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Half-metallic antiferromagnetic double perovskites: LaAVRuO6 „AÄCa, Sr, and Ba…

J. H. Park, S. K. Kwon, and B. I. Min
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~Received 31 January 2002; published 8 April 2002!

Based on the theoretical exploration of electronic structures, we propose that the ordered double perovskites
LaAVRuO6 and LaVO3 /ARuO3 ~001! superlattice (A5Ca, Sr, and Ba! are strong candidates for half-metallic
~HM! antiferromagnets~AFM’s!. We have shown that the HM-AFM nature in LaAVRuO6 is very robust
regardless of~i! divalent ion replacement atA sites, ~ii ! oxygen site relaxation,~iii ! the inclusion of the
Coulomb correlation, and~iv! cation disorder. A type of the double exchange interaction is expected to be
responsible for the half-metallicity and the antiferromagnetism in these systems.
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Since the observation of the room-temperature colo
magnetoresistance~CMR! phenomenon in Sr2FeMoO6,1 in-
tensive research efforts have been devoted to understan
electronic and magnetic properties of double perovsk
with A2BB8O6 formula unit ~f.u.!. The high transition tem-
peratureTC and the low field MR in double perovskites su
gest the high spin polarization of conduction electrons a
the half-metallic~HM! ground state.1,2 In fact, the HM prop-
erty is considered to be closely related to the CMR pheno
ena observed in various materials.3,4 It has also been pro
posed that the double perovskites can be a suitable cand
for the HM antiferromagnet~AFM!.5 The HM-AFM is a
nonmagnetic metal, but its conduction electrons are perfe
spin-polarized. The HM-AFM is expected to play a vital ro
in the advanced spintronic devices that utilize the spin po
ization of the conduction carriers. Furthermore, the succ
in synthesizing the ordered La2CrFeO6 as an artificial super-
lattice of~111! layers of LaFeO3 /LaCrO3 stimulates research
on developing double perovskites with striking propertie6

The purpose of present work is to search for candidate
terials in double perovskites having the HM-AFM charact
istics.

The first HM-AFM was proposed by van Leuken and
Groot7 on the basis of the Heusler compound. Pickett5 has
also reported that the double perovskite La2VMnO6 can be a
promising candidate for the HM-AFM. According to the lo
cal spin-density approximation~LSDA! band calculation for
La2VMnO6, only the minorityt2g

bands of both V and Mn
contribute to the density of states~DOS! near the Fermi en-
ergy EF . The valence electron configurations a
Mn31(3d4) and V31(3d2), and the antiparallel alignment o
the low spin Mn31 (t2g

3 ↑t2g
1 ↓, S51) and the V31 (t2g

2 ↓, S
51) states yields zero total magnetic moment. The H
AFM nature of La2VMnO6 has not been tested experime
tally yet. However, the low spin state of Mn31 in the double
perovskite seems to be rather unlikely. On the other han
has been speculated that mixed-cation double perovskite
AA8BB8O6 type might form ordered structures and provi
good candidates for the HM-AFM.5

Motivated by the above theoretical and experimen
works, we have explored theAA8BB8O6-type double per-
ovskites to search for possible HM-AFM’s. We have chos
LaAVRuO6 (LAVRO: A5Ca, Sr and Ba! as potential can-
didates. In the ionic picture, V and Ru ion are expected to
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trivalent V31(3d2) and tetravalent Ru41(4d4), respectively.
Then V31 ion has the spin moment of 2mB in high spin state
while Ru41 ion has 2mB in low spin state, and so, if they ar
antiferromagnetically coupled, the total magnetic mom
will be zero. Another valence configuration of V41(3d1) and
Ru31(4d5), albeit not so plausible, would also produce ze
total magnetic moment.

