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Abstract: Manganite perovskite oxides exhibit a wide range of 

properties relevant for catalysis, energy conversion and spintronics. 

Such behaviors can be deeply modified at the nanoscale where 

confinement and surface effects may prevail. Interesting properties 

could then emerge from manganite perovskite nanocrystals, although 

their synthesis remains a challenge. The present study reports a 

versatile synthesis of manganite perovskite nanocrystals by using 

molten salts as high temperature liquids in the 600-750 °C range. 

Through X-ray diffraction, X-ray photoelectron spectroscopy, 

scanning and transmission electron microscopies, we show that many 

substitutions on the A perovskite site are within reach by applying the 

approach to La2/3Sr1/3MnO3, La2/3Ca1/3MnO3 and La1/3Pr1/3Ca1/3MnO3 

cubic-shape nanocrystals with diameter of 20, 22 and 38 nm, 

respectively. The magnetic properties of these nanocrystals are then 

investigated at 5 K, highlighting the coexistence of a ferromagnetic 

phase typical of the bulk, with disordered and non-magnetic domains, 

which presumably arise from the nanoscale and surface effects. 

Introduction 

If halide perovskites experienced a burst of interest in the last 

years,[1–3] long-known perovskite oxides are highly regarded 

materials as they provide a versatile platform to design iono-

covalent materials for various properties and applications, from 

piezoelectricity to catalysis.[4–6] Especially, manganite perovskites 

AMnO3 (A = alkaline earth metals, rare earth metals) are relevant 

catalysts for the conversion of NOx gases[7] and the oxidation of 

volatile organic compounds.[8] They are also active 

electrocatalysts for the reduction of dioxygen at the cathode of 

fuel cells.[9–11] Manganites further exhibit a complex magnetic and 

magnetotransport behavior that can be tuned by appropriate 

substitution on the A site of the perovskite or by adjusting the size 

of the particles. This has translated into diverse studies in 

magnetism and magnetotransport in general.[12–16]  

 In order both to understand the impact of downscaling on 

the magnetotransport properties and the catalytic performances 

of manganite perovskites, surface effects must be exacerbated. 

Nanoparticles enable maximizing the surface-to-volume ratio and 

are then ideally suited for these studies. Unfortunately, designing 

high crystallinity manganites with narrow size distribution is a 

strong challenge. These iono-covalent solids form only above 

240 °C.[17–19] contrary to ionic halide perovskites.[1–3] Organic 

solvents usually react with Mn4+ species so that they are not 

suitable to reach mixed valence manganites. On the opposite, 

some hydrothermal syntheses yield manganites, but only at the 

microscale. Sol-gel approaches combined to thermal treatments 

have been used to synthesize manganites.[20–22] They produce 

nanoparticles with a high density of crystal defects that are 

detrimental to magnetotransport and complicate the interpretation 

of catalytic properties. Some teams reported the use of molten 

inorganic salts as high temperature liquid media where manganite 

nanoparticles.[8,23–27] The particles were nevertheless poorly 

faceted and still exhibited crystal defects. Faceted cobaltite 

particles were obtained the same way but at the submicronic 

scale.[28] Our team reinvestigated recently the molten salt 

approach, by setting conditions for narrow size distribution and 

low density of crystal defects through a burst of nucleation 

triggered by large heating rates (Scheme 1).[15] As a result, highly 

crystalline and faceted 20 nm nanocrystals of La2/3Sr1/3MnO3 

(LSMO) could be designed. LSMO is however only one of the 

numerous members of the manganite perovskite family. 

 

Scheme 1. Schematic description of the molten salt-mediated synthesis of 

manganite perovskites. 

Overall, the versatility of the molten salt approach is still to 

be demonstrated for this strategy to become viable in the design 

of manganite nanocrystals and then to pave the way towards 

intensive study of catalytic and magnetotransport properties. The 
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aim of the present report is to assess the suitability of the molten 

salt approach for designing several manganite perovskite 

nanocrystals. We especially address La2/3Sr1/3MnO3 (LSMO), 

La2/3Ca1/3MnO3 (LCMO) and La1/3Pr1/3Ca1/3MnO3 (LPCMO) 

nanocrystals to demonstrate versatility in available substitutions 

on the A site of perovskite nanocrystals. The magnetization 

curves of these samples at low temperature hint at a strong effect 

of the substitution and of nanoscaling on the magnetic properties 

of these nanomaterials. 

