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Employing first-principles electronic structure calculations, the electronic and magnetic properties

of La2NiMnO6 and La2CoMnO6 with Ni/Mn and Co/Mn ordering in (001), (110), and (111)

directions are investigated. The ground states of La2NiMnO6 and La2CoMnO6 are ferromagnetic

semiconducting with alternative Ni/Mn and Co/Mn ordering along the (111) direction.

Furthermore, it is found that La2NiMnO6 and La2CoMnO6 are half-metal with Ni/Mn or Co/Mn

ordering along (001) and (110) after considering the effect of electronic correlation. Our results

would be helpful in exploring more spintronics materials. VC 2012 American Institute of Physics.

[doi:10.1063/1.3683550]

Room-temperature semiconducting ferromagnet and

half-metallic magnetic materials attract significant scientific

attention due to their great potential application in spintronic

devices.1,2 Double perovskite La2NiMnO6 (LNMO) and

La2CoMnO6 (LCMO) are attractive due to their impressive

properties and potential on industrial applications.3–13

LNMO is a ferromagnetic semiconductor with high critical

temperature of Tc� 280 K, which may be used in commer-

cial solid-state thermoelectric (Peltier) coolers.3 LCMO is

also a ferromagnetic semiconductor with critical temperature

Tc� 230 K.4,9 Several crystal structures have been identified,

and it is confirmed that the ferromagnetic semiconductors

LNMO and LCMO with high Tc are P21/n monoclinic struc-

ture, in which octahedra with Ni (or Co) and Mn centers

alternately stacking along (111). Recent reports indicate

LNMO and LCMO have considerable magnetodielectric

effects at room temperature, which is very useful for future

electronic device.1–5

LNMO thin films have been grown on different sub-

strates, such as NdGaO3 (110), SrTiO3 (100), LaAlO3 (100),

and MgO (100).14–18 Meanwhile, LCMO thin films can be

grown on cubic (001) SrTiO3 substrates by pulsed laser dep-

osition.19 Either in the form of bulk or films, local Co/Mn or

Ni/Mn disorder has been observed which results in the coex-

istence of multi phases with various behaviors.3–10 The dis-

tinct disorder effects in LNMO and LCMO thus call for the

first-principle investigation for effect of cation ordering, but

such kind of calculation does not exist. Furthermore, due to

recent developments of molecular beam epitaxy (MBE) tech-

nology, perovskite oxides superlattices can be grown layer

by layer with very high quality. Thus, it should be feasible to

grow LNMO (LCMO) with Ni (Co) and Mn cations alterna-

tively along (001), (110), and (111) with high atomic order.

Therefore, it attracts more interest to investigate the effect of

Co/Mn or Ni/Mn atomic ordering by first-principle

investigation.

Six model structures are built with Ni/Mn or Co/Mn

orderly stacking along (001), (110), and (111) directions (see

Fig. 1), named as LNMO (001), LNMO (110), LNMO (111),

LCMO (001), LCMO (110), and LCMO (111), respectively.

For each model, besides ferromagnetic (FM) state, several

typical antiferromagnetic (AFM) states are also considered,

but only the stablest AFM state is directly discussed. The ex-

perimental value of P21/n phase is adopted:10 the lattice con-

stants of LNMO are a¼ 5.467 Å, b¼ 5.510 Å, c¼ 7.751 Å,

and b¼ 91.12� and LCMO are a¼ 5.525 Å, b¼ 5.488 Å,

c¼ 7.779 Å, and b¼ 89.95�. The electronic structure calcu-

lations were carried out using the plane wave pseudopoten-

tial method implemented within the Vienna ab-initio
simulation package (VASP).20 Generalized gradient approxi-

mation (GGA)21 is used for exchange-correlation function-

als. Electronic correlation effects are considered by using

GGAþU (rotationally invariant approach) with Ueff¼ 3 eV

for Mn, CO, and Ni, which are typical values used in the

literature.11–13 Projected augmented wave (PAW) poten-

tials22 were used, and the kinetic energy cutoff for expansion

of wave functions was 400 eV. Reciprocal space integrations

were carried out with a k-space mesh of 7� 7� 5. The inter-

nal atomic coordinates are relaxed until force on each atom

is smaller than 10 meV/Å.

