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Abstract: Double perovskite La2NiMnO6 (LNMO) nanoparticles and nanorods were synthesized via
a hydrothermal process, where only aqueous inorganic solvents are used to regulate the microscopic
morphology of the products without using any organic template. They crystallized in a monoclinic
(P21/n) double perovskite crystal structure. The LNMO nanoparticles exhibited spherical morphology
with an average particle size of 260± 60 nm, and the LNMO nanorods had diameters of 430 ± 120 nm
and length about 2.05 ± 0.65 µm. Dual chemical oxidation states of the Ni and Mn ions were
confirmed in the LNMO samples by X-ray photoelectron spectroscopy. Strong frequency dispersion
dielectric behavior observed in the LNMO ceramics, is attributed to the space charge polarization
and the oxygen vacancy induced dielectric relaxation. A ferroelectric—paraelectric phase transition
appearing near 262 K (or 260 K) in the LNMO ceramics prepared from nanoparticles (or nanorods)
was identified to be a second-order phase transition. The LNMO samples are ferromagnetic at
5 K but paramagnetic at 300 K. The LNMO nanoparticles had larger saturation magnetization
(MS = 6.20 µB/f.u. @ 5 K) than the LNMO nanorods (MS = 5.68 µB/f.u.) due to a lower structural
disorder in the LNMO nanorods. The semiconducting nature of the nanostructured LNMO with an
optical band gap of 0.99 eV was revealed by the UV–visible absorption spectra. The present results
enable the nanostructured LNMO to be a promising candidate for practical spintronic devices.

Keywords: La2NiMnO6 double perovskites; nanoparticles and nanorods; hydrothermal process;
physical properties; structural characterization

1. Introduction

In recent years, double perovskites (DPs) R2NiMnO6 (R represents a rare earth ele-
ment) have been widely investigated due to their rich multifunctional properties, such as
ferroelectricity, ferromagnetism as well as magneto-capacitance (MC), which make them
potential candidates for memory devices, sensors, and spintronic devices [1–3]. Their
intriguing physical properties originate from the interactions between the B-sited strongly
correlated 3d-transitional Ni and Mn ions [4–6]. It is reported that the size, charge, valence
state, and cation ordering of the B-sited ions play a central role in modifying the physical
properties of the R2NiMnO6 family [7–10]. Much effort has been deviated to improving
their magnetocaloric and MC properties for novel device applications [11–14]. As one
member of the R2NiMnO6 family, La2NiMnO6 (LNMO) is reported to be a ferromagnetic
(FM) insulator with a Curie temperature (TC) of 280 K [7,15]. Its FM ordering is controlled
by the 180◦ super-exchange interaction between the Ni2+-O2−-Mn4+ pair [16,17]. LNMO
crystallizes in a monoclinic (P21/n) structure in low temperature and a rhombohedral
structure (R3) in high temperature [3,15]. However, both of them could co-exist in a large
temperature range, covering room temperature [18]. The saturation magnetization (MS),
TC, and evolution of other phases like spin-glass in the LNMO are dependent upon the
cation ordering and cation valences, which are significantly influenced by the synthesized
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conditions [19–21]. Actually, in the published literature different temperature dependent
magnetic properties of the LNMO under field-cooled (FC) and zero-field cooled (ZFC)
modes are reported by several research groups [22–25]. These discrepancies may have
arisen from various synthesized routes used for the LNMO samples, which affect sig-
nificantly the crystal structures and the extent of the anti-site defects (ASD) at Ni/Mn
sites. That plays a vital role in determining the multifunctional properties (e.g., Curie
temperature, optical band gap, dielectric tunability) of the LNMO samples. Furthermore,
some conflicting viewpoints are also found in the literature with respect to the magnetic
phase transitions and chemical valence states of the B-sited magnetic ions (e.g., Mn and
Ni) as well as the magnetically ordered states [26]. For instance, magnetic transition at
low temperature (~150 K) was reported in an epitaxial LNMO thin film, which was as-
cribed to the disordered phase [25]. However, this low temperature magnetic transition
in single phase LNMO prepared via the Pechini method was attributed to the ASD that
led to the FM-spin glass transition [13]. Yuan et al. [27] assigned this low temperature
magnetic transition of the LNMO ceramics to the FM interactions between the Ni3+ and
Mn3+ Jahn-Teller ions. The high TC~280 K of LNMO with an ideal ordered rock salt
structure was first reported, which was attributed to the 180◦ superexchange interaction
between the Ni2+ − O2− −Mn4+ pair [27]. However, other chemical valence states, such as
Mn3+ and Ni3+ could be stabilized depending upon the synthesized conditions, and their
superexchange interactions also led to the FM ordering [28]. As a consequence, two kinds
of FM transitions around temperatures of 266 K and 100 K were reported in the LNMO
system [15,25]. The lower temperature FM transition was ascribed to the non-uniformities
of the samples where two phases (Ni2+-Mn4+ and Ni3+-Mn3+) co-exist, exhibiting many
different electronic properties [15,22,25]. While Choudhury et al. [13] assigned this lower
temperature FM transition (observed in partially disordered LNMO) to result from the
magnetic frustration in the system due to the presence of ASD, which led to strong AFM
interactions via the Ni2+-O2−-Ni2+ and Mn4+-O2−-Mn4+ bonds. Interestingly, the LNMO
nanoparticles (NPs) with an orthorhombic crystal structure (space group Pbnm), exhibited
only one magnetic transition around 200 K [29]. In addition, relaxor-like ferroelectricity
and multiferroic behaviors were reported in the sol-gel derived LNMO NPs [30], but in the
polycrystalline LNMO samples prepared by the sol-gel method, the relaxor-like dielectric
behavior was completely excluded by Chandrasekhar et al. [10].

