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ties of Co-based Heusler
compounds Co2VAl and Co2VGa: spin-polarized
DFT+U

A. H. Reshak*ab

Transport properties of two Co-based Heusler compounds Co2VAl and Co2VGa were calculated. The

calculated spin-polarized electronic band structures for majority and minority spin reveal that the minority

spin exhibits an indirect band gap of about 0.3 eV for Co2VAl and 0.2 eV for Co2VGa. It is clear that the

minority spin density of states at EF, N(EF) vanishes for Co2VAl and Co2VGa which leads to unusual transport

properties because only the majority density contributes to the states at EF. The calculated valence band’s

electronic charge density distribution reveals that there exists a strong covalent bond between the atoms

which is more favorable for the transport of carriers than an ionic one. The transport properties were

calculated as a function of temperature at a fixed chemical potential and as a function of chemical potential

at three constant temperatures. In Co2VAl a large value (1100 mV K�1) of Seebeck coefficient is obtained for

spin-down electrons due to the existence of an almost flat conduction band along the L to G direction.

Calculations show that Co2VAl exhibits a higher Seebeck coefficient than that obtained from Co2VGa and

the increase in the Seebeck coefficient also leads to a maximum in the power factor. This makes the

Co2VAl and Co2VGa compounds attractive candidates for materials used in spin voltage generators.
1. Introduction

Recently, Heusler compounds had an astonishing comeback.
Because of their high spin polarization and their high Curie
temperatures they have received exceptional attention for
possible applications in the eld of spin-electronics, magneto-
resistive devices (spintronics) and thermoelectric devices.1–3

Recent review articles cover the basic physics of half-metallic
ferromagnets (HMF)1 and aspects of their applications.2,3 The
properties of Heusler compounds are strongly dependent on the
atomic order. Band structure calculations show that already
small amounts of disorder within the distribution of the atoms
on the lattice sites cause distinct changes in their electronic
structure, and thus also in their magnetic and transport prop-
erties.4–6 Therefore, a careful analysis of their crystal structure is
essential to understand the structure-to-property relation of
Heusler compounds. The transition from the ordered to themost
prominent disorderedHeusler structures (X2YZ) will be explained
as follows;7–11 if the Y and the Z atoms are evenly distributed, the
4a and 4b positions become equivalent. This leads to a CsCl-like
structure, also known as B2-type disorder. The symmetry is
reduced and the resulting space group is Pm�3m. The random
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distribution of X and Y or X and Z leads to BiF3-type disorder
(space group Fm�3m). Already small amounts of anti-site disorder
cause changes in the electronic structure close to the Fermi
energy, which lead to altered physical properties. The existence of
martensitic transition in Heusler alloys makes them potential
candidates for actuation devices and smart materials.12–16

The recent observation of the spin Seebeck effect allows
a pure spin current to pass over a long distance17 and is directly
applicable to the production of spin voltage generators which
are crucial for driving spintronics devices.18–20 Recently, half-
metallic compounds have attracted much interest because of
their exceptional band structures at the Fermi level (EF). From
the electronic band structure point of view, half-metals have
metallic character for one spin channel and semiconducting for
the other.21 There exists a high spin-polarization at the EF and
many Heusler alloys belong to this family.21 Therefore, we think
it would be worthwhile to investigate the electronic structure
and hence the transport properties of two Co-based Heusler
compounds (i.e. Co2VAl and Co2VGa). The calculations have
been performed in order to understand the properties of the
band gap in the minority spin channel and the peculiar trans-
port properties of the Co2VAl and Co2VGa compounds.
2. Details of calculations

