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a b s t r a c t
The ionic liquid-based thermo-electrochemical cells receive increasing attention as an inexpensive
alternative to solid-state thermo-electrics for waste heat harvesting applications. Recently, it has been
demonstrated that magnetic nanoparticles (MNPs) in liquid-based thermoelectric materials result in
enhancement of the Seebeck effect opening new perspectives to the design of a thermoelectric device
with relatively high efﬁciency and cost effectiveness. Here, the role of an interacting assembly of MNPs
in the thermoelectric signal is studied for the ﬁrst time. Based on a thermodynamic approach, an analytic expression has been derived for the Seebeck coefﬁcient that includes the inter-particle magnetic
interactions in the assembly and the nanoparticle’s magnetic characteristics (saturation magnetization,
magnetic anisotropy). Mesoscopic scale modelling with the implementation of the Monte Carlo Metropolis algorithm is performed to calculate their contribution to the Seebeck coefﬁcient, for diluted assemblies
of ␥-Fe2 O3 and CoFe2 O4 nanoparticles, materials commonly used in ferroﬂuids. The results demonstrate
the increase of the size and temperature range of the Seebeck coefﬁcient with the increase of nanoparticles’ magnetic anisotropy paving the way for the detailed study of the magneto-thermal effects in
high-performance thermoelectric materials based on ferroﬂuids.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The urgent need for an increased energy production from
renewable resources has rapidly advanced the research towards
inexpensive and low-toxicity thermoelectric materials for the
design of thermal energy harvesting devices, that they will not
produce emissions and will not consume materials. The ionic
liquid-based thermo-electrochemical cells [1–3] are promising
candidates that meet these requirements. As in the case of the
solid state based thermoelectric materials, when a thermal gradient is applied in a liquid-based thermoelectric material, the mobile
charge carriers (the ions) diffuse towards the cold side, where this
accumulation of charge creates a potential difference. This is the
well-known Seebeck effect [1] and the voltage generated per unit
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temperature is the Seebeck coefﬁcient. In the case of thermocells
based on a redox-active electrolyte, the Seebeck coefﬁcient can be
of the order of mV K−1 [1]. So these thermocells can be interesting
alternatives to the solid-state devices for thermal energy harvesting.
The efforts to enhance the Seebeck coefﬁcient have mainly
been focused on the improvement of the liquid [4,5], the redox
couples [6], the electrodes [3] or by introducing thermoplastic
ﬂuoro-polymeric membranes [2].
Recently a breakthrough to the enhancement of the thermoelectric efﬁciency of ionic liquid-based thermo-electrochemical cells
has been achieved by introducing in the ionic liquids dispersions
of magnetic nanoparticles [7,8]. The thermodiffusion behavior
of these charged colloidal suspensions with contributions from
both electrolytes and the charged colloidal particles inﬂuences
the Seebeck effect [7]. Indeed, recent experimental studies have
demonstrated that the Seebeck coefﬁcient of liquid thermoelectric
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materials can be increased by 15% [7–9], by using MNPs dispersed
in liquid electrolytes with volume fraction ∼1%.
The presence of nano-entities plays a crucial role in the thermoelectric performance of liquid-based thermoelectric materials, as
in the case of nanostructured bulk [10] or nanoparticle based (system of Co nanoparticles (5–10 nm) dispersed in Ba0.3 In0.3 Co4 Sb12
matrix [11]) solid state thermoelectric materials. These nanoentities make the physical proﬁle of the studied system very
complicated and consequently it is rather difﬁcult to understand its
properties. Therefore, the contribution of theoretical calculations
and predictions in the development of advanced high-performance
thermoelectrics, that has already been demonstrated to be very
important for solid-state nanostructured thermoelectric materials
[10,12], becomes very signiﬁcant for this new class of materials,
that combine ionic liquids and magnetic nanoparticles, i.e. the ionic
liquid based ferroﬂuids.
In this context, we study for the ﬁrst time the role of a magnetic
nanoparticle assembly in the enhancement of the thermoelectric
signal. Initially, an analytic expression is derived for the chemical potential and its temperature derivative taking into account
the inter-particle magnetic interactions in the assembly and the
nanoparticle’s magnetic anisotropy. The Monte Carlo (MC) simulations technique with the implementation of the Metropolis
Algorithm [13] is used to calculate the system’s temperature
depended energy and the temperature derivative of the chemical potential (d/dT). The temperature dependence of the Seebeck
coefﬁcient is calculated from the Kelvin formula [14,15] that relates
the Seebeck coefﬁcient to the temperature derivative of the chemical potential  of the system.
Our study is focused on the effect of the magnetic contributions
to the Seebeck coefﬁcient of a dilute system of MNPs with special
attention on the effect of nanoparticle’s magnetic anisotropy [16].
Interestingly, our MC simulations demonstrate that the increase
in the magnetic anisotropy blocks temporarily the thermally
induced switching of the magnetization vector in each nanoparticle for a wide temperature range, resulting to the enhancement
of the overall response of the chemical potential variation to the
applied thermal gradient and consequently to the Seebeck coefﬁcient. A ﬁnding which is very important for the use of magnetic
nanoparticle based materials in electro/magnetothermal applications.

