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Abstract

Context Li,VMgOq, Li,NbMgOy, and Li,TaMgO, double perovskite compounds were energetically the most stable in the
FM phase. The lattice constants were 7.63 A, 7.94 A, and 7.95 10\, and the Curie temperatures were 910.451 K, 930.739 K, and
1258.821 K, respectively. The wide bandgap semiconductor characters were provided in the GGA-PBE methods as 2.139 eV,
4.209 eV, and 5.007 eV, respectively. This wide band gap semiconductor state in the majority carriers and the metallic state
in the minority states made these double perovskites true half-metallic ferromagnetics. The bulk modulus obtained in the
ground state calculations and the values obtained from thermodynamic calculations were relatively close. Debye temperatures
in the initial state conditions were 747 K, 685.13 K, and 587.77 K, respectively. The total magnetic moment values were
calculated as 3.00 pg/f.u. The most significant contribution to this value came from oxygen atoms.

Methods The theoretical calculations of Li,VMgOg, Li,NbMgOg, and Li,TaMgO,4 double perovskite alloys were performed
using the WIEN2k program developed by Blaha et al. The electronic calculations were made with GGA-PBE, GGA + mB]J,
and GGA + U approximations in the space number 225 and the Fm-3 m symmetry group. The thermodynamic calculations
were performed using Gibbs2. In thermodynamic calculations, temperature increases were determined as 100 K and tem-
perature values were increased from 0 to 1200 K.
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Introduction materials show 100% spin polarization around Fermi energy
levels.

Interest in half-metallic materials has increased considerably . —n

since de Groot obtained the NiMnSb alloy as half-metallic P = — L x100 1)
ferromagnetic [1]. Half-metallic materials can show differ- mtn

ent electronic properties in different spin orientations [2-9].
While one of the majority or down spin orientations shows
a metallic character, the other shows a semiconductor char-
acter [10—15]. Thus, as in the formula in Eq. 1, half-metallic

These types of materials are called true half-metallic
materials. If the spin state, which has a semiconductor char-
acter, cuts the Fermi energy level at low density, the spin
polarization will decrease, as seen in Eq. 1. In this case,
the materials can be called nearly half-metallic [16-20].
The basis of spintronic applications is using spin-oriented
materials in nano-sized devices. Therefore, true half-metallic
materials are remarkable for spintronic applications due to
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produced wide-bandgap perovskite solar cells. Using the
two-stage sequential deposition method, Liu et al. created
perovskite solar cells with an energy band gap of 1.63 eV
and a power conversion efficiency (PCE) of 20.35%. In 2023,
Sun et al. [28] determined the solar cell material character-
istics of Cs,B'B"X, (B'=Li, Na, K; B"=1In, Bi; X=Cl, Br,
I) double perovskites using first-principles methods. Their
study showed that Cs,B’In, ;5Bi, ,51¢ (B’=Li, Na and K)
double perovskite materials have direct band gaps in the
optimal band gap ranges of 0.9 eV and 1.6 eV. In 2024, the
electrochemical performances and energy storage applica-
tions of Dy,CoMnOyg, Ra,LaNbOg, and Ba,XIrO4 (X=Y,
La, Sc) double perovskite alloys were studied by Muddelwar
et al. [29], Bairwa et al. [30], and Zanib et al. [31], respec-
tively. Dy,CoMnQOg double perovskite alloy was synthesized
in the monoclinic and P,,/n space groups. Muddelwar et al.
achieved 87% stability in 10,000 cycles with Dy,CoMnOq
material, showing that this material is an excellent alterna-
tive electrode for energy storage. Bairwa et al. examined the
structural and electronic properties of Ra,LaNbO, double
perovskite alloy using different approximations and obtained
an indirect band gap of 2.4 eV in its electronic properties.
Zanib et al. received the direct band gaps of Ba,XIrOg
(X=Y, La, Sc) double perovskite alloys as 2.7 eV, 2.6 eV,
and 2.5 eV, respectively, in the majority electron states. They
calculated the magnetic moment values of all these materi-
als as 2.00 pg/f.u. The most partial contribution came from
the transition metal iridium. Additionally, studies on first
principles methods of X,MnUQOg (X =Sr or Ba), Sr,EuReO,
and Sr,GdReOg double perovskite materials were carried out
by Berri [32-34]. X,MnUOQOg (X =Sr or Ba) materials were
obtained as half-metallic materials, and their total magnetic
moment value is 5.00 pg. Sr,EuReO and Sr,GdReO, double
perovskite materials also have high magnetic moment values
of 8.00 pg and 9.00 pg, respectively. The total band gap in
the Sr,GdReO4 compound was obtained as 2.02 eV. This
study's half-metallic band gap value obtained using the GGA
and GGA + U methods is 1.82 eV.

