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ABSTRACT

The magnetic ground state of LaMnO; (LMO) thin film is still a controversial issue, even though various mechanisms, such as cation/anion
non-stoichiometry, epitaxial strain, interfacial charge reconstruction, and orbital ordering, have been proposed. Here, exchange bias (EB)
was introduced into a high-quality epitaxial LMO thin film via relatively low oxygen growth pressure. The EB in LMO was modulated by
+2 'V gating via ionic liquid method with increased EB field (Hgs), coercivity (Hc), blocking temperature (T'), and reduced ferromagnetic
(FM) magnetization. However, the —2 V gating has a much weaker tunability. By investigating the change of structure, surface morphology,
and Mn oxidation state in LMO thin films, the modulation of magnetic properties is attributed to the creation/annihilation of oxygen
vacancy in an LMO thin film. The suppressed FM phase in LMO can be ascribed to reduced Mn valence, structure disorders, and structure
transition. However, the enriched antiferromagnetic phase results from the transition of the pseudocubic structure to the distorted ortho-
rhombic structure. This work not only highlights the importance of functional defects in perovskite oxides but also sheds light on the poten-

tial of electric-field modulation of magnetism in spintronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106859

As the parent compound of a magnetic perovskite manganite sys-
tem, LaMnO; (LMO) has been widely studied due to the peculiar
magnetic structure and transport properties.. LMO possesses an
A-type antiferromagnetic (AF) structure with an ordering temperature
~140K, as demonstrated by neutron scattering in bulk single crys-
tals.”” However, robust ferromagnetism is detected in LMO thin films.
With advanced thin film deposition techniques, the magnetic proper-
ties of high-quality LMO films have been investigated by controlling
the strain state,”” La stoichiometry,”* oxygen stoichiometry,"”” "
and polar discontinuity at the interfaces."” '~ Some suggested mecha-
nisms of ferromagnetism in LMO thin films include (i) excess oxygen
(in form of LaMnOs,;s) introduces Mn*" ions and boosts the
Mn**-O-Mn*" dominated double exchange interaction;” (i) La defi-
ciency in the form of (La>*Mn*")(Mn*"Mn*")O; and similar to
electron-doped ferromagnetic (FM) manganite;” ® (iii) polar disconti-
nuity leading to the interface charge reconstruction and electron
doping, which boosts Mn**-O-Mn’" dominated double exchange
interaction at the interface;'”'” and (iv) FM phase (P21/n) due to
G-type d312—r2/dx2—y2 orbital ordering.lg’w

Although LMO thin films exhibit fascinating ferromagnetism,
AF phase can still be traced through exchange bias (EB) effect.”'” '
Regulation of EB in LMO thin films was usually demonstrated by
deoxygenation via either post-annealing process or irradiation.””*" It
is of interest to explore potential voltage control of oxygen vacancies
in LMO thin films, thus regulating their magnetism. For example,
ionic liquid (IL) gating has been demonstrated as a powerful means to
control the oxygen vacancy in transition metal oxides.””** However,
explorations of ionic liquid modulation of EB in LMO thin films were
rare, and the regulation mechanism was not very clear. The prospect
of realization of IL regulation of EB in LMO thin films can not only
offer a promising routes for low-power spintronic applications but can
enrich our understanding of how oxygen vacancies mediate the com-
plicated magnetism in LMO thin films.

Here, we deployed IL to create oxygen vacancies in LMO thin
films with the goal of regulating the EB effect. High-quality epitaxial
LMO thin films were prepared, and the EB effect in the films was
confirmed by magnetic hysteresis (M-H) loop measurements of
as-deposited samples. The EB can be enhanced by +2 V IL gating with
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enhanced blocking temperature (Tj), increased EB field (Hgg), enlarged
coercivity (Hc), and suppressed FM magnetization, whereas —2V IL
gating shows insignificant tunability.

