly higher than that of P-SCO. Subsequent 1 min P2G lowers the 7c

to 300 K and also reduces the total magnetic moment at temperatures below 7c. 3 mins P2G



dramatically suppresses the FM coupling although the lattice still retains the perovskite structure
(Figure S8, Supporting Information). This reveals that change in crystal structure from P to BM is
not a necessary condition to turn off the FM state, and that the oxygen deficiency plays the crucial
role in determining the magnetic properties of P phase. This can be understood in the context of
the itinerant-electron model for transition metal oxides.**>4-3¢ (Note S9, Supporting Information).
We also made a further demonstration of controlling the room-temperature magnetization within
the P phase (i.e. without a structural transition between BM and P) by initially preparing P-SCFO
at higher oxygen pressure. The as-grown P-SCFO is oxygen-deficient and nonmagnetic, while
N2G leads to the onset of room-temperature magnetization as the oxygen content in the P phase is

increased. (Figure S9, Supporting Information)

To further evaluate the role of composition in the magnetic properties of P-SCFO, we therefore
prepared a set of 60 nm-thick SCFO thin films with varying Fe content, x, by combinatorial PLD.
N2G induces complete phase transitions from BM to P in all samples, irrespective of x (Figure
S10, Supporting Information). Furthermore, the out-of-plane lattice constant of both phases

increases with x (Figure 3a-c) due to the larger ionic radius of Fe than isovalent Co.>

N2G is able to turn on the magnetic states at room temperature in SCFO thin films of all
compositions (0.32<x<0.76) (Figure S11, Supporting Information), but the room-temperature Ms
depends strongly on x and reaches a maximum at x~0.5 (Figure 3d). M-T curves (Figure 3¢) show
that for the Co-rich compositions (0 <x < 0.5), 7c and Ms significantly increase with increasing
Fe content due to the larger magnetic moment of Fe** vs. Co*". For the Fe-rich compositions
(0.5<x<1), as x increases the Fe-Fe AFM interactions which compete with the FM coupling,*? as
well as the weakened p-d hybridization due to the larger lattice constant,>* dramatically diminishes

the ferromagnetism. The P-SCFO with x=0.5 in our experiments exhibits the greatest magnetic
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moment and 7c¢, providing the best Co/Fe ratio for the objective of controlling magnetism above

room temperature.

We next demonstrate the incorporation of SCFO into a self-assembled epitaxial 2-phase oxide
nanocomposite by co-deposition from SCO and Fe;O4 targets. Nanocomposite oxides exhibit
strain-coupling between two co-deposited phases leading to cross-coupled properties such as

magnetoelectric behavior not found in the individual phases.®’

The morphology of our
nanocomposite (Figure 4a) is akin to the structures seen in multiferroic BiFeOs;-CoFe>O4 (BFO-
CFO) nanocomposites!® where vertical CFO pillars are present within the BFO matrix. The
nanocomposite consists of spinel and BM phases (Figure 4b,c), in which spinel pillars are
embedded in a BM matrix, and both the spinel and BM are epitaxial with respect to the (001)-
oriented STO. Elemental mapping shows that the Fe was preferentially incorporated into the BM
phase and the Co into the spinel phase, producing Cos3Os spinel pillars within an BM-SCFO matrix
(Figure 4d,e). Magnetometry reveals no magnetic moment in the as-grown nanocomposites at
room temperature, consistent with the nonmagnetic SCFO matrix and paramagnetic Co3zOs pillars
(Néel temperature 33 K°%). IL gating with a voltage of —2 V leads to a phase transition of the SCFO
matrix from BM to P (Figure 4b), yielding a ferromagnetic hysteresis loop (Figure 4f) at room
temperature. Reversing the gating polarity restores the BM phase and suppresses the magnetism
completely. The voltage control of magnetism above room temperature in the nanocomposites is

also reversible over multiple cycles and even faster than in monolithic film, which may indicate a

role for the spinel in facilitating oxygen migration.

In the IL-gated SCFO-Co0304 nanocomposites, the magnetic signal originates solely from the
SCFO phase. However, the Co304 does itself respond to IL gating as shown by a clear shift of the

spinel phase X-ray peak (Figure 4c). This is assumed to be a result of strain transfer from the SCFO
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matrix to the spinel pillars when the SCFO transitions between BM and P phases. The imposed
strain in the spinel is larger than that produced by the piezoelectric strain in conventional
multiferroic nanocomposites such as BFO-CFO consisting of a ferroelectric perovskite and a
ferrimagnetic spinel. Our demonstration of an IL-gatable SCFO-Co0304 nanocomposite suggests
that SCFO may be coupled with a range of functional oxides, which can offer fascinating
opportunities for voltage control of various physical properties based on strain coupling.
Furthermore, growth on a (111)-oriented STO substrate is expected to produce SCFO pillars
embedded in a continuous spinel matrix.! Such a nanocomposite might be appropriate for

application as a voltage-controlled magnetic memory.

