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Half-metallic antiferromagnetic nature of La,VTcOg4 and La,VCuOg4 from ab initio calculations

Y. K. Wang,"* P. H. Lee,? and G. Y. Guo**f
Center for General Education and Department of Physics, National Taiwan Normal University, Taipei 106, Taiwan
2The Affiliated Senior High School of National Taiwan Normal University, Taipei 106, Taiwan
3Graduate Institute of Applied Physics, National Chengchi University, Taipei 116, Taiwan
“Department of Physics, National Taiwan University, Taipei 106, Taiwan
(Received 27 August 2009; revised manuscript received 23 November 2009; published 17 December 2009)

Electronic structure calculations based on density-functional theory with the generalized gradient approxi-
mation for 406 double perovskites La,BB’Og have been performed using the accurate full-potential linearized
augmented plane wave method. La,VTcOg and La,VCuOy are found to be candidates of half-metallic (HM)
antiferromagnets (AFM) among the 406 ordered double perovskites La,BB’'Og with all the possible B and B’
pairs from all the 3d, 4d, and 5d transition metals have been considered. Furthermore, the HM-AFM state in
La,VTcOg and La,VCuOgq survive the full lattice constant and atomic position optimizations which were
carried out using the frozen-core full-potential projector-augmented wave method. In addition, the GGA+U
electronic structure calculations have also been performed and the HM-AFM state still remains. Their AFM
state is attributed to both the superexchange and generalized double exchange mechanisms via the
B(ty,)-0O(2p)-B' (t5,) coupling, and the latter could also be the origin of their HM.
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I. INTRODUCTION

Based on the band structure calculations for magnetic
semi-Heusler compounds NiMnSb and PtMnSb, the concept
of half-metallic (HM) ferromagnets (FM) was first discov-
ered by de Groot et al.' After this important discovery, half-
metallic ferromagnets (HMFs) immediately attracted much
research for their potential applications in spintronics and
novel fundamental physics.>* Typical examples of HM mag-
netic materials include spinel Fe3O4,5 rutile CrOz,6 mixed-
valence perovskite Lag,Sry;MnQO;,” double perovskite
Sr,FeMoQy, and Sr,FeReOg,>® spinel FeCr,S,,° and Mn-
doping GaAs.'®!! Half-metallic materials are characterized
by the coexistence of metallic behavior in one electron spin
channel followed by insulating behavior in the other. Their
electronic density of states is completely spin polarized at the
Fermi level, and conductivity is dominated by these metallic
single-spin charge carriers. Therefore, half-metallic materials
offer potential technological applications in the realm of
single-spin electron source and high-efficiency magnetic
sensors.> !

In a HM material, due to a band gap at Fermi energy (Ey)
for one spin channel, the spin magnetic moment per unit cell
is quantized, i.e., an integer number times Bohr magneton
(up).'=*72 Apart from a ferromagnetic (FM) state with par-
allel atomic spin arrangements, an antiferromagnetic (AFM)
state, in which different atomic spins are aligned antiparallel,
is another possibility. In the AFM state, the net moment per
unit cell must be zero if the material possesses the properties
of HM and AFM. Clearly, in a HM-AFM, there are at least
two different ions with their spins being antiparallel and
hence canceling each other exactly.

The first concept for a HM-AFM was proposed by van
Leuken and de Groot.'? They predicted theoretically that the
Heusler compound, V;MnFegSb;, was a HM-AFM. Most
properties such as full spin-polarized conduction electrons,
zero spin susceptibility, and non-Stoner continuum of these
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HM-AFMs are the same as those of the HM-FMs discussed
above.* However, a crucial difference is that a HM-AFM
produces no macroscopic magnetic field. By utilizing this
kind of materials, one would be able to develop a probe of
the spin-polarized scanning tunneling microscope without
perturbing the spin character of samples.

Recently, several theoretically predicted HM-AFM candi-
dates have attracted considerable attention because of the
valuable potential of their future applications. They include
the half-Heusler'> and full-Heusler alloys,'»'* double
perovskites,'>~!® and thiospinels.!® Other possible candidates
include disordered systems such as vacancy-induced rocksalt
transition metal oxides,?® Co-substituted Heusler alloys,>!
and diluted antiferromagnetic semiconductors.?>?* Further-
more, Pickett?* proposed to use HM-AFMs as a base for a
new type of superconductor with just one superconducting
spin channel—the so-called single-spin superconductor. HM-
AFMs are expected to play a vital role in future spintronic
devices that utilize the spin polarization of carriers. Unfortu-
nately, in spite of many theoretical predictions, to date, none
of the proposed HM-AFMs has been verified experimentally.

