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Exchange-biased nanocomposite ferromagnetic insulator

Ji Zhang ,1 Jingtian Zhou,2 Zhen-Lin Luo,2,* Y. B. Chen,3 Jian Zhou ,1 Weiwei Lin ,4 Ming-Hui Lu,1 Shan-Tao Zhang ,1,†

Chen Gao,5 Di Wu,1 and Yan-Feng Chen1

1National Laboratory of Solid State Microstructures, Department of Materials Science and Engineering, College of Engineering and Applied
Science and Jiangsu Key Laboratory of Artificial Functional Materials and Collaborative Innovation Center of Advanced Microstructures,

Nanjing University, Nanjing 210093, China
2National Synchrotron Radiation Laboratory and Chinese Academy of Sciences Key Laboratory of Materials for Energy Conversion,

University of Science and Technology of China, Hefei, Anhui 230026, China
3National Laboratory of Solid State Microstructures and School of Physics and Collaborative Innovation Center of Advanced

Microstructures, Nanjing University, Nanjing 210093, China
4Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218, USA

5Beijing Advanced Sciences and Innovation Center of Chinese Academy of Sciences, Beijing 101407, China

(Received 27 September 2019; revised manuscript received 23 December 2019; published 15 January 2020)

Magnetic insulating and exchange bias (EB) are two basic magnetic states with actual and potential
applications in spintronic and magnonic devices. However, ferromagnetic insulators (FMIs) are rare, and it
is even more challenging to obtain a FMI with large EB. In this paper, high performance of FMIs and EB
in LaMnO3:NiO nanocomposite epitaxial thin films is reported. The antiferromagnetic NiO nanoparticles,
randomly embedded in a ferromagnetic LaMnO3 matrix, enhance the robustness of the insulating state and result
in an EB field as large as 1100 Oe. The simultaneously enhanced resistivity and EB are attributed to localized
oxygen vacancy, preserved strain state, and increased ferromagnetic-antiferromagnetic interface ratio. This paper
provides not only a material candidate for spintronics but also a referential strategy to design artificial materials
with multifunctionality.
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I. INTRODUCTION

Insulating magnets are highly desired materials for mag-
netoelectric devices, for ultrafast spin-optical recording, and
recently for efficient generation and transmission of magnonic
spin current free of electronic charge flow, and thus with min-
imal Joule heating and low power dissipation [1–4]. Among
insulating magnets, ferromagnetic insulators (FMIs) allow
emergence of some prominent phenomena with novel physics
and open new possibilities for spin-orbit interaction related
spintronic devices [5–9]. Perovskite oxide FMIs, which can be
ideally integrated with many single-crystal substrates, are rel-
atively rare [7]. Some bulk antiferromagnetic insulating per-
ovskite oxides show ferromagnetic behavior in strained thin-
film form. Among them, 3d transition-metal oxide LaMnO3

(LMO) thin film is of particular interest partly due to its rela-
tively high Curie temperature (Tc ≈ 100 K) [9,10]. However,
insulating behavior of LMO thin films is not robust and can be
easily suppressed or even destroyed by strain relaxation and/or
chemical defects like oxygen vacancy (V ′′

O ), both of which are
inevitable in thin films and can change the local symmetry and
the cation’s valance [11–17].

On the other hand, exchange coupling between ferromag-
net and antiferromagnet (AF), leading to exchange bias (EB)
effect, is mostly studied in ferromagnetic or ferrimagnetic
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metals, but few works have been explored in FMIs [18–23].
In recent years, EB effect has been observed in LMO-based
superlattices [14,22–25], but the EB field is far lower than
that in conventional magnetic metals [19,21,26,27] because
of the lack of direct exchange coupling and the itinerant
electron mediated coupling. Accordingly, both FMI and EB
behaviors in LMO-like thin films need further improvements.
Moreover, besides viewpoints of fundamental physics, the co-
existence of FMIs and EB can provide an additional freedom
for novel device design. For example, exchange-biased FMIs
can provide a biased magnetic field in the electronic device
without any charge-carrier contribution. More importantly, in
analogy to the well-used exchange-biased spin valve in the
read head of hard disk and magnetic random access memory,
the exchange-biased FMI can be used in a magnon valve for
novel magnon-based devices. Intuitively, coexistence of FMIs
and EB is feasible since, similarly to FMIs, EB is sensitive to
strain relaxation and defects like V ′′

