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We have reported the thermoelectric properties of the recently synthesized CaCoSO single crystal by
Salter et al. in 2016. It is quite interesting to mention that CaCoSO single crystals exhibit a direct energy
gap (I'V- I"°) of about 2.187 eV for the spin-up (1) channel, which turns out to be a (K¥-K¢) direct gap of
about 1.187 eV for the spin-down (|) channel, resulting in an indirect gap (I'V-K€) of about 0.4 eV for the
spin-polarized CaCoSO single crystal. Such a small gap makes CaCoSO a promising candidate for
thermoelectric materials. Calculations reveal a remarkable finding that the CaCoSO single crystal exhibits
high electrical conductivity, low thermal conductivity and a large Seebeck coefficient; therefore, based on
these findings, the CaCoSO single crystal may be considered an efficient thermoelectric material. The
electron clouds of Ca03S,4 and CoS50 exhibit a planar shape with conjugated electron orbitals and exhibit
a strong covalent Ca—O, Co—O bonding. This is another factor which makes CaCoSO a promising
candidate for thermoelectric materials, since covalent bonding is more favorable for the transport of the
carriers than ionic bonding. CaO3S4 and CoS50 are the main sources for the thermoelectric generator in
CaCoSO0. Therefore, based on the above findings, we can conclude that CaCoSO could be a promising
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thermoelectric material.
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1. Introduction

Oxide chalcogenide compounds have become important
candidates for several applications, for instance, as p-type
transparent conductors [1-6]. Among these oxide chalcogenide
compounds, the CaCoSO compound was recently synthesized in
2016 by Salter et al. [7]. It has been reported that the CaCoSO is
isostructural with CaZnSO, BaCoSO and CaFeSO [7-11]. The newly
synthesized CaCoSO consists of Ca03S4 and CoSs0 groups. The Ca
and Co atoms form strong covalent bonding with O atoms [7]. It has
been reported that covalent bonding is more favorable for the
transport of the carriers than ionic bonding [12]. Therefore, the
Ca0s3S; and CoS30 groups are the main sources for the
thermoelectric generator in CaCoSO. The search for new materials
with very efficient thermoelectric properties is still challenging.
Therefore, in the current work we aim to find new materials with
efficient thermoelectric properties; for this we should find a new
material with high electrical conductivity, low thermal

* Corresponding author at: New Technologies - Research Centre, University of
West Bohemia, Univerzitni 8, 306 14 Pilsen, Czech Republic.
E-mail address: maalidph@yahoo.co.uk (A.H. Reshak).

http://dx.doi.org/10.1016/j.materresbull.2017.05.041
0025-5408/© 2017 Elsevier Ltd. All rights reserved.

conductivity and a large Seebeck coefficient [13]. The starting
point is the previous experimental research on several Diluted
Magnetic Semiconductors (DMS), which state that the DMS are
promising candidates as thermoelectric materials [14,15]. We
decided to investigate the thermoelectric properties of the recently
synthesized CaCoSO single crystal [7] based on the density
functional theory and the transition from first- to second-
principles methods.

It is well know that the DFT approaches have the ability to
accurately predict the ground state properties of materials, and the
developed analysis tools are vital for investigating their intrinsic
mechanisms. The understanding of the microscopic structure has
further guided molecular engineering design for new crystals with
novel structures and properties. It is anticipated that first-principle
material approaches will remarkably improve the efficiency of the
search and greatly help experiments save resources in the
exploration of new crystals with good performance [16-27].
Recently, several researchers have used the DFT calculations for
exploration of the thermoelectric properties of new thermoelectric
materials and found good agreement with the experimental
results. We would also like to mention that, in our previous works
[28-31], we calculated the transport properties using the FPLAPW
method within the BoltzTraP code for several systems whose
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Fig. 1. (a) The crystal structure of the recently synthesized CaCoSO single crystal; (b) The electron cloud of the CaOsS4 and CoS;0 exhibit planar shape with conjugated
electron orbitals and exhibit a strong covalent Ca—0O, Co—O bonding therefore, the CaO3S,4 and CoS30 are the main source for the thermoelectric generator in CaCoSO.
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Fig. 2. (a) calculated carriers concentration as a function of chemical potential (i — Ex=4 0.2 eV) at three constant temperatures (300, 600 and 900) K for spin-up channel of
CaCoSO0 single crystal; (b) Calculated electronic band structure for the spin-up, spin-down channels and the spin-polarized electronic band structure of CaCoSO single crystal;
(c) calculated carriers concentration as a function of chemical potential (i — Ef=+0.2 eV) at three constant temperatures (300, 600 and 900) K for spin-down channel of
CaCoSO0 single crystal; (d) calculated carriers concentration as a function of chemical potential (i« — Ex=+0.2 eV) at three constant temperatures (300, 600 and 900) K for the

