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Fluorides-based perovskites are currently the typical materials being used in
spintronic devices, optoelectronic and magneto-resistance colossal fields. Solar
cells made of Fluoro-perovskite hold much promise for the future of solar energy.
The electronic structure and magnetic properties of KFeF;, KCoF; and KNiF;
Fluorides are studied using ab initio Calculation. We have analysed the structural
phases, total and partial electronic densities and band structures within the (DFT)
vs the DFT+U description. We show the Electro-Magnetic Behavior using
L(S)DA+U vs L(S)DA in a comparative study of cation effect by integrating three
types of crystal structures (Cubic (Pm-3m), Four-Layered Hexagonal (P6/mmc),
and Orthorhombic (Pnma)). Equilibrium lattices agree very well with experimental
and theoretical data. Magnetic moment of each phase is discussed. The obtained
results confirmed that the three crystal structures invested here exhibit
Ferromagnetic (FM) behavior. The introduction of the Hubbard’s parameter U
increases lattice parameters and magnetic moment. We deduce that the second
cation plays an important role in the magnetic effects. L(S)DA+U show correctly
that KFeF3;, KCoF; and KNiF;are insulators.

1. Introduction

Perovskite originally referred to a mineral calcium titanium oxide, CaTiOg3, discovered

by Gustav Rose, a German mineralogist and later named after a Russian mineralogist count

Lev Aleksevich Perovski. Since then, the ideal cubic phase is investigated in different

materials [1-6], with the similar crystal structure and stoichiometry as of CaTiOs, that is,

ABX3, where A is monovalent metallic cation, B is divalent metallic cation, a transition metal

and X is a nonmetallic anion (halide). However, for O,— anions, A and B are divalent and
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tetravalent cations, respectively. Recently, intense research on experimental and theoretical
fronts have been investigated on perovskite materials (inorganic oxide perovskite and halide
perovskite that further encompass alkali halide and organ metal halide perovskite materials,
and Fluoro-perovskites named Fluorides if oxygen element is replaced by Fluorine Fe [7-16].
The ideal cubic structure is designated with ABX; the B-site cations are similar in size to the
X-site anions. While the A-site cations are surrounded by 12 anions in cubo-octahedral
coordination, the B-site cations are surrounded by six anions in octahedral coordination. The
X-site anions are coordinated by two B-site cations and four A-site cations [17]. They are
many alkali metal-divalent metal-fluorides crystallize with perovskite like structures has been
known for many years [18]. Fluorides can be considered to have advantages over oxides as
their high-pressure phases become stable at much lower pressures [19]. In last decade, many
experimental and theoretical investigations have been devoted to the study of perovskite-type
fluorides because they have great potential for a variety of device applications in:
piezoelectric characteristics [20], ferromagnetic [21], nonmagnetic [22], insulator behavior
and photoluminescence [23], optical [24], ferroelectric [25], and antiferromagnetic systems
[26—29] due to their wide band gaps. Heterogeneous catalysts [30]. High dielectric
permittivity (g), ferroelectricity, Electronic correlations [31-36] of such 3d states are
generally strong, they have a more local character and a tendency for insulating states or
metal-insulator transitions [37-38], magneto-resistance colossal [39], high capacity memory
[40]. As a new generation of promising photovoltaic devices, perovskite solar cells (PSCs)
have rapidly evolved in efficiency from 3.8% in 2009 to 23.5% recently [41-43]. Many of
researchers have used Ab-Inito calculation to compute as well to predict the electronic
structure, elastic, optic, thermal, and magnetic properties of several different classes of
perovskite-type 3d-transition metal fluorides. The static ab-initio calculations presented here
used the projector Full-Potential Linear Augmented Plane waves method embedded in the
functional DFT+U description [44, 45] which is One of the mostly implemented methods in
the DFT+U realm is the LDA+U method given in the Wien 2K package [46]. The density
functional theory (Hohenberg and Kohn 1964 [47], Kohn and Sham 1965 [48]) with the
generalized gradient approximation (GGA) PBE pseudopotentials (Perdew et al. 1996) [49]
are often used to perform this kind of calculation. We can predict accurately different
physical, chemical, mechanical, Thermal, Dielectric, Magnetic properties of the condensed
matter even in the absence of theoretical or experimental parameters using these first
principles methods. We aim to investigate the electronic energy structure and core-valence
states with magnetization effects of KFeF3, KCoF3; and KNiF3 Fluorides by using L(S)DA+U
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vs L(S)DA in a comparative study of cation effect by integrating three types of crystal

structures (Cubic (Pm-3m), Four-Layered Hexagonal (P6/mmc), and Orthorhombic (Pnma)).

Tablel.a: Lattice Cubic (Pm-3m) parameters for KFeF3 Fluoride on the Non-Ferromagnetic
(NF) and Ferromagnetic (FM) configurations using different approaches compared with

theoretical and experimental work.

i Ref [101], k: Ref [103], a, b: Ref [105], d: Ref [108], c: Ref [108], and e,: Ref [114].

KFeF;

Approach

Configuration

a(A)

co(A)

B (GPa)

B’

VoI(A?)

