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Highly spin-polarized electronic structure and
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Highly spin-polarized half-metals (HMs) and spin-gapless semiconductors (SGSs) are the promising
candidates in spintronic devices. However, the HM and SGS Heusler materials are very sensitive to the
stoichiometric defects and lattice distortion, which will be not beneficial to the practical applications.
Here, the electronic structure and magnetic properties of Mn, ,5C0oq 75AlL_xGe, (x = 0, 0.25, 0.50, 0.75
and 1.00) Heusler alloys were investigated by first-principles calculations. Large negative formation
energy, cohesive energy and phonon spectra confirm that the Mn, 25Coq 75Al _,Gey alloys are stable. It is
found that Mn,,5Cog75Al;_xGe, with x = 0, 0.25, 0.75 and 1.00 show robust ferrimagnetic HM
characteristics, while Mn5 >5C0q 75Alg 5sGeg s shows robust SGS characteristic. Under the hydrostatic and

uniaxial strains, Mn;»sCog75Al;_xGe, exhibit a series of rich electronic transitions. The magnetic
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Accepted 4th June 2020 anisotropy of Mn, »5C0q 75Al;_xGe, turns from the in-plane [100] direction to the out-of-plane [001] one
by applying the uniaxial strains. The results suggest that the complete spin polarizations of

DOI: 10.1039/d0ra03413d Mn, 25C00 75Al_xGey alloys are robust against the stoichiometric defects and lattice distortion, which
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1 Introduction

The half-metals (HMs)' and spin-gapless semiconductors
(SGSs)* with high spin polarization have been paid much
attention as the promising candidates in spintronic devices.
HM was firstly predicted in NiMnSb by de Groot et al.,> where
one spin channel is metallic and the other spin channel is
semiconducting. Thus, HM can provide 100% spin polarized
current. Up to now, HMs have been found in Heusler alloys,*”
diluted magnetic semiconductors,®® perovskite compounds,*>**
two dimensional materials,’*** zinc blende compounds,'>*®
nanowires,"” nanoribbons'' and nanotubes,* etc. SGS was
firstly theoretically proposed and experimentally verified in Co-
doped PbPdO,,** where one spin channel is semiconducting
and the other has an almost vanishing zero-width band gap at
Fermi level. SGSs have been widely observed in Heusler
alloys,** nanoribbons,* two-dimensional materials***” and
perovskite compounds,**?° etc. Both the electrons and holes in
SGS and HM are 100% spin polarized, where no threshold
energy needs to excite them from occupied states to empty ones.
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have potential applications in spintronic devices.

The special band structure of SGS leads to some unique prop-
erties, such as (i) high carrier mobility, (ii) tunable physical
properties by external influences, (iii) the coexistence of high
resistance and high Curie temperature, (iv) new spin injection
source to overcome the conductivity mismatch. HM can provide
the completely spin-polarized current, which is an ideal candi-
date in spintronic devices with high speed and low power
consumption. Therefore, HMs and SGSs are attractive in spin-
tronic devices, such as spin valves, spin diodes and spin
filters.>*-*

Heusler alloy is a remarkable class of intermetallic mate-
rials,*® which has attracted much attention due to highly
ordered atomic occupation and abundant atomic arrangement.
The general formula of full Heusler alloy is the L2, ordered X,YZ
(Cu,MnAl-type) with a space group of Fm3m, like Co,MnAlL>*
where X and Y are the transition metal elements, and Z are s—p
elements. The full Heusler structure has four formula units per
cubic unit cell with the atomic sequence X-Y-X-Z, two X occupy
the Wyckoff-positions namely A (0, 0, 0) and C (1/2, 1/2, 1/2)
sites, Y occupies B (1/4, 1/4, 1/4) sites and Z occupies D (3/4,
3/4, 3/4) sites, respectively. Generally, when X is less electro-
negative than Y, the atomic sequence changes to X-X-Y-7>"* as
Hg,CuTi-type, which is also known as the inverse Heusler alloy
with a space group of F43m, like Mn,CoAL***” When one of the X
atoms is removed, a Cl,-ordered half-Heusler structure XYZ
(MgAgAs-type) with a space group of F43m can be derived.
Further, when one of X atoms is replaced by another transition

This journal is © The Royal Society of Chemistry 2020
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metal element M, a quaternary Heusler alloys X-M-Y-Z
(LiMgPdSb-type) with a space group F43m is obtained.

Lots of HMs and SGSs have been found in experiment and
theory.*®*** HMs and SGSs in Heusler alloys attract much
attention due to the tunable electronic structures, high Curie
temperature,** simple preparation procedure®** and tunable
magnetic anisotropy energy (MAE),”>*° etc. However, the stoi-
chiometric defect in Heusler alloys can destroy the HM and SGS
characteristics, which usually happens during the preparation
of bulk materials and thin films. Meanwhile, the HM and SGS
characteristics can also be destroyed by lattice distortion due to
the temperature or pressure changes.”” Thus, the HMs and SGSs
verified in experiments are much less than that predicted
theoretically. Therefore, it is important to find the completely
spin-polarized HM and SGS which are robust against the stoi-
chiometric defects and lattice distortion. Additionally, the
substitution is an effective way to tailor the electronic struc-
ture,*®** where the first SGS was obtained by substituting Co
atom for Pd in PbPdO,.*** Ayuela et al. firstly reported that
Co,MnGa has a large spin-up density of states (DOS) at the
Fermi level, while spin-down density of states at the Fermi level
nearly vanishes, which results a high spin polarization despite
it's not completely spin-polarized.® In the further exploration
work, Varaprasad proved that the spin-polarization can be
definitely increased in Co,MnGa, sSn, 5 by substituting Sn atom
for Ga in Co,MnGa.®® Feng et al. found that Mn,Co, ;5Cr, »5Al
can maintain the half-metallicity even though the lattice
structure is disordered.®” Li et al. found that the magnetic
properties of Fe,N can be tailored by doping rare-earth
elements.®

