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The thermoelectric properties of the spin-polarized b0-Tb2(MoO4)3 phase are calculated using
first-principles and second-principles methods to solve the semi-classical Bloch-Boltzmann transport
equations. It is interesting to highlight that the calculated electronic band structure reveals that the
b0-Tb2(MoO4)3 has parabolic bands in the vicinity of the Fermi level (EF); therefore, the carriers exhibit
low effective mass and hence high mobility. The existence of strong covalent bonds between Mo and
O in the MoO4 tetrahedrons is more favorable for the transport of the carriers than the ionic bond. It
has been found that the carrier concentration of spin-up (") and spin-down (;) increases linearly with
increasing the temperature and exhibits a maximum carrier concentration at EF. The calculations reveal
that the b0-Tb2(MoO4)3 exhibits maximum electrical conductivity, minimum electronic thermal conduc-
tivity, a large Seebeck coefficient and a high power factor at EF for (") and (;). Therefore, the vicinity of EF
is the area where the b0-Tb2(MoO4)3 is expected to show maximum efficiency.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Molybdate crystals have become considerable candidates for
practical applications in photonic, laser, thermoelectric and elec-
tronic technologies [1–8]. Because the rare-earth ions occupy
low-symmetry positions, the molybdates containing rare-earth
ions gain special attention as laser and luminescent hosts [6,8–
16]. It is interesting to mention that rare-earth molybdates can
be obtained in the form of large single crystals of high optical qual-
ity, characterized by high mechanical resistance, great resistance to
external factors, and interesting elastic and electric properties [17].
One of the important rare-earth molybdates candidates is terbium
molybdate in b0-phase, b0-Tb2(MoO4)3 (b0-TMO). b0-TMOs are fully
coupled ferroelectric-ferroelastic crystals; these are well-known
materials in addition to Gd2(MoO4)3 [18,19]. Peng et al. [20] inves-
tigated the transmission spectrum of b0-TMO and found that it is
transparent over the range of about 340–1750 nm, with an energy
band gap of about 3.76 eV and a large absorption peak at 486 nm.
They measured the photoluminescence of the Tb2(MoO4)3 and
observed the peaks at 490 nm, 540 nm, 580 nm and 615 nm, which
are attributed to the electronic transitions of Tb3+ ions. The stron-
gest photoluminescence intensity is excited by the light of 486 nm,
which is mainly caused by the energy absorption at 486 nm indi-
cated in the transmission spectrum. The molybdates possess a
sequence of the phase transitions with a temperature variation,
and the b and b0 polymorph modifications are noncentrosymmetric
[21–25]. Recently, MoO3� based crystals such as ZnMoO4 and KLa
(MoO4)2 have been reported to be good hosts for Tb3+ doping
and green emission [26,27].In our previous work [28], we per-
formed spin-polarized calculations to investigate the ground state
properties of the b0-Tb2(MoO4)3 using the density functional theory
plus U-Hubbard Hamiltonian. In this report, we will reveal the
influence of the spin-polarization on the transport properties.
Therefore, as a step forward to understand the origin of the con-
ductivity in the b0-Tb2(MoO4)3, we have performed comprehensive
theoretical investigations based on the all-electron full-potential
method within the semi-classical Boltzmann theory as incorpo-
rated in the BoltzTraP code to calculate the transport properties
of the b0-Tb2(MoO4)3. Simulations of the thermoelectric properties
are a transition from first- to second-principles methods. The first-
principles method used here is the all-electron full-potential linear
augmented plane wave (FPLAPW þ lo) method [29], whereas the
second-principles method is the BoltzTraP code [30], which solves
the semi-classical Bloch-Boltzmann transport equations within the
constant relaxation time approximation.

