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a b s t r a c t

The ab-initio band calculations predict that the full-Heusler ferromagnetic alloys at L21 structure, such
as Co2MnSi and Co2CrAl, are half-metallic. However, the measured spin polarizations have been usually
less than ∼60%. The decrease may be attributed to defects of swaps and antisites. We give ab-initio
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calculations for the formation energies of isolated swaps in Co2MnSi and Co2CrAl and isolated antisites
in Co2MnSi, which may be the important factor to determine the defect concentrations. The present
calculations predict that two kinds of antisites (Si in Mn-site and Mn in Co-site) in Co2MnSi and one kind
of swap (Cr–Al) in Co2CrAl, are very likely to be formed because of the small defect energies. Using the
calculated results, we clarify the fundamental features of Co2MnSi and Co2CrAl with defects and discuss

iscrep
b-initio calculation
KR

how to understand the d

. Introduction

Ferro-magnetic (FM) full-Heusler alloys at L21 structure have
ttracted a great deal of interest during the last century as mate-
ials of various high qualities [1,2]. Especially, Co-based alloys,
uch as Co2MnSi and Co2CrAl, were expected as half-metallic(100%
pin polarization at the Fermi level) FM alloys with high Curie
emperatures. According to the band calculations, the ground
tates of Co2MnSi and Co2CrAl are half-metallic [3–5]. How-
ver, the measured spin-polarization have been usually less than
60% [6] and the measured total magnetic moment of Co2CrAl

s fairy small (1.55 �B) [7], compared with the band calculation
esult (3.00 �B) [4]. It is also well known experimentally that
he atomic structure of Co2CrAl is B2 (disordering of Cr and
l) [8]. The B2 structure of Co2CrAl may be considered as the
ystem with the high concentration of Cr–Al swaps in Co2CrAl.
ince the experimental results depend very much on the con-
ition of the fabrication [6], it is easily anticipated that the
iscrepancies between the band calculation and experimental
esults may be attributed to defects of swaps and antisites. Thus,
he development of the electronic devices of high qualities needs
he theoretical study of the electronic states and magnetism of the

ull-Heusler alloys with and without the defects.

At present, according to our knowledge, there are very few
heoretical works for the defect systems, such as the FLAPW
alculations by Picozzi et al. [9], using the supercell approxima-

∗ Corresponding author. Tel.: +81 53 478 1780; fax: +81 53 478 1781.
E-mail address: tsnfuji@ipc.shizuoka.ac.jp (N. Fujima).
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ancies between the band calculation and experimental results.
© 2010 Elsevier B.V. All rights reserved.

tion, and the KKR-CPA calculations by Miura et al. [10], using
the spherical potential approximation. Developing the ab-initio
calculations based on the full-potential Korringa–Kohn–Rostoker
(FPKKR) Green’s function method combined with the generalized
gradient approximation (GGA) in the density functional theory,
we have reproduced the physical quantities of metals with and
without defects, such as the atomic structures, the equilibrium
lattice parameters, and the bulk moduli of pure elemental met-
als (Li–Au), and the monovacancy formation energies in them
[11].

Using the local-spin-density approximation (LSDA)–FPKKR,
Galanakis et al. have already succeeded in elucidating the funda-
mental features of many half-metallic full-Heusler alloys, namely,
the relation for magnetic moments with valence numbers per unit
cell, called “the Slater–Pauling rule” [1]. They used the experimental
values for the lattice parameters and restricted to the FM states.

Following their works and using the GGA–FPKKR calculations,
we have also started to study the magnetism of Co-based, Ni-based,
and, Ru-based full Heusler alloys. We have already reproduced the
experimental results of these alloys without defects, such as the
equilibrium lattice parameters, the ground states of magnetism (FM
or anti-FM(AFM)), and the total magnetic moments, and discussed
successfully the change of magnetism of Ni2MnAl (from FM to AFM)
[5], which occurs at elevated temperatures.

In the present work, we give the calculated results for the for-

mation energies of isolated swaps in Co2MnSi and Co2CrAl, and
isolated antisites in Co2MnSi, and clarify the fundamental fea-
tures of these alloys with defects, and discuss how to understand
the discrepancies between the band calculation and experimental
results.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tsnfuji@ipc.shizuoka.ac.jp
dx.doi.org/10.1016/j.jallcom.2010.02.056
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Table 1
Three kinds of swap energies (in eV) in Co2MnSi and Co2CrAl. The FLAPW results
are shown in parentheses. See the text for the interatomic distances of swap pairs.

Co2MnSi Co2CrAl

experimental results of the disordering (B2 structure) of Cr and
Al in Co2CrAl [8], although the quantitative discussions need the
molecular dynamic calculations with the accurate model potential
[18], for more complex systems with different kinds of swaps and
antisites.

