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The structural, half-metallic (HM) and magnetic properties of the imperfect Pb2FeReO6 containing eight differ-

ent inherent defects of the FeRe or ReFe antisites, Fe1-Re1 or Fe1-Re4 interchanges, VFe, VRe, VO or VPb vacan-

cies have been studied by first-principles calculations. No obvious structural changes are observed for FeRe or

ReFe antisites, Fe1-Re1 or Fe1-Re4 interchanges and VPb vacancy defects, however, the six (two) nearest neigh-

bors O (Fe or Re) of the vacancy move away from (close to) VFe or VRe (VO) vacancies. The HM character is

maintained for FeRe or ReFe antisites, far Fe1-Re4 interchange, VFe, VO or VPb vacancies, while vanished for

near Fe1-Re1 interchange or VRe vacancy. So the near Fe1-Re1 interchange or VRe vacancy defects should be

avoided to preserve the HM character of the Pb2FeReO6 and thus usable in spintronics devices. Except for the

FeRe antisite case with a slightly higher total moment, the total moments tot of the imperfect Pb2FeReO6 with

the other seven inherent defects are smaller than 3.96 B/f.u. of the perfect Pb2FeReO6.
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1. Introduction

Based on the first-principles calculations on the semi-
Heusler alloys NiMnSb and PtMnSb, the concept of half-
metallic (HM) ferromagnets (FMs) was first proposed by
Groot et al. [1] in 1983. Then, the HM magnetic materials
immediately attracted much research in theory [2-10] and
experiment [11-15] for their potential applications in
magnetoelectronic [16] and spintronic [17] devices. Typical
representations of the HM magnetic materials include
spinel Fe3O4 [18, 19] and FeCr2S4 [20], rutile CrO2 [21-
23], Mn doping GaAs [24, 25], Ca doping single perovskite
La1-xCaxMnO3 [26], double perovskites Sr2FeMoO6 [27]
and Sr2FeReO6 [28]. The HM materials are characterized
by the coexistence of metallic conducting behavior in one
electron spin channel and insulating behavior in the other
spin channel. Their electronic density of states (DOS) is
completely (100%) spin polarized at the Fermi level, and
conductivity is dominated by these metallic single-spin
charge carriers. Therefore, the HM materials offer potential
technological applications in the realm of single-spin

electron source and high-efficiency magnetic sensors [16,
17].

The finding of the HM ferromagnetism, large tunneling
magnetoresistance (TMR) and high Curie temperature
(Tc) in Sr2FeMoO6 [27] and Sr2FeReO6 [28] by Kobayashi et

al. in 1998 and 1999 revives the extensive study of the
double perovskites, which are usually with a general
chemical formula of A2MM'O6, where A is an alkaline-
earth-metal atom (Ca, Sr or Ba) or a rare-earth-metal
atom (La, Ce or Nd), M a 3d transition-metal (TM) atom
(Cr, Mn, Fe, Co, Ni or Zn), M' a 4d TM atom (Mo, Te or
Ru) or 5d TM atom (W, Re or Os). Besides experimental
works [27, 28, 29-36], various first-principles calculation
methods [27, 28, 37-42] including the local (spin) density
approximation (L(S)DA) and the generalized gradient
approximation (GGA), have been used to investigate the
electronic and magnetic properties of the ordered Sr2FeMoO6

and Sr2FeReO6. The smaller saturation magnetizations of
3 and 2.7 B per formula unit (f.u.) at 4.2 K for
Sr2FeMoO6 [27] and Sr2FeReO6 [28] respectively, are
attributed to the mis-site-type disorder of the TM atoms
M and M' [43-45].