The Co-based Heusler compounds Co2VAl and Co2VGa crystal-
lize in cubic symmetry with the Fm�3m space group.22,23 The
experimental lattice constants are a ¼ 5.770 �A (ref. 22 and 23)
RSC Adv., 2016, 6, 54001–54012 | 54001
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for Co2VAl and a ¼ 5.786 �A (ref. 22 and 23) for Co2VGa. Using
the generalized gradient approximation (PBE-GGA)24 we have
optimized the lattice constants. These are a ¼ 5.751 �A for
Co2VAl and a ¼ 5.763 �A for Co2VGa, which show good agree-
ment with the experimental data.22,23 The full potential linear
augmented plane wave plus the local orbitals (FPLAPW + lo)
method as implemented in the WIEN2k code25 within PBE-GGA
was used to perform comprehensive calculations for the Co2VAl
and Co2VGa compounds. It is well-known that for oxides and
other highly correlated compounds, local density approxima-
tion (LDA) and the generalized gradient approximation (GGA)
are known to fail to give the correct ground state. In these
systems, the electrons are highly localized. The Coulomb
repulsion between the electrons in open shells should be taken
into account. As there is no exchange correlation function that
can include this in an orbital independent way, a simpler
approach is to add the Hubbard-like on-site repulsion to the
Kohn–Sham Hamiltonian. This is known as an LDA+U or
GGA+U calculation. There are different ways in which this can
be implemented. In the present work, we used the method of
Anisimov et al.26 and Liechtenstein et al.27 where the Coulomb
(U) and exchange (J) parameters are used. From the obtained
relaxed geometry the ground state properties were determined
using FPLAPW + lo25,28,29 within GGA+U (U-Hubbard Hamilto-
nian). We applied U on the 3d orbital of Co atoms and V atoms,
and we have tested several U values until we reached the energy
band gap values that agree well with the previous results.30 The
U values used here are 0.15 Ryd and 0.187 Ryd (ref. 30) for Co
and V, respectively. Based on the calculated electronic band
structures we have calculated the transport properties of Co2VAl
and Co2VGa utilizing the semi-classical Boltzmann theory as
incorporated within the BoltzTraP code.31 Simulations of the
transport properties are a transition from rst- to second-
principles methods. The rst-principles method used here is
the all-electron full potential linear augmented plane wave
method whereas the second-principles method is the BoltzTraP
code,31 which solves the semi-classical Bloch–Boltzmann
transport equations.31 Transport properties were obtained from
the ground state within the limits of the Boltzmann theory32–34

and the constant relaxation time approximation as imple-
mented in the BoltzTraP code.31 In short, BoltzTraP performs
a Fourier expansion of the quantum chemical band energies.
This allows us to obtain the electronic group velocity v and
inverse mass tensor, as the rst and second derivatives of the
bands with respect to k. Applying v to the semi-classical Boltz-
mann equations, the transport tensors can be evaluated.

The potential for the construction 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 Ryd. The spin-
polarized electronic band structure and the transport properties
were performed within 20 000 k

.
points in the IBZ as the accu-

rate calculations of transport properties of metals require dense
sampling of the Brillouin zone. It is well known that rst-
principles calculations are a powerful and useful tool to
54002 | RSC Adv., 2016, 6, 54001–54012
predict the crystal structure and its properties related to the
electron conguration of a material before its synthesis.35–37

