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Abstract: In this review, we consider state-of-the-art density functional theory (DFT) investiga-
tions of strongly correlated systems performed with the meta-generalized gradient approximation
(meta-GGA) strongly constrained and appropriately normed (SCAN) functional during the last five
years. The study of such systems in the framework of the DFT is complicated because the well-known
exchange–correlation functionals of the local density approximation (LDA) and generalized gradi-
ent approximation (GGA) families are not designed for strong correlations. The influence of the
exchange–correlation effects beyond classical LDA and GGA are considered in view of the prediction
of the ground state structural, magnetic, and electronic properties of the magnetic materials, including
pure metals, binary compounds, and multicomponent Heusler alloys. The advantages of SCAN and
points to be enhanced are discussed in this review with the aim of reflecting the modern state of
computational materials science.

Keywords: exchange–correlation functional; generalized gradient approximation; meta-generalized
gradient approximation

1. Introduction

First-principles (ab initio) methods are based on quantum mechanics and quantum
chemistry, which characterizes the electronic states of matter at the nanoscale. Since, within
the framework of ab initio methods, the system can be described by the apparatus of quan-
tum mechanics only, first-principles calculations do not depend on any external parameters
but use only the atomic numbers of the constituent atoms of the system. In the 1930s, only
simple hydrogen-like atoms were studied using quantum mechanical methods. Nowadays,
the number of atoms has increased to several thousands due to the development of density
functional theory (DFT) [1,2], which is one of the most effective modern first-principles
approaches for studying many-particle systems and predicting material properties.

The commonly used DFT is called the Kohn–Sham (KS) DFT. Here, the ground state
electron density n(r) and the total energy E(n) for nonrelativistic interacting electrons in
the external potential can be found exactly by solving self-consistent one-electron equations

E(n) = −1
2 ∑

i,σ
ψ∗i,σ(r)∇ψi,σ(r) +

∫
Vext(r)dr +

1
2

∫ ∫ n(r)n(r′)
|r− r′| drdr′ + Exc(n), (1)

where the first three terms correspond to the kinetic energy, the energy of interaction
with the external field, and the Hartree energy, respectively. The last term in this equation
accounts for the innumerable exact universal exchange–correlation energy Exc(n) as a function
of n = ∑occ

i,σ |ψi,σ|2, where ψi,σ are KS orbitals. Formally, the exchange–correlation energy
can be expressed as half of the Coulomb interaction between each electron and its exchange–
correlation hole in the double space integral [3,4], but this is impossible in practice.
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Since the exact form of the exchange–correlation energy Exc is unknown, it is an
pressing problem to develop effective approximations for it. Thus, the efficiency of the DFT
study depends on the choice of such approximation, and over the decades, scientists have
been trying to make these approximations for Exc more precise. Today, there are several
generations of approximations, which are ascribed to the so-called Jacob’s ladder.

The rungs of this ladder are attributed to certain generations of the exchange–correlation
approximation, which, in turn, include several variants of the exchange–correlation func-
tionals. Roughly speaking, the approximation is a scheme, while the functional is one
variant of this scheme realization. Passing from the first to fourth rungs, the accuracy of
the approximation is intended to increase, consequently increasing the computational cost.

On the first rung are the Local Density Approximation (LDA) and the Local Spin-
Density Approximation (LSDA) [5–7]. They are based on the assumption that, locally, the
electron density n(r) represents a homogeneous electron gas. Thus, in this approximation,
the electron densities n(r) in LDA and the spin densities n↑(r) and n↓(r) in LSDA related
to the total electron and magnetization densities are independent of the coordinate r, and
the exchange-correlation energy is expressed as ELSDA

xc [n↑, n↓] =
∫

d3rnεunif
xc (n↑, n↓), where

εunif
xc (n↑, n↓) is the exchange–correlation energy of each electron gas particle with the same

spin densities n↑ and n↓ that are known with high precision from the quantum Monte Carlo
method and other multielectron methods [8]. LDA accurately predicts lattice parameters
for a wide class of materials with a deviation of about 2% (usually less) [9–11]. At the
same time, LSDA functionals can yield incorrect lattice types or magnetic ordering of the
ground state, e.g., for the pure metals Fe, Co, Ni, etc. [12,13]. In addition, LDA significantly
overestimates the cohesive energy by up to several eV [12,14] and underestimates the
band gap width [15,16], predicting metallic instead of semiconducting behavior [16]. One
futher step can be taken if it is assumed that the electronic gas is not homogeneous but
changes in density from point to point in the space. This step brings us to the second
rung of Jacob’s ladder, which is the Generalized Gradient Approximation (GGA). This is
the most successful and, thus, widely used approximation today. Here, in addition to the
electron density, electron density gradients ∇↑ and ∇↓ are introduced as extra arguments:
EGGA

xc [n↑, n↓] =
∫

d3rnεGGA
xc (n↑, n↓,∇n↑,∇n↓).

In most cases, the GGA improves the LDA results by giving slightly larger lattice
constants [17,18]. The probability of ground state mispredictions is also reduced [12,19].
The GGA works much better than LDA for calculations of cohesive energy: the deviation
from the experimental results is about 7% [20]. One of the successes of the GGA is the
prediction of the ferromagnetic (FM) bcc ground state of Fe [21,22] or the prediction of new
topological half-Heusler materials [23]. Nevertheless, the GGA underestimates the band
gap width [24].

The major challenge for LSDA and GGA is predicting an insulating state for strongly
correlated materials, in which electronic states cannot be represented by a single determi-
nant of one-electron orbitals. The wrong prediction of a metallic ground state for strongly
correlated Mott insulators, for which transition metal oxides (TMOs) with localized d or f
bands may be considered prototypical, is one of the most striking failures of the standard
local/semilocal density approximations [25,26]. Spin-polarized calculations for some TMOs
(NiO and MnO) yield a tiny band gap (up to 95% lower than in experiments) due to anti-
ferromagnetic (AFM) ordering. However, all TMOs are shown to be metallic under a spin
unpolarized approach. On the other hand, it has been widely established experimentally
that these materials are naturally insulating, even at high temperatures (far over the Néel
temperature). The next generation of approximations are called on to solve this problem.

Taking into account additional local components in the expression for the exchange–
correlation energy leads us to the so-called meta-GGA approximations, which are located
on the third rung of Jacob’s ladder. The meta-GGA additionally accounts for the electron
density Laplacian and/or the kinetic energy density [27]:

Emeta−GGA
xc [n↑, n↓] =

∫
d3rnεmeta−GGA

xc (n↑n↓,∇n↑,∇n↓,∇2n↑,∇2n↓, τ↑, τ↓), (2)
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where τ(r) = 1
2 ∑N

i=1 |∇ψi(r)|2 is the noninteracting positive kinetic energy density. Be-
cause of the numerical derivative instability, the second-order density gradient is often
not taken into account. The meta-GGA is realised in many functionals, including the
TPSS, RTPSS, MS0, MS1, MS2, mBJ, and SCAN functionals. The latter is a recently de-
veloped Strongly Constrained and Appropriately Normed (SCAN) functional, which is
the only one that satisfies all known constraints that the exact density functional must
fulfill (see Figure 1b) [28]. This should allow SCAN to enhance the prediction of the band
gap width.

Figure 1. (a) Jacob’s ladder classifying the approximations for the exchange–correlation energy on
the way to obtaining the absolute chemical accuracy. (b) Seventeen known exact constraints that a
meta-GGA can fulfill [28–31]. Note, the SCAN functional obeys all of these constraints.

The underestimation or inability to predict the bang gap is usually attributed to
two reasons. The first is the error in the electron self-interaction, which is undoubtedly
presented in any local (LDA, GGA) or semilocal (meta-GGA) functional. To exclude this
error, one should consider more complex (and noticeably more computationally expensive)
hybrid or random phase approximation (RPA) [32] functionals. Hybrid functionals are a
mixture of Kohn–Sham (KS) LDA-, GGA-, and meta-GGA-type functionals combined with
some exact exchange energies derived from the Hartree–Fock (HF) method

Exc = aEKS
x + (1− a)EHF

c + bEKS
x + (1− b)EHF

x . (3)

Here, EKS
x and EKS

c are the KS orbital exchange and correlation functionals; EHF
x and

EHF
c are the HF orbital exchange and correlation functionals; a and b are the weights of the

individual functionals.
The first functional of this type is B3LYP, which was developed by Becke et al. [33].

This level of functional predicts basic physical properties, such as the lattice parameter,
cohesion energy, magnetic moments, and even the band gap width, extremely accurately.
For the hybrid-PBE HSE functional, for example, the average oscillation is about 6% [16].
The main problem with these functionals is that a and b are usually determined by fitting
to experimental (or exactly calculated) data. In addition, these functionals require multiple
integrals to be calculated over space, which is computationally demanding.

Another parametric approach to the DFT band problem is to use the Hubbard the-
ory [34]. In particular, when using the LDA or GGA exchange–correlation functionals, the
potential of the KS orbitals is independent of orbital occupancy [35]. However, in the case
of strong local correlations, adding an electron to a localized orbital that already contains
an electron requires additional energy U [36]. However, U is usually obtained by fitting to
the experimental results, and hence, the universality and predictive power of a method is
drastically reduced, which makes it dependent on experiments, although there are methods
of a priori estimation [37].
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The second reason for the difficulties associated with band gap estimation is that
the fundamental gap (Eg) for a system containing N electrons is defined as the difference
between the ionization potential (I) and the electron affinity (A): Eg = I − A. On the other
hand, the band width EKS

g obtained from the DFT calculations is defined as the difference
between the eigenvalues of the conductivity band minimum (CBM) and the valence band
maximum (VBM):

EKS
g = εCBM − εVBM. (4)

These two definitions of band gap, in general, are not equal, and differ precisely by
the derivative discontinuity ∆xc [38,39]

Eg − EKS
g = ∆xc, (5)

∆xc =
δExc

δn

∣∣∣∣
N−δ

− δExc

δn

∣∣∣∣
N+δ

. (6)

For LDA and GGA, in the limit N → ∞, due to the normalization condition
∫

n(r)dr = 1,
all terms of the Taylor series EGGA

xc (n0)− EGGA
xc (n0 + nψN ) vanish, except for the leading

linear term, which causes ∆LDA,GGA
xc = 0. On the other hand, SCAN contains the nonlocal-

ity part τ, and ∆SCAN
xc 6= 0. Thus, despite the remaining self-interaction problem, SCAN

predicts a band gap width closer to that shown in the experiment, while maintaining its
universality and not requiring parameterization.

Exchange–correlation functionals can be classified in accordance with different fea-
tures. Based on the usage of the experimental constants, functionals can be divided into
parametric (using some external experimental parameters) and nonparametric (based on
the mathematical notation of Exc). On a localization basis, one can distinguish between
local, semilocal, and nonlocal. Local functionals approached by a single integral over the
three-dimensional electron-density distribution at each point r and semilocal functionals,
which are local in the computational sense. In the latter case, Exc depends not only on
n(r), but also on some additional contributions those are not necessarily local on n(r),
such as ∇n(r) and the positive-definite kinetic energy density. Nonlocal functionals are
not limited to a single integral. Local and semilocal approximations are accurate, when
the exchange–correlation hole is well localized around its electron, e.g., for a helium or
free atom. They can also be robust in many molecules and solids near their equilibrium
geometries by eliminating errors between exchange and correlation. However, if the exact
exchange–correlation hole has several localization centers (it is delocalized), the semilocal
approximation is not applicable. In this case, completely nonlocal functionals, such as hy-
brids, self-interaction-corrected functionals, etc., are needed. To simplify the classification,
Jacob’s ladder is usually used. The functionals belonging to the certain class of localization
are illustrated in Figure 1.

In this review, we discuss the achievements of the SCAN functional in the prediction
of the ground-state properties of pure metals, binary compounds, and multicomponent
ternary and quaternary Heusler alloys. Despite the latter rungs of the Jacob’s ladder aiming
to be the most accurate, in reality, it does not always work as it is supposed to. Often,
the functional, which works best for one class of the materials, may fail for another class.
It is known that SCAN works very well for materials with intermediate-range van der
Waals (vdW) interactions (right ordering of seven polymorphs of H2O ice), ionic bonding
(energetic ordering of six polymorphs of MnO2), covalent and metallic bonds (Si under
different phases), lattice constants of two-dimensional materials, and highly correlated
materials (La2CuO4, Sr-doped La2CuO4, and YBa2Cu3O6+x). Here, we mostly focus on
the magnetic materials with complex compositions. We consider the most interesting
theoretical investigations conducted with SCAN during the last 10 years and discuss the
cases in which this functional can significantly increase the predictive power of the research.
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2. Pure Metals

We start with pure metals, and consider alkali metals, alkaline-earth metals, and 3d-,
4d-, and 5d-transition metals. Under normal conditions, all of them crystallize in body-
centered cubic (bcc), face centered cubic ( f cc), or hexagonal close-packed (hcp) structures.
The exceptions are Mn, La, and Hg, which have hexagonal, rhombohedral, and cubic unit
cells with 58 atoms, correspondingly [20,40].

