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a b s t r a c t

The full potential method within the recently modified Becke-Johnson potential explore that the
Ba2Cd2Pn3 (Pn ¼ As and Sb) compounds are narrow band gap semiconductors of about 0.49 and 0.32 eV,
which confute the finding of the previous TB-LMTO-ASA calculation that Ba2Cd2Sb3 is a poor metal. It has
been found that there are subtle difference in band desperations of the two compounds, resulting in
significant influence on the electronic and transport properties, taking into account the size and the
electro-negativity differences between As and Sb atoms. Calculation show that there exists a strong
hybridization between the orbitals which may lead to form covalent bonding which is more favorable for
the transport of the carriers than ionic one. The electronic structure, the anisotropy and the inter-atomic
interactions are further analyzed by calculating the valence electronic charge density distribution in two
crystallographic planes. The semi-classical Boltzmann theory as incorporated in BoltzTraP code was used
to calculate the transport properties of Ba2Cd2As3 and Ba2Cd2Sb3 at different temperatures and chemical
potentials to ascertain the influence of temperatures and substituting As by Sb on the transport prop-
erties. The carries mobility decreases with increasing the temperature also with increasing the carriers
concentration. We have observed that substituting As by Sb lead to increase the carries mobility of
Ba2Cd2Sb3 along the whole temperature interval and the carries concentration range. It has been found
that Ba2Cd2As3 exhibit higher carriers concentration, electronic electrical conductivity and Seebeck co-
efficient than that of Ba2Cd2Sb3 along the investigated temperature range. The highest value of Seebeck
coefficient occurs at 300 K, which show good agreement with the experimental data. The power factor
increases linearly with increasing the temperature and Ba2Cd2As3 exhibit a bit higher power factor than
that of Ba2Cd2Sb3 up to 500 K. Above this temperature both compounds are alternating. Based on the
results our finding that the Ba2Cd2Pn3 (Pn ¼ As and Sb) compounds are efficient materials for energy
conversion.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Zintl phases are compounds that have shown promise for
thermoelectric applications [1e6] and unusual properties [7e10].
Edward Zintl pioneered a new class of intermetallic compounds
called Zintl phases, which constitute a large class of inorganic
materials with very various crystal structures [11]. Since the dis-
covery of the Zintl phases a large number of new Zintl compounds
have been synthesized, and their structural and electronic charac-
terizations have given tremendous information about their
West Bohemia, Univerzitni 8,
structure property relationship [12e20]. It has been found that in
Zintl phase the nature of the chemical bonding can be understood
by assuming a complete transfer of electrons from the more elec-
tropositive metal to the more electronegative element [21,22]. Due
to their complex structure, Zintl phases have been classified as
promising candidates for thermoelectric applications. Their elec-
tronic structure enable favorable thermal conductivity and the
optimal charge transport properties [23,24]. Among the new
promising Zintl phases are Ba2Cd2As3 and Ba2Cd2Sb3. Recently,
these two compounds have been synthesized and characterized by
Saparov et al. [15,16]. They reported that these compounds crys-
tallize in a novel monoclinic structure with the space group C2/m
featuring polyanionic layers made of Cd Pn4 tetrahedra (Pn ¼ As or
Sb) and homoatomic PnePn bonds.
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Fig. 1. The crystal structure of Ba2Cd2As3 and Ba2Cd2Sb3 compounds, which contains Sb2 dimer and two Ba2þ cations.
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Due to dearth information regarding the electronic structure
and the transport properties of Ba2Cd2Pn3 (Pn ¼ As and Sb) com-
pounds and due to the unique structure of these compounds
[15,16,25,26], as well as the underestimation of the band gap of
Ba2Cd2Sb3 by the TB-LMTO-ASA calculation. Therefore, we thought
it is worthwhile to perform comprehensive theoretical calculation
based on the density functional theory within the recently modi-
fied Becke-Johnson potential (mBJ) [27] to investigate the electronic
band structure, density of states, electronic charge density distri-
bution and the thermoelectric properties. The thermoelectric
properties were investigated at different temperatures and chem-
ical potentials using BoltzTraP code [28] based on the calculated
electronic structure to ascertain the effect of the temperatures on
the thermoelectric properties. It has been proven that the first-
principles calculation is a strong and useful tool to predict the
crystal structure and its properties related to the electron config-
uration of a material before its synthesis [29e32].

