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The formation of the crystalline organic polymer (OP) islands on top of double perovskite ferromagnetic La2Ni1–xMn1+xO6 (x = 

0.4) thin films by RF sputtering is reported. The presence of randomly ramified organic polymer islands for film grown on top 

of SrTiO3 and LaAlO3 substrates suggest the fractal growth. The stability of fractal OP islands is tested by an in-situ oxygen 

annealing process as function of the annealing temperature. The evolution of the fractal structure of OP islands is followed in 

parallel with the evolution of structural and magnetic properties of LNMO thin films. The modification of the manganese 

valence state due to the presence of organic polymer fractals is studied by means of X-ray photoemission microscopy.    

1. Introduction  

Hybrid organic–inorganic materials had become a very hot research topic 

in last years, allowing envisaging new functionalities for many applications 

(from photovoltaic to field-effect transistors) not achievable within more 

traditional concepts [1,2]. Among the broad family of organic materials with 

potential interesting properties, synthetic polymer thin films are good 

candidates given their wide spectrum of functional properties (from optical to 

mechanical and electrical) and their extensive range of applications [3]. 

Polyethylene, the simplest polymer that forms a crystalline structure, is of 

particular interest due to economic, scientific and life-cycle reasons [4,5]. On 

the other hand, among inorganic materials double perovskite structure allows 

a huge structural and compositional flexibility, opening a broad playground for 

many different applications [6–8].  

The structure and physical properties of polymers depend crucially on the 

crystallization process [4]. The kinetic growth conditions (far from equilibrium) 

are one of the essential factors to obtain a fractal growth geometry, which 

enables the exploitation of the recurrence of patterns at increasingly small 

scales in diverse technologies [9]. As the final performances of polymer-based 

devices depend crucially of resulting patterns, the understanding of the 

development of morphological instabilities in ultra-thin polymer films and the 

surface diffusion on a rigid substrate is of the paramount importance. In this 

sense, it is worth noticing that vacuum preparation methods allow obtaining 

fractal growth conditions without the influence of solvent molecules typically 

present in liquid phase methods [10].  

In the present work we report on the formation of the crystalline 

polyethylene islands on top of double perovskite ferromagnetic La2Ni1–

xMn1+xO6 (x = 0.4) thin films by RF sputtering, a vacuum- deposition method. 

The presence of randomly ramified organic polymer (OP) islands suggests the 

formation of a fractal structure independently of the subjacent substrate 

(SrTiO3, LaAlO3). Thin film surface properties and stability of OP fractals are 

studied by X-ray photoemission microscopy in samples with different 

annealing processes at several temperatures (800–900 ◦C) and oxygen partial 

pressure (PO2 = 420 Torr).  

2. Materials and methods  

Thin films growth and characterization: A series of nanostructured organic 

polymer/La2Ni0.57Mn1.43O6 (OP/LNMO) heterostructures were grown by RF 

sputtering under oxygen partial pressure of PO2 = 140 mTorr and high 

temperatures (temperature of the substrate in the range of 800–900 ◦C) from 

a nanocomposite organic/La2NiMnO6 target. SrTiO3 (STO) and LaAlO3 (LAO) 

substrates (commercially purchased from CrysTec GmbH) were used for the 

epitaxial growth of oxide perovskite systems as they present similar 

crystallographic characteristics as LNMO thin films. As-grown samples were 

annealed in- situ for 1 h under high oxygen partial pressure (420 Torr) to 

optimize the magnetic properties of LNMO thin films.  

Surface morphology of OP islands was characterized by Scanning Electron 

Microscopy (SEM), using a QUANTA FEI 200 FEG-ESEM microscope. Atomic 

Force Microscopy (AFM), (MFP-3D84 AFM from Asylum Research) in taping 

mode was also used. Structural properties of underlying LNMO thin films were 

characterized by Reciprocal Space Maps (RSM) using a X’Pert MRD-Panalytical 

diffractometer. The thickness of the LNMO thin films was determined by 

reflectivity technique using a Siemens D5000 diffractometer. Magnetic 

measurements were realized using a Superconducting Quantum 

Interferometer Device (SQUID, Quantum Design).  

