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The effect of La, Gd, Er and Lu dopings (0.2 per unit cell) on the electronic, magnetic and optical properties
of BiFe 9C0g.103 (BFCO) were investigated by first-principles calculations. It is found that the La- and Er-
dopings reduce the band gaps to 1.72 and 0.81 eV and convert the systems to half-metallic, while the Lu
and Gd dopings convert the systems to metallic. Notably, the rare-earth element dopings can increase the

total magnetic moments by ~0.2 uB per cell. The static dielectric function &, (0) is equal to 9.0, 7.0, 7.4, 9.2
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and 10.5 for the pristine Er-, La-, Gd- and Lu-doped BFCOs respectively. Moreover, the dopings signifi-
cantly increase the optical reflectivity and the reflection index. Our results show that electronic, magnetic
and optical properties in BFCO could be effectively modulated by rare-earth element dopings.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years multiferroics have been the subject of extensive
investigations due to their attractive physical properties as well as
promising device applications [1-4]. One interesting multiferroic
material BiFeO; (BFO) owns co-existence of polar ordering and
magnetic at room temperature (Tc=1103 K, Ty=643K) [5-7].
BFO belongs to ABOs; perovskite with space group R3c in which
polar cation is present at A-site and magnetic cation at B-site [8].
Many researchers have focused on the improvement of the electri-
cal, magnetic and optical properties of BFO doped with various
metals at A and/or B site by the theoretical and experimental
methods [9-13]. Rare-earth-doped at A-site improve the multifer-
roic properties of BFO, such as eliminating the number of island-
like structures [14,15], increasing the refractive index, reducing
the extinction coefficient, and decreasing the optical band gap
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[16]. The B-site substituting by Co ion produces a magnetic
moment of —1.0 uB and emerges a half-metallic property [17,18].
A-site substitution by La, Gd, Er (rare-earth) ions and B-site by
transition metal Co ion could enhance the multiferroic behavior
due to the structural distortion (Bi site substitution with rare-
earth elements easily alters the crystal structure of BFO from
rhombohedral to orthorhombic) as well as ferromagnetic coupling
existed between doped cation and the Fe3* [19-23]. There is a
number of literature bound up with these perovskite materials.
On the experimental side, Dalhyun and Jin [24] reported the
reduced leakage current density and improved ferroelectric prop-
erties due to the destruction of the modulated spin cycloid and
the reduced oxygen vacancies after doped with La/Eu/Gd at Bi-
sites and Co at Fe-sites. Although experimental studies have been
undertaken for the ABO3 form (lanthanide and Co ion co-doped
BFO), no systematically inherent factors study has been carried
out on the relationship between the hybridization of electronic
states after rare-earth cations and Co ions co-doing and the
enhancement of both ferroelectric and magnetic properties by
first-principles calculations.

In this work, the doping conduct and doped properties of BFCO
by La, Gd, Er, and Lu elements are systematically researched. We
employ the density function theory calculations to reveal the elec-
tronic and magnetic properties of BiggAg2Feq9C00103 (A =La, Gd,
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Er, Lu). Besides, the complex dielectric constant, energy-loss spec-
trum, absorption coefficient, optical reflectivity and refractive
index are also explored. Throughout our work, the rationales of
how 4f and 4d electronic of rare-earth elements affects the proper-
ties of BFCO are examined in detail.

2. Computational methods

First-principles calculations were performed using the projector
augmented-wave method and the Vienna ab initio simulation
package (VASP) [25,26]. BFO and Big gAg 2Fep.9C0q.1053 crystal struc-
tures were modeled by a 1 x 1 x 5 supercell having 50 atoms. All
the calculations were carried out by taking into account an on-
site Coulomb interaction U for the localized d orbitals, we used
the GGA + U and Uy (U= U — J) were set to 4 eV and 5 eV for Fe
and Co atom, respectively [27-30]. The semicores of Bi, Fe, Co,
La, Gd, Er, Lu atoms are treated as valence electrons. There are 15
valence electrons for the Bi (5d'° 6s? 6p®) atom, 16 valence elec-
trons for the Fe (3s? 3p® 3d® 4s2) atom, 15 valence electrons for
Co (3p® 3d” 4s?), 11 valence electrons for La (4f° 552 5p°® 5d' 6s?),
10 valence electrons for Gd (4f” 552 5p® 5d! 6s2), 22 valence elec-
trons for Er (4f'2 5s% 5p® 6s?) and 25 valence electrons for Lu
(4f'* 552 5p5 5d! 6s2). All calculated structures were relaxed in a
3 x 3 x 1 Monkhorst Pack grid of k points and the convergence cri-
terion for the electronic energy is 10~%eV. In order to ensure con-
vergence of the computed structures and energetics, the cut off
energy of plane wave was set at 500 eV.

