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The electronic structures and magnetic properties of double perovskiiEsN&Q;, SpFeReQ, and
Sr,CrWQO;, have been studied by using the full-potential linear muffin-tin orbital method within the local-spin-
density approximatioLSDA) and the generalized gradient approximati@®GA). The on-site Coulomb
energyU has also been taken into account in both schemes (L.:8DANnd GGAt+U). The results predict a
half-metallic ferrimagnetic band structure with total spin magnetic momentof,43ug, and Zug per
formula unit for SgFeMoQ;, SnFeReQ, and SsCrWQ;, respectively. By including the spin-orbit coupling
in the self-consistent calculations, we find that the tfansition-metal atoms W and Re exhibit large un-
guenched orbital magnetic moments because of significant spin-orbit interacti@hdrbBals. On the other
hand, in Fe and Cr @ and Mo 4 orbitals, the orbital moments are all quenched even though the on-site
Coulomb energydJ is taken into account. This is in strong contrast to the enhanced larget#tal moments
in CoO and NiO but similar to the quenched orbital moment in £rO
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. INTRODUCTION Mo®* (4d?) and R&"(5d?) are highly ionized with valence
spin states 06= 1 andS= 1, respectively. The resultant total
Double perovskites, discovered in the 198@se a broad spin magnetic moments for the ferrimagnetic states are thus
class of compounds with a chemical formulaffBB’Og,>2  4up and 3ug per formula unit (f.u.), respectively. In
where A is an alkaline-earth-metal or rare-earth-metal ionSRCrWOs, the valence configurations are“C¢3d®) and
and B and B’ are transition-metal ions. Recently, ordered W’ (5d"). ~ Consequently, ~the total moment is
Sr,FeMoQ, (Ref. 3 and SgFeReQ (Ref. 4 attract renewed 2ug!/Sr,CrWGQOq fc_)r the fernmagneyc ground state. The ob-
attention because of the intrinsic tunneling-type magnetoreS€ved  saturation magnetizations for Z&MOQS;S
sistance found at room temperature. Band-structure calculgg?¢R€Q, and S;CrWQ, are 4ug/fu. at 10 K,
tions reveal that they are ferrimagnetic half-metals With2'7'“B/f'u' at 4.2 K and ~1pug/f.u. at low temperature,

highly spin-polarized transport properties at the I:(_:‘rmirespectively. The smaller saturation magnetizations observed

level3# Both Curie temperatures are found to be fairly high'" SXPeriments are probably related to the mis-site-type dis-

. : . order of the transition-metal sites. Monte Carlo simulations
(TC_.A'lS anq 401 K respe_ctye)l,ym_akmg them pqtep tial also suggested that the mis-site defect could account for the
materials for industrial applications in magnetoresistive de-

. e ) reduction of magnetizatioh.
vices as well as in spintronics at room temperature. Apart
from these extensively investigated iron-based double per-
ovskites, recently a chromium-based double perovskite
SrL,CrWO; has also been found to exhibit a large low-field
magnetoresistance and a high Curie temperature of 390 K.
is therefore interesting to study comparatively the electronic
structures and both spin and orbital magnetic moments of
these materials.

Double perovskite £,BB’ Og) crystallizes in the rocksalt =
structure(Fig. 1) with alternate perovskite unitaBO; and
AB’O; along three crystallographical axes. The corners of
each perovskite unit are in turn occupied by transition-metal
atoms B and B’ with oxygen atoms located in between,
forming alternateBOg and B’'Og octahedra. The large
alkaline-earth-metal atorA occupies the body-centered site
with a 12-fold oxygen coordination in each unit. In the ionic
model, the transition-metal ions are in trB@g’)8* valence FIG. 1. Crystal structure of double perovskite. Big and small
state. In SyFeMoQ; and SgFeReQ, where FE"(3d°) are  balls denote Sr and O, respectively. Middle light and middle dark
in the high spin state 0§=5/2 according to Hund’s rule, balls denote the two different transition-metal atoms, respectively.
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The ordered double perovskite,5eMoQ; has been dem- ments and electronic structures are discussed in detail in Sec.
onstrated to exhibit a ferrimagnetic half-metallic groundlll. The conclusions are given in Sec. IV.
staté by using the ultrasoft pseudopotential method. It was

syggested that the5antifgrromagneticlsupelrexghange interac- Il. COMPUTATIONAL DETAILS
tion between Fe 8 S=3 and Mo 4~ S=3 spins would
produce a large ferrimagnetic magnetizatfolthe Fermi The relativistic all-electron full-potential linear muffin-tin

