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Abstract. In this work, the structural, electronic, and magnetic properties of the Sri_ Mn,F;
(x =0, 0.25, 0.5, 0.75, and 1) compounds are investigated using first-principles calculations.
Crystallizing in fluorite structure, SrF; is a magnetism-free indirect gap insulator with band gap
of 11.61 eV as determined by the reliable mBJK functional. Mn substitution induces the mag-
netic insulator behavior as both spin configurations exhibit large band gaps with a strong spin-
polarization. Specifically, spin-up energy gaps of 8.554, 7.605, 6.902, and 6.154 eV are obtained
for Sro75Mngo5Fo, SrosMngsEs, SroasMngqsFo, and MnF», respectively. Whereas, the spin-
down state shows larger values of 8.569, 8.864, 9.307, and 9.837 €V, respectively. Consequently,
significant magnetization is induced and an integer total spin magnetic moment of 5 Ug is ob-
tained, being produced mainly by the spin-up Mn-3d state. Finally, the formation enthalpy and
cohesive energy are determined, which indicate good thermodynamic and structural stability of
the studied materials. Results suggest that Mn substitution at the Sr-sites of SrF> compound may
be an efficient approach to create new magnetic materials to be used in the spintronic devices.
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I. INTRODUCTION

The fast science and technology development has demanded high level of information pro-
cessing and storage. In this regard, the spin-based electronics or spintronics has emerged as a
promising alternative for the conventional electronics based only on the electron charge. Consid-
ering the electron spin as an additional degree of freedom may lead to the emergence of novel
properties [1,2]. In spintronic devices, the creation of spin current plays a key role, which can be
realized by either spin injection from the highly spin-polarized materials or spin filtering. There-
fore, the employed materials are required to possess suitable electronic and magnetic properties.
So far, most of spintronic devices are fabricated by hybrid structures combining semiconductor
and magnetic materials, presenting a difficulty to control the spin flux. Therefore, researchers
have focused investigations on developing novel ferromagnetic materials suitable for spintronic
applications [3]. In general, these materials exhibit large spin polarization generated by the un-
usual electronic features as half-metallicity [4,5] and magnetic semiconductor [6,7], which allow
an easy management of electron spin and retaining benefits of the traditional microelectronics.

Within the studied spintronic materials, it would be flawed not mentioning the diluted
magnetic semiconductors (DMS) family. This family is formed by doping semiconductors with
magnetic atoms as transition metals with unpaired 3d orbital. Experimentally, with the develop-
ment of sophisticated synthesis equipment, different DMSs have been successfully synthesized as
CdS:Co [8,9], Cd:Cr [10], Cd:Mn [11], ZnS:Nd [12], ZnS:Fe [13], among others. In parallel, be-
cause of the low cost and safety, theoretical calculations have been widely employed to predict new
DMSs. For examples, Bourouris et al. [14] have investigated structural, electronic, and magnetic
properties of the Cd;_,Fe,S (x =0.25, 0.5, and 0.75) DMSs using FP-LMTO calculations. Results
indicate a half-metallic ferromagnetic character of these alloys, with an atomic magnetic moment
as large as 4 up for Fe atom. MgS in rock-salt and zinc-blende structures doped with Vanadium
Mg;_,V,S (x =0, 0.25, 0.5, and 0.75) have been investigated by Abdellit et al. [15]. Calcu-
lations indicate the magnetic semiconductor and half-metallic nature of the doped rock-salt and
zinc-blende systems, respectively. A total magnetic moment of 3 g is obtained, being produced
mainly by the V atoms. Similarly, large variety of DMS materials have been considered, including
Ba;_,Cr,Te [16], Ba;_,V,S [17], Alp.75sMng2sY (Y =N, P, As) [18], and Ca;_,Cr,S [19], among
others. Revising the literature, we realized that in most cases only semiconductors are employed
as host for doping, while insulators with large band gap have not been considered yet.

On the other hand, Strontium fluoride (SrF,) has been extensively studied due to its high
technological potential. Experimentally, SrF, has been successfully prepared by different meth-
ods as solvothermal synthesis [20, 21] and hydrothermal synthesis [22]. Characterizations have
demonstrated the insulator nature of this binary with an energy gap as large as 11.25 eV [23].
Because of its optical transparency and low energy phonon (336 cm™~! [24]), SrF, has been usu-
ally used as host material for the optically active centers (OAC) [25-27]. However, the possibility
of applying SrF; in spintronics has not been treated well, so far. In this work, we comprehen-
sively investigate the structural, electronic, and magnetic properties of the Sri_,Mn,F, (x = 0,
0.25, 0.5, 0.75, and 1) alloys using first-principles calculations. The lattice parameter variation is
analyzed to study alloying effects on the structural geometry. Our simulations show good stability
of MnF; crystallizing in fluorite structure. Spin-resolved electronic band structure is calculated
and analyzed to investigate the spin polarization induced by Mn atoms, while the density of states
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allows analyzing the band structure formation. Strong spin polarization suggests magnetization in
the studied materials, which will be characterized by significant spin magnetic moments and spin
charge distribution. It is anticipated that results recommend new ferromagnetic materials prospec-
tive for spintronic applications, with large spin-down spin flip gap between 1.157 to 3.522 eV.

