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It is important in spintronics to find high performance materials that can be employ in this field. Based
on the density functional theory (DFT), first principles calculations are utilized to inspect the structural,
electrical and optical features of half Heusler structure LiCrN. The equilibrium lattice constant is equal
to 5.11 A. The electronic structure results display that the alloy LiCrN shows a half-metallic property.
It appears that this structure has semiconductor property with an indirect band gap of 3.65 eV in (PBE-
GGA) and 5.06 eV in (HSEO6) in spin down channel and the other spin channel has metallic property. The
Keywords: Cr atom is more effective than the other elements in this material as it carries more valence electrons
Half Heusler alloy in outer shell. The spin polarization shows 100% at the Fermi-level. According to Slater-Pauling rule
LiCrN (Z; — 8), the total magnetic moment equals 4 p. Additionally, we study the optical properties as we have
Half-metallicity semiconductor property in one of spin channels so it can be a candidate in optoelectronic devices. The

DFT study
Optical properties

results appear that this structure is promising in spintronics potential applications.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The most attractive prospects for spintronics materials are half-
metallic ferromagnetic (HMF), which shows metallicity only in a
single spin states out of each two and are expected to have a
spin polarization (SP) of 100% around the Fermi level (Ef) [1].
The Heusler alloys exhibit metal and semiconductor properties
in the spin-up and spin-down channels, respectively. De Groot
et al. were the first to recognize half-metallic ferromagnetism as
a fact in NiMnSb in 1983 [2]. Until far, various kinds of com-
pounds have been discovered to be HMF, including full-Heusler
compounds [3-11], rutile-kind [12], spinel [13], pyrite structure
[14], double perovskite and perovskite [15,16], and some diluted
magnetic semiconductors [17-20]. Half Heusler alloys with half-
metallic properties and high spin polarization at Fermi level consist
of LIMnZ (Z = N, P, Si) [21], XCrZ (X = Li, K, Rb, Cs, Z = S, Se) [22],
MnVZ (Z = P, As, Sb) [23], NaZrZ (Z = P, As, Sb) [24], RhCrZ (Z =
Si, Ge) [25], NiTiX and CoVX (X= Sb and Sn) [26], CoCrZ (Z = Al,
Ga) [27], FeVX (X = As, P) [28] and IrCrZ (Z = Ge, As, Sn, Sb)
[29]. Because the energy band gap encompasses a large range of
frequencies of electromagnetic waves, from in the range infrared
to ultraviolet [30-32], optical characteristics of 2D materials have
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been widely explored [33-38]. Because the combination of elec-
trical and optical properties permits the regulation of electronic
current or optical transitions with different degrees of freedom, is
important in fundamental physics and applications in electronic-
photonic systems.

Magneto-electronics, electro-mechanics, and spintronics are just
few of possible applications where these materials could be useful.
Depending on the dimensionality and the environment, the tran-
sition metals are exceptionally significant because they permit in-
teractions of complex magnetic, resulting in fascinating magnetic,
magnetoelectric, piezo-electric features [39-41], and the conver-
sion of non-magnetic materials to magnetic materials [42]. A broad
scope of electrical, magnetic, and optical characteristics were dis-
covered in previous studies [43]. The electronic, magnetic and op-
tical properties of the TM are mostly determined by the TM ‘s’
unfilled or filled ‘d’ bands. Half Heusler alloys are unique from
the other Heusler alloys that have high Curie temperature and
lattice constants are compatible with semiconductor substrates.
Optical applications, magnetic tunnel junctions, power storage,
semiconductors, lenses, and medicinal applications have all used
these materials [44]. A lot of investigations are carried out on the
bulk, interface and surface characteristics of half metallic materials
[45-49].

In the current study, we studied new LiCrN compound where
the structural, electronic, magnetic, and optical properties of LiCrN
by means of first-principles calculations based on density func-
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Fig. 1. Structure of Heusler compounds LiCrN.

tional theory (DFT) are thoroughly explored. It is found that the
half Heusler alloy LiCrN is truly HM ferromagnetic with energy and
HM gaps of 3.65 and 0.5 eV, respectively.

2. Computational method

The structural, electrical, magnetic and optical properties of
the LiCrN alloy are calculated using the density functional the-
ory (DFT) via employing the CASTEP code [50]. The Perdew-
Burke-Ernzerhof (PBE) formulation has been used to describe the
exchange-correlation energy based on the generalized gradient ap-
proximation (GGA) (PBE-GGA) [51], to obtain accurate band struc-
ture for this compound, HSEO6 is used. For the most part, inte-
grations of reciprocal space are made using 15 x 15 x 15 k-point
meshes of Monkhorst-Pack in the first Brillion zone (1BZ). For all
atoms, the smallest value of a muffin sphere radius (Ry¢) is consid-
ered to be 2.5 a.u. for Li, Cr and N. In that calculations, a separation
power of 400 eV on a plan-wave basis is used, and the structure
is completely at rest with a force acting on the atoms lower than
0.01 eV/A, and the total energy convergence is 1078 eV. The first
Brillion region is sampled by a k-mesh (15 x 15 x 15) to simulate
the structural, electronic, magnetic, and optical properties of LiCrN.

