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Abstract: Fully compensated ferrimagnets do not create any magnetic stray field and allow for
a completely polarized current of charges. As a result, these alloys show promising prospects
for applications as spintronic devices. In this paper, we investigated the phase stability, the site
preference, the tetragonal distortion and the influence of symmetry from the crystal structure
and chemical environments of magnetic ions on the magnetic properties of Cr,YZ and Mn,YZ
(Y =void, Ni, Cu, and Zn; Z = Ga, Ge, and As) full Heusler alloys by first-principles calculations. We
found that the selected Crp-based alloys, except for Cr,NiGa and Cr,NiGe, prefer to crystallize in
the centrosymmetric L2;-type structure, while the selected Mny-based alloys, except for Mn,;CuAs,
Mn,ZnGe and Mn;,ZnAs, tend to crystallize in the non-centrosymmetric XA-type structure. Due
to the symmetry, the antiferromagnetism of the selected L2;-type alloys is very stable, and no spin-
polarized density of states could be generated. In contrast, the magnetic moment of the selected
XA-type alloys depends heavily on the number of valence electrons and tetragonal distortion, and
spin-polarized density of states is generated. Therefore, the selected alloys with L2;-type structures
and their tetragonal-distorted structure are potential candidates for conventional antiferromagnets,
while those with XA-type structure and their tetragonal-distorted structure are promising candidates
for (fully) compensated ferrimagnets.

Keywords: fully compensated ferrimagnets; Heusler alloys; first-principles calculations; symmetry

1. Introduction

Spintronic devices based on antiferromagnets (AFMs) have attracted great interest in
recent years [1,2]. The most important characteristic of AFM materials is net-zero magnetic
moment; thus, they do not carry any macroscopic magnetic field [3]. The spintronic devices
based on AFM materials are not easily interfered with by external magnetic fields and
do not generate stray fields to disturb adjacent devices [4]. Recent studies also show that
AFM materials display ultrafast dynamics and generate large magneto-transport effects [5].
There are two different kinds of AFMs. One is the conventional AFM, such as metals Mn
and Cr, which has a zero net spin magnetic moment and zero spin polarization (Figure 1a).
The other is called half-metallic AFM (HMAFM), which was proposed by Van Leuken
and Groot in the 1990s [6]. HMAFM is a special kind of ferrimagnet, which has reduced
symmetry, half-metallic band structure and zero net magnetic moment at the same time.
Therefore, a more precise term for HMAFM is half-metallic fully compensated ferrimagnets
(HMEFCEFs), proposed by later researchers [7-10]. The following discussion will use the term
HMECEF to represent this type of material. As shown in Figure 1b, the electronic structure
of HMFCFs is fully spin polarized near the Fermi level. HMFCFs have the following
properties: (1) create no magnetic stray field, (2) contribute a 100% spin-polarized charge,
and (3) the magnetic susceptibility is zero.
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Figure 1. Schematic diagram of density of states for conventional AFM (a) and (b) HMFCE. Er is the
Fermi Energy.

Based on these features, HMFCFs could be even more useful than half-metallic ferro-
magnets (HMFs) and conventional AFM. The high spin polarization provides the possibility
of reaching high magnetoresistance and low magnetic damping, while the zero net magnetic
moment can lead to high storage density due to the absence of a stray field. In contrast to a
conventional AFM, compensated ferrimagnets have reduced symmetry and allow for easier
magnetic reading and writing. These unique properties make compensated ferrimagnets
promising for fast, energy-efficient spintronic devices, such as spin-polarized scanning tun-
neling microscopy (SP-STM) tips, anchor layer in a spin valve and spin-orbit torque [9,11].
Experimental evidence of HMFCFs was recently observed in Heusler-type MnyRug 5Ga [12].
To date, many alloys (e.g., Ti,YZ (Y =V, Cr, Mn; Z = Al, Ga, In, Ge, P, As, Sb) [13-18],
CrpMnZ [19,20], Co-doped Mn,VZ [21], Cr,YZ [22], CrpCoGa [23], MnyRuxGa [24], Mn,Z
(Z = Si, Ge, Sn) [25-27], CrVTiAl [28,29], FeMnGa [30], and Sr,OsMoQOg [31]) have been
predicted to be HMFCFs by electronic structure calculations. Most of them are Heusler
alloys, which are a kind of intermetallic compound and an important material family in
condensed matter physics and material science [32,33].