Lithium-containing materials have a large place in the
literature, theoretically and experimentally. The physical and
hydrogen storage properties of LiMnH; perovskite material
were investigated by Usman et al. [35] in 2024. LiMnH;
was obtained as a ferromagnetic material, and its hydrogen
storage capacity was 4.67 wt%, showing that it is benefi-
cial in this field. Tang [36] examined the hydrogen storage
characteristics of K,LiScH, and K,LiAlH4 double perovs-
kite alloys in 2024. As a result of hydrogen storage pro-
cesses, they observed that the gravimetric storage capacities
of these materials could be increased to 4.41% and 5.08%
with lithium doping. Pakravesh and Izadyar [37] investigated
using LiBX; perovskites (B=Ge, Sn, Pb, X=F, CI, Br, I) in
photovoltaic devices using different structures. They showed
that energy band gaps decrease with increasing atomic radii.
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As aresult of the calculations, Pakravesh and Izadyar proved
that I-based LiBX; perovskites are more suitable for pho-
tovoltaic solar cells. As can be seen from all the examples,
both lithium-containing metals with low electrochemical
potential and perovskite materials, frequently used in solar
cells, have a wide place in the literature experimentally and
theoretically. In light of this information, the main purpose
of this study is to examine the electronic, magnetic, and
thermodynamic properties of lithium-based Li,TMMgO,
(TM =YV, Nb, and Ta) double perovskite materials as a good
alternative material that can be used for spintronic appli-
cations. As a result of ground state calculations, the Curie
temperatures were higher than the room temperature. The
magnetic moment values were relatively high. These results
show that Li,TMMgO, (TM =V, Nb, and Ta) double per-
ovskites have been obtained as a suitable material group for
spintronic applications.

Calculation method

The first-principles calculations of Li, VMgOy, Li,NbMgO,
and Li,TaMgOg double perovskite alloys were performed
using the WIEN2k program developed by Blaha et al. [38,
39]. The exchange—correlation energy E,. was calculated
using the Perdew, Burke, and Ernzerhof (PBE) version of
Generalized Gradient Approximation (GGA). In the PBE-
GGA scheme, the local spin density approximation (LSDA)
can be calculated efficiently using adding gradient terms
of the electron density Vp(r) to the exchange—correlation
energy. The exchange—correlation energy E,. is a function
of the local electron spin densities p(r), and their gradient
is given in Eq. 2:

ES(py.p)) = / €4 (P1). 9, (1), V1 (1), V(1)) p(r)d*r
2

where ¢, p;, and p| are the exchange—correlation energy
and electron densities for spin-up and spin-down states,
respectively [40, 41]. Electronic calculations have also been
investigated using Hubbard interactions (GGA + U) [42-44].
Hubbard interactions were applied for U=1eV, 2 eV, 3 eV,
and 4 eV.

First, double perovskite alloys were created with the
space number 225 and the Fm-3 m symmetry group and
given in Fig. 1. Here, Li, { V/Nb/Ta}, Mg, and O atoms were
placed at 0.25/0.25/0.25; {0/0/0}; 0.50/0/0, and 0.251/0/0
atomic positions, respectively.

Then, self-consistent functions (SCF) operations for each
structure were carried out by selecting the 1728 k-point in
the first Brillouin zone. The spin cut-off energy value for the
initial calculations was determined as—7 Ry. K, R, and

G,,,, values were set to 8 and 13 (a.u.)”'. The optimization
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Fig. 1 The molecular structure of Li,TMMgO4 (TM =V, Nb, and Ta)
double perovskite was created

processes were done by changing the equilibrium lattice
point between -5% and 5% in 1% steps. Finally, the thermo-
dynamic calculations were performed using Gibbs2 [45, 46].
Here, the pressure ranges were selected from O to 12 GPa in
1 GPa steps, and the temperature changes were determined
from O to 1200 K in 100 K steps.