Over the past decade, LNMO has been prepared in the forms of bulks, thin films, NPs
and/or nanorods (NRs) [31]. Numerous works have been performed to resolve the issues
of local valance states, ASD, anti-phase boundaries induced physical properties, and the
nature of the short-range magnetic correlation above TC in the LNMO system [4,6,26]. It
is widely accepted that the physical properties are strongly influenced by B-site cation
disordering, which has a strong correlation with the selection of synthesis routes [10]. Up
to date, various synthetic methods have been developed to synthesize nanostructured
LNMO materials, such as but not limited to the solid-state reaction method [3,10,32–34], sol-
gel process [20,29,35–37], gel combustion method [38,39], co-precipitation method [40,41],
Pechini method [9,15], molten salt method [42–44], ionic coordination reaction method [45],
and hydrothermal method [46,47]. Despite the sol-gel process being commonly used in the
literature for the synthesis of LNMO NPs, this technique often suffers from being out of
control over morphology, and yields poorly-defined NPs. Similarly, NPs synthesized by
the molten salt synthesis method often have a tendency to produce poly-dispersed particles
in terms of both size and shape. In contrast, highly uniform LNMO NRs with an average
diameter of ∼20 nm and length of ~120 nm (aspect ratio = 6.0) were synthesized by using a
two-step hydrothermal procedure, where the organic surfactant cetyltrimethylammonium
bromide (CTAB) was used as a capping agent [46]. Very recently, both LNMO nanocubes
with sizes in the range of ~70 to 400 nm and LNMO NRs with average diameters of ~50 nm
were synthesized by using a surfactant-less hydrothermal method [47]. It is found that the
LNMO NRs have a 1.5-fold increase in the methanol oxidation reaction activity compared
to LNMO NPs. However, currently, only a few works on the hydrothermal synthesis of
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nanostructured LNMO are reported [46,47]. In parallel with the experimental investigations
of LNMO DP oxide, theoretical calculations by using the Density Functional Theory (DFT)
are also performed to understand the structural, electronic, and magnetic properties of
the LNMO [48,49]. In addition, theoretical simulations by DFT calculations also assist the
understanding of the structure-property relations for complex nanostructured systems of
similar nature and a similar level of complexity (e.g., containing transition metal atoms as
well as a variety of lighter elements), which are directly supportive to the credibility of the
physical mechanisms involved in complex nanostructured systems [50–52].

Overall, to gain the full understanding of the structural, dielectric, magnetic, and opti-
cal properties of the LNMO system more systematic studies are required. The hydrothermal
process has the advantages of controllable sizes and morphologies of the final products,
which are strongly dependent upon the starting precursors, reaction temperature and
time, pH value, the types and concentrations of mineralizers. In this work, we choose the
hydrothermal process to synthesize the LNMO NPs and NRs without using any surfactant
to assist the formation of the LNMO NRs, instead, we only adjust the concentration of
NaOH to control the microscopic morphologies of the obtained products. In contrast, in the
previous work, Gaikwad et al. [46] used the organic surfactant CTAB as a capping agent to
synthesize the LNMO NRs with an average diameter of ∼20 nm and length of ~120 nm (as-
pect ratio = 6.0). In contrast, our LNMO NRs had an average diameter of 430 ± 120 nm and
length about 2.05 ± 0.65 µm, and their aspect ratio was as high as 13.0. As compared with
the previously reported hydrothermal method for the synthesis of LNMO nanomaterials,
our present work completely uses the aqueous inorganic solvents and does not utilize any
organic template to regulate the microscopic morphology of the products, so the synthesis
method is much simple and non-toxic. In addition, the B-site ordering degrees of our
synthesized LNMO NPs and NRs were determined to be 99.96% and 94.82%, respectively.
That means almost fully ordered B-site occupancy in the LNMO NPs and only a small
partial disorder (ASD content = 2.59%) at the B-site of the LNMO NRs. Therefore, the
high quality of our LNMO samples was achieved. Their structural, dielectric, magnetic,
and optical properties were comprehensively investigated, and the structure-property rela-
tionship in the nanostructured LNMO is discussed. This study will provide insights into
understanding the structure-property relationship in the nanostructured LNMO, revealing
the fundamental physical mechanisms behind them.

2. Materials and Methods
2.1. Sample Synthesis

In this work, both LNMO NPs and NRs were synthesized via the hydrothermal
method. La(NO3)3·6H2O, Ni(NO3)2·6H2O, and MnCl2·4H2O were used as the starting
materials, which were taken in a molar ratio of 2:1:1 and dissolved within 5 M NaOH
solution under continued stirring at room temperature (RT). The mixed solution was
transferred into a Teflon-lined hydrothermal vessel, which was placed in an oven heated at
180 ◦C for 24 h. The resultant powders obtained after cooling were washed with deionized
water and filtrated, and then dried in air at 80 ◦C for 12 h. The brown powders were
annealed at 1000 ◦C for 4 h. To remove the small amounts of NiO and La2O3 impurities,
the as-synthesized LNMO powders were washed with dilute nitric acid and then dried to
obtain the products with pure phase structure. For the synthesis of the LNMO NRs, the
concentration of NaOH was 20 M, and the hydrothermal process was performed at 180 ◦C
for 48 h, and the annealing process was carried out at 900 ◦C for 4 h.

In order to measure the dielectric properties of the synthesized NPs (NRs), the LNMO
NPs (NRs) were pressed into pellets with a diameter of 10 mm under a pressure of 12 MPa,
which were annealed at 650 ◦C for 2 h in atmospheric air. The densities of the LNMO
ceramics prepared from the LNMO NPs and NRs, were measured to be 3.55 g/cm3 and
3.74 g/cm3, respectively. The two sides of the ceramic pellets were coated with silver paste
and then cured at 540 ◦C for 2 h to form the electrodes for dielectric measurements.
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2.2. Sample Characterization

At room temperature, powder X-ray diffraction patterns of the as-synthesized LNMO
NPs and NRs were recorded by using a Bruker D8 diffractometer (Bruker D8 Advance, Bruker
AXS GmbH, Karlsruhe, Germany) under Cu Kα irradiation at 40 kV and 30 mA. The XRD
patterns were collected from 2θ = 15◦ to 85◦ and a typical scan rate was 0.02◦ per second.
The collected XRD data were analyzed by Rietveld refinement using GSAS software
(http://doc.wendoc.comnl.gov/public/gsas/, accessed on 25 January 2007, GSAS-II, Los
Alamos National Laboratory (Los Alamos, NM, USA)), which allowed the refinements
of structural parameters. The surface morphology of the as-synthesized LNMO samples
was revealed by scanning electron microscope (SEM, S-3400N II, Hitachi, Tokyo, Japan,
operated at 25 kV) equipped with an energy dispersive X-ray spectrometer (EDS, EX-250
spectroscopy, HORIBA Corporation, Kyoto, Japan) analyzer. X-ray photoelectron spec-
troscopy (XPS) spectra recorded in the XPS-PHI 5000 Versa Probe (ULVAC-PHI, Kanagawa,
Japan) under Al Kα irradiation, were used to determine the chemical oxide states of the
elements in the LNMO samples. The XPS resolution is 0.025 eV. The XPS data were pro-
cessed using CasaXPS software and calibrated with a C 1s peak with binding energy (BE)
of 284.60 eV. Dielectric measurements of the LNMO ceramic samples were performed by
using a computer-controlled Agilent 4192 A impedance analyzer (Agilent technologies,
Santa Clara, CA, USA) in the frequency range of 102–106 Hz and the temperature was con-
trolled from 180 K to 300 K by an automated temperature controller (DMS-2000, TH2828s,
Partulab Technology, Wuhan, China).

