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Abstract:
Structural, electronic, and thermoelectric properties of the CsMgN2 compound with its thin film films of Cs-Mg and Mg-N
terminations have been studied in a First-Principles study. The total energy changes (E-V) versus the unit cell volume of
bulk show better stability in the ferromagnetic than the non-magnetic phase. The E-V diagrams of film Cs-Mg and Mg-N
terminations have the ground state points at the ferromagnetic phase. The derivative bulk modulus of Cs-Mg termination is
like the bulk phase, which refers to the ionic bonds between atoms.
The magnetic moment of the bulk and two mentioned terminations have the integers of 3 µB, 10 µB, and 13 µB, respectively.
The DOS and bandstructure diagrams by the mBJ and GGA approximations confirm the half-metallic behavior of the bulk
and the mentioned terminations. The energy gaps of their semiconductor phase are 1.40 eV, 0.64 eV, and 0.20 eV, for the
bulk, Cs-Mg, and Mg-N terminations, respectively. The Seebeck coefficient of Cs-Mg termination in 200 K temperature is
much higher than the bulk case. The merit figure of coefficient (ZT) shows that bulk and mentioned terminations have high
thermoelectric quality at up spin.
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1. Introduction

After de Groot’s discovery in 1983 [1], studies on the half-
metals have emerged in solid-state physics. Many studies
were started to understand, predict and develop new half-
metal materials. The main focus of the research was on half-
metallic materials that could be used in the spintronics in-
dustry as magnetic random access memory (MRAM) [2–4].
Many spintronic features, such as the shape memory ef-
fect [5, 6], the giant magneto-thermal effect [7–9], and
the giant magneto-resistance effect [10, 11], were found
in Heusler compounds.
The transition metal elements are present in most Heusler

compounds, and because of their half-filled d orbitals, they
often play an essential role in half-metallic behavior. Re-
cently, a new class of half-Heusler compounds with 100%
spin polarization has been discovered. Their crystal struc-
ture does not contain transition metal atoms, called sp or
d0 half-metallic materials. So far, these d0 materials have

been theoretically predicted, for example, compounds IV,
II-V and II-IV with zinc blend (ZB) structures, C-based
materials with the elements Ca, Sr and Ba, rock structures
(RS) and half-metallic ferromagnets (HM) in wurtzite (WZ)
SrC. These compounds have interesting half-metallic be-
havior such as suitable spin-Flip gap and high Curie tem-
perature [12].
The KCaX2 (X= O, Ca, and N) were considered by Rozale
et al., and reported a high half-metallic energy gap, high
Curie temperature, and their resistance to lattice compres-
sion. Their work sought to study the half-metals known
as d0 in the half-Heusler structures, such as GeKCa and
SnKCa. They retain half-metals, even if the lattice constant
shrinks by about 10%, making it possible for materials to
experience epitaxial growth on the surface of ordinary semi-
conductors without losing their HM properties.

In recent years, the discovery of two-dimensional (2D)
systems has opened a new window toward nanotechnolo-
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Figure 1. The structure of CsMgN2 and its films (Mg-N, and Cs-N terminations).

gies. The 2D compounds show new physical properties
compared to their 3D compounds, such as copper oxides
and certain iron compounds, based on their electrons corre-
lation, at higher temperatures are the superconductor of its
2D form [13]. Some limitations in carbon graphene, such as
the zero energy gap, it caused researchers to search for new
two-dimensional structures. Therefore, many 2D structures
such as ZnS, MoS2, MoTe2, etc. [14] have been researched.
The half-Heusler (HH) alloys are the most fortunate for ther-
moelectric (TE) applications in power generation at room
temperatures. The figure of merit (ZT) parameter is signifi-
cant in showing the quality of thermoelectric properties if it
is greater than one, and its value in n-type semiconductors
is often greater than one [15]. Thermoelectric adaptability
with industrial applications requires in-depth knowledge of
their mechanical and electronic behavior [16–19]. This pa-
per has calculated the structural properties of the CsMgN2
bulk, Cs-Mg, and Mg-N terminations. The electronic behav-
iors, including the density of states (DOS), band structures,
electron density, and electrostatic potential diagrams, have
been considered, and finally, the thermoelectric coefficients
under temperature have been investigated.

