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Thermal conductivity calculation of magnetite using
molecular dynamics simulation
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In the current research, thermal conductivity of magnetite (Fe304)
has been calculated using molecular dynamic simulation. The rNEMD
Molecular Dynamics Method provided in the LMMPS package is used
for the simulation of the thermal conductivity. The effects of
magnetite layer size and temperature on the thermal conductivity
have been investigated. The numerical results have been validated by
b . . experimental data. Results show that the thermal conductivity of
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1. Introduction

Magnetite nanofluid is a colloidal mixture of
magnetite nanoparticles, which is suspended in
a carrier fluid (typically water or oil). Recently,
this nanofluid has received extensive attention
from the researchers due to its application as a
coolant in micro heat exchangers, microgravity
conditions, MEMS devices, and electronic
cooling [1-2]. The design and thermal
management of such systems require reliable
thermal conductivity data of magnetite.

Several methods such as transient hot wire and
three-omega (3-w) have been used previously
for thermal conductivity measurement of
magnetite. Molgard and Smeltzer [3] measured
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the thermal conductivity of magnetite and
hematite experimentally over the temperature
range of 340K-675K. They observed that the
thermal conductivity decreases with
temperature. Clark [4] carried out an
experimental study and reported a value of 5.2
W/m.K for the thermal conductivity of bulk
magnetite at the temperature of 293K.
Furthermore, Park et al. [5] obtained the thermal
conductivity of epitaxial Fe;O, thin films using
a four-point probe 3-w method. The thicknesses
of the thin films were between 100 and 400 nm
and were prepared on SiO/Si substrates. They
revealed that the thermal conductivities of the
thin films are significantly reduced compared
with those of the corresponding bulk materials.

Previous experimental results indicate that the
thermal conductivity of magnetite has a
decreasing trend with temperature. Moreover,
the thickness of the magnetite is shown to have
a significant effect on thermal conductivity.
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That is, the measured values generally fluctuate
by changing the thickness of the magnetite
samples.

Molecular dynamics simulation (MDS) has
been used in recent years as an effective
approach for predicting thermophysical,
rheological, and structural behavior of various
materials [6-9]. In this method, atoms of a
molecule are represented by many particles. The
particles are initially located in a simulation box
with a special arrangement and interact with
each other by an appropriate potential function.
Briefly, the MD method is based on deriving the
equation of motion of every particle in the
simulation box and integrating the differential
equations to obtain the velocity and position of
the particles [10]. These data are then used to
calculate the main parameters of the simulation
such as thermal conductivity.

MDS can be conducted in two ways in order
to calculate the thermal conductivity,
equilibrium molecular dynamic (EMD) and
none equilibrium molecular dynamic (NEMD).
In the EMD method, the system is equilibrated
at a specific temperature and the thermal
conductivity is calculated for the system at this
stable condition. While, in the NEMD method,
the simulation box is subjected to a prescribed
temperature gradient. Thus, the heat flux
through the system can be obtained from the
temperature gradient and used for calculation of
the thermal conductivity.

An extension of NEMD was proposed by
Muller and Plathe [10]. This method applies
NEMD in the reverse direction and is called
reverse NEMD (rNEMD). That is, the imposed
heat flux to a system results in a temperature
gradient. In other words, the heat flux added to
the system increases the kinetic energy. The
kinetic energy is exchanged between the
particles in the simulation box continuously. As
aresult, a temperature gradient is induced in the
direction of the heat flux [12].

Chicot et al. [13] studied mechanical
properties of magnetite utilizing MDS.
Comparing the results with that of the
experiments, they showed that MDS is an
appropriate way to obtain Young’s modulus,
Poisson’s ratio, and shear modulus. Moreover,
the results obtained for pure oxides were shown
to be very different from those determined for
complex oxides. Hess et al. [14] performed an
MDS in order to determine correlations in an
aligned ferrofluid. They compared the

correlations with the results of an analytical
approach.

Vaari [15] studied mass transport in bulk
magnetite using MDS. In order to describe the
interactions between atoms in the lattice,
Buckingham potential in combination with the
coulomb term was used. Results showed that the
cause of ionic diffusion is vacancies in some
cation and anion points in the lattice which is
called Schottky defects. The diffusion
coefficient was also calculated using the mean
square displacement of magnetite atoms.

Regarding the reports mentioned above, a
limited number of experimental data on the
thermal conductivity of magnetite are available
in the literature. There is also a lack of
numerical studies on the thermal conductivity
despite the growing application of the magnetic
materials.

In the current research, MDS is carried out to
calculate the thermal conductivity of magnetite.
The effects of temperature and simulation box
size on the thermal conductivity are also
investigated.

Nomenclature
MDS Molecular Dynamics Simulation
EMD Equilibrium Molecular Dynamics
NEMD None Equilibrium Molecular
Dynamics

rNEMD Reversed None Equilibrium
Molecular Dynamics

j Heat flux (W/m?)

