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The electronic structure, magnetism, and dielectric functions of BiFeO3 with intrinsic vacancies, including Bi-, Fe-,
and O-vacancies (denoted as V., Vpi, and Vo, respectively) are investigated using the first-principles density functional
theory plus U calculations. It is revealed that the structural distortions associated with those vacancies impose significant
influences on the total density of state and magnetic behaviors. The existence of Vg; favors the excitation of the Oy, state
into the band gap at 0.4 eV, while the Oy, and Fe3q orbitals are co-excited into the band gap around 0.45 eV in V.
Consequently, a giant net magnetic moment of 1.96 g is generated in Vg, and a relatively small moment of 0.13 pg is
induced in Vp;, whereas Vo seems magnetically inactive. The giant magnetic moment generated in Vg, originates from the
suppression of the spatially modulated antiferromagnetic spin structure. Furthermore, Vg, and Vp; have strong influences
on dielectric function, and induce some strong peaks to occur in the lower energy level. In contrast, Vg has a small effect.

Keywords: BiFeOs, vacancies, magnetization, dielectric functions

PACS: 71.20.-b, 71.55.4, 77.22.—d, 75.10.-b

1. Introduction

Recently, enormous attention has been paid to multifer-
roic materials that process ferroelectric (FE) and magnetic
properties simultaneously, which offers extra degrees of free-
dom so that electric polarization can be switched by a mag-
netic field and magnetization can be adjusted by an electric
field. The mutual control of electric and magnetic properties
can manifest itself as the magnetoelectric effect, which is of
significant interest for applications in microelectronics, stor-
age memory, and sensor techniques.!-? Single-phase BiFeOs
(BFO) exhibiting antiferromagnetic (AFM) order with Neel
point Ty ~ 625 K and FE Curie point 7¢c ~ 1083 K is famous
for its room temperature multiferroicity.’~'! Although, large
spontaneous polarization P ~ 100 pC/cm? has been reported
in thin film and single crystal forms, the ferromagnetism is
weak due to its AFM order. Consequently, the coupling be-
tween ferroelectric and ferromagnetic orders is very weak so
that its practical applications are limited greatly. In the past
few decades, many methods have been attempted to enhance
the magnetism along with the coupling properties. Among
them, the substitution of A- and/or B-sites by other elements
in BFO has been extensively adopted with the aim to suppress
the spatial-modulated AFM spin ordering. For instance, Yuan
et al.'"?! and Gu et al.!" reported on the enhanced ferromag-
netism in BFO ceramics through the substitution of Bi** by
Nd3*, and Fe** by Ti** ions, respectively. However, doping
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may sometimes introduce some impurity phases and/or induce
structural transitions so that the intrinsic multiferroic proper-
ties in perfect BFO can be deteriorated.

Alternatively, the intrinsic lattice defects in BFO, includ-
ing cation and anion vacancies, have been proposed to serve
as a possible source of magnetization. Theoretically, Ederer
and Spaldin''*! reported on a slightly improved magnetization
in BFO by inducting oxygen vacancies. The effects of oxygen
vacancies on the electronic structures and/or optical responses
were addressed by Ju and Cai!'! and Lou et al.!'%! The mecha-
nism of formation energy in intrinsic vacancies BFO was dealt
with too.[!718] Actually, the lattice vacancies in BFO can be
artificially introduced by nonstoichiometric compositions and
preparation processing. In particular, Fe vacancies have a di-
rect effect on spin ordering, implying that the magnetism of
BFO will be more or less changed by these vacancies. Further-
more, some relevant properties, such as electronic structure
and dielectric susceptibility, are also sensitive to these defects.
Thus, a detailed study on the role of defects in BFO, in partic-
ular, the response of magnetism and dielectric susceptibility,
is desired. In this paper, we investigate comprehensively the
effects of three possible types of vacancies on the electronic
structure, magnetism, and dielectric function of BFO by using
the spin-polarized density functional theory calculations. The
results reveal that Vg; and Vg, generate net magnetizations of
~ 0.13 pp and 1.96 pp per vacancy, respectively, while Vo
seems magnetically inactive. In contrast to Vo, Vp. and Vp;
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have larger influences on dielectric function.

