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Abstract:  

Double perovskite structure (A2BB’O6) oxides exhibit a breadth of multifunctional properties with a 

huge potential range of applications in fields as diverse as spintronics, magneto-optic devices or 

catalysis, and most of these applications require the use of thin films and heterostructures. 

Chemical solution deposition techniques are appearing as a very promising methodology to achieve 

epitaxial oxide thin films combining high performance with high throughput and low cost. In 

addition, physical properties of these materials are strongly dependent on the ordered 

arrangement of cations in the double perovskite structure. Thus, promoting spontaneous cationic 

ordering has become a very relevant issue. In this work, our recent achievements using polymer 

assisted deposition (PAD) of environmentally friendly, water-based solutions for the growth of 

epitaxial ferromagnetic insulating double perovskite La2CoMnO6 and La2NiMnO6 thin films on SrTiO3 

and LaAlO3 single-crystal substrates are presented. We show that the particular crystallization and 

growth process conditions of PAD (very slow rate, close to thermodynamic equilibrium conditions) 

promote high crystallinity and quality of the films, as well as favors spontaneous B-site cationic 

ordering. 
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INTRODUCTION: 

Complex oxides are a class of materials of strong technological interest because they not only 

present a broad variety of physical properties of technological interest but also several different 

mechanisms to modify these physical properties at convenience. In particular, the crystalline 

structure and aspects related to it (strain, defects, vacancies, cationic ordering,…) are an important 

playground to tune materials’ properties.  A common structure in oxide materials is the perovskite 

structure; ideal ABO3 perovskite structure has a cubic symmetry and most of the electronic 

properties are determined by the physics associated with the transition metal and the corner-

sharing oxygen anions of the BO6 octahedra.  Double perovskite structure of the A2BB'O6-type, 

made of stacking single perovskite units, have attracted considerable attention because of their 

unique electrical, magnetic, and elastic properties. In the ideal double perovskite structure, in 

which A is an alkaline earth or a rare-earth metal cation and B and B’ are transition metal cations, 

there exists a 3-D network of alternating BO6 and B'O6 octahedra.[1] As a result of this, the final 

physical properties are strongly affected by the B-site cationic ordering.[2] Achieving full cationic 

ordering is challenging because the alternative occupancy of the B/B′-site ions can be influenced by 

several factors, such as synthesis conditions and ionic features. As a general rule, a large difference in 

size and charge of the B/B′-site cations provides a material with higher degree of ordering.[1] 

In particular, La2MMnO6 (M= Co, Ni) compounds with B-site ordering display high Curie 

temperatures,[3] which has been explained by superexchange interactions (FM-SE) according to the 

Goodenough-Kanamori rules.[4] In addition, these oxides combine their high-temperature FM with 

insulating behavior.[5] Dielectric properties close to room temperature[6] and large magnetic field 

induced changes in the electric resistivity have also been reported.[7] These properties make 

La2MMnO6 double perovskites interesting candidates for potential thin-film spin-based 

electronics,[8] lead-free materials for use in solar cells[9] and more recently, for cathode materials 

for intermediate temperature solid-oxide fuel cells.[10] However, some of these properties critically 

depend on the degree of cationic ordering. In particular, the lack of cationic ordering results in 

competing ferro- and antiferromagnetic interactions and depressed saturation magnetization,[5a] 

making the magnetic behavior a good indicator for the degree of cation ordering. 

As oxides are increasingly applied as thin films or nanostructures to harness the varied benefits of 

miniaturization, convenient film deposition methods have to be developed. Although high-vacuum 

methods like molecular beam epitaxy,[11] radiofrequency sputtering[12] and pulsed laser deposition 
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(PLD)[13] provide in general unquestionable advantages for the growth of metal oxide thin films 

including high crystal quality, precise control of composition and thickness at atomic-scale, more 

affordable alternatives are desirable. In this context, solution based fabrication methods are being 

pursued as an alternative for economically viable and large scale production of functional ceramic 

oxide thin films, nanoparticles, mesoporous solids films or bulk ceramics.[14] The main advantage of 

this chemical solution deposition (CSD) methodology is the low cost, and easy scalability, associated 

to the process because the use of high vacuum systems is no longer required. In addition, the 

precursor solution can be modified in terms of solvent and molarity to tune different desirable 

thicknesses. Another advantage is the easy control of the desired final stoichiometry and the in-situ 

doping feasibility, simply by adding a doping agent to the precursor solution. The trend nowadays is 

the development of solution based processes that are environmental friendly, and processes that 

can be used with low temperature techniques such as self-combustion and deep-ultraviolet 

photochemical activation, enabling the direct integration of metal oxide layers on low melting point 

polymeric substrates for flexible electronic systems.[15] The most recent achievements in this field 

show the successful integration of crystalline metal oxides on flexible substrates at temperatures as 

low as 350 °C.[16] 

