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Abstract: This paper uses Molecular Dynamics (MD) method to study the influence of high 

temperature (T) and high pressure (P) on the structure and phase transition of Fe2O3 materials. The 

results show that, when increasing the temperature from T = 300 K to T = 7000 K, P = 0.0 GPa, the 

size (1) of the Fe2O3 materials increases, the energy (E) increases, the length link (r) decreased, the 

number of structural units FeO4, FeO5 increased, and FeO6 decreased. Similarly, as the pressure (P) is 

increased, from P = 0 GPa to P = 360 GPa at temperatures T, l decreases, E increases, r decreases, FeO4 

decreases and disappears, FeO5 decreases, and FeO6 increases at high P with P ≥ 150 GPa, FeO5 

disappeared at P ≥ 250 GPa and only FeO6 appeared at T = 2300, 7000 K. In addition, when increasing 

T, P, the bond angle of Fe–O–Fe, O–Fe–O decreases, E increases, r decreases, l increases when T 

increases and l decreases when P increases, leading to the number of structural units FeO4, FeO5 

increasing and FeO6 decreasing when T increases and vice versa when P increases. In addition, the 

phase transition temperature (Tm), Tm = 2300 K was determined. All the obtained results will be the 

basis for future experimental studies of amorphous Fe2O3 materials. 
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1. Introduction  

Fe2O3 material is the most common oxide material, very environmentally friendly and used in 

many fields of science and technology: Welding [1], magnetism [2], supercapacitor electrode [3], 

biomedicine [4], environment [5], ceramic materials [6–10], environmental contaminant removal [11], 

photocatalysis [12], chemical sensors [13], electrochemistry [14], magnetic resonance imaging, data 

storage [15–19], energy [20]. Energy with bandgap (Eg) of Fe2O3 materials with absorption range    

of 1.9–2.2 eV [21] that corresponds to half of the visible light region of wavelength (λ), λ > 600 µm, 

absorbing 40% of the sun’s spectrum and this is a stable material in solutions with concentrations (pH), 

pH > 3.0 [22]. Fe2O3 exists in 5 allotropic states: α-Fe2O3 (hematite), β-Fe2O3 [23,24], γ-Fe2O3 

(maghemite), ε-Fe2O3, [9,10,25] and ζ-Fe2O3 [25]. In literature, the polymorphic existence of 

amorphous Fe2O3 was investigated at temperature (T), T = 923 K [26–28]. Among them, ε-Fe2O3 was 

first identified in 1998 [29] and is considered a remarkable phase, with room temperature magnetic 

resonance T = 300 K [7,10,30] and is applied in the technology of making Jian ceramics of ancient 

China by heating clay containing Fe, T = ∼1573 K [31]. While, at T = 923 K, Fe2O3 can be converted 

to Fe3O4 with the energy (E) that decreases very quickly [32–34]. On the other hand, the polymorphic 

phase transition from γ-Fe2O3 → ε-Fe2O3 → α-Fe2O3 has been studied in many previous works. The 

obtained results show that the material has a thermodynamically unstable structure [10,35].   

Wheeler et al. [36] have successfully fabricated single-crystal Fe2O3 nanowires with high density, 

which have reduced the charge loss by electron-hole recombination. Also, it is known that the magnetic 

Curie temperature (Tc) of the ferrimagnet material is respectively Tc = 500/585 K [37–39]. To study 

and fabricate Fe2O3 materials based on the experimental methods [40,41], there are the following 

methods: X-ray diffraction (XRD), Extended X-ray Absorption Fine Structure (EXAFS) method [42], 

transmission electron microscopy, and High-Resolution Transmission Electron Microscopy 

(HRTEM) [43]. Schaetz et al. [44] have successfully determined the influence of nano-size, shape and 

surface elevation effect of nanomaterials on the structure of hematite (α-Fe2O3), and        

maghemite (γ-Fe2O3). In practical applications, Fe2O3 is also used in the separation of water by 

electrolysis of α-Fe2O3. Hematite electrodes can generate photons by illumination with a    

wavelength (λ), λ = 350 μm, without the need for a power source [45,46]. Fe2O3 thin films have been 

used in photovoltaic cells [47] with hematite nanorods (α-Fe2O3) with thicknesses from 5 nm to 7 nm 

with lengths from 3 nm to 4 nm [48]. In practical applications [49,50], when it is welded Fe2O3-doped 

Austenitic steel, better results are obtained than previous conventional methods, due to the self-

reversing energy of Marangoni flow at the lower melting temperature of nanowire flux. Similarly, the 

practical applications of supercapacitor electrodes have also been solved by optimizing the structure 

of Fe2O3 nanotubes based on polyaniline (PANI) combination [3]. Besides, under the influence of 

Fe2O3, the positions of defects and oxygen-containing functional groups are improved significantly 

with band gap (Eg), Eg < 2.8 eV. Because of that, composites Fe2O3 are considered as materials that 

have visible light with photocatalysts and exhibit photocatalytic activity towards the degradation of 

cationic dye Rhodamine B (RhB) [12]. O. Iglesias and A. Labarta [51] applied the theoretical method 

(the Monte Carlo (MC) simulation method combined with periodic boundary conditions) to study the 

influence of the surface layer on the magnetic properties of nanomaterials at the temperature T = 350 K. 

