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Correlation effects on ground-state properties of ternary Heusler alloys: First-principles study

V. D. Buchelnikov,1,2 V. V. Sokolovskiy,1,2 O. N. Miroshkina,1 M. A. Zagrebin,1,2,3 J. Nokelainen,4 A. Pulkkinen,4

B. Barbiellini,4,5 and E. Lähderanta4

1Faculty of Physics, Chelyabinsk State University, 454001 Chelyabinsk, Russia
2National University of Science and Technology “MISiS”, 119049 Moscow, Russia

3National Research South Ural State University, 454080 Chelyabinsk, Russia
4Lappeenranta University of Technology, FI-53851 Lappeenranta, Finland

5Department of Physics, Northeastern University, Massachusetts 02115 Boston, USA

(Received 8 November 2018; revised manuscript received 28 December 2018; published 22 January 2019)

The strongly constrained and appropriately normed (SCAN) semilocal functional for exchange correlation is
deployed to study the ground-state properties of ternary Heusler alloys transforming martensitically. The cal-
culations are performed for ferromagnetic, ferrimagnetic, and antiferromagnetic phases. Comparisons between
SCAN and generalized gradient approximation (GGA) are discussed. We find that SCAN yields smaller lattice
parameters and higher magnetic moments compared to the GGA corresponding values for both austenite and
martensite phases. Furthermore, in the case of ferromagnetic and nonmagnetic Heusler compounds, GGA and
SCAN display similar trends in the total energy as a function of lattice constant and tetragonal ratio. However,
for some ferrimagnetic Mn-rich Heusler compounds, different magnetic ground states are found within GGA
and SCAN.
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I. INTRODUCTION

Nowadays, the density functional theory (DFT) has be-
come an accurate and efficient first-principles approach to
investigate broad areas of physics, chemistry, and materi-
als sciences with the aim of understanding and predicting
complex and novel systems at the nanoscale [1–3]. The
main merits of DFT consist of a reduction in the number
of degrees of freedom by replacing 3N coordinates with
only three coordinates of the electron density n(r) and of
the possibility to include the electron correlation beyond
Hartree-Fock theory [1,4,5]. The accuracy and efficiency of
DFT are provided by the choice of the exchange-correlation
(XC) functional, which includes many-body and quantum
effects. In the “Jacob’s ladder” scheme [6], there are several
rungs associated with consecutive improvement of correlation
to achieve an arbitrary level of accuracy. However, higher
rungs can become computationally challenging. The first rung
is the local-density approximation (LDA) [7–9], where the
XC functional depends only on the local density n(r). The
second one is the generalized gradient approximation (GGA)
with no free parameters [10,11], which depends on the local
density gradient

�
n(r). The most successful and widely used

GGA parametrization has been proposed by Perdew, Burke,
and Ernzerhof (PBE) [12]. The third rung, the meta-GGA
functional [13,14], includes also a dependence on the kinetic-
energy density τ (r). The recently developed meta-GGA func-
tional, called SCAN (strongly constrained and appropriately
normed) [15], has been found to perform better than GGA for
calculations of several systems with various types of bonding:
intermediate-range van der Waals interactions [16] (right or-
dering of seven polymorphs of H2O ice), ionic bonding [17]
(energetic ordering of six polymorphs of MnO2), covalent

and metallic bonds [18] (Si under different phases), lattice
constants of two-dimensional (2D) materials [19], and highly
correlated materials [20–22] (La2CuO4, Sr-doped La2CuO4,
and YBa2Cu3O6+x). An extensive benchmark of SCAN has
been performed recently by Isaacs and Wolverton [23] for a
group of nearly 1000 crystalline compounds and compared to
available experimental data. They found that SCAN provides
more accurate crystal volumes and improved band gaps as
compared to PBE. However, Ekholm et al. [24] shown that
SCAN seems to improve the structural properties of bcc-
Fe but does not give the overall improvement for itinerant
ferromagnets. Similar conclusions were reached by Fu and
Singh [25] in the study of Fe and steel. Studies focusing on
SCAN benchmarks in Heusler alloys have not been reported
earlier except the work of Isaacs and Wolverton [23] reporting
about Ni2XAl (X = Ti, Hf, and Nb) and Fe2NiAl.