level falls in an energy gap in the majority spin, whereas inorbital method* (FP-LMTO) including the spin-orbit inter-
the minority spin, the hybridizethy bands of Fe @8 and Mo action was used to perform self-consistent band-structure
4d orbitals at the Fermi energy give rise to the fully spin- calculations within both the LSDA and LSDAU
polarized conductivity. Using the full-potentidFP) aug-  schemes? The Vosko-Wilk-Nusair parametrizatih and
mented plane-wave method, the electronic structure o#lso GGA for the exchange-correlation potential were used
Sr,FeReQ has also been found to be fairly similar to that of in the calculations. For cubispace groufrm3m, No. 225
Sr,FeMoQ;, indicating that the ferrimagnetic half-metallic Sr,FeReQ and SgCrWQ;, we used the experimental lattice
ground state is a generic feature for a broad class of thparameters of 7.89 £Ref. 18 and 7.832 A(Ref. 5), respec-
ordered double perovskifewith a combinedab initio and ~ tively. While for tetragonal SFeMoQ; (space group
model Hamiltonian approach, the strongly enhanced effeck4/mmm No. 139, the lattice constants wera=7.878 A
tive exchange at Mo site due to the FdjaMo(4d) hybrid-  andc/a=1.0013 The radii of the muffin-tin spheres for Sr
ization was suggested to be responsible for the fundamentahd O were 3.&, and 1.B, (Bohr radiug, respectively.
mechanism of the high Curie temperature inF®&MoQ;.2  While for transition-metal atoméFe, Cr, Mo, W, and Re
Based on detailed electronic structure calculations using ththe radii of muffin-tin spheres were 2a§. A single« LMTO
local-spin-density approximation with on-site Coulomb en-basis set expanded in spherical harmonics up to angular mo-
ergy (LSDA+U) method® a more general idea was pro- mentuml =6 was used for the valence-band charge densities
posed that a nonmagnetic element located at the midpoint @nd potentials inside the nonoverlapping muffin-tin spheres.
neighboring high-spin @ elements stabilizes the ferromag- While in the interstitial region, more than 14500 plane
netic coupling of the @ elements? Electronic structures waves with energies up to 100 Ry were included in the cal-
from a full-potential linearly combined atomic-orbital band culations. In band-structu®S) and density of state®OS)
method also demonstrated that the half-metallic character igalculations, 72 and 16% points were used for cubic
not caused by direct Mo-Mo interactions but by indirect Mo- Sr,FeRe@ and SyCrWO, and for tetragonal $SFeMoG;,
O-Fe-O-Mopdd- 7 couplings, which are simultaneously re- respectively. For thg001] direction of magnetization, in
sponsible for their ferrimagnetic charactérAn x-ray ab-  which the spin-orbit coupling turned the two cubic systems
sorption spectroscopy with linearly and circularly polarizedinto tetragonal symmetry, the number lofoints used was
photons suggests that instead of the conventional double242 over the irreducible wedge of the tetragonal Brillouin
exchange mechanism, the delocalized M gpin density zone. To explore the effects of the on-site Coulomb en&rgy
over several sites gains a stronger antiferromagnetic couplingn the electronic structures and the magnetic moments, we
to the localized up spins at the Fe site, yielding a new origirusedU of 4 eV (Ref. 19 and 3 eV(Ref. 20 and exchange
of the ferrimagnetic ground state for,$eMoQ;.? On the interaction parameterof 0.89 eV(Ref. 9 and 0.87 eMRef.
other hand, the frequently believed ferrimagnetic half-20) for Fe and Cr, respectively, in the LSDAU and GGA
metallic ground state was argued to be unstable because ofU calculations.
the competition between the generalized double-exchange
mechanism, operating in the hybridizeg, bands of Fe @ IIl. RESULTS AND DISCUSSION
and Mo 4 orbitals in the metallic minority-spin channel,
and the strong antiferromagnetic superexchange interactions Figure 2 illustrates the DOS of gfeMoQ; (upper pane|
in the Fe sublattice, mediated by virtual electron hoppingSrLFeReQ (middle panel, and SyCrWQ; (lower panel
into the unoccupied Mo @ states:® Possible mechanisms from GGA calculations. The obtained results ofBMoQy
responsible for a stable magnetic ground state such as spiand SgFeReQ agree well with published works*10|n the
spiral ordering, spin canting, breathing distortion, and disormajority spin, the Fermi energy falls in an energy gap
der, as well as antisite defects were also discussed in Ref. 1Between the occupied Fey bands and the unoccupied
In this work we report systematic investigations on theMo(Re) t,4 bands. Since the energy gap in the majority spin
orbital contributions to the magnetic moments and on theesults from the antiferromagnetic coupling between Fe and
electronic structures of the extensively studied Fe-baseo(Re), it may be called an antiferromagnetic coupling gap
double perovskites SFeMoQ; and SpFeReQ and the in consistence with the mechanism proposed in Ref. 10. In
newly found Cr-based double perovskite SrWO; (Ref. 5  contrast, in the minority spin, the Fermi level lies in the
within the LSDA and generalized gradient approximationpartially filled t,4 bands of Fe @, Mo 4d (Re &), and O
(GGA). The on-site Coulomb enerdy has also been taken 2p hybridized states. The spin states of M8=(3) and
into account in both schemes (LSBAJ and GGA+U) to  Re(S=1) ions couple antiferromagnetically to the high-spin
unravel the correlation effects of the localizédrbitals on  states of Fe ions, resulting in a ferrimagnetic half-metallic
the orbital magnetic moments as well as on the electroniground state. The mechanism of the ferrimagnetic coupling
structures. In the following section, we briefly summarize theis ~ attributed to  the  Fe{y)-O(2p,)-Mo(Re)(ty)
computational details. The calculated orbital magnetic mohybridization!! Since the up-spin FeBbands are nearly

