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FACTORS INFLUENCING THE MICROSTRUCTURE
AND MAGNETISM OF IRON NANOPARTICLES

NGUYEN TRONG DUNG" , NGUYEN CHINH CUONG"™
ABSTRACT

This paper studies factors that influencing the microstructure of the iron
nanoparticles using Molecular Dynamics (MD) method with the Pak — Doyama pair
interaction potential and aperiodic boundary conditions. Factors that influencing the
magnetism using the Ising model with Metropolis algorithm. The results were analyzed
through the radial distribution functions (RDF), the average coordination number, the size
of particles, the energy and the relationship between magnetic moment and curie
temperature. The results show that there were influences of factors such as the
temperature, the phase state, the crystallization and the core radius of the iron
nanoparticles on the microstructure and the magnetism of the model.
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TOM TAT
CAc yéu té anh hwéng |én Vi Ciu triic, tiv tinh ciia hat nano Sit

Bai bao nay nghién ciu Cac yéu t6 dnh huong lén vi cdu triic cia hat nano sdt bang
phwong phap dong luc hoc phan tr (MD) voi thé twong tac cdp Pak-Doyama, diéu kién
bién khoéng tuan hoan. Cac yéu to anh hwong Ién tir tinh bang mé hinh Ising Véi thudt toan
Metropolis. Cac ket qua nghién citu dwoc phdn tich thong qua ham phan bo xuyén tam
(RDF), so phai tri trung binh, Kich thudc hat, nang lwong va moi quan hé giita momen tir
va nhiét do curie. Nghién ciru nay cho thay cé sw anh hwong cia cac yéu to nhw nhiét do,
trang thai pha, ti 1¢ tinh thé hoa, ban kinh 18i hat nano sat Ién vi cau tric va tur tinh cia mé
hinh.

Tirkhoa: Vi ciu triic, tir tinh, hat nano sit, md phong dong luc hoc phan ti.

1. Introduciton

Iron nanoparticles have wide applications in sciences, technologies and life such
as: photonics, electronics, catalysis, biomedicines etc [2]. Thus the iron nanoparticles
are considered as one of the important subjects of scientific research activities. There
have been different methods to study the microstructure and the magnetism of the iron
nanoparticles.. Some theoretical methods can be used the Dynamical Mean Field
Theory (DMFT) [8]. Experimental methods may use X-rays (XPS) to determine the
composition of the nano particles [6], the size of the nano particles and the
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microstructure of the nano particles [11]. Besides, in recent years, the Molecular
Dynamics (MD) simulation method has been used to determine the crystallization
process [7] and the Monte Carlo simulation method to determine the compensation
temperature [10].

The causes of the appearance of the compensation temperature in the nano-iron
models are the same. For the iron nanoparticles, the iron nano-wire and the iron nano-
tube, the presence of the compensation temperature was due to the antiferro magnetic
interaction between the magnetic moment of the core layer and the shell layer (even
when there was the same magnetic moment in the core layer and the shell layer). The
relationship between the magnetism and the particle size, the crystallization process
and the exchange integral between the core layer and the shell layer was also
determined by simulating the models. Today, with the aid of computers, the size of the
studied models was significantly increased.

We used the nano-iron model to study the influence of these factors on the
microstructure and the magnetism of the iron nanoparticles. The study methods and
calculations are presented in part 2, the results and discussions are presented in part 3.
Part 4 is the conclusion of the research contents.

2.  Caculation method

The iron nanoparticles model was established on the basis of using the Dynamics
equation F = ma of the atoms (molecules). When the atoms (molecules) moved, we
could identify the factors that influence the microstructure and the magnetism such as:
the temperature, the phase state, the crystallization ratio, the core radius of the nano
particles. In the simulation, we chose the Pak - Doyama pair interaction potential (1)
and aperiodic boundary conditions for nano-iron sample [9]

0
U(r) = -0.188917(1.82709 - r)* + 1.70192(r - 2.50849)° - 0.198294; r < 3.44A (1)

The nano-iron samples with 10,000 particles at temperatures of 300K, 500K,
700K and 900K were studied on the basis of examining the influence of the
temperature, the phase state, the ratio of crystallization and the core radius of the nano
particles on the microstructure using Molecular Dynamics method with the Pak -
Doyama pair interaction potential and aperiodic boundary conditions. The
microstructure characteristics were analyzed through the radial distribution functions,
the average energy, the size of the nano particles and the average coordination number.