The full-Heusler alloys are of high experimental and
theoretical interest due to the unique properties such as
shape memory effect, superelasticity and superplasticity, giant
magnetocaloric effect, giant magnetoresistance and magne-
tostrain [26–42], which makes them good candidates to be
used in various technological applications. It is worth noting
that the strong competition between ferromagnetic (FM) and
antiferromagnetic (AFM) interactions is a peculiarity of Mn-
rich Heusler alloys, where the Mn-Mn exchange interactions
reveal the long-range oscillatory behavior of the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction [36,43–47]. Nowa-
days, there is a good amount of knowledge on ternary and
quaternary Heusler alloys accumulated by various ab initio
studies [29,36–38,46–75], where considerable efforts were
devoted to investigate the effect of the XC potential within
LDA or GGA on the ground-state properties. In general, GGA
compared to LDA leads to more accurate phase diagrams for
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magnetic materials [76] but it is also worthwhile to study
corrections beyond the GGA scheme [70,71].

In this work, we report the impact of SCAN corrections
on the ground-state properties of ternary intermetallics such
as FM Ni2+xMn1−xGa and Fe2Ni1+xGa1−x , ferrimagnetic
(FIM) Ni2Mn1+x(Ga, Sn)1−x , and nonmagnetic Fe2VAl. This
collection of ternary Heusler alloys provides an overview of
various FM, AFM, and FIM interactions among transition-
metal atoms such as V, Mn, Fe, and Ni. We also consider
the binary compound NiMn since it is an end point for the
phase diagram of the Mn-rich Ni2Mn1+xZ1−x family [36]. To
investigate the effect of corrections beyond GGA, PBE and
SCAN calculations are compared. The outline of the paper
is as follows. Section II is devoted to the description of the
computational methods used in the simulations. Section III
presents results of the main ground-state properties, total-
energy curves, and density of states. Important discussions
and conclusions are presented in Sec. IV.

II. DETAILS OF CALCULATIONS

DFT calculations were performed using the plane-wave
basis set and the projector augmented wave (PAW) method
as implemented in Vienna ab initio simulation package
(VASP) [77,78]. GGA and meta-GGA XC functionals using
PBE and SCAN parametrizations were employed. The PAW
pseudopotentials were used with the following atomic config-
urations: Mn (3p63d64s1), Ni (3p63d94s1), Fe (3p63d74s1),
V (3p63d44s1), Al (3s23p1), Sn (4d105s25p2), and Ga
(3d104s24p1). For all calculations, the plane-wave basis
kinetic-energy cutoff of 550 eV was applied, whereas the
kinetic-energy cutoff for the augmented charge was chosen
as 800 eV. The uniform Monkhorst-Pack mesh of 8 × 8 × 8 k

points together with a Gaussian broadening of 0.2 eV were
used to integrate the Brillouin zone with the second-order
Methfessel-Paxton method. The calculations were converged
with the energy accuracy of 10−7 eV/atom.

In order to reduce computational costs, all compositions
were modeled using the eight-atom supercell of Heusler alloys
with regular X2YZ structure (space group Fm3̄m no. 225,
prototype Cu2MnAl) and inverse (XX′)YZ structure (space
group F 4̄3m no. 216, prototype Hg2TiCu) as shown in Fig. 1.
In the case of regular Heusler structure, the unit cell contains
four atoms as basis wherein two X atoms occupy 8c (1/4,
1/4, 1/4) and (3/4, 3/4, 3/4), whereas Z and Y atoms
are placed at 4a (0, 0, 0) and 4b (1/2, 1/2, 1/2) Wyckoff
positions, respectively. In the inverse Heusler structure, two
X atoms are situated at two distinct crystallographic sites 4a

(0, 0, 0) and 4c (1/4, 1/4, 1/4) as well as Y and Z atoms
are located at 4b (1/2, 1/2, 1/2) and 4d (3/4, 3/4, 3/4)
sites. According to Graf et al. [35], the X2YZ compound
crystallizes in the inverse Heusler structure with space group
F 4̄3m on condition if the valence electrons of Y are more than
those of X, otherwise it crystallizes in the regular Heusler
structure (Fm3̄m). Thus, calculations were performed for
Ni2+xMn1−xGa, Ni2Mn1+x(Ga, Sn)1−x , and Fe2VAl using
the regular structure while for Fe2Ni1+xGa1−x , regular and
inverse structures were employed. For Ni2Mn1+x(Ga, Sn)1−x

and Fe2NiGa, FM and FIM orders were considered: FM
corresponds to the parallel alignment of Ni, Mn, and Fe

FIG. 1. Crystal structure of the full-Heusler X2YZ alloys with
regular Cu2MnAl-type and inverse Hg2TiCu-type. Bold solid lines
highlight the tetragonal cells as shown in bottom panel. In our
calculations, we considered two eight-atom supercells based on
corresponding tetragonal cells.

magnetic moments, while for Mn-excess compounds, FIM
corresponds to the antiparallel orientation of the magnetic
moment on the Mn excess atoms (occupying Ga and Sn
sites). For Fe2Ni1+xGa1−x , the magnetic moments of Fe atoms
placed at the 4a sites are opposed to those of Fe atoms situated
at the 4c sites.