Mn,CoAl Heusler alloy has attracted great attention since its
SGS behavior has been confirmed experimentally by Felser
et al* The complete spin polarization of SGS makes Mn,CoAl
a promising candidate in spintronic devices. However, the SGS
characteristics of Mn,CoAl were sensitive to the external strains,
dopants and atomic disorder. Jamer et al. reported that the
tetragonal distortion and atomic disorder which were intro-
duced in epitaxial growth destroyed the SGS characteristics of
Mn,CoAl film on GaAs substrate.® It is necessary to address the
issues of stoichiometry and chemical ordering of the sub-
lattices. Galanakis et al. and Chen et al. pointed that the atomic
swaps and Co-surplus during growth can destroy the SGS
characteristics of Mn,CoAL”>”* Mn,CoGe is another HM with
complete spin polarization.®” It was reported that the high spin-
polarized characteristics of Mn,CoAl and Mn,CoGe are robust
and insensitive to Mn—Co disorder.” In this work, the electronic
structure and magnetic properties of Mn, ,5C0, 7541, _,Ge, (x =
0, 0.25, 0.50, 0.75 and 1.00) alloys are investigated by first-
principles calculations. It is found that Mn, ,5C00 75Al;_,Ge,
alloys are stable, where the complete spin polarization is robust
against the stoichiometric defects and lattice distortion.
Meanwhile, the electronic structure and MAE of Mn, ,5C0¢.75-
Al;_,Ge, can be tailored by applying hydrostatic and uniaxial
strains. These results indicate that Mn, ,5C0, ;5Al; _,Ge, alloys
have the potential applications in spintronic devices for spin
filter, high-density magnetic recording media etc.
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2 Calculation details

The calculations are performed by Vienna Ab initio Simulation
Package based on density functional theory.”’* The exchange
correlation functional selects the Perdew-Burke-Ernzerhof”
under generalized gradient approximation.”® The projector
augmented wave’” method is used to describe the interaction
between electrons and ions. The energy cutoff for plane-wave
basis set is 500 eV. The valence electrons of Al, Mn, Co and
Ge are 3s3p", 3d°s’, 3d®4s’ and 4s’4p®, respectively. The
Brillouin zone integration is performed using Monkhorst-Pack
of 13 x 13 x 13. The convergence criteria of the energy and
atomic force are set to 1 x 10~ eV per atom and 1 x 10 % eV
A%, respectively. Phonon spectrum is calculated by PHONOPY
code” for Mn, ,5C0, 75Al; _,Ge, (x =0, 0.25, 0.50, 0.75 and 1.00).
Electronic structure and magnetic properties are calculated by
considering the hydrostatic and uniaxial strains. The hydro-
static strain is defined as

ew = (a — ag)lag x 100%. (1)
The uniaxial strain is defined as
& = alc x 100% (2)

where a, is the lattice constant of the equilibrium unit cell,
a and c are the lattice constants of the strained unit cell along
[100] and [001] direction, respectively.

The MAE is obtained based on the magnetic force theorem
method.” In order to get the reliable results, we have improved
the accuracy of the MAE calculations with a much denser
Monkhorst-Pack 32 x 32 x 32 k point meshes in the Brillouin
zone.* Firstly, the accurate collinear calculation in the ground
state is performed with 32 x 32 x 32 Monkhorst-Pack k point
meshes. Then, the spin-orbital coupling is taken into account
non-self-consistently to calculated the energy for [001] and [100]
directions of the magnetic moment. Finally, MAE is calculated
from the energy difference between the magnetic moment
aligning along [001] and [100] directions,* which can be written
as

MAE = E[()()]] - E[]()()] (3)

where Ejgo1] and E[1o0] represent the total energy of the systems
with magnetic moments along [001] and [100] magnetic direc-
tion, respectively. In order to obtain the orbital-resolved MAE,
MAE on the orbital 4 of atom i is defined as®***%

MAE;; = E°! — Ej) (4)

where E9°" and El}°° represent the energy contribution from
atom i and orbital A as the magnetic moments aligning along
[001] and [100] direction. The MAE of atom i is calculated by

MAE, = Y ‘MAE; (5)
A
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The sum of MAE; over all of the atoms in the same atomic
layer is the layer-resolved MAE.

3 Results and discussion
3.1 Lattice structure

In inverse Heusler alloy Mn,CoAl, Mn atoms occupy the
Wyckoff-positions A (0, 0, 0) and B (1/4, 1/4, 1/4), which are
labeled as Mn(A) and Mn(B), respectively. Co and Al atoms
occupy C (1/2, 1/2, 1/2) and D (3/4, 3/4, 3/4), which are labeled as
Co(C) and Al(D), respectively. So, the atomic sequence of Mn,-
CoAl is Mn-Mn-Co-Al, as shown in Fig. 1(a). In order to
construct Mn, ,5Co, 54l _,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00)
alloys, Co and Al atoms in Mn,CoAl are consecutively replaced
by Mn and Ge. In a supercell with 4 formula units, 1 Co atom is
substituted randomly by Mn and 0-4 Al atoms are substituted
randomly by Ge. Fig. 1(b)-(f) show the atomic structure of
Mn, ,5C00.75Al; _,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00) alloys.
Fig. 1(g) shows the dependence of calculated total energy on
lattice constant of Mn,CoAl and Mn, ,5C0, ;5Al; ,Ge, (x = 0,
0.25, 0.50, 0.75 and 1.00) alloys. The optimized equilibrium
lattice constants are summarized in Table 1. In Fig. 1(g) and
Table 1, the equilibrium lattice constant of Mn,CoAl is 5.73 A,
which is consistent with the previous results.®*** The equilib-
rium lattice constants are 5.75 A and 5.74 A for Mn, ,5C0g 75
Al;_,Ge, (x = 0 and 0.25) and Mnj, »,5C0, ;5Al; _,Ge, (x = 0.50,
0.75 and 1.00), respectively. The small variation of the equilib-
rium lattice constants can be ascribed to the similar atomic
radius of Co and Mn atoms, as well as Al and Ge atoms.