Phase

LDA

LDA+U

Non-Ferromagnetic

3.863

- 116.41

4.97

57.64

3.873

- 117.19

4.00

58.09

L(S)DA

Ferromagnetic

4.010

- 93.67

4.37

64.49

L(S)DA+U

4.033

90.89

4.67

Cubic
Pm-3m

Comparison with theoretical and

experiment

al data

Experimental

4,12

Theoretical

4.061°

4.170°¢

4.120°

4,121°

4.122"

Cubic
Pm-3m

4,124

Tablel.b: Lattice 4H-layered Hexagonal (P6/mmc) parameters for KFeF; Fluoride on the
Non-Ferromagnetic (NF) and Ferromagnetic (FM) configurations using different approaches
compared with theoretical and experimental work.

Approach | Configuration | ag(A) | co(A) B B> | Vol(A%) Phase
(GPa)
LDA 5499 | 8.726 | 109.82 | 4.49 | 1658.36
LDA+U Non- 5500 | 8.727 | 106.86 | 4.82 | 1658.72 4H-
Ferromagnetic Hexagonal
L(S)DA 5714 | 9.067 | 11290 | 1.23 | 1848.28
L(S)DA+U | Ferromagnetic | 5.727 | 9.086 87.39 420 | 187291
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Tablel.c: Lattice Pnma-Orthorhombic parameters for KFeF; Fluoride on the Non-
Ferromagnetic (NF) and Ferromagnetic (FM) configurations using different approaches
compared with theoretical and experimental work.

Approach | Configuration | a(A) | c(A) | B(GPa) | B’ | Vol(A%) Phase

LDA Non- 5490 | 7.690 5.398 118.5 4.8 Ortho-
LDA+U | Ferromagnetic | 5.845 | 8.289 5.483 118.5 4.8 rhombic
L(S)DA 5706 | 7.970 5.591 98.4 4.3 Pnm

L(S)DA+U | Ferromagnetic | 5.828 | 8.594 5.691 95.8 4.1

¢
&

Figure.l-a : Cubic (Pm- Figure.l-b : 4H-Hexagonal Figure.l-c : Orthorhombic

Figure 1. The crystals structures for the KFeF3; Fluoride within (a) Cubic (Pm-3m), (b) 4H- Hexagonal
(P63/mmc), and (c) Orthorhombic (Pnma) phases.

2. Theory and Computational Methods
2. A. Crystallographic Model of the Fluoride

For our calculations, we have used the projector Full-Potential Linear Augmented Plane
waves method included in the Vienna Ab-initio simulation package. The exchange-
correlation potential is taken in consideration by using L(S)DA and L(S)DA+U approaches.
Two configurations are invested here Non-Ferromagnetic (NF) and Ferromagnetic (FM)
within different crystal phases (Cubic (Pm-3m), 4H-Hexagonal (P6/mmc), and (Pnma)
Orthorhombic). According to the literature, it is the tolerance factor that defines the
amorphous structure of the Fluoride at a given temperature or pressure. According to the
work presented by Tanghong Yi et al. Study [50-52] report that ternary phase Fe(Il) fluorides
with other alkali metals are known such as K,FeF,, KFeFs;, and NaFeF;. KFeF; has a cubic
perovskite ABXj structure (space group Pm-3m), Jaeryeong Lee et al. shiw [53] have
synthesized the reactions proceed with grinding time, and ultimately a single phase of cubic
structural KMy F3 (Pm3m) was obtained after grinding for 21.6 ks., V Manivannan et al. [54],
Lee et al(2001, 2003) [55-56], synthesized complex metal fluorides with perovskite structures
have milled the metal fluorides along with potassium fluorides for 6 h to form KMF; (M =
Mg, Ca, Zn, Mn, Ni and Co) followed by annealing at 673 K for 2 h to confirm the single-

phase formation. The potassium fluoride (KF) and one of alkaline-earth or transition metal
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fluoride MyF,. The tolerance factors for KFeFs, NaFeFs, and LiFeF; (where re is substituted
for ro in the equation above) are around 0.91, 0.79, and 0.70, respectively, assuming they all
retain the perovskite structure. In fact, NaFeF3; has been shown to distort to an orthorhombic
symmetry structure as Atsushi Okazaki et al. [57] when they studied the crystal structures of
the anti-ferromagnetic KMnF;, KFeF; KCoF3, KCNiF; and KCuF; have been determined
above and below their Néel temperatures (Ty) by X-ray diffraction using single crystals. They
have reported that all these fluorides KMnF;, KFeF3; KCoF;, KNiF; and KCuF; exhibit the
ideal perovskite type (cubic) except for that of KCuF; Which adopts a (tetragonal)

modification (a > c) of the perovskite type.

Table2.a: Lattice Pm-3m Cubic parameters for KCoF3 Fluoride on the Non-Ferromagnetic
(NF) and Ferromagnetic (FM) configurations using different approaches compared with
theoretical and experimental work.

i Ref [101],1: Ref [104], a: Ref [105], n: Ref [106], o: Ref [107],p: Ref [108], q: Ref [109].

KCoF;
a(A) | co(A)
3.841 -
3.879 -
4.013 - 93.69 |4.40
4.035 - 90.70 | 4.69

theoretical and experimental data
4.006° - - - -
4.069° - - - -
4.070" - - - -
4.08° - - - -
4.041° | - - - -
4.058° - - - -
4.069" | - - - -
4.070' - - - -
4071 | - - - -
4,125 - - - -

B’
4.85
4.09

VoI (A?)
57.53
58.26
64.52
65.62

Approach Phase
LDA
LDA+U
L(S)DA

L(S)DA+U

Configuration
Non-Ferromagnetic

B (GPa)
116.21
117.24

Cubic
Pm-3m

Ferromagnetic

Comparison with

Experimental -

Cubic
Pm-3m

Theoretical -

Table2.b: Lattice 4H-layered Hexagonal (P6/mmc) parameters for KCoF3; Fluoride on the
Non-Ferromagnetic (NF) and Ferromagnetic (FM) configurations using different approaches
compared with theoretical and experimental work.