In Heusler alloys, there are several key points for the formation of HMFCFs. One
of them is the number of valence electrons (Ny) per unit cell of the alloys. The total spin
magnetic moment (M;) of a half-metal is quantized, and the relationship between M; and
Ny follows the famous Slater-Pauling (SP) rule [34]. There are three modes of SP rule in
Heusler alloys, which are M; = Ny — 18, M; = Ny — 24 and M; = Ny — 28 [35,36]. Therefore,
only Heusler alloys with Ny = 18, 24, or 28 will get a zero net magnetic moment. Generally,
the number of magnetic ions in the alloys is also a key point to obtain HMFCEF. An even
number of magnetic ions may lead to conventional AFM because of the inversion symmetry
of the magnetic structure. Three or more magnetic ions are usually necessary to break the
inversion symmetry to get the FCF property [29]. However, the recently proposed C1,-type
HMEFCF MnyZ (Z = Si, Ge and Sn) alloys do not meet the condition, since they have only
two magnetic ions per unit cell but exhibit a typical FCF state [16,27].

MnyYZ (Y = transition metals; Z = main group elements) full Heusler alloys, due
to their diverse magnetic and unique electronic properties, are promising candidates
for HMFs [37], HMFCFs [12,21], thermoelectrics [38], magnetic skymions [39], exchange
bias, [40,41] and spin gapless semiconductors [42]. Most of them have higher Curie temper-
atures (T¢) than room temperature, which makes them beneficial for practical applications.
CrYZ (Y = transition metal; Z = main group elements) full Heusler alloys have been
recently proposed, with the same crystal structure as Mn,YZ, to show similar potential
applications in spintronics [19,20,22,23]. Antiparallel aligned magnetic moments, which
are formed between Mn (Cr) atoms of different sublattices, are important for the forma-
tion of compensated ferrimagnetic state. Mn,YZ and Cr, YZ alloys have two inequivalent
structure configurations, the non-centrosymmetric XA-type structure (F-43m, space group
no. 216) and the centrosymmetric L2;-type structure (Fm-3m, space group no. 225). The
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difference in the symmetry of the crystal structure might have a significant effect on the
magnetic properties and density of states distribution, which, in turn, affects the formation
of HMFCFE.

The current research focuses mainly on alloys with a low number of valence electrons
(Ny)ofY,suchas Y =Ti, V, Cr, Mn, Fe, and Co [36,43]. Few studies focus on alloys with
high Ny of Y, such as Y = Cu and Zn. Cu and Zn tend not to contribute local magnetic
moments in Heusler alloys. Ferromagnetic Ni atoms also hardly contribute significant
magnetic moments in Heusler alloys. Therefore, it is advantageous to study the influence
of crystal structure symmetry on the magnetic and electronic density of states distribution
in Mn;YZ and CrYZ (Y = Ni, Cu and Zn; Z = main group element) alloys, since Ni, Cu, an
Zn do not contribute to the magnetic properties at all, and the number of magnetic ions
is even.

Mn;YZ systems with a tetragonal structure or a spontaneous structural transition from
cubic phase to tetragonal phase have important properties for applications, such as the
perpendicular magnetic anisotropy (PMA) for spin-transfer torque magnetic random-access
memory (STT MRAM) [44], and the ferromagnetic shape memory alloys (FSMAs) [45]. As
alloys similar to Mn,YZ, the tetragonal distortion of Cr,YZ has been less studied. The
tetragonal phase (I4/mmm, space group no. 139) distorted from the L2;-type cubic phase
remains centrosymmetric, while the tetragonal (I-4m2, space group no. 119) distorted from
the XA-type cubic phase is noncentrosymmetric. The difference in the symmetry of these
two tetragonal structures will also lead to the difference in the magnetic and electronic
properties, which require further study.

In this paper, we investigated the phase stability, the site preference, tetragonal distor-
tion, and the influence of symmetry from crystal structure and chemical environments of
magnetic ions on the electronic and magnetic properties of Cr,YZ and Mn, YZ (Y = void,
Ni, Cu, and Zn; Z = Ga, Ge, and As) full Heusler alloys by first-principles calculations. Void
means that no atoms were selected for Y, such as Cr,Z and Mn,Z. It should be noted that
the C1-type and Cl-type structures have the same symmetry as the L2;-type and XA-type
structures, respectively. Void can be regarded as a different atom from Mn or Cr, so Mnj,
(void) Z and Cr; (void) Z can be regarded as special full-Heusler alloys. All these alloys,
except for Cr,NiZ and MnyNiZ, have two magnetic ions per unit cell. Our results indicate
that the selected alloys with centrosymmetric L2; types and their tetragonally distorted
structure are conventional AFMs, while those with non-centrosymmetric XA types and
their tetragonally distorted structure are candidates for (fully) compensated ferrimagnets.

