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Heusler alloys, such as gdnSi and CoMnGe, have been predicted from first—principles to be half
metallic and potential candidates for spintronic applications. However, spin polarizations of only 50—60 %
were experimentally obtained for these compounds—a decrease attributed to defects in the Mn and Co sub-
lattices. Accurateb initio full-potential linearized augmented plane wave calculations are performed in order
to determine the effects of several types of defésteh as antisites and atomic swapa the electronic and
magnetic properties of the bulk Heusler compounds. Our findings, in general agreement with experiments,
show that Mn antisites have the lowest formation energy and retain the half-metallic character. On the other
hand, Co antisites have a slightly higher formation energy and a dramatic effect on the electronic properties:
the defect states that locally destroy half metallicity are energetically localized and are screened out in a couple
of atomic shells. In this case, the spin polarization at the Fermi level is strongly reduced, and the spin
polarization due to thes electrons, responsible for the tunneling current, is in excellent agreement with
experiment. Finally, both Mn-Si and Mn-Co atomic swaps have very high formation energies, keeping however
the half-metallic character.
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. INTRODUCTION Co,MnGe and CeMnSi bulk compounds predicted for the
first time half metallicity in these compoundsMore re-
One of the key properties in magneto electronics is theently, calculations performed by the same authors for
so-called half metallicity, i.e., conduction electrons that areCo,MnSi and CgMnGe surfacés showed that the half-
100% spin polarized—due to a gap at the Fermi lekgl, in  metallic character was strongly dependent on the e,
the minority-spin channel—and a finite density of states atCo,MnSi films are generally half metallic, GMnGe films
Er for the majority spin channel. Heusler alloys—and inare noj, surface terminatiofMn and Si-terminated001]
particular CgMnGe and CgMnSi—were predicted from surfaces are generally half metallic, Co-terminated ones are
first principles'® to be half metallic, along with a remarkably not), growth direction, and thickness of the film. Within this
high Curie temperature. Therefore, in principle, they aresame framework, density-functional layer KKR simulations
ideal materials for spintronic applications, such as tunnelingyithin the coherent potential approximation by Orgassa
magnetoresistance TMR) and giant magnetoresistance et al?® for the half-Heusler compound NiMnSb showed that
(GMR) elements; however, polarizations of the order of onlyatomic disordefi.e., interchange of Ni and Mn or vacandies
50-60 96 have so far been measured, thus hindering theigt the level experimentally observed in thin films leads to
practical use. Ambroset al® deposited CgMnGe films ona  minority-spin states &, resulting in the loss of the half-
GaAs substrate by molecular-beam epitaxy; their measurenetallic character.
ments revealed the perfect crystallinity of the Heusler films Since atomic disorder was suggested as a mechanism to
up to a 350 A thickness and a large magnetization along witheduce spin polarization, we investigated in a previous
a small magnetic anisotropy. The magnetic, structural, angapet® the Co antisite defect in GMnGe and found that
transport properties of GMnSi were reported for sputtered half metallicity could be lost due to defect-induced minority
thin films and a single crystalNeutron diffraction showed gap states. However, these states are efficiently screened out,
the disorder to be zero for Mn-Si antisite, but extensive foras shown by the fast decay of the minority-spin charge den-
Co-Mn disorder; in particular, as much as 14% of Mn sitessity aroundEg as a function of the distance from the defec-
are occupied by Co and 5-7% of Co sites are occupied btive site. In the present work, we extend our analysis by
Mn atoms. Similar results were obtained from EXAFS andsystematically investigating the effects of several kind of de-
neutron diffraction for CeMnSi large grain or powder fects (such as swaps and antisitea both CgMnSi and
samples. Atomic disorder in CeMnGe was measured by Co,MnGe hosts, in terms of formation energy and defect-
anomalous x-ray diffraction: about 12.7% of the Mn sublat-induced electronic and magnetic properties. In particular, ac-
tice were occupied by Co, consistent with the observed decording to experiments, the most likely defects dig¢:Mn
viation from stoichiometry. antisites where a Co atom is replaced by a Min,Co anti-
From the theoretical point of view, pioneering Korringa- sites where a Mn atom is replaced by a Qig,) Co-Mn
Kohn—Rostoker (KKR) calculations performed for swaps, where a Mn-Co nearest-neighbor pair shows ex-
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changed positions compared to the ideal bulk, @dMn-Si TABLE I. Formation energy(in eV) and total magnetic mo-
swaps in CgMnSi, where a Mn-Si second-nearest-neighborments(in Bohr magnetonsfor the different defects in GMnGe
pair shows exchanged positions compared to the bulkend CgMnSi hosts.

