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Effective manipulation of magnetic properties in transition-metal oxides is one of the crucial issues for
the application of materials. Up to now, most investigations have focused on electrolyte-based ionic
control, which is limited by the slow speed. In this work, the interfacial coupling of the SrCoO,s/
Lag7Cap3sMnOs (LCMO) bilayer is effectively modulated with fast response time. After being treated with
diluted acetic acid, the bilayer changes from antiferromagnetic/ferromagnetic (AFM/FM) coupling to
FM/FM coupling and the Curie temperature is also effectively increased. Meanwhile, the corresponding
electric transport properties are modulated within a very short time. Combined with the structure
characterization and X-ray absorption measurements, we find that the top SrCoO, 5 layer is changed
from the antiferromagnetic insulator to the ferromagnetic metal phase, which is attributed to the
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formation of the active oxygen species due to the reaction between the protons in the acid and the
SrCoO, 5 layer. The bottom LCMO layer remains unchanged during this process. The response time of
the bilayer with the acid treatment method is more than an order of magnitude faster than other
methods. It is expected that this acid treatment method may open more possibilities for manipulating
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Introduction

The manipulation of the magnetic properties of transition
metal oxides has shown promise for improving the perfor-
mance in electric devices."”® A prototypical method to control
the magnetic properties is to modulate the carrier concen-
tration by an electric field. For instance, Ohno et al. first
reported that the magnetism and the Curie temperature (7¢)
in the ferromagnetic semiconductors can be modified by the
electric field through changing the hole concentration.”
Recently, electrolytic gating has been used to modify the
properties of the materials because the ionic liquid can gene-
rate a considerable electric field.® Lu et al reported the
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the magnetic and electric properties in oxide-based devices.

reversible three phase transformation with rich functionalities
in the strontium cobaltate oxides by ionic-liquid gating (ILG),®
which have shown great potential in neuromorphic compu-
ting.” Furthermore, researchers have used ILG to induce the
reversible structural transformation in the LaSrMnO;/SrIrO;
heterostructure with associated electric, optical, and magnetic
phase transitions, which are absent in the constituent oxides
and superlattice.'® Additionally, the low-frequency inductively
coupled plasma technology was employed to induce topotactic
metal-insulator transitions in the La,_,Sr,MnOj; thin films.'*
The misfit strain, chemical doping, and high temperature
annealing were also used to regulate the material perfor-
mance.”>™'® However, there is an obvious limitation of these
methods, which require long process times to achieve the desired
results (i.e., several minutes to hours).

Very recently, an acid solution with rich protons has been
reported to trigger the rapid phase transition within seconds,'”*®
which is attributed to the migration of the active oxygen species
into the materials assisted by protons. The brownmillerite
SrCo0, 5 (B-SCO) with an oxygen-vacancies channel exhibits
an oxygen-dependent topotactic phase transition. This enables
B-SCO to be transformed to the perovskite SrCoO;_, (P-SCO,
0 < x < 0.25) accompanied by a change from antiferromag-
netic insulator to ferromagnetic metal."**”**° In this work,
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the B-SCO/LCMO bilayer was fabricated on a SrTiO; substrate.
The exchange bias effect is observed because of the interaction
of the antiferromagnetic layer with the ferromagnetic layer.
After immersing the bilayer into diluted acetic acid within
2 seconds, the bilayer changes from AFM/FM coupling
(exchange bias effect) to FM/FM coupling, in which the magnetic
hysteresis loop shows a two-step feature. With the assistance of
protons in the acid solution, the active oxygen migrates from the
surface of the B-SCO layer to the top B-SCO layer, which results in
the formation of ferromagnetic P-SCO. Additionally, the bilayer
was also treated with ILG as the reference experiment. Similar
results were obtained but it takes a longer time. This study is
expected to provide an alternative method to tune the properties
of materials at a faster processing time.