Results and discussion

The structural, electronic, half-metallic bandgap, and ther-
modynamic properties of Li,VMgO,, Li,NbMgO,, and
Li,TaMgOg double perovskites were investigated. First, the
structural calculations were performed. The double perovs-
kites were created in 225 space number and Fm-3 m sym-
metry group. To determine the ground state and magnetic
phase values of double perovskite materials in this space

number and symmetry group, ferromagnetic (FM), antiferro-
magnetic (AFM), and non-magnetic (NM) phases were ener-
getically optimized. While FM calculations were calculated
by polarizing the spins of the materials, AFM calculations
were obtained by aligning the spins of neighboring atoms
up and down, respectively.

The FM phases of Li,VMgO,, Li,NbMgOg¢, and
Li,TaMgOg double perovskites were obtained as energeti-
cally the most stable phases. These obtained optimization
curves are given in Fig. 2 for each double perovskite. The
energy values in Fig. 2 were fitted with Murnaghan’s equa-
tion of states (EOS) [47]. As a result of fitted curves, the
obtained initial state values are given in Table 1. It is clear
from the energy values in Fig. 2 and the data in Table 1 that
the energy values of the FM phase are lower than those of
the other phases. Lower energy means a more stable phase.
Therefore, it can be said that each double perovskite in this
study is a ferromagnetic material. According to the initial
state values, the equilibrium lattice parameters of materials
containing V, Nb, and Ta were obtained as 7.63 A, 7.94 A
and 7.95 A, respectively. The increase in atomic radii as
we move down the same period meets the expectations that
these equilibrium lattice constants will also increase. There
are also increases in volume values in proportion to the equi-
librium lattice parameter.

In each material, the energy values of FM phases are
lower than those of AFM phases. The energy differences
between AFM and FM phases are 0.008661 Ry, 0.008854
Ry, and 0.011975 Ry for Li,VMgO,, Li,NbMgOg, and
Li,TaMgO¢ double perovskites, respectively. Theoretically,
each double perovskite's Curie temperatures (T,) can be
determined using these energy differences and the formula
below [48, 49].

2AEAFM—FM
T = —-——
¢ 3k, 3

Here, AE, py_py 1s the energy difference between the
AFM and FM phases and k; is the Boltzmann’s constant.
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Fig.2 The fitted FM, AFM, and NM volume-energy curves of Li,VMgOg, Li,NbMgOg, and Li,TaMgO, double perovskites in 225 space num-

ber and Fm-3 m symmetry group
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Table 1 The initial state values

; : Double Phases  a B B Vo E, T, Eq,,
Of Li,VMgO, LlZNngOG’, and Perovskite (/0\) (GPa) (a.u.)3 (Ry) (K) V)
Li,TaMgOg double perovskites
are in 225 space numbers and Li,VMgO,  FM 763 12685 299  747.849  -3232.70072 910.451  -49.782
Fm-3 m symmetry group AFM 761 12699 447 744042  -3232.69206
NM 760 13040 467 740516  -3232.68863
Li,NbMgO, FM 794 12486 439 843.170  -8975.12147 930.739  -51.449
AFM 792 12569 425 839466 -8975.11129
NM 792 12832 456 836795  -8975.10847
Li,TaMgO, FM 795 12992 423 843918  32,586.44368  1258.821  -52.345
AFM 793 13161 445 840.738  32,586.43171
NM 792 13335 483  838.040  32,586.42834

With the help of Eq. 3, the Curie temperatures of Li, VMgO,
Li,NbMgOy, and Li,TaMgO¢ double perovskites were
obtained as 910.451 K, 930.739 K, and 1258.821 K, respec-
tively. High Curie temperatures make these double perovs-
kite materials excellent alternative materials for spintronic
applications.

The formation energies of Li,VMgOq, Li,NbMgOy, and
Li,TaMgO, double perovskites were obtained with the help
of Eq. 4.

Err = Evomnigos — (2 X B + Eg + El + 6 x B )
“

Energy values for Li, Mg, and O bulk materials were
obtained as -15.04424 Ry, -400.66703 Ry, and -149.94118
Ry, respectively. The energy values of the transition met-
als V, Nb, and Ta bulk materials used in this study were
calculated as -1898.63767 Ry, -7640.93583 Ry, and
-31,252.19219 Ry, respectively. The total energy values
obtained as a result of these bulk calculations were obtained
as -3229.04026 Ry, -8971.33842 Ry, and -32,582.59478 Ry
for Li, VMgOg, Li,NbMgOy, and Li,TaMgOg double perovs-
kites, respectively. As a result, the formation energy values
of each double perovskite material were obtained with the
help of Eq. 4, which is given in Table 1. The negative forma-
tion energy values indicate the structural stability of each
double perovskite in this study.