2. Computational details

The mechanical, electronic, and optical results have been
done by density functional theory (DFT) [20]. The Kohn-
Sham equations [21] have been calculated by the full-
potential linearized augmented plane wave (FP-LAPW)
method [22] with Wien2K code [23]. The exchange-
correlation potential, have approximated by the Perdew-
Burke-Ernzerhof parameterization of the generalized gradi-
ent approximation (PBE-GGA) [24], and mBJ [25] for spin
calculations. The optimized input parameters of RKmax,
Gmax, Kpoint and lmax are selected to 8.0, 12, 13×13×2,
and 10, respectively. The muffin-tin radii (RMT) are set
to 2.0 a.u. for all the atoms, and the separation energy is
selected to be -8 Ry. The charge and energy convergence
have been chosen to increase the accuracy of calculations to
10−4 electrons and 10−4 Ry. The calculations of the thermo-
electric part have been done using BoltzTraP software [26].
In the calculations of thin film structures, due to the increase
of atomic layers and the number of atoms, as well as the
presence of vacuum on the surface of the films, the volume
of calculations increases greatly. Therefore, we need to opti-
mize the number of film layers. One of the suitable tools for
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Figure 2. The E-V curve of (a) ferromagnetic and non-magnetic of CsMgN2, (b) Cs-Mg termination, and (c) Mg-N
termination.

optimizing the number of layers is that the distance between
the middle layers of the thin film, it should be equal to two
consecutive layers in the bulk structure. Therefore, for our
film structures, we first optimized their atomic forces to
10−6 a.u./dyn, and then it was observed that for the men-
tioned layers, the distances between the middle layers is
equal to the bulk structure. So the optimized layers of the
Mg-N and Cs-Mg film terminations are 9 and 11 atomic
layers, respectively.

3. Results and discussion

3.1 Structural properties
Panel (a) of Figure (1) indicates the CsMgN2 full-Heusler
crystal structure. This compound has the FCC structure
with atomic positions of Cs (0.5 0.5 0.5), Mg (0.75 0.75
0.75), N1 (0.0 0.0 0.0), N2 (0.25 0.25 0.25), and the F43m
space group that has 24 symmetric matrices. Due to the
various orbital shapes of the Cr [[Ar] 4s1 3d5], Mg [1s2 2s2

2p6 3s2], and N [1s2 2s2 2p3] atoms can promise new phys-
ical properties in this compound. In panels (b) and (c), the

Mg-N and Cs-Mg film terminations are depicted as having
9 and 11 atomic layers, respectively. In the middle layers,
the film thickness of these cases must equal the bulk lay-
ers so the surface effects do not apply to the central layers.
In these calculations, as mentioned in the computational
method section, the forces acting on different atoms are
optimized to 10−6 a.u./dyn.
The free charges on the film surfaces caused create by dan-
gling bonds cause an increase in the charge density. Al
so, the distance between the surface and subsurface layers
changes, and an electrostatic force is applied to these layers.
To indicate the mechanical stability from the static view, the
total energy of the unit cells versus volume variation curves
(E-V) of the bulk and Cs-Mg and Mg-N have been drawn in
panels (a-c) of Figure (2). The E-V curves of the bulk phase
are drowning in the ferromagnetic (FM), and non-magnetic
(NM) phases and both diagrams have the ground state points
with more stability in the FM phase than NM one. The E-V
diagrams of the Cs-Mg and Mg-N terminations in panels
(b) and (c) for the FM phase referred to their ground state
points. It can be seen in the bulk phase that the curve arc in
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Figure 3. The DOS diagram of (a) the CsMgN2 bulk by GGA, (b) Cs-Mg termination by GGA and mBJ, (c) Mg-N
termination by GGA, mBJ, and Partial DOS of (d) bulk with GGA, (e,f) Cs-Mg, and Mg-N terminations by mBJ.

