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The structural and elastic properties of multiferroic CazMn,O7 with ferroelectric orthorhombic (O-phase) and para-
electric tetragonal structures (T-phase) have been studied by first-principles calculations within the generalized gradient
approximation (GGA) and the GGA plus Hubbard U approaches (GGA + U). The calculated theoretical structures are in
good agreement with the experimental values. The T-phase is found to be antiferromagnetic (AFM) and the AFM O-phase
is more stable than the T-phase, which also agree with the experiments. On these bases, the single-crystal elastic constants
(Cijs) and elastic properties of polycrystalline aggregates are investigated for the two phases. Our elasticity calculations
indicate CazMn;O7 is mechanically stable against volume expansions. The AFM O-phase is found to be a ductile material,
while the AFM T-phase shows brittle nature and tends to be elastically isotropic. We also investigate the influence of strong
correlation effects on the elastic properties, qualitatively consistent results are obtained in a reasonable range of values of
U. Finally, the ionicity is discussed by Bader analysis. Our work provides useful guidance for the experimental elasticity
measurements of CazMn;0O7, and makes the strain energy calculation in multiferroic Ca3Mn,O7 thin films possible.
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1. Introduction

The multiferroic materials have attracted great interest for
researchers because of the peculiar physics found in these ma-
terials and the potential applications in magnetoelectronic de-
vices. Among these materials, those with a perovskite (Pv)
structure are some of the most widely studied systems such
as the BiFeO3['"4 and the TbMnO3.5-8 Here we focus on
the layered Pv CazMn,O7 (Fig. 1). The original interest of
studying this layered Pv is mainly related to the colossal mag-
netoresistance (CMR) effect.l”] Recently the ferroelectricity
of Ca3Mn,05 is studied by Benedek and Fennie.!'"l It is
found that the polarization of this Pv can be induced by a
combination of more than one octahedron rotation mode. A
new mechanism called “hybrid” improper ferroelectricity!!’!
is established, which opens up new ways to search for strong
polarization—magnetization coupling materials. CazMn,O7 is
thus considered as a promising multiferroics for practical ap-
plications.

Ca3Mn,07 belongs to the Ruddlesden—Popper (RP)!!!]
compounds (Ca0)(CaMnQO3), with n = 2. The n denotes
the number of MnOg octahedron layers within a Pv block.
Along the a (Fig. 1(a)) or ¢ (Fig. 1(b)) direction, the CaO
layers alternate with the Pv (CaMnQO3), layers. The case of
n = oo is exactly the Pv CaMnOs3. Below the Neél tempera-
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ture Ty ~ 110 K-115 K, the crystal structure of CazMn,0O7
is ferroelectric orthorhombic (Fig. 1(a), space group Cmc2,
marked as O-phase) with a dominant G-type antiferromag-
netic ordering (G-AFM).['3-151 At room temperature (RT),
a small amount of the paraelectric tetragonal phase appears
(Fig. 1(b), space group I4/mmm, marked as T-phase), coex-
isting with the majority O-phase.['>) When the temperature
increases well above the RT, the crystal structure becomes
a pure T-phase.[!*1®] Electronic density of states (DOS) cal-
culations show that CazMn,07 is a direct band gap insula-
tor, and the occupied states near the Fermi level arise mainly
from the to, states of Mn.!'” The role of the two-dimensional
magnetic fluctuations in (CaO)(CaMnO3), (n =1, 2, and o)
has also been discussed by Cardoso et al.!'® Despite exten-
sive research on the magnetic and electronic properties of
CazMn, 0y, little is known regarding its elastic properties. Un-
til now the single-crystal elastic stiffness constants (Cj;s) of the
two phases are unknown from either experiments or theoreti-
cal predictions, which restricts the fabrication and fundamen-
tal understanding of CazMn;0O7, such as the strain energy es-
timation in epitaxial thin films,') the stress analysis,?”! and
the phase-field simulation including the elastic energy.?!-23]
In addition, the elasticity of material is closely associated with

various fundamental solid state properties such as the specific
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heat, the phonon spectra, and the Debye temperature. Thus
it is important to study the elasticity both experimentally and
theoretically. In this paper, based on the density functional
theory, we systematically study the structural and elastic prop-
erties of the O-phase and T-phase of Ca3Mn;0O5. In considera-
tion of the strongly correlated nature presented in the localized
3d electrons of Mn, the influences of correlation effects on the
elastic properties are studied. Through Bader analysis, we also
discuss the ionicity of the two phases.