3. Results and discussion
3.1. Salient features of the spin-polarized electronic band
structure

The calculated spin-polarized electronic band structures for the
spin-up ([) majority spin and spin-down (Y) minority spin are
shown in Fig. 1b, d, g and i. It has been found that the minority
spin exhibits an indirect band gap of about 0.3 eV for Co2VAl and
0.2 eV for Co2VGa, as the valence band maximum (VBM) is
located at the G point of the BZ and the conduction band
minimum (CBM) at the X point of the BZ. The obtained values
using GGA+U are much better than the previous calculated
energy band gap of 0.238 eV (0.189 eV) of Co2VAl (Co2VGa) using
LDA+U.38 Meanwhile, the majority spin exhibits a metallic
structure with a density of states at EF, N(EF) of about 15.30 (state
per eV per unit cell) for Co2VAl and 13.22 (state per eV per unit
cell) for Co2VGa. The calculated density of states at EF enables us
to calculate the bare electronic specic heat coefficient (g) which
is about 2.65 and 2.29mJ per mol cell K2 for Co2VAl and Co2VGa.
It is clear that the minority spin density of states at EF, N(EF)
vanishes for Co2VAl and Co2VGa which should lead to unusual
transport properties because only the majority density contrib-
utes to the states at EF. Similar behavior was observed in the
Co2MnAl and Co2MnSn compounds.39 Therefore, the bands
which cross EF are responsible for the transport properties of the
compound and those bands which are not crossing EF will
contribute negligibly to the transport properties.21 The calcu-
lated Fermi surface of the majority spin for Co2VAl and Co2VGa
are shown in Fig. 1a and f. We noticed that in the Fermi surface
there are white regions which represent the hole concentration
while the colored regions correspond to the presence of elec-
trons.40 The colors of the Fermi surface also give an idea about
the speed of the electrons. The red color represents the highest
speed, yellow, green and blue have intermediate speeds whereas
the violet color shows the lowest speed. The colors of the Fermi
surface conrm that replacing Al by Ga causes reduction/
increase in the speed of the electrons at the Fermi surface.
Usually the transport properties are related to the electrons in
the system, and these electrons are dened through the Fermi
surface, which determines the electrical conductivity.40

Our results reveal that the Co2Val and Co2VGa compounds
exhibit half-metallic (HM) nature. The electronic band structure
in the area around the CBM and the VBM show that both CBM
and VBM have parabolic bands in the vicinity of the Fermi level
(Fig. 1b, d, g and i). This implies that Co2Val and Co2VGa show
highest k-dispersion bands around EF and thus lowest effect
masses and hence the highest mobility carriers.

To obtain further insight into the type of states associated
with each orbital, the projected density of states (DOS) were
calculated. The angular momentum character of various struc-
tures in the Co2VAl and Co2VGa compounds for the spin up ([)
and spin down (Y) states can be obtained by calculating the
angular momentum projected density of states (PDOS), as
shown in Fig. 2a–d. It is demonstrated that replacing Al by Ga
This journal is © The Royal Society of Chemistry 2016



Fig. 1 (a) Calculated Fermi surface of the Co2VAl compound. The white regions represent the hole concentration while the colored regions
correspond to the presence of electrons. The red color represents the highest speed, yellow, green and blue have intermediate speeds whereas
the violet color shows the lowest speed; (b) calculated spin-up electronic band structure of the Co2VAl compound; (c) calculated carrier
concentration as a function of chemical potential (m � EF ¼ �0.2 eV) at three constant temperatures (300, 600 and 900 K) for the spin-up
configuration of the Co2VAl compound; (d) calculated spin-down electronic band structure of the Co2VAl compound; (e) calculated carrier
concentration as a function of chemical potential (m � EF ¼ �0.2 eV) at three constant temperatures (300, 600 and 900 K) for the spin-down
configuration of the Co2VAl compound; (f) calculated Fermi surface of the Co2VGa compound. The white regions represent the hole
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introduces high peaks in the density of states below EF and that
the charge density near the DOS peaks is substantially attracted
toward Ga atoms due to their high electro-negativity.41 It is clear
that the Co-s/p/d, V-s/p/d and Ga-s/p/d (Al-s/p) orbitals are
distributed in the valence and conduction bands along the
whole energy scale and this shows that there exists a strong
hybridization between the states, for instance in the Co2VAl
compound the Al-p state is hybridized with the Co-s/p and V-s/p
states, Al-s with V-s and Co-s, and Co-d with V-d. Meanwhile, for
the Co2VGa compound the Ga-p state hybridized with the Co-s/p
and V-s states, Co-s/p with the Ga-s and V-p states, and Co-
d with the V-d state. The hybridization degree favors
enhancing the covalent bonding.42 To support this statement we
have calculated the valence band electronic charge density
distribution of the Co2VAl and Co2VGa compounds.
3.2. Valence electronic charge density