2. Details of calculation

Ba2Cd2Pn3 (Pn ¼ As or Sb) crystallizes in Zintl phases with
monoclinic space group C2/m, it contains two Ba, two Cd and three
As or Sb atoms situated in special positions (symmetry indepen-
dent) [15,16]. The lattice parameters of Ba2Cd2As3 are
a ¼ 17.188(2) Å, b ¼ 4.572(4) Å, c ¼ 12.725(1) Å, b ¼ 126.639(1)�,
V ¼ 798.0(1) Å3 and rc/g cm�1 ¼ 6.028. While for Ba2Cd2Sb3 are
a ¼ 18.072(4) Å, b ¼ 4.824(1) Å, c ¼ 13.403(3) Å, b ¼ 126.747(2)�,
V ¼ 936.2(3) Å3 and rc/g cm�1 ¼ 6.135 [15,16]. According to the
Inorganic Crystal Structure Database [26], the atomic arrangement
of these atoms make the structure of Ba2Cd2Pn3 unique, it has two
dimensional layers [15,16,25,26]. Based on the reported x-ray
diffraction data (XRD) of Ba2Cd2Pn3 (Pn ¼ As or Sb) [15,16], a
comprehensive theoretical calculation within density functional
theory (DFT) was performed. The full potential linear augmented
planewave (FPLAPWþ lo) method as embodied in theWIEN2k code
[33] within generalized gradient approximation (PBE�GGA) [34]
were used to perform the geometrical relaxation. The resulting
relaxed geometries were used to calculate the electronic structure
and hence the associated properties using the recently modified
Becke-Johnson potential (mBJ) [27]. The relaxed crystal structures
of Ba2Cd2Pn3 (Pn ¼ As or Sb) along with the asymmetric unit were
presented in Fig. 1.

Based on the calculated electronic band structure of Ba2Cd2As3
and Ba2Cd2Sb3 compounds within full potential method, the semi-



Fig. 2. Calculated electronic band structure of Ba2Cd2As3 and Ba2Cd2Sb3 compounds.

A.H. Reshak / Journal of Alloys and Compounds 670 (2016) 1e11 3
classical Boltzmann theory as incorporated in BoltzTraP code [28]
was used to calculate the transport properties of Ba2Cd2As3 and
Ba2Cd2Sb3 compounds at different temperatures and chemical
potentials to ascertain the influence of temperatures and
substituting As by Sb on the transport properties. In this report we
have calculated the carriers concentration (n), Seebeck coefficient
(S), electrical conductivity (s/t), electronic thermal conductivity
(ke), and the electronic power factor (S2s/t) as a function of tem-
perature at certain value of chemical potential as well as a faction of
chemical potential at three constant temperatures (300, 600 and
900) K. We would like to mention here that the constant relaxation
time approximation and the rigid band approximation are used in
the calculations [28]. The relaxation time is taken to be direction
independent and isotropic [35]. Madsen and Singh [28] have been
reported that the BoltzTrap code depends on a well tested
smoothed Fourier interpolation to obtain an analytical expression
of bands. This is based on the fact that the electrons contributing to
transport are in a narrow energy range due to the delta-function
like Fermi broadening. For such a narrow energy range the relax-
ation time is nearly the same for the electrons. The accuracy of this
method has been well tested earlier, and the method actually turns
out to be a good approximation [36e39]. The temperature depen-
dence of the energy band structure is ignored.

