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We have performed a study of the structural, elastic, electronic, and magnetic properties of ZnCrO2 and

ZnMnO2 chalcopyrite, using the Full-potential linearized augmented wave method (FP-LAPW), as part of the den-
sity functional theory (DFT). We have treated the exchange and correlation energy with the generalized gradi-
ent approximation (GGA-PBEsol) and the Tran-Blaha modified Becke-Johnson (TB-mBJ) meta-GGA. We have
obtained new predictions for elastic properties. We have shown that these compounds are half-metals, and a spin
polarization of 100% at the Fermi level. From these new results, we have predicted that these compounds are
suitable in spintronic and optoelectronic applications.
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1. Introduction

The half-metal ferromagnets (HMF) are considered
as materials that behave a metal in a one spin state
and as a semiconductor in the opposite direction, and
they show a complete spin polarization of 100% around
the Fermi level (EF). These compounds have experienced
strong growth in various fields of application, in particu-
lar in spintronics as spin injection devices [1]. The Half-
metallicity (HM) in the NiMnSb Heusler half-alloy was
discovered by De Groot et al. [2]. According to this dis-
covery, many HMF-based materials have been theoret-
ically predicted and experimentally synthesized, for ex-
ample, the zinc-blende compounds, organic hybrid com-
pounds, pure organic compounds, and transition metal
oxides [2, 3]. The chalcopyrites have been explored for
practical applications in spintronics devices, because of
their high Curie temperature and anti-ferromagnetism
behavior and due their structural similarity with respect
to conventional semiconductors.

The chalcopyrite compounds crystallize in a chal-
copyrite structure centered at the tetragonal body.
This structure is described by two external lattice param-
eters a and c, and by an internal parameter u, which is re-
lated to the displacement of the anion in the x direction.

∗corresponding author; e-mail:
abdelkader.boudali54@gmail.com

The chalcopyrite crystals show tetragonal distortion,
where the ratio c/a = 2. Moreover, the anion gener-
ally adopts an equilibrium position by being closer to
a pair of cations than the other. This, deformed tetra-
hedral coordination can be characterized by the internal
parameter u, which corresponds to 1/4th of the ideal
structure in a mixture of zinc [4]. In this work, we have
studied the structural, electronic, and magnetic proper-
ties of the ZnTMO2 (M = Cr and Mn) compounds using
the density functional theory.

2. Computational details

Our study aims to calculate the structural prop-
erties such as lattice parameters, bulk modulus, and
its derivative, the elastic, electronic, and magnetic prop-
erties of the ZnCrO2 and ZnMnO2 chalcopyrite by
the ab-initio methods. The calculations were performed
by using the linear potential augmented linear wave
with full potential (FP-LAPW) implemented in the
WIEN2k code [5] within density functional theory
(DFT) [6], where the exchange and correlation en-
ergy is treated by the generalized gradient approxi-
mation (GGA-PBEsol) [7]. This exchange and corre-
lation potential gives good results for the structural
parameters compared to the local density approxima-
tion (LDA) [8] and the generalized gradient approx-
imation of Perdew-Burke-Ernzerhof (GGA-PBE) [9].
For calculating the electronic and magnetic proper-
ties, we have used the GGA-PBEsol, GGA-PBEsol+U,
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and the Tran-Blaha modified Becke–Johnson TB–mBJ
potential for comparison purposes [10, 11] Becke and
Johnson (BJ) have proposed new formula for ex-
change potential related to atoms [10]. Tran and
Blaha (TB) [11] have proposed modified version of this
functional noted TB-mBJ, which is appropriate also
for solids and surprisingly improved the band gap of
the materials. It is better for calculating electronic
structures with respect to the most commonly used
calculation methods such as LDA or GGA [10–13].

The results are obtained with a convergence of the or-
der of 10−4 Ry. We used for the sampling of the Brillouin
zone a grid (10 × 10 × 10) with 56 special k-points.
The muffin-tin radii (RMT) of the constituent elements
of the studied materials are 2.04, 1.81, 1.87, and 1.56
for Zn, Cr, Mn, and O, respectively. The cutoff energy
is chosen equal to −6.0 Ry. The relativistic effects are
taken into account by the use of the scalar relativistic
approximation when calculating the electronic states.