spin-polarized CaCoSO single crystal.

transport properties are known experimentally and obtained a
very good agreement with the experimental data. Thus, we believe
that the calculations reported in this paper have produced very
accurate and reliable results.

It should be emphasized that CaCoSO has been synthesized very
recently (i.e. 2016) [7] and that no experimental or theoretical data
for the thermoelectric properties of CaCoSO have been reported
yet. For this reason, our results can serve as a reference for future
investigations. Predicting and discovering new materials is always
exciting, for the promise of new applications and properties
[32,33]. Moreover, finding materials with new properties is always
desirable.

Table 1
The calculated electron effective mass ratio (m;/m.), effective mass of the heavy
holes (m;,/m.) and light holes (m;,/me).

Effective mass ratio Spin-up Spin-down Spin-Polarized CaCoSO
mg/me 0.00545  0.03933 0.03933
My /Me 0.06520  0.04395 0.06520
mj, /e 0.03282  0.02536 0.03282
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2. Density functional theory (transition from first- to second-
principles methods)

The crystal structure of the recently synthesized CaCoSO single
crystal is shown in Fig. 1, which shows that the structure contains
Ca0s3S,4 and CoS30 groups. The electron clouds of the CaOsS, and
CoS50 (Fig. 1) exhibit a planar shape with conjugated electron
orbitals, which makes the Ca0sS; and CoS30 groups the main
source for the thermoelectric generation in CaCoSO. The recently
reported experimental geometrical data [7] are optimized by using
the ab-initio LAPW +lo full-potential method within the general-
ized gradient approximation (PBE-GGA) [34]. The electronic band
structure is calculated utilizing the DFT + U approach [35-39]. The
U parameter is applied on Co-3d; after several attempts we found
that U=0.20Ry is the optimal value which results in good
agreement with experimental data. Based on the obtained results,
the transport properties are calculated using the semi-classical
Boltzmann theory as incorporated within the BoltzTraP code [40];
it is the second-principles method which solves the semi-classical
Bloch-Boltzmann transport equations within the limits of Boltz-
mann theory [41-43] and the constant relaxation time approxi-
mation [40]. Therefore, calculating the thermoelectric properties is
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a transition from first- to second-principles methods. The self-

consistency is obtained using 2000 k points in the irreducible
Brillouin zone (IBZ). The calculations are converged since the total
energy of the system is stable within 0.00001 Ry. The spin-
polarized electronic band structure and hence the transport

properties are obtained using 25,000 k points in the IBZ, as
accurate calculations require a dense sampling of the BZ.

3. Results and discussion

We make use of the spin-polarized electronic band structure
(Fig. 2) to obtain the thermoelectric properties for spin-up and
spin-down channels and hence the spin-polarized thermoelectric
properties of the CaCoSO single crystal. It is interesting to mention
that the CaCoSO single crystal exhibits a direct energy gap (I'V-1"°)
of about 2.187 eV for the spin-up (1) channel, which turns out to be
a (KY-K€) direct gap of about 1.187 eV for the spin-down (| ) channel,
resulting in an indirect gap (I'V-K¢) of about 0.4 eV for the spin-
polarized CaCoSO signal crystal. This makes CaCoSO a promising
thermoelectric material. Since the electron clouds of the Ca03S,4
and CoS50 (Fig. 1) exhibit a planar shape with conjugated electron
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Fig. 3. The temperature induced carrier concentration per unit cell (e/uc); (a) for spin-up electrons versus temperature; (b) spin-down electrons versus temperature; (c) spin-