We firstly analyze the performance of SCAN in the prediction of the structural proper-
ties. The equilibrium lattice parameters of pure metals are summarized in Figure 2. For the
alkali metals, taking into account the additional exchange–correlation effect in SCAN does
not lead to better agreement with the experiment. Except for Li and Na, where the SCAN
results deviate from the experiment only slightly, the lattice parameter is overestimated
by ≈2–3, and the inaccuracy is always higher than that of GGA PBE. The reason for the
noticeable difference between SCAN and the experiment might be the presence of itiner-
ant electrons in the alkali metals. When passing to alkaline-earth metals, more localized
systems are used, where SCAN demonstrates a better performance. However, further
enhancement of localization in the systems has a negative effect on the SCAN results, and
for the 3d-transition metals, the performance of SCAN is even worse than GGA in terms of
underestimating lattice parameters in the most cases. For the 4d- and 5d-transition metals,
SCAN gives a comparatively large inaccuracy (up to ≈5–6 for Y and Re) with respect to
the experiment. Nevertheless, it works apparently better than GGA, fulfilling the idea that
more exchange–correlation interactions are being accounted for, and the inaccuracy does
not exceed 2% for the rest of the 4d- and 5d-materials.

Figure 2. Comparison of the SCAN and GGA calculated equilibrium cell volumes (Vcalc) of alkali
metals, alkaline-earth metals, and 3d-, 4d-, and 5d-transition metals. All values are plotted with
respect to the corresponding averaged experimental values of Vexp. The zero dash line denotes the
experimental data. The values of m and σ denote the mean and standard deviations from Vexp for
each group of metals. The data were collected from Refs. [20,28,40–43].

One can take a closer look at the 3d-transition metals Fe, Ni, and Co, which are well-
studied model systems and for which, consequently, more SCAN studies are presented in
the literature [20,41,42,44,45]. Generally, SCAN predicted structural properties of bcc-Fe are
in good agreement with the experimental results: SCAN only slightly underestimates [41]
the equilibrium volume and decreases the bulk modulus [41,42] of Fe, improving the
PBE results. The situation is worse for f cc-Ni and hcp-Co, where SCAN reduces the
lattice parameters and overestimates the bulk modulus, having a worse performance than
standard local and semilocal functionals [20,41,42]. Note, SCAN reproduces the equilibrium
volume of bcc-Fe at the price of producing filled spin-up bands. If the spin-up bands are
already filled in the LSDA, as they are for f cc-Ni and hcp-Co, the magnetic moment cannot
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be increased much further with the enhanced exchange splitting of SCAN. In the end, this
implies that the interatomic distances do not increase as much in these systems as they do
for bcc-Fe, leading to an underestimated equilibrium volume.

The performance of SCAN in the prediction of magnetization demonstrates more
difficulties in comparison with its performance in the description of the structural properties.
For the same model systems (Fe, Ni, and Co), greater degradation of the accuracy is found
in comparison with that of the GGA. In all three cases, the magnetization is overestimated
significantly by SCAN relative to LSDA and GGA [41,42,46]. Fu and Singh [42] stated that
this might be due to the challenging description of the itinerant physics of systems with
multiple partially occupied d-orbitals, and at the same time, accurate reproduction of the
physics of atoms, including the cancellation of self-interactions. Ekholm and co-authors
found that the 3d states were shifted to lower energies, as compared to the experiments,
and they suggested [41] that large SCAN spin moments arise from enhanced exchange
splitting compared to in LSDA and GGA. They modeled an electronic structure of bcc-Fe
and showed that the spin-up bands had become filled, going from a weak to a strong
ferromagnet, meaning that the SCAN bandwidth is larger in comparison with the PBE.

If we consider the spontaneous magnetization of Fe, Co, and Ni, the SCAN enhance-
ment is 19%, 8%, and 14% with respect to the GGA [46]. Meantime, it cannot be argued
convincingly that this leads to worse agreement with the experimental results. Despite
the overestimation of the magnetization of Fe by 17% by SCAN, and the underestimation
by PBE by only 2%, SCAN provides better agreement for Co, where the SCAN calculated
magnetization is closer to the experimental value than that of PBE [46].

Accounting for the exchange–correlation effects beyond the GGA scheme allows non-
trivial magnetic configurations in pure Mn to be detected. Pulkkinen et al. investigated
all of the Mn phases, i.e., α-Mn, β-Mn, fcc γ-Mn, and bcc δ-Mn. For γ-Mn, the nonmag-
netic, FM, and two variants of AFM configurations were considered. Calculations in the
framework of both GGA and SCAN confirmed that the ground state of γ-Mn is of the AFM
order, where the sign of the moment alternates between the planes stacked along the [001]
direction [40,47]. However, SCAN predicts a Wigner–Seitz radius of 2.732 a.u., which is
closer to the experimental value (2.752 a.u. [48]) predicted with the GGA (2.635 a.u.). Both
GGA and SCAN predict the tetragonal distortions for this structure, but the c/a ratios are
slightly different (0.95 for GGA and 0.98 for SCAN). Generally, for all magnetic configura-
tions, SCAN significantly overestimates the magnetic moment and the equilibrium lattice
constant, making it closer to the experimental value.

Similarly, for α-Mn, the unit cell of which has 58 atoms, the SCAN prediction of the
lattice parameter is closer to the experiment. The most important result obtained with SCAN
is that, at the experimental volume, SCAN predicts a noncollinear magnetic configuration
as favorable, unlike the GGA. Both obtained noncollinear configurations (Figure 3) have
large collinear magnetic moments at the Mn-I sites, while the moments at the Mn-II sites
are slightly smaller and canted away from the collinear direction. The lattice parameter
of the first configuration (Figure 3a), which is energetically favorable and was obtained
with the full structure relaxation, is 3.757 Å. This solution may correspond to the strained
α-phase reported experimentally by Dedkov et al. [49]. For the second solution (Figure 3b),
calculations were performed for a fixed cell shape. In this case, determining the equilibrium
volume is a more delicate task due to the presence of several degenerate solutions with
different spin structures, which can coexist. Nevertheless, the authors note that since SCAN
tends to favor structures with large magnetic moments, the obtained stabilization of the
strained α-phase might be because of the exaggerated corrections in SCAN.
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Figure 3. SCAN-generated noncollinear magnetic structure of various α-Mn sublattices: I (red),
II (yellow), IIIa (blue), IIIb (light blue), IVa (green), and IVb (light green). (a) Only the atomic positions
are relaxed. (b) Both the atomic positions and the cell shape are relaxed. The figure is adapted from
Ref. [40].

3. Binary Intermetallics
3.1. Crystal Structure

Next, we turn to the description of the exchange–correlation interactions in binary com-
pounds. An even more important indicator of the robustness of the exchange–correlation
functional is its ability to determine accurately the equilibrium crystal structure of com-
pounds. For most nonmagnetic compounds, the intermediate vdW interaction, which
is present in SCAN but not in PBE, can play a particularly important role. The crystal
structure of the ground state at zero temperature is thermodynamically defined as the
phase with the lowest enthalpy. The authors of [19] evaluated the capabilities of PBE and
SCAN in relation to the correct prediction of the crystal structure observed experimentally.
SCAN provides a significant improvement over PBE in selecting the correct ground state
structure, reducing the structure prediction error from 12% to 3% for the compounds of
the main group elements and from 25% to 20% for the compounds containing transition
metals (TM) at a tolerance of 0.01 eV/atom. The improvement in the structure selection
accuracy is likely due to the more accurate physical model provided by SCAN compared
to PBE.

In particular, for SiO2, SCAN is able to reproduce the correct ground state α-quartz
structure at low temperatures and low pressures and, consequently, it can reproduce
the pressure–temperature phase diagram, while PBE overstabilizes the high-temperature
polymorph β-cristobalite [19]. SCAN correctly selects the cubic diamond polymorph Ge
as the ground state and accurately predicts its phase transition pressure into the β-Sn
crystal structure [50,51].

Another example is the V3Ga compound, which can exist in two nearly equilib-
rium phases, the superconducting A15 and the AFM semiconductor D03 [52]. For the
A15 phase, SCAN leads to an AFM-III order [52,53] in contrast to PBE, where the AFM
solution cannot be stabilized. Both FM and AFM-III orders in the A15 structure are
practically indistinguishable from each other due to the smallest energy difference of
5 meV/atom (FM is found to be stable). In addition, SCAN predicts the stabilization of
the D03 phase relative to the A15 structure; the energy difference between these structures
(∆ED03−A15) is about −44 meV/atom, which is almost half as much as in the PBE case
∆ED03−A15 = 85 meV/atom.

Let us consider another example of the binary compound NiMn [54], which has
a CsCl structure with AFM ordering and a Neel temperature above 1000 K [55]. This
compound undergoes a structural phase transformation from bcc-like austenite (β-NiMn)
to L10 tetragonal martensite (or f cc-like α-NiMn) at high temperatures (Tm ≈ 1000 K)
during cooling. Notably, both functionals predict the possibility of a structural transition
between the FM β-NiMn and AFM α-NiMn. However, for α-NiMn, PBE yields a tetragonal
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ratio c/a ≈
√

2 close to the experimental one, whereas SCAN gives ≈1.3. Moreover, PBE
predicts an overestimated Tm of ≈1450 K, whereas SCAN results in an underestimated
Tm of ≈580 K, which differs from the experimental result (Tm ≈ 1000 K).

In addition to the qualitative predictions of the ground state energy, an important
indicator is the ability of the functional to predict the geometric parameters. Figure 4 shows
the relative error of the equilibrium lattice volumes calculated by PBE and SCAN with
respect to the average experiment [19,43,46,50,53,54,56]. PBE, on average, overestimates
the volume with respect to the experimental volume by 6.5%. SCAN shows a significant
improvement in the volume prediction, with an error of 0.8% relative to the experimental
volume for binary compounds without d metals. It should also be noted that the SCAN
functional has much lower emissions (|∆V|/Vexp > 10%) compared to PBE. As expected,
the quality of the prediction of the equilibrium volume decreases when passing to transition
metal compounds. In this case, the SCAN accuracy of 0.7% is higher than the PBE accuracy
of 2.6%, but it is not so significant.

Figure 4. Deviations of the cell volume calculated within SCAN and PBE from experimental results
for binary intermetallics with and without TM ions. The figure contains data for 191 alloys without
TM ions [19] and for 116 alloys with TM ions [19,43,53,54,57,58]. The experimental values referenced
in [19,43,53,54] are taken as the zero dash line.

3.2. Thermodynamic Stability

One of the most important fundamental thermodynamic properties that determines
the phase stability of solid compounds is the formation enthalpy H f orm. This energy is
associated with the reaction to form the compound from its component elements. As a
rule, the experimental determination of H f orm with a chemical accuracy of 1 kcal/mol
(0.0434 eV/atom) for a system is associated with a significant difficulties, for example, in
terms of the quality of the experimental technique, the quality of the sample, measurement
errors, etc. However, the high-level wavefunction methods [59] can achieve this accuracy,
but due to their expensive computing requirements, they can only be used in systems with
minimal numbers of electrons per periodic unit cell. It is well known that errors in the
formation enthalpy predicted by PBE are usually about 0.2 eV/atom, which leads to signif-
icant undervaluations of phase stability predictions among various chemical compounds.
In this subsection, we briefly discuss the results of the H f orm calculations within GGA PBE
and SCAN for binary compounds with strong (covalent, ionic, metal) and weak (vdW)
chemical bonds.

Figure 5 illustrates the comparison of H f orm calculated using PBE and SCAN with
the experimental values reported by different authors [19,43,46,50,56]. Here, we divided the
compounds into three groups: main-group element compounds (first panel in
Figure 5), compounds containing TMs (second panel in Figure 5), and compounds com-
pletely consisting of TMs (third, fourth, and fifth panels in Figure 5). It is well-known that
all local and semilocal functionals include the self-interaction error [8]. This error is small
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for the main-group element compounds and it is especially significant for pure TMs and
compounds containing TMs. As the subgroup number of TM increases, the error rises due
to an increase in the number of strongly localized d electrons [60].

As Figure 5 suggests, the behavior of the main-group element compounds demon-
strates the performance of PBE and SCAN as efficient semilocal functionals with a small self-
interaction error (see the first panel in Figure 5). PBE systematically underestimates H f orm

calc

by an average of 13.5% compared to H f orm
exp for strongly coupled compounds (|H f orm

exp | > 1).
On the other side, SCAN reveals significantly better results in relation to the experiment,
although there are still slight deviations of H f orm

calc (both positive and negative) from the

experimental zero line. The average error of H f orm
calc SCAN calculations is about 1.4%.

Figure 5. Deviations of the formation enthalpy calculated within SCAN and PBE as a function of the
experimental results for binary intermetallics with and without TM ions. The first panel contains
266 compounds without TM ions [19,46], the second panel contains 513 compounds with one TM
ion [19,46], and the last panels include 322 TM compounds [43,46,50,56]. The experimental values
referenced in [19,43,46,50,56] are shown as the zero dash line. Filled and open symbols indicate
strongly (|H f orm

exp | > 1) and weakly (|H f orm
exp | < 1) bonded compounds, correspondingly. CF-CF is the

completely filled d-shell for both TMs in a compound; CF-PF is the completely filled and partially
filled d-shells for TMs in a compound; and PF-PF is the partially filled d-shell for both TMs in a
compound. The values of m and σ denote the mean and standard deviation from H f orm

exp for each
group of compounds.