3. Results and discussions

3.1. Structural proprieties

The Fig. 1 shows the optimizations of energies as
a function of external lattice parameters a and c, and
an internal parameter u for ZnCrO2 and ZnMnO2 com-
pounds. We have calculated the structural parameters
by using the Murnaghan equation given by the following
expression [15]:

E(V ) = E0 +B0V0 +
V

B
′
0V0

− 1

B
′
0 − 1

+

(
V0

V

)B′
0−1

B
′
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Fig. 1. Optimizations of energies as a function of vol-
umes and c/a for ZnCrO2 and ZnMnO2.

TABLE I

Calculated equilibrium lattice parameters (a, b, c, c/a
and u), bulk modulus (B) and its derivative (B′) for
ZnCrO2 and ZnMnO2 compounds.

Comp. a [Å] b [Å] c [Å] c/a u B [GPa] B′

ZnCrO2

4.70 4.70 9.40 2.00 0.245 124.64 4.67
4.71a 4.71a 9.42a 1.99a 0.245a 124.63a 5.33a

125b

ZnMnO2

4.65 4.65 9.26 1.99 0.251 142.38 4.60
4.67a 4.67a 9.34a 2.00a 0.248a 121.67a 5.85a

141b
a Ref.[16], b Ref.[17]

The equilibrium value of c/a is calculated by fitting
the polynomial equation of four degree that describes
the total energies as a function of c/a. Our calculations
are reported in Table I. The calculation of the adjust-
ment parameter u is obtained through the minimization
of the positions. Our results are in good agreement with
the theoretical calculations [16, 17].

3.2. Elastic properties

The mechanical stability of a crystalline structure
is originated from the formulation of M. Born and
K. Huang [18]. The calculated elastic constants Cij of
the ZnCrO2 and ZnMnO2 compounds are presented in
Table II. It can be seen that these constants are posi-
tive (C11 > 0, C12 > 0, C13 > 0, C33 > 0, C66 > 0,
C44 > 0) and obey to Born’s mechanical stability crite-
rion for the tetragonal structures [19], i.e.,

C11 − C12 > 0, C11 + C33 − 2C13 > 0

2 (C11 + C12) + C33 + 4C13 > 0

The compressibility module bulk modulus B is insuffi-
cient to fully describe the mechanical strength of a ma-
terial. This value is related only to the normal pressing
forces applied to its surface and does not take into ac-
count the tangential forces. It is necessary to introduce
the shear modulus G related to the shear stresses given
to the forces that act to move parallel plans of the solid
in the direction of the force,

G =
τxy
γxy

=
Fl

∆xA
.

The shear modulus G of the material is a better indicator
of hardness than the bulk modulus.

There are three approximations for calculating
the bulk modulus B and the shear modulus G for
a single-phase structure. The first is the Voigt approx-
imation [20], which determines the upper part of these
parameters by using the elastic constants Cij according
to the following equations

BV =
1

9
(2C11 + 2C12 + C33 + 4C13) ,

GV =
1

15
(2C11 − C12 + C33 − 2C13 + 6C44 + 3C66) .
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TABLE IIThe elastic parameters of ZnCrO2 and
ZnMnO2 compounds.

Compound C11 C33 C44 C66 C12 C13

ZnCrO2 143.2 127.8 35.2 40.4 125.5 112.9
ZnMnO2 163.8 149.5 39.6 40.9 134.7 135.3

The second is the Reuss method [21], which gives the
lower limits of these parameters by using the flexibility
coefficients Sij [22, 23] according to the formulas below
BR = (2S11 + 2S12 + S33 + 4S13)−1,

GR = 15(8S11 − 4S12 + 4S33 − 8S13 + 6S44 + 3S66)−1.

Based on Hill approximation [22], these two elastic mod-
ules represent the extreme limits (respectively a maxi-
mum for GV and a minimum for GR) of the real val-
ues of the polycrystalline constants. The actual value
can be approximated through the arithmetic means of
the following expressions

BH =
BV +BR

2
, GH =

GV +GR

2
.

Finally, the Young’s modulus E and the Poisson’s ratio
are calculated from the mean magnitudes as follows

E =
9BHGH

GH + 3BH
, υ =

3BH − 2GH

2(GH + 3BH)
.