Results and Discussion 

Manganite perovskite nanocrystals were synthesized by adapting 

a previously reported procedure that was dedicated to LSMO 

particles.[15] The approach consists in triggering the reaction 

between nitrate salts of manganese (II) and La, Pr, Sr or Ca into 

molten potassium nitrate (Tfus = 334 °C). In order to decrease the 

particle size and enable relatively narrow size distribution without 

using organic surface ligands, nucleation events were favored by 

applying a large heating rate. This was achieved by introducing 

the powdered mixture initially at room temperature into an oven 

pre-heated at the set point between 600 and 800 °C. To avoid 

extensive growth, the reaction medium was also quenched by 

transferring the reaction crucible from the hot oven to room 

temperature, enabling solidification of the salt within ca. 5 min. X-

ray powder diffraction (XRD) shows that LSMO nanoparticles 

were obtained at 600 °C according to our previous report 

(Figure 1).[15] In the same conditions, substituting Sr with Ca to 

obtain LCMO and/or partially substituting La with Pr to obtain 

LPCMO do not yield pure phases but impurities of birnessite 

potassium manganese oxide K0.2MnO2·xH2O, CaMnO3 perovskite 

and La(OH)3 (Figure S1 and Figure S2). In order to achieve 

complete reaction, the temperature was increased to 750 °C 

(Figure S1 and Figure S2). However, incomplete reactivity was 

still observed, as the CaMnO3 phase could still be observed. To 

avoid this side product, Ca was introduced with a 10 mol. % 

default. According to XRD (Figure 1), LCMO and LPCMO are 

obtained as pure phases. Elemental analysis by ICP-OES yields 

compositions of La0.6Sr0.4MnO3, La0.6Ca0.4MnO3 and 

La0.4Pr0.3Ca0.3MnO3, close to the expected values. The K/Mn 

molar ratio was evaluated by Energy Dispersive X-ray analysis 

(EDX, Figure S3) to 0.05, and 0.04 for LSMO and LCMO, 

respectively. For LPCMO, the K content was below the detection 

threshold. According to previous data of atom-scale chemical 

mapping, which could not detect K substitution into the LSMO 

nanocrystals,[15] the most probable origin of the K content in 

LSMO and LCMO is surface contamination from the synthesis 

medium. Fast Fourier Transform Infrared spectroscopy (FTIR, 

Figure S4) shows for the three samples a broad band centered 

at 550 cm-1, which corresponds to the stretching vibration of Mn-

O in MnO6 octahedra. No trace of carbonates could be detected. 

 

Figure 1. XRD patterns of LSMO, LCMO and LPCMO samples obtained at 600, 

750 and 750 °C, respectively. 

 

Figure 2. SEM images of (a, b) LSMO, (c, d) LCMO and (e, f) LPCMO samples 

obtained at 600, 750 and 750 °C, respectively. 

Scanning electron microscopy (SEM, Figure 2) shows that 

LSMO, LCMO and LPCMO samples are homogeneously formed 

of ca. 20, 20 and 40 nm nanoparticles. The LPCMO sample also 

comprises some sheets apparently made of the assembly of 

nanoparticles (Figure S5). According to EDX, they correspond to 

a Ca-poor perovskite phase La0.6Pr0.3Ca0.1MnO3. 

Transmission electron microscopy (TEM, Figure 3a-c) 

highlights cubic nanoparticles of ca. 20, 22 and 38 nm for LSMO, 

LCMO and LPCMO, respectively. The size distributions are 

relatively narrow (Figure 3d-f) if one considers the absence of 



  

 

 

 

any surface stabilizing ligand, which distinguishes the molten salt 

approach compared to colloidal syntheses in organic solvents. 

HRTEM images and the corresponding Fast Fourier transforms 

are fully consistent with the expected distorted perovskite 

structures, with space groups R-3c, Pbnm and Pnma for LSMO, 

LCMO and LPCMO, respectively. HRTEM also allows identifying 

facets and deciphering the 3D crystal shapes (Figure 3g-i). For 

all compounds, the cube-like nanocrystals exhibit main facets 

along the {001}c planes of the perfect cubic perovskite structure 

(Figure 3j-n). They also show minor facets along the {111}c and 

{011}c planes of the cubic structure, leading to nanocubes 

truncated on each edge and corner (Figure 3j-n). Noteworthy, the 

nanocrystals do not show any evidence of extended crystal 

defects. We have shown in a previous report that LSMO 

nanocrystals are single crystals and show only few crystal defects. 