VV Hoang and Khanh BTHL used the Molecular Dynamics (MD) method for the determination of the 

static and thermodynamic properties of liquid and amorphous Fe2O3 nanoparticles and concluded that 

with amorphous Fe2O3 nano, at T = 3500 K, the Fe–Fe, Fe–O, and O–O corresponding to links lengths 
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are rFe–Fe = 3.1 Å, rFe–O = 1.9 Å, rO–O = 2.7 Å [52]. In other studies, researchers found with the 

experimental method that Fe2O3 has rFe–Fe = 3.35 Å, rFe–O = 1.91/1.95 Å, rO–O = 2.91 Å [33,53]      

and rFe–O = 2.08 Å [54]. Among these research methods, the MD simulation method is considered to 

have many advantages. With a simple method, just by the determination of the interaction between 

atoms by Newton’s second law, together with the averaging statistics method, and applying the 

computational methods, it serves as a complement to conventional experiments. Based on these 

obtained results it can be concluded that the nanomaterials have a link length (r) always smaller than 

that of the bulk material. With the nanomaterials, no pick separation at the first pick of the Radial 

Distribution Function (RDF) can be observed. With amorphous material, the pick separation occurs at 

the first vertex of RDF and has 02 Picks, the first Pick has a link length of r11 = 3.11 Å and the second 

Pick has a link length of r12 = 3.40 Å [55] with link length rFe–Fe = 3.11 Å related to octahedral link 

pair. Furthermore, the positions of Fe atoms are link to their edges and gradually increase          

to rFe–Fe = 3.40 Å. Besides, the Coordination Number (CN) of nanomaterials increases when is 

increased the nano-size. The average coordination number (CN), CNFe–O the range of 4.71–5.28, shows 

that α-Fe2O3, β-Fe2O3 tend to form an octahedral FeO6 structure in the liquid state               

with T = 3500 K [54,56–58]. Similarly, the bond angle Fe–O–Fe of liquid Fe2O3 nanomaterials      

at T = 3500 K ranges from 83° to 99°. It is known that for the ideal FeO6 configuration, the O–Fe–O 

angle is 90°, and for the ideal FeO4 it is 109.5°. However, β-Fe2O3 and ε-Fe2O3 polymorphic structures 

with only superparamagnetic Fe2O3 nanomaterials [59] have octahedral structural units number of 

FeO6, FeO4 tetrahedra in ε-Fe2O3 [60–62]. The glass temperature (Tg) is an important parameter used 

for studies about amorphous materials. The glass temperature of Fe2O3 nanomaterials usually is 

calculated through the intersection of high linear temperature and low temperature extrapolated to the 

total energy. The values Tg = 2182.18 K, 1897.26 K, 1784.19 K, and 1610.33 K of nanomaterials 

correspond for the nano-size (D) (2, 3, 4, and 5 nm). Besides, there are also results showing that Tg 

increases with the increases of D [63,64]. For Fe2O3 materials, Tg = 1400 K has a much smaller value 

than nanomaterials. Based on the existing data it can be concluded that the results obtained are 

contradictory, and there are not yet results covering all types of materials such as nanomaterials, thin 

films, and bulk materials [63–66]. Besides, in some studies is also determined the phase transition 

temperature (Tm) [67]. It has been demonstrated that the obtained results depend on the specified 

research method and applied boundary conditions [66]. Well-documented studies highlighted that there 

are various factors such as the atomic number (N), temperature (T), pressure (P), surface elevation (h) 

of the earth’s, phase transition process, and heterogeneous kinetic, that can influence the oxide 

materials CaSiO3 [68], MgSiO3 [69,70]. In these reports, the researchers found a shift in the number 

of SiOx, MgOy, CaOz structural units with x, y, z = 4 ∕ 12. However, so far, there have been no specific 

studies about the structural characteristics of Fe2O3 materials at the high temperature (T) the range   

is 300–7000 K, and high pressure (P) from P = 0 GPa to P = 360 GPa. To elucidate, the phase transition 

process can be studied based on the change of the number of structural units FeO4, FeO5, FeO6 in the 

Fe2O3 material. In our study are given the results of molecular dynamics simulations to determine the 

structure, phase transition process of Fe2O3 material.  

2. Materials and method 

Initially, a Fe2O3 material with 2000 atoms (800 Fe atoms, 1200 O atoms) was randomly seeded 

into a model, a cube a nano-size (l), determined by the Eq 1: 
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1 1

3 3
Fe Fe O O(2m n +3m n )N

l = 
ρ ρ

   
=   

   
 (1) 

where: ρ = 5.19 g/cm3, and ρ is the specific gravity of Fe2O3.  

We use this model by the MD simulation method [51,52,71–77] with the force field of the Born-

Mayer (BM) pair interaction potential calculated with the Eq 2 [52,58]:  

Uij(r) = 
qiqj

r
 + Bijexp (−

r

Rij
) (2) 

where: qi, qj are the charges of ions Fe, O; r is the distance from the ith atom to the jth atom, and 

Bij, Rij are the parameters chosen as: BFe–Fe = 0.0 eV, BFe–O = 2453 eV, BO–O = 1500 eV, Rij = 29 pm, 

qFe = +3e, qO = −2e [52,58].  

To obtain accurate results, we applied periodic boundary conditions to eliminate surface effects. 

With the content of the MD method, it is only necessary to determine the interaction between 

atoms according to the content of Newton’s II law. With the interaction of the force field, the atoms 

will move with the displacement (r) and velocity (v). Within the scope of the content of the article, the 

interactive force field includes the interaction force field between atoms that obeys Newton’s II law 

and the electronic interaction force field between atoms. To determine the quantities, we use Verlet’s 

algorithm to integrate the equations of motion and are combined them with the average statistical 

method to determine the energy (E) of each atom, according to the following Eq 3: 

E = U + K; ij ij

i>j

U = U (r ) ,
2N

i i

i=1

m v
K = 

2
  (3) 

The rate of increase in temperature (T) and pressure (P) can be calculated with the Eqs 4,5: 

N
2

i i

i=1B

1
T(t) = m (v (t))

3Nk
  (4) 

B ij ij

i<j

N 1
P(t) = k T(t) + r (t)F (t)

V 3V
  (5) 

where: U, K, N, V are the potential energy, kinetic energy, atomic number, material volume, and 

kB = 1.381 × 10−23 J/K is the Boltzmann constant. 

The heating process of the model is carried out according to the Eq 6 [52,58]: 

T = T0−γt (6) 

where: γ is the cooling coefficient, γ = 4.357 × 1013 Ks−1.  