Concerning environmentally friendly precursor solutions, water is well recognized as an ideal and 

green solvent. However, with metal ions that are easy to hydrolyze (e.g., La3+, Sr2+,...) it is difficult to 

form a stable solution in water.[17] Moreover, it is hard to control the real metal ion concentration 

of the aqueous precursor solution, which often results in nonstoichiometric growth of the thin film 

compound. These problems have been solved by the approach proposed by Jia at al.[18] preparing a 

stable metal-ion aqueous system, based on a homogeneous metal−polymer complex solu on. A 

water-soluble polymer is used to bind and stabilize the metal ions in the precursor solution and at 

the same time facilitate the film coating. Specifically, the metal ions usually nitrate salts or chloride 

salts, are coordinated with lone-pair electrons of the nitrogen atoms in the polyethyleneimine (PEI) 

polymer, preventing in this way hydrolysis of metal ions and hence forming stable metal−polymer 

complexes.[18-19] In some cases, the use of an additional complexing agent like 

ethylenediaminetetraacetic acid (EDTA) is required to improve the coordination of metal cations to 

the polymer. To recapitulate, the PAD route is only composed of metal nitrates, multidentate 

polymers and deionized water, and consequently it is considered to be healthy and environmental 

friendly. Moreover, PAD solutions are highly stable over time and allow preparing a library of a 
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large number of metal cations that can be subsequently mixed according to the desired 

stoichiometry. As a surfactant assisted synthesis method, the PEI present in the solution controls 

the viscosity and binds metal ions, resulting in an homogeneous mixing of metal ions in the gel and 

the formation of uniform metal–organic films, providing a facile chemical approach to both simple 

and complex crack-free epitaxial metal oxide films. 

Despite the scientific and technological interest of La2CoMnO6 and La2NiMnO6 double perovskites, 

more effort is needed to bring them from laboratory research to applications. Towards this end, it 

is essential to search for synthesis routes able to provide thin films of target products with low cost 

and good control of composition, cation ordering, and cation charge and coupling. 

In this context, the above mentioned specificities of PAD have proven to be very beneficial for the 

growth of complex oxide layers[20] and recently, we have demonstrated the PAD growth of B-site 

ordered La2CoMnO6/SrTiO3 double perovskite epitaxial thin films, with perfect crystallinity and a 

high degree of B-site cationic ordering.[21] 

In the present work we report on the epitaxial growth of La2CoMnO6 (LCMO) and La2NiMnO6 

(LNMO) compounds on (001)-SrTiO3 (STO) and (001)-LaAlO3 (LAO) substrates by the PAD technique. 

We have investigated the influence of substrate, on the structural and magnetic properties of the 

films. LCMO epitaxial thin films exhibit a single magnetic phase with high saturation magnetization 

(Ms) values, indicative of full Co2+/Mn4+ B-site cationic ordering, whereas the LNMO films showed a 

more complex magnetic behavior suggesting the persistence of anti-site defects lowering Ms with 

respect to the spin only maximum theoretical value.  

 

RESULTS and DISCUSSION 

To trace the thermal behavior of the mixed metal polymer precursor solution thin films during the 

annealing in a conventional tube furnace, we used thermogravimetric analysis combined with 

differential scanning calorimetry (TGA/DSC). Films of several hundreds of nanometers were 

obtained by the free spreading of a microdrop containing the precursor solution on glass 

substrates. High purity oxygen and synthetic air at a flow rate around 50 ml/min were used to 

control the furnace atmosphere with heating rate of 20 °C/min. Figure 1 shows the TGA curve for a 

La2NiMnO6 precursor solution film. It can be seen that the sample begins to decompose at 220 °C, 

and that there is gradual mass loss (PEI, EDTA and nitrates loss) that stops at around 550 °C. This 
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suggests that the polymer and nitrate compound is completely decomposed and that the 

La2NiMnO6 phase may be obtained 

measured by DSC and an exot

approximately 7.500 J/g. 

FIGURE 1. TG and DSC curves of the thermal
precursors, EDTA and PEI. 
 

In the PAD process, the coordination betwee

premature nucleation below the temperature of depolymerization of the polymers. In this way, the 

metal cations are inactive before the polymers are depolymerized

oxide takes place near the decomposition temperature of the polymer and nitrates, i.e., close to 

thermodynamic equilibrium conditions; and 

conditions of PAD are much more favorable for attaining spontaneous B

Figure 2 shows AFM topography images in tapping mode of 

grown on top of STO and LAO substrates

quality flat surface with root-mean

cases. For samples grown on STO substrates the RMS values is below 1nm. This fact may be related 

to the lower lattices mismatch betwee

coherent growth (see below). Samples with thickness below 10 nm c

morphology imposed by the conformal growth on top of the substrate steps
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suggests that the polymer and nitrate compound is completely decomposed and that the 

phase may be obtained above this temperature. The heat of decomposition has been 

measured by DSC and an exothermic signal has been recorded with an

curves of the thermal decomposition of La2NiMnO6 precursors

In the PAD process, the coordination between the polymers and the metal cations prevents 

premature nucleation below the temperature of depolymerization of the polymers. In this way, the 

metal cations are inactive before the polymers are depolymerized.[19a, 20] Thus, crystallization of the 

oxide takes place near the decomposition temperature of the polymer and nitrates, i.e., close to 

quilibrium conditions; and it has been proposed that these particular growth 

conditions of PAD are much more favorable for attaining spontaneous B-site cationic ordering

shows AFM topography images in tapping mode of representative LCMO and LNMO films 

STO and LAO substrates (film thickness d  25 nm). Topography shows a high 

mean-square (rms) values of surface roughness

For samples grown on STO substrates the RMS values is below 1nm. This fact may be related 

to the lower lattices mismatch between LCMO and LNMO and STO substrates, which favor a 