III. RESULTS AND DISCUSSION

A. Ground-state crystal structure

We perform geometry optimization calculations to investi-
gate the ground-state properties for the cubic austenite struc-
ture using both PBE and SCAN. Figure 2 shows the total
energy as function of the lattice constant for binary NiMn
and ternary Ni2+xMn1−xGa (x = 0 and 0.5), Ni2Mn1+x(Ga,
Sn)1−x (x = 0 and 0.5), Fe2Ni1+xGa1−x (x = 0 and 0.5), and
Fe2VAl. For the binary NiMn system shown in Fig. 2(a), the
calculations were performed for FM and AFM (AFM-1 and
AFM-2) configurations [36]. AFM-1 and AFM-2 correspond
to the layered and staggered magnetic structure, respectively.
Both PBE and SCAN give FM as the ground state for bcc-
NiMn. Moreover, results for AFM-1 and AFM-2 follow sim-
ilar trends for PBE and SCAN but the SCAN equilibrium
lattice constants are smaller than the PBE one.

We next consider the results for stoichiometric and off-
stoichiometric Ni- and Fe-based Heusler alloys [Figs. 2(b)–
2(f)]. The SCAN equilibrium lattice parameters are smaller
than the PBE ones in all these cases. PBE and SCAN pre-
dict correctly the inverse Heusler structure [79] for Fe2NiGa
[Fig. 2(c)] with FM order. Similar results are obtained
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FIG. 2. The calculated total-energy differences relative to the FM state as a function of lattice constant for (a) NiMn, (b) Ni2MnGa and
Fe2VAl, (c,d) Fe2Ni1+xGa1−x (x = 0 and 0.5), (e) Ni2.5Mn0.5Ga and Ni2Mn1.5Ga0.5, and (f) Ni2Mn1+xSn1−x (x = 0 and 0.5). Results are
presented for different magnetic configurations. In the case of Fe-Ni-Ga, the energy difference is plotted relative to the FM state of the inverse
Heusler structure.

for Fe2Ni1.5Ga0.5 as shown in Fig. 2(d). For Ni2Mn1.5(Ga,
Sn)0.5 [see Figs. 2(e) and 2(f)], PBE yields the FIM ground
state of L21-cubic structure, which agrees with earlier
results [38,51,52], whereas SCAN finds the FM order more
favorable than the FIM one. This disagreement might be ex-
plained as follows. Since SCAN gives smaller lattice constant,
the neighbor Mn-Mn distance is also reduced leading to a
modification of the RKKY interactions. However, one should
note that RKKY interaction is only important in an asymp-
totic limit; for the magnetic ground state the closer neighbor
couplings are more relevant. Thus, in this case, the Bethe-
Slater (BS) curve [80] should provide a more pertinent tool to

rationalize the magnetism of compound Mn compounds (see
also Ni2MnAl [81,82]). Since Mn is situated at a point of the
BS curve where the AFM and FM orders are near in energy,
a critical parameter controlling the type of magnetic order is
provided by the next-neighbor distance between Mn atoms.
Consequently, larger separations result in ferromagnetism and
smaller distances are connected to AFM order.

Table I reports the equilibrium lattice constants, bulk mod-
uli, and formation energies calculated for PBE and SCAN.
Comparisons with available experimental data and earlier
calculations are also listed. The Birch-Murnaghan equation of
state [90,91] was fitted to the energy curves to calculate the
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TABLE I. The equilibrium lattice constants a0, bulk moduli B, and formation energies per formula unit �Eform in the cubic structure
of considered alloys calculated with PBE and SCAN. Also the other calculated (calc.) and experimental (expt.) data are given. Notice, the
reference theoretical parameters have been calculated without meta-GGA.

a0 (Å) B (GPa) �Eform (eV/f.u.) a0 (Å) B (GPa)

System PBE SCAN PBE SCAN PBE SCAN (Ref.) (Ref.)

