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The structural, mechanical, electronic, and optical properties of rhombohedral AMn;O12 (A=Ca, Cd, and Sr) compounds
are investigated using spin polarized generalized gradient approximation (GGA) for the exchange-correlation energy. For
CaMn7012, CdMn7012, and SrMn7O12 compounds, the difference between the experimental lattice parameter values used in
the calculations and the values obtained as a result of the structural optimization is less than 1%, 1.5%, and 1.4%, respectively.
It has been observed that the elastic constants calculated using the stress-strain relationship meet the Born stability criteria for
the rhombohedral structure. The elastic modulus and other related quantities have also been calculated and interpreted from
these elastic constants. In the spin polarized state, all three compounds have a semi-metal electronic band structure. Finally,
the real and imaginary parts of the frequency dependent dielectric function along the x and z axes and other optical functions

have been calculated.
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1. INTRODUCTION

The compounds with the general formula
(AA%)B4O1, (A=Ca, Cd, Na, Sr, and rare earth
elements), where the A (Mn, Co, Pd, Cu) and B
(B=Mn, Fe, Cr, Al vb) cations are very close to each
other, produce fundamental physics to understand the
coupling mechanism of static electricity and
magnetism. Moreover, these compounds have attracted
great interest in various technological applications due
to their interesting physical properties, such as heavy
fermion properties, intersite charge transfer, structural
phase transitions, giant dielectric constant, linear and
nonlinear magnetic order, and multiferroic properties
[1-3].

Among AMnN;0:, perovskite compounds, the
rhombohedral CaMn70O;, compound has received much
attention due to its preparation at ambient pressure/or
room temperature and its magnetically induced giant
ferroelectric polarization (Ps ~ 2870 uC/m?) [1-5].
When the compound CaMn70O;; is annealed at 450-462
K, it exhibits a structural phase transition from a
rhombohedral (R3) to cubic (space group Im3)
structure. CdMn7O12 and SrMn;O;2 compounds have
been investigated recently because their structural and
physical properties can be prepared at high pressures
and temperatures [2-9]. Most of the AMn;O1, (A=Ca,
Cd, La, Na, Nd, and Sr) perovskites were studied by
Marezio et al. [10] in the 1970s and subsequently
extensively studied due to their complex magnetic
orders and structural transitions. In the literature
review, it was shown that only the electronic properties
of the SrMn;O:, compound among these complex
compounds have been examined theoretically [11].

As far as we know, the physical properties of these
compounds have not been studied theoretically until

now, except for the electronic properties of SrMn;O;..
In this study, this gap will be filled since the physical
properties (structural, mechanical, electronic, and
optical properties) of AMn;O12 (A=, Ca, Cd, Sr)
perovskite compounds will be examined using the ab-
initio method.

2. METHOD

In all of our calculations that were performed
using the ab-initio total-energy and molecular-
dynamics program VASP (Vienna ab-initio simulation
program) [12-15] that was developed within the density
functional theory (DFT) [16], the exchange-correlation
energy function is treated within the spin polarized
GGA (generalized gradient approximation) by the
density functional of Perdew et al. [17]. The potentials
used for the GGA calculations take into account the
3p®4s? valence electrons of each Ca-, 4d'°5s? valence
electrons of each Cd-, 4p®5s? valence electrons of each
Sr-, 3d°4s? valence electrons of each Mn-, and 2s22p*
valence electrons of each O-atoms. When including a
plane-wave basis up to a kinetic-energy cutoff equal to
21.17 Ha for CaMn;O:;, and 1955 Ha for
CdMn;01,/SrMn;01,, the properties investigated in
this work are well converged. The Brillouin-zone
integration was performed using special k points
sampled within the Monkhorst-Pack scheme [18]. We
found that a mesh of 7x7x3 k points for C2/c, 5x5x4 k
points for C2/m, and 6x3x6 k point for P2:/m was
required to describe the structural, mechanical,
electronic, and optical properties. This k-point mesh
guarantees a violation of charge neutrality less than
0.008e. Such a low value is a good indicator for an
adequate convergence of the calculations.
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3 RESULT AND DISCUSSION
3.1 STRUCTURAL PROPERTIES

The unit cell structure of AMn;01, (A=Ca, Sr, Cd)
compounds is given in Figure 1. Here, Sr, Mn, and O
ions are represented by blue, green, and red colors,
respectively. There are three different symmetry
regions for Mn ions, labeled Mn1, Mny, and Mns. The
Mn; ions occupied the 9e (0.5, 0, 0) regions, Mn; ions
9d (0.5, 0, 0.5) regions, and Mns ions 3b (0, 0, 0.5)
regions [4]. It is determined that these materials have
an R-3 space group at room temperature and 60 atoms
(3 AMN70O12 molecules) in their unit cell.