Figure 1(a) shows the device structure for IL gating of LMO thin
films. 2'V voltage was chosen since it lies within the electrochemical
reaction region while keeping a relatively small leakage current (Fig.
S1). According to previous reports,”*" the modulation thickness via
IL method based on electrochemical effects is at the order of 10 nm for
oxides. Therefore, LMO (10 nm) thin films [Fig. S2(a)] were grown on
NSTO (001) substrates. Atomic force microscopy (AFM) image of the
as-grown LMO thin film [Fig. S2(b)] display atomically flat surfaces.
After capping 2-nm SiO, layer on LMO for sacrificial protection, 20
scan profile over an extended range [Fig. S3(a) top panel] only shows
(001) diffraction peaks, demonstrating the single phase. The narrow
rocking curve around the (001) peak [~0.1°, Fig. S3(c)] suggests low
mosaic spread.

The effect of IL gating on the crystal structure and morphology
was first examined. For this purpose, an LMO thin film was first gated
at —2'V for 1h, and then a +2V gate was applied on the same sample
for another hour. 20 scan profile [Fig. S3(a)] shows that neither —2V
nor +2V IL gating created any observable impurity phase. The film
thickness [Fig. S3(b)] and surface roughness (Fig. S4) were maintained
through the gating steps as compared with the SiO,-capped pristine
sample, suggesting moderate electrochemical process and no obvious
surface degradation.”” (001) diffraction peaks at different gating states
[Fig. 1(b)] reveal that —2V IL gating (middle panel) has negligible
impact on the peak position (26 = 22.64°) (top panel), while +2 V IL
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gating (bottom panel) shifts the diffraction peak to a lower value (20
= 22.44°) and hence an increased out-of-plane lattice constant.

Reciprocal space mapping (RSM) maps for asymmetric (103) lat-
tice plane at different gating states were also recorded [Figs. 1(c)-1(e)].
It is observed that IL gating does not change the fully strained state of
the LMO thin film, since all spot centers of LMO line up with that of
NSTO in Q, direction. The evolution of in-plane and out-of-plane lat-
tice constants and the unit cell volume are depicted in Fig. 1(f). 42V
IL gating results in a tetragonal distortion of LMO unit cell along c-
axis, while —2 'V IL gating shows little impact. Qualitatively, the width
of LMO spot distribution perpendicular to the [103] scattering vector
is increased after IL gating. This means reduced crystallinity, which is
partially reflected through the rocking curves around (001) diffraction
peaks [Figs. S3(c)-S3(e)].

Figure 2(a) shows the IL gating process for magneto-transport
measurements. Starting from the pristine state (State 1), voltage signals
of —2V and 4 2V were applied alternatively to the film (one hour for
each stage), leading to different states of the sample (States 2-5). M-H
loops of the LMO thin film at different states are plotted in Fig. 2(b),
and Table I summarizes important parameters extracted from the
plots. In the pristine state (State 1), a square loop (M,/M, = 0.92,
where M, and M; represent the remnant and saturated magnetization,
respectively) is shown. The —2V IL gating (State 2) has little impact
on the magnetic properties, as testified by the virtually overlapping
M-H loops in States 1 and 2. A subsequent +2V IL gating process
(State 3) results in a suppression of M, and M, alongside a huge
increase in Hc, which is a clear sign of suppressed ferromagnetism.
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FIG. 1. (a) Device geometry for IL gating. (b) Out-of-plane 20 scan profiles around NSTO (001) for an LMO sample at pristine state (top panel), followed by first a —2 V gating
(middle panel) and then +2V gating (bottom panel). (c)-(e) Asymmetric (103) RSM maps for the same LMO thin film at different states, after the sequence of IL gating pro-

cesses. (f) Lattice parameters of the LMO thin film at different states.
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FIG. 2. (a) IL gating process for magneto-transport measurement. (b)-(e) M-H loops at 10K, M-T curves with a 10-Oe applied field, temperature-dependent Hgg and Hc of

LMO film at different states, respectively. (f)—(h) Evolution of the Hgg at 10K, H¢ at 1

To verify whether the reduced ferromagnetism can be restored, a second
—2V IL gating process was applied (State 4). While Hc is slightly
reduced to 3200 Oe, both M; and M, keep unchanged compared with
State 3. A second +2V IL gating (State 5) results in unchanged M, but
the M, (Hc) is slightly reduced (increased), which suggests the magne-
tism is further altered. The effect is also reflected through temperature-
dependent magnetization (M-T) curves measured at various states [Fig.
2(c)]. The magnetization below Curie temperature (T¢) is suppressed by
+2V IL gating while —2'V IL gating shows a weak effect. Furthermore,
M-T curves at different states all diminish at ~110K, suggesting that IL
gating does not affect the T¢ in the LMO thin film.