In 2009, a new double perovskite Pb2FeReO6 was suc-
cessively prepared at 6 GPa and 1000 ºC by Nishimura et

al. [46]. Despite the presence of Pb2+ ion at the A site, its
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crystal structure was determined to be a body-centered
tetragonal (BCT) with a space group of I4/m and the
lattice constants of a = b = 5.62 Å and c = 7.95 Å. Its
Curie temperature (Tc) of 420 K is slightly higher than
401 K of Sr2FeReO6 [28] and its HM ferrimagnetic nature
implies its potential application in magnetoelectronic and
spintronic devices. Fabrication of the double perovskite
Pb2FeReO6, either in bulk-sintered, single-crystalline, or
epitaxial thin-film growth, would necessarily lead to a
certain degree of imperfections. For instance, in their
work on sintered Pb2FeReO6, Nishimura et al. [46] found
that the saturation magnetization could be adjusted by
using different heat treatment methods to change the
degree of Fe3+/Re5+ ordering. It is theoretically and experi-
mentally shown that the ordering of the TM Fe and Mo/
Re as well as the oxygen vacancy are the key factors
determining the macroscopic magnetic properties of the
Sr2FeMoO6 and Sr2FeReO6. The antisite defects, which
are defined as the misplacement of Fe in Mo/Re positions
and vice versa, and the oxygen vacancy generally decrease
the saturation magnetization [27, 28, 47-54]. Therefore, in
this paper, on the point of view of the HM character and
magnetization reduction, the structural, electronic and
magnetic properties of the imperfect Pb2FeReO6 containing
eight different inherent defects of the Fe antisite (FeRe),
Re antisite (ReFe), Fe1-Re1 interchange (Fe1-Re1), Fe1-
Re4 interchange (Fe1-Re4), Fe vacancy (VFe), Re vacancy
(VRe), O vacancy (VO) or Pb vacancy (VPb) have been
studied by using first-principles projector augmented
wave (PAW) within generalized gradient approximation
as well as taking into account on-site Coulomb repulsive
interaction (GGA+U). To the best of our knowledge, a
systemic study on the effects of these inherent defects on
the structural, electronic and magnetic properties of the
Pb2FeReO6 has not been done up to now.

2. Calculation Method and Models

The calculations are performed using the Vienna ab

initio simulation package (VASP) based on the density
function theory (DFT) [55-58]. The interaction between
electron and ionic core is represented by the projector
augmented wave (PAW) potentials [59]. To treat electron
exchange and correlation, we chose the Perdew-Burke-
Ernzerhof (PBE) [60] formulation of the generalized
gradient approximation (GGA) as well as taking into
account the on-site Coulomb repulsive interaction (GGA
+U) with the effective U parameters of 2.0 eV for Fe and
1.0 eV for Re [38, 40, 61], which yields the correct ground
state of the strong correlation systems. A conjugate-
gradient algorithm is used to relax the ions into their

ground states, and the energies and the forces on each ion
are converged within 1.0 × 104 eV/atom and 0.02 eV/Å,
respectively. The cutoff energy for the plane-waves is
chosen to be 450 eV. The Pb 6s26p2, Fe 3d64s2, Re 5d56s2

and O 2s22p4  electrons are treated as valence electrons.
The k-point is sampled according to the Monkhorst-Pack
automatic generation scheme with their origin at Γ point
[62] together with a Gaussian smearing broadening of 0.1
eV.

In order to compare the imperfect and perfect Pb2FeReO6

on the same footing, the calculations are all performed by
constructing a supercell of 4 f.u.. As compared with Fig.
1 (i) for the perfect Pb8Fe4Re4O24, eight different inherent
defects (marked with stars) are considered here: (a) FeRe
antisite at (0.5, 0.5, 0.5) site (Pb8Fe5Re3O24), (b) ReFe
antisite at (0, 0.5, 0.5) site (Pb8Fe3Re5O24), (c) near Fe1-
Re1 interchange at (0, 0, 0) and (0, 0, 0.5) sites
(Pb8Fe4Re4O24), (d) farther Fe1-Re4 interchange at (0, 0,
0) and (0.5, 0.5, 0.5) sites (Pb8Fe4Re4O24), (e) VFe vacancy
at (0, 0.5, 0.5) site (Pb8Fe3Re4O24), (f) VRe vacancy at
(0.5, 0.5, 0.5) site (Pb8Fe4Re3O24), (g) VO vacancy at (0.5,
0.5, 0.25) site (Pb8Fe4Re4O23) and (h) VPb vacancy at
(0.75, 0.75, 0.75) site (Pb7Fe4Re4O24).

