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a b s t r a c t

The interplay between the magnetic, electronic, and optical properties and the cation structural ordering
in the LaPbMnSbO6 double perovskite is studied using the Vienna Ab Initio Simulation Package (VASP).
The layer and rock-salt cation ordering types are investigated. Both of them are of great importance. The
rock-salt ordering of B-site cations is one of the most frequently met cation ordering types in double
perovskites; the layer ordering of both cations, which can be considered as a heterostructure, is inter-
esting for fundamental research and experimental synthesis. It was established that the properties of the
two investigated structures are strongly different. The compound with the layered structure exhibits the
behavior typical of a semimetal with the ferromagnetic configuration of magnetic moments, which is
unusual for a double perovskite. The rock-salt structure behaves as an antiferromagnetic insulator.
Another surprising feature of the structure with the layer ordering is the coexistence of a polar phase and
the metal-type conductivity. The calculated optical characteristics of the two ordered structures are
compared with the experimental dates.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the development of novel crystal- and film-
growth technology has evoked a keen interest in new materials
with the magnetic, optical, and other properties promising for
application, including the perovskite-like compounds, such as
АА0ВВ0О6 double perovskites intensively studied in the last decade
[1e10]. The АА0ВВ0О6 compounds containing rare-earth or transi-
tion metal magnetic ions attract special attention of researchers
[6e10]. The coexistence of the ferroelectric and magnetic proper-
ties makes these compounds possible candidates for application in
modern electronic devices as magnetoelectrics. The variety of the
crystal structures with the monoclinic, orthorhombic, tetragonal,
and trigonal symmetry intrinsic to this class of compounds gives
rise to the diverse ferroelectric, magnetic, optical, piezoelectric, and
magnetoelectric properties. The unique characteristics of these
materials originate from their chemical composition and the type
and degree of cation structural ordering. The most fully studied
ordering type is the rock-salt ordering of В and В0 cations [11].
ics, Russian Academy of Sci-
rasnoyarsk, 660036 Russia.
However, the simultaneous ordering of А, А0 and В, В0 cations with
four different ions can lead to the new useful properties [12]. In
addition, the simultaneous layer ordering of A- and B-site cations is
interesting for searching for new heterostructures that can be used
in modern technology.

The Sb-based oxides are still unstudied; however, according to
the available literature data, these compounds exhibit the
intriguing properties. Retuerto et al. [13] reported the existence of
the singular ferromagnetism in the ordered Ca2CrSbO6 compound,
where the magnetic coupling path is separated by nonmagnetic
Sb5þ ions. In Refs. [14,15], it was shown that the competing mag-
netic interactions in the Sb-based double perovskites lead to the
extraordinary magnetic properties. In Refs. [1,2], the LaPbMeSbO6
double perovskites with magnetic ions (Me ¼ Mn, Fe, Co, or Ni)
were synthesized and investigated. In the synthesized compounds,
A-site cations were disordered and B-site cations were ordered in
the rock-salt structure. The low-symmetry ground state is nonpolar
(sp. gr. P21/n). It was established that all the synthesized com-
pounds are antiferromagnetic insulators with Neel temperatures of
about 10 K. However, the effect of simultaneous ordering of A and B
cations on the electronic, magnetic, optical, and polar properties of
the Sb-based compounds still remains unclear.

In Refs. [16], using the ab initio methods, we studied the
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Fig. 1. Structures of the LaPbMnSbO6 double perovskite with the RR (top panel) and LL
ordering (bottom panel) of cations. Dark and green balls show Pb and La atoms,
respectively. SbO6 oxygen octahedra are colored with orange and MnO6 oxygen
octahedra, with purple. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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hypothetical ordered structure of these perovskites with the
preferred layer ordering of A-site cations and the rock-salt ordering
of B-site cations. We showed that this type of cation ordering re-
sults in the occurrence of ferroelectric polarization in the low-
symmetry polar phase, along with the antiferromagnetic ordering
of magnetic moments; i.e., the compound acquires the magneto-
electric properties. Thus, the ab initio calculation makes it possible
to predict the properties of hypothetical ordered compounds,
which can differ from those of the disorder compounds.

Here, we report the results of the ab initio calculation of the
structural, magnetic, electronic, and optical properties of the or-
dered LaPbMnSbO6 double perovskite with a magnetic ion in two
structural configurations corresponding to different cation
ordering types, i.e., the layer and rock-salt ordering of both types of
cations.