Raman scattering measurements were performed at room temperature 

using a TriVista 557 Raman spectrometer in backscattering micro- Raman 

configuration with a 300/300/500 groves/mm diffraction gratings 

combination. A Coherent VerdiG solid state laser with a wavelength of λ =532 

nm was used as an excitation source. Laser beam focusing was accomplished 

by a microscope objective with 100 × magnification and numerical aperture 

NA =0.90. The theoretical diffraction limited spatial resolution is defined by 

the equation: Spatial resolution = 0.61 λ / NA, which would predict a spatial 

resolution of 361 nm in our case. However, typical Raman spatial resolution is 

often quoted as being in the order of 1 µm, whereas with ‘good’ samples 

spatial resolution approaching the diffraction limit can be achieved. The laser 

power at the sample surface was varied from<1 to 5 mW (the output laser 

power between 20 and 100 mW). Low laser powers, applied during the 

collection of Raman spectra of dendritic structures formed at the LNMO/ LAO 

film surface, was carefully chosen to avoid photochemical or thermal 

decomposition of these nanostructures.  

Space-resolved spectroscopic characterization was done by means of X-ray 

photoemission electron microscopy (X-PEEM). Experiments were performed 

at the UE49PGM beam line of BESSY II [11], the synchrotron radiation source 

of the Helmholtz-Zentrum Berlin, Germany. Data acquisition took place at 

room temperature. X-PEEM images were recorded for incoming photon 

energies across the Mn L2,3-edge (0.2 eV step size) with linearly polarized 

radiation. All images were normalized to a background image and drift 

corrected.  

Target preparation: Metal nitrides were dissolved in a 1 M solution of citric 

acid, in a 6:1 citrate-metal ratio (twice the necessary amount to completely 

complex the cations). Solutions were heated and stirred until gel formation. 

Heating proceeded until combustion and dehydration was complete. The 

resulting brownish ashes were calcined in two stages of 6 h each, first at 300 
◦C, followed by another cycle at 600 ◦C for 12 h. The heating rate was 5◦Cmin− 

1. The resulting materials were examined using X-ray diffraction, which 
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confirmed that they have a perovskite structure with no additional phases 

present, albeit the coexistence of more than one perovskite-like oxides with 

very similar unit-cell parameters cannot be fully discarded. Although the 

resulting oxides have a perovskite structure, there are no evidences of cationic 

order. The powder was then ground with a few drops of of 4% polyvinyl 

alcohol (PVA) solution as binder, and pressed into circular pellets of 1 in. of 

diameter. The pellets were sintered twice (two cycles of 6 h at 1350 ◦C) under 

argon atmosphere, in order to develop ferromagnetism, with an intermediate 

grinding.  

3. Results and discussion  

Fig. 1 shows the formation of nanostructured islands with dendritic 

morphologies on top of LNMO thin films growth on SrTiO3 (a) and LaAlO3 (b) 

substrates. In both cases random ramified islands are observed exhibiting a 

fractal geometry typically observed in systems with very low edge diffusion. 

The islands are mostly several nanometers high (see below AFM figure), 

although we have observed some branches with high up to several tens of 

nanometers. The fractal dimension (Df) of fractal islands, evaluated by the box 

counting method [12], is very similar in both films and is found to be in the  

 

 

Fig. 1. SEM micrograph of fractal nanoislands on top of La2Ni0.57Mn1.43O6 grown on the 

surface of (a) SrTiO3 and (b) LaAlO3 substrate. The panels (c) and (d) show RSM around 

(103) reflection for the corresponding thin films.  

range of 1.5 < Df < 1.7 (see below). The fractal dimension of Df = 1.62, evaluated 

in the case of OP/ LNMO on top of LAO thin films is very close to theoretical 

estimation of Df = 1.72 in the diffusion limited aggregation (DLA) model with 

the sticking coefficient of 1, where edge diffusion is not permitted [13,14].  