In the FPLAPWþ lo calculation the unit cell was divided into two
regions, the spherical harmonic expansionwas used inside the non-
overlapping spheres of muffin-tin radius (RMT) and the plane wave
basis set was chosen in the interstitial region (IR) of the unit cell.
The RMT for Ba, Cd, As and Sb were chosen in such a way that the
spheres did not overlap, these values are 2.5 a.u for Ba, Cd, Sb and
2.3 a.u. for As. In order to get the total energy convergence, the basis
functions in the IRwere expanded up to RMT� Kmax¼ 7.0 and inside
the atomic spheres for the wave function. The maximum value of l
was taken as lmax ¼ 10, while the charge density is Fourier
expanded up to Gmax ¼ 12 (a.u)�1. Self-consistency is obtained
using 300 k

.
points in the irreducible Brillouin zone (IBZ). The self-

consistent calculations are converged since the total energy of the
system is stable within 0.00001 Ry. The electronic band structures
calculation are performedwithin 1500 k

.
points in the IBZ. Whereas

the transport properties are performed within 10,000 k
.

points in
the IBZ.

3. Results and discussion

3.1. Electronic band structures, density of states and electronic
charge density

It has been reported that there are no other reported com-
pounds with the same arrangement of Ba2Cd2Pn3 (Pn ¼ As or Sb)
[15,16,25,26]. Therefore, it is very interesting to investigate the
structure of such unique compounds. The electronic band structure
of the monoclinic Ba2Cd2As3 and Ba2Cd2Sb3 compounds were
calculated within the recently modified Becke-Johnson potential as
shown in Fig. 2(a) and (b). Calculation explored that these com-
pounds are narrow band gap semiconductors. It has been found
that Ba2Cd2As3 possess direct band gap of about 0.49 eV, whereas
Ba2Cd2Sb3 exhibit indirect band gap of about 0.32 eV. This finding
confute the previous observation using TB-LMTO-ASAmethod, that
Ba2Cd2Sb3 is poor metal [15,16]. The drawback of TB-LMTO-ASA
method is attributed to the fact that the muffin-tin approxima-
tion (MTA) works reasonably well in highly coordinated systems,
such as face-centered cubic (FCC) metals. For covalently bonded
solids or layered structures the MTA is a poor approximation and
leads to discrepancies with experiments [40,41]. The more general
treatment of the potential, such as provided by a full potential
method has none of the drawbacks of the atomic sphere approxi-
mation (ASA) and MTA based methods. In full potential methods
the potential and charge density are expanded into lattice har-
monics inside each atomic sphere and as a Fourier series in the
interstitial region. Hence, the effect of the full potential on the
electronic properties can be ascertained. Following Fig. 2(a) and (b)
it is clear that there are subtle difference in band desperations of
the two compounds, resulting in significant influence on the



Fig. 3. Calculated total and partial density of states of Ba2Cd2As3 and Ba2Cd2Sb3 compounds.



Fig. 4. Calculated electronic charge density counters; (a) illustrated the electronic charge density contour in (1 0 0) crystallographic plane for Ba2Cd2As3; (b) illustrated the
electronic charge density contour in (1 0 0) crystallographic plane for Ba2Cd2Sb3; (c) illustrated the electronic charge density contour in (1 0 1) crystallographic plane for Ba2Cd2As3;
(d) illustrated the electronic charge density contour in (1 0 1) crystallographic plane for Ba2Cd2Sb3.
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electronic properties, taking into account the size and the electro-
negativity differences between As and Sb. It is well known that
substituting As by Sb lead to increase the inter-atomic distance, also
cause to push the conduction band minimum (CBM) towards Fermi
level (EF), which could be another factor influence the electronic
properties in addition to the influence of the electro-negativity
differences.