interacting subsystem as   =  N Q . Thus, combining Eqs. (1)
and (2) the thermoelectric conductivity reads:

2. The Model and the calculation of the Seebeck coefﬁcient

In our model for the description of a nanoparticle, we use the
single-spin approach, the Stoner-Wohlfarth model of the coherent
rotation of a particle’s magnetization [19]. We employ this model
considering an effective spin described by a three-dimensional classical vector, s i i = 1,..,Nnp (Nnp the total number of particles), to
represent the magnetic moment of each nanoparticle of volume V
and saturation magnetization MS . Each nanoparticle possesses uniaxial magnetic anisotropy with an easy anisotropy axis oriented in a
random direction [20]. To derive <E>, we consider the system of Nnp
identical spherical magnetic nanoparticles of diameter (d), located
randomly at the nodes of a simple cubic lattice inside a box of 15a
×15a ×15a where a is the lattice constant.
The total energy of the system of the Nnp nanoparticles is:

The total Seebeck coefﬁcient Stot of the system that consists of
all the subsystems of the carriers (ions of electrolytes, interacting
magnetic nanoparticles, electrodes), the thermoelectric coefﬁcient
ˇtot and the electrical conductivity  tot are related as [17] (see
Supporting Information SI1 for details):
Stot = −ˇtot /tot

(1)

In the case of a broken external circuit (no current, the voltmeter
of inﬁnite resistance), the Stot is related to the temperature derivative of the chemical potential  by the Kelvin formula [14] for
constant carrier number N and charge Q of each non-interacting
subsystem as :
Stot =

 1  d 

 Q

dT

ˇtot =
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Using Eq. (3), we can rewrite Eq. (1) for the total Seebeck coefﬁcient as:
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As we have stated above, here we focus on the new term in
Stot , namely the contribution to the Seebeck coefﬁcient Snp coming
from the subsystem of interacting magnetic nanoparticles ( = np)
added in the ionic liquid. This term for a given total conductivity and
number of magnetic nanoparticles Nnp is given by the expression:



Snp = −

np Nnp

ˇnp
=
tot



di
dT



Nnp

(5)

 N Q
   

The chemical potential i is deﬁned as the energy which is in
average necessary to be paid in order the ith particle to be added
in the thermodynamic system. The statistical average of the this
energy over the M microstates of a canonical ensemble is given by
the expression [13]:

M
q

i =< Ei >=

Ei,q exp(−

M
p

exp(−

Ei,q
)
T

(6)

Ei,p
)
T

where the brackets denote the thermal average. In our study this
energy is calculated with the implementation of the Metropolis
Monte Carlo algorithm.
Combining Eqs. (5) and (6) for a given total conductivity and
particles’ mobility, we calculate the temperature derivative of the
chemical potential and from this we ﬁnd the Seebeck coefﬁcient of
the nanoparticle assembly:
Snp (T, Nnp ) =
=

np
tot

np Nnp
tot

 d 

d < E >

E = Edip + Ek = gnp

(2)
N

−

Nnp


i

dT

Nnp

=

np Nnp
tot

d < E >
i
dT

(7)

dT

Nnp

(ŝi · ŝj ) − 3(ŝi · r̂ij ) · (ŝj · r̂ij )
i>j

We must note that we use the full derivative since we consider
ﬁxed number N [18].
The conductivity can be expressed as a function of the mobility
 , the charge Q and the number of carriers N of the th non-