The transport properties can provide detailed information about
the electronic structure of the materials. The transport properties
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of solids are a major topic, both in basic research as well as for
industrial applications. While for the former the origin and nature
of different excitation processes is of fundamental interest, the lat-
ter can make use of them in many thermoelectric devices.
2. Details of calculations

The b0-Tb2(MoO4)3 phase crystallizes in orthorhombic symme-
try with the Pba2 space group at temperatures below 433 K
[24,25]. The experimental lattice parameters are a = 10.35387
(6) Å, b = 10.38413(6) Å, c = 10.65695(7) Å and V = 1145.79(1) Å3

[31]. It is known that three different types of (MoO4)2� tetrahe-
drons having different mean distances of Mo–O bonds are present
in the b0-RE2(MoO4)3 crystals, i.e., type-I, II, and III; three crystallo-
graphically independent (MoO4)2� tetrahedra form successive lay-
ers along the c-axis [32–35]. Each (MoO4)2� tetrahedron is discrete,
and each oxygen atom in (MoO4)2� is bonded only to one Mo atom,
in addition to either one or two Tb atoms (Fig. 1). The O atoms of
the MoO4 tetrahedrons form strong covalent bonds with Mo atoms,
while the O atoms in TbO7 polyhedrons forms very weak covalent
bonds, as is confirmed by the interatomic distances between Tb-O
and Mo-O [31]. Covalent bonding is more favorable for the trans-
port of the carriers than ionic bonding [36].The full-potential linear
augmented plane wave plus the local orbitals (FPLAPW þ lo)
method, as implemented in the WIEN2k code [29] within the gen-
eralized gradient approximation (PBE� GGA) [37], was used to
optimize the experimental structural geometry of the b0-
Tb2(MoO4)3 compound [31]. The optimized crystal structure of
the b0-Tb2(MoO4)3 is depicted in Fig. 1; the structure consists of
MoO4 tetrahedrons and TbO7 polyhedrons linked by corners. It is
well known that for oxides and other highly correlated compounds
the electrons are highly localized. Therefore, the local density
approximation (LDA) and GGA fail to give the correct ground state.
The Coulomb repulsion between the electrons in open shells
should be taken into account. Therefore, it has been proposed that
a simpler approach is to add the Hubbard-like on-site repulsion to
the Kohn-Sham Hamiltonian, which is called DFT + U (U-Hubbard
Hamiltonian). From the obtained relaxed geometry, the ground
state properties were determined using FPLAPW þ lo [37–41]
within GGA+U. We applied U on the 4f orbital of Tb atoms and
the 4d orbital of Mo atoms; several U values were used until we
reached the U values that give a result in concordance with exper-
imental data. The U values used here are 0.54 Ry and 0.22 Ry for
the Tb-4f and Mo-4d, respectively.
Fig. 1. Crystal structure of b0-Tb2(MoO4)3, the MoO4 tetrahedrons and TbO7

polyhedrons are linked by corners, MoO4 tetrahedrons in b0-Tb2(MoO4)3, TbO7

polyhedrons in b0-Tb2(MoO4)3.
The spin-polarized transport properties of the b0-Tb2(MoO4)3
are obtained utilizing the semi-classical Boltzmann theory as
incorporated within the BoltzTraP code [30]. The calculations of
the transport properties are a transition from first- to second-
principles methods. The first-principles method used here is the
FPLAPW+lo, whereas the second-principles method is the Boltz-
TraP code [30]. In the BoltzTraP code, the semi-classical Bloch-
Boltzmann transport equations are solved within the constant
relaxation time approximation [30].The potential for the construc-
tion of the basis functions inside the sphere of the muffin-tin was
spherically symmetric, whereas it was constant outside the sphere.
Self-consistency is obtained using 800 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 spin-polarized transport properties were calculated within
1728 K points in the IBZ. It is well known that first-principles cal-
culations are a powerful and useful tool to predict the crystal struc-
ture and its properties related to the electron configuration of a
material before its synthesis [42–44].
3. Results and discussion