NiMn (bcc) 2.92 2.901 149.4 134.7 0.141 − 0.425 2.94 (calc) [62], 2.97 (calc.) [83] 155 (calc.) [62]
2.93 (calc.) [36], 2.917 (calc.) [84]

Ni2MnGa 5.809 5.737 154.4 153.1 − 0.645 − 1.583 5.81 (calc.) [64], 5.806 (calc.) [29] 156 (calc.) [64]
5.812 (calc.) [65], 5.822 (calc.) [36] 155 (calc.) [65]
5.825 (expt.) [85], 5.822 (expt.) [86] 146 (expt.) [87]

Ni2.5Mn0.5Ga 5.754 5.668 167.9 206.5 − 0.5 − 1.100 5.811 (calc.) [36]
Ni2Mn1.5Ga0.5 5.805 5.781 148.6 159.5 − 0.142 − 1.158 5.81 (calc.) [66]
Ni2MnSn 6.06 5.99 140.7 159.5 − 0.149 − 0.832 6.059 (calc.) [64], 6.06 (calc.) [36] 140 (calc.) [64]

6.057 (calc.) [29], 6.046 (expt.) [88] 146 (calc.) [89]
Ni2Mn1.5Sn0.5 5.944 5.92 140.9 145.4 0.113 − 0.686 5.95 (calc.) [36], 6.0 (calc.) [51]
Fe2VAl 5.704 5.644 218.5 252.6 − 1.691 − 1.699 5.712 (calc.) [67], 5.76 (expt.) [67] 212 (calc.) [67]
Fe2NiGa 5.759 5.682 172.7 179.6 − 0.426 − 1.136 5.78 (calc.) [68], 5.76 (calc.) [69] 146 (calc.) [68]

5.77 (calc.) [58], 5.81 (expt.) [79] 174 (calc.) [69]
Fe2Ni1.5Ga0.5 5.712 5.648 179.1 186.2 0.124 − 0.600

equilibrium lattice constants. The difference between the total
energy of the compound and the total energies of correspond-
ing pure elements yields the formation energy �Eform. SCAN
lattice constants are about 1.2% smaller while SCAN bulk
moduli are about 9% larger compared to the corresponding
PBE values. Regarding the stability of the austenitic phase,
SCAN gives negative values of �Eform for all compounds.
PBE yields positive values of �Eform for three compounds,
namely, bcc-NiMn, Ni2Mn1.5Sn0.5, and Fe2Ni1.5Ga0.5. An
overall enhanced stability toward cubic crystal structure is
observed in Table I when SCAN is compared to PBE.

B. Tetragonal distortion

Possibilities for martensitic transformation (by considering
tetragonal distortions of the optimized L21-cubic structure)
are discussed in this subsection. As a matter of fact, a marten-
sitic transformation can occur if a tetragonal structure has a
lower total energy compared to the cubic structure. Figure 3
shows the total-energy curves as a function of the tetragonal
c/a ratio for all compounds in the present study. The volume
of the supercell was kept constant while the tetragonal dis-
tortion was performed in the total-energy calculations. The
calculated equilibrium c/a ratios and formation energies for
tetragonal structures are reported in Table II.

We start by considering the binary compound NiMn, which
is an antiferromagnet [36,92] with CsCl structure and has
a Néel temperature higher than 1000 K. This compound
undergoes a structural phase transformation from the bcc-like
austenite (β-NiMn) to the L10-tetragonal martensite (α-NiMn
with fcc-like structure) at a high temperature of about 1000 K
during cooling. As shown in Fig. 3(a), a crossover from
the FM bcc structure (c/a = 1) to the AFM L10 (fcc-like)
structure is obtained both with PBE (c/a = 1.4) and SCAN
(c/a = 1.3). Curiously, for the FM state, SCAN produces a
slight cubic symmetry breaking since the c/a minimum is

shifted from 1 to 1.05. PBE gives the observed α phase with
fcc structure and provides a good estimate for martensitic
transformation temperature [36,93] while SCAN degrades the
agreement with experiment concerning the c/a ratio and the
martensitic transformation temperature. Moreover, both PBE
and SCAN yield the AFM-1 layered structure of the marten-
site phase as energetically more stable. Similar trends of the
total-energy curves plotted in Fig. 3(a) have been reported by
Godlevsky and Rabe [62] (LDA) and Entel et al. [36] (GGA)
indicating that corrections beyond LDA are not too strong.

