
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 2
:5

2:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Exploring half-m
aResearch Center for Magnetic and Spintron

for Materials Science (NIMS), 1-2-1 Seng

E-mail: nawa.kenji@nims.go.jp
bCenter for Materials Research by Inform

Materials Science (NIMS), 1-2-1 Sengen, Tsu
cCenter for Spintronics Research Network (

Science, Osaka University, 1-3 Machikaneya

Cite this: RSC Adv., 2019, 9, 30462

Received 9th July 2019
Accepted 29th August 2019

DOI: 10.1039/c9ra05212g

rsc.li/rsc-advances

30462 | RSC Adv., 2019, 9, 30462–304
etallic Co-based full Heusler alloys
using a DFT+U method combined with linear
response approach

Kenji Nawa *a and Yoshio Miuraabc

A density functional theory (DFT)+Umethod based on linear response (LR) theory was applied to investigate

the electronic structures of a Co-based ternary full Heusler alloy Co2YSi to explore half-metallic (HM)

ferromagnets with a wide HM gap. The LR-based DFT+U calculations tend to obtain a reasonable

correlation parameter for the Y site, while the correlation of the Co site misdirects to the unphysical

ground state due to the overestimated parameter value that arises from the delocalized electronic

structure of Co. Furthermore, we found that the HM gap of Co2MnSi originates from the Co e*u orbital in

the conduction state and the Co–Mn hybridizing t2g orbital in the valence state around the Fermi energy.

This means that the HM gap is a tunable property by selecting the Y element and/or mixing several

elements into the Y site through t2g atomic-orbital coupling. Our LR-based DFT+U method was

extended to other ternary Co2YSi and quaternary Co2(Y,Mn)Si. We found that Co2(Ti0.25,Mn0.75)Si and

Co2(Fe0.25,Mn0.75)Si show HM nature, with the Fermi energy being at almost the center of the minority

band gap, which leads to high thermal stability.
1 Introduction

A key property in the emerging eld of spintronics is the so-
called half-metallicity (HM); the majority and minority states
are completely spin-polarized at the Fermi level, where a nite
density of states (DOS) exists for majority spin and an energy
band gap is opened for minority spin. The use of HM materials
as ferromagnetic electrodes in magnetic tunnel junctions
(MTJs) is a straightforward way to enhance the tunneling
magnetoresistance (TMR) ratio,1 leading to high-performance
spintronics applications such as non-volatile magnetic
random access memories and the read-head of ultrahigh-
density hard-disk drives. So far, many candidates have been
proposed as HM materials, e.g., zinc-blende structural mate-
rials,2–4 colossal magnetoresistance materials,5,6 oxides such as
rutile CrO2 (ref. 7–10) and spinel-type magnetite Fe3O4,11,12 and
diluted magnetic semiconductors (SnO2, Y2O3).13–15 Among
them, the family of Co-based full Heusler alloys has received
considerable attention, as some of these have the potential to
possess a high spin polarization (P) or ultimately HM (P ¼
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78
100%) in addition to a high Curie temperature, e.g., 985 K for
Co2MnSi16 and 1100 K for Co2FeSi.17,18

The spin polarization of electrodes in an MTJ device can be
evaluated using the Jullièr model1 with a simple formula

TMR ¼ 2P1P2
1� P1P2

� 100ð%Þ, where P1 and P2 are the tunneling

spin polarizations of the two ferromagnetic electrodes in the
MTJ. For a Co2MnSi MTJ with an aluminum oxide (Al–O)
barrier, Sakuraba et al. observed the spin polarization to be over
80%.19,20 Then, a high value of 95.4%, which may be close to
a fully spin-polarized electronic structure, was reported for the
MgO barrier MTJ.21 However, P1(2) in the Jullièr formula is not
the spin polarization in the bulk system but the polarization of
the tunneling electrons in the MTJ. The electronic structure of
the MTJ electrode differs from that of the bulk material because
the band structure is drastically changed due to the interfacial
effect arising from the insulating barrier. The tunneling elec-
trons are also inuenced by the spin-ltering effect.22 These
facts imply that there is difficulty in an accurate estimation of
purely bulk spin polarization from the TMR of MTJ.

The point contact Andreev reection (PCAR) technique
has also been performed for spin polarization in several
Heusler alloys. The conductance of metallic electrons is
measured at a cryogenic temperature to evaluate the spin
polarization in PCAR; hence, PPCAR, referred to as PCAR-
measured spin polarization, is expressed as

PPCAR ¼
�
N[ðEFÞv[F

�� �
NYðEFÞvYF

�
�
N[ðEFÞv[F

�þ �
NYðEFÞvYF

�� 100ð%Þ. Here, Ns(EF) and
This journal is © The Royal Society of Chemistry 2019
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vsF are the DOS at the Fermi energy and the Fermi velocity
with spin index s(¼[ or Y) in a diffusive regime23,24 where the
current electrons are not assumed to be ballistic because of
the mean-free path being shorter than the point contact size
in actual experiments. The vsF is the conductance of the
electrons, but the d orbital localized around the Fermi energy
is not dominant in the current electrons. This indicates that
the spin polarization originating from the d electron is lost in
the measured PPCAR. Previous work reported that the current
spin polarization deduced by PCAR is only 59% for Co2MnSi25

and around 50% for Co2FeSi.26–28 PPCAR ¼ 64% is also
observed in quaternary Co2(Fe,Mn)Si.29

Another critical subject to overcome is the large temperature
dependence of P.19–21,26,30–33 Experimental studies have reported
that although an extremely high value of TMR ratio is demon-
strated at low temperature in the MTJs consisting of Heusler
electrodes and an MgO barrier, a signicant reduction in TMR at
room temperature is observed: for example, in the Co2MnSi/MgO/
Co2MnSi MTJ21 the TMR at 4.2 K is 2010%, but it decreases to only
335% at 290 K and in Co2(Fe,Mn)Si/MgO/Co2(Fe,Mn)Si34 the TMR
at 4.2 K is 2610%, but only 429% at 290 K. From the Jullièr model,
the spin polarization P ¼ 95% (98%) at low temperature and
decreases to P ¼ 79% (82%) at room temperature for MTJs with
a Co2MnSi (Co2(Fe,Mn)Si) electrode. A similar situation occurred
in a current-perpendicular-to-plane giant MR (CPP-GMR) device
composed of Co2(Fe,Mn)Si electrodes and a nonmagnetic Ag
spacer.30,32 To explain the strong thermal-dependence of TMR and
GMR performances, it is known that the spin-ip inelastic
tunneling process induced by magnon excitation lowers P in
addition to spin-conserving elastic tunneling at increased
temperatures.21,31 In this sense, the width of the energy band gap in
theminority state is also important in the search for HMmaterials
to improve the weak resistivity with respect to temperature.

Ab initio calculations based on density functional theory
(DFT)35–37 are expected to play a leading role in the understanding
of fundamental electronic and magnetic structures in material
design using HM Heusler alloys. In the framework of DFT
calculation within local spin density approximation (LSDA),
Galanakis et al.38 presented an energy diagram of the atomic
orbital hybridization of the Co2MnGe system to clarify the
mechanism of the HM property; the minority energy band gap at
the Fermi level originates from the t1u and eu orbitals, which are
formed by the d orbital hybridizations between two Co atoms
sitting in different sublattices in a unit cell. Numerous other
studies have also been performed using DFT calculations.39–44

However, how to deal with correlation effects is a critical
issue in the DFT study of a Heusler compound. The standard
DFT calculations based on mean-eld approximations, such as
LSDA and generalized gradient approximation (GGA), oen fail
to predict the true ground-state electronic structures due to the
presence of d orbital localization in the vicinity of transition
metal atoms, making the many-body effect problematic.
Various approaches introducing the many-body effect into the
DFT scheme have been proposed to recover the correlation
problem being missed in LSDA and GGA, e.g., dynamical mean
eld theory (DMFT),45,46 hybrid-type PBE0 functional,47 GW
approximation,48,49 and the DFT+U method.50,51 However, the
This journal is © The Royal Society of Chemistry 2019
obtained electronic structures strongly depend on the employed
method. For example, in Co2MnSi, the LDSA+DMFT calcula-
tions, where the dynamical correlation effect such as the spin-
ip term is considered quantitatively, were performed on the
basis of the linear muffin-tin orbital (LMTO) method52 and
Korringa–Kohn–Rostoker (KKR) method.53 The former indicates
that the Fermi energy is found at the conduction edge of the
minority state, while the latter indicates that it is found at the
valence edge. The calculation using the hybrid PBE0 functional
also shows that the Fermi level locates at the valence top with
a very big HM gap of �2 eV.54 The GW calculation,55 where the
electronic self-energy correction is included by many-body
perturbation theory, predicts that the Fermi energy lies
between the valence and conduction bands of the minority
state. For these approaches, the huge computational cost is also
a serious problem; applying it to the MTJ model for properties
including interfacial magnetocrystalline anisotropy and spin-
dependent transport may be difficult. On the other hand, the
DFT+U method,50,51 in which parametrized on-site coulomb (U)
and exchange (J) interactions for d-orbitals are introduced in
the manner of the Hubbard model,56,57 is a suitable approach on
a practical level. Because of the efficient calculation cost, the
DFT+Umethod can be applied to not only simple bulk materials
but also large and realistic systems.