We define EB field as Hgp = (H,+H,)/2, where H, is the negative
coercive field while H; represents the positive one. The coercivity is
defined as He = (H;— H,)/2. Figures 2(d) and 2(e) depict the

TABLE I. M,, Mg, and M,/M; ratio of the LMO thin film for different states at 10 K.

State 1 State 2 State 3 State 4 State 5
M, (pemu) 17.5 17.5 13,5 13.5 124
M, (uemu) 19.1 19.1 15.8 15.8 15.8
M,/ M 0.92 0.92 0.85 0.85 0.78
H¢ (Oe) 1900 1920 3920 3200 4080

0K, and T at different states.

temperature-dependent Hgp and Hc. For State 1, the LMO thin film
shows a small Hgg, suggesting the coexistence of AF and FM phase as
reported before."” ' Hpp disappears at around 40 K (the blocking tem-
perature, Tg), which is far less than the AF ordering temperature of
bulk LMO but is close to previously reported T in oxygen deficient
LMO films.>* After the first —2V IL gating (State 2), both
temperature-dependent Hgp and H curves overlap with those of state
1, indicating no change of magnetic properties. However, after the first
+2V IL gating (State 3), the Hg is significantly increased along with
an enhanced Tp (from 40 to 80K). The temperature-dependent H¢
also shows an increase. For the second —2 V IL gating (State 4), only
temperature-dependent Hc is slightly reduced from State 3. The
temperature-dependent Hgp does not exhibit an obvious reduction
compared with State 3. In contrast, at low temperatures, the Hgg con-
tinues to increase even after —2 V IL gating. For the second +2V IL
gating (State 5), temperature-dependent Hgp and H are increased at
low temperatures from State 4. The evolution of Hgp and Hc at 10K
are plotted in Figs. 2(f) and 2(g), respectively. The evolution of Tj is
depicted in Fig. 2(h). A sharp increase in Ty only occurs after the first
+2V IL gating (State 3); and further IL gating shows no effect.
According to the classical model of the EB,”* Hyy is inversely
related to M in FM. Assuming that IL gating does not change the AF
phase, then the effect of IL gating on Hpp should be closely linked with
M. From State 2 to State 3, M, is suppressed by +2V IL gating and
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Hpgp is therefore enhanced. But from State 4 to State 5, M, is not
changed by +2V IL gating (Table I) while the Hgp still show an
increase, suggesting that the suppressed FM phase and enriched AF
phase should act cooperatively for the enhanced EB effect.

Normally there are two mechanisms for pure IL gating devices:
electrostatic doping and electrochemical reactions. Since the gating volt-
age used in the work is in the electrochemical regime (Fig. S1), and as
all our measurements were conducted after removing IL, electrostatic
doping can be ruled out. Redox-based electrochemical reaction has
been widely reported in many transition metal oxide systems.”””"’
The removal/injection of oxygen ions not only results in structural
transformation but also leads to the change of oxidation state for transi-
tion metal ions.”””' To this end, electron energy loss spectroscopy
(EELS) and transmission electron microscopy (TEM) studies were car-
ried out on LMO thin films under three conditions. The first sample is
the as-prepared LMO thin film and can be regarded as the pristine
state. The second sample was gated from pristine state by —2 'V for one
hour in vacuum at 300K and is taken as —2V IL gated state. The last
sample was gated from pristine state by +2V for one hour in vacuum
at 300 K and is taken as 42V IL gated state.

