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ABSTRACT ARTICLE HISTORY

In the present study, the structural, electronic, optical, and mechan- Received 14 May 2018
ical properties of the Ruddlesden-Popper type oxide compounds are Accepted 13 October 2018
investigated by means of density functional theory. In our calcula-
tion, spin polarized electron band structures and density of the state
were identified by adding to the spin Fontr!butlon of the Mn—z?tom. tronic structure: elastic
F(_)r A3Mn.207 compounds, the real and_lmaglnary parts of the dielec- constants; first principles
tric function and other optical properties, such as energy loss func- calculation

tion, effective number of valence electrons, and effective optical

dielectric constant, were calculated accordingly. In addition, the bulk

modules, shear modules, Young's modulus and Poisson ratios, anisot-

ropy factors, sound velocities, and Debye temperatures for these

compounds were calculated too.
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1. Introduction

Recently, there has been growing interest in the study of layered perovskites,
which possess a wide variety of interesting properties, including superconductivity,
colossal magnetoresistance (CMR) [L1,2], ferroelectricity, and catalytic activity
[3-12]. Layered perovskites are intergrowths of perovskite and other structures,
and they consist of two dimensional (2D) perovskite slabs interleaved with cations
or cationic structural units. Dion-Jacobson, Ruddlesden-Popper phases, and
Aurivillius phases form the major families of the closely related layered perov-
skites. Among the manganese-based perovskite oxides, the layered Ruddlesden-
Popper (R-P) manganite phase is of great interest for researchers. It was also
reported that the some members of Ruddlesden-Popper (R-P) manganite phase
have been hybrid improper ferroelectric (HIF) magnet properties [13-18]. R-P
series are generally in A, ,,B,03,,; formula, where A site is occupied by an alka-
line earth or rare earth metal ion such as Sr, Ca, Ba or La-Lu, B site is occupied
by a transition metal ion like as Mn, Nb, Pb, Ti, Co and Ru, and n can take val-
ues from 1 to oco. R-P phases can be also denoted by (AO)(ABO;), formula and
their structure consist of n consecutive perovskite layers (ABOj), alternating with
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Figure 1. The calculated total charge density for (011) (a,c), (110) planes (b,d) and crystal structure
(e) of AsMn,0,; compounds.

(AO) rock salt layers along the crystallographic ¢ direction. While ABO; type per-
ovskite structures correspond to n=o0o0, A,BO, type structures such as K,NiF,,
they are predicated by n=1. SrsMn,0; and Ca;Mn,0; compounds are members
of the R-P perovskite family corresponding to n=2 [19-21].

A3Mn,0; (A:Sr, Ca) compounds have not been intensively studied apart from struc-
tural, electric, and magnetic measurement. As far as we know, an ab initio potential cal-
culation has not been performed on the electronic, optical, and mechanical properties
of A3Mn,0; compounds except a few articles [9, 22,23] in the literature. Therefore, the
aim of our work is to present structural, electronic, optical, and mechanical properties
of A;Mn,0, compounds by using density functional theory.

2. Method of Calculation

All calculations presented in this paper were carried out using the Vienna ab initio
simulation package (VASP) code [24-27] by means of the density functional theory
(DFT) [28]. The exchange-correlation energy function is treated within the spin
polarized GGA (generalized gradient approximation) by the density functional of
Perdew et al. [29]. To get good convergence, the kinetic energy cutoff for the total
energy calculation is found to be 532eV for Ca;Mn,0; and 554eV for Sr;Mn,0O;.
The 7 x7x7 for CasMn,0, and 15x 15 x 15 for Sr;Mn,0O; Monkhorst-Pack [30]
mesh grids for electronic and structural calculations have been used for special k
points in the Brillouin zone (BZ). The k-mesh grids are taken as 9 x9x9 for
CazMn,0; and 18 x 18 x 18 for Sr;Mn,0, for the density of states (DOS) and
optical spectra.
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Table 1. The calculated and experimental lattice parameters for CazMn,0; and Sr;Mn,0;

Material Reference a(d) c &)