2. Computation method

Our first-principles calculations were performed using
the projector augmented wave (PAW) method with the lo-
cal spin-density approximation plus the on-site repulsion
(LSDA + U)[19:20] a5 implemented in the Vienna ab initio sim-
ulation package (VASP).?1:22l We used U+ = 3 eV on Fe 3d
states for a better description of the localized transition, and
it provides a reasonable magnetic structure.''®! We treated the
basis with Bi 5d'°6s%6p?, Fe 3p®3d®4s2, and O 2s?2p*. The
energy cutoff of 400 eV was used for the plane wave expan-
sion of the PAW, and the tetrahedron method was adopted for
the Brillouin-zone integrations. To model bulk BFO with sin-
gle crystal form under various vacancy conditions, we build
a 2x2x2 periodic supercell (80 atoms) based on the opti-
mized primitive cell. A vacancy is created by removing one
atom in the supercell, which corresponds to a defect concen-
tration of 6.25% for Bi vacancy (denoted as Vg;) and Fe va-
cancy (denoted as Vi), and 2.08% for the O vacancy (de-
noted as Vp). The crystal structure of the BFO supercell is
shown in Fig. 1. Consider the fact that the fully relaxed crys-
tal structure [a = 5.56 A, oo = 59.75°] with primitive cell in
perfect BFO structure shows an R3¢ rhombohedral symme-
try, which is in good agreement with the experimental values
[a=5.63 A, o = 59.35°],[33] that is to say, the positions in
each type of atom are equivalent so that an individual point
defect can be created by removing randomly one atom in each
type (see Fig. 1). After establishing three types of vacancies,
their crystal structures for the equilibrium position of all the
other atoms are relaxed in a 3x3x3 Monkhorst Pack grid of k
points until the atomic forces are less than 1 meV/A.

Fig. 1. (color online) Crystal structure of perfect BFO with the super-
cell (2x2x2). Vacancy configuration corresponds to the removal of one
atom (with dotted circle) in each type. The black ball is Bi, the blue ball
is Fe, and the red ball is O.

It is well known that the dielectric function is mainly at-
tributed to electronic inter-band transitions. The imaginary
part &(w) of the dielectric function is calculated from the
momentum matrix elements between the occupied and unoc-
cupied wave functions and given by the Fermi golden rule,
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where Q is the unit-cell volume and @ is the photon energy,
CB and VB denote the conduction and valence bands, respec-
tively, and pj; are the dipolar transition matrix elements and
p{; = (kj|Pa|k;) that are obtained from the self-consistent band
structures within the PAW formalism. Here, |k,) is the n-th
Bloch state wave function with crystal momentum %, and a
denotes the Cartensian component. The real part € (@) of the
dielectric function is evaluated from imaginary part & (®) by
the Kramers—Kronig transformation
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in which P is the principle value of the integral.

3. Results and discussion

The calculated net magnetic moments of BFO with three
types of vacancies as well as perfect BFO are listed in Ta-
ble 1. It is found that the structural distortions in the vacancy
systems exert great influences on the magnetic moments, and
the values in defects are significantly different from that of
perfect BFO. Compared with the case with no magnetic mo-
ment in perfect BFO, V. and Vp; vacancies induce magnetic
moments of 1.96 pug and 0.13 up, respectively, while the in-
duced magnetic moment is small in V. Using the calculated
results, we evaluate the magnetic moments to be ~ 18.38,
1.22, and 0.29 emp/g for Vg, Vpi, and Vo, respectively (1 up
per unit cell corresponds to ~ 150 emp/g). Experimentally,
there is still a lot of debate on the magnetic properties of BFO.
Wang et al.”>>) reported on a 0.5 ug/Fe in an epitaxial BFO
thin film and proposed that the large value is due to the cou-
pling between magnetic dipoles and the strain arising from a
lattice-mismatched substrate, Meanwhile other measurements
yielded a magnetic moment being two orders of magnitude
smaller, and it is argued that the substantial magnetization
could be defect-relevant.?) By contrast, bulk BFO samples
fabricated using various techniques do not exhibit substantial
magnetizations.!”-'% Furthermore, the two-point defects in Fe
vacancy system (defect concentration up to 12.5%) with six
different spin ordering configurations are calculated. The re-
sults reveal that the Fe vacancies prefer to occupy the ferro-
magnetically aligned planes from the energy viewpoint, and
that the net magnetic moment is up to 8.3 pg. We also find that
two point defects lying in two antiferromagnetically aligned
planes produce no net magnetic moment. It must be mentioned
that the total energy difference between the two kinds of spin
structures is very small (20 meV) so that the giant moment
generated in Fe vacancies needs a special spin ordering struc-
ture. This may be the reason that different magnetic moments
were reported between ceramic and film forms.
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Table 1. Calculated and evaluated magnetic moments of BFO with and
without vacancies.