3.2 Electronic structure and magnetic properties

Fig. 2 shows the spin-resolved band structure of Mn,CoAl and
Mn, »5C00 754l _,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00) alloys at
the equilibrium lattice constant. It is found that the Mn,CoAl
and Mn, ,5Co, s5Al; _,Ge, (x =0, 0.25, 0.50, 0.75 and 1.00) alloys
show a semiconducting characteristic with a distinct energy gap
in the spin-down channel (Fig. 2). The gap between the valence
band maximum (VBM) and conduction band minimum (CBM)
appears at G point of Brillouin zone (BZ), which is 0.384, 0.366,

° o o © o °
Mn (A) Mn (B) Mn (C) Co (C) Al (D) Ge (D)
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0.308, 0.234, 0.201 and 0.238 eV for Mn,CoAl and Mnj, ,s-
Coy.754l;_,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00), respectively.
However, the spin-up band structure of Mn, ,5C0q 75Al; _,Ge, is
different from Mn,CoAl. In Mn,CoAl, the VBM at G exactly
touches the bottom of the CBM at X, which is a typical indirect
zero-width gap at Fermi level in spin-up channel. So, Mn,CoAl
shows the SGS characteristics, which is in well agreement with
the previous results.*® In Fig. 2(d), the band structure of
Mn, ,5C0q 75Aly.5Geys shows the similar characteristics to
Mn,CoAl, which is also a SGS candidate at its ground state.
However, in Mn; 55C0¢.75Al, Mn, 55C00.75Al.75G€0.25, My 55
Cog.75Alg 25Geg 75 and Mn, ,5Co, 75Ge, Ge substitution leads to
continuous bands across Er in spin-up channel, so all of them
are HMs. Thus, the Mn, ,5C0, 75Al; _,Ge, (x = 0, 0.25, 0.50, 0.75
and 1.00) alloys are completely spin-polarized. A new kind of
materials with complete spin polarization is predicted, which
are robust against the stoichiometric defects.

Next, the effects of doped Mn and Ge on the band structure
will be discussed in details. In Fig. 2(b), the partial Mn doping
in Mn, ,5C0 75Al creates a dense energy level around Fermi
level and pushes the zero energy gap in spin-up channel to
higher energy direction, resulting in a metallic characteristic in
spin-up channel. So, the SGS characteristics disappear.
However, the zero-width energy gap in the spin-up channel still
exists in a higher energy region above Er in Mn, »5C0, 75Al. It
was expected that, with further doping of Ge, Er should grad-
ually shift towards to the conduction band edge. At x = 0.5, Ex
exactly locates at the zero-width gap in Mn, ,5C0.75Aly 5Gey 5,
showing a SGS characteristic. With further Ge substitution, Eg
continuously shifts to a higher energy. Finally, the energy gap
shifts below Ep in Mn, ,5C0g 754l ,5Gey -5 and Mn, ,5C0 75Ge,
which results in the HM characteristics.

The total DOS of Mn,CoAl and Mnj, ,5C0g 75Al; _,Ge, (x = 0,
0.25, 0.50, 0.75 and 1.00) have been shown in Fig. 3. In Fig. 3,
one can clearly see that the semiconducting band gaps appear
in spin-down channels of the Mn,CoAl and Mn, ,5C0¢ 75Al; _,-
Ge, (x =0, 0.25,0.50, 0.75 and 1.00) alloys. However, the spin-up
electronic states go across Fermi level for all alloys, showing the
HM characteristics with 100% spin polarization. In Mn,CoAl

-0-Mn,CoAl
O -O-| an 2:C0, 75A|
i an ZECDU 75 Y. YSGe\) 25
- -Mn,,,Co, Al ,Ge, ;
-0-Mn, ,.Co, ,,Al, 2:_.Ge

F \O -<>an ,:C0, 75Ge
! AA OWO N
__ AA&ZMA&A/

2

\<>DDDEIIII|D /

OF e

| IR T NS S|
55 56 57 58 59
Lattice constant (A)

Fig.1 Lattice structure of (a) MHZCOAL (b) Mn2_25COQv75Al, (c) Mn2_25COO_75AlQV75GeOV25, (d) Mn2_25COOv75Al0v5GeO_5, (e) Mn2_25COO_75Alov25Geov75 and
(f) M, 25C00 75Ge. (g) Lattice constant dependent total energy of Mn,CoAl and Mn; ,5Coq 75AlL_Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00).
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Table1 Optimized equilibrium lattice constant ao (A), total magnetic moment Mo, (ug per cell) and atomic magnetic moments M, (ug per atom),
formation energy E¢,, (€V) and cohesive energy E.op, (V) of Mn,CoAl and Mn; 55C0oq 75Al _Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00)

Alloys ao Mot Myin(a) Myins) Myin(c) Mco(c) Mpp) Mge() Efor Econ
Mn,CoAl 5.73 2.00 —1.54 2.63 — 0.95 —0.01 — —1.59 —15.77
Mn, ,5C0,.55Al 5.75 1.50 —1.59 2.67 —1.15 0.94 0 — —1.44 —15.24
Mn, 55C00.75Alp.75G€0 25 5.75 1.75 —1.43 2.71 —0.93 0.93 0 0.03 —1.45 —14.01
Mn, »5C00.55Aly sGeg 5 5.74 2.00 —1.23 2.73 —0.69 0.89 0 0.02 —1.44 —12.78
Mn, 55C00.75Alp.25G€0 75 5.74 2.25 —1.01 2.75 —0.59 0.88 0 0.02 —1.41 —11.51
Mn, »5C0p.,5Ge 5.74 2.50 —0.82 2.78 —0.69 0.87 — 0.02 ~1.36 —10.22
(a) Mn,CoAl (b) Mn, ,.Co, Al () Mn,,.Co, Al Ge, (a) Mn,CoAl o (b) Mn, ,.Co, Al
2 2 ‘ r I
St s 2N J 15 1 1ol AR Asp Akl
= 0 [ __an .andiiid i, A q - 0 [ g L !
S C [
1 g s WM W as -W
g -10 P T . 230 I B TN
= (c) Mn,,.Co, Al ..Ge (d)Mn,_.Co Al Ge
0 i)) 30 2.25‘ 0.75" 70.75 0.25 30 . 225 ‘ 075" 705 05
S 15 R Auba [15F A,
p % 0 fismanm . | e
s B -15 W “sF
= S 30 ————— — 30 —————
ﬂ.ll_] _ZW ‘é‘ 0 (e) MnZ 25000 75A|0 ZSGeO 75 30 (f) MnZvZSCOOJSGe
- (d) Mn,.Co, Al Ge,, (e)Mn,,Co, Al ,Ge 8 5L bl 15[ A
%2 0-"7\’v, A/ 07
i -15 -W -15 W
1 30 N B B A s .30 R B B s
-6 -4 -2 0 2 -6 -4 -2 0 2
Energy E-E_ (eV)
Fig. 3 Total DOS of (a) Mn,CoAl (b) Mn, »5C0q 75Al, (c) M, 25C0q 5-
Alp.75Go.25, (d) Mn225C00.75Alp.5Geo 5. (€) MN2 25C00 75Al0 25Geo 75 and
(f) Mn25C0075Ge. The positive and negative values represent the
5 B A < spin-up and spin-down channel, respectively.
“GZ TY GSR z2F