In addition, the magnetism of the nano particles was analyzed through the Ising
model with Metropolis algorithm, then the structural phase transition temperature was
determined by (2) [4]:
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When the size of the nano particles decreased, the iron nanoparticles tended to
turn from the ferromagnetic state to the super paramagnetic state. Then the critical size
of the nano particles had the following form (3) [3]:

1
- (GKBTB j?’; T. =1 i ke=8.617(15).10° Jmol K @3)
K KeTs

With, rq is the critical size of nanoparticles from the ferromagnetic state into the
superparamagnetic state, kg is Boltzmann's constant, Tz is the phase transition
temperature from the ferromagnetic state to the super paramagnetic state or
temperature models, T¢ is the curie temperature, K is a constant and V is the volume of
a nano particle.

The change in the size of the nano particles which led to the change of the
magnetization to a constant value was called the saturated magnetization. These
quantities related to each other by the formula (4) [5].

1 1
_ B 3
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r Msb Msb

In which: r is the radius of the nano particles, d is the thickness of the shell layer,
My, is the saturated magnetization of the bulk sample, M, is the saturated
magnetization of the nano particles. In experiment, the curie temperature of the iron o
at room temperature is 1,044K [2].

The interaction of spins in the shell layer or in the core layer was called the
ferromagnetic interaction while the interaction of spins between the shell layer and the
core layer was called the antiferromagnetic interaction. Results showed that there was
an influence of the temperature, the phase state, the crystallization ratio and the core
radius of the nano particles on the microstructure and the magnetism. These results
were considerably consistent with results from recent studies.

3.  Results and disscusions

The microstructure of the iron nanoparticles was studied by Molecular Dynamics
(MD) method with Pak - Doyama pair interaction potential and appropriate boundary
conditions at temperatures of 300 K, 500 K, 700 K, 900 K and 1,000 K. Their shape
and size are presented in Figure 1 and Table 1.
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Figure 1. The shape of the iron nanoparticles at temperature of 300K

Table 1. The size of the iron nanoparticles at different temperatures

Temperature (K) 300 500 700 900 1,000
Particle size (nm) 3.337 3.358 3.385 3.362 3.424

The results in Figure 1 and Table 1 show that the nano-iron sample had the
spherical shape and nano size. The size of the iron nanoparticles increased sharply
when the temperature was increased, it increased from 3.337nm to 3.424nm when the
temperature was increased from 300K to 1,000K. The microstructure of the iron
nanoparticles was studied at different temperatures and results are shown in Figure 2.

temperature 300K
41 temperature 500K
temperature 700K
temperature 900K
34 temperature 1000K
24

r(A%)

Figure 2. Radial distribution functions of the iron nanoparticles at different temperatures
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The results in Figure 2 show that the first peak of the radial distribution functions
prevailed in the iron nanoparticles at the temperatures of 300K, 500K, 700K, 900K and
1,000K. When the temperature was increased, the value of the first peak position of the
radial distribution functions changed slightly, this proved that the internal distance
between atoms (molecules) did not depend on the temperature and only a close order
existed in the coupling of the iron nanoparticles. When the temperature was increased,
the density of the atoms (molecules) decreased because the first peak height of the
radial distribution functions tended to decrease when the temperature increased.
Obviously, there was an influence of the temperature on the heterogeneous properties
of the microstructure in the iron nanoparticles.

Observing the sample at the temperature of 1,000 K, we see that there was a peak
separation in the second peak of the radial distribution functions which generated two
small peaks. This showed us there was a phase transition from the amorphous state to
the crystalline state in the model at this temperature range. To continue the study, we
investigated the coordination number (Figure 3) and the energy (Table 2) of the model.
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Figure 3. The coordination number of the nano particles at different temperatures
Table 2. The energy of the iron nanoparticles at different temperatures.

Temperature (K) 300 500 700 900 1,000
Energy (eV) -1.289 -1.235 -1.179 -1.119 -1.120
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Observing Figure 3 and Table 2, we see that the coordination numbers of the iron
nanoparticles at temperature of 300 K and 900 K were both number 13. At
temperatures of 1000 K, the coordination numbers moved to the location number 14.
At 1000K temperature of the iron nanoparticles energy decreases and the density of
coordination number increased. This showed us the crystallization occurred in the iron
nanoparticles at the temperature from 900 K to 1,000K. The influence of temperature
on the microstructure was caused by the heterogeneity in the iron nanoparticles.

To ascertain the crystallization in the iron nanoparticles at the temperature range
900 K and 1,000 K, we used the visualization method to observe the crystallization
process at different temperatures. The results are shown in Figure 4.

Figure 4. The shapes of the iron nanoparticles at different temperatures
a) 300 K; b) 500 K; c¢) 700 K; d) 900 K; e) 1,000 K

Observing Figure 4 we see that the iron nanoparticles had spherical shapes.

