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Prediction of a Heusler alloy with switchable metal-to-half-metal behavior
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We propose a ferromagnetic Heusler alloy that can switch between a metal and a half-metal. This effect can
provide tunable spintronics properties. Using the density functional theory with reliable implementations of the
electron correlation effects, we find Mn2ScSi total energy curves consisting of distinct branches with a very small
energy difference. The phase at low lattice crystal volume is a low magnetic half-metallic state while the phase at
high lattice crystal volume is a high magnetic metallic state. We suggest that the transition between half-metallic
and metallic states can be triggered by a triaxial contraction/expansion of the crystal lattice or by an external
magnetic field if we assume that the lattice is cubic and remains cubic under expansion/contraction. However,
the phase at high volume can also undergo an austenite-martensite phase transition because of the presence of
Jahn-Teller active 3d electrons on the Mn atoms.
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I. INTRODUCTION

Nowadays, spintronics is a rapidly developing field of sci-
ence and technology [1–4], which aims to use the intrinsic
spin of the electron and its associated magnetic moment in
solid-state devices [5,6], including synchronized networks
of spin-transfer oscillators [7], spin-transfer torque [8] and
magnetoelectric random access memory devices [9,10], spin
transfer nanogenerators [11], and spin holographic processors
[12]. The efficiency of these devices is related directly to the
level of spin injection from the electrodes to the semiconduc-
tors and to their degree of spin polarization [13]. Half-metallic
(HM) ferromagnetic (FM) compounds are characterized by
an energy gap in one spin direction at the Fermi level. They
therefore exhibit metallic character in one spin-channel and
semiconducting behavior in the other spin-channel [14,15].

Among HM ferromagnets, the half- and full-Heusler al-
loys are of great interest because they usually demonstrate
stable half-metallicity with high Curie temperature and spin
polarization [14,16,17]. Nowadays much attention is given to
the wide variety of FM Co2Y Z (Y = Fe, Mn and Z = Si, Ge,
Sn) [18–26], Fe2Y Z (Y = Cr, Mn, Co and Z = Si, Al, Ga)
[13,27–29], and ferrimagnetic (FIM) Mn2Y Z (Y = V, Cr, Fe,
Co, Ni and Z = Al, Ga, Si, Ge, Sn, In) [13,30–36] that were
studied both theoretically and experimentally. In the Co2Y Z
family, the HM behavior appears when the Y element has
fewer valence electrons than Co. On the other hand, the half-
metallicity in Fe2Y Z and Mn2Y Z families occurs regardless of
the number of valence electrons in the Y atoms. Therefore, the
HM behavior is promoted by the Mn and Fe atoms. Moreover,

parallel or antiparallel spin alignment of two Mn atoms can
lead to FM and FIM order and to noncolinear configura-
tions. Since the Mn3+ ion has a d4 electronic configuration
with partially filled eg orbitals, it is Jahn-Teller active. This
effect explains the tetragonal distortion producing high mag-
netocrystalline anisotropy (MCA). This observation makes
FIM Mn2-based alloys useful for transfer torque application,
where high MCA is a key factor for fast switching with low
currents and high thermal stability [37,38].

An interesting idea to add Sc (with one d valence elec-
tron) into the matrix of the Mn2-based family was recently
proposed by Ram et al. [13]. These authors performed density
functional theory (DFT) calculations for Mn2ScZ (Z = Si,
Ge, Sn) Heusler alloys taking into account on-site Coulomb
interaction effects. The results indicated HM behavior with
a narrow band gap in the case of Mn2ScSi and Mn2ScGe
whereas Mn2ScSn displayed metallic behavior. Ram et al.
[13] claimed that one must use an accurate DFT scheme to
reproduce their results since the deficiencies of traditional
DFT exchange correlation approximations such as the lo-
cal spin density approximation (LSDA) and the generalized
gradient approximation (GGA) prevent the appearance of
HM properties in Mn2ScZ alloys. Therefore, one must re-
duce the self interaction errors present in LSDA and GGA
by using schemes such as the DFT + U method [39]. Re-
cently, we studied the correlation effects beyond the GGA
in α-Mn [40], Ni2-, and Co2-based Heusler alloys [25,41]
by using the strongly constrained and appropriately normed
(SCAN) functional [42] (meta-GGA method), which contains
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self-interaction correction without introducing an explicit
Hubbard parameter U .