polarized CaCoSO single crystal.
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Fig. 4. (a) The electrical conductivity for spin-up electrons versus temperature for spin-up, spin-down channels and the total electrical conductivity versus temperature; (b)
The electrical conductivity for spin-up electrons as a function of chemical potential (i« — Er=40.15 eV) at three constant temperatures (300, 600 and 900) K; (c¢) The electrical
conductivity for spin-down electrons as a function of chemical potential (i« — Ex=40.15 eV) at three constant temperatures (300, 600 and 900) K.

orbitals and exhibit a strong covalent Ca—0O, Co—O bonding, the
Ca03S4 and CoSs0 are the main sources for the thermoelectric
generator in CaCoSO. Wu et al. [ 12] reported that covalent bonding
is more favorable for the transport of the carriers than ionic
bonding. Therefore, based on the above-mentioned finding, we
expect that CaCoSO is a promising thermoelectric material.

The different band dispersion and the energy band gap values
between the spin-up channel, the spin-down channel and hence
the spin-polarized CaCoSO (Fig. 2b) cause to vary the carrier
concentration in the vicinity of Fermi level (Eg) (Fig. 2a,c,d). It was
found that the spin-polarized CaCoSO exhibits a maximum carrier
concentration in the vicinity of Er at three constant temperatures
as a function of chemical potential. Fig. 2b shows that the spin-up,
spin-down channels and the spin-polarized CaCoSO possess
parabolic bands in the vicinity of Eg, therefore, the carriers exhibit
low effective mass and hence high mobility, which leads to a large
gain in electrical conductivity. The effective mass ratio of the
electrons m;/me, heavy holes (m;, /m.) and light holes mj, /m, for
the spin-up, spin-down channels and the spin-polarized CaCoSO
are listed in Table 1. Thus, we expect that CaCoSO can give high

thermoelectric efficiency provided that it has a large Seebeck
coefficient and low thermal conductivity [13].

The carrier concentration (n) as a function of temperature (T) at
fixed chemical potential (u=Efr) for the spin-up, spin-down
channels and the spin-polarized CaCoSO are shown in Fig. 3(a-
c). It was noticed that the spin-up channel possesses n-type
conductions and n shows exponential behavior with T, whereas the
spin-down channel exhibits a p-type conductions which increases
almost linearly with increasing T. As it is clear that the
concentration of the p-type conductions is higher that of the n-
type, the spin-polarized n (total n) exhibits p-type conductions and
increases almost linearly with increasing T. Following Fig. 3(a-c),
we can conclude that the p-type conductions are the dominant in
CaCoSO0, which agrees well with the previous finding that the oxide
chalcogenide compounds are p-type transparent conductors [ 1-6].

The electrical conductivity (o/t) at i = Er as a function of T for
spin-up/down channels are shown in Fig. 4a. It is clear that the
spin-up channel exhibits higher o/t than that of the spin-down
channel, resulting in a considerable spin-polarized o/t (Fig. 4a).
Overall, the spin-up/down and total o/rshow a similar tendency.
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Fig.5. (a) The electronic thermal conductivity for spin-up electrons versus temperature for spin-up, spin-down channels and the total electronic thermal conductivity versus
temperature; (b) The electronic thermal conductivity for spin-up electrons as a function of chemical potential (i« — Ef=+ 0.15 eV) at three constant temperatures (300, 600
and 900) K; (c) The electronic thermal conductivity for spin-down electrons as a function of chemical potential (i« — Er=+0.15 eV) at three constant temperatures (300, 600

and 900) K.