To visualize the charge transfer and the chemical bonding
character, the valence band electronic charge density distribu-
tions are calculated and analyzed in detail. Fig. 3a–i illustrates
the calculated total valence charge density distribution in two
crystallographic planes along the (1 0 0) and (1 0 1) directions
for spin-up and spin-down cases. According to the Pauling
scale, the electro-negativities of Co, V, Al and Ga atoms are 1.88,
1.63, 1.61 and 1.81, respectively. Thus the electro-negativity
differences between the atoms are small, therefore the small
electro-negativity differences indicate that there exist covalent
bonds.43,44 Covalent bonding is more favorable for the transport
of carriers than ionic bonding.45 Also, due to the electro-
negativity differences between Co, V, Al and Ga atoms, some
valence electrons are transferred towards Co and Ga atoms as it
is clear that the Co and Ga atoms are surrounded by uniform
blue spheres which indicate the maximum charge accumula-
tion according to the thermoscale (Fig. 3i). We would like to
highlight that the crystallographic plane along the (1 0 0)
direction shows only Al(Ga) and V, whereas the crystallographic
plane along the (1 0 1) direction shows all atoms. Therefore, the
calculated valence band’s electronic charge density distribution
helps us to gain deep insight into the nature of the chemical
bonding, anisotropy in bonding and to explore the transport of
the carriers.
3.3. Transport properties

3.3.1. Charge carrier concentration and electrical conduc-
tivity. We have investigated the inuence of temperature on the
carrier concentration of the Heusler compounds Co2VAl and
Co2VGa for the majority and minority spin at a certain value of
the chemical potential (m ¼ EF). It has been found that the
concentration while the colored regions correspond to the presence of e
blue have intermediate speeds whereas the violet color shows the lowest
compound; (h) calculated carrier concentration as a function of chemica
and 900 K) for the spin-up configuration of the Co2VGa compound
compound; (j) calculated carrier concentration as a function of chemical
and 900 K) for the spin-down configuration of the Co2VGa compound. W
mean nothing, they are just to illustrate the bands in a clear way.

54004 | RSC Adv., 2016, 6, 54001–54012
carrier concentration of the majority spin increases exponen-
tially with increasing temperature as illustrated in Fig. 4a and
b and the negative sign indicates that the materials exhibit n-
type conduction, whereas for the minority spin the carrier
concentration (Fig. 4c and d) shows a constant value until 400 K
(450 K) for Co2VAl (Co2VGa), then increases dramatically with
increasing temperature and the materials exhibit p-type
conduction. The observed trends of the carrier concentration
for the majority and minority spin conrm the half-metallic
(HM) nature of Co2VAl and Co2VGa. To support this state-
ment we have investigated the carrier concentration for ([) and
(Y) at three constant temperatures (300, 600 and 900 K) and m�
EF ¼ �0.2 eV in the vicinity of the Fermi level as shown in
Fig. 1c, e, h and j. It has been noticed that the difference
between chemical potential and Fermi energy (m � EF) is posi-
tive for valence bands and negative for conduction bands. It is
clear from the electronic band structure (Fig. 1b, d, g and i) that
Co2VAl and Co2VGa have parabolic bands in the vicinity of the
Fermi level, therefore the carriers exhibit low effective mass and
hence high mobility. It has been found that the investigated
materials exhibit a maximum carrier concentration in the
vicinity of the Fermi level. Usually the temperature difference
between two materials is responsible for producing a thermo-
electric voltage. To gain high thermoelectric efficiency, it is
necessary that the material possesses high electrical conduc-
tivity, a large Seebeck coefficient and low thermal conductivity.46

Therefore, to achieve the highest electrical conductivity, high
mobility carriers are required. To achieve this, a material with
small effective masses is needed. Therefore, we have calculated
the effective mass of electrons (m*

e) for spin-up and spin-down.
Usually we estimated the value of effective mass of electrons
from the conduction band minimum curvature. The diagonal
elements of the effective mass tensor, m*

e, for the electrons in
the conduction band are calculated following this expression;

