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We have used first-principle methods of density functional theory within the
full potential linearized augmented plane wave scheme to investigate the
electronic and magnetic properties of cubic rock-salt, SrO, doped with vana-
dium (V) impurity as Sr;_,V,O at various concentrations, x = 0.25, 0.5, and
0.75. We have found that the ferromagnetic state arrangement of Sr;_,V,0 is
more stable compared to the anti-ferromagnetic state configuration. The
electronic structures have a half-metallic (HM) ferromagnetic (F) behavior for
Sro 75V0.050 and Srg 5V 50. This feature results from the metallic and semi-
conducting natures of majority-spin and minority-spin bands, respectively.
The HMF gap decreases with the increasing concentration of vanadium atoms
due to the broadening of 3d (V) levels in the gap, and hence the Srg 25V 750
becomes metallic ferromagnetic. The Srg75Vo250 revealed a large HM gap
with spin polarization of 100%. The Sr;_,V,O compound at low concentrations
seems a better candidate to explore the half-metallicity for practical spin-
tronics applications.

Key words: Electronic structures, magnetic properties, half-metallic gap,
ferromagnetic arrangement

INTRODUCTION

nonvolatility, increased data processing speed,

Spintronics (spin electronics)’ is a recent disci-
pline of electronics that exploits the concept of
electron spin (spin magnetic moment) as a new
degree of freedom of an electron in addition to its
charge, for information processing and storage.?
The expected advantage of spintronic devices with
respect to the conventional electronic ones would be

(Received March 31, 2017; accepted September 7, 2017;
published online September 19, 2017)

increased transistor density and decreased power
consumption.® The dilute magnetic semiconductors
(DMSs)-based III-V and II-VI-type-semiconductors
are the main candidates for the development of
spintronics applications technology, as they exhibit
a half-metallic character®® and their ferromagnetic
state is stable at temperatures higher than room
temperature.ﬁ’7

Rock-salt strontium oxide (SrO) belongs to the II-
VI alkaline-earth chalcogenides, which are very
important semiconductors with large band gaps and
valence band widths.® SrO has attracted increasing
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interest because of its applications in various tech-
nologies ranging from catalysis to microelectronics.’
SrO has the rock-galt crystal structure with a lattice
constant of 5.16 A and a nonmagnetic band insula-
tor with a forbidden gap of 5.3 eV.'° According to
the theoretical and experimental results of substi-
tuted oxygen by nitrogen in SrO, this compound is
considered as a potential candidate as a DMS.'
Also, Pardo and al.!! have predicted the induced
magnetism in SrO by the effect of substituted N
impurities at O sites, using the local density
approximation of adding an empirical Hubbard (U)
potential (LDA + U) developed by Anisimov
et al.'*'® The materials include 3d states and have
wide gaps with experimental studies and LDA + U.
In the LDA + U method,'*!® the effective on-site
interactions are introduced to the existing Hamito-
nian to better account for the orbital dependence of
the Coulomb and exchange interactions of the
strongly correlated d and f electrons.'* This
approach can significantly improve the band gaps
and magnetic moments for magnetically ordered
states.!” Recently, the electronic and magnetic
properties have been predicted in strontium SrX
(X =S, Se and Te) chalcogenide semiconductors
doped with transition chromium'® and vanadium
atoms.'” Also, Berri et al.'® have predicted the half-
metallic ferromagnetism in the Sr;_,Cr,O and
Sri_,Mn,O compounds at concentrations x = 0.25
and 0.75 of Cr and Mn atoms.

In this study, we have determined the structural,
electronic and magnetic properties of SrO doped
with transition metal vanadium (V) atoms as
Sri_,V,O compounds at various concentrations of
x=0.25, 0.5, and 0.75. We have predicted the
structural parameters, the spin-polarized band
structures and the densities of states, magnetic
moments and the half-metallic behavior of the
doped systems by using first-principle methods of
the linearized augmented plane wave scheme with
the generalized gradient approximation proposed in
2006 by Wu and Cohen (GGA-WC).'?