To inspect the inter-atomic interactions, deep investigation to
the total and the angular momentum resolved projected density of
states were performed. Fig. 3(a) illustrated the total density of
states (TDOS) of both compounds. We observed that Ba2Cd2As3
introduced more bands in the energy region confined
between �12.0 and �8.0 eV in comparison to Ba2Cd2Sb3 due to the
electro-negativity differences [42]. The calculated angular mo-
mentum resolved projected density of states (PDOS) enables us to
identify the angular momentum characters of the various struc-
tures as shown in Fig. 3(b)-(g). These figures suggested that the
density of states can be divided into four regions. The structure
around �14.0 eV is mainly belong to Ba-p state with negligible
contributions from Cd-s/p, As/Sb-p/d and Ba-s states. The second
structure between�12.0 and �8.0 eV is formed by Cd-d and As/Sb-
s states with small contribution of Cd-s/p, As/Sb-p/d and Ba-s
states. The structure extended from �4.0 eV up to EF is formed by
Cd-s and As/Sb-p states with insignificant contribution from Ba-s/d,
Cd-p and As/Sb-d states. The last structure, from the CBM and
above is admixture of Ba-s/d, Cd-s/p and As/Sb-p/d states. There
exists a strong hybridization between the states, at
around �10.0 eV the Cd-d state hybridized with As/Sb-s states, at
around �5.0 eV the Cd-s state hybridized with As/Sb-p states. At
CBM the Cd-s state hybridized with As/Sb-p and Ba-d states while



Table 1
Calculated bond distance in comparison with the measured one [15,16].

Ba2Cd2As3 Ba2Cd2Sb3

Bonds (Å) Exp. This work Bonds (Å) Exp. This work

Ba1eAs3 3.2451(6) 3.2121 Ba1eSb3 3.4394(9) 3.4400
Ba1eAs3 � 2 3.2798(4) 3.2699 Ba1e Sb3 � 2 3.4436(6) 3.4501
Ba1eAs2 3.2932(6) 3.3011 Ba1eSb2 3.4524(8) 3.4511
Ba1eAs1 � 2 3.3426(5) 3.3487 Ba1eSb1 � 2 3.4940(6) 3.5011
Ba2eAs2 � 2 3.3586(4) 3.3499 Ba2eSb2 � 2 3.5313(7) 3.5301
Ba2eAs2 3.3780(6) 3.3798 Ba2eSb2 3.5904(9) 3.6011
Ba2eAs1 � 2 3.3884(4) 3.3900 Ba2eSb1 � 2 3.5988(7) 3.6077
Ba2eAs1 � 2 3.4992(5) 3.5010 Ba2eSb1 � 2 3.7249(8) 3.7312
Ba2eCd1 � 2 3.5932(4) 3.6000 Ba2eCd1 � 2 3.6959(8) 3.7011
Cd1eAs2 2.7151(6) 2.7099 Cd1eSb2 2.901(1) 2.9000
Cd1eAs3 � 2 2.7251(4) 2.7211 Cd1eSb3 � 2 2.8853(6) 2.8987
Cd1eAs1 2.8707(6) 2.8798 Cd1eSb1 2.9712(9) 2.9800
Cd2eAs3 2.7193(6) 2.7201 Cd2eSb3 2.8794(9) 2.8811
Cd2eAs3 � 2 2.7347(4) 2.7355 Cd2eSb3 � 2 2.9029(6) 2.9111
Cd2eAs3 2.9093(7) 2.9111 Cd2eSb3 3.0403(9) 3.0344
As1eAs1 2.498(1) 2.4968 Sb1eSb1 2.835(1) 2.8400
As1eCd1 2.8707(6) 2.8877 Sb1eCd1 2.9712(9) 2.9811
As2eCd1 2.7151(6) 2.7090 Sb2eCd1 2.901(1) 2.9011
As2eCd2 � 2 2.7347(4) 2.7400 Sb2eCd2 � 2 2.9029(6) 2.9112
As3eCd2 2.7193(6) 2.7211 Sb3eCd2 2.8794(9) 2.8866
As3eCd1 � 2 2.7251(4) 2.7233 Sb3eCd1 � 2 2.8853(6) 2.8900
As3eCd2 2.9093(7) 2.8998 Sb3eCd2 3.0403(9) 3.0411
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Cd-p state hybridized with As/Sb-d states, these states are govern
the value of the band gap mainly the As/Sb-p states which are the
dominant in the CBM and the valence band maximum (VBM). This
finding confute the previous observation using TB-LMTO-ASA
method that the classical sp3 hybridization concept for CdPn4
tetrahedra is inapplicable in Ba2Cd2As3 and Ba2Cd2Sb3 [15,16]. The
strong hybridization may lead to form covalent bonding. Covalent
bonding is more favorable for the transport of the carriers than
ionic one [43].