2. Calculation Method

The first-principles calculations based on density of functional theory (DFT) were
performed with Vienna ab-initio simulation package (VASP) [46]. The generalized-gradient
approximation (GGA) in the Perdew—-Burke-Ernzerhof (PBE) was employed to deal with the
electronic exchange and correlation. Previous calculation indicates that the results obtained
by GGA are in good agreement with the experiment results in 3d Heusler alloys [42]. The
projector-augmented wave (PAW) was selected to describe the electron—ion interaction [47,48].
To achieve good convergence, the cut-off energy was set to 500 eV for all of the calculations,
and 15 x 15 x 15 k-points were used for reciprocal spatial integration. The convergence
criteria for the calculation were chosen as the total energy tolerance within 10~° eV and the
atomic force tolerance within 0.01 eV /A. According to Mavropoulos et al. [49], the effect
of spin—orbit coupling on the band gap of Heusler alloys is negligible for 3d transition
elements. As such, the spin—orbit coupling was not considered in this work. A full-potential
method (FP-LAPW implemented in the WIEN2k code [50], GGA + PBE, and appropriate
parameters, such as Ryt X Kmax =9, 10,000 k-points in the Brillouin zone and the cut off
energy of —6 Ry, have been chosen) was also used to repeat some calculations to confirm
the validity of the results obtained by pseudopotential method of VASP.
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3. Results and Discussion

We first took Mn,Si as an example to start the discussion. The C1,-type Mn,Si was
proposed as a potential candidate for FCF with spin gapless semiconducting (SGS) prop-
erties [16]. The crystal structure of C1;,-type Mn,Si has three fcc sublattices, with Mn (A),
Mn (B), and Si occupying Wyckoff coordinates A (0, 0, 0), B (0.25, 0.25, 0.25) and D (0.75,
0.75, 0.75), respectively. Figure 2a,b show the band structures of C1,-type Mn;Si, calcu-
lated by the pseudopotential method and the full-potential method, respectively. Both
the calculation methods give the same band structure. This result indicates the validity
of the pseudopotential method for 3d transition Heusler alloys. Figure 2c displays the
corresponding density of states (DOS) of Cl,-type MnySi. The DOS of the spin-down
channel clearly exhibits a band gap near the Fermi energy (Er), while the DOS of the
spin-up channel shows a vanishingly small gap. As shown by Wang et al. [51], the DOS
indicates a typical characteristic of a spin gapless semiconductor (SGS) and, thus, allows
for tunable spin transport. Figure 2d gives the total and atom-resolved magnetic moments
as a function of the lattice constant. The zero net total magnetic moment indicates the FCF
property. Similar behavior was also observed in many other HMFCFs.
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Figure 2. Band structure of C1,-type Mn;Si calculated by pseudopotential method (a) and by full-
potential method (b) at the equilibrium state, (c) spin-polarized DOS, (d) magnetic moments as
functions of the lattice parameter for Mn (A), Mn (B) and Mn;Si.

HMECEF behaviors have also been identified in many Heusler alloys, such as C1;-type
CrMnSb [52], L21-type (or DOs-type) MnsGa [53] and XA-type Cr,ZnZ (Z = Si, Ge, Sn) [54].
These materials represent three typical crystal structures of Heusler alloys for HMFCF.
Although they have different numbers of magnetic ions, a common characteristic of these
alloys is that the relationship between their Ny (which is 18, 24 and 28 for CrMnSb, Mn3Ga,
and Cr,ZnZ, respectively) and M; (which is zero for all three alloys) follows the Slater—
Pauling rule. The M; = 0 and Ny = 18 of Mn,Sij, just like other HMFCFs that follow the
Slater-Pauling rule in the form of M; = Ny — 18. It should be noted that Heusler alloys,
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which are not HMFCFs but have zero net magnetic moments, also exit, such as Fe, VAl and
CoFeTiGa (Al) [55,56]. Since these alloys are not our focus, they will not be discussed in
detail. In the following part, we studied the influence of the symmetry of crystal structure
and chemical environments of magnetic ions on the electronic and magnetic properties of
the Mn;,Si alloy.

