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Phase diagram and influence of defects in the double perovskites
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The phase diagram of the double perovskites of the type,6a,FeMoQ; is analyzed, with and without
disorder due to antisites. In addition to an homogeneous half metallic ferrimagnetic phase in the absence of
doping and disorder, we find antiferromagnetic phases at large dopings, and other ferrimagnetic phases with
lower saturation magnetization, in the presence of disorder.
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I. INTRODUCTION at the Mo and Fe sites'®"?!If one considers they, orbitals
of both spin orientations at the Fe sites, the model leads to a
The double perovskite SfeMoQ; and related materidls  highly correlated system, where an on site Hund’s coupling
are good candidates for magnetic devices, as they combineamd a Hubbard repulsive term have to be adfet In the
high Curie temperature and a fully polarizéualf metallio  following, we will consider the magnetic phase diagram
conduction band. At present, these materials are beingonly, and neglect the possible existence of a metal-insulator
extensively studied:® transition when the ratio between the bandwidth and the
The magnetism of these compounds arises from tRé,Fe Coulomb term is sufficiently smaif>*We consider that the
S=5/2 core spin, while the charge state of the Mo ion is 5conduction band is built up of the threg orbitals at the Fe
+. Spatially, the Mo and Fe ions occupy two interleaving fccsites with spins oriented antiparallely to the Fe moment, and
lattices (sodium chloride structuje The conduction band the sixt,q orbitals at the Mo sitessee below.
contains one electron per unit cell, which tends to be anti- We denote the destruction operator ®y orbitals with
parallel to the Fe spin. Experiments suggest that, in mangpin + or — at lattice siter asFyy. |.r, My | (F for Fe
samples, the saturation magnetization is less than the exndM for Mo), and so on. The total spin and number opera-
pected 45 per formula unit. This effect is usually ascribed tors on a given Fe site are
to the presence of antisite defetff-11131418here due
to the similarity of their atomic radii, Mo ions are randomly

3 _ T t t

placed on the Fe sublattice and conversely. Notice that when Si= m/sz'm (Fyyiairt Fxzair T Fyzanr)

a Fe ion is misplaced, with high probability it will have a Fe

ion among its first neighbors, enhancing direct antiferromag- X &Q’B(ny;ﬁ;r-i- FxzpgrtFyzpr), 1)

netic (AFM) superexchange with respect to the ideal struc-
ture. The strength of this coupling can be inferred from the o : . .
compound LaFe§ which has the same structure, but where Nr :a:zu (Fay:arFxyiarr T FxzaitFxzar t FyzanFyzair)-

the Mo ions have been substituted by®Fe LaFeQ is )
known to be AFM!¥® with a Neel temperature ofTy
=720 K. Analogous definitions hold for the Mo atoms. Given the

The Sr ions in SiFeMoQ; can be substituted for trivalent large spin value $=5/2) of the localized Fe core spins, we
cations, like La, leading to $r,La,FeMoQ;.*®1® These treat them as classical variables, with polar coordinates
compounds have tx electrons per formula unit in the N
conduction band. These doped materials tend to have a ¢=(sin6 cosep,sind sing,cosh). (3)

higher Curie temperature. Notice that one can also Con|5h ically this imoli diabati imati in th
sider the substitution with a monovalent ioffi.e., ysically this implies ‘an adiabalic approximation, in the

Sr—K,Sr, ,K,FeMoQ,), which takes one electron from the sense that charge carriers are assumed to be in thermal equi-
condu’ctigaxb;nd Ieaviﬁg 4x electrons per formula unit librium with the instantaneouglassical spin configuration.

Hence in this paper negativewill actually refer to substi- As mentioned above, we only consider the Fe orbitals

tution with a monovalent ion. with spin antiparallel tah, which amounts to assume that the
Hund'’s coupling at the Fe ions is much larger than the other
Il. THE MODEL interactions. Thus, we define up and down orbitalsand

f |, with respect to the local 5/2 spin
A. Clean system

Band structure calculations have shown that the conduc-

6 6
F,=cossf,+sin-f,, 4
tion band can be described in terms of hybridizggorbitals 1=c0sy s @
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6 . 6 ions occupying nearest neighbor sites. This will modify the
Fl=sin§e'¢f1—cos§é‘°fl, (5 Hamiltonian in a twofold way.
(1) As said in the Introduction, the large "Ble
where the spin index of theoperators is referred to the local temperatur® of LaFeQ, (720 K), suggests a strong antifer-