It is conceivable that a HM-AFM could support 100%
spin-polarized charge transport without any net magnetiza-
tion. Because of the spin-rotational symmetry and equiva-
lence, the conventional AFMs, such as bcc Cr, cannot be
half-metallic. Other possible choices for suitable HM-AFMs
are ferrimagnets with a compensated magnetic moment. The
simplest solution, however, is to develop a material in which
the unit cell is composed of two different magnetic ions
whose moments are equal in magnitude but antialigned. With
this in mind, there is one obvious choice for the HM mate-
rial: double perovskite Sr,FeMoOg in the ferrimagnetic state
with the Fe spin moment being higher than that of Mo. It is
possible to design a double perovskite HM-AFM by choos-
ing a proper pair of transition metal ions with their magnetic
moments cancelling out exactly.

Compared with the complex Heusler compound
V,;MnFegSb;In (Ref. 12), there are several good reasons why
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the double perovskites would be a better system to search for
the HM-AFM. First, the number of double perovskite candi-
dates is very large. Second, the relatively simpler crystal
structure embodies the possibility for the two different mag-
netic ions encompassed within the similar environments to
cancel out their moments exactly. Another important fact is
that the double perovskites are easy to synthesize. This leads
to the primary purpose of the present paper which is to
search for the HM-AFM candidates from the double perovs-
kites by first-principles density-functional calculations. In
fact, Pickett!® suggested earlier to use the double perovskite
structures instead of the Heusler alloys as possible candi-
dates, and also predicted La,VMnOg as a specifically suit-
able candidate. Furthermore, double  perovskites
LaAVRuOg,'* LaAVMoOg,'® LaAVOsOg, and LaAMoYOq
(Ref. 17) (A=Ca, Sr, and Ba and Y=Re and Tc) have been
postulated as possible HM-AFMs, thus showing the double
perovskites to be a fertile class of candidates for this new
type of HM-AFMs.

In this paper, in order to search for new HM-AFMs from
double perovskite oxides La,BB'Og¢, we have thoroughly ex-
plored a variety of pairs BB’ with B and B’ from all 3d (Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), 4d (Y, Zr, Nb, Mo, Tc,
Ru, Rh, Pd, Ag, Cd), and 5d (Hf, Ta, W, Re, Os, Ir, Pt, Au,
Hg) transition metals except La, i.e., we have studied a total
of C%g or 406 possible combinations of La,BB'O4 com-
pounds. After a large number of calculations, we find the
La,VTcOg and La,VCuOgq are suitable candidates for HM
and AFM materials. Furthermore, for these two cases, we not
only carried out full structural optimizations but also consid-
ered the possibilities of LaBO3/LaB’O; ordered in both the

cubic Fm3m [111] stacked structure [Fig. 1(a)] and tetrago-
nal P4/mmm [001] stacked structure [Fig. 1(b)]. Finally, we
find that La,VTcOy in the [111] stacked structure a robust
and stable HM-AFM, while it in the [001] stacked structure
is a metastable FiM metal. We also find that the energy of
La,VCuOq4 with the [111] stacked structure is higher than
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FIG. 1. (Color online) The
double perovskite crystal struc-
ture. (a) Cubic Fm3m [111]
stacked structure and (b) tetrago-
nal P4/mmm [001] stacked
structure

that in the [001] stacked structure, i.e., La,VCuOg in the
[111] stacked structure is a metastable HM-AFM.

The rest of this paper is organized as follows. In the next
section, we introduce their crystalline structures as well as
the details of theoretical computations. In Sec. III, we dis-
cuss the calculated structural stability as well as electronic
and magnetic properties. Finally, in Sec. IV, we summarize
our findings.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

We considered La,BB'Og in an ordered double perovskite

structure (space group Fm3m) in which B and B’ form the
NaCl-type lattice (face centered cubic), [111] stacked struc-
ture as shown in Fig. 1(a). This structure can be regarded as
a combination of BO; and B'O5 octahedra in a superlattice
having B and B’ layers stacked along the [111] direction, as
exemplified by La,CrFeOg and Sr,FeMoOg.>*> Each B(B’)
ion has six B’(B) neighbors. BO; and B’'O; octahedra can
also be stacked along the [001] direction, resulting in the
tetragonal structure with the space group P4/mmm with
¢=2a, as shown in Fig. 1(b). In this case, each B ion has four
B ions and two B’ ion neighbors, and vice versa. In both
[111] stacked and [001] stacked structures, we considered
both the ferromagnetic and antiferromagnetic states. Both

ideal cubic Fm3m structure and tetragonal P4/mmm struc-
ture contain 10 atoms per unit cell, i.e., one chemical for-
mula unit (f.u.).

