FERROELECTRICS .
2021, VOL. 575, 11-17 Taylor & Francis
https://doi.org/10.1080/00150193.2021.1888219 Taylor &Francis Group

‘ W) Check for updates

Electronic band structures of NdFe3(BOs), and NdGa3(BOs),
crystals: ab initio calculations

S. Krylova®, I. Gudim?, A. Aleksandrovsky?, A. Vtyurin®®, and A. Krylov®

¥irensky Institute of Physics FRC KSC SB RAS, Krasnoyarsk, Russia; ®Siberian Federal University,
Krasnoyarsk, Russia

ABSTRACT ARTICLE HISTORY
NdFe3(BO3), and NdGas(BOs), crystals are of great interest due to Received 17 August 2020
their physical properties. For example, NdFe3(BOs), crystal demon- Accepted 30 December 2020

strates magnetodielectric and magnetopiezoelectric effects, and
NdGaz(BOs), crystal possesses luminescent and nonlinear optical
properties. In this work, the properties of these materials are calcu-
lated by the plane-wave pseudo-potential method based on density
functional theory. The structures of the crystals are optimized. The
electronic structure of NdFez(BOs), and NdGa3(BOs), are calculated.
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1. Introduction

The NdFe;(BOs), and NdGas(BOs)4 crystals belong to the family of rare-earth trigonal
borates with the huntite structure. The borate crystals have become the objects of inten-
sive experimental research in connection with the possibilities of practical application as
active laser materials, phosphors, and matrices for the introduction of optically active
ions [1-3]. As a rule, these materials are multiferroics [4, 5]. They have high chemical
and thermal stability and mechanical strength.

Different scientific groups grew crystals of NdFe;(BO3), and NdGa;(BO;), for further
research [6-8]. Some studies on the magnetic properties of NdFe;(BO3), crystal were
conducted [9-11]. The NdFe;(BO3), and NdGa;(BOs), crystal spectral properties were
investigated [12, 13]. NdGa3(BO3), crystal has luminescent properties [12]. Also, the
phonon spectra of NdFe;(BOs), crystal were studied [10, 11, 14, 15].

The experimental study of complex crystal structures requires an interpretation that
cannot be carried out without modeling these materials at the microscopic level. First-
principle calculations are often used to describe the structural and vibrational properties
of the crystals [16, 17]. The best results in describing the band structure and crystal lat-
tice, can be achieved using methods of the density functional theory.

2. Calculation

The theoretical calculations were carried out by the plane-wave pseudo-potential
method based on DFT using the Cambridge Serial Total Energy Package code
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Figure 1. The crystal structure of NdFe3(BOs),: ions of Nd — in light green, ions of B — in pink, ions of
O - in red, Fe polyhedra - in orange colors.

(CASTEP) [18]. We used the generalized gradient approximation (GGA) with the
Perdew - Burke - Ernzerhof for solids (PBE sol) functional [19]. The calculation was
carried out using the algorithm of the minimization method of Bruden, Fletcher,
Goldfarb, and Shannon (BFGS) [20]. Lattice constants and atom coordinates have been
optimized by minimizing the total energy. Through a series of convergence studies
regarding cutoff energies and k-points, cutoff energies were set to E.,, = 880eV, and
integration in the K-space above the Brillouin zone was performed using a 3k3x3 k-
point Monkhorst-Pack mesh [21]. The convergence was within 1.0 x 107 eV/atom.

3. Results and discussion

Pseudoatomic calculations were performed for orbitals in NdFe;(BO3), crystal: B - 2s2,
2pl; O - 2s2, 2p4; Fe — 3s2, 3p6, 3d6, 4s2; Nd - 4f4, 552, 5p6, 6s2. The calculation in
NdGa;(BO3), crystal were performed for orbitals: B - 2s2, 2pl; O - 2s2, 2p4; Ga -
3d10, 4s2, 4p1; Nd - 4f4, 5s2, 5p6, 6s2. NdGa;(BO3), and NdFe;(BO;), crystals belong
to the class of trigonal symmetry (symmetry group R32 (No. 155)). The Wyckoff posi-
tions for Nd, B, Ga (Fe), and O are 3a, 3b, 9d, 18f, and 9e, respectively. The main
structural elements are GaOg or FeOg4 octahedra, BO; triangles, and NdOg triangu-
lar prisms.