It is noteworthy that B measurement of incompressibil-
ity gives the resistance to the change of volume while G
is a reliable indicator of hardness [23, 24]. Table III gives
the elastic constants of bulk modulus B, shear modu-
lus G, Young modulus E, Poisson’s ratio, and anisotropy
for ZnCrO2 and ZnMnO2 compounds.

To measure the ductility of materials, we use the Pugh
ratio [24], which is a dimensionless quantity defined as
Pu = BH/GH.

The values found in our case (5.55 and 5.86) and are
equally higher than the critical value. This indicates
that the studied compounds (ZnCrO2 and ZnMnO2) are
fragile, although having a ductile character. Our re-
sults of modulus B of chalcopyrites are very simi-
lar to those one, obtained with other studies, i.e.,
B = 124.63 GPa for ZnCrO2 [16], and B = 142.39 GPa
for ZnMnO2 [17]. The shear modulus G, in turn, shows

that the bonds between the atoms are stronger in ZnCrO2

than ZnMnO2. It is therefore necessary to apply intense
shear forces to cause breaks in the chemical bonds be-
tween the atoms in these compounds. Thus, it is clear
that the shear modulus G is a more significant hardness
factor than the compressibility modulus B. The Young’s
modulus E of a material is the tension-strain ratio.
It characterizes its stiffness. Physically the higher E is
the more rigid the material is, the weaker E is the softer
the material is. Table III shows that the Young’s mod-
ulus values of our compounds are of the order of 73.84
and 51.22 GPa, which remain overall lower than that of
the metals. This proves that our compounds have a more
rigid behavior than metals.

Another fundamental concept of the mechanical prop-
erties of a crystal is elastic anisotropy, which explains
the anisotropic nature of chemical bonds in different di-
rections. To study the elastic anisotropy of ZnCrO2 and
ZnMnO2, we adopted three approaches

1. The Voigt [20] model which describes the elastic
anisotropy related to compressibility, is given by
the formula

AG =
GV −GR

GV +GR
,

2. The Reuss model [21] that characterize elastic
anisotropy, is expressed by the following relation

AB =
BV −BR

BV +BR
.

These two coefficients are between the value 0, which
indicates that the material is isotropic and the value 1
which shows that the compound has a maximum
anisotropy.

Calculations for our solids show that the value
AB (0.97%) is much smaller than AG (19%). This means
that the compound has acquired more pronounced shear
anisotropy than the compressibility anisotropy.

3 The third relation for anisotropy is a combination
of GV, GR, BV and BR. It has a general aspect and
is evaluated by the so-called universal anisotropy
index [25, 26]:

AU = 5
GV

GR
+
BV

BV
− 6.

TABLE IIIThe other elastic parameters of ZnCrO2 and ZnMnO2 compounds.

Parameter
ZnCrO2 ZnMnO2

Voigt Reuss Hill Voigt Reuss Hill
bulk modulus 124.1 121.7 122.9 143.1 142.3 142.7
shear modulus (Lame Mu) 26.3 17.9 22.1 28.83035 19.9 24.3
Lame lambda 106.5 109.8 108.1 123.91206 129.1 126.5
Young modulus 73.8 51.2 62 81.04927 57.1 69.2
Poisson ratio 0.40087 0.4 0.4 0.40562 0.4 0.4
universal anisotropy index 2.3 2.3
elastic Debye temperature [K] 301.8 313.8
averaged sound velocity [m/s] 2349.9 2426.4
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The value characterizes an isotropic character of the crys-
tals whereas the deviations to the null value deter-
mine the anisotropic extension [27]. The calculated
values of the test compounds are AU = 2.37614 and
AU = 2.37614 for ZnCrO2 and ZnMnO2, respectively,
showing appreciable elastic anisotropy.

3.3. The Electronic proprieties

3.3.1. Band structures
The discovery of semi-metallicity has developed sev-

eral materials for spintronic applications of the mag-
netic tunnel junction [27–30], such as Sr2FeMoO6 [29–31],
La0.7Sr0.3MnO3 [31, 32], and the Co2MnSi [32].
For the magnetic tunnel junction, in the anti-parallel con-
figuration, the electrons do not cross the insulating bar-
rier and the resistance is infinite. However, in the parallel
configuration the electrons cross the barrier by the tunnel
effect and the resistance is finite.