S  = −



Keff V ŝi · êi

2

r̂ij3

(8)

i=1

The ﬁrst term gives the dipolar interactions among all
spins in the nanoparticle assembly with dipolar strength gnp =
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0 (MS V)2 /(4 d3 ), where d is the nanoparticle size, since it is the
smallest distance between two spherical nanoparticles. The second
energy term gives the anisotropy energy with anisotropy strength
Keff of a particle with volume V. This is an effective anisotropy
that includes the nanoparticle’s surface anisotropy, the magnetocrystalline anisotropy, the strain and shape anisotropy. Here êi is
the anisotropy axis random direction for the ith nanoparticle. The
thermal energy is kB T (where T is the temperature and kB the Boltzmann constant).
The energy parameters gnp and Keff , as they are entered into
the simulations, are normalized to the thermal energy kB T at T
= 5 K, so they are dimensionless. The reduced dipolar strength is
denoted by g and the reduced magnetic anisotropy by k. The effective anisotropy is assumed uniaxial [16]. For the dipolar energy
calculation free boundary conditions in all directions have been
taken into account, since a frozen ferroﬂuid is simulated.
For each temperature Ti , the thermal average of the magnetic
energy <E(Ti )> is calculated.
The equilibrium conﬁgurations of the system are obtained from
the minimization of the total energy using the Monte Carlo technique and the Metropolis algorithm [13]. For each temperature,
the ﬁrst 500 steps per spin are used for equilibration, and the subsequent 5000MC steps are used to obtain thermal averages from
simple arithmetic averages over the accepted conﬁgurations. The
Monte Carlo simulations results of the total energy for a given
temperature were averaged over 60 samples with various spin conﬁgurations, realizations of the easy-axes distribution and different
spatial conﬁgurations for the nanoparticles.
Next, the temperature derivative of the thermal average of
the magnetic energy which is proportional to the particle Seebeck coefﬁcient Snp (see Eq. (7)) is calculated. It is deﬁned as
the average of the slopes between the energy at the temperd<E(Ti )>
ature intervals [Ti-1 , Ti ] and [Ti , Ti+1 ] respectively,
=
dT
1
2



<E(Ti+1 )>−<E(Ti )>
Ti+1 −Ti

+

<E(Ti )>−<E(Ti−1 )>
Ti −Ti−1



where Ti-1 =Ti − T and

Ti+1 = Ti + T with T being a constant temperature step. We
consider T = 10 K, as it is commonly used in the experiments
[7].
Finally, we divide the Seebeck coefﬁcient (Eq. (7)) with the quantity (np kB )/ tot , where  tot is the electrical conductivity of the
system and np the nanoparticles mobility, and we calculate in
this way the reduced particle Seebeck coefﬁcient Snp at average
temperature T, which is dimensionless.
The statistical error is negligible, so it does not appear in our
plots.

