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Orbital ordering and magnetic structures in Sr,_,La,FeEMoOg and Sr,_,La,FeWOq
double perovskites
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We analyzed the possible magnetic and orbital orderings of double perovskites, using a simple extension of
the double exchange model well suited for these compounds. Orbital ordering is favored by the on site
repulsion at the Fe ions. We obtain a rich phase diagram, including ferri and antiferromagnetic phases which
can, in turn, be metallic or insulating, depending on the existence of orbital order.
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[. INTRODUCTION the one used in reducing the two-band ferromagnetic Kondo

Ferromagnetic double perovskites of compositionlattice to the single band double exchange model, uged. in the
Sr,_LaFeMoQ, (where La can be substituted by other sFudy of La_,CaMnO; and related compounds. This tight
double valency ions known for some timehave attracted a Pinding model can also be used to study theF8WQ;
great deal of attention recently, because of their high Curi€ompound’
temperature, metallic character, large magnetoresistance, and The phase diagram of the hybridized Mo-Fe system de-
potential applicationd:® While lattice distortions and scribed above has been studied using the dynamical mean
phonons do not seem to play a major role, disorder and ifield method* and within an exact treatment of the elec-
particular the antisite defects play a significant role in thetronic wave function which allows for the study of defetts.
properties of these compuntsl’ Effects of doping have The stoichiometric case=1 has also been studied using the
also been extensively studiéd®® recently. A related family slave boson approacf. Within this approach, a metal-
of compounds based on $eWQ; are, on the other hand, insulator(Mott) transition is found for sufficiently large val-
insulating and antiferromagneti&2” Solid solutions includ- ues of |A|/tgeo OF the local electron-electron repulsion
ing Mo and W ions have also been studfécf° U/ tre-vo

The magnetic and electronic structures of the double per- Using realistic values for the parameters the Curie tem-
ovskites with composition S$r,La,FeMoQ; admit a simple  perature is comparable to the one experimentally observed.
descriptiort The M@®* and F€* ions are located at the alter- The generic features of the phase diagram have some resem-
nate nodes of a simple cubic lattice. The strong exchangblance to those of the double exchange model, to which it
coupling within thed orbitals of the Fe ion leads to the can be reduced in some limits. One of the most remarkable
formation of a spin 5/2 moment, from electrons which oc-differences is the appearance of an antiferromagnetic phase
cupy the exchange split twey and the three,4 orbitals. The even in the absence of direct antiferromagnetic
three remaining,4 orbitals at the Fe sites are hybridized, interactions’?
through the intermediate O ion, with thg, orbitals of the The analysis outlined above implicitly assumes the
neighboring Mo ions. Because of the symmetry of these orequivalence of the threg orbitals at the Fe and Mo sites,
bitals, hopping between them can only take place along twand it neglects the possibility of nontrivial types of orbital
of the three lattice axes, leading to three decoupled two dierder. Electron-electron interactions may break the symmetry
mensional bands. Band structure calculations suggest that thetween the,, orbitals. Such phases have been extensively
direct hopping between the Mg, orbitals is not negligible investigated in the related double exchange compounds of
(this hopping does not change the two-dimensional nature afomposition La_,CaMnO; and related materiaf$—° The
the bands The number of electrons in the conduction band,electron-electron interaction in SglaFeMoQ; can be
per unit cell, isx=1+x wherex is the concentration of the large, as the conduction band has a significant weight on the
trivalent L&* ions. Most of the calculations reported below Fe orbitals. In the present paper, we analyze the possibility of
are given in terms of the band filling and the correspon- the breaking of the orbital symmetry in the,St.a,FeMoQy
dence with the doping leved is highlighted when needed. family of compounds, using mean field theory. The electron-