the FM phase is less than the NM phase, indicating that the
crystal stiffness in this phase will be less. All results from
the E-V diagrams are summarized in Table 1 [12].
The bulk modulus of bulk and the Cs-Mg and Mg-N termina-
tions are 35.2422 (GPa), 20.9015 (GPa), and 21.8669 (GPa),
respectively. The bulk modulus derivatives in the bulk phase
and the Cs-Mg termination indicate that the bonds tend to
be ionic, and they tend to be covalent at the Mg-N termina-
tion. The magnetic moment in the bulk phase and the two
terminations are integers conforming to the Slater–Pauling
rule. The compound tends to be 100% spin polarization and
exhibits half-metallic behavior. The presence of half-filled
s and p orbitals in the orbitals of last layer of Cs and N
atoms, in addition to the Heusler crystal structure of this
compound, is the main reason for its ferromagnetic behav-
ior in CsMgN2. Also, the presence of Cs and N atoms on
the surface of the Mg-N, and Cs-N terminations and the
presence of surface free electrons of Cs: [Xe] 6s1, and N:
[He] 2s2 2p3 on the surface of the films have increased the
magnetic moment in the films. Also, the partial density of

states of p-orbital of N atom confirms it.
The reason for the difference in the magnetic moments

of the Mg-N, and Cs-N terminations is that in the Mg-N
termination, the Mg with the [Ne] 3s2, orbital structure and
N atoms with N: [He] 2s2 2p3 orbital structure are in the
surface, so, it is three free electrons in film surface, but at
the Cs-N termination case, we have four free electron at
the surface, then the magnetic moment of Cs-N termination
is greater than other as we show at Table 1. One of the
tools that shows that the structure of thin film films has been
optimized is the distance between the layers. In Table 1, it
can be seen that the distance between the middle layers is
equal to the distance between two successive layers of the
bulk, and are decreased bellow the film surfaces.
To show the stability of the Cs-Mg and Mg-N terminations
structures from the energy point of view, we calculated
the cohesive energy. Calculations showed that the value
of cohesive energy for these structures was -6.45 (eV) and
-6.89 (eV), respectively, which indicates their stability. Also,
to emphasize the stability of these thin films, the enthalpy
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Table 1. Lattice constants (a, c), distance layers of the crystals (d), equilibrium volume (V), Bulk modulus (B), and its
derivative (B́), ground state energy (E), total magnetic moment (Mtot ), and energy gap (Egap) of CsMgN2 bulk, Cs-Mg and
Mg-N terminations.(†: middle layer, and ‡: surface-subsurface layers)

Parameter a (Å) c (Å) d (Å) V [a.u3] B (Gpa) B́ E (eV) Mtot Egap (eV)

CsMgN2,this work 6.62 ... 1.65 491.0085 35.2422 5.2514 -2.20×105 3.0 1.9 (GGA)
2.3 (mBJ)

CsMgN2 [12] 6.50 [12] 3.0 [12] 2.4 [12]

film Cs-Mg[001] 4.76 30.21 1.65† 4014.0955 20.9015 5.2041 -1.09×106 10 GGA=0.64
1.61‡ mBJ=1.81

film Mg-N[001] 4.61 29.27 1.64† 3649.7848 21.8669 3.3529 -8.88×105 13.0 GGA=0.20
1.59‡ mBJ=1.60

was calculated. The results again emphasize the stability
of these terminations and the Cs-Mg termination has more
stability than other. The enthalpy is obtained for Cs-Mg
termination 1.89 (eV), and Mg-N termination 1.12 (eV),
respectively.