VT Temperature Gradient (K)

r Distance between atoms (A)

N Number of slabs

FCC Face centered cubic

%4 Interatomic potential (kcal/mol)

A Interatomic potential constant
(kcal/mol)

C Interatomic potential constant

(kcalAé/mol)

Charge of the ions
Temperature (K)

Mass

Velocity

Boltzmann’s constant

t Time (second)

LyandL, Cross-sectional lengths (m)

Greek
K Thermal conductivity(W/m.K)

S 3 3R

==
[~



Masoud Jedari Ghourichaei et al. / Energy Equip. Sys. / Vol. 8/No. 1/March 2020 47

p lonic-pair dependent length
parameter (A)
Subscripts
i,j Ith and jth atom
k Number of atoms
h,c Hot and cold
2. Theory

Heat flux is proportional to the temperature
gradient by the Fourier’s law as given by

j = —KVT, (1)

where k is the thermal conductivity and is
generally represented by a 3 X 3 tensor,
however, the thermal conductivity of
anisotropic material can be assumed to be a
scalar with a specific value in all directions.

MDS can either obtain the temperature
gradient of a bulk substance from induced
heat flux to the system or vice versa. In the
rNEMD method, heat flux is imposed on the
system. Then, the temperature gradient of the
whole system is deduced as a result of kinetic
energy swapping between the layers. Thus,
the thermal conductivity can be obtained from
the known values of the temperature gradient
and heat flux. This method is elaborated in
Fig. 1.

As shown in Fig. 1, the simulation box is
subdivided into N slabs where N is an even
number. Due to the symmetry, the kinetic
energy is swapped between slabs number 1

and (N+1)/2. Temperatures of the center and
two ends of the simulation box will rise and
decrease, respectively, after elapse of enough
time,. Heat flux can be obtained from the
kinetic energy of the system, and the average
temperature gradient can then be calculated
over time and all atoms in the simulation box

[11].
3. Methodology

rNEMD Molecular Dynamics Method provided
in the LAMMPS package is used for simulation
of the thermal conductivity. The first issue in
MDS is modeling the geometry and initial
configuration of the simulation box. Magnetite
(FesOs) has an inverse spinel structure of
(Fe’")(Fe™),0. and an FCC crystal with unit cell
edge length of a=8.36A. A normal spinel, such
as FeCr,O,, has the formula of AB.O. with A
atoms in the tetrahedral and B atoms in the
octahedral sites. On the other hand, the inverse
spinels have B atoms in the tetrahedral and both
A and B atoms in the octahedral sites [16]. Thus,
in magnetite crystal, Fe' cations fill the
tetrahedral sites, and Fe’” and the remaining Fe™
cations randomly are distributed in the
octahedral holes. The structure of the magnetite
crystal is shown in Fig. 2.

The red, gray, blue, and yellow balls shown in
Fig.2 are Fe’ (tetrahedral sites), Fe’ (octahedral
sites), Fe’’ (octahedral sites), and oxygen ions,
respectively.
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Fig. 1. Simulation box
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Fig.1. Crystal structure of magnetite

In order to simulate the interactions between
ions, Buckingham potential in combination
with Coulomb term, given by

Vij (T'ij) = Al] exp (_ TJ) Y + w’ (2)

.. 6 ..
Pij Tij T'ij

is used, where r is the distance between the
pair of atoms i and j. Moreovere, A, C, and p
are constants of the potential function, which
are given in table 1.

The pair coefficients are extracted from
various references [17], [18]. It is worth
mentioning that the other pairs, such as
cation-cation pairs (Fe'-Fe'', Fe’-Fe”’, and
Fe’-Fe’), are considered purely coulombic
by setting the constants A and C to zero.

The periodic boundary condition is applied

in all directions to avoid boundary effects.
Moreover, the time step is set to 1 fs in all
simulations.
Before running the main simulation, the
system is subjected to the NVT ensemble for
four ps. afterwards, in order to have a stable
system, it is relaxed in the NVE ensemble and
finally, the main simulations run up to 30 ps
to reach the steady-state condition. The
kinetic temperature of every slab can be
calculated as.

_ Yigi Muvi )
k 3nkkb

where k denotes the number of atoms. m and v
are mass and velocity of each particle,
respectively and k; is Boltzmann’s constant.
The temperature gradient along the simulation
box can simply be calculated from the slabs
temperatures. An energy balance implies that
the sum of the kinetic energy of the system
equals the total heat added to the system.
Therefore, the thermal conductivity is
calculated as

T Wi —vd) )
2tLy L, (9T/5 )

where Ly and Lyare the cross-sectional lengths
of the simulation box and h and c indices denote
hot and cold points, respectively.

4. Results and discussion

In order to validate the numerical method,
thermal conductivity of solid argon is calculated
at different temperatures and the MD results
have been compared with data of ref. [19] and
ref. [20], as shown in Fig. 3.