094438-2



FIRST-PRINCIPLES INVESTIGATIONS OF ORBITA. .. PHYSICAL REVIEW B 67, 094438 (2003

e Pl

0 SRR T N
r ‘

-2r —— Fe-3d
---= Mo-4d

-

A
) I'Y = =
\"

—— Fe-3d

---- Re-5d

DOS (state/eV/fu)
=)

i
sist
:.‘,/’
W

v

_Iw“

-
R X3
g

Energy (eV) >
OF
FIG. 2. Density of states of JFreMoQ; (upper pane|
Sr,FeReQ (middle panel, and S§CrWO; (lower panel from the

GGA. The Fermi level is at zero energy. AN

& @,
closed and the down-spin Fel ®dands are partially occupied, Mo Bff\ @ @ /_,-,gs
only the down-spin M(Re) t,, orbital would hybridize with %) S
the open down-spin F&,4 orbital for lowering the kinetic
energy.

It can be seen in Fig. 2 that the DOS of Cr-based 05 @

SrL,CrWOQ, are different from the DOS of Fe-based com-
pounds mentioned above. The @ dands are at a much ~
lower bonding energy from 4 to 9 eV below the Fermi level, N A ;,J“\\, @
whereas the higher antibondingl 3, bands of Cr are lo- Fe § [N ade® TN
cated at about 1 eV above the Fermi energy in the majority Fe o Mo 0 Fe

spin. .Th.e stronger bon.ding-anti.bonding splitting rgsults from 6. 3 valence chargéupper panel and spin(lower panel

the similar nearest-neighbor distances and relatively largejensities of SiFeMoQ; from the GGA. In the upper panel, the
Cr 3d orbital as compared to those of Fe inBeMoQ; and  contours are along equal charge density lines from 0.015 to
SpFeReQ. Similarly the octahedral ligand field splittings 0.06542 (broken lineg with step 0.0143, and from 0.1 to 0.854

(~2 eV) between the occupiedy and unoccupie@y states  (solid lineg with step 0.1543. In the lower panel, they are from
of Cr 3d bands are larger than those in Fe Bands. The  —0.005 to—0.03&3 (broken line$ with step—0.00542, and from
Fermi level thus falls in the crystal-field-splitting gap in the 0.01 to 0.1643 (solid line9 with step 0.0343.

majority spin. This is in contrast to the energy gap at the

Fermi level between FeBBand Mo 4 (Re &) bands in  romagnetic coupling between Cr and W. The results indicate
Fe-based double perovskite,5eMoQ; (S,FeReQ). Inthe  that in addition to the same ferrimagnetic ground states,
minority spin, the Fermi level lies in the partially filled Cd3  S,CrwQ; is a crystal-field-gap half-metal, whereas
and W & hybridized t,4 bands. The obtained exchange Sr,FeMoQ; and SgFeReQ are antiferromagnetic-coupling-
splitting of ~2 eV in Cr 3d bands is smaller due to the gap half-metals.