Samples with thickness below 10 nm clearly show the terrace

morphology imposed by the conformal growth on top of the substrate steps.[

5 

suggests that the polymer and nitrate compound is completely decomposed and that the 

The heat of decomposition has been 

ignal has been recorded with an exchanged heat of 

 
precursors, made from nitrates 

n the polymers and the metal cations prevents 

premature nucleation below the temperature of depolymerization of the polymers. In this way, the 

Thus, crystallization of the 

oxide takes place near the decomposition temperature of the polymer and nitrates, i.e., close to 

these particular growth 

site cationic ordering.[21] 

LCMO and LNMO films 

opography shows a high 

roughness below 2 nm in all 

For samples grown on STO substrates the RMS values is below 1nm. This fact may be related 

n LCMO and LNMO and STO substrates, which favor a 

learly show the terrace-like 
[21] 
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FIGURE 2. AFM surface topography images (5 × 5 
thickness values close to 25 nm, on top of STO and LAO substrates.
values are below 2 nm in all cases. 

 

The structural features of LCMO 

studied by x-ray diffraction. The epitaxial nature of the 

(00l) peaks along with the corresponding (00

substrates, and the Kβ reflection. 

Reciprocal space maps of LCMO films 

the films on STO substrates grown

lattice parameters, as illustrated by 

estimated from the high-resolution X

3(c)). On the contrary, LCMO film

estimated from the reciprocal space map is abo

scan around the (002) substrate peak

c = 3.886 Å. These values are consistent with a fully relaxed 

 

FIGURE 3: Reciprocal space maps around (103) re
and (d). High-resolution θ/2θ XRD scans of the (002) re
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AFM surface topography images (5 × 5 μm2) of representative La2MMnO
on top of STO and LAO substrates. Root mean square (

The structural features of LCMO and LNMO films grown on STO and LAO substrates have been 

he epitaxial nature of the films was evidenced by the detection of only 

) peaks along with the corresponding (00l) peaks originating from the 

  

of LCMO films around (103) substrate peaks (Figs. 3(a) and 

grown fully strained without any measurable difference of the in

lattice parameters, as illustrated by Figure 3(a). An out-of-plane lattice parameter

resolution X-ray diffraction pattern of the (002) diffraction peak (see 

films grown on LAO were fully relaxed, and the in

estimated from the reciprocal space map is about a = 3.89 Å, Figure 3(b). The h

scan around the (002) substrate peak Fig. 3(d) was used to estimate an 

. These values are consistent with a fully relaxed LCMO/LAO film.  

 
ps around (103) reflections for LCMO films grown on STO

XRD scans of the (002) reflections for the same samples.

6 

 

MMnO6 thin film samples with 
Root mean square (RMS) roughness 

LAO substrates have been 

films was evidenced by the detection of only 

) peaks originating from the (001)-STO- and -LAO 

(a) and 3(b)) reveal that 

without any measurable difference of the in-plane 

plane lattice parameter c = 3.872 Å is 

ray diffraction pattern of the (002) diffraction peak (see Fig. 

, and the in-plane parameter 

The high resolution θ/2θ 

 OP lattice parameter 

 

 

on STO (a) and LAO (b). (c) 
ections for the same samples. 
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A similar analysis was conducted on LNMO

(103) substrate peaks (Figs. 4(a) and 

strained (Fig. 4(a)). An out-of-plane lattice parameter

resolution X-ray diffraction pattern of the (002) diffraction p

the corresponding in plane lattice 

the LNMO films grown on LAO is clearly shifted

Fig. 4(b). Although LNMO films are also grown epitaxially on LAO substrates, the large lattice 

mismatch (-2.61%) between the films 

structure. In addition, the larger broadening of 

the sample is fully relaxed and some part is not.

 

 

 

 

FIGURE 4. Reciprocal space maps around (103) re
and LAO (b). (c) and (d) High-resolution 
 

Since the lattice parameters of pseudocubic bulk La
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La2CoMnO6 and La2NiMnO6 thin films 

nominal lattice mismatch of the LCMO/LAO (

grows fully relaxed and LNMO partially relaxed on LAO substrates
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A similar analysis was conducted on LNMO films. Reciprocal space maps of LNMO films around 

(a) and 4(b)) show that the films grown on STO substrates are fully

plane lattice parameter c = 3.854 Å is estimated from the high

ray diffraction pattern of the (002) diffraction peak (see Fig. 4(c))

lattice parameter. In contrast, the peak position of (103) reflection of 

the LNMO films grown on LAO is clearly shifted from that of the LAO substrate

ough LNMO films are also grown epitaxially on LAO substrates, the large lattice 

between the films and the LAO substrate causes a relaxation 

structure. In addition, the larger broadening of the LNMO film peak on LAO 

the sample is fully relaxed and some part is not. 

 
Reciprocal space maps around (103) reflections for LNMO films grown on STO (a) 

resolution θ/2θ XRD scans of the (002) reflections for the same samples.