According to HRTEM, LCMO and LPCMO behave in the same 

way. No amorphous surface layer was detected. Noteworthy, the 

LCMO sample also exhibits a minor population of nanocrystals 

which show overexpressed 110c facets (Figure S6). The 

composition homogeneity was confirmed by scanning TEM-

Energy Dispersive X-ray Spectroscopy (STEM-EDS) mapping 

(Figures 4-6). 

 

Figure 3. (a-c) TEM images, (d-f) corresponding diameter distributions, (g-i) HRTEM images and (j-l) corresponding projections of nanocrystals of (a, d, g, j) LSMO, 

(b, e, h, k) LCMO and (c, f, i, l) LPCMO. (m) 3D model of nanocrystals with indexation of the facets along the ideal cubic perovskite structure. (n) Similar model 

where the crystal structure is shown, in the case of LSMO. 

 

Figure 4. (a) TEM and (b) STEM-HAADF images of LSMO. STEM-EDX (c) O, 

(d) La, (e) Mn, (f) Sr maps.  

 

 

Figure 5. (a) TEM and (b) STEM-HAADF images of LCMO. STEM-EDX (c) O, 

(d) La, (e) Mn, (f) Ca maps. 



  

 

 

 

 

Figure 6. (a) TEM and (b) STEM-HAADF images of LPCMO. STEM-EDX (c) Pr, 

(d) La, (e) Mn, (f) Ca maps.  

The Mn oxidation states were probed by X-ray 

photoelectron spectroscopy (XPS), with a probed depth of 

ca. 10 nm. The Mn 2p3/2 signal can be well described through two 

quintuplets (Figures 7 and S7) characteristic of Mn3+ and Mn4+ in 

oxide environments, respectively.[29,30] The average Mn oxidation 

states were then roughly evaluated from the area ratio of these 

two species, yielding Mn3.3+, Mn3.2+ and Mn3.2+ in average for 

LSMO, LCMO and LPCMO, respectively. These values are in 

agreement with the measured compositions. They are also 

consistent with previous data recorded for LSMO nanocubes,[15] 

for which STEM coupled to electron energy loss spectroscopy 

showed reduction of Mn cations in a ~1 nm surface layer. The 

O 1s signal (Figure S8) shows the characteristic contributions of 

lattice oxygen O2-, but also of hydroxyl HO- and aquo H2O groups 

adsorbed on the surface of the nanocrystals exposed to air and 

water during the washing step.  

 

Figure 7. Mn 2p3/2 region of the XPS spectra for LSMO, LCMO and LPCMO. 

The deconvolution is made by using a Mn3+ (red) and a Mn4+ (blue) quintuplets.  

Strongly correlated systems such as manganites are known 

to exhibit spatial separation between regions of different magnetic 

ordering.[12,31] Most commonly, phase separation is observed 

between an insulating antiferromagnetic charge-ordered (CO) 

phase and a metallic ferromagnetic (FM) phase.  Charge ordering 

is the result of a periodic arrangement of cations with different 

oxidation states in the crystal lattice. LSMO has a relatively simple 

magnetic-electric phase diagram, being a paramagnetic (PM) 

insulator above its Curie temperature, and a ferromagnetic (FM) 

metal below,[12], with no significant CO phase. LCMO on the other 

hand contains not only a FM metal-to-PM insulator transition, but 

there is also evidence for the coexistence of an insulating 

antiferromagnetic charge-ordered (CO) phase close to the Curie 

temperature for our composition.[12] Finally, LPCMO has a 

complex phase diagram,[32–35] with the co-existence of both an 

antiferromagnetic CO phase and a metallic FM phase over a 

range of temperatures.  

Isothermal magnetization curves at 5 K of the three samples, 

LSMO, LCMO, and LPCMO (Figure 8a) reveal a mixed magnetic 

response consisting of both FM and PM signals. Field cooled and 

zero field cooled measurements, shown here for LSMO 

(Figure 8b), reveal a commonly observed Curie temperature,Tc = 

310 K, using a Curie-Weiss approximation at high temperatures. 

(Tc = 279 K, 152 K for LCMO and LPCMO respectively). The 

blocking temperatures exhibit a broad distribution with maxima in 

the ZFC curves at around 83, 114 and 64 K for LSMO, LCMO and 

LPCMO respectively. After extrapolation of the high field 

paramagnetic slopes, the saturation magnetization for all three 

powders is significantly less than the ideal value of 3.67 µB/f.u. for 

the bulk phases (Table 1). Less than half the volume is 

ferromagnetic (VFM). with the rest behaving as a disordered 

magnetic state.[15] Furthermore, from the high field slopes, one 

can estimate an effective paramagnetic moment assuming a 

Curie Law dependence, hence a volume fraction (VPM) of the 

paramagnetic-like phase. The high field error in using such a 

Curie model compared to a Langevin or Brillouin function is ~10%. 