O [22–24].
However, conventional heterostructure with a two-

dimensional (2D) interface is not an appropriate strategy
for realizing integrated robust FMIs and EB because of the
following:

(1) The 2D ferromagnetic/antiferromagnetic interface
usually decreases resistivity, thus suppressing insulating be-
havior, since it cannot prevent the long-distance migration of
charges or charged defects like V

′′
O along the interfacial 2D

plane [22–25,28,29].
(2) The strain arising from substrate-film lattice mis-

match tends to relax along the normal direction of the
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heterostructure, which induces thickness-dependent macro-
scopic properties like ferromagnetism or insulating behavior.
That is, some unusual properties can only be achieved in
ultrathin films [30–32].

Therefore, an alternative interface to prevent the migration
of charges and defects and to sustain the strain in relatively
thick films is preferred. In our opinion, the so-called 0–3-
type LMO:NiO nanocomposite thin films, where antiferro-
magnetic insulating NiO nanoparticles are embedded in a
three-dimensional (3D) FMI LMO matrix, offer a promising
strategy to realize robust FMIs and EB simultaneously be-
cause of the following considerations.

(1) Zero-dimensional (0D) NiO nanoparticles can act as
charge reservoirs to trap and localize the transferred charge or
defects like V ′′

O from the 3D LMO matrix due to the variable
chemical valence of Ni cations [23,33], as well as the higher
Pauling electronegativity of Ni (1.91) compared with Mn
(1.55).

(2) NiO nanoparticles distribute randomly but homoge-
neously in macroscopic scale, thus the strained state of LMO
can be sustained or even strengthened along all three direc-
tions [34–36].

(3) The high specific surface of NiO nanoparticles ensures
a large total interfacial area between LMO and NiO, which is
helpful to enhance the above two desired effects.

Here we report the coexistence of robust FMIs and large
EB in 0–3-type (1 − x)LMO : xNiO nanocomposite epitaxial
thin films on (001)-SrTiO3 (STO) substrates, where x rep-
resents the mole ratio of NiO. The nanocomposite structure
is utilized to increase the FM-AF interface ratio to the bulk,
and thus the EB can be enhanced by more than one order
of magnitude compared with that in the bilayer. With the
optimal composition, the resistivity is about 15 times larger
than that of the pure LMO films within the whole measuring
temperature range, and the EB field is as large as 1100 Oe.

II. EXPERIMENTAL METHODS

(1 − x)LMO : xNiO (x = 0−0.6 with intervals of 0.1) ce-
ramics used as targets for film deposition were prepared by
conventional solid-state reaction. Thin films were deposited
on (001)- STO substrates by pulsed laser deposition using
a 248-nm KrF excimer laser. The chamber was evacuated
to a base pressure of 10−8 mbar before deposition. During
each deposition, the substrate temperature was 800 ◦C, the
laser repetition rate was 2 Hz, the laser energy density was
1.2 J/cm2, and the flowing oxygen pressure was 0.05 mbar.
After deposition, the films were in situ annealed in the cham-
ber for 10 min, cooled to 400 ◦C with the rate of −15 ◦C/min,
then cooled to room temperature naturally.

It should be noted that to obtain high-quality LMO:NiO
nanocomposite thin films two factors should be considered.
One is the NiO content. Too high NiO content leads to
aggregation of nanosized NiO into large particles. The other
is the sample preparation process. Especially, the sintering
temperature and sintering time during ceramic target prepa-
ration, and the deposition temperature and deposition oxygen
pressure during thin-film preparation, are the key factors
determining the distribution and size of NiO particles. Briefly,
the LMO powders were prepared by solid-state reaction.