Figures 3(b)–3(f) illustrate the comparison of PBE
and SCAN for a series of FM Ni2+xMn1−xGa and
Fe2Ni1+xGa1−x , FIM Ni2Mn1+x(Ga, Sn)1−x , and nonmag-
netic Fe2VAl. PBE and SCAN cubic structures are found to
be stable only for stoichiometric Fe2VAl [Fig. 3(b)], Fe2NiGa
[Fig. 3(c)], and Ni2MnSn [Fig. 3(f)] preventing martensitic
transitions.

Concerning Ni2MnGa, Fig. 3(b) shows that PBE gives a
local minima at c/a = 1 and a global minima c/a = 1.25 in
agreement with earlier calculations [29,36,65] while SCAN
yields the local minima at c/a = 0.95 and the global min-
ima at c/a = 1.2. Interestingly, SCAN c/a is in excellent
agreement with experimental [94,95] c/a = 1.18 ± 0.02.
Moreover, SCAN leads to a larger energy difference between
the metastable austenite and martensite phase with respect to
PBE. This implies that the predicted temperature of marten-
sitic transformation from SCAN (Tm ≈ 153 K) is closer to the
experimental value [85] (Tm ≈ 202 K) with respect to PBE
(Tm ≈ 107 K) [93].

For Fe2Ni1.5Ga0.5, according to Fig. 3(d) and �Eform in
Tables I and II, a structural transition from FM austenite
with inverse Heusler structure to FM martensite with regular
structure is predicted only within SCAN. PBE yields unstable
martensitic phase with regular structure due to zero formation
energy. The overall behavior of the total-energy curves is
similar for PBE and SCAN.
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FIG. 3. The calculated total-energy differences relative to the FM state as a function of tetragonal ratio c/a for (a) NiMn, (b) Ni2MnGa,
and Fe2VAl, (c),(d) Fe2Ni1+xGa1−x (x = 0 and 0.5), (e) Ni2.5Mn0.5Ga and Ni2Mn1.5Ga0.5, and (f) Ni2Mn1+xSn1−x (x = 0 and 0.5). Results are
presented for different magnetic configurations. In the case of Fe-Ni-Ga, the energy difference is plotted relative to the FM state of the inverse
Heusler structure.

In the case of Ni2.5Mn0.5Ga [Fig. 3(e)], PBE and SCAN
total-energy curves almost coincide and predict a martensitic
phase with c/a about 1.25 while the austenitic phase is not
favorable. However, the stability of this compound has been
questioned by experiments [96].

Surprisingly, for Mn-excess Ni2Mn1.5(Ga, Sn)0.5

[Figs. 3(e) and 3(f)], SCAN disagrees with PBE by
stabilizing the FM instead of FIM ground state in contrast
with PBE and SCAN agreement for the richest Mn-excess
Ni2Mn1+xZ1−x with the AFM-1 ground state as shown in

TABLE II. The calculated optimized tetragonal c/a ratios and formation energies �Eform (in eV/f.u.) in the martensitic structure of
considered alloys calculated with PBE and SCAN.

NiMn Ni2MnGa Ni2.5Mn0.5Ga Ni2Mn1.5Ga0.5 Ni2Mn1.5Sn0.5 Fe2Ni1.5Ga0.5

XC Potential c/a �Eform c/a �Eform c/a �Eform c/a �Eform c/a �Eform c/a �Eform

PBE 1.4 − 0.058 1.25 − 0.632 1.23 − 0.491 1.35 − 0.234 1.3 − 0.710 1.45 0.000
SCAN 1.3 − 0.519 1.2 − 1.636 1.25 − 1.394 1.15 − 0.708 1.45 − 0.742
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TABLE III. The calculated reference state, c/a ratio, total and partial magnetic moments (μtot and μZ in μB/f.u.) for stable austenite and
martensite phases of the considered compounds, which were computed with PBE and SCAN.