II. COMPUTATIONAL DETAILS

Spin-polarized first-principles calculations based on the density functional theory (DFT)
[28] have been carried out to study the structural, electronic, and magnetic properties of Sr;_,Mn,F,
compounds. The expansion of wave functions is realized in the framework of the full-potential
linearized augmented plane-wave (FP-LAPW) method as embedded in WIEN2k simulation pack-
age [29]. Cut-off energy for the wave planes in the interstices is set to Ry Kiuqx = 7, and maximum
quantum number of [, = 7 is chosen for spherical harmonics within muffin-tin. The revised
Perdew—Burke—Ernzerhof generalized gradient approximation (GGA-PBESol) [30] is adopted
to describe the exchange-correlation potential. In addition, the Kohn-improved mBJ potential
(mBJK) allows reaching reliable electronic and magnetic results provided that it can yield accu-
rate energy gap and treat well the systems containing transition metals [31-34]. Monkhorst-Pack
k-grid [35] size of 10 x 10 x 10 is generated in all calculations to integrate the Brillouin zone.
Self-consistency criterion of 0.0001 Ry is set for the iterative calculations.

III. RESULTS AND DISCUSSION
IIL.1. Structural properties

StF, crystallizes in cubic fluorite structure, ascribed to the Fm3m space group (no. 225). In
an unit cell, there are four unit formula composed of four Sr atoms and eight F atoms (See. Fig.1a).
As a first necessary step of theoretical calculations, the geometry is optimized by fitting different
calculated Energy-Volume (E-V) data to the Birch-Murnaghan equation of state as follows [36]:

2/3 3 2/3 2 2/3
E(V)=E0+9V°B{ (‘é’) -1 (‘é’) —1] [6—4<“//0> } (1)

16

Minimizing the energy with respect to volume will yield the equilibrium structural parameters.
Our calculations yield a lattice constant of 5.78 A, which presents a small deviation of -0.34%
from experimental value (5.80 A) [37] and is in agreement with previous calculations, suggesting
the reliability of the results.

Figures 1b-e display the crystal structure of Sr;_yMn,F, compounds with x = 0.25, 0.5,
0.75, and 1, which are formed by substituting one, two, three and four Sr atoms in the unit cell
by Mn atoms, respectively. Using the procedure described above, the lattice parameters of 5.64,
5.50, 5.34, and 5.16 A are obtained, respectively. Note that this parameter decreases according
to increase the Mn concentration, which is a result of the smaller atomic size of Mn atom as
compared to Sr atom. In general, the Vegard’s law is employed to describe the composition-
dependent variation of alloy lattice constant, which makes use of a linear equation as follows [38]:

a(AB1-xC) = (1 —x)apc +xaac ()

However, this law has been proven to not characterize accurately the dependence both experimen-
tally and theoretically [39,40]. Therefore, a quadratic equation with an additional parameter called

B +
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Fig. 1. Crystal structure of Sri_,Mn,F, compounds with (a) x = 0; (b) x =0.25; (¢c) x =
0.5; (d) x=0.75; and (e) x = 1.

”bowing parameter” b has been widely used, which is written as follows [41]:

a(AxB1_xC) = (1 —x)apc +xaac —x(1 —x)b 3)

Fitting the obtained results to equations(2-3), the change can be represented by:
a(x) =5.78 — 0.62x 4
a(x) =5.78 —0.50x — 0.11x° (5)

Figure 2 exhibits the calculated lattice parameters and plots of expression (4-5). It can be noted
that a second order equation can describe more accurately the variation. It is worth mentioning
that the appearance of bowing parameter is induced by the weak mismatches between SrF, and
MnF, compounds generated by a large atomic size difference of Sr and Mn atoms.