Figures 3 and 4 show the band structures and total
densities of states (TDOS) for both majority and minor-
ity spin states of (a) Li,VMgOy, (b) Li,NbMgOy, and (c)
Li,TaMgOg4 double perovskite materials obtained for GGA
and GGA + mBJ approximations. In these figures, horizon-
tal dotted lines indicate Fermi energy levels. In Fig. 3, the
minority electrons cross the Fermi energy levels for each
double perovskite.

The valence electrons can move to conduction bands.
Therefore, minority electron states show metallic character
for each double perovskite. In Li, VMgO, double perovskite,
there is a gap between 1 eV and 1.5 eV between the valence
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band maximum electrons passing into the conduction band
and the conduction band minimum electron densities.
Although the metallic character continues for the elements in
the same group, the band gap values between the maximum
values of the valence electrons passing into the conduction
band and the minimum values of the conduction band elec-
trons increase interestingly. Therefore, the results obtained
using the GGA-PBE approximation suggest that although
the minority electron states show metallic character, there
may also be situations where semiconductor characters may
emerge. In majority electron densities, it is possible to see
apparent band gaps between the valence band values and
conduction band values for each double perovskite. There-
fore, the majority electron states show semiconductor char-
acter. It is seen in Fig. 3 that the band gap values increase
when Ta, Nb, and V elements are used. This situation is the
same as that encountered in minority electron states. How-
ever, in the majority electron states, semiconductor charac-
ters emerged instead of metallic characters. VBM and CBM
minimum values are at I"-points. The band gap values for
Li,VMgOg, Li,NbMgOy, and Li,TaMgOg4 double perovs-
kites are 2.139 eV, 4.209 eV, and 5.007 eV, respectively.
All these obtained values are given in Table 2. Therefore,
the majority electron states of Li, VMgOg, Li,NbMgOy, and
Li,TaMgOg double perovskites have a semiconductor nature
with direct wide band gaps. As seen in Table 2, VBM and
CBM values increase according to changing transition met-
als. The values closest to the Fermi energy level values are
the VBM values. Therefore, the half-metallic band gap val-
ues of Li,VMgOy, Li,NbMgOy, and Li,TaMgO, double per-
ovskites were obtained as 0.235 eV, 0.240 eV, and 0.250 eV,
respectively. As a result, each double perovskite material in
this study is a true half-metallic ferromagnetic material that
combines metallic and semiconductor characteristics.
Figure 4 shows the band structures and total densities
of states of Li,VMgOg, Li,NbMgOg, and Li,TaMgOyq
double perovskites obtained using the GGA + mBJ
approximation. Compared to GGA-PBE calculations,
in this method, the electronic properties of the minority
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Fig.3 The plotted band structures and total densities of states (TDOS) of (a) Li,VMgOy, (b) Li,NbMgOy, and (c) Li,TaMgO,4 double perovs-
kites in 225 space number (Fm-3 m symmetry group) for GGA-PBE approximation

electrons show a metallic character. In the majority elec-
tron state, each double perovskite shows a semiconductor
character. When the GGA + mBJ approximation is used,
the band gaps are significantly increased. While the band
gap of Li,VMgO, double perovskite is 4.362 eV, the band
gaps of Li,NbMgO, and Li,TaMgO, double perovskites
are 6.042 eV and 7.319 eV, respectively, and these two
materials have begun to exhibit insulating characters in
the majority electron states. VBM and CBM values and
total band gap values for each double perovskite are given
in Table 2. According to Table 2, VBM and CBM val-
ues increased significantly compared to the GGA + PBE
approximation.

The energy gaps closest to the Fermi energy level
were calculated as 2.126 eV, 1.872 eV, and 1.823 eV for
Li,VMgQOq, Li,NbMgOg, and Li,TaMgO¢ double per-
ovskites, respectively. According to the GGA + mBIJ

approximation, the half-metallic band gaps of each double
perovskite increased sharply.