The suitable values of U and J for the DFT+U method are
unknown; they depend on the atomic species and surroundings
of the atom. A linear response (LR) approach58,59 is an advanced
way to determine the correlation terms theoretically and to
exclude the ad hoc selection of the parameter values. The +U
values at respective localized atom sites can be evaluated with
low computational costs using the response function of charge
density obtained from the standard LSDA or GGA potential.
This method has been applied to various correlated systems and
succeeded in describing the ground state accurately.58–65 A
recent study has also reported that the parameters are not
transferable among different calculation methods due to non-
negligible dependence on computational setups even in theo-
retically determined values.58 This implies that the optimal
correlation parameters for the system of interest must be esti-
mated by the method used for the calculation; however, the
application of this LR-based DFT+U method to Heusler
compounds has been limited to structural phase transitions.66

In the present work, electronic band calculations based on
the DFT+U method are carried out for an L21 Co-based full
Heusler alloy to address these issues. Focusing on the typical
model Co2MnSi, we argue the importance of correlation
correction in the alloy and the fundamental electronic structure
for clarifying the origin of the minority HM gap. The LR
calculations obtain a reasonable correlation parameter for the Y
site (Y¼Mn in Co2MnSi) and this correction plays an important
role for correlated electrons. On the other hand, the correlation
for the Co site is unexpectedly overestimated, and thus, the
obtained results are misdirected to a rather unphysical ground
state. The failure for this unreliable parameter of Co arises from
the fact that the 3d electrons of the Co site behave in an itin-
erant fashion in the alloy, which means that the mean-eld
approximations such as LSDA and GGA are enough to describe
RSC Adv., 2019, 9, 30462–30478 | 30463
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the electronic structure of the Co site with high accuracy. We also
revealed an important d-orbital hybridization between Co and
Mn that mainly dominates the minority HM gap. The energy
diagram proposed in this study suggests that the HM gap is
tunable by a selected Y atom and/or mixing several elements into
the Y site. The results obtained from the LR-based DFT+U
method, where the determined correlation parameter is incor-
porated into only the strongly correlated Y site, are consistent
with the experimental observations. Moreover, this methodology
is superior to the standard GGA calculation, especially in terms of
electronic and magnetic properties. This study is further
extended to the other ternary Co2YSi and quaternary Co2(Yx,-
Mn1�x)Si, where some Mn atoms are substituted with 3d transi-
tionmetal Y (Y¼ Ti, V, Cr, and Fe) to explore the potential for the
HM ferromagnet with a wide band gap. The systematical calcu-
lations indicate that the ternary alloys are found to be ordinary
ferromagnets, whose minority bands do not have a nite gap at
the Fermi energy, but quaternary Co2(Ti,Mn)Si, Co2(V,Mn)Si, and
Co2(Fe,Mn)Si alloys have the potential to be anHMmaterial if the
composition of Y is appropriately selected.

This paper is organized as follows. In Section 2, the model
and computational details are described, and the LR calculation
procedures for the correlation parameters are overviewed.
Section 3 revisits Co2MnSi. The effective on-site coulomb
interaction parameters for Co and Mn are rst computed from
the LR theory (Section 3.1). The structural parameters,
including the equilibrium lattice constant and bulk modulus,
are evaluated by standard GGA and GGA+U schemes with LR-
determined parameters in Section 3.2. Using the obtained
lattice constant, the electronic structures are investigated to
clarify the HM origin within the GGA framework (Section 3.3).
The understanding of a fundamental band structure in GGA is
essential for discussing the effects of correlation correction on
Mn and Co, which is given in Section 3.4. The LR-based DFT+U
calculations for electronic and magnetic structures are pre-
sented and compared with previous theories and experiments
in Section 3.5. Finally, in Section 4, systematical results for the
other ternary and quaternary compounds are discussed and
promising materials for HM ferromagnets are proposed.
2 Model and method

The full Heusler Co2MnSi compound with the L21 structure has
Fm�3m (Oh) symmetry (space group no. 225). For the modeling,
Fig. 1 L21 symmetric crystal structures for (a) ternary Co2MnSi, (b) quater
Si. Red, blue, white, and green circles indicate Co, Mn, Si, and Y atoms, r

30464 | RSC Adv., 2019, 9, 30462–30478
a fcc-primitive cell that contains two Co atoms sitting at the
Wyckoff position (1/4, 1/4, 1/4) (multiplicity with Wyckoff letter
is 8c), one Mn atom at (1/2, 1/2, 1/2) (4b), and one sp-element Si
at (0, 0, 0) (4a) was prepared (a conventional unit cell is shown in
Fig. 1(a)). The detailed crystal structures for the ternary system
Co2YSi, where Mn is replaced with Y of Ti, V, Cr, or Fe, and
quaternary Co2(Y,Mn)Si, where some Mn atoms are substituted
with Y, are described in Section 4.

The self-consistent DFT calculations were performed via the
ab initio package of Quantum-ESPRESSO67 by implementing the
ultra-so pseudopotentials parametrized by the scheme of
Rappe, Rabe, Kaxiras, and Joannopoulos68,69 that were taken
from the PS Library. The plane wave basis sets for the wave
function and charge density had cutoff energies of 40 and 400
Ry, respectively. The self-consistent procedures were achieved
until the iterative total energy difference became less than the
convergence criterion of 10�8 Ry, by using the Monkhorst–Pack
special k-point mesh70 of 16� 16 � 16 in the rst Brillouin zone
by theMethfessel–Paxton71 smearingmethod with a broadening
parameter of 0.02 Ry. Previous works discussed the role of spin–
orbit coupling (SOC) in the Heusler alloys and found that the
orbital magnetic moment induced by the SOC is completely
quenched.42,72 It is also reported that although a non-vanishing
DOS appears in the minority gap by the effect of SOC, the
reduction on P is very small.72–74 In present work, therefore, the
SOC is not incorporated into all our calculations. Importantly, it
is expected that the wide-gap half-metallic Heusler alloy is
robust against the non-vanishing DOS arising from the SOC.

The GGA functional formulated by Perdew, Burke, and Ern-
zerhof75 was used for the exchange-correlation term. For the
DFT+U method, the choice of “double-counting” correction
term is also crucial to subtract the electron coulomb energy that
is already included in the LSDA or GGA functional. This
correction is conceptually desired to be the same energy
contribution as that dened in LSDA or GGA. So far, however,
an appropriate prescription for the double-counting term has
not been established, but the so-called fully localized limit
(FLL),76–79 which is also referred as the atomic limit (AL), and
around mean-eld (AMF)50,78 approaches are mostly used. The
former functional favors integer electron occupation numbers
at a localized site, and thus, might be useful for strongly
correlated materials such as insulating oxide systems. The latter
might be useful for an intermediate between strongly correlated
and itinerant materials. It is still under debate which of the two
nary Co2(Y0.25,Mn0.75)Si, (c) Co2(Y0.50,Mn0.50)Si, and (d) Co2(Y0.75,Mn0.25)
espectively, where Y is the 3d transition metal atom of Ti, V, Cr, or Fe.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Variation of the occupied 3d electron numbers on the (a) Co
and (b) Mn sites as a function of the applied perturbation potential ma in
n � n � n supercell Co2MnSi (n ¼ 1, 2, 3, 4). Solid lines indicate the KS
calculation terms and dashed ones indicate the SCF terms. (c) The
ULR
eff value dependence on the number of atoms per cell for Co (blue)
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functionals is a proper approach for Heusler compounds.80 In
this study, the double-counting functional incorporated in the
simplied rotationally invariant form,59,81,82 which is equivalent
to the FLL approach but J ¼ 0 (or approximately Ueff ¼ U � J,
where Ueff stands for the effective on-site coulomb interaction),
was employed. We expect that this approach can easily address
the underlying physics of correlated electronic structures,
compared to AMF, because the electron-localization limit in FLL
corresponds to the concept of the Hubbard model; thus, the
scaling of Ueff can be simply understood as the strength of
electron correlation. The Ueff is computed within the LR
theory58,59 for all transition metal atoms, where we assume that
the coulomb interaction is more dominant than the exchange at
localized electron sites.