Since the lattice parameters of pseudocubic bulk La2CoMnO6 (apc=3.89 

are close to the lattice parameters of STO substrate 

thin films grow coherently on this substrate. However, due t

nominal lattice mismatch of the LCMO/LAO (-2.61%) and LNMO/LAO (-2.31%) systems, LCMO 

and LNMO partially relaxed on LAO substrates for film thickness 

7 

Reciprocal space maps of LNMO films around 

films grown on STO substrates are fully 

Å is estimated from the high-

), which is shorter than 

he peak position of (103) reflection of 

from that of the LAO substrate along the Q100 axis 

ough LNMO films are also grown epitaxially on LAO substrates, the large lattice 

and the LAO substrate causes a relaxation of the films 

peak on LAO indicates that part of 

 

MO films grown on STO (a)  
ections for the same samples. 

 Å)[22] and La2NiMnO6 

 (a=3.905 Å), epitaxial 

However, due to the large 

2.31%) systems, LCMO 

thickness 20 nm.  
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MAGNETIC PROPERTIES 

LCMO/STO 

Our Previous results in LCMO thin films prepared by sputtering indicate that irrespective to the 

structural strain (tensile or compressive) the oxidation states of Co and Mn ions are Co2+ and 

Mn4+.[24] According to the Goodenough-Kanamori rules,[4] superexchange interaction between high 

spin Co2+ (3d7, t2g
5e2

g, S =3/2) and Mn4+ (3d3, t2g
3e0

g, S =3/2) cations promotes ferromagnetic (FM) 

ordering in fully ordered LCMO films. A Curie temperature, TC ~ 230 K, and a spin only theoretical 

saturation magnetization, Ms = 6μB/f.u. is observed.[5-6] However, Co and Mn ions may interchange 

their crystallographic sites giving place to what is known as antisite disorder (ASD). Since ASD will 

promote the appearance of Co2+-O-Co2+ and Mn4+-O-Mn4+ antiferromagnetic (AFM) interactions the 

saturation magnetization, MS, will be reduced by a factor (1-2XASD) being XASD the fraction of ASD 

disorder.[25] Therefore, MS=(1-2XASD) 6μB/f.u. is a very sensitive indicator of the degree of B-site 

cationic ordering. Recently, we have shown that the particular growth conditions of PAD (very slow 

rate and close to thermodynamic equilibrium conditions) are prone to promote high quality, as well 

as B-site ordered, LCMO/STO epitaxial thin films.[21] Accordingly, the magnetic properties of a 26-

nm-thick LCMO/STO thin film grown in optimized conditions (900 °C for 60 min with an oxygen flow 

of 0.3 l/min) shown in Fig. 5, exhibit a Curie temperature Tc = 230 K (see Fig. 5 (a)). Moreover, no 

signals for the coexistence of different FM phases, as usually occurs in oxygen-deficient samples 

prepared by PLD or sputtering[12b, 26] are detected. In Fig. 5(b), the measured low temperature (10 

K) saturation magnetization Msat ≈ 5.9 μB/f.u. and a coercive field of Hc ≈ 10 kOe for an external 

magnetic plane applied perpendicular to the substrate plane (OP-configuration) agree well with 

data reported for B-site ordered LCMO bulk[27] and thin film samples.[12b, 28]  
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Figure 5. (a) Magnetization vs temperature of an LCMO/STO 
zero field cooling (open symbols) and 
plane. (b) M–H loops recorded at 10 K by applying a magnetic 
parallel to (001)-STO (out of plane). 

 
Additionally, multiple nucleation sites can 

When two of these zones merge together 

interface giving place to Co2+-O-

boundary (APB). APBs also promote a reduction of the saturation 

effect is very much smaller than that of ASD. 

within which a Co2+/Mn4+ ordering exists

remnant magnetization at H=0, as

strong anisotropic behavior of the 

magnetization direction in agreement with previous work

LCMO/LAO 

Similar results are obtained for

dependence of the magnetization 

an oxygen flux of 0.3 l/min, measured 

6(a). A Curie temperature of 230 K was observed

optimum oxygen content and high 

stry – A European Journal, 2020, 26, 9338-9347; 

Magnetization vs temperature of an LCMO/STO film of 26 nm grown at 900 °C measured after 
eld cooling (open symbols) and field cooling (solid symbols) with a magnetic fi

H loops recorded at 10 K by applying a magnetic field parallel to (100)
 

multiple nucleation sites can generate zones with alternated Co/Mn local ordering

When two of these zones merge together deviations from the ideal Co/Mn ordering

-Co2+ and Mn4+-O-Mn4+ AFM interactions generating an

APBs also promote a reduction of the saturation magnetization;

much smaller than that of ASD. They act as domain walls between

ordering exists,[2d, 4b] and their signature appears as a

H=0, as observed in Figure 5(b).[5a, 21] This figure also 

the LCMO/STO thin film samples, being the OP direction the easy 

in agreement with previous work.[12b, 24] 

Similar results are obtained for LCMO/LAO thin films (see Fig. 

dependence of the magnetization for a 20 nm thick sample grown at a temperature of 

measured in IP configuration under a field of 1 k

A Curie temperature of 230 K was observed with no signals of any secondary phase

high film quality. 