The stoichiometric La2O3 and MnO2 powders were mixed,
ball milled in ethonal for 24 h, and sintered at 1200 ◦C for
20 h with increasing temperature of 5 ◦C/min from room
temperature. Then the LMO and NiO powders were weighted
according to (1 − x)LMO : xNiO (x = 0−0.6); the mixtures
were ball milled for 1 h, dried, and pressed into 24-mm
diameter and about 2-mm thickness. The disks were sintered
at 1100−1200 ◦C depending on composition for 1 h with
a relatively rapid increasing temperature rate of 10 ◦C/min.
Powder x-ray-diffraction (XRD, Bruker D8) patterns of the
ceramics are plotted in the Supplemental Material Fig. S1
[37]. Two important issues should be addressed.

(1) LMO ceramic is single phase whereas composite ce-
ramics with x > 0 show two sets of diffraction patterns arising
from LMO and NiO, as indicated by symbols. Some weak
diffraction peaks from third phases can be seen.

(2) The crystal structure of LMO changes from the or-
thorhombic structure of x = 0, 0.1 [38,39] to unexpected
tetragonal-like [40]. We believe such phase transition should
be attributed to NiO-induced internal strain. Though Ni might
enter into the LMO lattice to induce structure distortion,
such diffusion and structural distortion should be limited and
localized around the LMO/NiO interface, which means the
cation’s diffusion should not be the determinative effect for
the observed phase transition.

The crystal structure of the films was investigated by
high-resolution x-ray diffraction (Bruker D8 Discover diffrac-
tometer) and synchrotron radiation XRD at beamline 14B
of the Shanghai Synchrotron Radiation Facility. The surface
morphology and microstructure of the films were recorded
by atomic force microscopy (AFM, Cypher) and transmission
electron microscopy (TEM, FEI Tecnai F20). The cross-
section sample for TEM was prepared by ion milling with 3.2–
4.5-keV Ar+ ions for a few hours after mechanical thinning.
The transport data were collected by a physical property mea-
surement system (PPMS-9, Quantum Design), and the mag-
netic property was measured by a superconducting quantum
interference device (MPMS-3, Quantum Design). The valence
state of Mn and Ni ions was characterized by synchrotron
radiation x-ray-absorption spectroscopy (XAS) at beamline
12B-a of the National Synchrotron Radiation Laboratory.

III. RESULTS AND DISCUSSION

All thin films show an extremely flat surface, typical
surface AFM image, and cross-sectional TEM image of the
x = 0.5 thin film, shown in Figs. 1(a) and 1(b). The root-
mean-square roughness is 131 pm and average thickness
is 35 nm. In addition, Fig. 1(b) indicates the desired 0–3
composite microstructure since the random spots with sharp
contrast suggest the mixture of NiO and LMO. A high-
resolution TEM image [Fig. 1(c)] further proves that isolated
0D NiO nanoparticles with average size of about 2 nm, as
typically symbolized by arrows, are randomly embedded in
a continuous 3D LMO matrix. The selected area electron
diffraction [Fig. 1(d)] confirms that both NiO and LMO
are crystallized, and they do form a composite rather than
doping. The theoretical volume fraction of LMO to NiO
in these nanocomposite films is calculated to be 3.46:1 by
considering the density of LMO (6.37 g cm−3) and NiO
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FIG. 1. Structure characterization of the (1 − x)LMO : xNiO films. (a) The typical AFM image of x = 0.5 films shows the extremely flat
surface. (b, c) TEM images of x = 0.5 films reveal 0–3-type composite structure with nanosized NiO particles; the average film thickness is
35 nm. (d) Selected area electron diffraction (SAED) confirms the epitaxial growth of x = 0.5 films. (e, f) Two local high-resolution TEM
images near the LMO/NiO interface; the insets of Fig. 1(f) show the fast Fourier-transformation images taken from NiO and LMO. (g, h)
Reciprocal space maps around (002) and (103) Bragg spots reaffirm the epitaxial growth and strained state of LMO and NiO in x = 0.5
nanocomposite films.