3. Results and discussion
We examine the effect of the anisotropy strength of the
magnetic nanoparticles to the formation of the thermo-power signal. We consider two types of magnetic nanoparticle systems,
commonly used in biomedical, energy and industrial ferroﬂuid
applications [7,21–23]: one consisting of maghemite and the second of Co ferrite nanoparticles with varying anisotropy strengths.
In order to study the effect of the magnetostatic inter-particle
interactions in the assemblies, we consider, in all cases of the
nanoparticles assemblies, two different nanoparticle concentrations, a dilute one with c = 1.0% and a denser one (however well
below the percolation threshold) with c = 4.7%.
Our aim is to study the factors that inﬂuence the experimentally
observed behavior and to propose materials with the optimized
magnetic properties for the magneto-thermal applications.
First we estimate the energy parameters entering in the Eq. (8),
for maghemite nanoparticles. We start from the reported experimental values for their saturation magnetization and their effective
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anisotropy. In the literature different effective magnetic anisotropy
strengths have been reported for the same type and similar size of
the maghemite nanoparticles that have been attributed to different structures resulting from different methods of production or
different deposition conditions. We consider four cases: (a) spherical maghemite nanoparticles of mean diameter 7 nm dispersed in a
polymer matrix [24] with Keff = 6·103 J m−3 (k = 33.7 at T = 5 K), (b)
colloidal maghemite nanoparticles of similar mean size with case
(a) (the anisotropy strength reported in this case is 1.2·104 J m−3
[25] (k = 67.4 at T = 5 K)), (c) maghemite nanoparticles coated with
silica shell of 12.5 nm size having much larger anisotropy 3·104 J
m−3 (k = 168.5 at T = 5 K) [26] and (d) 9 nm maghemite nanoparticles produced by a physical method, the laser target evaporation
technique having the largest effective anisotropy of 1.2·105 J m−3
(k = 673.8 at T = 5 K)) [27]. These differences in the anisotropy have
been also observed in other systems and depend on size and surface
effects [27,28], on strain effects and on the presence of structural
defects [29].
For the studied maghemite nanoparticles, we consider saturation magnetization MS = 249 kA m−1 at 5 K, MS = 215 kA m−1 at
300 K and size d = 9 nm, which are typical values for nanoparticles
in ionic liquid based ferroﬂuids [30]. This saturation magnetization
MS decreases from its T = 5 K value following a power law T˛ with
a = 2.3, that affects the magnetization processes in nanoparticle
systems in agreement with experimental ﬁndings [27]:
M S (T) =M S (5K)−b·T 2.3
6.8·10−2

Am−1

(9)
K−2.3 .

This temperature dependence is
where b =
extracted from the Bloch law as modiﬁed taking into account the
ﬁnite size effects in the nanoparticles [31].
Since the dipolar strength is proportional to MS 2 (T), we have
g(T) = c1 ·MS 2 (T) = c1 ·(MS (5 K) − b·T2.3 )2 = c1 ·(MS 2 (5 K) − 2 MS
(5 K)·b·T2.3 + b2 ·T4.6 ) with c1 = 0 V2 /(4d3 ·kB T(5 K)) = 2.75·10−10
A−2 ·m2 and MS (5 K) = 249 kA m−1 [27], then g(5 K) = c1 ·MS 2 (5 K) =
17. So at a ﬁrst approximation, keeping the ﬁrst two terms, we get
g(T ) = 17−b1 ·T 2.3

(10)
9·10−6

m−1

K−2.3 .

A
where b1 = 2·c1 ·MS (5 K)·b =
Therefore g(T) follows the power law temperature dependence
of MS .
In the literature, the temperature dependence of the effective anisotropy strength appears to be different for the different
types of anisotropy (cubic, uniaxial) and the internal structure of
the nanoparticles (interaction between the sublattices, surface)
[32,33]. It is demonstrated that for ferrite nanoparticles with uniaxial anisotropy (as in our case), k(T) ∼ MS (T)2 [33], as for g(T)
therefore k(T) ∼ T2.3 at a ﬁrst approximation, or k(T) ∼ MS (T) [34].
Taking into account the above considerations, we assume that k(T)
follows the same temperature dependence as Ms . We consider a
reduced temperature dependent anisotropy:
k(T )=k(T = 5K)−b2 ·T 2.3