CONCLUSION

In summary, we have demonstrated non-volatile voltage control of magnetic moment at ambient
temperature and pressure in epitaxial SCFO thin films based on the tuning of oxygen stoichiometry
via IL gating. At a Co/Fe ratio of ~1:1, ferromagnetism with a 7c above room temperature and RT
Ms of 100 emu/cm? (0.61 pgp/f.u.) is obtained in the perovskite phase of SCFO. Extracting oxygen
from the perovskite SCFO with a low positive voltage applied during IL gating decreases 7c and
the magnetic moment while maintaining the P phase structure; longer gating duration completely
suppresses the ferromagnetic ordering and ultimately produces the nonmagnetic brownmillerite
phase. Reinserting oxygen by gating with a positive voltage recovers the ferromagnetic state, thus
enabling a reversible ON/OFF control of the magnetic moment above room temperature just by
alternating the polarity of the gating voltage. The dependence of the magnetic moment of
perovskite SCFO on the oxygen deficiency enables continuous variation of the magnetization by

regulating the duration of gating. In addition, varying the Co/Fe ratio significantly modifies the
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magnetic properties of P-SCFO, allowing a tuning of the ON/OFF magnetism switching
temperature. Furthermore, we incorporated the SCFO into self-assembled two-phase oxide
nanocomposites consisting of SCFO and a spinel phase. Gating the SCFO not only modulated its
magnetic moment, but also led to a large strain transfer into the spinel phase due to the structural
response of the SCFO. These results reveal the potential for voltage-controlled phenomena

associated with the coupling between structure, composition and physical properties.

EXPERIMENTAL SECTION

Thin film preparation. The monolithic SrCoi..Fe O35 thin films were prepared by pulsed laser
deposition using a KrF excimer laser (1=248 nm) with 1.3 J/cm? fluence and 5 Hz repetition rate.
SrCo0s.5 and SrFeO;.s targets were ablated alternately for 60 shots each, so that each “layer”
deposited from the targets is less than a monolayer thick. The growth temperature was 850 °C and
the oxygen partial pressure, p(O2), was 0.1 mTorr. After growth, the films were cooled down to
room temperature in the same p(O) at a rate of 20 °C/min. Details of the combinatorial growth
are discussed in the Note S11 in Supporting Information. The self-assembled nanocomposites were
prepared by alternately ablating SrCoQO;_s and Fe3;O4 targets for 80 and 40 shots respectively, using
the same laser conditions with growth temperature of 850 °C and p(O2) =20 mTorr.

Ionic Liquid gating experiments. Ionic liquid gating experiments were performed with 1-hexyl-
3-methylimidazolium bis(trifluormethylsulfonyl)imide (HMIM-TFSI) as the electrolyte (Sigma-
Aldrich, USA). The SCFO thin films or self-assembled nanocomposites were immersed in the
ionic liquid with a spiral Pt wire as counter electrode, and another Pt probe was spring loaded to
directly contact the sample surface. A Hewlett Packard 6632A Power Supply was used to apply

the gating voltage.
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Structure and composition characterizations. The crystalline structure was characterized by
both XRD and RSM using a Rigaku SmartLab high-resolution diffractometer with Cu Kai
radiation (A=1.5406 A) as X-ray source and an incident beam Ge-(220) double-bounce
monochromator. /n situ XRD measurements upon IL gating were also performed using the same
diffractometer at ambient conditions with the home-made IL gating setup mounted on the sample
stage. The chemical composition is estimated by using a Thermo Scientific K-Alpha+ XPS system
with Al Ka (1486.6 eV) as the X-ray source. Before collecting the data, the sample surface was
cleaned with a cluster ion beam for 30 seconds.

XAS and XMCD measurements. XAS and XMCD measurements at Co L-edges, Fe L-edges and
O K-edges were carried out in both total electron yield (TEY) and total fluorescence yield (TFY)
modes using the beamline 4-ID-C of the Advanced Photon Source at Argonne National Laboratory.
The temperature was set to 200 K to obtain a good signal to noise ratio. The magnetic field (0.5 T)
was applied during the measurements by means of an octupole magnet along the beam incident
direction with the incident angle of 25° from the normal of the sample plane. XAS curves shown
in Figure 1 are the average of left and right circular. Reference scans of elemental Fe measured in
TEY simultaneously indicate negligible energy shift throughout the experiments.