Our theoretical search was based on first-principles calcu-
lations within density-functional theory (DFT) (Ref. 26) with
the generalized gradient approximation (GGA) to the
exchange-correlation potential.>’ To determine theoretical
lattice constants and atomic positions by structural optimiza-
tion calculations, however, we considered a larger unit cell
with 2 f.u. because we wanted to allow the structure relax to
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areduced symmetry. Indeed, after full structural optimization
(i.e., relaxation of both lattice constants and atomic posi-

tions), the Fm3m structures could be reduced to the I4/mmm
structure, while the P4/mmm structure remained unchanged.
These structural optimizations were carried out using the
faster frozen-core full-potential projector-augmented wave
(PAW) method?® as implemented in the VASP package.?’ A
cutoff energy of 450 eV for plane waves was used. An
8 X 8 X 6 Monkhorst-Pack k-point grid in the Brillouin zone
was used, which corresponds to 30 k points in the irreducible
Brillouin-zone wedge. Their atomic positions and lattice con-
stants were fully relaxed by a conjugated gradient technique.
The energy convergence criterion was set to 10~ eV. The-
oretical equilibrium structures were obtained when the forces
and stresses acting on all the atoms were less than
0.01 eV/A and 1.2 kBar, respectively.

Before and after the structural optimizations by the PAW
method, we used the highly accurate full-potential linearized
augmented plane wave (FLAPW) method®>3! as imple-
mented in the WIEN2K package,?” to calculate the total en-
ergy, electronic structure and magnetic properties of the per-
ovskites with the structural parameters fixed. The wave
function, charge density, and potential were expanded in
terms of the spherical harmonics inside the muffin-tin
spheres. The cutoff angular momentum (L,,,,) of 10 used for
the wave function, and of 6 used for the charge density and
potential, are sufficient for accurate total-energy and elec-
tronic structure calculations. The wave function outside the
muffin-tin spheres was expanded in terms of the augmented
plane waves. A large number of augmented plane waves
(about 120 per atom, i.e., R,,,K,,,,=6) were included in the
present calculations. The set of basis functions was supple-
mented with local orbitals for additional flexibility in repre-
senting the valence V and Cu 3d states, Tc 4d states, and
La 4f and 5d states, as well as for the semicore La 5s, 5p,
O 2s states. The muffin-tin sphere radii used were 2.5 a.u. for
La, 2.0 a.u. for V, Cu, and Tc, and 1.4 a.u. for O. The im-
proved tetrahedron method is used for the Brillouin-zone
integration.®> The numbers of k points in the irreducible
Brillouin-zone wedge used were 120, 163 and 180 for the

Fm3_m, 14/ mmm, and P4/mmm structures, respectively.

We note that the electronic structure of a system with
strong electron correlation, such as transition metal oxides, is
often not well described by DFT-LDA(GGA) calculations.
Currently, this deficiency in first-principles electronic band
structure calculation is corrected by including an on-site
Coulomb interaction correction to the LDA or GGA, the so-
called LDA(GGA)+U method.*** This LDA(GGA)+U
scheme, yielding quite satisfactory results for many strongly
correlated systems is considered to be an useful
approach.’0-3% Therefore, to see the effects of the on-site
electron correlations on the half-metallicity and magnetic
properties of the materials considered, we also performed the
GGA+U calculations for the found HM-AFMs.

III. RESULTS AND DISCUSSION

A. Found half-metallic antiferromagnets

B and B’ in La,BB'Og4 can be an any pair from the 29
transition metal elements. Therefore, there are a large num-
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TABLE 1. Calculated physical properties of La,VTcOg in the
optimized [111] stacked structure. The space group of the optimized
structure is reduced from the initial Fm3m to I4/mmm. E, denotes
the total energy. The results obtained using GGA+U are in
brackets.

Space group 14/ mmm

Magnetic state FM AFM

a (A) 5.566 5.585

c (A) 7.882 7.900
cla 1.416 1.415

vV (A3/fu.) 122.08 123.21
my(uy) 0.109 ~1.350(~1.800)
mre(ug) 0.319 1.142 (1.528)
m(pp) 0.633 0.0 (0.0)
N(Ep) 1 3.20 0.0 (0.0)
(states/eV/f.u.) | 2.79 391 (1.71)
gap (eV) 7 0.596 (1.161)
AEAFTM (meV/fu.) -297.2

E, (meV/f.u.) 297.2 0.0

ber of C§9=406 combinations, i.e., 406 possible compounds
here. In the first stage of our search for the HM-AFMs, we
used the FLAPW method to calculate the self-consistent
electronic structure of all 406 La,BB’'O¢ compounds in the
ideal cubic Fm3m structure, as shown in Fig. 1(a), with fixed
lattice constant a~7.90 A. Fortunately, we found seven B
and B’ pairs which would make La,BB'O4 compounds HM-
AFM, namely, VCu, VTc, NiMo, NiW, CoMn, CoTc, and
CoRe. Furthermore, only two of these seven pairs (VCu and
CoMn) were predicted before by Pickett.!