For weakly coupled main-group element compounds (|H f orm
exp | < 1), the PBE and

SCAN prediction accuracies of H f orm
calc decrease significantly. One can note large positive

and negative deviations of H f orm
calc with respect to the experimental data. Despite the same

scatter of data occurring for PBE and SCAN, the average error of SCAN seems to be smaller.
Thus, SCAN predicts formation enthalpy values closer to the experimental ones, while PBE
overestimates the bonding energy more strongly. One of the reasons that SCAN improves
the results for weakly bonded binary compounds compared to PBE is related to the fact
that SCAN includes the vdW chemical bond [28,29], while PBE practically neglects it. PBE
also underestimates the chemical stability of most solids, e.g., mistakenly considering InN
to be chemically unstable, which SCAN avoids [19]. These errors arise mainly because PBE
overstabilizes the reference molecules and cannot be corrected simply by adding a vdW
correction to PBE.

We next consider TM compounds (see the second panel in Figure 5), where the self-
interaction error represents a fundamental constraint on the performance of semilocal
density functionalities. For compounds with one TM ion, the average SCAN error of the
enthalpy estimation is smaller than that of PBE by about 94% and 51% for the strongly cou-
pled (|H f orm

exp | > 1) and weakly coupled (|H f orm
exp | < 1) compounds, respectively. In general,
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it can be seen that the absolute performance of both functionals for the TM compounds
looks somewhat worse compared to the main-group element compounds.

Finally, let us proceed with the binary alloys consisting entirely of TM ions (the last
three panels in Figure 5). In accordance with Ref. [56], we divide these intermetallic alloys
into three groups:

• compounds with completely filled d-shells for both TM ions (CF-CF);
• compounds with a completely filled d-shell for one TM ion and a partially filled d-shell

for another TM ion (CF-PF);
• compounds with partiallly filled d-shells for both TM ions (PF-PF).

As one can see from the figure, compared to PBE, SCAN improves the H f orm prediction
due to the large contribution of vdW bonds (0.0 < |H f orm

exp | < 0.3) for the CF-CF alloys.
On the other side, GGA PBE gives better results for H f orm in the case of CF-PF and PF-PF
alloys, whereas SCAN strongly overestimates H f orm. At the same time, the SCAN error
deviation decreases for alloys with a higher formation enthalpy.

3.3. Magnetic Properties

As in the case of pure metals, SCAN overestimates the element-resolved and total
magnetic moments in binary compounds as well. In particular, the average total magnetic
moment of 149 binary compounds determined by SCAN is 12% greater than that of PBE [46].
The authors also show that there are certain compounds that are predicted by PBE to be
nonmagnetic, while SCAN predicts their magnetic reference state, e.g., FeTe2 and FeCl2.
A similar tendency towards an overestimation of the magnetic moment is observed in
V3Ga [53]. For the AFM D03 and A15 phases, SCAN overestimates the magnetic moment
of the V atom by 41% and 36% in comparison with PBE. For NiMn [54], SCAN also
overestimates the magnetic moment by 10%.

3.4. Electronic Properties

Correct gap estimation is one of the most difficult problems for DFT. Semilocal approxi-
mations such as LDA and GGA are known to underestimate the band gap
width [24,61] or even fail to predict semiconductor behavior [62–64]. This problem usually
has two main causes, the first is the already-mentioned self-interaction, and the second is
the equality to zero of the so-called derivative gap (∆xc), which determines the difference
between the fundamental forbidden band and the locked Kohn–Sham band [39,65,66]. As
shown in the previous paragraphs, the first problem cannot be completely solved within
(semi)local approximations, but since SCAN includes some nonlocality through the kinetic
energy τ and depends on orbitals, ∆SCAN

xc becomes non-zero.
Figure 6 shows the error in determining the band gap width for binary alloys calcu-

lated in [46]. It can be seen that SCAN, like PBE, suffers from systematic underestimation
of the electronic gap; however, SCAN is usually in better agreement with the experimental
results. Thus, SCAN underestimates the band gap width by 35%, and PBE underestimates
it by 38%. The standard deviation for SCAN is about 16% less than that for PBE. Moreover,
as the experimental bandgap width increases, the difference between the bandgaps pre-
dicted by PBE and SCAN becomes more divergent. The hybrid HSE [67] and B3PW [68]
functionals predict a bandgap width that is much closer to the experimental value with
mean deviations of −5% and 11%, correspondingly. However, the standard deviation for
B3PW is comparable to the deviations for PBE and SCAN; for HSE, the standard deviation
is 12%, which is four times smaller than that for SCAN. Note that the deviation from the
mean for both hybrid functionals for materials with a small bang gap width is still large,
which may be due to the small content of compounds of similar nature in the fitting dataset.
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Figure 6. Comparison of the calculated and experimental band gaps for the binary compounds
calculated with SCAN and PBE [46], HSE and PBE [16,67], and B3PW and PBE [69], containing the
main group elements and TM ions. The experimental values are shown as the zero black line.

4. Cuprites and Perovskites

Over the past few years, the SCAN functionality has been extensively tested on
multicomponent systems with different electronic structures and chemical bonding types,
such as cuprates, spinels, and perovskites (e.g., see Refs. [70–76]). For most systems studied,
the SCAN functional predicts the ground-state properties more successfully than the GGA.

For instance, SCAN investigation of La2CuO4 cuprate in orthorhombic (LTO), tetrag-
onal (LTT), and hexagonal (HTT) phases can be found in Refs. [71,72]. It is shown that,
for the LTO phase, SCAN predicts the ground state AFM solution with a band gap of
1 eV, which is in good agreement with experimental data [70]. However, PBE yields nearly
gapless behavior for the LTO phase. For the LTT and HTT phases, SCAN similarly pre-
dicts the presence of a energy gap by analogy with the LTO phase, whereas PBE yields
metallic behavior.

The SCAN application has been studied for a wide class of 3d ABO3 perovskites
from titanates to nickelates in both spin-ordered and spin-disordered or paramagnetic
states [73]. SCAN makes it possible to predict trends in gap formation, but not in absolute
magnitude, as well as structural symmetry breaks (e.g., octahedron rotations, Jahn–Teller
modes, bond disproportionation), the relative positions of the p and d orbitals of the O and
B atoms, respectively, and all structural features. Similarly, Zulfiqar et al. [74] reported that
both SCAN and PBE equally underestimate the experimentally observed gaps of alkaline
earth titanates and zirconates. Despite this, the calculated SCAN formation energies for
SrTiO3, BaTiO3, SrZrO3, and BaZrO3 are in good agreement with the experimental findings
previously achieved by GGA + U calculations. In addition, it is shown that SCAN is more
accurate than PBE and HSE06 in predicting the mechanical and vibrational properties of
these materials.

In Table 1, we summarize the calculation results for the energy gap, magnetic mo-
ment, and volume cell with the available experimental data for the La2CuO4 and ABO3
compounds mentioned above.
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Table 1. The energy gap Eg, total magnetic moment µtot, and equlibrium volume cell calculated
within PBE and SCAN for the La2CuO4 and ABO3 compounds. The experimental data are also
presented.

Eg (eV) µtot (µB/f.u.) V (Å3)

PBE SCAN exp. PBE SCAN exp. PBE SCAN exp.

LTO 0.026 [72] 1.0 [71] 0.9–1.3 [70] 0.273 [72] 0.49 [71] 0.3–0.6 [77] 391 [72] 379.1 [71] 380.3 [78]
0.979 [72] 1 [79] 0.491 [72] 0.495 [72] 380.3 [72] 379.1 [78]

LTT 0 [72] 1.006 [72] - 0.107 [72] 0.492 [72] - 391.4 [72] 379.8 [72] 380.3 [80]
HTT 0 [72] 0.918 [72] - 0.262 [72] 0.479 [72] - 384 [72] 375.4 [72] 384.2 [81]

SrTiO3 2.24 [82] 2.23 [74] 3.43 [83] - - - 61.3 [84] 59.7 [74] 58.9 [85]
BaTiO3 1.93 [82] 1.92 [74] 3.2 [86] - - - 65.7 [84] 63.8 [74] 64.0 [85]
SrZrO3 3.68 [82] 3.65 [74] 5.6 [87] - - - 74.0 [88] 71.4 [74] 71.7 [89]
BaZrO3 3.46 [82] 3.42 [74] 5.05 [90] - - - 77.1 [88] 74.5 [74] 73.6 [91]

5. Heusler Alloys

From the 1990s to the present time, materials scientists have paid close attention to the
intensive study of a new class of intelligent and functional materials, the Heusler alloys.
Heusler alloys exhibit a combination of different magnetic states, such as ferro-, ferri-, and
antiferromagnetic states, together with a strong coupling between the magnetic and struc-
tural subsystems. This leads to the fact that the Heusler alloys have bright thermally and
magnetically induced shape memory effects, magnetoresistive, magnetocaloric, transport,
and topological properties, and a variety of phase transformations (magnetic, thermoelastic
martensitic, and intermartensitic transitions) caused by temperature changes, external
loads, and magnetic fields [55,92–104]. To date, over 1500 compounds in the family of
Heusler alloys have been identified, which are ternary semiconductor or metallic materials
with a stoichiometric composition XYZ (half-Heusler alloys) or X2YZ (full-Heusler alloys),
where X and Y are transition metals, and Z is the main subgroup element.

Heusler alloys can have both metallic properties (X2YZ-type full Heusler alloys)
and half-metallic properties (X2YZ-type alloys, XYZ half-Heusler alloys, and XX′YZ
quaternary Heusler alloys) [99]. Heusler metal alloys are characterized by combinations of
two or more functional effects, such as giant magnetoresistance, thermal and magnetically
induced shape memory and strain effects, multicaloric effects, etc. However, the metallic
state of full Heusler alloys implies the presence of low magnetic and structural transition
temperatures. Therefore, the main challenge is to find new compositions of Heusler
alloys that have high transition temperatures and exhibit pronounced unique properties
depending on the temperature, pressure, and magnetic field.

The key features of half-metallic Heusler alloys are high Curie temperatures and spin
polarization, which, in turn, makes them attractive for use in spintronic devices. At the
same time, the disadvantages of these alloys include a sharp decrease in the tunneling
magnetoresistance with an increasing temperature, as well as the absence of a martensitic
transition, which, accordingly, leads to very small magnetically induced deformations.

This section provides an overview of modern theoretical studies of various properties of
Heusler alloys in the framework of the DFT and the SCAN exchange-correlation functional.

5.1. Structural Properties

It is well known that, depending on the atomic number of elements X and Y, Heusler
alloys can crystallize into regular and inverse cubic structures. If the valency of the Y
element is greater than the valency of the X element, the regular structure is most likely
to form; otherwise, an inverse structure may be formed. The regular structure has cubic
symmetry with the space group Fm3̄m (#225, structure L21, prototype Cu2MnAl) [99], as
shown in Figure 7a. The X atoms occupy 8c (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4) Wyckoff
sites, while the Y and Z atoms are located at the 4a (0, 0, 0) and 4b (1/2, 1/2, 1/2) sites,
respectively. This structure consists of four interpenetrating fcc sublattices, two of which
are formed by X atoms. The inverse Heusler structure is characterized by cubic symmetry
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with the space group F4̄3m (#216, prototype of Hg2TiCu) [99], which is also described by
four interpenetrating fcc lattices; however, X atoms no longer form a simple cubic lattice
(see Figure 7b). Instead, the X atoms are located at sites 4a (0, 0, 0) and 4d (3/4, 3/4, 3/4),
while the Y and Z are placed in sites 4b (1/2, 1/2, 1/2) and 4c (1/4, 1/4, 1/4), respectively.

Figure 7. Crystal structure of the full-Heusler X2YZ alloys with (a) the regular Cu2MnAl-type and
(b) the inverse Hg2TiCu-type.

SCAN studies of the structural properties of the above-mentioned crystal structures
for various families of Heusler alloys are presented in Refs. [54,63,105–116]. As objects of
research, the following Heusler compounds are considered:

• the metallic compounds X2YZ of stoichiometric and non-stoichiometric compositions
based on Ni [54,105–109], Mn [54,110], and Fe [54,108];

• FM and ferrimagnetic (FiM) half-metallic X2YZ compounds based on Mn [111],
Fe [54,108,111–113,117], V [113], and Co [63];

• XYZ half-Heusler compounds based on Ti, Zr, and Ir [114]; Zr and Ni [115], and V, Fe
and Cr, Co [118];

• the quaternary half-metallic alloys CrVTiAl [116] and CoFeTiAl [63].

Let us first discuss the studies of metallic compounds X2YZ based on Ni [54,105–109],
Mn [54], and Fe [54,108]. A classic example of these compounds is the Ni2MnGa alloy,
which has been the subject of many first-principles investigations for 25 years.

An analysis of the effects of the LSDA, GGA PBE and SCAN exchange–correlation
functionals on the properties of the Ni2MnGa alloy [54,105] reveals the following features.
For the austenitic phase, the LSDA functional gives a strongly underestimated lattice
constant (a0 = 5.63 Å), while the SCAN functional less significantly underestimates the
lattice constant (a0 = 5.726 Å) compared to the GGA approximation (a0 = 5.809 Å) and
the experimental results (a0 = 5.82 Å). Studies of the possibility of tetragonal distortions
for the Ni2MnGa alloy show that the PBE functional gives a local minimum of the energy
curve at c/a = 1 and a global minimum at c/a = 1.25, which is in good agreement with
previous theoretical studies [55,94,119].