Since oxygen vacancies are strongly correlated with the oxidation
state of Mn ions, EELS along LMO thickness direction were performed
to investigate the influence of IL gating on Mn valence states. The real-
igned Mn L;, edges based on the pre-peak position of O K edge

scitation.org/journal/apl

(around 530eV for O,,~Mny4 hybridization, Fig. S5) are plotted in
Figs. 3(a)-3(c). For the pristine state [Fig. 3(a)], the sample exhibits a
red shift at the interface (white line at 1 nm) and surface (white line at
9nm) compared with these white lines located at the middle.
According to previous reports, ' >'***** the low oxidation state of
Mn ions at interface can originate from the electronic reconstruction
due to polar discontinuity, while the low Mn oxidation state at the sur-
face arises from oxygen vacancies due to surface symmetry breaking
For —2V IL gated state [Fig. 3(b)], all white lines show a shift toward
higher energy. For +2V IL gated state [Fig. 3(c)], all white lines shift
toward lower energy compared with the pristine state, and the low oxi-
dation states of Mn ions at the interface and surface are maintained.
To quantitatively understand the effect of IL gating on the oxida-
tion state of Mn ions, a fitting method (details in Fig. S6) was deployed
to obtain the L; peak position [Fig. 3(d)]. From Fig. 3(d), the L peak
positions for 42V IL gated sample shift to around 640.5eV, about
0.7 eV lower than that of pristine state. For the —2V IL gated sample,
the L peak positions do not show obvious changes as compared with
those of pristine state. Multivalence states (+2, +3, and +4) of Mn
ions are possible in LMO films due to oxygen non-stoichiometry and
interfacial charge reconstruction.”'”'® Most studies have ascribed fer-
romagnetism in LMO thin films to this multivalence state of Mn ions.
Therefore, we extracted the Ls/L, ratio [Fig. 3(e)] to investigate how IL
gating affects the oxidation state of Mn ions. Within the bulk of the
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FIG. 3. The Mn L edge white lines from the interface to the top surface for pristine (a), —2V gated (b), and +2V gated states (c). (d) and (e) The depth-dependent L; peak
position and the extracted Ls/L, ratio for pristine state (black), —2V IL gated state (blue), and +2V IL gated state (red).
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pristine sample, the value of Ls/L, is about 3.1 rather than 3, which
could be ascribed to the relatively low oxygen growth condition. The
characteristic of interfacial electronic reconstruction is confirmed,
which cannot be removed even with 42V IL gating. According to pre-
vious report,” different Ls/L, ratios in Fig. 3(e) can be representative
for different valence states of Mn ions in LMO (4.2 for Mn*", 3 for
Mn’*, and 2 for Mn*"). Compared with the pristine state, the Ls/L,
ratio for —2 'V IL gated state show a distribution from 2 to 4.2, sugges-
ting the coexistence of multivalence states (+2, 43, and +4) of Mn
ions. While for the pristine and 4-2 V gated state, +3 and 4-2 are dom-
inant valence states, respectively.

The magnetic properties of perovskite manganites are closely
linked to the exchange interactions between Mn spins via oxygen ions.
The variation of Mn valence is considered as a key factor for different
magnetic properties. For 42V IL gated state, the reduced valence
from +3 to 42 suppresses the double exchange-dominated ferromag-
netism, which is consistent with magneto-transport results (Fig. 2).
For —2V IL gated state, the coexistence of multivalence suggests
enhanced ferromagnetism, which is, however, contrary to the
magneto-transport results (state 2 in Fig. 2). In addition, for +2V IL
gated state, the superexchange-dominated AF phase should be sup-
pressed due to reduced Mn>*-O-Mn>" chains, which is also contrary
to the cooperation of the suppressed FM phase and enriched AF phase
discussed above. These analyses indicate that apart from variation of
Mn valence state, there are other contributions to the variation of mag-
netic properties during IL gating process.