Ref. state c/a ratio μNi μMn1 μMn2 μFe μtot

System PBE SCAN PBE SCAN PBE SCAN PBE SCAN PBE SCAN PBE SCAN PBE SCAN

NiMn aust. FM FM 1.0 1.0 0.816 0.978 3.523 3.781 4.339 4.758
mart. AFM-1 AFM-1 1.4 1.3 0.0 0.0 3.292 3.737 − 3.292 − 3.737 0.0 0.0

Ni2MnGa aust. FM FM 1.0 1.0 0.366 0.539 3.401 3.689 4.082 4.72
mart. FM FM 1.25 1.2 0.437 0.548 3.321 3.634 4.134 4.667

Ni2.5Mn0.5Ga aust. FM FM 1.0 1.0 0.26 0.376 3.393 3.647 2.324 2.737
mart. FM FM 1.23 1.25 0.29 0.353 3.376 3.59 2.383 2.636

Ni2Mn1.5Ga0.5 aust. FIM FM 1.0 1.0 0.24 0.779 3.395 3.706 − 3.497 3.798 2.105 7.181
mart. FIM 1.35 0.171 3.243 − 3.36 1.875

Ni2MnSn aust. FM FM 1.0 1.0 0.248 1.028 3.59 4.16 4.036 4.450
mart.

Ni2Mn1.5Sn0.5 aust. FIM FIM 1.0 1.0 0.152 0.644 3.481 3.84 − 3.672 3.927 1.922 7.065
mart. FIM FM 1.3 1.15 0.124 0.682 3.366 3.801 − 3.593 3.901 1.784 7.082

Fe2NiGa aust. FM FM 1.0 1.0 0.495 0.533 2.275 2.444 4.984 5.331
mart.

Fe2Ni1.5Ga0.5 aust. FM FM 1.0 1.0 0.603 0.716 2.434 2.703 5.731 6.427
mart. FM FM 1.45 1.45 0.616 0.673 2.599 2.86 6.059 6.656

Fig. 3(a). Moreover, although PBE and SCAN total-energy
curves as a function of c/a have a similar behavior for
Ni2Mn(Ga, Sn), they significantly disagree for Ni2Mn1.5(Ga,
Sn)0.5. In particular, PBE predicts for both systems the
austenite-martensite transformation in the FIM state in
agreement with earlier calculations [34,38,51,52]. PBE c/a

global minima for Ni2Mn1.5Ga0.5 and Ni2Mn1.5Sn0.5 are 1.35
and 1.3, respectively. Experimental c/a ratios [86,97] of about
1.28 and 1.24 for the nonmodulated L10-tetragonal structure
of Ni2Mn1.52Ga0.48 and Ni2Mn1.52Sn0.48, respectively,
have been reported. Regarding SCAN, global minima
are observed at c/a ≈ 1.25 for Ni2Mn1.5Ga0.5 and at
c/a ≈ 1.15 for Ni2Mn1.5Sn0.5 in the FM state. Nevertheless,
experiments [33,86,97] suggest that L10-tetragonal phases
for Mn-excess Ni-Mn-(Ga, Sn) yield almost degenerate
AFM and FM ground states. Therefore, it is difficult to
conclude if either PBE or SCAN give a better agreement with
experiment.

C. Magnetic moments

Table III displays the value of total and partial magnetic
moments for both austenite and martensite phases calculated
with PBE and SCAN. As a general trend, SCAN gives higher
magnetic moments as compared to PBE values.

Figure 4 shows the total magnetic moments for FM, FIM,
AFM-1, and AFM-2 configurations as a function of tetrag-
onal deformation c/a. Mn and Fe atoms provide the largest
contribution to the total magnetic moment. Most of the curves
in Fig. 4 display a gentle behavior as a function of c/a with
the exception of metastable FM martensitic phase (c/a >

1.15) of Fe2VAl. Fe2VAl is nonmagnetic in the range of
0.8 � c/a < 1.15, but it becomes FM when c/a > 1.15 for
PBE and SCAN. However, the martensitic phase is not sta-
ble for Fe2VAl [see Fig. 3(b)]. Generally, in the consid-
ered c/a range, the difference between SCAN and PBE

for the magnetic moments is about 10%. As illustrated in
Fig. 4(b), according to PBE, Ni2MnGa has a higher mag-
netic moment for martensite (4.134μB/f.u.) than for austenite
(4.082μB/f.u.), while SCAN gives a slightly lower magnetic
moment for martensite (4.67μB/f.u.) in comparison with
austenite (4.72μB/f.u.). Experiments [85] find a drop in the
magnetization across the martensitic transformation from FM
martensite to FM austenite (for magnetic fields higher than
0.8 T upon heating) suggesting that the low-temperature
tetragonal phase has a higher magnetic moment compared to
austenite as predicted by PBE.

