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We have investigated theoretically the effects of atomic disorder on the electronic and magnetic
structures of the full-Heusler alloy GECr; _,Fe)Al using the first-principles density functional
calculation with the Korringa—Kohn—Rostoker coherent-potential approximation. It was found that
Co,(Crqy.eFey.0) Al preserves the high spin polarization even in the disordered B2 structure, where
(Cr,Fe and Al randomly occupy octahedral sites of the alloy. On the other hand, the disorder
between Co andCr,Fe considerably reduces the spin polarization. Furthermore, the total magnetic
moment of Cg(Cr, gFey 4) Al decreases with increasing disorder between Co(@ndre due to the
antiferromagnetic coupling of the antisite Cr with the ordinary site Cr. These results indicate that
control of the disorder between Co af@r,Fe is crucial in order to obtain highly spin polarized
full-Heusler alloys Cg(Cr; _,Fe)Al. © 2004 American Institute of Physics.
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Half-metallic ferromagnetéHMFs), where the majority- =2Z,—24, whereM; is the total magnetic moment jag per
spin band is metallic, and the minority-spin band is semiconunit cell andZ; is the total number of valence electrons,
ducting with an energy gap at the Fermi level, act as spirwhich scales linearly with the Fe concentration
filters which provide current with a high degree of spin po- In this work, we investigate and discuss the effects of
larization. They are key materials in spintronics and crucialatomic disorder on the electronic and magnetic properties of
to spin-dependent phenomena, such as tunneling magnetoi@e,(Cry ¢F&y 4) Al, using the first-principles calculation. We
sistance(TMR)! and spin injection into semiconductdrd.  consider two types of disorder of the alloy, one is a disorder
HMFs were first proposed by de Groet al* from band- between Co and (GgFe,,) (Co—CrFe type disordgrand
structure calculations of the @ype Heusler alloyghalf-  the other is a disorder between ¢(@Fe, ) and Al (CrFe—Al
Heuslej, NiMnSb and PtMnShb. So far, various kinds of type disorder.

HMFs have been studied, such as the rutile-type Gt@he The calculations are performed using #ieinitio calcu-
transition-metal perovskites jaSr sMnOs,® L2,-type Heu-  lation code based on the Korringa—Kohn—Rostoker méthod
sler alloys(full-Heuslen,”~*? other half-Heusler alloy$’>and  developed by Akaket al?* and the atomic disorder calcula-
zinc-blende type MnAs, CrAs, and Cr&h.1° tions are implemented within the coherent potential approxi-

Though many materials have been predicted to be halfmation. The space is divided into nonoverlapping muffin-tin
metallic, it is difficult to demonstrate their half-metallicity spheres. Our results are obtained by the so-called scalar-
experimentally. The nonstoichiometry at the surface/interfaceelativistic calculation, in which the spin-orbit interaction is
is responsible for the reduction in spin polarizatfdf® Re-  neglected. We adopt the generalized gradient approxi-
cently Blocket al}**?have found that pressed powder com- matiorf° for the exchange and correlation term. The unit cell
pacts of the full Heusler alloy GECr,¢Fey )Al have the  of Co,(CroéFey Al is a fec lattice with four atoms. In the
disordered B2 structure and show a large magnetoresistiverdered L3 structure, each atom of G@ECrygFey Al is
effect of 30% in a small magnetic field at room temperaturdocated at Ce(0,0,0) and £,3,3), (CrodFensd=(33.3

22 543)
19
(RT). Furthermore, Inomatat al.” have shown that a mag- Al=(322) in Wyckoff coordinates. The disordered

netic tunneling jUnCtion based on a thin film C (Cr 6F 4)A| is characterized by the disorder leve)
. . 02(Clo 66, y Ve
Co,(CrggFey.0)Al with the disordered B2 structure has a ; the Co-CrFe type disorder corresponds to

ie.,
relatively large TMR of 16% at RT. Their experimental re- (C
. N 0,-yCro.6)F€.4)[ Clo6(1-y)F.4(1-y)COJAl  and  the
sults suggest that the spin polarization of,G@x & JAl  rFe_Al ¥ t%e (diys)ordeﬁ 2 %lorresponds to
has highly spin polarized electronic structures even in atomiCOZ[CrO 61y Fean Al J(AlL ClogFes). For the
6(1-y A(l-y y -y . Ay -

cally disordered states in contrast to NiMi%knd is hope-  giiliouin zone (BZ) integration, we have included 256
ful as a material in spintronic devices. points in the full BZ.

