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Abstract
Here, we study the thermoelectric properties of topological semimetal CoSi in the temperature
range 300–800 K by using combined experimental and density functional theory (DFT) based
methods. CoSi is synthesized using arc melting technique and the Rietveld refinement gives
the lattice parameters of a = b = c = 4.445 Å. The measured values of Seebeck coefficient (S)
shows the non-monotonic behaviour in the studied temperature range with the value of
∼ −81 μV K−1 at room temperature. The |S| first increases till 560 K (∼ −93 μV K−1) and
then decreases up to 800 K (∼ −84 μV K−1) indicating the dominating n-type behaviour in
the full temperature range. The electrical conductivity, σ (thermal conductivity, κ) shows the
monotonic decreasing (increasing) behaviour with the values of ∼5.2 × 105

(12.1 W m−1 K−1) and ∼3.6 × 105 (14.2 W m−1 K−1) Ω−1 m−1 at 300 K and 800 K,
respectively. The κ exhibits the temperature dependency as, κ ∝ T 0.16. The DFT based
Boltzmann transport theory is used to understand these behaviour. The multi-band electron
and hole pockets appear to be mainly responsible for deciding the temperature dependent
transport behaviour. Specifically, the decrease in the |S| above 560 K and change in the slope
of σ around 450 K are due to the contribution of thermally generated charge carriers from the
hole pockets. The temperature dependent relaxation time (τ ) is computed by comparing the
experimental σ with calculated σ/τ and it shows temperature dependency of 1/T 0.35. Further
this value of τ is used to calculate the temperature dependent electronic part of thermal
conductivity (κe) and it gives a fairly good match with the experiment. Present study suggests
that electronic band-structure obtained from DFT provides a reasonably good estimate of the
transport coefficients of CoSi in the high temperature region of 300–800 K.

Keywords: thermoelectric properties, density functional theory, spin–orbit coupling,
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(Some figures may appear in colour only in the online journal)

∗ Author to whom any correspondence should be addressed.

1361-648X/22/265901+9$33.00 1 © 2022 IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-648X/ac655a
https://orcid.org/0000-0001-7644-7093
https://orcid.org/0000-0003-3673-4818
mailto:shamimsk20@gmail.com
mailto:sudhir@iitmandi.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/ac655a&domain=pdf&date_stamp=2022-4-26


J. Phys.: Condens. Matter 34 (2022) 265901 S Sk et al

1. Introduction

Theoretical understanding of the transport properties of
materials has always been a challenging task. One of the
key quantities in understanding the transport properties is
relaxation time (τ ). The theoretical estimation of τ is very
difficult in any real system due to the presence of var-
ious scattering mechanisms such as, electron–electron
interaction, electron–phonon interaction, phonon–phonon
interaction, electron–defect interaction, phonon–defect
interaction etc [1]. The visualization of these scattering mech-
anisms is really challenging at the level of theory as well as
computation due to the complexity involved in the many-body
interactions. Along with this, the calculation of transport
properties requires dense k-point sampling demanding larger
computational cost. However, recent development of high
performance computers improves the situation to some extent
as compared to earlier days. But, still calculating the temper-
ature dependent transport properties is much complicated.
Because, in this case calculation needs to be done at every
temperature which is a time consuming and computationally
expensive job. For instance, the electrical conductivity (σ) of
a material can be calculated as [1],

σ(n) = e2
∫

dk
4π3

τn(εn(k))vn(k)vn(k)

(
−∂ f
∂ε

)
ε=εn(k)

(1)

for nth band. Where, e is an electronic charge, τ n(εn(k))
and vn(k) are relaxation time and mean velocity of an elec-
tron of nth band with wave vector k, respectively. The εn(k)
is an energy band and ∂ f

∂ε
is the partial energy derivative

of Fermi–Dirac distribution function. The total σ is calcu-
lated by adding all the σ’s corresponding to each band as:
σ =

∑
n σ

(n). Therefore, to calculate the temperature depen-
dent σ, all the terms appear in equation (1) should be
calculated at every temperature, which is a difficult and
time consuming task. However, the recent advances in com-
putational power enable us to calculate the temperature
dependent transport properties up to some extent. For instance,
density functional theory + dynamical mean field theory
(DFT + DMFT) is used to calculate temperature depen-
dent electronic structure and hence related transport properties
[2–6]. But, the computational cost of these techniques is high
as well as implementation of these techniques is not straight-
forward. In this scenario, one of the reliable and cheap methods
to understand the electronic properties is DFT proposed by
Kohn and Sham [7].