D. Electronic structure

In this subsection we discuss correlation effects on the
electronic structure of Ni2Mn(Ga, Sn), Fe2NiGa, and Fe2VAl.
Figure 5 shows the spin-resolved total density of states (DOS)
and partial DOS (pDOS) for d orbitals for Ni2MnGa in the
L21-cubic and L10-tetragonal phase. The DOS and pDOSs
calculated with PBE reproduce features already investigated
earlier [29,63,65]. For instance, Ga 4s electrons are respon-
sible for the contribution to the total DOS in the valence
band below −7 eV. The upper bands below and above the
Fermi energy (EF ) are due to 3d electrons of Mn and Ni.
The majority d states of Mn hybridizes with the spin-up d

states of Ni while the minority Mn d states are located above
EF . The tetragonal distortion (c/a > 1) changes slightly the
electronic structure and leads to the splitting of the peak in
the minority 3d states of the Ni band near EF into two parts.
While one part is shifted above the Fermi level (and therefore
is not occupied any more), the other part is shifted to a lower
energy. Thereby the band energy of the tetragonal structure
is lower than the band energy of the austenite structure. In
general, the structural instability and formation of martensite
can be associated with a Jahn-Teller band scenario involving
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FIG. 4. The calculated total magnetic moments as a function of tetragonal ratio c/a for (a) NiMn, (b) Ni2MnGa and Fe2VAl, (c),(d)
Fe2Ni1+xGa1−x (x = 0 and 0.5), (e) Ni2.5Mn0.5Ga and Ni2Mn1.5Ga0.5, and (f) Ni2Mn1+xSn1−x (x = 0 and 0.5). Results are presented for
different magnetic configurations.

mostly contribution of Ni 3d states [29,60,63,98] as illustrated
in Fig. 5. SCAN preserves the basic features of the DOS. It
produces the exchange splitting by about 0.5 eV both in the
austenite and martensite.

Figure 6 shows the total DOS calculated with PBE and
SCAN for Ni2MnSn, Fe2VAl, and Fe2NiGa at their equi-
librium volume in the austenitic phase. As in the case of
Ni2MnGa, we find that the total DOS curves produced by
SCAN are modified by exchange splitting enhancement with
respect to PBE. For Fe2VAl, the vanishing magnetic moment
(for PBE and SCAN) agrees with the Slater-Pauling rule [99]
and the DOS has no exchange splitting implying that the
material is a nonmagnetic semimetal with a very small DOS at
EF . Moreover, SCAN enlarges the corresponding pseudogap.

Since, PBE and SCAN DOSs are very similar for the occupied
states, the corrections beyond GGA are smaller for nonmag-
netic compared to magnetic Heusler compounds. To better un-
derstand the SCAN effects of correlation on the DOS, one can
also consider more correlated Heusler compounds, for which
GGA fails. The Co2FeSi is one such material since GGA fails
to produce a half metallic gap, while the GW method [100]
reproduces experimental magnetic moment and half metallic
energy gap. Interestingly, smaller GW band-gap corrections
are found for quaternary Heusler like (CoFe)TiAl [101]. We
show in Fig. S3 of the Supplemental Material (SM) [102] that
SCAN reproduces very well the GW corrections for the DOS
of these materials (we also show total-energy results in Figs.
S1 and S2 of the SM).
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FIG. 5. The total DOS and 3d Ni and 3d Mn partial DOS calculated with PBE and SCAN for (a)–(c) austenite and (d)–(f) martensite
phases of Ni2MnGa alloy.

IV. CONCLUSIONS

In the present work, the structural, magnetic, and electronic
properties of a series of Heusler alloys were investigated in
the framework of DFT calculations. SCAN can be viewed as
a correction of PBE containing extra semilocal information.
Therefore, SCAN corrections for correlation effects play an
important role in determining exchange interactions as in the
case of DFT + U methods studied by different authors [70,71]
and half metallic energy gaps in the DOS as in the case of the
GW approach [100,101].

The present investigation suggests that corrections
beyond GGA are rather minor for FM Ni2+xMn1−xGa,
Fe2Ni1+xGa1−x , and nonmagnetic Fe2VAl compounds.
However, significant differences between PBE and SCAN are

observed for Mn-excess compounds such as Ni2Mn1+x(Ga,
Sn)1−x , where localized magnetic moments on Mn atoms
couple via oscillating RKKY interactions. Thus, the magnetic
behavior of these compounds is very sensitive to the distance
between Mn atoms [34]. According to experiments [33]
in compounds with Mn excess atoms the total magnetic
moment decreases at the austenite-martensite transformation
on cooling due to the smaller neighbor Mn-Mn distance,
which becomes antiferromagnetically coupled. Regarding
simulations, SCAN tends to favor FM solutions in austenite
and martensite while PBE yields the FIM ground state.
Therefore, we conclude that the present corrections beyond
GGA could be exaggerated for Mn-Mn FM interactions at
short distances.
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FIG. 6. The total DOS calculated with PBE and SCAN for the austenitic phase of (a) Ni2MnSn, (b) Fe2NiGa, and (c) Fe2VAl Heusler
compounds. Here the solid and dashed lines denote the PBE and SCAN calculations.

