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Atomic disorder effects on half-metallicity of the full-Heusler alloys Co2„Cr1ÀxFex…Al:
A first-principles study

Yoshio Miura, Kazutaka Nagao, and Masafumi Shirai
Research Institute of Electrical Communication, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan

~Received 20 September 2003; revised manuscript received 29 December 2003; published 12 April 2004!

We investigate the atomic disorder effects on the half-metallicity of the full-Heusler alloy Co2(Cr12xFex)Al
from first principles by using the Korringa-Kohn-Rostoker method with the coherent potential approximation.
Our results show that disorder between Cr and Al does not significantly reduce the spin polarization of the
parent alloy Co2CrAl, while disorder between Co and Cr makes a considerable reduction of the spin polar-
ization. It is observed that the spin polarization of Co2(Cr12xFex)Al decreases with increasing Fe concentration
x in both the orderedL21 and the disorderedB2 structures, and that the effects of the disorder on the spin
polarization is significant at low Fe concentrations. The results suggest that a highly spin-polarized ferromagnet
with high Curie temperature will be obtained if a Co2(Cr12xFex)Al with the orderedL21 structure can be
fabricated at low Fe concentrations.
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I. INTRODUCTION

Challenge to utilizing spin degree of freedom of electro
as well as their charge in electronic applications~spintronics!
has drawn much attention in recent years.1–3 A prototype
material of this concept is half-metallic ferromagnet~HMF!,
in which majority-spin band is metallic, while minority-spi
band is semiconducting with an energy gap at the Fe
level, leading to complete (5100%) spin polarization. The
HMF acts as a spin filter which provides current with a hi
degree of spin polarization. This feature is of great imp
tance in spin-dependent devices, such as tunneling ma
toresistance~TMR! device,4 which is essential for creation o
ultrahigh density magnetic random access memory.
HMF was first proposed by de Grootet al.5 from the band-
structure calculations for theC1b-type Heusler alloys~half-
Heusler!, NiMnSb and PtMnSb. So far, various kinds of th
HMF’s have been studied, such as the rutile-type CrO2,6 the
transition-metal perovskites La0.7Sr0.3MnO3,7 L21-type Heu-
sler alloys ~full-Heusler!,8–13 other half-Heusler alloys,14

zinc-blende type MnAs, CrAs, and CrSb.15–17

Although many compounds have been predicted to
HMF, there are tremendous difficulties in experimenta
demonstrating the half-metallicity of these compounds du
the sensitivity of spin polarization to structural disord
surface/interface stoichiometry, etc.18–24 Caballeroet al.20

performed measurements of current-perpendicular-to-p
magnetoresistance~CPP-MR! of NiMnSb/Cu/NiMnSb spin-
valve structures at 4.2 K, and obtained the CPP-MR
5–10 %, which is much smaller than the complete spin-va
effect expected from the HMF. They attributed the sm
CPP-MR to the disordered NiMnSb and NiMnSb/Cu inte
faces. Geiersbachet al.24 grew ~110! thin films of Co2MnSi,
Co2MnGe, and Co2MnSn on top of a MgO~001! substrate,
and reported that the electrical conductivity is rather l
indicating structural disorder.

Block et al.12,13,25have found that pressed powder com
pacts of the full Heusler alloy Co2(Cr0.6Fe0.4)Al have the
0163-1829/2004/69~14!/144413~7!/$22.50 69 1444
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disorderedB2 structure and show a large magnetoresist
effect of 30% in a small magnetic field at room temperatu
~RT!. Furthermore, Inomataet al.26 have shown that a mag
netic tunneling junction based on a Heusler all
Co2(Cr0.6Fe0.4)Al with the disorderedB2 structure consist-
ing of Co2(Cr0.6Fe0.4)Al/AlO x/CoFe/NiFe/IrMn/Ta has a
relatively large TMR of 16% at RT~26.5% at 5 K!. These
experimental results suggest that the atomic disorder am
Cr, Fe, and Al in Co2(Cr0.6Fe0.4)Al does not significantly
reduce the spin polarization, while it was considered that
atomic disorder destroys their high spin polarization for t
half-metallic Heusler alloy NiMnSb.27,28

The electronic and magnetic properties
Co2(Cr12xFex)Al with the orderedL21 structure have been
investigated using the first-principles calculation.11–13,29 It
was found that the ordered Co2(Cr12xFex)Al has a high spin
polarization, and its total magnetic moment follows t
Slater-Pauling behaviorMt5Zt224, whereMt is the total
magnetic moment inmB per unit cell andZt is the total
number of valence electrons, which scales linearly with
Fe concentrationx. It was also found that Co2CrAl with or-
dered L21 structure retain a high spin polarization at th
CrAl-terminated~001! surfaces.30 These calculation result
suggest that Co2(Cr12xFex)Al with the orderedL21 structure
is promising material for spintronics devices. However, it
not clear that Co2(Cr12xFex)Al with the disordered structure
has a high spin polarization.

