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Abstract

The orthoferrites with the general formula RFeOs (R = Ho, Er, Lu, Sc, and Y) have
recently attracted a great deal of attention because they are promising candidates for
a second generation of multiferroic materials. In this computational work, the
structural, ferroelectric and optical properties of the YFeO3 perovskite oxide (YFO) and
a Bi-doped YFeOs were analyzed. Bi-substitution in YFO leads to an increase of its
lattice parameters by virtue of the larger ionic radius of Bi**. Both compounds exhibit a
G-type antiferromagnetic ground state. The calculations disclose a significant
spontaneous polarization along the [101] direction of YFO-Bi, which originates in the
asymmetric distribution of the charges around the Bi** ions, as a result of the Bi-6s
electrons. The electric polarizability of YFO is increased upon Bi**-doping and the more
significant components of the real permittivity tensor of YFO-Bi are those associated
with the direction along which the maximum value of spontaneous polarization is
observed. The spontaneous polarization of YFO-Bi found in this work reveals that this
compound holds the potential for the next generation of multi ferroic materials.



1. Introduction

Bismuth ferrite (BiFeO3) represents the first generation of multiferroic materials with

(1
coupled ferroelectric and antiferromagnetic orders at room temperature. But the high

leakage current and often accompanying secondary phases such as Bi2Fe40O9 have been

2]
the prime hurdle for its practical application. Orthoferrites with the general formula

RFeO3 (R = Ho, Er, Lu, Sc, and Y) are the second generation of multiferroic materials.

These materials are attractive for potential applications in data storage, sensors and

3]
communication. The YFeO3 perovskite oxide (space group D2h-Pnma) shows no

ferroelectric polarization but is a weak ferromagnet due to a small canting of the

(4]
antiferromagnetically ordered moments. It presents a magnetic transition at the Neel

(5]
temperature of 370-C. Many works are focused on the effects of the magnetic

properties of YFeO3 upon doping of the A (Y3 tyorB (Fe3 ) sites with different ions

[2,6-10]
(Ca, Gd, Er, Mn, Ti, Bi" However, there are hardly any reports on their ferro-

1
studied the effect of

electric properties. From a theoretical point of view, Zhang et al.[l
Y (6.25%) substitution on the structural and electronic properties of BiFeO3 using
density functional theory calculations. They found that the ferroelectric distortion of the
BiFeO3 structure with Y** substitution is significantly affected by the hybridization of
substituted d states and oxygen 2p states. However, the electric polarization value was
not reported. In a more recent article, using density functional theory (DFT), J.
Kaczkowski investigated the ferroelectric properties of Bi, Y, FeO, and Bi, ,L.a,FeO,
solid solutions, where reported that the polarization value of the orthorhombic Pn21a
phase decreases monotoni- cally from 3 to 0 uC/cm’ for Bi, ,Y,FeO;, and from 25 to 0
uC/cm2 for Bi, La FeO, with x =0 to 1.""' Despite the interesting properties of YFO
and doped YFO, there is not any detailed discussion on the ferroelectric properties of
YFO doped with Bi** (YFO-Bi) based on first-principles cal- culations in the literature.
For this reason, in this work we investigate the structural, electronic, ferroelectric, and
optical properties of YFO-B1i, using density functional theory. Additionally, the
spontaneous polarization of YFO-BI is addressed using the Modern Theory of

Polarization via Berry phase approach and calculations of dielectric function are used to

determine the optical properties.



2. Computational details

The simulations were carried out in the framework of the standard density functional

theory (DFT) in the periodic cell model and plane-wave basic set by using the
Quantum-Espresso package.”’ We generated norm-conserving pseudopotentials with

the OPIUM package."*"”' Norm-conserving pseudopotentials with the configurations of

5d"°6s*6p” for Bi, 4s*4p°4d'5s* for Y, 3d°4s” for Fe and 2s*2p* for O were used. The

exchange correlation effects were described by the generalized gradient approximation