(6.81 g cm−3). It should be emphasized that in macroscopic
scale the NiO particles are nearly homogeneously distributed.
Therefore, both LMO and NiO can preserve the strain state
throughout the nanocomposite films, though the accurate
strain value changes across different NiO contents to some
extent.

To further investigate the LMO/NiO interfaces, two local
high-resolution TEM images taken far away from the sub-
strate and near the substrate are shown in Figs. 1(e) and
1(f). One can see that NiO particles have epitaxial orienta-
tion with respect to the LMO matrix, rather than a textured

structure. Two local fast Fourier-transformation images taken
from NiO and LMO are shown in the insets of Fig. 1(f),
which also verify the epitaxial relationship between NiO and
LMO. Moreover, one can see that the contrast at the boundary
between NiO and LMO is quite blurred (highlighted by a
red rectangle), and there are misfit dislocations or vacan-
cies nearby. Actually, using the fast Fourier-transformation
method, we can see that there are dislocations lying around
the boundary between NiO and the LMO matrix. In the field
of perovskite thin films, the dislocations are usually composed
of the oxygen vacancies in principle [41]. Therefore, it is
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reasonable to expect there are oxygen defects accumulated
around the interface between NiO and LMO.

Figures 1(g) and 1(h) depict the reciprocal space maps
(RSMs) of the x = 0.5 films; the appearance of diffraction
peaks of LMO and STO confirms the epitaxial growth of
LMO. The corresponding lattice parameters of tetragonal-like
LMO can be calculated as a = 3.892 Å and c = 3.944 Å, and
that of cubic NiO can be calculated as ac = 4.015 Å. It is
noticed that the lattice parameters of LMO in LMO/STO are
a = 3.904 Å and c = 3.910 Å, as calculated from the RSMs
in Supplemental Material Fig. S2 [37]. By further comparing
with the lattice parameters of bulk LMO (ap = 3.990 Å and
cp = 3.846 Å) and NiO (ac = 4.177 Å), we can find that
both LMO and NiO in the x = 0.5 nanocomposite films are
under a strain state, which is in line with our expectation
of 0–3-type composite. To further confirm the strain state,
θ -2θ XRD scans of the thin films with x = 0−0.5 are plotted
in Supplemental Material Fig. S3(a) [37]. These patterns show
that the LMO are strained and highly textured, consistent
with Supplemental Material Fig. S2 [37]. With the increasing
NiO content, the (002) diffraction peak of LMO becomes
visible to the left of the (002)-STO peak and shifts to a lower
angle, as partly enlarged in Supplemental Material Fig. S3(b)
[37], which might be attributed to the stretching of the c
axis of LMO with the applied out-of-plane tensile stress from
NiO. Moreover, the different calculated lattice parameters of
LMO in LMO/STO and 0.5LMO:0.5NiO/STO indicate that
the strain state of LMO should change across the different NiO
compositions to some extent, which is reasonable since the
strain state is partly related with the lattice mismatch between
LMO and NiO.

The in-plane M-H loops of x = 0−0.6 thin films and NiO
films were measured at 2 K after field cooling (FC) from
300 K. Typical loops of x = 0 and 0.3–0.5 films with +1-T
field cooling are plotted in Fig. 2(a) while those of x = 0.6
films with ±1-T field cooling and NiO films without field
cooling are plotted in Supplemental Material Figs. S4(a) and
S4(b) [37], respectively. All (1 − x)LMO : xNiO films have
well-saturated M-H loops, indicating their macroscopic ferro-
magnetic nature. The NiO films grown on the STO substrate
show weak magnetic hysteresis behavior at T = 2 K; how-
ever, the magnetization is only 10 emu/cm3, about 20 times
smaller than that of (1 − x)LMO : xNiO films. The ferromag-
netic ordering of individual dislocations in antiferromagnetic
NiO may originate from the local nonstoichiometry of the dis-
location cores and oxygen vacancies in filaments, leading to
the reduction of oxygen-mediated antiferromagnetic coupling
[42,43]. The strain in the NiO films on STO substrate and
charge transfer at the NiO/STO interface may also contribute
to the observed weak ferromagnetism. Note that the NiO
nanoparticle structure in the (1 − x)LMO : xNiO composite
films is very different than that in NiO films on the STO, thus
the weak ferromagnetism in the NiO films is not relevant to
the ferromagnetism in the (1 − x)LMO : xNiO films.