When the temperature was increased from 300 K to 1,000 K the size iron
nanoparticles tended to dilate and the atoms (molecules) turned from the amorphous
state to the crystalline structure state. Thus, we can ascertain the apparent influence of
the temperature on the microstructure of the iron nanoparticles.

To examine the temperature range in which the crystallization process occurred,
we focused on examining the iron nanoparticles sample at the temperature 900 K
(because this sample has energy fluctuations and favorable conditions for the
crystallization process), and results are shown in Figure 5.
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Figure 5. The crystallization process of the sample at 900 K

Figure 5 shows that with the number of step smaller than 1,5.10° steps
(corresponding to the temperature at 907 K), the crystallization energy changed
insignificantly (it was almost equal between the crystal nucleation production and
annihilation process). When the number of thermal annealing step was increased to
2,7.10° steps (corresponding to the temperature at 998 K), the crystallization energy
reduced dramatically, the result was almost linear which corresponded to the
temperature from 907 K to 998 K. That confirms the crystallization temperature range
was between 907 K and 998 K.

The above results showed that there was significant influence of the temperature
and the number of thermal annealing step on the microstructure and the crystallization
process in iron nanoparticles models. The mechanism of the crystallization process was
as follows:

When the number of thermal annealing step was increased, the energy of samples
reduced. This made the crystals focused on areas with low energy leading to the
formation of crystals nucleation.

The crystal nucleation formation process continued to occur until there was only
the interaction between crystal nucleations in the sample, then the crystallization
occurred entirely in the sample.

To study the magnetism of nano particles, we investigated the influence of the
core radius on the magnetism. The results are shown in Figure 6, Table 3
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Figure 6. The magnetism of the iron nanoparticles with different core radius
Table 3. The phase transition temperature of the iron nanoparticles with different core radius

Core radius

(A% 0 5 11 15 19 20 21 22 23

Magnetization

3 1 0.9914 | 0.9094 | 0.7672 | 0.5284 | 0.4528 | 0.3656 | 0.2692 | 0.1642
M (emu/cm®)

Temperature
models Tg| 105 10.5 10.5 10.45 | 10.35 10.25 10.1 10.5 10.5
(mol/J)

Temperature
curie Tc (K)

1,132.1

1,105.2 | 1,105.2 | 1,105.2 | 1,110.5 | 1,121.2 7

1,148.9 | 1,105.2 | 1,105.2

The results in Figure 6, Table 3 show that with the core radius which was smaller
than 22 A° transition temperature of models decrease from 10.5 to 10.1 corresponding
curie temperature increased from 1105.2K to 1148.9 K. When the core radius was
increased which led to the decrease of the magnetization and the of the increase curie
temperature. To determine the core radius of the nano particles, we chose a location at
which start appearing temperature compensation corresponding to the location with the
magnetization 0.2692, then:

3
= ('\'\/’I'_j riMs= 02692, Msb = 1, r = 33.45A — ;= 21.5 A’
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The chosen location using the simulation method gave the biased result of 2.3%.
The chosen core radius location of 22 A° was totally appropriate. We continued to
study the influence of the temperature with the chosen core radius of 22 A°. The results
are shown in Figure 7.
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Figure 7. The magnetism of the iron nanoparticles at different temperatures

Result in Figure 7 shows that the magnetization of nano particles increased when
increased temperature. The phase transition temperature was 10.1 K in the samples
with the temperature of 300 K and 900 K corresponding to the curie temperature T¢; =
1,148.9K. For the temperature range 1,000 K, the phase transition temperature was
10.5 K corresponding to the curie temperature T, =1,105.2 K.

This shows that the curie temperature of the iron nanoparticles increased in the
temperature range 1,000 K. This result was entirely consistent with the results from
analyzing the microstructure of the iron nanoparticles because the crystallization
occurred at this temperature range.

Thus, the temperature of the sample did not affect the transition temperature
which affects only the magnetization. To ascertain this, we continued to examine the
influence of the crystallization process on the magnetism of the iron nanoparticles
model. The results are shown in Figure 8.
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Figure 8. The magnetism of iron nanoparticles with different ratio of crystallization

Figure 8 shows us when the crystallization ratio increased, the magnetization of
the iron nanoparticles samples decreased, the phase transition temperature increased
which led to the decrease of the curie temperature.

That shows factor influence main to microstructure, magnetic of nanoparticles
iron is due the size effect caused. As the temperature rises resulting radius, energy of
the model increases reduces density of atoms (molecules) and appear crystalline state.
As the radius, crystallization increases leads to magnetization decrease and temperature
curie increases.

