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Abstract—The structure of monolayers of NiFe2O4 

nanoparticles at their deposition by Langmuir-Blodgett methods 

and the method of dripping onto the substrate is shown. The high 

efficiency of obtaining homogeneous monolayers of nanoparticles 

is proved by using both methods. The effect of annealing on the 

structure and phase composition of the samples is shown. 

Index Terms—nanoparticles, Langmuir-Blodgett, annealing 

TEM, SEM, AFM. 

I.  INTRODUCTION 

In recent years, there has been a great interest in the 
synthesis and study of the properties of new nanomaterials. 
Nano-objects and electronic devices working on their basis can 
provide radically new properties of familiar materials. New 
methods of obtaining are actively studied and processes are 
optimized in the already familiar methods. There are a large 
number of methods, both purely physical and chemical 
methods[1,2]. Widespread methods for obtaining nanoparticles 
arrays (NP) include the use of chemical compounds where 
metal-containing compounds and metal salts are used as 
starting materials for chemical synthesis. The following 
techniques are used for synthesis: thermolysis or 
decomposition of metal compounds under the action of 
ultrasound, magnetic materials restoration, sol-gel method, 
magnetic synthesis on the interface of the distribution of the 
gaseous and liquid phases and heterometal  nanoparticles [3-6]. 
The main condition remains the homogeneity of the particles 
obtained and the minimum scatter in size. Of particular interest 
are nanoparticles of ferromagnetic metals, which have unique 
magnetic properties. Structures based on them can be used as 
active elements of sensors or in systems of ultra-dense 
magnetic data recording.  

Separately it is necessary to say about the methods of 
applying nanoparticles on the substrate. Most of the above 
methods are quite expensive and are not suitable for large 
surface areas, which makes them unsuitable for mass 
production. At the same time, nanoparticles of ferromagnetic 
metal oxides are an ideal candidate for implementing simple 
and effective methods of application because of their resistance 
to oxidation. Such methods include the Langmuir-Blodgett 
method (LB). The method makes it possible to obtain 
homogeneous ordered mono- and multilayers of nanoparticles 
over a relatively large area of the substrate[7-10]. 

The aim of the work is to investigate the structure and 
thermostability of nanoparticle monolayers, using the example 
NiFe2O4 nanoparticles. 

II. METHOD AND TECHNIQUE OF EXPERIMENT 

The NiFe2O4 nanoparticles were obtained by the method of 
chemical synthesis by the authors of work [11] and used 
unchanged. 

The results of the structure investigation immediately after 
deposition of nanoparticles on the substrate, as well as after the 
stepwise annealing to 600, 900 and 1100 K are presented. The 
layers of nanoparticles were obtained by two methods. The first 
method is the modified Langmuir-Blodgett technique [10]. 
Authors of the methodology applied a modified vertical LB 
technique which allows an improved control of the 
homogeneity and ordering of nanoparticle arrays. In addition, 
the structure of nanoparticles obtained by the method of 
dripping onto a substrate is shown. The method is incredibly 
simple, since it does not require a vacuum chamber and special 
equipment. For this, a microdoser was used, which made it 
possible to obtain a drop of the required volume. The optimal 
concentration was determined experimentally. 

The studies used two types of substrates. Samples obtained 
by the drop method were applied to a carbon film preliminarily 
deposited on NaCl crystals. For further investigation by 
transmission electron microscopy (ПЭМ-125K), the film was 
applied to microscopic grids. Due to the technological features 
of the Langmuir-Blodgett method, it is impossible to study the 
layers obtained  in this way. Here we used Si / SiO2 substrates 
(500 nm). The surface structure of the samples obtained by this 
method was studied using an atomic force microscope (AFM) 
and a scanning electron microscope (SEM) In our studies, the 
Dimention Edge atomic force microscope of Bruker was used. 
The AFM module makes it possible to measure in two modes: 
contact and semi-contact (tearing). In the study of NP films, the 
semi-contact mode was used, which greatly reduces the effect 
of the scanning probe on the surface of the sample. The 
maximum scanning area is 100 µm, which allows a qualitative 
study of the ordering and quality of the NP arrays. Along with 
this, in the study of nanoobjects with dimensions close to the 
radius of the curvature of the probe, the effect of the 
convolution [12] always holds, which prevents the receipt of 
accurate data on the geometric dimensions of the objects under 
study. For such tasks ideally suited scanning or transmission 
electron microscopy.The research also used the scanning 
electronic microscope JEOL JSM 7500F. Annealing of the 
samples was carried out in a vacuum 10