 

9 

 

grown at 900 °C measured after 
field of 1 kOe applied in-

eld parallel to (100)-STO (in-plane); and 

generate zones with alternated Co/Mn local ordering. 

from the ideal Co/Mn ordering appear at the 

generating an antiphase 

agnetization; however, their 

They act as domain walls between the FM domains, 

as a sudden drop in the 

also makes evident the 

the OP direction the easy 

Fig. 6). The temperature 

grown at a temperature of 900 °C with 

under a field of 1 kOe is shown in Figure 

with no signals of any secondary phase, indicating 
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Figure 6. (a) Magnetization vs temperature of an LCMO/LAO
zero field cooling (open symbols) and 
plane. (b) M–H loops recorded at 10 K by applying a magnetic 
parallel to (001)-LAO (out of plane). 

 
It is also evident from M(H)

as expected for LCMO films under 

that IP saturation magnetization

therefore indicating full B-site cationic ordering as in 

case, clear signatures of the existence of APB are 

 
LNMO_STO 
 
We move now to the analysis of the magnetic properties of LNMO samples. In contrast to the 

LCMO system, the M(T) curves in LNMO samples 

cases has been considered as indicat

distinct magnetic transition temperatures at 

sharp transition at Tc1  270 K was

between Ni2+ (d8, t2g
6 eg

2, S = 1) and Mn

the same time, the broad transition at 

superexchange interaction between low

S = 3/2) cations.[30] However, recent results indicate that this particular shape of the 

not indicative of different magnetic phases but 

disordered occupancy of the Ni/Mn sites

indicative of a smaller amount of ASD (see 

stry – A European Journal, 2020, 26, 9338-9347; 

on vs temperature of an LCMO/LAO film of 20 nm grown at 900 °C measured after 
eld cooling (open symbols) and field cooling (solid symbols) with a magnetic fi

H loops recorded at 10 K by applying a magnetic field parallel to (100)
 

M(H) curves in Figure 6(b) that IP is the easy magnetization direction 

under in-plane tensile strain.[24b] On the other hand, 

saturation magnetization almost reaches the spin only saturation value of

site cationic ordering as in the case of LCMO/STO films. As in the previous 

case, clear signatures of the existence of APB are also evident in Fig. 7(b). 

We move now to the analysis of the magnetic properties of LNMO samples. In contrast to the 

in LNMO samples exhibit a more complex structure that in some 

indicative of the existence of different magnetic phases

tinct magnetic transition temperatures at TC1  270 K and TC2  150 K 

270 K was attributed to the Ni2+–O–Mn4+ superexchange interaction 

= 1) and Mn4+ (d3, t2g
3 eg

0, S = 3/2) ions due to Ni/Mn cation ordering. At 

transition at Tc2 about 150 K was ascribed to the Ni

superexchange interaction between low-spin Ni3+ (d7, t2g
6 eg

1, S = 1) and high

, recent results indicate that this particular shape of the 

not indicative of different magnetic phases but might well be related with the existence of A

Ni/Mn sites).[31] Accordingly, featureless M(T)

amount of ASD (see Fig. 7(a)). Nevertheless, it is worth 

10 

 

grown at 900 °C measured after 
field of 1 kOe applied in-

to (100)-LAO (in-plane); and 

is the easy magnetization direction 

On the other hand, Fig. 6(b) also shows 

e spin only saturation value of 6 μB/f.u., 

the case of LCMO/STO films. As in the previous 

We move now to the analysis of the magnetic properties of LNMO samples. In contrast to the 

structure that in some 

different magnetic phases[29] with two 

150 K (see Figure 7(a)). The 

superexchange interaction 

due to Ni/Mn cation ordering. At 

cribed to the Ni3+–O–Mn3+ 

= 1) and high-spin Mn3+ (d4, t2g
3 eg

1, 

, recent results indicate that this particular shape of the M(T) curve is 

related with the existence of ASD (i.e. 

M(T) curves should be 

rtheless, it is worth noting that M(T) 
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curves in Ni/Mn system are always much flattened than those of Co/Mn system 

indicative of a higher degree of cationic disorder.

magnetization with respect to the spin only theoretical value of the LNMO system (

(see Fig. 7(b)). Figure 7(a) also evidences that FM transition temperature is 

to the amount of ASD in the sample, since 

FM interactions that are stronger

 

 

Figure 7: (a) Magnetization vs. temperature of two LNMO/STO films 
measured after field cooling with a magnetic field of 1 k
ordered LNMO/STO film in (a) recorded at 10 K by applying a magnetic field 
and parallel to (001)-STO, out of plane.

 

LNMO_LAO 
 
Similar results are obtained for LNMO films grown on top of LAO substrates (see 

curves are very much alike to the LNMO/STO samples with a

As in the previous case, samples with larger amount of ASD 

with a local minimum around T

saturation magnetization values obtained for these samples (see 

Comparison between LCMO and LNMO magnetization curves (se

make evident that LCMO samples exhibit strong perpendicular magnetic anisotropy that 

in LNMO samples. Worth to mention that LNMO samples show small in

interesting difference between M(H)

The typical sudden drop of the magnetization at H=0 obse

stry – A European Journal, 2020, 26, 9338-9347; 

curves in Ni/Mn system are always much flattened than those of Co/Mn system 

indicative of a higher degree of cationic disorder. This fact is also confirmed by a smaller saturation 

pect to the spin only theoretical value of the LNMO system (

evidences that FM transition temperature is T

to the amount of ASD in the sample, since TC is proportional to the strength of the superexchange 

FM interactions that are stronger in the LNMO system than in LCMO.  

temperature of two LNMO/STO films with different amount of ASD, 
ing with a magnetic field of 1 kOe applied in-plane. (b) M

corded at 10 K by applying a magnetic field H parallel to (100)
STO, out of plane. 