Table 2
Six kinds of antisite energies (in eV) in Co2MnSi. The FLAPW
results are shown in parentheses.

Mn on Co-site 0.32(0.33)
ig. 1. Atomic structure for L21 structure of full Heusler X2YZ alloy and the defects
f a swap (Y–Z) and an anitisite (Z on X-site).

. Method of ab-initio calculations

The calculations for total energies of impurity systems are based
n the density functional formalism in the GGA. In order to solve the
ohn–Sham equations we use a multiple scattering theory in the

orm of the KKR Green’s function method for full potentials. The
dvantage of the Green’s function method is that by introducing
he host Green’s function, the embedding of point defects in an
therwise ideal crystal is described correctly, differently from the
sual supercell and cluster calculations [11,12].

It is noted that the potential perturbation due to point defects in
etals is very localized in the vicinity of the point defects, because

f the screening effect of the host electrons [11]. In the present
alculations for the point defect systems, the potential perturba-
ion is taken into account up to the 2nd neighbors around the point
efects. The accuracy of the present calculations is discussed in Ref.
11]. It is also noted that the host Green’s functions for full-Heulser
lloys without defects are obtained very easily by the screened ver-
ion of KKR calculations in which the short-range structural Green’s
unctions ensure rapid and efficient numerical calculations. The
ccuracy of the present band calculations for the ideal crystals is
iscussed in Refs. [5,13–15].

. Formation energies of swaps and antisites

Fig. 1 shows the atomic structure (L21) of X2YZ full-Heusler
lloy, and the defects of swaps and antisites. We treat three kinds
f isolated swaps (X–Y, Y–Z, Z–X) and six kinds of isolated antisites
Y on X-site, Z on X-site, X on Y-site, Z on Y-site, X on Z-site, Y on
-site). For example, the Y–Z swap means that the position of Y and
atoms in the ideal bulk are exchanged, while the anitisite, Z on X-

ite, means that a X atom is replaced by a Z atom, as shown in Fig. 1.
t is noted that the Y–Z swap energy depends on the interatomic
istance between Y and Z. It is also noted that the concentrations
f elements do not change by the formation of swaps, while they
hange by the formation of antisites.

The Y–Z swap energy is the total energy change due to the for-
ation of a Y–Z swap. The total energy, E(Y ↔ Zin X2YZ), of the

efect system with a Y–Z swap is calculated accurately by the
resent GGA-FPKKR program for defects. The Y–Z swap energy in
2YZ is written as follows:

E(Y-Z swap) = E(Y ↔ Z in X2YZ) − E(X2YZ − bulk) (1)

here E(X2YZ − bulk) is a total energy of the ideal system without
Y–Z swap.

On the other hand, the calculations for the formation energy
ue to, for example, an antisite (Z on X-site) in X2YZ, needs the cal-
ulations of total energies of the pure elemental metals (chemical

eservoirs) because one Z atom is transferred to a X-site in X2YZ
rom a chemical reservoir (elemental Z metal) outside X2YZ, and
ne X atom in X2YZ is transferred to a chemical reservoir (elemen-
al X metal). Thus, the formation energy of the anitisite (Z on X-site)
Co–Mn 1.06(1.13) Co-Cr 0.74
Co–Si 3.42 Co–Al 2.41
Mn–Si 1.33(1.38) Cr–Al 0.31

may be written as folows,

�E(Z on X − site) = E(Z → X in X2YZ) − E(X2YZ − bulk)

− E(Z − bulk) + E(X − bulk) (2)

where E(Z → X in X2YZ) and E(X2YZ − bulk) are the total ener-
gies with and without an antisite (Z on X-site). E(Z − bulk) and
E(X − bulk) are the total energies (per atom) of Z and X metals. All
the total energies are calculated by the present ab-initio programs
for perfect metals and defect systems, as have been discussed in
Section 2.

In the present calculations for antisites in Co2MnSi, we choose
as the stable phases for elements (Co,Mn,Si), the FM hcp Co, the
nonmagnetic (NM) hcp Mn, and the diamondlike Si, respectively,
which are the calculated ground states among fcc, bcc, hcp, and
diamondlike structures [12,16]. The present calculation results for
elemental metals agree with the experimental results, except Mn:
the observed atomic structure of Mn is ˛Mn. However, it is noted
that the energy difference between hcp-NM and ˛ Mn may be as
small as a few mRy [17]. Thus, the present results do not change
very much on the choice between ˛ Mn and hcp-NM.

4. Calculated results for swaps and antisites

We show the calculated results for the formation energies of
isolated swaps in Co2MnSi and Co2CrAl, and the formation ener-
gies of isolated antisites in Co2MnSi, and clarify the fundamental
features, which may be important to understand the discrepan-
cies between the band calculation and experimental results. In the
present work, as the first results for swap energies, we treat the
swaps of the nearest-neighbor pairs X–Y and X–Z, and the second-
neighbor pair Y–Z. The calculated results for swaps in Co2MnSi and
Co2CrAl are shown in Table 1, while those for antisites in Co2MnSi in
Table 2. The available FLAPW results are also shown in parenthe-
ses. The agreement between the calculated results demonstrates
the accuracy of both the calculations.