The partial densities of states (PDOS) of Li,VMgO,
Li,NbMgOy, and Li,TaMgOg4 double perovskites are given
in Fig. 5 to examine which atomic and orbital states the
electron densities coming to the band structures come from.
In Figs. 3 and 4, the most significant contribution to TDOS
comes from the oxygen (cyan color) atom. This is also true
for each double perovskite in this study. The main contribu-
tions from the majority electron carriers of Li, Mg, and O
atoms are from p-orbitals. This is an expected value. The
densities of each major partial state are shown as dashed
lines. Partial electron densities from the transition metals
V, Nb, and Ta are in the d-orbitals. These results also meet
expectations. When the electron density states around the
Fermi energy levels are examined, the s and p orbitals of
Li atoms also cut the Fermi energy levels in the minority
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Fig.4 The plotted band structures and total densities of states (TDOS) of (a) Li,VMgOy, (b) Li,NbMgOg, and (c) Li,TaMgO4 double perovs-
kites in 225 space number (Fm-3 m symmetry group) for GGA + mBJ approximation

Table 2 The calculated VBM, Double VBMMaority gy Majority GapMajority VB MMajority CBMMaiority GapMajority

CBM, and band gaps of Perovskite  (eV) V) V) 5% V) V)

Li,VMgOg, Li,NbMgOg, and (Fm-3m, 225) GGA-PBE  GGA-PBE ~ GGA-PBE GGA+mBJ GGA+mBJ GGA +mBJ

Li,TaMgOg double perovskites

for 225 number Li,VMgO,  -0.235 1.904 2.139 -2.126 2.236 4362
Li,NbMgO,  -0.240 3.969 4209 -1.872 4.170 6.042
Li,TaMgO,  -0.250 4757 5.007 -1.823 5.496 7319

electron states. However, the contributions from the p orbital
are much higher than those from the s orbital. In the majority
of electron states, the semiconductor character arises from
the density differences between the p-orbitals of the Li atom.

Most partial contributions to the total density of states
come from the oxygen atom. The p-orbitals of the oxygen
atom provide the semiconductor characteristics in the major-
ity band states, and the sharp peak in the minority electron

@ Springer

states that cut the Fermi energy level. The contributions of
transition metals V, Nb, and Ta atoms around the Fermi
energy levels are quite low. Distributions from d-orbitals,
the majority electron carriers of these transition metals, are
concentrated in distant energy regions. Mainly, the atoms
that cause the minority electron states to show metallic char-
acter by cutting the Fermi energy levels are Li, Mg, and O.
Although the sharp peaks of the partial electron densities of
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Fig.5 The obtained partial densities of states (PDOS) of (a) Li,VMgOy, (b) Li,NbMgOy, and (c) Li,TaMgO, double perovskites

the Li and Mg atoms are far from the Fermi energy levels,
in minority cases these peaks are concentrated exactly above
the Fermi energy levels. However, all the sharp peaks from
the O atom are in energy regions very close to the Fermi
energy levels. In most electron states, the valence band is
between 0 eV and -1 eV, which shows semiconductor char-
acter. These contributions are quite small in the conduc-
tion band of the majority electron states. In the minority
electron states, sharp electron folds from the O atom, and
its p-orbitals are visible. There is a sharp intensity increase
towards the maximum values of the valence band; the inten-
sity peak reaches its maximum value above the Fermi energy
level and begins to decrease in the 0 eV to 1 eV range of the
conduction band. Therefore, oxygen is the atom that sharply
distinguishes the electronic properties of the alloys obtained
in this study.

In Fig. 6, the band gap changes in the Fm-3 m symmetry
group of Li,TMMgO4 (TM =V, Nb, and Ta) double perovs-
kites are given as a function of V/V,,. The values in Fig. 6
and Table 2 support Figs. 3 and 4. As can be seen, as the
atomic radii of atoms in the same group increase, the energy
band gaps also increase. Since only selected V, Nb, and Ta

55
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Fig.6 The calculated band gap values of Li,VMgOy, Li,NbMgOg,
and Li,TaMgOg double perovskites as a function of V/V,

transition metals were changed in the ground state values
when creating Li,VMgOg, Li,NbMgOy, and Li,TaMgOg
double perovskites, these sharp increases in band gaps can
be thought to be due to the increasing atomic radius. This
is the main reason for the increases in band gap values. The
minority electron states of each material have a metallic
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character. Increasing atomic radii did not cause any effect
in minority electron states.