In the framework of LR theory,59 the on-site parameter for an
atom a, ULR(a)

eff , is evaluated from the second derivatives of the
total energy functionals as

U
LRðaÞ
eff ¼ v2ESCF

�fqag�
vqa2

� v2EKS
�fqag�

vqa2
: (1)

The total energies ESCF and EKS correspond to interacting
(fully screened) and non-interacting systems. The second term
in eqn (1) is necessary to subtract unphysical contributions in
the total energy,83–85 which are caused by the conventional
exchange-correlation functionals (LSDA and GGA), where the
total energy has a curvature for non-integer occupation qa and
oen misdirects to incorrect energy minima. The total energy
derivatives are calculated using the constrained DFT approach:

E i
�fqag� ¼ min

nðrÞ;ma

(
E i

GGA

�
nðrÞ�þX

a

maðna � qaÞ
)
; (2)

where

v

vqa
E i
�fqag� ¼ �ma;

v2

vqa2
E i
�fqag� ¼ �vma

vqa
: (3)

The Lagrange multiplier ma is a local perturbation potential
that constrains the occupations na (i¼ SCF, KS). In practice, eqn
(2) is transformed into a tractable representation where the
constraint elds are treated as independent variables by Leg-
endre transformation and the variations of na with respect to ma

are evaluated.59 Using nonlocal linear response matrices

ðcSCFÞba ¼
vnb

vma

; ðcKSÞba ¼
vnKS

b

vma

; (4)

eqn (1) is rewritten to obtain ULR(a)
eff as

ULR(a)
eff ¼ (cKS

�1 � cSCF
�1)aa. (5)

The matrix elements of the response matrices are numeri-
cally computed; cSCF is obtained from the self-consistent
(interacting) calculations under the applied local potential ma
and cKS is obtained from the rst iteration in a self-consistent
cycle aer the end of GGA ground-state calculations – the
This journal is © The Royal Society of Chemistry 2019
latter is occupation changes that arise from noninteracting
hybridization due to ma. The LR approach, in principle, requires
a response of the electron occupations to the perturbed poten-
tials at a single site in an innite crystal environment for an
accurate Ueff evaluation, where all artifacts due to the periodic
boundary conditions are excluded.58,59
3 Revisiting Co2MnSi
3.1 LR-calculation for effective on-site coulomb interaction
parameter

The LR calculations are performed to determine the correlation
ULR(a)
eff parameters. The response functions of eqn (4) are eval-

uated numerically from the gradient of the 3d electron occu-
pation numbers with regard to the perturbed potential ma,
which constrains the electrons of Co or Mn in the Co2MnSi
alloy. For the LR calculations, the experimental lattice constant
aExpt. ¼ 5.645 Å (ref. 18) is employed. As presented in Fig. 2(a)
and (b), the occupations’ variation of the KS term in the 1 � 1 �
1 primitive cell is slightly off the others (n � n � n cells where
n ¼ 2, 3, 4), although the SCF term does not change much (the
plotted data are overlapping and the variations for different
supercell sizes may not be visible from these gures). The
calculated ULR

eff value is plotted as a function of the number of
atoms per cell in Fig. 2(c). We nd a 3 � 3 � 3 fcc supercell
including 108 atoms is practically large enough to obtain well-
converged parameters, meaning that the environment of the
innite crystal structure is well-reproduced. The obtained
values result in ULR(Mn)

eff ¼ 3.535 and ULR(Co)
eff ¼ 6.570 eV for Mn

and Co, respectively.
The correlation parameter for Co is unexpectedly higher

than the typically used empirical values, for instance, the
Ueff(¼U � J) of 2.5 eV in full-potential (FP)-LMTO86 and that of
2.1 eV in KKR53 calculations. The constrained random phase
approximation (cRPA) approach87 determines a parameter value
similar to that determined in our study for Mn (3.07 eV), but
and Mn (red).

RSC Adv., 2019, 9, 30462–30478 | 30465
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determines a value of almost half our LR result for Co (3.28 eV).
Table 1 summarizes the numerical data of the d occupations
(na) and the changes (Dna) induced by ma in the LR calculations
for a atoms (a ¼ Mn and Co). As dened in eqn (4) and (5), the
ULR
eff is difference of the inversions of electron occupations’

responses with respect to the applied potential shi ma between
the KS and SCF terms. For both the a ¼ Mn and Co cases, the
absolute values of Dna in SCF are smaller than those in KS by
one order of magnitude, so the inverted response function�
c�1f

1
Dna

�
of SCF becomes a main factor in the computed

correlation parameters. We also nd that, for the SCF term,
DnCo is small compared to DnMn. Therefore, the unreasonably
overestimated parameter for Co originates from the difference
in DnCo of the SCF term. Using the diagonal matrix elements of
cKS

�1 and cSCF
�1 in eqn (5), the parameter for Co is calculated

as ULR(Co)
eff ¼ �1.10114 � (�7.67152) ¼ 6.570 eV. For Mn,

ULR(Mn)
eff ¼ �0.98733 � (�4.52196) ¼ 3.535 eV is obtained, where

the inverted KS response function’s contribution (the rst term)
is almost the same as in the ULR(Co)

eff case, while the SCF one (the
second term) is signicantly different.

From the above discussion, we conclude that the over-
estimation of ULR

eff for the Co site arises from the fact that the
charge density response of Co is insensitive compared to Mn or
is still insufficient to evaluate the parameters through the SCF
iteration cycles under the applied potential shi.88 This can be
attributed to the delocalized electronic structures of Co
compared to Mn, which originate from the fact that the Co
d orbital distribution is spatially-spread due to the d orbital
hybridization with rst (Mn) and second (Co) neighboring
atoms, whereas the Mn d orbital distribution is spatially-narrow
due to the d hybridization with only rst (Co) neighboring
atoms, as discussed in Section 3.3. The localized characters of
the Co electronic states compared to those of Mn are consistent
with the fact that the spin magnetic moment of Co (1.05 mB) is
much smaller than that of Mn (2.95 mB). Recently, an extended
LR theory89 has been proposed to overcome the insufficiency of
response of charge density; the second response of charge
density is additionally included, which is required for complete
cancelation of the electron–electron coulomb interaction
Table 1 Numerical data of LR calculations for ULR(a)
eff parameters (a ¼

Mnor Co): d occupation numbers (na) and changes (Dna) of the on-site
a atom from the neutral state (ma ¼ 0 eV) for the KS and SCF terms
when the perturbed potential is applied to the on-site a atom (ma s
0 eV). The results are obtained from the 3 � 3 � 3 supercell, in which
the well-converged parameters are computed

ma (eV)

KS SCF

na Dna na Dna

Mn �0.04 6.35202 0.02908 6.33086 0.00792
0.00 6.32294 0.00000 6.32294 0.00000
0.04 6.29357 �0.02937 6.31500 �0.00794

Co �0.04 8.36249 0.02682 8.34047 0.00480
0.00 8.33567 0.00000 8.33567 0.00000
0.04 8.30830 �0.02737 8.33085 �0.00482

30466 | RSC Adv., 2019, 9, 30462–30478
(Hartree energy) term changed by the external potential (ma s
0), which might be canceled incompletely in the current LR
calculation. In the present study, the DFT+U method incorpo-
rated by the FLL formalism is used, but another approach for
solving the failure in estimating ULR

eff for a weakly correlated Co
site might be the use of the AMF approximation50,78 or a hybrid
approach,90 where the AMF and FLL approximations are linearly
interpolated.
3.2 Structural properties

Here, we consider three schemes of LR-based DFT+U calcula-
tions, in addition to the standard GGA: the determined
ULR
eff values are applied to only Mn (referred as GGA+ULR

Mn) or Co
(GGA+ULR

Co) and to both of them (GGA+ULR
Mn,Co). First, the GGA

calculations are performed to evaluate the equilibrium lattice
constant. The total energies at different volume sizes of primi-
tive cell are obtained as shown in Fig. 3(a). The energy
minimum is searched by energy tting to the Murnaghan
equation of states91 as a function of volume V,

EðVÞ ¼ E0 þ B0V

B0
0

2
4 1

B0
0 � 1

�
V0

V

�B0
0

þ 1

3
5� B0

B0
0 � 1

V0; (6)

where E0 is the ground-state total energy at equilibrium volume
V0, B0 is the bulk modulus, and B0

0 is the pressure derivative of
the bulk modulus. The obtained lattice constant is 5.639 Å,
which agrees with the experimental value.18 The error value
Fig. 3 Total energy as a function of volume for Co2MnSi from (a) GGA,
(b) GGA+ULR

Mn (c) GGA+ULR
Co, and (d) GGA+ULR

Mn,Co. Open circles are
obtained from first principles and solid lines from Murnaghan fitting,
which determines the equilibrium lattice constant a0, as shown in the
inset. The error from the experiment is also shown in the parentheses.
The experimental value is plotted by a dashed (black) line.