DFT calculates the ground state properties of the mate-
rials by solving the Kohn–Sham equation. One of the easy
ways to calculate the temperature dependent transport prop-
erties is by taking the ground state of DFT and solving the
semi-classical Boltzmann transport equation. But, the realiza-
tion of ground state properties under DFT itself faces many
challenges. For instance, in DFT many-body wave function is
replaced by single-particle wave function. In addition to this,

the DFT result is approximated by introducing the different
exchange–correlation (XC) functionals. Among the many XC
functionals developed, the local density approximation (LDA)
[8] and generalized gradient approximations (GGAs) [9] are
the popular and widely used functionals in condensed matter
physics. The accuracy of the DFT result depends on the cho-
sen XC functional. On top of the fact that by taking the ground
state and single-particle wave function, it will be interesting to
see up to what extent DFT explains the transport properties of
the materials at high temperature. Generally, Fermi–Dirac dis-
tribution function takes care of the temperature dependency of
the transport properties. In this context, it should be noted that
ground state structure may not be appropriate for the temper-
ature dependent study, because band-structure itself has tem-
perature dependence. Apart from this, the temperature depen-
dence of band gap, scattering phenomena etc make the study of
high temperature transport properties more challenging. Keep-
ing all these challenges, here we are interested to understand all
the experimentally observed thermoelectric (TE) parameters:
Seebeck coefficient (S), electrical conductivity (σ) and thermal
conductivity (κ) using first-principles DFT calculations.

The study of TE materials has been of great interest in
recent decades as they generate electricity from waste heat
[10, 11]. These materials are believed to hold the key for clean
energy production in the near future. The efficiency of TE
materials are evaluated by a unitless parameter called figure
of merit [12], ZT = S2σT/κ. Where, T is the absolute temper-
ature of the material. The κ involves two parts: electronic ther-
mal conductivity (κe) and lattice thermal conductivity (κL).
The efficient TE materials should possess ZT � 1 [13]. There-
fore, good TE materials should have a high power factor
(PF = S2σ) but low κ. However, the poor efficiency of TE
materials limit their commercial use specially at high tem-
perature region. Realization of high ZT is really a difficult
job. Because S, σ and κe are deeply interrelated to each other
through charge carrier [1, 14]. Enhancement of σ without
affecting κe or minimizing κe without disturbing σ is a terrible
job as they involve linear relationship via Wiedemann–Franz
law: κe = LσT , L is Lorenz number.

The heavily doped semiconductors are most studied mate-
rials for TE applications since several decades. In this compe-
tition, semimetals were found to give low S due to the absence
of energy band gap. But, the semimetals having asymmetry
in their effective masses of electrons and holes could have
high S [15, 16]. Recently, it was proposed that the S of topo-
logical semimetals can be easily tuned by applying external
forces, e.g. magnetic field, stain etc [17–19]. In this regard,
CoSi has been found as one of the emerging TE materials
which comes in the class of topological semimetals. Here, we
have taken CoSi as a case example for understanding all the
experimentally observed TE parameters using DFT at high
temperature. CoSi possesses a B20 simple cubic structure of
space group P213 (no. 198), which has large PF at room tem-
perature [20–31]. PF of CoSi is comparable with those of
state-of-the-art TE materials Bi2Te3 [32] and PbTe [33]. But,
the benefits of high PF are diminished by its high κ, result-
ing in a low ZT. CoSi comes under transition metal silicides.
This class of materials have been gained great attention from
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last few decades due to their practical application in elec-
tronics, magnetism and TEs [5, 34–41]. Among them, CoSi
has been recently marked as nontrivial topological semimetal
[42, 43]. Unlike other semimetals, the band-structure of CoSi
holds linear touching points of bands at Γ and R points in the
vicinity of Fermi level. These points are usually called as nodes
or nodal points. This unusual feature of band-structure around
the Fermi level motivates us to choose CoSi as a case study for
understanding all the TE properties at high temperature using
combined experimental and theoretical tools. The experimen-
tal TE properties of parent CoSi is reported by many groups
as mentioned earlier. Specifically, the S of this compound is
reported in the range of ∼ −50 to −90 μV K−1 at 300 K in the
various literatures [21–24, 26, 28, 29]. The variation in S val-
ues at 300 K suggests the off-stoichiometry of the compound.
This off-stoichiometry generally comes during the sample syn-
thesis by error in weighing the starting materials, evaporation
of low melting element, inhomogeneous mixing etc. By con-
sidering all these factors and taking dense data points at high
temperature, the proper understanding of all the TE properties
of CoSi experimentally and computationally is lacking from
the literatures. This gives us the motivation to study the same in
this direction. As per the definition, CoSi comes under the cat-
egory of strongly correlated electron system (SCES), because
Co contains partially filled 3d orbitals. Many previous stud-
ies show that DFT is not capable to produce the correct elec-
tronic structure for such a SCES [44–46]. But, recent study
of Dutta and Pandey [5] shows that correlations among Co 3d
electrons in CoSi are weak and DFT was seen to give a more
accurate electronic structure. Therefore, it is expected that fur-
ther extension of DFT results will address the temperature
dependent experimental TE properties of CoSi properly.