Initially, it was considered the Fe2O3 material model at a temperature (T), T = 7000 K, and it was 

run 4 × 104 steps of NVT, with NVP recovery statistics (N is the atomic number, V is volume, T is 

temperature, and pressure P is constant). The simulation was made for each time step of 0.5 fs so that 

the model discards the initial configuration and stabilizes at the desired temperature (T), and     
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pressure (P). Then, it was decreased T from T = 7000 K to T = 300 K with a heating rate of dT = 5 K/fs 

to convert the material model to an amorphous state. This process was followed by an increasing of 

the temperature T from T = 300 K to T = 900, 1300, 1900, 2300, 2900, 3400, 4500, 5700, 7000 K at 

P = 0 GPa. Similarly, at T = 300, 2300, 4500, 7000 K, it was increased the pressure P from P = 0 GPa 

to P = 50, 150, 250, 360 GPa with a turbocharge rate dP = 0.001 GPa/fs with 4 × 104 regression steps 

that fits all models. After it was obtained the equilibrium in these models, was applied for all models 

simultaneously running with 107 NVE steps (N is the number of atoms, V is the volume, and E is the 

energy-being constant). The structural results of the models were determined by an average process 

after 100 simulation steps. During the computation, for all models, the same conditions (N, V, T, P, and 

E constant) were applied. To study the structure, phase transition process, and heterogeneous kinetics, 

data analysis, and visualization methods were used. With the obtained results, the structural features 

were investigated through the radial distribution function (RDF) with the Eq 7 [68–70]: 

( )
( )ii

2 2

n rV
g r  = 

N 4πr Δr


 (7) 

where: r, ni(r), V, N, g(r) are the distance between atoms, the density of atoms, volume, number 

of atoms, and probability of finding an atom between r to r + Δr.  

In addition, there are other quantities such as nano-size (1), angular distribution, and average 

coordination number (CN) that are calculated using the following Eq 8 [68–70]: 

( )
1r

2

0

CN = 4πρ g r r dr    (8) 

where: r1 is the first peak position of the RDF, and the phase transition temperature (Tm) is 

determined through the relationship between E and T.  

For the bond angle, the relationship between the Fe–O–Fe and O–Fe–O bond angle is used for 

the link lengths (applied for the links O–O, Fe–O, Fe–Fe), which are determined by the Eq 9: 

cos α  = 
2rFe–O

2 –rFe–Fe
2

2rFe–O
2   (9) 

where: α = Fe–O–Fe or O–Fe–O for the model defined at T and P. During heating and pressure, 

the model annealing is determined by the Nosé-Hoover formula [78,79]. To confirm the accuracy of 

the results, it was compared our results with those obtained previously under the same T and P 

conditions. All these results were written in the C programming language and were computed on the 

computer central system of the Institute of Physics, the Department of Physics and Astronomy of 

Zielona Gora University, Poland.  

3. Results and discussion 

3.1. The effect of temperature  

To study the structure, and phase transition process of Fe2O3 materials with atomic number (N), 

N = 2000 atoms at temperature (T), T = 300, 900, 1300, 1900, 2300, 3400, 4500, 5700, 7000 K at 
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pressure (P), P = 0 GPa has applied the simulation method of molecular dynamics (MD) with pair 

interaction potential Born-Mayer (BM) and conditions periodic boundary, according to Eq 2. The 

results of the shape, nano-size (l), energy (E) of the system, and radial distribution function (RDF) of 

links Fe–Fe, Fe–O, O–O pairs are different according to Eq 7 (Figure 1, and Table 1). 

 

Figure 1. The shape (Fe is red, O is blue) (a), the radial distribution function (b) of 

materials Fe2O3 material at temperature T = 300 K, pressure P = 0 GPa. 

Table 1. The structural characteristics of materials Fe2O3 material at different temperatures 

with the pressure P = 0 GPa. 

T(K) rij(Å) gij(r) 1 (nm) E (eV) 

Fe–Fe Fe–O O–O Fe–Fe Fe–O O–O 

300 3.14  2.00 2.66 3.20 8.75 2.49 2.92 −29.56 

900 3.24 1.98 2.72 2.88 7.23 2.28 2.926 −29.40 

1300 3.32 1.98 2.78 2.83 6.53 2.30 2.932 −29.29 

1900 3.32 1.98 2.82 2.73 5.87 2.23 2.946 −29.13 

2300 3.32 1.96 2.84 2.72 5.44 2.20 2.936 −29.01 

3400 3.36 1.96 2.86 2.57 4.73 2.05 2.98 −28.67 

4500 3.40 1.92 2.94 2.40 4.56 1.88 3.05 −28.24 

5700 3.42 1.94 2.92 2.22 4.26 1.79 3.10 −27.86 

7000 3.46 1.88 2.96 2.09 4.18 1.71 3.19 −27.41 

previous 

results 

3.35 

[33,34,53]; 

3.11 

[33,55,58];  

3.1 [52] 

1.91/1.95 [33,34,53];  

2.08 [54];  

1.925/1.945 [33,53]; 

1.9 [33,42,52,55,58] 

2.91 [34,33,53];  

2.7 

[33,42,52,55,58] 

 

The results show that the Fe2O3 material at T = 300 K, P = 0 GPa has a cubic shape, nano-size 

(1), 1 = 2.92 nm, the energy (E), E = −29.56 eV and it is generated by two atoms Fe and O (Fe in red, 