These arguments suggest that the minimal description aglectron interactions are described by means of a local repul-
the electronic structure of these materials requires three paion termU between electrons in different orbitals at the
rameters: the energy difference betweentthdevels in the  same Fe site. Orbital ordering has already been reported for
Fe and Mo ions\ = ec.— €y, the Fe-Mo hoppindr..y, and  the stoichiometric SFeWQ; compound?” We obtain a rich
the Mo-Mo hoppingty..mo- We assume that the exchange phase diagram as a function of the number of electrons in the
splitting between the spily states in the Fe ions is much conduction band and the difference between the Fe and Mo
larger than the width of the conduction band. Hence, we neetévels. The method is discussed in Sec. Il. Then, we present
to consider one spin state at each Fe ion. This truncation dhe main results. Section IV discusses the relevance of our
the states used to describe the conduction band is similar findings for the physical properties of these materials.
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[l. THE MODEL AND THE METHOD OF CALCULATION a at a Mo sitei and the operatord! . . have the same effect

a,l,S

We assume that the conduction band arises from the hyat Fe sites. Note that the indexs either 1 or -1 at the Fe
bridization oft, orbitals at the Mo and Fe sites. There aresites, while it can take both values at the Mo sites. We have
three spin polarized orbitals at the Fe ion, and six orbitals agonserved the spin index at the Fe sites in order to describe
the Mo ion. The hopping takes place within planes deterantiferromagnetic phases alorill) planes, like that ob-
mined by the symmetry of the orbitalfor instance, the hy- served in S§FeWQ; (see below. A schematic representation
bridization does not allow for hopping betweey, orbitals  of the couplings in Eq(l) is shown in Fig. 1.
along thez axis). There is hopping only between states with  The Hamiltonian,, is defined on a square lattice. The
the same spin. The levels at the Fe sites are shifted withesulting energy bands depend on the configuration of the
respect to those at the Mo sites by an enekgyVithin these  core spins at the Fe sites. We will consider the two textures
approximations, the kinetic energy of the conduction elecshown in Fig. 2. When all core spins are parallel, the unit cell
trons is described by three independent Hamiltonians of thg,cludes one Fe and one Mo site. The subbands with spins

form antiparallel to the core spins are built up from one orbital at
Ho=L23- g 2 CZ- d, i o+ tyo. E CZ' C,i the Fe site and another orbital at the (Mo site. Each Fe
kin Fe Moi,jn_n_,s dhstels T Mo Moijn,n,n,,s herads orbital is related to the next Mo orbital within the unit cell,
N and to the Mo orbitals at sites separated by lattice vectors
+ Aa_E dyi e s: @ ny,ny andn,+ny (see Fig. 1. Hoppings between Mo orbitals
1,S

take place for lattice vectorsngtn,. The energies, are
The operatorg,; s create electrons with spmin the orbital  given by

Uyo-moCO9K,@)COTK A) — € tred 1+ (1 +€47) | 0

Det . ! 2
tremd 1 +€703) (1 +e757) A, - & @

The band with spin parallel to the Fe core spins is localized at the Mo sites. The energy is
€k = Ayvo-moCOg K, @)cogk ). 3

In the antiferromagnetic configuration shown on the right side of Fig. 2 the unit cell includes four sites. The spin-up and
spin-down bands are degenerate, although they are localized in different regions of the lattice. The spin-up band is derived
from two orbitals at the Mo sites, and the orbital at the Fe site whose core has spin down. The energies are given by

Sk thomo(L +EXD)(L+EX2)  teg o1 +e70)
Det| tyo-mo(1 + €03 (1 +e7/?) - € tremd 1+ | = 0. (4)
tFe—Mo(l + eikxa) tFe-Mo(l + eikya) Aa €&

We also include a repulsion between electrons in different Note that the filling of the conduction bandscan vary

orbitals at the Fe sites. This term has the form between 0 and 9, €x=<9. In the following we will show
calculations for band fillings within this range, although fill-
Hm=U > df, d asdiT s i (5)  ings such thak=2 cannot be obtained by substituting the

divalent Sr ions by trivalent ions.

From the total energy versus doping curysse Sec. |l
We use the Hartree-Fock method to analyze the effect of thige identify regions of phase separation in the phase diagram
term. Then, assuming that the occupancies of the differerising the Maxwell construction. This construction allows us
orbitals at the Fe site are not the same, the Fe levels are givéa identify densities at which different phases can coexist as
by they have the same chemical potential.

i,a#a'