directiqn of t_he Fe moment. In the _foIIowing, we neglect all romagnetic superexchange coupling among the core gpins
terms including thef; operators, since we treat the local Thjs antiferromagnetic coupling is usually disregarded in
Hund coupling as the dominant interactiomote that thet  gydies of the clean systefhsince superexchange is expo-
orbital with spin up at the Fe site is included in the Fe |00a|nentially suppressed by the large distance between Fe ions in
momenj. For the sake of brevity, we sét=f. Then, the  tne perfect sodium chioridelike structure. However, the pres-
Hamiltonian, in the absence of disorder and neglecting direcince of antisite defects implies that Fe ions can get much
hopping terms between Mo orbitelsee below, can be writ-  ¢joser than in the perfect structure, enhancing superex-
ten as change. Thus, we add to the Hamiltoniés) an antiferro-
magnetic term
H:ny+ ’Cyz+ Kyxz— 1 2 NrFe_(/“'i_A)rEO;d N?/Io,

r even

(6) Jreres’ ;,jé“ff’f;:fiéﬁr brein 9
with where the sum is restricted to neighboring Fe pairs.
0, (2) The kinetic energy is also modified since now one can
Kxy=tvo-Fe 2 A <5in§fiy;ery;T;r+&+ H.c.) have Fe-Fe hopping through oxygen orbitals, for nearest-
T e Fe lattice neighbors Fe ions. This hopping is modulated by the spins
UTEeC TSy just as in the double-exchange modste, e.g., Ref. 27 for
i Or 4 details:
_<e¢rcos§fxy;ery;l;r+g+ H.c.) . (7)
. . . _— . Or Oi L diter e dgin 2t gin O
The effective hoppings are mediated by virtual jumps into  tFe-Fg COS5 COS——+ e Frowsinsin——/.
orbitals at the oxygen sites lying between the Mo and Fe (10)

ions. The only allowed hoppings are froty, orbitals at Fe ) ) i
ions tot,, orbitals at Mo ions, and within a givexy plane. As discussed below, the magnetic moments of these pairs of

Analogous expressions are found for the kinetic energy OIl;leigh'boring Fe ior_1$ tend to be a_ntiferromagnetically aligned,
the xz and yz planes. Finally, we add a direct hopping be- blocking the hopping of conduction electrqns betwegn them.
tween Mo orbitals located at Mo ions which are nearest! Nus the value of the exchange constaqieis not a critical
neighbors in the Mo sublattice, as suggested by band stru@arameter. In the following we shall s, &= tyo.re for the
ture calculationd? These Mo-Mo hoppings are restricted, Sake of simplicity.

similar to the Mo-Fe ones, to pairs of orbitals with the same

symmetry and within a given plane. This constraint does not C. Values of the parameters

apply to hoppings between orbitals located at more distant The
sites, which we do not consider here. The kinetic energy
acquires new terms of the type

model is defined by the parameters
Mo-Fertmo-Mo A, and Jgege. There are nine orbitals per
unit cell, three at the Fe sites, and six at the Mo sites.
The occupancy of the conduction band depends on the
lCQ"fthO_MO E [(Mly;a;rMXy;a;r+éx+é +H.c) value of the chemical potentialy, and it varies from one
reo e ’ electron to two electrons per unit cell in,SgLa,FeMoG,
" 0=x=1. We neglect interactions of the electrons within this
+(Mxy:a;ery;a;r+éx—éy+ H.c)l. 8 band. As discussed below, the number of electrons at the Fe

. o . __sites is always less than one, making other couplings at the
For computational purposes it will be extremelly convenient Lo
Fe sites irrelevant.

to notice that the total Hamiltonian can be decomposed into . . .

: : S o2 9 The cases to be considered in the following lead to some
three sets of decoupled two dimensional Hamiltonidns: situations where the Mo ions have a finite probability of
Since the Hamiltonian is bilinear in the fermionic operators,bem doublv occupied. that is. in a o state \E)Ve will nc\)/t
and given the adiabatic assumption discussed afte(Fqt ons?der intgractiorﬁ)s bétween ’electrons at th.e Mo sites, how-
follows that the model can be studied using the techniqueg o S . S
. . ever. Mo can exist in many oxidation states, implying that
introduced in Refs. 26 and 27. ,

double occupancy is not strongly suppressed by Coulomb

interactions. In addition, compounds of the tyB&0gO,4
(R a rare earthshow no magnetic contribution from the Mo

The only source of disorder that we shall consider is théons, which suggest weak magnetic interactions in Mo fdns.
existence on antisite defect$®-1113141 hat is, we shall We do not consider additional interactions at O sftes.
consider the possibility that Fe atoms occupy nodes in the The leading interactions between different sites not con-
Mo lattice (and viceversg in a random way. The substitution sidered here are probably superexchange couplings between
of Mo ions by Fe ions leads to the existence of pairs of FeFe ions at the Fe sublattide(as discussed before, magnetic

B. Disordered systems
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PM

couplings between an Fe ion at a Mo site and its Fe neigh-
bors are taken into accoyntit has been argued that these
couplings can destabilize the ferrimagnetic state observec
experimentally, although they may be weakened by lattice
distortions?® Our aim is not to obtain the phase diagram
from first principles, but rather to analyze the influence of g 45
doping and defects on the possible magnetic phases, assur

ing the existence of a ferrimagnetic phase foyMisFeQ;.