The residue corresponds to a fraction VNM of the materials with no 

contribution to the particle magnetization. The volume fractions 

VPM and VNM can be translated into thicknesses tPM and tNM 

(Table 1) of paramagnetic and non-magnetic shells in two simple 

models: FM-PM-NM (FPN) and FM-NM-PM (FNP) core-shell-

shell models. Our previous observations on LSMO already 

suggested a FM-PM core-shell model.[15] Interestingly, the shell 

thicknesses are of the order of few Mn-O-Mn bond lengths 

(corresponding to the ideal perovskite unit cell (001)c lattice 

spacing: ~0.4 nm). 

 

 

 

 

 



  

 

 

 

 
Figure 8. a) Magnetization curves of LSMO, LCMO, and LPCMO at 5 K, and b) field cooled (FC), zero field cooled (ZFC) magnetization curves of LSMO

 

Table 1. Magnetic properties of LSMO, LCMO and LPCMO obtained after decomposition of the magnetization curves. d is the particles diameter evaluated by TEM; 

mFM, mPM and mNM are the saturation magnetization of the ferromagnetic (FM) component, the magnetic moments of the paramagnetic (PM) and non-magnetic 

(NM) phases, respectively. VFM, VPM and VNM are the volume fractions of the ferromagnetic (FM), paramagnetic-like (PM) and non-magnetic (NM) components, 

respectively. dFM is the diameter of the FM core. tPM
FPN and tNM

FPN are the thicknesses of the PM and NM components assuming a core-shell-shell FM-PM-NM model. 

tPM
FNP and tNM

FNP are the thicknesses of the PM and NM components assuming a core-shell-shell FM-NM-PM model.  

 
d mFM mPM mNM VFM VPM VNM dFM tPM

FPN tNM
FPN tPM

FNP tNM
FNP 

 
nm µB/f.u. µB/f.u. µB/f.u. % % % nm nm nm nm nm 

LSMO 20 1.05 1.34 1.28 29 37 34 13.2 2.1 1.3 1.4 2.0 

LCMO 22 1.69 1.26 0.72 46 34 20 17.0 1.7 0.8 1.4 1.1 

LPCMO 38 1.71 1.59 0.37 47 43 10 29.5 3.6 0.7 3.3 1.0 

Electronic phase separation (EPS), is a signature 

phenomenon of LSMO, LCMO and LPCMO, where both 

ferromagnetic-metal and paramagnetic-insulator phases can 

coexist.[12] Depending on the composition, EPS typically occurs at 

the mesoscale (500 – 800 nm),[16] but nanoscale EPS is also 

reported, arising from the interplay between cation 

inhomogeneities and long-range Coulomb interactions.[36] For a 

uniform cation distribution, the EPS length scale is of the order of 

5-10 ideal perovskite unit cell parameters ((001)c lattice 

spacing),[36] in agreement with our observations of ca. 3-5 (001)c 

lattice spacing thicknesses for the paramagnetic layers in LSMO 

and LCMO for both core-shell-shell models. The PM layer for 

LPCMO appears thicker with ca. 9 (001)c lattice spacings. These 

values emphasize the importance of the high crystallinity and low 

density of crystal defects achieved in these molten salt-derived 

nanocrystals. 

Conclusions 

In this report we have successfully designed manganite 

perovskite oxide nanocrystals of La2/3Sr1/3MnO3, La2/3Ca1/3MnO3 

and La1/3Pr1/3Ca1/3MnO3, hence demonstrating the versatility of 

syntheses in molten salts to reach a range of high crystallinity 

manganite perovskites and then of magnetic properties. This 

original synthetic approach enables now to foresee numerous 

studies addressing the impact of the nanoscale on properties of 

these materials, by drawing on the abundant data available for 

bulk manganites or thin films and their properties tunable by 

cationic substitutions. Indeed, the first magnetic measurements 

we report highlight magnetic behaviors for the nanocrystals that 

are strongly different from the bulk phases.  