In the present study, we focus our attention on the effe
of atomic disorder on the half-metallicity of the full-Heusle
alloy Co2(Cr12xFex)Al, using first-principles calculations
First, we investigate the effects of atomic disorder on
electronic and magnetic properties of the parent al
Co2CrAl. Then, we investigate the effects of substitution
Fe for Cr and discuss how the half-metallicity of the allo
changes by the Fe substitution and the atomic disor
among Cr, Fe, and Al.

II. METHODS

The calculations are performed using theab initio calcu-
lation code based on the Korringa-Kohn-Rostoker metho31
©2004 The American Physical Society13-1
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developed by Akaiet al.32 and the atomic disorder calcula
tions are implemented within the coherent potential appro
mation. The space is divided into nonoverlapping muffin-
spheres. Our results are obtained by the so-called sc
relativistic calculation, in which the spin-orbit interaction
neglected. We describe the spin degree of freedom within
collinear configuration. We adopt the generalized gradi
approximation~GGA! ~Ref. 33! for the exchange and corre
lation term, because the lattice constant and the magn
moment of Co2FeAl calculated on the basis of the GG
show good agreement with the experimental results34–36 in
comparison with those of the local-density approximation37

The unit cell of the full-Heusler alloy Co2CrAl with the
L21 structure is a fcc lattice with four atoms as basis

Co5(0,0,0) and (12 , 1
2 , 1

2 ) ~octahedral site!, Cr5( 1
4 , 1

4 , 1
4 ),

Al5( 3
4 , 3

4 , 3
4 ) ~tetrahedral site! in Wyckoff coordinates.

We consider two types of disorder of the full-Heusler allo
one is a Co-Cr type disorder corresponding
(Co12y/2Cry/2)2(Cr12yCoy)Al, and the other is a Cr-Al type
disorder corresponding to Co2(Cr12yAl y)(Al12yCry). For
the Brillouin zone~BZ! integration, we have included 256k
points in the full BZ.

III. RESULTS AND DISCUSSIONS

A. Atomic disorder effects

First, we have studied the effects of atomic disorder
the half-metallicity of the parent alloy Co2CrAl. In Fig. 1,
we show the spin polarization, the total energy relative to
ordered Co2CrAl, and the total magnetic moment per un
cell in mB as a function of the disorder levely for the Co-Cr
type disorder and the Cr-Al type disorder. The spin polari
tion P is defined by

P5
D↑2D↓
D↑1D↓

, ~1!

where Ds denotes the majority (↑) and minority (↓) spin
components in the density of states at the Fermi level. I
found that the Cr-Al type disorder does not significantly d
grade the half-metallicity of Co2CrAl, i.e., the spin polariza-
tion of Co2CrAl is 0.97 in the ordered structure (y50.0),
and 0.93 in the disordered structure (y50.5). On the other
hand, the spin polarization linearly decreases with increas
the disorder levely in the Co-Cr type disorder. In this cas
even the disorder levely of 0.1 makes a considerable redu
tion ~more than 0.30! in the spin polarization. However, a
shown in Fig. 1~b!, the total energy of the Co-Cr type diso
der relative to the ordered Co2CrAl rapidly increases with
increasingy compared with the Cr-Al type disorder. Thus,
is expected that the Co-Cr type disorder which degrades
half-metallicity of Co2CrAl is unlikely to occur compared
with the Cr-Al type disorder which does not significant
degrade the half-metallicity of the alloy. This means that
half-metallicity of Co2CrAl is hardly influenced by the
atomic disorder, and accordingly that the alloy is a go
candidate for applications.
14441
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To discuss why the Cr-Al type disorder does not sign
cantly degrade the half-metallicity of Co2CrAl, we present in
Fig. 2 the density of states~DOS! and the atom orbital pro-
jected local density of states~LDOS! of Co2CrAl with the
orderedL21 structure and with the disorderedB2 structure
which corresponds to the Cr-Al type disordered struct
with the disorder level ofy50.5. As shown in Fig. 2~a!,
Co2CrAl has the half-metallic DOS in the disorderedB2
structure as well as in the orderedL21 structure. This can be
attributed to the orbital characters in the minority DOS ne
the Fermi level. By comparing the total DOS and the LDO
of Co 3d, we found that the energy gap of the minority DO
near the Fermi level is mainly constructed of the Cod
states. It is considered that a hybridization occurs not o
between the first nearest neighbor Co 3d and Cr 3d orbital
but also between the second nearest neighbor Co 3d and Co
3d orbital. The second nearest neighbor Co-Co interact
causes the nonbonding states in the minority DOS near
Fermi level,11 and these states are localized at the Co s
and do not couple to the Cr 3d orbital. Thus, the disorde