Magnetic data of the as-synthesized samples were collected by a quantum design
vibrating sample magnetometer (VSM) (model: MPMS-XL-5, Quantum Design, San Diego,
CA, USA) under ZFC and FC modes with applied magnetic fields of 100 Oe and 1000 Oe,
respectively, where the temperature was in the range of 5–300 K. During the ZFC mode
measurements the samples were cooled in absence of a magnetic field from room tem-
perature down to 5 K. At 5 K, a steady magnetic field of 100 Oe was applied, and the
temperature was increased from 5 K to room temperature with a slow rate of 0.2 K/min.
The data were acquired during the warming process. The samples were further cooled
down to 5 K from room temperature under a magnetic field of 100 Oe to record the M(T)
magnetization in FC mode. The above processes were repeated as the external magnetic
field was changed to 1000 Oe for the LNMO NPs and LNMO NRs. Magnetic field (H)
dependent magnetization (M) (M-H hysteresis loop) was measured with H up to 5 T at 5 K
and 300 K, respectively. The absorption spectra of the LNMO samples were recorded by
using a UV-Vis spectrophotometer (UV-3600, Shimadzu Co., Nakagyo-ku, Kyoto, Japan) at
RT with the wavelength in the range of 200 nm to 800 nm, from which the optical bandgaps
were determined by using the Tauc equation.

3. Results and Discussion
3.1. Structural Characterization

Figure 1a,b presents the RT XRD patterns of the LNMO NPs and NRs, respectively.
They could be well indexed on monoclinic (P21/n) cells. In addition, the XRD data were
also refined by GSAS software based on the P21/n model of the DP structure, as shown in
Figure 1. A good match between the refined XRD patterns and the experimental ones is
obtained, as confirmed by the fitting parameters (Rp = 8.93% and Rwp = 12.04% for LNMO
NPs, and Rp = 8.54%, Rwp = 11.72% for LNMO NRs). However, a small amount of NiO
impurity (weight percent about 5.80%) was observed in the LNMO NRs, whereas it was
completely removed in LNMO NPs by acetic acid washing. The relevant refined structural
parameters (e.g., unit cell parameters (a, b, and c, and cell volume (V), and the selected
bond distances and angles), as well as the fitting parameters (Rp and Rwp), are presented
in Table 1. For LNMO NPs, the lattice parameters are a = 5.5060(6) Å, b = 5.4482(5) Å,
c = 7.7569(9) Å, β = 89.91(3)◦; and a = 5.5087(6) Å, b = 5.4455(3) Å, c = 7.7736(8) Å, β = 89.91◦

for LNMO NRs. It is found that the refined unit cell parameters (a, b, and c) of the as-
synthesized LNMO samples are smaller than that of the bulk sample [32], but the difference
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between the NPs and the NRs samples is not significant. There was a structural distortion
in the as-synthesized LNMO samples, as revealed by the deviation of the <Ni-O-Mn> bond
angle (~160.6◦) from 180◦ as well as the deviation of β angle (~89.9◦) from 90◦. To describe
the structural distortion produced in the LNMO samples, Goldschmidt structural tolerance
factor (t) is utilized, which is expressed as [6]:

t =
rLa + rO√

2
(
<rNi>+〈rMn〉

2 + rO

) (1)

where rLa and rO are the ionic radii of La3+ and O2− ions, and < rNi > and〈rMn〉 are the
average ionic radii of Ni and Mn ions. Considering the different charge states of Ni and
Mn in the LNMO NPs, the value of < rNi > is calculated to be 0.69 × 49% + 0.60 × 51% =
0.64 Å; and < rMn > is calculated as 0.645 × 42% + 0.53 × 58% = 0.58 Å. Thus, the t value
for the LNMO NPs is calculated to be 0.901 based on the following Shannon’s ionic radii:
rLa3+ = 1.16 Å (eight coordination number, C.N. = 8), rNi2+ = 0.69 Å (C.N. = 6), rNi3+ = 0.60 Å
(C.N. = 6, high spin), rMn3+ = 0.645 Å (C.N. = 6, high spin), rMn4+ = 0.53 Å (C.N. = 6), and
rO2− = 1.40 Å (C.N. = 6) [53]. Similarly, the t value for the LNMO NRs is calculated to be
0.905. If the t value approaches 1.0, cubic perovskite is preferred to be formed at RT. While
for 0.96 < t < 1.0, at RT a rhombohedral perovskite prefers to be formed, whereas it can be
orthorhombic or monoclinic perovskite for lower t values [54]. The calculated t value for
LNMO NPs is 0.901 (0.905 for LNMO NRs), smaller than 0.96, which means a structural
distortion was generated from cubic perovskite to a monoclinic perovskite. That is reflected
in the deviation of β angle from 90◦ and the <Ni-O-Mn> bond angle (~160.6◦) from 180◦.

Figure 1. XRD patterns of the as-synthesized LNMO samples. (a) LNMO NPs and (b) LNMO NRs.

Table 1. Structural parameters obtained from Rietveld refinements of the XRD data of the as-
synthesized LNMO NPs and NRs.

