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Highlights
» LTC of magnetite was studied.
» Modified Callaway Model used.
+ Physical quantities were estimated.

Article Info Abstract

Thermal conductivity is an important parameter for semiconductor materials used in the
Received: 13 Eeb 2021 nanoscale applications. In this study, the lattice thermal conductivity (LTC) of magnetite thin
Accepted: 31 Mar 2021 films was simulated by Modified Callaway Model. To fit the experimental data, some

quantities, such as mean bond length, the lattice constant, and volume per atom were
calculated. Also, the model is based on some other quantities, such as gruneisen parameter,

Keywords electron concentration, and surface roughness that were found through fitting theoretical with
Magnetite experimental LTC. As a result, this model could work comparably well in all sizes, and the
Fe,0, relationship between the fitting parameters and the thickness of the magnetite films was
Thin film estimated.

Lattice thermal conductivity
Modified Callaway Model

1. INTRODUCTION

Magnetite nano-sized materials have superior physical and chemical properties due to the quantum size
effect and surface effect. Recently, Fe3O4 paramagnetic have been extensively investigated due to their high
coercivities and low Curie temperatures [1-3]. Besides, the most important feature of the magnet is that it
is non-toxic [4], therefore, biosensors are used in the contrasting agent in magnetic resonance (MR) imaging
and magnetic targeted-drug delivery systems [5, 6].

Two important factors that can transfer heat inside solid materials are free electrons and phonons. The
density of free electrons in metals is extremely higher than the other elements, therefore they have a
significant role to transfer heat energy through solid materials. On the other hand, phonons are formed by
the vibration of atoms in solid materials that have only three degrees of freedom (DOF). Basically, the heat
energy can transfer in both respective methods, however, in metals, the transfer of heat by free electrons
are comparably dominant, while in insulator and semiconductor materials, phonons are the most obvious
factor to transfer heat energy since the optical phonon velocity and group velocity have low and high value,
respectively. Lattice thermal conductivity (LTC) is a significant parameter for some applications, such as
electronic components, to overcome the exceeding heat and to enhance the device performance [7, 8].

The magnetic particles used by Chinese sailors and magnetotactic organisms are chemically composed of
FesO4 or magnetite. "Magnetite” is named after the Magnesia region where large magnetite deposits are
found in Asia Minor. Magnetite, containing both ferrous (reduced) and ferric (oxidized) iron species, is
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often described as iron 11, 11l oxide. Magnetite is a Fe mineral ferrimagnetic material with a cubic inverse
spinel structure. It is a mineral found in magnetite rocks and one of the oxides of iron. The reaction scheme
of magnetite is defined as [9]:

FeO + Fe,03 — FesOs | (1)
Ferrous Oxide Ferric Oxide Magnetite

Bloch and Neel thought that magnetic nanoparticles exhibit superparamagnetic behavior due to the small
strain caused by the negligible energy barrier in the hysteresis of the magnetization loop [10]. To date,
costly treatment techniques such as precipitation, evaporation, solvent extraction, ion exchange, reverse
osmosis have been used to remove metallic ions from wastewater. Fortunately, recent advances in the nano
technique have shed light on this area [11-13]. Nanoparticles, which are generally characterized by a
significant amount of surface, are of great interest due to their unique properties and potential applications.
Additionally, magnetic Fe;O4 nanoparticles have attracted a lot of attention not only in the magnetic field
but also in medical care fields in recent years [14-16].

Many researchers have applied Modified Callaway Model for single element nanowires, such as Si [17]
and Ge [18]; binary nanowires, such as InAs [19], GaAs [20], and GaN [21]; thin film, such as Si [17]. In
the aforementioned literature, the authors reported some important physical quantities such as dislocation
density, carrier concentration, roughness, and gruneisen parameter. Also, they estimated other quantities,
such as lattice parameter, melting temperature, and Debye temperature for the nano-sized specimens. Park
etal. reported the lattice thermal conductivity for magnetite (FesO,) for thin films with different thicknesses.
They also tried to apply the Callaway model to fit their obtained results with the theoretical approach,
however since their model is simplified of the Callaway Model, so it could not fit perfectly the data.