In general, when the ferromagnetic/antiferromagnetic
LMO/NiO interface is constructed, EB effect can be observed
due to the interfacial interaction if the sample is field cooled
down to T < TN due to the pinned spin [19,21]. In our cases,
the 0D antiferroelectric NiO nanoparticles are randomly em-
bedded in the 3D ferromagnetic LMO matrix. Due to the

high specific surface of nanoparticles, the effective interface
is increased and randomly distributed, thus large and isotropic
EB effect can be achieved, as discussed in detail in what fol-
lows. The symmetric M-H loops of the (1 − x)LMO : xNiO
films with x = 0−0.2 imply no EB effect, while the shifted
M-H loops of the films with x > 0.2 indicate EB effect. Both
the EB field HEB = (H1 + H2)/2 and coercive field HC =
(|H1| + |H2|)/2, where H1 and H2 are the magnetic fields
corresponding to zero magnetization, increase with x from 0 to
0.5 and then decrease, as illustrated in Figs. 2(a) and 2(b). The
first increase of HEB with x is reasonable since EB is due to in-
terfacial exchange coupling; HEB increases with the decrease
of the magnetization and the thickness of the ferromagnet
and with the increase of the antiferromagnetic thickness. The
locally enhanced strain due to NiO inclusions, especially in
x = 0.4 and 0.5 nanocomposite films as evidenced by the
XRD shown in Fig. 1 and Supplemental Material Figs. S2 and
S3 [37], should also be positive to increase HEB [22–24]. It
is worth emphasizing that the x = 0.5 nanocomposite films
have the largest HEB of −1100 Oe. Such a HEB value is one
order of magnitude larger than that in LMO-based layered
heterostructures, about 25 times larger than that of LMO/NiO
bilayer films [14,22–25]. This is due to the increase of the
FM/AF interface ratio to the bulk in the nanocomposite struc-
ture. Moreover, strong interfacial exchange interaction leads
to increased Hc at the same time. The further decreased HEB

and Hc of x = 0.6 should be attributed to the fact that, in these
composite films, the NiO particles tend to aggregate, thus the
total effective interfacial interaction between NiO and LMO is
suppressed. Therefore, the following discussion will focus on
the (1 − x)LMO : xNiO films with x � 0.5. Additionally, the
composition-dependent in-plane M-H loops measured with
−1-T field cooling and the corresponding HEB are plotted in
Supplemental Material Figs. S5(a) and S5(b) [37], and both
are consistent with Figs. 2(a) and 2(b).

From Fig. 2(a), it is also found that saturation magnetiza-
tion Ms decreases with increasing x from 0 to 0.5. The mea-
sured Ms values of the x = 0 and 0.5 films are 464 emu/cm3

(2.97 μB/Mn) and 185 emu/cm3 (1.19 μB/Mn, if neglect-
ing contribution from NiO), respectively. Even considering
the volume fraction of 3.46:1, the Ms value of the x = 0.5
nanocomposite films is only 246 emu/cm3 (1.58 μB/Mn),
lower than that of the x = 0 (LMO) films. This observation
implies two important facts: First, since the V ′′

O -induced elec-
tron usually lowers Mn3+ (t2g

3eg
1) to Mn2+ (t2g

3eg
2) and thus

enhances the Ms value due to the ferromagnetic interaction
of Mn2+-O-Mn3+ [14,44], this suppressed Ms value excludes
the coexistence of Mn2+ in the x = 0.5 nanocomposite thin
films. In other words, the V ′′

O -induced electron should be
transferred away from the LMO matrix, or the V ′′

O is captured
and localized by NiO nanoparticles. Second, the Mn4+ (t2g

3)
cation is formed since, in theory, Mn4+-O-Mn3+ has a lower
Ms value than Mn3+-O-Mn3+, which implies that the outside
electron of some Mn3+ can also be transferred to NiO.

