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We report full potential treatment of electronic and magnetic properties of Cr,_,FexCoZ (Z=Al, Si)
Heusler alloys where x=0.0, 0.25, 0.5, 0.75 and 1.0, based on density functional theory (DFT). Both parent
alloys (CryCoAl and Cr,CoSi) are not half-metallic frromagnets. The gradual replacement of one Cr
sublattice with Fe induces the half-metallicity in these systems, resulting maximum spin polarization.
The half-metallicity starts to appear in Crp_yFe,CoAl and Cr,_yFe,CoSi with x=0.50 and x=0.25,
respectively, and the values of minority-spin gap and half-metallic gap or spin-flip gap increase with
further increase of x. These gaps are found to be maximum for x=1.0 for both cases. An excellent
agreement between the structural properties of CoFeCrAl with available experimental study is obtained.
The Fermi level tuning by Fe-doping makes these alloys highly spin polarized and thus these can be used

as promising candidates for spin valves and magnetic tunnelling junction applications.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Heusler alloys represent a class of materials which show a
number of diverse magnetic phenomena [1,2]. Many of these alloys
have conducting nature for one spin channel and semiconducting
for the other. The Heusler alloys with this type of character are
known as Half-metalllic ferromagnets (HMFs). The half-metallic
(HM) Heusler alloys generally display high Curie temperatures, but
more importantly they are in certain cases closely lattice-matched
to semiconductors. For example, Co,FeSi is ferromagnetic up to
temperatures 1000 K and is lattice-matched to GaAs within ~0.08%
[3-6]. Since the prediction of HM nature of NiMnSb Heusler alloy
[ 7], a significant scientific thrust has been observed towards the HM
Heusler alloys. Apart from various theoretical studies on these
alloys and other HM materials [8-14], the HM character have also
been very well confirmed experimentally [15-17]. These alloys, due
to the 100% spin polarized current, are expected to improve
significantly the performance of magnetic tunnelling junctions
(MT]Js) based on the tunnelling magnetoresistance (TMR) [18].

The conventional ternary Heusler alloys with stoichiometric
composition, X,YZ and XYZ, exist in L2; and C1,, crystal structures,
respectively, with X and Y as the two transition metal (TM) atoms
and Z as a main group element. If one of the X atoms in X,YZ
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structure is replaced by a Illird TM atom (X’), the resulting alloy
gets crystallized in the Y-structure, XX'YZ (Prototype LiMgPdSn),
which has no inversion symmetry. These are classified as qua-
ternary Heusler alloys. These 1:1:1:1 quaternary Heusler alloys can
be converted back to the ternary structure by replacing the X atom
with the Y atom. The consequential structure (X'Y,Z) so formed is
known as the X-structure (prototype CuHg,Ti). This structure often
appears for Heusler alloys when the X' element is more valent
than that of the Y and both elements are from the same, 3d TM,
period. The Heusler alloys with this structure are often named as
inverse Heusler alloys. These alloys are known for their small
magnetic moment and high Curie temperature [19] due to strong
direct exchange interaction between like atoms. Various theore-
tical and experimental studies have been devoted to these systems
[20-23].

The large TMR ratio, which is determined by the spin polariza-
tion of ferromagnetic electrodes, can be obtained by using the
electrodes of Heusler alloys in MT]Js. Sakuraba et al. [24] verified
this fact in Co,MnSi/Al-0/Co,MnSi MTJ by showing a high value
(570%) of TMR in this system. The current perpendicular to plane-
giant magnetoresistance (CPP-GMR) ratio can also be enhanced by
using highly spin polarized Heusler alloys as ferromagnetic elec-
trodes [25]. However, the spin polarization of these materials
greatly influenced by temperature, spin wave excitation and the
narrow energy separation between the Fermi level (Er) and the
conduction or valence band edge [26] which ultimately hinder
their practical applications. This problem might be solved by
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choosing a Heusler alloy with Er lying almost at the center of a
large minority-spin gap (Eg,) or shifting the Er in to mid of this gap
by doping with another suitable TM element.