Mn—Ge swaps in CMnGe have not been considered, since

no experiments have ever suggested this kind of disorder and CoMnSi CoMnGe

our calculations suggest in gdnSi that this kind of swaps AE Miot AE Mot

is extremely unfavorablésee below. Recall that for antisites Co antisite 0.80 38.01 0.84 38.37
(swaps the bulk stoichiometry is not preservégreserve Mn antisite 033 38.00 0.33 38.00
since, for example, the Co antisite in BnSi leads to a Co-Mn swap 113 36.00 117 36.00
Co,CoMn, _,Si compound. Mn-Si swap 1.38 40.00

The work is organized as follows: in Sec. Il we report
structural and computational details, in Sec. Ill we discuss
results for the different defects considered and different hosts \joreover, the equilibrium concentration of the defect at

and in Sec. IV we summarize our conclusions. temperatureT, considering a Boltzmann-like distribution,
can be estimated

II. TECHNICAL AND STRUCTURAL DETAILS

AE
), )

. . . Dger= Nsitesexl{ T kaT

The calculations were performed using a 32 atom unit B
four atoms and doubling its Bravais vectofge., the defec-
tive cell is 2x2X2 times the L2 unit cell). In order to IIl. RESULTS AND DISCUSSION
check the convergence of the results as a function of the
unit-cell dimensions, we performed some test calculations In Table I, we report the calculated formation energies for
using 64 atoms; we obtained only small quantitative changesll the defects considered in the two different matrices; we
in the relevant properties, but, qualitatively, the physical re-also show the total magnetic moment in the unit cell. Recall
sults are the same as those obtained for the smaller 32-atorttgat both CgMnGe and CeMnSi in their bulk phase show a
cell. The lattice constant was kept fixed to the calculatedotal magnetic moment of kg (or, equivalently, a magnetic
bulk equilibrium valud—within the generalized gradient ap- moment of 40ug in the 32-atoms unit cell used for the
proximation (GGA) (Ref. 11, i.e., a(Co,MnGe) defect calculations’
=10.84 a.u. ané(Co,MnSi)=10.65 a.u.; it was previously
shown that GGA reproduces the correct experimental values A. Mn antisite defect in Co,MnSi
[a®*P{Co,MNnGe)=10.85 a.u. and  a®*{Co,MnSi)
=10.68 a.u.], in contrast with the local spin-density approxi-
mation (LSDA) which predicts a 10% volume
underestimatioR.Internal degrees of freedom were fully re-
laxed according t@b initio atomic forces.

The simulations were performed within the GGRef.
11) to density-functional theory, using the all-electron ful
potential linearized augmented plane wa¥#APW) (Ref.
12) method. Muffin-tin (MT) radii were set toRys
=2.1 a.u.; in the interstitial part, a wave function cuto
Kmax= 3.8 a.u. * was used. The Brillouin zone was sampled
using up to 20 specidl points®®

The formation energy is estimated‘as

The considerably small value obtained E=0.33 eV)
suggests that this kind of defect is likely to be formed during
Co,MnSi growth. In particular, considering a temperature
T=1523 K, suitable for a triarc Czochralski growth of
bulk Co,MnSi,® the Mn antisite concentration can reach the
. high value of 0.36¢10°* cm~*, corresponding to about 8%.

This is in good agreement with the reported experimental

value of 5-79% However, we would like to point out
f that ours is only a rough quantitative estimate, since(Eg.
is strictly valid in the limit of very low concentrations
that are highly exceeded when considering more than a few
percent.