In Section 2, we describe in detail the ab initio calculation.
Section 3.1 is devoted to the calculation of the structural properties
and lattice dynamics. The calculated electronic and magnetic
properties of the LaPbMnSbO6 double perovskite in different
structural modifications are described in Section 3.2. Section 3.3 is
devoted to the calculation of the optical properties. In Section 3.4,
we discuss the results obtained and provide explanations. To sum
up, we make the conclusions.

2. Calculation method

The calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) with Projector-Augmented Waves
pseudopotentials. The exchange-correlation functional was chosen
within the Perdew�Burke�Ernserhoff parameterization and
generalized gradient approximation [17,18]. The valence electron
configuration of the Mn magnetic ion was 3p64s24d5. We used the
GGA þ U method within the Dudarev approximation [19], where
U0 ¼ U� Jwas assumed to be U0 ¼ 5 eV for d electrons of theMn ion.
All the calculations were spin-polarized. The Brillouin-zone inte-
gration was performed on the 6 � 6 � 4 Monkhorst�Pack grid [20]
using the tetrahedron technique. The plane-wave cutoff energywas
500 eV. The lattice parameters and atomic coordinates were opti-
mized until the forces acting on the atoms became less than
0.02 eV.

3. Results and discussion

3.1. The structural properties

As is known [11,21], there are three types of cation ordering on
the A- or B-sites of the AA0BB0O6 double perovskite. The most
widely spread type is the cation ordering in the rock-salt (R)
structure along the [111] direction of the perovskite unit cell. In
addition, the cations can be ordered along the [001] direction; in
this case, the so-called layer ordering (L) is implemented. The rarest
type is the columnar (С) ordering, when the cations are ordered
along the [110] direction.

The simultaneous ordering of A- and B-site cations yields nine
possible types of the ordered structures [11,21]. Here, we investi-
gate two of them, specifically, the simultaneous ordering of A and B
cations in the rock-salt structure (RR) and the simultaneous layer
ordering of both types of cations (LL). It should be noted that the
second variant is quiet rarely met (see examples of compounds
with this ordering type in Ref. [11]), but it can be considered as
heterostructure.

The high-symmetry phases of the ordered structures under
study are shown in Fig. 1. We used the
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supercell (a is the lattice parameter of the perovskite structure)
consisting of 20 atoms, where the in-plane axis of a new cell was
assumed to be parallel to the face diagonals of the perovskite cell.
The parameters of the structures were fully optimized for the

ferromagnetic (F) and antiferromagnetic (AF) magnetic configura-
tions. The optimized lattice parameters are given in Table 1.

The main result of the optimization of atomic positions in the
lattice is the shift of oxygen ions toward Sb atoms. In the structure
with the RR cation ordering, the SbeO distance is 1.98 Å and the
MneO distance is 2.11 Å. In the structurewith the LL ordering, these



Table 1
Lattice parameters (Å) for different types of the structural and magnetic ordering.

RR LL

AF a ¼ 5.78, c ¼ 8.17 a ¼ 5.76, c ¼ 8.36
F a ¼ 5.78, c ¼ 8.18 a ¼ 5.74, c ¼ 8.41

Table 3
Energies E of the ordered structures and magnetic moments m for different types of
the structural and magnetic ordering.

RR LL

E, eV m, mb E, eV m, mb

AF �137.184 4.62 �136.619 4.55
F �137.137 4.64 �136.832 4.48
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distances are 2.05 Å and 2.15 Å, respectively.
The calculation of the lattice dynamics disclosed the structural

instability of the high-symmetry phases of the compound in the
both structural modifications, including unstable polar modes (the
unstable vibrational modes at the center of the Brillouin zone are
given in Table 2).

To find the stable low-symmetry structures, the most unstable
modes were frozen and the structures were fully relaxed. (The
symmetry of unstable vibrational modes of the double perovskite
with different types of cation ordering and the low-symmetry
structures were thoroughly analyzed in Refs. [12]; the results of
analysis agree well with the data reported here). The obtained
stable low-symmetry structures have polar symmetry groups R3 for
the RR cation ordering and Pa for the LL one.