At the same time, the energy curve calculated within SCAN has a local minimum
at c/a = 0.95 and a global minimum at c/a = 1.2. The corresponding energy curve is
presented in Figure 9a. Interestingly, the SCAN c/a value is in very good agreement with
the experimental value c/a = 1.18± 0.02 [109,120]. In addition, it should be noted that
SCAN gives a larger difference between the energies of the austenitic and martensitic
phases compared to PBE. This means that the martensitic transformation temperature
predicted from SCAN (Tm ≈ 153 K) is closer to the experimental value (Tm ≈ 202 K [121])
than that predicted from PBE (Tm ≈ 107 K). Here, the Tm temperature is estimated from the
equation ∆E ≈ kBTm, where kB is the Boltzmann constant, 1 meV/atom = 11.6 K).

Similar lattice constants for the austenitic and martensitic phases of Ni2MnGa are
reported in Ref. [109]. Note that, according to the experiment, the ground state of the
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martensitic phase is a 10M (32̄)2 modulated structure, which can be represented as an alter-
nating sequence of two and three lattice planes of the nanotwins [94,109,122,123]. Zelenỳ et
al. showed that the calculation in the GGA approximation gives the following sequence of
crystal structures according to the change in their energy 4O→NM→14M→10M→6O→A,
where A is cubic austenite, NM is non-modulated tetragonal martensite (c/a = 1.18), 4O
orthorhombic structure predicted as the ground state [109]. However, SCAN calculations
predict a different energy sequence: NM→6O→10M→14M→4O→A, where NM marten-
site is the most stable structure. The authors concluded that SCAN calculations lead to
positive energies of nanotwin boundaries of any kind, in contrast to the GGA. However,
the GGA approximation correction based on the Hubbard model (GGA + U, 0 < U ≤ 3 eV)
by an increasing the localization of Mn atoms yields the ground state 10M structure of
martensite at U > 1.2 eV in agreement with the experiment. The abovementioned schemes
of the phase transition sequences are illustrated in Figure 8.

Figure 8. The predicted sequences of phase transitions in Ni2MnGa [109] and Mn2NiGa [110] by the
GGA PBE, SCAN, and GGA + U schemes with the corresponding crystal structures. Here, blue circles
are Ni atoms, red circles are Mn atoms, and orange circles are Ga atoms. The experimental ground
state for Ni2MnGa is the 10M structure, while the sequence of 10M→14M→NM transformations is
observed only for off-stoichiometric alloys with Mn excess above 3 at.% or under tensile stress [109].
The martensitic structure of Mn2NiGa is reported to be NM [124], 7M [125], and 14M [126].

It is also worth noting that the U parameter overestimates the austenite lattice constant,
for example, a0 = 5.83 Å for UMn = 1 eV and 5.88 Å for UMn = 3 eV [109,127]. The authors
suggested that the meta-GGA SCAN + U scheme might lead to better agreement with
experiment. Moreover, the SCAN + U approach would require smaller values of the U
parameter, which is consistent with the metallic nature of the constituent elements.

An alternative stoichiometric alloy is the Mn2NiGa with an inverse XA structure,
which exhibits a martensitic transformation near room temperature (Tm = 270 K) and a
magnetic transformation at 588 K, which also makes this alloy promising for various kinds
of practical applications [124,128]. Kundu et al. reported the possibility of the existence
of 6M, 10M, and 14M modulated martensitic phases that are close in energy to the NM
phase in the Mn2NiGa alloy [129]. To theoretically describe the energy sequence of possible
martensitic phases, the authors implemented the GGA only.
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Erager et al. [110] recently investigated the exchange–correlation effects on the ground
state properties of modulated structures of Mn2NiGa. Both functionals, PBE and SCAN,
predict the martensitic transition between the cubic and tetragonal phases in the ferrimag-
netic (FiM) state. However, SCAN calculations showed a smaller energy difference between
austenite and martensite (∆E ≈ 12 meV/atom) compared to PBE (∆E ≈ 27 meV/atom).
The GGA predicts the following energy sequence of crystal structures, as shown in
Figure 8: NM→14M→10M→6M→A, while the SCAN functional yields the opposite
sequence: 6M→NM→10M →14M→A; the difference in energy between 6M and NM
martensite is about 10 meV/atom. In addition, the difference in the modulation amplitude
of the 6M, 10M, and 14M phases obtained by PBE and SCAN increases with an increasing
modulation period. This finding is possibly due to the difference in the lattice constants
and the monoclinic angle γ. In the case of the 10M structure, γ = 93° for both functionals,
whereas for the 14M structure, γ ≈ 96° and 89° for GGA PBE and SCAN, respectively.

A detailed analysis of the total energy behavior of the crystal structure with respect to
the tetragonal distortion c/a for FM Ni2+xMn1−xGa and Fe2Ni1+xGa1−x, Co-doped FiM
Ni2−yCoyMn1+x(Ga,Sn)1−x, and nonmagnetic Fe2VAl may be found in Refs. [54,106–108,130].
Here, the FM configuration is characterized by the parallel orientation of the magnetic moments
of all atoms; the FiM configuration is characterized by the antiparallel orientation of the magnetic
moments of the Mn atoms located in different sublattices. The E(c/a) curves illustrating the
comparison of PBE and SCAN are shown in Figure 9.

Figure 9. The calculated total-energy differences relative to the FM state as a function of the tetragonal
ratio c/a for (a) Ni2MnGa and Fe2VAl, (b) Ni2.5Mn0.5Ga and Ni2Mn1.5Ga0.5, (c) Ni2Mn1+xSn1−x

(x = 0 and 0.5), (d) Fe2Ni1+xGa1−x (x = 0 and 0.5). Results are presented for different magnetic
configurations. For Fe-Ni-Ga, the energy difference is plotted relative to the FM XA structure [54].
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In Figure 9a,b,d, it is shown that cubic structures are only stable for stoichiomet-
ric Fe2VAl, Fe2NiGa, and Ni2MnSn compositions for both PBE and SCAN functionals.
The martensitic phase for these alloys is not realized. In the case of a nonstoichiometric
Ni2.5Mn0.5Ga (see Figure 9c), the PBE and SCAN E(c/a) behaviors practically coincide.
Both functionals predict a martensitic phase with c/a ≈ 1.25, while the austenitic phase is
energetically unfavorable. For Fe2Ni1.5Ga0.5 (see Figure 9b), a structural transition from
FM austenite with an inverse Heusler structure to FM martensite with a regular structure
is predicted only within SCAN. PBE yields an unstable martensitic phase with a regular
structure. The overall behavior of the total-energy curves is similar for PBE and SCAN.

Another situation is observed for Mn-excess Heusler compounds. For Ni2Mn1.5(Ga,Sn)0.5
(see Figure 9c,d), the PBE and SCAN results contradict each other: the SCAN functional gives
the FM ordering as the most favorable, while PBE predicts the FiM order in contrast to NiMn,
where both PBE and SCAN give similar results [54]. Moreover, the E(c/a) curves obtained
with PBE and SCAN differ significantly in contrast to the corresponding stoichiometric
compositions. In particular, PBE predicts a martensitic transition in the FiM state for both
systems, which is consistent with previous calculations [131–134]. The PBE values of c/a for
Ni2Mn1.5Ga0.5 and Ni2Mn1.5Sn0.5 alloys are 1.35 and 1.3, respectively. The experimental c/a
values are≈1.28 and≈1.24 for the nonmodulated L10-tetragonal structures of Ni2Mn1.52Ga0.48
and Ni2Mn1.52Sn0.48, respectively [122,135].

As for SCAN, the global minima of the E(c/a) curves are observed at c/a ≈ 1.25
for Ni2Mn1.5Ga0.5 and at c/a ≈ 1.15 for Ni2Mn1.5Sn0.5 in the FM phase, demonstrating
a significantly smaller energy difference between austenite and martensite compared to
PBE (see Figure 9c,d). Nevertheless, experiments [122,131,135] have revealed practically
degenerate AFM and FM reference states for the L10 tetragonal phase for Mn-excess Ni-
Mn-(Ga, Sn). In this regard, it is difficult to conclude which of the functionals, PBE or
SCAN, gives the best agreement with the experimental results. In addition, SCAN does
not predict a martensitic transition for any of the compounds, Ni1.5Co0.5Mn1.5Sn0.5 [106]
and Ni2−xCoxMn1.625Sn0.375 (x = 0, 0.125, 0.25 and 0.375) [107], indicating an energy benefit
of the FM L21 cubic structure. For Ni1.5Co0.5Mn1.5Sn0.5, PBE also predicts the favorability
of the FM L21 structure, whereas for Ni2−xCoxMn1.625Sn0.375, the martensitic transition
between FM austenite and FiM martensite is only possible for a Co content of x < 0.375.

Let us proceed further to a discussion of the unique properties of half-metallic Heusler
alloys. In these compounds, the crystal structure of the austenite phase can be ordered
by the L21 or XA type. In this regard, the predominant part of the works is devoted to
the influence of exchange–correlation effects on the ground state. Systematic studies of
various families of ternary, quaternary, and half-Heusler alloys have shown the following
unique properties. For Mn-based alloys such as Mn2ScZ (Z= Al, Ga, In, Si, Ge, Sn, P,
As, Sb) [136,137], Mn2VGe1−xSix [64], Mn2FeSi [111], and V2FeSi, the GGA PBE functional
predicts the L21 structure as the ground state. The SCAN functional indicates energetically
favorable XA structures in Mn2ScZ (Z = Ga, In, Ge, Sn, As) [136] and Mn2FeSi [111],
whereas for the other Mn-based compounds, SCAN predicts the L21 structure as in the
case of PBE. For Fe-based compounds, such as Fe2MnSi and Fe2VSi [111], Fe2VAl and
Fe2TiSn [138], Fe2ScZ (Z = P, As, Sb) [112,117], and Co2FeSi alloys [63], calculations with
both SCAN and PBE show the stability of the cubic L21 structure.

It is interesting to note that, in the case of the Mn2ScZ alloys (Z = Si, Ge, P, As) [136,137],
SCAN total energy calculations give two energy minima on the E(a) curve at smaller and
larger lattice volumes. These minima correspond to states with a low integer magnetic
moment (LMS state) and a high fractional magnetic moment (HMS state). Note that the
LMS state exhibits a half-metallic character at the Fermi level, whereas the HMS state
is metallic. The energy barrier between the two states is rather small, ≈35 meV/atom,
indicating the possibility of a transition between these two states.

A detailed analysis of the two-phase states, LMS and HMS, in Mn2ScSi, was performed
by Buchelnikov et al. [137]. The authors showed that taking into account the exchange-
correlation effects within the SCAN functional leads to the appearance of two minima,
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close in energy, at cubic lattice constants of 5.905 and 6.108 Å (see Figure 10a). The left
local minimum characterizes the LMS state (3 µB/f.u.), while the right global minimum is
the HMS state (5.8 µB/f.u.). The energy difference ∆EHMS−LMS between the two states is
3.75 meV/atom. Thus, it can be assumed that lattice contraction will allow the transition
from the HMS to the LMS state. It is interesting to note that the GGA-PBE calculations
lead to only one minimum close to the LMS state, while at a larger lattice parameter, only
a break in the E(a) curve is observed. However, taking into account the localization of d
electrons of Mn atoms within the effective Hubbard correction (GGA + U) also makes it
possible to obtain LMS and HMS states close in energy (see Figure 10b). Parametric analysis
of the U parameter effect on the value of ∆EHMS−LMS indicates that the minimum value of
∆EHMS−LMS, as in the case of SCAN calculations, can be achieved for U = 1 eV.

Figure 10. (a) The total energy difference ∆E as a function of the lattice parameter of Mn2ScSi for the
PBE, SCAN, and GGA + U (U = 1 eV) solutions. (b) The ∆E for Mn2ScSi calculated by GGA + U for
a set of U values and mapped into the diagram “Coulomb repulsion term (U) – lattice parameter (a)”.
The optimized lattice parameters for both LMS and HMS are marked by the red symbols. The stars
denote the degeneracy of the ground state, for which the LMS and HMS have similar energy values
at U = 1 eV. For each case, the ∆E is plotted with respect to the left energy minimum [137].

In a recent study [64] on the Mn2VGe alloy showing LMS and HMS, a way to control the
∆EHMS−LMS value within the framework of partial substitution of Ge atoms by Si atoms was
proposed. In the parent Mn2VGe compound, SCAN gives a ∆EHMS−LMS = 13.2 meV/atom,
which is slightly larger than that of Mn2ScSi [137]. However, the partial replacement of Ge
by Si reduces ∆EHMS−LMS between the two phases, which become practically degenerate
at a Si content of ≈3.125 at.% at a zero temperature. According to the phase diagram for
Mn2VGe1−xSix (see Figure 11), an increase in the Si content leads to a decrease in the critical
pressure required for the transition between strong and weak magnetic phases. For example,
for x = 0.125 at T = 0 and 300 K, transition pressures of 1 and 2.8 GPa are required. For
x ≈ 0.45 and T ≈ 300 K, the critical pressure becomes practically zero, indicating the ease
of transition from the metallic to the half-metallic state. Thus, silicon-doped Mn2VGe can
provide an ultrafast, low-energy, and cost-effective platform for the development of materials
of interest in spintronics applications.

