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Abstract: A system of two-phase particles (Fe3O4 – Fe3-xTixO4) has been obtained using the sol-gel method followed by hydrothermal 

treatment. It is shown that the synthesis conditions favor forming composites that contain titanomagnetite in very low concentration. A 
theoretical analysis of the magnetic properties of system was performed using the model of clusters consisting of magnetostatically 
interacting particles. The theoretical value of the saturation magnetization and the experimental values of the coercive force can be 
explained by the presence of two different magnetic phases. 
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1. Introduction 

Magnetic nanoparticles, especially in the superparamagnetic 
state, are often used to filter heavy metals, to isolate nucleic acids 
and proteins, in target drug delivery and in magnetic hyperthermia 
[1-3]. In addition, magnetic nanoparticles are of interest in the 
context of environmental magnetism providing valuable 
information on paleoclimate [4, 5].  

In this work, we present experimental data on the synthesized 
Fe3O4 – Fe3-xTixO4 composites and the theoretical modeling of their 
magnetic properties. The complexity of modeling such structures 
stems from both magnetic and chemical inhomogeneity of particles. 
This requires the use of micromagnetic modeling taking into 
account the dipole – dipole interaction and magnetic granulometry 
data. 

Results of theoretical calculations are in good agreement with 
the experimental results obtained using X-ray diffractometry, X-ray 
fluorescence, electron microscopy, vibration sample and SQUID- 
magnetometry. 

2. Solution of the examined problem 

2.1 Theoretical model 
Let us consider a chemically inhomogeneous two-phase particle 

whose magnetic states can be described using a model developed 
previously [6-8]. 

To simplify the mathematical treatment, we assume that each 
phase of the particle (Fig. 1) is a uniformly magnetized uniaxial 
ferrimagnet with spontaneous magnetizations Ms1 и Ms2 and 
dimensionless first-order crystallographic anisotropy constants K11 и 
K12, respectively. The inter-phase boundary is parallel to the XZ 
plane and divides the particle into two parallelepipeds having 
volumes qa3(1--)  for the first phase and qa3 for the second 
phase. We consider the case when the external field is parallel to the 
Z-axis. This allows us to describe the orientation of the magnetic 
moment of each phase using the single angle θ counted from the Z-
axis (the magnetization vector lies in the XZ plane). 

To find magnetic states and construct magnetization curves, free 
energy was minimized, including the exchange, magnetocrystalline, 
magnetostatic, and Zeeman energies. Free energy of the particle is 
written as ( = 0): 

1   

  

1   

	  ,               (1) 

where H is the Zeeman field,  are shape anisotropy coefficients. 
If   0, then the free energy can be calculated considering the 
change in the magnetic characteristics at the boundary [7]. 

 

Fig. 1. A model of a two-phase particle with a boundary of finite 
width . The characteristic particle size a, elongation q, width of the 
second phase  

In our calculations, we use a model in which the inter-phase 
boundary between chemically different regions is infinitely thin due 
to the proximity of their magnetic and structural characteristics. In 
the case of grains containing few domains (pseudo-single-domain), 
we consider the domain wall as an extended one, so that chemical 
inhomogeneity is taken into account by introducing effective 
parameters. 

In this model, a particle can be in four states (indices 1 and 2 
number the first and second phases, respectively): 1) θ1 = 0, θ2 = 0; 
2) θ1 = , θ2 = ; 3) θ1 = 0, θ2 = ; 4) θ1 = , θ2 = 0. Applying an 
external magnetic field H (parallel to the Z-axis) does not produce 
the additional equilibrium states, but only makes the existing ones 
more or less advantageous. 

Thus, an ensemble can contain four types of particles. These 
will determine the critical fields of magnetization reversal for a 
given two-phase grain. In the case of an ensemble of identical 
particles, the expression for magnetization has the form [9]:  

, , с 1   ,      (2) 
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where c is the volume concentration of two-phase particles in a non-
magnetic matrix, (H) is the number of particles in the kth 
state, determined from the statistical Boltzmann distribution. 

In the case of an ensemble of magnetostatically interacting 
particles distributed randomly in a nonmagnetic matrix, an 
interaction field Hint produced by all the particles in the ensemble 
acts on each particle. Let the random interaction fields Hint be 
uniformly distributed in the interval (–Hmax ; +Hmax) [10]: 

	5 1   , if с<0.07,   

	1.3√ 1   , if с0.07.         (3) 

In addition, we use the approximation assuming that when the 
external field changes, all the moments that change direction turn 
over simultaneously and independently of each other, i.e. the 
rotation of one moment does not affect the distribution of the 
interaction fields [9]. The magnetization of the ensemble of 
interacting particles is then written as: 

.  (4) 

The values of magnetization and magnetization reversal fields 
obtained using the ensemble model of two-phase particles were 
further consistent with theoretical estimates of the hysteresis 
parameters and characteristics of anhysteretic remanent 
magnetization calculated on the basis of the approach used in [11]. 