The calculated band structures of ZnCrO2 and
ZnMnO2 with TB-mBJ potential are displayed in Figs. 2
and 3, respectively. In these plots one can see that
the valence and the conduction band overlap, below
Fermi level for majority-spin bands. This means then
that the compounds have a metallic character. In turn,

Fig. 2. Band structures of ZnCrO2 with TB-mBJ po-
tential. (a) Spin up, and (b) Spin down.

Fig. 3. Band structures of ZnMnO2 with TB-mBJ po-
tential. (a) Spin up and (b) Spin down.

Fig. 4. Band structures of ZnCrO2 with GGA-PBEsol
potential. (a) Spin up and (b) Spin down.

Fig. 5. Band structures of ZnMnO2 with GGA-PBEsol
potential. (a) Spin up, and (b) Spin down.

the minority-spin bands are semiconductors, because
the band gaps occur between the valence and the conduc-
tion bands for both ZnCrO2 and ZnMnO2 compounds.
Thus, we have deduced that our compounds are half-
metals. In Figs. 4–7, the results of bands structures
obtained by the GGA-PBEsol and GGA-PBEsol+U ap-
proximations show metallic character of the ZnCrO2

and ZnMnO2 compounds. According to [10, 11, 31–35],
the LDA+U approach systematically improves the LDA
band gap by acting indirectly on both the valence band
maximum (VBM) and the minimum conduction band
(CBM). In our case, the use of GGA-PBEsol+U improves
the band structures. It moves VBM to downward and
CBM to the top with respect to the Fermi level compared
to the GGA-PBEsol. However the minority-spin bands
of two compounds still remain metallic. In contrast,
the TB-mBJ potential improves significantly the band
structures. Then, the CBM is moved towards the higher
energies above Fermi level, and hence the minority-
spin bands of the two materials become semiconduc-
tor. Therefore, the ZnCrO2 and ZnMnO2 compounds
show a half-metallic ferromagnetic behavior by the use
of TB-mBJ exchange potential.
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Fig. 6. Band structures of ZnCrO2 with GGA-
PBEsol+U potential. (a) Spin up, and (b) Spin down.

Fig. 7. Band structures of ZnMnO2 with GGA-
PBEsol+U potential. (a) Spin up, and (b) Spin down.

3.3.2. The Density of states
The density of states is generally used to comprehen-

sively understand the electronic structure of a compound.
Taking into account the spin polarization (spins up and
down), the total density of states (TDOS) and the par-
tial states densities (PDOS) of the ZnCrO2 and ZnMnO2

chalcopyrites in the ferromagnetic phase are calculated in
its equilibrium state by GGA-PBEsol, GGA-PBEsol+U,
and TB-mBJ [10, 31–35]. The densities of states (DOS)
calculated by TB-mBJ are illustrated by Figs. 8 and 9.
For the majority-spins states, the energy regions be-
tween 0 and −8.3 eV for ZnCrO2 and between 0.17 and
−7.1 eV for ZnMnO2 are mainly originated by the con-
tributions of the DOS of Cr 3d and O 2p, and Mn 3d and
O 2p states. The second region of the BV of sub-band
of the semi-core, consists of the O-s states, which are
localized between −19.96 and −20.64 eV for ZnMnO2,
and −21.07 and −21.93 eV and ZnCrO2, respectively.
The conduction bands between 0 and 10 eV, and
0.11 - 10 eV, are originated from Cr 3d and Mn 3d states
for ZnCrO2 and ZnMnO2, respectively. For the minority-
spin states, the total and partial densities of states have
two bands and the valence band (VB) have two sub-bands.

Fig. 8. Spin-polarized total and partial densities of
states of ZnCrO2 with TB-mBJ.

Fig. 9. Spin-polarized total and partial densities of
states of ZnMnO2 with TB-mBJ.

The top of the VB between 0.11 and −8 eV for ZnCrO2,
and between −2.79352 and −6.9965 eV for ZnMnO2, is
due to Zn 3d, Zn 3d, and Mn 3d states. The bottom
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Fig. 10. Spin-polarized total and partial densities of
states of ZnCrO2 with GGA-PBEsol+U.