The structural strain of the underlying LNMO thin films grown on top of 

STO and LAO substrates was analyzed by means of Reciprocal Space Maps 

(RSM). RSM around (103) reflection of the corresponding thin films (Fig. 1(c)-

(d)), evidenced that the underlying 40 nm thick LNMO films are fully strained, 

as previously reported [8]. The estimated in- plane and out of plane 

parameters in pseudo cubic perovskite notation are a||=3.905 Å and a⊥=3.941 

Å in LNMO/STO and a||=3.789 Å and a⊥=3.978 Å in LNMO/LAO thin films, giving 

rise to LNMO cell parameters a = b = 5.522 Å, c = 7.868 Å and a = b = 5.358 Å, 

c = 7.956 Å, respectively.  

Since X ray diffraction could not detect any additional peak, the 

composition of fractal-like islands was investigated by Raman spectroscopy 

(Fig. 2). Fig. 2(a) shows Raman spectra of OP/LNMO thin film on top of LAO, 

recorded in parallel and crossed polarizations of incident and scattered light. 

Beside the LAO Raman peaks detected below 500 cm− 1, two broad Raman 

features dominate the parallel-polarized spectrum. The feature located 

around 598 cm− 1 could be related to antisymmetric stretching (AS), whereas 

the feature at about 685 cm− 1 could be assigned to symmetric stretching (S) 

vibrations of (Ni/Mn)O6 octahedra characteristic for LNMO structure 

[15,16,17]. The decomposition of the spectral structure between 500 and 800 

cm− 1 according to the procedure proposed by Iliev et al. [16] reveals Raman 

bands at about 507, 555, 598, 644, 667 and 689 cm− 1 (see the inset in Fig. 2a). 

Note that the frequencies of both AS and S modes of the film are appreciably 

higher than the corresponding phonon frequencies in the LNMO single crystal 

[16]. Pronounced blueshifts [14] could be related to compressive stress in the 

LNMO thin films, due to the lattice mismatch between the film and the 

substrate (see Fig. 1(d)). Also, significantly higher Mn amount in the film under 

investigation than in the stoichiometric LNMO could be partly responsible for 

the observed blueshift of the Raman modes (knowing that the atomic mass of 

Mn(54.938) is lower than that of Ni (58.693)) [17]. 

 

 

 

Fig. 2. (a) Polarized Raman spectra of LNMO/LAO thin film at 300 K. Inset shows the fit of 

the spectral profile obtained in parallel polarization by a sum of Lorentzians ascribed to 

1st order LNMO Raman modes. (b) Raman spectra in the range of 800–2000 cm− 1 

measured on blue part of fractal-like island (blue line) and clean film surface (black line). 

(c) Micrograph of fractal-like islands seen under the 50 × objective of optical microscope 

coupled to the Raman spectrometer.  

 

To identify the subtle changes between the surface with/without fractal-

like island the optical microscope coupled to the Raman spectrometer was 

used (Fig. 2(c)). It is worth noticing, that these islands are very sensitive to the 

irradiation by a focused laser beam. Thus, soon after the exposure to the laser 



3 

beam (even with a power of<1 mW) brown parts of ramified branches began 

to fade and disappear, leaving only a clean surface of the film. Only structures 

of intense blue colour proved to be more resistant to the laser irradiation, 

which enabled measurement of their Raman spectra. These spectra show 

some subtle differences above 1000 cm− 1 in comparison to the spectra 

recorded on the clean film surfaces, as shown in the Fig. 2(b). Additional peaks 

detected in the spectra of blue parts of branches at about 1062, 1296 and 1436 

cm− 1 could be related to the C–C symmetric stretching, the CH2 twisting and 

CH2 bending modes, respectively, usually attributed to vibrational bonds of 

alkyl groups CnH2n+1 [18]. In spite of the low signal-to-noise intensity ratio and 

the appearance of the LMNO second order mode in the spectral range of 

interest, the relatively narrow band at about 1296 cm− 1 may be an indication 

of the polyethylene rotator (semi- crystalline) or crystalline phases [4].  