(11)

where b2 is such that k(300 K)/k(5 K) = 85% as in the MS (300 K)/MS
(5 K) case. So in our simulations the effective anisotropy strengths
for the maghemite nanoparticles that we consider, at T = 5 K, are: k
(T = 5 K) = 33.7, 67.4, 168.5, 673.8, the corresponding b2 values, in
Eq. (11), are shown in Table 1.
Initially, we calculate the Seebeck coefﬁcient Snp for 7 nm
maghemite nanoparticles with low anisotropy (k = 33.7 at T =
5 K) from Reference [24] and we compare our results with the
zero anisotropy maghemite nanoparticles (k = 0, see Supporting
Information SI2) case, in order to study the effect of the dipolar
interactions. Fig. 1 shows the dependence of the reduced Seebeck
coefﬁcient on the average temperature T for the two magnetic
nanoparticle systems concentrations. Interestingly, by introducing
a weak effective anisotropy, we observe in Fig. 1 that the Snp (T)
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Table 1
The experimental values of the saturation magnetization Ms and the anisotropy Keff (T = 5 K) strengths (three ﬁrst columns), together with the calculated from Eq. (10) and
(11) dipolar g and anisotropy k strengths as a function of the temperature T (last two columns) for the ␥-Fe2 O3 .
Ms (5 K) [kAm−1 ]

Ms (300 K) [kAm−1 ]

Keff (5 K) [·105 J m−3 ]

g(T)

249

215

0.06
0.12
0.3
1.2

17–9·10−6
17–9·10−6
17–9·10−6
17–9·10−6

␥-Fe2 O3 NPs

Fig. 1. Reduced Seebeck coefﬁcient (Snp ) as a function of average temperature T
for concentration c = 1% (black) and c = 4.7% (orange) and effective magnetic par/ 0 (closed symbols). The dipolar
ticle anisotropy k = 0 (open symbols) and k =
and anisotropy strengths are temperature dependent with g = 17 and k = 33.7 at
temperature T = 5 K.

Fig. 2. Reduced Seebeck coefﬁcient (Snp ) as a function of average temperature T
for an interacting assembly of maghemite particles (concentration c = 1%) with Tdependent g and k, for the three different anisotropy strengths: k = 67.4 (black),
168.5 (orange), 673.8(blue) at T = 5 K.

curve departs from the monotonic T dependence of the k = 0 case
(see Fig. S1b,c, Supporting Information). Importantly, in the ﬁnite k
case, the Snp (T) curve shows a maximum for both concentrations c
= 1% and 4.7% at T = 30 K. As it has been demonstrated in Supporting
Information SI2, Snp (T) increases with the increase of the particle
concentration.
Next, we calculate the Seebeck coefﬁcient for 1% particle
concentration (Fig. 2) for higher anisotropies of maghemite
nanoparticles [25–27]. We consider three different temperature
dependent anisotropy strengths k (T = 5 K) = 67.4, 168.5 and