In this work, we present the theoretical analysis of exper-
imentally observed TE properties of CoSi in the temper-
ature range 300–800 K. The CoSi has been synthesized
using arc melting technique and the lattice parameters of
a= b= c= 4.445 Å are obtained from the Rietveld refinement.
The S of CoSi is observed as ∼ −81 μV K−1 at 300 K. The |S|
increases first till 560 K with the value of ∼ −93 μV K−1 and
then decreases up to 800 K (∼ −84 μV K−1). Measurement of
S indicates the dominating n-type behaviour of the compound
in the full temperature range. The values of σ are observed
as ∼5.2 × 105 and ∼3.6 × 105 Ω−1 m−1 at 300 K and 800 K,
respectively. The monotonic decrement of σ with temperature
is noticed in the full temperature window, whereas temperature
dependent κ are found to increase in the studied temperature
range with the values of 12.1 and 14.2 W m−1 K−1 at 300 K
and 800 K, respectively. The behaviour of all these temper-
ature dependent transport properties are understood by com-
bined DFT and Boltzmann theory. The multi-band electron
and hole pockets are found to give quite a good explanation
of temperature dependent transport coefficient. Temperature
dependence of τ is calculated, which shows the temperature
dependency of 1/T 0.35. ZT and efficiency are calculated using
the experimental transport coefficient. Maximum ZT is found
to be ∼0.15 at 650 K. A systematic understanding of all the
TE parameters of CoSi are made using combined experimental
and first-principles DFT based methods through present study.

Figure 1. Room temperature XRD of CoSi.

2. Experimental and computational details

The polycrystalline ingots of CoSi was synthesized using arc
melting technique. The high purity element of Co (99.99%)
and Si (99.99%) were taken as the starting materials. The
ingots of CoSi were obtained by melting the appropriate
amounts of Co and Si in a vacuum arc furnace. The room
temperature x-ray diffraction (XRD) with CuKα radiation
(1.5406 Å) in the 2θ range of 20◦–90◦ has been performed.
The B20 cubic crystal structure was confirmed from the
Rietveld refinement method through the validation of XRD
pattern as shown in figure 1. The lattice parameters of
a = b = c = 4.445 Å were obtained from the refinement. The
refined Wyckoff positions of Co and Si atoms are 4a (0.160,
0.160, 0.160) and 4a (0.855, 0.855, 0.855), respectively.

Measurements of S and κ were carried out using a home-
made experimental setup [47]. The sample with dimension
6 mm × 4 mm × 2mm (length × width × thickness) was used
for the measurement. Resistivity was also measured using the
home-made setup [48].

The ground state electronic structure calculations are car-
ried out within DFT [7] using full-potential augmented plane
wave method as implemented in WIEN2k code [49]. The cal-
culation is done in the presence of spin–orbit coupling (SOC).
LDA [8] is used as an XC functional. The muffin-tin sphere
radii (RMT) of 2.34 and 1.73 bohr are chosen for Co and Si,
respectively. The convergence criteria for the calculation of
ground state energy is set as 0.1 mRy/cell. The electronic
structure related transport properties are calculated using the
BolzTraP package based on Boltzmann semi-classical trans-
port theory [50]. A heavy k-mesh of size 40 × 40 × 40 is used
in the ground state electronic structure calculations to aid the
calculation of transport properties.

3. Results and discussion

3.1. Experimental transport properties

Figure 2(a) shows the Seebeck coefficient (S) of CoSi mea-
sured in the temperature range 300–800 K. The S at 300 K is
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found to be ∼ −81 μV K−1. The increment/decrement trend
of S is divided into three parts I, II and III as shown in figure.
From the figure it is noticed that in region I, with increase in
temperature the magnitude of S increases till ∼425 K with the
value of ∼ −90 μV K−1. After 425 K in region II, the incre-
ment rate of magnitude of S decreases up to ∼560 K with the
value of ∼ −93 μV K−1. After 560 K in region III, the mag-
nitude of S decreases up to the highest temperature. At 800 K
the S is measured as ∼ −84 μV K−1. The temperature depen-
dent behaviour of S is similar to the previous reported works
[51, 52]. The non-linear trend of S can be understood with the
help of following equation [1]:

S =

(
4π2k2

B

3eh2

) ( π

3n

)2/3
m∗T, (2)

where n is the carrier density, m∗ is the effective mass of the
carrier and T is the absolute temperature. All the other param-
eters are constants and have their usual meaning. From the
above equation, it is clear that the value of S depends on n,
m∗ and T. Among them n and T are positive quantities. Then,
the sign of S is solely decided by m∗ only. The electrons and
holes both contribute in total S, where electrons give nega-
tive S and holes yield positive S. The observed S in the full
temperature range is negative here, which signifies the domi-
nating n-type behaviour of the compound. As the temperature
increases from 300 K to ∼560 K, the contribution rate of elec-
trons in S increases resulting in increase of magnitude of S.
After 560 K, still electrons are dominating the behaviour of
S, but rate of contribution of electrons decreases with increase
in temperature. Therefore, the decrement of magnitude of S
at high temperature should be related to rapid increment of n
and/or decrement of m∗ as equation (2) says. The electronic
band-feature is expecting to give the proper explanation of this
behaviour of S which is discussed later.

Temperature dependence of electrical conductivity (σ) is
exhibited in figure 2(b). The σ were taken in the temperature
range 300–720 K. From 730 to 800 K,σ are extrapolated (indi-
cated by blue triangle symbols in the figure) in order to calcu-
late ZT as the S and κ are already measured till 800 K. This
extrapolation is expected not to disturb the value of ZT as the
linear behaviour of σ is reported previously in this temperature
range [24, 51]. The values of σ are found to be ∼5.2 × 105 and
∼3.6 × 105 Ω−1 m−1 at 300 K and 800 K, respectively. The
σ gradually decreases with increasing temperature in the full
temperature window, consistent with the earlier works [23, 24,
51]. But, the decrement rates are different in regions I, II and III
as shown in figure as similar response was seen in the case of S.
The decrement of σ with temperature can be understood by the
following well known relation: σ = ne2τ

m∗ . Here, it is important
to note that with increase in temperature n always increases,
while τ always decreases. Among n and τ , the dominating
quantity generally gives the temperature dependent behaviour
of σ. Typically, σ for metals decreases with increase in tem-
perature. This is because of the increment of scattering at high
temperature which is responsible for the reduction of τ and
hence decrement of σ [53]. But, in the case of semiconduc-
tors, increment of n is more dominant than decrement of τ

results in increment of σ with temperature. In the present case
CoSi is known as semimetal and hence its temperature depen-
dent σ is expected to lie between the temperature dependent
behaviour of σ of metals and semiconductors. In this study, the
decreasing nature of σ with temperature suggests that decre-
ment of τ is the dominant quantity over increment of n. How-
ever, the electronic band-structure is expected to provide the
proper explanation of observed experimental σ.

The thermal conductivity (κ) is measured in the tempera-
ture range 300–800 K as displayed in figure 2(c). The value
of κ at 300 K is found to be ∼12.1 W m−1 K−1, while this
value is observed as ∼14.2 W m−1 K−1 at 800 K. Figure shows
that the κ is increasing monotonically with increase in temper-
ature, consistent with a previous work [21]. The values of κ
are quite high as compared to commercially used TE materi-
als. We know that the total thermal conductivity comes from
two parts: electronic contribution κe and lattice contribution
κL: κ = κe + κL. Where, κe is directly proportional to the σ
through Wiedemann–Franz law. The κ shows the temperature
dependency as, κ ∝ T 0.16 as shown in the same figure.

All the measurements of S, σ and κ are taken multiple times
on the same sample with fixed contact and precision is found
to be ∼1%–2% in the full temperature range.

3.2. Electronic structure

In order to understand the experimentally observed electronic
transport properties (S, σ and κe), we have carried out the
electronic structure calculations. Figure 3(a) shows the calcu-
lated electronic dispersion of CoSi with SOC along the high
symmetry directionsΓ–X–M–Γ–R–M–X in the first Brillouin
zone using LDA under DFT. The horizontal dashed line cor-
responding to 0 energy denotes the Fermi level (EF). From the
figure it is clear that few bands cross the EF at either side of Γ
and R-points. In general, this type of little mixing of bands
around the EF predicts the semimetal like behaviour of the
compound, which is consistent with the other works [26, 54].
Therefore, ground state of LDA is expecting to give the proper
explanation of experimental transport properties. However, the
hybrid functionals or GW method can also be used to study
the electronic structure and related TE properties of CoSi for
more quantification in the results. But, these techniques are
computationally costly in the aspect of transport calculations.
Because, we know that transport calculation needs dense k-
point sampling. The calculation on such dense k-points using
hybrid functionals or GW method demands huge computa-
tional cost as compared to DFT. That’s why we have cho-
sen LDA functional within DFT to see up to what extent it
can address the experimental transport coefficients. Here, it is
important to note that LDA/GGA does not always estimate the
proper band gap of the materials. In that case, the band gap
calculated from hybrid functionals or GW calculation can be
used in the band structure of LDA/GGA under the rigid band
approximations.