Similar results are obtained for LNMO films grown on top of LAO substrates (see 

o the LNMO/STO samples with a FM transition temperature 

As in the previous case, samples with larger amount of ASD exhibit a non-monotonic 

T 150 K (see Fig. 8(a)). This is further supported by the smaller

zation values obtained for these samples (see Fig. 8(b)). 

Comparison between LCMO and LNMO magnetization curves (see Figures 5(b), 6(b)

make evident that LCMO samples exhibit strong perpendicular magnetic anisotropy that 

in LNMO samples. Worth to mention that LNMO samples show small in-plane anisotropy.

M(H) in LCMO and LNMO systems is the absence of APB in the la

The typical sudden drop of the magnetization at H=0 observed very often in M(H) curves of LCMO 
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This fact is also confirmed by a smaller saturation 

pect to the spin only theoretical value of the LNMO system (Ms = 5 μB/f.u) 

Tc  270 K, irrespective 

is proportional to the strength of the superexchange 
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Similar results are obtained for LNMO films grown on top of LAO substrates (see Fig. 8(a)). M(T) 

FM transition temperature TC  270 K. 

monotonic M(T) curve 

. This is further supported by the smaller 

Figures 5(b), 6(b), 7(b) and 8(b)) 

make evident that LCMO samples exhibit strong perpendicular magnetic anisotropy that is absent 

plane anisotropy.  Another 

is the absence of APB in the later. 
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samples, associated to the existence of APB, is completely absent in the case of LNMO samples. 

However, LNMO samples show clear evidences of ASD. The appearance of ASD

ions interchange their crystallographic

generating zones with alternated Ni/Mn local ordering, thus precluding the formation of APB

 

Figure 8: (a) Magnetization vs. temperature of two LNMO/LAO films 
measured after field cooling with a magnetic field of 1 k
ordered LNMO/LAO film in (a) recorded at 10 K by applying a magnetic field 
and parallel to (001)-LAO, out of plane.
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ALBA Synchrotron Light Source (Barcelona, Spain)
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samples, associated to the existence of APB, is completely absent in the case of LNMO samples. 

However, LNMO samples show clear evidences of ASD. The appearance of ASD

graphic sites, would mask the effect of multiple nucleation sites 

generating zones with alternated Ni/Mn local ordering, thus precluding the formation of APB

temperature of two LNMO/LAO films with different amount of ASD
ing with a magnetic field of 1 kOe applied in-plane. (b) M

recorded at 10 K by applying a magnetic field H parallel to (100)
O, out of plane. 

On the other hand, the obtained values of MS=(1-2XASD) Ms 4 μB/f.

concentration of ASD of about 10% which are among the best in the literature

the particular growth conditions of PAD technique promote a high degree 

site cationic ordering. 

A way to discard the existence of secondary phases in our samples is to determine the oxidation 

state of Ni and Mn ions. For that purpose, an x-ray absorption spectroscopy (XAS) study 

XAS measurements were done at the Ni and Mn L2,3 edges in BL29

ALBA Synchrotron Light Source (Barcelona, Spain). This technique is a very 

character of the ions under analysis[33] and spin.[34] 
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concentration of ASD of about 10% which are among the best in the literature.[31b, 31c, 32] Therefore, 

the particular growth conditions of PAD technique promote a high degree 

is to determine the oxidation 

spectroscopy (XAS) study has been 

edges in BL29-BOREAS beamline at 

This technique is a very sensitive local probe, 
 



Preprint of the paper pulished in Chemis
doi.org/10.1002/chem.202000129 

 

Figure 9: Partial fluorescence yield (PFY), of Ni L
films displayed in Fig. 7, with different amount of ASD. Red line high ordered sample, black line lower 
ordered sample. 

 

Figure 9 shows the partial fluorescence yield (PFY) spectra 

with different amount of ASD (see Fig. 7

Ni-L2,3 absorption edges are in this 

Ni edges. First, the two maxima of Ni

clear split of Ni-L2 edge (see Figure 

Ni in a 2+ oxidation state in both LaNiO
31c] Figure 9(b) shows the absorption of the same sample in the region corresponding to Mn

edges. The position of L3 maxima (643 eV) coincides 

bulk samples of LNMO in which the valence of Mn is identified as 4

at 640.8 eV was identified with a strong d

evidenced by the figure, spectra corresponding to samples with dofferent amount of ASD are very 

much alike. Therefore, XAS measurements confirm that the formal oxidation state of Ni and Mn 

ions in or samples is Ni2+, Mn4+, 

value of the saturation magnetization

So, we can conclude that the features observed in M(T) curves in the LNMO system are not due to 

the existence o different magnetic phases but to different amount of disorder.