To ascertain the finding that the spin-up channel exhibits higher
o/t than that of the spin-down channel, o/t as a function of
chemical potential at three constant T for spin-up/down channels
were investigated as shown in Fig. 4b,c. It was found that 300K
shows the highest o/t in both channels and the spin-up channel
exhibits higher values than those of the spin-down channel for all
temperatures.

To gain high thermoelectric efficiency, a material should exhibit
low thermal conductivity; therefore, the electronic thermal
conductivity (ke/t) of CaCoSO was investigated as a function of
T at fixed chemical potential (i =Ef), as shown in Fig. 5a. This
figure shows that k./t increases linearly with T, which implies that
CaCoSO exhibits low k./t at room temperature for u=Egr To
support this finding, we investigated k./t as a function of chemical
potential u —Er between +0.15eV for three temperatures, as
shown in Fig. 5b,c. These figures confirm that CaCoSO exhibits the
lowest ke/T at 300 K, which implies that this material could be an
efficient thermoelectric material, provided that it exhibits high
electrical conductivity and a large Seebeck coefficient [13]. From
the above, it was found that CaCoSO exhibits large electrical

conductivity and low thermal conductivity. Thus, we should
investigate whether CaCoSO exhibits a large Seebeck coefficient or
not.

Fig. 6a illustrates the calculated Seebeck coefficient (S) as a
function of T at i = Ei, which clearly shows the highest values for S
are achieved between 100K and 250K for a particular value of
chemical potential u=Eg Furthermore, we investigated S as a
function of u — EF=+0.15eV at three temperatures, which shows
that for all the values of it — Exthat confined between +0.15 eV, the
largest value of S occurs at 300K.

Based on the above results, we can conclude that CaCoSO
exhibits high electrical conductivity, low thermal conductivity and
a large Seebeck coefficient. Therefore, it is an efficient thermoelec-
tric material.

The calculated power factor (P=520/7) further supported the
above-mentioned finding. Fig. 7a shows that the highest power
factor values are achieved between 100 K and 250K for a particular
value of chemical potential i = E; whereas Fig. 7 b,c shows that the
highest power factor values are achieved at 300K for the chemical
potentials confined between +0.15 eV. This is another confirmation
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Fig. 6. (a) The Seebeck coefficient for spin-up electrons versus temperature for spin-up, spin-down channels and the total Seebeck coefficient versus temperature; (b) The
Seebeck coefficient for spin-up electrons as a function of chemical potential («« — Er=+0.15eV) at three constant temperatures (300, 600 and 900) K; (c) The Seebeck
coefficient for spin-down electrons as a function of chemical potential (4 — Er=+0.15eV) at three constant temperatures (300, 600 and 900) K.

which supported the statement that CaCoSO is an efficient
thermoelectric material.

4. Conclusions

We investigated the thermoelectric properties of the recently
synthesized CaCoSO single crystal based on the density functional
theory and the transition from first- to second-principles methods.
The calculations reveal some interesting findings. The first finding
is that the CaCoSO single crystal exhibits a high electrical
conductivity, low thermal conductivity and a large Seebeck
coefficient. Based on these findings, the investigated crystal can
be considered an efficient thermoelectric material. The second
finding is that the CaCoSO single crystal exhibits a direct energy
gap (I'V- T"°) of about 2.187 eV for the spin-up (1) channel, which
turns out to be (K'-K®) direct gap of about 1.187 eV for the spin-
down (|) channel, resulting in an indirect gap (I'V-K®) of about
0.4 eV for the spin-polarized CaCoSO signal crystal. Such a small

gap makes the material a promising candidate for thermoelectric
application. The third finding is that the electron clouds of the
Ca05S,4 and CoS50 exhibit a planar shape with conjugated electron
orbitals and exhibit a strong covalent Ca—O, Co—O bonding. This
is another factor which makes CaCoSO a promising candidate for
thermoelectric materials, since covalent bonding is more favorable
for the transport of the carriers than ionic bonding. Therefore,
based on the above findings, we can conclude that CaCoSO is, in
fact, a promising thermoelectric material.
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