Electronic dispersion plays a main role for understanding
the electronic transport properties of any material. Because,
the key input for calculating electronic transport properties is
electronic dispersion. The band feature around EF generally
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Figure 2. Temperature dependence of (a) Seebeck coefficient, (b) electrical conductivity (triangle symbols denote extrapolated data) and
(c) thermal conductivity.

Figure 3. (a) The calculated band-structure. Red dashed line indicates the Fermi level. (b) Enlargement of band-structure. N1, N2 and N3
are nodal points. Black dotted line indicates where transport properties are calculated. (c) TDOSs. (d) PDOSs. Inset shows the enlargement
of PDOS around the EF.

gives the transport properties. Therefore, for the better under-
standing, enlargement of band-structure is drawn in the short
energy window of −0.8 to 0.5 eV as shown in figure 3(b).
Four bands indicated by numbers 1, 2, 3, 4 around the EF are
mainly expected to contribute to the transport properties. From
the figure it is clear that by the inclusion of SOC each band
is splitted into two. It is clearly seen from the figure that few
of the points around the EF give linear band-crossing. These
points are usually called as nodes or nodal points. Total of three
nodal points marked as N1, N2 and N3 are observed in the
figure. Among them two nodal points appear at Γ ( just below
and above the EF) and another one at R-point (below EF at
∼ −0.2 eV). By observing these nodal points, CoSi is recently
reported as a nontrivial topological semimetal [42, 43]. From
the figure, we can also notice that around EF, the hole pockets
at Γ point and electron pockets at R point are mainly contribut-
ing in the electronic states. Using the electronic dispersion
discussed here, different transport coefficients are calculated
which are described in the next sub-section and compared with
the experiment.

Here one can define the effective mass (m∗) which has
the important role in understanding the magnitude as well as
sign of S. Under parabolic approximation, m∗ is expressed as:
m∗ = h̄2/(d2E/dk2). This formula implies that the flat band
has the higher m∗ as compared to the curved band. Therefore,
the flat band will have the larger S as compared to the curved
band, since S is proportional to m∗ (equation (2)). Convex band
(hole pocket) corresponds to positive S, while concave band

(electron pocket) gives the negative S. This will be more clear
once we discuss the calculated S in the next sub-section.

Figure 3(c) displays the calculated total density of states
(TDOSs) of CoSi. TDOS shows the minimum DOS of ∼0.3
states/eV/f.u. at EF. According to Mott [55], this minimum
state at EF signifies the presence of pseudogap which pushes
the compound in the class of semimetals. In accordance with
this, the semimetallic behaviour of CoSi with pseudogap is
reported previously [26, 54]. To see the contribution in TDOS
from different atomic orbitals of CoSi, we have calculated par-
tial density of states (PDOSs) as shown in figure 3(d). The
dominant contribution in PDOS mainly comes from Co 3d
orbitals with negligibly small contribution from Si 3p orbitals.
In the low lying energy range of ∼ −0.5 to 0 eV, the main con-
tribution in DOS comes from dxz + dyz orbitals with small con-
tribution from dx2−y2 + dxy orbitals. Above EF, the dxz + dyz

and dx2−y2 + dxy orbitals are almost equally contributed in
DOS. From the figure it is observed that the contribution of
Si 3p orbitals in DOS is quite low, expecting to give a very
small contribution in transport properties. Hence, it is evident
from the figure that dxz + dyz orbitals are mainly responsible
for the transport properties of CoSi.

3.3. Calculated transport properties

In this section, the Seebeck coefficient (S), electrical con-
ductivity (σ) and electronic part of thermal conductivity (κe)
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Figure 4. (a) Comparison of experimental and calculated values of Seebeck coefficient. (b) Calculated electrical conductivity per relaxation
time (τ ). Inset shows τ as a function of temperature extracted by comparing the calculated σ/τ with experimental σ. Solid red line of inset
indicates the fitting between τ and temperature. (c) Experimental (estimated) and calculated electronic part of thermal conductivity.