Fig. 11. Spin-polarized total and partial densities of
states of ZnMnO2 with GGA-PBEsol+U.

of semi-core states in the range −21.06 and −21.93 eV
for ZnCrO2, and in the range −19.96 and −20.81 eV for
ZnMnO2, are due to the O 2s states. The conduction
bands in the range 0.11 and 10 eV for ZnCrO2, and 1.23
and 10 eV for ZnMnO2, are dominated by single bands,
which are characterized by the Cr 3d and Mn 3d states.
Therefore, the majority spins have a metallic character,
and the minority spins have a gap of 4 and 4.03 eV for
ZnCrO2 and ZnMnO2, respectively. From these findings,
we have deduced that the ZnCrO2 and ZnMnO2 are half
metals with spin polarizations about 100%.

We have performed GGA-PBEsol+U calculations with
several values of U Hubbard ranging from 2 to 7 eV
because the value U is not easy to estimate [30–35].
The obtained bands structures with different values of
U have the same behavior. Figures 10–13 show the den-
sities of states obtained with the GGA-PBEsol and

Fig. 12. Spin-polarized total and partial densities of
states of ZnCrO2 with GGA-PBEsol.

Fig. 13. Spin-polarized total and partial densities of
states of ZnMnO2 with GGA-PBEsol.

GGA-PBEsol+U for U = 4 eV. For both ZnCrO2 and
ZnMnO2 compounds, the majority and minority-spin
states with GGA-PBEsol and GGA-PBEsol+U revealed
overlaps between the valence and conduction bands.
For the spin down channel, the valence and conduc-
tion bands are separated by a pseudo gap when using
the GGA-PBEsol+U approximation [10, 35]. The den-
sities minority-spin states calculated using the TB-mBJ
potential have a gap that is not observed with
the GGA-PBEsol+U. No difference is observed between
the calculations obtained with the GGA-PBEsol+U and
GGA-PBEsol. The band overlap at the Fermi level is
due to the p–d hybridization between the O 2p and Cr 3d
or Mn 3d states.

The observations that can be made compar-
ing the results obtained with the TB-mBJ and
the GGA-PBEsol+U are the following:
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1. The GGA-PBEsol+U acts on both the valence and
conduction bands: there is a split of bands and
the gap becomes larger;

2. The TB-mBJ acts only on the conduction band,
which decreases the width of conduction band and
induces an increase in the gap. In the case of our
calculations, this effect is observed only for the spin
down channel.

3.4. The magnetic properties

The total magnetic moments of ZnCrO2 and ZnMnO2

compounds are the sum of the local magnetic moments
of Zn, Cr, Mn, O atoms and the interstitial magnetic mo-
ment. The calculated magnetic moments by the TB-mBJ
potential are summarized in Table IV. The obtained total
magnetic moments are 8 µB and 10 µB for ZnCrO2 and
ZnMnO2, respectively, which obey to the Hund’s rule.
The integral values of total magnetic moments indicate
that these materials are true half-metallic ferromagnets.
The values of total magnetic moments are formed by
the main contributions of Cr and Mn transition elements,
and small contributions occur at Zn and O sites and
in the interstitial region with respect to the high total
magnetic moments of compounds under study.

TABLE IV

The total and partial magnetic moments (in µB) of the
ZnCrO2 and ZnMnO2 compounds.

Magnetic moment ZnCRO2 ZnMnO2

in interstitial 1.61743 0.91720
in sphere Zn 0.02464 0.01783
in sphere Cr 3.20925 –
in sphere Mn – 4.33686
in sphere O −0.02079 0.09418
in cell ZnCrO2 8.00204 –
in cell ZnMnO2 – 10.00330

4. Conclusion

We have performed a study of structural, elastic, elec-
tronic, and magnetic properties of ZnCrO2 and ZnMnO2

chalcopyrite using the linearized augmented plane waves
method (FP-LAPW), within density functional the-
ory (DFT). We have treated the exchange and corre-
lation energy with the PBEsol, GGA-PBEsol+U, and
TB-mBJ potentials. We have obtained new predictions
for elastic properties. We have found that the ZnCrO2

and ZnMnO2 compounds are half-metallic ferromagnetic
with total magnetic moments 8 µB for ZnCrO2 and
10 µB for ZnMnO2 and spin polarization of 100% around
Fermi level. From these findings, the ZnCrO2 and
ZnMnO2 chalcopyrites seem to be potential materials
for spintronics field.
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