To support this statement, deep insight into the electronic
structure and the inter-atomic interactions will be obtained by
analyzing the valence electronic charge density distribution
(VECD). Therefore, we have investigated the VECD in two crystal-
lographic planes. These are (1 0 0) and (1 0 1) as shown in
Fig. 4(a)e(d). The nature of the inter-atomic interactions in
Ba2Cd2Pn3 (Pn ¼ As or Sb) compounds could be understood by
assuming a complete transfer of electrons from the more electro-
positive metal (here Ba and Cd) to the more electronegative
element (As and Sb). According to Pauling scale the electronega-
tivity of As and Sb are 2.18 and 2.05, whereas the electronegativity
of Ba and Cd are 0.89 and 1.69 thus Ba and Cd possess high elec-
tropositivity of about 3.11 and 2.31. Therefore, they are similar to
the typical semiconductors [15,16]. Due to the atomic radii differ-
ences, substituting As by Sb lead to increase the inter-atomic dis-
tance which influence the degree of covalency between BaePn
(Pn ¼ As or Sb) [15,16] and Cd-Pn. Following Fig. 4(a) and (b) it is
Table 2
Calculated bond angles in comparison with the measured one [15,16].

Ba2Cd2As3

Bond angles (�) Exp. This work

As2eCd1eAs3 107.31(1) 107.35
As3eCd1eAs3 113.09(2) 113.1
As1eCd1eAs2 109.54(2) 109.6
As1eCd1e As3 109.75(1) 109.70
As2eCd2eAs2 112.49(2) 112.51
As3eCd2eAs3 111.06(2)

114.11(1)
111.1
114.15

As3eCd2eAs2 101.81(1) 101.75
clear that Cd-Pn form partially ionic and partially covalent bonding
implies the existence of the hybridization, while Ba-Pn exhibit
mostly ionic and partially covalent bonding and substituting As by
Sb lead to influence degree of covalency, as it is clear from Fig. 4(b)
where the sharing contour (outer shell) between BaeSb about to
vanishes in comparison to BaeAs. To investigate the anisotropy
nature of the bonds in Ba2Cd2Pn3 (Pn¼ As or Sb) we have calculated
the VECD in (1 0 1) crystallographic plane as shown in Fig. 4(c) and
(d), the anisotropy could be confirmed further by calculating inter-
atomic distances. These are listed in Table 1 in comparison with
measured one [15,16]. In addition, the bond angles were calculated
and compared with the measured one as shown in Table 2. Due to
electro-negativity differences between Ba, Cd, As and Sb atoms we
can see that the charge attracted towards As or Sb atoms due to the
fact that a complete transfer of electrons from the more electro-
positive metal to the more electronegative element.

3.2. Thermoelectric properties

It is well known that the area in vicinity of Fermi level (EF) play
an important rule for the carrier's transportation therefore, we have
illustrated the electronic band structures in the energy ranges
between þ2.0 eV and �2.0 eV as shown in Fig. 2(a) and (b). It is
clear that the upper valence band (Fig.2(a,b)) shows flat k-disper-
sion. This reflects the low mobility of the holes. Whereas the lower
conduction band exhibit highest k-dispersion which imply lowest
effect masses and hence the highest mobility for the electrons. The
calculated electron effective mass (m*

e) and effective mass ratio
(m*

e=me) of Ba2Cd2As3 are 0.0617 � 10�31 kg and 0.0067, while for
Ba2Cd2Sb3 are 0.0539� 10�31 kg and 0.0059. Since the investigated
compounds possess narrow energy gaps. Therefore, the electronic
structures of these compounds allow the optimal charge transport
properties.