By using the experimental lattice parameter
values given in Table 1 and the atomic positions given
in Ref [4, 11, 19], a rhombohedral (R-3) unit cell
structure was created for AMn;O1, compounds and the
optimization process was performed. As a result of the
optimization process, the lattice parameter values of
AMn;0O1, compounds were calculated. The results that
we obtained are given in Table 1 together with the
experimental and theoretical results. The differences
between the experimental values [1-4, 8, 11, 19-21] that
we used in the calculations and the values we calculated

are less than about 1.5% for CaMn70Ox», less than about
1% for CaMn;Oq2, and less than about 1.4% for
SrMn70O12. This shows that the lattice parameter values
that we obtained are reliable and applicable in
calculating the physical properties (mechanical and
electronic) of AMn;0O1. (A=Cd, Sr) compounds.

Mn,

Mn,
3}.\)

Fig. 1. The rhombohedral crystal structure of
AMnN701, (A:Ca, Sr, Cd)

Table 1.

The calculated equilibrium lattice parameters (a and c) together with the experimental and
theoretical values for AMn7zO12 (A= Ca, Sr, Cd) compounds

Compounds a (A) c(A) Vo (A%) References
CaMn7012 10.435 6.432 606.52 Present
10.443 6.343 599.11 Exp. [20]
10.442 6.343 Exp. [4]
10.441 6.340 Exp. [1]
10.459 6.343 600.86 Exp. [3]
10.440 6.340 Exp. [8]
10.630 6.31 Exp. [21]
CdMn7012 10.455 6.395 605.29 Present
10.453 6.336 599.56 Exp. [19]
10.455 6.331 599.35 Exp. [2]
10.431 | 6.318 Exp. [7]
SrMn7012 10.555 6.465 623.79 Present
10.509 6.384 610.59 Exp. [19]
10.498 6.380 Exp. [1]
10.498 6.380 608.92 Exp. [19]
10.527 | 6.391 Teori (GGA) [11]
Table 2.
Magnetic moment values of Mn1, Mnz and Mnzions
Magnetic moment Compounds Mn Mn; Mns References
CaMn7012 3.631 | 3.362 -2.253 | Present
2.31 2.33 2.01 Exp. [22]
uB/fu CdMn7Oz2 3.442 | -3.371 2.374 | Present
SrMn7012 3.675 | 3.397 2.93 Present
3.69 3.55 2.93 Teori (GGA) [11]

As a result of spin polarization calculations,
magnetic moment values are obtained for AMn;O1,
(A=Ca, Sr, Cd) compounds. The magnetic moment
values of Mn ions, which contribute the most to the

[ magnetic moments of these compounds, are given in

Table 2. When the Mn}3, Mn33 and Mn3* magnetic
moment values obtained for the CaMn;0O1, compound
are compared with the experimental values [22] given
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in Table 2, the values of Mnj3and Mn33are slightly
larger than the experimental values, while Mn3* is
compatible in magnitude in opposite direction. The
Mni3, Mni3, and Mn3* values obtained for the
SrMn;0;, compound are 3.675, 3.397 and 2.93
respectively. When these values are compared with the
theoretical values [11], it is seen that they are all in
agreement.

3.2. MECHANICAL PROPERTIES

The elastic constants are very important
parameters to describe the properties of a material. It
provides important information about the structural

stability, hardness, ductility, nature of bonding between
adjacent atomic planes, anisotropy and Debye
temperature of materials [23]. In this study, the “stress-
strain” method [24] has been used to calculate the
elastic constants. The rhombohedral crystal system has
six different elastic constants. The elastic constants C1,
Ci2, Ci3,Ca3, Cas, and Cge Were calculated and the results
are given in Table 3. The elastic constants calculated
for AMn;O1, (A=Ca, Cd, Sr) compounds provide the
Born stability criteria [25] for the rhombohedral
structure. The elastic constants Ci1, Cz, and Cas are
used to test resistance to linear compression in the x
direction [100], y direction [010], and z direction [001],
respectively.