This journal is © The Royal Society of Chemistry 2019
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between the calculated lattice constant a0 and experiment,
dened as (a0 � aExpt.)/aExpt. � 100 (%), is only �0.104%. In the
GGA+ULR

eff case, the obtained lattice constant of 5.695 Å is similar
to the GGA result and the error from the experiment is less than
1% (0.866%), as shown in Fig. 3(b). On the other hand, a0 is
signicantly overestimated by the errors of 4.701 and 8.506% in
the GGA+ULR

Co and GGA+ULR
Mn,Co cases. Fig. 3(c) shows a local

energy minimum around the experimental value but the global
minimum is found at 51.62 Å3, corresponding to a0 ¼ 5.910 Å.
Note also that in the GGA+ULR

Mn,Co scheme (Fig. 3(d)), a jump of
total energy change around the volume of �60 Å3 occurs due to
a magnetic phase transition, but we conrm that an energy
minimum, corresponding to a0 ¼ 6.125 Å, exists at less than the
volume where this magnetic transition is induced.

We present bulk modulus B0 and its pressure derivative B0
0 in

Table 2, through comparisons of theoretical literature.42,92–95

Among the previous reports, the B0 of LSDA is greater than that
of GGA. Our GGA result is almost similar to the reported values
in B0 and B0

0, while the GGA+U
LR
Mn result is slightly smaller in B0.

On the other hand, the B0 calculated by the GGA+ULR
Co and

GGA+ULR
Mn,Co methods is one order of magnitude smaller than

the other calculations. Because the experimental data of the
bulk modulus and its derivative are not available for Co2MnSi at
this moment, we cannot conclude the validity of our method.
However, at least focusing on the lattice constant, these results
indicate that the introduction of ULR

eff to the Mn atom tends to
obtain a reasonable result, as well as GGA, from the comparison
with experiments, while the inclusion of ULR

eff to Co fails to
evaluate the a0 of Co2MnSi.
3.3 Origin of half-metallicity

Asmentioned in Section 2, the full Heusler alloy of L21 structure
belongs to the octahedral (Oh) space group symmetry. In this
whole-crystal symmetry, we rst focus on the Co lattice by
ignoring the rst-neighboring Mn and Si atoms. The lattice is
assumed to be a simple cubic composed by the second-
neighboring Co at different sublattices in the primitive cell,
which leads to the Co sitting at Oh site symmetry. Secondly, our
focus turns to the tetrahedral (Td) site symmetry. Neglecting the
chemical atomic species, every atom forms a bcc lattice struc-
ture and is surrounded by a tetrahedral environment. The
hybridization diagram of atomic orbital energy is discussed by
Table 2 Structural parameters of lattice constant a0, bulk modulus B0, an
the LR approach are employed in the present study:ULR(Mn)

eff ¼ 3.535 eV for

a0 (Å)

Present work GGA 5.639
GGA+ULR

Mn 5.659
GGA+ULR

Co 5.910
GGA+ULR

Mn,Co 6.125
Theory LSDA 5.54a

GGA 5.643b, 5.633c, 5.639d,
5.642e

Experiment 5.645f

a Ref. 92. b Ref. 42. c Ref. 93. d Ref. 94. e Ref. 95. f Ref. 18.

This journal is © The Royal Society of Chemistry 2019
following these two steps. Note that, to avoid confusion
regarding the notations, the symmetric characters of the atomic
orbitals are unied using only representations for the Oh site
symmetry, which corresponds to the space group of the L21 full
Heusler compound, as done in previous research.38

We again start with the results of the standard GGA calcu-
lations to discuss the underlying electronic structure of Co2-
MnSi. Fig. 4(a) shows the band structures for the minority spin
states projected into the Co eg(u) (dz2, dx2�y2) and t2g(1u) (dxz, dyz,
dxy), Mn eg (dz2, dx2�y2) and t2g (dxz, dyz, dxy), and Si t1u (px, py, pz)
orbitals. The lattice constant is set to the theoretically obtained
value of 5.639 Å. The d states of Co and Mn are visible around
the Fermi energy, while the Si t1u state can be seen only very far
from the Fermi energy. To discuss the orbital hybridization
mechanism, the eigenstates at the G point in the Brillouin zone
are focused on. At 0.4 eV above the Fermi energy, the Co e*u state
(this state is an anti-bonding state as discussed in the next
paragraph) appears but the other orbital components are not
included in these eigenstates, which means that Co e*u does not
hybridize with the other atomic orbitals. We can nd t2g
hybridization between Co and Mn that forms a bonding Mn t2g
state at�1.4 eV and an anti-bonding Co t*2g at 0.3 eV. As a result,
a minority band gap originates from the anti-bonding t*2g and
non-bonding e*u states of the Co atom. Another essential orbital
hybridization is found in the t1u symmetry character between
Co and Si. The eigenstate components of Co and Si exist at
energy levels of 3.8 and 3.9 eV, respectively, so that the Co and Si
atoms contribute to the anti-bonding state ðt*1uÞ and to the
bonding state (t1u), respectively. We do not mention the eg
hybridization between Co and Mn as it has already been dis-
cussed previously.38

Fig. 4(b) presents an energy diagram of Co atoms with Oh site
symmetry. Due to the crystal eld, the eg and t2g orbitals are
formed and hybridize with the same character orbitals of Co at
the other site. These hybridizations arise from the bonding
states of eg and t2g orbitals and anti-bonding states of e*u and t*1u
orbitals. The t2g orbital hybridization, including dxz � dxz, dyz �
dyz, and dxy � dxy, is expected to form a p-like bonding in the Oh

atomic positions, and the eg hybridization, including dz2 � dz2
and dx2–y2 � dx2–y2, is expected to form a s-like bonding, whose
orbital coupling is stronger than that of p-like bonding.
Accordingly, the energy gap between bonding eg and anti-
d its pressure derivative B0
0 for Co2MnSi. The ULR

eff values determined by
GGA+ULR

Mn,U
LR(Co)
eff ¼ 6.570 eV for GGA+ULR

Co, and both for GGA+ULR
Mn,Co

B0 (GPa) B0
0

217.63 4.30
186.29 4.41
65.40 1.25
60.70 5.74
258.0a

226b, 212.8c, 214d, 240.89e 4.680c, 4.674d, 4.983e
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Fig. 4 (a) Projected band structures for minority spin in Co2MnSi. The orbital-component spectral weights of eg(u) (blue) and t2g(1u) (red)
symmetries for Co d orbitals, eg (skyblue) and t2g (orange) for Mn d, and t1u (green) for Si p are shown by the colormap. The total band structure of
the minority spin is also plotted by a white solid line. The Fermi energy is set to zero. Minority-spin-state atomic-orbital energy diagrams of (b)
hybridizations of d orbitals between two Co atoms at different sublattices inOh site symmetry and (c) hybridizations among Co–Co d, Mn d, and
Si p in Td site symmetry, where a1g corresponds to a Si s orbital which does not appear in the projected bands given in (a). Note the orbital
symmetry characters are represented under theOh site symmetry throughout the diagram: representations of d� e (dz2, dx2–y2),�t2 (dxz, dyz, dxy),
and p � t2 (px, py, pz) states in Td site symmetry can be transformed into those of eg, t2g, and t1u states in Oh site symmetry, respectively.
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bonding e*u states arising from eg hybridization becomes wide
compared to that from the bonding t2g and anti-bonding t*1u
states from t2g hybridization.

Next, the orbital interactions between the rst-neighboring
atoms are discussed by focusing on Td site symmetry. Before
that, wemention here the correlation between theOh and Td site
symmetries and the possibility of atomic orbitals hybridizing.
The Td site symmetry, which is a subgroup of the Oh site
symmetry, has the same irreducible representations as the Oh

site symmetry except for an absence (presence) of inversion
symmetry in Td (Oh) site symmetry. The Co–Co d orbital’s
character in the Oh site symmetry can be transformed into the
30468 | RSC Adv., 2019, 9, 30462–30478
Td notation; the doublet eg and e*u orbitals in Oh are represented
as the e character in Td, and the triplet t2g and t*1u orbitals as t2
character. The Td site symmetry also gives the e (dz2, dx2–y2) and t2
(dxz, dyz, dxy) characters for Mn and t2 (px, py, pz) for Si. These
augments allow Co–Mn and Co–Si to interact in the atomic
orbitals in Td site symmetry, i.e., t2g orbital hybridization of Co–
Mn and t1u orbital hybridization of Co–Si in Oh site symmetry.