Fig. 1. (color online) Crystal structure of CazMn,0O7: (a) orthorhom-
bic phase (space group Cmc21, 48 atoms/unit cell), (b) tetragonal phase
(space group I4/mmm, 24 atoms/unit cell). The arrows denote the di-
rections of spins of Mn. The MnOg octahedrons are also sketched. This
picture is generated using VESTA.[!?]

The remainder of this paper is organized as follows: In
Section 2 we describe the calculation method used throughout
this work. Our main results will be reported in Section 3 ac-
cording to the following sequence: phase stability, elastic con-
stants, and their variations with respect to the volumes, poly-
crystalline elastic properties, and Bader analysis. Finally, the

conclusion is given in Section 4.

2. Computational method

All the calculations are performed using the projec-
tor augmented wave (PAW) method,”* as implemented in
the VASP code.>>2%] The exchange—correlation functional is
treated by the generalized gradient approximation (GGA).[’]
The valence electrons configurations for Ca, Mn, and O are
(3s%3p©4s?), (3p®3d34s?), and (2s22p*), respectively. To study
the influence of strong correlation effects on the elastic prop-
erties, the well-known GGA plus Hubbard U (GGA +U)
method!??! is used. We use U = 3.5 eV.!"%! For comparison, a
larger value of U = 5 eV is also used. In the calculations of
Cijs (see below), several different plane wave cutoffs and/or
k-meshes are tested first. We finally choose a 700-eV plane
wave cutoff and a 2 x4 x4 Monkhorst—Pack?°! k-mesh for the

O-phase (48 atoms/unit cell). For the T-phase (24 atoms/unit
cell), a 700-eV plane wave cutoff and a 8 x8x2 k-mesh are
used.!) The influence of larger plane wave cutoff and/or k-
mesh on the C;;s are less than 1%. During the geometry
optimization, the convergence criterium for electronic energy
is 1075 eV, and the lattices are relaxed until the Hellmann—
Feynman forces are less than 0.01 eV/A (1 A=0.1 nm).

The C;js are obtained using the strain-energy method.

The strain tensor € is defined as (Voigt’s notation):
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where (ej,es,...,e6) is a given set of strains. The deformed
lattice vectors R’ (3x3 matrix) are obtained by R’ = R(I + €),
where R is the unstrained lattice vectors and / is the 3x3 unit
matrix. According to the basic elastic theory, in the vicinity of
energy Ey of the equilibrium state, the internal energy £ under
strain can be Taylor expanded as:

6 6
1
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where V is the unstrained volume, o is the stress tensor which
is defined by:

1 [dE(V,¢;
0= — M , 3)
\%4 L (98,' =0
and the second order elastic constants are given by
1 [9%2E(V, &
Gij=< IEV.&) : “
\% L aEian =0
By imposing a series of strain modes (e1, ey, ..., €), the Cjjs

can be obtained by fitting Eq. (2). For example, C;; of the O-
phase can be calculated by using the strain mode (8, 0, 0, 0, 0,
0). Details of this distortion method can be found in Refs. [20]
and [30] To guarantee the accuracy of fitting, for every strain
mode, we apply eight successive values for the strain magni-
tude &, namely, 6 = £0.02, 0.015, £0.01, and +0.005.

3. Results and discussion
3.1. Structural properties and phase stability

We first report the fully relaxed equilibrium structural pa-
rameters of the O-phase with G-AFM (Fig. 1(a)) and the T-
phase in Table 1. According to the experiments, 416! the T-
phase is AFM and paramagnetic at room temperature and high
temperature, respectively. Thus we consider two cases for the
T-phase, i.e., magnetic and nonmagnetic (NM) cases. In the

'We choose these parameters so that the two phases’ total energies can converge to better than 1 meV/atom.
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case of magnetic one, Matar et al.l!”! assume a simple ferro-
magnetic ordering (FM) in the previous work, however we find
the A-type AFM ordering (Fig. 1(b)) has lower energy than
the FM by the generalized gradient approximation (GGA) and
GGA + U calculations, thus we use A-AFM for the T-phase

which is consistent with the experiments. From Table 1, we
can see that the overall agreement between the experimental
and theoretical structures is good. The lattice parameters pre-
dicted by GGA are in better agreement with the experimental
values than that of GGA+U.

Table 1. Theoretical and experimentalllSJ lattice constants (A), Wyckoff (Wyc.) positions of atoms (by GGA), bulk modulus By (GPa) (by EOS
fittings) and its pressure derivative By’ for the AFM O-phase and AFM T-phase. The experimental values are shown in parentheses. For clarity
we just give the experimental Wyc. positions of the T-phase that change after structural relaxations.