At first instance, the origin of these organic material seems puzzling. It may 

look reasonable to expect that any organic material was burnt either during 

sintering of the oxide target or during the deposition of the film at high 

temperature. Any possible contamination should be disregarded as film 

growth occurs in a very controlled atmosphere free of organic material. Thus, 

the most plausible scenario is to assume that, during target preparation by the 

citrate decomposition method, a nanocomposite between PVA and oxide 

(LNMO) was formed that modifies the thermal decomposition of PVA. We 

should remind that PVA is widely used for binder in ceramic pellets as it is a 

very good agglutinant that, usually, is later destroyed during the thermal 

treatment. However, it has been shown that when PVA is part of a 

nanocomposite, its thermal decomposition may be significantly modified to 

higher temperatures [19]. In this scenario, organic material remaining from 

PVA decomposition may remain at the target (forming thus a nanocomposite 

target PVA/LNMO) and then it is transferred during or at the end of film 

deposition, forming the observed fractal-like islands.  

The stability of fractal-like OP islands was tested by in-situ annealing 

processes in oxygen right after thin film growth as a function of the annealing 

temperature. Annealing processes after thin films growth are usually 

employed to improve ferromagnetic properties in perovskite oxides, ensuring 

the proper oxygen stoichiometry [20]. The evolution of the fractal structure of 

islands (Fig. 3) is followed in parallel with the evolution of structural and 

magnetic properties of LNMO thin films (Fig. 4).  

As mentioned above, OP islands in as-grown samples (without additional 

in-situ annealing) show fractal-like structures with randomly ramified 

branches. The evaluated fractal dimensions (Fig. 4(a)) in as- grown films are 

not far away from theoretical value of 1.7 within the simplest DLA scenario 

[13], suggesting very limited edge diffusion. With an additional annealing 

process, the form of OP islands progressively turns to compact islands. At the 

first stage (annealing at 800 ◦C), the widening of ramified branches is observed 

(Fig. 3(b)), followed by (annealing at 850 ◦C) the complete loss of small 

branches (Fig. 3(c)). After annealing at 900 ◦C, the OP islands exhibit a compact 

rounded shape (see Fig. 5(b)). Lateral evaporation cannot be excluded.  

Experimental observations can be explained well within the diffusion limited 

aggregation model with reduced atom-sticking coefficient [13,14]. The 

reduced value of the sticking coefficient (initial value of s = 1) leads to the 

widening of ramified branches and to the increase of the fractal dimension of 

islands [14], in agreement with our estimation shown in Fig. 4(a). Further 

increase of the annealing temperature leads to the disappearance of small 

branches of PE fractal islands and the further increase of the fractal dimension, 

approaching Df = 2 in the case of the rounded shape islands (see below Fig. 

5(b)), as expected for two dimensional objects. The reduction of the atom-

sticking coefficient could be justified by the lateral evaporation of atoms from 

islands, expected during annealing at very high temperatures. Within this 

model, the crossover between fractal-like and compact islands is expected for 

reduced sticking coefficient value of s = 0.032, i.e. 3.2% of probability that an 

atom can be stuck at the current position [13,14], which lead to an estimation 

of the sticking coefficient in the range of 0.03 < s < 0.06 for Tann = 850 ◦C and 

below s < 0.01 for Tann = 900 ◦C in our case. However, these values should be 

taken as upper limits as the edge diffusion within DLA scenario is not 

considered [14] nor the enhanced importance of the lateral evaporation 

during annealing at high temperatures (850 ◦C < Tann < 900 ◦C).  

At the same time, as mention before, the structural and magnetic properties 

improve with the annealing process at the high temperature right after thin 

film growth. For annealing temperatures in the range 800 ◦C < T < 900 ◦C in-

plane lattice constant of all the films perfectly matches that of the STO/LAO 

substrate (red and blue dotted line in Fig. 4 (b)), indicating that films are fully 

strained. simultaneously, the out-of- plane lattice constant decreases after 

successive annealing process (left- hand scale at Fig. 4(b)). The decreasing of 

the out-of-plane lattice parameter after successive annealing processes could 

be consistent with oxygen incorporation into structure assuring the proper 

oxygen stoichiometry, as previously reported [20].  