valence configuration €f(3d%®) of less electrons and Figures 3 and 4 show the valence chatgpper panels
weaker Hund’s coupling. Also the induced exchange splittingand spin(lower panel$ density contours of SFeMoQ; and

in the W 5d orbital is smaller than that in Redsof  Sr,CrwQ;g, respectively, from the GGA. It can be seen in
Sr,FeReQ. The magnetism of SErWQ; is similar to that  Fig. 3 that charge distributions at Fe sites are nearly spherical
in SrL,FeMoQy and SgFeReQ. The difference is that the because of nearly half-filled Fed3orbitals. Those Fe @
up-spin Crt,q band rather than the up-spin Fe ®and is  electrons that are more than half full have moved to oxygen
filled. Only the down-spin W, orbital would hybridize —sites for stabilizing the ground state. Also, most of the
with the open down-spin Cr,q orbital, yielding an antifer- loosely bounded Mo @ electrons with larger orbitals have
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FIG. 5. Density of states of JFeMoQ, (upper panel
Sr,FeReQ@ (middle panel, and SyCrWQ; (lower panel from
GGA+U. The Fermi level is at zero energy.

o, sy
Y Wy e ments of Fe and Mo are mainly localized at nuclear sites and
are coupled antiferromagnetically. This is different from the
model proposed in Ref. 12 in which the Ma 4pin densities
' ), are delocalized over several sites. The roughly spherical dis-
OE ‘5 tributed positive spin densities at Fe sites indicate the nearly
= half-filled 3d orbitals. While the occupied Modtorbital is
e mainly composed of down-spip, electrons. The charge and
@ ,@ \f’)‘ spin density distributions in SFeReQ are basically the
cr (Chux. O wal

same as those in gfeMoQ;, and are not shown here. As for
Cr 0 w o Cr Sr,CrW0; (Fig. 4), the e4 electrons of Cr 8 orbitals and

FIG. 4. Valence chargéupper pansland spin(lower pangl ~ Most of the W &l electrons have moved to oxygen sites
densities of SICPWOs from the GGA. In the upper panel, the con- forming O 2p closed shells. Only the®t, orbitals of Cr
tours are along equal charge density lines from 0.015 to Ga§65/ are occupied for lowering the ground-state energy. Further-
(broken line$ with step 0.0143, and from 0.1 to 0.83¢ (solid ~ more, the hybridizations are still along the Cr-O-W-O-Cr
lines) with step 0.15#3. In the lower panel, they are from0.005  chain, and no direct interaction between Cr-Cr and W-W
to —0.034&3 (broken lines with step—0.00543, and from 0.01 to  pairs are found. The spin moments of Gy and Wt,, are
0.16A3 (solid lines with step 0.0343. mainly localized and couple antiferromagnetically as shown

in the lower panel of Fig. 4, resulting in a ferrimagnet.
spread out, leaving the highly ionized Mo atoms. The oxygen Taking the on-site Coulomb interactidd into account,
atoms with high electron affinities therefore attract thesethe occupied Fe @ and Crt,, bands in the majority spin are
electrons together with the itinerant Fe dnd Mo 5 elec-  drastically pushed downwards as shown in Fig. 5. Conse-
trons to form nearly closed O shells with spherically quently the energy gaps are strongly enhanced. Interestingly,
distributed charge densities. Note that the size of the nearlthe unoccupied spin-up @, Mo 4d, and WRe) 5d bands
closed-shell oxygen ions are slightly larger than the size ofemain more or less the same. In the minority spin, tde 3
iron ions with nearly half-filled & orbitals. The charge dis- t,, bands of Fe and Cr move upwards slightly, whereas the
tributions also show that there exists no direct interactiort,, bands of Mo 4 and WRe) 5d orbitals are lowered
between two nearest Fe-Fe or Mo-Mo pairs, whereas alonglightly. The antiferromagnetic coupling between Fe and
each Fe-O-Mo-O-Fe chain, the hybridizations between F@&lo(Re) and between Cr and W is thus strengthened. The
3d, O 2p, and Mo 4 orbitals are fairly significant: On the  relative shifts in majority and minority spin bands induced
other hand, the spin density distribution of,BeMoQ; by the on-site Hubbard repulsidd therefore stabilize the
(lower panel of Fig. Balso demonstrates that the spin mo-ferrimagnetic half-metallic ground states. Notably, electronic
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TABLE I. Spin and orbital magnetic momentg:§/atom) of  magnetic moment of FedBorbital is of the same sign as the
SrFeMoQ;, SpFeReQ, and SsCrWo;. spin moment, indicating that thed3orbital is over half-filled
in accordance with Hund’s rule. Due to the octahedral ligand