To see whether or not the HM-AFM state in these seven
compounds is magnetically stable, we performed FM elec-
tronic structure calculations. Unfortunately, we found that
the total energy of the HM-AFM state in La,NiMoO,
La;,NiWOg, La,CoMnOg, La,CoTcOq, and La,CoReOy was
substantially higher than that of the FM state, by 0.135,
0.105, 0.766, 0.279, and 0.205 eV/f.u., respectively. This
suggests that the HM-AFM state in these five compounds is
not stable against ferromagnetism and hence we will not con-
sider them further. In fact, La,CoMnOgy was predicted earlier
to prefer the FM state.'>3° For the remaining two HM-AFM
candidates, namely, La,VCuO4 and La,VTcOy HM-AFM,
we further performed full structural optimizations with both
the FM and AFM states as the initial state. We found that
their symmetry was reduced slightly to the tetragonal

I4/mmm from the cubic Fm3m. Encouragingly, we found
that the HM-AFM state remains to be stable for both com-
pounds. Furthermore, the AFM state in La,VTcOg is much
lower in total energy than the FM state, by 297 meV/f.u. (see
Table I). The huge energy difference between the AFM and
FM states in La,VTcOq suggests that the HM-AFM state
may be stable even at room temperature. Our nonmagnetic
(NM) full structural optimization calculations show that the
NM state in La,VTcOg is only slightly above the FM state,
by 3.3 meV/f.u. In contrast, the total energy difference be-
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TABLE II. Calculated physical properties of La,VCuOyg in the
optimized [111] stacked structure. The space group of the optimized

structure is reduced from the initial Fm3m to 14/ mmm. The results
obtained using GGA+ U are in brackets.

PHYSICAL REVIEW B 80, 224418 (2009)

TABLE III. Calculated physical properties of La,VCuOg and
La,VTcOyg in the optimized P4/mmm [001] stacked structure. The
space group remains to be P4/mmm. No matter whether the initial
state is FM or AFM, the converged final state of La,VCuOg is
always ferromagnetic while that of La,VTcOg is always ferrimag-
netic (FiM).

Space group 14/ mmm
Magnetic state FM AFM Compound La,VCuOg¢ La,VTcOq
a (A) 5.532 5.540 Magnetic state FM FiM
c (A) 7.836 7.820 -
cla 1.417 1.412 a (A) 3.826 3.980
Vv (A%/fu) 119.89 119.99 C/(A) i:lzi ?22?
M) 0313 ~0.367(~0.542) ‘;/ ;’Mf " e e
mey(mp) 0.280 0.301 (0.403) o ' '
m(up) 0.757 0.0 (0.0) M () 0.731 1.417
N(Ep) 1 4.98 0.0 (0.0) meu(p) 0.016
(states/eV/f.u.) | 2.48 7.18 (6.35) (1) —1.054
gap (eV) 1 0.265 (0.931) mi(pap) 0.891 -0.221
AEAFPM (meVi/fau.) —6.7 N(EF) 1 2.84 418
E, (meV/f.u.) 191.0 1843 (states/eV/f.u.) | 0.86 1.03
E, (meV/f.u.) 0.0 311.5

tween the AFM and FM states in La,VCuOyg is rather small
(-6.7 meV/f.u.) (see Table II).

To form the AFM configuration, as mentioned before,
BO; and B’O; octahedra La,BB'Og4 can also be stacked in
the [001] direction, resulting in the P4/mmm tetragonal
structure. In order to examine whether the stacking orienta-
tion would affect the magnetic property and the structural
stability in these two compounds, La,VCuOg4 and La,VTcOg,
we further considered the [001] stacked structure
(P4/mmm), as shown in Fig. 1(b). We performed full struc-
tural optimization calculations starting with both the FM and
AFM states in the [001] stacked structure. For La,VTcOg,
both the FM and AFM initial states converged to the ferri-
magnetic (FiM) state during the self-consistent process
(Table TIITI). However, the total energy of the FiM [001]
stacked structure of La,VTcOg is much higher than the HM-
AFM [111] stacked structure, by 311 meV/f.u. (see Tables I
and III). Therefore, La,VTcO4 in the HM-AFM [111]
stacked structure was found to be stable. For La,VCuOg,
both the FM and AFM initial states converged to the ferro-
magnetic state during the self-consistent process (Table IIT).
Unfortunately, the FM metallic state in the [001] stacked
structure was lower in total energy than the HM-AFM state
in the [111] stacked structure (see Tables II and III). This
indicates that for La,VCuOg, the HM-AFM state in the [111]
stacked structure is unstable or metastable. Our NM full
structural optimization calculations show that the NM state
in the [001] stacked structure in La,VCuOy is higher in total
energy than the FM state by 83.5 meV/f.u.