3. Results and Discussions

3.1. Optimized structures

The optimized structures of 4 f.u. Pb2FeReO6 with eight
different inherent defects (marked with stars) are shown
in Figs. 1(a)-(h) together with the perfect one (i) for
comparison. From Figs. 1(a), (b), (c), and (d) we can see
that, in FeRe or ReFe antisites, Fe1-Re1 or Fe1-Re4 inter-
changes cases, no obvious structural changes are observed
due to Fe3+ and Re5+ ions having similar radii of 0.78 and
0.72 Å [63], respectively. However, from Fig. 1(e) [(f)]
we can see that, a VFe [VRe] vacancy makes its six nearest
neighbor oxygen atoms move close to their nearest Re
[Fe] neighbors, so that the corresponding Re-O [Fe-O]
bond lengths reduce to 1.906 Å [1.844 Å] (ab plane) and
1.909 Å [1.846 Å] (c axis). While in the perfect Pb2FeReO6

as shown in Fig. 1 (i), the optimized Re-O [Fe-O] bond
lengths are 1.934 Å [2.019 Å] (ab plane) and 1.944 Å
[2.021 Å] (c axis). This is because a VFe [VRe] vacancy
loses the attraction force to its six nearest neighbor
oxygen atoms from a removed Fe [Re] atom. On the
contrary, Fig. 1(g) shows a VO vacancy leads its nearest
neighbor TM atoms Fe and Re move close to VO vacancy
site, so that the corresponding Fe-Re distance reduces to
3.452 Å (c axis), which is much smaller than Fe-Re
distance of 3.965 Å (c axis) in the perfect Pb2FeReO6

case. The reason may be that the larger distance of 3.452
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Fig. 1. (Color online) The optimized structures of imperfect (marked with stars) Pb2FeReO6 with (a) FeRe antisite, one Fe atom sub-
stitutes for one Re atom at (0.5, 0.5, 0.5) site (Pb8Fe5Re3O24); (b) ReFe antisite, one Re atom substitutes for one Fe atom at (0, 0.5,
0.5) site (Pb8Fe3Re5O24), (c) Fe1-Re1 interchange, exchange Fe and Re positions respectively at (0, 0, 0) and (0, 0, 0.5) sites
(Pb8Fe4Re4O24), (d) Fe1-Re4 interchange, exchange Fe and Re positions respectively at (0, 0, 0) and (0.5, 0.5, 0.5) sites
(Pb8Fe4Re4O24), (e) VFe vacancy, removing one Fe atom from (0, 0.5, 0.5) site (Pb8Fe3Re4O24), (f) VRe vacancy, removing one Re
atom from (0.5, 0.5, 0.5) site (Pb8Fe4Re3O24), (g) VO vacancy, removing one O atom from (0.5, 0.5, 0.25) site (Pb8Fe4Re4O23), (h)
VPb vacancy, removing one Pb atom from (0.75, 0.75, 0.75) site (Pb7Fe4Re4O24), and (i) Perfect one (Pb8Fe4Re4O24).
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Å (c axis) leads to an attraction force between the Fe and
Re atoms without middle oxygen atom. While Fig. 1(h)
shows that there is also no obvious structural change for
VPb vacancy case. This is because the interactions between
Pb atom and the other nearest neighbor atoms are very
weak.

3.2. Half-metallic characters

In order to investigate the effects of eight different
inherent defects shown in Figs. 1(a)-(h) on the HM
character of the double perovskite Pb2FeReO6, Fig. 2
shows the total density of states (TDOS) of 4 f.u.
Pb2FeReO6 containing eight different defects of (a) FeRe
antisite, (b) ReFe antisite, (c) Fe1-Re1 interchange, (d)
Fe1-Re4 interchange, (e) VFe vacancy, (f) VRe vacancy,
(g) VO vacancy, or (h) VPb vacancy. We can see that, the
HM characters are maintained for imperfect Pb2FeReO6

containing (a) FeRe antisite, (b) ReFe antisite, (d) Fe1-Re4
interchange, (e) VFe vacancy, (g) VO vacancy, or (h) VPb