Spin Orbital field, the orbital moment is only 0.04&/Fe. In the highly
Sr,FeMoQy Fe Mo Fe Mo - T 1 f
ionized Mo (4d?) state, as a consequence of Hund’s rule,
GGA 3.80 -0.33 0.043 0.032 the orbital moment aligns antiparallel to the spin moment.
GGA+U 3.96 —-0.43 0.047 0.045 The orbital moment of 0.032; /Mo is rather small in spite
LSDA 3.74 -0.28 0.047 0.028 of the stronger spin-orbit interaction in thel orbital. This
LSDA+U 3.91 -0.39 0.054 0.042 results from the larger size of thed4orbital and thus the
SKFeReQ Fe Re Fo Re enhanced crystal field. Eo'r Srsband O 2 orbitals, the
orbital moments are negligibly small.
GGA 3.81 —0.85 0.070 0.23 In Sr,FeReQ (Table |), the spin moment of Fe from the
GGA+U 3.98 —0.96 0.066 0.27 GGA is similar to that in SfFeMoQ;, while the orbital mo-
LSDA 3.72 -0.74 0.083 0.21 ment is larger. The alignments of spin and orbital moments in
LSDA+U 3.91 —-0.85 0.077 0.26 Sr,FeReQ are the same as those in,BeMoQ;. Because of
the additional 8l electron of Re, the induced spin moment of
SRCrWos cr w cr w —0.85ug/Re is much larger than that of Mo, resulting in a
GGA 2.30 -0.33 —-0.007 0.10 smaller total spin moment of 3.0@ /f.u. Remarkably, even
GGA+U 2.46 —-0.45 —-0.007 0.15 in GGA calculations, Re exhibits large unquenched orbital
LSDA 2.20 -0.27 —-0.017 0.08 moment of 0.23 g /atom due to strong spin-orbit coupling in
LSDA+U 2.42 -0.41 —-0.018 0.13 5d orbital. This is in contrast to the well-known trend that

the LSDA and GGA usually give quenched orbital moments
for transition-metal oxide$® The overestimated quenching
structures(BS and DO$ and magnetic momentspin and  effect results from the spurious self-interaction presented in
orbital moments as discussed bejaf the three considered the LSDA and GGA® As a result, the LSDA and GGA give
double perovskites from the LSDA are basically similar tomore diffusived orbitals accompanied by stronger crystal
those from the GGA. Including the on-sit¢in LSDA cal-  fields. The spurious self-interaction in the LSDA and GGA
culations (LSDA+U) also yields similar band dispersions also causes an evenly distributed occupation among the five-
and magnetic moments as those from GEA. In this fold d orbitals for lowering the Coulomb energy. The strong
work, we have also calculated the theoretical lattice conspin-orbit coupling of Bl orbital is about 4 times larger than
stants for these double perovskites by using LSDA andhat of 3d orbital. As a result, the LSDA and GGA give large
GGA. Since GGA gives better lattice constants for thesainquenched orbital moments for Re in spite of the spurious
double perovskite$~1% smaller than the experimental lat- self-interaction.
tice constants we present here the GGA and GGAJ re- Due to the valence configuration €i(3d®) of fewer
sults only. It has been demonstrated for,BaMoQ; that the  electrons, the spin moment of 2,30/Cr in SLCrWO; from
LSDA+U calculation yields better agreement with experi-the GGA is much smaller than those in the Fe-based double
ment in the spectral peak positions than does the LSD#Aerovskites (Table ). The induced spin moment of
calculation? However, during this work, we were not aware —0.33ug/W is the same as that of Mo and much smaller
of suitable experimental spectra to examine the correctneghan that of Re. The resultant total spin moment is only
of the obtained DOS from the GGA and from the GGA 2.00ug/SKLCrWQ;. On the other hand, the orbital moment
for these Sr-based double perovskites. of —0.007ug/Cr is almost fully quenched. This could be
The calculated spin and orbital magnetic moments fronunderstood as a consequence of stronger ligand field caused
the GGA(LSDA) and from the GGA- U (LSDA+U) for by the relatively larger size of the Cd3orbital as compared
Sr,FeMoQ;, SnFeReQ, and SyCrWO; are listed in Table  with the Fe 3l orbital. Consistent with Hund’s rule for a Cr
I. For the most extensively studied compoundF&MoQ;, 3d orbital less than half-full, the orientation of the orbital
the GGA gives spin moments of 3.80 ard0.33ug/atom  moment is antiparallel to the spin moment. For tungsten, the
for Fe and Mo, respectively. The obtained moments agreerbital size and crystal field, as well as the spin-orbit cou-
well with published results from first-principles pling strength, are similar to those of Re. The orbital moment
calculations® Also they are consistent with measured spinper electron is therefore expected to be similar to that of Re.
moments of SiFeMoQ; ranging from 3.1 to 4.,ag/Fe and Due to fewer valence & electrons and down-spin occupan-
from 0 to —0.5ug/Mo0.%272/ Because of the diffusive 5 cies(a half of Re from ionic viewpoint the obtained orbital
valence configuration and the ionic behavior of the alkaline-moment of 0.1z /W is about a half of that of Re.
earth-metal element, the local moments of Sr ions are negli- Taking the on-site Coulomb energy into account
gibly small. The spin moments on the oxygen ions are als§GGA+U), the spin moments of all the transition-metal at-
small due to the nearly closedpXhells. The resultant total oms are, as expected, enhanced due to charge localization
spin moment of the half-metallic ground state is 4g0f.u., and enhanced exchange integ(@hble ). In general, the
being consistent with that from the ionic viewpoint and from on-siteU slightly enhances the orbital moments of transition-
the experimental observatiérOn the other hand, the orbital metal ions in double perovskites because of stronger orbital