We optimized the structure of Bigglag,Feg9Cog.103 (BLaFCO),
Bio_ng0.2F60.9C00_103 (BGdFCO), BiO.gEroszEO_QCOO.]Og\, (BErFCO)
and BigglugFep9C00.103 (BLUFCO) to obtain their ground state
properties by minimization of the total energy. The calculations
show that the substitutions do not affect the main features of the
structure but induce moderate rotations of the FeOg octahedra
around the impurity after full relaxation, see Fig. 1.
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3. Results and discussions
3.1. Electronic and magnetic properties

After optimized the crystal structure, we have carried out den-
sity of states (DOS), energy band and electron density calculations
on the electronic properties of the four samples in ground states.
The DOS defines the number of electronic states per unit energy
range. The total number of states, n(e), is

vV /5me\*”
)= 535 () W
The DOS is then
dn v /5m\*°
D) =G =5 (35) ¢ Ve @

In the system the integral of DOS up to the Fermi level gives the
total number of electrons [31-33]
Ef
D(&)de = n. (3)
0

The calculation results are presented in Fig. 2.

Fig. 2 illustrates the total density of states (TDOS) and the
atomic partial density of states (PDOS) of the pure and the La,
Gd, Er, Lu-doped BiFey9Cog103. The Fermi energy is indicated at
0 eV and the energy scale is defined relative to the Fermi energy.
For La, Er and Lu-doping DOS are symmetrical, which indicate non-
magnetic states. On the contrary, DOS of BGdFCO is clearly asym-
metrical, so it is magnetic. All the compounds have rarely the
same density of states due to their different electronic structures,
we calculated their band structure along the high-symmetry points
of the Brillouin-zone as a comparison as shown in Fig. 3(a). It is
observed that the direct band gap of pure BiFeygCog ;03 is
1.83 eV while the change of the band structure is negligible for

© [\ p o @

Fig. 1. The supercell structure of (a) BLaFCO, (b) BGdFCO, (c) BErFCO and (d) BLuFCO are used in our calculations. The O atoms occupy the apexes of the plotted octahedral,
which have Fe/Co atoms at their centers; the rests are Bi/La/Gd/Er/Lu. Purple, green, red, blue, brown, gray, yellow and orange circles are representing bismuth, ferrum,
oxygen, cobalt, lanthanun, erbium and lutetium, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 2. Total and partial spin-polarized density of states (DOSs) for (a) La-, (b) Gd-, (c) Er- and (d) Lu-doped BiFeq 9C0.103. Spin up and spin down correspond to positive and

negative values, respectively. The vertical dashed lines denote the Fermi levels.
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Fig. 3. (a) Band structure along the high symmetry point and (b) electronic charge density (101) plane for BEFO, BFCO and BErFCO, BLaFCO, BGAFCO, BLuFCO.

Er-doped structure. As a result, the direct band gap is only reduced
to 1.72 eV for BEFCO. It is also detected from Fig. 3(a) that La-doped
system displays half-metallic behavior with an indirect band gap of
0.81 eV only. For band structure of BGdFCO and BLuFCO, there
appears a band at Fermi level, which suggests that the system exhi-
bits metal characteristics.

Compared the TDOS with the PDOS of BLaFCO in Fig. 2(a), we
can conclude that the valence band maximum has a sharp peak
at about —2.40 eV, which are mainly attributed to the strong over-
lapping of Bi-6p, O-2p, Co-3d states. The majority of the Fe 3d state
focuses at —6.9 eV, which is hybridized with the O-2p state. The
distortion of Fe-O bonds induced significant structure distortion,
which may cause a higher value of saturate magnetization [34].
The local magnetic moment of BLaFCO is increased to 4.895 puB
compared to that of 4.210 uB [35] in pure BFO. The Fe 3d states
are divided into t,; and e, states owing to the crystal field splitting.
The La-4d makes up the valence band between about —13.5 eV and
—15.0 eV. Moreover, the lowest conduction band is composed of
Bi-6p, Fe-3d, Co-3d states, along with small admixture of O-2p
states. As shown in Fig. 3(a), the valence band maximum and the
conduction band minimum are located at the same point, which
indicates the BLaFCO is a direct band gap compound.