Materials Space
Group

Unit Cell
Parameters

Average Bond
Length (Å)
<Mn-O>

Average Bond
Length (Å)

<Ni-O>

Bond Angle (◦)
Ni-Oi-Mn

(i = 1–3)
<Ni-O-Mn>

Structural
Tolerance
Factor (t)

Fitting
Parameters

LNMO NPs

P21/n

a = 5.5060(6) Å

1.9656(2) 1.9656(2)

158.217(4)
162.550(3)
161.192(4)
160.653(3)

0.901
Rp = 8.93%
Rwp=12.0%

b = 5.4482(5) Å
c = 7.7569(9)Å
β = 89.91(3)◦

V = 232.691(5) Å3

LNMO NRs

a = 5.5087(6) Å

1.9670(2) 1.9670(2)

158.253(3)
162.533(2)
161.160(3)
160.648(3)

0.905
Rp = 8.54%

Rwp=11.72%

b = 5.4455(3) Å
c = 7.7736(8) Å

β = 89.85(2)
◦V = 232.193(5) Å3
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Figure 2a,b displays the typical SEM images of the as-synthesized LNMO NPs and
NRs, respectively. It is observed that the LNMO NPs (Figure 2a) are uniformly distributed
and have similar particle sizes, roughly ~260 ± 60 nm. The SEM image of the LNMO
NRs (Figure 2b) reveals the presence of NRs in the field of view, which are non-uniformly
distributed and composed of some NPs. That was mainly caused by high temperature
annealing, leading to the destruction of the NR morphology. From the SEM image, the
diameters of the LNMO NRs were estimated to be 430 ± 120 nm and the length about
2.05 ± 0.65 µm. Details are described in Figure S1. Actually, the LNMO NRs are assembled
from NPs. The EDS spectra of the as-synthesized LNMO of NPs and NRs collected in
a mapping mode are shown in Figure 2c,d, respectively, which reveal the signals of the
constituent elements. The quantitative EDS data determined the cationic atomic ratios of
La, Ni, and Mn elements for the LNMO NPs equal to 1.90(7):1.00:1.20(3), and 1.90(5):1.00:
1.08(2) for the LNMO NRs. They approach the stoichiometric value of 2:1:1.

Figure 2. SEM images of the as-synthesized LNMO samples. (a) LNMO NPs and (b) LNMO NRs.
EDS spectra of the as-synthesized (c) LNMO NPs and (d) LNMO NRs.

To obtain more insights into the chemical structures of the LNMO NPs and NRs, peak
fitting analyses of the La 3d, Ni 2p, Mn 2p and O 1s XPS spectra have been obtained and
the fitting results are demonstrated in Figures 3 and 4, respectively. Figure 3a displays the
survey scanning XPS spectrum of the LNMO NPs, which verifies all the expected elements.
In addition, the C 1s XPS line located 284.60 eV was also observed, which resulted from the
adhesive carbon tape used during the XPS measurements, and was also used to calibrate
the XPS data. Local La 3d and Ni 2p XPS spectra are shown in Figure 3b, which exhibit
complex features because of the spin-orbit coupling and multiplet splitting. It is noticed
that the La 3d5/2 XPS spectrum is split into two peaks located at 833.7 eV and 837.2 eV,
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respectively, indicating the presence of La in the +3 oxidation state in the LNMO NPs [55].
Around 850 eV, the Ni 2p3/2 peak and La 3d3/2 satellite coincide with each other [56].
Therefore, it was impossible to precisely distinguish from the Ni2+ and Ni3+ states in the
LNMO NPs. However, the Ni 3p XPS spectrum is relatively easier to be examined as it is
not interfered with by any La or other signals.

Figure 3. XPS spectra and peaking fitting of the LNMO NPs. (a) Survey scan XPS spectrum, (b) La
3d and Ni 2p, (c) Ni 3p, (d) Mn 2p, and (e) O1s XPS spectra.

Figure 4. XPS spectra and peaking fitting of the LNMO NRs. (a) Survey scan XPS spectrum, (b) La
3d and Ni 2p, (c) Ni 3p, (d) Mn 2p, and (e) O1s XPS spectra.
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Thus, the Ni 3p XPS spectrum was measured, as shown in Figure 3c. It was deconvo-
luted into two peaks located at 66.90 eV and 68.60 eV, respectively, corresponding to the
measured, as shown in Figure 3c. It was deconvoluted into two peaks located at 66.90 eV
and 68.60 eV, respectively, corresponding to the Ni2+ and Ni3+ ions, respectively [57]. That
means the existence of dual chemical states of Ni ions, and the molar ratio of [Ni2+] to
[Ni3+] is calculated to be 49%:51%. As shown in Figure 3d, the Mn 2p XPS spectrum ex-
hibits the Mn 2p3/2 and Mn 2p1/2 two peaks, which are located at 641.96 eV and 653.60 eV,
respectively, due to the spin-orbit coupling. The Mn 2p3/2 XPS peak can be deconvoluted
into two components located at 641.67 eV and 643.51 eV, respectively, corresponding to
the Mn+3 ions, whereas the Mn 2p1/2 XPS peak is also deconvoluted into two components
that are located 653.35 eV and 655.10 eV, respectively, corresponding to the Mn4+ ions [58].
The molar ratio of [Mn3+] to [Mn4+] is estimated to be 42%:58%. The O1s XPS spectrum
(Figure 3e) displays an intense peak at a BE position of 529.12 eV and a distinct shoulder at
the higher BE side. The O 1s spectra are deconvoluted into two peaks with BE positions at
529.10 eV and 531.12 eV, respectively, which indicate the existence of two different oxygen
species in the LNMO NPs and NRs [59–63]. According to the previous reports, the peak
with the lower BE position at 529.10 eV is assigned to the lattice oxygen (O2-) (denoted as
Oβ) [59–63], while the assignment of the other peak with a higher BE position at 531.12 eV is
controversial. It is possibly due to oxygen being weakly bound on the surface [60], surface
hydroxyls, or oxygen bound to basic elements (e.g., La2O3) [64]. Tejuca et al. [63] assigned
this peak to adsorbed oxygen species normally denoted as α-oxygen (Oα). Based on a
series of O1s XPS data of metal oxides, hydroxides and perovskite oxides, Dupin et al. [65]
assigned the O 1s XPS peaks with higher BE values in the range of 531–532 eV to the “O−”
ions. These ionizations of oxygen species are associated with sites where the coordination
numbers of oxygen ions are smaller than that in regular sites, exhibiting a higher covalence
of the M-O bonds and allowing for the compensation of deficiencies in the subsurface of
transition metal oxides. Due to a higher covalence of the M-O bonds these low coordinated
oxygen ions have a lower electron density than the classical “O2− “ions. Since the present
LNMO NPs and NRs were synthesized by a hydrothermal process and then followed
annealing at 1000 ◦C and 900 ◦C for 4 h, respectively; therefore, the presence of hydroxyls
at the surface of the LNMO samples is negligible. It is noticed that the concentration of
the adsorbed oxygen (“O−” ions) is higher, which implies more O− ions in this kind of
complex oxide at the surface.