Fig.2 Spin-resolved band structure of (a) Mn,CoAL (b) Mn; »5C0oq 75Al
(€) Mn;25C00.75Al0.75Ge0 25, (d) Mn225C0075Al05Geo s, (€) Mg os-
COo_75Alo_szeo_75 and (f) Mﬂz_zsCOo]sGe at equilibrium lattice
constant. The orange and blue lines represent the spin-up and spin-
down channels, respectively.

and Mn, ,5C0y 754l 5Gey 5, Er just falls into a zero-width energy
gap, yielding a SGS nature. By comparing Fig. 3(a) with Fig. 3(b),
it can be seen that the dense states appear around Ey in spin-up
channel, which can attribute to the doped Mn. The slight Ex
shift along the energy axis can be ascribed to the contribution of
the doped Ge.

Fig. 4 shows the partial DOS of d components for Mn(A),
Mn(B), Mn(C) and Co(C), as well as s/p states of Al(D) and Ge(D).
It is found that a strong hybridization appears between the
transition-metal atoms. In Fig. 3 and 4, three peaks occur in the
spin-up channel. Two peaks of them locate in a lower energy
region, which can be ascribed to the bonding states of Mn(B)
and Co(C) sites. The peak at a higher energy region is mainly
composed of the antibonding states of Mn(A) and Mn(C) atoms.
In Mn, »5C0y 75Al;_,Ge,, two sharp peaks appear around Fermi
level, where is a zero gap in Mn,CoAl. These two peaks mainly
come from the doped Mn(C) atom and move to a lower energy
by doping Ge atoms. In the spin-down channel, the large band
gap near Ey is kept for the Mnj, ,5C0, 75Al; _,Ge, (x = 0, 0.25,

This journal is © The Royal Society of Chemistry 2020

0.50, 0.75 and 1.00). A strong covalent hybridization happens
between the d states of Mn(A), Mn(B), Mn(C) and Co(C) atoms,
resulting in the formation of the bonding and antibonding
bands separated by the gap. Similar to Mn,CoAl, in the
Mn, ,5C0, 75Al; _,Ge,, the situations of Mn(A), Mn(C) and Co(C)
atoms are different from Mn(B) atom. The partial DOS of Mn(A),
Mn(C) and Co(C) have a similar gap width, while the Mn(B)
atom has a larger gap width. Hence, the actual gap width in
Mn, ,5C00.75Al; _,Ge, alloys is mainly determined by Mn(A),
Mn(C) and Co(C) atoms. The occupied bonding states at a lower
energy region and unoccupied antibonding bands at 0.5-1.0 eV
can be mainly attributed to Mn(A), Mn(C) and Co(C). The peak
around 1.3 eV mainly arises from the antibonding nature of
Mn(B) atom. Thus, the doped Mn(C) atom has a strong covalent
hybridization with the other transition-metals in Mn, ,5C0¢ 75-
Al,_,Ge,, which has an evident influence on the electronic
states around Er. Whereas, the doped Ge atoms mainly
contribute more valence electrons in a lower energy region and
push the Eg to a higher energy direction.

The total and atomic resolved magnetic moments of Mn,-
CoAl and Mn, ,5Co, 75Al; _,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00)
are listed in Table 1. The total magnetic moment of Mn,CoAl
and Mn, ,5C0, 75Al; _,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00) per
unit formula is 2.00, 1.50, 1.75, 2.00, 2.25 and 2.50 ug,

RSC Adv, 2020, 10, 22556-22569 | 22559
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Density of states (electrons/eV)
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——Mn(A)—Mn(B) —Mn(C) —Co(C) — Al(D) — Ge(D)

Fig. 4 Partial density of states (PDOS) of (a) Mn,CoAl (b) Mn ,s-
Cog75AL (€) Mnz25C00.75Al0.75Geg 25, (d) M2 25C00 75Al0 5Gep s, (€)
Mﬂ2_25COo_75Alo_szeo_75 and (f) Mn2_25Coo_7SGe. The dark blue, brown,
pink and orange lines represent the d orbitals of Mn(A), Mn(B), Mn(C)
and Co(C) atoms, respectively. The red and light blue lines represent
the s and p orbitals of Aland Ge, respectively. The positive and negative
values represent the spin-up and spin-down channel, respectively.

respectively. The change of magnetic moments obeys the Slater-
Pauling rule of M, = Z, — 24, where M, is the total magnetic
moment and Z, is the number of valence electrons. Fig. 5 shows
the variation of magnetic moments of Mn(A), Mn(B), Mn(C),
Co(C) and total magnetic moments per formula unit of
Mn, ,5C0, 75Al; _,Ge, at different x. In Fig. 5, it is found that the
total magnetic moment of Mn,,5C075Al;_,Ge, almost
increases linearly with Ge concentration, which can be ascribed
to the decrease of the negative magnetic moments of Mn(A) and
Mn(C) atoms. The magnetic moment of Mn(A) is antiparallel to
that of Mn(B) and Co(C) atoms, but is parallel to Mn(C) atom.
Mn(A) and Mn(C) atoms contribute the negative magnetic
moments, while Mn(B) and Co(C) atoms contribute the positive