In the majority electron states, the increase in atomic
radius sharply changed the energy amounts between VBM
and CBM. As seen in Table 2, VBM values are almost the
same for double perovskites containing V, Nb, and Ta.
However, the CBM values increased remarkably with the
increase in atomic radii. The electron densities at CBM val-
ues belong to O (cyan) and the transition metals V, Nb, and
Ta (blue). Although the density of the O atom is much less
than that of V, Nb, and Ta transition metals, the initial and
final energy values of the electron densities are the same.
Therefore, increasing atomic radii increases the electron
density interaction energy values between O and V, Nb, and
Ta.

In addition to GGA-PBE and GGA + mBJ approxima-
tions, Hubbard interactions of Li,TMMgO, (TM =V, Nb,
and Ta) double perovskites were also examined to compare
electronic calculations. Hubbard interaction parameters
were determined as U=1¢€V, 2 eV, 3 eV, and 4 eV. The
band structures of the electronic properties obtained with
each interaction are given in Figs. 7, 8 and 9 for Li,VMgO,
Li,NbMgOy, and Li,TaMgOg double perovskites, respectiv
ely.

When Hubbard interactions are applied to Li,TMMgO,
(TM =YV, NB, Ta) double perovskites, they change the band
structures. It shows properties similar to those of GGA-
PBE and GGA 4+ mBJ approximations in majority and
minority band structures. While the minority band struc-
tures show metallic characters, the majority band structures
have semiconductor characters. As the Hubbard potential is
applied to Li,VMgOg and Li,NbMgO, double perovskites

increases, the energy gaps in the majority band states are
observed. In GGA-PBE approximation, the band gap val-
ues of Li,VMgO, and Li,NbMgO, double perovskites are
2.139 eV and 4.209 eV, respectively, while at U=1 eV, these
values are calculated as 2.242 eV and 4.305 eV, respectively.

A slight increase in the band gap of both materials was
observed due to the Hubbard interaction. However, as the
amount of U increases, the increases in the energy band gaps
are clearer. For U=4 eV, the band gaps of Li,VMgOg and
Li,NbMgOg double perovskites are 2.574 eV and 4.601 eV,
respectively. All these values are given in Table 3. The main
reason for these changes in band gap values is the increase
in the conduction band minimum values. As a result of the
Hubbard interactions applied at the valence band maximum
values, the changes are almost zero. However, when the
conduction band minimum values are examined, it can be
said that Hubbard interactions directly affect the conduction
band values.

When 1 eV and 2 eV Hubbard interactions are applied
to Li,TaMgO, double perovskite, the energy bandwidth in
the majority band states increases. These increases decrease
at 3 eV and 4 eV values. In all cases, the resulting band
gap values are more significant than the GGA-PBE values.
While VBM values remained constant in Li,TaMgO, double
perovskite, energy band changes were also seen in CBM val-
ues. While the closest electrons in the valence band around
Fermi energy levels belong to oxygen atoms (shown in cyan
color in the TDOS), the electron densities in the conduction
band belong to V, Nb, and Ta atoms (shown in blue color in
the TDOS). Therefore, the electron densities that determine
the band gaps are the electron densities of oxygen atoms in
the valence band and the electron densities of V, Nb, and Ta
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Fig.7 The plotted band structures and total densities of states (TDOS) of Li,VMgOg double perovskite for GGA+U a) U=1¢eV,b) U=2¢V, ¢)

U=3eV,andd) U=4¢eV
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Fig.9 The plotted band structures and total densities of states (TDOS) of Li,TaMgO double perovskite for GGA+U a) U=1¢eV, b) U=2¢V,
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atoms, which are transition metals in the conduction bands.
As aresult, the constant valence band maximum values and
changes in conduction band minimum values indicate that
Hubbard interactions are effective on V, Nb, and Ta transi-
tion metals.

Thermodynamic properties of Li, VMgOg, Li,NbMgO,
and Li,TaMgOg4 double perovskites, such as bulk moduli,
Debye temperature, entropy, heat capacity, vibrational, and
vibrational-free energy values, depending on pressure and
temperature, were examined using the Gibbs2 software
[45, 46]. Bulk modulus values depending on pressure and

temperature are given in Fig. 10. While the bulk modulus
values increase as the pressure increases, they decrease
as the temperature increases. The bulk modulus values
of Li,VMgOy, Li,NbMgOg, and Li,TaMgOg4 double per-
ovskites at 0 GPa pressure and 0 K temperature were
obtained as 120.4751 GPa, 117.9561 GPA, and 123.3624
GPa, respectively. Under 12 GPa, the maximum pressure
applied for thermodynamic calculations, these values were
obtained as 169.5216 GPa, 168.8855 GPa, and 180.3451
GPa, respectively.
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Table3 The calculated VBM, CBM, and band gaps of Li,VMgO,
Li,NbMgOg, and Li,TaMgO, double perovskites for using Hubbard
interactions