Experimental section
Sample fabrication

The B-SCO (20 u.c.)/LCMO (40 u.c.) bilayer was epitaxially
grown on the SrTiO; (STO) (001) substrate by a pulsed laser
deposition. The deposition temperature was kept at 750 °C. The
bottom LCMO and the top B-SCO layer were deposited at the
oxygen pressure of 150 and 100 mTorr, respectively. Then, the
deposited bilayer was in situ annealed for 1 h and cooled down
to room temperature. Single B-SCO (40 u.c.), LCMO (40 u.c.),
and P-SCO (40 u.c.) films, as well as the P-SCO (20 u.c.)/LCMO
(40 u.c.) bilayer were also grown with the same deposition
conditions as the references. Except for the single B-SCO film
with in situ annealing, the other reference samples were
annealed at an oxygen partial pressure of 700 torr for obtaining
the perovskite structure. During the deposition, reflection
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high-energy electron diffraction (RHEED) was used to monitor
the quality and thickness of the samples.

Structural characterization and properties measurements

The crystal structures of the samples were measured using the
X-ray diffraction spectra (XRD). The superconducting quantum
interference device (SQUID) was used to characterize the mag-
netic properties, including the magnetic hysteresis loops (M-H)
and the temperature-dependent moment (M-T). The M-H
measurement was conducted at 5 K with the magnetic field
along the in-plane direction. Furthermore, T is defined as the
peak of the dM/dT curve obtained from the first derivative of
the M-T curve. The resistance as a function of temperature was
investigated in a linear four-probe configuration through a
physical properties measurement system (PPMS) within the
range of 5 to 300 K. The X-ray absorption spectrum (XAS) was
used to measure the Co oxidation state at beamline 08U1A
of the Shanghai Synchrotron Radiation Facility at room tem-
perature. The diluted acetic acid (0.1 mol L' acetic acid,
HAc) and N,N-diethyl-N-(2-methoxyethyl) N-methylammonium
bis-trifluoromethylsulfonyl-imide (DEME-TFSI) were used to
induce the topotactic phase transition of the top B-SCO layer
in the B-SCO/LCMO bilayer. Before the measurements, the
samples were treated using deionized water and ethyl alcohol.

Results and discussion

Fig. 1(a) describes the experimental setup to trigger rapid
topotactic phase transition of the top B-SCO layer in the
B-SCO/LCMO bilayer. Firstly, the single B-SCO film was used
to confirm the feasibility of the method. After immersing the
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Fig. 1 (a) Schematic illustration of a rapid topotactic phase transition of the top B-SCO layer to P-SCO films of B-SCO/LCMO bilayer in a diluted HAc
solution. (b) Comparison of the X-ray diffraction spectra of the B-SCO/LCMO bilayer under different states. The green spades and purple rhombuses

represent the peaks of the sample and the substrate, respectively.
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single B-SCO films into HAc solution for 2 seconds, the active
oxygen species would be produced, which is attributed to
the reaction between the proton in the acidic solutions and
the surface of the B-SCO layer.'”'® Then, the active oxygen
species migrate to the inner of the B-SCO layer to fill possible
oxygen vacancies, inducing the transformation to a perovskite
structure. The changes in the magnetic and structural proper-
ties before and after the treatment with acid confirm the
structural transition (see ESI,t Fig. S1 and S2).