are described which are calculated using semi-classical Boltz-
mann theory as implemented in BoltzTraP code [50]. Then
experimentally observed transport properties are understood
through calculated values. At room temperature the calculated
value of S is ∼44 μV K−1 at EF. This indicates the dominat-
ing p-type behaviour of the compound. We can see from the
band-structure of figure 3(b) that the hole and electron pockets
appear at Γ and R points, respectively. With respect to EF, the
energy gap of hole pockets is smaller than electron pockets.
Therefore, holes from hole pocket will be more easily excited
than the electrons from the electron pocket. Apart from this,
among the two bands (band 1 splits into two) making hole
pocket at Γ one is flat and which has the higher m∗. That’s why
dominating contribution in S comes from holes at EF. How-
ever, this positive value of S at EF is much far away from the
experimental negative value of ∼ −81 μV K−1 at the same
temperature. At this point it is important to note that the calcu-
lation is done on a single crystalline stoichiometric compound.
But, the experimentally measured S is negative for CoSi. This
observed difference can be attributed to the off-stoichiometry
in the experimental sample. Normally, there is a chance of
off-stoichiometry in the synthesized samples as discussed in
the introduction. In addition to this, the synthesized polycrys-
talline sample generally contains defects and/or disorder. Also,
the grain size, grain boundary and sample preparation condi-
tion are important factors which may affect the S of the sample.
All these factors can be taken into account in the calculation
by shifting the position of chemical potential (μ). The exact
quantification of μ is not straightforward. For this, first of all
we have calculated the change in S with μ at different temper-
ature. Then, we tried to find out the value of μ at 300 K which
will give the best representation of the experimental S. We
found at μ ≈ −459 meV, the calculated value of S is ∼ −79
μV K−1 at 300 K, which closely matches with the experi-
mental value. Using this μ, the values of S in the temperature
range 300–800 are calculated and compared with experiment
as shown in figure 4(a). Calculated S gives the good match with
experimental S but shows slight deviation (which is mainly vis-
ible at higher temperature region >600 K). From the inset of
figure 3(d), it is clear that dxz + dyz orbitals are mainly con-
tributing in DOS at ∼ −0.459 meV and expected to contribute

in S. This μ value corresponds to the electrons deficiency of
0.88/f.u.

At μ ≈ −459 meV (marked by black dotted line), three
electron pockets (one at the vicinity of X-point and another
two are in Γ–M & Γ–R directions) are observed in figure 3(b).
The presence of electron packets (which give negative S) at
∼ −459 meV supports the negative value of S in the calcula-
tion using the same dispersion. As the temperature increases,
the |S| is expected to be increased according to equation (2)
and which is exactly seen in figure 4(a). But after ∼425 K, the
increment rate of |S| decreases up to ∼560 K. After 560 K, the
|S| decreases. This non-monotonic behaviour of S is because
the contribution of hole pockets (which give positive S) starts at
higher temperature. These hole pockets are around the vicinity
of X-point, in Γ–M and Γ–R directions at ∼ −0.6 eV (below
∼140 meV from the energy level where S is calculated) of
figure 3(b). Specifically after 425 K, the increment rate of |S|
decreases due to the contribution of hole pockets of band 5.
Around the vicinity of X-point at ∼ −0.6 eV, band 5 is flat
which will have the larger m∗ and is expected to influence the
negative value of S. After 560 K, the |S| decreases because
more hole pockets (bands 6, 7 and so on) are contributing in
S. The single band equation (2) confirms that if more bands
of the same charge contribute, S will be increased. There-
fore, the decrement of magnitude of S at high temperature is
directly related to the contribution of multi-band electron and
hole pockets. Figure 4(a) shows that there is a slight deviation
between calculated and experimental S at higher temperature
range. Here, it is important to note that S is calculated at con-
stant μ, but in general μ is temperature dependent quantity. In
addition to this, it is often seen that the synthesized polycrys-
talline sample contains defects and/or disorders which affect
the transport properties of the materials. Taking care of all
these factors present in the polycrystalline sample is really a
challenging task in the calculation. Apart from this, the cal-
culation of transport properties have been carried out using a
ground state dispersion curve, which is supposed to be taken
as temperature dependent. Therefore, taking care of all these
factors may improve the result at high temperature region, but
this type of study requires heavy computational cost and also
beyond the scope of our present study.
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Figure 5. (a) Temperature dependence of figure-of-merit, ZT and
(b) % efficiency as a function of hot end temperature.