094438-5



HORNG-TAY JENG AND G. Y. GUO

polarization ind orbitals. However, the orbital moment of Fe
in Sr,FeReQ is suppressed by the Hubbard repulsibnThe

PHYSICAL REVIEW B57, 094438 (2003

TABLE Il. Magnetic-orbital-decomposed occupation number
(e) of Re and W % orbitals for[001] magnetization in SFeReQ

reduction of the Fe @ orbital moment indicates adBorbital ~ and SsCrWos.
closer to half full of zero orbital moment in accordance with
the Hund’s rule. Note that the orbital moments af ®ns Fe m=-2 m=-1 m=0 m=1 m=2
and Cr are all quenched in GGAU calculation_s. This is in Re, GGA 0.27 0.21 028 020 022
f:trong contrast to the large unquenc_hed orbital moments q_iéeT GGA-+U 0.26 0.20 027 019 021
o and Ni ions in CoQRef. 28 and NiO(Ref. 30, respec- GGA 0.35 0.42 026 058 043
tively, but similar to the quenched orbital moment of Cr in GGALU 0.36 0.43 026 061 045
CrO, (Ref. 31). The quenched orbital moment of Fe in ,,* GGA 0' 18 0' 16 0' 18 0. 15 0' 15
double perovskites is partly due to the nearly half-filled Fe,, ' GGA+U 0'17 0'14 0'18 0'13 0'14
3d orbital and partly due to the shorter Fe-O distance ofWT GGA 0'20 0'22 0'18 0'30 0'24
~3.7ay as compared with that of (3.9—44d)in FeO, CoO, ! ' ' ' ' '
GGA+U 0.21 0.23 0.18 0.34 0.25

and NiO. As for Cr, due to the more itinerant character of the !

Cr 3d orbital, the orbital moment is quenched even though
the on-site Coulomb repulsiad is included®! On the other

hand, the unquenched large orbital moment of Re from th&ion, which favors larger positiven orbitals for down-spin
GGA is further enhanced by on-sité This is also the case e€lectrons, and the octahedral crystal field, which lowers the

in the 5d element W in SyCrwW0;.

energies ot (Im|=1) states. Figure 6 illustrates the radial

It has been observed that relative to LSDA results, thecharge density distributions of down-spin Re &ipper pan-
GGA gives slightly larger spin moments while slightly €ls and of down-spin W 8 (lower panels orbitals from the

smaller orbital moments for half-metalliad3ransition-metal

GGA (left panel$ and from the GGA-U (right panel$. In

oxides CrQ.3! For the three double perovskites studied inall cases shown here, tme=1 magnetic orbitals are of the

this work, similar trends are also observed oth&ements Fe
and Cr(Table ). In contrast, for 41 elements Mo and &

lowest combined spin-orbit and crystal-field energies and are
thus the most preferable states. The occupanciem=?

ions Re and W, the magnitude of both the spin and orbitaPrbitals of lower spin-orbit energies and m=—1 orbitals
moments are enhanced by the GGA. Since no consensus 6h lower crystal-field energies are about the same, whereas

the measured spin moment have been obtaifigdand also
to our knowledge, no orbital moment has been measured, it
is still an open question which approximation gives a better

description for these double perovskites. Future measure-
ments would clarify this issue.