3.2 Electronic properties
The electronic properties of materials have always been of
great help in studying optical, thermoelectric, and other
physical properties. The electronic properties, including the
density of states (DOS), the band structure, and the electron
density (ED) diagrams of the CsMgN2 compound and its
films with the Cs-Mg and Mg-N terminations, have been
examined. Figure (3), panels (a) to (f), displays the total
and partial DOS diagrams of the CsMgN2 compound and
the Cs-Mg and Mg-N terminations in two spin channels up
and down. From panel (a), it can be seen that the CsMgN2
compound is a half-metal with full spin polarization at the
Fermi level, as is expected from the magnetic moment of
3 µB. The semiconductor form has a gap of 1.9 eV in
the up spin and extreme metal in the down spin by GGA,
and 2.3 (eV) with mBJ approximation which is agreed by
Ref [12]. The electronic states are continuous and uniform
and cut the Fermi level at a down spin. Therefore, it can
be a magnetic switch for spintronic applications such as
many Heusler films that are reported experimentally and
theoretically [27–29].
The DOS diagrams of Cs-Mg and Mg-N terminations cases
by GGA and mBJ approximations are depicted in panels
(b) and (c). The Cs-Mg termination is half-metallic by
100% spin polarization at the Fermi level, and its energy
gap increased by mBJ approximation to 2.1 eV of p-type
semiconductor. In the up spin, the electronic states below
the Fermi level mainly belong to the p orbitals of N atoms,
which are the main factor to the electron injection above the
Fermi level. As it can be seen in panel (d) for the CsMgN2
bulk compound, the p orbitals of the N atom have the high-
est contribution in electronic states below the Fermi level
in both spins. In the film with the Cs-Mg termination in
the spin down, the continuity of electronic states can be
detected from -2.5 (eV) to the positive energies, confirming
the extreme metallic behavior. In panel (c), it can be seen
that the Mg-N termination is converted to a half-metal with
100% spin polarization using both GGA and mBJ approxi-

mations. Applying the mBJ approximation, a wide gap can
be seen in the up spin. This termination has become an n-
type semiconductor, in which the electrons are the transport
factor. Here, the main cause of the electronic states below
and above the Fermi level belongs to the p orbital of the
N atom. The energy gap in the bulk phase is in complete
agreement with other reports, in the calculation of the band
gap at the Cs-Mn and Mg-N terminations, due to the pres-
ence of free electrons on the surfaces of the films, in order
to make the results more accurate, in addition to the GGA
approximation, mBJ approximation was also used. The
results showed that by applying the mBJ approximation, we
see the splitting of electron states in high spin, the results
of which are reported in Table 1.

3.3 Band structure
The CsMgN2 bulk band structure and its two films of up
and down spins are depicted in Figure (4). The n-type semi-
conductor with an indirect gap in up spin is witnessed, and
the band dispersion is significant in the conduction region
along the Γ direction, indicating high electron mobility. In
the valance region, two significant gaps are also seen, but
several levels are repeatedly cut off the Fermi level in the
down spin of the bulk phase. In the Fermi and conduction
regions, the levels slop are very high. In this spin, an energy
gap of 6 eV is also observed at the valence region. The
band structures of the Cs-Mg termination have been plotted
in two up and down spins from panels (c) to (f) with GGA
and mBJ approximations. It is quite clear that the mBJ ap-
proximation demonstrates n-type semiconductor properties
with an indirect gap, and the condense levels are located
below the Fermi level at up spin. The high density of states
in the conduction zone guarantees their high conductivity.
In panel (f), the Fermi levels are cut off by several levels
many times, and this compound is a strong metal in this spin.
Panels (g) to (j) illustrate the band structure of the Mg-N ter-
mination in two spins up and down. In both approximations,
this termination is also a half-metal with 100% spin polar-
ization, and the splitting of the states can be observed at the
Fermi level by applying the mBJ approximation. However,
it is a p-type semiconductor with an indirect gap in the up
spin. Here, the high density of states in the valence region
is also recognized as a good source of electron injection,
but there is a 1.5 (eV) gap in the conduction region at this
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Figure 4. The bandstructure diagrams of CsMgN2 , Cs-Mg, and Mg-N terminations.