We firstly analyzed the electronic properties of three cases: C1,-type Mn;Si, Cl-type
Mn;Si, and ZnS-type Mn, in a Heusler matrix. The Heusler matrix has four fcc sublattices,
which are represented by four Wyckoff coordinates, A (0, 0, 0), B (0.25, 0.25, 0.25), C (0.5,
0.5,0.5), and D (0.75, 0.75, 0.75). It should be noted that the C1,-type Mn,Si is energy stable
according to the previous work, and the other two cases were employed for comparative
discussion only. Figure 3 and Table 1 provide the information of crystal structures for the
above three cases. The C1,-type configuration is the so-called half-Heusler, which has a
non-centrosymmetric crystal structure (F-43m, space group no. 216). In the unit cell of this
crystal structure, one Mn occupies site A (denoted as Mn (A)), the other Mn occupies site B
(denoted as Mn (B)), no atom (void) occupies site C, and Si occupies site D. It can be seen
that these two Mn atoms possess different chemical environments. There are four Mn (B)
atoms and four Si atoms as the nearest neighbors of Mn (A). However, Mn (B) has only
four Mn (A) atoms as the nearest neighbors. In the situation of C1-type Mn,Si, which has
a centrosymmetric crystal structure (Fm-3m, space group no. 225), two Mn atoms occupy
site A and site C (denoted as Mn (A) and Mn (C), respectively). In this structure, Mn (A)
and Mn (C) have the same chemical environments. Each Mn has only four Si atoms as its
nearest neighbors. Figure 3c shows that the Mn (A) and Mn (B) of Mn;,Si form a ZnS (or
diamond) structure as Si is removed from the C1;-type Mn,Si matrix. Due to the removing
of Si atoms, the ZnS-type Mn, matrix becomes a centrosymmetric structure (FD-3m, space
group no. 227). In this case, these two Mn atoms have the same neighbor conditions: each
Mn has four other Mn atoms as its nearest neighbors. The difference of ZnS-type Mn, from
Cl-type Mn,Si is that the nearest neighbor for each Mn atom comprises four Mn atoms
instead of four Si atoms. Next, we analyzed the electronic structures of these three types
of configurations.

Figure 3. Schematic representation of C1;,-Mn;,Si (a), ZnS-Mn; (b), and C1-Mn,Si (c) in a Heusler
matrix. Here, C site is vacant for C1;,-Mn,Si, C and D sites are vacant for ZnS-Mn, and B site is
vacant for C1-Mn,Si. Mnl and Mn2 in C1-Mnj,Si are denoted at Mn (A) and Mn (C), while those
in C1,-Mn,Si and ZnS-Mn; are denoted as Mn (A) and Mn (B) since they occupy the different
Wyckoff coordinates.
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Table 1. The crystal structure and corresponding chemical environments of first nearest neighbors
(Fnn) of each Mn atom of studied compounds.

Compd. Structure Space Group Group No. Fnn of Mn; Fnn of Mn,
Mn;Si C1, F-43m 216 4Mn?2, 4Si 4Mnl
Mnj,Si C1 Fm-3m 225 4S5i 4Si

Mn, ZnS FD-3m 227 4Mn2 4Mnl1

In a conventional AFM, the number of states (NOS) below the Fermi level in the
spin-up channel is the same as that in the spin-down channel. The NOS can be obtained
by integrating the DOS. As shown in Figure 4, both spin-up and spin-down channels
have nine valance electrons per unit, which are from 1 x s of Si, 3 x p of Si, 2 X eg of Mn
and 3 X ty; of Mn, below the Fermi level. It should be noted that the configurations of
NOS for C1,-type Mn;Si are different in the two spin channels. There is a platform that
exists in the spin-down channel. Within the range of this platform, the NOS is constant.
For Cl-type Mnj,Si, the configurations of NOS for the two spin channels are completely
identical, indicating a normal AFM state. In addition, the spin-up and spin-down channels
of ZnS-type Mn; also have the same number of NOS below the Fermi level, which was not
shown in the figure.

- (a)gapless semiconduting

IpdE

semiconducting

NOS N(E)

Metallic

10 -8 -6 -4 -2
Energy E-¢_(eV)

Figure 4. Integrated DOS of C1;-Mn,Si (a) and C1-Mn;Si (b).

Figure 5 shows the distribution of the partial density of states (PDOS) for the two Mn
atoms and the net spin state of the unit cell as a function of energy. The PDOS of C1,-type
Mn,Si (Figure 5a) exhibits two important characteristics. The first one is the spin-polarized
PDOS of Mn (A) and Mn (B). The PDOS in the spin-down channel has an energy gap
with a considerable size near the Fermi level, and that in the spin-up channel has a valley
corresponding to a small energy gap. The second characteristic is that the distributions of
PDOS in Mn (A) and Mn (B) are not identical, which results in a net spin distribution as a
function of energy, as shown in the lower panel. This result corresponds to the different
chemical environments between Mn (A) and Mn(B). For C1-type Mn,Si (Figure 5b) and
ZnS-Mny (Figure 5c), the DOS of Mn (A) atoms are identical to that of Mn (B) atoms. The
only difference is that the net spin of each Mn atom is opposite. The net spin of the total
DOS is zero in all energy ranges, which indicates that no polarization can be obtained at
any energy range.
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Figure 5. Atomic-resolved PDOS and the net DOS of total as a function of energy for C1,-Mn;Si (a),
C1-Mn,Si (b), and ZnS-Mnj (c).