8 o—O—0—0—=
2_
>
=1
fllo—o—o o o
€
6 -0 Total
€ Mn(A
S 0 +<-Mn(B
2 Mn(C
] | =O— Co(C)
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Fig. 5 Calculated total (per formula unit) and atomic magnetic
moments of Mn, >5Cog 75Al_Ge, at different x.
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values. Mn(B) is the main contributor to the total positive
magnetic moments. At different Ge concentrations, the positive
magnetic moments of Mn(B) and Co(C) almost remain
unchanged. However, the negative moments of Mn(A) and
Mn(C) decrease with the increase of Ge concentration.
Combined with Table 1, it can be found that the variations of all
the Mn and Co atomic magnetic moments are negligible when
Al concentration was fixed as 100% (Mn,CoAl and Mnj ,s5-
Coy.75Al). However, the substitution of nonmagnetic Ge atom
affects the magnetic moments of Mn(A) and Mn(C) appreciably.
As discussed in Fig. 3 and 4, the doped Ge atoms mainly
contribute more valence electrons in a lower energy region,
which leads to an increasement of the occupied states and
pushes the Eg to the higher energy direction. From Fig. 4, it can
be seen that there is a clearly unoccupied antibonding peak
above the Ey in the spin-up channel for Mn, ,5C00 75Al; _,Gey,
which is mainly composed of the antibonding states of Mn(A)
and Mn(C) atoms. Therefore, with the increasing Ge concen-
tration in Mn, ,5Co, 75Al; _,Ge,, the antibonding states of Mn(A)
and Mn(C) move to lower energy region and the spin-splitting of
Mn(A) and Mn(C) atoms will be reduced, which leads to the
obviously reduction of Mn(A) and Mn(C) magnetic moments. In
addition, the magnetic moments of Al and Ge atoms are
comparatively negligible. So, Mn,CoAl and Mn, »5C0g 75Al; -
Ge, are ferrimagnetic HM/SGS materials with complete spin
polarization.

In order to investigate the effects of spin-orbit coupling
(SOC), the electronic structure of Mn,CoAl and Mn, ,5C0g ;5-
Al ,Ge, (x =0, 0.25, 0.50, 0.75 and 1.00) is also calculated by
considering SOC, as shown in Fig. S1.f It is found that SOC does
not affect the HM/SGS characteristics of Mn,CoAl and Mn, ,5-
Coy.75Al;_,Ge,. Only some degenerated states are split into
several singlet states at the high symmetry points. Thus, in the
next sections (except for the MAE results), SOC also has not
been considered.

Owing to the special band structures, the HM and SGS
characteristics are sensitive to the stoichiometric defects, which
usually happen during the preparation of Heusler bulk mate-
rials and thin films. Jamer et al. found that the atomic disorder
which was introduced in epitaxial growth destroyed the SGS
characteristics of Mn,CoAl films.*® Galanakis et al. and Chen
et al. reported that Co-surplus and atomic swaps during growth
also lead to the vanishing of the SGS characteristics in Mn,-
CoAL7*"* Zhou et al. found that the substitution of Al by Si in
Ti,NiAl Heusler alloy destroyed its HM characteristics.*
However, the present results clearly show that the Mn, ,5-
Coy.75Al,_,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00) alloys are new
ferrimagnetic HM or SGS materials with 100% spin polariza-
tion, which is stable against the stoichiometric defects. The
robust complete spin-polarization of Mn, ,5C0q ;5Al;,Gey
alloys makes them series promising candidates for the practical
applications in spintronics devices.

3.3 Structure stability

It is necessary to check the structure stability of the alloys.
Firstly, the formation energies (E,) of Mn,CoAl and

This journal is © The Royal Society of Chemistry 2020
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Mn, »5C00 75Al; _,Ge, (x =0, 0.25, 0.50, 0.75 and 1.00) have been
calculated based on the following formula

Efor _ Etotal _ ZER/lllrllk _ EE):l‘ljlk _ Ekllllk (6)

Epor = E°™ — 225ERMN — 0.75E20% — (1 — x)EXY™ — xEQY*(7)
where E©®@! is the total energy of Mn,CoAl and Mn, ,5C0, 75
Al, ,Ge,, ERulk pbulk  pbulk 5nd EBUK are the total energy of Mn,
Co, Al and Ge, respectively. The calculated E,, of Mn,CoAl and
Mn, ,5C00 75Al; _,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00) is —1.59,
—1.44, —1.45, —1.44, —1.41 and —1.36 eV, respectively, as listed
in Table 1. The negative formation energy indicates that Mn,-
CoAl and Mn, ,5Co, 75Al; _,Ge, are expected to be stable. Then,
the cohesive energy (E.o,) are calculated by

Econ = E™ — 2ENfy — E& — EXY 8)
Eon = E°™ — 225E8f, — 0.75E& — (1 — 0)ER — xER  (9)

where E°“! are the total energy of Mn,CoAl and Mn, ,5C0 75-
Al;_,Ge,. B, ESS, Ei° and ES2 are the isolated atomic energies
of Mn, Co, Al and Ge, respectively. The cohesive energies of
Mn,CoAl and Mn, ,5Co, ;5Al; _,Ge, (x = 0, 0.25, 0.50, 0.75 and
1.00) are —15.77, —15.24, —14.01, —12.78, —11.51 and
—10.22 eV, respectively. The large negative cohesive energy
indicates that the alloys are stable due to the high energy of the
chemical bonds.

Furthermore, the phonon spectra of Mn,CoAl and Mn, ,s-
Cog 75Al;_,Ge, at equilibrium lattice are shown in Fig. 6.
Evidently, the spectra of all the alloys have no imaginary
frequencies, which means that Mn,CoAl and Mn, ,5C0¢.75-
Al _,Ge, (x =0, 0.25, 0.50, 0.75 and 1.00) are dynamical stable.
The structure stability indicates that Mn,CoAl and Mn, ,5-
Coy.75Al;_,Ge, (x =0, 0.25, 0.5, 0.75 and 1.00) may be realized in
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Fig. 6 Phonon spectrum of (a) Mn,CoAl, (b) Mn,,5C0oq75AL (C)
Mn; 25C00 75Al0 75Geg 25, (d) M3 25C00 75Al0.5Ge0 5, (€) MNZ 25C00 75~
Alp 25Geg 75 and (f) Mn, 25Coq 75Ge.
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experiments. Fortunately, the Mn,CoAl bulk and thin films have
been successfully fabricated in experiments and proved to be
SGS in previous reports.®”%%%3