Calculated total energy and magnetic moment are listed

in Table I. It is found that FM state has the lowest energy for

each atomic ordering structure of LNMO and LCMO, de-

spite of tiny discrepancy of total energy between FM and

AFM state of LNMO (110) with GGA and LCMO (110)

with GGAþU. Both GGA and GGAþU calculations indi-

cate that the total energy of FM states with (111) atomic

order is the lowest for both LNMO and LCMO, which are

consistent with experimental reports. The choice of U value

would not change the ground state. The calculated magnetic

moments of LNMO (111) and LCMO (111) FM state are in

accordance with previous theoretical studies.11–13 The
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magnetic moments of LNMO (001), LNMO (110), LCMO

(001), and LCMO (110) FM states are not integer values in

GGA calculations, slightly smaller than 5.0 lB/f.u. of LNMO

and 6.0 lB/f.u. of LCMO in GGAþU calculations. AFM sol-

utions with 1 lB net moment have parallel aligned Mn-O-

Mn, Ni-O-Ni, or Co-O-Co linkage but antiparallel aligned

Mn-O-Ni or Mn-O-Co linkage, so that the moment of Mn

and Co (Ni) could not be offset. On the contrary, AFM solu-

tions with zero net moment have antiparallel aligned Mn-O-

Mn, Ni-O-Ni, or Co-O-Co linkage and parallel aligned Mn-

O-Ni or Mn-O-Co linkage. The integer value of magnetic

moment indicates existence of half-metal or semiconducting

gap, as illustrated in Figs. 2 and 3.

Density of states (DOS) with GGA and GGAþU for

ferromagnetic LNMO (001), LNMO (110), and LNMO

(111) and LCMO (001), LCMO (110), and LCMO (111) are

shown in Figs. 2 and 3, respectively. It is found that below

�2 eV, there are mainly O-2 p states hybridized with d states

of cations, and above 3 eV, there is a narrow peak of La-f
states. From �2 eV to 3 eV, there are mainly narrow 3 d
states, in which Co or Ni d states are lower than Mn d states.

d states are separated into distinguished t2g and eg states in

strong octahedra crystal field. Furthermore, they are slightly

split into five singlet states due to additional weak distortions

in P21/n monoclinic structure. In Fig. 2(f), the total DOS of

LNMO (111) FM state shows a gap of 0.4 eV, which is

smaller than experimental measurement.8 In Fig. 3(f), the

total DOS of LCMO (111) FM state does not show an insula-

tor gap but is a half-metal. The underestimation of gap size

for LNMO and wrong result for LCMO indicates that GGA

is not adequate, and electronic correlation effect is crucial.

As shown in Figs. 2(e) and 3(e), GGAþU predicts reasona-

ble gaps for both LNMO (111) and LCMO (111) FM states,

which are consistent with experiments. The gap value is

found to increase more or less linearly upon increasing U

value. It is realized that LNMO (111) has a Coulomb-

enhanced band gap between fully occupied Ni eg and empty

Mn eg states in majority spin channel, whereas LCMO (111)

has a Hubbard U gap caused by electronic correlation in 2/3

occupied Co t2g
states in minority spin channel. Noticeably,

the origin of gap in LCMO (111) low-temperature P21/n
monoclinic phase is different from that of high-temperature

rhombohedral phase (Space group R�3).23,24 Moreover, simi-

lar results obtained from full-potential linearized augmented

plane wave calculations25 indicate the choice of method does

not influence our conclusions.

LNMO (001), LNMO (110), LCMO (001), and LCMO

(110) are half-metal predicted by GGAþU, as shown in

Figs. 2(a), 2(c), 3(a), and 3(c), respectively. The strong on-

site repulsion of electrons drives one of the metallic channel

insulating, which is different from the cases of LNMO (111)

and LCMO (111). LNMO (111) has an electronic configura-

tion of t3"
2g for Mn4þ and t3"3#

2g e2"
g for Ni2þ, and LCMO (111)

has an electronic configuration of t3"2g for Mn4þ and t3"2#
2g e2"

g

for Co2þ, respectively. However, in the case of (001) and

(110) ordering, electron transfers from Ni or Co eg states to

Mn eg states. The electronic configurations become Mn

t3"
2geþd"

g Ni t3"3#
2g e2�d"

g in LNMO and Mn t3"
2geþd"

g Co t3"2#
2g e2�d"