In addition, the bulk modulus values of 74.49, 80.89, 90.00, 102.26, and 120.61 (GaP) are
obtained for SrF,, Srp75Mng25F>, SrgsMng sF,, Srg2sMng75F2, and MnF, compounds, respec-
tively. These results suggest that the hardness/compressibility of SrF, is enhanced/reduced by
alloying with Mn, satisfying the well known inverse relation volume-hardness. From Fig.2, one
can see that a quadratic relation describes the bulk modulus variation better than a linear equation,
which can be written as following:

B(x) = 74.79 + 14.53x +30.91x> (6)
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Fig. 2. Variation of lattice parameter a and bulk modulus B of Sr;_,Mn,F, compounds
as a function of composition x.

IIL.2. Electronic properties
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Fig. 3. (a) Spin-resolved electronic band structure (spin-up: black curve; spin-down: red
curve); and (b) Partial density of states of SrF, compound.

Fig. 3 shows the spin-resolved electronic band structure and partial density of states (PDOS)
of the SrF, compound. It can be noted a complete spin symmetry, suggesting the non-magnetic
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nature. The valence band maximum (VBM) and conduction band minimum (CBM) are located
at X point and along I'X direction, respectively, indicating an indirect gap nature. Specifically,
an energy gap value of 11.61 eV is obtained, which exhibits a good agreement with experimental
results [23]. Reminding that due to a large electronegativity difference, one can expect that two
outermost electrons of Sr atom (Sr-4d?) are transferred to fill out the outermost partially occupied
orbital of each F atom (F—2p5). Therefore, in the SrF, compound, the Sr*t and F~ ions may
be formed with electronic configuration of [Ar]|3d 104524 p%44° and 15*2522p°, respectively. Now
from the PDOS spectra, it can be concluded that the valence band from -1.42 to 0 eV is composed
mainly by the totally occupied F-2p state, while the conduction band between 11.61 eV and 15.10
eV shows the major presence of the unoccupied Sr-4d state. The absence of orbital hybridization
suggests the ionic character of this material as expected.
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Fig. 4. Electronic band structure of Sr;_,Mn,F, compounds with (a) x = 0.25; (b) x =
0.5; (¢) x =0.75; and (d) x = 1 (spin-up: black curve; spin-down: red curve); and (e) band
edges as a function of composition x.

The electronic band structures of Sr;_,Mn,F, with x = 0.25, 0.5, 0.75, and 1 are given in
Fig. 4a-d. Note that the spin symmetry is strongly broken by Mn substitution. Clearly, the spin
asymmetry is observed at the vicinity of the Fermi level and conduction band, and the spin splitting
increases according to increase the Mn composition. Band structure features indicate that these
compounds are magnetic insulator materials provided that both spin channels exhibit insulator
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Fig. 5. Spin-resolved density of states of Sry75Mng 25F> compound.

nature. In Fig. 4e, the band edges positions are plotted as a function of Mn composition. It is
important mentioning that in all cases, the Fermi level is set at O eV. From the figure, one can see
that the spin-up CBM and spin-down CBM move towards the Fermi level, while the spin-down
VBM exhibits an opposite behavior as it shifts away from the Fermi level as increasing the Mn
concentration. It appears that the variation rate becomes smaller at large Mn composition. Our
calculations yield spin-up energy gaps of 8.554, 7.605, 6.902, and 6.154 eV for Srg75Mng2sF2,
Srg.sMng 5F», Srg25sMng 75F>, and MnF;, respectively. While in the spin-down channel, values of
8.569, 8.864, 9.307, and 9.837 eV are obtained, respectively. As a representative model, the PDOS
spectra of Srg 75Mng »sF, compound are illustrated in Fig. 5. Note that similar to SrF, compound,
the F-2p and Sr-4d states are main contributors to the lower valence band part from -3.48 to -1.44
eV and upper conduction band part from 10.06 to 13.50 eV, respectively. Close to the Fermi level
in energy range from -0.61 to 0.00 eV and from 6.69 to 7.23 eV of the spin-up and spin-down
channel, respectively, are built mainly by the Mn-3d state, which show a strong spin asymmetry.
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Table 1. Total and local magnetic moments of Sr;_,Mn,F, compounds with x = 0.25,
0.5,0.75, and 1).

M, (ug) My (up) Ms, (Up) Mpy, (Up) MFp (Up)

Srp.75sMng25F2  5.00 0.10 0.00 4.84 0.10
Sro.sMng sF» 5.00 0.12 0.00 4.81 0.02
Srp25Mng 75F2  5.00 0.14 0.00 4.78 0.03
MnF, 5.00 0.16 - 4.74 0.05

Fig. 6. Spin density in the Sry75Mng5F, compound (Yellow surface: spin-up; Green
surface: spin-down; Iso-surface value: 0.005 elA3; Cyan ball: Sr; Blue ball: Mn; Red
ball: F).