Let us now discuss the electronic and magnetic properties
of the system, focussing in particular on the defect-induced

_ pdef_ rid 0 0 0 changes on half metallicity. In Fig. 1 we show the total den-
AE=ET BN Munptaunt Neottcot Mxpx, (1) sity of statesDOS) of both the defective and the ideal sys-
) tems. The comparison shows that the defect induces only
whereE"andE'® are the total energies of the unit cell with minor modifications—such as features at1.5 eV and
and without defect, respectively; takes into account that, —0.8 eV for the majority-spin states; on the other hand, due
in forming the defectn; atoms are transferred to or from a to the Mn antisite, a rigid shift of about 0.05 eV towards
chemical reservoir that has a characteristic en@aﬁ;yln our  higher binding energies occur in the minority-spin channel.
case, we choose as the stable phase for eleminrt Mn, This results in a very small increase of the spin &84 eV
Co, X (= Si, Ge], the[001]-ordered fcc antiferromagnetic and 0.39 eV in the ideal and defective systems, respecjively
Mn (Ref. 15, the ferromagnetic hcp Cdref. 15, and the Si  However, it is clear that half metallicity is kept even in the
(or Ge diamondlike structure, respectively. Charged defectpresence of the antisite, the total magnetic moment being
or competing crystalline phases that might be formed durin@8ug and 4Qug in the defective and ideal unit cells, respec-
defective growth are not taken into account. tively. We remark that, interestingly, the half-metallic char-
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ideal (dashed lingCo,MnSi with Mn antisite in CeMnSi; majority ~ defect. Values in parenthesis denote magnetic moments for equiva-
spin shown positive and minority spin negative. The Mn-antisitelent atoms in CoMnGe.

PDOS (multiplied by a factor of 3 is also shown(gray shaded
area. defect site shows that a large rearrangement of the charge

and spin densities occur when the defect is introduced, as
mghown by the completely different projected D@%t re-
eported on the Mn defect site compared to Mn in bulk
Co,MnSi. Only small changes are observed on its nearest
eighbors. This shows that the defect-induced effects are ef-

acter is kept thanks to a charge balance granted by the
jority component only. In fact, in this case, the total charg
differs from the ideal case bjxZ=—2 electrons; since the

number of occupied states in the minority channel does nof . . i C
P y iciently screened out in the GBINSi matrix; incidentally,

change(see Fig. LAN_=0), then the variation of occupied h find ; tational choi f |
states in the majority component must account for the tot jnese findings support our computational choice of a rela-

AZ (i.e., AN,=—2 electrons In particular, the two- tively small unit cell.
electron states appear as a nhew peak @t3 eV aboveE,,
almost entirely due to the Mn-antisitestates, as shown by B. Co antisite defect in CoMnSi
the corresponding feature in the DOS projecte®0S on A slightly higher formation energy is calculated for the
the Mn defective sitésee shaded area in Fig.. Dur results  Co antisite. This increase, however results, according to
are pal’ticularly relevant in the Spin-injection framework: Eq (2), in a concentration which is almost 2 order of
even if the Mn antisite defects—due their low formation en-magnitude smaller than that obtained for the Mn antisite.
ergies - are most likely to occur during €MnSi growth, the  Therefore, although present, these defects are expected
most important property of this Heusler alloy, i.e., its half to have a relatively small density. This is actually at variance
meta”iCity, is kept Therefore, experimental results reporting\Nith experimentsl which found Co and Mn antisites occur-
a polarization lower than the expected 100% needs to bgng with more or less the same concentrations. We think
explained invoking surface effeftor other types of bulk that, as pointed out, some errors may arise from the quanti-
defects(such as Co antisitéS—see below—, vacancies, in- tative estimate of the concentrations for high defect density:
terstitials, etg. Eq. (2) shows that small uncertainties iRE (due to the
Further insights can be gained from the magnetic mofinjte size of the unit cellk-point sampling or other compu-
ments of the different atomic species. In Fig. 2, we report aational details result in large errors in the defect concentra-
schematic view of the region close to the defeet., the Mn  tjgn.
antisite and its first nearest neighbors along[thE]]| direc- The analysis of the total DOGee Fig. 3 shows a defect-
tion) as compared with the same region in the ideal Heuslefhduced dramatic change in the conducting character: half
alloy, including the relative magnetic moments in the MT metallicity is lost, due to a very sharp peak located just in
spheres. Here and in the following similar figures, we reportyroximity to E- . As shown in Fig. 3, there is an almost exact
only these few atoms since) other symmetry directions syperposition between the ideal and defective total DOS, ex-
(i.e., [110]) show an equivalent behavior artd) farther  cept for the peak aEr. The projected density of statésot
atomic shells do not show variations of their magnetic mo-shown reveals that this is almost entirely due to the antisite
ments larger than 1%—with respect to their bulk values—Cod states. In particular, this states accommodates two elec-
and/or are below our numerical precision (Q@). The trons(see belowand is double degenerate at the Brillouin-
central Mn antisite accounts for all the defect-induced reduczone center witre, symmetry. At variance with the Mn an-
tion of 2up in the total magnetic moment, since it has atisite defect, the total charge difference &Z=+2
magnetic moment of- 0.87ug and substitutes for a Co hav- electrons; being the majority DOS component almost unaf-
ing a magnetic moment of 1.06 . The large change in the fected with respect to the ideal caée Fig. 3 the total
atomic magnetizatiorfwhich also reverses its sigon the  charge variation is taken over by the peak in the DOS just
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(dashed ling Co,MnSi with Co antisite in CoVInSi. The inset  jeect values in parenthesis denote magnetic moments for equiva-
shows the minority DOS & projected on the different neighbors lent atoms in CeMnGe.