We have investigated electronic structures of mixe
cation double perovskites LAVRO (A5Ca, Sr, Ba! using
both the LSDA and the LSDA1 U (U: Coulomb correlation
interaction! scheme on the basis of the linearized muffin-
orbitals band method.8 We have considered LAVRO as a
combined form of LaVO3 andARuO3 perovskites. LaAVRO
with the antiferromagnetic coupling of V and Ru spins co
responds to a superlattice having the layered structure
stacking along the@111# direction, as in La2CrFeO6. In the
@111# stacking, each Ru atom has six V neighbors, and e
V atom has six Ru neighbors. In reality, the fabrication
LAVRO film along the@111# direction may not be easy du
to the absence of proper substrate and the cation diso
effect.9 Hence, in this work, we have also consider
LaVO3 /ARuO3 superlattice stacking along the@001# direc-
tion to investigate the stable electronic and magnetic str
tures. In the@001# stacking of LaVO3 /ARuO3 superlattice,
each Ru atom has four Ru and two V neighbors, while e
V atom has four V and two Ru neighbors. By consideri
two stacking structures, one can expect to simulate the e
of the cation disorder on the electronic structures.

LaVO3 is known to be a Mott insulator with the antifer
romagnetic ordering.10 Due to partially filledt2g states (3d2)
of V31 ion, the Coulomb correlation and relatively weak
Jahn-Teller interactions play roles in stabilizing a typical o
bital ordering in LaVO3.11 Hence the band calculation shou
take into account the 3d electron Coulomb correlation to
describe the Mott insulating nature of LaVO3.12,13 Indeed,
with U55.0 eV anda/c50.95 tetragonal distortion from the
cubic symmetry, we have found that LaVO3 becomes an
insulator.14 It has been reported that, with hole doping
LaVO3 (LaAVO3: A5Ca, Sr!, the insulator-to-metal transi
tion occurs with the collapsed orbital ordering.15,16

Both CaRuO3 and SrRuO3 exhibit metallic conductivity.
CaRuO3 has an orthorhombically distorted perovskite stru
ture with GdFeO3 type (Pbnm).17 SrRuO3 also has an
orthorhombic crystal structure.17 For the magnetic property
©2002 The American Physical Society01-1
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of CaRuO3, several conflicting results are reported.18–20 Ac-
cording to the most recent report, CaRuO3 is considered to
be a paramagnetic metal.21 On the other hand, SrRuO3 is a
ferromagnet withTC;160 K and the magnetic momentM
51.460.4mB per Ru atom.18,19 BaRuO3 is chemically re-
lated and isoelectronic to CaRuO3 and SrRuO3, but its struc-
ture and electronic properties are very different. The cry
structure of BaRuO3 belongs to the hexagonal perovski
family with various crystallographic forms, 4R, 6R, and 9R,
according to the stacking sequence. The 4R-BaRuO3 shows
a metallic resistivity behavior down to the lowest tempe
ture, while the 9R-BaRuO3 shows a crossover to a mor
resistive state.22 The magnetic states are paramagnetic for
BaRuO3.22,23

The LSDA equilibrium lattice constant of LaSrVRuO6
~LSrVRO! turns out to be close to the average value of
lattice constants of its parent materials, LaVO3 and
SrRuO3.24 The ferrimagnetic ground state is lower in ener
than the paramagnetic state by 0.24 eV/f.u. for LSrVR
Likewise, both LaCaVRuO6 ~LCaVRO! and LaBaVRuO6
~LBaVRO! have the ferrimagnetic ground states too~see
Table I!. The total DOS of LAVRO (A5Ca, Sr, and Ba! are
presented in Fig. 1, which shows the HM-AFM nature of
three systems. As is well known,A-site atoms inABO3 per-
ovskite act as carrier reservoir and volume conserver.
interaction betweenA and neighboring atoms is so weak th
manyABO3’s even with differentA share similar electronic
properties. Indeed, as seen in Fig. 1, the DOS are similar
all LAVRO, even if theA-site atom is varied. Most interes
ingly, the antiparallel alignment of Ru and V magnetic m
ments yields zero total magnetic moment for all cases,
counting together the polarized magnetic moments of LaA,
and O atoms. The local magnetic moments of Ru and V
LAVRO are provided in Table I.