Approach | Configuration | ag(A) | co(A) | B(GPa) | B’ | Vol(A® | Phase
LDA Non- 5517 | 8.754 | 113.39 | 3.937 | 1669.14
LDA+U Ferromagnetic | 5.518 | 8.756 104.81 458 |1674.36 | 4H-Hexa-
L(S)DA Ferromagnetic | 5.635| 8.941 58.58 7.929 | 1743.49 gonal
L(S)DA+U 5.647 | 8.960 | 97.41 | 6.640 | 178594
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Table2.c: Lattice Orthorhombic (Pnma) parameters for KCoFz; Fluoride on the Non-
Ferromagnetic (NF) and Ferromagnetic (FM) configurations using different approaches
compared with theoretical and experimental work.

Approach | Configuration | ao(A) | co(A) | B(GPa) | B’ | Vol(AY) Phase
LDA Non- 5.486 | 7.628 5475 | 117.3 4.6 Pnma
LDA+U Ferromagnetic | 5.430 | 7.794 5419 | 1174 4.6 Ortho-
L(S)DA Ferromagnetic | 5.630 | 7.822 5532 |104.9 34 rhombic
L(S)DA+U 6.150 | 8.544 5.684 96.2 4.3

To investigate the interplay between the transition phases which allows a new crystal
structure to be done and B-site stereo chemical activity, three crystallographic models
(Figure. 1.a), were chosen: cubic (Pm-3m), which allows neither octahedral rotations nor B-
site off-centering. The crystallographic data for ABX3 is well known and available from the
literature. The crystal structure belongs to the space group (Pm-3m) (221) with the A (K
atom) are in Wyckoff position 1b (¥2,%,%); the B (Fe, Co, and Ni atoms) in 1a (0,0,0); and
the X (F atom) in 3d (*2,0,0); (0,%,0);( 0,0,%2), all special positions.

Table3.a: Lattice Pm-3m Cubic parameters for KNiF; Fluoride on the Non-Ferromagnetic
(NF) and Ferromagnetic (FM) configurations using different approaches compared with
theoretical and experimental work.

j: Ref [102], k: Ref [103], I: Ref [104], n: Ref [106], q: Ref [109], r: Ref [110], s: Ref [111],
t: Ref [112], u: Ref [113], f, v: Ref [114].

KNiF3

Approach Configuration ao(A) | co(A) | B (GPa) | B’ | Vol(A%) | Phase
LDA 3.863 - 115.73 | 5.04 | 57.65

LDA+U Non-Ferromagnetic | 3.861 - 116.89 | 4.73| 57.55 | Cubic
L(S)DA 3.954 - 91.02 |3.39| 61.86 | Pm-3m
L(S)DA+U Ferromagnetic 3.974 - 97.73 |4.33| 62.73
Comparaison with theoretical and experimental data
4.000° - - - -
Experimental - 4.02" - - - -
40117 | - - - -
4.000° - - - -
4.001" | - - - -

4.002" | - - - -
4009 | - - - - Cubic

401" | - - - - Pm-3m
Theoretical - 4.012%7 | - - - -

4013 | - - - -
40147 - - - -
4015 | - - - -
4.034¢ | - - - -
4.054" | - - - -
4.070° | - - - -
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Table3.b: Lattice 4H-Hexagonal (P6/mmc) parameters for KNiFs; Fluoride on the Non-
Ferromagnetic (NF) and Ferromagnetic (FM) configurations using different approaches
compared with theoretical and experimental work.

Approach | Configuration | ao(A) | co(A) | B (GPa) B’ | VoI(A’) | Phase

LDA Non- 5.549 | 8.804 | 110.36 3.64 | 1698.28 4H-

LDA+U Ferromagnetic 5.550 | 8.805 110.45 3.63 | 1699.15 Hexa-

L(S)DA Ferromagnetic | 5.596 | 8.880 93.97 4.492 | 1750.57 gonal

L(S)DA+U 5.607 | 8.897 | 93.40 454 | 176055 | P6/mmc

Table3.c: Lattice Pnma-Orthorhombic parameters for KNiF3; Fluoride on the Non-
Ferromagnetic (NF) and Ferromagnetic (FM) configurations using different approaches
compared with theoretical and experimental work.

Approach | Configuration | a(A) | co(A) | B(GPa) | B’ | Vol(A%) Phase
LDA Non- 5,512 | 7.734 5.465 112.4 4.7
LDA+U Ferromagnetic 5721 | 8.092 5.467 112.2 4.7 Ortho-
L(S)DA Ferromagnetic | 5584 | 7.868 | 5.427 | 104.7 4.3 rhmbic
L(S)DA+U 5.787 | 8.079 5771 102.1 4.5 Pnma