3.1. Salient features of the spin-polarized electronic band structure

The spin-polarized electronic band structure for spin-up (") and
spin-down (;) are calculated and illustrated in Fig. 2 (a and b), to
investigate the influence of the spin-polarization on the transport
properties of the b0-Tb2(MoO4)3. The (") and (;) channels exhibit
an indirect energy band gap as the valence band maximum
(VBM) is located at Y point of the BZ and the conduction band min-
imum (CBM) at the center of the BZ. The zero of the energy scale is
taken at the top of the valence band for both spins. It has been
found that the calculated values of the band gap is 3.61 eV for (")
and (;), in close agreement with the measured one (3.76 eV) [45–
48]. It is clear that the electronic band structures of the b0-
Tb2(MoO4)3 for (") and (;) channels present identical structures;
therefore, the spins display similar characteristics in all regards.
To ascertain this observation, we have presented the necessary
ingredients of the calculated total density of states as shown in
Fig. 2 (a and b), which show that the total density of states (TDOS)
for (") and (;) channels are identical, confirming that the spin-
polarization has identical influence on the ground state properties
of the b0-Tb2(MoO4)3. We enlarged the electronic band structure in
the area around the CBM and the VBM; we found that both the
CBM and VBM have parabolic bands in the vicinity of the Fermi
level (Fig. 2(c and d). This implies that the b0-Tb2(MoO4)3 – shows
the highest k-dispersion bands around EF and thus the lowest
effective masses and the highest mobility carriers.

3.2. Spin-polarized thermoelectric properties

The influence of the temperature on the carrier concentration
(n) of the b0-Tb2(MoO4)3 for (") and (;) channels is investigated.
Fig. 3(a) shows that at a certain value of the chemical potential,
the (") and (;) n increases linearly with increasing the temperature
(T). When we vary the chemical potential (l� EF) between �0.4
and +0.4 eV, the (") and (;) n at three constant temperatures
(300, 600 and 900 K) in the vicinity of EF is obtained, as illustrated
in Fig. 3(b and c). The difference between l and EF is positive for
VB’s and negative for CB’s. It is clear from the electronic band struc-
ture (Fig. 2 (c and d)) that b0-Tb2(MoO4)3 has parabolic bands in the
vicinity of EF;therefore, the carriers exhibit low effective mass and
hence highmobility. It has been found that the b0-Tb2(MoO4)3 exhi-
bits a maximum n in the vicinity of EF . To gain high thermoelectric
efficiency, it is necessary that the material possesses high electrical



  (a)   (b)
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Fig. 2. Calculated electronic band structure along with the total density of states for b0-Tb2(MoO4)3; (a) Spin-up; (b) Spin-down; (c) enlarged area of the electronic band
structure around CBM; (d) enlarged area of the electronic band structure around VBM.
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conductivity (r=s), a large Seebeck coefficient and low thermal
conductivity (ke=s) [49]. Therefore, to achieve the highest r=s, high
mobility carriers are required. To achieve this, a material with
small effective masses is needed. Therefore, we have calculated
the effective mass from the calculated band structure of the
b0-Tb2(MoO4)3 for (") and (;) channels. The calculated electron
effective mass ratio (m�

e=me) around C point of the BZ is about
0.0524, whereas the effective mass ratio of the heavy holes
(m�

hh=me) around Y point of the BZ (Fig. 2(d)) is about 0.1557. This
implies that heavy holes possess lower mobility than the electrons.
To ascertain that the b0-Tb2(MoO4)3 can be expected to give maxi-
mum efficiency at the vicinity of EF, we investigated r=s as a func-
tion of chemical potential (l� EF ¼ �0:3 eV) at three T values, as
shown in Fig 3(d). It was noticed that the b0-Tb2(MoO4)3 shows
the maximum r=s at the vicinity of EF for (") and (;), the area
where the b0-Tb2(MoO4)3 expected to show maximum efficiency.

The maximum value is found to be around ±5.3 � 1024 ðXmsÞ�1
for (") and (;) at 300 K, which is significantly reduced with increas-
ing T. It is clear that there is a significant influence on r=swhen we
vary l� EF between -0.3 and + 0.3 eV. Therefore, the investigated
compound possesses noticeable r=s at the vicinity of EF. The calcu-
lated (") and (;) r=s are presented in Table 1. Furthermore, we
investigated the influence of increasing the temperature on r=s
for both channels at a certain value of chemical potential as shown
in Fig. 3(e). It was noticed that at temperatures up to 400 K, r=s
increases significantly with rising T. Above 400 K, r=s shows
insignificant response to T to reach its maximum value at 900 K.