Structure Perfect BFO VBi Vke Vo
Defect concentration/% 0 6.25 6.25 2.08

Calculated magnetic

0.13 1.96  0.031
moment/(pg/vacancy)

Evaluated magnetic 0 122 1838 029
moment/(emp/g)

To clarify the origin of the magnetism induced by the lat-
tice vacancies in BFO, we investigate the electronic structures
of three types of vacancy systems via the density of states
(DOS), and the results are shown in Fig. 2 along with the re-
sult of the perfect BFO for a comparison. For the perfect BFO
(see Fig. 2(a)), our calculated band gap is about 2.4 eV, which
is in good agreement with the previous experimental value
(2.5 eV) and other theoretical results (2.2 eV~ 2.8 eV).[27-29
It is noticed that no magnetic moment occurring in the perfect
BFO can be verified by the highly symmetrical DOS, while the
significant DOS differences are present in the lattice vacan-
cies BFO because of the broken symmetry of the original R3¢
structure. For Vp; (see Fig. 2(b)), a set of impure levels above
VB can be found either in the majority DOS or minority DOS
(see the dotted cycle), meaning a p-type conductive property,
which is consistent with the experimental result.*°! The most
interesting feature is that some in-gap electric states are found
in the majority DOS, but not in the minority DOS, which in-
duces a net magnetic moment. In addition, the in-gap elec-
tronic states at 0.4 eV originate mainly from the Oy, orbitals
of the nearest O atom around the Bi vacancy (see Fig. 3(a)).
Like the case of the perfect BFO, no electron is found at the

Fermi level in Vg, and only in-gap electrons are found in the
majority DOS. Oppositely, the minority DOS presents a clear
shifting towards the left level so that this relatively large non-
symmetrical DOS generates a large magnetic moment. From
the partial DOS analysis it follows that the O, and Fe3q or-
bitals near the Fe vacancy contribute to the in-gap electronic
states around 0.45 eV (see Fig. 3(b)), implying that the strong
Fe—O hybridization is responsible for the large magnetic mo-
ment. In contrast, Vo has a slight effect on the symmetry of
DOS, but the band gap is significantly reduced, which is con-

sistent with the other calculated one.!!"]
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Fig. 2. (color online) Total DOSs of (a) the perfect BFO, (b) V3;, (c)
Vre, and (d) V. The positive (negative) values represent the majority
(minority). The zero-point energy is the Fermi level.
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Fig. 3. (color online) Total and partial DOSs of (a) Vi; and (b) V.. The positive (negative) values represent the majority (minority),

respectively. The zero-point energy is the Fermi level.
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Figure 4 shows the charge density distributions of three
types of vacancies and perfect BFO projected in the (110)
plane. The horizontal axis is along the [110] direction and
the vertical axis is along the [001] direction. For perfect struc-
ture (see Fig. 4(a)), the iso-charge lines are located at the cen-
ter of each atom without any hybridization to some extent.
For Vg; (see Fig. 4(b)), the Bi vacancy (see the dotted cy-
cle), corresponding to the center of negative charges, induces
Coulomb repulse and attraction with the neighboring O and
Fe atoms, respectively. Consequently, a significant distortion
is observed in the FeOg octahedrons around the Bi vacancy,
and makes a set of three Fe—O bond lengths slightly shortened
from 1.9755 A to 1.9293 A so that a clear charge hybridiza-
tion is present along the [001] direction. Also, the Fe vacancy
makes the neighboring Bi and O atoms move inward and out-
ward, respectively (see Fig. 4(c)). The FeOg octahedron is
distorted significantly as the Fe atom has the most valence
electrons, so that the bond length between the O and the Fe
atoms is greatly shortened to 1.8780 A along the [111] direc-
tion and the strong hybridizations occur between the O atoms
and the Fe/Bi atoms. In contrast, for Vg (see Fig. 4(d)), all the
cations near the O vacancy are slightly expanded outward and
the shapes of charge density distributions do not change.
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Fig. 4. (color online) Charge density distributions of (a) perfect BFO,
(b) Vai, (¢) Vi, and (d) Vo in the (110) plane. These vacancies are
labeled by dotted circles separately.