Table 3.
The calculated total elastic constants (in GPa) for AMn7z012 (A= Ca, Sr, Cd) compounds.
Compounds Cu Cr2 Cis Cas Cus Ces
CaMn701. 267.4 105.9 108.9 276.1 80.8 73.7
CdMn7012 242.6 136.2 137.7 278.6 52.7 48.2
SrMn7012 296.6 1324 121.7 282.4 82.6 81.4

It is C11=C,2 due to the rhombohedral structure. | compound are 82.6 and 81.4, respectively. These

Considering the calculated Ci1 and Css values, it is
C33>Cy1 in CaMn70;2 and CdMn7012 compounds, and
C11>Cs3 in SrMn;012 compounds. These results show
that CaMn;012 and CdMn;O12 compounds are more
resistant to linear compression in the z direction, while
SrMnyO12 is more resistant to linear compression in the
x direction. Since the Ci1; and Css values of SrMn7Oa,
are greater than the values of the other two compounds,
this compound is less compressible in the x and z
directions. The large elastic constants Css and C66
relate to a strong resistance to shear distortions in the
(100) plane and in the <110> direction, respectively.
The calculated Cas and Cge values for the SrMn7012|

values are greater than the values obtained for the other
two compounds.

Bulk (B) and shear modulus (G), expressing the
hardness of a material, can be obtained from elastic
constants. We used the Voigt, Reuss, and Hill
approximation [26-28] to calculate the bulk and shear
modulus of AMn;O:2 (A=Ca, Cd, Sr) compounds.
Then, other quantities (Young modulus, Poisson ratio,
B/G ratio, anisotropic factors, sound velocities, and
Debye temperature) were calculated using elastic
constants, bulk modulus, and shear modulus values.
The calculation results are given in Table 4.

Table 4.

The calculated isotropic bulk modulus (B, in GPa), shear modulus (G, in GPa), Young’s modulus (E, in GPa), and
Poisson’s ratio for AMn7O12 (A= Ca, Sr, Cd) compounds.

Compounds Br Bv Bn Gr Gv GH E v B/G
CaMn7012 161.97 | 162.03 | 162.00 77.95 78.13 78.04 201.73 | 0.292| 2.076
CdMn7012 17552 | 176.33 | 175.93 52.89 53.20 52.89 14422 | 0.363| 3.326
SrMn7012 180.52 | 180.80 | 180.54 82.46 82.50 82.48 21475 | 0.302| 2.190

The Bulk modulus (B) represents the ratio of the
stress- strain applied to the unit volume, while the Shear
modulus (G) represents the ratio of the stress- strain
applied to the unit surface. Young's modulus (E) is the
ratio between stress-strain and reflects the material's
ability to resist strain [29]. As can be seen in Table 4,
the largest and smallest bulk modulus values are
obtained as 180.54 GPa for SrMn;O1, and 162.00 GPa
for CaMn;O1,, respectively, while the largest and
smallest shear modulus values were obtained as 82.48
GPa for SrMn;O1, and 52.20 GPa for CdMn;O1y,
respectively. Among the three compounds, StMn7012
has the highest Young's modulus value. Therefore, the

ISrMn7012 compound is a harder material than other
compounds. The Poisson’s ratio reveals the nature of
mechanical bonds as well as the interatomic forces in
various bonds [30-32]. Poisson's ratio of v = 0.1
indicates that covalent bonds dominate in the solid,
while v = 0.25 indicates that ionic bonds dominate. The
v values for the compounds CaMn;O1,, CdMn70O12, and
SrMn;01; are 0.292, 0.363 and 0.302, respectively. It is
seen that the ionic contribution is dominant in all three
compounds, but the contribution in the CdMn7O1
compound is slightly higher than the other two
compounds. The B/G ratio can be used to determine
whether a material is brittle (B/G <1.75) or ductile
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(B/G>1.75) [33, 34]. The B/G value of all three
materials is more than 1.75. When Table 4 is examined,
it will be seen that the CdMn;O1, compound is a more
ductile material than the other two compounds.