Fig. 4(c) illustrates the possible energy diagram between Co–
Co and Mn or Si. The a1g orbital corresponds to the Si s orbital,
which does not appear in the band structure of Fig. 4(a) because
the energy level is very low. The anti-bonding Co t*2g state
dominates the highest orbital state in the valence band, which
This journal is © The Royal Society of Chemistry 2019
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hybridizes with the bonding Mn t2g. The Co t*1u is pushed up to
quite a higher energy through hybridization with the Si t1u (p)
orbital and the non-bonding Co e*u is le at above the Fermi
level. This energy diagram, thus, suggests that the main
contributions to constructing the minority band gap arise from
the t2g coupling of Co andMn atoms and the t1u orbital of Co no
longer contributes to the gap; this conclusion is different from
that of a previous study,38 where the band gap in the minority
state is mostly dominated by Co eu and t1u orbitals (these orbital
characters are used in previous work). Instead, more impor-
tantly, our diagram proposes that the HM property and elec-
tronic structure near the Fermi level can be tuned by selection of
the Y atom and/or a mix of several atoms in the Y site through
t2g coupling in L21 Heusler alloys.

Even though our diagram differs from the previously re-
ported one,38 the 12 valence electrons for Co2MnSi are
conrmed to occupy three Co t*2g, three Mn t2g, two Co eg, three
Si t1u, and one Si a1g orbitals in the down-spin state. This means
our diagram satises the well-known Slater–Pauling relation:38
Table 3 Total and atom-resolved magnetic moments (in mB) for
Co2MnSi with comparison to present and previous theories as well as
experiments. The representations in the present paper are the same as
those in Table 2. The first column gives the calculation methods (and
types of exchange-correlation functionals in parentheses) for theory
and measurement techniques for experiment

Total Co Mn Si

Present work
GGA 5.01 1.05 2.95 �0.05
GGA+ULR

Mn 5.01 0.72 3.63 �0.08
GGA+ULR

Co 6.95 1.88 3.19 �0.09
GGA+ULR

Mn,Co 8.08 1.94 4.05 �0.06

Theorya

FS-KKR38 (LSDA) 4.94 1.02 2.97 �0.07
ASA-ASW44 (GGA) 5.00 0.93 3.21 �0.06
FLAPW42 (GGA) 5.00 1.06 2.92 �0.04
FP-LMTO86 (GGA+Ub) 5.00 1.08 2.97 �0.08
MLWF-FLAPW87 (GGA+Uc) 5.00 1.05 3.01 �0.06
KKR53 (LSDA+DMFTd) 4.97
FLAPW-GW55 (GGA) 5.00

Experimente

Sucksmith96 5.07 0.75 3.57
Ref. 97 5.01
SQUID98 4.97
SQUID99 5.00 0.72 3.34

a FS-KKR: full-potential screened Korringa–Kohn–Rostoker Green’s
function method; ASA: atomic sphere approximation; ASW:
augmented spherical waves method; FLAPW: full-potential linearized
augmented plane wave method; FP-LMTO: full-potential liner muffin-
tin orbital method; MLWF: maximally localized Wannier functions;
GW: GW approximation. b The U and J values of 3.5 (5.0) and 1.0
(0.9) eV for Co (Mn), respectively, are chosen to reproduce the total
spin magnetic moment observed experimentally. c The respective Ueff
values of 3.28 and 3.07 eV for Co and Mn are determined by cRPA.
d The U and J values of 3.0 and 0.9 eV, which have been reported as
average values of the determined parameters by theory for pure bulk
3d transition metals, are used. e Sucksmith: Sucksmith ring-balance
measurement by Faraday method; SQUID: superconducting quantum
interface device magnetometry.

This journal is © The Royal Society of Chemistry 2019
the magnetic moment of the system, mspin, obeys mspin ¼ Nval �
24, where Nval is the total number of valence electrons. The
calculations obtain a total magnetic moment of 5.01 mB, which
is very close to the integer value expected by the Slater–Pauling
rule and in agreement with a previous theory within LSDA38 and
GGA,42,44 as well as experiments,96–99 as summarized in Table 3.

Note that the previous study38 was carried out for Co2MnGe,
where the number of valence electrons is equivalent to that of
Co2MnSi. Thus, Co2MnGe is conrmed to be similar to Co2-
MnSi. The energy diagram obtained from the band structure
calculations corresponds to Fig. 4(c) and the integer value of the
total spin magnetic moment is calculated (mspin ¼ 5.00 mB).
3.4 Correlation effects on Mn and Co

As mentioned in the introduction, the behaviors of electron
localizations are supposed to be different at Co and Mn sites.
This fact motivates us to investigate the effects of the correla-
tions for each site. To discuss the inuence of +U on the atomic
energy diagram, modications of magnetic moment and band
structure are studied by performing DFT+U calculations with
varying Ueff parameters for Co and Mn atoms independently.
Here, we refer to the case where the varying Ueff is applied to
only the Mn (Co) site for the GGA+UMn (GGA+UCo) representa-
tion, where the lattice constant is set to the theoretical value of
5.695 Å (5.910 Å) obtained in Section 3.2.
Fig. 5 Dependence of (a) total and atom-resolved spin magnetic
moments, mspin, and (b) d orbital occupations with respect to the
varying UMn

eff for the GGA+UMn case. Black, red, blue, and green circles
in (a) indicate the total, Co, Mn, and Si, and red and blue up- (down-)
pointing triangles in (b) are majority (minority) d occupations for Co
and Mn, respectively. The vertical solid line indicates the value of
ULR
eff. (c and d) Same plots for GGA+UCo

eff having the same notations as
those in (a and b). Ua

eff ¼ 0 (a is Mn or Co) indicates the GGA result,
where the difference between GGA+UMn and GGA+UCo comes from
the different equilibrium lattice constants.

RSC Adv., 2019, 9, 30462–30478 | 30469
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We rst mention the GGA+UMn case. The total mspin is
constant but the Mn (Co) mspin monotonically increases
(decreases) when the correlation parameter for Mn,
UMn
eff , increases (see Fig. 5(a)). Note that two of the Co atoms exist

in the primitive cell, so the variation of the Comspin is estimated
to be twice as great. The increased mspin of Mn arises from
a signicant reduction inminority spin electron occupations, as
shown in Fig. 5(b). This reects the following behavior:
a large +U value intensies the coulomb interaction contribu-
tions and allows electrons to occupy not the same but different
orbitals with parallel spins from Pauli exclusion principles and
Hund’s rule, leading to a gain in kinetic energy.

As the t2g orbitals of Co and Mn change the most noticeably
depending on the UMn

eff value, we trace modications in the band
structures of these orbitals. Fig. 6(a) presents the minority spin
band structures around the G point calculated by standard GGA
and the GGA+UMn with small (UMn

eff ¼ 3 eV) and large (6 eV)
parameter values. The GGA results indicate that the anti-
bonding Co t*2g is dominant just below the Fermi energy and
the bonding Mn t2g is visible at 1.5 eV in a minority state.
Interestingly, increasing the UMn

eff value modies the spectral
weights of the minority components; the Mn and Co orbital
weights in bonding and anti-bonding states are almost identical
at small UMn

eff , but the anti-bonding t*2g becomes dominated by
Mn compared to Co and t*2g shis above the Fermi energy at
a large UMn

eff . Schematic diagrams are illustrated in Fig. 6(b) and
(c). In the majority spin, the valence Mn t2g atomic orbital is
Fig. 6 (a) Dependence of band structures in the minority state on varying
eV) and large (6 eV), where the projected spectral weights for the Co a
respectively. The Fermi energy is set to zero and the total minority band st
atomic orbital hybridizations for (b) majority and (c) minority states. Arro

30470 | RSC Adv., 2019, 9, 30462–30478
shied to a lower energy by the UMn
eff effect and the anti-bonding

state Co t*2g is drawn to a lower energy by the hybridization with
Mn t2g. On the other hand, in the minority state, the energy level
of the Mn valence state becomes higher as UMn

eff increases, and
the anti-bonding Co t*2g orbital gradually touches the Fermi
energy. When the Mn t2g state becomes energetically higher
than that of Co at a large UMn

eff , the major component of the anti-
bonding t*2g is switched from Co to Mn in minority spin.