CasMn,0;, Present 3.7642 19.3187
Cal. [23] 3.772 19.257
Exp. [29] 3.6957 19.4873
Exp. [45] 3.7072 19.4160
Exp. [11] 3.6918 19.6254
Exp. [21] 3.6834 19.5748

SrsMn,0- Present 3.8466 20.1900
Exp. [3] 3.7894 20.0638

3. Results and Discussion
3.1. Structural Properties

The crystal structures of SrsMn,0, and Caz;Mn,0; are characterized with the tetragonal
structure as seen in Fig. 1(e). These compounds have two molecules with 24 atoms in
the unit cell. Firstly, we determined the structural parameters of A;Mn,0O, compounds
by relaxing the cell shape using experimental data [3, 31]. The obtained results are given
in Table 1. We see that the results of our structural optimizations are in very close
agreement with the experimental and previous calculated data.

3.2. Electronic Properties

The spin-polarized electronic band structures of the A;Mn,0O, compounds were cal-
culated using GGA along the high symmetry directions in the first Brillouin zone
(BZ). The band structures and total density of states for majority spin (spin-up) and
minority spin (spin-down) are shown in Fig. 2. As seen in Fig. 2(a, d), the Fermi
level crosses the energy dispersion curves of majority spin states. Therefore,
A3Mn,0; compounds show metallic properties for spin-up electrons. However, we
can see in Fig. 2(b, e) that there is an indirect band gap of approx. 0.532¢eV for
CazMn,0; and 0.663eV for SrsMn,0, near the Fermi level for spin-down electrons
and, therefore, the minority spin states of A3;Mn,0; compounds have the semicon-
ductor character. An indirect gap of Sr;Mn,O; in the antiferroelectric structure was
reported as 0.45eV in Ref [9]. This is smaller than our value. The partial and total
DOS calculated for these compounds are illustrated in Fig. 2. For the Sr;Mn,0O,
compound, the lowest valance bands, valance bands between -50eV and -30eV as
well as -20eV and -10eV, and upper most occupied valence bands are formed by
Mn p and s states, the hybridization of Mn (p) and Sr (s)- states and hybridization
of O (p)- Mn (d)-states. The situation occurring very close to it can be observed for
the CazMn,0; compound. The lowest unoccupied conduction band above the Fermi
level for the both compounds are formed by the hybridization of the p and d states
of Mn and Sr(Ca), but d states dominate.

In order to determine the bonding nature between atoms in A;Mn,0,; compounds,
we have calculated contour maps of the total electronic charge density for (011) and
(110) planes as shown in Fig. 2(a-d). It is clear that there is strong covalent bonding
between the Mn and O atoms. Whereas, Ca and Sr form an ionic bonding with O.
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Figure 2. The calculated electronic band structures and total density of states for the majority spin
(spin-up) and minority spin (spin-down) of CazMn,0; (ab and ¢) and SrsMn,0; (d, e and
f) compounds.

3.3. Optical Properties

The calculated real (¢;(w)) and imaginary (e,(®)) parts of dielectric functions and elec-
tron energy-loss spectrum for the A;Mn,0; compounds by using Kramers-Kroning
relations [32-35] are shown in Fig. 3. As seen from Fig. 3, the energy values of & (w)
that decreasing and increasing are zero 0.23 (0.23) eV and 7.80 (5.41) eV for x-direction
and 4.50 (4.2) eV, and 1.78(1.88) eV for CazMn,0; (Sr3Mn,0,) compounds. These val-
ues that & (w) are zero points reduced of the reflections, and show that the polarization
disappears. The maximum peak values of &,(w) are 0.12eV, 2.37eV and 4.50eV for
Caz;Mn,0,, and 0.12eV and 4.24eV for Sr;Mn,O,. These values show how much the
electromagnetic wave polarizes the system, and corresponds to the electronic transitions
from the valence band to the conduction band. Furthermore, as can be seen in Fig. 3,
the approximately 0.1-7.0eV energy region for both compounds, respectively, is the
region where dispersion is low and also where we observe the intensive interband tran-
sition. The energy region above 10eV corresponds to the collective vibration of valance
electrons. This energy region defined as plasma oscillations is described by the energy
loss function.
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Figure 3. The calculated reel and imaginary parts of dielectric functions and electron energy-loss
spectrum for the A;Mn,0; compounds.