METHOD OF CALCULATIONS

We have calculated the structural, electronic and
magnetic properties of Sr;_,V,0 compounds at
different concentrations of x = 0.25, 0.5, and 0.75 of
vanadium (V) impurities. The calculations have
been performed by the use of first-principles meth-
ods of density functional theory“®?! within the
WIEN2 k package,?” based on the full potential
linearized augmented plane wave (FP-LAPW)
approach, where the exchange and correlation
potential is treated by GGA-WC.? The charge den-
sity was Fourier-expanded up to G = 14 (a.u.) "%,
where G is the largest vector in the Fourier
expansion, while the basic functions and potential
are extended in combination with spherical harmon-
ics around the atomic sites with a cutoff of /,,,,x = 10
of atomic spheres. The Fourier series in the
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interstitial region are extended in plane waves with
a cutoff of Ryt Kpax = 9.5 (Where Ryt is the mean
radius of Muffin-tin spheres). We have used the
666 k-points of the Monkhorst—Pack mesh?®?* in the
sampling of the Brillouin zone. The self-consistent
convergence of the total energy was set at 0.1 mRy.

RESULTS AND DISCUSSION

Magnetic Stability, Formation Energies
and Structural Parameters

SrO is a binary II-VI semiconductor type that
crystallizes in the rock-salt NaCl (B1) structure
with the space group of Fm3m No. 225, where the Sr
and O atoms are situated, respectively, at the (0, O,
0) and (0.5, 0.5, 0.5) positions. The Sr3VOy, SryV,0,
and SrV3;0, supercells of 8 atoms are obtained,
respectively, by the substitution of one, two and
three Sr atoms by vanadium (V) impurities. We
obtained Sr0,75VO,25O, SI‘O‘5V().5O and SI‘O.25V0‘75O
for concentrations of x = 0.25, 0.5, and 0.75, respec-
tively. The Srg.75V.2050 and Srg 25V 750 have cubic
structures with the space group of Pm3m No. 221,
and the Sry5Crg 50 has a tetragonal structure with
the space group of P4/mmm No. 123 (see Fig. 1).

To determine the magnetic stability in the ferro-
magnetic (FM) or anti-ferromagnetic (AFM) state
configurations, we have computed the energy dif-
ferences AE = Epxpy — Ery between the total ener-
gies of the FM and AFM states of Sr;_,V.O
compounds at various concentrations. We have
found that the total energy differences are
0.087 eV, 0.124 eV, and 3.96 eV for Sr75V0 250,
Sro5V50 and Srg 25V 750, respectively. Therefore,
the positive values of AE suggest that these com-
pounds are more stable in the ferromagnetic state
configuration than in the anti-ferromagnetic state.

The phase stability in the solid states is measured by
the formation energy.?>2¢ To verify the phase stability
of the SI'()_75V0.250, SI'O.5V().5O and SI‘O.25V0.75O super-
cells, we have calculated the formation energies by
using the following expression®”2%;

(4 — y)ER,(Sr)

Etorm = Etotal (Sr4—yVyO4) -
0 ; ° M
_yEtot(V) _ 4E4,(0)

8 8

where the Ei, (Sry_,V,04) is the total energy per
atom of Sr, ,V,04, and the y is the number of
substitute V atoms in the supercell, equal to 1, 2,
and 3 for concentrations x = 0.25, 0.5, and 0.75,
respectively. The E? . (Sr), EO (V) and E?,(O) are
the total energies per atom of Sr, V and O bulk,
respectively. The formation energies are —3.04,
—2.59, —2.22 eV for SI'()_75V0.250, Sr0,5V0_5O and
Sro.05V0.750, respectively. Consequently, the nega-
tive values of the formation energies mean that our
compounds are thermodynamically stable in the
ferromagnetic rock-salt phase.
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SrosVosO

Fig. 1. Crystal structures of SrO, Srg 75V(.250, Sro5Vo.50 and Srg25Vo.75.