3.2.1. Charge carriers concentration and electrical conductivity
We have calculated the carries mobility of Ba2Cd2As3 and

Ba2Cd2Sb3 compounds at a certain value of the chemical potential
as a function of temperature as shown in Fig. 5(a) also as a function
of carriers concentration as illustrated in Fig. 5(b). It has been found
that the carries mobility decreases with increasing the temperature
(Fig. 5(a)). The same behaviors was observed with increasing the
carriers concentration (Fig. 5(b)), that is attributed to the fact that
high temperature lead to increase the vibration resulting in
dramatically increase the scattering rate and hence reduce the
mobility. The same trends observed with increasing the carriers
concentration. That means the high carriers concentration increase
the scattering rate resulting in reduce the mobility. Also we
observed that substituting As by Sb in Ba2Cd2Pn3 (Pn ¼ As and Sb)
lead to increase the carries mobility of Ba2Cd2Sb3 along the whole
temperature scale with respect to Ba2Cd2As3 (see Fig. 5(a)) also it
cause to increase the carries mobility of Ba2Cd2Sb3 along the carries
Ba2Cd2Sb3

Bond angles (�) Exp. This work

Sb2eCd1eSb3 105.78(2) 105.89
Sb3eCd1eSb3 113.43(3) 113.51
Sb1eCd1eSb2 112.59(3) 112.61
Sb1eCd1eSb3 109.61(2) 109.59
Sb2eCd2eSb2 112.38(3) 112.30
Sb3eCd2eSb3 109.90(2)

114.61(2)
109.87
114.56

Sb3eCd2eSb2 101.85(2) 101.79



Fig. 5. (a) Calculated mobility as function of temperature at a certain value of chemical potential; (b) Calculated mobility as function of carriers concentration at a certain value of
chemical potential; (c) Calculated carriers concentration as function of temperature at a certain value of chemical potential.
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concentration range in comparison to Ba2Cd2As3 (see Fig. 5(b)).
In addition, we have calculated and presented the charge car-

riers concentration of Ba2Cd2Pn3 (Pn ¼ As and Sb) compounds at
certain value of chemical potential (m ¼ EF) as a function of tem-
perature as shown in Fig. 5(c). Following this figure we can see that
at this certain value of the chemical potential a rapid increases in
the carrier concentration of these compounds occurs with
increasing the temperature. Ba2Cd2As3 compound exhibit higher
values than that of Ba2Cd2Sb3 compounds along the investigated
temperature range. That is attributed to the fact that the electro-
negativity of As is a bit higher than that of Sb and due to the fact
that a complete transfer of electrons occurs from the more elec-
tropositive metal (here Ba > Cd) to the more electronegative
element (As > Sb). The carrier concentration (n ¼ s/eh) is indirectly
related to the effective mass through the mobility (he ¼ ete=m*

e)
since m*

e of Ba2Cd2As3 > Ba2Cd2Sb3 therefore, the h of
Ba2Cd2As3 < Ba2Cd2Sb3 (Fig. 5(a,b)) and hence n of
Ba2Cd2As3 > Ba2Cd2Sb3 (Fig. 5(c)).

Fig. 6(a) illustrated the electrical conductivity as a function of
temperature at a certain value of chemical potential. It has been
noticed that the electrical conductivity increases linearly with
increasing the temperature and Ba2Cd2As3 compound exhibit
electrical conductivity a bit higher or almost equal to that of
Ba2Cd2Sb3 compound. We have compared our results of Ba2Cd2As3
with the experimental data [15], good agreement was found see
Fig. S1 (supplementary materials). The electrical conductivity
(s ¼ neh) is directly proportional to the charge carriers density (n)
and their mobility (h) therefore, to have the highest electrical
conductivity, high nh is required thus we have to maximizing the
quantity nh. Since Ba2Cd2As3 possess high n and a bit low h while
Ba2Cd2Sb3 have low n and a bit high h therefore, nh of Ba2Cd2As3�
Ba2Cd2Sb3 as shown in Fig. 6(a) and Fig. S1 (supplementary
materials).

Furthermore, we have plotted the electrical conductivity as a
function of chemical potential at three constant temperatures (300,
600 and 900) K as shown in Fig. 6(b) and (c). These figures confirm
our previous finding that in the vicinity of EF the electrical con-
ductivity of Ba2Cd2As3� Ba2Cd2Sb3. We observed that increasing
the temperature has no significant influence on the electrical
conductivity in the investigated chemical potential range.

