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Metal-insulator transition in the double perovskites

A. A. Aligia, P. Petrone, J. O. Sofo, and B. Alascio
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We construct an effective Hamiltonian for the motion of electrons among the transition-metal ions of ordered
double perovskites like Sr2FeMoO6, in which strong intra-atomic Coulomb repulsionU is present in only one
of the inequivalent transition metal sites. Using a slave-boson formalism, we construct a phase diagram that
describes a charge-transfer transition between insulating and metallic behavior as the parameters of the model
are changed. The parameters for Sr2FeMoO6 are estimated from first-principles calculations and a transition to
the insulating state with negative pressure is obtained.
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Two mechanisms contribute to the magnetoresista
~MR! of Mn Perovskites. One of them is an intrinsic mech
nism that results from the quenching of spin scattering of
carriers by localized spins. It dominates the high-field M
and is most effective at temperatures of the order of
Curie temperatureTc . The other mechanism, which is mo
effective at low fields, is due to the lowering of spin scatt
ing at interphases between two regions in the materials
have different orientations of their magnetization. Th
mechanism is also temperature dependent and is large
temperatures well bellowTc , where the polarization of car
riers is large. This explains the interest on materials whereTc
is appreciably larger than room temperature.

The report by Kobayashiet al.1 that the double perovskite
Sr2FeMoO6 with a Tc of about 450 K is half metallic with an
appreciable low-field magnetoresistance has renewed int
in these compounds. Furthermore, they open new ques
concerning the nature of the electronic structure.

In an ionic picture, assuming that all O ions are O22, one
can imagine the 3d transition-metal ions as triply or doubl
ionized, and Mo to be Mo51(4d1,S51/2) or Mo61(4d0,S
50). In this picture Fe31(3d5,S55/2) would order antifer-
romagnetically with Mo to produce a magnetization satu
tion of 4mB as observed, or Fe21(3d6,S52) could order
ferromagnetically to produce the same magnetization. In
extreme situation with no carriers on the Mo ion (Fe21 and
Mo61), one would expect that the system is insulating b
cause of the strong intra-atomic Coulomb repulsion in
@U;7 eV ~Ref. 2!# compared with the effective Mo-F
hopping @V;0.39 eV from our fits explained below orV
;0.25 eV ~Ref. 3!#. Actually, there is a certain degree o
covalency between O and the transition-metal ions.4 Apply-
ing perturbation theory to this insulating state, the Mo v
lence becomesvMo56224@ tMo-O /(eMo2eO)#2, wheret tm-O
is the hopping between transition-metalt2g and O pp

orbitals,5 andeX is the on-site energy for atomX. The mag-
netic moment of Mo,mMo , remains zero in second order
tMo-O . This shows thatmMo rather thanvMo can indicate if
the system ssis insulating or near a metal-insulator transit
In fact, the observed Mo-3d chemical shift is practically
identical to that of MoO3, but vMo,6.4 For Fe,vFe2254
2mFe58@ tFe-O/(eFe2eO)#2.

While Sr2FeMoO6 is in fact metallic, neutron-diffraction
experiments6 obtained magnetic moments consistent with
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insulating state:mMo5060.1 mB and mFe5460.1 mB , in-
dicating that the system is near a metal-insulator transit
Our band-structure calculations give a metallic state w
mMo.0.2 mB , and with a sign opposite to that ofmFe. The
fact that the experimentalmMo is lower, points out that the
real system is nearer to the insulating state than the pre
tions of these calculations. Furthermore, substitution of
by Re seems to increaseTc but renders the materia
insulating.7 In addition, substitution of Fe by Co or Mn, fo
example, makes the compounds antiferromagnetic
insulating.8 Also, the physical properties~conductivity, mag-
netization! are very sensitive to sample preparation. Thus
is of great interest to understand when we can expect a
tallic or insulating behavior in similar systems.

In this paper, we intend to address the general questio
when one should expect insulating or metallic behavior
the ordered double-perovskites structures.