As discussed in Ref. 20, superexchange interactions betwee 0.00
Fe ions in the Fe sublattice need to be canceled by othe
mechanisms in order to obtain a ferrimagnetic ground state

antisites: 0%

e

-

o
|||||||

antisites: 10%-

for SpMoFeQ;. Thus, the model that we describe here 010 -
should suffice to understand the trends induced by dopinc C ]
and defects. S b =

We will use trpeo as our unit of energy tfemo 0.05 ]
~0.35 eV from band structure calculationsWe take C ]
tro-Mo /tee-mo= 0-25, A=0 andJrerd tee-mo= 0.1. The value 0.00 — r

of A implies a relatively large hybridization of the Fe and

Mo orbitals, which seems consistent with Hartree-Fock
calculations* Jg. reis chosen so as to reproduce théeNe 0.10
temperature of LaFeQ We have not made a comprehensive

study of the dependence of the results on the tight binding
parameters, but the calculations made so far indicate that th  0.05
qualitative features of the phase diagrams to be discusse
below are not strongly dependent on the choice of param-

antisites: 20%

LN T

eters. In the absence of disorder, this model is basically 9-0° 0.0 05 1o
equivalent to the one studied by Chattopadhyay and Mfillis -

in the context of dynamical mean field theory, although we

shall use Variational Mean Fielgee Ref. 26 for a compari-  FIG. 1. Phase diagram of Sr,La,FeMoQ; as function ofx and

son between the two method§he main novelty is in our temperature for different concentrations of antisite defects. Nega-
considering of the disorder effect88-1113141%ith prob-  tive xactually means $r ;K FeMoQ;. In both cases, the density
ability y we misplace an Fe ion onto the Mo sublattiead of carriers in the conduction band istX. Phase-separation regions
conversely without any spatial correlationsy(is just the are found between the FI and APM phasapper panel and be-
antisite density It is clear thaty=0.5 corresponds to full tween the FIP and AFM phasésiddle and lower panél

disorder on the location of the Fe and Mo ions, whjle
>0.5 is equivalent to +y with the Fe and Mo sublattices , ) e )
interchanged. Vacancies can be equally considered, but elhese sizes, the disorder due to antisites is self-averaging.

plicit calculations showed that they have a much milder ef- 1h€ adequacy of our technique depends on thetansa
fect on the phase diagram. made for the possible spin configurations. We have consid-

ered four possible phase$) the paramagnetitPM) phase,

(i) the ferrimagnetidFl) phase, where all Fe spins are par-
. METHOD OF CALCULATION allel, and the spins of the electrons in the conduction band
are antiparallel to the Fe spin§j) an AFM phase, where the

We use the method developed for double exchange SY¥e spins in neighboringl,1,1) planes are antiparallel, and

tems in Ref: 26. We assume that the Fe core spins are _claa;/) a different ferrimagneti€FIP) phase where the Fe spins
sical. At a given temperature, we average over spin configu:

rations obtained by assuming that there is a magnetic field"® aligned ferrgmagnehcally if th? Fe are n the correct po-
Sitions, and antiferromagnetically if the Fe ions occupy Mo

acting on the spins. The magnitude of these fields are varia- . .
. . L sites because of the antisite defects. In the absence of disor-
tional parameters, which are taken so as to minimize the fre : g

: . X ) : er, we have checked that other phases with canted spins
energy. Given a spin configuration, the electronic states a

/ : - .
calculated exactly, and the electronic contribution to the frega\/e higher free energy. Note that the above aesdefine

agonalization of the Hamiltonian in a 5%X%512 squarg For

energy is obtained by integrating the density of states. As th huecti\;zgi%earreaglggtﬁiﬁlggegt the Fe sites, but that thermal
Fe spins are distributed in a three-dimensional lattice, an '

the electrons lead to effective interactions with the cubic

symmetry, we think that our mean field ansatz for the spin IV. RESULTS

configurations is sufficient. This method is in excellent
agreement with more precise Monte Carlo calculations for
the double exchange modélWe solve the Hamiltonian in The phase diagram of Sr,La,FeMoQ;, as function ofx
lattices with up to 51X 512x 512 sites(note that the calcu- and temperature, is shown in Fig. 1 for different concentra-
lation of the electronic wave functions requires only the di-tions of antisites. In the absence of defects, we find That

A. Phase diagram
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FIG. 2. Occupation of the Mg Mo, and Fe as function of the FIG. 3. Low temperature magnetizatiopd per formula unit
doping of the conduction band. The curves give the occupancies fdff S2FeMOG; as function of the concentration of antisite defects
a 10% density of antisites defects. Note that in phases with no néexPerimental results are from Refs. 9,11,14.
magnetization, the occupancies of the Mand Mq levels are the

same. linear, indicating that a rigid band picture is not valid.