B. Electronic and magnetic properties

The calculated physical properties of La,VTcOg and
La,VCuOy in the fully optimized [111] stacked structure are
summarized in Tables I and II, respectively. The correspond-
ing total and orbital-decomposed density of states (DOS) are

displayed in Figs. 2 and 3, respectively. It is clear from Figs.
2 and 3 as well as Tables I and II that the AFM state of
La,VTcOq4 and La,VCuOg in the [111] stacked structure is
half-metallic with the spin-up channel being insulating and
the spin-down channel being metallic. Nonetheless, some
discernible differences between La,VTcOg and La,VCuOg
exist. For example, the spin-down DOS at the Fermi level
(Ep) for La,VCuOg is larger (~7.18 state/eV/f.u.) than that
for La,VTcOg4(~3.91 state/eV/f.u.) (see Tables I and II).
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FIG. 2. Total and orbital-decomposed density of states of
La,VTcOg with 14/mmm [111] stacked structure.
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FIG. 3. Total and orbital-decomposed density of states of
La,VCuOg with I4/mmm [111] stacked structure.

On the other hand, the insulating gap in the spin-up channel
for La,VTcOq is larger (~0.60 eV) than that for
La,VCuOg4(~0.26 eV). Moreover, the spin magnetic mo-
ments of the B and B’ in La,VTcOg are much larger (about
1.14—1.35up/atom) than that in La,VCuOs.

In the ionic picture, the atoms in ordered double perovs-
kites have the nominal valence states of La3*(BB’)**Og .
Therefore, in La,VCuOQg, the transition metal atoms B and B’

can have valence configurations of V*(3d') and
Cu’*(3d°), and the antiferromagnetic coupling of
the spin  V*(r}  1,5=1/2) and the low spin

Cu“(t%th;gle;Te;l ,S=1/2) states would give rise to an
AFM state with zero total magnetic moment. Alternatively,
the transition metal atoms B and B’ can have valence con-
figurations of V3*(3d%) and Cu**(3d®), and the antiferromag-
netic coupling of the spin V3+(t§gT ,S=1) with the high spin
Cu3+(tgthggle§T ,S=1) states. Of course, in the real mate-
rials, the above simple ionic model would be modified be-
cause of hybridization between V(Cu) 3d and O 2p orbitals.
The deviation from the simple ionic model is clear when
considering the calculated occupation numbers of the transi-
tion metal d orbital. In the AFM state of La,VCuOg in the
14/ mmm structure, the electron numbers are divided into
0.985¢ for spin up and 1.354e for spin down at the V site,
and 4.613e for spin up and 4.312¢ for spin-down on the Cu
site, giving rise to a charge configuration of V27*(34%>?3) and
Cu*!*(3d%°). This is further supported by the fact that the
calculated local spin magnetic moments of V and Cu are not
integer numbers of 2 or 1 but less than 1.0 (see Table II).
This latter fact indicates that V and Cu ions in La,VCuOyg are
V#(3d') and Cu®*(34°) in low spin states, respectively.
Similarly, for La,VTcOyg, the fact that the spin moments of
the V and Tc ions are more than 1.0up/atom (Table I) sug-
gests that the valence configurations of V and Tc are close to
V3*(3d%) and Tc3*(4d*), while the antiferromagnetic cou-
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pling of the high spin V3+(t§gT,S =1) with the low spin
Tc3+(t;thégl ,S=1) states, results in zero net magnetic mo-
ment. However, the calculated occupation numbers are
0.587¢ for spin-up and 1.923e¢ for spin-down for V, and
2.401e for spin up and 1.266 e for spin down for Tc, indi-
cating the valence configurations of V2°*(3d*°) and
TC3'3+(4d3'7).