3.2.1. Electronic thermal conductivity
Thermal conductivity (k) consists of electronic contribution ke

(electrons and holes transporting heat) and phonon contribution
kl (phonons traveling through the lattice). The BoltzTraP code cal-
culates only the electronic part ke [30]. Using the BoltzTraP code,
we calculated ke=s of the b0-Tb2(MoO4)3 for (") and (;) as a function
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Fig. 3. Calculated transport properties for spin-up and spin-down for b0-Tb2(MoO4)3; (a) The temperature induced n per unit cell (e/uc) for (") electrons versus T for
b0-Tb2(MoO4)3; (b, c) calculated (")(;) n as a function of chemical potential (l� EF ¼ �0:4 eV) at 300, 600 and 900 K for b0-Tb2(MoO4)3; (d) The (")(;) r=s of b0-Tb2(MoO4)3 as
a function of l� EF ¼ �0:3 eV at 300, 600 and 900 K; (e) The (")(;) r=sof b0-Tb2(MoO4)3 as a function of T at a certain value of the chemical potential; (f-h) The (")(;) ke=sof
b0-Tb2(MoO4)3 as a function of l� EF ¼ �0:3 eV at 300, 600 and 900 K; (i) The electronic (")(;) ke=s versus T for b0-Tb2(MoO4)3; (j) The Seebeck coefficient for spin-up/down
electrons versus temperature for b0-Tb2(MoO4)3; (k–m) The (")(;) S of b0-Tb2(MoO4)3 as a function of l� EF ¼ �0:15 eV at 300, 600 and 900 K; (n) The (")(;) P versus T for
b0-Tb2(MoO4)3; (o–q) The (")(;) P of b0-Tb2(MoO4)3 as a function of l� EF ¼ �0:15 eV at 300, 600 and 900 K.
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Fig. 3 (continued)
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Table 1
Calculated values of (")(;) r=sðXmsÞ�1 � 1024, (")(;)ke=sðW=mksÞ � 1019, (")(;) S (lV=K) and (")(;)PðW=mk2sÞ � 1016.

Electrical conductivity

ðXmsÞ�1 � 1024

Thermal
conductivityðW=mksÞ � 1019

Seebeck coefficient (lV=K) Power factor ðW=mk2sÞ � 1016

300 K 600 K 900 K 300 K 600 K 900 K 300 K 600 K 900 K 300 K 600 K 900 K

Spin-up 5.33 2.83 2.10 2.28, 2.28 2.76, 2.76 3.19, 3.36 110, �120 88.7, �74.6 64.7, �60.4 2.81, 2.35 8.40, 9.81 0.436, 0.504
Spin-

down
�5.38 �2.89 �2.18 �2.25,

�2.25
�2.70,
�2.76

�3.13,
�3.28

119,
�109

72.2,
�88.7

61.1,
�64.0

�2.84,
�2.35

�8.54,
�9.62

�0.42,
�0.50
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of chemical potential (l� EF ¼ �0:3 eV) at three T values, as
shown in Fig 3(f–h). It was noticed that the b0-Tb2(MoO4)3 shows
the minimum ke=s at the vicinity of EF, the area where b0-
Tb2(MoO4)3 is expected to exhibit maximum efficiency. Materials
with low k are favorable for designing efficient thermoelectric
devices, in which it is important to maintain the temperature gra-
dient. Also, it was noticed that the b0-Tb2(MoO4)3 exhibits a maxi-
mum ke=s just above and below EF. There is a significant increase in
the observed ke=s with increasing T along l� EF ¼ �0:3 eV. To
ascertain this behavior, we calculated the ke=s of the b0-
Tb2(MoO4)3 for (") and (;) at a certain value of chemical potential
as a function of T, as shown in Fig. 3(i). It is clear that ke=s increases
linearly with increasing T. This tendency is in concordance with
our previous observation. The calculated (") and (;) ke=s are listed
in Table 1.