1

m*
e

¼ 1v2EðkÞ
ħ2vk2

(1)

The effective mass of electrons is assessed by tting the
electronic band structure to a parabolic function eqn (1). The
calculated electron effective mass ratio (m*

e/me) around the X
point of the BZ is about 0.00846 (0.01075) for the spin-down
conguration of Co2VAl (Co2VGa), while it is 0.01497 (0.02681)
for the spin-up conguration of Co2VAl (Co2VGa). Therefore, the
spin-up electrons possess higher mobility than those of spin-
down. The effective mass ratio of the heavy holes (m*

hh/me)-
around the G point of the BZ is about 0.03036 (0.02873) for
Co2VAl (Co2VGa). This implies that heavy holes possess lower
mobility than the electrons.
lectrons. The red color represents the highest speed, yellow, green and
speed; (g) calculated spin-up electronic band structure of the Co2VGa
l potential (m � EF ¼ �0.2 eV) at three constant temperatures (300, 600
; (i) calculated spin-down electronic band structure of the Co2VGa
potential (m � EF ¼ �0.2 eV) at three constant temperatures (300, 600
ewould like tomention that the colors in the electronic band structures

This journal is © The Royal Society of Chemistry 2016



Fig. 2 (a and b) The calculated angular momentum projected density of states (PDOS) of the Co2VAl compound for the spin up ([) and spin
down (Y) states; (c and d) the calculated angular momentum projected density of states (PDOS) of the Co2VGa compound for the spin up ([) and
spin down (Y) states.
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To ascertain that the investigated Heusler compounds
Co2VAl and Co2VGa are expected to give maximum efficiency at
EF, we have investigated the electrical conductivity for spin-up/
down as a function of temperature at a certain value of chemical
potential (m ¼ EF) as shown in Fig. 5a–d, which represents the
temperature variation of s/s. Fig. 5a and b illustrate the elec-
trical conductivity of the two compounds for spin-up. It has
been noticed that at low temperature (<100 K) the electrical
conductivity of Co2VAl reduced with increasing temperature,
then aerwards a prompt increase occurred with rising
temperature. Meanwhile, Co2VGa shows a sharp rise up to 100
K, then a signicant change in the trend of s/s occurs to reach
the saturated value at around 600 K that is attributed to the
different bands which form the Fermi surface as shown in
Fig. 1a and f. Meanwhile, for the spin-down conguration
(Fig. 5c and d) the compounds have semiconductor like
behavior; the electrical conductivity exhibits almost a constant
value of about 1.11 � 1015 (3.4 � 1015) (U ms)�1 up to 400 (450)
K for Co2VAl (Co2VGa). Above these temperatures a rapid
increase occurs to reach the maximum value of about 4.14 �
1017 (1.30 � 1018) (U ms)�1 for Co2VAl (Co2VGa) at 900 K. At
room temperature the value of s/s for spin-down electrons is
very low in comparison to the spin-up electrons. Furthermore,
This journal is © The Royal Society of Chemistry 2016
we have calculated the total s/s. The total s/s is computed by
using the two current model.47,48 It is clear that s/s ([) for
Co2VAl (Fig. 5a) shows a slight deviation from the linear
temperature dependence, whereas total s/s (Fig. 5e) varies
almost linearly with temperature. Therefore, at a certain value
of chemical potential the carrier concentration and electrical
conductivity are temperature-dependent.

In addition to that, we have calculated s/s of Co2VAl and
Co2VGa for spin-up/down electrons as a function of chemical
potential (m � EF ¼ �0.15 eV) at three constant temperatures
(300, 600 and 900 K) as shown in Fig. 5g–j. It is clear that above
EF a signicant increase in the electrical conductivity occurs to
reach a maximum value of about 1.0 � 1021 (0.92 � 1021) (U
ms)�1 at m � EF ¼ +0.15 eV for spin-up electrons of Co2VAl
(Co2VGa). Meanwhile, for spin-down electrons it is about 8.5 �
1020 (7.5� 1020) (Ums)�1 for Co2VAl (Co2VGa) at m� EF ¼ +0.15
eV. It is clear that the temperature has an insignicant inuence
on the electrical conductivity in the chemical potential (m � EF)
range between �0.15 eV and +0.15 eV.