The structural properties of nonmagnetic half-Heusler compounds XIrSb (X = Ti, Zr)
and ZrNiSn, which demonstrate stable hole conductivity, are studied in Refs. [114,115].
These alloys have cubic crystal structures with a space symmetry group F4̄3m (prototype
LiAlSi). Since these are compounds with heavy elements, relativistic effects can play an
important role in accurately describing both electronic and thermoelectric properties.
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Figure 11. (a) Energy difference between the LMS and HMS as a function of the Si content for
Mn2VGe1−xSix alloys. Various compositions are simulated by generating SQS supercells with
different numbers of atoms. The orange line gives the linear approximation. (b) Transition pres-
sure for switching between the LMS and HMS as a function of the Si content. Figure adapted
from Ref. [64].

In this regard, taking into account the spin-orbit coupling (SOC) can lead to an increase
in the kinetic energy of electrons located on the inner shells closer to the nucleus. The
authors considered two aspects related to the effect of the exchange-correlation approxima-
tion within PBE, PBE + U, and the meta-GGA SCAN and the effect of the SOC of heavy
metals on these compounds. According to the calculations, the SCAN functional predicts
similar equilibrium lattice parameters to the experimental ones. In contrast, the PBE and
PBE + U functionals overestimate these values by about 1.5%. The SOC for each of the
functionals has little effect on the lattice constant and bulk modulus.

In Figure 12, we summarize the optimized PBE and SCAN volume cells of an austenite
structure for Heusler alloys with respect to the available experimental data. For half-
Heusler (h-H) alloys, SCAN gives a larger optimized volume cell, while PBE reveals values
of V that are close to experimental ones. In the case of full-Heusler (f-H) and quaternary
Heusler (q-H) alloys with half-metallic band structures, the PBE and SCAN volumes differ
slightly from each other and are also in good agreement with the available experimental
data. However, SCAN yields a more underestimated cell volume than PBE in relation to
the experiment for f-H alloys with metallic band structures. It can be assumed that the
SCAN functional works better for half-metallic systems than for metallic ones due to the
lower self-interaction error and smaller number of localized electrons near the Fermi level.

Figure 12. (Left panel) Optimized volume cell for half-, full-, and quaternary Heusler alloys denoted as
h-H, f-H, and q-H, correspondingly, calculated by SCAN and PBE. (Right panel) The deviation of the
calculated cell volume from the experimental one. The theoretical and experimental values of V were
collected from Refs. [54,63,64,105,106,108,110–114,118,127,136,137,139,140].
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5.2. Thermodynamic Stability

Let us now consider the thermodynamic stability of Heusler alloys as part of the
study of exchange–correlation effects on the formation (E f orm) and decomposition (Edec)
energies and phonon spectra. E f orm is defined as the difference between the total energy
of a compound and the sum of the energies of constituent elements. The negative sign of
E f orm indicates the thermodynamic stability of a compound. To estimate Edec, it is necessary
consider all possible stable decay products (combinations of binary and ternary compounds
and pure elements).

The E f orm calculations within the SCAN functional were performed for various families
of Heusler alloys Ni2+xMn1−xGa [54], Ni2Mn1+xSn1−x [54], Fe2Ni1+xGa1−x [54], Fe2VAl [54],
Fe2MnSi, Mn2FeSi [111], Fe2VSi and V2FeSi [113], and Fe2ScZ (Z = P, As, Sb) [112,117].
However, a comparative analysis of E f orm between the PBE and SCAN functionals is
given only in Ref. [54], whereas the works [111,113] only include the SCAN calculations
of E f orm for the XA and L21 structures, indicating the stability of the Fe2MnSi, Mn2FeSi,
Fe2ScZ, Fe2VSi and V2FeSi alloys due to the negative value of E f orm. The results of
PBE and SCAN E f orm calculations for Ni-Mn-(Ga, Sn), Fe-Ni-Ga, and Fe-V-Al systems in
the austenitic and martensite phases are summarized in Table 2 [54]. According to the
calculations of the stability of the austenitic and martensitic phases, SCAN gives negative
E f orm values for all compounds considered. In contrast, PBE shows positive E f orm values
for two compounds Ni2Mn1.5Sn0.5 in the austenitic phase and Fe2Ni1.5 Ga0.5 in both the
austenite and martensite phases. On average, the E f orm values obtained by the SCAN are
several times greater in absolute values compared to those obtained with PBE, except for
Ni2Mn1.5Sn0.5 in the FiM martensitic phase and Fe2VAl in nonmagnetic austenitic phase.

Table 2. Calculated E f orm (in eV/f.u.) within PBE and SCAN for the cubic austenitic (A) and
tetragonal martensitic (M) phases of Ni-Mn-(Ga, Sn), Fe-Ni-Ga, and Fe-V-Al [54]. Missing values
indicate the unfavorability of the martensitic structure with respect to the cubic one.

Struc. XC Ni2MnGa Ni2.5Mn0.5Ga Ni2Mn1.5Ga0.5 Ni2MnSn Ni2Mn1.5Sn0.5

A SCAN −1.583 −1.100 −1.158 −0.832 −0.686
A PBE −0.645 −0.500 −0.142 −0.149 0.113
M SCAN −1.636 −1.394 — — −0.708
M PBE −0.632 −0.491 −0.234 — −0.710

Fe2NiGa Fe2Ni1.5Ga0.5 Fe2VAl

A SCAN −1.136 −0.600 −1.699
A PBE −0.426 0.124 −1.691
M SCAN — −0.742 —
M PBE — 0.001 —

A systematic analysis of the thermodynamic stability of Mn2ScSi and Mn2VGe alloys
possessing the LMS and HMS states in the cubic phase is presented in Refs. [64,137]
using the SCAN functional. The authors have applied the method of constructing a
three-dimensional convex hull of the set of Edec points, which corresponds to different
compositions of the phase space. The convex hull connects the stable phases that have the
lowest Edec or E f orm values. Thus, the phases located above the convex hull are metastable
or unstable, whereas the phases located on the hull itself are stable. The cross-sections
of the convex hull allow us to estimate the energy difference (energy distance) between
the phases considered. If this distance is zero or negative, it indicates the stability of the
compound. In Figure 13, we present the calculated convex hull diagrams for the Mn2ScSi
and Mn2VGe alloys.



Metals 2023, 13, 728 20 of 42

Figure 13. Energy convex-hull diagram for the ternary (a) Mn-Sc-Si [137] and (b) Mn-V-Ge [64]
systems calculated within SCAN. The figures are adapted from Refs. [64,137].

Twelve stable phases (pure elements, binary and ternary compounds) and 23 possible
decomposition reactions were considered as the pivot points for the construction of the
convex hull of Mn2ScSi [137]. The E f orm calculations (−0.312 eV/atom for LMS and
−0.319 eV/atom for HMS) indicate the stability of Mn2ScSi with respect to decomposition
into the pure Mn, Sc, and Si. However, an analysis of the possible decomposition into stable
two- and three-component compounds showed that only 9 reactions out of 23 possible
lead to a negative Edec value, which indicates the metastable state of the alloy under study.
An estimate of the energy distance of Mn2ScSi to the convex hull surface gave a value
of 0.238 eV/atom. Interestingly, this distance was found to be about 0.188 eV/atom for
GGA PBE [141]. Thus, the result obtained indicates the metastable state of Mn2ScSi. For
Mn2VGe, 11 stable phases (pure elements and binary compounds) that form a convex
hull [64] were considered. It was shown that Mn2VGe has the lowest energy E f orm among
the stable phases. This indicating the the high resistance of the alloy to segregation and
suggests a simple experimental synthesis of this alloy.

The issues of crystal lattice stability are directly related to the calculation of the phonon
spectrum of the crystal. The imaginary frequency values indicate unstable modes, whose
frequency square is negative. Thus, the stability of the crystal lattice is ensured by positive
values of phonon frequencies. It is well known that, for Ni2MnGa, the martensitic transition
at Tm = 202 K is preceded by a premartensitic phase transition [142,143]. According to
inelastic neutron scattering measurements [144,145], a softening of the transverse acoustic
mode [ζζ0]-TA2 at the wave vector ζ = 0.33 and the premartensitic transition temperature
Tp = 260 K is observed for the L21 structure. Experimental studies do not demonstrate a
complete softening of the TA2 mode, while ab initio calculations, on the contrary, predict it.
Although the reasons of phonon mode softening and L21 structure instability in Ni2MnGa
have received considerable attention for a long period of time, their nature remains explored
incompletely. One of the reasons for this is the electron–phonon interaction, which can be
described in terms of Fermi surface nesting [94,146–148].

A recent study [105] presented the results of phonon spectra the stoichiometric
Ni2MnGa in the L21 cubic and L10 tetragonal phases using the PBE and SCAN func-
tionals (see Figure 14). Figure 14a,b show that the minimum value of the soft TA2 mode
of the austenite phase is observed at the wave vectors ζ = 0.38 and ζ = 0.40 for PBE and
SCAN, respectively. This difference may be due to the fact that SCAN predicts a smaller
lattice constant than PBE.
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Figure 14. The PBE and SCAN calculated phonon spectra of Ni2MnGa in (a) the cubic and (b) tetrag-
onal phases [105].

However, it can be seen that SCAN predicts a softening not only of TA2, but also of
the TA1 mode, which also indicates the instability of the cubic phase. Moreover, the SCAN
calculations lead to an additional set of imaginary frequencies observed at several wave
vector values, which makes this phase even more unstable. As noted above in Section 5.1,
the PBE and SCAN functionals predict different tetragonality ratios, c/a = 1.256 and
c/a = 1.185, respectively. Nevertheless, both functionals show real frequencies for all
wave vectors and do not predict a softening of the TA2 mode, indicating the stability of
the martensitic structure. The SCAN calculations reveal an unstable region only near the Γ
point, which could be caused by the difficulty of relaxation to the ground state structure
due to the presence of almost degenerate solutions in the energy landscape of the SCAN
functional. In general, it can be noted that, in this case, the SCAN does not improve the
results of the GGA, and it is appropriate to use any of them to calculate the phonon spectra.

Let us turn to the results for Fe2ScZ (Z = As, P, and Sb) [112,117] and ZrNiSn [115]
alloys, which are of interest for use in promising thermoelectric technologies. SCAN
calculations of phonon dispersion curves for both Heusler alloy families demonstrate the
stability of cubic structures for L21-Fe2ScZ and C1b-ZrNiSn in terms of the absence of
negative frequencies. In general, the phonon spectra show a similar picture, despite the fact
that the acoustic and optical modes for ZrNiSn are separated by a gap in the smaller energy
range from 18 to 22 meV, as compared to Fe2ScZ [112,117]. For the latter, this gap is found
near 35 meV. Moreover, the intersection of acoustic and optical modes is observed at the
energy level of 25 meV for Fe2ScZ. In addition, the optical modes of Fe2ScZ are observed at
higher energy levels compared to ZrNiSn. The authors reported that the maximum phonon
energy decreases from Fe2ScP (≈55 meV) to Fe2ScSb (≈43 meV) due to the increasing
radius of the Z atoms, lattice constant, and atomic weight passing from P to Sb.

The analysis of the element-resolved vibrational densities of states (VDOS) shows the
following: In the case of Fe2ScAs [112,117] (see Figure 15), the Sc atom, as a light element,
is responsible for the optical modes with the highest energy value about 45 meV, while the
heavy As atom makes a predominant contribution to the spectrum in the energy range of
20 to 30 meV. The Fe atom, which has an intermediate mass, plays a role in the formation
of the spectrum in the energy range of 25 to 35 meV. An estimate of the Debye temperature
from the maximum frequency value gives 579 K. The vibrational spectrum for ZrNiSn
includes three main peaks at 13, 22, and 30 meV (see Figure 15) [115]. Acoustic modes
are formed predominantly by the heavier Sn atom, while the Ni atom, being lighter in
mass, contributes significantly to the optical phonons with greater energy at 30 meV. The
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calculated Debye temperature is 382 K. This value agrees very well with the experimental
value of 398 K [149].

Figure 15. The phonon total DOS per unit cell and the partial DOS per atom for Fe2ScAs [112,117]
and ZrNiSn [115].

5.3. Magnetic Properties

In this subsection, we consider the effect of the exchange–correlation effects on the
magnetic properties of the Heusler alloys. In order to clarify the reference magnetic state,
the energies of the austenite and martensite crystal structures with FM, FiM, and AFM
ordering were calculated in the most of the research considered here. A detailed analysis
allowed us to draw the following main conclusion. For Heusler alloys with a metallic
band structure (Ni-(Co)-Mn-(Ga, Sn), (Mn, Fe)-Ni-Ga, etc.), the SCAN functional gives
overestimated values for the total and element-resolved magnetic moments compared to
the PBE functional, as in the case of transition magnetic metals and binary compounds. On
the contrary, in the case of Heusler alloys with a half-metallic band structure (Mn-Sc-Z,
Mn-V-Ge, Co-Fe-Si, Fe-V(Mn)-Si, etc.), the SCAN functional predicts the integer magnetic
moment quite precisely, which agrees well with the Slater–Pauling rule. This rule relates
the number of valence electrons Nve to the magnetic moment µtot as µtot = Nve − 24. In
contrast, the PBE functional usually predicts slightly smaller and noninteger values of µtot.