In this work, we confirm that reliable corrections beyond
the GGA not only stabilize the HM properties of the Mn2ScSi
alloys in a robust way, but reveal a surprisingly rich phase dia-
gram useful for tunable spintronics applications. For example,
one could produce spintronic logic devices with switches that
can operate on femtosecond timescales [43]. Our results show
that Mn2ScSi is an exemplar magnetic functional material
hosting competing phases. The lattice of this material pro-
vides an elastic environment where charge, spin, and orbital
degrees of freedom interact and produce unexpected func-
tionalities [44]. Small energy differences between phases also
offer unique opportunities to benchmark Coulomb correlation
effects in DFT.

The outline of the paper is as follows. Section II contains
the calculation details. Section III is devoted to the discussion
of the results of structural, magnetic, and electronic properties
and phase stability of Mn2ScSi. The concluding remarks are
presented in Sec. IV.

II. CALCULATION DETAILS

To perform the calculations, we employed the projector
augmented wave (PAW) method implemented in VASP code
[45,46] using 16-atom supercells. The GGA for the exchange
correlation functional was treated within the Perdew, Burke,
and Ernzerhof (PBE) [47] scheme. Electron correlation effects
beyond GGA were included using both GGA + U by Dudarev
et al. [48] and meta-GGA SCAN by Sun et al. [42]. The
parameter U for Mn is taken in the interval from 0.2 to 2 eV.
The value UMn = 1.973 eV was chosen in accordance with
Ram et al. [13]. Since the Coulomb correlation for Sc weakly
affects the electronic and magnetic properties, we choose
USc = 0.435 eV, proposed by Ram et al. [13]. The volume
optimization of regular and inverse Heusler structures (space
groups Fm3m and F43m) with different magnetic order is
performed. For all functionals, the geometry optimization pro-
cedure yields the regular L21-cubic Heusler structure as the
most favorable one with the FIM order involving antiparallel
alignment of Mn and Sc magnetic moments (see Supplemen-
tal Material (SM) [49]).

III. RESULTS AND DISCUSSIONS

A. Structural optimization

We first consider the total energy results. In Fig. 1, we show
the total energy as a function of the lattice constant (a) and
the total magnetic moment (μtot) calculated within SCAN and
GGA + U . SCAN yields a degenerated ground state with two
almost equal energy minima observed at lattice constants of
5.905 and 6.108 Å. These two minima correspond to two mag-
netic states with the values of μtot equal to 3 and 5.8 μB/f.u. as
shown in Fig. 1(b). We denote these states as the low-magnetic
state (LMS) and high-magnetic state (HMS), respectively. The
energy and magnetic moment differences between LMS and
HMS are �E = 3.75 meV/atom and �μ = 2.90 μB/f.u., re-
spectively. The total magnetic moment in SCAN is an integer
in agreement with the empirical Slater-Pauling (SP) [50] rule,
thereby revealing the HM behavior.

FIG. 1. The total energy difference (�E ) as a function of (a) lat-
tice parameter and (b) magnetic moment of Mn2ScSi for SCAN and
GGA + U (U = 1 eV) solutions. For each cases, the �E is plotted
with respect to the left energy minimum.

In contrast to SCAN, our GGA calculations give only one
clear minima at lattice constant a0 = 5.94 Å. Ram et al. [13]
only considered GGA + U corrections around the GGA total
energy minima, but they missed the second total energy min-
ima at higher volume. In our case, the volume optimization

FIG. 2. The total energy difference for Mn2ScSi calculated by
GGA + U for a set of U values and mapped into the diagram
“Coulomb repulsion term (U ) – lattice parameter (a)”. �E is plotted
with respect to the minimum for LMS. The optimized lattice param-
eters, which are estimated from the fitting for the Birch-Murnaghan
equation of state for both LMS and HMS, are marked by the red
symbols. The stars denote degeneracy of the ground state for which
the LMS and HMS have a similar energy at U = 1 eV.
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FIG. 3. SCAN energy band structure, total and partial DOSs of Mn2ScSi calculated for the (a) LMS and (b) HMS with the optimized
lattice constants aLMS

0 = 5.905 Å and aHMS
0 = 6.108 Å, respectively.

with fixed U value of 1.973 eV as Ram et al. [13] yields both
a local energy minimum at a similar equilibrium volume as
GGA and the global minimum at larger volume as illustrated
in the SM [49].