To unravel the origin of the large orbital magnetic mo-
ments in SyFeReQ@ and SyCrWQO,, we calculated the oc-
cupation numbers df orbitals projected onto different mag-
netic orbitals(m) for [001] magnetization. The occupation
numbers in both spins of Fed3orbitals from the GGA as
well as from GGA+ U are distributed evenly among the five
magnetic orbitals and thus contribute to orbital moments in-
significantly. For both spins of CrdBorbitals, the occupation
numbers injm|=2 and in|m|=1 magnetic orbitals are
nearly equal, separately. Consequently the orbital moments
in Cr are quenched. These paired occupancies are attributec
to the strong octahedral ligand field and the fewer valence
electrons in Cr 8 orbitals. On the other hand, due to the
strong spin-orbit couplings indorbitals of Re and W with
heavier nuclei, the down-spin occupancies are not evenly
distributed among the fivefold magnetic orbitals. It can be
seen in Table Il that even from the GGA, the differences in
occupation numbers of down-spim|=1 and|m|=2 states
of Re 5d orbitals are 0.1€ and 0.0&, respectively. As a
result, the Re 8 orbital down-spin states are highly polar-
ized in spite of the octahedral ligand field, leading to a large
unquenched orbital magnetic momediiable |). Taking the
on-siteU into account (GGA-U), the orbital polarizations
in Re- and W %l orbitals are further enhanced. As shown in
Table Il, there is a strong tendency to occupy itire 1 mag-

rr*n(r)

r'r'nfr)

m=0 states are of the lowest occupancies. The ondite

Re-5d (GGA) Re-5d (GGA+U)
06 , . . : ,
/\\
/
VAN
04}
02t
r
\
A
0 \
W-5d (GGA)
0.4 :

—_— m=2
T

FIG. 6. Magnetic-orbital-decomposed charge densities of Re 5

netic orbitals in Re and W & states. Such a tendency is and W & spin-down orbitals in SFeReQ (upper panelsand

attributed to the competition between the spin-orbit interacS,L,CrWQ; (lower panely respectively.
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enhances the differences between the fivefold magnetic othe total spin moments of these compounds in ferrimagnetic
bitals and thus leads to stronger orbital polarizations andhalf-metallic ground states are found to be 4, 3, and
larger orbital magnetic moments for Re and W &rbitals. 2ugl/f.u., respectively. The obtained spin moments are com-
patible with observed moments. The orbital moments @f 3
IV. CONCLUSIONS elements Fe and Cr and of thel 4on Mo are all quenched
) ) ) ) even though the on-site Coulomb energyis taken into
We have systematically investigated the electronic struczccount. In contrast, thedSions W and Re exhibit large
tures and magnetic properties of double perovskitegnquenched orbital moments even from the GGA and LSDA.
Sr,FeMoQ;, SpFeReQ, and SsCrWQ; by using the FP- The origin of the large orbital moments is attributed to the
LMTO method including spin-orbit interaction within the competition between the octahedral ligand field and the
GGA, GGA+U, and also within the LSDA counterparts. strong spin-orbit coupling in thedsorbitals. Future experi-
The results demonstrate that the Fe-based double perovskitgints on spectra and magnetic moments would clarify the
exhibit antiferromagnetic-coupling gaps, while the Cr-basedmportance ofU on these materials.
double perovskite exhibits a crystal-field-splitting gap in the
majority spin. In the meantime, the Fermi level lies in the
minority-spint,, bands of hybridized orbitals of transition-
metal ions, resulting in a fully spin-polarized conductivity.  This work was supported by the National Science Council
The band gaps in the majority spins are dramatically enef Taiwan(Grant Nos. NSC90-2119-M-007-004 and NSC90-
hanced by the on-site Coulomb enekdyOn the other hand, 2112-M-002-040].