As such, the distribution of the spin is strongly dependent on the symmetry of the
crystal structure and the chemical environments of each Mn atom. As discussed above,
C1,-type Mn;,Si has a non-centrosymmetric crystal structure, and the first nearest neighbor
environments of the Mn ions differ from each other. Mn (A) and Mn (C) in C1-Mn,Si have
the same chemical environments. The situation is similar for ZnS-Mn,. The result is a
similar situation where there is no spin polarization at all. In C1,-Mn,Si, the differing
chemical environments of each Mn atom result in fully spin-polarized DOS, although
the Si atoms are nonmagnetic. These results indicate that the asymmetrical chemical
environments broke the rotational symmetry of the spins, which led to an asymmetrical
distribution of spin-up and spin-down states as a function of energy. As such, broken spin
rotational symmetry can be regarded as a key point to obtain HMFCF, which comprises a
system without a spontaneous magnetization but with 100% spin polarization in the charge
carriers at Er. Only C1,-type Mn;Si has the asymmetric configurations of DOS for the two
spin channels.

In order to further reveal the influence of symmetry from the crystal structure on
magnetic properties, we investigated the phase stability, the site preference, the tetragonal
distortion, and the magnetic and electronic properties of full-Heusler Cr,YZ and Mn,YZ
(Y =Nj, Cu, and Zn; Z = Ga, Ge, and As) alloys. There are two non-equivalent crystal
lattices for full-Heusler alloys. When the Y atoms occupy site C of the Heusler matrix, as
shown in Figure 3a, a non-centrosymmetric XA-type crystal structure, which has the same
symmetry as Cl,-type Mn,Si, will be formed. When Y atoms occupy site B of the Heusler
matrix, as shown in Figure 3b, a centrosymmetric L2;-type structure, which has the same
symmetry as Cl-type Mn,Si, will be formed.

In Heusler alloys, the atomic site preference is related to the Ny of the 3d transition
metallic elements. Generally, elements with lower Ny tend to occupy site B of the Heusler
matrix, while those with higher Ny occupy site A and site C of the Heusler matrix. This
site preference rule has been proved to be valid in many Heusler alloys [57-61]. According
to such a rule, the selected Cr,-based and Mnj;-based alloys in the present work should all
be crystallized into the XA-type crystal structure.

To determine the theoretical lattice parameters and the site preference, we performed
structural optimization calculations on the selected Cr,YZ and Mn,YZ (Y = void, Ni, Cu,



Symmetry 2022, 14, 988

8 of 16

and Zn; Z = Ga, Ge, and As) alloys, for both L21-type and XA-type configurations. The free
energy difference (AE) between XA-type and L2;-type structures, which is AE = E (XA) — E
(L21), was selected as the y-axis, as shown in Figure 6, which shows the Ny-dependent AE of
the selected alloys. The fact that AE < 0 suggests that XA-type configuration is more energy
stable than L2;-type configuration, whereas L2; is more stable. The calculation results show
that the selected Cr, YZ alloys, except for Cr,NiGa and Cr,NiGe, prefer to crystallize into the
centrosymmetric L21-type structure, while the selected Mn,YZ alloys, except for Mn,CuAs,
Mn,ZnGe, and Mn,ZnAs, tend to crystallize into a non-centrosymmetric XA-type structure.
These results of the atomic occupations of the selected alloys apparently deviate from the
conventional site preference rule of full-Heusler alloys. This result indicates the complexity
of the phase stability of Heusler alloys. Similar situations also occurred in Ti-based and
V;-based full-Heusler alloys [62,63]. It should be noted that for each transition metal, such
as Cr,CuZ, as Z progresses from Ga through Ge to As, the AE increases by about the same
amount, except for the Mn2(Void)Z family, where there is a decrease. There might be some
particular reason for this.