In order to investigate the physical properties of the
materials it is necessary to gain knowledge of their intim
electronic structure, including the effects of correlations. W
build a tight-binding Hamiltonian to describe their electron
structure. This Hamiltonian is based on the calculated ene
bands, as explained later, and is reduced to the minimum
of relevant parameters. Since the low-energy properties
the compounds are determined by the bands crossing
Fermi energy, the only interesting orbitals are thet2g orbitals
in the interpenetrating simple-cubic lattices of Fe and M
Itinerant electrons tunnel from the threet2g orbitals of Fe to
the samet2g orbitals of the nearest-neighboring Mo, and b
tween Mo with transfer energiesV andV8. In the ferromag-
netic phase, which will be studied here, only spin-down el
trons can jump since the spin-up orbitals at each Fe site
already filled. We consider these orbitals to be frozen. T
same approach has been followed in a recent paper.3 The
resulting effective Hamiltonian, which contains strong cor
lations, is treated in a slave-boson approximation.9,10

For our band-structure calculations we use the fu
potential linearized-augmented-plane-wave meth
~FP-LAPW!.11 In brief, this is an implementation of the
density-functional theory using the generalized-gradient
proximation of the exchange and correlation potential.13 The
Kohn-Sham equations are solved using a basis of linear
augmented plane waves.12 Local-orbital extensions to the
LAPW basis14 are used to describe the 3s and 3p orbitals of
©2001 The American Physical Society14-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 092414
Fe and the 4s orbitals of Mo and Sr. We use a wel
converged basis set of around 1260 plane waves and a
pling of the Brillouin zone of 343 points, corresponding
20 in the irreducible wedge of the Brillouin-zone. We use
muffin-tin radius of 2.2 Bohrs for Fe, 2.0 Bohrs for Mo, 2
Bohrs for Sr and Mo, and 1.5 Bohrs for O.

To construct an effective Hamiltonian for the descripti
of the motion of electrons among transition-metal ions,
consider a simple-cubic lattice occupied by these ions of
tice parametera. This lattice consists of two interpenetratin
fcc sublattices, one occupied by the Mo ions and the othe
the Fe ions, in such a way that the nearest neighbors~NN! of
each Mo ion lie in the other sublattice and vice versa. T
may be extended to other transition metals. In between e
two transition-metal ions lies an O ion. The O degrees
freedom can be eliminated through a low-energy reduc
process~see, for example, Refs. 5 and 15 and referen
therein!. If the difference between on-site energieseMo2eO
and eFe2eO is large compared with the absolute value
tMo-O andtFe-O, this can be done by perturbation theory. T
xy orbitals acquire an effective hoppingV to thexy orbitals
of the four NN in thex-y plane due to a process of seco
order in the hopping betweenxy andpp orbitals.5 There are
two third-order processes, which involve O-O hopping b
tween twopp orbitals, which lead to a next-NN hoppingV8
between Mo sites. The band calculations suggest that
equivalent process between Fe ions is not important and
neglect it. By symmetry, it is clear that thexy orbitals cannot
hop to NN or next-NNyz or zx orbitals. In addition~exclud-
ing direct hopping involvingd orbitals at distances large
thana/2), thexy orbitals at any sitei cannot hop out of the
plane, because its hopping to any O orbital of the sitei

6(a/2)ẑ is also zero by symmetry. Thus, with a high degr
of accuracy, electrons occupyingxy orbitals move only in
thex-y plane. Similar considerations extend to theyz andzx
orbitals.

This leads to the following effective Hamiltonian for th
movement of electrons with spin down amongd orbitals:

H5EFe(
ia

nia1EMo(
j a

nj a1U (
i ,a,b

nianib

2V (
iada

~ci 1daa
† cia1H.c.!2V8 (

j aga

cj 1gaa
† cj a . ~1!

Herecia
† creates an electron at the orbitala5xy, yz, or zx

of site i with spin down, the sum overi ~j! extends over the
Fe ~Mo! sites, nia5cia

† cia , and da (ga) are vectors that
connect a site with their four NN~next-NN! sites lying in the
a plane.U is the on-site Coulomb repulsion at the Fe sit
The corresponding term at the Mo sites is neglected. Eli
nating thed-pp hopping through a canonical transformatio
the values of the other parameters are

EFe5eFe2
4tFe-O

2

eFe2eO
, EMo5eMo2

4tMo-O
2

eMo2eO
,
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V5
tFe-OtMo-O

2 S 1

eFe2eO
1

1

eMo2eO
D , ~2!

V85
2tMo-O

2 tO-O

~eMo2eO!2
,

wheretO-O is the absolute value of the hopping between
pp orbitals of two nearest-neighbor O atoms.