Based on the above results, we develop a highly efficient
pathway to tune the magnetic coupling interaction in the
SrCo0, s/LaCaMnO; heterostructure. Fig. 1(b) demonstrates
the XRD spectra of the B-SCO/LCMO bilayer under the different
conditions. For the as-deposited bilayer (initial state, black line
in Fig. 1(b)), the (002), (006) and (0010) characteristic diffrac-
tion peaks of the B-SCO layer are detected and the diffraction
peak of LCMO (002) is also observed at 47.8°. After treating the
bilayer in HAc at room temperature, a significant change is
observed in the XRD spectra (red line in Fig. 1(b)). The diffrac-
tion peaks of the B-SCO layer disappear and only the diffraction
peak of the LCMO layer still remains. Since the lattice para-
meters of LCMO are close to that of P-SCO film, it is expected
that the diffraction peaks from LCMO and P-SCO are over-
lapped. We will confirm the overlap by the other characteriza-
tions. It has been reported that P-SCO is thermodynamically
unstable compared to B-SCO.'**' Therefore, when the same
sample is heated at relatively low temperature (140 °C) in an
ambient atmosphere, the perovskite/perovskite structure of the
bilayer would revert to the initial brownmillerite/perovskite
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structure. As shown in Fig. 1(b), except for the diffraction peak
of LCMO, the diffraction peak of the B-SCO layer re-emerges.
Considering the correlation between the structure and the
physical properties of the films,'®?*?* we investigate the mag-
netic properties and the electric transport of the bilayer for the
different states. In Fig. 2(a)-(c), the magnetic hysteresis loops
for B-SCO/LCMO are shown for three states at 5 K and the
magnetic-field cooling at £5 T is applied along the in-plane
direction from 300 to 5 K. It should be also noted that the
magnetization of the bilayer consisting of antiferromagnetic
B-SCO and ferromagnetic LCMO bilayer is mainly determined
by the bottom LCMO layer. As shown in Fig. 2(a), the B-SCO/
LCMO bilayer under the initial state exhibits a negative
exchange bias effect. The M-H curves are shifted along the
horizontal magnetic field axis and the offset direction is in the
opposite direction to the cooling field. The corresponding
exchange bias field (Hgg) is about 95 Oe. This effect is related
with the pinning from the antiferromagnetic B-SCO to ferro-
magnetic LCMO layers. Interestingly, in the HAc-treated
bilayer, the shape of the M-H curve is changed and shows a
two-step magnetic transition (see ESL,T Fig. S3), which is due to
different coercivities for the composite materials. Similar
results have been observed in the other system, such as the
hard La, ,Sr;C00s/soft LaSrMnO; heterostructure.>*** Com-
pared with the antiferromagnetic B-SCO layer, the P-SCO layer
is hard ferromagnetic with the coercivity field of 3100 Oe (see
ESL T Fig. S4(a)), while the coercivity field of the LCMO layer is
about 398 Oe (see ESILi Fig. S5(a)). Therefore, the two-step
magnetic transition in the magnetic hysteresis loops is attributed
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Fig. 2 Magnetic coupling variation of B-SCO/LCMO samples under different states. Magnetic hysteresis loops for B-SCO/LCMO at the initial state (a),
P-SCO/LCMO with HAc treatment (b), and after heating (c). (d) Temperature dependent moment of different samples.
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to a field-driven independent magnetization reversal process from
LCMO and P-SCO layers. To further clarify the origin of the
change, we have conducted a minor M-H loop of the HAc-
treated bilayer as shown in Fig. 2(b), in which the sweep magnetic
field is with the range of £3000 Oe. Since the spin of the upper
hard P-SCO layer remains unchanged and the magnetic moment
of the soft LCMO layer reverses with the external magnetic field,
the M-H curve shows a vertical and lateral shift. The M-H curve of
the as-grown P-SCO/LCMO bilayer, as shown in Fig. S6 (see ESIt),
further confirms the proposed magnetization reversal. Therefore,
the M-H curves are in line with the phenomenon that the B-SCO/
LCMO bilayer has been changed to a P-SCO/LCMO layer at this
stage and the system shows FM/FM coupling. Furthermore,
Fig. 2(c) plots the magnetic hysteresis loops of the same sample
after heating. It is found that the M-H curves are generally
restored to their initial shapes, while the exchange bias effect of
the bilayer re-emerges, indicating a recovery of the top layer in the
bilayer to the brownmillerite structure. In addition to this,
Fig. 2(d) demonstrates the moment versus temperature curve of
the bilayer at different states. Interestingly, the 7 of the HAc-
treated bilayer is improved compared with the initial state. This
may be due to the variation of the coupling interaction in the
bilayer.