k(T)
· T 2.3
· T 2.3
· T 2.3
· T 2.3

33.7–10−5 · T 2.3
67.4–2·10−5 · T 2.3
168.5–5·10−5 · T 2.3
673.8–2·10−4 · T 2.3

673.8. The temperature dependence of the dipolar strength is
also taken into account (with g(T = 5 K) = 17). Our MC simulations results in Fig. 2 show that the increase of the particle’s
anisotropy enhances the reduced Snp . We observe that the reduced
Seebeck coefﬁcient increases with the increase of the anisotropy
for temperatures above T = 100 K. Also the maximum of the Snp (T)
curve shifts to higher average T with the increase of the effective anisotropy. Therefore, the Seebeck coefﬁcient for enhanced
magnetic anisotropies follows non-monotonic temperature dependence. The temperature at which the maximum occurs and its value
depend on the anisotropy strength.
In our systems, as a magnetic particle enters into the magnetic
assembly then a re-orientation of the magnetic moments occurs
in order to reduce the magneto static interaction energy. This reorientation of the particle’s moment is affected by the interplay
between its magnetic anisotropy and the interparticle interaction
energy. For high anisotropy (hard) nanoparticles at low enough
temperatures, the spins are almost frozen and as a result the energy
difference before and after the insertion of the particle is big, consequently the Seebeck coefﬁcient increases in comparison with that
of the magnetically soft nanoparticles as it can be seen in Fig. 2. The
anisotropy prevents the thermal switching of the spins, so they
are almost blocked for a wide range of temperatures. This range of
temperatures depends on the anisotropy strength of the nanoparticles. As the temperature increases, near the blocking temperature
TB of the system, that depends on the anisotropy strength [35],
the thermal energy overcomes the anisotropy energy barrier, the
spins become unblocked and the chemical potential drops rapidly
with temperature, therefore it gives a high gradient, i.e. Seebeck
coefﬁcient. Near the TB , the Seebeck coefﬁcient reaches its maximum value and then it drops. As we can see in Fig. 2, the highest
the blocking temperature, since it is proportional to the anisotropy
strength, the highest the temperature at which the maximum of the
d/dT occurs. In Fig. 2, we observe a widening of the temperature
range where Seebeck coefﬁcient has values around 90% of its maximum value as the anisotropy increases. For instance, ∼2.5 times
increase of the anisotropy strength (from k = 67.4 to k = 168.5),
results in an almost 3 times widening of the Snp (T) curve. However,
this behavior is non-systematic, because of the different temperature dependence of the magnetization and the anisotropy, so for
the maximum anisotropy strength (k = 673.8) the widening is ∼1.3
times the one for the 4 times lower anisotropy (k = 168.3).
Finally, we study the Seebeck coefﬁcient for CoFe2 O4 nanoparticles, which they have much higher anisotropy than the maghemite
ones and they are coated with two organic surfactants, attached to
nanoparticles by a hydroxylic and a carboxylic group. This is the
common practice in order to make them environmentally friendly,
stable in solution and therefore suitable for applications. Our results
are compared with the ones for uncoated CoFe2 O4 nanoparticles.
First we estimate the energy parameters entering Eq. (8), for
these nanoparticles. The oleic acid coated Co ferrite nanoparticles
(d = 5 nm) have an effective anisotropy 7.4·105 J m−3 (k = 700 at T =
5 K) and the diethylene glycol coated nanoparticles have an effective anisotropy 4.8·105 J m−3 (k = 455 at T = 5 K), as it is reported
in Reference [21]. The CoFe2 O4 nanoparticles show higher effective anisotropy 8.8·105 J m−3 (k = 832 at T = 5 K) than the coated
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Table 2
The experimental values of the saturation magnetization Ms and the anisotropy Keff (T = 5 K) strengths (three ﬁrst columns), together with the calculated from Eq. (10)
and (11) dipolar g and anisotropy k strengths as a function of the temperature T (last two columns) for the Co Fe2 O4 nanoparticles (uncoated and coated with Oleic acid or
Diethylene glycol) [21,36,42].

CoFe2 O3 NPs
Oleic acid
Diethylene glycol
Uncoated

Ms (5 K) [kAm−1 ]

Ms (300 K) [kAm−1 ]

Keff (5 K) [·105 J m−3 ]

g(T)

k(T)

432
624
381

333
572
305

7.4
4.8
8.8

9.3–8·10−6 · T 2.3
19.4–6·10−6 · T 2.3
7.2–5·10−6 · T 2.3

700–3·10−4 · T 2.3
455–7·10−5 · T 2.3
832–3·10−4 · T 2.3

Fig. 3. Reduced Seebeck coefﬁcient of CoFe2 O4 nanoparticles as a function of the average temperature T for two concentrations c = 1% (open symbols) and c = 4.7% (closed
symbols) for a) uncoated nanoparticles (black), b) oleic acid (OA) coated (orange), c) diethylene glycol (DEG) coated nanoparticles (blue) and d) comparison of the different
coatings for c = 1%. Insets: The thermal average energy <E> that includes the dipolar energy and the anisotropy energy terms with temperature dependent g and k for the
two particle concentrations.