The above XPS results reveal that there are dual chemical states of Ni and Mn ions,
which differ from the standard bulk LNMO with an ideal ordered rock salt structure where
the Mn and Ni ions appear as +4 and +2 oxidation states [66], respectively. Based on the
data of Ni 3p and Mn 2p XPS spectra, the actual chemical oxidation states of Ni and Mn
ions in the LNMO NPs are calculated to be +2.51 and +3.58, respectively. By the same
method, the XPS spectra of the LNMO NRs (shown in Figure 4) are also analyzed, which
are similar to the case of LNMO NPs. The molar ratio of [Ni2+] to [Ni3+] was calculated
to be 48%:52%, and 22%:78% for the [Mn3+]/[Mn4+] molar ratio. Thus, the true chemical
oxidation states of Ni and Mn ions are +2.52 and +3.78, respectively.

3.2. Dielectric Properties

Figure 5a demonstrates the frequency dependence of the dielectric permittivity (εr)
and dissipation factor (tanδ) of the LNMO ceramics (prepared from NPs) at RT. It is
observed that the εr value decreases with increasing frequency. In the low frequency region,
a very high value of εr is observed, whereas in the high frequency region it decreases
fast to a very small value and becomes approximately independent of the frequency. In
general, electronic, ionic, dipolar and interfacial polarizations can contribute to the dielectric
permittivity of any material. At low frequencies, the dipolar and interfacial polarizations
are effective to the dielectric permittivity. In contrast, at higher frequency the electronic
polarization is effective, and the dipolar contribution becomes less insignificant. In other
words, the higher value of εr at a lower frequency can be ascribed to the presence of
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different types of polarization, particularly the space charge polarization. Conversely,
a nearly constant value of εr observed in higher frequency region is due to the absence
of space-charge polarization [67]. The space charge polarization may be resulted from
the creation of oxygen vacancies (V :

0 ) in the LNMO ceramic samples sintered at high
temperatures. The XPS spectra reveal the dual chemical valence states of Ni (Ni2+ and Ni3+)
and Mn (Mn3+ and Mn4+) in the present LNMO samples; therefore, the valence fluctuations
in V ions and Fe ions also enhance the space charge polarization. The electronic hopping
between Ni2+ and Ni3+ ions as well as Mn3+ and Mn4+ at the octahedral site of B′ and B′ ′

cations along the field direction also contribute to the high value of εr. At high frequency,
the charge carriers (like electrons) are unable to catch up with the applied field which
results in the decrease of dielectric polarization and hence the reduction of εr value. Such
dielectric behavior with a strong frequency dispersion observed in the LNMO ceramics can
be ascribed to the space charge polarization and the V :

0 induced dielectric relaxation.

Figure 5. (a) Room temperature frequency dependence of the dielectric permittivity (εr) and dissi-
pation factor (tanδ) of the LNMO ceramics prepared from NPs. (b,c) Corresponding temperature
dependence of the dielectric permittivity and dissipation factor of the LNMO ceramics measured at
different frequencies.

Figure 5b presents temperature dependence of the value of εr of the LNMO ceramics at
different frequencies. As shown in Figure 5b, the εr value first increased with temperature
and reached a maximum value around 262 K (Tmax = 262 K), and then decreased with
further increasing temperature. It is also noticed that the maximum value of εr collapses
with increasing frequency. This dielectric anomaly suggests the occurrence of ferroelectric—
paraelectric phase transition at 262 K. In addition, it is also observed that the value of Tmax
is almost independent of the frequency, indicating that the LNMO ceramics do not behave
as relaxor-type ferroelectrics. It is well known that in normal relaxor dielectrics, the peak
temperature (Tm) at which the value of εr reaches a maximum is frequency dependent
and shifts to higher temperatures with increasing the measured frequency. In addition,
the maximum value of εr also decreases simultaneously [68]. Figure 5c exhibits the tanδ
variation with respect to the temperature measured at different frequencies, where the
tanδ value first increased with the frequency, then decreased to a minimum value around



Nanomaterials 2022, 12, 979 10 of 20

262 K. However, above the temperature of 262 K, the tanδ increased linearly again. This
phenomenon is attributed to the thermally activated carriers and defects in the LNMO
ceramics. They result in an increase of the conductivity of the ceramic sample with the
temperature, leading to a much larger value of tanδ at the high temperature region [69].

To confirm the ferroelectric—paraelectric phase transitions taking place in the LNMO
ceramics prepared from the NPs and NRs, temperature dependent εr and its reciprocal
(1000/εr) is shown in Figure S2. In Figure S2a a pronounced anomaly of εr is observed at the
ferroelectric Curie temperature TC = 262 K with a peak value about five times the magnitude
of the room-temperature value. Such dielectric response exhibits much smaller frequency
dispersion (only 2 K in the frequency range of 1 kHz–1 MHz) as compared with the typical
frequency dispersion of ~30 K in a normal relaxor ferroelectric Ba(Ti0.70Sn0.30)O3 [70]. In the
corresponding plot of 1000/εr—T curve, the Curie–Weiss law is followed in the temperature
range of 230–280 K, but this temperature range is separated by a Curie–Weiss temperature
T0, equal to the Curie temperature TC. Therefore, the ferroelectric—paraelectric phase
transition occurs at Tc = 262 K, which belongs to a second-order transition. A similar case
was previously reported in a LiTaO3 single crystal [71]. In the LNMO ceramics prepared
from NRs, the ferroelectric—paraelectric phase transition appears at Tc = 260 K, belonging
to a second-order phase transition, as shown in Figure S2c,d.

To explore the nature of the dielectric behavior observed in the LNMO ceramics, a
modified Curie–Weiss law is used [72],

1
εr
− 1

εm
=

(T − Tm)γ

C
(2)

where εr is the dielectric permittivity, εm is the maximum value of dielectric permittivity
at Tm, C is the Curie–Weiss constant, and γ is the diffusion phase transition coefficient,
which varies from 1.0 (for normal-type ferroelectrics) [73] to 2.0 (for ideal relaxor-type
ferroelectrics) [74]. Figure S3 shows the plots of ln ( 1

εr
− 1

εm
) as a function of ln (T − Tm)

for the LNMO ceramics (prepared from NPs) measured at different frequencies, which
exhibit a linear relationship, and the γ values are determined from the slopes of the fitting
curves. The obtained γ values are 1.47 (@ 4 kHz), 1.23 (@ 10 kHz), 1.21 (@ 80 kHz), and
1.20 (@ 100 kHz), respectively, which are larger than 1.0 but smaller than 2.0, indicating
the LNMO ceramic samples are neither normal ferroelectrics nor an ideal relaxor-type
ferroelectric, but more like normal ferroelectrics. A similar conclusion is effective for the
LNMO ceramics prepared from NRs, where the obtained γ values are in the range of
1.10–1.28 (see in Figure S4), closer to γ = 1.0.