The electric transport properties of SCO change alongside its
topotactic phase transition. Therefore, the temperature depen-
dence of resistance amongst the three states of the bilayer was
investigated, as plotted in Fig. 3(a). Remarkably, the initial
B-SCO/LCMO bilayer displays the metal-insulator transition
near 150 K (black line in Fig. 3(a)),>**” which corresponds to
T¢ of the single LCMO layer, as shown in Fig. S5(b) (see ESIt).
This result is consistent with the magnetic measurement
in which the transport behavior is mainly contributed by the
LCMO layer although the top B-SCO layer shows insulating
behavior. Compared with the initial/heating bilayer, the resis-
tance of the HAc-treated sample is significantly decreased due
to the top layer change to the metallic P-SCO, attributed to the
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injection of active oxygen species. However, the temperature of
the metal-insulator transition in the bilayer moves in the high
temperature direction. This behavior can also be resolved from
the XAS measurement. Fig. 3(b) demonstrates the comparison
of the Co valence states for all the bilayers. The peak of the Co
Lz-edge of the HAc-treated sample is higher than that of the
initial B-SCO/LCMO bilayer, indicating that the valence state of
Co®" changes to Co*" through the phase transition.***° This
result confirms that the perovskite SrCoO, phase was formed at
this stage. Remarkably, the Co valence states shift to lower
energy during the HAc-treated sample returning to the initial
state after heating. Overall, the B-SCO/LCMO bilayer changes to
a P-SCO/LCMO bilayer after treatment by the acid. Meanwhile,
the magnetic coupling interaction and the electric transport
of the B-SCO/LCMO bilayer can be efficiently modulated in a
fast way.

The previous studies have reported that the electric field can
drive the topotactic phase transition of SCO by means of
the ILG method.®®%2® After applying a negative voltage, the
electric double layer is formed at the interface consisting of
the ionic-liquid and surface of B-SCO films.?'* Thus, the
negatively-charged oxygen ions can inject into the B-SCO films
and fill the oxygen vacancies, inducing a transformation to the
P-SCO phase. Based on this phenomenon, the ionic-liquid-
gating experiment was also conducted as a reference. Fig. 4(a)
shows the ILG setup for the B-SCO/LCMO bilayer. After apply-
ing —3 V on the as-deposited B-SCO/LCMO bilayer (the initial
state) for 1 hour, the exchange bias effect (Hgg = 106 Oe, black
line) disappears. Meanwhile, the shape of the M-H curve
changes from one magnetic transition to two transitions with
the different field (read line in Fig. 4(b) and Fig. S7, see ESIf).
The magnetic measurement results are similar to that obtained
with HAc treatment (Fig. 2(b) and Fig. S3, see ESIt). Hence, this
work indirectly confirms that the B-SCO/LCMO bilayer can
transform to a P-SCO/LCMO bilayer after HAc treatment,
accompanied by the interaction changing from AFM/FM coupling
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Fig. 3 (a) Resistance as a function of temperature and (b) XAS spectra of Co L-edge of the bilayer under the different states.
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low-frequency coupled plasma technology.!* In addition to this, the materials were controlled by ILG.

to FM/FM coupling. Moreover, the transition time is much faster
than the ILG method.

The evolution of the magnetoelectric phase of the B-SCO/
LCMO bilayer under the different states is dynamic (as shown
in Fig. 5(a)). Either utilizing the ILG or HAc treatment method, the
effective control of the migration direction of oxygen ions in the
sample plays a vital role to induce the structural change of the
B-SCO layer from the brownmillerite to the perovskite structure.
Correspondingly, the magnetic and the electronic properties of
the B-SCO layer are controlled simultaneously. As a result, the
B-SCO/LCMO bilayer would change to a P-SCO/LCMO bilayer. And
the interaction can also be facilely tuned from AFM/FM coupling
to FM/FM coupling alongside the large resistance change. Addi-
tionally, utilizing the HAc-manipulated physical properties exhi-
bits a fast response time compared with that of the other
methods, as summarized in Fig. 5.

Conclusions

In summary, we have effectively manipulated the magnetic
coupling interaction of the B-SCO/LCMO bilayer utilizing a fast

This journal is © the Owner Societies 2024

method. The results of XRD and XAS measurement reveal that
the antiferromagnetic insulating B-SCO of the top layer changes
to the ferromagnetic metallic P-SCO layer after being treated by
HAc. This result induces AFM/FM coupling (exchange bias
effect) to FM/FM coupling, while the resistance significantly
decreases. At the same time, the Curie temperature was also
improved. Furthermore, the bilayer is able to transform to its
initial state after the heating treatment at low temperature. The
reference experiment also indirectly confirms the feasibility of
this method, which takes a long time. Our result is expected to
enrich the methods to manipulate physical properties and
endow multifunctionalities of materials.
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