3.2.2. Electronic thermal conductivity
For ideal thermoelectric materials low thermal conductivity is

required to maintain the temperature gradient. In general the
thermal conductivity consist of two parts k¼ ke þ kl, the first part ke
which defined the electronic contribution where both of electrons
and holes transporting heat, and the second part kl is the lattice
contribution (phonons traveling through the lattice). Using the
Boltztrap code we have calculated the temperature dependent
electronic thermal conductivity of Ba2Cd2As3 and Ba2Cd2Sb3 com-
pounds at a certain value of the chemical potential as shown in
Fig. 7(a). It has been noticed that the electronic thermal conduc-
tivity increases exponentially with the temperature and both
compounds exhibit the same values up to 550 K. Above this tem-
perature Ba2Cd2Sb3 show higher electronic thermal conductivity
than that of Ba2Cd2As3. In addition, we have calculated the elec-
tronic thermal conductivity as a function of chemical potential in
the vicinity of EF for three constant temperatures as shown in



Fig. 6. (a) Calculated electrical conductivity of Ba2Cd2Pn3 (Pn ¼ As and Sb) compounds using mBJ as a function of temperatures; (b) Calculated electrical conductivity of Ba2Cd2As3
as a function of chemical potential at three constant temperatures 300, 600 and 900 K; (c) Calculated electrical conductivity of Ba2Cd2Sb3 as a function of chemical potential at three
constant temperatures 300, 600 and 900 K.
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Fig. 7(b) and (c). A significant increases in the electronic thermal
conductivity occurs with increasing the temperature from
300/ 600/ 900 K. The lowest electronic thermal conductivity is
achieved at 300 K for the investigated compounds.

3.2.3. Seebeck coefficient (thermopower)
Fig. 8(a) and (b) illustrated the calculated Seebeck coefficient (S)

as a function of chemical potential in the interval range m�EF ¼ H

0.2 eV, at three constant temperatures (300, 600 and 900) K. It has
been found that in the investigated interval of the chemical po-
tential, both of Ba2Cd2As3 and Ba2Cd2Sb3 compounds represent n-
type and p-type conductions. Ba2Cd2As3 exhibit higher Seebeck
coefficient than Ba2Cd2Sb3 compound for all temperatures and the
highest value of Seebeck coefficient occurs at 300 K. In Fig. S2
(supplementary materials) we have plotted the Seebeck coeffi-
cient of Ba2Cd2As3 as a function of temperature up to 300 K along
with the experimental data [16], same trendswas found confirming
the validity of the method used. It is clear that at the vicinity of
Fermi level there are two pronounced peaks represents Seebeck
coefficient for n-/p-types of Ba2Cd2As3 and Ba2Cd2Sb3 compounds.
We can see that Ba2Cd2As3 exhibit the highest values of about 840.0
(mV/K) for p-type and 790.0 (mV/K) for n-type conductions. While
Ba2Cd2Sb3 compound exhibits the maximum values of about 560.0
(mV/K) for p-type and 510.0(mV/K) for n-type conductions.

3.2.4. Power factor
The most challenging task is to increase the dimensionless
figure of merit (ZT ¼ S2sT/k). To achieve this task we need to
maximizing the quantity S2s and tominimize k. Therefore, we need
materials exhibit low thermal conductivity and high power factor
P¼ S2s. The power factor comes as numerator of the dimensionless
figure of merit and hence the power factor is an important quantity
which play principle role in evaluate the transport properties of the
materials.

Fig. 9(a) exhibit the calculated P of Ba2Cd2As3 and Ba2Cd2Sb3
compounds as a function of temperature at certain value of
chemical potential. It is clear that the power factor increases line-
arly with increasing the temperature and Ba2Cd2As3 exhibit a bit
higher power factor than that of Ba2Cd2Sb3 up to 500 K. Above this
temperature both compounds are alternating.