First we discuss the formation energies of isolated swaps in
Co2MnSi and Co2CrAl, as listed in Table 1. It is noted that the
swap energies in Co2CrAl are small, compared with the results of
Co2MnSi. Especially, the (Cr–Al) swap energy is very small (0.31 eV).
The swap (Co–Cr) energy (0.74 eV) is also small, compared with the
values of other swaps. This means that the exchange of Cr and Al
is very likely to be formed in Co2CrAl. This result agrees with the
Si on Co-site 2.20
Co on Mn-site 0.79(0.80)
Si on Mn-site 0.27
Co on Si-sie 2.22
Mn on Si-site 1.35
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Fig. 2. Distribution of magnetic moments around a Co–Cr swap in Co2CrAl, with the
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3v symmetry around a Co–Cr swap. The magnetic moments in an ideal Co2CrAl alloy
re shown in parentheses. It is noted that the three Cr–Cr pairs of anti-ferromagnetic
oupling are created as a result of the formation of a Co–Cr swap. See the text for
etails.

It is also known that the measured value of total magnetic
oment (MM) of Co2CrAl is very small (1.55 �B), compared with

he band calculation result(3.00 �B). This discrepancy may be
nderstood by considering the creation of the 1st-neighbor Cr–Cr
airs, for example, which occurs as a result of the formation of
o–Cr swaps [10], as follows.

Fig. 2 shows the calculated results for the MM distribution
round an isolated Co–Cr swap. We found that the change (90%) of
he total MMs with respect to the ideal value is due to the change of

Ms in the sites shown in Fig. 2, being the two sites in a Co–Cr swap
nd the nearest-neighboring sites around a Co–Cr swap. According
o the present calculations, the ground state of the magnetism of
he 1st-neighbor Cr–Cr coupling is AFM and the total MM decrease
s as large as 2.22 �B per Co–Cr swap. Thus, the measured decrease
1.45 = 3 − 1.55 �B) of the total MM of Co2CrAl may be understood
y considering the appropriate concentration of Co–Cr swaps.

Now we discuss the calculated results for isolated antisites in
o2MnSi, listed in Table 2. We found that two kinds of antisites,
uch as Si on Mn-site and Mn on Co-site, are very likely to be formed
ecause of the small energies (0.27 eV and 0.32 eV). We estimate the
quilibrium concentration cdefect of the defects at temperature T, by
sing a simple Boltzmann-like distribution,

defect = exp
(

− �E

kBT

)
. (3)

n particular, considering a temperature T = 1523 K, suitable for
triarc Czochralski growth of bulk Co2MnSi [6], the equilibrium

oncentrations of two defects (Si on Mn-site and Mn on Co-site)
re as large as 13% and 8%, respectively. The result (8%) for Mn in
o-site agrees with 5–7%, which was obtained by the analysis of

he neutron diffraction measurements [6]. For Si on Mn-site, there
re no information on its concentration, although the formation of
i on Mn-site was confirmed by the analysis of the measured X-
ay radiation diffraction patterns [19]. Thus, the comparison of the
resent result with the experimental result is a future problem.

[
[

[
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Before closing this section, we discuss one possibility to explain
the decrease of the spin polarization at the Fermi level. According
to the present calculations, the changes of MMs are very localized
around the antisites and the change of total MMs per antisite are
−2.25 �B and −3.62 �B, respectively, for Mn on Co-site and Si on
Mn-site. It is obvious that the large deviation from the integer value
of the total MM means that the gap states emerge in the minor-
ity band and are located at the Fermi level. Thus, we may expect
that the decrease of the spin polarization may be understood by
considering the antisite (Si on Mn-site) in Co2MnSi.

5. Summary

We calculated the formation energies of isolated swaps and iso-
lated antisites in Co2MnSi and Co2CrAl and showed that the defects,
such as one kind of swap (Cr–Al) in Co2CrAl and two-kinds of anti-
sites (Si on Mn-site, Mn on Co-site) in Co2MnSi, are likely to be
formed because of the small defect energies. We also clarified the
fundamental features of these alloys with the defects, and showed
how to understand the discrepancies between the band calculation
and experimental results, such as the decrease of the spin polariza-
tions in Co2MnSi , and the disordering of Cr–Al and the decrease of
total MM in Co2CrAl.

One of the authors (T. Hoshino) thanks Prof. K. Inomata and Prof.
Y. Sakuraba for useful discussions. This work was supported by
Grand-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology, Japan (20560614).
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