The in-plane M-H loops of x = 0.3, 0.4, and 0.5 nanocom-
posite films were measured at various temperatures (2–20 K)
after field cooling from 300 K. Typical results of the x = 0.5
films measured at 2, 10, and 20 K with +1-T field cooling are
shown in Fig. 2(c). One can find that HEB and Hc decrease
with increasing temperature, and the HEB value of x = 0.5
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FIG. 2. Magnetic properties of the (1 − x)LMO : xNiO films. (a) Composition dependent M-H loops measured at 2 K with +1-T field
cooling. The films with x > 0.2 show obvious EB effect. (b) The corresponding composition-dependent HEB and Hc at 2 K. (c) Temperature-
dependent M-H loops of x = 0.5 nanocomposite films. (d) Temperature-dependent HEB and Hc of x = 0.3, 0.4, and 0.5 nanocomposite films.
Clearly, there is lower NiO content (x value) and lower blocking temperature. (e, f) Typical FC and ZFC M-T curves (e) and the corresponding
1/M − T curves (f) of x = 0, 0.4, and 0.5 films. The Curie temperature decreases slightly with increasing x value, as plotted in the inset of
Fig. 2(f).

nanocomposite films tends to be zero around 20 K, which
refers to the blocking temperature [22–25]. The blocking
temperature increases with x, as plotted in Fig. 2(d). It is
noted that blocking temperature is much lower than the Néel

temperature of bulk NiO, which is attributed to the finite-
size effects of antiferromagnetic NiO nanoparticles [45]. The
result measured with −1-T field cooling is quite similar, as il-
lustrated in Supplemental Material Figs. S5(c) and S5(d) [37].
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FIG. 3. Resistivity vs temperature of the (1 − x)LMO : xNiO films. (a) Composition-dependent ρ-T curves of all films show insulating
behavior in the whole measuring temperature range. (b) The fitted energy barrier Ea of all films by the Arrhenius formula; the linearly dependent
lnρ − 1/T curves of typical results of x = 0 and 0.5 shown in the inset affirm the thermally activated conduction mechanism.

The out-of-plane M-H loops measured at various tempera-
tures with ±1-T field cooling, and the temperature-dependent
HEB and Hc of the x = 0.5 nanocomposite films, are illustrated
in Supplemental Material Fig. S6 [37], which reveals nearly
isotropic ferromagnetic nature and EB effect of the nanocom-
posite thin films since there is no significant difference be-
tween the in-plane and out-of-plane results.

Figure 2(e) illustrates the field cooling (0.1 T) and zero-
field cooling (ZFC) M-T curves of the x = 0, 0.4, and 0.5
films. For all films, the magnetization increases smoothly
from 200 to 100 K, then increases abruptly and tends to
saturate with further decreasing temperature in the FC curve,
indicating the paramagnetic-ferromagnetic transition. By plot-
ting the 1/M − T curves [Fig. 2(f)], the ferromagnetic Tc is
estimated to be about 91 K for the x = 0 films, consistent
with previous reports [9,10,44]. However, the Tc decreases to
80 and 76 K for the x = 0.4 and 0.5 nanocomposite films,
respectively. Detailed composition-dependent Tc are shown in
the inset of Fig. 2(f). The lowered Tc of nanocomposite films
may be due to the enhanced strain.