The elastic anisotropy is an important physical
parameter related to the mechanical properties of
solids.  Anisotropy factors for  rhombohedral
compounds are A;=2Cgs/(C11-C12) for (100) planes and
A3=4C44/(C11+C33-2Cy3) for (001) planes [35]. If the|

value of the anisotropy factors is equal to 1, the material
is isotropic, and if it is greater or less than 1, it has
anisotropic character. When Table 5 is examined, it is
seen that the A; and A values of the CdMn7Oi.
compound are less than 1 compared to the other two
compounds.

Therefore, this compound has more anisotropic
character than the other two compounds. The elastic
bulk and shear modulus also contribute to anisotropy.

Table 5.

The calculated anisotropic factors, sound velocities (vt vi,om ), and the Debye temperatures
for AMn;O1, (A= Ca, Sr, Cd) compounds.

Compounds As As As Ac ve(Mls) vy (M/s) VUp, (M/S) 6o (K)
CaMn7012 0.992 | 0.913 | 0.019 | 0.114 3926 7248 4381 870
CdMn7012 0.865 | 0.905 | 0.250 | 0.593 3054 6593 3440 684
SrMn7012 0.991 | 0.976 | 0.070 | 0.024 3943 7401 4406 867

The percentages of elastic Ag and Ag anisotropy
due to linear bulk and shear stress are calculated using
the Ag=(Bv-Br)/(Bv+Br)x100 and Ac=(Gv-
Gr)/(Gv+Ggr)x100 equations [36, 37]. The elastic Ag
and Ag anisotropy percentages are zero for isotropic
materials and different from zero for anisotropic
materials. 100% corresponds to the highest anisotropy
value. As can be seen in Table 5, the CdMn;Ox
compound has the largest Agand Ag values. Consistent
with the above result, the compound CdMn;O1. has the
most anisotropic character.

The Debye temperature is the characteristic
temperature of a material at which the atoms have
maximum modes of oscillation with respect to their
equilibrium positions. Elastic vibration is caused by
acoustic vibration mode at low temperature limit. At
low temperature, the Debye temperature (6p (K)) and
elastic wave velocities (transverse (v, longitudinal
(1), and mean (vm)) were calculated using the equations
in Ref [38-40]. The results are given in Table 5. When
Table 5 is examined, it is seen that the CdMn7Os;
compound has the highest Debye temperature value.

3.3. ELECTRONIC PROPERTIES

The electronic band structure gives the shape of
the energy distributions of electrons and holes in a
crystal structure. The fundamental properties of a
material are determined by its electronic band structure.

|Since the calculated compounds have magnetic
properties, the electronic structure calculations are
made in the spin polarized state. In this study under zero
pressure, electronic band structures of AMnN;O1
(A=Ca, Sr, Cd) compounds have been calculated along
different high symmetry points (I" (0,0,0)—>L
(0,1/2,00—Z (1/2,1/2,1/2)—T (0,0,0)). The spin up and
spin down electronic band structures obtained as a
result of the calculation and the partial state densities
(PDOS) corresponding to these band structures are
given in the Figure 3-Figure 6. The horizontal dashed
lines in the figures are the Fermi energy level (Eg).
The electronic band structures calculated in the
spin polarized state are given in Figure 2. Figure 2
shows that all three compounds have a semi-metal
structure. We obtained this result for the SrMn;O;,
compound and it is in agreement with the result stated
by Liu et al. [11]. Considering the spin up and spin
down electronic band structures (See Figure 3)
calculated for all three compounds, the compounds
CaMn;0;2 and SrMn;Oy2 in the spin up state and the
CdMn701, compound in the spin down state are in
semi-metal structure. When the spin down band graph
for the CaMn;O;, compound is examined, it is seen that
the maximum of the valence band is at the L point while
the minimum of the conduction band is at the I point.
Therefore, the transitions between the bands are
indirect and the calculated E4 value is 1.227 eV.
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Fig. 2. Electronic band structures calculated for a) CaMn7O1., b) CdMn7O12, and ¢) SrMn;O12 in the spin
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When the spin up band graph for the CdMn7O12
compound is examined, it is seen that the maximum of
the valence band and the minimum of the conduction
band are at the same k-point, that is, at the I" point. In
the spin up state, the transitions between bands are
direct and the calculated E4 value is 0.917 eV. In the
spin down band graph of SrMn;0s,, the maximum of
the valence band and the minimum of the conduction
band are at the I' point, as in the spin up graph of
CdMn7O,. Therefore, the transitions between the
bands are direct and the calculated E4 value is 2.214 eV.