The perovskite structure is known to be very flexible and the A and B ions can be
varied leading to the large number of known compounds with perovskite or related structures.
Most perovskites are distorted and do not have the ideal cubic structure [58]. A variety of
scientific works have considered the cubic structure with (Pm-3m) space group is that which
Fluoro-perovskites KFeF; adopts [59-63]. M. SAFA et al [64], have also confirmed the cubic
phase for the Fluorides KFeF;, KCoFs, and KNiF3 crystals studied in their work at room
temperature become antiferromagnetic (AF) above liquid nitrogen temperature. As they are
good examples of simple Heisenberg magnets large crystals have been required for a variety
of magnetic measurements. In other hand M. P. J. Punkkinen [65] Shows that both KFeFs,
KCoF; fluorides are known to exhibit (AF) insulators. He used the density functional theory
in the local (spin) density approximation (LDA/LSDA) to predict the metallic behavior for
these fluorides. A. S. Verma in different works as well many other researchers have given
wide attention to this type of Fluorides [66-74] because they show specific physical
properties due to their crystal structures and unique ferroelectric dielectric, (anti)magnetic
and optoelectronic properties. Revised structural phase transition are made in KMnF3; Fluoro-
perovskite crystals as well as Joanna Kapusta et al. [75] works, and many other scientist
researchers have also mentioned that exist structural phase transition in the KMnF3 Fluorides
(Mn are transition metals) [76-82] which has been considered cubic for a very long time,
critical behavior magnetic transitions are given specially for two KCoF3 and KNiF3 Fluorides
by A. Oleaga et al. [83], also Atsushi Okazaki et al. [57] studied the crystal structures of the
anti-ferromagnetic KMnF;, KFeF3 KCoF3 , KCNiF; and KCuF; have been determined above
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and below their Néel temperatures (Ty) by X-ray diffraction using single crystals. They
reported that the structures of these compounds are the ideal perovskite type (cubic) except
for that of KCuF3; Which crystallizes as a tetragonal modification (a > c) of the perovskite
type. At 78°K (below Ty) the lattice symmetries of KMnF;, KFeF; and KCoF; are
monoclinic, rhombohedral (0¢<90°) and tetragonal (a > c), respectively, while KNiF; and
KCuF; retain their own symmetries at room temperature was extended up to 670°K for
KCuFs;. S. L. Wang et al [84] reported that KMF; with (M= Mn, Co, and Ni) after be
synthesized through a simple solution route, these compounds crystallized in a cubic
perovskite phase (Pm-3m). The crystal structure of KMF3 was refined by the Rietveld method
on the basis of the X-ray powder diffraction data. S. L. Wang et al reported that the typical
compound KMF; (M: Transition Metal) shows that the magnetic properties and spin
configuration can be changed by the crystal structure itself and external conditions (Dovesi et
al. 1997 [85]). The cubic room temperature perovskite structure of KMnF3 transforms to an
orthorhombic phase at 184 K (Beckman and Knox, 1961 [86], Kizhaev and Markova 2011
[87]) and transition into tetragonal phase (P4/mbm) at 91.5 K (Du et al (2005) [88], Salje et al
(2009) [89]). The change of structure causes a transition to uniaxial (AF) below 88.3 K
(Heeger et al (1961) [90]). For perovskite-type Cobalt Fluoride KCoF; the crystal structure is
slightly distorted and its spin state is changed with temperature shift. From all these studies
we can concluded that all these fluorides undergo phase transition due to the change in
temperature or to the pressure exerted, and this appears clearly in the magnetic behavior and
the spin configuration investigation studies. Using the classical approximations (L(S)DA)
invested largely in the ab-initio calculation, we show these phase transition by the
investigation of the Four-Layered 4H-Hexagonal (P6/mmc), and the (Pnma) Orthorhombic
phase vs Cubic (Pm-3m) crystal phase for KFeF3, KCoF3 and KNiF3 Fluorides using
(L(S)DA) vs (L(S)DA+U) approaches where we included the U-Hubbard correction to
correctly description for the ground states properties and magnetic effect on these fluorides to
show also the cation effect. (Figure. 1.b), displays the Four-Layered 4H-Hexagonal
(P6/mmc), which allows for simultaneous octahedral rotations and B-site off-centering along
the c-axis. The positions are given as: A; = K (0, 0, 0), A, = K (1/3, 1/3, 1/4), B = (Fe, Co,
and Ni) (1/3, 2/3, 0.6142), F, (0, 0, 1/2), and F, (-0.6129, -1.2258, 1/4). Finally, we illustrate
the Orthorhombic (Pnma) phase in (Figure. 1.c), where the atomic position is taken as: A; =
K (0.0304, 0.25, 0.99), B = (Fe, Co, and Ni) in (0, 0, 0.5), F; (0.449, 0.25, 0.0587), and F,
(0.2825, 0.0366, 0.7088). We aim in this part to calculate the total energy as a function of

unit-cell volume around the equilibrium cell volume V,. The calculated total energies versus
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volume as shown in (Figure. 2.a), (Figure. 2.b), and (Figure. 2.c), are fitted with the
Murnaghan equation of state [91]. We present the computed total energy versus unit-cell
volume for the KFeF; KCoF3 and KNiF3 Fluoro-perovskites with L(S)DA and L(S)DA+U
respectively for two configurations Non-Ferromagnetic (NF) and Ferromagnetic (FM) for

each fluoride separately, with (Cubic, 4H, and Orthorhombic) structures are regrouped.

Table 4.a: Magnetic moment values for KFeF3; Fluoride on the Cubic (Pm-3m) phase.

Cubic Phase (Pm-3m)
Fluoride | Approches ukK uM UF | Winterstitiel | Hcell
L(S)DA |-0.0014 | 3.333 | 0.088 | 0.392 | 3.812
L(S)DA+U | -0.0024 | 3.522 | 0.068 | 0.272 | 3.860

Table 4.b: Magnetic moment values for KFeF3; Fluoride on the 4H-Hexagonal (P6/mmc)
phase.