Structural distortions in the low-symmetry phase are related
mainly to displacements of Pb and La cations and to minor rotation
and tilt of oxygen octahedra. Further calculations showed the
insignificant difference between the behavior of the electronic,
magnetic, and optical properties of the high- and low-symmetry
phases. Therefore, below we consider only the properties of the
high-symmetry phase.
3.2. Electronic and magnetic properties of the high-symmetry
phase

The magnetic and electronic properties of the compound with
both ordering types were calculated within the GGA þ U approxi-
mation for the F and AF magnetic configurations. The obtained
structure energies and magnetic moments are given in Table 3. In
the structure with the RR cation ordering, the AF configuration of
the magnetic moments is preferred, in which the magnetic mo-
ments of Mn atoms in different planes are oppositely directed. This
is consistent with the experimental data reported in Refs. [1,2],
where the B-site magnetic cations were also ordered in the rock-
salt structure. In the structure with the layer ordering of both A-
and B-site cations, the ferromagnetic ordering is preferred.

Fig. 2 illustrates the comparison of the band structures and
densities of electronic states (DOS) of the investigated structures. In
the both structures, the main contribution to the occupancy of the
states below the Fermi level is made by d-electrons of manganese
(both t2g and eg) and p-electrons of oxygen, which leads to the
strong hybridization between the d- and p-orbitals of manganese
and oxygen, respectively. This hybridization near the Fermi level
attracts attention as a cause of polar distortions in the both struc-
tures. It should be noted that all majority spin d-states of Mn are
Table 2
Calculated vibration frequencies of unstable modes
(mode symmetry is given in parentheses).

u, cm�1

RR LL

220i (A1u) 218i (A1u)
219i (Eg) 143i (Eg)
147i (A1u) 111i (A1u)
136i (Eu) 75i (Eu)
132i (Eg) 57i (Eg)
occupied, whereas all minority spin d-states are empty, which
ensures the high-spin state of Mn atoms.

The RR-ordered structure of the LaPbMnSbO6 compound (top
panel in Fig. 2) exhibits the nonmetal behavior with an energy gap
of 1.4 eV, which is typical of the double perovskites [21]. Surpris-
ingly, the compound with the LL-ordered cations (middle and
bottom panels in Fig. 2) behaves similarly to a semimetal with the
gap about 2 eV in the minority spin DOS (bottom panel in Fig. 2).
Meanwhile, the majority spin DOS (middle panel in Fig. 2) has a
peak at the Fermi level, which is related to t2g electrons of man-
ganese and p electrons of oxygen. This causes the appearance of the
spin polarization at the Fermi level (~80%) (inset to Fig. 2), which
can be interesting for spintronic applications.

Thus, the change in the ordering type of magnetic B-site cations
from the rock-salt to layer one leads to the extraordinary electronic
and magnetic properties of the double perovskite under study. In
Section 3.4, we try to explain this phenomenon.

We should to notice one more interesting feature of the com-
pound with LL cation ordering. Fig. 3 shows the peculiarities of the
majority spin state band structure near the Fermi level in the GX,
MG, ZR, and AZ directions of the Brillouin zone of the compound
with the LL cation ordering (Fig. 3). Two adjacent bands above the
Fermi level have the maxima and minima at the same point of the
Brillouin zone. The lower band is filled with t2g electrons of man-
ganese and p electrons of oxygen; the upper band has the empty eg
states of manganese and p states of oxygen. It can be seen that these
bands are almost intersect at the above-mentioned points of the
Brillouin zone. Moreover, the sharp band shape at these points is
indicative of the linear law of dispersion of the electron energy.
There are four such nodes in the band structure, which are distant
from one another by a half of the reciprocal lattice vector in the k
space. Although the features are localized above the Fermi level by
0.5 eV, this behavior of the bands is very similar to the behavior of
the so-called Weyl semimetals [22,23] observed, in particular, in
double perovskites [24]. However, this item requires further
investigations.
3.3. Optical properties

The optical properties of a substance can be described by the
dispersion dependence of permittivity ε(u). The knowledge of real
(ε

0
) and imaginary (ε

00
) parts of the permittivity makes it possible to

establish the optical characteristics, including refractive index n,
extinction coefficient k, loss function L, absorption coefficient a, and
reflectance R. The real and imaginary parts of the permittivity were
determined using the ab initio calculations; the other optical
characteristics were determined using the permittivity value as