Different from La-doped element, the influence of Gd doping on
BFO is found to be more complex. Gd element owns a special elec-
tronic arrangement, stable half occupation of 4f’5d'6s?, which
forming a unique energy level. Fig. 2(b) shows that the minority
and majority 4d-states of Gd are located between —2.5 and 0 eV.
The gap of the valence band disappears with Gd doping due to
the reduced degree of hybridization between Fe 3d and O 2p orbi-
tals and the decrease in Fe?* and oxygen vacancies contents, which
is in good agreement with experimental study [36,37]. Gd doping
depresses the valence fluctuation of Fe ions, decreases the rema-
nent magnetization and increases the local magnetic moment to
9.268 uB.

However, Er 4f hybridization in the valence band is presented
from —7.5 to 0 eV for the majority DOS close by the Fermi energy
in Fig. 2(c). The addition of Co-Er atoms turns BFO to half-

metallic character. The Er-Co co-doped BFO has a high concentra-
tion at the conduction band minimum due to the contribution of
the strong hybridizations principally among Co-3d and Fe-3d
states. Also, the majority of the Co 3d state focuses on the Fermi
level, which is hybridized with the Er-4f, Er-5p and O-2p states.
Er-Co doping enhances the density of unoccupied state of the Fe
3d orbital at the energy of —7.5eV. The valence band states of
BEFCO reduce to about 1.72 eV. Er doping enhances the magnetic
of perovskite in experiment, which can also be put down to the
super-exchange interaction between Er-4f and Fe-3d elections
[21]. The calculated local magnetic moment of BEFCO increases
to 4.902 uB. Er 4f and 5p have an effect on ferromagnetic proper-
ties, and Co-3d enhances ferroelectric polarization of BFO.

The Lu 4f-states hybridized in valence band with the minority O
2p, Fe 3d and Co 3d states near —3 eV in Fig. 2(d). We can see, from
Figs. 2(d) and 3(a), Lu doping affects the Fermi level shift into the
top of the valence band, suggesting that the substitution would
change the material from a semiconductor to a conductor. Lu-Co
doping increases the magnetic moment of BFO to 4.818 uB.

Values of the computed electron localization function (ELF)
between atoms of BEFO, BFCO, BErFCO, BLaFCO, BGAFCO and
BLUFCO (101) plane which explain ionic bonding characters are
shown in Fig. 3(b). From the contours in graphs, we deduce that
the bonds between Fe, Co, Bi and O have covalent character. When
rare earth atoms are introduced into BFCO, the bonds between Bi
and Co shows a typical covalent and the interaction between Fe
and foreign atoms becomes much more intense. The electron den-
sity of Er, La, Lu doping samples are major at the O sites and minor
at the Fe sites compared to BFCO, the electron density of BGAFCO is
minor at the Bi and Fe sites obviously. It is clear that in octahedron
cage the Fe ion now alters to more symmetric structures after dop-
ing. Er 5p, 4f states, La 4d states, Lu 4f states and Gd 4d states are
hybridized with Fe 3d, Bi 6p and O 2p states, which lead to strong
actions from the 4f, 4d electrons of rare-earth elements and their
participation in bonding. Hence, the oxidation state of the Fe ion
slightly increases upon the rare earth-ion substitution for Bi and
Co-ion for Fe and BiggMg>Feg9C0o.103 (M = La, Gd, Er, Lu) demon-
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strate ferroelectric properties (were also confirmed for their crystal
anisotropy and permanent dipole moment by Uchida et al. [38]).

3.2. Optical properties

Many physical parameters including the complex dielectric
constant &(w), energy-loss spectrum L(w), absorption coefficient I
(w), optical reflectivity R(w), and refractive index n(w) have been
calculated, in order to investigate the effects of rare-earth elements
doping on the optical properties of BCFO. The ¢(w) in Eq. (4)
describes the linear response of a system which is associated with
the electronic structures. The relevance between &(w) and complex
refractive index which describes the propagation of elec-
tromagnetic-wave through material can be shown as below [39]

&(w) = &1(w) + igy(w), 4)
N(w) = n(w) + ik(w), (5)
e() = N*(w), (6)

where & (w) is the real part of ¢(w) following from the Kramer-Kro-
ing transformation. The imaginary part &, (w) which is connected to
the band structure can be got by gathering all transitions from occu-
pied states to unoccupied electric states [40]. We can obtain & (w)

by

2 (¥ g(w)wdo
&(w) obeys the following relation:
3
&(w) = <2nhm2a)2> /d I<Z| (kn|p[kn')|
x f(kn)(1 = f(fn"))6(En — E — ho0). 8)

ha is the energy of the incident electron, P is the momentum oper-
ator, —ih 2 |kn) is the eigenfunction with eigenvalue Ey,, f(kn) is the

ox
Fermi distribution function.