Figure 6 represents the frequency dependence of the dielectric properties of the LNMO
ceramics (prepared from LNMO NRs) measured at RT and the temperature dependent
dielectric properties measured under a series of frequencies. As compared with the LNMO
ceramics prepared from the NPs, the LNMO ceramics prepared from NRs exhibit higher
εr and smaller tanδ, whereas their temperature dependence of the dielectric properties
exhibits a similar dielectric temperature spectrum. The ferroelectric –paraelectric phase
transition appeared around 260 K, and the second-order phase transition was identified in
this sample.

3.3. Magnetic Properties

Figure 7a shows the field-dependent dc magnetizations of the LNMO NPs measured
at different temperatures (e.g., 5 K and 300 K). At 300 K, the M-H curve is linear and
exhibits paramagnetic characteristics. However, a typical ferromagnetic M-H hysteresis
loop was observed at 5 K. From which the saturation magnetization (MS), remanent
magnetization (Mr), and coercive field (HC) were obtained, which were 71 emu/g (or
6.20 µB/f.u.), 13.1 emu/g (or 1.14 µB/f.u.), and 1141 Oe, respectively. Figure 7b, c shows
the temperature dependence of dc magnetizations recorded under ZFC and FC modes with
magnetic fields of 100 Oe and 1000 Oe, respectively. As shown as an inset in Figure 7b, the
plot of dMZFC/dT versus temperature leads to a local minimum, where the magnetic phase
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transition temperature (TC) was determined to be 250 K. As depicted in Figure 7b, the ZFC
and FC dc magnetization curves diverge around the temperature, Tirr = 250 K, and larger
bifurcation appears with further reducing the temperature. The ZFC magnetization curve
also exhibits a small tip near 243 K, corresponding to the Neel temperature (TN). With
increasing the applied magnetic field up to 1000 Oe, the Tirr temperature shifted to ~175 K
from 250 K, as demonstrated in Figure 7c. It is also noticed that the bifurcations between
the MZFC and MFC curves are suppressed, indicating the presence of spin-glass ordering in
the LNMO NPs [35].

Figure 6. (a) Room temperature frequency dependence of the dielectric permittivity (εr) and dissi-
pation factor (tanδ) of the LNMO ceramics prepared from NRs. (b,c) Corresponding temperature
dependence of the dielectric permittivity and dissipation factor of the LNMO ceramics measured at
different frequencies.

Figure 8 displays the M(H) data of the as-synthesized LNMO NRs measured at 5 K and
300 K, and the temperature dependent M(T), ZFC and FC dc magnetization under 100 Oe
and 1000 Oe. The TC and TN were determined to be 232 K and 220 K, respectively. It is
found that at 5 K the LNMO NRs exhibit a similar M-H hysteresis loop as compared with the
LNMO NPs. Their MS, Mr, and HC values were determined to be 65 emu/g (5.68 µB/f.u.),
7.36 emu/g (or 0.64 µB/f.u.) and 763 Oe, respectively, which are smaller than that of the
LNMO NPs. That is ascribed to the existence of ASD defects (ASD content = 2.59%) in the
LNMO NRs. It is also noticed that the areas of the M-H hysteresis loop (or the hysteresis
energy loss per cycle) of the LNMO NPs and NRs exhibit some differences. The LNMO NPs
possess a larger hysteresis energy loss per cycle due to their larger M and HC values, which
enable them to be promising candidates to meet the requirement for a high maximum-
energy [(MH)max] product (high-energy product permanent magnets) in the industry. As
demonstrated above, the MS values of LNMO samples synthesized by the hydrothermal
method are higher than that of LNMO samples synthesized by other methods, such as
bulk LNMO sample (Ms ≈ 5.0 µB/f.u.) prepared by solid-phase reaction [3] and LNMO
nanoparticle (Ms = 3.74 µB/f.u.) synthesized via microwave sintering technique [75]. A
more detailed comparison is given in Table S1.
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Figure 7. (a) M-H hysteresis loops of the LNMO NPs recorded at 5 K and 300 K. Inset is local enlarged
M-H curve. (b,c) Temperature dependent dc magnetizations measured under ZFC and FC modes
with applied magnetic fields of 100 Oe and 1000 Oe, respectively, and the temperature dependence
of reciprocal ZFC magnetic susceptibilities, χ−1 measured at 100 Oe and 1000 Oe (right Y column),
respectively. Inset in Figure b is dMZFC/dT versus temperature to determine the magnetic Curie
temperature (TC).
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Figure 8. (a) M-H hysteresis loops of the LNMO NRs recorded at 5 K and 300 K. Inset is local
enlarged M-H curve. (b,c) Temperature dependent dc magnetizations measured under ZFC and
FC modes with applied magnetic fields of 100 Oe and 1000 Oe, respectively, and the temperature
dependence of reciprocal ZFC magnetic susceptibilities, χ−1 measured at 100 Oe and 1000 Oe (right Y
column), respectively. Inset in (b) is dMZFC/dT versus temperature to determine the magnetic Curie
temperature (TC).

The MS value can be theoretical calculated by the following equation:

MS = ∑ niSigiµB (3)

where ni is the number of spins of the ith species, Si is the spin of the ith ion, and gi is
the Land spectroscopic splitting factor (for Mn gi = 2.0 and for Ni gi = 2.2), and µB is Bohr
magneton. Combined with the XPS results, the molar ratio of [Ni2+] to [Ni3+] ions was
49%:51%, and [Mn3+]:[Mn4+] = 42%:58% for LNMO NPs. For the LNMO NRs, the molar
ratio of [Ni2+] to [Ni3+] ions was 48%:52% and [Mn3+]:[Mn4+] = 22%:78%. The electronic
configurations for Ni2+, Ni3+, Mn3+ and Mn4+ ions are given as Ni2+(3d8, t6

2ge2
g; S = 1.0),

Ni3+(3d7, t6
2ge1

g; S = 1.5), Mn3+(3d4, t3
2ge1

g; S = 2.0), Mn4+(3d3, t3
2ge0

g; S = 1.5) under high-spin
states. Thus, the MS values for the LNMO nanoparticle and NRs are calculated by the
following equations.