O in blue) (Figure 1a). In addition, the Fe2O3 material is made by links Fe–Fe, Fe–O, O–O with the 

corresponding links lengths rFe–Fe = 3.14 Å, rFe–O = 2.00 Å, rO–O = 2.66 Å (Figure 1b). In this case, the 

obtained results are completely consistent with experimental results with rFe–Fe = 3.35 Å, rFe–O = 1.93 Å, 

rO–O = 2.91 Å [34] and rFe–Fe = 3.35 Å, rFe–O = 1.91 ∕ 1.95 Å, rO–O = 2.91 Å [33,53] and rFe–O = 2.08 Å [54]; 

whereas the simulation results with rFe–Fe = 3.11 Å, rFe–O = 1.90 Å, rO–O = 2.70 Å [33,55,58]        

and rFe–Fe = 3.1 Å, rFe–O = 1.9 Å, rO–O = 2.7 Å [52]. It can be noted that the link length of bulk materials 

is always larger than the link length of nanomaterials with nanomaterials is rFe–Fe = 3.10 Å,         
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rFe–O = 1.9 Å, rO–O = 2.7 Å [33,42,52]. The Fe–Fe link length appears a Pick separation at the first 

vertex of the RDF into two small peaks, r11 = 3.14 Å, r12 = 3.4 Å, which shows that the Fe2O3 material, 

at T = 300 K, exists in the amorphous state, and confirms this result as consistent with previous 

simulation results [33,34,55]. Besides, the Fe–Fe link length of r11 = 3.11 Å is related to the number of 

FeO4 structural units, whereas r12 = 3.40 Å is related to the number of FeO6 structural units and has a 

common peak [55]. When it is increased the temperature from T = 300 K to 

T = 900, 1300, 1900, 2300, 3400, 4500, 5700, 7000 K, l increases from 1 = 2.92 nm 

to 1 = 2.926, 2.932, 2.946, 2.936, 2.98, 3.05, 3.10, 3.19 nm altitude and the energy (E) increases from 

E = −29.56 eV to E = −29.40, −29.29, −29.13, −29.01, −28.67, −28.24, −27.86, −27.41 eV. It can be 

seen that the influence of temperature on the link lengths r of Fe–Fe, Fe–O, O–O of Fe2O3         

bulk is very large as rFe–Fe and increases from rFe–Fe = 3.14 Å to                                        

rFe–Fe = 3.24, 3.32, 3.32, 3.32, 3.36, 3.40, 3.42, 3.46 Å; rFe–O decreases from rFe–O = 2.00 Å          

to rFe–O = 1.98, 1.98, 1.98, 1.96, 1.96, 1.92, 1.94, 1.88 Å; rO–O increases from rO–O = 2.66 Å to       

rO–O = 2.72, 2.78, 2.82, 2.84, 2.86, 2.94, 2.92, 2.96 Å corresponding to the height of the first peak. 

Also, the radial distribution function g(r) decreases as gFe–Fe increases from gFe–Fe = 3.20 to        

gFe–Fe = 2.88, 2.83, 2.73, 2.72, 2.57, 2.40, 2.22, 2.09; gFe–O decreases from gFe–O = 8.75 to           

gFe–O = 7.23, 6.53, 5.87, 5.44, 4.73, 4.56, 4.26, 4.18; gO–O increases from gO–O = 2.49 to           

gO–O = 2.28, 2.30, 2.23, 2.20, 2.09, 1.88, 1.79, 1.71 (Table 1). On the other hand, during the study, it 

was found that in the temperature range from T = 300 K to T = 900, 1900, 2300 K and T = 2300 K to 

T = 3400, 4500, 5700, 7000 K, the g(r) of Fe–O decreases to the smallest value, showing that the Fe2O3 

material was a phase transition from the amorphous state to the liquid state. The phase transition of 

Fe2O3 materials is a type 1 phase transition. During the heating process of Fe2O3 materials, Eq 6 is 

always applied and the accuracy is evaluated according to the Nosé-Hoover formula [78,79]. To 

confirm the influence of temperature on structural change, and heterogeneous kinetics, it was 

determined the average coordination number (CN) according to the Eq 8, and the energy (E) at high 

temperature (T) (Table 2).   

Table 2. Coordination number (CN) of link Fe–Fe, Fe–O, O–O and the energy (E) with 

Fe2O3 material at different temperatures and P = 0 GPa. 

T(K) CN 

Fe–Fe Fe–O O–Fe O–O 

300 11.20 5.44 3.63 15.95 

900 11.42 5.35 3.57 15.90 

1300 11.40 5.33 3.55 15.82 

1900 11.32 5.29 3.53 15.64 

2300 11.67 5.60 3.73 15.93 

3400 11.06 5.11 3.41 15.28 

4500 11.35 5.34 3.56 14.37 

5700 9.63 4.64 3.09 13.78 

7000 8.63 4.12 2.75 3.55 

The results show that, as the temperature increases, the average coordination number (CN)      

of the link Fe–Fe changes from CNFe–Fe = 11.20 to                                           

CNFe–Fe = 11.42, 11.40, 11.32, 11.67, 11.06, 11.35, 9.67, 8.63; Fe–O changes from CNFe–O = 5.44 to 
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CNFe–O = 5.35, 5.33, 5.29, 5.60, 5.11, 5.34, 4.64, 4.12;   O–Fe changes from CNO–Fe = 3.63 to     

CNO–Fe = 3.57, 3.55, 3.53, 3.73, 3.41, 3.56, 3.09, 2.75; O–O changes from CNO–O = 15.95 to      

CNO–O = 15.90, 15.82, 15.64, 15.93, 15.28, 14.37, 13.78, 3.55 (Table 2), and the energy (E) increases 

(Table 1).  

In this case, the average coordination number of Fe–O decreases from CN = 5.44 to CN = 5.26; 

this is the FeO5 structure of Fe2O3 material. When it is increased the temperature from T = 300 K to 

T = 900, 1900, 2300, 3400, 4500, 5700, 7000 K, the average coordination number (CN), and the 

bonding density of Fe–O, O–Fe tends to decrease, indicating that the oxide material tends to shift to 

the liquid state. Based on these results, we can realize that the increase of the temperature leads to an 

increase in the size (1) and E of the material, which proves that there is a major influence of temperature. 