The final amount of ASD in a given sample can be influ

and cationic non-stoichiometry,

synthesis standpoint, it has been shown that

electronegativity of the B/B’ cations is crucial to promote order

that in both LCMO and LNMO systems the oxidation states of Co, Ni and Mn are Co

stry – A European Journal, 2020, 26, 9338-9347; 

Partial fluorescence yield (PFY), of Ni L2,3 and Mn L2,3 edges measured in 
, with different amount of ASD. Red line high ordered sample, black line lower 

shows the partial fluorescence yield (PFY) spectra corresponding to 

ee Fig. 7) in the energy range 845-875 eV. As indicated La

absorption edges are in this range of energies. Two important features can be identified for 

Ni edges. First, the two maxima of Ni-L3 edge have very different heights and s

see Figure 9(a)). These two features have been identified as evidences 

oxidation state in both LaNiO3/LaMnO3 multilayers[35] and in La2NiMnO

shows the absorption of the same sample in the region corresponding to Mn

maxima (643 eV) coincides quite well with that reported 

bulk samples of LNMO in which the valence of Mn is identified as 4+. Moreover, the feature visible 

eV was identified with a strong d3 character of Mn electronic state (Mn

evidenced by the figure, spectra corresponding to samples with dofferent amount of ASD are very 

Therefore, XAS measurements confirm that the formal oxidation state of Ni and Mn 

, irrespective to the structural strain, and in spite of the different 

value of the saturation magnetization, i.e. the amount of ASD, in agreement with previous reports.

we can conclude that the features observed in M(T) curves in the LNMO system are not due to 

the existence o different magnetic phases but to different amount of disorder.

The final amount of ASD in a given sample can be influenced by several factors including 

, and synthesis and processing conditions

synthesis standpoint, it has been shown that a large difference between the ionic size and 

electronegativity of the B/B’ cations is crucial to promote ordering.[1] XAS analysis allows concluding 

that in both LCMO and LNMO systems the oxidation states of Co, Ni and Mn are Co
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Mn4+, therefore no mayor differences are expected from this aspect. However, the ionic radii 

difference between Co2+ and Mn4+ is larger than that between Ni2+ and Mn 4+ [38] (21.5 pm and 16.0 

pm respectively) which makes B-site cationic ordering in LCMO system more favorable than for 

LNMO. 

 

Conclusion 

We have synthesized high quality La2CoMnO6 and La2NiMnO6 epitaxial thin films on STO and LAO 

substrates by polymer assisted deposition technique. Physical properties of these oxide 

compounds, in particular magnetic properties, are very sensitive to the existence of long-range B-

site cationic ordering; therefore, obtaining full cationic ordering is fundamental for potential 

technological applications. In this work, we show that the particular growth process and 

crystallization conditions of PAD (very slow rate, close to thermodynamic equilibrium conditions) 

promote the high crystallinity and quality of the films, as well as favors high B-site cationic 

ordering.  

The magnetic properties of La2CoMnO6 films (Msat ≈ 5.9 µB/f.u. and Tc ≈ 230 K) are indicative of 

almost full Co/Mn B-site cationic ordering. However, in some cases signals of the existence of 

antiphase boundaries are detected. In the case of La2NiMnO6 epitaxial thin films superexchange 

interactions are a bit stronger leading to a ferromagnetic transition temperature of Tc  260K. 

However, saturation magnetization values are depleted compared to the expected spin only 

theoretical value (Ms = 5 µB/f.u.) which suggest the existence of antisite disorder at the Ni/Mn 

sublattice. Values around MS  4 µB/f.u are obtained indicating around 10% of ASD which 

compares very well with previous reports. The observed differences between LCMO and LNMO are 

attributed to the ionic radii difference between Co2+ and Mn4+ and that of Ni2+ and Mn4+ making B-

site cationic ordering in LCMO system more favorable than for LNMO. 

Using x-ray absorption spectroscopy technique, we have verified that the oxidation state of Ni is 

+2, Co is 2+ and that of Mn is +4, irrespective to the structural strain and the amount of ASD of the 

samples. We conclude that the reduction of magnetic moment in LNMO samples is linked to the 

introduction of Ni2+-O2--Ni2+ and Mn4+-O2--Mn4+ superexchange AF interactions at antisites 

reducing the saturation magnetization, MS, by a factor (1-2XASD), being XASD the fraction of ASD 

disorder.   
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Our results make evident the advantage of the CSD–PAD method over physical methods (far from 

thermodynamic equilibrium growth) to optimize spontaneous B-site cationic ordering as well as 

the desirable physical properties of functional double perovskite oxide thin films. In addition, in 

the context where the demand for sustainable and environmentally friendly reactants and 

processes steadily increases, PAD is based in aqueous solutions of environmentally friendly metal 

salts and commercially available polymers. 

 

Experimental Section 

Chemicals and solvents 

The PAD technique relies on the use of water-soluble polymers with functional –NH2 groups that 

coordinate cations and prevent their hydrolysis. The precursor solution for the growth of the LCMO 

and LNMO thin films were prepared by mixing three separate aqueous solutions of La, Co, Mn and 

La, Ni, Mn respectively bound to polymers. Separate solutions were prepared using high-purity 

(>99.9%) metal salts of lanthanum(III) nitrate, cobalt(II) nitrate, nickel(II) chloride, and Mn(II) 

nitrate. The polymer used was branched PEI, average Mw ~25,000, and EDTA was used as a 

complexing agent; both were from Sigma Aldrich. Water used in the solution preparation was 

purified using a Milli-Q water treatment system. 