vacancy, because their down-spin channels (red lines)
cross the Fermi level EF and the up-spin channels (black
lines) open the band gaps  of 1.347, 0.649, 0.567,
1.125, 0.761 and 1.249 eV, respectively. On the contrary,
the HM characters are lost for imperfect Pb2FeReO6

containing (c) Fe1-Re1 interchange and (f) VRe vacancy,
since the TDOS of both channels cross the Fermi level EF.
The HM character of the imperfect Pb2FeReO6 is lost for
(c) Fe1-Re1 interchange at (0, 0, 0) and (0, 0, 0.5) sites
but is maintained for (d) Fe1-Re4 interchange at (0, 0, 0)
and (0.5, 0.5, 0.5) sites are obviously because the
separation distance of 3.965 Å for Fe1-Re1 interchange is
smaller than that of 6.856 Å for Fe1-Re4 interchange. So
we conclude that the near Fe1-Re1 interchange and VRe

vacancy defects should be avoided to preserve the HM

Eg

up-spin

Fig. 1. Continued.
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Fig. 2. (Color online) Total density of states (TDOS) of imperfect Pb2FeReO6 containing eight different defects of (a) FeRe antisite,
(b) ReFe antisite, (c) Fe1-Re1 interchange, (d) Fe1-Re4 interchange, (e) VFe vacancy, (f) VRe vacancy, (g) VO vacancy, and (h) VPb

vacancy. The black and red lines represent up-spin and down-spin channels, respectively, and the Fermi level EF is set at zero
energy and indicated by vertical blue lines.
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Fig. 3. (Color online) The difference/spin charge density of imperfect Pb2FeReO6 containing eight different defects of (a) FeRe
antisite at (0.5, 0.5, 0.5) site, (b) ReFe antisite at (0, 0.5, 0.5) site, (c) Fe1-Re1 interchange at (0, 0, 0) and (0, 0, 0.5) sites, (d) Fe1-
Re4 interchange at (0, 0, 0) and (0.5, 0.5, 0.5) sites, (e) VFe vacancy at (0, 0.5, 0.5) site, (f) VRe vacancy at (0.5, 0.5, 0.5) site, (g) VO

vacancy at (0.5, 0.5, 0.25) site, or (h) VPb vacancy at (0.75, 0.75, 0.75) site. The difference/spin charge density of the perfect
Pb2FeReO6 of 4 f.u. is also shown in (i) for comparison. The yellow (turquoise) isosurfaces represent positive (negative) charge
density of 0.005/Å3 and thus up-spin (down-spin) moment. In the (100) cross sections, the colors blue, turquoise and green rep-
resent the value of charge density in increasing order.
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character of the Pb2FeReO6 and thus usable in spintronics
devices.

3.3. Magnetic couplings and moments

In order to investigate the effects of eight different
inherent defects shown in Figs. 1(a)-(h) and the TDOS
shown in Figs. 2(a)-(h) on the magnetic couplings and
moments, the difference/spin charge densities are shown
in Fig. 3 for imperfect Pb2FeReO6 of 4 f.u. containing
eight different defects of (a) FeRe antisite at (0.5, 0.5, 0.5)
site, (b) ReFe antisite at (0, 0.5, 0.5) site, (c) Fe1-Re1
interchange at (0, 0, 0) and (0, 0, 0.5) sites, (d) Fe1-Re4
interchange at (0, 0, 0) and (0.5, 0.5, 0.5) sites, (e) VFe

vacancy at (0, 0.5, 0.5) site, (f) VRe vacancy at (0.5, 0.5,
0.5) site, (g) VO vacancy at (0.5, 0.5, 0.25) site, or (h) VPb

vacancy at (0.75, 0.75, 0.75) site. The difference/spin
charge density of the perfect Pb2FeReO6 of 4 f.u. is also