4H-Hexagonal Phase (P6/mmc)

Fluoride | Approches | pA; LA uB uF; WF2 | W interstitiel | Mcell
L(S)DA | 0.0011 | -0.0004 | 3.399 | 0.106 | 0.108 | 1.111 |4.733

L(S)DA+U | 0.0007 | -0.0002 | 3.408 | 0.096 | 0.100 | 1.183 | 4.787

Table 4.c: Magnetic moment values for KFeF3 Fluoride on the Orthorhombic (Pnma) phase.

Orthrhombic Phase (Pnma)
Fluoride | Approches LA uB uFy | pF2 | Winterstitiel | Mcel
L(S)DA | -0.0020 | 3.411 | 0.098 | 0.092 | 1.139 | 4.738
L(S)DA+U | -0.0011 | 3.543 | 0.057 | 0.053 | 1.112 | 4.764

Table 5.a: Magnetic moment values for KCoF3 Fluoride on the Cubic (Pm-3m) phase.

Cubic Phase (Pm-3m)

Fluoride | Approches UK Um HUFE | Winterstitiel | Lcell
L(S)DA |-0.0016 | 2.345 | 0.093 | 0.139 | 2.575
L(S)DA+U | -0.0014 | 2.663 | 0.079 | 0.102 | 2.843

Table 5.b: Magnetic moment values for KCoF3; Fluoride on the 4H-Hexagonal (P6/mmc)
phase.

4H-Hexagonal Phase (P6/mmc)
Fluoride | Approches | pA; HA, uB | wF1 | uF | W interstiiel | Hcen

KCoF; L(S)DA | 0.0020 | 0.0001 |1.581 | 0.028 | 0.076 | 0.329 |2.016
L(S)DA+U | 0.0011 | -0.0002 | 2.552 | 0.099 | 0.117 | 0.492 | 3.260
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Table5.c: Magnetic moment values for KCoF3 Fluoride on the Orthorhombic (Pnma) phase.

Orthorhombic Phase (Pnma)

Fluoride | Approches HA uB | pF; | pFp | Winterstitiel | Mcell
KCoF3 L(S)DA | -0.0006 | 2.568 | 0.102 | 0.096 | 0.545 | 3.310
L(S)DA+U | -0.0008 | 2.698 | 0.049 | 0.051 | 0.560 | 3.357

Table 6.a: Magnetic moment values for KNiF3 Fluoride on the Cubic (Pm-3m) phase.

vCubic Phase (Pm-3m)

Fluoride | Approches UK v UF W interstitiel el
L(S)DA -0.0012 | 1.411 0.076 0.050 1.536
L(S)DA+U | -0.0005 | 1.773 0.054 0.064 1.891

Table 6.b: Magnetic moment values for KNiF3 Fluoride on the 4H-Hexagonal (P6/mmc)

phase.
4H-Hexagonal (P6/mmc)
Fluoride | Approches | pA; HA, uB uFy uF> L interstitiel Hcell
L(S)DA 0.0022 - 1.634 | 0.085 | 0.131 0.002 1.853
0.0006
L(S)DA+U | 0.0011 - 1.634 | 0.080 | 0.130 0.198 2.043
0.0005

Table 6.c: Magnetic moment values for KNiF3z Fluoride on the Orthorhombic (Pnma) phase.

Orthorhombic (Pnma)

Fluoride

Approches LA uB uFy uk> W interstitiel Hcell
KNiF;3 L(S)DA -0.0001 | 1.642 | 0.094 | 0.101 0.188 2.025
L(S)DA+U | -0.0006 | 1.802 | 0.046 | 0.047 0.181 2.076

2. B. Computational Methods

Our calculations have been performed with the Wien2K Ab-initio Simulation Package

[92] implementing the projector Full-Potential Linear Augmented Plane waves method [93-
94] embedded in the functional (DFT+U) basis [44, 45]. (DFT+U) is employed for all open
shell orbitals, such as d and f orbitals for transition metal elements with localized orbitals

existing in extended states, as in the case of many strongly correlated materials and

perovskites, where localized 3d or 4f orbitals are embedded in elongated s-p states [95]. In

the FP-LAPW method, the unit cell is divided into two parts: (I) non-overlapping atomic

spheres (centered at the atomic sites) and (I1) an interstitial region. In this method no shape