The DOS spectra for La,VTcOg in the [4/mmm structure
displayed in Fig. 2 show that the O 2p orbital dominates the
lower valence band between 3.5 and 8.3 eV below Ej, and
the spin up Tc ¢,, dominates the upper valence band between
0.4 and 2.0 eV below Ef. For the spin-down band, Tc 1,, and
V 1,, orbitals hybridize strongly to form the part of the con-
duction band between —2.0 eV and 1.0 eV (Fig. 2). Also, for
the spin-up band, V th,, TC ey, and V e, orbitals mix substan-
tially to dominate the upper conduction band about 0.6 eV
above Ep. Nonetheless, Fig. 2 also shows that the lower va-
lence band contains rather significant contributions from
transition metal V and Tc d orbitals. This rather strong hy-
bridization between O p and V and Tc d pushes the e, domi-
nant band above the #,, dominant band, resulting in the crys-
tal field splitting of the 7,, and e, of about 2.0 and 1.6 eV for
the VOg and TcOg octahedra, respectively. This kind of
Bd-O p-B’do bonding is the well-known superexchange
coupling among the B and B’ ions which is the cause giving
rise to the AFM exchange interaction between B and B’ ions.
This is similar to the conventional superexchange in the
AFM insulators (e.g., NiO) where a large superexchange en-
ergy gap between the majority (minority) and minority (ma-
jority) d orbitals for the transition metal ions also exists.

In La,VTcOg, the energy of majority spin V f,, and mi-
nority spin Tc #,, orbitals are very close to each other. This
causes a strong hybridization between the majority spin V 7,,
and minority spin Tc #,, orbitals via O p-7 orbitals which
broaden the B and B't,, spin-down conduction band in the
energy range of —2.0 to 1.0 eV. This hybridization also
strengthens the AFM exchange coupling between the V and
Tc ions. Clearly, this coupling between the V and Tc £, or-
bitals via O p-m orbitals allows the spin-down conduction
electrons to hop freely from a V ion to the neighboring Tc
ions and back to the V ion, lowering the kinetic energy of the
system. This situation is similar to the double exchange
mechanism*® of the metallic ferromagnetism in the colossal
magneto resistive manganites and, in fact, has been called
the generalized double exchange mechanism.!” The direct-
site exchange interaction lowers the majority spin Tc 1,
band to below Ey and pushes the minority spin V 1,, band
above Er, thereby creating an insulating gap in the spin-up
channel (see Fig. 2). As a result, the band gap in La,VTcOy
may be called an antiferromagnetic coupling gap which has
the dominant contributions from both the superexchange and
the generalized double exchange mechanisms (see Refs. 41
and 42 for the detailed analysis of these two mechanisms in
the doped ferromagnetic manganites). The origin of the half-
metallicity is essentially similar to that of the HM ferromag-
netic double perovskites (e.g., Sr,FeMoOQy), i.e., the hybrid-
ization of Bt,,-O(2p)-B't,,, as discussed in Refs. 8 and 43.
Hence, according to this viewpoint, it could be inferred that
the antiferromagnetic transition temperature 7T in the HM-
AFMs would be on the same order of magnitude as that in
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FIG. 4. Total and orbital-decomposed density of states of
La,TiZnOg with I4/mmm [111] stacked structure.

Sr,FeMoO4(T,=419 K),? i.e., being above room tempera-
ture.

Inspection of Figs. 2 and 3 reveals that there are some
discernible differences in the electronic structure between
La,VCuOg4 and La,VTcOq. For example, the contribution of
Tc 4d orbital to the O 2p dominant lower valence band is
more pronounced than that of Cu 3d orbital, indicating the
stronger Tc 4d-O 2p bonding in La,VTcOg. This may be ex-
pected because Tc 4d orbital is significantly more extended
than Cu 3d orbital. Also, the V 3d dominant band around Ep
in La,VCuOg4 is substantially narrower than that in
La,VTcOq4 [see Figs. 2(b) and 3(b)]. This gives rise to a
larger spin-down DOS at Ej for La,VCuOy (7.18 state/eV/
f.u.) than that for La,VTcOg (3.91 state/eV/f.u.), but a
smaller insulating gap in the spin-up channel for La,VCuOgq
(0.26 eV) than that for La,VTcOg (0.60 V). Another inter-
esting difference is that the insulating gap in La,VCuOyg is
between the occupied Cu e, and unoccupied V 1,, states in
the spin-up (majority spin) bands (Fig. 3) while it is between
the occupied Tc 1, and unoccupied Lae, states in the
spin-up channel (Fig. 2). Finally, the hybridization of V t,,
and Tc 1, in La,VTcOg is clearly stronger than that of V 1,,
and Cu ¢, in La,VCuOg. This could be a main reason why
the AFM state in La,VTcOyg is energetically more stable than
that in La,VCuOy (see the AEAT™ in Tables I and II).