It is established that Er tuning would be one of the essential
techniques to achieve the materials with higher spin polarization
[13]. This tuning can be achieved by suitable doping in stoichio-
metric Heusler alloys. Tezuka et al. [27] demonstrated the Ef
tuning in Co-based full Heusler alloys by substituting Z with an
element of a different valence and obtained a larger value of
effective spin polarization, in CoFeAlysSigs, as compared to the
stoichiometric composition i.e. Co,FeSi or Co,MnAl Inomata et al.
[28] demonstrated large TMR, 16% at room temperature and
26.5 at% 5K, in Fe doped Co,CrggFeq4Al Heusler alloy film. The
enhancement of spin polarization was also confirmed using Fe
doping in Co,MnSn by employing Andreev Reflection technique
[29]. We have been motivated by this point and demonstrated in
the present work how position of Er can be pinned in middle of Eg,
via doping of Fe for Cr in Cr,CoZ (Z=Al, Si) inverse Heusler alloys
to get the maximum degree of spin polarization.

2. Computational details

The electronic structure calculations of stoichiometric and off-
stoichiometric Cr,_,Fe,CoZ (Z=Al and Si) Heusler alloys where
x=0.0, 0.25, 0.50, 0.75 and 1.0, were carried out using the DFT [30]
based full potential linear augmented plane wave (FPLAPW)
method as implemented in WIEN2k [31]. In FPLAPW calculations,
the core states were treated fully relativistically, whereas, for the
valence states a scalar relativistic approximation was used. The
exchange and correlation (XC) potentials were constructed using
generalized gradient approximation (GGA) within the parameter-
ization of Perdew-Burke-Ernzerhof [32]. Additionally, the valence
electron wave function inside the muffin-tin (MT) sphere was
expanded up to l,.x=10. The Radii of MT sphere (Ryr) for various
atoms were taken in the present calculations such as to ensure the
nearly touching spheres. The plane wave cut-off parameters were
decided by Ryrkmax=7 (Where kn.x is the largest wave vector of
the basis set such that k;,.x controls the accuracy of the calcula-
tion) and Gmax=12 a.u.”! for Fourier expansion of potential in the
interstitial region. A conventional 1x 1 x 1 cell of 16 atoms was
generated to simulate the various doping concentrations. The k-
space integration was carried out using the modified tetrahedron
method [33]. A 17 x 17 x 17 k-point mesh was used as base for this
integration resulting in 455/63 k-points for stoichiometric/off-
stoichiometric alloys in the irreducible Brillouin zone. The energy
convergence criterion was set to 10~ % Ry/cell and the charge
convergence was also monitored along with it. Further, full
relaxations of the internal atomic coordinates have also been
carried out prior to studying the electronic and magnetic proper-
ties of the present systems.

The Cr,CoZ (Z=Al and Si) inverse Heusler alloys crystallizes in
X-structure and the Wyckoff positions for this structure are 4a
(0, 0, 0), 4b (1/2, 1/2, 1/2), 4c (1/4, 1/4, 1/4) and 4d (3/4, 3/4, 3/4),
where Cr occupies the two inequivalent 4a and 4c sites as nearest
neighbors. In our nomenclature, they are represented by Cr' and
Cr'" and we use this terminology throughout the text. Beside this,
Co and Z atoms reside at 4b and 4d, respectively.

3. Result and discussion

The results have been described in two parts. In first part, only
stoichiometric Cr,CoZ (Z=Al and Si) inverse Heusler alloys with-
out doping have been considered whereas in second part, the Fe-
doping in these alloys has been taken in to account.

3.1. Stoichiometric Cr,CoZ (Z=Al and Si) inverse Heusler alloys

The parent Cr,CoZ (Z=Al and Si) inverse Heusler alloys are
recently proposed by Skaftouros et al. [34]. Both alloys energeti-
cally favour X-structure which has been confirmed in this work
using Murnaghan equation of state [35]. Fig. 1 shows the optimi-
zation plots for Cr,CoSi in L2; and X-structure as a representative.
Here, X-structure is found to be more stable than the correspond-
ing L2;-structure by an energy E ~1.0 eV. The obtained lattice
parameters, shown in Table 1, are in very good agreement with the
previously calculated values [34].

The total DOS of both alloys are almost similar. Fig. 2 (upper
panel) shows the calculated DOS of Cr,CoZ (Z=Al and Si) alloys. It
clearly manifests the strong metallic character of the majority-spin
channel (MAC). The presence of finite DOS at Er in minority-spin
channel (MIC) separates them from the HMF category. These alloys
do not have a gap in MIC, however, the calculated values of spin
polarization, P = [n;(Ef)—n,(Er)]/[n;(EF)+n,(EF)] are still appreci-
able i.e. 68% and 94% for Cr,CoAl and Cr,CoSi, respectively.