3.4 Effects of hydrostatic and uniaxial strains

It was known that the lattice deformation usually occurs during
the film growth on different substrates. According to the
previous theoretical and experimental results,*” the electronic
structure and magnetic properties of Heusler alloys are tunable
under the hydrostatic (e,) and uniaxial (¢;) strains. Owing to the
varying of the lattice constant, the inter-atomic hybridization
interaction and intra-atomic exchange interaction between
transitional metal elements will be affected, which will influ-
ence the energy dispersion of the valence and conduction bands
in the two spin directions. Here, the hydrostatic and uniaxial
strains effects on Mn,CoAl and Mn, ,5C0, 754l _,Ge, (x = 0,
0.25, 0.50, 0.75 and 1.00) are considered in the calculations.
Fig. 7(a)-(i) show the location and width of the band gaps in
spin-down channel of Mn,CoAl and Mn, ,5C0y ;5Al; _,Ge, (x =
0, 0.25, 0.50, 0.75 and 1.00) under hydrostatic and uniaxial
strains, where the top of the bar represents the CBM location,
the bottom of the bar represents the VBM location and the
height of the bar indicates the bandwidth. In Fig. 7(a)-(f), the
hydrostatic strain (&,) is considered from —6% to 6% in Mn,-
CoAl and Mn, ,5Coy 75Al; _,Ge,, where the positive and negative
&, represent the tensile and compressive strains, respectively. In
Fig. 7(a)-(f), the HM or SGS characteristics of Mn,CoAl and
Mn, ,5C0y.75Al; _,Ge, are quite robust against the varying e,.
The half-metallic properties of Mn, ,5C0,.75Al; ,Ge, (x = 0,
0.25, 0.75 and 1.00) can be maintained in the ¢, range of —4-
5%, —2-5%, —4-2% and —2-3%, respectively. The SGS prop-
erties of Mn,CoAl and Mn, ,5C0, 75Aly 5Geg s can be kept in the
&y range of —5-2% and —1-4%, respectively. The wide ¢, ranges
where Mn,CoAl and Mn, ,5Co, 75Al; _,Ge, can keep the HM and
SGS characteristics indicate the robust stabilities of their HM
and SGS properties. In Fig. 7(a)-(f), one can see that not only the
gap width changes with the hydrostatic strains, but also the
location of the gaps shift to lower or higher energy region. As
a result, the rich electronic structure can be derived in Mn,CoAl
and Mn, ,5Co, 75Al;_,Ge, alloys. It should be noted that, for
Mn,CoAl, the spin direction of the conducting channel also
changes with the hydrostatic strains. In Fig. 7(a), one can see
that Mn,CoAl undergoes HM with spin-up as conducting
channel (¢, = —6%, as shown in Fig. 7(m)) — ferromagnetic
semidoncuctor (FSC, ¢, = —5%, as shown in Fig. 7(n)) — SGS
with spin-down as conducting channel (in the ¢, range of —4-
2%) — HM with spin-down as conducting channel (in the &,
range of 3-6%) transitions with the varying hydrostatic strains,
which is consistent with the previous result.*® For Mn, ,s-
Coy 754l _,Ge, alloys, Mn, ,5C0, ;5Al undergoes HM — general
ferrimagnetic metal (GFM) — HM — GFM transitions
(Fig. 7(b)). In Fig. 7(c), Mn, 55C00 754l 75Geg 25 undergoes GFM
— HM — GFM transitions. In Fig. 7(d), Mnj, ,5C0q.75Aly 5G€g 5
undergoes GFM — HM — SGS — GFM transitions. In Fig. 7(f),
Mn, ,5C0y 75Ge undergoes HM — GFM — HM — GFM tran-
sitions. Particularly, Mn, ,5C0q ;5Aly 25G€o 75 alloy can transfer
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Fig. 7 Spin-dependent band gap, valence band maximum and conductance band minimum of Mn,CoAl and Mn; >5C0oq 75Al; _,Ge, (x = 0, 0.25,
0.50, 0.75 and 1.00) under the (a)—-(f) hydrostatic (e,) and (g)—(l) uniaxial (¢;) strains. Fermi level is labeled by the horizontal lines. The orange, grey,
and blue bars represent HM, SGS and general ferromagnetic metal, respectively. Spin-resolved band structure of (m) Mn,CoAl at ¢, = —6%, (n)
Mn,CoAl at ¢, = —5% and (0) Mn, >5C0q 75Alg 25Geg 75 at &, = 5%. The orange (blue) line represents spin-up (spin-down) channel.

from a HM to another HM with band gaps in opposite spin
channels, which is similar to that of Mn,CoAl. Namely, in
Fig. 7(e), Mn, »,5C0¢ 754l 25Gey 75 undergoes HM with spin-up as
conducting channel (¢, = —6%) — GFM (¢, = —5%) — HM
with spin-up as conducting channel (in the ¢, range of —4-2%)
— GFM (in the ¢, range of 3-4%) — HM with spin-down as
conducting channel (¢, = 5%, as shown in Fig. 7(0)) — GFM (¢,
= 6%) transitions, which can be derived from the different
responses of the spin-up and spin-down electrons under
strains. This rich electronic structures transition indicates that
the spin polarization can be manipulated via applying external
pressure and the polarized current direction of the spintronic
devices may be inversed under extra influence, which will be
good spintronics candidates used in pressure involved fields.
The diverse and tunable electronic structures of Mn,CoAl and
Mn, »5C00.75Al;_,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00) make
them quite promising to realize the relative spintronic appli-
cations in the future.

The effects of uniaxial strains (¢ on the electronic structure
of Mn,CoAl and Mn, ,5Co, 75Al; _,Ge, (x = 0, 0.25, 0.50, 0.75
and 1.00) are also investigated. In Fig. 7(g)—(1), the HM or SGS
characteristics of Mn,CoAl and Mn, ,5C0,.75Al; ,Ge, (x = 0,
0.25, 0.50, 0.75 and 1.00) are robust to the uniaxial strains. The
HM properties of Mn, ,5C0, ;5Al; _,Ge, (x = 0, 0.25, 0.75 and