shown in (i) for comparison. We can see that firstly,
similar to the perfect Pb2FeReO6 case, each of the two
TM atoms Fe and Re on regular sites are ferromagnetic
(FM) arranged within each sublattice, while the two
sublattices are coupled anti-ferromagnetic (AFM). Second,
in (a) FeRe antisite at (0.5, 0.5, 0.5) site ((b) ReFe antisite
at (0, 0.5, 0.5) site) cases, an FM (AFM) coupling is
obtained between FeRe (ReFe) antisite and regular Fe (Re)
sites, in (c) Fe1-Re1 interchange at (0, 0, 0) and (0, 0, 0.5)
sites, an AFM coupling is observed between FeRe (ReFe)
antisite and regular Fe (Re) sites, while in (d) Fe1-Re4
interchange at (0, 0, 0) and (0.5, 0.5, 0.5) sites, the spin
moment of Fe (Re) cation situated on Re (Fe) antisite is
coupled FM (AFM) with those of Fe (Re) cations on the
regular sites. Thirdly, as expected each cation defect affects
mainly its six nearest neighbor oxygen atoms. In cases of
(a) FeRe antisite, (c) Fe1-Re1 interchange, (d) Fe1-Re4

Fig. 3. Continued.
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interchange, (e) VFe vacancy, or (f) VRe vacancy, a partial
negative spin moment (turquoise) presents on the six
nearest neighbor oxygen atoms, while in (b) ReFe antisite
case, no spin moments are observed on its six nearest
neighbor oxygen atoms. Fourth, in (g) a VO vacancy at
(0.5, 0.5, 0.25) site causes the nearest neighbor Re4 cation
at central (0.5, 0.5, 0.5) site a much large and expansive
negative spin moment (turquoise) and its five survived
nearest neighbor oxygen atoms a partial negative spin
moment (turquoise). Finally, both no spin density di-
stributions at eight Sr sites in (a)-(g) and no obvious
influence on the magnetic moment distributions in (h) VPb

vacancy case indicate the magnetic moment contributions
of Pb atoms are neglectable.

The initial fractional coordinates (x, y, z) and atomic
local magnetic moments  (B) of the Fe and Re atoms
on regular sites and antisites, the total magnetic moments
tot (B/f.u.), HM characters and up-spin band gaps

 (eV) of the imperfect Pb2FeReO6 of 4 f.u.
containing eight different defects are summarized in Table
1 together with the values of the perfect Pb2FeReO6 for
comparison. We can see that for FeRe antisite case, the
largest total moment 4.22 B/f.u. is resulted from the
occurrence of parallel aligned moment 1.913 B on FeRe
antisite. For ReFe antisite case, the reduced saturation
magnetization is attributed to the supplied parallel aligned

moment 1.199 B by ReFe antisite is smaller than the
disappeared moment 3.929 B of the substituted Fe. In
Fe1-Re1 (Fe1-Re4) interchange cases, antiparallel (parallel)
aligned moments 3.851 B (1.514 B) on FeRe antisites
and supplied smaller parallel aligned moments 0.962 B

(0.877 B) by ReFe antisites lead to the lowest (lower)
saturation magnetizations 1.94 B/f.u. (3.44 B/f.u.) than
the perfect one. The vanishing of a Fe atom and thus its
parallel aligned moment 3.929 B is clearly responsible
for the reduced saturation magnetization of the imperfect
Pb2FeReO6 with VFe vacancy. Although removing a Re
atom leads to a vanishing (decreasing) antiparallel aligned
moments on itself (its three near Re1, Re2 and Re3
neighbors) and a slightly increasing parallel aligned
moment on the Fe1 atom, the decreasing parallel aligned
moments on its three near Fe2, Fe3 and Fe4 neighbors
result in a smaller saturation magnetization of 3.67 B/f.u.
for imperfect Pb2FeReO6 with VRe vacancy. Removing an
oxygen atom and thus its parallel aligned moment causes
slightly decreasing parallel aligned moments on four Fe
atoms and increasing antiparallel aligned moments on
four Re atoms lead to a smaller saturation magnetization
of 3.04 B/f.u. for the imperfect Pb2FeReO6 containing
VO vacancy. Although removing a Pb atom leads to a
decreasing antiparallel aligned moments of four Re atoms,
the decreasing parallel aligned moments on four Fe atoms

Eg

up-spin

Table 1. The initial fractional coordinates (x, y, z) and atomic magnetic moment  (B) of Fe and Re atoms on regular sites and
antisites, the total magnetic moment tot (B/f.u.), HM character and up-spin band gap  (eV) of the imperfect Pb2FeReO6

with four f.u. and eight different defects. The values corresponding to the perfect Pb2FeReO6 are also listed in the last column for
comparison.