O-phase T-phase
a b c By/Bj, a b c By/Bj,
Expt. (19.446) (5.245) (5.240) Expt. (3.692) (3.692) (19.625)
GGA 19.466 5.292 5.302 144.15/4.98 GGA 3.772 3.772 19.257 151.27/4.85
U=35eV 19.473 5.325 5.349 136.84/5.08 U=35eV 3.788 3.788 19.334 137.55/5.42
U=5eV 19.486 5.344 5.373 129.37/5.32 U=5eV 3.808 3.808 19.344 130.14/4.45
Atom Wyec. X y Z Atom Wyec. X y z
Cal 4a 0.5 0.7458 0.7149 Cal 2b 0 0 0.5
(0.5) (0.7522) (0.7442)
Ca2 8b 0.3133 0.7427 0.7808 Ca2 4e 0 0 0.3163
(0.3135) (0.7531) (0.7751) (0.3145)
Mn 8b 0.0980 0.7489 0.7509 Mn 4e 0 0 0.0994
(0.0974) (0.7532) (0.7500) (0.0978)
01 4a 0 0.6883 0.7602 01 2a 0 0 0
0) (0.7001) (0.7562)
02 8b 0.0856 0.0396 0.9602 02 4e 0 0 0.1975
(0.0882) (0.0392) (0.9609) (0.1941)
03 8b 0.1092 0.5386 0.0378 03 8g 0 0.5 0.0975
(0.1044) (0.5339) (0.0271) (0.1020)
04 8b 0.1958 0.7958 0.7432
(0.1952) (0.7808) (0.7471)

In order to study the phase stability, we calculate the to-
tal energies with respect to the volumes in Fig. 2. For each
selected volume, after relaxation, it is found that the devia-
tions of the stress tensors from a diagonal hydrostatic form are
all less than 1 kbar (0.1 GPa, 1 bar= 100 kPa), indicating the
applied external pressures are isotropic. Then the calculated
total energies £ and volumes V are fitted by the third-order
Birch-Murnaghan®!! equation of state (EOS),

9 A
E(V) = —1¢Bo (4—36)‘702
V7/3 V5/3
—(14—336)#—1—(16—336)# +Ep, (5)

where Vj, Ey, B, B6 are the resulted equilibrium volume, equi-
librium energy, bulk modulus, and the pressure derivative of
bulk modulus, respectively. The NM T-phase has larger By
(160.16 GPa by EOS) and smaller equilibrium volume (see
Fig. 2) than the AFM O-phase and T-phase, indicating the
NM T-phase is harder. Both the AFM O-phase and T-phase
are very close in the By especially when the strong correlation
effects are included, indicating the similar ability in the resis-

tance to isotropic compression. From Fig. 2 we can see that the

local magnetic moments of Mn (M) show decreasing trends
with decreasing volumes. The GGA predicted M of the AFM
O-phase at the equilibrium structure is ~2.59 pg, which is
consistent with the experimental value (2.62 pug~2.72 ug).!"!
The including of strong correlation effects makes the M show
increasing trend (M = 3 (3.21) ugp by GGA+U with U = 3.5
(5) eV), and thus the M deviates from the experiment. Fig-
ure 2 also shows that the NM T-phase is not stable relative to
the AFM T-phase and AFM O-phase. The total energy of the
AFM O-phase is 38.93 meV/atom (39.21 (39.71) meV/atom
by GGA+U with U = 3.5 (5) eV) lower than the AFM T-
phase, indicating the AFM O-phase is more stable than the
T-phase which agrees with the experiments.!!3-1° The total
energy contains the electronic energy and the interaction en-
ergy between ions. By carefully comparing the component
of the total energies of the two phases, we find that although
the AFM T-phase has lower electronic energy than the AFM
O-phase, the interaction energy between ions of the AFM O-
phase is much lower than that of the AFM T-phase. Therefore
the AFM O-phase’s lower interaction energy between ions is
the dominant reason why AFM O-phase is more stable than
the AFM T-phase.
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Fig. 2. (color online) GGA-calculated total energies and magnetic mo-
ments of Mn for the O-phase and T-phase of CazMn,O7 as a function of
volume. The energy versus volume curves are fitted by the third-order
Birch—-Murnaghan equation of state (EOS).