The use of these models can reveal the characteristic features 
associated with chemical heterogeneity. It is however pointless to 
determine the fine structure of magnetization without detailed 
information about the structure of particles. Thus, the aim of this 
study is to develop general understanding of the magnetic structure 
of chemically inhomogeneous particles. Simplified structures found 
in such a study can then be used as initial approximations for 
subsequent more realistic calculations. 

2.2 Synthesis of  composites 

Synthesis of composites based on the Fe O TiO  system 
was carried out by precipitation of magnetite in a suspension of 
TiO  powder [12]. 4 g of FeCl 6H O and 2 g of FeSO 7H O 
(molar ratio 2:1), were dissolved in 100 ml of distilled water. After 
that (0.5, 1, 2 g) of the TiO  powder was dispersed in the solution 
for samples T05L and T05H, T10L, T20L accordingly. Then 10 ml 
of ammonia solution was added to the suspension, and the magnetic 
precipitate has been washed using Nd-Fe-B permanent magnet for 
particle extraction until pH = 7 was reached and chloride and sulfate 
ions were absent. Finally, powders were dried at room temperature. 
After that, three powders with different Ti content were 
hydrothermally treated in distilled water at 240°С and 50 MPa for 4 
hours. Sample T05H was treated at 470°С and 42 MPa, 
respectively, also for 4 hours. 

2.3 Methods for the study of physicochemical and magnetic 
characteristics 

Phase composition of the samples was determined by X-ray 
phase analysis using a DRON-3M diffractometer (JSC IC 
“Burevestnik”, Russia). Peak identification on the diffractogram 
was performed using PDWin 4.0 and Crystallographica Search-
Match software packages. Based on X-ray powder diffractograms, 
average crystallite size corresponding to regions of coherent 
scattering and the parameters of the crystal lattice unit cell have 
been calculated. Samples elemental composition was determined by 
electron probe microanalysis using a Hitachi S-570 scanning 
electron microscope (Hitachi Ltd., Japan), equipped with Bruker 
Quantax 200 microprobe system (Bruker Corp., USA). Qualitative 
and quantitative elemental analysis of the samples was carried out 
using a portable X-ray fluorescence crystal diffraction scanning 
spectrometer Spectroscan MAX-GF2E with built-in software 
(“Spectroscan” Ltd., Russia). 

To determine the grain size, the specific surface area (SSA) was 
estimated using the instrument SORBI N.4.1 (CJSC “META”, 
Russia). The volume of adsorbate gas absorbed by the test sample 
was compared to the standard sample with a known specific surface 
area using the thermal desorption method. Nitrogen was used as the 
adsorbate gas. Determination of the specific surface area has been 
carried out according to the 4-point BET method. The obtained data 
were subsequently confirmed by scanning electron microscopy 
(SEM) using a Hitachi S-3400N microscope (Hitachi Ltd., Japan).  

Hysteresis characteristics were measured at room temperature 
using a PMC 3900 vibrating sample magnetometer (Lake Shore 
Cryotronics, USA). Demagnetization curves of the anhysteretic 
remanent magnetization (ARM) were measured using an SRM-755 
SQUID magnetometer (2G Enterprises, USA), also at room 
temperature. 

 

3. Results and discussion 

3.1 Physicochemical characteristics 

Figure 2 shows the SEM images of the sample. As seen in Figure 
1, particles with average size of 100–200 nm form aggregates as 
large as a few micrometers. 

Figure 3 shows X-ray diffraction patterns for four samples, with 
peak designation according to the PDF-2 database. 

 

Fig. 2. SEM images of the sample T05H 

 

Fig. 3. X-ray diffraction patterns of the samples T05H (A), T05L (B), T10L 
(C), and T20L (D). 1 – α-Fe2O3 Hematite 33-664, 2 – TiO2 Anatase 21-1272, 
3 – Fe3O4 Magnetite 19-629, 4 – Fe2.75Ti0.25O4 Titanomagnetite 75-1373, 5 – 
Fe2TiO4 Ulvöspinel 34-177 

Particle sizes are distributed over a relatively wide range from 
few tens to hundreds of nm. Particles are often combined into 
agglomerates (clusters) of submicron to micron size. Judging from 
the X-ray data, samples may contain at least three magnetic 
minerals: magnetite, titanomagnetite and hematite. 
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3.2 Magnetic characteristics 

Figure 4 shows the hysteresis loop for the T05H sample. 
Hysteresis curves of other samples have a similar shape. 
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Fig. 4. Hysteresis loop for the sample T05H. Only the central part of the 
loop is shown for clarity 

Saturation magnetization and remanent saturation magnetization 
of the T05H sample are 23.8 Am2/kg and 4.2 Am2/kg, 
respectively. Coercive force and remanent coercivity are 8.8 kA/m 
and 18.4 kA/m. Ratios of the remanent magnetization to saturation 
magnetization (Mrs/Ms) and the remanent coercivity to coercive 
force (Hrc/Hc) amount respectively to 0.18 and 2.1. Experimental 
data for magnetite [13] show that such values correspond to 
particles containing few domains (pseudo-single-domain) with 
characteristic size > 100 nm. Alternatively, these may be due to 
magnetostatically interacting superparamagnetic particles, 
combined into clusters with the same characteristic size. 