In this study, the thermal conductivity of magnetite thin films with diameters of 100, 300, and 400 nm for
very low temperatures up to room temperature was modeled. The Modified-Callaway Model is based on
parameters that defined for nanoscale materials. Throughout the study, surface roughness, carrier
concentration, dislocation, impurity, and gruneisen parameters were also found.

2. THEORY OF CALCULATIONS

The Boltzmann transport equation provides phonon relaxation time approximation, which is given as
follows:

Op/T
Kk = AT3 f 7. J(x) dx (2
0
where
A = (kg/n)3(kg/(2n?D)), 3)
J(x) = x*e*(e* = 1)7?, 4)
x = hw/kgT, ®)

also, kj is the Boltzmann constant (= 1.38065 x 10723 m? - kg - s=2 - K™1), and 7 is the reduced Planck
constant (1.05457 x 10~23] - s). Moreover, 7, is the combination of phonon scattering; v is group velocity
of acoustic phonon; w is the angular frequency; 8, and T are the Debye temperature (at this temperature,
all bases in the lattice usually reach their highest frequency, after which the absorbed heat causes the
material to expand and melt) and absolute temperature, respectively.
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Asen- Palmer et al. [22] improved the Debye-Callaway model proposed for calculating LTC as a function
of temperature, dimension, and size of those materials that phonons are the dominant factor for transferring
heat energy. The model provides three-phonon processes of the total of one longitudinal (x,) and two
transverse (xr) phonons (k = k4 + k). The total LTC is given as follows [23]:

K =K + 2Kk, (6)
where

K = Ki, tKi,, (7)
Kr = KT1 + KTZ , (8)

where L and T indicate longitudinal and transverse. The longitudinal terms in Equation (7) can be written
as [17]:

1 05
Ky =—ALT3J th(x) J(x) dx, )
1 3 0
=z [ B | | GELOE (10)
R e | A e il N e rTes Rl
Similarly, the transverse terms are given in Equation (8), can be obtained from the equations in [17]:
1 0b
e =5 AT | TGO dx, (11)
3 0
1 6% ‘[T( ) 6% T(x) -1
=_A - 12
=347 e SO ‘ U STeErolh I 4

where the term of A7, in Equations (11) and (12) can be defined as the following equation in [19]:

A (kB) kg
T(L) h 27'[2 UT(L)

where v is the group velocity of acoustic phonon. A photon scatters in the material through different types,
including phonon phonon (or normal) scattering TL ™, inharmonic interaction or Umklapp three-phonon

(13)

scattering, ‘L'U phonon |mpur|ty, phonon —electron, 7°

dislocation TD( )scatterlng where the superscript indicates longitudinal or transverse. The combination of
all respective photon scattering scenarios is given as [24]:

) L(T) L(T) L(T) L(T) L(T) L |-
Tc Ty Ty Tm Tp Toh—e Tpc

The Umklapp scattering (U-process) rate modes given in Equation (14) can be obtained as follows [20]:

ph e, ; phonon—boundary, TB 'and phonon—

E L(T)] BLD (";) x273e (057 137) (15)
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where the Umklapp parameter strength BlL,(T)reverser related to the Debye temperature:
hy?
L(T) _ L(T)
BU - 2 L(T) (16)
M v 0p

The Gruneisen parameter, y,ry, explains how changing the volume of a crystal can influence the
vibrational behavior [25]. The y, ) can be found by fitting theoretical LTC with the corresponding
experimental data. In Equation (16), M is the average atomic mass in the crystal, which isequal to p X V',
where p is the density and V is lattice volume. The value of M obtained for magnetite is 5.49241x10% (kg).
The Debye temperature given in Equation (15) can be obtained by [26]:

1/3
pum _ (672) b (17)
b 4 kg

The phonon-phonon scattering is a process, whereby two phonons interact with each other and produce a
new phonon that has the sum of both phonons’ momentum vectors. It can be achieved by using the
following formula [27]:

-1
[TII;,(T)] = B, 273 (18)

where By is the normal modes in the strength parameter for both modes (transverse and longitudinal).
Equation (18) can be extended as follows:

L kEviv

kgysV
Bl = —=— and B} =
N MR3v3 N

- Mh3v3’

Another scattering is the phonon- isotope (I;5,) scattering. Since isotope elements have a different number
of neutrons, so their atomic mass is slightly different from one species to another, therefore in a specific
temperature, the isotopes have a different vibration, which causes a scattering termed phonon-isotope
scattering. Additionally, materials probably have impurities, which are different from that of host atoms,
thus they can scatter phonons. This process is called the phonon- impurity (/;,,,,,) scattering rate that can be
found in terms of the dimensionless variable x [28]:

TILVI(T)]‘1 _ (Iil:s(oT) + ,iLrgj)) ot (19)
where

po VI

o~ am 3,

and

e _3V2st
imp T vl?,)(T) imp

where V is the lattice volume; N;,,refers to the concentration of all kind of impurities; S is the scattering

factor which is ordinarily equal to one. Also, T represents the strength of the mass difference scattering,
which for a binary compound can be obtained by [27]:



260 Ibrahim Nazem QADER, Ecem ONER, Mediha KOK / GUJ Sci, 35(1): 256-270 (2022)

2

I'(AB) = 2 [(L) rc) + (

MB
TSR — F(B)] (20)

M, +

where I'(AB) is the mass difference scattering for the binary compound; A and B are the constituents, which
are Fe and O for this study; M, and My are average atomic mass for element A and B, respectively; I'(A)
and I'(B) are the strength of mass difference scattering for the A and B components, which can be obtained

by:

= Yt @

where c; is the abundance rate of element i; m; and m are the atomic mass of the i isotope and average
atomic mass of an element, respectively. The average atomic mass was calculated by [27]:

m= z cm; . (22)

Equation (22) also can be used to find M, and My given in Equation (20). The calculated value of m for
iron and oxygen are 55.8451 and 15.9993 amu, respectively. Besides, by substituting the respective
parameters into Equation (20) the value of I'(AB) was obtained as 0.00549716.

The phonons can be scattered by the boundaries, which is termed as phonon-boundary scattering rate that
can be expressed as:

[Tll)‘(T) (L)]_l = vL(T)/d ) (23)

where d is the effective diameter of the Fe;O, thin films that was adjusted to adequate the LTC. In
nanocrystal materials, the phonon-boundary scattering rate is independent of the acoustic group velocity,
effective diameter (L. ), temperature, and frequency [29]:

11
W] =R v (=4 7) (24)
— YL(T ,
[ ] Loss ML, "L

where L is known as the length of a nanowire or thickness of a thin film specimen. The value of L.¢
depends on the temperature, whereby, for a temperature less than Debye temperature, it can get a value
comparable with the cross-sectional of the sample, which is called Casimir length (L.). Equation (24) can
be rewritten as:

1 1(1-¢) 1
[Tll)‘(T) (L’ g)] = vy(T) (L_Cm + Z) ) (25)

where 1/L,¢f is specularity parameter; ¢ is the surface roughness rate that has a value between 0 and 1. A
phonon can diffuse ideally when the surface is smooth (g = 0), on the other hand, it can diffuse from the
surface completely (specular reflection) for & =1.

Normally all crystalline materials, including semiconductors, have dislocations, that can make a restriction
in front of flowing phonons. Phonons can scatter from the core of dislocation lines and/or by the elastic
strain field on the dislocation lines. The phonon-dislocation rate can be obtained by [30]:

P43
o

k
[TS(CT)('X)] =T’NDv2—()( ; ) x3, (26)
L(T
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where the density of the dislocation is represented by Np, the weight factor is given by n, which is a mutual
tendency of dislocation lines and AT (temperature gradient) and its value is equal to 0.55 [31].