3.2. Single-crystal Cj;js and polycrystalline elastic proper-
ties
Now, let us show the results of elastic calculations. The
orthorhombic and tetragonal crystal systems have nine and six

independent Cjs, respectively. The predicted Cj;s for the O-
phase (AFM) and T-phase (AFM/NM) by GGA and GGA +U
are listed in Table 2. We can see that all the Cj;s of the AFM
T-phase decrease with increasing U, while the Cy;, Css, and
Cee of the O-phase increase at first, then decrease. To exam-
ine the influence of these variations of C;;s on the mechanical
stability, we reference the well-known Born—Huang stability

criterial®?! for the O-phase:

Ci1>0, Cpn>0, C33>0, Cy4 >0,

Css >0, Ce6 >0, (Ci1+Cp—2C12) >0,

(C11 +Cx +C33+2C1p +2C13 4+ 2Co3) > 0,
(C11+C33—2C13) >0, (Cp+C33—2C3) >0, (6)

and for the T-phase:

(2C11 +C33+2C12 +4Cy13) > 0,
Ci1 >0, CG33>0, Cy4 >0, Cs6>0,
(Ci1 —C12) >0, (Ci1+C33—2C13) > 0. @)

Table 2. GGA and GGA +U calculated single-crystal C;;s (GPa) for the O-phase (AFM) and T-phase (AFM/NM) at the equilibrium volume.

The results of NM T-phase are shown in parentheses.

O-phase T-phase

Cij U=0eV U=35eV U=5¢eV Cij U=0eV U=35eV U=5¢eV
Ci 245.166 248.811 242.809 Ch 305.649 (280.032) 267.496 265.031
Cia 126.763 113.497 106.853 Cia 67.568 (159.259) 56.549 45.967
Ci3 110.060 95.941 88.178 Ci3 88.550 (94.501) 81.191 75.574
Cxn 223.252 215.900 206.453

Cy 94.734 93.122 86.885

Cs3 210.071 202.234 191.620 Cs3 285.819 (245.967) 281.988 278.956
Cus 97.910 97.461 94.427 Cus 81.683 (83.927) 81.556 78.477
Css 85.305 85.859 83.060

Cee 84.118 84.552 82.053 Cee 81.814 (89.762) 78.767 78.095
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Fig. 3. (color online) GGA-calculated elastic stiffness constants for the
O-phase and T-phase of Ca3Mn,0O7 as a function of volume. The ar-
rows denote the equilibrium volume V. Note that we have Ca4 = Css
for the T-phase.

From Table 2 we can see that all the predicted C;;s by

GGA and GGA +U satisfy these conditions, indicating both
the O-phase and T-phase are mechanically stable at zero pres-
sure. It is known that the increasing temperature, in general,
expands the volume. To see whether CazMn;0O7 is mechan-
ically stable at larger volumes, we calculate the C;;s with re-
spect to the volumes in Fig. 3. We can see that the Cy; and
(33 decrease sharply with increasing volumes, while the Css
and Cgg decrease slightly with increasing volumes. Even so,
the Cjjs still satisfy the above stability criteria. The same trend
and stability are also predicted by GGA + U. Thus CazMn;,0O5

is mechanically stable against volume expansions.

3.3. Polycrystalline elastic properties

Next, with the aim to study the elastic properties of poly-
crystalline CazMn,O7 at larger length scales, we investigate

the polycrystalline elastic properties including the shear mod-
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ulus, Young’s modulus, Poisson ratios, etc. according to the
Voigt-Reuss—Hill*3-33] approximation. In Voigt theory, the

bulk and shear modulus are calculated from singe-crystal Gjjs

as follows:
2 1
By = §(C12 +Co3 +C13)+§(C11+C22+C33),
1
Gv = g(C44+C55 +Ces)

1 1
_B(CIZ +Cn+Ci3) + E(Cn +Cn +Cs3), (8)

while in Reuss theory:

= 2(S12+ 823+ S13) + Si11 + S22+ 833,

Br
1 1
G 5(544-1—555 + Se6)
4 4
*E(Slz+523+513)+ﬁ(511+522+S33), )

where §;;s represent the elastic compliance constants, i.e.,
the inverse matrix of Cjjs. Then the elastic modulus of
the polycrystalline aggregates can be got by Hill’s aver-
age: BH=%(BV + BRr), GH=%(GV+GR). The Poisson’s ra-
tio v, Young’s modulus Y are calculated by the following

relations 30!