Atoms Sites (x, y, z) FeRe ReFe Fe1-Re1 Fe1-Re4 VFe VRe VO VPb Perfect

Fe

regular

sites

Fe1(0, 0, 0) 3.866 3.848 ReFe ReFe 3.828 3.949 3.811 3.811 3.929

Fe2(0, 0.5, 0.5) 3.777 ReFe 3.842 3.793 VFe 3.336 3.801 3.838 3.929

Fe3(0.5, 0, 0.5) 3.761 3.846 3.848 3.812 3.848 3.210 3.810 3.831 3.929

Fe4(0.5, 0.5, 0) 3.770 3.848 3.856 3.823 3.865 3.237 3.648 3.834 3.929

antisites

FeRe(0.5, 0.5, 0.5)
1.913

FeRe

1.514

FeRe

FeRe(0, 0, 0.5)
-3.851

FeRe

Re

regular

sites

Re1(0, 0, 0.5) -0.626 -0.917 FeRe -0.467 -0.628 -0.120 -0.840 -0.607 -0.831

Re2(0, 0.5, 0) -0.509 -0.945 -0.351 -0.454 -0.631 -0.117 -0.881 -0.609 -0.831

Re3(0.5, 0, 0) -0.514 -1.275 -0.320 -0.438 -0.348 -0.109 -0.883 -0.606 -0.831

Re4(0.5, 0.5, 0.5) FeRe -0.953 -1.015 FeRe -0.615 VRe -1.231 -0.616 -0.831

antisites

ReFe(0, 0.5, 0.5)
1.199

ReFe

ReFe(0, 0, 0)
0.962

ReFe

0.877

ReFe

tot 4.22 2.32 1.94 3.44 2.54 3.67 3.04 3.52 3.96

HM yes yes no yes yes no yes yes yes

1.374 0.649 - 0.567 1.125 -- 0.761 1.249 1.240

Eg

up-spin

Eg

up-spin



Journal of Magnetics, Vol. 24, No. 3, September 2019  421 

results in a smaller total moment of 3.52 B/f.u. for
imperfect Pb2FeReO6 with VPb vacancy. In conclusion,
except for the FeRe antisite case with a slightly higher
total moment, the total moments tot of the imperfect
Pb2FeReO6 with the other seven inherent defects are
smaller than 3.96 B/f.u. of the perfect Pb2FeReO6.

4. Conclusions

In point of view of the HM character and magnetization
reduction, the structural, electronic and magnetic properties
of the imperfect Pb2FeReO6 containing eight different
inherent defects of FeRe or ReFe antisites, Fe1-Re1 or Fe1-
Re4 interchanges, VFe, VRe, VO or VSr vacancies have been
studied by using the first-principles projector augmented
wave (PAW) potential within the generalized gradient
approximation as well as taking into account on-site
Coulomb repulsive interaction (GGA+U). Following con-
clusions have been obtained.

1. No obvious structural changes are observed for the
imperfect Pb2FeReO6 containing FeRe or ReFe antisites,
Fe1-Re1 or Fe1-Re4 interchanges, and VPb vacancy
defects, however, the six (two) nearest neighbors O (Fe or
Re) of the vacancy move away from (close to) VFe or VRe

(VO) vacancies.
2. The HM character is maintained for the imperfect

Pb2FeReO6 containing FeRe or ReFe antisites, far Fe1-Re4
interchange, VFe, VO or VPb vacancies, while vanished
when the near Fe1-Re1 interchange or VRe vacancy are
presented. So the near Fe1-Re1 interchange or VRe vacancy
defects should be avoided to preserve the HM character
of the Pb2FeReO6 and thus usable in spintronics devices.

3. Except for the FeRe antisite case with a slightly higher
total moment, the total moments tot of the imperfect
Pb2FeReO6 with the other seven inherent defects are
smaller than 3.96 B/f.u. of the perfect Pb2FeReO6.
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