approximation on either the potential or electronic charge density is made. It allows the
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inclusion of local orbitals in the basis, we are improving upon linearization and making
possible a consistent treatment of semi-core and valence states. This is an implementation of
a hybrid full potential linear augmented plane wave within local orbitals (L/APW+lo) method
given in the Wien 2K package. The basis set inside each MT sphere is split into core and
valence subsets. The core states are treated within the spherical part of the potential only and
are assumed to have a spherically symmetric charge density totally confined inside the MT
spheres. Two different approaches are employed in the present work to describe the exchange
and correlation potential interaction, such as (Perdew-Wang) local spin density
approximation LSDA [58-59] and corrected LSDA+U [96-97]. Therefore, applying U-
Hubbard correction to solve the bandgap problem is necessary for predicting the properties of
transition metal oxides. The (DFT+U) description is accurate method to interpret the ground
states properties for materials. The applications of the U value is not known and practically is
often tuned semi empirically to make a good agreement with experimental or higher level
computational results. However, the semi empirical way of evaluating the U parameter fails
to capture its dependence on the volume, structure, or the magnetic phase of the crystal, and
also does not permit the capturing of changes in the on-site electronic interaction under
changing physical conditions, such as chemical reactions[95]. The value of U implemented
by Cococcioni et al. [95, 98] is Ues = U—J, where J is indirectly assumed to be zero in order
to obtain a simplified expression. Nonetheless, J can add some additional flexibility to the
(DFT+U) calculations, but it may yield surprising results including reversing the trends
previously obtained in the implemented (DFT+U) calculations [95]. To ensure convergence
we have taken 2000K points in the Brouillin Zone. The self-consistent calculations are
considered to be converged only when the calculated total energy of the crystal converged to
less than 1 mRy. In this work, we have chosen for the (L(S)DA) vs (L(S)DA+U) calculation,
the on-site effective U parameter is (Uess U-J= 0.47 eV). We have chosen as atomic sphere
radii (RMT) 2.4, 1.9, and 1.6 a.u respectively for A, B (Fe, Co, and Ni) and F atoms. The
Brillouin Zone integration is carried out with a modified tetrahedron method [99]. In order to
describe correctly the wave functions in the interstitial region like spherical harmonics have
been expanded up to the value of Ih=7. (DFT+U) are good to predict the correlation in the
centered metal in organometallics. The spin change between FM and AFM states or in SCO
can all be well predicted by the Hubbard correction, while the pure (DFT) fails due to the
correlation in the d or f orbitals of the centered metal [95], these characteristics, and the
advantages that it can allow us justifies the integration of this method in the present paper.
We qualify this method according to our results presented below as an accurate method.
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Figure 2a. Computed total energy versus unit-cell volume for the Cubic KFeF; Fluoro-perovskites with
L(S)DA+U approach.
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Figure 2b. Computed total energy versus unit-cell volume for the Cubic KCoF; Fluoro-perovskites with
L(S)DA+U approach.

34



KNiF‘
19381.7 - Cubique
Hexagonal- 4H
Ortho- Pnma

19381.8 - .
T 193819 - &
F . YRS Y et R | % T M. S e N e,
(+ 4 \
= .
20 -19382.0 - Xa
S A [ B s - T
= \ * :

4 " b " ) —
aae b :
19382.1 . . e o g
-
19382.2 |- S .
A *
- - .. & Ky
v -»
193823 A 1 " 1 A 1 A 1 A 1 A 1
1400 1500 1600 1700 1800 1900 2000 2100
Volume (Bohr')

Figure 2c. Computed total energy versus unit-cell volume for the Cubic KNiF; Fluoro-perovskites with
L(S)DA+U approach.

3. Results and Discussions
3. A. Structural properties and Magnetic moment

To obtain an analytical interpolation of our computed points from which we determine
the ground state properties such as the equilibrium lattice constant ag (A), or co(A), the bulk
modulus B(GPa) and its pressure derivative Bo. We present in (Table. 1.a), (Table. 2.a), and
(Table. 3.a) the computed (LDA) and (LDA+U) for (NF) configuration as well (LSDA) and
(LSDA+U) for (FM) configuration for KFeFs;, KCoF; and KNiF; respectively. The
equilibrium lattices are given together with other theoretical and experimental values. In this
work, the equilibrium lattice constants for the cubic KBF3; Fluoride are underestimated by
(L(S)DA) and overestimated by (L(S)DA+U), which are perfectly near the theoretical and
experimental works given by others researchers. (Table. 1.b), (Table. 2.b), and (Table. 3.b)
show the lattice equilibrium for the 4H-phase. We report for KFeF; a= 4.033 A, KCoF; a=
4.035A and for KNiF; a=3.974 A for the Ferromagnetic (FM) configuration. For the 4H-
Hexagonal Fluorides, the sub-cell lattice constants are: KFeF; (a=5.727A, c= 9.086A):
KCoF3; (a=5.647A, ¢=8.960A), and for KNiF; (a=5.607A, ¢=8.897A), while in the Pnma
orthorhombic phase we report these lattices KFeF; (a=5.828A, ¢=8.594A); KCoF;
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(a=6.150A, ¢=8.544A), and for KNiF; (a=5.787A, ¢=8.079A). The equilibrium values for the
Pnma-Orthorhombic structure are given in (Table. 1.c), (Table. 2.c), and (Table. 3.c). From
(Figure.2.a), (Figure.2.b), and (Figure.2.c), we deduce that the computed total energy versus
unit-cell volume for the KBF; (B=Fe, Ni, and Co) Fluoro-perovskites with (LDA+U)
respectively for two configurations Non-Ferromagnetic (NF) and Ferromagnetic (FM) shows
the Ferromagnetic (FM) behavior. The three KFeF3, KCoF3; and KNiF3 Fluorides investigated
here are (FM). While the other curve which brings together all the structures (Cubic, 4H, and
Orthorhombic) for KFeF;, KCoF3; and KNiF3; Fluorides shows that there is an intersection
interval between the two crystal structures (4H- Hexagonal and Orthorhombic), after they
adopt the 4H-Hexagonal structure. This remark is explained by a transition phase that these
fluorides undergo during a change of temperature or it is due to a pressure exerted on them.
We report in (Table.4.a), (Table.5.a), and (Table.6.a) the magnetic moment for the (Cubic,
4H, and Orthorhombic) KFeF; Fluorides respectively. The KCoF3; magnetic moment are
reported respectively in (Table.4.b), (Table.5.b), and (Table.6.b) The KNiF; magnetic
moment are reported in (Table.4.c), (Table.5.c), and (Table.6.c) respectively. From these
figure, we see clearly that the Potassium K contribution is negligible. We found an important
magnetic moment contribution given by the second element (B=Fe, Co, Ni) respectively. we
classify it according to this order (Fe, Co, and Ni). This this classification leads us to say that
our fluorides are classified as KFeF3;> KCoFs> KNiF3. This contribution appears clearly in
the band structure and densities of states plots given after.