The as-grown thin films show reduced magnetic transition temperature 

(150 K < Tc < 180 K) compared with the value of double perovskite La2NiMnO6 

single crystal (Tc(LNMObulk) = 270 K). The structural changes shown above 

leads, as expected, to an increase of the ferromagnetic transition temperature 

of the LNMO thin films approaching the bulk-like value for annealing process 

above Tann ≥ 850 ◦C [8] (right- hand scale in Fig. 4(b)).  

 

 

Fig. 3. Evaluation of nano-islands: (a) without annealing process and under oxygen 

annealing PO2 = 420 Torr at (b) 800 ◦C and (c) 850 ◦C with corresponding AFM image (d). 

In the inset, the typical profile line.  

 

 

 



4 

Fig. 4. (a) Variation of fractal dimension of organic polymer nanoislands on top of LNMO 

thin films under different oxygen annealing process (b) Variation of in-plane and out-of-

plane lattice parameters of LNMO thin films with corresponding ferromagnetic transition 

under different annealing process.  

In order to investigate whether the oxidation state of Mn is affected by the 

presence of PE islands on top of LNMO the space-resolved X-ray absorption 

spectroscopy (XAS) experiments have been carried out on the OP/LNMO thin 

films annealed at 800 ◦C and at 900 ◦C. As in SEM imaging, OP islands imaged 

by X-PEEM show a dark contrast as compared to the bright one for LNMO 

regions with no OP on top (see Fig. 5(a) and 5(b)). Mn L2,3 XAS spectra have 

been extracted from dark (OP on top of LNMO) and bright (bare LNMO) 

regions, red and black curves, respectively in Fig. 5(c) and 5(d). Independently 

of the annealing temperature, we observe notable spectral differences 

between both curves. Note that the XAS spectra obtained from regions with 

OP islands present an increase of the spectral weight at the low energy side of 

the L3 peak, at ca. 640.8 eV, as compared to that of pure LNMO regions.  

 

 

 

Fig. 5. (a) and (b) X-PEEM images computed from the sum of images obtained across the 

Mn L2,3 edge (0.2 eV step size) for samples annealed under oxygen pressure at (a) Tann = 

800 ◦C and (b) Tann = 900 ◦C. Field of view 20 um. (c) and (d) Corresponding XAS Mn L2,3 

spectra obtained from dark (red curve) and bright (black curve) regions for (a) and (b), 

respectively. Blue curve is obtained as the difference of XAS spectra for dark and bright 

areas after proper normalization (see text). Magenta curve is a digitalized version of a 

theoretical Mn2+ spectra reported in [22].  

In order to reveal the origin of such difference we normalize the spectra 

following the procedure described in [21] and plot their difference (blue curve 

in Fig. 5(c) and (d)). In both cases, i.e. for fractal-like (Fig. 5 (a)) and rounded-

shape (Fig. 5 (b)) islands, the difference spectrum mimics spectral features 

typical of divalent Mn [22]. We hypothesize that the presence of carbon in OP 

is at the heart of the formation of Mn2+in agreement with [23] and leads to 

the deviation of the nominal mixed Mn3+/Mn4+ state, observed previously [8]. 

The annealing process at high temperatures (Tann = 900 ◦C), additionally 

enhances the formation of divalent Mn at the OP/LNMO interface.  

4. Conclusion  

In conclusion, the nanostructured organic fractal-like islands are prepared 

on top of ferromagnetic La2Ni0.57Mn1.43O6 thin films with solvent free RF 

sputtering. The Raman spectra of ramified islands is consistent with 

vibrational bonds of alkyl groups CnH2n+1 and the presence of polyethylene 

phases. The in-situ annealing processes under high oxygen pressure at high 

temperature improve the ferromagnetic properties keeping thin films in-plane 

fully strained. The increase of the annealing temperature leads to the 

crossover from fractal-like phase to compact OP islands, i.e. from fractal 

dimension towards two- dimensional objects. Finally, the presence of OP 

islands changes the manganese valence from mixed valence state towards 

Mn2+ states, which anticipates a substantial change of the surface resistance 

that could be of strong interest for the development of devices.  
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