0.6
L2 -type structure Cr,ZnGe B~ 7a¢
F B Cr-based CrZnGa g ™
04+ ® Mn,-based Cr,CuAs®
| Cr.CuGe m Mn_ZnAs
ECr As 2
02 2 Mn,ZnGe® ¢
. ’ B CrGe CeriAs.MnZCuAs.
= CrCuGam
() Cr,Ga 2
g 00 Lhdt e
® Mn2ZnGa R = 3
< Mn.Ga @ Mn.CuGa .MnZCuGa
2 Mn_NiGe ®
0.2¢ MnGe® | ®Mn2NiAs 2
| lerNic® ®MnNiGa
041 MnAs ® CrNiGa™
| XA-type structure
1 1 1 1 | 1 1 | 1
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Nv

Figure 6. Free energy difference (AE) between XA-type and L2;-type structures, AE = E (XA) — E
(L27), for CrpYZ and Mn,YZ (Y = void, Ni, Cu, and Zn; Z = Ga, Ge, and As). The case of AE <0
suggests the XA-type structure of the alloy is more energy stable, while AE > 0 indicates a L2;-type
structure of the alloy.

To confirm the thermal stability of the selected alloys, the formation energy (Er) is
determined by the formula of Er = E(¢; or M) 2vZ — (2E(cr or Mn) + Ey + Ez) [64-66], where
Ecroyz and Eppoyz are the total free energy of the selected alloys per unit cell at their
equilibrium states, E(c; oy Mn), Ey, and Ez are the free energy per atom of pure metals (Cr
or Mn), Y and Z, respectively. Figure 7 gives the values of the Er of the selected alloys for
the energy-stable state that was determined in Figure 6. The negative value of Er indicates
most of the selected alloys can be obtained in experiments. The positive values of Er
for CryGa, Cr,Ge, Mn,Ga, Cr,CuGe, Crr,CuAs, Cr,ZnAs, and Mn,ZnAs indicate that the
L21-type or XA-type cubic phase of these alloys are energetically unstable in experiments.
For example, bulk Mn,Ga crystallizes into Al3Ti structure type, which belongs to the space
group [4/mmm [24]. However, C1,-MnyGa films were recently successfully grown on
V (001) epitaxial films [12], which indicates that the cubic phase of the above alloys also
has a possibility to be realized in experiments using advanced preparation methods (e.g.,
molecular beam epitaxy technology).
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Figure 7. Formation energy vs Ny for Cr,YZ and Mn, YZ (Y = void, Ni, Cu, and Zn; Z = Ga, Ge, and
As) alloys.

As observed in Mnj;Si, the symmetry of the crystal structure and the chemical environ-
ment of the magnetic ions significantly affect the magnetic properties. Table 2 shows the
atomic and total magnetic moments of the selected alloys for both the XA-type and L2;-
type configurations. Note that XA-type MnyNiGa has been experimentally confirmed [45].
The calculated lattice constant a = 5.89 A of the XA-type structure is very close to the
experimental one a = 5.91 A. The calculated M; = 1.01 j is less than the experimental one
of 1.41 up (measured at 5K) because Mny;NiGa undergoes martensitic transformation at
low temperatures. These results indicate the reliability of our calculations. The magnetic
moments of Crl (Mcy1) and Cr2 (Mcyp) (or My and Mynp) are antiparallelly aligned in
the centrosymmetric L2;-type configuration, and the magnitude of the magnetic moments
is exactly the same, forming a typical AFM. The Y and Z atoms contribute no magnetic
moment at all, and the M; of the alloys is zero. Magnetic structure becomes more complex
in the non-centrosymmetric XA-type structure. The Mc;1 and Mcyp (or My and Myng)
are still aligned in an antiparallel manner, but their magnitude is different. For example, in
Mn;,Ge, My and My are close, while in Mny As, My and My differ greatly. The M;
of Mn,Ge is also different from that of Mn, As. The magnetism of the XA alloy is obviously
closely related to the Ny.

Table 2. Ny, equilibrium lattice constants, atomic-resolved and total magnetic moments per unit cell
in pup for CrpYZ and MnyYZ (Y = void, Ni, Cu, and Zn; Z = Ga, Ge, and As) full-Heusler alloys. Both
the XA-type and L2 type structures were considered.

Alloys Ny Structure a My, My My My M;
A
T
e v % W Hom %W
we w9 W a% R 1w
Mn,Ge 18 XA 5.63 -3.12 3.13 - —0.01 0

L2y 5.84 —4.29 4.29 - 0 0
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Table 2. Cont.