According to the simple ionic picture, many of the 406
compounds considered here could have been a HM-AFM.
For example, the Cr and Mo atoms in La,CrMoOg may have
valence configurations of Cr**(3d?) and Mo?*(4d®), respec-
tively, thereby resulting in a HM-AFM. Another example is
La,TiZnOg where the Ti and Zn could have Ti**(3d') and
Zn**(3d°) configurations, respectively. To help understand
why half-metallic antiferromagnets are very rare, we display
the calculated band structure of La,TiZnOg4 in Fig. 4. We
noticed that for La,TiZnOg in the fully optimized [111]
stacked structure, both FM and AFM initial states were con-
verged to the insulating nonmagnetic state. Due to hybridiza-
tion between the orbitals of Ti(Zn) 3d, O 2p, and La 5p, the
calculated valence configuration of La,TiZnOg are
Ti>7"*(3d"?%) and Zn>***(34°%°). Furthermore, quite unex-
pectedly, the lowest conduction band is La 5p orbital domi-
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FIG. 5. Total and orbital-decomposed density of states of
La,VTcOg with I4/mmm [111] stacked structure from the
GGA+U calculations.

nant rather than of Ti 3d orbital character. In short, although
based on the ionic picture, many double perovskite oxides
are expected to be a HM-AFM, they are not in reality due to
effects of, e.g., hybridization of metal d orbitals and O p
orbitals, structural relaxation, and also rare earth s/p valence
electrons. Therefore, ab initio calculations are essential in
searching for real HM-AFM materials.

C. Effects of on-site Coulomb interactions

Electron-electron correlation is known to be rather strong
in transition metal oxides. Thus a better description of the
electronic structure of these materials is to include the elec-
tron correlations between d electrons. By utilizing the
orbital-dependent potential, the LDA(GGA)+ U method pro-
vides a simple way that incorporates correlations beyond the
LDA and GGA.*3 We have therefore performed the
GGA+U calculations for La,VTcOg4 and La, VCuOyg in order
to see whether or not the HM-AFM would be destroyed by
the on-site Coulomb interaction. In these calculations, the
parameters for GGA+U are U=4.0 eV and J=0.87 eV for
V 3d and U=2.0 eV and J=0.87 eV for Tc 4d or Cu 3d.
The calculated electronic and magnetic properties are listed
in Tables I and II and the total and orbital-decomposed DOS
spectra are displayed in Figs. 5 and 6. Importantly, the
GGA+U calculations yield an electronic structure for
La,VTcOg and La,VCuOgq that is not qualitatively different
from the GGA calculations (Figs. 2 and 3). In particular, as
for the GGA calculations, the GGA+ U calculations also give
rise to a HM-AFM electronic structure for La,VTcO, and
La,VCuOg. Interestingly, the only pronounced changes from
the GGA+ U calculations are the increase in the spin-up in-
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FIG. 6. Total and orbital-decomposed density of states of
La,VCuOg4 with I4/mmm [111] stacked structure from the
GGA+U calculations.

sulating gap from 0.596 to 1.161 eV and the enhancement of
the local magnetic moments from 1.350 (1.142) to 1.800
(1.528) for V (Tc) (see Table I). Similar results from GGA
and GGA+U calculations of La,VCuOg are listed in Table
II. These changes may be expected. Taking on-site Coulomb
interaction into account would lower the related occupied d
band and raise the related unoccupied d band,>*3¢ thereby
increasing the insulating gap. Furthermore, this would also
enhance the localization of the related d orbitals and hence
increase the local magnetic moments on the related transition
metal sites.’6-38

D. Structural properties

The theoretical lattice constants and atomic positions of
La,VTcOg and La,VCuOg are listed in Tables I-V. For
La,BB’Og¢ in the ideal cubic perovskite with [111] stacking

(Fm3m), the B and B’ order in the NaCl configuration, and
are described by a fcc lattice with lattice constant 2a’ (a’
means the length of the O-B-O bond in the single perov-
skite). Each B(B') is coordinated by 6 B'(B) so that there are
6 B-O-B’ bonds per unit cell where the lengths of B-O and
B’-O bonds are equal. Thus, there is only one kind of O

atoms. After full structural optimization, the cubic Fm3m
structure is reduced to the tetragonal /4/mmm structure with
two inequivalent kinds of O atoms (Tables IV and V). There
are two O; atoms sitting above and below the B and B’
atoms along the z axis, and the other four O, atoms sitting on
the same plane as the B and B’ atoms. [see Fig. 1(a) as well
as Tables IV and V]. However, this symmetry reduction is
rather minor since the shape (i.e., the ¢/a ratio being very
close to the ideal value of \2) of the unit cell for these two
compounds hardly changes after the structural optimization
(Tables I and II). Furthermore, in La,VTcOg, the angle of the
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TABLE IV. Calculated structural parameters of La,VTcOg.