termination. This reveals that electron leakage occurs here
during the transport of the excited electrons. The excited
electrons, which have reached the range of 0.5 to 2.2 (eV),
are separated from the other states by another gap, which is
suitable for the injected electron currents. This compound’s
extreme metal behavior in down spin demonstrates that this
termination can be used as a proper tool in GMR and TMR
applications.
Figure (5) displays the electron density on the surface of
films with Cs-Mg and Mg-N terminations in two spins up
and down. As can be seen from the grading of the figures
by color, red has the highest electron density, and blue has
the lowest one. In panels (a) and (b), by changing the spin
from up to down, it is observed that the electron density, es-
pecially around the Cs atom, increases. Moreover, electron
density changes are also more incredible at the film surface,
but the shape of the electron density is more symmetrical in
the middle layer. Thus, the effects of surface electrons on
this compound’s electronic and magnetic behavior are quite

obvious. Panels (c) and (d) have very interesting behavior;
in the up spin, the orientation of the charge variation is
inclined towards the Mg atom. Still, in the down spin, this
orientation is shifted toward out of the film surface, indicat-
ing that the direction of the magnetic forces on the surface
electrons varies as the direction of the external magnetic
field changes. It also creates more significant multipolar
polarity in the subsurface and middle layers’ down spin.
Interestingly, the electron density at the Mg-N termination
confirms the strong magnetic character of this termination,
which is reported in Table 1 to be 13 µB, so this termination
is a very suitable option for spintronic purposes.
Due to the surface effects of Cs-Mg and also Mg-N ter-
minations, as shown in Figures 5, the electron density on
their surface have increased strongly in both up and down
spins. An increase in the electron density on the film sur-
faces causes an increase in the electrostatic potential, as
shown in Figure 6. Therefore, a large electrostatic force
have been applied to the surface layer of the films and have
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Figure 5. (a-d) The electron density diagrams of CsMgN2,
Cs-Mg, and Mg-N terminations.

reduced the distance between the surface and the subsurface
layers compared to the distance between the middle layers
of the films. After forces optimizing atoms of the films, the
distance between the middle layers at the Cs-Mg and also
Mg-N terminations, was obtained to 1.61 (Å) and 1.64 (Å),
and the distances of the surface with sub-surface layers of
this terminations are 1.45 (Å), and 1.52 (Å), respectively.
Figure 6 displays the electrostatic potential at these two

terminations. As can be seen from the figure, significant
potential differences are detected between the surface and
middle layers at the Cs-Mg and also Mg-N terminations,
creating a large electrostatic force in the surface electrons.
Still, this is much larger at the Mg-N termination, which is
one of the reasons for the larger magnetic behavior at this
termination. Additionally, this diagram illustrates that the
electrons of the surface layers have large mobility due to the
large force exerted on them at both terminations, especially
the Mg-N one, which can be useful in the GMRs.

3.4 Thermoelectric properties
The thermoelectric property of the electric current is due
to the temperature difference between two material points.
Thermoelectric phenomena use to generate electronic cur-
rent and measure temperature and cooling. One of the
thermoelectric properties is the Seebeck effect, which was
first discovered by the German scientist Thomas Johann

Figure 6. The electrostatic potential of Cs-Mg, and Mg-N
terminations.

Seebeck in 1811. Seebeck concluded that the temperature
difference in a circuit causes the charge carriers to move
from hot points to cold ones, resulting in an electric field
and potential difference. The Seebeck amount depends on
factors such as the change of temperature and material type,
and this coefficient also indicates the type of charge carri-
ers. The negative sign of the Seebeck refers to the electron
carriers of the n-type semiconductor, and the positive sign
indicates the hole transporter of the p-type. The signifi-
cant Seebeck coefficient refers to the big voltage by slight
temperature difference. The figure of merit (ZT) is a dimen-
sionless coefficient that indicates the matter efficiency, and
also power factor formula is collected below:

ZT =
s2σT

K
(1)