9BG

v 3B—2G
" 3B+G’

VT 2681 G) (10)

All the calculated results are summarized in Table 3. The
NM T -phase shows different elastic characters from the AFM
T-phase due to the influence of magnetism. Since the AFM T-
phase is obviously more stable in energy than the NM one and
for the study of strong correlation effects on the elastic prop-
erties, we focus our discussion on the AFM T'-phase hereafter.

It can be seen that the bulk modulus calculated by Cj;s are

close to that by EOS fittings (Table 1), indicating the reliabil-
ity of the calculations of C;;s. The EOS fitted bulk moduli are
1.8%~2.59% lower than that (By) by C;js, which can be at-
tributed to: (i) the determinations of Cj;s are in the fully elastic
region, while the EOS fittings are not. (ii) In the calculations
of Cj;s the cell shape is fixed and only the atomic positions are
allowed to relax, while in the EOS fittings both the cell shape
and atomic positions are relaxed. The AFM O-phase has lower
shear modulus and Young’s modulus than that of the AFM T-
phase, which means the AFM T-phase has higher resistance to
the deformations upon shear and uniaxial stresses. For both
the O-phase and the T-phase, all the moduli decrease with in-
creasing U except for the shear and Young’s modulus of the
AFM O-phase. The B/G ratio also shows a decreasing trend.
According to Pugh’s criteria,[3”! a critical value of B/G ratio
of about 1.75 can separate brittle and ductile materials. A B/G
value lower than about 1.75 indicates a brittle nature of the ma-
terial whereas a higher value is associated with better ductil-
ity. As shown in Table 3, the AFM T-phase is a brittle material,
while the AFM O-phase shows ductile nature even when the U
increases to 5 eV. The elastic anisotropy is closely associated
with the possibility to induce microcracks!?! into materials,
which has a significant application in engineering science. It
is thus necessary to calculate the elastic anisotropy so as to
understand the characteristics and to improve the durability of
materials. Here two criteria are used for analysis. The first are
the general definitions proposed by Chung and Buessem, !

which is based on the differences between By (Br) and Gy
(Gr):

_ By-B
- By+BRr’

Gy — Gr
A = —. 11
B Gy + Gr an

G

Table 3. GGA and GGA + U calculated polycrystal aggregate properties of bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus
Y (GPa), B/G ratio, Poisson’s ratio v in Hill approach, the anisotropy ratio Ag and Ag (percent values) and universal anisotropy index AY
for the O-phase (AFM) and T-phase (AFM/NM) at the equilibrium volume. The right subscripts V, R, and H denote the values got by Voigt
theory, Reuss theory, and Hill approximation, respectively. The results of NM T-phase are shown in parentheses.

O-phase T-phase
Property U=0eV U=35eV U=5eV U=0eV U=35eV U=5eV
By 149.067 141.341 133.857 154.050 (166.950) 139.427 133.694
Br 146.898 139.417 131.677 154.050 (163.028) 138.823 132.951
Gy 76.596 77.867 75.839 92.533 (82.041) 88.245 87.803
GRr 72.611 74.589 72.744 90.471 (79.825) 87.110 86.106
v 196.185 197.358 191.375 231.289 (211.482) 218.615 216.102
Yr 187.018 189.902 184.294 226.979 (205.873) 216.125 212.452
By 147.982 140.379 132.767 154.050 (164.989) 139.125 133.323
Gu 74.603 76.228 74.291 91.502 (80.933) 87.678 86.954
Yu 191.610 193.635 187.838 229.138 (208.678) 217.370 214.278
Bu/Gu 1.984 1.842 1.787 1.684 (2.039) 1.587 1.533
VH 0.284 0.270 0.264 0.252 (0.289) 0.240 0.232
Ag(%) 0.733 0.685 0.821 0(1.189) 0.217 0.279
A (%) 2.671 2.150 2.083 1.127 (1.369) 0.647 0.976
AY 0.289 0.233 0.229 0.114 (0.163) 0.070 0.104
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The second is the universal elastic anisotropy index AY,[0]

which is recently proposed by Ranganathan and Ostoja—
Starzewski with

U Gv By
A” = SG—R + Bx 6.