The electrical conductivity per relaxation time (σ/τ ) is cal-
culated as a function of temperature as shown in figure 4(b).
Figure shows that σ/τ decreases with temperature initially
then increases. This behaviour of σ/τ can be understood by
knowing the parameters by which σ/τ is calculated. Here, σ of
each band is calculated using equation (1). Then total σ is com-
puted by adding all the σ’s corresponding to each band. Tem-
perature dependence of σ is taken care of by the Fermi–Dirac
distribution function as appeared in equation (1). Here, it is
important to note that σ is calculated under constant relaxation
time approximation (τ n(εn(k)) = τ ). Hence, calculated value
of σ is solely depend on vn(k), − ∂ f

∂ε
and number of available

states for a given μ. With the increase in temperature, num-
ber of states always increases, therefore the initial decrement
of σ/τ is directly related to the vn(k) in equation (1). At high
temperature (above ∼520 K), increment of σ/τ is because of
rapid increment of number of carriers due to the contribution
of multiple bands (bands 5, 6, 7 and so on in figure 3(b)) as sim-
ilar thing we have seen in the case of S also. From the figure
it is clear that the initial decrement of σ/τ is consistent with

the experimental trend of σ (figure 2(b)), but at higher tem-
perature the trend of calculated values are not in accordance
with the experiment. Here, one can expect that temperature
dependent values of τ may improve the calculated σ and give a
better match with experiment. Keeping this in mind, the values
of τ are extracted by fitting the calculated σ/τ with experi-
mental σ. The inset of figure 4(b) shows the extracting τ in
the temperature range 300–800 K. The value of τ is calcu-
lated as ∼0.8 × 10−14 s at 300 K, which is in the typical range
of 10−14–10−15 s for metals and degenerate semiconductors
[1]. As the temperature increases τ decreases due to enhanc-
ing the number of scattering. Inset of figure 4(b) also shows
the fitting of τ with temperature as plotted by a solid line.
The τ has the temperature dependency as τ ∝ 1/T 0.35. This
behaviour of τ suggests that calculated σ can show a decreas-
ing trend on inclusion of temp dependent τ . Actually, the τ has
been extracted to calculate the other τ dependent study, e.g. κe

in this work. This is one of the simplest methods to extract
τ , if experimental σ and calculated σ/τ are available. The
calculation of τ is really a challenging task as it depends on
various scattering mechanisms, e.g. electron–electron scatter-
ing, electron–phonon scattering, phonon–phonon scattering,
electron–defect scattering, phonon–defect scattering etc. The
calculation of τ by considering all these scattering sources is
quite a difficult job which requires heavy computational cost
[56] and also beyond the scope of our present study. That’s
why we have chosen the simple method to extract τ to see
whether this τ can explain the other τ dependent quantity or
not.

The electronic part of thermal conductivity per relaxation
time (κe/τ ) is also computed under semi-classical Boltzmann
theory. Then κe is calculated by taking temperature dependent
τ (inset of figure 4(b)), which is shown in figure 4(c). The κe

increases with rise in temperature in the whole temperature
range. The behaviour of calculated κe can be understood by
the following equation [1]

κe =
π2

3

(
kB

e

)2

Tσ. (3)

The temperature dependent variation of κe is decided by T
and σ, since the other symbols of the above equation are con-
stants. As σ decreases in the full temperature range, hence T
dominates over σ for the increment of κe. The calculated κe

is compared with the experimental κe in the same figure of
4(c). Experimental κe is estimated using Wiedemann–Franz
law: κe = LσT , where temperature dependent σ is taken from
experiment (figure 2(b)) and L is taken as constant 2.45 ×
10−8 WΩ K−2 in the full temperature range. The same value
of L is previously used by many groups for calculating κe of
CoSi [22, 23, 25, 29, 31]. The calculated κe are in good agree-
ment with the experimental κe as seen from the figure. But, a
slight deviation between experimental and calculated values of
κe is observed at higher temperature region (above ∼520 K).
Therefore, the Wiedemann–Franz law which is derived for the
metal [1] may not be applicable for the fair estimation of κe

in such a semimetal CoSi. In addition to this, the L is taken
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as constant which is temperature dependent quantity in gen-
eral. Hence, temperature dependent L may improve the high
temperature κe data. The experimental value of κe is found to
be ∼3.8 W m−1 K−1 at 300 K. From this estimation, one can
expect that a larger contribution in total κ comes from lattice
part of κ at room temperature. As the temperature increases
κe also increases due to the contribution of more energy bands
(bands 5, 6, 7 and so on) and hence the large number of carriers
available at high temperature. The similar kind of contribution
of multi-band in the explanation of S and σ was also seen as
described earlier. At 800 K, the experimental κe is observed as
∼7.0 W m−1 K−1, which is almost 50% of the total κ.