In order to have better insight of the electronic structure, we
have taken Cr,CoSi as representative and explained the necessary
ingredients of the DOS (lower panel of Fig. 2). In MAC, a three
peaks structure is identified. The two are in bonding region whose
origin is e,—ty, splitting of d-states of Cr' and Co atoms in the
cubic crystal field [36]. The third one in antibonding region is
mainly of Cr! nature. The d-states of Cr'! atom present in a localized
manner at Er. In MIC, similar peaks exist in bonding region. The d-
states of Cr'' states which are localized at Er in MAC get blue
shifted by ~1.0 eV relative to Er due to large exchange splitting of
Cr atoms. It is clear from the behaviour of DOS that the covalent
hybridization between lower-energy Cr-d states and higher-
energy Co-d states is responsible for the formation of bonding
and antibonding states [9]. The p-states of Si-atoms which lie deep
from ~ —6.0 to —2.0 eV (not shown for brevity), do not take part
in the formation of gap in MIC, nevertheless, they effectively
determine the occupancy of p-d orbitals and decide the position
of Er after hybridization with TM-d states.

The Cr,CoZ (Z=Al and Si) Heusler alloys are actually HM
ferrimagnets [34] due to antiferrornagnetic coupling between
two inequivalent nearest neighbours Cr-atoms. Out of two
alloys, Cr,CoAl is fully compensated ferrimagnet (FCF) [37] with
exactly 24 valence electrons. According to Slater-Pauling rule,

Cr,CoSi
T T T T T T T T T
- L2 - structure

n —@— X- structure
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0.05 - b

E-E,.Ry)
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Fig. 1. Calculated total energy vs. the lattice parameter of Cr,CoSi in the L2, and
X-structure. The zero of the energy corresponds to the global equilibrium lattice
constant.
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Table 1

The calculated lattice parameters, total and atom-resolved spin magnetic moment (in pig) along with spin polarization (P) of Cr, _ Fe,CoZ (Z=Al, Si; x=0.0, 0.25, 0.5, 0.75 and

1.0) inverse Heusler alloys.

Compound a (A) Mot Mge mk, m, Meo my P
Cr,CoAl This work 5.77 0.00 - —145 1.25 0.27 —0.02 0.68
Other 5.80% 0.01 - -2.10 1.87 0.30 —0.05° -
Crq.75Feq25CoAl This work 5.75 0.37 0.49 —148 1.28 0.39 —0.04 0.97
Other - - - - - - - -
Cry.50Feq.50CoAl This work 5.72 0.80 0.25 —1.53 130 0.46 —0.05 0.99
Other - - - - - - - -
Cry35Feq75CoAl This work 5.71 1.04 0.23 —1.61 135 0.71 —0.04 0.99
Other - - - - - - - -
CoFeCrAl This work 5.70 2.00 0.60 — 1.60 1.03 —0.04 1.00
Other 5.71° 2.00° - - - - - -
Expt 5.73¢ - - - - - - -
Cr,CoSi This work 5.67 1.00 - —-0.76 115 0.69 —-0.03 0.94
Other 5.67° 1.06 - -111 1.61 0.54 —0.04* -
Cry.75Feq.25C0Si This work 5.65 222 0.43 ~094 143 0.72 ~0.03 0.99
Other - - - - - - - -
Cry.50Feq.50CoSi This work 5.64 2.63 0.45 -0.97 1.45 0.86 —-0.03 0.99
Other - - - - - - - -
Cry.25Feq75C0Si This work 5.62 2.80 0.45 ~0.99 1.50 1.00 ~0.04 1.00
Other - - - - - - - -
CoFeCrSi This work 5.61 3.00 0.32 - 1.64 1.06 —0.04 1.00
Other 5.63" 3.00° - - - - - -
2 Ref. [34].
b Ref. [40].
¢ Ref. [41].

DOS (states/eV/spin)

E-E, (eV)

Fig. 2. Total DOS (upper panel) of stoichiometric Cr,CoZ (Z=Al, Si) inverse Heusler
alloys and partial DOS (lower panel) of Cr,CoSi inverse Heusler alloys. Er
corresponds to Fermi level (Ep).