4. Conclusions

Results from studying the influence of the temperature, the phase state, the
crystallization ratio and the core radius of the nano particles on the microstructure and
the magnetism of the iron nanoparticles are as follows:

- We have successfully established the iron nanoparticles sample with 10* particles
with spherical shape by Molecular Dynamics method with the Pak - Doyama pair
interaction potential and aperiodic boundary conditions. Results are consistent with
experimental results.

- The influence of the temperature, the phase state, the crystallization ratio and the
core radius of the nano particles on the microstructure and the magnetism of the nano-
iron sample have been determined.

- The phase states of the nano-iron sample have been identified as the amorphous
state at temperatures of 300 K, 500 K, 700 K, 900 K and as the crystalline state at
temperatures of 1,000 K.
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- The crystallization process has been determined by the separation of the peak at
the second peak of the radial distribution functions with coordination number 14.

- Determining temperature zones occur crystallization process from 907 K to 998
K.

- The factors that influence the magnetism of the nano particles have been
identified as the phase state, the crystallization ratio and the core radius of the nano
particles. The cause is due to the effect ferromagnetic occurs in core/shell layer of
nanoparticles iron.

- The curie temperature of ferromagnetic nanoparticles in amorphous state is
1,148.9 K, crystalline state is 1,105.2 K. results are consistent with experimental results
is 1,044 K [1].

- The main cause for this is the size effect caused. When the temperature of the
model increases leads to the radius, the energy increases and reduce the density of the
atoms (molecules) do appearance crystalline state. When the nanoparticle core radius,
the crystallization process increasing leads to magnetization decrease and curie
temperature increases.

REFERENCES

1. Buschow K.H.J, de Boer F.R (2004), "Physics of Magnetism and Magnetic
Materials", Kluwer Academic / Plenum Publishers, ISBN 0-306-48408-0.

2.  Hao Zeng, Jing Li, ZL Wang, JP Liu, Shouheng Sun (2004), " Bimagnetic core/shell
FePt/Fe304 nanoparticles” Nano Letters, American Chemical Society, Vol 4, pp 187-
190.

3.  He, X, Shi, H (2012), "Size and shape effects on magnetic nanoparticles”,
Particuology, 10, pp 497-502.

4, Knobel, M.; Nunes, W.C.; Socolovsky, L.M.; Biasi, E.; Vargas, J.M.; Denardin, J.C.J
(2008), "Superparamagnetism and other magnetic features in granular materials: A
review on ideal and real systems", Nanosci. Nanotech, 8, pp 2836-2857.

5. Kami, D.; Takeda, S.; Itakura, Y.; Gojo, S.; Watanabe, M.; Toyoda, M (2011),
"Application of magnetic nanoparticles to gene delivery”, Int. J. Mol. Sci, 12, pp
3705-3722.

6. K.N. Piyakis, D.-Q. Yang, E. Sacher, (2003), "The applicability of angle-resolved
XPS to the characterization of clusters on surfaces"”, Surface Science, Vol 536, Issues
1-3, pp 139-144

7. P. H. Kien, M. T. Lan, N. T. Dung and P. K. Hung (2014) "Annealing study of
amorphous bulk and nanoparticle iron using molecular dynamics simulation”

International Journal of Modern Physics B, Vol. 28, No. 23, 1450155 (17 pages),
DOI: 10.1142/S021797921450155017.

39



TAP CHi KHOA HOC BHSP TPHCM Sé 12(78) nim 2015

8.  T. Kaneyoshi (2012), "Compensation point (or points) of nanoscaled transverse lIsing
thin films: effects of surface dilution”, Phase Transitions, Vol 85, no 3, pp 264-278.

9. P.K.Hung and P.H.Kien (2010), "New model for tracer-diffusion in amorphous
solid", Eur.Phys.J.B 78, pp 119-125.

10. Y. Yuksel, E. Aydiner, H. Polat (2011), "Thermal and magnetic properties of a
ferrimagnetic nanoparticle with spin-3/2 core and spin-1 shell structure”, Journal of
Magnetism and Magnetic Materials, 323 (23), pp 3168-3175

11. Yu-Chuan Liu, Thomas C. Chuang; (2003), "Synthesis and Characterization of
Gold/olypyrrole Core-Shell Nanocomposites and Elemental Gold Nanoparticles
Based on the Gold-Containing Nanocomplexes Prepared by Electrochemical
Methods in Aqueous Solutions”, J.Phys. Chem. B, Vol 107, pp 12383-12386.

(Received: 15/10/2015; Revised: 02/11/2015; Accepted: 22/12/2015)

40