(denoted as roman numbgras one moves away from the Co-

antisite defect.
the magnetic moments of the Co defect and of their Co first-

nearest-neighborshown in Fig. 4. As in the previous Mn-
| antisite case, most of the variation of the total magnetic mo-
'ment with respect to the ideal value is due to the defect

below Eg in the minority component onlyXN_= +2 elec-
trons. In this case, the spin polarization at the Fermi leve

defined as: o ) .
atomic site, whereas already the first-nearest-neighbor shell
NI (Eg)— N (Ep) Iargely recovers the ma_gnetic moment typical of the bulk.
= F P (3)  This confirms the localized nature of the defect-induced
N'(Eg)+N'(E) changes.
whereN'(Eg) andN'(Eg), respectively, denote the up- and
down-spin component of the total DOS B¢, is as low as C. Co-Mn swaps in CaMnSi

6%. Moreover, since the tunneling current in experiments is Let us now focus on atomic interchanges and consider

dominated by the_s electr_ons_, we also calculated theom-  \n.co swaps; this defect can also be viewed as the sum of
ponent of the spin polarization &, defined as: two different Mn and Co atomic antisites that tend to aggre-
gate. This defect shows a pretty high formation energy; how-
ever, this is of the same order of magnitude as the sum of the
separated defectdIn and Co antisites—which might indi-
cate that point defects have more or less the same probability
Our result isPs=55%, in(surprising excellent quantitative to cluster, leading to this kind of disorder, or to remain iso-
agreement with experimeffTherefore, we suggest that, due lated.
to the possibility of these defects being formed, the de- The calculated integer total magnetic moment suggests a
creased value of the measured spin polarizations—with rehalf-metallic behavior. Indeed, this is shown by the total
spect to their bulk value—could be ascribed to this kind ofDOS (see Fig. 5 A comparison with the ideal situation
defect, in addition to surface effects or other more compli-shows that the majority DOS is basically unaffected; on the
cated defects. other hand, the occupied minority DOS shows a small shift
In order to investigate the spatial localization of the (about 0.1-0.2 eVtowards higher binding energies, along
defect-induced gap states, we show in the inset of Fig. 3 theith a defect-induced peak located ai0.2 eV belowE, .
DOS atEg for the minority component; this is expected to Therefore, due to its energy position, this peak is not as
decay as we move away from the defect. Indeed, we find thatrucial as in the Co-antisite case and half metallicity is kept
the peak in the DOS is mainly confined in the region aroundy Co-Mn swaps. Moreover, our results are in overall agree-
the defective site. Even though some small deviations fronment with those reported by Orgassiaal® for NiMnSb: in
the bulk also occur away from the defect, the main defectthe case of Ni_,Mn,Sb disorder—similar to the Mn-Co
induced changes are quite efficiently screened out. Thereswap considered here—a peak just belBw arises in the
fore, we infer that the gap states are localized bothminority-spin component of the total DOS. This peak broad-
spatially—as shown by the decay of DOSEat in the inset  ens in energy as the percentage of defects is increased, fi-
of Fig. 3—and energetically—as shown by th#.1 eV en-  nally reachinger and resulting in the loss of half metallicity
ergy spreading of the defect induced peak. (see Fig. 1 of Ref. P In our case, we have a very similar
Further insights about the spatial localization of thebehavior, except for the more “energetically localized” na-
defect—induced changes can be gained from an analysis aire of the peak; we think that this quantitative disagreement