Figure 3(a) comparatively plots the resistivity vs tempera-
ture (ρ-T) of the x = 0−0.5 films. For all films, the resistivity
increases sharply with decreasing temperature, indicating the
insulating behavior. The resistivity increases monotonously
with NiO content. For example, at 150 K, the resistivity
of the x = 0 films is 1.4 × 104 � cm, comparable with or
even higher than other reports on perovskite oxide FMI films
[6,44,46], while that of the x = 0.5 nanocomposite films
increases by more than a factor of 10. This observation proves
that NiO nanoparticles can significantly enhance the resistiv-
ity. The reason for such enhancement should be attributed
to charge trapping and localizing ability of NiO, as will be
discussed in the following. By fitting the ρ-T curves with
the Arrhenius formula of ρ(T ) = ρ0exp(Ea/kBT ), where ρ0 is
the preexponential factor, Ea is the activation energy, kB is the
Boltzmann constant, and T is the absolute temperature, one
can find the concisely exponential dependence of resistivity
on temperature in the whole range. Typical fitting results of
the x = 0 and 0.5 nanocomposite films are plotted in the inset
of Fig. 3(b), which clearly identifies that the conduction is

FIG. 4. X-ray-absorption spectrum (XAS) of the LMO films and the (1 − x)LMO : xNiO films. (a) Mn L-edge XAS spectrum measured
on the LMO films and the x = 0.5 nanocomposite films. (b) Ni L-edge XAS spectrum measured on x = 0.5 nanocomposite films, NiO films,
and Ni metal for comparison. Based on the XAS spectrum, it is concluded that electrons transfer from Mn ions to Ni ions.
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thermally activated over an energy barrier with the Ea of 0.154
and 0.164 eV for the x = 0 and 0.5 films [47], respectively.
Interestingly, the Ea value increases monotonously with x
[Fig. 3(b)], which could be attributed to the fact that the
increasing strain in the composite films, as indicated by Fig. 1
and Supplemental Material Fig. S2 [37], enhances the energy
barrier.

To further understand the coexistence of robust FMIs
and EB in LMO:NiO nanocomposite films, Mn L-edge
and Ni L-edge XAS spectra were comparatively measured
on LMO/STO, 0.5LMO:0.5NiO/STO, NiO/STO heterostruc-
tures, and Ni metal, and the results are plotted in Fig. 4.
Compared with that of LMO films [down red line in Fig. 4(a)],
the Mn L3 and L2 peaks of the x = 0.5 nanocomposite films
[upper gray line in Fig. 4(a)] shift toward the higher-energy
side, which proves the presence of Mn4+ and absence of
Mn2+ [14,48,49]. The absence of Mn2+ indicates that oxygen
vacancy should be trapped and localized around NiO [14,44].
The Ni L2 peak of the x = 0.5 nanocomposite films [upper
gray lines in Figs. 4(b) and 4(c)] changes the spectrum shape
without obvious peak shift when compared with that of NiO
films [middle blue lines in Figs. 4(b) and 4(c)]. However, the
Ni L2 peak of x = 0.5 nanocomposite films and NiO films
shifts toward high energy and changes the shape when com-
pared with that of Ni metal [down green line in Figs. 4(b) and
4(c)]. Therefore, the Ni L2 peak indicates that most Ni cations
in nanocomposite films keep the +2 valence, which means
that not all the charge stemming from the Mn cation can be
transferred to the Ni cation, which is reasonable since such
charge transfer can only occur around LMO/NiO interfaces. In
our opinion, some of the charges stemming from Mn cations
are trapped at the localized oxygen vacancies near LMO/NiO
interfaces, which are confirmed to exist by TEM shown in

Fig. 1(f). Please note that charge transfer from Mn to Ni ions
in the nanocomposite films can be qualitatively understood
from the large Pauling electronegativity of Ni (1.91) compared
with that of Mn (1.55).

IV. CONCLUSION

In summary, we have designed and fabricated
(1 − x)LMO : xNiO nanocomposite thin films. Detailed
structure analysis substantiates that the 0D nanosized
NiO particles are embedded into the 3D LMO matrix.
Coexistence of robust FMI and EB properties is attributed
to localized oxygen vacancy, preserved strain state, and
ferromagnetic-antiferromagnetic interfacial interaction,
which can prevent long-distance migration to enhance
both resistivity and EB. The coexistence of FMIs and EB
at low temperature has application potential for quantum
and topological (magnonic) devices. This paper provides a
referential strategy for developing materials with integrated
functionalities and advantages for novel spintronic and
spin-optical devices.
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