With extremes, the distribution number of coordination has the value CN > 5.26 with Fe–O and     

CN > 3.51 with O–Fe, of which the majority is CN = 5.0 with Fe–O, and at CN = 4.0 with O–Fe. On 

the other hand, at T = 300 K, the amorphous Fe2O3 material has a distorted FeO6 structure with the 

average coordination number of the Fe–O pair with CNFe–O value ≈ 6 and it was considered that these 

FeO6 structural units are as structural defects [58]. In addition, to analyze the structure of the Fe2O3 

material oxide material, it was applied the visualization method to study the number of structural units 

of the material (Figure 2).  

 

Figure 2: (a) The shape of the number of the structural units Fe2O3 material as FeO4, (b) 

FeO5, (c) FeO6, (d) structure shape at T = 300 K, P = 0 GPa. 

The Fe2O3 material at T = 300 K, P = 0 GPa exists with 03 structural units: FeO4 corresponds to 

one Fe atom link to four O atoms (Figure 2a), similar with FeO5 (Figure 2b), FeO6 (Figure 2c), and the 

structure shape of Fe2O3 material with the number of the structural unit of FeO4 is black, FeO5 is red, 

FeO6 is blue at T = 300 K, P = 0 GPa (Figure 2d). The number of structural units in the Fe2O3 material 

at different temperatures (T) is shown in Table 3. 

Table 3. Number of atoms with structural units FeO4, FeO5, FeO6 of Fe2O3 material at 

different temperatures, P = 0 GPa. 

Temperature (K) FeO4 FeO5 FeO6 

300 419 1627 1080 

900 453 1647 1018 

1300 540 1621 1018 

1900 676 1640 850 

2300 789 1552 833 

3400 1175 1501 462 

4500 1551 1225 209 

5700 1634 1949 201 

7000 1634 1049 201 
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The obtained results show that, when the temperature is increased, the number of structural units 

FeO4 increases from 419 to 453, 540, 676, 789, 1175, 1551, 1634, 1634; FeO5 changes about from 

1627 to 1647, 1621, 1640, 1552, 1501, 1225, 1949, 1049; FeO6 decrease from 1080 to 1018, 1018, 

850, 833, 462, 209, 201, 201 (Table 3), showing that the Fe2O3 material tends to shift to the liquid 

state, which demonstrates the influence of temperature on link lengths and the number of structural 

units that are very big. In addition, the angular distributions of Fe–O–Fe and O–Fe–O are shown in 

Table 4.   

Table 4. The angular distribution of material Fe2O3 material at different temperatures. 

Temperature (K) Angular distribution  
Fe–O–Fe O–Fe–O 

300 105 95 

900 105 95 

1300 100 95 

1900 100 95 

2300 100 95 

3400 100 95 

4500 95 95 

5700 95 95 

7000 95 95 

The obtained results show that, when increasing the temperature, the angle distribution Fe–O–Fe, 

O–Fe–O between Fe and O atoms has a negligible change around the value of 105° with Fe–O–Fe and 

with O–Fe–O is 95°. When it is increased the temperature from T = 300 K to 

T = 900, 1900, 2300, 3400, 4500, 5700, 7000 K, Fe–O–Fe decreases from 105° to 95° and O–Fe–O 

has a constant value is 95° (Table 4). The obtained results are completely consistent with the simulation 

results [55,58].  

For O–Fe–O bond angle nanomaterials, O–Fe–O has major peaks between 99° and 83°. While 

the ideal uniform octahedral model has a value of 90°, this is considered the ideal tetrahedral value. 

The value of 109.5°, confirms the reason that there is a moving to the liquid state, and there are 

structural units of FeO5.  

The results show that the bond angle O–Fe–O reduced from 105° to 90° when the material 

changes to the liquid state. These results raise the question of whether the bond angle depends on the 

length of the links. Through the computational process, was applied the Eq 9, and it was highlighted 

when rFe–Fe, rO–O increases, rFe–O decreases. Besides, there is a relationship between the temperature (T) 

and the energy (E), (Figure 3).  
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Figure 3. Phase transition temperatures of material Fe2O3 material at P = 0 GPa, with 

different temperatures. 

The results show that, when it is increased the temperature (T), form 300–2300 K             

to 2300–7000 K, the energy (E) of Fe2O3 material increases from E = −29.56 eV to E = −29.00 eV and 

from E = −29.00 eV to E = −27.41 eV. When T increases, T = 300–2300 K then E increases slowly, 

and between T = 2300 K to T = 7000 K this leads to an E rapid increase. These results show that from 

T = 300 K to T = 2300 K the Fe2O3 material exists in an amorphous state, and E increases slowly. 

When there is the Fe2O3 material at state liquid, E increases rapidly, due to the intersection between 

the fast-rising energy region and the slowly increasing energy region of 2300 K and calling this is as a 

point of the phase transition or phase transition temperature (Tm), Tm = 2300 K, corresponding      

to E = −29.00 eV (Figure 3). This leads to an abrupt change in the density of atoms. When it is increased 

T, this leads to an increase in nano-size (1), E increases, and the results are like those in simulations of 

CaSiO3 [68], MgSiO3 [69,70] materials.  

The phase transition temperature is one of the most important parameters of amorphous materials, 

and only the glass temperature (Tg) of Fe2O3 nanomaterials was found in the scientific literature [52]. 

The obtained results show that Tg depends greatly on the nanoparticle nano-size. When it is increased 

the nano-size (D) of nanomaterials is D = 2–5 nm, the Tg decreases Tg = 2182–1610 K. These results 

appear to be incomplete in contradiction to previously published bulk materials. In addition, the 

characteristics of the phase transition from the liquid state to the crystalline state are still unclear with 

the statements for previously published papers [65,66]. With the phase transition temperature Tm, there 

is a lack of consensus on studying the nature of the phase transition [63,64,67]. The obtained results 

show that there is a great influence of temperature on the structure, phase transition process of Fe2O3 

material.  