A= €re™ €wo + U % (A oy ) (6) Ill. RESULTS
o a
In the following, we use as a unit of enertps. o From
Here, ere and ey, are defined in the absence of interactionpand-structure calculatiods, this parameter is tre o
corrections. The expectation valu&ﬁa,vsdi,arg have to be =~0.3eV. We also fixtyymo=0-Zre-mo aNd U=12re yior
calculated self-consistently, inserting the levels given in EqThese values are less well defined, but consistent with exist-
(6) into Eq.(1). ing band-structure calculatiodsThe results do not change
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FIG. 1. (Color onling Sketch of the interactions included in
Hiin, EQ. (D). 6

qualitatively for other values of these parameters, although

the finer details are modified. We vaty=er.—€y,+U/3 FIG. 3. (Color onling Total energy(per sitg of the ferrimag-

from O (strongly hybridized band, probably adequate fornetic solutions with and without orbital ordering and for the anti-

SrLaFeMoQ;) to A=-4tr.\, (conduction electrons ferromagnetic solutiorforbitally ordereregias a function of band

mostly localized on Fe ions, valid for SglaFeWQ,). The  filling x. The splitting between the Fe and Mo levels As-er,

filling of the conduction band can vary from 0 to 9. Experi- -€éwo+U/3=-4re.no (INse) Band filling (vertical axig as function

mentally relevant values of band filling) lie between 1 and  ©of chemical potentia(horizontal axig in units of tre.ie. Note that

2, corresponding to doping levetssuch that Gsx<1. the doping is equal to the band filling minus one: OO stands for
Results for the total energy of self-consistent solutions foPrPitally ordered and NO for orbital degeneracy. FM and AF stand

A=—-4t,,, are shown in Fig. 3. This case favors the Iocal—for the ferrimagnetic and antiferrromagnetic phases discussed in the

- e-Mo -
ization of the conduction electrons at the Fe sites, a situatiofP*

which probably describes well SglaFeWQ,.?" The energy  ever, the antiferromagnetic, orbitally ordered phase prevails.
difference(per sitg of the different phases is much smaller These results are consistent with the calculations in Ref. 32,
than the electronic kinetic energy. The most stable phaselthough the antiferromagnetic phase is shifted towards
aroundx=0 is the antiferromagnetic phase with orbital or- larger values ok due to the different value dfy,.y, used
dering. One of the thregy orbitals at the Fe site is occupied, here. There is a first-order phase transition between these two
while the two others are pushed to higher energies. Thiphases, with a significant range of doping values for which
phase is insulating, as shown in the kink of the energy versughase separation takes place. The two competing phases are
x curve, and the finite range of values of the chemical potenmetallic throughout the physically relevant doping range.
tial compatible with the band filling equal to oridopingx  The most complex intermediate situation between these two
=0) shown in the inset. This range gives the gap in the elecregimes takes place far=-3tg, o as shown in Fig. 5. The
tronic spectrum, which is of order 1->2tr, ., Our calcula-  orbitally ordered antiferromagnetic phase competes with the
tions suggest a wide range of phase coexistence between tfgsrimagnetic phase with and without orbital order. At low
stoichiometric case with doping=0 and dopingx=~1. At  dopings,x<0, the ferrimagnetic phase is the most stable.
sufficiently high dopings, an orbitally ordered ferromagneticThe insulating, orbitally ordered antiferromagnetic phase
phase is stable. prevails near zero doping~=0, and the ferrimagnetic phase
The nature of the insulating phase in this regime is inwith orbital order has the lowest energy fox0.6. There are
agreement with the band-structure calculations in Ref. 27sizable regions of phase separation aroxr@.
One of the bands with spin antiparallel to the core Fe spin The difference between the orbital levels at the Fe ion,
lies separated by a gap from the others. This band can aghich can be used to characterize the orbital order, is shown
commodate one electron, and doping beyowd requires in Fig. 6. At low band fillings, when orbital order exists, the
the filling of states above this gap. level splitting is roughlys; - &,~Ux. This effect leads, for
The opposite case, where the Fe and Mo orbitals are op<=1, to a sizable gap between the highest occupied and the
timally hybridized(A=0), is shown in Fig. 4. This choice of lowest empty bands as discussed above.