Surprisingly, UMn
eff shis the minority occupied state of Mn

upward energetically; this shiing is an opposite tendency to the
well-known fact of DFT+U study. In general, the +U term opens
the band gap with the valence (conduction) state being lower
(higher) energy in the insulating and semi-conducting materials
regardless of the spin channels. However, ferromagnetic
materials, including the Heusler alloy, are different from insu-
lators and semi-conductors because a nite DOS lies at the
Fermi energy in ferromagnets. In principle, the total number of
valence electrons at each atom site must be preserved even
though the +U effect is introduced. Accordingly, the upward
shiing in the valence state of the minority Mn d orbital can be
understood as follows: the occupations in a spin channel
(majority state) increase due to the applied +U effect, but
simultaneously, the occupations in the opposite spin (minority
state) are reduced to keep the total occupations constant at each
atom. This argument is based on the energy diagrams in
Fig. 6(b) and (c), and is consistent with the behaviors of the spin
magnetic moment and electron occupations at each atomic site
+UMn parameter values, i.e., GGA (Ueff ¼ 0 eV for the Mn site), small (3
nd Mn t2g states are shown in the left (red) and right (orange) panels,
ructure is plotted by a white line. Schematic summary of the changes in
ws in (b and c) indicate the energy shift induced by the effect of UMn

eff .

This journal is © The Royal Society of Chemistry 2019
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[Fig. 5(a) and (b)]; thus, this scenario can be concluded to be
behind the effects of +U on the Mn d orbitals.

Secondly, the GGA+UCo result is considered. In the range of
UCo
eff less than around 4 eV, the increase in the spin magnetic

moment at the Co site is not signicant, but it suddenly
increases aerward [Fig. 5(c)]. In Fig. 7, the UCo

eff-
dependent electronic band structures and hybridization
behaviors of Co and Mn are summarized. In the valence states,
it can be seen that the contribution to the anti-bonding t*2g is
switched from Co toMn [Fig. 7(a)]. In contrast, the anti-bonding
e*g state is switched from Mn to Co [Fig. 7(b)] with increasing
UCo
eff. The e*u state in Fig. 7(b) moves to a higher energy on

increasing UCo
eff, but does not hybridize with Mn.
Fig. 7 Dependence of the minority band structures on the varying +UCo p
large (6 eV), where the projected spectral weights for the (a) Co and Mn t2
(b) Co and Mn eg states are shown in the left (blue) and right (sky-blue
Schematic summary of the changes in atomic orbital hybridizations for

This journal is © The Royal Society of Chemistry 2019
To understand the behavior of the changing mspin and elec-
tron numbers in GGA+UCo in Fig. 5(c) and (d), the possible
energy diagrams for the majority and minority states are illus-
trated in Fig. 7(c) and (d). The majority Co t*2g simply goes to
a lower energy on the introduction of UCo

eff, so that the Co d spin-
up occupation increases and is saturated at larger UCo

eff values
(�7 eV). For the minority state, the d bands’ behaviors of Co and
Mn are intricate, but can be understood by going back to the
principle view that rst attention is paid to the hybridization
between Co atoms in different sublattices and then that
between the Mn and Co–Co states aerward, as discussed in
Section 3.3 and a previous report.38 The Co dz2 and dx2–y2 (dxz, dyz,
and dxy) orbitals are pushed up (down) due to UCo

eff, and
arameter values, i.e., GGA (Ueff ¼ 0 eV for the Co site), small (3 eV), and

g states are shown in the left (red) and right (orange) panels, and for the
), respectively. Note that the energy ranges in (a and b) are different.
(c) majority and (d) minority states. Notation is the same in Fig. 6.

RSC Adv., 2019, 9, 30462–30478 | 30471
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hybridize with the Mn eg (t2g) state [Fig. 7(d)]. Increasing
UCo
eff affects the energy gap, and most notably, the Co eg orbital

becomes an un-occupied anti-bonding state at a large UCo
eff value,

while it is an occupied bonding state at a small UCo
eff (see the blue

band of the energy diagram in Fig. 7(d)). This event induces
a signicant reduction in the minority Co occupations [red
down-pointing triangle in Fig. 5(d)], resulting in an increase in
the totalmspin in the range of UCo

eff over �4 eV, as shown by black
plots in Fig. 5(c).

From the above discussions, the underlying physics of the
correlation effects on the magnetic moment can be addressed
from the viewpoint of electronic structure for both the GGA+UMn

and GGA+UCo cases. Thus, the consistency of our energy diagram
proposed in Fig. 4(c) is demonstrated successfully.
Fig. 8 Local DOS obtained from (a) GGA, (b) GGA+ULR
Mn, (c)

GGA+ULR
Co, and (d) GGA+ULR

Mn,Co calculations. Red, blue, and green lines
are for Co d, Mn d, and Si p orbitals, and the total DOS is shown by
a gray filled area. The orbital characters of the t*2g and e*u states, which
originate from Co, are shown with arrows. Note that the local DOS for
Co is twice as two Co atoms are included in the primitive cell. The
upper (bottom) area in each panel shows the spin-up (-down) state,
and the Fermi energy is set to zero.
3.5 Electronic and magnetic properties

We now discuss the electronic and magnetic properties ob-
tained from the band calculations that incorporate the LR-
determined correlation parameters (3.535 eV for Mn and
6.570 eV for Co). First, the mspin obtained from the
GGA+ULR

Mn method is compared with that from the GGA method
in Table 3. The value of the totalmspin is the same as that of GGA
and agrees with previous reports.53,55,86,87,96–99 On the other hand,
regarding the atom-resolved contributions, the results for mspin

of Co (0.72 mB) and Mn (3.63 mB) are not in agreement with GGA
and previous calculations, but in good agreement with experi-
ments.96,99 Thus, the GGA+ULR

Mn calculation results are superior
to the standard GGA results.

In the GGA-calculated DOS in Fig. 8(a), we can clearly see that
the Co d orbital is broad over a wide energy region (from the
Fermi energy to 5 eV for the majority state and from 0.5 eV to
4.5 eV for the minority state). Contrarily, the Mn d orbital is
relatively localized compared to the Co one and splits into two
peaks located around 3 and 1 eV (1.5 and 1.8 eV) in the majority
(minority) state, respectively. As expected from Fig. 4(b) and (c),
we also conrm the e*u and t*2g orbital characters of the Co
d states above and below the Fermi energy, as shown by arrows
in Fig. 8(a). The value of spin polarization referred to as PDOS is

estimated by PDOS ¼ D[ðEFÞ � DYðEFÞ
D[ðEFÞ þ DYðEFÞ � 100 ð%Þ, where Ds(EF)

is the DOS of the majority (s ¼ [) or minority (s ¼ Y) spin state
at the Fermi energy. A 100% PDOS value is obtained, and the
energy band gap in the minority spin state EYgap is around 0.8 eV.
The GGA+ULR

Mn calculation modies the DOS from GGA. The
energy level of the Mn occupied (unoccupied) states is shied to
a lower (higher) level due to the exchange splitting induced by
the ULR(Mn)

eff effect. As a result, the valence and conduction edges
are dominated mainly by Co d components and only a few Mn
d states appear around the Fermi energy. Due to the presence of
a few Co d DOSs at the Fermi energy, the half-metallicity is
broken but high spin polarization PDOS ¼ 90.5% is obtained.

By contrast, GGA+ULR
Co and GGA+ULR

Mn,Co seem to fail to obtain
the total magnetic moment reasonably consistently with the
experimental observations96,99 because of the overestimated
ULR(Co)
eff parameters (see Table 3). Fig. 8(c) indicates the fact that

the exchange splitting arising from the large ULR(Co)
eff induces
30472 | RSC Adv., 2019, 9, 30462–30478
a fully-occupied Co d state in majority spin states, which leads
to a Comspin of 1.88 mB and totalmspin of 6.95 mB. The energy gap
does not appear in the minority channel and the top of the
valence states around 2 eV from the Fermi energy is composed
of the Mn d orbital of the majority states. Similarly, in the
GGA+ULR

Mn,Co case, the overestimated value of the total mspin of
8.08 mB arises from the fact that the majority electrons of Co and
Mn are fully occupied at low energy (4 eV and below) through
both ULR(Mn)

eff and ULR(Co)
eff , as shown in Fig. 8(d). In this scheme,

the half-metallic electronic structure is broken by a few DOS
that are widely broad around the Fermi energy. The spin
polarizations are found to be negative and small absolute
values: PDOS ¼ �26.97 and 33.82% for the respective
GGA+ULR

Co and GGA+ULR
Mn,Co methods.