m; = Ny —24, the total spin magnetic moment for FCF should be
exactly zero. The calculated total and atom resolved spin magnetic
moments are listed in Table 1. The calculated total spin magnetic
moments are in accordance with Slater-Pauling rule for both
Cr,CoZ (Z=Al and Si). Co carries local spin magnetic moment of
0.27 pp for CryCoAl and 0.69 pp for CryCoSi. Z-atoms carry a
negligibly small induced moment aligned antiparallel with Co. In
both alloys, Cr-atoms carry magnetic moments with opposite
polarity due to their mutual antiparallel alignment. It can be
explained in the following way: In Heusler alloys, there are
primarily two magnetic processes, i.e. exchange splitting of
d-states of magnetic atoms and the interatomic covalent interac-
tion of d-states [38]. The former equally favours both alignments
i.e. ferromagnetic and antiferromagnetic, whilst only antiferro-
magnetic alignment dominates due to latter [39]. More precisely, it
is a competition between these two processes which decides the
ferromagnetic or antiferromagnetic alignment of atomic magnetic
moments in these alloys. The strong direct interaction between d-
states of nearest neighboured inequivalent Cr-atoms makes them
to align antiparallel with each other. Due to this, almost vanishing
total spin magnetic moment appears in Cr,CoAl FCF and a small
value for Cr,CoSi ferrimagnet.

3.2. Doped Cr,_,Fe,CoZ (Al and Si) Heusler alloys

As discussed in introduction, the position of Er in the minority
band gap determines the quality of the half-metallicity. To have
the large HM gap or spin-flip gap, Es;, (energy for transition from
half-metal to traditional ferromagnet/ferrimagnet), which would
be the most desirable in half-metals for spintronics utility, the Er
must lie almost in the middle of the Ez. The modification of
electronic structure and physical properties of Cr,CoZ (Z=Al, Si)
Heusler alloys were carried out by doping with a fourth TM i.e. Fe
which can provide a class of materials with tailored characteristics.
Fig. 3 shows the variation of lattice parameters (a) of resultant
alloys as a function of doping concentration x. The lattice
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parameters of Cr,_,Fe,CoZ (Z=Al and Si) decrease linearly with
the increase in x. The optimized lattice parameters are summar-
ized in Table 1.

Fig. 4 shows the calculated total DOS of doped Cr,_ FeyCoZ (Al
and Si) Heusler alloys for x=0.0, 0.25, 0.50, 0.75 and 1.0. As for the
stoichiometric alloys, discussed above, the MAC holds the metallic
character throughout for all doping concentrations here also. The
DOS in MIC, on the other hand, changes its nature continuously
with the Fe substitution. The gradual replacement of one of the Cr
sublattices with Fe splits the DOS at Er in MIC. This splitting
increase as we increase Fe-doping and complete replacement of
one of the Cr sublattice with Fe creates a new quaternary Heusler
alloy, CoFeCrZ (Z=Al and Si) which crystallize in Y-structure. This
study endorses by the previous study on CoFeCrZ (Al and Si)
quaternary Heusler alloys [40]. Further, the calculated lattice
constant (Table 1) and site occupation of various atoms in

T T T T T T T T T ]
o —@—Cr, Fe CoAl
s76 L \ —8—Cr, Fe CoSiT|
(]
573 | \ i
o—
— .
_ 570} .
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©
5.67 |- -\ i
.\
5.64 |- -\ i
n
561 T
1 n 1 n 1 n 1 n 1
0.00 0.25 0.50 0.75 1.00

Fe Concentration (x)

Fig. 3. The variation of lattice parameters (a) with Fe-concentration (x)
Cry _xFe,CoZ (Z=Al, Si; x=0.0, 0.25, 0.5, 0.75 and 1.0) Heusler alloys.

n

Cr, Fe CoAl

CoFeCrAl alloy are also in accordance with the recent experiment
study by Nehra et al. [41] on this compound. This verifies the
credibility of this work.

The variation of E, and Es with Fe concentration (x) is
presented in Fig. 5. After the onset of half metallicity, with
x=0.50 and x=0.25, respectively, in Cr,_,Fe,CoAl and Cr,_Fe,.
CoSi, there is increase in both energy gaps, Eg, and Eg;, with higher
value of x. The maximum value of Ez, and E, are found to be 0.485/
0.672 and 0.156/0.320 eV, respectively, for x=1 in Cr,_,Fe,CoAl/
Cr, _xFe,CoSi. The almost 100% spin-polarization which initialize
with x=0.50 and x=0.25, respectively, in Cr,_,Fe,CoAl and
Cr,_,Fe,CoSi and remain almost saturated at maximum (100%)

T T T T T T T T T
07F—m—,—m—E -
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@, @ E_ 1
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Minority-spin gap/Spin-flip gap (eV)
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0.1 ! . ! . ! . ! . !
0.00 0.25 0.50 0.75 1.00

Fe Concentration (x)