There are sharp changes at the phase transitions.

At low temperatures, the spins at antisites tend to be an-
Iparallel to the magnetization, as shown in Fig. 1. This im-
égies that the saturation magnetization is reduced with re-
transitions are first order, with regions of phase separatiof%pfact to the ordered case. The total magnet|zat_|on .Of the core

spins and the conduction electrons, is shown in Fig. 3. The

between them. For~0, the spins of the electrons at the Mo TR ' S
orbitals are antiparallel to the Fe core spins. We ascribe thgalculated magnet|;at|on IS vygll fitted .by the I|Mas—(4.0
—7.7Y) g, Wherey is the antisite density. Experimental re-

tendency toward phases with zero magnetization, upon in-

creasing doping, to the occupancy of the Mo orbitals Whichsults from Refs. 9,11,14. are added for comparison. Note that

are aligned parallel to the Fe spins. the decrea_se in the magnetizat_ion does not lead to a lowering
The presence of antisite defects changes significantly th8]c the Curie temperature, as discussed above.
phase diagram(i) The Fl phase is replaced by the FIP phase,
where the spins at the Fe sites at the defects are antiparallel
to the overall magnetizatiotiii) the ordered AFM phase is . . )
strongly suppressed, afidl ) the value ofT increases as the ~ We have studied the magnetic phase diagram of the doped
concentration of antisites also increaesvith our param- ~ double perovskites, sr,La,FeMoQ;. We have analyzed the
eters choice, it reaches a maximum close to 109%) the influence of antisite defec_ts, on the phase diagram.
dependence of ¢ with the number of electrons in the con-  In clean systems, we find that as the number of electrons
duction band is more pronounced in the presence of antisited? the conduction band increases, the critical temperature de-
These changes in the phase diagram are associated to #gases, in agreement with previous calculatfénghis
direct AFM interaction between spins at Fe ions which arevariation is due to the increased filling of the Mband,
nearest neighbors. The relevance of these interactions for tiyghich reduces the double exchangelike mechanism which
stability of a ferrimagnetic ground state was emphasized if€nds to align the Fe moments. At sufficiently high dopings,
Ref. 20. These interactions play no role in perfect materialswe find ordered phases without net magnetization, which en-
The antiferromagnetic interaction can be easily shown to b&ance the delocalization of both the Mand Mo bands.
equivalent to aferromagneticone for the atoms in the Fe The transitions between these phases tend to be first order,
sublattice. Thus, superexchange enhances the tendency #ith regions of phase separation between them. Electrostatic
ward a ferromagnetic order in the original Fe sublattice. Thiseffects will prevent the existence of phase separation at mac-
effect is independent of the number of electrons in the contoscopic scales, leading to a domain structure at mesoscopic

duction band. The saturation magnetization, on the othefcales” _ o .
hand, is reduced. Antisite disorder induces significant changes in the phase

diagram. The ordered ferrimagnetic phase is replaced by a
different ferrimagnetic phase where the Fe spins at defects
are antiparallel to the bulk magnetizatitthe FIP phase, see
Figure 2 gives the occupancies of the different orbitals asig. 1). Antiferromagnetism at finite dopings is suppressed.
the number of electrons in the conduction band is variedThe saturation magnetization in the FIP phase is reduced,
Most of the charge is in the Mo orbitals. The variation is notalthough the Curie temperature tends to increase with the

decreases with increasing doping of the conduction band, i
agreement with Ref. 22. At high, but still reasonable, doping
we find the ordered AFM phase described above. The pha

V. CONCLUSIONS

B. Electronic structure and saturation magnetization
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number of Fe in Mo position¥, due to the direct AFM ex- includes all relevant interactions required to study the mag-

change between Fe ions which are nearest neigiBors. netic properties of the metallic state of double perovskites.
Note that, in order to study compounds with different Similar models provide a good understanding of the mag-

number of carriers in the conduction band, the presence afetic properties of the half metallic manganite oxidesch

vacancies and changes in the Fe-O-Mo bond angles, Fek Lg_,CaMn05).?%?” In summary, we find a rich phase

Mo-O distance, and in the energy splittidgcan influence  gjagram for Sy_,La,FeMoQ, which is significantly modi-

the results. These effects need to be extracted from the avaizq in the presence of defects.

able experimental data and incorporated in the model Hamil-

tonian(6). In addition, the reduction in the magnetization can

lead to difficulties in dgtermining the value of the Curie. tem- ACKNOWLEDGMENTS
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