ones, as it has been shown by our Density Functional Theory (DFT)
calculations [36] and experimental ﬁndings [37].
For the Co ferrite nanoparticles [38–40], we consider the same
temperature dependence of MS , g and k with the maghemite
nanoparticles (Eqs. (9), (10) and (11)). The saturation magnetization for the diethylene glycol coated samples is taken MS = 624 kA
m−1 at T = 5 K and for T = 300 K MS = 572 kA m−1 [21], and for the
oleic acid coated samples MS (5 K) = 432 kA m−1 and MS (300 K)=333
kA m−1 , as they are reported in Reference [21]. For the uncoated Co
ferrite particles, we estimate MS (5 K) = 381 kA m−1 based on our DFT
calculations [36] and at 300 K we consider a 20% reduced MS (300
K) = 305 kA m−1 based on Reference [41], b1 and b2 in the case of Co
ferrite nanoparticles are shown in Table 2. The ratio k(300 K)/k(5
K) is the same with the ratio of Ms (300 K)/Ms (5 K). The values of
the effective anisotropy strength used in our simulations are k(T =
5 K) = 455, 700, 832, derived from the corresponding experimental
ones.
We calculate the total energy <E> and the Snp (T) for the
concentrations 1% and 4.7% (Fig. 3a,b,c respectively). For these
nanoparticles the anisotropy term dominates over the dipolar
energy term. Notably, in the case of diethylene glycol coated
nanoparticles, the MS and the effective magnetic anisotropy k
decreases only 8% from T = 5 K to T = 300 K, contrary to the
other two cases where the decrease is around 20% [21]. This
results to a broader maximum of the Snp (T) curve in the case of

diethylene glycol coating comparing to the other cases, covering
a broader temperature range 400–600 K (Fig. 3d). Consequently,
our study demonstrates that it will be advantageous for thermoelectric applications to use MNPs with high magnetic anisotropy
weakly temperature dependent, in order to obtain the maximum
of the Seebeck coefﬁcient for a broad temperature range, especially
at temperatures above 300 K.
As we observed from Fig. 3, the overall behavior of the Co
ferrite nanoparticles system is similar to that of the maghemite
nanoparticles Figs. 1 and 2. However the relative sizes of the Seebeck coefﬁcient of the Co ferrite nanoparticles is bigger than that
of the maghemite nanoparticles in all cases because of the larger
anisotropy.
Interestingly, the behavior of the reduced Snp (T) curve for
diethylene glycol coated CoFe2 O4 nanoparticles is similar to the
behavior of the measured Seebeck coefﬁcient (T) curve for the
recently reported novel nanoparticle based solid state thermoelectric system [11] which shows a large plateau at the temperature
range of 700–850 K. This similarity illustrates the possibility of tuning the Seebeck coefﬁcient in ferroﬂuid — based thermo-electrics
by varying the nanoparticles concentration and the magnetic particle anisotropy and achieving enhanced thermoelectric properties
comparable or even better than those of their solid state counterparts.
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4. Conclusion

Appendix A. Supplementary data

The role of the thermomagnetic contribution in the formation of an enhanced thermoelectric signal in diluted magnetic
nanoparticle assemblies has been studied for the ﬁrst time by calculating the Seebeck coefﬁcient. An analytic expression for the
Seebeck coefﬁcient of the assembly of MNPs has been derived,
taking into account the single particle anisotropy and their
magnetostatic interparticle interactions. Our MC calculations performed on ␥-Fe2 O3 and CoFe2 O4 dilute nanoparticles’ assemblies
show that the Seebeck coefﬁcient of the system depends nonmonotonously on temperature and its magnitude depends strongly
on the particle concentration and the nanoparticle’s anisotropy
strength. The strong magnetic anisotropy enhances the Seebeck
coefﬁcient and as it increases, it shifts its maximum at higher
temperatures. Interestingly, in the weak temperature dependent
anisotropy case, the maximum of the Seebeck coefﬁcient broadens. Thus optimum performance can be accomplished for a larger
temperature range, as in the case of diethylene glycol coated
CoFe2 O4 nanoparticles. Our approach provides a new insight into
the nanoscale phenomena that govern the properties of complex thermo-electro-magnetic materials. Apparently, the magnetic
anisotropy induces thermal stability of the nanoparticles delaying their thermally activated magnetization reversal for a broad
range of temperatures resulting also to an increase in the temperature derivative of the chemical potential at higher temperatures.
The results illustrate the potential of the new research direction
proposed in this study: magnetic nanoparticles with high magnetic anisotropy for ionic liquid-based thermo-electric devices in
order to achieve enhanced Seebeck coefﬁcients at higher temperatures.

Supplementary material related to this article can be found, in
the online version, at https://doi.org/10.1016/j.apmt.2020.100587.
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