Sro.25Vo.750

Table I. Calculated lattice constant (a), bulk modulus (B) and its pressure derivative (B’) for SrO and
Sr,_,V,.0 at concentrations of x = 0.25, 0.5, and 0.75 of V atoms

Compound Method Concentration (x) a Q) B (GPa) B’
This work
SrO GGA-WC 0 5.127 92.04 4.46
Sro.75V0.250 0.25 4.980 107.36 4.43
Sr.5Vo.50 0.5 4.762 119.46 4.12
SI‘O.25V0.75O 0.75 4.535 124.23 3.80
Other calculations
SrO GGA-WC 0 218 83.04'8 4.21"
Experimental 5.163031 913! 4.3%

To calculate the structural properties of binary
SrO and ferromagnetic Sr;_,V,0 ternary com-
pounds at different concentrations x, we have fitted
the variation of the total energies as a function of
volumes with the Murnaghan equation.?® The
obtained structural parameters, such as lattice
constants (a), bulk modules (B) and their pressure
derivatives (B’) of SrO and Sr;_,V,O with theoret-
ical'® and experimental data,*®®!' are given in
Table I, which shows that our results of the a, B

and B’ parameters of SrO maintain 8good agreement
with the theoretical calculations'® found by the
same GGA-WC approach,'® and stay close to the
experimental ones.?%?!

We have noticed that the lattice parameter of SrO
is higher than that of Sr;_,V,O compounds, indi-
cating that the vanadium (V) ionic radius is smaller
than that of Sr. This implies that the bulk modules
of Sr,_, V., O-doped materials are higher than that of
SrO. Therefore, the binary SrO is more easily
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Fig. 2. Spin-polarized band structures for SrO. (a) Majority spin (up)
and (b) minority spin (dn). The Fermi level is set to zero (horizontal
dotted line).

compressible than Sr;_,V,0O-doped systems. In the
following section, the optimized lattice constants
were used to calculate the electronic and magnetic
properties of SrO and Sr;_,V,O compounds.

Electronic Structures with Half-Metallic
Behavior

Figures 2, 3, 4, and 5 display the computed spin-
polarized band structures at high symmetry points
in the Brillouin zone of SrO, Srg 75V 250, Sro 5V 50
and Srgo5V750 , respectively. Figure 2, of SrO,
reveals similar band structures for both majority
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Fig. 3. Spin-polarized band structures for Sry 75V .250. (a) Majority
spin (up) and (b) minority spin (dn). The Fermi level is set to zero
(horizontal dotted line).

=1

and minority spin, which are characterized by a
semiconductor character with an indirect band gap
(E™) located between I' and X high-symmetry
points. In distinguishing the band structures of
Sr;_,.V,O at concentrations of x = 0.25 and 0.5,
Figs. 3 and 4 show that the majority-spin bands are
metallic whereas a gap occurs at the Fermi level for
the minority-spin bands. As a result, the Sr;_,V,O-
doped systems at x = 0.25, and 0.5 behave a half-
metallic ferromagnetic feature with 100% spin
polarization around the Fermi level. We have
noticed that the conduction band minimum shifted
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Fig. 4. Spin-polarized band structures for Sro5Vo50. (a) Majority
spin (up) and (b) Minority spin (dn). The Fermi level is set to zero
(horizontal dotted line).

towards the Fermi level due to the broadening of 3d
(V) states in the gap, and hence the Srg25Vo 750
becomes metallic ferromagnetic (see Fig. 5).

For Srg75Vp050 and Srg5Vo50, the half-metal
(HM) ferromagnetic (F) gap (Ggmr) and HM gap
(Gy) are generated in the minority-spin bands due
to the large p—d exchange coupling between the 3d
(V) and p (O) levels. Guymr describes a direct band
gap at I' high-symmetry point that separates the
valence band maximum (VBM) and the conduction
band minimum (CBM). Nevertheless, the HM (spin-
flip) gap is defined to be the minimum energy with
respect to the Fermi level of the majority (minority)
spin between the lowest energy of the conduction

(@) Sr25V750 Spin-up
6

Energy (eV)