Representative Fourier-filtered images and the corresponding
cross-sectional TEM images are shown in Fig. 4. Dislocations (marked
as 1) can be found in IL gated LMO thin films [Figs. 4(b) and 4(c)]

Pristine to -2V

Pristine
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compared with pristine state [Fig. 4(a)]. Although the —2V IL gat-
ing has little effect on lattice constant [Fig. 1(f)], structural disloca-
tions are still induced and is consistent with the RSM results [Fig.
1(d)]. These observed structural disorders can explain why ferro-
magnetism is not enhanced for —2 V IL gated state. From the cross-
sectional TEM images, one can see that the LMO lattices keep a
coherent relationship with the NSTO, which again confirms the
RSM results [Figs. 1(c)-1(e)]. Meanwhile, the +2V IL gated LMO
film shows extra %(01 1) pc (pc represents pseudocubic) spots from the
fast Fourier transform (FFT) spot patterns [inset of Fig. 4(f)].
This indicates a different structural phase induced by +2V IL
gating. These extra %(011) pc reflections were only reported in
LMO related superlattices,“’% which is ascribed to the transforma-
tion from the pseudocubic structure to the orthorhombic structure
due to in-phase octahedral rotation. In our case, +2V IL gating
leads to the expansion of LMO unit cell along the out-of-plane direc-
tion due to larger Mn”>" ionic radius.” This unit cell expansion is
accommodated by oxygen octahedral distortion, which is confirmed
by XRD (Fig. S7).

The inverse fast Fourier transform (IFFT) images of normal
pseudocubic spots [green circled spots in Fig. S8(b)] and the %(01 1) pe
spots [red circled spots in Fig. S8(b)] from a large area [Fig. S8(a)] are
extracted. By mixing the two IFFT images together [Fig. S8(c)], the
oxygen octahedral distortion is observed throughout LMO films with
different degrees of distortion. Line scan profiles along vertical and
horizontal direction of the two IFFT images are obtained to study the
corresponding basis arrangement. For horizontal direction [Fig.
S8(d)], it is observed that the distance between basis for extra %(01 Dpe
spots is doubled. Moreover, there is a small gap between peak

Pristine to +2V

FIG. 4. Fourier-filtered images for the pris-
tine state (a), —2V IL gated state (b), and
+2V IL gated state (c). The correspond-
ing cross section TEM images are shown
in (d)—(f), respectively. Inset: the FFT spot
pattern corresponding to the enclosed
regions.

Appl. Phys. Lett. 121, 162406 (2022); doi: 10.1063/5.0106859
Published under an exclusive license by AIP Publishing

121, 162406-5

0%'€%'G0 €202 1890100 0¢


https://scitation.org/journal/apl

Applied Physics Letters

positions of two series of basis. A similar phenomenon is also observed
along the vertical direction [Fig. S8(e)].

Based on the above analysis, the distorted orthorhombic structure
with 2a,,. x 24, can be plotted in Fig. S8(f), which shows similar octa-
hedral distortion with that in LMO based superlattices.”” Compared
with the pseudocubic structure, the octahedral distortion leads to
increase Mn-O bond length and reduction of Mn-O-Mn bond angle
for both in-plane and out-of-plane directions. According to previous
report,” the increased Mn-O bond length and reduced Mn-O-Mn
bond angle can significantly quench the ferromagnetism in LMO layer.
The increased bond length and reduced bond angle in +2V IL gated
LMO film means more overlapped orbital between Mn-3d and O-2p,
which could be the reason for enriched AF phase in 42V IL gated
LMO films. Further studies about the structure and its magnetic prop-
erties are needed.

In summary, high-quality epitaxial LMO thin films exhibiting
the EB effect are prepared. By using IL gating, the crystal structure,
structure disorders, Mn oxidation state, and magnetic properties of
LMO thin films are regulated. +2V IL gating suppresses the EB
effect by suppressing the FM phase and enriching the AF phase. The
enhanced AF phase is possibly associated with the structure transi-
tion from the pseudocubic phase to the distorted orthorhombic
phase because of increased oxygen vacancies. This work offers the
possibility to control the antiferromagnetic spintronic devices by
defect engineering.

See the supplementary material for more details about experi-
mental method, additional characterization, and additional analysis of
the extra $(011) reflections.
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