BOj; groups are in the layers, and Ga (Fe) atoms are in helicoidal chains. The struc-
tures of NdFe;(BOs), and NdGa;(BOs), crystals are presented in Figures 1 and 2,
respectively. Geometry optimization allows us to refine the geometry of a three-dimen-
sional periodic system to obtain a stable structure. This is done by performing an itera-
tive process, in which the coordinates of the atoms and the cell parameters are adjusted
so that the total energy of the structure is minimized. Geometry optimization is based
on reducing the calculated forces and stresses until they become less than certain con-
vergence tolerances. The geometry optimization process usually results in a model struc-
ture being very similar to the actual structure. To obtain a stable geometric structure,
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Figure 2. The crystal structure of NdGas(BOs),: ions of Nd — in light green, ions of B — in pink, ions
of O — in red, Ga polyhedra - in brown colors.

we performed structural optimization with gradient approximation (GGA: PBE sol) for
determining the internal atomic coordinates and structure parameters. The functional
PBEsol (GGA) has been developed specifically to improve the description of exchange
in solids, resulting in better structures and energetics for densely packed solids and their
surfaces.

The obtained lattice parameters are in good agreement with the experimental data
and other calculations for NdGa3(BO3), and NdFe;(BO3), crystals (Table 1).

We used the experimental atomic coordinates of NdGa;(BO3), [6], and NdFe;(BO3),
[22] crystals have been used as the initial ones for the calculations. There is a good
agreement between the calculated and experimental data [6, 22]. Figure 3 shows energy
bands located between —10.0 and 10.0eV for NdGa;(BO3), crystal.

The calculated atomic populations (Mulliken) in NdGa;(BO3), crystal are presented
in Table 2. The band gap is zero at I' point in the Brillouin zone, but in point Z this
band is about 0,04 eV. The bands around the Fermi level in the electronic band struc-
ture of NdGa;(BOs), crystal consist mainly of p and f (Nd ions) states (Table 2).
Similar calculations were performed earlier in the VASP program using the GGA: PAW
potential [25]. These calculations have shown that the crystal is a dielectric with an
indirect bandgap of 4.338¢V.

Figure 4 shows energy bands with geometric optimization located between —10.0 and
10.0eV for NdFe;(BOs), crystal.

The calculated atomic populations (Mulliken) in NdFe;(BO3), crystal differ from the
populations in the NdFe;(BO3), crystal (Table 3). The bands around the Fermi level in
the electronic band structure of NdFe;(BO3), crystal consist mainly of d and f states (Fe
and Nd ions). Some ab initio calculations were performed earlier in the VASP program
using the GGA: PAW potential [26]. These calculations have shown that the crystal is a
semiconductor with an indirect bandgap of 2.332 eV. However, the levels at the bottom
of this gap are mainly formed by d electronic states of Fe. Therefore, we have to deduce
that they correspond to well-known excited states of d3 ion that, as it is well established
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Table 1. Lattice parameters in the P71 phase of the compounds NdR5(BO3), (R = Ga, Fe).

NdGas(BOs)4 NdFe5(BOs)4
Aexp (A) 6.041939 [6] 6.046 [22]
Acalc (A) 6.041994 [this work] 6.083 [this work]
Acalc (A) 6.09527734 [23-25] 6.158 [23,24, 26]
Olexp 103.997359 [6] 103.089 [22]
Ocale 103.992049 [this work] 103.85 [this work]
Xcalc 103.84311932 [23-25] 103.753 [23,24, 26]
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Figure 3. Calculated band structures and DOS for NdGas(BOs), with geometric optimization, no spin
polarization.

Table 2. The population of NdGas(BOs), atoms calculated by Mulliken.