Electrons play an important role in transferring heat energy inside solid materials, however, they can scatter
phonons that move through a material. The acoustic phonons can be scattered in both longitudinal and
transverse direction that is given by [32]:

2 %.,2 * 2
L 171 meEx mMVi m Vi) @7)
= X -,
) pvEm b 2keT P\ 2T

where n, is a fitting parameter in this model that represent the concentration density of conduction electron;
E is the deformation potential, which is equal to 0.16 of electron charge for magnetite [33]; p is mass
density, which for FesO4 is 5170 kg.m™ [34]; m* is the effective mass of electron that is equal to 100 me
[35]. The mass density has not a constant value for nanomaterials, since the mean bond length is changed
by changing the size of the nano-sized materials, and hence the volume per atom (V) is also changed, which
influence the value of the mass density such that [36]:

) V(o0
p(r) = %, (28)

where the density for bulk material (materials with more than hundreds of nanometers on each side) is given
by p(), also the volume per atom for the bulk material is represented by V (c0). By using Equation (28)
the value of mass density for each magnetite thin films were found.

Besides, the value of sound group velocity is also a function of the size of nano-material, v(r), and its value
can be obtained by the following relation [37]:

V() _ 6p(r)
v(@)  6p(x)

(29)

where 6 (o) is the bulk Debye temperature and 8 (r) is the Debye temperature as a function of temperature.
The Debye temperature for bulk material in both longitudinal and transverse was found by Equation (17).
The size-dependent Debye temperature can be calculated by:

2

(QD(T)) — Tm(r) ) (30)
6p (o) Tin(00)

where v(oo) is group velocity that is assumed as a constant value for bulk magnetite. The value of group

velocity for longitudinal and transverse magnetite are 3263.3 and 2305.4 m.s™* respectively [26]. Besides,
melting temperature Tr is also affected by reducing the size that can be found by [38]:

2/3 o) —
Tm(r)_<V(T)) exp | = 26m () — R) 31)

T(0) V() 3R (Ti - 1) '

where the melting temperature for bulk magnetite is 1870 K [39]; S,,, (o) is the value of enthalpy of melting
for bulk FesO4, which is equal to 74.61 J. K~1. mol~1 [40]; R is ideal gas constant (= 8.314 ]J. K~1.mol™?1)
[17]; r is the critical radius of nano-material at absolute zero. The value of r,. is equal to 3h, where h denotes
the 1% solid surface layer high that that is equal to 1.429 diean , Where dmean is the mean bond length. Also,
volume for lattice depends on the size, which can be obtained by:

V(r) =a’(r), (32)
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Equation (32) shows that volume per atom depends on nanosize lattice parameters, a(r), which can be
defined as [41]:

a(r) = 13 doan(r) (33)

N

Normally, lattice parameters can be obtained indirectly through x-ray diffraction analysis [42], and hence,
by replacing in Equation (32) the bulk volume per atom can be calculated for magnetite. Also, the mean
bond length can be estimated by the following equations in [41]:

dmean (T) =h-— Admean (r(;) For th'n fllm (34)
dmean (%) = h = Admean (1) For bulk . (35)

Equation (34) can be rewritten in term of change in mean bond length (Ad;eqn), 9as constant, critical
radius, and the diameter of the thin film [43]:

1/2
—25.,(c0) — R
Amean (1) = Admean (1) exp mr—
3R(=—1)

Tc

(36)

where Ad,,.qn (7:) represents the maximum growth in the mean bond length. The critical radius for thin
film, where all atoms concentrated on the surface and its value can be obtained by [44]:

r.=(3-D) h (37)

where D is the dimension (for thin film, nanowire, and quantum dot are 2, 1, and 0O, respectively [45]; h can
be found by [36]:

h = 1.429d,qn () (38)