In order to treat the Hamiltonian Eq.~1!, we use a simple
extension of the slave-boson theory of Kotliar a
Ruckenstein9 to the case in which there are two sites p
elementary cell and three ‘‘colors’’ per Fe site~instead of two
representing spin up and down!. The Fock space at each F
site i is enlarged introducing boson states represented by
creation operatorsei ~empty!, sia ~singly occupied at orbital
a), diab5diba ~doubly occupied at orbitalsa and bÞa),
and t i ~triply occupied!. In the combined spaceH reads

H5EFe(
ia

nia1EMo(
j a

nj a1U(
i

S (
a,b

diab
† diab13t i D

2V (
iada

~ci 1daa
† ciazia1H.c.!2V8 (

j aga

cj 1gaa
† cj a

1(
ia

l iaS sia
† sia1 (

bÞa
diab

† diab1t i
†t i2niaD

1(
i

l i8S ei
†ei1t i

†t i1(
a

sia
† sia1 (

a,b
diab

† diab21D ,

~3!

where zia
† represent creation of an electron in the boso

part of the Fock space,

zia
† 5S 12ei

†ei2 (
bÞa

sib
† sib2digh

† dighD 21/2

3S sia
† ei1 (

bÞa
diab

† sib1t i
†dighD

3S 12sia
† sia2 (

bÞa
diab

† diab2t i
†t i D 21/2

, ~4!

whereg andh are the two orbitals different froma, and the
last two terms of Eq.~3! were introduced to satisfy the con
straints of vanishing of the corresponding expressions
tween brackets when the energy is minimized with respec
the Lagrange multipliersl ia and l i8 . The roots in Eq.~4!
were carefully chosen to satisfy three requirements:~i! they
are equal to 1 when treated exactly inside this expression~ii !
they respect electron-hole symmetry, and~iii ! when U50,
the saddle point of Eq.~3! reproduces the exact ground-sta
energy.

In the following we consider the Hamiltonian~3! in the
saddle-point approximation, looking at the homogeneo
symmetric solution of the minimization problem, in whic
all values of the condensed bosons are independent of
and orbital. The problem reduces to a noninteracting o
4-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 092414
with renormalized NN hoppingVz, wherez is the saddle-
point value ofzia

† ~assumed real!. We neglect the term inV8.
Its effect near the metal-insulator transition is small and
be taken into account renormalizingV. TakingV850 allows
us to obtain analytical expressions for the electronic spec
densities of statesraFe andraMo as a function of the saddle
point values of the bosons (e, s, d, and t) and multiplier
l ia5l,

raFe~v!5~v2EMo!F~v!, raMo~v!5~v2EFe8 !F~v!

with

EFe8 5EFe2l, F~v!5r0~r !/r ,

r 5sgn~2v2EMo2EFe8 !A~v2EMo!~v2EFe8 !, ~5!

andr0(v) is the spectral density for a square lattice with N
hoppingVz. For simplicity, we replace this density by a co
stantr051/(2W) extending from2W to W with W54Vz.
This allows to perform the integrals analytically and the e
ergy per Fe site takes the form

E~s,d,t !5
EMo1EFe

2
2

3@W21~EMo2EFe8 !2/4#1/2

2

1@4W2/91~EMo2EFe8 !2/4#1/2

1 1
4 ~126m!~EMo2EFe2l!13U~d21t2!,

~6!

wheree is eliminated using the constraint 15e21t213(s2

1d2), m5s212d21t2, andl is eliminated from

^nia&5m5
1

6
1

EMo2EFe8

4W

3 lnH @W21~EMo2EFe8 !2/4#1/21W

@4W2/91~EMo2EFe8 !2/4#1/212W/3
J . ~7!

In Fig. 1 we show the resulting values ofz after minimiza-
tion of E(s,d,t) as a function ofU for several values ofD
5EMo2EFe. For sufficiently large values of these quantitie

FIG. 1. Reduction factor of the effective hopping as a funct
of U for several values ofD5EMo2EFe.
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z50. This indicates that the carriers become extrem
heavy, the effective bandwidth is zero, and the system
insulating.

For z→0 (W→0), the expressions~6! and ~7! can be
expanded and the minimization problem can be further s
plified, allowing a simple analytical description of the meta
insulator boundary. Differentiating the resultingE(s,d,t)
leads tot50 and

3~EMo2EFe!