Let us first consider a series of interesting results for the magnetic properties of Heusler
alloys with a metallic band structure. The analysis of how the LSDA, PBE, and SCAN
functionals describe the Ni2MnGa magnetic properties identified the following characteris-
tics [54,105]: For both the austenite and martensite, the LSDA functional gives significantly
smaller total magnetic moments (µtot ≈ 3.72 and 3.82 µB/f.u.), while the SCAN functional
overestimates the magnetic moment (µtot ≈ 4.726 and 4.667 µB/f.u.) compared to PBE
(µtot ≈ 4.105 and 4.137 µB/f.u.). It can be seen that PBE gives a larger µtot for martensite
in comparison with austenite, whereas SCAN yields a slightly lower value of µtot for
martensite compared to austenite. According to the experimental thermomagnetization
curve above 0.8 T [121], a magnetization jump-like decreases at the martensitic transfor-
mation from FM martensite to FM austenite upon exposure to the heating protocol. This
finding suggests that the low-temperature tetragonal phase has a higher magnetic moment
compared to the cubic one, as predicted by PBE.

For the nonstoichiometric compounds Ni2Mn1.5(Ga,Sn)0.5 [54], the PBE functional
predicts the cubic L21 structure with FiM ordering as the magnetic reference state, which
is consistent with the results of previous studies [132–134], while SCAN predicts the FM
ordering in the L21 structure as the most favorable. This discrepancy can be explained
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as follows. Since SCAN gives a smaller lattice constant, the distance between Mn atoms
also decreases, which leads to a change in the RKKY interaction [55,150–152]. However, it
should be noted that the RKKY interaction is only important in the asymptotic limit; for the
magnetic ground state, the interaction between the nearest atoms is more important. Thus,
in this case, a more rational explanation for the magnetism of Mn-containing compounds
can be given by the Bethe–Slater curve [153]. Since Mn is placed at the point of the Bethe–
Slater curve at which the FM and AFM orders are close in energy, the critical parameter
responsible for the type of magnetic ordering is determined by the distance between
neighboring Mn atoms. Greater distances lead to FM coupling, and smaller ones lead to
AFM coupling.

Systematic studies of the µtot behavior depending on the tetragonal distortion of
the cubic structure of Ni2+xMn1−x(Ga, Sn), Ni2Mn1+x(Ga, Sn)1−x, Fe2Ni1+xGa1−x, and
Fe2VAl [54,130] show that the Mn and Fe atoms make the largest contributions to the
magnetization of compounds. The maximum values of magnetization are observed in
the vicinity of an undistorted cubic structure. Most of the µtot(c/a) curves demonstrate
smooth behavior, except for the FM metastable martensite phase (c/a > 1.15) of Fe2VAl [54].
Notably, this alloy is nonmagnetic in the range of 0.8 ≤ c/a < 1.15 but has FM ordering
(µtot ≈ 2 µB/f.u.) at c/a > 1.15 for both the PBE and SCAN functionals. However, it
is worth noting that the Fe2VAl martensitic phase is unstable according to the E(c/a)
calculations. Overall, the difference in the values of magnetic moments calculated with
PBE and SCAN is approximately 10% in the considered tetragonal ratio range c/a. Taking
into account the additional exchange–correlation effects within the SCAN functional leads
to an increase in magnetism for both stoichiometric and nonstoichiometric compounds.

We now turn to a discussion of some interesting results regarding the magnetic
properties of Heusler alloys with a half-metallic character in the band structure. As noted in
Section 5.1, in a series of Mn-based alloys, such as Mn2ScZ (Z = Si, Ge, P, As) [136,137] and
Mn2VGe1−xSix [64], the SCAN functional predicts two magnetic phases close in energy
with low and high magnetic moments at smaller and larger unit cell volumes. For all
compounds considered in the LMS, the µtot takes an integer value in accordance with
the Slater–Pauling rule, which is a necessary condition for the presence of half-metallic
properties in the alloy. On the contrary, the compounds in the HMS have a fractional and
high value for µtot, indicating the metallic nature of the band structure near EF.

As an example, Figure 16 shows the dependencies of the total energy as well as
the total and element-resolved magnetic moments on the lattice parameter of Mn2VGe
calculated by GGA PBE and SCAN [64]. Despite the fact that GGA does not lead to two clear
energy minima on the E(a) curve, both PBE and SCAN show a jump-like change in µtot at
critical lattice constants. For both functionals, ∆µtot is calculated to be 3.78 µB/f.u. Similar
behaviors of µtot(a) and ∆µtot are also observed for Mn2ScZ (Z = Si, Ge, P, As) [136,137]:
∆µtot = 2.79 µB/f.u. for Z = Si; ∆µtot = 3.34 µB/f.u. for Z = Ge; ∆µtot = 2.93 µB/f.u. for
Z = P; ∆µtot = 3.03 µB/f.u. for Z = As.

Miroshkina et al. [63] investigated the effect of external pressure on the magnetic
and electronic properties of the Co2FeSi and CoFeTiAl alloys within the GGA PBE and
SCAN calculations. According to the Slater–Pauling rule, Co2FeSi must have an integer
magnetic moment µtot = 6 µB/f.u., since Nve = 30. It is shown that, in contrast to PBE
(µtot = 5.53 µB/f.u.) and the GW approximation (µtot = 5.89 µB/f.u.) [154], SCAN gives
an integer value of the magnetic moment µtot = 6.0 µB/f.u., which agrees with the Slater–
Pauling rule and experiment [155]. In addition, it is shown that the magnetic moment of
Co2FeSi decreases linearly with pressure (p) in both the PBE and SCAN cases. However,
the slope of the µtot(p) curve for SCAN is 0.009 µB/GPa, which is almost half as large as
in the case of PBE (0.017 µB/GPa). For CoFeTiAl, both functionals predict a nonmagnetic
ground state.
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Figure 16. The total energy E and total and partial magnetic moments of Mn2VGe as a function of
the lattice parameter for the (a) GGA and (b) SCAN solutions [137]. The E zero is fixed to the LMS
energy minimum in all cases.

In [111,113], the role of the atomic local environments in the first and second co-
ordination spheres on the magnetic moments of Fe2VSi and V2FeSi [113], Fe2MnSi and
Mn2FeSi [111], which have L21 and XA-types Heusler structures, is studied within the
SCAN functional. It is logical to assume that the magnetic moment of a d-element atom
will decrease with an increase in the content of Z atoms located at the nearest sites due to
the dilution of its magnetic environment. However, it was shown that this statement is
not entirely true [111,113]. The change in the magnetic moment of an atom was shown to
be sensitive to the nearest neighbors located in the second coordination shell due to the
formation of strong σ-bonds between the d-electrons of these atoms.

Regardless of the choice of the initial magnetic configuration, the relaxation of the
crystal structures of the XA-Fe2VSi, L21-Fe2VSi, and XA-V2FeSi compounds leads to FiM
ordering, and the relaxation of the L21-V2FeSi gives the FM ordering [113]. However, the
available experimental data indicate the AFM state of Fe2VSi. This discrepancy between
theory and experiment can be explained by the strong dependency of the AFM order
on the degree of atomic disorder. A similar discrepancy is true for Mn2FeSi [111,156].
In the case of XA-V2FeSi, the SCAN value of µtot = 2.0 µB/f.u. completely obeys the
Slater–Pauling rule with accurate orientation of the magnetic moments. The structure
L21-V2FeSi (µtot = 4.02 µB/f.u.) does not satisfy this rule due to the FM coupling of the
V and Fe atoms. For L21-Fe2VSi, SCAN calculations yield µtot = 0.92 µB/f.u., close to the
Slater–Pauling rule (µtot = 1.0 µB/f.u.). In the case of XA structure, µtot is about 2.48 µB/f.u.

The SCAN calculations of the magnetic moments for both the L21 and XA structures of
Fe2MnSi and Mn2FeSi give almost integer values of µtot, consistent with the Slater–Pauling
rule compared to GGA [111]. Additionally, the authors confirm that d-element atoms
located in the second coordination sphere should have a smaller magnetic moment, while
the atoms from the nearby surroundings should have large magnetic moments [111]. In
addition, Fe2MnSi and Mn2FeSi in the L21 structure are predicted to be ferromagnets,
whereas in the case of the XA structure, they are ferrimagnets.

Finally, in Figure 17, we summarize the results of total magnetic moment calcula-
tions for various families of Heusler alloys using GGA and SCAN exchange–correlation
functionals. It can be clearly seen that SCAN overestimates the magnetization for alloys
with metallic band structures and predicts µtot close to PBE for alloys with half-metallic
band structures.
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Figure 17. (left panel) The total magnetic moments for half- and full-Heusler alloys cal-
culated by SCAN and PBE. The deviation of the calculated µtot from experimental one is
plotted in the (right panel). The theoretical and experimental values were collected from
Refs. [54,63,64,105,106,108,110,111,113,114,127,136,137,157–159].

5.4. Electronic Properties

Let us discuss the electronic properties obtained from the calculations of the band
structure and DOS further, including the correlation parameters defined by the GGA,
GGA + U, and SCAN functionals. Systematic studies of Heusler alloys with a metallic
band structure (Ni-Mn-(Ga,Sn), Fe-Ni-Ga [54,108,109] and Ni(Co)-Mn-Sn [106]) revealed
the following features: The total and element-resolved DOSs obtained using the SCAN
basically reproduce the results of the PBE calculations: e.g., hybridization of the d states
of Mn (Fe) and Ni in the spin-up channel of the valence band. Beside, they have the
predominant contribution to the total DOS from 3d electrons of Mn (Fe) atoms in the
spin-down channel of the conduction band.

Nevertheless, the SCAN functional gives a different exchange splitting from PBE
between the spin-up and spin-down channels of DOS for the austenitic and martensitic
phases. In most cases, the spin-up state peaks shift to lower valence band energies, while
the spin-down state peaks shift to higher conduction band energies. In addition, the SCAN
functional yields higher values of DOS compared to PBE, which consequently leads to
higher magnetic moment values. Tetragonal distortions (c/a > 1) change the electronic
structure slightly, but also, as in the case of PBE, they lead to the splitting of the spin-down
peak eg of the Ni into two parts. This observation confirms the instability of the cubic
structure of austenite and the formation of martensite in Heusler alloys due to the Jahn–
Teller effect. Figure 18 presents the PBE and SCAN total DOS profiles for the austenite and
martensite phases of Ni2MnGa as an example [54].

Using the Ni-Co-Mn-Sn alloy as an example, it is shown in [106] that the difference
between the DOS profiles calculated by SCAN and PBE can be minimized if Coulomb
correlations are taken into account in the GGA (PBE + U) by varying the U parameter
to 2 eV. The U parameter suppresses the RKKY–magnetic interactions and reduces the
energy gain associated with the deformation of the cubic austenite phase into the tetragonal
martensite phase. For the Fe2VAl alloy [54], the absence of a magnetic moment (for both
PBE and SCAN) is consistent with the Slater–Pauling rule, and DOS has no exchange
splitting, indicating that the material is a nonmagnetic semimetal with a very small DOS
at EF.
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Figure 18. The total DOS calculated with PBE and SCAN for the (a) austenite and (b) martensite
phases of Ni2MnGa [54].

As noted above, the correlation effects in Ni2MnGa seem to play a decisive role
in determining the ground state energies, DOS and magnetic moments, and phonon
instabilities. Thus, we should also expect a significant contribution from correlations in
the description of the band structure and the electronic instability associated with Fermi
surface nesting. According to the research presented in [105], the most significant difference
between the LSDA, GGA, and SCAN functionals was observed for the band structure
of austenite with a spin-down projection along the L−U −W and L− K − X paths. In
this case, zone 64, calculated using SCAN, did not cross the Fermi level along the K− Γ
path. This is in contrast to LSDA and GGA and leads to the disappearance of some Fermi
surface regions. In particular, a narrowing of band 64 and an expansion of band 63 are
observed on the Fermi surface for the spin-down states. The minority spin Fermi surface
for the austenitic phase in the GGA and SCAN is depicted in Figure 19a. It consists of two
sheets that correspond to bands 63 and 64. The results for LSDA and GGA are in good
agreement with those of previous studies [95,148]. The SCAN Fermi surface is noticeably
modified as a result of the increased magnetic moment. Specifically, the Fermi surface sheet
corresponding to band 64 shrinks, while the sheet associated with band 63 expands.

Based on the results of calculations of the total generalized electron susceptibility
χ(ζ), cross-sections of χ(ζ) in the [110] direction for the spin-down channel are plotted in
Figure 19b. The χ(ζ) peaks in these cross-sections are indicative of electronic instabilities
associated with the nesting of the Fermi surface. As a result, SCAN results are in a
larger difference between the two nesting vectors in the [110] direction (|ζ1| = 0.263 and
|ζ2| = 0.784) compared to LSDA (|ζ1| = 0.435 and |ζ2| = 0.55) and GGA (|ζ1| = 0.394
and |ζ2| = 0.596). Since SCAN contains a high self-interaction correction, the SCAN-U
scheme was proposed for its correction, where the Coulomb repulsion U is a measure of
self-interaction. As a result of the application of this scheme with a U ≥ 1 eV correction for
Mn, the shape of the Fermi surface and the nesting vectors approach the GGA results.