FIG. 1. ~a! Spin polarization@see Eq.~1!#, ~b! total energy per
unit cell relative to that of the ordered structure, and~c! total mag-
netic moment per unit cell of Co2CrAl as a function of the disorde
level y ~see text!.
3-2
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between Cr and Al does not significantly affect the electro
structure near the Fermi level, and therefore the semic
ducting character of minority bands, is still kept even in t
disorderedB2 structure. The slight decrease of the spin p
larization in the disorderedB2 structure is due to the de
crease of the majority DOS at the Fermi level. In Figs. 2~b!
and 2~c!, it is found that the peak of the majority DOS at th
Fermi level in the orderedL21 structure is constructed of th
Cr 3d orbital which hybridizes with the Co 3d orbital. Since
the disorder between Cr and Al weakens the hybridizati
the peak in the disorderedB2 structure decreases as com
pared with the peak in the orderedL21 structure. These re
sults are a contrast to the case of the half-Heusler alloy
NiMnSb. Orgassaet al.27,28 reported that the disorder be
tween the Mn and Sb sites degrades the half-metallicity
NiMnSb. In this case, the disorder between Mn and Sb
nificantly influences the hybridization between Ni 3d and
Mn 3d orbitals, and makes additional states in the ene
gap of the minority DOS at the Fermi level.

Then, we discuss why the Co-Cr type disorder degra
the half-metallicity of Co2CrAl. We show in Fig. 3 the DOS

FIG. 2. Density of states of the majority-spin~positive! and the
minority-spin ~negative! components of Co2CrAl with the ordered
L21 structure~solid line! and with the disorderedB2 structure~bro-
ken line!. ~a! Total DOS of Co2CrAl. ~b! Atom orbital projected
local DOS for Co.~c! Atom orbital projected local DOS for Cr. The
vertical dotted lines indicate the position of the Fermi level (EF).
14441
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and the LDOS of Co2CrAl with the Co-Cr type disorder with
y50.1. One can find additional states in the minority DOS
the Fermi level. Figure 3~b! shows that the antisite Co 3d
states mainly contribute to these additional states. From
tailed analysis, we found that the additional minority DOS
the Co 3d at the Fermi level hasd3z22r 2 or dx22y2 orbital
character. The energy levels of the antisite Co 3d3z22r 2 and
3dx22y2 orbitals are located in the energy gap of the minor
DOS. Thus, the spin polarization of Co2CrAl is considerably
reduced by the Co-Cr type disorder. Furthermore, as sh
in Fig. 1~c!, the total magnetic moment of Co2CrAl de-
creases with increasingy in the Co-Cr type disorder and i
lowered to'2.0mB at y50.5. This is due to the antiferro
magnetic coupling of the antisite Cr with the first neare
neighboring ordinary-site Cr. Contrary to this, in the Cr-
type disorder, the magnetic moment is kept at 3.01mB
throughout the entire range ofy in accordance with the
Slater-Pauling behavior.11–13

B. Fe substitutional effects

To investigate the effects of substitution of Fe for Cr
the half-metallicity of the parent alloy Co2CrAl, we have

FIG. 3. Density of states of Co2CrAl with the Co-Cr type dis-
order ~the disorder level of 0.1!. ~a! Total DOS.~b! Atom orbital
projected local DOS for Co.~c! Atom orbital projected local DOS
for Cr.
3-3
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calculated the spin polarization of Co2(Cr12xFex)Al with the
orderedL21 structure and with the disorderedB2 structure
as a function of the Fe concentrationx. It is found in Fig. 4
that the spin polarization decreases with increasingx both in
the orderedL21 and the disorderedB2 structures. The spin
polarization remains high~more than 0.90! up to x50.35,
then decreases with increasingx in the orderedL21 structure,
while it strongly decreases with increasingx in the disor-
deredB2 structure. This leads to relatively large differen
of the spin polarization between the orderedL21 and the
disorderedB2 structures at low Fe concentrations (0.1<x
<0.5), although the difference is not so large~less than
about 0.05! in the limiting cases ofx50.0 (Co2CrAl) and
x51.0 (Co2FeAl).