2A38V
52y1~113y2!1/21

1

~113y2!1/2
,

~8!
9U

2A38V
5

2

y
1

3

~113y2!1/2
,

wherey5d/(123m)1/2. As y varies from zero tò , Eqs.~8!
map the metal-insulator boundary. Due to the fact thatt goes
more rapidly to zero thand andm21/3, the problem takes a
form similar to the metal-insulator transition in th
cuprates.10 Taking the limits of large or smally in Eqs. ~8!,
asymptotic analytical expressions for the boundary can
derived,

EMo2EFe5
152~21A3!2

27

V2

U
, U→0,

~9!

EMo2EFe5
4A38

3
V1

608

27

V2

U
, U→`.

One can see from here that the insulating behavior due
Coulomb repulsion at Fe sites is not possible ifEMo2EFe

,(4A38/3)V.8.22V, slightly larger than the bandwidth o
r0. This explains the different behavior of the curves in F
1 depending on the value of (EMo2EFe)/V.

The resulting metal-insulator phase diagram and
asymptotic expressions~9! are represented in Fig. 2. Th
realization of such a phase transition depends on the po
bility of controlling the parameters of the Hamiltonian

FIG. 2. Phase diagram of the model in theEMo2EFe vs U plane,
separating the regions of metallic~M! and insulating~I! behavior.
The dashed lines correspond to the asymptotic analytical exp
sions~9! for U→0 andU→`. The circles correspond to the poin
listed in Table I. The open circle corresponds to the experime
system at zero pressure. The arrow denotes the direction of inc
ing pressure.
4-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 092414
these materials. As an example, we have studied the ef
of pressure~positive or negative! on the parameters fo
Sr2FeMoO6. The Madelung potential at Fe sites should
very different from that at Mo sites due to the large cha
difference. In consequence, one expects that the applica
of pressure or chemical pressure should modify the ene
difference between Fe and Mo (EMo2EFe) and also the hy-
bridization parameterV. These parameters were obtain
from a fit of our calculatedt2g energy bands for differen
values of the lattice parameter to the bands that result f
the Hamiltonian~1! with V850, treated in the Hartree-Foc
approximation. In particular the band that crosses the Fe
energy was adjusted at its bottom~point G), andEMo2EFe
was determined from a fit of the bands at the L point. The
for the experimental lattice parameter is shown in Fig. 3. T

FIG. 3. Calculatedt2g energy bands~full line and solid circles!
and fitting using Eq.~1! with V850 in the Hartree-Fock approxi
mation~dashed lines!. The Fermi energy is at 0 eV. The wave ve
tors shown are W5(p/a,0,2p/a), L5(p/a,p/a,p/a), G
5(0,0,0), X5(0,0,2p/a), andK5(3p/2a,3p/2a,0)
Y.
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bands at higher energies are affected by high-energy s
not included in Eq.~1! and a fitting of them is outside ou
scope. In Table I, we show the resulting parameters and
pressurep ~obtained from the numerical derivative of th
total energy in the band-structure calculation with respec
the volume! for different lattice parametersa. For the experi-
mentala514.91 Å atp50, we obtain a small but nonzer
p due to the errors of the method. The corresponding po
in parameter space are represented by circles in Fig. 2.
can see that in fact Sr2FeMoO6 is not far from a metal-
insulator transition and this can be achieved by applyin
negative pressure estimated as28 GPa.

In summary, combining band-structure calculations with
slave-boson technique~equivalent to the Gutzwiller
approximation9! to treat strong correlations, we have studi
the possibility of a metal-insulator transition in Sr2FeMoO6.
We expect that this approach can be used to understand
metallic or insulating behavior in other double perovskite

We thank G. Zampieri for useful discussions. We we
partially supported by CONICET. This work was sponsor
by Grant No. PICT 03-06343 of ANPCyT and Grant No. P
4952/96 of CONICET.

TABLE I. Pressure and parameters of Eq.~1! for different lattice
parameters.

a(Å) P ~GPa! V ~eV! EMo2EFe ~eV!

16.51 212.47 0.2417 2.967
15.71 28.37 0.3015 2.886
15.31 24.57 0.3396 2.824
15.11 21.69 0.3618 2.789
14.91 1.72 0.3850 2.727
14.81 3.52 0.3964 2.681
14.71 5.36 0.4096 2.577
14.61 7.17 0.4203 2.385
14.51 9.07 0.4494 2.029
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