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jεj þ ε

0
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k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 2. Top panel: band structure and full and partial densities of electronic states (DOS) for AF LaPbMnSbO6 with the RR cation ordering. Middle panel: the same for the majority
spin state of ferromagnetic LaPbMnSbO6 with the LL cation ordering. Bottom panel: the same for the minority spin state of ferromagnetic LaPbMnSbO6 with the LL cation ordering.
Inset in the middle and bottom panels: DOS near the Fermi level. Manganese d states (red line) and oxygen p states (dashed line). The energy zero coincides with the Fermi energy.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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R ¼ ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2
(3)

L ¼ ε

00

jεj (4)
a ¼ 2wk
c

(5)

The results of the calculation are presented in Figs. 4 and 5. The
obtained curves have pronounced features, since we did not use the
phenomenological smoothing of the theoretical curves, hoping that
further experiments, including the low-temperature ones, will help
establishing a more detailed structure. It can be seen that the



Fig. 3. Band structure of the majority spin state of LaPbMnSbO6 with the LL cation
ordering near the Fermi energy. The energy zero coincides with the Fermi energy.

Fig. 4. Real (ε0) and imaginary (ε00) parts of the permittivity and refractive index n o
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optical properties at the two considered structural ordering types
are also different. In the RR-ordered compound, the intraband
transition does not occur, while in the LL-ordered compound we
observed the free-electron-like behavior at low energies (the Drude
plasma frequency related to the intraband transition is 4.1 eV). The
presence of conduction electrons causes the features in the optical
characteristics of the LL-ordered structure in the low-energy range.

For the both structures, the imaginary part of the permittivity
has two pronounced resonance peaks corresponding to the reso-
nance line in its real part. The highest peak is located at an energy of
about 5 eV and related to the electron interband transitions from
the mixed p-d bands at energies from �2 to �5 eV (Fig. 2) to the
empty states above the Fermi level. The other peak with the lower
intensity is located at about 20 eV. We attribute the resonance at
the energy of �18 eV to the interband transition of low-energy
lanthanum s and p electrons.

The energy loss function (top panel in Fig. 5) for the both
structures has several peaks: at about 7, 11, and 20 eV for the RR-
ordered compound and at about 15 and 22 eV for the LL-ordered
one. According to the definition of the loss energy function (4), it
f LaPbMnSbO6 with the RR- (on the left) and LL (on the right) cation ordering.



Fig. 5. Loss function L, absorption coefficient a, and reflectance R of LaPbMnSbO6 with the RR (left column) and LL (right column) cation ordering.
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is large when ε

0
is zero and ε

00
is small; this regime corresponds to

the collective plasma oscillations at high photon energies. In this
case, the peaks of the energy loss function of the LL-ordered
structure have similar values due to the features of the permit-
tivity dispersion (compare dispersions of the real and imaginary
parts of the permittivity on the right panel in Fig. 4).

The wider absorption range of the LL-ordered structure as
compared with the absorption range of the RR-ordered structure is
also caused by the feature of the band structure. In the LL-ordered
structure, the occupied states lie in the wide energy range from �2
to�15 eV, whereas in the RR-ordered structure they lie in the range
from �2 to �10 eV (not shown in Fig. 2). Note that, due to the
sufficiently large absorption in this range caused by the intense
interband transitions, the reflectance of the LL-ordered double
perovskite in the middle energy range (bottom panel in Fig. 5) is
low.

3.4. Discussion

In this study, we obtained some intriguing results. First, the
lattice dynamics calculation reveals the existence of the polar phase
in the semimetal LaPbMnSbO6 double perovskite with the LL cation
ordering (Section 3.1). The presence of the polar phase in a semi-
metal could be surprising; meanwhile, it was convincingly
confirmed both theoretically and experimentally in recent works
[25e27] devoted to the ferroelectric distortions in the LiOsO3 metal
compound. The authors of [25,26] discussed the role played by the
displacements of A-site cations in establishing the ferroelectric
instability in a metal and suggested that the short-range in-
teractions make the crucial contribution to ferroelectricity of the
metal. The results obtained by us also show that the displacements
of A-site cations play a key role in the polar phase structure
distortions.

Second, it was found that the electronic andmagnetic properties
of the LaPbMnSbO6 double perovskite with different types of the
cation ordering are drastically different. We attempted to explain
this difference. Figs. 6 and 7 show the electron localization function
(ELF) [28] for different atomic planes in the RR- and LL-ordered
structures. This function can lie in the range from 0 to 1, where
0 corresponds to the uniform electronic gas and 1, to localized
electrons.