3.2.2. Seebeck coefficient
The Seebeck coefficient (S) is an important quantity which is

related to the electronic band structure of materials. The Seebeck
coefficient of the b0-Tb2(MoO4)3 at a certain value of chemical
potential as a function of T is presented in Fig. 3(j). The sign of S
indicates the type of dominant charge carriers; S with a positive
sign represents the p-type materials, whereas n-type materials
have negative S [30,50,51]. Following Fig. 3(j), it is clear that S
has a negative value for (") and (;), which confirms that the
b0-Tb2(MoO4)3 possesses n-type conductions at the vicinity of EF.
In further investigation, we calculated (")(;)S as a function of
l� EF ¼ �0:3 eV at three constant T. In Fig. 3(k–m), we have illus-
trated S along the chemical potential between 0.3 and �0.3 eV. One
can see in the vicinity of EF that the (")(;) S exhibit two pronounced
structures just below and above EF, with the highest value of S at
300 K (110.0 and �120.0 lV=K) for spin-up and (119.0 and
�109.0 lV=K) for spin-down. It was noticed that at 300 K the (;)
shows a higher +S value than that of ("), while for �S the (") shows
a higher value than that for (;). It is clear that with increasing T
there is a significant reduction in the S value along
l� EF ¼ �0:3 eV . We should emphasize that with increasing T
the (;) shows lower +S and higher �S than that of ("). The values
of (")(;) S at 300, 600 and 900 K are listed in Table 1.

3.2.3. Power factor

The power factor being defined as (P ¼ S2r=s), it is clear that P
is directly proportional to S2 and r=s. Therefore, in order to gain
high P one needs to maintain the values of S2 and r=s. It is well
known that the figure of merit is a very important quantity for cal-
culating the transport properties of materials. The dimensionless
figure of merit is written as (ZT ¼ S2rT=k) [52,53], which shows
that P comes in the numerator of the figure of merit; thus P is an
important quantity and plays a principle role in evaluating the
transport properties of the materials. We calculated the (")(;) P
of the b0-Tb2(MoO4)3 at a certain value of chemical potential as a
function of T, as shown in Fig. 3(n). It was found that the (") P is
zero at low energies (�50 K); then a rapid increase occurs when
we raise T to reach its maximum value of about 0.5 � 1014

ðW=mk2sÞ at �150 K; then it reduces with further increase in T to
reach the zero value at 900 K. Whereas the (;) P has a value of

about 2.3 � 1019 ðW=mk2sÞ at �50 K. Above 50 K, a sharp reduction
occurs and P reaches its minimum value of about 0.3 � 1019

ðW=mk2sÞ at �200 K; then it drops to zero at 700 K. In order to
ascertain the influence of varying the chemical potential on P, we
calculated the (")(;) P at three fixed values of T as a function of
l� EF between �0.3 and +0.3 eV, as shown in Fig. 3(o–q). It was
found that the investigated material exhibits the highest P just
above and below EF; it is interesting to see that increasing T causes
a significant reduction in P and separates the two peaks which are
located at EF. The calculated values of the (")(;) P at 300, 600 and
900 K in the vicinity of EF are listed in Table 1. Based on the liter-
ature, the transport properties obtained from the BoltzTraP code
agree well with the experimental data.
4. Conclusions

The (")(;) transport properties of the spin-polarized
b0-Tb2(MoO4)3 are obtained from the band structure utilizing the
semi-classical Boltzmann theory. The calculations of the transport
properties is a transition from first- to second-principles methods.
The first-principles method used here is FPLAPW+lo, whereas
the second-principles method is the BoltzTraP code, which
solves the semi-classical Bloch-Boltzmann transport equations.
The calculated (")(;) electronic band structure reveals that the
b0-Tb2(MoO4)3 has parabolic bands in the vicinity of EF; therefore,
the carriers exhibit low effective mass and hence high mobility.
It has been found that the (")(;) n increases linearly with increas-
ing T and exhibits a maximum n at EF. Calculations show that the
b0-Tb2(MoO4)3 exhibits maximum (")(;) r=s; minimum (")(;)ke=s;
high (")(;) S and high (")(;)P at the vicinity of EF. Therefore, the
vicinity of EF is the area where b0-Tb2(MoO4)3 is expected to show
maximum efficiency.
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