Alloys Ny Structure a Myxq My, My My M;
MoAs 1 I am as e : o
CoNiGa 25 - S
CoNiGe 26 e N
Cr,CuGa 26 z(;l‘ g:(l)g :i:gi i:ii 8 0.(())3 o.go
CoNits 7 s am am 0 oo
CaluGe 7 S v N
CoznGa 27 i o5 i aa 0 oo
MuNGa 7 o s am a0 o o
CoCurs 28 o e am am o oo
CoznGe 28 i T v S S
MepCuGa 28 I se  as s o o o
MeaNiGe 28 e O R S
MoNiAs 29 s s as o o o
MpCuGe 29 o s am a0 1 "
MepZnGa 29 I S L S f
Cozods - O N
MeCuks 20 A v A
MepZnGe 30 e R L
MeoZnds 31 6w s am o 0%

Figure 8 shows the Ny dependence of M; for the selected Mnj;-based and Cr;,-based
alloys. Among them, there are 9 L2;-type alloys (red) and 11 XA-type alloys (black). It
can be seen that the M; of the alloys with an L2;-type structure is exactly zero, and totally
independent of Ny. This is because in a centrosymmetric L2;-type structure, Mc;1 and
Mcyo (or Mym1 and Mynp) are exactly the same magnitude and aligned in an antiparallel
manner, so My and My have no contribution to M;. However, the M; and Ny of XA-
type alloys have obvious correlation, following the Slater-Pauling rule. The deviation
of M; in some alloys from the Slater-Pauling curve is because they are not ideal half
metals. For Mny;Ge and MnyAs, which are half metals, the M; and Ny satisfy the rule of
M; = Ny — 18. Therefore, Mn,YZ and Cr, YZ (Y = void, Ni, Cu, and Zn; Z = Ga, Ge, and
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As) alloys with L21-type structures are potential candidates for conventional AFM, while
those with XA-type structures are promising candidates for compensated ferrimagnets.

9 M=Nv-18 [ M=Nv-24| [ M=Nv-28]
- 7 T
= XA-type / Cr NiGem 4
® [2 -type S /
L 1 I
I // i
/ / /
' 1 /(
1k mMn As ! Mn_NiGe i
& : 2 cr NiGam 2 n I‘anNlAs
S { /®Mn_CuGe
-~ © JO) 2] ' '
s 0,9, < ; MnCuGam, mMn ZnGa
o O / /
O} oo aMnGe . e LSS S SUE
lezGa / oD Y MY § §
: / 0 "z NN NG
= )>,‘a i > o
! K Q e ® Q z
/ /
/ / /
-1+ / / Mn_NiGam
1 ! 1 1 1 ! 1 1 ! 1 Il

14 16 18 20 22 24 26 28 30 32

Figure 8. M; vs Ny for Cr,YZ and Mn,YZ (Y = void, Ni, Cu, and Zn; Z = Ga, Ge, and As) full-Heusler
alloys. The dotted lines represent the three typical Slater-Pauling curves.

Figure 9 shows the DOS of the alloys selected for study. Both the L2;-type and XA-type
structural configurations are provided for comparison. The DOS of alloys crystallized into
L2;-type configuration has no spin-polarized distribution, and the distributions of the DOS
for the two spin directions are completely symmetric. The zero-spin polarization and zero
net magnetic moment indicate all the nine alloys that crystallize into L2;-type configurations
are conventional AFMs. The DOS of alloys with XA-type configuration exhibit spin-
polarized distribution. This is because in non-centrosymmetric XA-type Mn,YZ and
CryYZalloys, Mn (or Cr) atoms at site A and B have different chemical environments,
which results in an asymmetric distribution of DOS for the different Mn (or Cr) atoms
and the DOS of these two Mn (or Cr) atoms cannot form a fully symmetric DOS without
spin polarization. Therefore, the total DOS shows spin polarization, which is similar to
Cl,-type Mn;Si. Therefore, alloys with XA-type structural configurations have a chance to
be HMFCF. However, not all selected alloys exhibit half-metallic and fully compensated
ferrimagnetic properties. XA-type Cr,NiGa has an energy gap in the spin-down channel,
but is far away from the Fermi level. Only XA-type CroNiGe, XA-type Mn,;CuGa, and
XA-type CrpZnGe have energy gaps near the Fermi level. Cr,NiGe has an Ny of 26, so M; is
not zero but 1.82 yp, which is basically consistent with M; = Ny — 28. The Ny of CrpZnGe
and Mn,CuGa are both 28, so M; is close to zero, and they can possibly form HMFCE. The
HMECEF properties of XA-type Cr,ZnGe have also been confirmed by other calculations.