4. Electronic properties
4. A. Densities of states and Band structure

The (FP-LAPW) is a good theoretical tool for the calculation of the electronic
properties of a compound. They give useful information about the internal perovskite
structure as well as Fluoro-perovskites. We turn our attention in this part to study the
electronic properties of three KFeF;, KCoF; and KNiF3; Fluorides via calculating the energy
band structure the total and partial densities of states and the charge distribution. (Figure.3.a),
(Fig.ure3.b), (Figure.3.c) show band structures within (L(S)DA) and (L(S)DA+U)
respectively for Cubic (Pm-3m) phase, where (Figure.4.a), (Fig.ure4.b), (Figure.4.c) show the
total and partial densities of states for this phase. The band Structure and total and partial
densities of states for the Four-layered Hexagonal (4H) phase is given in (Figure.5.a),

(Fig.ure5.b), (Figure.5.c) respectively. The Fermi level is fixed at the origin. It is well known
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that the (L(S)DA) approach underestimate the fundamental gap of semiconductors and
insulators.
The introduction of the U-Hubbard term is essential, we found that (L(S)DA+U) approach

gives us more information.
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Figure 3a. Band Structures for the Cubic KFeF; Fluorides with (L(S)DA) and (L(S)DA+U) respectively.
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The (L(S)DA+U) method is able to predict the electromagnetic properties. Further, the
values of the magnetic moments are in better agreement with other theoretical and
experimental values in the (L(S)DA+U) calculations than in the (L(S)DA) calculations. The
energy band gap of KBF; Fluorides with (B= Fe, Co, and Ni) along N-T" is indirect gap. The
energy band gap shows differences between Up-states and Dn-states. The Cubic value of
(L(S)DA+U) for KFeF3;, KCoF3 and KNiF3 Fluorides respectively are overestimated than the
(L(S)DA) values given as KFeF3;, KCoF3; and KNiF3 Fluorides. The same remark is obtained
in the Four-layered 4H-Hexagonal and orthorhombic phases. It is worth noting that the
(L(S)DA) given here usually underestimates the band gap. The conduction band is dominated
by d-Fe states or d-Ni as d-Co, and the band gap. The calculated electronic band structure
reveals that KBF; studied here is an insulator similar to other Fluoro-perovskite studied by
different researchers [84, 100, 101] as well is given in Total (TDOS) and partial densities of
states (PDOS) in the cubic phase shown in (Fig.4). The insulator behavior exists in all these
fluorides. The top valence bands of Fluorides are mainly formed by the p-F states, the 2p-F
states are fully occupied. The bottom conduction bands are created by K and F states, and the
3d-M states are partially occupied. We remark that in all figures given here, the studied
KFeF;, KCoF; and KNiF3 Fluorides bands found just above the Fermi level are also mainly
from the d-states of B atom with (B= Fe, Ni, and Co). whereas the other states K and F atoms

do not contribute much to the Fermi level.
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Figure 4a. Total and partial densities of states for the Cubic phase for KFeF; Fluoride with (L(S)DA+U)
approaches.

The position of the last valence band sometimes exceeds the Fermi level Er using
(L(S)DA+U) approach. We note also a difference between the Up states and the Dn states, it
is clear that the Dn states are much more descending compared to the Up states, they are
located below the Fermi level, nearly in all the phases studied indicating the insulator
character with small values in these states. We remark also that Fe contribution in KFeF; is
dominated. The most remarkable thing given in the study of fluorides perovskites ABF; in
comparison with perovskites oxides ABOs, that fluorides show an almost similar contribution
of all the elements A, B and F, especially the element B is dominant and also we found the F
contribution, thing which is not found in the oxides, where the contribution of oxygen is

negligible compared to the other elements, sometimes A element contributes but partially.
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Figure 4b. Total and partial densities of states for the Cubic phase for KCoF; Fluoride with (L(S)DA+U)

approaches.

The same remark is reveled in the three Fluorides studied here. we remake an equal
contribution of potassium K in the three fluorides investigated here, a similar contribution of
F element in KFeF3; and KCoF3 Fluorides, but it becomes more important in KNiF3 Fluoride.
From current results, we deduced that the contribution of the 2" atom decreases as following:
Co, Ni and Fe, which is completely opposite with their magnetic moment contribution which
decreases as well Fe, Co, and Ni element in three phases investigated Cubic, 4H and
Orthorhombic respectively. The previous study of Four-Layered Hexagonal phase in these
fluorides clearly showed several different features of the band structures that point to
significant covalent contributions to the bonding explained later in Charge densities part.
These three types of crystal structures invested in this work, allowed us to discover the
variety of physical properties that they possess these Fluorides.
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Figure 4c. Total and partial densities of states for the Cubic phase for KNiF; Fluoride with (L(S)DA+U)

approaches.