3.3.2. Electronic thermal conductivity. The thermal
conductivity (k) consists of the electronic contribution ke (elec-
trons and holes transporting heat) and the phonon contribution
kl (phonons traveling through the lattice). The BoltzTraP code
RSC Adv., 2016, 6, 54001–54012 | 54005



Fig. 3 The calculated valence electronic charge density in two crystal-
lographic planes for spin-up/down configurations: (a and b) the calculated
valence electronic charge density for the Co2VAl compound in the (1 0 0)
crystallographic plane for spin-up and spin-down; (c and d) the calculated
valence electronic charge density for the Co2VAl compound in the (1 0 1)
crystallographic plane for spin-up and spin-down; (e and f) the calculated
valence electronic charge density for the Co2VGa compound in the (1 0 0)

54006 | RSC Adv., 2016, 6, 54001–54012
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calculates only the electronic part ke.31 Using the BoltzTraP code
we have calculated the electronic thermal conductivity of
Co2VAl and Co2VGa for ([) and (Y) as a function of temperature
at the Fermi level (a certain value of chemical potential (m¼ EF))
as shown in Fig. 6a–d which represents the variation in ke/s at
different temperatures. It is clear that for the spin-up congu-
ration of Co2VAl and Co2VGa, ke/s increases linearly with
increasing temperature. This tendency is not valid for the spin-
down conguration (Fig. 6c and d) since ke/s exhibits a zero
value up to 400 K for Co2VAl and 450 K for Co2VGa, then a rapid
increase occurs with rising temperature. The results show that
the electronic thermal conductivity is temperature-dependent.

In addition to that, we have calculated ke/s of Co2VAl and
Co2VGa for spin-up/down electrons as a function of chemical
potential (m � EF ¼ �0.15 eV) at three constant temperatures
(300, 600 and 900 K) as shown in Fig. 6e–h. It is clear that
a signicant increase in ke/s occurs with increasing temperature
and the temperature 900 K induced the highest ke/s values,
while 300 K induced the lowest ke/s values, conrming that 300
K is the optimal temperature which gives the lowest ke/s values
in the chemical potential range m � EF ¼ +0.15 eV.

3.3.3. Seebeck coefficient. The Seebeck coefficient (S) is an
important quantity which is related to the electronic band
structure of the materials. We have calculated the Seebeck
coefficients of Co2VAl and Co2VGa as a function of chemical
potential (m � EF ¼ �0.15 eV) at three constant temperatures
(300, 600 and 900 K). In Fig. 7a–d we illustrate S along the
chemical potential between 0.15 and �0.15 eV. One can see in
the vicinity of EF that the Seebeck coefficient for the spin-up
conguration exhibits several pronounced structures at EF,
below and above EF. The differences in the structures’ height
and location between the two compounds is attributed to the
Fermi surface’s conguration. It has been found that for the
spin-up case the Seebeck coefficient of Co2VGa at around m �
EF¼ +0.07 eV exhibits a higher value than that of Co2VAl. Fig. 7c
and d illustrate the Seebeck coefficients of both compounds for
the spin-down case. One can see in the vicinity of EF the Seebeck
coefficients exhibit two pronounced structures just below and
above EF, with the highest values of Seebeck coefficient at 300 K
(1100.0 and �1000.0 mV K�1 for Co2VAl, and 1000.0 and �800.0
mV K�1 for Co2VGa). It has been noticed that in the Co2VAl
compound a large value (1100 mV K�1) of Seebeck coefficient is
obtained for spin-down electrons due to the existence of an
almost at conduction band along the L to G direction (see
Fig. 1d). It has been found that for both compounds the ob-
tained value of S for spin-down electrons is greater than that of
spin-up electrons and the total S of Co2VAl is larger than that of
Co2VGa. This is attributed to the fact that there are more
crystallographic plane for spin-up and spin-down; (g and h) the calculated
valence electronic charge density for the Co2VGa compound in the (1 0 1)
crystallographic plane for spin-up and spin-down; (i) the thermoscale
which shows the value of charge accumulation around the atoms, where
the red color exhibits zero charge accumulation (0.0000) while the blue
color indicates the maximum charge accumulation (+1.0000), the colors
between red and blue represent the degree of charge accumulation
between 0.0 and 1.0.