Figure 5 exhibits the DOS and the atom orbital projec
LDOS for Co and Fe 3d of Co2FeAl with the orderedL21
structure and the disorderedB2 structure, which clearly
show the effect of Fe substitution on the spin polarization
is found from Fig. 5~a! that there is no peak in the majorit
DOS at the Fermi level, both in the orderedL21 and the
disorderedB2 structures. The peak at the Fermi level o
served in the DOS of Co2CrAl @see Fig. 2~a!# moves to an
energy region far below the Fermi level to account for t
two extra valence electrons of Co2FeAl. This considerably
reduces the spin polarization of Co2FeAl. Furthermore, a
few additional states are found in the minority DOS at t
Fermi level. As is pointed out by Galanakis,29 due to the
strong hybridization between the Fe 3d and Co 3d, it is
energetically more favorable that the local magnetic mom
of Co in Co2FeAl is increased as compared with that of C
in Co2CrAl. This leads to charge transfer from the C
minority-spin states to the Fe minority-spin states, and
cordingly the Fe 3d minority conduction bands are shifte
toward the Fermi level. This gives rise to additional states
the Fermi level@see Fig. 5~c!#, and Co2FeAl loses half-
metallicity.

Next we look at the effects of the disorder in detail, esp
cially at low Fe concentrations. The rapid decrease of
spin polarization with increasingx in the disorderedB2
structure is mainly due to appearance of the Fe 3d minority

FIG. 4. Spin polarization as a function of the Fe concentratiox
in Co2(Cr12xFex)Al with the orderedL21 structure~diamond! and
the disorderedB2 structure~square!.
14441
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DOS at the Fermi level. We show in Fig. 6 the atom orbi
projected LDOS of Fe 3d in Co2(Cr12xFex)Al with the or-
deredL21 and the disorderedB2 structures for~a! x50.1,
~b! x50.4, and~c! x50.8. It is found in Fig. 6~a! that atx
50.1, the Fermi level of the disorderedB2 structure is at the
left edge of the Fe minority conduction bands, while t
Fermi level of the orderedL21 structure is in the energy ga
of the minority DOS. It is considered that due to the lifetim
effect caused by the atomic disorder, the Fe minority cond
tion bands of the disorderedB2 structure are broadene
much more than those of the orderedL21 structure. Thus, the
additional states appear in the minority DOS at the Fe
level in the disorderedB2 structure. This effect is, howeve
not clearly observed at largerx (x50.4 and 0.8! because the
Fe minority conduction bands are also broadened with
creasingx even in the orderedL21 structure due to the stron
hybridization between the Co 3d and Fe 3d. We conclude
that the atomic disorder scarcely influences the spin polar
tion at high Fe concentrations, and only at low Fe conc
trations~except forx50.0), it reduces the spin polarizatio
of Co2(Cr12xFex)Al with the disorderedB2 structure.

Figure 7 shows the magnetic energy gain~the total energy
difference between the ferromagnetic state and nonmagn

FIG. 5. Density of states of Co2FeAl with the orderedL21 struc-
ture ~solid line! and with the disorderedB2 structure~broken line!.
~a! Total DOS. ~b! Atom orbital projected local DOS for Co.~c!
Atom orbital projected local DOS for Fe.
3-4
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ATOMIC DISORDER EFFECTS ON HALF-METALLICITY . . . PHYSICAL REVIEW B69, 144413 ~2004!
state! as a function of the Fe concentrationx in
Co2(Cr12xFex)Al with the orderedL21 structure and the dis
orderedB2 structure. Overall we see that the magnetic
ergy gain increases with increasingx in both the orderedL21
and the disorderedB2 structures. This is consistent with th
observation that Curie temperatureTC of Co2(Cr0.6Fe0.4)Al
('600 K) is higher than that of Co2CrAl ('300 K).26 Fur-
thermore, the magnetic energy gain of the orderedL21 struc-
ture is always larger than that of the disorderedB2 structure
by 0.1 eV. This suggests that Co2(Cr12xFex)Al with the or-
dered L21 structure has higherTC than Co2(Cr12xFex)Al
with the disorderedB2 structure does. Then, we show in Fi
8 the total energy difference between the orderedL21 struc-
ture and the disorderedB2 structure of Co2(Cr12xFex)Al. In
the ferromagnetic state, the orderedL21 structure is more
stable than the disorderedB2 structure throughout the entir
range ofx. On the other hand, in the nonmagnetic state,
disorderedB2 structure is more favorable than the order
L21 structure at low Fe concentrations. These results indic
that Co2(Cr12xFex)Al ( x<0.6) with the orderedL21 struc-
ture is stabilized by the magnetic energy rather than the e
trostatic energy. Our results suggest that the fabrication

FIG. 6. Atom orbital projected local density of states for the
3d of Co2(Cr12xFex)Al with the orderedL21 structure~solid line!
and with the disorderedB2 structure~broken line!: ~a! for x50.1;
~b! for x50.4; and~c! for x50.8. Each inset shows the magnific
tion of the atom orbital projected local DOS near the Fermi lev
14441
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Co2(Cr12xFex)Al films with the orderedL21 structure will
be possible if the film is carefully fabricated by, for examp
appropriate annealing processes.