(GGA) based on the Perdew-Burke-Ernzerhof (PBE) functional. All calculations were

done with a plane wave cutoff energy of 75 Ry and a total energy convergence
threshold of 107 eV. Full relaxation calculations were performed until the convergence

threshold for all components of the residual energy and forces was reached 10~

Ry/atom and 10~ Ry/bohr, respectively. Monkhorst-Pack k-point 6 x 4 x 6 was used for

geometry optimization while the densities of states (DOS) were calculated using a

12 x 8 x 12 k-point meshes. Non collinear magnetic solutions were investigated to
calculate the magnetic moment, including the Spin-Orbit Coupling (SOC) interaction.
The polarization of YFeO, and YFO-Bi was calculated via Berry phase using the

method first developed by King-Smith and Vanderbilt.!"*'” The optical properties of the

compounds were determined using the complex dielectric function £(g, w) dependent

on frequency (w) and wave vector q, whose complex elements can be represented as a 3

x 3 tensor!'®!:

5(@; w)aﬁ = Er(ﬁ' w)aﬁ + igi(éiw)aﬁ (1)

where ¢, is the real part and ¢; is the imaginary part of the dielectric function.

(g, w) = % (miw)z el (Flet@ g - i) x8(E; — E; — hoo) fFED[L — F(Ef)]
@



Where e is the charge of the electron, |i) is the initial state and (f| the final state, E; and
E; are the corresponding energies, p is the dipole matrix. f(E;) is the probability that

the initial state is occupied and [1 — f (Ef)] is the probability that the final state is

empty, aff = Xy, Xxz,0r yz.
The real part ¢, is determined by ¢; through the Kramers-Kroning dispersion as [18]:

& (G w) =1+2p o0l g,y 3)

w!'2—pw2

Here P indicates the main value.

3. Results and discussion

YFeO; (YFO) has orthorhombic perovskite unit cell (space group No. 62, Pnma) with
lattice parameters a = 5.5877(3) A, b =7.5951(4) A and ¢ =5.2743(2) A, that were
taken from Reference [19]. Figure 1 hows the unit cell of YFO and Y, ,sBi,,;FeO,

(YFO-Bi) after structural relaxation. Concerning the YFO-Bi cell, it should be

mentioned that four different configurations were initially built (see Figure. S1 in the
Supporting Information). All these different configurations have the same energy (see

Table S1). For this reason, we will hereafter consider a single configuration, namely the
YFO-Bi cell as displayed in Figure 1B (configuration a in Figure S1). The 25% Bi
doping of YFO is within the studied range of impurification keeping the orthorhombic
structure with space group D2h-Pnma.""'? There is an increase in the lattice parameters
in the YFO-Bi structure with respect to that of the YFO, a =5.756 A, b=7824A and ¢
=5433 A, attributed to the ionic radius of Bi (1.03 A) being larger than that of Y

(0.90 A).™ To determine the ground-state magnetic order, we compared the total

energies of ferromagnetic (FM) and G-type (AFM-G) antiferromagnetic ordering for
both YFO and YFO-Bi. The energy differences, AE = Ep,; -E i 411 and 796 meV
per formula unit for YFO and YFO-Bi, respectively. Therefore, the ground-states of

YFO and YFO-Bi are AFM. This result coincides with the experimental works reported



in references 4,10. Here, we have only considered the AFM-G configuration (see Figure

1). In Table S2 in the Supplementary Information, details of the magnetic moments are
shown; these values are obtained from the self-consistent calculation, for both YFO and

YFO-Bi in their AFM-G configuration. For both systems, the local magnetic moment of

the Bi/Y ion is almost zero, since Y**/Bi’** is strongly diamagnetic.!"?" The Fe** ion has
gly g

a magnetic moment of +4.03 uB, similar to that reported by the References 22,23.
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Figure 1. Unit cell of a) YFeO; and b) Y 75Big2sFeO; after structural relaxation.