-4
 Pa. 
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III. RESULTS 
At the first stage, the structure of the samples obtained by 

the dripping method on a substrate was studied. Figure 1 shows 
the TEM images of nanoparticles at different annealing 
temperatures.  

 

 

Figure 1.  TEM images of the structure of NIFe2O4 samples obtained by the 

method of dripping onto a substrate and their electron diffraction patterns at 

300 (a), 600 (b), 900 (c) and 1100 K (d) 

The results of the study of the structure and morphology of 
the surface of the samples (Fig. 1) show the high efficiency of 
the method used to obtain single-layered ordered arrays of 
magnetic NiFe2O4 nanoparticles. Results of electron diffraction 
are given in the insets of Fig. 1. The average of the particle size 
distribution (given in the histogram in Fig. 2a) is equal to  
d = 7 nm. Also, the spread is small in size. Annealing up to 600 
K does not introduce a change in the size of nanoparticles and 
the structure remains close to homogeneous. 

 

 

Figure 2.  The size distribution of NiFe2O4 NPs without annealing (a) and 

after heat treatment to temperatures of 600 (b), 900 (c) and 1100 K (d) 
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Beginning at 900 K, the nanoparticle size grows rapidly to 
a value d = 15 nm. With further annealing up to 1100 K, the 
particle size remains the same as the particle size for annealing 
up to 900 K. However, there is a preferential orientation of the 
crystals on the substrate, which is confirmed by the contrast of 
TEM and reflexes on the electron diffraction pattern. In 
addition, annealing at a temperature of 1100 K leads to the 
formation of several phases (Fe, Ni, FeNi3), which is also 
shown in [12]. In the remaining cases, the NiFe2O4 phase is 
conserved. 

 

Figure 3.  SEM image of a sample obtained by the Langmuir-Blodgett 

method prior to annealing (3a) and AFM image after annealing 

 to 1100 K (3b) 

Figure 3a shows the structure of samples obtained by the 
Langmuir Blodgett method. The image was obtained by the 
SEM method. The study of samples by the AFM method does 
not give a clear picture due to the small particle sizes (in 
comparison with the diameter of the rounding of the probe). 
The figure also shows that a homogeneous monolayer without 
defects was obtained. Figure 3b shows the structure of the 
sample obtained by the Langmuir-Blodgett method after 
annealing up to 1100 K. It is evident from the AFM image that 
after annealing the sample ceases to be a monolayer, and 
individual particles are layered and collected into larger 
crystals. 

IV. CONCLUSION 
The study shows the high efficiency of the Langmuir-

Blodgett technique for obtaining a homogeneous monolayer 
without defects, with the possibility of incarnating over a large 
area of the liner. On the other hand, a simple and easy-to-use 
method of dripping proved to be effective for obtaining a 
monolayer of nanoparticles in selecting the desired 
concentration and size of the droplet.  

It was shown that when annealing to a temperature of less 
than 900 K, the layer retains its uniformity, and the 
nanoparticles retain their size. At higher temperatures, 
nanoparticles begin to integrate into larger crystals. At a 
temperature of 1100 K, the NiFe2O4 phase ceases to exist, and 
the Fe, Ni, FeNi3 phases are formed. 
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