The calculated total magnetic moment
Co2(Cr0.6Fe0.4)Al is 3.88mB per unit cell. On the other hand
the observed magnetic moment of thin fil
Co2(Cr0.6Fe0.4)Al at 5 K is 2.04mB per unit cell.26 The origin
of the disagreement between the theoretical and the exp
mental values of the magnetic moment in Co2(Cr0.6Fe0.4)Al
is unclear at the present stage. However, larger magnetic
ments have been obtained for bulk Co2(Cr0.6Fe0.4)Al. 12,13,25

Furthermore the MCD measurements of core-level abso
tion for Co2(Cr0.6Fe0.4)Al by Elmerset al.25 showed that the
missing magnetic moment compared with the theoretical
timation is mainly due to a reduction of the Cr moment. Th
suggested that in the experiment the origin of the promin
decrease of the total magnetic moment might be a remain
disorder between Cr and Co. Our calculational results sh
that the antisite Cr antiferromagnetically couples with t
nearest-neighbor ordinary-site Cr, and the total magnetic
ment decreases with increasing the disorder levely @see Fig.

.

FIG. 7. Magnetic energy gain~energy difference between th
ferromagnetic state and the nonmagnetic state! as a function of the
Fe concentrationx in Co2(Cr12xFex)Al with the orderedL21 struc-
ture ~diamond! and the disorderedB2 structure~square!.

FIG. 8. The total energy difference per unit cell between
ordered L21 structure and the disorderedB2 structure of
Co2(Cr12xFex)Al as a function of the Fe concentrationx for the
ferromagnetic state~diamond! and the nonmagnetic state~square!.
3-5
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YOSHIO MIURA, KAZUTAKA NAGAO, AND MASAFUMI SHIRAI PHYSICAL REVIEW B 69, 144413 ~2004!
1~c!#. It is also considered that noncollinear magnetism
duces the magnetic moment of Co2(Cr12xFex)Al. 38 The pos-
sible origins which cause the noncollinear magnetism are~1!
the frustration among the local spin moments~if the Cr-Cr
coupling is antiferromagnetic, Cr moments at the tetrahe
site are frustrated! and ~2! the lowering of local symmetry
due to the atomic disorder.39 The former origin can be ig-
nored in Co2(Cr12xFex)Al, because relatively large Co mo
ments (0.75mB) ~Refs. 15–17! align the Cr moments throug
the ferromagnetic exchange coupling. The latter origin is
significant, because the noncollinear spin configurat
caused by the atomic disorder is mainly originated from
spin-orbit coupling,39 which is very small for 3d transition-
metal elements. Therefore, we consider that the noncollin
magnetism would be irrelevant to the decrease of the m
netic moment of Co2(Cr12xFex)Al. Other possibilities, such
as nonstoichiometry at surface and interface may also
important in the present system. In the future work, it is ve
interesting to investigate these points both experiment
and theoretically.

IV. SUMMARY

In this work, we have investigated the effects of atom
disorder on the half-metallicity of the full-Heusler allo
Co2(Cr12xFex)Al on the basis of the first-principles calcula
tion. Our results show that the Cr-Al type disorder does
significantly degrade the half-metallicity of Co2CrAl, while
n
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the Co-Cr type disorder makes a considerable reduction
the spin polarization. However, the half-metallicity o
Co2CrAl is not practically influenced by the atomic disord
because the total energy of the Co-Cr type disorder is
order of magnitude larger than that of the Cr-Al type diso
der. Furthermore, we have found that the substitution of
for Cr reduces the spin polarization though it stabilizes
ferromagnetic state of the alloy. It is noted that at low
concentrations, the disorder-induced reductions of the s
polarization is prominent while the reductions are not
large, less than about 0.05, in the limiting cases ofx50.0
(Co2CrAl) and x51.0 (Co2FeAl). We conclude that a
highly spin polarized ferromagnet with highTC will be ob-
tained if a Co2(Cr12xFex)Al with the L21 structure can be
fabricated at low Fe concentrations.
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