Furthermore, the enthalpy of fusion is equal to 122.9 (kJ.mol?) for FesO4 [46].
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Figure 1. Schematic representation of different phonon scattering in the FeszO4 thin films
3. RESULTS AND DISCUSSION

In this study, a modified Callaway model has been used to simulate LTC, calculate some physical
parameters, and estimate some quantities, which hard to find out with an experimental method. Figure 1
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shows different phonon scattering mechanisms [47] that could happen in the magnetite thin film. The LTC
of the thin films were obtained by Equation (2) for the entire range of temperature. Figure 2 shows the LTC
for magnetite thin films and bulk. The calculated LTC-based on Modified-Callaway Model has a good
agreement with the experimental results in both low and high temperature. In the bulk Fe3Os, the plot of
thermal conductivity against temperature shows a bell-like shape, which has a peak in low temperatures.
The peak became more wideness in the nanosized magnetite and the magnetite-thin film with a diameter of
100 nm the LTC approximately reach a plateau.

Both iron and oxygen have isotopes with different abundance in nature. Table 1 lists four isotopes for Fe
and three isotopes for O that are reported in the literature. Also, by using Equations (36), (33), (32), (31),
(30), (29), and (28) each dmean, lattice parameter, volume, melting temperature, Debye temperature, group
velocity, and mass density of magnetite thin films were predicted, which are different from the bulk state
of the material (Table 2). Additionally, to fit the investigated model some parameters, including impurity,
dislocation, electron concentration, gruneisen, and surface roughness was found and listed in Table 3.

Table 1. Material parameters for the Fe;04 thin films

Isotope Value Reference
Fe isotopes abundance 8Fe 0.282% [48]
>Fe 2.119%
Fe 91.754%
Fe 5.845%
Fe isotopic mass BFe 57.9332744 amu [48]
>Fe 56.9353928 amu
Fe 55.9349363 amu
Fe 53.9396090 amu
Oxygen isotopic abundance 80 0.205% [49]
70 0.038%
50 99.757%
Oxygen isotopes mass 80 17.9991596128 amu [50]
o) 16.9991317566 amu [51]
50 15.99491461960 amu [52]

Table 2. Calculated mean path length, lattice parameter, lattice volume, mass density, melting temperature,
Debye temperatures, and phonon group velocity for the longitudinal and transverse mode of the FesOs thin
films
r Omean a \Y p Tm 0k 6% VL vt
nm A A A% kg.m?® K K K m/s m/s
100 3.67939 0.84972 6135 4991 1811 112.059 79.1655 31594 2232
300 3.65079 0.84311 599.3 5109 1850 114522 80.9057  3228.9 2281
400 3.64721 0.84229 597.6 5124 1855 114.828 81.1218 3237.5 2287
Bulk 3.63644 8.39® 592.3° 5170 1870° 115743 81.7682 3,263.3¢ 2,305.4¢
aReference [53] P Reference [39], Reference [42], ¢Reference [54]

Table 3. The fitting parameters for the FesO4 thin films

r Nimp Np Ne & Lc L L val

nm m-3 m 2 m- nm mm

100 5% 1023 3 x 10 1x10%3 0.5 100 3 1.8 0.8
300 1x 1023 1x 104 9 x 10%? 0.7 300 3 0.4 0.2
400 5 x 1022 5 x 1013 7 x 1022 0.9 400 3 0.3 0.08

Figure 2 displays the theoretical and experimental LTC of Fe3O4 thin films with a thickness of 100, 300,
and 400 nm. It is known that an experiment cannot give an exact value, especially for the entire range of
measurement, therefore, there are shifts in the experimental data. The Modified-Callaway Model could fit
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the experimental data better than the study conducted by Park et al. [26]. The reason could be the presence
of more compounds in the Modified Callaway Model, for example, the Modified Callaway Model is split
into two longitudinal and transverse modes, and also the influence of reducing thickness for all sub
deviation parameters, including mean bond length, lattice constant, volume per atom, melting temperature,
group velocity, and Debye temperature have been taken into account. The thermal conductivity of magnetite
thin films is decreased with reducing the thickness of the film.