To better understand these results, we performed a para-
metric study of the Hubbard parameter U . Figure 2 illustrates
a contour map of the total energy as functions of U and lattice
parameter a. The set of E (a) curves for various U is given
in the SM [49]. We delineate in this contour map shown in
Fig. 2 a triangle linking optimized lattice constants at local and
global energy minima corresponding to the LMS and HMS,
respectively. The vertex of this triangle is located close to U
equal to zero, demonstrating that GGA is a singular point in
terms of correlation effects. As soon as we introduce a small
U value, two well-defined structures with different magne-
tization appear in the energy landscape. Related parametric

studies in γ -Mn by Podloucky and Redinger [51] and by
Pulkkinen et al. [40] found that U at approximately 1 eV gives
the corrected equilibrium volume. Therefore, we believe that
U ≈ 1 eV is a correct energy scale to describe the correlation
effects in the present case. For U = 1 eV, the LMS and HMS
are found to be close to each other in the energy as shown in
Fig 1(a), in agreement with SCAN.

The transition between LMS and HMS can be achieved
by a uniform contraction/expansion of the crystal lattice
by ≈3.3%. We predict that the magnetovolume effect [52]
( �V

VHMS
) should be accompanied by the change in magne-

tization (�μtot) corresponding to ≈2.8 μB/f.u. as it is
derived from SCAN calculations. For GGA + U with U =
1 eV, �μtot is slightly less and equals ≈2.7 μB/f.u. An-
other way is to switch the transition by applying magnetic
field.
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FIG. 4. Mn-3d orbital resolved DOSs for LMS (upper) and HMS
(bottom) calculated with SCAN.

B. Electronic structure

To understand the electronic structure, we consider the
spin-polarized band structures and the density of states (DOS).
The bands are calculated along the high-symmetric points of
the first Brillouin zone for the majority and minority spin
channels for the GGA, GGA + U , and SCAN methods. In
Fig. 3, we present both the SCAN bands and DOS curves
calculated at the optimized lattice constants for LMS and
HMS found in Fig. 1(a). The corresponding figures for GGA
and GGA + U are given in the SM [49]. As Fig. 3(a) suggests,
in the case of LMS, the minority-spin bands present few band
crossings at the Fermi level (EF ), while the majority-spin
bands reveal an clear energy gap around EF . Such HM be-
havior for Mn2ScSi is quite different of that in regular HM
Heusler alloys in which the spin up states are filled and the
spin down states are unoccupied at EF [37]. The energy gap at
� point for the majority bands is direct as shown in Fig. 3(a)
and its predicted value within SCAN is 0.32 eV which is twice
the value calculated by Ram et al. [13].

In terms of the HMS [Fig. 3(b)], both the minority and
majority spin bands as well as DOSs show clear metallic
behavior. It is important to notice that the bands calculated
for the GGA + U with U = 1.973 eV at the optimized vol-
ume [49] display metallic character, in contrast to the bands
reported by Ram et al. [13], indicating that the HM properties
are lost for the larger volume. Therefore, it is possible to
switch the HM behavior by a uniform contraction/expansion
of the crystal lattice.

Such switching behavior can be rationalized by analyzing
the 3d partial DOSs for Mn atoms in the vicinity of EF shown
in Fig. 4. For the LMS, three t2g orbitals at EF are present
in the minority spin channel and contribute to the integer
magnetic moment, whereas two eg orbitals are almost empty.
In contrast, both the t2g and eg orbitals at EF for the minority
spin channel are occupied for the HMS. For the majority spin
channel we observe mostly eg orbitals. The main difference

between LMS and HMS is the occupation of an energy eg peak
for the majority spin band. When the eg state is occupied the
system undergoes an austenic-martensite transition because of
Jahn-Teller effects.

Our results above apply if the lattice is cubic and remains
cubic under triaxial expansion/contraction [53]. To examine
the martensitic phase, we performed total energy calculations
as a function of tetragonal distortion ratio c/a assuming a
constant volume between austenite (c/a = 1) and marten-
site (c/a �= 1). Indeed the martensitic phase with c/a = 1.27
is found to be energetically favorable [49]. The predicted
�μtot between the austenitic and martensitic phases is about
1.807 μB/f.u. This finding allows us to conclude that Mn2ScSi
should also display magnetocaloric properties in the vicinity
of magnetostructural phase transformation [54].

C. Phase stability

Since the predicted Mn2ScSi compound has not yet been
grown, it is important to evaluate its phase stability. We there-
fore checked the thermodynamic stability in three steps.