3.2. Influence of pressure 

Similarly, it was studied the effect of pressure (P), P = 0, 50, 150, 250, 360 GPa at temperature (T), 

T = 300, 2300, 4500, 7000 K, to elucidate the structure, phase transition process of Fe2O3 material.  
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3.2.1. Influence of pressure at temperature 300 K 

The Fe2O3 material at T = 300 K, leads to an P increasing from P = 0 GPa to P = 50, 150, 250, 

360 GPa with structural characteristic results (Figure 4). 

 

Figure 4. (a) Structural features of material Fe2O3 material as structure shape; the links 

Fe–Fe, Fe–O, O–O of (b) r, (c) g(r); Fe–Fe, Fe–O, O–Fe, O–O at T = 300 K, different P，

(d) 1, (e) E, (g) different P.  

The results show for the material Fe2O3 material at T = 300 K, P = 0 GPa, that it has a structure 

shape (Figure 4a) and the Fe–Fe, Fe–O, O–O bonding length of Fe–Fe is rFe–Fe = 3.14 Å, rFe–O = 2.0 Å, 

rO–O = 2.66 Å.  

Also, the first peak height of the radial distribution function (RDF) of the links is gFe–Fe = 3.20, 

gFe–O = 8.75, gO–O = 2.49. When it is increased P from P = 0 GPa to P = 50, 150, 250, 360 GPa, then 
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rFe–Fe decreases from rFe–Fe = 3.14 Å to rFe–Fe = 3.10, 2.86, 2.74, 2.66 Å, and gFe–Fe increases, and 

decreases from gFe–Fe = 3.20 to gFe–Fe = 3.30, 3.20, 2.83, 2.76; rFe–O decreases from rFe–O = 2.0 Å to  

rFe–O = 1.92, 1.86, 1.84, 1.84 Å, and gFe–O decreases from gFe–O = 8.75 to gFe–O = 7.28, 6.86, 6.49, 5.99; 

rO–O decreases from rO–O = 2.66 Å to rO–O = 2.66, 2.50, 2.38, 2.24 Å, and gO–O changes from gO–O = 2.49 

to gO–O = 2.72, 2.66, 2,76, 2.72 (Figure 4b,c); size (1), decreases from 1 = 2.92 nm 

to 1 = 2.72, 2.55, 2.44, 2.36 nm (Figure 4d), the energy (E) increases from E = –29.56 eV to E = –29.22, 

–28.34, –27.33, –26.27 eV (Figure 4e) corresponding to the mean coordinate number (CN), CNFe–Fe 

increases from CNFe–Fe = 11.20 to CNFe–Fe = 13.91, 16.42, 18.69, 20.70; CNFe–O increases from    

CNFe–Fe = 5.44 to CNFe–Fe = 6.28, 7.25, 8.12, 8.73; CNO–Fe increases from CNFe–Fe = 3.63 to      

CNFe–Fe = 4.19, 4.83, 5.41, 5.82; CNO–O increases from CNFe–Fe = 15.95 to                   

CNFe–Fe = 18.64, 23.02, 26.80, 30.07 (Figure 4g). In addition, the bonding angle of Fe–O–Fe,       

O–Fe–O and the number of structural units FeO4, FeO5, FeO6 are determined by Figure 5. 

  

Figure 5. (a) The angular distribution, the number of atoms with structural units FeO4, 

FeO5, (b) FeO6, of Fe2O3 material at T = 300 K with different pressure. 

The results show at P = 0 GPa that the angle of Fe–O–Fe is 105°, and of O–Fe–O is 95° 

corresponding to the number of structural units FeO4, FeO5, FeO6 is 419, 1627, 1080. When it is 

increased P from P = 0 GPa to P = 50, 150, 250, 360 GPa, then Fe–O–Fe decreases from 105° to 0°, 

O–Fe–O is 95° (Figure 5a) and FeO4, FeO5 decreases from 419 to 48, 15, 0, 0; FeO5 decreases 

from 1627 to 1217, 336, 63, 12; FeO6 increases from 1080 to 1638, 1936, 1989, 1998 (Figure 5b). The 

obtained results are completely consistent with the results from the literature [80]. Besides, it also 

shows that r, g(r) decreases when Fe2O3 material is at high pressure and low temperature. 

3.2.2 Influence of pressure at temperature T = 2300 K 

Similarly, with Fe2O3 material at T = 2300 K, when P increases from P = 0 GPa to P = 50, 150, 

250, 360 GPa, there are structural characteristic results (Figure 6). 
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Figure 6. (a) Structural features of material Fe2O3 material as structure shape; (b) r, (c) g(r) 

of the links Fe–Fe, Fe–O, O–O; (d) 1, (e) E, (g) CN of Fe–Fe, Fe–O, O–Fe, O–O at 

T = 2300 K, different P. 
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The results show, when Fe2O3 material at T = 2300 K, P = 0 GPa, there is a structure          

shape (Figure 6a), with the length of Fe–Fe, Fe–O, O–O links is 3.32 Å, rFe–O = 1.96 Å, respectively 

rO–O = 2.84 Å, the first peak radial distribution function (RDF) of the links is gFe–Fe = 2.72,         

gFe–O = 5.44, gO–O = 2.22 (Figure 6a). When it is increased P from P = 0.0 GPa to P = 50, 150, 250, 

360 GPa, rFe–Fe decreases from rFe–Fe = 3.32 Å to rFe–Fe = 3.14, 2.96, 2.80, 2.77 Å, and gFe–Fe increased, 

decreases from gFe–Fe = 2.72 to gFe–Fe = 2.94, 2.72, 2.70, 2.51; rFe–O decreases from rFe-O = 1.96 Å to 

rFe-O = 1.92, 1.86, 1.84, 1.82, and gFe–O increased, decreases from gFe–O = 5.44 to gFe–O = 6.29, 5.52, 