The 4H-Hexagonal phase revealed that the conduction bands are raised above the Fermi
level. Also Spin-Dn states are very smaller in relative to those given by Spin-Up states. In
general, the band structures figures show the insulating gap which is found by many
researchers in different works [102]. Partial density of state (PDOS) and total density of state
(TDOS) for KFeF3;, KCoF3; and KNiF3 Fluorides in cubic phase is depicted in these figures
indicates also hybridization among orbital electrons as well as bonding characteristics within
the compound. Also from these figures, we see clearly that (L(S)DA+U) describe all states
more than (L(S)DA) approach. The Fermi level Ef is indicated by horizontal dashed line. It is
clear that several valence and conduction bands cross the Er with large dispersion in the Dn-
States the thing that was found also in the band structures, keeping the insulating character
always present with a difference between the gap values from one fluoride to another which

is nearly analogous to the previously reported articles.
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4. B. Charge densities

Charge density maps serve as a complementary tool for achieving a proper
understanding of the electronic structure of the system being studied. L(S)DA+U calculations
were also performed on the transfer charge in KFeF3 fluoride for the cubic (Pm-3m), 4H-
Hexagonal (P6/mmc) and Orthorhombic (Pnma) phases respectively. Charge density of cubic
perovskites was often studied and discussed. The ionic character of any perovskite or
Fluorides can be related to the charge transfer between the cation and anion elements. The
covalent character is related to the sharing of the charge among the cation and anion. The
covalent behavior is due to hybridization of d- A states and p-B states in the valence band
near the Fermi energy level. In our case, it’s due to hybridization of d-B states and p-A states
because (A atom is K) we know that K element contains only p-states, K: [Ar] 4s, it does not
have the d-states. The d-states are more localized. The corresponding contour maps of the
Cubic (Pm-3m) charge density distributions are shown in (Figure. 5.a) along (100) plane in
3D representation. The bond between F and F is strong ionic. We noted that Fe-Fe in KFeF;
are very strong covalent Fluoride.The formation of Hexagonal perovskites given in (Figure.
5.b) is believed to be largely governed by the size misfits in the compound. The orthorhombic
phase given in (Figure. c.a) contains corner-sharing octahedra only. ABF; Fluoro-perovskite
containing intermediately sized A ion takes while the 4H-hexagonal structure which may be

seen as intermediate containing both corner- and face-sharing octahedra. (Rune Sodena et al
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2007) [103, 104] confirm this through their study on SrMnO3z and CaMnQj3 perovskite oxide
by showing that the hexagonal structures give more room to large alkaline-earth cations but,
on the other hand, lead to short Mn-Mn distances connecting the centers of the face-sharing
octahedral. They show that the face-sharing octahedra increase the electrostatic repulsion
between the Mn atoms in the Mn,Og entities, and therefore increase the magnitude of the Mn-
Mn contribution to the Coulomb energy of the compound. The same is applied to the element
B which is Fe (Ni or Co) in our fluoro-perovskites. (Rune Sodena et al 2007) [103] reported
that the corresponding transition from structures containing corner-sharing octahedra to
hexagonal structures with face-sharing octahedra was modeled using a set of transferable
potentials within the framework of the conventional ionic model. Since these calculations
allow for no change in bonding from structure to structure and no ionic contributions, the
driving force for the adoption of a structure by a given fluoride is clearly size. While in both
series ABF3; and AMnOj3, the transition from orthorhombic to cubic to hexagonal is consistent
with the increase in the tolerance factor ”t”. (Fig. 5) shows also along (100) plane in 3D
representation the 4H-Hexagonal and Pnma-Orthorhombic transfer charge. The contribution
of three elements which constitutes the ABF3 fluoride is similar in the three crystal phases
(Cubic, 4H, and Orthorhombic) studied in the current work. We find there too hybridization
between the (3d-Fe and 2p-F) states in the KFeF3; Fluoride. We report also small differences

given between the Spin-Up and Spin-Dn contribution.

Figure 6a. Charge Densities for the Cubic (Pm-3m) phase KFeF; Fluoride with (L(S)DA+U) approach.
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Figure 6b. Charge Densities for the 4H-Hexagonal (P6/mmc) phase KFeF; Fluoride with (L(S)DA+U)

approach.
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Figure 6¢. Charge Densities for the Orthorhombic (Pnma) phase KFeF; Fluoride with (L(S)DA+U) approach.

5. Conclusion

To summarize, this comparative study of cation effect on the Fluorides KFeF;, KCoF3
and KNiF; investigated to show their electro-magnetic character in the cubic (Pm-3m), 4H
(P6/mmc) and Orthorhombic (Pnma) phases and to give the systematic comprehension on
these derivatives are given by L(S)DA and L(S)DA+U which is one of the mostly
implemented methods in the DFT+U in order to show the stability phases between all phases
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investigated here and compared with others works. Magnetic moment and spin effect is taken
in consideration on the ground states properties of these Fluorides. The spin change in FM
configuration between 3d (Spin Up and Spin Dn-states), they will be well predicted by the
Hubbard correction, while the pure DFT fails due to the correlation in the d orbitals of the
centered transition-metal. In addition, the B-cation (Fe, Co, and Ni) modify enormously the
nature of the transition by hybridizing with the valence state, transfer changes. The
contribution of this cation is more dominant in comparison to the others especially Fluorine
Fe. The current study shows that the Fluorides KFeF3;, KCoF3; and KNiF3 investigated here
represent unique and special physical properties which allows them to be potential candidates

in optoelectronic, spintronic, and Solar Cells devices.
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