Figure 10 shows the total energy differences between the tetragonal-distorted phase
and cubic phase (AE = E; (c/a) — Ejt (c/a = 1)) and total magnetic moment (M;), as
a function of c/a for alloys, including XA-type Cr;NiGa, XA-type Mn,CuGa, XA-type
Mn,CuGe, and L2;-type CrpCuZ (Z = Ga, Ge and Sn). XA-type Cr;NiGa has two en-
ergy minimums at ¢/a = 1 and c/a = 1.32 during the tetragonal distortion. The fact of
AE (c/a =1.32) < 0 indicates that the tetragonal phase is more stable than the cubic phase.
XA-type Mn;CuGa has no definite energy minimum in the range from 0.9 to 1.2 of c/a,
indicating that the cubic phase and tetragonal phase may coexist in the same condition.
XA-type Mn,CuGe has a stable tetragonal phase (c/a = 1.16) and a metastable cubic phase
(c/a=1). L2¢-type Cr,CuZ (Z = Ga, Ge and As) has an energy maximum at c/a =1 and
two energy minimums at c/a <1 and c/a > 1. These results indicate that the cubic phase
is an unstable state for L2;-type Cr,CuZ (Z = Ga, Ge and As), which is consistent with
the positive Er calculated for Cr,CuGa and Cr2CuAs (Figure 7). The tetragonal distortion
lowers the energy in the cubic phase and leads to a stable tetragonal phase, which has
a negative Ep. The tetragonal phase that is distorted from the XA-type cubic phase is
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non-centrosymmetric, resulting in the M; of the alloys being very sensitive to the lattice
distortion. The tetragonal phase that is distorted from the L2;-type cubic phase is still
centrosymmetric; thus, these alloys have very robust antiferromagnetic properties, with
respect to the tetragonal distortion.

Cr,NiGa Cr,NiGe Mn,CuGe

Cr,CuGe

DOS (states/eV)

Mn,ZnGe Mn,ZnGa

Mn,NiGa | [ (n) : Mn,NiAs

A uf(mk_._
A L
% l-" e
ALY
i |

Mn,NiGe

Energy (eV)

Figure 9. DOS per formula unit for both XA-type (yellow fill) and L2;-type (red dotted line) structure
configurations of (a) Cr,NiGa, (b) CryNiGe, (c) Mn,CuGe, (d) Cr,CuGe, (e) Mn,CuGa, (f) CrpZnGe,
(g) CryCuGa, (h) CryNiAs, (i) CrpZnAs, (j) MnyZnGe, (k) MnyZnGa, (1) Mn,ZnAs, (m) MnyNiGa,
(n) Mn;NiAs, (0) CrpZnGa, (p) MnyNiGe, (q) Mny;CuAs and (r) CrpCuAs.
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Figure 10. The total energy differences (black solid circle) between tetragonal-distorted phase and
cubic phase (AE = Eot (c/a) — Eyot (c/a = 1)) and the corresponding magnetic moment (red hollow
circle) as a function of ¢/a for (a) XA-type Cr,NiGa, (b) XA-type Mn;CuGa, (c) XA-type Mn,CuGe,
(d) L2;-type CryCuGa, (e) L2;-type Cr,CuGe, and (f) L2;-type CrpCuAs alloys. The zero point
corresponds to the energy in the cubic phase.

4. Conclusions

Due to the resulting zero net magnetic moment and high spin-polarization, HMFCFs
are promising materials for future spintronic technology. In this paper, we discussed the
phase stability, the site preference, the tetragonal distortion, and the influence of symmetry
from the crystal structure and the chemical environments of magnetic ions on the magnetic
properties of Mn, YZ and Cr,YZ (Y = void, Ni, Cu, and Zn; Z = Ga, Ge, and As) full-Heusler
alloys. We found that the selected Crp-based alloys, except for Cr,NiGa and Cr;NiGe,
prefer to crystallize into the centrosymmetric L2;-type structure, while the selected Mnj,-
based alloys, except for Mn;CuAs, Mn,ZnGe, and Mn,ZnAs, tend to crystallize into the
non-centrosymmetric XA-type structure. The distributions of the DOS in the selected alloys
under study are strongly dependent on the symmetry of the crystal structure and the
chemical environments of each Mn or Cr atom. Alloys with magnetic ions in different
chemical environments can achieve (fully) compensated ferrimagnetism, even when the
number of magnetic ions is even and less than three. The AFM state of Mny-based and
Cry-based alloys with centrosymmetric structure is very stable and cannot be destroyed
by changing Ny and tetragonal distortion, nor will spin-polarized DOS be generated. In
contrast, the M; of XA-type alloys with non-centrosymmetric structure depends heavily
on Ny, tetragonal, and generated spin-polarized DOS. These results indicate that the
magnetism, distribution of DOS, and spin polarizability of the non-centrosymmetric XA-
type alloys selected in this study are highly tunable. Therefore, the selected alloys with
L2;-type structure and their tetragonal-distorted structure are potential candidates for
conventional AFMs, while those with XA-type structure and their tetragonal-distorted
structure are promising candidates for (fully) compensated ferrimagnets.
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