It can be seen in Figs. 6 and 7 that electrons of the SbeO bond are
strongly localized; i.e., this bond is covalent. The bond between Mn
and O atoms is much weaker. As was mentioned above, the SbeO
and MneO distances in the LL structure are larger than in the RR
structure, which also leads to the weakening of the interaction
between Mn and O atoms in this structure as compared with RR
structure. The weakness of the bond between manganese and ox-
ygen atoms in the structure with the LL cation ordering leads to the
formation of the nearly uniform electron gas in the plane with Mn



Fig. 6. Electron localization functions for the RR-type ordering. Left panel: the bottom face of the unit cell. Right panel: the (101) plane.

Fig. 7. Electron localization functions for the LL-type ordering (plane (001)). Left panel: the bottom face of the unit cell. Right panel: the plane at the center of the unit cell.
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atoms (left panel in Fig. 7) and, thus, to the two-dimensional metal-
type conductivity.

To qualitatively explain the dependence of themagnetic state on
the cation structural ordering, let us consider the exchange path
betweenmagnetic ions. Note that in such a complex compound, the
exchange paths can be different and compete with each other.
However, we limit the consideration to the near exchange paths
between Mn ions. In the structure with the RR cation ordering, the
interaction between Mn atoms is implemented via the
MneOeSbeOeMn path (the so-called supersuperexchange, red
lines in Fig. 6), which is responsible for the AF ordering in accor-
dance with the Goodenough�Kanamori rules [29]. The ferromag-
netism in the LL structure can be understood through the s�d
exchange model [30]. In the accordance with this model the ex-
change between magnetic ions in metals can be implemented by
conduction electrons (as can be seen from the left panel of Fig. 7 Mn
ions arewithin the region of uniform electron gas). This assumption
is supported also by the presence of the electrons with a specified
spin direction at the Fermi level (middle panel in Fig. 2), which
facilitate the FM alignment of the Mn magnetic moments in the LL
ordered structure.

4. Conclusions

The ab initio calculations of the magnetic, electronic, and optical
properties of the hypothetical ordered LaPbMnSbO6 double
perovskite were performed in the framework of density functional
theory using the VASP code. We studied two structural configura-
tions with the simultaneous ordering of A- and B-site cations: layer
ordering and rock-salt ordering. The first ordering type attracts
attention due to the presence of the layered structure, which can be
considered as a heterostructure. We observed the astonishing
feature, specifically, the variation in the magnetic and electronic
properties, depending on the cation ordering type. The structure
with the simultaneous layer ordering of both cations exhibits the
semimetal behavior along with the ferromagnetic ordering of
magnetic moments, whereas the structure with the RR cation
ordering behaves as an AF insulator. The difference in the electronic
properties can be explained by different electron charge distribu-
tion in the ordered structures. The difference in the magnetic
properties possibly originates from different mechanisms of ex-
change between magnetic ions. Finally, we calculated the optical
characteristics of the compounds with both structural types, which
can be useful for future experimental investigations.

We demonstrated that the calculated magnetic and electronic
properties of the double perovskite with the RR cation ordering
agree well with the experimental data reported in Refs. [1,2] and
with the results of other studies on the double perovskites with the
rock-salt ordering of B-site cations. There is good reason to believe
that the ordering of nonmagnetic A-site cations is not crucial for the
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magnetic and electronic properties.
The most interesting results were obtained for the LL-ordered

double perovskite. First, the metal conductivity (s0 ¼ 0.035 MS/
m) is unusual for a double perovskite and is observed only at the
layer ordering of magnetic cations. This fact, along with the pres-
ence of conduction electrons with the significant spin polarization
at the Fermi level, is interesting for application, e.g., in spintronics.
One more unusual result is the existence of the polar phase in the
LL-ordered semimetal double perovskite. In recent time, the exis-
tence of the polar phase in metals has been intensively studied,
since this phenomenon offers great opportunities for both funda-
mental research and application, e.g., in creating new material
where a ferroelectric soft phonon would stabilize high-
temperature superconductivity.

We believe that the obtained results will be useful for funda-
mental physics and applications, especially if our prognoses will be
confirmed in experiments.
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