In Fig. 9(b) and (c) we have presented the calculated power
factor of Ba2Cd2As3 and Ba2Cd2Sb3 compounds at 300, 600 and
900 K as a function of chemical potential at the vicinity of EF for
m�EF between ±0.2 eV. At m�EF ¼ 0 the power factor exhibit low
value and beyond that the power factor increases rapidly to form
pronounced peaks. The power factor of Ba2Cd2As3 exhibit the
highest peaks for the p-type conduction at around m�EF¼�0.04 eV
for 300, 600 and 900 K. While Ba2Cd2Sb3 exhibit the highest peaks
for the p-type conduction at around m�EF ¼ �0.025 eV. Both
compounds the highest power factor occurs at 900 K.
4. Conclusions

Based on the reported x-ray diffraction data (XRD) of Ba2Cd2Pn3



Fig. 7. (a) Calculated electronic thermal conductivity of Ba2Cd2Pn3 (Pn ¼ As and Sb) compounds as a function of temperatures; (b) Calculated electronic thermal conductivity of
Ba2Cd2As3 as a function of chemical potential at three constant temperatures 300, 600 and 900 K; (c) Calculated electronic thermal conductivity of Ba2Cd2Sb3 as a function of
chemical potential at three constant temperatures 300, 600 and 900 K.

Fig. 8. (a) Calculated Seebeck coefficient of Ba2Cd2As3 as a function of chemical potential at three constant temperatures 300, 600 and 900 K; (b) Calculated Seebeck coefficient of
Ba2Cd2Sb3 as a function of chemical potential at three constant temperatures 300, 600 and 900 K.
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(Pn ¼ As or Sb) a comprehensive theoretical calculation was per-
formed. The full potential linear augmented plane wave
(FPLAPW þ lo) method within generalized gradient approximation
(PBE�GGA) were used to perform the geometrical relaxation. The
full potential method within the recently modified Becke-Johnson
potential explore that the Ba2Cd2Pn3 (Pn ¼ As and Sb) com-
pounds are narrow band gap semiconductors with subtle differ-
ence in band desperations of the two compounds. These differences



Fig. 9. (a) Calculated power factor of Ba2Cd2Pn3 (Pn ¼ As and Sb) compounds as a function of temperatures; (b) Calculated power factor of Ba2Cd2As3 as a function of chemical
potential at three constant temperatures 300, 600 and 900 K; (c) Calculated power factor of Ba2Cd2Sb3 as a function of chemical potential at three constant temperatures 300, 600
and 900 K.
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cause significant influence on the electronic properties of these
materials, taking into account the size and the electro-negativity
differences between As and Sb atoms. The calculated PDOS
exhibit that there exists a strong hybridization between the states.
The investigated valence electronic charge density distribution in
two crystallographic planes explore further information about the
electronic structure, anisotropy, the inter-atomic interactions and
the chemical bonding nature. To get deep insight into the electronic
structure, the optical properties were calculated and analyzed in
details.

Based on the calculated band structure of Ba2Cd2Pn3 (Pn ¼ As
and Sb), the transport properties were obtained using the semi-
classical Boltzmann theory as incorporated in BoltzTraP code. To
ascertain the influence of substituting As by Sb on the transport
properties the investigations were achieved at different tempera-
tures and chemical potentials values. Calculation show that these
materials are narrow gap semiconductors and efficient materials
for energy conversion.

The carries mobility decreases with increasing the temperature
and the carries concentration. Substituting As by Sb in Ba2Cd2Pn3
(Pn ¼ As and Sb) lead to increase the carries mobility along the
whole temperature range and the carries concentration range. It
has been found that Ba2Cd2As3 compound exhibit higher carriers
concentration, electronic electrical conductivity, Seebeck coeffi-
cient and power factor than that of Ba2Cd2Sb3 compounds along the
investigated temperature range. The Seebeck coefficient of Ba2C-
d2As3 compound show good agreement with the available experi-
mental data. The obtained results suggested that these compounds
are good thermoelectric materials and Ba2Cd2As3 compound is a bit
better than Ba2Cd2Sb3 compound due to the fact that As has a bit
higher electronegativity than Sb and Ba2Cd2As3 posses a direct
band gap.
Some important notes

Wewould like to highlight that we have used (h) for mobility in
order to differentiate it from the chemical potential (m).
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