3. Results and discussion
3.1. Bulk structural and electronic properties

The cubic form of LiCrN has a space group of P-43m (216), and
the Li, Cr, and N atoms are arranged in one formula unit at a (0,
0, 0), b (0.25, 0.25, 0.25) and ¢ (0.5, 0.5, 0.5) sites of Wyckoff co-
ordinates, respectively, as shown in Fig. 1. Based on the curve of
energy as a function to lattice constant it is found that the equi-
librium lattice constant is 5.11 A, as displayed in Fig. 2. Due to
the importance of the electronic properties, we study the organiza-
tion of the electronic band structure for LiCrN in the Brillion zone
(BZ). The Heusler alloy band structure of LiCrN reveals a metallic
performance in the spin-majority because the bands crossed the
Fermi level, while the spin-minority channel semiconductor prop-
erty within the indirect gap located between A (minimum conduc-
tion band) and W (maximum valence band) points, see Fig. 3. This
means that the LiCrN is an half metallic ferromagnetic material.
The indirect gap in the minority spin state is roughly 3.65 eV in
(PBE-GGA), and 5.06 eV in (HSE06). Furthermore, the half-metallic
gap (HMgap), which is specified as the lowest value between the
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Fig. 2. The overall energy as a function of lattice constants made by half Heusler
alloy LiCrN.

minimum conduction band (MCB)/maximum valence band (MVB)
to Fermi level. So HMgap = 0.5 eV. The energy gap and HMgap are
significant parameters in the spintronics devices.

3.2. Density of states and magnetic properties

At the equilibrium lattice constant, the total and partial den-
sity of states (TDOS and PDOS) of half Heusler alloy LiCrN were
considered and exhibited in Fig. 4. TDOS in the valence region be-
low the Fermi level, a maximum peak is found at —3.15 eV due
to the main contribution of the Cr atom and the contribution is
lower for Li and N atoms. The spin-down state and the Fermi en-
ergy level are multiplied by —1 and 0, respectively. The DOS of the
marginal spin of the alloy displayed the banned energy gap, with
the N states dominating on the valance part of DOS, while the
DOS of Li and Cr dominate on the conduction band. In the mean-
time, for the up spin, the DOS of the LiCrN alloy and Li, Cr, and
N DOS peaks to around Ef, evidently signifying metallic conduct
of LiCrN majority spin. The alteration in the energy gap values re-
garding the alteration in the lattice parameter was summarized in
this study. Finally, we infer that hybridization between the Cr d-
orbit and the N p-orbit is one of the reasons for the emergence
of the LiCrN energy band-gap. The Li element’s contribution to
the total density of states is negligible. When the values of lat-
tice constants increase the energy gap decreases. As a result, the
HM characteristic is preserved in this combination. The Cr atom
has high contribution with the magnetic qualities indicated by the
spin magnetic moment. This is attributed to that the outer shell of
the Cr atom has more electrons compared to the other atoms. The
Slater-Pauling rule [52,53] is used to compute the total magnetic
moment, Mt = Z;—8, where Z; is the total electrons in the valence
band in the primitive cell, as per the overall number of valence
electrons, Li: 25!, Cr: 4513d°, and N: 2522P3, there are 12 valence
electrons in LiCrN alloy. Therefore, the total value of spin magnetic
moment is determined to be 4.00 pg. The spin magnetic moments
of Li, Cr, and N are 0.17, 3.49, and —0.14 pg respectively and the
interstitial area is 0.48 pg. The greater impact of the total magnetic
moment value is due to the atom of Cr, where a bigger spin mag-
netic moment emerges matched to the further atoms, whereas the
atom N has a tiniest minor impact which might be overlooked.
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Fig. 3. The spin (up and down) channels of half Heusler alloy LiCrN band structure according to (a) (PBE-GGA) and (b) HSE06. The Fermi level is represented by Ef.
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Fig. 4. Total density of state (TDOS) of LiCrN and partial density of states of Li, Cr and N atoms.

3.3. Optical properties

The optical spectra as a function of energy for LiCrN are shown
in Fig. 5. The optical properties are studied in the 0-15 eV range
of energy. Many applications and practical research require a thor-
ough understanding of the compound’s optical characteristics. In
order to compute the multifaceted dielectric function that under-
takes the self-energy and local field rectifications, it is critical to
have an extremely dense grid and an exact exchange correlation in
the FP-LAPW. With a 30 x 30 x 30 grid, high precision Trans Blaha-
Modified Becke-Johnson is used to calculate the optical properties.
The optical constants such as absorption coefficients, reflectivity,
refractive index and dielectric function are presented in this sec-
tion.