Magnetic properties characterization. The magnetic hysteresis loops were measured using a
Digital Measurement System 7035B vibrating sample magnetometer (VSM) at room temperature.
The temperature-dependent magnetization measurements, including both field cooling (FC) and
zero field cooling (ZFC), were carried out using a Quantum Design MPMS-3 SQUID
magnetometer with the magnetic field (1.3 T) applied along the in-plane direction of the film.
TEM imaging and chemical mapping. The cross-sectional samples of monolithic SCFO thin

films along the <100>, and <110>, zone axes for TEM experiments were prepared through Zeiss
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Auriga Focused Ion Beam (FIB), and fine ion-milled with argon ion milling to remove the
amorphous layer. High-resolution image and spectrum experiments were performed with an
aberration-corrected STEM FEI Titan Cubed Themis with a field emission gun, and operated at
300 kV. The STEM images were detected with a camera length of 115 mm through a HAADF
detector whose collection semi-angle range is 48-200 mrad, and a dark field 4 detector for ABF
images whose collection semi-angle range is 12-48 mrad. The EELS were collected with a camera
length of 36 mm through a Gatan Image Filter system (Gatan Quantum 965 Spectrometer), and
the range of energy loss spectrum we acquired is 450-900 eV. The cross-sectional TEM specimens
of the nanocomposites were prepared using a Helios Nanolab 600 Dual Beam Focused Ion Beam
(FIB) Milling System. The high-resolution TEM images and STEM-EDS mapping on the

nanocomposites were collected with a JEOL 2010 FEG Analytical Electron Microscope at 200 kV.
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Figure 1. Voltage-controlled phase transitions in SrCoosFeys0;.; by ionic liquid gating. (a), schematic
of ionic liquid gating with negative and positive voltages. (b, ¢), ex situ high-resolution XRD (b) and ex situ
RSM around the (013) peaks of STO (c) on the as-grown, -2 V gated (N2G) and +2 V gated (P2G) 60 nm-
thick SCFO (x~0.5) film. (d), HAADF-STEM image of as-grown BM sample taken with the zone axis
along the orthorhombic [100], direction (pseudocubic [110] direction). (¢), HAADF (left) and the ABF
(right) images of the P phase of N2G sample with zone axis along the pseudocubic [110] direction. (f, g),
elemental mapping of the N2G sample by energy-dispersive x-ray spectroscopy (EDS) (f) and electron
energy-loss spectroscopy (EELS) (g). (h), in situ XRD measurements around the STO (002) peak collected
with the gating voltage alternated between -2 V and +2 V on the 60 nm-thick SCFO (x=0.5). (i), ex situ
XAS spectra of cobalt L-edges, iron L-edges and oxygen K-edges for as-grown and N2G 60 nm-thick SCFO
(x=~0.5) thin films. Shaded region in oxygen K-edges spectra is related to the Co and Fe 3d bands. The
feature A is ascribed to Co and Fe ions with oxygen octahedral coordination geometry while the feature B

relates to superoxide species mostly in the surface regions.
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Figure 2. Voltage control of magnetism in SrCoosFeos03-5. (a), RT M-H loops of the as-grown,
N2G, and P2G 60 nm-thick SCFO (x=0.5) thin films on STO substrates. (b), TEY XMCD spectra

(lower panel) at Co L-edges, Fe L-edges and O K-edges of both as-grown and N2G samples, i.e.

the differences of two XAS spectra taken with left (u*) and right (u) circularly polarized light

(example of the N2G sample is shown in the upper panel). During the measurements, the magnetic

field (0.5 T) was applied parallel (+H) to the incident direction of the X-ray which is at 25° from

the normal of film surface. Reversing the magnetic field (—H) led to simultaneous flip of the

XMCD signals at all Co, Fe and O sites. (c), evolution of the RT Ms of SCFO (x=0.5) thin films

with the polarity and duration of ionic liquid gating. (d), ex situ field cooling (FC) M-T curves of
the as-grown SCFO (x=0.5), that after 30 mins N2G, and that after 1 min, 3 mins and 30 mins P2G

measured in a sequence and with the magnetic field (1.3 T) parallel to the film plane. the Zero field

cooling (ZFC) M-T curve of 30 mins N2G sample is also measured.
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Figure 3. Dependence of structural and magnetic properties of SCFO thin films on Fe content.
(a, b), high-resolution XRD patterns of as-grown (a) and N2G (b) SCFO thin films on STO with
varying x. (¢), the dependence of out-of-plane lattice constants on x for both the as-grown and N2G
samples with the analysis of XRD shown in (a) and (b). (d, e), the dependence of the RT Ms (d)
and the M-T curves (measured with a field of 1.3 T parallel to the film plane) (e) on the Fe content
in the P-SCFO yielded by 30 mins N2G.
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Figure 4. Magnetism switching and strain coupling in self-assembled nanocomposites. (a),
scanning electron microscopy (SEM) image of the nanocomposites grown on the 001-oriented
STO substrate. (b, c), the high-resolution XRD patterns of as-grown nanocomposite and that after
30 mins N2G in a full range (b) and around the (002) peaks of the STO (c). (d), elemental mapping
on the cross-sectional TEM specimen of the nanocomposite. (e), high-resolution TEM image of
the interfacial region outlined in (d), and a fast Fourier transform (FFT) image taken at the matrix
region outlined by yellow rectangle which reveals a characteristic electron diffraction pattern of
the orthorhombic brownmillerite structure. (f), RT M-H loops of the as-grown, N2G, and P2G

nanocomposites and the Ms is normalized by the entire volume of the nanocomposites.
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