Species lon S p d f Total
B 1 0.53 1.70 0.00 0.00 2.24
B 2 0.53 1.70 0.00 0.00 2.24
B 3 0.53 1.70 0.00 0.00 2.24
B 4 0.55 1.62 0.00 0.00 2.16
6] 1 1.77 4.98 0.00 0.00 6.75
(0] 2 1.77 4.98 0.00 0.00 6.75
(6] 3 1.77 4.98 0.00 0.00 6.75
0] 4 1.77 4.98 0.00 0.00 6.75
6] 5 1.77 4.98 0.00 0.00 6.75
0 6 1.77 5.01 0.00 0.00 6.75
(6] 7 1.79 5.01 0.00 0.00 6.75
(0] 8 1.79 5.01 0.00 0.00 6.80
(6] 9 1.79 5.01 0.00 0.00 6.80
0 10 1.79 5.01 0.00 0.00 6.80
(6] 1" 1.79 5.01 0.00 0.00 6.80
(0] 12 1.79 5.01 0.00 0.00 6.80
Ga 1 0.43 1.01 10.00 0.00 11.44
Ga 2 0.43 1.01 10.00 0.00 11.44
Ga 3 0.43 1.01 10.00 0.00 11.44
Nd 1 243 5.66 1.10 332 12.51

by experimental measurements of absorption spectra of ferroborates, do not form fun-
damental absorption edge and are observable in the form of several bands correspond-
ing to the transitions from the ground state of Fe’" ion to T, A, and E excited states of
the latter.
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Figure 4. Calculated band structures for NdFes(BOs), with geometric optimization, no spin
polarization.

Table 3. Population of NdFe3(BOs), atoms calculated by Mulliken.

Species lon s p d f Total
B 1 0.58 1.68 0.00 0.00 2.26
B 2 0.58 1.68 0.00 0.00 2.26
B 3 0.58 1.68 0.00 0.00 2.26
B 4 0.58 1.59 0.00 0.00 217
(0] 1 1.79 4.86 0.00 0.00 6.64
0 2 1.79 4.86 0.00 0.00 6.64
0] 3 1.79 4.86 0.00 0.00 6.64
0 4 1.79 4.86 0.00 0.00 6.64
0 5 1.79 4.86 0.00 0.00 6.64
0 6 1.79 4.86 0.00 0.00 6.64
(0] 7 1.79 4.84 0.00 0.00 6.63
0 8 1.79 481 0.00 0.00 6.60
0 9 1.79 484 0.00 0.00 6.63
0 10 1.79 4.81 0.00 0.00 6.60
0 1 1.79 4.84 0.00 0.00 6.63
0 12 1.79 481 0.00 0.00 6.60
Fe 1 242 6.43 6.30 0.00 15.16
Fe 2 242 6.43 6.30 0.00 15.16
Fe 3 242 6.43 6.30 0.00 15.16
Nd 1 2.08 5.56 0.99 339 11.99

The real optical bandgap, according to Ref. [26], should be at 5eV that contradicts to
experimental results of Malakhovski et al. [27], who investigated the contribution of Fe
ions to the optical spectrum of GdFes;(BO;), and established that the onset of funda-
mental absorptions in the ferroborates occurred above 3.1eV. The spectra of
GdFe;(BO3), are very similar in the range, where strong absorption due to Fe ions is
pronounced since the contribution of weak f-f transitions is relatively small in the case
of Nd. In our calculations, the levels originated from d states of Fe’* ion are also pre-
dicted to be in the range of 1.5eV. However, we observe true optical bandgap in
NdFe;(BO3), at 3.5 +4¢V that is closer to the experiment.
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4, Conclusion

The first-principles plane-wave pseudo-potential calculations with the generalized gradi-
ent approximation (GGA) with the Perdew - Burke - Ernzerhof for solids (PBE sol)
functionals were carried out in order to study the electronic band structures of
NdFe;(BO;), and NdGa;(BO3), multiferroic crystals. The calculated optimized space
structures of the crystals are in good agreement with experimental data. We find that
the bands near the Fermi level of both crystals include the Nd - f states. Fermi level in
the electronic band structure of NdFe;(BOs), crystal consists mainly of Fe - d states.
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