It is important to note that, for Heusler alloys with a half-metallic character in the band
structure, the GGA approximation inaccurately estimates the width of the energy gap (Eg) in
one of the spin channels, significantly underestimating its value. The SCAN approximation,
in most cases, increases the gap width Eg. Usually, the Eg values obtained within SCAN are
in good agreement with the results of calculations obtained in the GGA + U approximation
for certain values of U. The absence of conduction electrons near the Fermi level or the
formation of a band gap for one spin channel or another indicates that these electrons are
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localized and participate in the formation of covalent bonds. In contrast, the presence of
an electron density near EF indicates the metallic character of the bond in the compound.
In the case of half-metallic properties, covalent bonding appears to be more important
than metallic bonding. The SCAN functional thereby provides greater localization of the
electrons near the Fermi level, playing a role in the formation of Eg. As a result, the SCAN
functional allows us to successfully describe electronic properties such as the band structure
and DOS, especially for systems with strong electronic correlations.

Figure 19. (a) Fermi surfaces of minority spin band of Ni2MnGa in the austenite phase. Blue (orange)
corresponds to band 63 (64). (b) Cross-sections of the total generalized electron susceptibility along
the [110] direction [105].

For example, in the case of Co2FeSi [63], both the PBE and SCAN functionals predict
an almost half-metallic state at EF, despite some differences in the band structure and DOS
profiles. PBE and SCAN give a direct energy gap at Γ points of Eg = 0.773 and 2.139 eV
(see Figure 20a). Along the Γ− X direction, there is an intersection of the Fermi level on
the conduction band side of the spin-down channel for both functionals, although in the
case of SCAN, this intersection is significantly smaller. It is worth noting that the GW [154]
method of expanding the eigenenergies in terms of the single particle Green’s function G
and the screened Coulomb interaction W reproduces the half-metallic energy gap and gives
a magnetic moment value that is consistent with the experimental results.

Figure 20. Transition energies between high-symmetry points based on the external pressure for
(a) Co2FeSi and (b) CoFeTiAl calculated with the GGA and SCAN [63].

However, the picture changes significantly for CoFeTiAl [63] (see Figure 20b). In the
case of PBE, the energy gap Eg is practically absent, and a spingapless semiconductor
behavior with a pseudogap of 0.03 eV is observed. According to SCAN, Eg = 0.55 eV,
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which indicates a pronounced semiconductor character for CoFeTiAl. For both Co2FeSi and
CoFeTiAl, Eg increases linearly along the Γ− Γ and Γ− X directions and decreases along
the X− X direction with an increasing external pressure. The widening of the energy gap
at the Γ point contributes to the appearance of insulating characteristics. Interestingly, for
CoFeTiAl, the GW method predicts smaller band gap corrections [160]. Since calculations
using GW are computationally demanding and time consuming, it can be assumed that
SCAN is a good alternative to the GW method for half-metallic systems, since SCAN is less
computationally demanding and reproduces the GW corrections for DOS well.

Stephen et al. [116] considered the compound CrVTiAl, which is a promising candidate
for the design of highly polarized current spin filters at room temperature in a nonmagnetic
architecture. Within the GGA and SCAN, the DOSs and the electronic band structures are
calculated for atom permutations of four sublattices of the Heusler structure, arranged dif-
ferently along the main diagonal of the cube [111], giving metallic (Cr-V-Al-Ti), spin-gapless
semiconductor SGS (Cr-V-Ti -Al), and spin-filtering material SFM (Cr-Ti-V-Al) phases.

Figure 21 shows the crystal and magnetic structure of the CrVTiAl alloy, together with
the corresponding partial DOSs for the three phases considered. It can be seen that the
DOS profiles for the SFM phase demonstrate a large gap of 0.551 eV formed by the band
structure of transition metals. In the valence band, the predominant contribution is from
the 3d orbitals of the V and Ti atoms, while the conduction band is dominated by the states
of the Cr and Ti atoms. The formation of the band gap is due to the presence of covalent
magnetism and the stabilization of a fully compensated FiM order on a three-component
lattice formed by Cr, V, and Ti with an almost zero value of µtot.

Figure 21. (a–c) The element-resolved DOSs and (d–f) crystal structures for various arrangements of
Cr, V, Ti, and Al with a schematic representation of the AFM order [116].
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For the SGS phase with Cr-V-Ti-Al arranged along [111], the positions of Ti and V
are reversed with respect to the previous SFM case, resulting in a weak AFM interaction
between neighboring Cr and Ti atoms and a zero value of µtot. As a consequence, the
spin-up channel is metallic, while the spin-down channel contains a band gap of 0.584 eV.
For the metallic phase with Cr-V-Al-Ti atoms arranged along [111], AFM correlations are
further weakened due to the interchange of Cr and Ti. As a result, the µtot of the cell is
0.3148 µB/f.u., and the corresponding DOS profiles show the absence of a band gap at EF.

SCAN calculations of spin-polarized band structures and DOS for the LMS phase
of Mn2ScZ (Z = Si, Ge, P, As) [54,136] and Mn2VGe [64] show a clear band gap at the
Fermi level for the spin-up state, while the energy spectrum for the spin-down state is
characterized by an overlap of the valence and conduction bands. These observations
indicate the half-metallic nature of the LMS phase with 100% spin polarization. In contrast,
the band structure of the HMS phase clearly exhibits metallic behavior with overlapping
of the valence and conduction bands for both the majority and minority channels. In the
case of PBE, pseudo half-metallic behavior at EF is realized for all compounds in the LMS
phase due to a slight overlap in the Fermi level by the valence bands. The band structures
for Mn2VGe in the LMS and HMS states calculated within GGA-PBE and SCAN are shown
in Figure 22 as an example [64].

For Heusler alloys, Mn2VGe1−xSix [64], it is shown that the half-metallic behavior
of the LMS phase with 100% spin polarization is preserved under external pressure and
Si-doping. The direct and indirect band gaps for the spin-up states were found to be
EΓ−Γ = 1.104 eV, EX−X = 1.201 eV and EΓ−X = 0.580 eV. The predominant contribution to
the energy gap is made by the t2g orbitals of the Mn atoms due to the hybridization of the
t2g and eg orbitals with the formation of two bonding and antibonding orbitals and their
subsequent hybridization with the V d orbitals.

In [111,113], the effect of the nearest environment of 3d metallic atoms on the DOS of
V2FeSi and Fe2VSi [113], Mn2FeSi and Fe2MnSi [111] was investigated within GGA-PBE
and SCAN. The positions of Fe and V, as well as Mn and Fe, in the crystallographic site
(0.25, 0.25, 0.25) of the L21 and XA structures were shown to play significant roles in the
appearance of the half-metallic properties. Since the nearest metal–metal neighbors are
located in the structures under study along the [111] direction, the formation of chemical
bonds between atoms, which is responsible for the appearance of a half-metallic pseudogap,
is mainly associated with the hybridization of the t2g orbitals of Fe and V [113], as well
as Mn and Fe [111]. It should also be noted that for two families of alloys, V-Fe-Si [113]
and Mn-Fe-Si [111], the half-metallic pseudogap only appears when the site (0.25, 0.25,
0.25) is occupied by V or Mn. If this position is occupied by Fe, the energy gap decreases
significantly or disappears and the alloy becomes metallic.

Thus, compounds XA-V2FeSi and L21-Fe2VSi in their energetically favorable structures
exhibit close to half-metallic properties [113], whereas XA-Mn2FeSi and L21-Fe2MnSi
reveal half-metallicity [111]. In Figure 23, the DOSs for L21-Fe2MnSi and XA-Mn2FeSi
are illustrated as an example. It is seen that SCAN increases the bandgap from 0.8 eV
(within GGA) to 1.1 eV for L21-Fe2MnSi and from 0.5 eV (within GGA) to 1.0 eV for XA-
Mn2FeSi. On the other side, all metastable structures, such as L21-V2FeSi and XA-Fe2VSi,
L21-Mn2FeSi and XA-Fe2MnSi, are predicted to be metallic. Nevertheless, it was shown
by Draganyuk et al. [111] that the SCAN functional makes the metastable structures
L21-Mn2FeSi and XA-Fe2MnSi almost half-metallic due to the appearance of a small gap at
the Fermi level (0.2–0.4 eV) as opposed to PBE calculations. Uniform expansion of cubic
crystals Mn2FeSi and Fe2MnSi leads to a redistribution of the electron density between the
spin-down channel and the spin-up channel of metal atoms and a sharp increase in the
magnetic moment [111]. As a result, the band gap disappears in the spin-down state at the
Fermi level and, as a consequence, half-metallicity is observed under tensile pressure.
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Figure 22. Minority and majority band structures and total and partial DOSs for Mn2VGe. (a) GGA
results for LMS. SCAN results for (b) LMS and (c) HMS at their equilibrium volumes. Figure adapted
from Ref. [64].

Figure 23. The total DOSs for (a) L21-Fe2MnSi and (b) XA-Mn2FeSi in their ground state structures [111].

Let us consider the results of studies on the band structure of thermoelectric full
Heusler alloys based on Fe, such as Fe2ScAs [112], Fe2VAl, Fe2TiSn [138] and the half-
Heusler alloys XIrSb (X = Ti, Zr) [114], ZrNiSn [115], and VYTe (Y = Cr, Mn, Fe,
and Co) [118].
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Shastri et al. [138] carried out a detailed analysis of the electronic structure to explain
the nonmagnetic properties of the ground state of Fe2VAl, Fe2TiSn alloys within the appli-
cation of five exchange–correlation functionals, such as LDA, PBE, PBEsol, mBJ, and SCAN.
The authors showed that the LDA, PBE, and PBEsol functionals give a similar picture
of the band structure. A slight improvement in the behavior of the spectrum obtained
with PBEsol near EF compared to LDA and PBE was found. It is known that LDA, PBE,
and PBEsol usually underestimate the band gap, while the SCAN functional leads to the
opposite behavior. However, in the present case, SCAN leads to similar dispersion curve
behavior for both alloys. Thus, for the Fe2VAl alloy, the LDA, PBE, PBEsol, and SCAN
functionals predict a pseudo semimetallic nature due to minor overlaps in the dispersion
curves of the valence and conduction bands at the Γ and X points near EF. The widths of
the direct and indirect pseudogap predicted by SCAN at the Γ and X points are 0.41 eV
and −0.16 eV, respectively. Similar research results were also obtained for Fe2VAl in [161].

For the Fe2TiSn alloy, the PBEsol and LDA functionals give similar results, indicating
that the dispersion curves of the conduction and valence zones slightly overlap at the
Γ point, thereby suggesting a pseudo semimetallic behavior. For the SCAN and PBE
functionals, the dispersion curves behave similarly, showing the minimum value of the
conduction band at the X point and the maximum value of the valence band at the Γ
point, as well as a flat conduction band in the Γ− X direction. This finding indicates that
Fe2TiSn is an indirect band gap semiconductor. The direct band gap obtained within PBE
and SCAN at the Γ point is about 0.056 and 0.052 eV, respectively. The indirect PBE and
SCAN band gaps at the X point are equal to 0.033 and 0.028 eV, respectively. Similar results
were reported for Fe2ScZ (Z = P, As, Sb) [112,117]. It is important to note that the mBJ
functional, constructed to determine the exact values of the band gap of semiconductors and
dielectrics, radically changes the pattern of the dispersion curves for Fe2VAl and Fe2TiSn.
The mBJ functional predicts a semiconductor character for these compounds [112,138,161].
The calculations show an increase in the band gap in the mBJ calculations compared
to other functional calculations. It should also be noted that mBJ results in an indirect
gap ≈ 0.22 eV for Fe2VAl, which agrees well with the experimentally observed value [162].

The electronic structure of half-Heusler alloys XIrSb (X = Ti, Zr) [114] and ZrNiSn [115]
demonstrates semiconductor behavior with an indirect band gap in the PBE, PBE + U, mBJ
and SCAN calculations. The smallest band gap is predicted for ZrNiSn. The SCAN and
mBJ calculations give similar Eg values of 0.54 and 0.55 eV, respectively. These are also in
good agreement with the previously obtained values from LDA and PBE [163,164]. In the
case of TiIrSb and ZrIrSb, the average Eg values obtained by PBE, PBE + U, and SCAN are
in the order of 1 and 1.5 eV, respectively. It is shown that for ZrIrSb, SCAN demonstrates
a good value for Eg compared to PBE and PBE+U, while the PBE + U scheme plays a
better role in describing the band gap for TiIrSb in comparison with SCAN. The presence
of SOC leads to a decrease in the band gap for both compounds. The largest decrease in the
value of δEg between the cases with and without SOC is observed for SCAN calculations in
comparison with PBE and PBE + U calculations. This difference is about 0.476 and 0.542 eV
for TiIrSb and ZrIrSb, respectively.

The band structure investigations of half-Heusler alloys VYTe (Y = Cr, Mn, Fe and
Co) [118] using the GGA, mBJ and SCAN functionals showed the following features:
VCrTe, VFeTe, and VCoTe compounds have half-metallic characteristics, but they have
different locations for the energy gap at EF. For VCrTe, Eg is observed in the spin-up
channel, whereas the spin-down channel shows metallicity due to the Fermi level crossings
by electronic states from the valence and conduction bands. For VFeTe and VCoTe, the
opposite situation is found. The spin-polarized band structure calculations of VMnTe
revealed that it is a nonmagnetic semiconductor due to the absence of orbital splitting in
both the valence and conduction bands, which indicates an equal number of electrons with
spin-up and -down and a zero magnetic moment.