From the experimental point of view, hard X-ray photoelectron
spectroscopy measurements reported that the valence band
structure in the binding energy region from the Fermi energy to
This journal is © The Royal Society of Chemistry 2019
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�1.2 eV (corresponding to �1.2 eV in calculated DOS) is mostly
contributed to by Co 3d electrons100 as while the Mn d state does
exist in this binding-energy region, the number of electrons is
very few compared to Co.101 Based on the above comparative
discussions between our calculations and experiments on the
electronic structure and magnetic moment (as well as the equi-
librium lattice constant in Section 3.2), we can conclude that the
static many-body correlation +U at the Y site (Y ¼ Mn for Co2-
MnSi) plays an important role in obtaining ground-state prop-
erties that are in good agreement with the experiments. On the
other hand, the Co d electrons are rather itinerant in the alloy;
thus, the LR approach tends to overestimate the correlation
parameter for the Co site, which is not reliable for accurate band
calculations. In other words, for the Co site, correlation correc-
tionmay not be necessary andmean-eld approximation (GGA or
LSDA) is enough to treat the itinerant Co d electrons. Thus,
hereaer, all LR-based DFT+U calculations are performed with
ULR
eff only for the Y site; i.e., correlation correction is excluded for

Co. We here explicitly mention that the energy diagram obtained
from the GGA+ULR

Mn calculation corresponds to Fig. 4(b) and (c),
which are obtained from the GGA results.

4 Searching for HMmaterials of other
ternary and quaternary alloys

To consider the ternary Co2Y Si alloys, where Y is changed from
Mn to Ti, V, Cr, or Fe atoms, the LR calculations for ULR(Y)

eff are
Fig. 9 (a–d) Total DOS for ternary Co2YSi (Y¼ Ti, V, Cr, or Fe), and (e–h) t
(x¼ 0.25, 0.5, or 0.75) calculated by the LR-based DFT+Umethod. In eac
states, and the Fermi energy is set to zero. Note that the vertical axis rang
per primitive cell of the ternary system is a quarter of the quaternary on

This journal is © The Royal Society of Chemistry 2019
rst carried out using the lattice constants assumed in experi-
ments,16,18,102 as in the case of Co2MnSi. To the best of our
knowledge, there are no experimental data for Co2CrSi, so the
lattice constant obtained from Murnaghan tting91 by the GGA
potential is employed for the ULR(Cr)

eff calculation. In this study
the initial magnetization for the SCF calculation is assumed to
be the ferromagnetic state in all ternary models. The deter-
mined parameters are around 3–4 eV depending on the mate-
rials: ULR(Y)

eff ¼ 2.942, 3.979, 3.169, and 3.922 eV for Co2TiSi,
Co2VSi, Co2CrSi, and Co2FeSi, respectively.103

Calculated total DOSs are shown in Fig. 9(a)–(d), and the
results for the spin magnetic moments are summarized in
Table 4. Co2TiSi is not HM (PDOS ¼ 25.8%), where the Fermi
energy is located at the minority conduction edge state. For
Co2VSi and Co2CrSi, a few broad minority DOSs are found
around the Fermi energy; thus, the electronic structure is not
HM, but the highly spin-polarized values are estimated as
PDOS ¼ 98.2 and 89.3%, respectively. On the other hand, nega-
tive spin polarization, PDOS ¼ �62.3%, is obtained in Co2FeSi,
where the minority DOS is much greater compared to the
majority state at Fermi energy. Note that, as the Y atom is
changed from a large atomic number (ZFe ¼ 26) to small (ZV ¼
23), the Fermi energy position seems to move away from the
conduction state of minority spin, but this is not the case for
Y¼ Ti. This exception is attributable to the fact that the Ti spins
in Co2TiSi couple with those of Co with anti-parallel direction
and the ferrimagnetic structure is obtained in our calculations,
otal DOS dependence on composition x for quaternary Co2(Yx,Mn1�x)Si
h panel, the upper (bottom) region shows the DOS for up- (down-) spin
e of DOS in (a–d) is different from that in (e–h) as the number of atoms
e (see Fig. 1).

RSC Adv., 2019, 9, 30462–30478 | 30473
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Table 4 Nominal number of valence electrons Nval and calculated
spin magnetic moments of total and atom-resolved contributions (in
units of mB) for Co2YSi (Y ¼ Ti, V, Cr, or Fe) and Co2(Yx,Mn1�x)Si (x ¼
0.25, 0.50, or 0.75). Results are obtained from the LR-based DFT+U
method

Nval

Spin magnetic moment

Total Co Y Mn

Co2TiSi 26 1.89 0.97 �0.02
Co2(Ti0.75Mn0.25)Si 26.75 2.76 0.94 �0.09 3.85
Co2(Ti0.50Mn0.50)Si 27.5 3.54 0.90 �0.21 3.75
Co2(Ti0.25Mn0.75)Si 28.25 4.28 0.83 �0.37 3.69
Co2VSi 27 3.00 1.26 0.59
Co2(V0.75Mn0.25)Si 27.5 3.51 0.84 1.19 3.75
Co2(V0.50Mn0.50)Si 28 4.03 0.38 1.06 3.70
Co2(V0.25Mn0.75)Si 28.5 4.56 1.10 0.15 3.13
Co2CrSi 28 4.03 0.52 2.90
Co2(Cr0.75Mn0.25)Si 28.25 4.28 0.58 2.90 3.63
Co2(Cr0.50Mn0.50)Si 28.5 4.52 0.62 2.88 3.61
Co2(Cr0.25Mn0.75)Si 28.75 4.77 0.67 2.94 3.63
Co2(Fe0.25Mn0.75)Si 29.25 5.27 0.94 2.91 3.65
Co2(Fe0.50Mn0.50)Si 29.5 5.55 1.15 2.94 3.69
Co2(Fe0.75Mn0.25)Si 29.75 5.58 1.25 2.95 3.75
Co2FeSi 30 5.42 1.29 2.92
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while the other systems favor the ferromagnetic structure (see
Table 4). Total spin magnetic moments are calculated as 1.89,
3.00, 4.03, and 5.42 mB for Co2TiSi, Co2VSi, Co2CrSi, and Co2-
FeSi, respectively.

The structural properties are also investigated as summa-
rized in Table 5. The estimated lattice constants are in good
agreement with the experiments16,18,102,104 and their error values
from the experiments are less than 1% for Co2TiSi, Co2VSi, and
Co2FeSi. In Co2CrSi, the lattice constant of 5.694 Å is close to the
previous calculation.105 The bulk moduli in all models esti-
mated from the LR-based DFT+U method are slightly smaller
than those in the previous calculations. This trend is similar to
the Co2MnSi case, and might come from the fact that the
previous studies were conducted by standard LSDA105–109 and
GGA.92 The experimentally measured B0 is available only for Y¼
Fe (B0 ¼ 240 GPa).104 From our calculations, the B0 and B0

0 in
Co2FeSi are found to be 183.263 GPa and 4.679, respectively.
The LSDA calculation92 shows a reasonably consistent value of
Table 5 Structural parameters of lattice constant a0, bulk modulus B0,
previous calculations, and experiments. The results of the present study
ULR(Y)
eff ¼ 2.942, 3.979, 3.169, and 3.922 eV for Y ¼ Ti, V, Cr, and Fe, respec

row for Co2FeSi that are from LSDA

Present work Theory

a0 (A) B0 (GPa) B0
0 a0 (A)

Co2TiSi 5.774 189.494 4.191 5.764a

Co2VSi 5.667 192.408 7.485 5.7609b, 5.679c

Co2CrSi 5.694 174.169 5.106 5.6295b, 5.638c

Co2FeSi 5.685 183.263 4.679 5.6431b

5.52d

a Ref. 106. b Ref. 105. c Ref. 107. d Ref. 92. e Ref. 108. f Ref. 109. g Ref. 16.

30474 | RSC Adv., 2019, 9, 30462–30478
B0 ¼ 241.9 GPa with the experiment, although the GGA calcu-
lation105,107,109 underestimates B0 (B0 ¼ 203.5–207.1 GPa). Zhu
et al.109 also performed GGA+U calculations, where the empir-
ical parameters of U¼ 3.5 and J¼ 0.9 eV for Co and those of U¼
3.4 and J ¼ 0.9 eV for Fe were employed, and obtained B0 ¼
209.3 GPa and B0

0 ¼ 4:67 (the GGA+U results are not shown in
Table 5). Therefore, the LSDA calculations might be suitable for
the bulk modulus compared to the GGA+U approaches, while it
seems to underestimate the lattice constant from the experi-
ments, for example, a0 ¼ 5.52 Å in Co2FeSi.92 However, the LR-
based DFT+Umethod provides reasonable results at least for a0
values.