The spin-dependent partial density of states
corresponding to the electronic band structures of
CaMn7012, CdMn;012, and SrMn70O1, compounds are
given in Figure 4, Figure 5, and Figure 6, respectively.

When Figure 4 is examined, in both spin states,
the contribution to the lowest valence bands (-45-40
eV) comes from Ca 4s states, the contribution to the
bands just above these bands comes from Ca 3p, and
the contribution to the bands between -20-15 eV comes
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mainly from O 2s states, although the contribution of
other states is small. Although the contribution of O 2p
states to the valence bands just below the Fermi level (-
8-0 eV) and the conduction bands just above it in both
spin states cannot be ignored, it is seen that the main
contribution comes from the Mn 3d states. This means
that there is relatively strong p-d hybridization in the
bands. When Figure 5 is examined, in both spin states,
the highest contribution to the lowest valence bands
comes from the O 2s states and the contribution to the
bands just above it comes from the Cd 4d states.
Although the contribution of O 2p states to the valence
bands just below the Fermi level (-8-0 eV) and the
conduction bands just above it in both spin states is very
small, it is seen that the predominant contribution
comes from Mn 3d states. In these bands, it means that
there is weak p-d hybridization. Finally, when Figure 6
is examined in both spin states, the contribution to the
lowest valence bands (-35-30 eV) comes from the Sr 5s
states, the contribution to the bands just above these
bands comes mainly from the O 2s states, although the
contribution of the other states is small, and the
contribution to the bands between -20-15 eV comes
from the Sr 4p states. As in the CaMn7;01, compound,
although the contribution of O 2p states to the valence
bands just below the Fermi level (-8-0 eV) and the
conduction bands just above it in both spin states cannot
be ignored, it is seen that the main contribution comes
from the Mn 3d states. This means that there is also
relatively strong p-d hybridization in these bands.

3.4. OPTICAL PROPERTIES

Optical properties are studied to predict how a
material will behave when exposed to electromagnetic
radiation. The optical response of a material exposed to
radiation is a function of energy or a range of
frequencies. Optical properties are related to the
electronic band structure of the material. Interactions
between a charge carrier on the surface of the material
and incident photons cause optical properties to
emerge. First, the imaginary part of the dielectric
function (&, (w)) is calculated from the band structure
of the materials. Then, the real part of the dielectric
function (&, (w)) is obtained from &,(w) using the
Kramers-Kronig relationship [41, 42]. Other optical
properties are calculated using the

Due to the symmetry of the rhombohedral
structure, the real (g, (w)) and imaginary parts (&, (w))
of the dielectric function for AMn;O1, (A=Ca, Sr, Cd)
compounds were calculated in the x and z directions.
Data between 0 and 120 eV was obtained for the real
and imaginary parts of the dielectric function, but it was
deemed appropriate to use data between 0 and 12 eV in
graphic drawings. The calculation results are given in
Figure 7-Figure 9. As can be seen in the figures, the real
part of the dielectric function takes zero values in
transitions from a positive value to negative value
((de1ydE<0) and from negative value to positive value
((de1ydE>0). The values of &; in the x- and z-directions
are given in Table 6. These values are the values where
the reflection decreases.