22562 | RSC Adv,, 2020, 10, 22556-22569

1.00) can be preserved in the ¢ ranges of —6-9%, —5-8%, —5-
5% and —5-7%, respectively. The SGS properties of Mn,CoAl
just can be kept in a relative narrow ¢, range of —2-2%, but it
turns into HM at other ¢. It has been found that the SGS
characteristic of Mn,CoAl films on GaAs was destroyed when
a tetragonal distortion was introduced during the epitaxial
growth.®® However, the SGS characteristic of Mn, ,5C0¢ 75Al, 5-
Geg 5 can be kept in a wide ¢ range of —3-6%, which is better
than Mn,CoAl for practical applications. All of the alloys exhibit
the electronic transitions under the uniaxial strains, as shown
in Fig. 7(g)-(1). Namely, Mn,CoAl undergoes the transition of
HM — SGS — HM under the uniaxial strains, as shown in
Fig. 7(g). Mn, ,5C0, 75Al undergoes a GFM — HM transition, as
shown in Fig. 7(h). Mn, »5C0y 754l 75Gey 25 undergoes the GFM
— HM transition as shown in Fig. 7(i). Mn, ,5C0q 754l 5Geg 5
undergoes the transition of HM — SGS — GFM (Fig. 7(j)).
Mn, ,5C0p.75Alp 25Ge 75 undergoes the transition of GFM —
HM — GFM (Fig. 7(k)). Mn, ,5Co0, ,5Ge undergoes a GFM —
HM transition (Fig. 7(1)). In Fig. 7(g)-(1), both the CBM and VBM
shift towards Fermi level under the uniaxial strains, which
results in the decrease of the bandwidth. The maximum
bandwidth of Mn,CoAl and Mn, ,5Co, 75Al; _,Ge, appears at the
ground state (&, = 0%).

This journal is © The Royal Society of Chemistry 2020
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The lattice deformation usually occurs during the film
growth on different substrates, which may serve to destroy
the HM and SGS properties. As reported by Jamer et al., the
SGS characteristics of Mn,CoAl film on GaAs substrate were
destroyed because the tetragonal distortion was introduced
during epitaxial growth.®® However, the HM and SGS char-
acteristics of Mn, ,5C0,.75Al; ,Ge, (x = 0, 0.25, 0.50, 0.75
and 1.00) alloys are quite robust against the lattice distor-
tions. Furthermore, the electronic structures of them can
be tailored by the hydrostatic and uniaxial strains, which
are beneficial to design the novel flexible spintronic
devices.

3.5 Magnetic anisotropy

Ferromagnetic materials with the high magnetic anisotropy
have attracted much attention for application in high-density
magnetic recording media and nonvolatile magnetoresistive
random access memory. The MAE of Mn,CoAl and Mnj,,s-
Coo.75Al;_,Ge, (x = 0, 0.25, 0.50, 0.75 and 1.00) at the ground
state is calculated. However, the calculated results show that the
MAEs of all these alloys are nearly zero due to the cubic struc-
ture. Generally, the anisotropy of the ferromagnet is a combined
effect of SOC and electrostatic crystal-field interactions.
However, in cubic environments, cubic crystal-field states of 3d
wave function are nearly quenched, which will lead to a zero
MAE. Under the uniaxial strain, the cubic symmetry of Mn,CoAl
and Mn, ,5C0y.75Al; _,Ge, turns into the tetragonal symmetry,
which can result in asymmetrical crystal field to enhance the
magnetic anisotropy. Fig. 8 shows the MAEs of Mn,CoAl and
Mn, ,5C0, 75Al; _,Ge, at different uniaxial strains. Here, the
negative MAE represents the magnetic easy axis along [001]
direction (out of plane direction), and the positive one means
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(f) Mn, »5Cog 75Ge at different uniaxial strains.
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the magnetic easy axis along [100] direction (in-plane direction).
In Fig. 8, the similar trend appears in all the alloys at different
uniaxial strains. By applying the uniaxial strain, the positive
MAE turns into negative one, where MAE is positive at
compressive strains and negative at tensile strains. Therefore,
the magnetic anisotropy of the alloys can be tailored from in-
plane direction to perpendicular one by applying the uniaxial
strains. Meanwhile, the MAE value almost linearly increases
with the increased compressive or tensile strain. Mn, ,5C0g_75-
Aly »5Gep 75 shows the biggest MAE at the uniaxial strain of —9%
and 9%, which are 0.92 meV per unit cell and —0.88 meV per
unit cell, respectively.

In order to further analyze the origin of the strain-dependent
MAEs of Mn, ,5C0 75Al;_,Gey, the layer and atom-resolved
MAEs are calculated. Since the alloys show the similar MAE
profiles (Fig. 8), only the layer and atom-resolved MAE of
Mn, »5C0¢.75Al 25Geg 75 is shown to discuss the MAE's origin, as
shown in Fig. 9. The atom-resolved MAEs of Mn,CoAl and
Mn, ,5C0, 754l _,Ge, (x = 0, 0.25, 0.5, 1.00) have been shown in
the ESI Fig. S2.1 Owing to the element substitution and lattice
distortion, the lattice symmetry is reduced, which results in
different kinds of Mn(A), Mn(B) and Co(C) atoms, as shown in
the inset of Fig. 9(a). The contribution of different Mn(A), Mn(B)
and Co(C) atoms to MAE is different from each other. In
Fig. 9(a), I/IV and II/III layers of the cubic Mn, 55C0¢ 75Alp 25
Gey. 75 (6. = 0%) exhibit a minor opposite MAE, which leads to
a nearly zero MAE. The zero MAE mainly comes from the minor
opposite MAE of Mn(A2) atom in I-layer and Mn(A3) atom in III-
layer, as shown in Fig. 9(b). However, at &, = —6%, MAE of each
layer becomes positive, where the MAE of I- and IlI-layers
significantly increases. The positive MAE can mainly be
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Fig. 9 (a) Layer- and (b) atomic-resolved MAE of Mn; »5C0g 75Alg 25-

Geg 75 at a uniaxial strain of —6%, 0% and 6%. The inset of (a) shows the
atomic structure of Mn, »5C0q 75Alg 25Geq 75, Where 1-1V refers to the
layer numbers.
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attributed to Mn(A2) and Co(C2) atom in I-layer, Mn(C) and
Co(C3) atoms in IlI-layer. Mn(A3) atom in IlI-layer contributes
a relatively small negative MAE. So Mn, »5C00 755i9.25G€¢.75
exhibits the in-plane magnetic anisotropy at ¢ = —6%. At & =
6%, every layer contributes a negative MAE, where Co(C1),
Co(C2), Mn(A3), Mn(C) in I-, IlI-layers gives much contribution.
Thus, the magnetic easy axis turns from the in-plane direction
into the out-of-plane one.