Table 1. Constants of Buckingham potential for magnetite

p (A € (kcalh®/mole)

ions A (kcal/mol)
Fe?t — 02~ 16005.95
Fe3t — 0% 32620.68

02— _ 02—

220176.0

0.3399 0
0.3128 0
0.2192 737.92
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Fig. 2. Comparison between the results of present simulation and those of the refs [17] and [18] for thermal
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The thermal conductivity of solids at low
temperatures is influenced by quantum
effects. The criterion for considering these
effects is Debye temperature [21]. Above
Debye temperature, all vibrational modes are
dominant and the quantum effect is
negligible. Conversely, at temperatures below
Debye temperature, the quantum effects
become important and a quantum correction
needs to be considered in order to calculate
the thermal conductivity accurately. Debye
temperature of solid argon is 92K. However,
In MD simulations, quantum effects cannot
be considered for temperatures below 161K
[22]. As shown in Fig. 3, there is a good
agreement between the current results, MD

results of ref. [19], and analytical results of
ref. [20]. The deviation from the experimental
results at temperatures below 20K is due to
the quantum effects as described.
Simulations have been carried out at different
box sizes and temperatures. Variation of the
kinetic, potential, and total energy of the
system with time at T=400K are depicted in
Fig.4 (a) to (c), respectively.

It can be observed in Fig. 4 that after
relatively a long time, the kinetic, potential
and total energies oscillate around a specific
value. This convergence of the total energy of
the system implies that the energy of the
system is fully relaxed before the main
simulation.
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Fig.4. Kinetic, potential and total energy of magnetite crystal at 400K

Kinetic energy induced in the system
which results from velocity exchange, is
shown in Fig. 5 for different temperatures.
The heat flux in the system is obtained by
dividing this quantity by time and cross-
sectional are.

According to Fig.5, the kinetic energy
increases linearly with time. This behavior, as
it shows, will be continued infinitely. Thus,
the correct time to calculate the thermal
conductivity is when the temperature
distribution becomes linear across the
simulation box. Figure 6 shows the variation

of temperature distribution in the simulation
box with time.
As shown, approximately after 15000 time

steps (15ns), the temperature gradient
becomes linear.
The temperature distribution in the

simulation box at different temperatures is
depicted in Fig. 7.

The linearity of temperature distribution is
essential in the Muller-Plathe method. As
shown in Fig. 7. Although the temperature is
almost linear, there are nonlinear parts at the
beginning and middle of the simulation box.
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Fig.5 Kinetic energy variation at different simulation steps
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Fig.7. Temperature variation of the simulation box at different temperatures.
This nonlinearity at the edge of the As shown in Fig. 8, the thermal

simulation box is explained by phonon
boundary scattering. This phenomenon
causes a deviation of temperature from the
linear shape in the boundary regions [24].

Data obtained from Figs. 5 and 7 are used
in Eq. (4) for calculation of the thermal
conductivity.

In order to check the size independency
and ensure that the given box size is sufficient
for reliable results, several primary
simulations have been carried out with
different grid sizes and the results have been
represented in Fig. 8.

conductivity increases by increasing the box
size in the longitudinal direction, z. The
thermal conductivity increase can be
explained by the phonon mean free path [5].
As the box size increases and gets closer to
the phonon mean free path, the number of
phonons scattered from the boundaries
decreases. In other words, as the simulation
box size increases, more phonon mean free
paths are considered [12], [21]. As a
consequence, the results become more
accurate in comparison with experimental
data obtained for bulk systems.
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Fig.8. Effect of magnetite layer size on the thermal conductivity at 400K.

Figure 8 also indicates that the thermal
conductivity varies slightly for box sizes
greater than 204 in the z-direction. It should
be noted that 20 multiplied by the unit cell
constant equals 167.2A4 which is the actual
grid size in the z direction.

Due to the computational costs, a 64 X
6A x 20 A cubic unit cell has been considered
for the rest of the simulations.

As mentioned before, there are non-linear
parts in temperature distribution in the

simulation box due to the phonon-boundary
scattering. This non-linearity is a source of
error and affects the accuracy of the results.
In order to overcome this problem, another set
of simulations has been carried out
considering only the part of the simulation
box where the temperature is linear,
(0.125L.<x<0.475) [10]. Variation of the
magnetite  thermal conductivity  with
temperature obtained from both numerical
approaches among with experimental results
of ref. [7] are shown in Fig. 9.
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Fig.9.Thermal conductivity of bulk magnetite at the temperature range of 300K- 800K.
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Figure 9 shows a good agreement between
numerical and experimental results especially
at intermediate temperatures. The results
obtained from the modified method are
shown to be closer to the experimental data.
The decreasing trend of thermal conductivity
is also predicted by the numerical simulation.
Two mechanisms named phonon boundary
and phonon-phonon Um Klapp scattering are
responsible ~ for  decreasing  thermal
conductivity with temperature. Moreover,
Results indicate that Buckingham potential
function is an appropriate potential to
evaluate the thermal properties of magnetite.

5. Conclusions

Molecular dynamic simulation has been
carried out to calculate the thermal
conductivity of magnetite. The effects of
temperature and magnetite layer size on the
thermal conductivity have been investigated.
A comparison of the results with the available
experimental data indicates that the thermal
conductivity of magnetite can be predicted
appropriately using Buckingham potential
function. Results also show that the thermal
conductivity of magnetite decreases with an
increase in the temperature.
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