Table 6.
Some of the principal features and singularities of the linear optical responses for AMn;O1, (A= Ca, Sr, Cd)
compounds.
Compounds | &, (eV) dgl/dE <0 dgl/dE >0 5" (eV)
CaMn-O ef 0.246 | 20.456 | 27.026 | 11.158 | 21.571 | 29.506 & 0.372
e €7 | 0.246 | 20.332 | 27.150 | 11.282 | 23.103 | 29.506 | & | 0.372
ef 0.374 | 5.245 0.874 7.119 & 0.249
CdMn7Ox; e 0249 |5.120 1373 | 6.99%4 e | 0.249
SrMn-O ef 0.245 | 10.122 | 22.837 | 8.887 10.493 | 26.663 & 0.123
e €7 | 0.245 | 10.246 | 22.960 | 8.887 | 10.493 | 26.663 | &z | 0.123
3500
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4 XX i ZZ
2000 €% 2500 &
S 1500 5 2000
- .. 1500
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Fig. 7. The calculated reel and imaginary parts of dielectric functions for the CaMn-01, compound.
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Fig. 10. The energy-loss spectrum (L) for a) CaMn7O12, b) CdMn7012, and c) SrMn7O12.

When Figure 7-Figure 9 graphs are examined, it | imaginary part of the dielectric function are

is determined that the value of &, decreases with
increasing energy between 0.12 and 0.38 eV in the
CaMn;O12 compound, between 0.12 and 0.50 eV as
well as 2.38 and 5.75 eV in the CdMn7;01, compound
and between 0 and 0.38 eV and 9.75 and 10.36 eV in
the SrMn;O:, compound. In these energy regions
where the real part of the dielectric function decreases,
anomalous dispersion characteristics are observed. In
cases where the energy is zero (E=0 eV), e(w) =
£,(0). Here, £,(0) is the static dielectric constant. The
calculated static dielectric constants for CaMn;O1a,
CdMn701,, and SrMn;O1,; compounds in the x(z)
directions are 2610.8 (3302.3), 195.0 (472.27), and
2030.4 (2003.2), respectively. As seen in the Figure 7-
Figure 9 graphs, the significant peak values of the

approximately in the 0-1 eV region. The maximum
peak values (£7?ks) of the imaginary part of the
dielectric function for the CaMn;O12, CdMn7O1,, and
SrMn;01, compounds were determined as 0.372, 0.249
and 0.123 eV, respectively. It is seen that &, increases
until these peak values, and then it decreases. In this
energy range, where &, has significant peak values,
there isa lot of contribution to the interband transitions.
As indicated in the Figure 4-Figure 6 PDOS graphs,
these energy regions where the interband transition is
very high correspond to relatively strong p-d
hybridization (O 2p-Mn 3d).

Plasmon vibrations occur in energy states where
&, part of the dielectric function is 0 eV and ¢, part is
minimum. The energy regions where plasmon
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vibrations occur are associated with the collective
vibrations of valence electrons and energy losses are
maximum in these regions [43]. For the rhombohedral
AMnN;01, (A=Ca, Sr, Cd) compounds, energy loss
functions (L) in the x- and z-directions were calculated
using the L (w) =& (W)/(e? +€2) equation. The
calculation results are given in Figure 10. In the Lxand
Lz function plots for all three compounds, sharp
maxima are observed above approximately 11 eV, 25
eV, and 25 eV. Plasmon vibrations are observed in
these energy regions where energy losses are
maximum.

4. CONCLUSION

We have performed the structural, mechanical,
electronic, and optical properties of rhombohedral
AMN;01, (A=Ca, Cd, and Sr) perovskite compounds
using  spin  polarized  generalized  gradient
approximation. The elastic constants calculated for
AMn;012 (A=Ca, Cd, Sr) compounds provide the Born
stability criteria. Using the calculated elastic constants,
first the bulk and shear modulus values of AMn7012
(A=Ca, Cd, Sr) compounds were calculated and then
the other quantities were calculated. From the
calculated elastic modulus values, it is determined that

the SrMn;O1, compound is a harder material than the
other compounds. In all three compounds the ionic
contribution is dominant and these materials are
ductile. Compared to the other two compounds, ionic
contribution and ductility are higher in CdMn7Oxa.
Among the calculated isotropic factor values,
CdMn70:, compound has the most anisotropic
character. In the spin polarized state, all three
compounds are semi-metals. The Eg4 values calculated
from the spin up and spin down band graphs for the
CaMn;012, CdMn70412, and SrMn70, compounds are
1.277 eV (indirect, in the spin down state), 0.917 eV
(direct in the spin up state), and 2.214 eV (direct in the
spin down state), respectively. The real and imaginary
parts of the frequency dependent dielectric function
along the x and z axes as well as the energy loss
functions are calculated and interpreted.
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