ACKNOWLEDGMENTS

1A W, Sleight and R. Ward, J. Am. Chem. S@&S8, 1088(1962); 3865(1996.
J. Longo and R. Wardbid. 83, 2816(1961); F. K. Patterson, C. Ba, W, Sleight, J. Longo, and R. Ward, Inorg. Chet. 245
W. Moeller, and R. Ward, Inorg. Cherg, 196 (1963. (1962.
2M. T. Anderson, K. B. Greenwood, G. A. Taylor, and K. R. Poep- 1°Z. Zhang and S. Satpathy, Phys. Rev4® 13 319(1991).
pelmeier, Prog. Solid State Che&®2, 197 (1993. 20M. A. Korotin, V. I. Anisimov, D. I. Khomskii, and G. A. Sa-
3K. 1. Kobayashi, T. Kimura, H. Sawada, K. Terakura, and Y. watzky, Phys. Rev. Let80, 4305(1998.
Tokura, NaturglLondon 395 677 (1998. 213, s, Kang, H. Han, B. W. Lee, C. G. Olson, S. W. Han, K. H.
K. 1. Kobayashi, T. Kimura, Y. Tomioka, H. Sawada, K. Terakura, Kim, J. I. Jeong, J. H. Park, and B. I. Min, Phys. Rev6B
and VY. Tokura, Phys. Rev. B9, 11 159(1999. 024429(2001).
5J. B. Philipp, D. Reisinger, M. Schonecke, A. Marx, A. Erb, L. 22C. Chmaissem, R. Kruk, B. Dabrowski, D. E. Brown, X. Xiong,
Alff, R. Gross, and J. Klein, Appl. Phys. Left9, 3654 (2002J. S. Kolesnik, J. D. Jorgensen, and C. W. Kimball, Phys. Rev. B
Sw., Westerburg, D. Reisinger, and G. Jakob, Phys. Re%2B 62, 14 197(2000.
R767(2000. 233, Linden, T. Yamamoto, M. Karppinen, H. Yamauchi, and T.
’A. S. Ogale, S. B. Ogale, R. Ramesh, and T. Venkatesan, Appl. Pietari, Appl. Phys. Lett76, 2925(2000.
Phys. Lett.75, 537 (1999. 24B. Martinez, J. Navarro, L. Balcells, and J. Fontcuberta, J. Phys.:
8D. D. Sarma, P. Mahadevan, T. S. Dasgupta, S. Ray, and A. Ku- Condens. Mattef.2, 10515(2000.
mar, Phys. Rev. Let85, 2549(2000. 25C. Ritter, M. R. Ibarra, L. Morellon, J. Blasco, J. Garcia, and J.
9V. I. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev4B M. De Teresa, J. Phys.: Condens. Matt&r 8295(2000.
943 (199)). 26y, Moritomo, S. Xu, A. Machida, T. Akimoto, E. Nishibori, M.
107 Fang, K. Terakura, and Kanamori, Phys. Rev6® 180407 Takata, and M. Sakata, Phys. Rev6B R7827(2000.
(2001); J. Kanamori and K. Terakura, J. Phys. Soc. Jih1433 27B. Garcia-Landa, C. Ritter, M. R. Ibarra, J. Blasco, P. A. Algara-
(2001. bel, R. Mahendiran, and J. Garcia, Solid State Commi0,
H. Wu, Phys. Rev. B34, 125126(2001). 435(1999.
125, Ray, A. Kumar, D. D. Sarma, R. Cimino, S. Turchini, S. ?8l. V. Solovyev, A. I. Liechtenstein, and K. Terakura, Phys. Rev.
Zennaro, and N. Zema, Phys. Rev. L&, 097204(2001. Lett. 80, 5758(1998.
13|, V. Solovyev, Phys. Rev. B5, 144446(2002. 29V . Anisimov, I. S. Elfimov, N. Hamada, and K. Terakura, Phys.
s, Y. Savrasov, Phys. Rev. B, 16 470(1996. Rev. B54, 4387(1996.
15A. I. Liechtenstein, V. I. Anisimov, and J. Zaanen, Phys. Rev. B3°s. K. Kwon and B. I. Min, Phys. Rev. B2, 73 (2000.
52, R5467(1995. 31H. T. Jeng and G. Y. Guo, J. Appl. Phy@2, 951 (2002; D. J.
163, H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys8, 1200 Huang, H. T. Jeng, C. F. Chang, G. Y. Guo, J. Chen, W. P. Wu,
(1980. S. C. Chung, S. G. Shyu, C. C. Wu, H. J. Lin, and C. T. Chen,
173, P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&tf. Phys. Rev. B66, 174440(2002.

094438-7