II1.3. Magnetic properties

Significant magnetization in SrF, may be induced by Mn incorporation as suggested by the
strong spin asymmetry. Table.1 gives the calculated total, interstitial, and atomic spin magnetic
moments in the Sr;_,Mn,F, compounds. This parameter is defined by: M = p(1) — p({), where
p(1) and p(]) refer to the charge density in spin-up and spin-down channels, respectively. From
the table, one can see that an integer total magnetic moment of 5 Lz per primitive cell is obtained
in all cases, which is produced mainly by the Mn atom with values varying between 4.74 and 4.84
up. Smaller contributions come from the F atom and interstitial electrons. As an example, the
spin density distribution in Srq75Mng 25F, with an iso-surface value of 0.005 (e /A3) is illustrated
in Fig.6. Iso-surface sizes suggest that the Mn spin-up state is major contributor to the magnetism
in accordance to the results listed in Table.1. Re-calling the PDOS spectra, one can attribute the
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magnetic properties to the spin splitting of Mn-3d state. The magnetic insulator nature with large
spin-down flip gaps and important induced magnetism suggest that incorporating Mn into SrF,
crystal structure may lead to the formation of new materials suitable for spintronic applications.
Specifically, they can be used as spin filter to create the spin current taking advantage of different
tunnel barrier heights that the unpolarized electrons encounter and cross with different probability
[42,43].

IIL.4. Alloys stability

Now, to examine the stability of the alloys at hand, we calculate their formation enthalpy
AH{ and cohesive energy E. using the following expressions [44]:

E, — [tEp(Sr) + uEp(Mn) +vEL(F))
t+u+v

AHy = (N

E, — [tE,(Sr) +uE,(Mn) + vE,(F)]
E. = ®)
t+u+v
Herein, E; is total primitive cell energy; E;, and E, denote the energy per atom in bulk and energy
of an isolated atom; ¢, u, and v refer to number of Sr, Mn, and F atom in the primitive cell,
respectively.

Simulations yield AH values of -4.88, -4.39, -3.92, -3.50, and -3.14 (e¢V/atom) for SrF,
Sro.75Mng 25F2, Srg sMng sF», Srg25Mng 75F2, MnF,, respectively. Negative AH ¢ feature suggests
that these compounds are thermodynamically stable, that is, their formation in experiments is
feasible provided that the synthesis is an exothermic process. Note that the difficulty degree of
formation may increase according to increase the Mn concentration since AH; becomes more
positive.

Moreover, E,. values of -5.53, -5.28, -5.04, -4.85, and -4.73 (eV/atom) are obtained when
the Mn composition x = 0, 0.25, 0.5, 0.75, and 1, respectively. Negative E. indicates that the com-
pound state is energetically more favorable than decomposed state, that is, the studied compounds
may keep their structure once formed in experiments indicating the structural(chemical) stability.
Note that large Mn composition may lead to a less structurally stable alloy, provided that E,. takes
less negative value.

Simulations indicate good stability of all the studied binaries and ternaries. Similar to the
diluted magnetic semiconductors, the ternary compounds can be synthesized in experiments by
doping the SrF, in fluorite structure with Mn atoms. Meanwhile, despite MnF; has been found
to crystallize in the rutile-type structure [45], Zhao et al. [46] has reported the possible formation
of this binary compound in fluorite-type structure. Therefore, our results presented herein may
be a good theoretical guidance for future theoretical and experimental works treating Sr;_,Mn,F,
compounds and exploring their spintronic applicability.

IV. CONCLUSIONS

In summary, first-principles calculations have been performed to investigate the Mn substi-
tution effects on the structural, electronic, and magnetic properties of SrF, compound. SrF; is a
non-magnetic ionic material generated by the charge transfer from Sr-5s orbital to F-2p orbital. Its
valence band and conduction band are formed mainly by the occupied F-2p state and unoccupied
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Sr-4d state, respectively. Incorporating Mn into SrF; structure reduces the lattice parameter be-
cause of the smaller atomic size of Mn atom compared to Sr atom, for which a quadratic equation
describes well the composition-dependent variation. Also, Mn presence enhances the mechanical
hardness. Both spin channels of the Mn-substituted systems show insulator nature with a strong
spin splitting around the Fermi level generated by Mn-3d state. Consequently important magnetic
properties are obtained with the major contribution from spin-up Mn-3d state. Mn substitution
may reduce the stability, however all systems at hand possess good thermodynamic and structural
stabilities as suggested by their negative formation enthalpies and cohesive energies. Results may
recommend new materials with the magnetic insulating for spintronic applications, following the
success of diluted magnetic semiconductors.
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