As a preliminary test, we performed formation energy
(Eform) calculations for Mn2ScSi with respect to the elemental
components in their ground-state bulk structures. The negative
values of ESCAN

form (−0.312 and −0.319 eV/atom for LMS and
HMS, respectively) indicate the thermodynamic stability of
Mn2ScSi in the corresponding cubic states [49].

However, stability with respect to the sum of total energies
of the corresponding pure elements is a necessary but not
yet a sufficient condition for thermodynamic phase stability.
To clarify this point, we must compare also the Eform of a
compound against all stable combination of phases at that
composition. This aim can be achieved with the convex hull
construction for the phase space of interest [55]. Typically,
a convex hull connects stable phases that are lower in Eform

than any other phase under consideration in this overall com-
position. In this way, the phases located above the convex
hull are metastable or unstable while phases placed on the
convex hull are stable. The pivot points (12 stable phases) for
the convex hull of the Mn-Sc-Si ternary system were taken
according to the AFLOW database [55] (they are listed in Table
II of the SM [49]). By considering the ESCAN

form of these phases,
we constructed the three-dimensional convex hull shown in
Fig. 5(a). Here, we indicate ESCAN

form for Mn2ScSi with the
LMS cubic structure and HMS tetragonal one. The formation
energies of pure elements are set to zero. We show the cross
section of the hull energy convex in Fig. 5(b) to estimate the
distance from the most stable phase. The Mn2ScSi is located
above the convex hull by ≈0.24 eV/atom for the LMS cubic
phase as shown in Fig. 5(b). Interestingly, this distance is
about 0.188 eV/atom [55] for GGA-PBE. Thereby, this result
suggests a metastable tendency of the Mn2ScSi compound.

To understand this metastable behavior, we compare the
Mn2ScSi phase energy to the energies of decomposition prod-
ucts (pivot points of the convex hull) at that composition and
calculate the mixing energy Emix. To accomplish this task, we
consider 23 possible decomposition reactions into the three
stable components (see Table III and Fig. 7 in the SM [49]). As
a result, we found that 9 of 23 reactions yield a negative sign
Emix indicating the stability of the LMS cubic phase against
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FIG. 5. (a) The hull energy convex and (b) cross section of hull
energy convex that contains the convex hull distance for Mn2ScSi
with the LMS cubic structure and HMS tetragonal one. The forma-
tion energies are calculated with SCAN.

to segregation process. Therefore, we conclude that Mn2ScSi
can be grown as a metastable compound. We must keep in
mind that the well-known Ni2Mn1+xZ1−x Heusler alloys show
both experimentally and theoretically a segregation tendency
into ternary stoichiometric and binary compounds [56–59]
due to several-step heat treatment. Despite this metastable
character, Ni2Mn-based alloys still exhibit remarkable mul-
tifunctional properties.

IV. CONCLUSION

In conclusion, accurate DFT calculations in Mn2ScSi
Heusler alloy reveal an almost equal double energy minima

behavior for close lattice constants but different magnetic
moments. Mn2ScSi displays either half-metallic (in LMS) or
metallic (in HMS) behavior as a function of the lattice param-
eter. Our study shows how one can preserve the HM phase or
one can switch to the metallic phase. We suggest that the half-
metallic ↔ metallic transition might be realized by applying
an external magnetic field or pressure. The critical magnetic
field evaluated from the relation between �E and Zeeman
energy is about 11 T. While the magnetovolume effect and
critical pressure are predicted to be 3.3% and 20 GPa, respec-
tively. A second interesting aspect of the correlation effects
is related to the prediction of an austenite-martensite trans-
formation for the metallic phase, which produces a change in
magnetization and a magnetocaloric effect.

We suggest that the switching mechanism between half-
metallic and metallic behavior could be implemented for
the design of spintronics devices like spin filters, sensors,
switches, logical gates with femtosecond timescale [43]. Till
date many studies were performed theoretically and exper-
imentally to investigate the externally controlled carrier’s
spin polarization and half-metallic–metallic transition in HM
Heusler alloys by applying pressure, magnetic, or electric
fields [25,60–62]. However, in all these cases, the external
load was applied for a certain length of time, which implies
significant energy consumption. In the present work, the pro-
posed switching behavior in Mn2ScSi can be realized at once.
Since this external perturbation is limited in time, the energy
consumption is significantly lowered. This finding opens new
avenues for fast and energy efficient spintronics applications.
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