MS = (0.49 × 1.0+0.51 × 1.5) × 2.2+(0.42 × 2.0+0.58 × 1.5) × 2 = 6.18 µB (for NPs) (4)
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MS = (0.48 × 1.0+0.52 × 1.5) × 2.2+(0.22 × 2.0+0.78 × 1.5) × 2 = 5.99 µB (for NRs) (5)

Thus, the MS values of the LNMO nanoparticle and NRs are calculated to be 6.18 µB/f.u.
and 5.99 µB/f.u., respectively. They match well with the experimental values (6.20 µB/f.u.
for NPs and 5.68 µB/f.u. for NRs).

The nature of magnetic exchange interactions in the as-synthesized LNMO NPs was
also investigated. Figure 7a,b shows the temperature dependence of reciprocal ZFC mag-
netic susceptibilities (χ−1) measured at 100 Oe and 1000 Oe, respectively. They were fitted
by the Curie–Weiss law, which is expressed by Equation (6) [76]:

χ−1(T) = (T − θp)/C (6)

where C is the Curie constant (determined by the slope of the linear curve), and θp rep-
resents the Curie–Weiss temperature determined by the intercept of the extending linear
part of χ−1 − T plot on the temperature axis. It is noticed that the χ−1 − T plot exhibits
a linear relationship in the high temperature region over TC, indicating the LNMO NPs
are in the paramagnetic phase. The fitting parameters, such as Curie constants C and θp
for the LNMO NPs and NRs are presented in Table 2. It is found that the θp values of the
LNMO NPs and NRs are large and positive, which indicates the dominant FM interactions
in the LNMO samples. The appearance of θp > TC in the LNMO samples suggests the short-
ranged ordered states existing in the slightly higher temperature than TC. That resulted
from the magnetic frustration caused by the phase competition between FM and AFM
phases. In comparison with the LNMO NPs, LNMO NRs have a lower θp, indicating weak
long-range FM exchange interactions in the LNMO NRs. That is ascribed to their relatively
higher degree of structural disorder caused by the ASD defects (ASD content = 2.59%),
which lead to enhanced AFM interactions via the Ni2+-O2−-Ni2+ and Mn4+-O2−-Mn4+

magnetic paths. Their effective magnetic moments (µeff) in the paramagnetic phase can be
calculated by the Equation (7) [26]:

µeff =

√
3kBC
NAµ2

B
= 2.828

√
C (7)

where kB is the Boltzmann constant, µB is the Bohr magneton, and NA is the Avogadro num-
ber. The µeff values for the LNMO NPs were 5.39(4) µB/f.u. (@100 Oe) and 5.47(4) µB/f.u.
(@1000 Oe), while 5.97(2) µB/f.u. (@100 Oe) and 4.45(1) µB/f.u. (@1000 Oe) for the LNMO
NRs. As compared with the µeff, theoretical magnetic moment, µcal (per formula unit) for
the La2Ni2+x Ni3+1−xMn3+

y Mn4+
1−yO6 is calculated by Equation (8) [77]:

µcal =
√

xµ2
Ni2+

+ (1− x)µ2
Ni3+

+ yµ2
Mn3+ + (1− y)µ2

Mn4+ (8)

where µNi2+= 2.83 µB, µNi3+= 3.87 µB, µMn3+= 4.90 µB, µMn4+= 3.87 µB, are effective magnetic
moments of the Ni2+, Ni3+, Mn3+ and Mn4+ ions in the high-spin states, respectively [78].
Combined with the XPS data, the µcal values of the LNMO NPs and LNMO NRs were
calculated to be 5.51 µB/f.u. and 5.35 µB/f.u., respectively. It is found that the µcal value for
the LNMO NRs, is slightly smaller than their µeff value under an external magnetic field of
100 Oe, which may be due to the existence of short-ranged FM interactions between Mn3+

and Mn4+ ions, and Ni3+ and Mn3+ ions as well as a small amount of NiO impurity in the
LNMO NRs [79].
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Table 2. Magnetic data of the as-synthesized LNMO NPs and NRs measured at 5 K and their
Curie–Weiss fitting parameters.

Material Tirr
(K)

Tc
(K)

θp
(K)

C
(emu·K/mol)

µeff
(µB)

µcal
(µB)

Mr
(emu/g)

HC
(Oe)

MSexp
(µB/f.u.)

MScal
(µB/f.u.)

ASD
Content

LNMO
NPs

@ 100 Oe

5.51 13.1 1141 6.20 6.18 0.02%
258.4 252.0 257.0 3.64(5) 5.39(4)

@ 1000 Oe

239.5 253.0 262.0 3.75(5) 5.47(4)

LNMO
NWs

@ 100 Oe

5.35 7.36 763 5.68 5.99 2.59%
234.5 232.0 235.8 4.43(5) 5.95(4)

@ 1000 Oe

185.5 227.0 235.6 2.48(1) 4.45(1)

Tirr: the temperature at which the ZFC and FC dc magnetization curves diverge; TC: Curie temperature; θp:
Curie–Weiss temperature; C: Curie–Weiss constant; µeff: effective magnetic moment; µcal: theoretical magnetic
moment; Mr: remanent magnetization; HC: coercive field; MSexp: experimental saturation magnetization; MScal:
theoretical saturation magnetization; and ASD: anti-site defect content.

Based on the theoretical saturation magnetization (MScal) and experimental satura-
tion magnetization (MSexp) data, the ASD contents in the LNMO NPs and NRs can be
determined by the following equation [20]:

ASD =

(
1− MSexp

MScal

)
2

(9)

It is found that the ASD contents in the LNMO NPs and NRs, were 0.02% and 2.59%,
respectively. The B-site ordering degree (η) of the LNMO is related to its ASD content [80]:

η = 1 − 2 ∗ ASD (10)

where the ASD content can vary from ASD = 0.0% (or η = 100%), corresponding to a
completely ordered double perovskite to ASD = 50.0% (or η = 0.0), corresponding to a fully
random Ni-Mn site occupancy. Based on the ASD contents of the LNMO NPs and NRs
obtained from Equation (9), the η values of the LNMO NPs and NRs were determined to
be 99.96% and 94.82%, respectively. That means nearly fully ordered B-site occupancy in
the LNMO NPs and a small partial disorder at the B-site of the LNMO NRs.