® Exp. 100nm (Park et al.)
The. 100nm
124 A Exp.300nm (Park etal.)
10 1 The. 300nm
8 - el | m Exp. 400nm (Park et al.)
6] The. 400nm

4
2 4
0

16 Bulk (Slack et al.)

14
12 ]
10
84
6_
4 -
2_
0_

Lattice Thermal Conductivity (W.m.K™?)

T T T T T T T T T T T 1
0 50 100 150 200 250 300 350
Temperature (K)

Figure 2. The lattice thermal conductivity of magnetite thin films compared with the corresponding
experimental data and bulk FezO4

The calculated parameters are shown in Figure 3. The value of mean bond length, the lattice constant, and
volume per atom increased by reducing the thickness of the films while melting temperature is decreased
because the interatomic distance is increased that weaknesses the bond. Also, the ultimate vibrational
frequency is reached in a lower temperature, which is represented by Debye temperature. Additionally, by
reducing the density, the traveling phonon in the solid phase is also decreased. In Figure 3, the quantitative
value of the bulk magnetite is presented to be compared with that of thin films. Many searchers, including
Abdullah et al. [55] and Omar [56] reported the nano sized effect on the physical parameters and LTC of
semiconductor materials. It can be seen that melting temperature is also affected, which means it limits the
high temperature applications. However, magnetite normally is not used for temperature above Currie
temperature, since it will loss magnetic property, but the model does not concern about this parameter.
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Figure 3. The corresponding nano-sized parameters for (a) dmean, () lattice parameter, (c) volume per
atom, (d) melting point, (e) and (f) Debye temperatures, (g) and (h) group velocities

This model makes it promising to find some physical quantities that are hard or impossible to be found with
an experimental procedure. Carrier concentration for bulk magnetite reported in the literature is
1.35X10722cm™3 [57], which is less than the obtained results for thin files. Figure 4a displays that the
quantitative value of the carrier concentration diminished by increasing thickness of the film. Besides,
dislocation and impurities increased with reducing thickness of the films. One of the disadvantages of this
model is that it does not take into account the temperature factor, e.g., the dislocation density can change
with temperature [58]. Additionally, Griineisen parameter, which describe the impact of changing volume
on vibration feature, is increased with decreasing the size, while the surface roughness is increased with



266 Ibrahim Nazem QADER, Ecem ONER, Mediha KOK / GUJ Sci, 35(1): 256-270 (2022)

reducing the thickness of the film (Figure 4b). Karim and his colleague also found that the Griineisen
parameter increased with reducing InAs nanowire [19].
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Figure 4. Parameters obtained from fitting the theoretical with experimental LTC for magnetite nono-
films. (a) Impurity, dislocation density, carrier concentration, (b) gruneisen parameters, and surface
roughness for three Fes;O4 thin films

4. CONCLUSION

Magnetite (FesO4) is an important compound material produced by iron oxide, i.e., FesO4 consists of two
elements, which produced an identical material with unique behaviors. They are using in many applications,
and nowadays, scientists investigate the physical characteristics of magnetite material in low dimensions.
Lattice thermal conductivity (LTC) has a significant role in miniature applications. In this study, the
Modified Callaway Model was utilized to anticipate the experimental LTC data of Fe3O4 for thin films with
a thickness of 100, 300, and 400 nm. The model could fit data better than the simplified Callaway Model
since many physical parameters were taken into account. By using the existing data in the literature for bulk
Fes04 and the mathematical equations specific to nanomaterials, we could obtain the corresponding
guantities for the respective thin films. Additionally, this model also allowed us to get some values, such
as impurity, gruneisen parameter, and dislocations that are actually out of reach by experiment.
Consequently, the model could successfully run over the range of temperature of 0.1-350K and except for
some particular points, it could anticipate experimental LTC.
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