g

in LCMO, respectively. The tendency is evident by compar-

ing the magnetic moment per Ni/Mn ion in LNMO, which is

1.37 lB/2.95 lB in (111), 1.23 lB/3.09 lB in (110), and

1.13 lB/3.20 lB in (001), as well as per Co/Mn ion in LCMO,

which is 2.46 lB/2.82 lB in (111), 2.27 lB/3.06 lB in (110),

and 2.20 lB/3.12 lB in (001). The magnetic moment of Ni

and Mn ions in LNMO (111) is very close to previous theo-

retical results.12,13 Considering the crystal structure, in

LNMO (111), both Mn and Ni ions are linked by six Mn-O-

Ni bonding, without Mn-O-Mn and Ni-O-Ni bonding. While

in LNMO (110), Mn ion has four Mn-O-Ni plus two Mn-O-

Mn bonding whereas Ni ion has four Mn-O-Ni plus two Ni-

O-Ni bonding. However, in LNMO (001), Mn ion has two

Mn-O-Ni plus four Mn-O-Mn bonding whereas Ni ion has

FIG. 1. (Color online) Three atomic model

structures: (a) (111) order, (b) (110) order, and

(c) (001) order. The red spheres are O (small

size), blue spheres represent La (largest size),

blue ones represent Ni/Co (middle size), and

green ones represent Mn (big size).

TABLE I. Total energy (relative to (111) FM state) and total magnetization

(moment (lB)) of La2NiMnO6 and La2CoMnO6 per formula unit (f.u.).

Energy Moment Energy Moment

GGA GGAþU

La2NiMnO6

111 (FM) 0 5 0 5

111 (AFM) 0.198 1 0.225 1

001 (FM) 0.473 4.553 0.302 5

001 (AFM) 0.516 0 0.465 0

110 (FM) 0.154 4.729 0.223 5

110 (AFM) 0.155 0 0.247 0

La2CoMnO6

111 (FM) 0 6 0 6

111 (AFM) 0.270 0 0.225 0

001 (FM) 0.188 5.452 0.234 6

001 (AFM) 0.270 1 0.417 1

110 (FM) 0.143 5.237 0.260 6

110 (AFM) 0.184 1 0.261 0
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two Mn-O-Ni plus four Ni-O-Ni bonding. Similar variations

of bonding could also be found in LCMO. Additional

Mn-O-Mn, Ni-O-Ni, or Co-O-Co bonding expands eg states,

which results in the partial occupied eg states of Mn, Ni, and

Co in majority spin channel. Thus, the half-metallic property

occurs as on-site U induces a gap in minority spin channel.

In the superlattice with (001) and (110) cationic ordering,

the valence state seems to be between 4þ and 3þ for Mn ions

whereas between 2þ and 3þ for Ni or Co ions. It is different

from Mn3þ/Ni3þ or Mn3þ/Co3þ pairs expected in disorder

phase.8,9,16 According to Goodenough-Kanamori rules,26,27

Mn4þ-O-Ni2þ or Mn4þ-O-Co2þ has FM exchange interaction,

FIG. 2. DOS of ferromagnetic La2NiMnO6

with different Ni/Mn orders: (a) (001) order

with GGAþU, (b) (001) order with GGA,

(c) (110) order with GGAþU, (d) (110)

order with GGA, (e) (111) order with

GGAþU, and (f) (111) order with GGA.

FIG. 3. DOS of ferromagnetic La2CoMnO6

with different Co/Mn orders: (a) (001) order

with GGAþU, (b) (001) order with GGA,

(c) (110) order with GGAþU, (d) (110)

order with GGA, (e) (111) order with

GGAþU, and (f) (111) order with GGA.
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while Mn3þ-O-Ni3þ or Mn3þ-O-Co3þ has AFM exchange

interaction. For the middle valence state, our calculations

reveal that Mn(4� d)þ-O-Ni (2þ d)þ or Mn(4� d)þ-O-Co(2þ d)þ

has FM exchange interaction in either GGA or GGAþU,

although being a tendency to AFM.

In summary, our calculations indicate that LNMO (001),

LNMO (110), LCMO (001), and LCMO (110) should be fer-

romagnetic half-metal, while LNMO (111) and LCMO (111)

are ferromagnetic semiconductors with a Coulomb-enhanced

band gap and a Hubbard U gap, respectively. As the cationic

ordering has significant influence, it could be, therefore,

meaningful to explore the cationic ordering effect in more

perovskite oxides.
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