3.4. Optical Properties

The absorption spectra of the LNMO NPs and NRs are depicted in Figure 9a,b, re-
spectively. It is observed that both samples show sharp absorption peaks around 240 nm,
indicating their large optical band gaps (Eg). To determine the types of bandgap transition
and the Eg values of the as-synthesized samples, the Tauc equation is utilized [81]:

F(R)× hυ = B
(
hν− Eg

)n (11)

where F(R) is the Kubelka–Munk function, expressed as F(R) = (1 − R)2/2R, and R is the
reflectance. hv is photon energy, B is proportional constant, and Eg is the gap energy. The n
values can change with respect to the transition types in a material, where n = 1/2 represents
the direct allowed transition but n = 2 indicates an indirect and allowed transition. The Tauc
plots of the [F(R) × hv]2 vs. hv curves are shown as insets in Figure 9. Their intersections of
the tangent lines with the x-axis give out the Eg values of the LNMO NPs and NRs, which
are 0.99(3) eV and 0.99(2) eV, respectively, indicating the semiconductor optical properties.
The present Eg of the LNMO NPs is smaller than that reported previously for the LNMO
NPs with Eg = 1.20 eV [36] and Eg = 1.08 eV [37]. In addition, the present Eg value of the
LNMO NRs is also smaller than that reported for the LNMO NRs (Eg = 1.90 eV) synthesized
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by hydrothermal processes [46]. That may be possibly due to their different geometrical
sizes and the different structural distortion of the DP crystal structure. It is reported that the
p-d charge transfer from the O 2p orbital to Ni/Mn 3d orbitals contributes to the formation
of direct optical band gaps in the LNMO NPs and NRs [46,82].

Figure 9. (Optical absorption spectra of (a) LNMO NPs and (b) NRs, and the insets are the corre-
sponding Tauc plots of [F(R) × hν)]2 versus photon energy hν.

4. Conclusions

In summary, LNMO NPs and NRs were synthesized via a hydrothermal process,
where only non-toxic aqueous inorganic solvents were utilized to modulate the microscopic
morphology of the products without using any organic template agent. Their structural,
dielectric, magnetic, and optical properties were studied. Rietveld structural refinements on
the XRD data demonstrated that LNMO NPs and NRs crystallized in a monoclinic structure
with a P21/n space group. A structural distortion from cubic perovskite to monoclinic
structure appeared in the LNMO samples. SEM images demonstrate that the LNMO NPs
have a spherical morphology with an average particle size of 260 ± 60 nm and that the
LNMO NRs have diameters of 430 ± 120 nm and lengths of about 2.05 ± 0.65 µm. The
EDS data gave out the atomic ratios of La, Ni, and Mn elements for the LNMO NPs and
NRs, close to the stoichiometric value of 2:1:1. XPS spectra confirmed the dual chemical
valence states of Ni (Ni2+ and Ni3+) and Mn (Mn3+ and Mn4+) elements in the LNMO
NPs and NRs, and the La element presented as a La3+ ion, and oxygen in the manner of
lattice oxygen and the adsorbed oxygen. The LNMO ceramics (prepared from NPs and
NRs) exhibit a dielectric behavior with a strong frequency dispersion, which is ascribed
to the space charge polarization and the oxygen vacancy induced dielectric relaxation.
The ferroelectric—paraelectric phase transition in the LNMO ceramics was shown to be of
second-order phase transition. Both LNMO NPs and NRs exhibit ferromagnetic behavior
at 5 K but a paramagnetic feature at 300 K. The magnetic Curie temperature and Neel
temperature of the LNMO NPs were found to be 250 K and 243 K, respectively, and the
corresponding temperatures for the LNMO NRs were 232 K and 220 K, respectively. The
MS values of the LNMO NPs and NRs at 5 K were measured to be 6.20 µB/f.u. and
5.68 µB/f.u., respectively. The larger MS value of the LNMO NPs was ascribed to their
nearly fully ordered B-sited occupancy. Theoretical magnetic moments (µcal) of the LNMO
NPs and LNMO NRs were calculated to be 5.51 µB/f.u. and 5.35 µB/f.u., respectively. The
slightly higher effective magnetic moment (µeff = 5.97(2) µB/f.u.) at 100 Oe for LNMO
NRs can be attributed to the short-ranged ferromagnetic interactions between Mn3+ and
Mn4+ ions, Ni2+ and Ni3+ ions, as well as the small amount of NiO impurity in the LNMO
NRs. The large and positive Curie–Weiss temperatures (θp) were determined in the LNMO
samples, suggesting their dominant ferromagnetic interactions. The appearance of θp > TC
in the LNMO samples demonstrates the existence of short-range ordered states in the
temperature slightly above TC. That is owed to the magnetic frustration caused by the
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phase competition between the FM and AFM phases. In addition, a higher θp was observed
in the LNMO NPs as compared with the LNMO NRs, which implies stronger long-range
ferromagnetic exchange interactions in the LNMO NPs due to being almost free of ASD
defects. The UV–visible spectroscopic analyses unveiled the semiconducting nature of the
nanostructured LNMO with an optical band gap of 0.99 eV, which originated from the p-d
charge transfer from the O 2p orbital to Ni/Mn 3d orbitals. The present results indicate that
the LNMO NPs and NRs have promising potential for the next generation of optoelectronic
and spintronic device applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12060979/s1, Figure S1: (a) Histogram of LNMO NPs size
distribution. (b) and (c) Histograms of the distributions of the length and diameter of the LNMO
NRs; Figure S2: Temperature dependent dielectric permittivity (εr) and its reciprocal (1000/εr) of

the LNMO ceramics prepared from (a,b) NPs and (c,d) NRs; Figure S3: Plots of ln
(

1
εr
− 1

εm

)
as a

function of ln(T − Tm) for the LNMO ceramics prepared from NPs measured at (a) 4 kHz, (b) 10 kHz,

(c) 80 kHz, and (d) 100 kHz; Figure S4: Plots of ln
(

1
εr
− 1

εm

)
as a function of ln(T − Tm) for the LNMO

ceramics prepared from NRs measured at (a) 4 kHz, (b) 10 kHz, (c) 80 kHz, and (d) 100 kHz; Table S1:
Comparison between the magnetic data and Curie-Weiss fitting parameters of the as-synthesized
LNMO samples (nanoparticles (NPs), nanorods (NRs), thin films, and bulk) and that reported in the
recent literatures. References [83,84] are cited in Supplementary Materials.
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