5.42, 5.18; rO–O decreases from rO–O = 2.84 Å to rO–O = 2.64, 2.48, 2.32, 2.22 Å, and gO–O increased, 

decreases from gO–O = 2.20 to gO–O = 2.44, 2.53, 2.53, 2.48 (Figure 6b,c); nano-size (1), decreases        

from 1 = 2.94 nm to 1 = 2.72, 2.55, 2.44, 2.36 nm (Figure 6d) and energy (E) increases            

from E = −29.01 eV to E = −28.78, −27.92, −26.97, −26.00 eV (Figure 6e) corresponding to the 

mean coordinate number (CN), CNFe–Fe increases from CNFe–Fe = 11.67 to CNFe–Fe = 14.07, 16.61, 

18.87, 20.60; CNFe–O increases from CNFe–O = 5.60 to CNFe–O = 6.42, 7.44, 8.32, 8.88; CNO–Fe 

increases from CNO–Fe = 3.73 to CNO–Fe =4.28, 4.96, 5.55, 5.92; CNO–O increases                

from CNO–O = 15.93 to CNO–O = 18.99, 23.32, 26.99, 30.42; (Figure 6g). The same results are also 

obtained, with T = 2300 K (Figure 7). 

 

Figure 7. (a) The angular distribution, (b) the number of atoms with structural units FeO4, 

FeO5, FeO6 of Fe2O3 material at T = 2300 K with different pressure. 

The obtained results show at P = 0 GPa the bonding angle of Fe–O–Fe is 100°, O–Fe–O is 95° 

corresponding to the number of structural units (FeO4, FeO5, FeO6 is 789, 1552, 833). When it is 

increased P from P = 0 GPa to P = 50, 150, 250, 360 GPa, then Fe–O–Fe decreases from 100° to 0°,   

O–Fe–O increases from 95° to 110° (Figure 7a), and FeO4 decreases from 789 to 170, 15, 0, 0; FeO5 

decreases 1552 to 1153, 353, 74, 0, and FeO6 increases from 833 to 1661, 1933, 1987, 2000     

(Figure 7b). In it, all r, g(r), 1 decrease and E, CN increase but a smaller decrease at T = 300 K; it 

shows that in the phase transition temperature Tm = 2300 K, Fe2O3 material structure changes to the 

liquid state, so Fe2O3 material structure changes is more stable, when increasing P, it leads to changes 

in smaller structural features. 
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3.2.3. Influence of pressure at temperature T = 4500 K 

Similarly, when Fe2O3 material at T = 4500 K, P is increased from P = 0 GPa to P = 50, 150, 250, 

360 GPa there are the structural characteristic results (Figure 8). 

 

Figure 8. (a) Structural features of material Fe2O3 material as structure shape; (b) r, (c) g(r) 

of the links Fe–Fe, Fe–O, O–O; (d) 1, (e) E, (g) CN of Fe–Fe, Fe–O, O–Fe, O–O at 

T = 4500 K, different P. 
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The results show when Fe2O3 material at T = 4500 K, P = 0 GPa has a structure shape       

(Figure 8a), and the length of Fe–Fe, Fe–O, O–O links respectively, rFe–Fe is 3.40 Å, rFe–O is 1.92 Å, 

rO–O is 2.94 Å, the first peak radial distribution function (RDF) of the links is gFe–Fe = 2.40,         

gFe–O = 4.56, gO–O = 1.88. When it is increased P from P = 0 GPa to P = 50, 150, 250, 360 GPa, then 

rFe–Fe decreases from rFe–Fe = 3.40 Å to rFe–Fe = 3.10, 2.92, 2.78, 2.74 Å, and gFe–Fe increased, decreases              

from gFe–Fe = 2.40 down to gFe–Fe = 2.57, 2.52, 2.51, 2.41; rFe–O decreases from rFe–O = 1.92 Å          

to rFe–O = 1.90, 1.88, 1.84, 1.84, and gFe–O decreases, increased from gFe–O = 4.56 to gFe–O = 4.52, 4.41, 

4.55, 4.57; rO–O decreases from rO–O = 2.94 Å to rO–O = 2.80, 2.46, 2.34, 2.22 Å, and gO–O increases 

from gO–O = 1.88 to gO–O = 2.12, 2.18, 2.26, 2.39 (Figure 8b,c); that corresponds to nano-size (1), that 

decreases from 1 = 3.05 nm to 1 = 2.72, 2.55, 2.44, 2.36 nm (Figure 8d), and energy (E) increases 

from E = −28.24 eV to E = −28.17, −27.47, −26.49, −25.45 eV (Figure 8e) corresponding to the mean 

coordinate number (CN); CNFe–Fe increases from CNFe–Fe = 11.35 to CNFe–Fe = 14.40, 16.87, 18.99, 

20.70; CNFe–O increases from CNFe–O = 5.34 to CNFe–O = 6.56, 7.69, 8.40, 8.91; CNO–Fe increases from 

CNO–Fe = 3.56 to CNO–Fe = 4.37, 5.12, 5.60, 5.94; CNO–O increases from CNO–O = 14.37               

to CNO–O = 19.21, 23.56, 27.35, 30.51 (Figure 8g). The same results are obtained with T = 4500 K 

(Figure 9). 

 

Figure 9. (a) The angular distribution, (b) the number of atoms with structural units FeO4, 

FeO5, FeO6, of Fe2O3 material at T = 4500 K with different pressure. 

The obtained results show when P = 0 GPa the bonding angle of Fe–O–Fe is 100°, O–Fe–O is 95° 

corresponding to the number of structural units FeO4, FeO5, FeO6 is 1551, 1225, 209. When it is 

increased P from P = 0 GPa to P = 50, 150, 250, 360 GPa, then Fe–O–Fe decreases from 100° to 0°, 

O–Fe–O increases from 95° to 100° (Figure 9a) and FeO4 decreases from 1551 to 222, 5, 0, 0; FeO5 

decreases from 1225 to 1271, 285, 46, 6, and FeO6 increases from 209 to 1583, 1948, 1992, 1999 

(Figure 9b).  