Fig. 5. Minority-spin gap (E,,) and HM gap or spin-flip gap (E) as a function of Fe-
concentration (x). The sphere with solid line/dotted line (olive color) represents Eg/
Eg for Cr_,Fe,CoAl and the square with solid line/dotted line (blue color)
represents Eg [Es for Cr,_,Fe,CoSi where x=0.0, 0.25, 0.5, 0.75 and 1.0. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 4. Total DOS of undoped and Fe-doped Cr,CoZ (Z=Al, Si) inverse Heusler alloys at Fe-concentrations, x=0.0, 0.25, 0.5, 0.75 and 1.0.
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Fig. 6. Atom resolved d-DOS of Cr;,_Fe,CoSi (x=0.25, 0.5, 0.75 and 1.0) Heusler alloys.

for further increase in x for both alloys (Table 1). The increment in
spin polarization with the Fe-doping in Cr,_ ,Fe,CoSi, for example,
may be due to behaviour of Fe as electron dopant for this
substitution. Thus, the number of extra electrons is to be adjusted
only in the MAC if the alloys have to follow the Slater-Pauling rule
[9,29]. This leads to the appearance of small DOS in MAC in the
vicinity of Eg, This is illustrated in Fig. 6 (left panel). For x=1.0, Fe
completely replaces the one Cr sublattice and interaction between
the TM atoms gets modified and Er falls exactly in the middle of
minority band gap. The strong hybridization between TM atoms
and further with sp atoms might be the reason for the shifting
of Er.

When we move from x=0.0 to x=1.0, the two extra electrons
are added up and the number of valence electrons increases from
24 to 26 in CoFeCrAl and from 25 to 27 in CoFeCrSi. This leads to
the increase of total spin magnetic moments from 0.00 pg to
2.00 pp and 1.00 pg to 3.00 pg in Crp_4FeyCoAl and Cr;,_,Fe,CoSi
(for x=1.0), respectively. As discussed in Section 3.1, for the
stoichiometric composition, 3d states of TM atoms form the
common d-band; hence localized partial magnetic moments
composed of itinerant electrons are obtained [39]. The d-DOS of
Cry_xFe,CoSi (x=0.25, 0.50, 0.75 and 1.0), in Fig. 6, clearly
indicates the localized behaviour of magnetic moment in these
alloys.

The calculated total spin magnetic moments (Table 1) increase as
X varies from 0.0 to 1.0. The Cr'" atom carries the major part of the
total moment and this moment gets enhanced with increase of Fe-
doping. Further, the moment at Co site also shows a linear increase
with incremental Fe substitution. Fe also carries a small moment for
all concentrations in both systems and its ferromagnetic alignment
with Cr'" atom possibly leads to the enhancement of total spin
magnetic moment of the resulting alloys. Z-atoms have a negligibly
small magnetic moment, similar to the stoichiometric case, which
aligns in antiparallel configuration. The magnetic properties of 3d-
metals solely depend on the chemical environment surrounding
them. As substitution of Cr' with Fe changes the chemical

environment and the reconstruction of the 3d bands takes place
which leads to change in the magnetic moments.

4. Summary and conclusions

First-principles calculations based on DFT for undoped and Fe-
doped Cr,CoZ (Z=Al, Si) inverse Heusler alloys have been per-
formed in order to search half-metallicity. Both parent (undoped)
alloys: Cr,CoAl and Cr,CoSi are not found to be true HMFs. On the
other hand, the half-metallicity starts to appear in these systems
with Fe-doping and spin polarization (P) raises with increase in
doping concentration of Fe (x). The half-metallicity starts to appear
in Cry_,FeyCoAl and Cr,_,Fe,CoSi with x=0.50 and x=0.25,
respectively. The spin polarization remains almost saturated at
100% for higher value of x in both alloys. The end alloys i.e. x=1,
carries the maximum value of minority-spin gap and spin-flip gap
which are found to be 0.672 and 0.320 eV, respectively, for
Cr,_4Fe,CoAl and Cr,_,Fe,CoSi. A very good agreement has been
found for the structural properties of CoFeCrAl with available
experimental study which justifies the authenticity of this work.
The alteration of electronic properties of Cr,_yFexCoZ (Z=Al, Si)
Heusler alloys in a desired way via tuning of Ex would be proved as
essential technique to achieve the materials with higher spin
polarization and proposed systems may be used as the ideal
candidate for spin valves and MT]J applications. We hope that the
present work will encourage further experimental studies of HM
systems based on these Heusler alloys and promote more studies
on the same.
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