~ NL(Ep)—Ni(Ep)
* NI(Ep)+NL(Ep)

(4)

S
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D. Mn-Si swap in Co,MnSi
As shown by Table I, the highest formation energy

might be due to the computational method—Iayer Korringa-
Kohn-Rosoker in conjunction with the coherent potential
approximation—used in Ref. 9. among the cases studied is shown by the Mn-Si swap; there-
The magnetic momentshown in Fig. 8 in the defective  fore, the occurrence of an appreciable concentration of this
region show quite an interesting behavior: almost two Bohikind of defect can definitely be ruled out. This is consistent
magnetons are given up by the Co substituting for Mn andwith experiments which show that the Si site is fully occu-
another two Bohr magnetons are given up by the Mn substipied by Si, indicating that any disorder in £4nSi does not
tuting for Co. As a result, the total magnetic moment is re-inyolve Si. On the other hand, our findings are at variance
duced by 4«5 (i.e., the difference between the bulk and de-with other first-principles predictions for the NiMnSb half-
fective total magnetic moments, 4@ and 36ug, Heusler alloy: according to Orgasset al®, the Mn-Sb
respectively. It is also interesting to note that the swaps (analogous to the Mn-Si here consideratisorder seems
induce a behavior similar to that of the single point defectsjikely.
in fact, in this case, the magnetic moment for Mn substitut-  As far as the electronic and magnetic properties are con-
ing for Co is —0.83ug, to be compared with-0.87ug for  cerned, a comparison between the total D@&e Fig. 7 in
the Mn antisite. Similarly, the magnetic moment for Co sub-the ideal and defective cells shows only minor defect-
stituting for Mn is 1.0%5, to be compared with 1.28 for  induced changes. In particular, in the energy region around
the Co antisite. This shows that the first coordination shelE. | the DOS is very similar for both minority- and majority-
(similart’ in the case of isolated point defects and for thespin components, resulting in the same band-gap and
swapg mainly dictates the behavior of the magnetic mo-half-metallic character as for the pure bulk. As a result, the
ments. Mn-Si swap system shows a total magnetic moment equal
to that of the ideal Heusler alloy. This is consistent with
. ’ the atomic magnetic moments shown in Fig. 8: within
0.04 ug, the defect only results in a swap between the

(}'_83) (iigg) ke
O ® [ ) [
2.92 (2.98) 2.92(2.98) 1.06 1.06 106 (4) Ideal
[001] Mn Co O O
O ‘ 292 -0.05
(1101 [001] Mn Co Si
o @) X JO,
1.09 -0.83 {110
(1.08) . (-1.49) O (b) Defective . . ’
1.05 2.81 L 1.06 L13 (b) Defective
(1.04) (2.90) O O
-0.04 2.96

FIG. 6. Magnetic moments within MT spheres fa ideal and
(b) defective systems for the Co-Mn swap in fMnSi around the FIG. 8. Magnetic moments within MT spheres fay ideal and
defect. Values in parenthesis denote magnetic moments for equivéb) defective systems for the Mn-Si swap in SnSi around the
lent atoms in CeMnGe. defect.
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Mn and Si magnetic moments. Again, this shows that theshown by the Co-antisite case: there is about ap.differ-
first coordination shell—which in this case is exactly ence between the total magnetic moments ipMI@Si and
the same as the one in the bulk for both the exchange@o,MnGe (see Table)l Figure 4 shows that this difference is
atoms—is the most relevant in the formation of the bondsalmost entirely due to differences in the central Co antisite,
local charge and spin-density rearrangement, and resultinghich changes from about 0.9ug in Co,MnSi to about

magnetic moments. —1.4ug in Co,MnGe, due to a very small difference in the
energy position €0.05 eV) of the defect-induced peak with
E. Comparison between CgMnSi and Co,MnGe respect toEg .