For LSrVRO, as shown in Fig. 2, the energy gap
;0.8 eV opens between the occupied Rut2g and the empty
V t2g states in the spin-up bands. On the other hand,
spin-down bands are metallic and composed oft2g states of
Ru and V. The DOS of twot2g states nearEF are similar in
the weight and shape, indicating the large hybridization
tween Ru and V. Occupiedt2g states in Fig. 2 seem to reflec
the nominal valences of V31(d2) and Ru41(d4), respec-
tively. In fact, at Ru site, the spin-up bands are occupied
nearly threet2g electrons, while the spin-down bands b
about 1.8t2g electrons. At V site, the spin-down bands a

TABLE I. The equilibrium lattice constants~a! and the total
energy difference (DE in eV/f.u.! between the ferrimagnetic an
paramagnetic states.M tot is the total magnetic moment inmB per
f.u., andMV (MRu) are local magnetic moments at V~Ru! sites.

LaCaVRuO6 LaSrVRuO6 LaBaVRuO6

a ~Å! 7.767 7.867 7.965
DE 20.10 20.24 20.12
M tot 0.00 0.00 0.00
MV 21.22 21.26 21.37
MRu 1.01 1.05 1.10
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occupied by about 1.6t2g electrons, while the spin-up band
are nearly empty. Hence, the electron configurations bec
V3.41(3d1.6) and Ru3.21(4d4.8). It is thus likely that two va-
lence states of V31/Ru41 and V41/Ru31 are nearly degen-

FIG. 1. The total DOS of LaAVRuO6 in the LSDA. ~a! A5Ca,
~b! A5Sr, and~c! A5Ba.

FIG. 2. The orbital projected DOS of LaSrVRuO6 in the LSDA.
Solid and dotted lines in~a! and ~b! denotet2g and eg states, re-
spectively.~a! V 3d, ~b! Ru 4d, and~c! O 2p.
1-2
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HALF-METALLIC ANTIFERROMAGNETIC DOUBLE . . . PHYSICAL REVIEW B 65 174401
erate to produce a type of the double exchange~DE!
interaction.25 That is, the hopping of itinerantt2g spin-down
electrons between Ru-V sites yields the kinetic-energy g
so as to induce the ferrimagnetism between Ru-V spins. T
mechanism explains both the half-metallicity and the fe
magnetism in LSrVRO. Note that the spins of itinerant c
riers are antiparallel to the localized Ru spins (t2g

3 ↑), satis-
fying the Hund rule in the low spin state, as in Sr2FeMoO6
and Sr2FeReO6.26,27

We have examined the effect of oxygen site relaxati
which is an important factor in double perovskites. In t
case of recently synthesized mixed-cation double perovs
LaSrMRuO6 (M5Zn, Mg!,28 the oxygen site is reported t
be relaxed withd(Ru-O)/d(M-O)50.96. This value is simi-
lar to those observed in other double perovskites.1,29 The
inclusion of oxygen site relaxation for LSrVRO wit
d(Ru-O)/d(V-O)50.96 produces essentially the same el
tronic structure as in the case of the ideal structure, tha
the HM-AFM nature is retained. In addition, we have al
considered the case of opposite oxygen site relaxation
d(V-O)/d(Ru-O)50.9 @see Fig. 3~a!#. In this case, the mag
netic moments of both V and Ru are reduced (MV520.65
andMRu50.55mB), but the HM-AFM nature is still retained

Since the band widths of Ru and V are relatively wid
one expects that the correlation effect ind bands of LAVRO
would be minor. However, as described above, LaVO3 is
known to be a Mott insulator. Hence, it might be necessar
examine the correlation effect of V 3d electrons in the elec
tronic structure of LAVRO. Figure 3~b! provides the DOS
for LSrVRO using the LSDA1U method withU53.0 eV
andJ50.87 eV for V 3d electrons. Hered(V-O)/d(Ru-O)

FIG. 3. The total DOS of LaSrVRuO6 with the oxygen site
relaxation ofd(V-O)/d(Ru-O)50.9 ~a! in the LSDA and~b! in the
LSDA1U (U53.0 eV for V 3d electrons!.
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50.9 is assumed as in Fig. 3~a!. The LSDA1U yields no
qualitative difference in electronic and magnetic propert
from those of the LSDA. Magnetic moments of V and Ru a
somewhat enhanced,21.01 and 0.81mB , respectively, but
the HM-AFM nature is maintained in this case too.