 

Precursor solutions preparation 

In detail, individual solutions of the different metal ions were prepared by dissolving the 

corresponding nitrate salts in water and EDTA (1:1 molar ratio). PEI was incorporated into the 

solution in a 1:1 mass ratio with EDTA. The electrostatic interactions of the protonated amino 

groups of PEI with the [EDTA-Metal]n- complex are crucial for further successful deposition of an 

homogeneous film. Since the direct bonding between PEI and metal is too weak, the chelate ligand 

EDTA is used to form the EDTA-metal complexes which can establish hydrogen bonding and 

electrostatic interactions with protonated PEI. pH value plays important role in the formation of 

stable individual solutions of different metals. The enhancement of electrostatic interactions, 

particularly hydrogen bonds, takes places at lower values of pH, where most of amines of PEI are 

protonated. The formation of more stable EDTA-metal complexes prefers higher values of pH, while 

the hydrolysis of some cations occurs at relatively high pH. For instance, a pH ≈7 is enough to 

hydrolyze Mn2+. The pH values of all the initial solutions for each individual cation in this work were 
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adjusted to near 6 to balance all these situations, and prevent the precipitation when mixing them 

to prepare the final multicationic solutions. 

Subsequently, the non coordinated cations of each single metal solution can be easily removed by 

filtration processes to prepare a homogeneous precursor solution for each single cation. Each 

individual solution was filtrated using Amicon® filtration units (10 kDa), and retained portions were 

analyzed by inductively coupled plasma (ICP) (Optima 4300™ DV ICP-OES Perkin-Elmer), for careful 

determination of the cation concentration in the primary solutions. The final concentrations of the 

solutions used in this work were [La] = 230.4 mM, [Co] = 146.4 mM, [Ni] = 272.6 mM, and [Mn] = 

176.4 mM. From these primary solutions, the final aqueous precursor solutions with the desired 

La:Co:Mn 2:1:1, and La:Ni:Mn 2:1:1 final stoichiometry were prepared,  and concentrated to reach 

a final cation concentration of 61-65 mM with respect to Mn. These conditions were adjusted to 

produce films in the range of 16-26 nm. Similarly, more diluted solutions were adjusted to obtain 

films in the range of a few nm (3–5 nm). Typical viscosity values were in the range 3-4 mPa s 

(measured with a DMA 4100M Anton Paar densimeter, with a microviscometer module Lovis 2000 

ME). Thermal analysis experiments were carried out with a Mettler Toledo TGA85eLF 

thermobalance. Complementary experiments were carried out with a differential scanning 

calorimeter (DSC) from TA Instruments (Q2000 apparatus). 

 

Thin films growth 

The precursor solutions obtained in this way were spin coated on top of 0.5 × 0.5 cm2 (001)-STO and 

0.5 × 0.5 cm2 (001)-LAO substrates from Crystec, GmbH, Germany. Prior to deposition, the as-

received STO substrates were chemically etched and thermally treated to create TiO2-terminated 

substrates with atomically flat terraces,[39] and the LAO substrates were thermally treated to create 

AlO2-terminated substrates with atomically flat terraces. 

The last step is the thermal annealing of the spin coated films under oxygen flow for 

elimination of the organic components at lower temperatures, and phase formation and 

crystallization at higher temperatures. Thermal annealing was performed using a tube furnace with 

heating rates of several degrees Celsius per minute, under oxygen flow (flow rates between 100 

and 600 ml/min) to avoid the formation of oxygen vacancies. Good quality samples were obtained 

for optimized growth conditions (growth temperatures above 850 °C, annealing time of ~1 h, and 

oxygen flow above 0.3 l/min). 
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Characterization of structural and physical properties 

The structural properties of the epitaxial films were studied by X-ray diffraction and reflectivity 

using a D5000 (Siemens) diffractometer, an X’Pert MRD (PANalytical) four-angle diffractometer 

with monochromatic Cu-Kα1 radiation (1.54060 Å) and a Bruker D8 Advance GADDS system. 

Magnetization measurements were performed using a superconducting quantum interference 

device (SQUID; Quantum Design) as a function of temperature and magnetic field. External 

magnetic fields were applied both parallel (IP configuration) and perpendicular (OP configuration) 

to the sample plane. The diamagnetic contribution of the substrate and other instrumental 

contributions were properly corrected.[40] The relative error in the determination of the saturation 

magnetization (Msat) was approximately 5% and was mostly attributable to the error in the 

estimation of the film volume. The surface topography of the films was investigated by atomic force 

microscopy (AFM) using an Asylum Research MFP-3D microscope in tapping mode.  

X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) were 

investigated at the Ni and Mn L2,3 edges in BL29-BOREAS beamline at ALBA Synchrotron Light 

Source (Barcelona, Spain). The spectra were measured in both the total electron yield (TEY) mode 

and by partial fluorescence yield (PFY), under ultrahigh vacuum conditions (2x10-10 mbar). PFY was 

measured using a large area silicon drift detector collecting the non-resonant emission of O K-edge 

(energy window of about 100 eV) and applying the inverse partial fluorescence yield technique.[41] 

The applied magnetic field (parallel to the x-ray beam) was 2T. All measures have been done at 

T=150K. 
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