In a model of ARM of single-domain particles [14], it is 
assumed that an alternating field of a given amplitude magnetizes 
magnetic particles having remanent coercivity Hrc approximately 
equal to that amplitude. Therefore, the ARM demagnetization curve 
by alternating field can be regarded as a proxy for the remanent 
coercivity spectrum. Thus, the obtained data make it possible to use 
demagnetization curves to describe the distribution over Hrc and to 
reveal the effective particle size distribution [14]. 
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Fig. 5. The coercive spectrum of the T05H sample 

Differentiating the ARM demagnetization curve, we obtain the 
coercive spectrum of our sample shown in Fig. 5. For this sample, 
the coercive spectrum has a maximum around 3 maxima (~ 12, 28, 
and 36 kA/m) can be seen. Moreover, the curve is clearly 
asymmetric, so that the main fraction of particles has coercivities 
between 8–24 kA/m. 

3.3 Theoretical modeling 

Changes in the composition and structure on the surface of 
magnetic particles associated with the diffusion of titanium atoms 
into the crystal lattice of magnetite and/or the formation of 
vacancies and stresses result in their chemical inhomogeneity. For 
simplicity, we further consider a model of an ensemble of two-
phase magnetic particles of the “magnetite-titanomagnetite” type. 
The contribution to the remanent magnetization of hematite can be 
neglected, since its spontaneous magnetization is two orders of 
magnitude smaller than that of magnetite. 

The T05H sample obtained in the high-temperature conditions 
(470°С, 42 MPa) has the most interesting magnetic properties. 
Particles and/or agglomerates of three types represent its particle 
size distribution: several microns in size, submicron and smaller (of 
the order of ten or less nanometers). 

To match the models in terms of size and concentrations of 
magnetic nanoparticles, we assume their volume distribution s in 
the sample to be lognormal [15]. The fraction of the area under the 
lognormal distribution curve for a certain range of volumes 
corresponds to the fraction of particles having these volumes. Fig. 6 
shows an approximate lognormal distribution curve of magnetic 
nanoparticles in the selected T05H sample. 
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Fig. 6. Log-normal density function (x), x=v/vp (vp = (/6)(dp)3, dp 
 50 nm) 

Assuming a lognormal distribution of particle volumes, three 
groups were identified during the simulation: superparamagnetic 
(SP), single domain (SD) and pseudo single domain (PSD) particles 
with average sizes (diameters) of about 18, 27 and 60 nm, 
respectively. 

To estimate the spontaneous magnetization, saturation 
magnetization, coercivity, concentration, and fraction of the second 
phase in a two-phase particle, the model described in section 2.1 
was used. In this case, it was assumed that the fraction of the second 
(titanomagnetite) phase is approximately 0.5 for SP and SD 
particles and 0.01 for PSD (due to the small specific surface area). 
A small remanent magnetization and nonzero coercivity of the SP 
particles are explained by their interaction in clusters. 

Fig. 7 shows the coercive spectra for different groups of 
particles obtained using the two-phase grain model. 
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Notably, the main peaks (1) of the curves not taking into 
account the interaction (Fig. 7) agree well with the experimental 
ARM spectrum (Fig. 5). The expanded width of the peak in the 
experimental spectrum may be due to a greater diversity in the 

(H) particle types, which can lead to a broadening in Hrc. 
Presence of near-zero fields of magnetization reversal for SP and 
SD is caused by a transition to intermediate states. For non-
interacting PSD particles, small coercivities are due to the 
emergence of a domain structure. In large fields, all magnetic 
moments enter the ground state, their orientations being along the 
external field. The peaks (2) calculated for interacting case (Fig. 7), 
are close to the average Hrc for the ensemble of all particles (SP, 
SD, PSD). 

 

4. Conclusion 

Theoretical modeling of a system of two-phase 
magnetostatically interacting particles of synthesized composites 
allows us to draw the following conclusions. 

The magnetic characteristics of the composites calculated 
within the framework of the proposed model agree well with the 
experimental data. 

The presence of a titanomagnetite phase appears quite likely, 
which should significantly affect the magnetic properties, especially 
of SP and SD particles. Simulation results best correspond to 
experimental data at characteristic sizes of 18, 27, and 60 nm and 
volume concentration of 10-5, 10-3, and 3.3·10-2 for SP, SD, and 
PSD particles, respectively. 

Theoretical and experimental coercive spectra show similar 
ranges of critical fields. Magnetostatic interaction between particles 
can result in a spread of critical fields and thus to a broadening of 
the coercive spectra. 
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Fig. 7. Coercive spectra of two-phase particles after simulation: 1 and 2 - spectra of particles without interaction and taking into 
account the interaction, respectively 
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