According to the band structure analysis, the nonmagnetic VMnTe and the FM VCoTe
are characterized by an indirect band gap (Γ− L and Γ− X directions, respectively). On
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the contrary, FiM alloys VCrTe and VFeTe to have a direct band gap in the corresponding
semiconductor state (Γ− Γ). For all alloys, except non-magnetic VMnTe, mBJ gives the
largest value of Eg, and SCAN gives the smallest value. In the case of VMnTe, SCAN
predicts the largest band gap.

Finally, in Figure 24 we summarize all results of the band gap calculations for various
families of Heusler alloys using different exchange–correlation functionals.

Figure 24. The band gap width for a set of Heusler alloys calculated by PBE, SCAN and
mBJ [63,64,108,111–116,118,137,165–169]. The band gap widths calculated by PBE + U were taken
from Refs. [155,170–174]. The available experimental values were taken from the mentioned papers.
In addition, the following Refs. were used to collect experimental data: TiIrSb and ZrIrSb [175],
ZrNiSn [176], Fe2VSi [177], Fe2VAl [178], CrTiVAl [179]. A negative gap value indicates metallic
behavior due to the greater energy of VBM compared to that of CBM (see Equation (5)).

5.5. Transport Properties

Several studies have investigated the thermoelectric properties of Heusler alloys using
the SCAN functional [115,138,161].

Shastri et al. [138] performed a compressive study of the electronic and transport
properties of full Heusler alloys Fe2VAl and Fe2TiSn using five exchange–correlation
functionals: LDA, PBE, PBEsol, mBJ and SCAN. Both compounds are known to be good
thermoelectric materials. To explain the thermoelectric properties, the authors proposed
the use of the formula for the Seebeck coefficient (S) obtained in the approximation of
the theory of free electrons. This equation relates S to the effective mass (m∗) and carrier
density (n) as follows:

S = (8π2k2
B/3eh2)m∗T(π/3n)(2/3), (7)

where kB is the Botltzmann constant, e is the electron charge, and h is Planck’s
constant, respectively.

Following on from the above equation, the Seebeck coefficient is directly related to the
magnitude of the effective mass. Thus, the calculation of the effective mass of charge carriers
in the bands determining the transport properties is very important. This may explain
which bands contribute more to the Seebeck coefficient. Shastri et al. [138] calculated the
effective mass of the charge carriers of Fe2VAl and Fe2TiSn alloys at Γ and X points for
different bands in the parabolic law approximation for energy bands. It turns out that by
using this concept and the calculated values of the effective mass, it is possible to determine
which functional best explains the thermoelectric properties. As a result, based on the fact
that the mBJ functional gives a band gap close to the experimental one, two assumptions
were formulated:

• the mBJ functional should explain the thermoelectric properties of these alloys better
than SCAN and PBE;
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• if EmBJ
g is artificially created in band structures derived from other functionalities, then

the effective mass calculated from other functionalities can also be used to explain the
transport properties.

The study noted above was continued in [161], containing experimental and theo-
retical results for nonmagnetic Fe2VAl. Measurements of the Seebeck coefficient S in the
temperature range from 300 to 620 K showed the following features: At 300 K, the ex-
perimental value of S was ≈−130 µV/K. After that, the value of S gradually decreased
with an increasing temperature. At 620 K, S was equal to ≈−26 µV/K. To understand the
experimentally observed S(T) behavior, the authors carried out ab initio calculations of the
band structure, density of states, and transport properties using five functionals: LDA, PBE,
PBEsol, mBJ and SCAN. As noted earlier, all of the above exchange–correlation functionals
(except mBJ) predict the semimetallic behavior of the alloy, while the mBJ functional shows
a semiconductor state with an indirect gap ≈ 0.22 eV, which is in good agreement with the
experimentally observed value [162].

Figure 25 shows the temperature dependency of S, calculated within all the indicated
functionals separately at zero chemical potential (µ), which represent the stoichiometry of
the compound (see dashed lines). It turns out that all of the obtained values of S do not
agree with the experimental values for any of the functionals. To explain the discrepancy
between the theoretical and experiment results, the authors assumed that the experimental
sample was not stoichiometric. For this purpose, the dependencies of the Seebeck coefficient
on were calculated for all functionals. An analysis of these dependencies showed that
the theoretical values of S ≈ −150 µV/K for PBEsol, SCAN, and mBJ were similar to the
experimental S ≈ −130 µV/K at 300 K for the value of µ = 21 meV. For LDA and PBE, the
theoretical values of S were calculated to be somewhat larger.

Figure 25. Calculated values of S for Fe2VAl as a function of temperature obtained using LDA, PBE,
PBEsol, SCAN [161].

The calculated temperature dependencies of the Seebeck coefficient at µ = 21 meV
are shown in Figure 25. Since the LDA, PBE, PBEsol, and SCAN functionals generally
describe the characteristics of the band structure well, but do not give the correct gap, the
authors calculated the Seebeck coefficient for each functional, taking into account the gap
width given by mBJ, as suggested by Shastri et al. [138]. Figure 25 shows that, at higher
temperatures, LDA and PBE give a fairly good agreement with the experimental results,
while at lower temperatures, the calculated values of S are very far from the experimental
results. This difference is about 80 µV/K at 300 K. The results of PBEsol and SCAN are in
good agreement with the experimental results in the studied temperature range, taking into
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account the mBJ gap. In this case, both the experimental and calculated curves intersect at
≈370 K and then deviate by a small amount in either direction from the intersection point.

The deviation between the experimental and calculated data may be due to various
factors, such as the temperature dependency of the band structure, gap, and relaxation time.
The calculations were carried out using band structures with a constant gap (Eg ≈ 0.22 eV)
and a constant relaxation time approximation. However, all of these factors change with
temperature. The authors concluded that a better agreement between the theoretical
and experimental results can be achieved for calculations with temperature-dependent
parameters. Moreover, the best agreement between theoretical and experimental results is
achieved when the mBJ gap is used together with the PBEsol or SCAN band structure to
calculate S as a function of temperature. Thus, these two functionals with a gap for mBJ
can be used to search for new thermoelectric materials.

The similar study was performed recently by the same group of authors for Fe2ScZ
(Z = P, As, Sb) [117]. They found large negative values for S at T = 300 K, such as
≈−1421 µV/K for Fe2ScP, ≈−1230 µV/K for Fe2ScAs, and ≈−1080 µV/K for Fe2ScSb,
considering the temperature-dependent chemical potential µ. Large values of S are mainly
due to the presence of a flat conduction band calculated by SCAN. The analysis of electron
and hole doping on the transport properties with temperature allowed us to predict the
optimal doping cases given the highest power factor. These were calculated to be 1021 cm−3

(n-type) and 5× 1021 cm−3 (p-type) for these compounds. From the obtained temperature-
dependent figure of merit ZT, the authors suggested that the electron-doped Fe2ScSb and
hole-doped Fe2ScP possess the highest ZT values. In a case of Fe2ScSb, ZT varies from
0.11 to 0.52 in the temperature range of 300–1200 K, whereas Fe2ScP has ZT in the range of
0.03–0.34 for the same temperature range.

Using DFT and Boltzmann’s semiclassical theory of transport computations with the
SCAN functional, Shastri et al. [115] attempted to explain the experimental thermoelectric
properties of the ZrNiSn alloy. The calculations showed that SCAN and mBJ predict
the same gap Eg ≈ 0.54 eV. This value of Eg turned out to be insufficient to explain the
experimental data, because the calculated value of S is about 574 µV/K at 300 K, while the
experimental one is −125 µV/K. To explain this difference, the authors assumed that the
alloy is not stoichiometric or that the sample contains structural disorder.

From an analysis of the S(µ) dependency, the authors concluded that the experimental
value of S can be obtained with a gap of Eg ≈ 0.54 and a deviation of the chemical
potential by 337 meV towards the conduction band. Figure 26a shows the theoretical and
experimental dependencies S(T). It can be seen that the calculated values of SEg≈0.54 are
similar to the experimental ones at temperatures of up to 500 K. At T > 500 K, these
curves behave in the opposite way. Since the experimental value of the gap is Eg ≈ 0.18,
in order to clarify the subsequent difference between the theoretical and experimental
behaviors of S, the authors also performed calculations of S and other thermoelectric
characteristics at a fixed values of Eg ≈ 0.18 and a chemical potential deviation of 156 meV
toward the conduction band (see Figure 26b). The results of these calculations, taking into
account the temperature dependency of the chemical potential and its constant value, are
shown in Figure 26a. In this case, one can see the agreement between the theoretical and
experimental results.

To find the possible improved thermoelectric properties achievable for ZrNiSn with
Eg ≈ 0.54 eV, the power factor ZT and the optimal carrier concentration were also calcu-
lated. The authors declared that the optimal concentrations of electrons and holes required
to achieve the highest power factor are ≈7.6× 1019 cm−3 and ≈1.5× 1021 cm−3, respec-
tively. The maximum ZT values calculated at 1200 K for n-type and p-type ZrNiSn were
≈0.5 and 0.6, respectively. The efficiency obtained for the n-type was ≈4.2%, and for the
p-type it was ≈5.1%. The authors suggested that a further increase in ZT to ≈1.1 (n-type)
and ≈1.2 (p-type) is possible at 1200 K by doping with heavy elements to reduce the
thermal conductivity.
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Figure 26. (a) The experimental and calculated Seebeck coefficients S with temperature for ZrNiSn.
The experimental S is taken from Ref. [180]. (b) Seebeck coefficient (S) showing the change in the
chemical potential for a band gap of 0.18 meV [180].

6. Conclusions

Theoretical modeling has always been of great importance in science, since it is a
comparatively fast and cheap way to conceptualize physical phenomena, especially if they
are unavailable for experimental techniques. With the development of computers, whose
power has been growing steadily over the past decades, modeling is gaining increasing
importance. In particular, it has allowed for significant development and an increasing
role of the DFT including the first-principles methods. Based on quantum mechanics, DFT
allows the description of the electronic, structural, and magnetic properties of many-body
systems using the functional (i.e., function of another function) of the electron density.
This functional is necessary to evaluate the exchange–correlation energy, the exact form of
which is unknown. Thus, the accuracy of the DFT study is provided by the choice of the
exchange–correlation functionals.

There are several generations of approximations for the exchange–correlation energy.
Being the first developed and working well for the description of the full lattice dynamics
and electron–phonon-related properties of a variety of simple metals, transition metals, per-
ovskites, and semiconductors, over time LSDA was replaced by the next-generation GGA
scheme, which is at its peak of popularity nowadays. During the previous decade, GGA has
proved its effectiveness for the accurate prediction of the ground-state properties of pure
metals and multicomponent solids [181], which has led to a significant number of impor-
tant fundamental discoveries, e.g., the successful prediction of the FM bcc ground state of
iron [21,22] or the prediction of new topological half-Heusler materials [23].

Today, the next generation of the exchange–correlation energy approximation, the
meta-GGA, is coming into play. It is represented by several functionals; however, only one
of them fulfills all 17 known constraints. This is the SCAN functional that was recently
developed by Sun et. al [28]. SCAN has already proved its workability for materials with
intermediate-range van der Waals interactions, ionic, covalent, and metallic bonds, and
2D and highly correlated materials. Despite still facing difficulties in the description of
the magnetic properties due to usually overestimating the magnetization of the system, it
allows us to predict more accurately some properties of multicomponent alloys like the
ratio of tetragonality for the martensitic phase of Ni2MnGa or the band gap of half-metals.

As an alternative strategy for developing and improving density functional approxima-
tions, in particular, SCAN, there are machine learning methods that have recently attracted
a lot of attention [30]. These integrated approaches allow the use of precise constraints and
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the corresponding philosophy of norms for SCAN deorbitalization by means of developing
deep neural networks. We believe that, regardless of some remaining issues to be improved
in the future, SCAN is already on track to strengthen the predictive power of DFT and to
provide deeper insight into the fundamental understanding of the materials’ nature.
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119. Özdemir Kart, S.; Uludoğan, M.; Karaman, I.; Çağın, T. DFT studies on structure, mechanics and phase behavior of magnetic
shape memory alloys: Ni2MnGa. Phys. Status Solidi A 2008, 205, 1026–1035. [CrossRef]

120. Sozinov, A.; Likhachev, A.; Lanska, N.; Ullakko, K. Giant magnetic-field-induced strain in NiMnGa seven-layered martensitic
phase. Appl. Phys. Lett. 2002, 80, 1746–1748. [CrossRef]

121. Webster, P.; Ziebeck, K.; Town, S.; Peak, M. Magnetic order and phase transformation in Ni2MnGa. Philos. Mag. B 1984,
49, 295–310. [CrossRef]

122. Çakır, A.; Righi, L.; Albertini, F.; Acet, M.; Farle, M.; Aktürk, S. Extended investigation of intermartensitic transitions in Ni-Mn-Ga
magnetic shape memory alloys: A detailed phase diagram determination. J. Appl. Phys. 2013, 114, 183912. [CrossRef]

123. Straka, L.; Drahokoupil, J.; Pacherová, O.; Fabiánová, K.; Kopeckỳ, V.; Seiner, H.; Hänninen, H.; Heczko, O. The relation between
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