Then L(w), I(w), R(w), n(w) can be given via the following
expressions [41]
_ 8@

MO~ )+ o) o

1/2

l0) = V20| \/#() + §0) - 8(©)| (10)

R(w) = V_: (11)

_ 1 2 2 12 12

) =5 [V + 8 +a)] (12)

The real and imaginary part curves of BFO, BEFO, BFCO, BEFCO,
BLaFCO, BGdFCO and BLuFCO are presented in Fig. 4(a). While the
value of energy is zero, the static dielectric function is equal to 7.6,
8.7,9.0,7.0, 7.4, 9.2 and 10.5 for BFO, BEFO, BFCO, BEFCO, BLaFCO,
BGdFCO and BLuUFCO respectively in this work.

The reason that three peaks in the imaginary part of BFO (5.0,
7.2 and 13.4 eV) can attribute to the transformation of O 2p elec-
tron (O 2p — Fe 3d and O 2p — Bi 6p) [42,43]. For the BEFO sample,
there is only the imaginary part of BEFO reveals one strong peak
with a weak shoulder peak which owes to the transitions from O
2p valance bands to the Fe 3d or Er 4f conduction bands at
4.5 eV. BFCO, BEFCO and BLaFCO present similar three peaks at
2.5, 7.2 and 13.4 eV which are credited to the transitions from O
2p to the Er 4f and to the Co 3d. Besides, the extra peak at 20 eV
of La originates from O 2 s and La 4d states in the valance bands
to Bi 6p states in the conduction bands. &;(w) of BGAFCO has two
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peaks, the peak at 2.5 eV results from the transition of O 2p states
into Fe 3d states in the conduction bands, the peak at 10.5 eV is
mainly due to the transition of Co 3d states in the middle valence
bands to Bi 6p states. There are 5 peaks located at 2.5, 5.0, 7.4, 12.5
and 15.0 eV for Lu-doped BFCO, which originate from O-2p — Co-
3d, 0-2p — Fe-3d, Lu-4d — Fe-3d, Bi-6p — Fe-3d and Bi-6p to the
upper conduction band. It can be seen that the 4f electronic of
rare-earth elements especially Lu (4f'*) and Gd (4f”) have obvious
effects on the dielectric constant.

Fig. 4(b) shows a comparison of BFO, BEFO, BFCO, BEFCO,
BLaFCO, BGAFCO and BLuUFCO for the energy loss spectrum L(w),
absorption coefficient I(w), reflectivity R(w), and refractive index
n(w) in the range of 0-30 eV. The peaks of L(w) which are corre-
sponding to the abrupt reduction in the R(w) toward the small
energy side for Er, La, Gd and Lu doping. In Fig. 4(b), the absorption
edge of BEFCO, BLaFCO, BGAFCO and BLUFCO Can be signed as
1.5eV, 0.5eV, 0.2 eV and 0 eV respectively, corresponding to their
band gap. From the PDOS of BEFCO in Fig. 2(c), we can conclude
that the first absorption peak among 8.5-10.0 eV is unconspicuous
(forming by the Co 3d — Bi 6p) while the second peak around
15.0 eV is distinct (due to the overlap of Er-5p orbit with the 2p
orbital of O). The similar results can be obtained for BLaFCO,
BGdFCO and BLuUFCO. In the region 10-20 eV, the reflection of cal-
culated n(w) is strong and have several peaks, while the refraction
of R(w) have opposite change tendency and become weak. It can be
found that lines of refractive index n(w) have same trend with lines
of &(w) for BiggMg2Fep9C0p103 (M = La, Gd, Er, Lu) from Fig. 4(b).

4. Conclusions

In summary, the effect of La, Gd, Er, Lu doping on the variations of
the electronic, magnetic and optical for BiFeg 9Cog 103 were studied
by using the first-principles. It has been noted that the calculated
DOS illustrated hybridization between 4f and 4d electrons of La,
Gd, Er, Lu ions and 2p electrons of O~ ion, 6p electrons of Bi" ion,
3d electrons of Fe3* ion and Co>" ion. Analysis of DOS and band
structure of BLUFCO and BGdFCO reveal that Lu and Gd elements
intercalate into BiFey9Cog 103 transform the semiconductor to be
conductor. The total magnetic moments are 4.895, 9.268, 4.902
and 4.818 B for La, Gd, Er and Lu doping, respectively. The 4f elec-
tronic of rare-earth elements especially Lu (4f'*) and Gd (4f”) have
obvious effects on the dielectric constant &(w). The absorption spec-
tra also show an advanced optical response in the visible range for
BLUuFCO and BGAFCO, and their optical transitions originate mainly
from O 2p valance bands to the Fe 3d or Lu/Gd 4f conduction bands.
These results suggest that BLUFCO and BGdFCO thin films could be
considered as potential materials for photovoltaic devices.
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