A slight deviation between experimental and calculated val-
ues of S and κe are observed at higher temperature region as
we have seen in the present study. Actually, in reality it is nec-
essary to take into account all kinds of scattering mechanisms
that the present in synthesized polycrystalline samples in the
calculations. But, in practice it is quite difficult to carry out
such calculations with the available computational resources.
Actually, this is a routine job to use the calculations of sin-
gle crystalline stoichiometric compounds to address the trans-
port properties of polycrystalline synthesized materials that we
have done in our work.

3.4. Figure of merit and efficiency

The performance of TE materials is characterized by its ZT
value and efficiency. In this section, we discuss the ZT and effi-
ciency of CoSi. Figure 5(a) shows the experimental ZT values
in the temperature range 300–800 K. The ZT at 300 K is found
to be ∼0.08. As the temperature increases ZT is observed to be
enhanced rapidly up to ∼550 K, mainly due to increment of
magnitude of S. Then gives the maximum value of ZT ∼0.15
at ∼630 K. After 630 K, ZT decreases slowly till the highest
temperature of 800 K with the corresponding values of ∼0.14.

Accurate calculation of efficiency gives the easy way to
select the materials in making TEG. Here, we apply the seg-
mentation method to calculate the efficiency of CoSi as pro-
posed by Gaurav and Pandey [57]. In this method, efficiency is
calculated by varying the hot end temperature, where cold end
temperature was kept constant at 300 K. Hot end temperature is
varied from 300 to 800 K with step size of 100 K. Efficiency is
calculated in every 100 K starting from 300 K by taking every
segment temperature (ΔT) as 10 K. The % efficiency for CoSi
is shown in figure 5(b) as a function of hot end temperature.
Figure shows that efficiency is increasing as the temperature
increases. The maximum efficiency is observed as ∼3%, when
temperatures of cold side and hot side are considered as 300
and 800 K, respectively.

The measured values of ZT and efficiency of CoSi are quite
low as compared to conventional TE materials. Although the
power factor is high enough, the ZT is suppressed by high κ.
Therefore, rigorous efforts are required to reduce κ (which
involves κe and κL) in order to acquire high ZT.Needless to
say that the minimizing of κe without affecting σ is a difficult
job as they involve linear relationship via Wiedemann–Franz
law. Hence, the only way to improve ZT is by reducing the

κL without disturbing the electronic structure of CoSi. The
ways like alloying, nanostructuring can be utilized to reduce
κL [13, 58].

4. Conclusions

In this work, we have studied the TE properties of a novel
topological semimetal CoSi by using combined experimen-
tal and DFT based methods up to 800 K. For this pur-
pose, we synthesized the CoSi sample using arc melting
method and performed the Rietveld refinement which con-
firms the B20 cubic crystal structure with lattice constants
of a = b = c = 4.445 Å. First, we have experimentally mea-
sured the transport properties viz S, σ and κ of CoSi in the
300–800 K range. The S is found to show a non-monotonic
behaviour in the studied temperature range with room temper-
ature value of ∼ −81 μV K−1. The |S| is found to increase
up to ∼560 K (∼ −93 μV K−1) and then decrease till 800 K
with a value of ∼ −84 μV K−1. The measured values sug-
gested the dominating n-type behaviour in the full tempera-
ture range. The σ is found to have a monotonic decreasing
trend, while κ is monotonically increasing in the tempera-
ture region studied. The measured value of σ (κ) at 300 K
is ∼5.2 × 105 Ω−1 m−1 (∼12.1 W m−1 K−1) and reaches
the value of ∼3.6 × 105 Ω−1 m−1 (∼14.2 W m−1 K−1) at
800 K. The observed temperature dependence of κ is found
to be of T 0.16. Further, we have given an insight of mea-
sured TE properties of this topological semimetal up to 800 K,
by the combined DFT and Boltzmann transport calculations
for electronic properties. The band-structure is calculated by
considering SOC which shows the presence of three nodal
points. The band-structure analysis suggested that presence
of multi-band electron and hole pockets in the dispersion are
mainly responsible for deciding the temperature dependent
transport behaviour. Specifically, the decrease in magnitude
of S above 560 K and change in slope of σ around 450 K
are found to be due to contribution from the thermally gen-
erated charge carriers from the hole pockets. The temperature
dependent τ is calculated by comparing the experimental σ
and calculated σ/τ which is found to vary with temperature
as ∼1/T 0.35. The calculated value of κe using this τ is found
to give a fairly good match with experimental κe (obtained
from Wiedemann–Franz law). Thus our study suggested that
the electronic band-structures obtained from DFT based meth-
ods are reasonably good in explaining excited state transport
properties of this topological semimetal without the need of
beyond DFT methods. However, for better quantitative studies
of these properties (specially above ∼600 K) we may need to
go beyond the conventional DFT methods where temperature
dependent band-structures are taken into account.
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