parameters is probably adequate fop_gra,FeMoQ;. The 0 . .
most stable phase near 0 is a metallic ferrimagnetic phase, Em-gg .
without orbital ordering. At sufficiently high dopings, how- 3 FM % S JARNO ——
A 2F AR 4 JAF-00
X [ ]
oo 6 6 0 0 11 :
w-2 0 M
o CY I 2 1 0
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FIG. 2. (Color onling Configurations of the core spins at the Fe
ions considered in the text. The rectangles denote the corresponding
unit cell. FIG. 4. (Color onling As in Fig. 3, but forA=0.
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FIG. 5. (Color onling As in Fig. 3, but forA=-3tre yo FIG. 7. (Color onling Schematic view of the phase diagram as

function of the separation between the Fe andWgevels and the

The oh di hich ari f h lculati band filling x. FM and AF denote the ferrimagnetic and antiferro-
e phase diagram which arises from these calculations I|§1agnetic phases described in the text. OO stands for orbital order,

shown in Fig._ 7.Thereis a <_:ompe'_[iti0n between the diﬁ?remémd NO labels a phase without orbital order. The antiferromagnetic
phases considered here, with regions of phase separation. ynase ax=1 is insulating. Phase separation takes place in the blank

regions.

IV CONCLUSIONS strongly hybridized band, the material tends to be a ferro-

We have studied the phase diagram of a tight-bindingnagnetic metal, through a mechanism similar to double ex-
model compatible with the known results about the bandhange. . .
structure of Sy, laFeMoQ; and Sp_LaFeWQ. The Orbital order is favored when the conduction electrons are
model used resembles the double-exchange model proposBiPStly localized in the magnetic, highly correlated iéfe).
for the manganites. The presence of a nonmagnetic ion"eN: @ single band splits from the rest, leading to a system
(Mo, W) with levels at similar energies to the orbital levels Which is insulating at stoichiometry=0 (band fillingx=1).
of the magnetic ior(Fe) induces significant changes in the 11iS phase can be either ferrimagnetic or antiferromagnetic,
resulting magnetic structures. The largareefold degen- with a slight tendency towards the latter. This situation may

eracy of thet,, levels involved also influences the phasedescrlbe SiLaFeWQ,. We have not analyzed the suppres-

di sion of orbital order at finite temperatures. The existence of a
'agrarn. I in the insulating phase for,Sta,FeWQ; implies
We have studied the model within the Hartree-Fock ap_arge gap In the insu gp 25. X S np
Wat, within the Hartree-Fock approximation, orbital order

proach, which is a reasonable approximation to phases wit . . S X .
broken symmetries in three dimensions. This approach, howPersists above the Néel temperature. This insulating phase is

ever, does not contemplate the possibility of a metal—semIratEd by regions qf phase 'se.parat'ion from pther' stable
insulator(Mott) transition at stoichiometric fillingg integer. phases at different dopings. A similar situation arises in the

This situation has been considered in Ref. 33. There, thigingle band Hubbard model at half filirtg. While a Mot

transition was found for values af/ tge_ o OF U/tre o larger phfisg without any type of_ordermg Is also possﬂ%lehe
than those considered in this paper. gain in energy associated with the phase obtained here due to

The presence of nonmagnetic ion favors phases WithOL}p.e existence of orbital O.rde”r‘g is largel, so that a phase
without order seems unlikely in the range of parameters con-

net magnetization if the band filling is such that the conduc-’.
tion electrons tend to reside in the nonmagnetic ion. This.SIOIered here. Note that Mott phases are also suppressed when

situation can be relevant for Sgl a,FeMoQ; at sufficiently the number of orbitals involved is large.

; . . : The orbital ordering may be difficult to observe in a sys-
large dopings. At lower doping®and fillingx—0), and in a tem which tends to be highly disordered, such as

Sr_LaFeMoQ, and Sy_,LaFeWQ;. Orbital order favors
- anisotropic electronic properties, as each of theorbitals
12 | o —— selects a plane perpendicular to one of the axes of the cubic
10 | / lattice. The coupling of orbital ordering to the lattice will
e induce a tetragonal distortion below the temperature at which
/ ] orbital ordering sets in. It would be interesting to check this
] possibility experimentally. The room temperature structural
data of Kobayashet al*® indicate almost negligible devia-
tion from cubic structure in this tetragonal phase. A value of
c/\2a ( c,a are lattice parameterslightly below 1 has been
I : ; : ; reported* for Sr,_,La FeWQ; and interpreted as an indica-
o 1 2 3 4 5 6 7 tion of persistent orbital order abovig, (+40 K). The for-
mation of domains because of antisites or other types of dis-
FIG. 6. (Color onling Splitting of the orbital levels at the Fe order can restore isotropy, although the system should be
ions for A=-2tg.\0 as function of band fillings in units of tee_yo anisotropic at short length scales.
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