This journal is © The Royal Society of Chemistry 2016



Fig. 4 (a and b) The temperature induced carrier concentration per unit cell (e per uc) for spin-up electrons versus temperature for the Co2VAl
and Co2VGa compounds; (c and d) the temperature induced carrier concentration per unit cell (e per uc) for spin-down electrons versus
temperature for the Co2VAl and Co2VGa compounds.
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valence electrons in Co2VGa than in Co2VAl. For an increase in
the valence electrons the absolute value of the Seebeck coeffi-
cient decreases. This is explained by the increase in the electron
concentration in the bands. By increasing the number of
valence electrons, additional electrons are added to the d-band
at the Fermi energy.49 This leads to an increase in the carrier
concentration. The increase in the carrier concentration leads
to a decrease in the Seebeck coefficient.46 The interrelationship
between carrier concentration and Seebeck coefficient can be
seen from relatively simple models of electron transport. For
simple metals or degenerate semiconductors with parabolic
bands and energy independent scattering, the Seebeck coeffi-
cient S is given by;

S ¼ 8p2kB
2

3eh2
m*T

�p

3n

�3=2

(2)

where n is the carrier concentration andm* is the effective mass
of the carrier. It can be clearly seen that S depends on the carrier
concentration and on the effective mass m*. The latter depends
on the shape of the bands.

From Fig. 7a–d it is clear that the obtained values of Seebeck
coefficients are negative/positive for the entire range of the
chemical potential suggesting the presence of n/p-type charge
carriers. For spin-up electrons the temperature has a signicant
inuence on S along the chemical potential range m � EF ¼
�0.15 eV, whereas for the spin-down electrons the temperature
This journal is © The Royal Society of Chemistry 2016
shows a signicant inuence in the chemical potential range
between +0.05 eV and �0.05 eV only.

From the above, we should emphasize that both materials
posses n-/p-type conductions in the vicinity of EF. 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 a negative S.21,31,50,51

3.3.4. Power factor. The power factor is dened as P¼ S2s/s,
where S2 is the Seebeck coefficient’s square, s is the electrical
conductivity and s is the relaxation time. Following this formula
one can see that P is directly proportional to S2 and s/s. There-
fore, in order to gain a high power factor one needs to maintain
the values of S2 and s/s. It is well known that the gure ofmerit is
a very important quantity for calculating the transport properties
ofmaterials. The dimensionless gure ofmerit is written as ZT¼
S2sT/ke + kl (ref. 40 and 52), which shows that the power factor
comes in the numerator of the gure of merit, thus the power
factor is an important quantity and plays a principle role in
evaluating the transport properties of the materials.

In order to ascertain the inuence of varying the chemical
potential on the power factor, we have calculated the power
factor for spin-up and spin-down at three xed temperatures
(300, 600 and 900 K) as a function of chemical potential (m� EF)
between �0.15 and +0.15 eV as shown in Fig. 8a–d. It has been
found that the investigated material exhibits the highest power
factor just above and below EF. It is interesting to see that
RSC Adv., 2016, 6, 54001–54012 | 54007