Pseudogap, spin density, and charge density waves (com-
mensurate or noncommensurate) might change the solu-
tions landscape in Heusler alloys as observed by various
authors [34,57,60,61]; some of these spin wave or charge
density instabilities could be driven by Fermi-surface nest-
ings [103]. Interestingly, SCAN simulations for YBa2Cu3O7

give many solutions almost degenerate with the ground state
in the so-called pseudogap regime [22]. Nevertheless, some
issues related to exaggerated FM coupling in SCAN re-
main [23–25] regardless of the supercell size in the calcula-

tions and should be addressed in improved versions of this
functional.
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[47] E. Şaşıoğlu, L. M. Sandratskii, and P. Bruno, Phys. Rev. B 77,

064417 (2008).
[48] C.-M. Li, H.-B. Luo, Q.-M. Hu, R. Yang, B. Johansson, and L.

Vitos, Phys. Rev. B 84, 174117 (2011).
[49] A. Chakrabarti, M. Siewert, T. Roy, K. Mondal, A. Banerjee,

M. E. Gruner, and P. Entel, Phys. Rev. B 88, 174116 (2013).
[50] M. Zelený, A. Sozinov, L. Straka, T. Björkman, and R. M.

Nieminen, Phys. Rev. B 89, 184103 (2014).
[51] H. B. Xiao, C. P. Yang, R. L. Wang, V. V. Marchenkov, and K.

Bärner, J. Appl. Phys. 112, 123723 (2012).
[52] H. B. Xiao, C. P. Yang, R. L. Wang, V. V. Marchenkov, and X.

Luo, J. Appl. Phys. 115, 203703 (2014).
[53] D. Comtesse, M. E. Gruner, M. Ogura, V. V. Sokolovskiy,

V. D. Buchelnikov, A. Grünebohm, R. Arróyave, N. Singh,
T. Gottschall, O. Gutfleisch, V. A. Chernenko, F. Albertini, S.
Fähler, and P. Entel, Phys. Rev. B 89, 184403 (2014).

[54] V. V. Sokolovskiy, P. Entel, V. D. Buchelnikov, and M. E.
Gruner, Phys. Rev. B 91, 220409(R) (2015).

[55] C.-M. Li, Q.-M. Hu, R. Yang, B. Johansson, and L. Vitos,
Phys. Rev. B 92, 024105 (2015).

[56] T. Roy, D. Pandey, and A. Chakrabarti, Phys. Rev. B 93,
184102 (2016).

[57] B. Dutta, A. Çakir, C. Giacobbe, A. Al-Zubi, T. Hickel, M.
Acet, and J. Neugebauer, Phys. Rev. Lett. 116, 025503 (2016).

[58] Y.-I. Matsushita, G. Madjarova, J. K. Dewhurst, S. Shallcross,
C. Felser, S. Sharma, and E. K. U. Gross, J. Phys. D: Appl.
Phys. 50, 095002 (2017).

[59] P. Neibecker, M. E. Gruner, X. Xu, R. Kainuma, W. Petry, R.
Pentcheva, and M. Leitner, Phys. Rev. B 96, 165131 (2017).

[60] C. P. Opeil, B. Mihaila, R. K. Schulze, L. Mañosa, A. Planes,
W. L. Hults, R. A. Fisher, P. S. Riseborough, P. B. Littlewood,
J. L. Smith, and J. C. Lashley, Phys. Rev. Lett. 100, 165703
(2008).

[61] A. Kundu, M. E. Gruner, M. Siewert, A. Hucht, P. Entel, and
S. Ghosh, Phys. Rev. B 96, 064107 (2017).

[62] V. V. Godlevsky and K. M. Rabe, Phys. Rev. B 63, 134407
(2001).

[63] A. Ayuela, J. Enkovaara, and R. M. Nieminen, J. Phys.:
Condens. Matter 14, 5325 (2002).

[64] A. Ayuela, J. Enkovaara, and R. M. Nieminen, J. Phys.:
Condens. Matter 11, 2017 (1999).
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