Double U VBMMdority - cppMaority - GapMajority

Perovskite V) V) V) V)

(Fm-3 m, 225)

Li,VMgOq 1 -0.239 2.003 2.242
2 -0.243 2.107 2.350
3 -0.248 2.210 2.458
4 -0.254 2.320 2.574

Li,NbMgOy 1 -0.241 4.064 4.305
2 -0.241 4.162 4.403
3 -0.241 4.260 4.501
4 -0.241 4.360 4.601

Li,TaMgOq 1 -0.250 4.860 5.110
2 -0.250 4918 5.168
3 -0.250 4.893 5.143
4 -0.250 4.868 5.118

As can be seen, the reactions to an increase in exter-
nal pressure are different. While the bulk modulus differ-
ence between Li,VMgOg and Li,NbMgO¢ was approxi-
mately 2.5 GPa at 0 GPa external pressure, this difference
decreased to about 0.7 GPa under 12 GPa external pres-
sure. In Li,TaMgOg4 double perovskite, increasing external
pressure directly increased the bulk modulus of this alloy.

Therefore, the resistance to volume change is highest in
Li,TaMgOg double perovskite. Additionally, bulk modulus
values obtained from base case calculations are also given
in Table 1. According to these results, the bulk moduli of
Li,VMgO, Li,NbMgOy, and Li,TaMgO, double perovs-
kite alloys were calculated as 126.85 GPa, 124.86 GPa, and
129.92 GPa, respectively. The values obtained from both
the ground state values and thermodynamic calculations
are very close to each other. Figure 11 shows the Debye
temperature values of double perovskite alloys depending
on pressure and temperature. Debye temperatures at 0 GPa
pressure and O K temperature were calculated as 747 K,
685.13 K, and 587.77 K for Li,VMgOyg, Li,NbMgOy, and
Li,TaMgO, double perovskites, respectively. As the tem-
perature increases, the Debye temperature decreases, and
as the pressure rises, the Debye temperature increases. This
is true for each alloy. Compared to the different transition
metals in the same group used in this study, there is a sharp
decrease in Debye temperatures as atomic radii increase.
Figure 12 shows the changes in entropy and specific
heat capacities (C, and C,) depending on pressure and tem-
perature. It is possible to see an almost linear line between
0-100 K temperature in entropy values. However, starting
from 100 K, entropy parameters increase with the increase
in temperature. Unlike other calculated parameters, specific
heat capacities and entropy values decrease with increas-
ing pressure. These parameters have zero values at 0 K
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Fig. 10 The calculated pressure—temperature-dependent bulk moduli of Li,VMgOg, Li,NbMgOg, and Li,TaMgO, double perovskites
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Fig. 11 The calculated pressure—temperature-dependent Debye temperatures of Li, VMgOg, Li,NbMgQOg, and Li,TaMgOg double perovskites
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ble perovskites

and 0 GPa pressure. At 100 K temperature, the entropy
values of Li,VMgOg, Li,NbMgOg, and Li,TaMgO, dou-
ble perovskites are 14.84006 J/mol K, 18.52276 J/mol
K, and 27.45239 J/mol K. As can be seen, as the atomic
radius increases, entropy values also increase. At 0 GPa
and 200 K temperature, these values are 74.66984 J/mol K,
86.39708 J/mol K, and 111.8111 J/mol K. A sharp increase
in entropy changes with the temperature rise is seen. When
the temperature increases to 1200 K, the highest tempera-
ture used in these calculations, the entropy values become
489.1478 J/mol K, 513.0991 J/mol K, and 546.7725 J/
mol K. It can be said that C, and C,, values are compatible
with the Dulong—Petit law [50] in the temperature range
of 0-300 K. After 300 K, the increase amounts decrease
considerably. While the C, of Li,VMgO, double perovskite
alloy is constant starting from 1000 K temperature, the C,
of Li,NbMgOy and Li,TaMgO, double perovskite alloys are
almost constant starting from 800 K temperature.