Experimental Section 

Nanocrystals synthesis. The LSMO nanoparticles synthesis was carried 

out as follows, according to a previously described procedure.[15] First, 

potassium nitrate (65 mmol), strontium nitrate (2.65 mmol), manganese 

nitrate tetrahydrate (6.5 mmol), lanthanum nitrate hexahydrate 

(3.86 mmol) were ball milled for 2 min and then dried at 40 °C under 

vacuum overnight. The powder was then put into an alumina crucible and 

heated at 600 °C for 2 h. After cooling at room temperature the product 

was redispersed with deionized water and stirred for 10 min. The 

suspension was then separated by centrifugation (20 000 rpm, 10 min) 

8 times, washed with deionized water until a conductance around 10 

μS/cm was reached. The product was dried under vacuum at 40 °C 

overnight. The LCMO nanoparticles were obtained by a similar procedure 

except that instead of strontium nitrate, calcium nitrate tetrahydrate was 

used (1.79 mmol), and the heating dwell step was performed at 750 °C for 

1 h. Likewise, the LPCMO particles were obtained by using lanthanum 

nitrate hexahydrate (1.99 mmol), praseodinium nitrate hexahydrate (1.99 

mmol) and calcium nitrate tetrahydrate (1.79 mmol), at 750 °C for 1 h. For 

all syntheses, the yield was ca. 95 %. 

Powder XRD patterns were recorded on a Bruker D8 advance 

diffractometer operating at the Cu-Kα wavelength. ICSD references used 

for indexation were 50717, 82820, 96909 for LSMO, LCMO and LPCMO 

respectively. 

SEM was performed on a Hitachi SU-70 microscope equipped with a field 

emission gun, at 5 kV accelerating voltage and without coating.the 

samples. 

TEM, HRTEM, STEM images and STEM-EDX maps were recorded on a 

JEM 2100Plus UHR microscope operating at 200 kV, interfaced to a 

Oxford Instruments AZtex EDS system with an XMax T large area 



  

 

 

 

(80 mm2) SDD detector. The powders were dispersed in ethanol, then 

drop-casted on carbon-coated copper grids. The ICSD references cited in 

the XRD section were used for indexation of the HRTEM images. 

XP spectra were collected on a Omicron Argus X-ray photoelectron 

spectrometer, using a monochromated AlK (h = 1486.6 eV) radiation 

source with a 300 W electron beam power. The emission of photoelectrons 

from the sample was analyzed at a takeoff angle of 45° under ultra-high 

vacuum conditions (10-8 Pa). High resolution XP spectra were collected at 

pass energy of 20 eV. The peak areas were determined after subtraction 

of a Shirley background. Spectrum processing was carried out using the 

Casa XPS software package. 

Magnetisation loops were measured at 5 K using a commercial Quantum 

Design Magnetic Properties Measurement System (MPMS) with a 

vibrating sample magnetometer. 
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Manganese oxide perovskites are 

obtained for the first time as highly 

crystalline, well-faceted nanocrystals. 

High temperature liquid phase 

syntheses in molten salts thus offer a 

nice playground to assess the impact 

of the nanoscale on the properties of 

these materials, as exemplified by the 

magnetic properties of three different 

manganites.  
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Figure S1. XRD diagrams of the powders obtained at different temperatures and heating time of 1 h for 

the synthesis of LCMO nanoparticles. 

 

 
Figure S2. XRD diagrams of the powders obtained at different temperatures and heating time of 1 h for 

the synthesis of LPCMO nanoparticles. 



  

 

 

 

 
Figure S3. EDX spectra of a) LSMO, b) LCMO, and c) LPCMO. 

 

 

 



  

 

 

 

 
 

Figure S4. FTIR spectra of LSMO, LCMO and LPCMO: overall spectra on the left, zoom-in on the 

right. 
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Figure S5. SEM images of the LPCMO sample showing minor amounts of sheets among the LPCMO 

nanocubes. EDX performed on the sheets isolated by sedimentation yields a composition of 

La0.6Pr0.3Ca0.1MnO3. 

 

 



  

 

 

 

 
 

Figure S6. HRTEM image indexed along the LCMO structure (FFT in inset) and corresponding 

projected view of the nanoparticle. 

 

 

 

 



  

 

 

 

 
Figure S7. Mn 2p (top) and Mn 2p3/2 (bottom) areas of the XPS spectra of LSMO, LCMO and LPCMO 

samples, with the corresponding deconvolutions into a Mn3+ (red) and a Mn4+ (blue) quintuplets. 
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Figure S8. O 1s  areas of the XPS spectra of LSMO, LCMO and LPCMO samples, with the 

corresponding deconvolutions into oxo, hydroxo and aquo groups. 
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