AU is zero for locally isotropic single crystal. The departure
of AY from zero reflects the extent of single-crystal anisotropy
including both the shear and bulk contributions. As shown in
Table 3, both the two criteria give qualitatively consistent re-
sults regardless of the variations of U. The AFM O-phase is
obviously anisotropic with respect to the AFM T-phase, indi-
cating the AFM O-phase is more prone to cause stress concen-
tration and microcracks relative to the AFM T-phase. The AV
of the AFM T-phase ranges from 0.07 to 0.114, indicating the
AFM T-phase tends to be elastically isotropic, while the AFM
O-phase shows similar elastic anisotropy nature to hexagonal-
close-packed (hcp) Hg, hcp Mg, and face-centered-cubic (fcc)
Rh with AY ~ 0.22~0.28.141]

3.4. Bader charges analysis

Finally, to numerically estimate the amount of electrons
transferred between various atoms, we carry out the Bader

42431 In Bader analysis, each atom is divided by a

analysis. !
zero flux surface, where the charge density reaches a minimum
perpendicular to this surface. The charge (QOp, Bader charge)
integrated within this region (Vg, Bader volume) is a good ap-

proximation to estimate the total electronic charge of an atom.

The advantages of this methodology are: 1) it has the consistent
mathematical definition of atomic volumes, and ii) it is inde-
pendent of basis sets.[*3] From Bader analysis, we also can get
the minimum distance dy,;, from each atom to the surface. To
meet the precision of charge density calculations, we use the
grids which are four times finer than the default values, i.e.,
(672x192x192) for the O-phase and (144 x 144 x672) for the
T-phase. Since the using of GGA + U just slightly changes the
value of Qg which does not affect the qualitative explanations,
we show the results calculated by GGA. As displayed in Ta-
ble 4, the different values of AQg of the same kind of atoms
indicate the different surroundings of the congeneric atoms,
reflecting the distortions of local structures. We also can see
from Table 4 that the two phases’ charge distributions of atoms
are quite similar, thus the distributions of valence electrons
have little to do with the two phases’ differences of elastic
properties. Considering the numbers of valence electrons of
Ca, Mn, and O atoms (10, 13, and 6 respectively), averagely
about 1.57 and 1.82 electrons transfer from each of Ca and
Mn atoms to O atom. Comparing with the nominal charges
of Ca (+2), Mn (+4), and O (—2) according to the pure ionic
model, relatively, the Ca—O bonds are quite ionic, while the
Mn-O bonds are more covalent, which is consistent with the
DOS calculations that the Mn 3d states hybridize with the O

U171 Therefore, approximately,

1.82+Ol.19—

2p states in the valence bands.
CazMn, 07 can be expressed as Ca'’*Mn

Table 4. GGA calculated charge loss (AQg, —) or gain (AQg, +) of each atom, the minimum distances dp;, to the Bader surfaces
and the Bader volumes Vg for the AFM O-phase and AFM T-phase.

O-phase T-phase
Atom Wye. AQgle dimin/A Vp/A3 Atom Wye. AQgle dmin/ A V/A3
Cal 4a -1.5743 1.1414 11.2590 Cal 2b ~1.5960 1.2760 11.8293
Ca2 8b ~1.5400 1.1068 11.9010 Ca2 4e ~1.5516 1.1336 12.0237
Mn 8b -1.8197 0.9084 6.9684 Mn de -1.8150 0.9167 6.8048
0l 4a +1.1627 0.9459 11.8253 01 2a +1.1577 0.9456 11.8004
02 8b +1.1553 0.9228 11.4130 02 4e +1.2443 0.9373 15.3042
03 8b +1.1428 0.9093 113618 03 8g +1.1707 0.9430 11.2681
04 8b +1.2673 0.9432 15.0819

4. Conclusion

In summary, we have studied the structural and elastic
properties of orthorhombic and tetragonal CazMn;0O7 using
the GGA and GGA + U approaches. Our calculations show
that the T-phase is AFM and the O-phase is energetically more
stable than the T-phase, which are in agreement with the ex-
periments. The AFM O-phase shows a ductile nature and has
lower shear modulus and Young’s modulus than the AFM T-

phase, while the AFM T-phase is a brittle material and tends to

be elastically isotropic. The NM T-phase is found to be harder
than the AFM T-phase and O-phase due to its smaller equi-
librium volume and larger bulk modulus. All the three phases
are predicted to be mechanically stable against volume expan-
sions. Qualitatively, the elastic properties of CazMn,O7 are
not affected by the strong correlation effects in a reasonable
range of values of U. By Bader analysis, we conclude that the
Ca-0 bonds are quite ionic while the Mn—O bonds are more
covalent, and CazMn;0O5 can approximately be expressed as

Ca'>7+Mn!82+0!19~. Our work provides useful guidance
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for the experimental elasticity measurements, and makes the

strain energy calculation in multiferroic Ca3Mn;O7 thin films

possible.
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