The C, values at 0 GPa pressure and 300 K temperature
are 187.7838 J/mol K, 195.7365 J/mol K, and 208.2529 J/
mol K. The C, of Li,VMgOq4 double perovskite alloy at
1000 K temperature is 243.9298 J/mol K, while the C, of

Li,NbMgOg and Li,TaMgO¢ double perovskite alloys at
800 K temperature are 241.8072 J/mol K and 243.858 J/
mol K, respectively. Although there are differences between
the C,, of each double perovskite alloy, these values are very
close. In other words, changing atomic radii did not cause
much change in the C,.

Total and partial magnetic moment values of Li, VMgOs,
Li,NbMgOg, and Li,TaMgOg, double perovskite alloys,
were calculated. The total magnetic moment of each alloy
was obtained as 3.00 pg/f.u. This is the expected value since
the changing elements in these alloys are transition metals
in the same group. In these three alloys, the partial contri-
butions from lithium atoms are -0.00687 g, -0.00801 py,
and -0.00836 pg, respectively, while the partial contribu-
tions from magnesium atoms are -0.00339 pg, -0.0050 py,
and -0.00493 pg, respectively. The partial contributions
from transition metals V, Nb, and Ta atoms are -0.28577 p,
-0.10357 pg, and -0.08119 pg, respectively. The partial mag-
netic moment contributions of lithium and magnesium atoms
are quite low. In the contributions from transition metals, it
has been observed that the magnetic contribution decreases
as the group number increases. The main contributions from
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oxygen atoms in each double perovskite alloy are 0.50039
ug, 0.48185 pg, and 0.47157 pg, respectively. As can be
seen, the main magnetic carriers in Li,TMMgO¢ (TM =,
Nb, and Ta) double perovskite alloys are oxygen atoms.

Conclusion

Electronic, structural, half-metallic, magnetic, and ther-
modynamic properties of Li,VMgO,, Li,NbMgO,, and
Li,TaMgOg double perovskite alloys were investigated
using WIEN2k program. In Li,VMgO,, Li,NbMgOy, and
Li,TaMgO, double perovskite alloys, the lowest energy val-
ues were obtained in the FM phases. The lattice parameters
were obtained at the lowest energy values as 7.63 /3;, 7.94 A,
and 7.95 A, respectively. The Curie temperatures were
calculated as 910.451 K, 930.739 K, and 1258.821 K for
Li,VMgOg, Li,NbMgOg, and Li, TaMgOy. Their high Curie
temperatures make these materials very attractive for spin-
tronics applications. According to the electronic properties
of each alloy, the minority spin states have a metallic charac-
ter. In contrast, the majority spin states have a semiconductor
nature. In GGA-PBE approximation, semiconductor band
gaps were calculated as 2.139 eV, 4.209 eV, and 5.007 eV
for Li,VMgOyg, Li,NbMgOy, and Li,TaMgOy alloys, respec-
tively. In transition metals, the band gap widens as the
atomic radii increase. In all three alloys, the valence band
values are closer to the Fermi energy levels. Therefore, the
valence band values determine the half-metallic band gap
values. The half-metallic band gaps are 0.235 eV, 0.240 eV,
and 0.250 eV, respectively. In GGA+U (U=1 eV, 2 eV,
3 eV, and 4 eV), the energy band gaps obtained from each
applied Hubbard interaction are larger than those obtained
with GGA-PBE. These increases affect the transition metals
in the conduction band, increasing the electron density val-
ues of the transition metals. When the GGA 4+ mBJ approxi-
mation was used, the obtained band gap values increased so
much that Li,VMgO, (4.362 eV), Li,NbMgOy (6.042 eV),
and Li,TaMgO; (7.319 eV) double perovskites started to
show insulating characters in this approximation. The bulk
modulus values obtained in thermodynamic and ground
state calculations are almost the same. Debye temperatures
of Li,VMgOy, Li,NbMgOy, and Li,TaMgO¢ double perovs-
kites were obtained as 747 K, 685.13 K, and 587.77 K at
0 GPa and 0 K temperature. It has been observed that the
Debye temperature decreases as the period changes in dif-
ferent transition metals. At the same time, the total magnetic
moment was obtained as 3.00 ug/f.u. for each material. The
oxygen atom was the most significant contribution to the
total magnetic moment. Oxygen atoms play the main role in
the carrier of these materials.
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