Space group 14/ mmm P4/ mmm
Magnetic state FM AFM FiM
B(x.y.z) (0,0,0) (0,0,0) (0,0,0)
B'(x.y.2) (0.0,3) (0.0,3) (0,0.3)
0, x 0 0 0

y 0 0 0

z 0.7568 0.7547 0.2434
0, x 0.2568 0.2547 0

y 0.7432 0.7453 3

z 2 2 2
05(x,y,2) 3,0,0)
Lax ; ; !

y 0 0 :

z i i 0.2460
B-0,; (A) 1.917 1.938 1.900
B'-0, (A) 2.024 2.012 2.003
B-0, (A) 1.914 1.938

B’ -0, (A) 2.021 2.011 1.990
B-05 (A) 1.990

B-O-B' bond remains to be 180° after full structural optimi-
zation, and this may be due to the fact that V and Tc have
rather similar atomic radii of 2.82 and 2.84 au.,
respectively.** Nonetheless, the contraction (expansion) of
the V-O, (Tc-O,) bond in La,VTcOy is discernible, being
about 1.88(1.84)%. Perhaps due to the fact that the atomic

TABLE V. Calculated structural parameters of La,VCuOg.

Space group 14/ mmm P4/ mmm
Magnetic state FM AFM FiM
B(x,y,z) (0,0,0) (0,0,0) (0,0,0)
B'(x,y.2) (0,0,3) (0,0,3) (0,0,3)
0, x 0 0 0

y 0 0 0

z 0.7596 0.7595 0.2357
0, x 0.2595 0.2595 0

y 0.7405 0.7405 3

z 2 2 2
05(x.y.2) 3.0,0)
Lax ; ! !

y 0 0 3

z i i 02719
B-0, (A) 1.884 1.881 1.914
B'-0, (A) 2.034 2.029 2.146
B-0, (A) 1.882 1.884

B’ -0, (A) 2.030 2.033 1.913
B-05 (A) 1.913
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radius of Cu (2.67 a.u.) is smaller than that of Tc (also V),
the theoretical lattice constants of La,VCuOg are smaller
than that of La,VTcOg4 (Tables I and II). Also, for
La,VCuOy, the contraction (expansion) of the V-O, (Cu-O,)
bond is rather large, being about 4.62(2.95)%.

In comparison, in the ideal [001] stacked tetragonal per-
ovskite (P4/mmm), each B atom is coordinated by 4 B and 2
B’ sites, and vice versa. Therefore, for each unit cell, there
are 2 B-O-B’, 2 B’-O-B’, and 2 B-O-B bonds, and hence
there are three different kinds of nonequivalent O sites
(Tables IV and V). After full structural optimization, its sym-
metry remains intact (i.e., P4/mmm). However, both the lat-
tice constants and the length of B(B’)-O bonds change sig-
nificantly after the structural optimization (see Tables III-V).
In particular, in La,VCuOy, the planar lattice constant a is
reduced by ~3.1%, while the vertical lattice constant ¢ is
expanded by ~2.7%. The contraction (expansion) of the
V-0, (Cu-O,) bond is about 3.10(8.63)%. The lattice con-
stant changes of La,VTcOgq are, however, smaller (within
1.2%), and the contraction (expansion) of the V-O, (Tc-O,)
bond is about 3.79(1.40)%.

IV. CONCLUSIONS

In conclusion, in order to search for new half-metallic
antiferromagnetic materials within the family of double per-
ovskites, we have performed the self-consistent FLAPW

PHYSICAL REVIEW B 80, 224418 (2009)

electronic structure calculations for double perovskites
La,BB’Og in the [111] stacked structure with all possible B
and B’ pairs from all 3d, 4d, and 5d transition metals with
406 perovskites in total. Fortunately, we find two HM-
AFMs, namely La,VCuOg and La,VTcOg in the [111]
stacked structure. Further PAW full structural optimization
calculations for these two compounds in both the [111] and
[001] stacked structures show that La,VTcOg in the [111]
stacked structure is the stable structure, though La,VCuOyg in
the [111] stacked structure is metastable. The FM state of
La,VCuOg in the [001] stacked structure is the stable state.
Furthermore, the found HM-AFM state in La,VTcOg and
La,VCuOg survives in the GGA+ U electronic structure cal-
culations. In particular, the huge energy difference between
the HM-AFM La,VTcOg with the [111] stacked structure
and the FiM La,VTcOg4 with the [001] stacked structure im-
plies that La,VTcOg with the [111] stacked structure is a
promising candidate for a HM-AFM. We hope that our inter-
esting predictions will encourage further experimental
searches for the half-metallic antiferromagnets.
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