In order to illustrate the origins of net magnetic mo-
ments of BFO with three types of vacancies, the magnetic mo-
ments of Fe atoms have been investigated as the magnetism
in the BFO system is generated mainly by Fe atoms. For per-
fect structure, the magnetic moment of the Fe atom is about
+4.159 pp, whereas this system does not exhibit a net mag-
netic moment due to the Fe3*—-O—Fe** AFM spin ordering.
Once a vacancy is introduced, the AFM spin ordering network
is more or less disrupted, and/or the magnetic moments of

the Fe atoms are changed. The largest magnetic moment of
1.96 pp in Ve is mainly attributed to the transition of spin or-
dering from antiferromagnetism to ferrimagnetism. It is noted
that the value is not simply equal to the magnetic moment of
an individual Fe atom. The reason is attributed to the fact
that partial Fe’* ions are changed into Fe>* ions due to the
charge compensatory mechanism (the magnetic moments of
Fe?t ions are +3.551 up). For Vp; and Vo, although the
spin structures still keep AFM spin orderings, the local mag-
netic moments of Fe atoms around their vacancies are reduced.
From Fig. 4(b) it is found that the Bi vacancy induces a non-
symmetrical ion displacement of Fe atoms along the [010] di-
rection so that the changes of magnetic moments of Fe atoms
are different: one is —3.551 ppg and the other is 3.589 ug.
Thus, a small net magnetic moment of 0.13 pg is generated in
Vgi. In contrast, the effect of Vo on the net magnetic moment
is negligible, and the key factor is that the change of magnetic
moment of Fe atoms is almost symmetrical.

ot ]
10~~~ Sess .
x -"n'un‘tl!"’.’f.\.“;:‘}‘».-\ 1
5 - .. -

B --=-- Ve 7

Energy/eV

Fig. 5. (color online) Calculated dielectric functions of BFO with and
without vacancies. (a) Real part and (b) imaginary part. Experimental
data (solid circles) are cited from Ref. [31].

Finally, the calculated dielectric functions of BFO with
and without vacancies are shown in Fig. 5 along with a com-

131 Here, the theoretical dielec-

parison with experiment data.
tric function, &, is defined as € = (& + &, + &) /3 for R3¢
symmetry. It is clear that the presence of Vp does not change
the location of the main absorption peaks in comparison with
those in perfect structure and experiment, which is consistent
with the results reported by Ju er al.!'] in the relatively low
oxygen concentration. The reason may be that the oxygen va-
cancies are always produced in the experimental process.3!]
However, a significant discrepancy is found in the Vg, and
Vi, where some strong peaks appear at the lower energy level.
As a matter of fact, the imaginary part & (®) of the dielectric
function is directly related to the energy band structure. The
peaks at 0.60 eV and 1.16 eV in Vp; correspond mainly to the
transitions of O 2p from VB to the excited lower-energy CB
(see Fig. 3(a)). While the peaks at 0.24 eV and 0.75 eV in Vg,
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come mainly from the transitions of O 2p and Fe 3d from VB
to the excited lower-energy CB (see Fig. 3(b)). Therefore, it
can be concluded that Vg, and Vp; have strong influences on
the dielectric function. In experiment, the dielectric response
in BFO is influenced greatly due to the occurrance of volatiliz-
ing Bi ions and valence changing Fe ions.

4. Conclusions

In this paper, first-principles calculations are performed to
investigate the electronic structures, magnetisms, and dielec-
tric functions of BFO with three types of vacancies. The Fe
and Bi vacancies induce net magnetic moments with the val-
ues of 1.96 ug and 0.13 up, respectively. It is proposed that
the induced net magnetic moments occur due to the suppres-
sion of the spatially modulated AFM spin structure and asym-
metrical local magnetic moments of Fe atoms. However, the O
vacancy has a slight effect on the net magnetic moment. Fur-
thermore, Vg, and Vp; induce some strong peaks of dielectric
functions to form at the lower energy level, while the effect of
Vo on electric functions is small. The enhanced magnetism in
Fe- and/or Bi-deficient BFO predicts a possible improvement
in coupling between ferromagnetic and ferroelectric orderings,
which opens the way for improving the multiferroic properties
in prototypical BFO materials.
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