PF = S2
σ (2)

that T is the absolute temperature, S is the Seebeck coeffi-
cient, σ is the electrical conductivity and K is the thermal
conductivity, including the lattice and electron contributions
(K = Kel +Klatt ) [30–33].
Figure (7) plots the Seebeck coefficients, the electrical con-
ductivity, and the thermal conductivity of the bulk and Cs-
Mg and Mg-N thin films in their semiconductor phase (in
spin down). Comparing the Seebeck coefficient of panels
(a) and (b), it is observed that the Seebeck coefficient is
positive in the bulk state and peaks at 150 K. Hence, the
transport charge carriers are the holes, such as the Cs-Mg
termination, which has a positive peak at 250 K. Neverthe-
less, the electrons are the transport charge carriers in the
Mg-N termination, with a peak at 220 K. The magnitude
of the Seebeck coefficient of the two thin films are greater
than bulk case, and their peaks located at 200 K to 250 K
temperature range, which referred to their better potential in
thermoelectric than bulk structure. Since at down spin the
CsMgN2 compound and its films are semiconductors, so
their electrical conductivity have the electrical gap. So that
the electrical conductivity of the CsMgN2 bulk starts from
300 K, and the electrical conductivity of Cs-Mg, and Mg-N
terminations, starts from 480 K and 570 K, respectively.
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Figure 7. The Seebeck, electrical and thermal conductivity curves of the CsMgN2 bulk, and Cs-Mg, and Mg-N terminations
versus temperature.

In panels (e) and (f), the thermal conductivity of the bulk
and the films is again similar to the electrical conductivity,
which its semiconductor nature is again confirmed here.
Figure (8) shows the figure of merit (ZT) and power factor;
in panels (a) and (b), the bulk ZT and the films are depicted
in terms of temperature, indicating that both CsMgN2 and
the mentioned films have a ZT. Accordingly, the ZT coef-
ficient in the bulk phase is in the range of one and 0.9 in
all temperature ranges. The Cs-Mg termination starts from
one, while it begins from 0.95 in the Mg-N termination to

finally reach 0.85 at 800 K. These diagrams demonstrate
that these compounds have high thermoelectric quality in
thermoelectric applications. In panels (c) and (d), the power
factor (PF) for these compounds shows that by increasing
temperature, the PF coefficient increases with a steep slope,
so they can be used in power generators. Many Heusler
structure films also have thermoelectric behavior [34, 35].
It can be seen that the ZT coefficient is increasing at the
Cs-Mg termination as room temperature and higher, while it
is decreasing at the Mg-N termination and bulk case. There-
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Figure 8. The figure of merit, and power factor of curves of
the CsMgN2 bulk, and Cs-Mg, and Mg-N terminations
versus temperature.

fore, the Cs-Mg termination has a higher thermoelectric
quality as well as the possibility of crystallization.

4. Conclusion
The electronic and thermoelectric properties of CsMgN2
in bulk and its thin film at Cs-Mg and Mg-N terminations
were investigated by DFT. It was observed that in the
magnetic and non-magnetic states, the bulk and films have
an equilibrium volume, and the two mentioned terminations
have the ground state point. The total magnetic moment
of all three compounds for the bulk and the Cs-Mg and
Mg-N terminations are 3, 10, and 13 (µB), respectively.
The derivative of the bulk modulus of these compounds
represents strong ionic bonds in their atoms. The density
of states curves and the band structure of bulk show that
this compound is a strong half-metal with 100% spin
polarization and a gap of 1.4 eV. The other two terminations
experience half-metallic conditions with either the GGA
approximation or mBJ one, but by applying the mBJ
approximation, their spin-flip gap is larger in spin-up. It is
observed that the Cs-Mg termination’ Seebeck coefficient
is positive at all temperatures, indicating the holes carriers
to transport, as the bulk case, and in the Mg-N termination,
the electrons are the charges transporter, because of its
negative Seebeck parameter at all temperatures. The figure
of merit coefficient of Cs-Mg and Mg-N terminations are
like the bulk in the range of one. All three power factors are
increasing at high temperatures, which refer to their power
generator applications, especially the Mg-N termination
case.
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