We calculate the optical properties including dielectric function,
&(w), absorption coefficient o (w), refractive index (n(w)) and op-
tical reflectivity, R(w). €(w), n(w) and propagation constant k(w)
are written as follows:
e(w) = &r(w) +igj(w)

(1)

1/2
\/ & (@) + e} (@) + &r ()
n(w) = 5 (2)
1/2
Jet@) + £2@) - e (@)
k(w) = 5 (3)

Fig. 5 shows the plot of the dielectric function &(w) vs. photon
energy. The transitions of the intra-band and inter-band are the
two forms of contributions to the dielectric. The direct and indirect
transitions of inter-band are two types of inter-band transition. Be-
cause electron excitation by photon across the indirect band gap
is comparatively infrequent due to the small photon momentum
once matched to the direct transition of inter-band, the indirect
transition of inter-band is ignored. It encapsulates the material
reaction to (E). The dielectric function is fully reliant on the un-
occupied and occupied wave functions attained by evaluating the
momentum matrix components; hence the electronic band struc-
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Fig. 5. (a) Real and imaginary parts of the complex dielectric function, (b) Absorption coefficient, (c) Optical conductivity, (d) Optical reflectivity, (e) Refractive index, and (f)

Loss function of LiCrN.

ture plays a crucial role in characterizing the function of dielectric.
The real part ¢ (w) is related to the propagative behavior of an
electromagnetic field. The imaginary part &;(w) was produced by
summing the transitions of occupied-non occupied by using the
rule of Fermi golden [54], and the real part &(w) is consequent
from the relation of Kramer-Kronig [55]. Fig. 5 (a) displays the ac-
tual and imaginary plots for the dielectric function for the LiCrN
alloy in the photon energy range of 0 — 15 eV. The static dielec-
tric constant at energy zero is & (0) =30 for LiCrN. After that, the
value of ¢ (0) tends to be constant. Reflection of incident radiation
from the surface is indicated by negative numbers. LiCrN has real
part dielectric constant of 15 eV. The zero frequency value of the
imaginary component of the dielectric function, &; gives the optical
band gap of a compound. When the energy is in the 0.0 eV range,
the absorption coefficient is nearly nil, and there are no electronic
transitions since the photon’s energy is less than the band gap of
LiCrN. (see Fig. 5 (b)). The absorption coefficient o (w) of photon
energy is shown in Fig. 5 (b). The absorption features may be seen
in the 15 eV range. LiCrN has a maximum absorption coefficient
of 243545.6 at 12.6 eV. LiCrN is a wide band gap compound with
strong ultraviolet absorption power that can be employed in opto-
electronic devices such as UV detectors. Fig. 5 (c) depicts the true
(absorptive) part of optical conductivity. We can observe that ab-
sorption peaks occur at 1.5, 3.1, and 5.7 for photon energies of
1.5, 12, and 7 eV, and then progressively decrease to zero for high
energy photons. The reflectivity R(w) is computed using the fol-
lowing formula.

CVe@ - 1)
RN @

In the visible range of energy, the reflectivity is highest, and the
components could be employed as reflective coatings in this range.

As a result, such spectral band offers good ultraviolet (UV) absorp-
tion as well as increased energy absorption. It is widely known
that components with band gaps greater than 3.1 eV, such as those
used in this study, perform well in the UV part of the spectrum
[56]. We find a continuous increase in the compound after 2.6 eV
(Fig. 5d). Egs. (2) and (3) are used to compute the refractive index
n(w) and the extinction coefficient k(w), as illustrated in Fig. 5 (e).
In the visible portion of the spectrum, high peaks in the refractive
index can be seen. The greatest value of the static refractive index
n(w) is 3.9 at 2.7 eV. The refractive index tends to unity at high
photon energy, but it increases and decreases with energy in the
IR and visible ranges, respectively. At 0.6 eV, the extinction coef-
ficient reaches its local maximum. In the UV region, the spectrum
of n(w) and k(w) rapidly drops with increasing photon energy and
becomes constant after 15 eV. Eq. (5) can be used to calculate the
energy lost by the electron.

1
L(w):_lm{uw)}:(

The plasma resonance behavior is represented by the high
peaks in the L(w) versus energy plots, and the frequencies at
which these peaks form are known as plasma frequency. Fig. 5 (f)
shows the behavior of the volume energy loss function as a func-
tion of photon energy. It is apparent for the largest extinction to
occur at (1.7 eV), indicating that both the energy losses when fast
single electrons migrate from valance band to conduction band in
the LiCrN sheet occur at this level.

& (w)
&2 (w) + &7 (w)

(3)

4. Conclusion

In summary, the electronic, magnetic and half metallic charac-
teristics of the LiCrN compound in a space group of P-43m (216)
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is investigated using the first-principle calculations. The calculated
band structure shows the half metallic property for LiCrN alloy.
Where it is a semiconductor with band gap (3.65 eV) and in-
sulator due to large band gap (5.06 eV) according to (PBE-GGA)
and (HSEO06), respectively in spin down channel. The spin-down
channel has an energy gap of 3.65 eV. The HMgap is 0.5 eV. The
total magnetic moment is 4.00 pg which is in worthy compliance
with Slater-Pauling’s rule. The Cr atom contributes the most to the
overall magnetic moment, while the contribution of other atoms
is low. Furthermore, we investigate the optical properties because
one of the spin channels has semiconductor characteristics, mak-
ing it a candidate for optoelectronics devices. The results indicate
that this structure could be useful in spintronics applications.
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