In Fig. 4 we have plotted the DOS of LaVO3 /ARuO3
@001# superlattice in the LSDA1U calculation. We have em
ployed U52.0 eV and J50.87 eV for V 3d and U
51.0 eV andJ50.87 eV for Ru 4d electrons, respectively
Interestingly, still in@001# superlattice, the HM-AFM is the
ground state. It is seen that the DOS are a bit broader t
those of double perovskite LAVRO. It is because extra hy
bridizations between the same ions (La-La,V-V,A-A,Ru-Ru)
exist in the LaVO3 /ARuO3 @001# superlattice. This resul
reveals that the HM-AFM nature of LAVRO is maintained
even though there may be some cation disorder in
layers.30 Therefore, LaVO3 /ARuO3 @001# superlattice film
would be a very promising candidate for the HM-AFM, pr
vided it can be synthesized successfully.

Table I indicates that LSrVRO out of three candidates
the most promising, because it has the largest total en
difference between the ferrimagnetic state and the param
netic state. It was reported that the epitaxial thin films
parent materials, SrRuO3 and LaVO3, can be grown on
LaAlO3 substrates.31,32 Further, SrRuO3 and LaVO3 are iso-
structural and the lattice constants are quite close. O
LSrVRO is synthesized, one thing to be checked is the Cu
temperatureTC. Note thatTC of SrRuO3 is ;165 K and the
Néel temperatureTN of LaVO3 is ;140 K, which may im-
ply that TC of LSrVRO is at most;165 K. We, however,
expect thatTC of LSrVRO could be as high asTC of

FIG. 4. The total DOS of LaVO3 /ARuO3 in the LSDA 1 U
(U52.0 eV for V 3d andU51.0 eV for Ru 4d electrons!. ~a! A
5Ca, ~b! A5Sr, and~c! A5Ba.
1-3
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Sr2FeMoO6 (TC5419 K), in view of their similar electronic
structures with relevantt2g states nearEF and the seemingly
operative DE mechanisms. In the DE mechanism,TC is pro-
portional to the band width of itinerant carriers. We wou
like to note that the band width of the spin-downt2g states in
LSrVRO (;2 eV) is as large as that of Sr2FeMoO6. In ad-
dition, according to the simple Kanamori-Goodenough ru
the possible superexchange interaction between neighbo
V-Ru t2g states (V31-Ru41) would yield the ferrimagnetic
interaction, suggesting that the ferrimagnetic DE is streng
ened further by the superexchange to enhance the HM-A
nature.

In conclusion, we have proposed that the mixed-cat
double perovskite system LAVRO (A5Ca, Sr, and Ba! are
Y.

tt
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an

v.
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strong candidates for the HM-AFM’s. The HM-AFM natur
in LAVRO is very robust regardless of various factors:A-site
ions ~Ca, Sr, and Ba!, the oxygen site relaxation, the Cou
lomb correlation effect, and the cation disorder. We have a
shown that the LaVO3 /ARuO3 @001# superlattice would be a
HM-AFM. A type of the double exchange interaction is o
erative in these systems to yield the half-metallicity and
antiferromagnetism. LSrVRO is expected to be the m
promising candidate for a HM-AFM with highTC. It is thus
very desirable to test experimentally the HM-AFM nature
the mixed-cation double perovskite LSrVRO and t
LaVO3 /SrRuO3 @001# superlattice film.
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