The calculated effective number (Ng) of electrons participating in the interband tran-
sitions and effective optical dielectric constant (e.g) for the A3;Mn,O; compounds are
given in Fig. 4. The ¢ reaches a saturation value at approximately 1.0 eV for both com-
pounds, this means that the greatest contribution to . from the interband transitions
between 0.1eV and 1.5eV. The N reaches the saturation value at energy above 30eV.
This means that deep-lying valence orbitals participate in interband transitions as well.

3.4. Elastic Properties

Elastic constants contain information about many important properties of solids, such
as the brittle and ductile, mechanical stability, specific heat, Debye temperature, thermal
expansion coefficient, and bonding nature between atoms [36,37]. The elastic constants
of Ca;Mn,0; and Sr3;Mn,0; compounds were calculated using the strain-stress method
[38] as implemented in the VASP [24, 27]. For tetragonal crystals, there are six inde-
pendent elastic constants namely, C;;, Cjs, Ci3 Cs3, Cyq and Cge. The bulk modules,
shear modules, Young’s modulus and Poisson ratios, anisotropy factors, sound veloc-
ities, and Debye temperatures of A;Mn,0; compounds have been calculated using the
common relations given in Ref. [39-42]. The results are listed in Tables 2, 3, and 4.
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Figure 4. The calculated effective number (No) of electrons participating in the interband transitions
and effective optical dielectric constant (ecs) for the AsMn,0; compounds.

The calculated elastic constants in Table 2 satisfy the mechanical stability conditions
given in Ref [39] for tetragonal crystals. It indicates that both compounds are mechanic-
ally stable. It is well known that the elastic constants C;;, Cy,, and Cs; measure the a-,
b-, and c direction resistance to linear compression, respectively [42]. We can see from
Table 2 that the values of C;; are smaller than Cs; for both materials. For this reason,
A3Mn,0; compounds are more compressible along the a-axis.

Besides, our calculated C;;, Cy3, and Cyy values are in good agreement with the calcu-
lated values using the GGA approaches in Ref. [23]. However, C;,, Cs3, and Cgs values
are bigger than the obtained values in Ref. [23].

While the bulk modulus (B) is a measure of the resistance of the material to volume
change under an applied pressure, the isotropic shear modulus (G) is a measure of the
resistance to reversible deformations caused by shear strain. The calculated bulk modu-
lus values are 158.26 GPa and 142.86 GPa for Ca;Mn,0; and Sr;Mn,0,, respectively.
Thus, these materials can be expressed as a medium hardness material. Because the
bulk and shear modulus of Ca;Mn,0, are smaller than that of Sr;Mn,0,, one can say
that Ca;Mn,0;, is a less compressible compound than Sr;Mn,O,. In addition, The
Young’s modulus indicates the hardness of the materials. The Young’s modulus of
A3Mn,0, compounds was calculated to be as 242.18 GPa (Sr;Mn,0O;) and 227.58 GPa
(SrsMn,0O-). Thus, these materials exhibit a low stiffness.

Poisson’s ratio can take different values depending on the nature of bonding in mate-
rials. It reflects the degree of directionality of the covalent bonds. While values of
Poisson’s ratio (v) is 0.1 for the covalent material, for ionic material it is 0.25, and for
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Table 2. The calculated elastic constants (in GPa) for AsMn,0; compounds

Ca3Mn207 Sr3Mn207
GGA and GGA + U from Ref [23]
GGA GGA
This work U=0eV U=35eV U=5eV This work
Ciy 304.58 305.649 267.496 265.031 252.92
Cyy 73.89 67.568 56.549 45967 82.09
Ci3 87.47 88.550 81.191 75.574 86.41
Cs3 318.62 285.819 281.988 278.956 272.17
Cys 83.07 81.683 81.556 78477 93.44
Ces 98.60 81.814 78.767 78.095 100.30

Table 3. The calculated isotropic bulk modulus (B, in GPa), shear modulus (G, in GPa), Young's
modulus (E, in GPa), and Poisson’s ratio for AsMn,0,compounds