We nally investigate the quaternary Heusler compounds of
chemical formula Co2(Yx,Mn1�x)Si (Y ¼ Ti, V, Cr, or Fe) with
a composition x (x ¼ 0.25, 0.50, or 0.75). To model these systems
in L21 structure, as illustrated in Fig. 1(b)–(d), cubic primitive
cells consisting of 16 atoms are considered. The lattice constant
is given by Vegard’s law110,111 using the obtained equilibrium
lattice constants for Co2YSi (a

CYS) and Co2MnSi (aCMS) as a(x) ¼
xaCYS + (1 � x)aCMS. The correlation parameters of the Mn and Y
atoms for quaternary systems at all compositions are assumed to
be the values of ULR(Mn)

eff and ULR(Y)
eff , which are determined by the

LR theory for ternary Co2MnSi and Co2YSi. For the quaternary
compounds, in which the atomic position of the different
elements is not symmetric as in the ternary system, the structures
are geometrically relaxed under the equilibrium lattice constants
by force calculations using the Broyden–Fletcher–Goldfarb–
Shanno (BFGS) algorithm112–115 until the forces acting on each
atom are minimized below the criterion of 10�3 Ry per bohr.

The calculated mspin values for the quaternary alloys are also
available in Table 4. In the case of only Y ¼ Ti, the Ti spins are
ferrimagnetically coupled with Co and Mn similar to that in the
ternary model. The Mn mspin is a large value over 3 mB in all
systems. Fig. 10 plots the total mspin for ternary and quaternary
Co-based full Heusler compounds under study as a function of
Nval in the system. The Slater–Pauling relation is satised in the
range of less than 29.5 in Nval while being slightly under-
estimated for the range over Nval ¼ 29.5, which corresponds to
Co2(Fe0.75,Mn0.25)Si, and Co2FeSi.

The results for DOS for quaternary alloys are shown in
Fig. 9(e)–(h). A perfectly HM electronic structure (PDOS is equal to
and its pressure derivative B0
0 for Co2YSi comparing the present study,

are obtained from the LR-based DFT+U method with parameters of
tively. Previous calculation results are from GGA, except for the bottom

Experiment

B0 (GPa) B0
0 aExpt (A) B0 (GPa)

204–244.8304a,b,c,e 4.5151e 5.743g

216b, 221.5c 5.647h

227b, 225.3c

203.5–207.1b,c,f 4.62f 5.644i, 5.650j 240j

241.9d

h Ref. 18. i Ref. 102. j Ref. 104.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Totalmspin as a function ofNval for ternary Co2YSi (Y¼ Ti, V, Cr,
or Fe) and quaternary Co2(Yx,Mn1�x)Si (x ¼ 0.25, 0.5, or 0.75). Closed
square (red), triangle (blue), down-pointing triangle (green), and dia-
mond (pink) indicate ternary systems, respectively. Opened symbols
are for quaternary systems. The results of Co2MnSi are also plotted
using a closed circle (black). The Slater–Pauling relation,mspin ¼Nval �
24, is shown by a dotted line.

Fig. 11 Spin polarization PDOS dependence on composition x in
Co2(Yx,Mn1�x)Si. Red, blue, green, and pink plots are Y of Ti, V, Cr, and
Fe, respectively.
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100%) is found in Co2(Ti0.25,Mn0.75)Si, Co2(V0.25,Mn0.75)Si,
Co2(V0.50,Mn0.50)Si, and Co2(Fe0.25,Mn0.75)Si. Among them,
Co2(V0.75,Mn0.25)Si has the largest minority band gap
EYgap ¼ 0.5 eV, and thus, this material can be a good candidate for
a wide-gap HM ferromagnet. Co2(Ti0.25,Mn0.75)Si and Co2(-
Fe0.25,Mn0.75)Si are also HM candidates because of the advantage
in Fermi energy position, as it locates at almost the center of the
valence and conduction states in minority states. These HM
characters lead to the robustness of spin polarization due to the
broadening of valence and conduction states at nite tempera-
ture. Nearly HM (PDOS is almost 100%) is found in Co2(Ti0.50,-
Mn0.50)Si (PDOS¼ 99.9%) and Co2(Fe0.50,Mn0.50)Si (99.4%). Fig. 11
presents the composition dependence of PDOS. Although the Y ¼
Cr system does not show the HM property at each composition,
an interesting trend we observed is that a high PDOS is indepen-
dent of the composition, and Y ¼ V is also the same, whereas
a large reduction of PDOS occurs with an increase in x in the other
systems, especially for Co(Fex,Mn1�x)Si.

Finally, we state the results of systems including Fe by
comparing with previous studies. Whether the electronic
structure of the Co2FeSi compound shows HM is still under
debate and has been for the past few decades, considering
theories both with and without correlation effects.17,116 Our LR-
based DFT+U calculations indicate that it is not a HM ferro-
magnet. However, we emphasize that tuning the composition in
quaternary Co2(Fe,Mn)Si demonstrates that the electronic
structure can be HM. This conclusion is supported by a consis-
tency in anisotropic magnetoresistance (AMR) measurement.117

According to an extended model for AMR formulated by Kokado
et al., the negative sign of the AMR effect arising from the empty
DOS, either spin-up or -down states, at the Fermi level is
a signature of HM.118–120 Based on this model analysis, positive
AMR behavior is found in Co2FeSi117, which indicates a ferro-
magnetic without the minority band gap, but the negative sign
This journal is © The Royal Society of Chemistry 2019
is conrmed in Co2(Fe,Mn)Si,121 leading to HM. Note that the
composition range of Fe and Mn for Co2(Fe,Mn)Si, showing
HM, is different between our study and the AMR experiment,
whichmay be because the present quaternary models [Fig. 1(b)–
(d)] are assumed to be a periodic structure not including the
disordered properties of Fe and Mn, and/or the ordering
parameter of the L21 structure in the experiment117 is rather low
at all compositions. Nonetheless, we suggest that the quater-
nary Co2(Fe0.25,Mn0.75)Si is one of the most promising candi-
dates as an HM Heusler ferromagnet because of the sizable
EYgap(¼0.4 eV) and the Fermi energy position being at almost the
center of the gap. We believe our present results encourage
experiments to improve the degree of crystallinity of bulk
Heusler alloys and/or to fabricate a clean interface without any
atomic inter-diffusion in MTJ and CPP-GMR devices for the
enhancement of MR performances in the future.

5 Summary

In summary, we revisited the fundamental electronic structure
and effects of the correlation parameters for 3d electrons in
a Co-based full Heusler Co2YSi alloy via the LR-based DFT+U
method, where the correlation correction Ueff parameters were
determined from the LR approach and the +U formalism was
incorporated as the FLL form. Focusing on Co2MnSi (Y ¼ Mn),
we considered the origin of the minority HM gap from the
projected band structures calculated by the standard GGA, and
found that the t2g hybridization between Co and Mn is impor-
tant for the gap. The energy diagram of atomic-orbital
RSC Adv., 2019, 9, 30462–30478 | 30475
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hybridizations revealed that the HM gap originates from the
Co e*u of the conduction state and the Co–Mn hybridizing t2g
orbitals of the valence state at the Fermi energy. Thus, the gap
is tunable by selecting a Y element and/or mixing different
elements into the Y site through t2g atomic orbital coupling.
The LR calculations tend to obtain a reasonable value as
a correlation parameter for the Y site (Y ¼Mn in Co2MnSi) but
an unexpectedly large value for the Co site, which misleads to
an unphysical ground state. The failure in determining ULR

eff for
the Co site arises from the fact that the d electrons of the Co
site behave in a rather itinerant fashion in the alloy. This
means that the mean-eld approximations such as LSDA and
GGA are enough to describe the ground-state properties with
high accuracy; thus, we propose the LR-based DFT+U method,
where the determined ULR

eff parameters are incorporated into
only strongly-correlated Y sites, as a suitable methodology on
a practical level for L21 Co-based full Heusler alloys. For Co2-
MnSi, our results are consistent with the experimental obser-
vations and superior to the standard GGA calculation,
particularly in terms of electronic and magnetic properties. It
is also indicated that Co2MnSi is not HM but a highly spin-
polarized ferromagnet. Further investigations were carried
out for the other ternary and quaternary Co2(Y,Mn)Si to
explore the potential for HM ferromagnets. The results showed
that the Co2(Ti,Mn)Si, Co2(V,Mn)Si, and Co2(Fe,Mn)Si
compounds are expected to be HM materials when the
composition of the Y element is appropriately selected. Co2(-
Cr,Mn)Si does not show the HM property at every composition,
but a notable tendency is that the high spin polarization is
independent of the composition. However, for using in spin-
tronics applications, Co2(Fe0.25,Mn0.75)Si, in which the HM
nature is consistent with the experimental AMR study, is one
of the most promising candidates because of the sizable HM
gap in the minority state and as the Fermi energy position is at
almost the center of the gap.
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