Finally, it is interesting to note that the position of the
defect-induced peak in the DOS with respecEte—and the
related energy position of the conduction-band minimum in
the minority-spin component—is very similar: for both

As already pointed out, we previously showed in Ref. 10
in the case of Co antisites in gdnGe that gap states can
result in the loss of half metallicity due to defect-induced
states that arise in proximity to the Fermi level. This is simi- . ) . o
lar to our present findings for GMnSi; in fact, both the Co,MnSi and CeMnGe, the peak is basically coincident

spatial behavior and energy behavior of defect-induced gaﬂlgthg\I/niLh?h%aiZs?; t(f;fe tﬁg %r:)tﬂtﬁ’xaege%igﬁsfﬁtr a\m/téc;;t

states suggests that Co antisites show a similar behavior in : : X
Co,MnGe and CeMnSi. We remark that in the Co-antisite small differences that can be traced back to differences in the
case, the loss of half metallicity in GeInGe is also shown ideal bulk hostdsee Ref. 2 for detailsthe calculated DOS

by the noninteger total magnetic momefsee Table )L for antisite and swap defects in &MnGe are not shown, due

whereas for the Si-based compounds the total moment is sti‘iP very similar behavior to GAnSi.
close to an integer value and the loss of half metallicity is

evidenced by the analysis of the total DOS. Moreover, we IV. CONCLUSIONS
also calculated the defect concentrations fopM@oGe con- o _
sidering two different growth temperature; =825 K as In summary, by means ab initio FLAPW calculations

reported in Ref. 4 for films via pulsed laser deposition andPerformed for different defects in GBInSi and CeMnGe,
T,=165K, as reported in Ref. 10 for films grown via We were able to show that both Co and Mn antisites, due to
molecular-beam epitaxfMBE). As expected, the two differ- 10w formation energies, are likely to be formed in a
ent temperatures result in very different concentrations: iffoncentration as high as 8%; on the other hand, atomic
the case of the MBE growth, all the defects have an almostWaps(such as Co-Mn and Mn-Si swapsave lower defect
negligible probability of being formed, whereas in the densities. Moreover, half metallicity, typical of the ideal

higher-temperature growth, the concentration of Mn atomdieusler alloy, is preserved in all cases, except for the
occupying the Co site is of the order ef1% and other ~CO antisite, where a defect-induced peak arises at the Fermi

defects have much smaller densities. level. Our findings suggest that the loss of half metallicity

In order to compare the behavior of the defects considerefpund in experiments could be due to the presence of
in Co,MnSi and CeMnGe, we report in parenthesis in Figs. Co antisites, since thecomponent of the spin pplanzauoq at
2, 4, and 6 the value of the atomic magnetic moments in th&r N Co,MnSi is in excellent agreement with tunneling
region around the defect site. The two different hosts glo/néasurements.
bally show a very similar behavior in terms of magnetic mo-
ments, suggesting that the larger lattice constant or the ACKNOWLEDGMENTS
smaller minority band gap of the Ge-based compound are not
really relevant in the final determination of the magnetic We gratefully acknowledge support from INFM through
properties. Quantitatively, the most sensible differences artiziativa Trasversale Calcolo Parallelo.
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In the isolated point caséi) when Co substitutes for Mn, the first
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coordination shell of the defect is made of eight Co atofinsin

the Mn antisite case, the first coordination shell of the defect is
made of four Mn and four Si atoms. On the other hand, in the
Co-Mn swap, the exchanged Mn has the first coordination shell
made of three Mn, one Co and four Si atoms, whereas the ex-

changed Co has the first coordination shell made of seven Co
and one Mn atoms.