' AX Z M X r
K—>

(b) St 5V:750 Spirr-dn
63

Energy (eV)

R A r A X Z M X r
K—>
Fig. 5. Spin-polarized band structures for Srq 25V 750. (a) Majority
spin (up) and (b) Minority spin (dn). The Fermi level is set to zero
(horizontal dotted line).

bands and the absolute value of highest energy of
the valence bands.?*?? In our case, the HM gap
determines the minimal energy situated between
the Fermi level and CBM for Srg75Vp250 and
Sro5Vp50. The results of the indirect band gap
(E™) of SrO, Gumr and Gy of the minority-spin
bands of Sr¢75Vp250 and SrgsVos0 with other
theoretical®* and experimental data® are given in
Table II, which shows that the E™X indirect gap of
SrO is in good agreement with the theoretical result
of Labidi et al.®* calculated by the generalized
gradient approximation of Perdew et al. (GGA-
PBE).%¢ Figures 3 and 4 show a direct HMF gap,
which decreases from Srg 75V 250 to Srg5Vo 50 due
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Table II. Calculated indirect band gap E™* for SrO, half-metallic ferromagnetic gap (Ggvr) and half-metallic
gap (Ggy) of minority-spin band for Sr;_,V,0 at concentrations x = 0.25 and 0.5 of V atoms

Compound Method Concentration (x) Gamr (eV) GuaMm (eV) E™ (eV) Behavior
This work
SrO GGA-WC 0 2.782
Sr.75V0.250 0.25 2.634 1.00 HMF
Sro.25V0.750 0.75 MF
Other
calculations
SrO GGA-PBE 0 3.335%
Experimental 5.71%®
10 SrO Sr.75V0.250
8. ——Total f
6] s (Sr)
S 4] —p(Sp)
% 0 —5(0)
g p (0) _
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»n 1 L
z 2 g
R 4 B o Lormt =l
-6 7 /
8] 8 24
10l :
-16 12 -4
Energy (eV) Spin dn
Fig. 6. Spin-polarized total and partial densities of states of SrO. The -6
Fermi level is set to zero (vertical dotted line).
4- —3d(V)
---- 3d-t2g (V)
Spin up ---- 3d-eg (V)

to the broadening of the 3d (V) states in the gap. In
addition, the Srg 75V 250 revealed a higher HM gap
of 1.0 eV, and hence the Sr;_,V,O at a low concen-
tration of vanadium impurity seems to be potential
material for future spintronics applications.
Moreover, to investigate the origin of the ferro-
magnetic arrangement in Sr;_,V,0, we have com-
puted the total (T) and partial (P) densities of states
(DOS) of Sr;_, VO at different concentrations. The
spin-polarized TDOS and PDOS of SrO,
St0.75V0.250, Sro5Vo50 and Srg25Vo.750 are pre-
sented in Figs. 6, 7, 8, and 9, respectively. Figure 6,
of SrO, shows symmetrical states between the spin-
up and spin-down directions with a semiconductor
feature, confirming the non-magnetic nature of this
compound. The valence bands of SrO in the ranges
—15eV to —14 eV and —2.5 eV to 0 €V are princi-
pally formed by the p (Sr) and p (O) states,
respectively. The TDOS of Sr;_,V,O-doped systems
depicted non-symmetrical states of spin-up and
spin-down due to strong p—d hybridization between
the p (O) and 3d (V) states around the Fermi level
for the majority-spin direction. This hybridization
occurs mainly at the top of the majority-spin valence
bands and crosses the Fermi level, leading to the
metallic nature for all Sr;_,V,O compounds. On the

DOS(States/eV)

6 5 4 3 -2 -1 01 2 3 4 5 6
Energy (eV)

Fig. 7. Spin-polarized total and partial densities of states of
Sro.75V0.250. The Fermi level is set to zero (vertical dotted line).

other hand, the minority-spin states for the concen-
trations x = 0.25, and 0.5 show a gap around the
Fermi level. Therefore, the Sry7;5Vp250 and
Sro 5V 50 materials are half-metallic ferromagnets
with spin polarization of 100%.