Fig. 5 (a and b) The electrical conductivity for spin-up electrons versus temperature for the Co2VAl and Co2VGa compounds; (c and d) the
electrical conductivity for spin-down electrons versus temperature for the Co2VAl and Co2VGa compounds; (e and f) the total electrical
conductivity versus temperature for the Co2VAl and Co2VGa compounds; (g and h) the electrical conductivity of Co2VAl and Co2VGa for spin-up
electrons as a function of chemical potential (m � EF ¼ �0.15 eV) at three constant temperatures (300, 600 and 900 K); (i and j) the electrical
conductivity of Co2VAl and Co2VGa for spin-down electrons as a function of chemical potential (m � EF ¼ �0.15 eV) at three constant
temperatures (300, 600 and 900 K).
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Fig. 6 (a and b) The electronic thermal conductivity for spin-up electrons versus temperature for the Co2VAl and Co2VGa compounds; (c and d)
the electronic thermal conductivity for spin-down electrons versus temperature for the Co2VAl and Co2VGa compounds; (e and f) the electronic
thermal conductivity of Co2VAl and Co2VGa for spin-up electrons as a function of chemical potential (m � EF ¼ �0.15 eV) at three constant
temperatures (300, 600 and 900 K); (g and h) the electronic thermal conductivity of Co2VAl and Co2VGa for spin-down electrons as a function of
chemical potential (m � EF ¼ �0.15 eV) at three constant temperatures (300, 600 and 900 K).
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Fig. 7 (a and b) The Seebeck coefficient of Co2VAl and Co2VGa for spin-up electrons as a function of chemical potential (m � EF ¼ �0.15 eV) at
three constant temperatures (300, 600 and 900 K); (c and d) the Seebeck coefficient of Co2VAl and Co2VGa for spin-down electrons as
a function of chemical potential (m � EF ¼ �0.15 eV) at three constant temperatures (300, 600 and 900 K).

Fig. 8 (a and b) The power factor of Co2VAl and Co2VGa for spin-up electrons as a function of chemical potential (m � EF ¼ �0.15 eV) at three
constant temperatures (300, 600 and 900 K); (c and d) the power factor of Co2VAl and Co2VGa for spin-down electrons as a function of chemical
potential (m � EF ¼ �0.15 eV) at three constant temperatures (300, 600 and 900 K).
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increasing the temperature causes signicant increases in the
power factor. The increase in the Seebeck coefficient also leads
to a maximum of the power factor at m � EF ¼ �0.05 eV for
Co2VAl (Fig. 8c) and at �0.03 eV and 0.05 eV for Co2VGa
(Fig. 8d). It is slightly shied compared to the maximum of the
Seebeck coefficient due to the decreased conductivity.

We would like to mention here that in our previous works53–56

we have calculated the transport properties using the FPLAPW
method within the BoltzTraP code on several systems whose
transport properties are known experimentally, and in those
previous calculations we found very good agreement with the
experimental data. Thus, we believe that our calculations reported
in this paper would produce very accurate and reliable results.
4. Conclusions

We have calculated the spin-polarized electronic band structure
of Co2VAl and Co2VGa and hence the transport properties based
on the semi-classical Boltzmann theory as incorporated within
the BoltzTraP code. The calculated spin-polarized electronic
band structure reveals that these compounds possess parabolic
bands in the vicinity of the Fermi level, therefore the carriers
exhibit low effective mass and hence high mobility. It has been
found that the transport coefficients increase/reduce with
increasing temperature, therefore the spin-up/down transport
coefficients are temperature-dependent. The minority spin
density of states at EF, N(EF) vanishes for Co2VAl and Co2VGa
which should lead to unusual transport properties because only
the majority density contributes to the states at EF. The calcu-
lated valence band’s electronic charge density distribution
reveals that there exists a strong covalent bond between the
atoms which is more favorable for the transport of carriers than
an ionic one. Calculations show that Co2VAl exhibits a higher
Seebeck coefficient than that obtained from Co2VGa. The
increase in the Seebeck coefficient also leads to a maximum
power factor. This makes them attractive candidates for mate-
rials used in spin voltage generators.
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