It can be observed that r, g(r), 1 decrease and E, CN increases, but a smaller decrease at 

T = 300, 2300 K show that in the high-temperature region, the Fe2O3 structure in the liquid state has a 

smaller structural change. 

3.2.4. Influence of pressure at temperature T = 7000 K 

Similarly, when Fe2O3 material at T = 7000 K, P increased from P = 0 GPa to P = 50, 150, 250, 

360 GPa, there are structural characteristic results (Figure 10). 
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Figure 10. (a) Structural features of material Fe2O3 material as structure shape; (b) r, (c) 

g(r) of the links Fe–Fe, Fe–O, O–O; (d) I, (e) E, (g) CN of Fe–Fe, Fe–O, O–Fe, O–O at 

T = 7000 K, different P. 

The results show when Fe2O3 material at T = 7000 K, P = 0 GPa there is a structure shape (Figure 

10a) and the length of Fe–Fe, Fe–O, O–O links respectively, rFe–Fe is 3.46 Å, rFe–O is 1.88 Å, rO–O is 
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2.96 Å, the first peak radial distribution function (RDF) of the links is gFe–Fe = 2.09, gFe–O = 4.18,     

gO–O = 1.71. When it is increased P from P = 0 GPa to P = 50, 150, 250, 360 GPa, rFe–Fe decreases from 

rFe–Fe = 3.46 Å to rFe–Fe = 3.10, 2.94, 2.78, 2.68 Å, and gFe–Fe increases, decreases from gFe–Fe = 2.09 to 

gFe–Fe = 2.37, 2.37, 2.36, 2.29; rFe–O decreases from rFe–O = 1.88 Å to rFe–O = 1.90, 1.88, 1.84, 1.82 Å, 

and gFe–O decreases from gFe–O = 4.18 to gFe–O = 3.62, 3.73, 3.93, 3.96; rO–O decreases              

from rO–O = 2.96 Å to rO–O = 2.62, 2.42, 2.28, 2.24 Å, and gO–O increases from gO–O = 1.71             

to gO–O = 1.97, 2.05, 2.04, 2.15 (Figure 10b,c). Also, nano-size (1), decreases from 1 = 3.19 nm       

to 1 = 2.72, 2.55, 2.44, 2.36 nm (Figure 10d), energy (E) increases from E = −27.41 eV to E = −27.51, 

−26.81, −25.87, −24.83 eV (Figure 10e), corresponding to the average number of coordinates (CN); 

CNFe–Fe increases from CNFe–Fe = 8.63 to CNFe–Fe = 14.58, 17.01, 19.11, 20.83; CNFe–O increases            

from CNFe–O = 3.55 to CNFe–O = 6.69, 7.79, 8.49, 8.96; CNO–Fe increases from CNO–Fe = 2.75          

to CNO–Fe = 4.46, 5.19, 5.66, 5.98; CNO–O increases from CNO–O = 4.12 to CNO–O = 19.36, 23.79, 27.79, 

30.52 ( Figure 10g). The results are similar with T = 7000 K (Figure 11). 

 

Figure 11. (a) The angular distribution, the number of atoms with structural units FeO4, 

(b) FeO5, FeO6 of Fe2O3 material at T = 7000 K with different pressure. 

The obtained results show, at P = 0 GPa the bonding angle of Fe–O–Fe is 95°, O–Fe–O is 95° 

corresponding to the number of structural units FeO4, FeO5, FeO6 is 1634, 1049, 201. When increasing 

P from P = 0 GPa to P = 50, 150, 250, 360 GPa then Fe–O–Fe decreases from 95° to 0°, O–Fe–O 

increases from 95° to 100° (Figure 11a) and FeO4 decreases from 1634 to 368, 20, 0, 0; FeO5 changes 

from 1049 to 1259, 397, 47, 0 and FeO6 increases from 201 to 1520, 1925, 1992, 2000 (Figure 11b).  

In it, all r, g(r), 1 decreases and E, CN increase but with a smaller decrease at T = 2300, 4500 K. 

All obtained results, when an increase of T = 300–7000 K at P = 0.0 GPa and an increasing of P from 

P = 0 GPa to P = 50, 150, 250, 360 GPa at T = (300, 2300, 4500, 7000 K) then r, g(r) and 1, E all 

decrease with T > 4500 K, the decrease led to less, the smallest at T = 7000 K, this result corresponding 

to CN also increases fewer. In addition, the disappearance in the number of structural units appears 

with T = 2300 K; with T = 4500 K, FeO4 disappears at all material with P ≥ 250 GPa and Fe–O–Fe 

disappears with P ≥ 150 GPa. The obtained results are used as the basis for future experimental results 

such as determining the link length, and the bonding angle between atoms. 

4. Conclusion 

The molecular dynamics simulation method has successfully studied the influence of high 

temperature and high pressure on the structure and phase transition of Fe2O3 materials. The results 
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show that with increasing temperature, the nano-size (1), energy increase, length link decreases, the 

number of structural units FeO4, FeO5 increases, and FeO6 decreases. In contrast, as pressure increases, 

then l decreases, E increases, FeO4, FeO5 decreases, and FeO6 increases. In addition, when     

P ≥ 150 GPa, FeO4 disappears, FeO5 disappears at P ≥ 250 GPa), then only FeO6 exists at 

T = 2300, 7000 K. It shows that when T increases, FeO4 increases, FeO5 increases, FeO6 decrease 

when increasing P gives the opposite result. The cause of this phase transition (the phase transition 

between the amorphous state to the liquid state and from the liquid to the amorphous state) is caused 

by the nano-size effect. The phase transition follows a type 1 phase transition. With the phase transition, 

the phase transition temperature (Tm) has been successfully determined, Tm = 2300 K, which is the 

phase transition temperature from the amorphous state to the state. liquid. The obtained results form 

the basis for future experimental studies. 
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