In the octahedrally Sr;_,V,O structures, the
vanadium (V) atom is surrounding by six oxygen
(O) ions which create an octahedral crystal field.
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Fig. 8. Spin-polarized total and partial densities of states of
Srp.5Vo50. The Fermi level is set to zero (vertical dotted line).

Figure 7 shows that the octahedral crystal field
splits the 3d (V) orbitals into three low-lying to,
(dxy,dzetd,,) states and two high-lying e,
(d2andd,2 ,2) symmetry states.'®!” Sato et al.®37
predicted the ferromagnetic state in magnetic semi-
conductors by the partially occupied anti-bonding
states related to the double exchange mechanism.
In the Sr;_,V,O doped systems, the ferromagnetic
state arrangement is stabilized by the large
hybridization between the p (O) and the partially
occupied 3d (V) levels associated with double
exchange mechanism.*®

Magnetic Properties

In the Sr;_,V,.O doped systems, the localized 3 (d)
states of the V atom contribute two electrons to
delocalized carriers of the valence bands, and thus
the 3 (d) majority-spin states of the V ion become
partially filled with three electrons. These impaired
electrons create a total magnetic moment of 3 ug (ug
is the Bohr magnetron) per vanadium atom. The
calculated total and partial magnetic moments of V,
Sr and O per V atom and in the interstitial sites of
Sr0_75V0.250, SI'()_5V0_5O and SI'O.25V0.75O are sum-
marized in Table III, which shows that the total
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Fig. 9. Spin-polarized total and partial densities of states of
Srp.25V0.750. The Fermi level is set to zero (vertical dotted line).

magnetic moments are principally formed by the
contribution of the V atoms. Owing to the p—d
exchange interaction, the partial moments of the V
atoms are reduced less than 3 ug and smaller
partial magnetic moments are induced at non-
magnetic Sr and O sites. For Srg75Vp250 , the
anti-ferromagnetic coupling is observed between the
anti-parallel magnetic spins of V and O atoms, while
the ferromagnetic interaction is revealed between
the positive V and Sr magnetic spins. For both
Sro5Vo.50 and Srg 25V 750, the positive V, Sr and O
magnetic moments suggest the ferromagnetic inter-
action between the V and (Sr, O) magnetic spins.

CONCLUSION

We have investigated the structural, electronic
and magnetic properties of binary SrO and
Sri_,V,O-doped compounds by the use of density
functional theory within the full-potential lin-
earized augmented-plane wave method with GGA-
WC exchange and correlation potential. We have
found that SrO is a semiconductor material, while
SI‘0.75V0_25O and SI‘O.5V0.5O are half-metallic ferro-
magnetic. The Srg75Vo.250 shows a large HM gap
with a spin polarization of 100%. The 3d (V) levels
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Table III. Calculated total and local magnetic moments per V atom (in Bohr magneton pug) within the muffin-
tin spheres and in the interstitial sites for Sr;_,V,0 at concentrations of x = 0.25, 0.5 and 0.75 of V atoms

Compound Concentration (x) Total (ug) V (uB) Sr (up) O (uB) Interstitial (ug)
Sro.75V0.250 0.25 3 2.483 0.013 —0.0008 0.507
Sro.5Vo.50 0.5 3 2.436 0.008 0.025 0.534
Sro.25V0.750 0.75 2.87 2.086 0.006 0.055 0.721
broaden strongly in the gap, leading to a metallic 15. I Leonov, V.I. Anisimov, and D. Vollhardt, Phys. Rev. Lett.

ferromagnetic nature for Sr;_,V,O at the higher
concentration of x = 0.75. The ferromagnetic state of
Sri_,V,O is explained by the exchange coupling
between p (O) and the partially filled 3d (V) states
related to the double exchange mechanism. From
our finding, the Sr;_,V,O-doped compound at a low
concentration of vanadium impurity is predicted to
be a potential candidate for future spintronics
applications.
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