CasMn,0; SrsMn,0-
GGA and GGA + U from Ref [23]
GGA GGA
This work U=0eV U=3.5eV U=5eV This work
By 158.38 154.050 139.427 133.694 143.09
Br 158.13 154.050 138.823 132.951 142.86
B 158.26 154.050 139.125 133.323 142.98
Gy 98.21 92.533 88.245 87.803 92.31
Gg 96.31 90.471 87.110 86.106 92.01
G 97.26 91.502 87.678 86.954 92.16
E 242.18 229.138 217.370 214.278 227.58
N 0.24 0.252 0.240 0.232 0.23
B/G 1.62 1.684 1.587 1.533 1.55

Table 4. The transverse, longitudinal, average elastic wave velocities (v;, v; and v, in m/s), density
(p in g/cm3), Debye temperature (®p in K), shear anisotropic factors Ay, A A; and Acomp)
Ashears) for AsMn,0,compounds

Compound Vi 7 Vin o Op(K) A, A, Az Acomp(%) Ashear(%)
CasMn,0, 4841.2 8329.8 5371.5 415 710.5 0.74 0.77 0.85 0.08 0.97
SrsMn,0, 4135.0 7023.1 4582.5 539 588.7 1.06 1.01 1.17 0.08 0.16

the metallic material it is 0.33 [43]. The calculated Poisson’s ratio values for Ca;Mn,0O-
and Sr;Mn,0; are approx. 0.24 and 0.23, respectively. Therefore, the ionic contribution
to inter atomic bonding for both materials is more dominant. On the other hand, as we
can see from the Table 3, our results are very close to the calculated values in Ref. [23].
But, the calculated values using the GGA + U approaches in Ref. [23] are smaller than
our obtained values.

As stated in Pugh’s criterion [44], B/G ratio can be used to determine the ductile (B/
G > 1.75) or brittle behavior (B/G < 1.75) of the materials. Because the calculated values
of the B/G for A;Mn,0; compounds are smaller than 1.75, these compounds behave as
brittle manner.

On the other hand, the elastic anisotropy is an important parameter that is related to
the elastic properties of solids. The bonding natures in different crystallographic direc-
tions and microcrack formation in materials can be determined via elastic anisotropy
[32]. The calculated anisotropic factors are given in Table 4. The values of the aniso-
tropic factors (A;, A, and Aj;) are equal to 1 for an isotropic crystal. If their values are
smaller or greater than 1, the crystal exhibits an anisotropic character. It is clear in
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Table 4 that, while the SrsMn,0; compound shows a weak anisotropy, the Ca;Mn,0O;
compound indicates a strong anisotropy.

Another way of describing the elastic anisotropy is to calculate the percentage of
anisotropy in the compression and shear. For crystals, these values can vary from zero
(isotropic) and 100% representing the maximum anisotropy [42]. As seen in Table 4,
the anisotropy in compression for both compounds is small. However, while the anisot-
ropy in shear for Ca;Mn,O; is high, it is small for Sr;Mn,O;.

The Debye temperature (®p) is related to many fundamental physical properties of
solids such as the specific heat, melting temperature, phonos, elastic constants, and
vibrational entropy. At low temperatures, the Debye temperature can be calculated from
the elastic constants [32]. The calculated Debye temperature for both compounds is
listed in Table 4. It is clear that the calculated Debye temperature of Ca;Mn,O; is
higher than Sr;Mn,0,.

4. Conclusion

In this work, we have investigated the structural, electronic, optic, and mechanical prop-
erties of the Ca;Mn,0, and Sr;Mn,0O; crystals by means of the density functional the-
ory. The electronic band calculation results show that majority spin states for both
compounds exhibit metallic properties for spin-up electrons. However, minority spin
states for both compounds show semiconductor properties. We have also calculated the
mechanical properties such as bulk modulus, shear modulus, Young’s modulus,
Poisson’s ratio, Debye temperature, and shear anisotropic factors. According to the
obtained results, both materials are mechanically stable, and can be expressed as a
medium hardness material. Moreover, the ionic contribution to inter atomic bonding
for these compounds is dominant. We have also made some comparisons with related
experimental and theoretical data that were available.
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