The electronic ~and ~ magnetic properties  of |, Fjg 1 we show the spin polarization as a function of
Coy(Cry-xF&) Al with the ordered L2 structure have been ¢ gisorder levey for the Co—CrFe type disorder and the

investigated using the first-principles calculati@m>**?2t o type disorder. The spin polarizatiétis defined by
where D, denotes the

was found that the total magnetic moment of OrderEsz(DT—Dl)/(DTJrDL)
Coy(Cr1Fe)Al follows the Slater—Pauling behavidvle  ajority(1)- and minority( )-spin components in the den-
sity of states at the Fermi level. It is found that the spin

dElectronic mail: miura@riec.tohoku.ac.jp polarization of Cg(Cry¢Fey ) Al is 0.90 in the ordered L2
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FIG. 1. Spin polarizatiorP as a function of the disorder levgl The line FIG. 2. Total magnetic moment per unit cell pg as a function of the
with diamond points corresponds to the CrFe—Al type disorder and the linalisorder levely. The line with diamond points corresponds to the CrFe—Al
with square points corresponds to the Co-CrFe type disorder otype disorder and the line with square points corresponds to the Co—CrFe
Co,(Cry Fey g Al type disorder of Cg(Cry gFey 4 Al.

structure §=0.0), and 0.77 in the disordered B2 structurebehaviot?! throughout the entire range of. The local
(y=0.5). The CrFe—Al type disorder slightly reduces themagnetic moments per unit cell of d&r, gFey ) Al in the
spin  polarization of CgCrygFe)Al,  however, Co-CrFe type disorder withy=0.8 are 1.Lg (Or-
Co,(Cry gF&y 4) Al still retains the high spin polarization even dinary-site Co), 1.2 (ordinary-site Cr), 2.4z (ordinary-
in the disordered B2 structure. The reason why the CrFe—Asite Fe), 1.p (antisite Co), —1.3ug (antisite Cr),
type disorder does not significantly reduce the spin polariza2.0ug (antisite Fe), and-0.048«g(Al). It was found that
tion of Co,(Cry ¢F &y 4) Al can be attributed to the orbital char- the antisite Cr moment antiferromagnetically couples with
acter of the minority-spin states near the Fermi level. It isthe ordinary-site Cr moment, which reduces the total mag-
considered that the minority states close to the Fermi levehetic moment of the alloy. The abrupt increase in the total
mainly consist of Co @ states. In addition, those states arisemagnetic moment at=0.9 and 1.0 is due to the antisite Cr
from Co—Co hybridizatioht and do not couple to Cr8and  moment which ferromagnetically couples with the ordinary-
Fe 3d orbitals. Thus, the disorder between {gfey ) and  site and antisite Co and Fe moments.
Al hardly affects this Co—Co interaction, and the minority- The total magnetic moment from the superconducting
spin states near the Fermi level of L&ry¢Fey ) Al still quantum interference device measurement  for
have an energy gap even in the disordered B2 structure. THeo,(Cry Fey ) Al is 3.4ug in Ref. 12, 3.2+ in Ref. 22 and
slight decrease in the spin polarization in the disordered B2.0ug in Ref. 19, which are smaller than the theoretical es-
structure is mainly due to the life time effects caused by the@imates~3.8ug. Our results in Fig. 2 suggest that the ex-
disorder scattering. This effect broadens the Fe minority conperimentally observed lower total magnetic moment com-
duction bands of CqCr, ¢F&, 4 Al, and generates additional pared with the theoretical prediction might be due to the
minority-spin states at the Fermi lev@l.This leads to a Co—CrFe type disorder of GECr, gFey ) Al. If the origin of
slight decrease in the spin polarization of Q0r, gFe, 4) Al the decrease of the total magnetic moment in the experimen-
with the disordered B2 structure. tal results is due wholly to the effects of the Co—CrFe type
On the other hand, the spin polarization rapidly de-disorder, the observed total magnetic momenu3.;h Ref.
creases with increasing disorder leyeh the Co—CrFe type 22 corresponds to a disorder leyet 0.3—0.4(see Fig. 2 In
disorder. In this case, even the disorder leyel0.1 pro- this case, our results show that the spin polarizati®h
duces a considerable reductidiess than 0.bin the spin  ~0.02-0.2(see Fig. ], and that the CqCrqdFey)Al is
polarization. We consider that the additional minority-spintherefore no longer half-metallic. Consequently, it is consid-
states at the Fermi level caused by the antisite @& the ered to be important to control the disorder between Co and
main contributor in reducing the spin polarization, as is the(Cry /6y, in order to obtain highly spin-polarized
disorder between Co and Cr in g2rAl.?® The energy level Co,(Cr;_,Fe)Al. In our results, the Co—CrFe type disorder
of the antisite Co is located in the energy gap of thecould not explain the total magnetic moment 250in Ref.
minority-spin states, and it does not hybridize with the or-19. Thus, it is believed that surface and interface effects are
bital of the first nearest-neighbor ordinary-site Co. Thus, thealso important factors in explaining the decrease in the total
states are nonbonding and a sharp peak appears in tineagnetic moment of G§Cr; _,Fg)Al.
minority-spin states at the Fermi level, which significantly In conclusion, we have found that the disorder between
reduces the spin polarization of the alloy. (CroeFens) and Al does not significantly degrade the spin
As shown in Fig. 2, the total magnetic moment of polarization, while the disorder between Co andy({E&, 1)
Co,(Cry eFey.0)Al decreases with increasing in the Co—  causes a considerable reduction in the spin polarization of
CrFe type disorder~£2.7ug for y=0.8), while it shows a Co,(Cry ¢Fey 4)Al. Furthermore, the total magnetic moment
slight decrease in the CrFe—Al type disorder (88 of Co,(CrygFey Al decreases with increasing disorder be-
—3.7ug) which is consistent with the Slater—Pauling tween Co and (GrgFey 4 due to the antiferromagnetic cou-
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