The total density of states (TDOS) and the band structure for the spin-up and spin-down

states of YFO and YFO-Bi are presented in Figures 2A, B respectively. For both cases,
the TDOS is completely symmetric; moreover, there are no differences in band structure
between the spin-up and spin-down states. This behavior corresponds with the AFM

arrangement of the Fe’* magnetic moments. For YFO, the direct and indirect bandgaps
energies are 3.29 and 3.08 eV, respectively. These values are large compared with the

experimental reports, where YFO, for instance, has an estimated indirect band gap of
2.58 eV .** Meanwhile the spin-up and spin-down states of YFO-Bi show a direct
bandgap of 2.88 eV and an indirect bandgap of 2.65 eV, respectively. In both cases, the
character of the gap reflects the insulating or wide-semiconducting behavior of the

compounds, such response is comparable to that observed in BiFeO,, where the

theoretical and experimental bandgap have been reported from 2.64 to 2.74 eV >
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Figure 2. Band structure (TDOS in the center part of the Figure) obtained for (a) YFO
and (b) YFO-Bi.

To identify the polar effects that bismuth produces in the YFO matrix, we perform
spontaneous polarization calculations based on the modern polarization theory."™'” To
calculate the spontaneous polarization (Ps), we use an orthorhombic perovskite
centrosymmetric structure (space group No. 62, Pnma) as a reference cell (4 =0)™;

starting from it, its evolution was followed until the distorted structure (A = 1) of the

YFO-Bi was reached. Finally, the spontaneous polarization can be expressed as, Ps =
P, ., — P, for the YFO-Bi compound. Ps was evaluated along the [100], [010], [001]

and [101] directions of YFO-Bi. As shown in Figure 3, the largest change in Ps is found
along the [101] direction. In the undistorted structure (A = 0), Ps is 0.73 uC/cm’ in the
[101] direction; this contribution might stem from the imbalance of electronic clouds
introduced by Bi-6s. For the post-structural relaxation, a maximum Ps of 10.39 pC/cm’

along [101] was obtained, a value that is higher than the experimental value reported for

a YFO film with a remnant polarization of about 0.07 uC/cm*,*” and is lower compared

with the calculated spontaneous polarization value of 91 uC/cm” for BiFeO,
compound.” This is due to the breaking of some Y-O bonds because of the substitution
of Bi at the Y site and the formation of new Bi-O bonds. A relative displacement of ions
is produced with respect to the length of the Y-O bonds of the pure YFO, especially on
the (040) plane (see Figures 4 and SA Additionally, Figure 5B shows the electron
localization function (ELF) projected on the (040) plane for YFO-Bi. A small charge

density can be seen shared between the O*” and the Bi**/Y*". An asymmetric distribution

of the charges around the Bi ions is observed as a result of the Bi-6s electrons. Such



asymmetric distribution gives rise to Ps values similar to those reported in previous

works 2%
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Figure 3. Change in polarization along a path from the centrosymmetric orthorhombic

Pmna structure to the final distorted structure of YFO-BI.

Figure 5. a) Analysis of the structural distortion produced by the incorporation of the Bi
ion and b) ELF projected in the (040) plane of YFO-Bi.

The optical response of Bi** doped YFO were derived from the dielectric function
where the imaginary part is associated with the electronic transitions from the occupied
states of the valence band to the unoccupied states of the conduction band. On other

hand, the complex index of refraction N(q, w) is associated with the dielectric function



by N=¢'" thatis, N(q,w) = &, + ig; , where N can be written as N = n + ik, where n is
the index of refraction and k is the extinction coefficient."® From this association it is
possible to determine the refractive index and the extinction coefficient of the medium

by

1

=242+ e )
o= 2+ -antf )

To facilitate interpretation, we use € as a function of energy, thus, the real (&,(E)) and
imaginary (&;(E)) parts of YFO and YFO-Bi are shown in Figure 6a) and b),
respectively. This graph shows an increase in the static dielectric constant (&,.(0)), from
5.88 (Figure 6a)) for YFO to 6.42 (Figure 6b)) for YFO-Bi, so that the electric
polarizability is increased when Bi is incorporated into the YFO system. On the other

hand, in YFO, the three components of &;(E), €;xx, Eiyy, Eizz» are approximately equal

iyy»
up to ~3 eV (Figure 6a). For higher photon energies each component behaves
differently due to the interaction between Fe-3d and Y-4d above the fermi level and O-
2p states in the valence band (see Figure. S2 in supplementary material). Thus, for
values greater than 3 eV, we can consider the YFO compound as a biaxial crystal that
exhibits two effective refractive indices different from the individual principal values.