MAE (meV) MAE (meV) MAE (meV) MAE (meV) MAE (meV)

MAE (meV)

View Article Online
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Based on the second-order perturbation theory,** MAE can
be defined as

MAE &2 (Yol L)’ — [(Wol Lol
' E,—E,

(10)

where ¢, and ¥, indicate the occupied and unoccupied states
with the energies E, and E,, respectively, L*, and L*, are the
orbital angular momentum operators with the magnetization

Fig. 10 Orbital-resolved MAE of Mn(A2), Co(C1), Co(C2) atoms in |-layer and Mn(A3), Mn(C), Co(C3) atoms in IlI-layer of Mn; »5C0q 75Alg 25Geg 75

at (a) e, = —6%, (b) &g = 0%, and (c) & = 6%.
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along [001] and [100] directions, ¢ is the SOC constant. MAE
depends on the nonzero coupling matrix element between the
occupied and unoccupied states. The hybridizations between
different orbitals can be used to analyze the origin of MAE. In
order to further understand the origin of MAE of Mn, ,5C0.75-
Aly,5Geg.55 at different uniaxial strains, the orbital-resolved
MAE is calculated. As discussed above, the main source of
MAE of Mn, ,5C04.75Alp.5Geg 75 are the atoms in I- and III-
layers. So, only the orbital-resolved MAE of the atoms in I-
and Ill-layers is shown in Fig. 10. In the Ilayer of Mnj,,s-
Cog.75Al.25Geo 75, Mn(A2) contributes the significant positive
MAE at ¢, = —6%, which can be ascribed to the matrix element
differences between the d,, and d,,, d,,, and d,>_, as well as d»
and d,, orbitals. Co(C1) d-orbitals only give a small contribution
to the negative MAE and Co(C2) d-orbitals contribute a positive
MAE. In IIl-layer, the Co(C3) contributions mainly come from
the positive matrix element differences between the d,, and
d,=_,> orbitals. The positive MAE of Mn(C) can be attributed to
the hybridized d,- and d,, orbitals. Overall, only Mn(A3) gives
a negative MAE, which mainly come from the hybridized d,,
and d,»_ orbitals. Hence, at &g = —6%, Mn; ,5C00.75Alp 25G€0.75
shows the in-plane magnetic anisotropy, which can be mainly
ascribed to the hybridized d-orbitals of Mn(A2), Co(C3) and
Mn(C) atoms. At ¢ = 6%, the in-plane component of Mn(A2)
and Co(C3) d-orbitals decreases, whereas the out-of-plane
component of Co(C1), Co(C2) and Mn(C) increase. The posi-
tive MAE of Mn(A3) which comes from the hybridized d.- and d,,
orbitals has a slight increasement. Overall, at ¢ = 6%, Mn, ,5-
Coy.7551¢.25G€g 75 shows the perpendicular magnetic anisotropy.
At & = 0%, the contribution of all the positive and negative MAE
just exactly quenched to each other, as shown in Fig. 10(b). So,
as ¢ changes from positive to negative, the magnetic anisotropy
transits from the in-plane to the out-of-plane direction, which
can be mainly attributed to the change of the d-orbitals
hybridizations of Mn(A2)/Co(C1) in I-layer and Mn(C)/Co(C3)
in IlI-layer.

The MAE results show that the magnetic anisotropy of the
series Mn, ,5C0q 75Al; _,Ge, can be tailored from in-plane
direction to perpendicular one under the uniaxial strains.
Furthermore, the MAE values exhibit a linear dependence on
uniaxial strains. It has been demonstrated experimentally that
the easy axis of magnetization in the inverse spinels CoFe,0,
and NiFe,0, can be tuned from perpendicular direction to in-
plane one under tensile and compressive strains, respec-
tively.°>** Thus, it may be an effective way to manipulate the
magnetic anisotropy of Mn, ,5C0475Al_,Ge, by applying
uniaxial strain. In addition, all the PMA values of Mn, »s5-
Coy.,5Al;_,Ge, can be up to more than —0.51 MJ m > (—0.6 meVv
per unit cell) at &, = 9% which is much larger than that of the
reported Co-based Heusler films whose PMA values range from
—0.09 M] m™ to —0.31 MJ m 3.5

4 Conclusions

In summary, the electronic structure, stability and magnetic
properties of Mn, ,5C0,.75Al,_,Ge, (x = 0, 0.25, 0.50, 0.75
and 1.00) are investigated by first-principles calculations.

This journal is © The Royal Society of Chemistry 2020
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Our results reveal that the partial Mn doping in Mn,CoAl
creates a dense energy level around Fermi level and pushes
the zero energy gap in Mn,CoAl to higher energy direction,
resulting in a metallic characteristic in Mn, ,5C0 y5Al. The
additional Ge atoms mainly contribute more valence elec-
trons in a lower energy region and push the Er to a higher
energy direction, resulting in half-metallic behaviors for
Mn, ,5C0¢.55Al; _,Ge, with x = 0, 0.25, 0.75 and 1.00.
However, at x = 0.5, Er exactly locates at the zero energy gap
in Mn, ,5C0¢ 75Aly5Gey 5, showing a SGS characteristic
again. The series of the Mn, ,5Co0, ;5Al; _,Ge, are confirmed
that they are promising to be fabricated in experiment based
on the stability calculational results. The HM or SGS char-
acteristics of Mn, ,5C0 7541, _,Ge, can be kept in wide
ranges of hydrostatic and uniaxial strains. For example, the
SGS characteristics of Mn, ,5C0.75Al 5Gey 5 can be kept in
the wide ¢, and ¢ range of —1-4% and —3-6%, respectively,
which is even better than that of Mn,CoAl for practical
applications. The magnetic anisotropy energy of Mn,CoAl
and Mn, ,5Co0, y5Al; _,Ge, are nearly zero due to the cubic
structure. However, we show that the magnetic anisotropy
energy in these alloys almost linearly improves with varying
uniaxial strains, while showing an opposite response to
compressive and tensile strain. As a result, the magnetic
anisotropy of Mn,CoAl and Mn, ,5C0 75Al; _,Ge, can be
manipulated from the in-plane [100] direction to the out-of-
plane [001] one under uniaxial strains. The results suggest
that Mn, ,5C04.75Al, _,Ge, alloys are very promising for
spintronics applications such as spin injection and spin
valves.
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