In the case of YFO-BI, the ¢;(E) graphs show ¢; Eizz, Up to ~5 eV, while g&;,, starts

yy =
with the same value but departs from it at around 2.5 eV taking higher values.
Additionally, a more detailed analysis of the tensorial components of the dielectric
function, real (Figure 6¢)) and imaginary parts (Figure 6d)) are shown for YFO-Bi. It
becomes clear that components ¢, ,,(E) and &, ,,(E) are the more significant, while the
other components contribute to a lesser extent (Figure 6¢)). Similarly, the same happens
for the imaginary part where functions ¢;,,(E) and ¢; ,,(E) are more significant
(Figure 6d)). Whence, it becomes evident that there is an anisotropic polarizability in

the [101] direction, coinciding with that where the maximum spontaneous polarization,

previously discussed, is found.
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Figure 6. Calculated components of the permittivity of a) YFO and b) YBFO. In c) the
non-diagonal ~ components of the real part of the &  tensor,
Er xy» Er x2,Er yxr E€r 7200 Er 7 aNd &5, are shown. In d) the imaginary components of the

dielectric function are displayed. Solid lines indicate the components of greater
magnitude.

Finally, the refractive index (n) and extinction coefficient (k) quantities are shown in
Figure 7. The behavior of & indicates that with the incorporation of Bi, the material
absorbs energies above 2 eV, while for the compound YFO, this occurs above 3 eV,

which is consistent with the gap values obtained in the DOS. In particular, the Bi** ion

in the YFO matrix (dashed line YFO-Bi_k) produces a sharp increase of k to an energy

value a bit lower than that of YFO, This may be due to the electrons present in the
orbital 6s of Bi ion and 3d in Fe ion at energies close to 2.5 eV (see Figure S1b in
supplementary material), while there is a sudden increase above 3.1 eV for the YFO.

The variation of refractive index vs. photon energy is shown in Figure 7. At0eV

energy, the value of n is found to be ~2.42 for YFO and ~2.53 for YFO-Bi, their

maximum value is in the UV region with n,,,, = 3.05 for YFO and n,,,, = 3.18 for YFO-

max max

Bi. These values are comparable with those of the BiFeO,, where n,,, is ~3.3™; from

the above, we deduce that the introduction of Bi in the YFO matrix favors the increase

of the n value. This is caused by the Bi-6s and Bi-6p states above 2.5 eV in the

conduction band.
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Figure 7. Refractive index and extinction coefficient of YFO and BYFO.

4. Conclusions

In this study, we have determined the ferroelectric, magnetic and optical properties of

YFeO, and Y, ;sBi, ,sFeO;, using first-principles calculations based on DFT. In both

compounds, the G-type antiferromagnetic configuration was established as the most
stable, along with a magnetization of Fe equal to +4.03 uB. The lattice parameters of
YFO-Bi are larger than those of YFO due to the larger ionic radius of Bi, which also
produces a distortion of the YO, and BiOj octahedra. The Bi’* ion reduces the bandgap,
from 3.29 eV (YFO) to 2.88 eV (YFO-Bi), establishing the latter compound as a narrow
bandgap material. Our calculations have revealed that the spontaneous polarization of
YFO-Bi in the [101] direction is 10.39 pC/cm?, which opens the door for the use of this

material for ferroelectric applications.

Furthermore, the optical properties were determined by means of the complex dielectric
function, from which an increase of €,(0), from 5.88 (YFO) to 6.42 (YFO-Bi) was

observed. Finally, we determined that the highest ¢, is observed for the ¢,,, and ¢

rxz rzx

tensorial components, which are associated with the same direction along which the

spontaneous polarization of YFO-Bi occurs.
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