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Role of structural defects on the half-metallic character of Co2MnGe and Co2MnSi
Heusler alloys
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~Received 23 October 2003; published 22 March 2004!

Heusler alloys, such as Co2MnSi and Co2MnGe, 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. Accurateab initio full-potential linearized augmented plane wave calculations are performed in order
to determine the effects of several types of defects~such as antisites and atomic swaps! on 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.

DOI: 10.1103/PhysRevB.69.094423 PACS number~s!: 75.50.Cc, 71.55.2i
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I. INTRODUCTION

One of the key properties in magneto electronics is
so-called half metallicity, i.e., conduction electrons that
100% spin polarized—due to a gap at the Fermi level,EF , in
the minority-spin channel—and a finite density of states
EF for the majority spin channel. Heusler alloys—and
particular Co2MnGe and Co2MnSi—were predicted from
first principles1,2 to be half metallic, along with a remarkabl
high Curie temperature. Therefore, in principle, they a
ideal materials for spintronic applications, such as tunne
magnetoresistance~TMR! and giant magnetoresistanc
~GMR! elements; however, polarizations of the order of on
50–60 %3–5 have so far been measured, thus hindering th
practical use. Ambroseet al.6 deposited Co2MnGe films on a
GaAs substrate by molecular-beam epitaxy; their meas
ments revealed the perfect crystallinity of the Heusler fil
up to a 350 Å thickness and a large magnetization along w
a small magnetic anisotropy. The magnetic, structural,
transport properties of Co2MnSi were reported for sputtere
thin films and a single crystal.5 Neutron diffraction showed
the disorder to be zero for Mn-Si antisite, but extensive
Co-Mn disorder; in particular, as much as 14% of Mn si
are occupied by Co and 5–7% of Co sites are occupied
Mn atoms. Similar results were obtained from EXAFS a
neutron diffraction for Co2MnSi large grain or powder
samples.7 Atomic disorder in Co2MnGe was measured b
anomalous x-ray diffraction: about 12.7% of the Mn subl
tice were occupied by Co, consistent with the observed
viation from stoichiometry.

From the theoretical point of view, pioneering Korring
Kohn–Rostoker ~KKR! calculations performed fo
0163-1829/2004/69~9!/094423~7!/$22.50 69 0944
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Co2MnGe and Co2MnSi bulk compounds predicted for th
first time half metallicity in these compounds.1 More re-
cently, calculations performed by the same authors
Co2MnSi and Co2MnGe surfaces8 showed that the half-
metallic character was strongly dependent on the type~i.e.,
Co2MnSi films are generally half metallic, Co2MnGe films
are not!, surface termination~Mn and Si-terminated@001#
surfaces are generally half metallic, Co-terminated ones
not!, growth direction, and thickness of the film. Within th
same framework, density-functional layer KKR simulatio
within the coherent potential approximation by Orgas
et al.9 for the half-Heusler compound NiMnSb showed th
atomic disorder~i.e., interchange of Ni and Mn or vacancie!
at the level experimentally observed in thin films leads
minority-spin states atEF , resulting in the loss of the half
metallic character.

Since atomic disorder was suggested as a mechanis
reduce spin polarization, we investigated in a previo
paper10 the Co antisite defect in Co2MnGe and found that
half metallicity could be lost due to defect-induced minor
gap states. However, these states are efficiently screened
as shown by the fast decay of the minority-spin charge d
sity aroundEF as a function of the distance from the defe
tive site. In the present work, we extend our analysis
systematically investigating the effects of several kind of d
fects ~such as swaps and antisites! in both Co2MnSi and
Co2MnGe hosts, in terms of formation energy and defe
induced electronic and magnetic properties. In particular,
cording to experiments, the most likely defects are:~i! Mn
antisites where a Co atom is replaced by a Mn,~ii ! Co anti-
sites where a Mn atom is replaced by a Co,~iii ! Co-Mn
swaps, where a Mn-Co nearest-neighbor pair shows
©2004 The American Physical Society23-1
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changed positions compared to the ideal bulk, and~iv! Mn-Si
swaps in Co2MnSi, where a Mn-Si second-nearest-neighb
pair shows exchanged positions compared to the b
Mn–Ge swaps in Co2MnGe have not been considered, sin
no experiments have ever suggested this kind of disorder
our calculations suggest in Co2MnSi that this kind of swaps
is extremely unfavorable~see below!. Recall that for antisites
~swaps! the bulk stoichiometry is not preserved~preserved!,
since, for example, the Co antisite in Co2MnSi leads to a
Co2CoxMn12xSi compound.

The work is organized as follows: in Sec. II we repo
structural and computational details, in Sec. III we disc
results for the different defects considered and different h
and in Sec. IV we summarize our conclusions.

II. TECHNICAL AND STRUCTURAL DETAILS

The calculations were performed using a 32 atom u
cell, obtained by considering the L21 bulk unit cell ~with
four atoms! and doubling its Bravais vectors~i.e., the defec-
tive cell is 23232 times the L21 unit cell!. In order to
check the convergence of the results as a function of
unit-cell dimensions, we performed some test calculati
using 64 atoms; we obtained only small quantitative chan
in the relevant properties, but, qualitatively, the physical
sults are the same as those obtained for the smaller 32-a
cell. The lattice constant was kept fixed to the calcula
bulk equilibrium value2—within the generalized gradient ap
proximation ~GGA! ~Ref. 11!, i.e., a(Co2MnGe)
510.84 a.u. anda(Co2MnSi)510.65 a.u.; it was previously
shown that GGA reproduces the correct experimental va
@aexpt(Co2MnGe)510.85 a.u. and aexpt(Co2MnSi)
510.68 a.u.], in contrast with the local spin-density appro
mation ~LSDA! which predicts a 10% volume
underestimation.2 Internal degrees of freedom were fully re
laxed according toab initio atomic forces.

The simulations were performed within the GGA~Ref.
11! to density-functional theory, using the all-electron fu
potential linearized augmented plane wave~FLAPW! ~Ref.
12! method. Muffin-tin ~MT! radii were set to RMT
52.1 a.u.; in the interstitial part, a wave function cuto
kmax53.8 a.u.21 was used. The Brillouin zone was sampl
using up to 20 specialk points.13

The formation energy is estimated as14

DE5Ede f2Eid1nMnmMn
0 1nComCo

0 1nXmX
0 , ~1!

whereEde f andEid are the total energies of the unit cell wit
and without defect, respectively;ni takes into account that
in forming the defect,ni atoms are transferred to or from
chemical reservoir that has a characteristic energym i

0 . In our
case, we choose as the stable phase for elementi @ i 5Mn,
Co, X ~5 Si, Ge!#, the @001#-ordered fcc antiferromagneti
Mn ~Ref. 15!, the ferromagnetic hcp Co~Ref. 15!, and the Si
~or Ge! diamondlike structure, respectively. Charged defe
or competing crystalline phases that might be formed dur
defective growth are not taken into account.
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Moreover, the equilibrium concentration of the defect
temperatureT, considering a Boltzmann–like distribution
can be estimated as16

Dde f5NsitesexpS 2
DE

kBTD , ~2!

whereNsites is the number of available sites.

III. RESULTS AND DISCUSSION

In Table I, we report the calculated formation energies
all the defects considered in the two different matrices;
also show the total magnetic moment in the unit cell. Rec
that both Co2MnGe and Co2MnSi in their bulk phase show a
total magnetic moment of 5mB ~or, equivalently, a magnetic
moment of 40mB in the 32-atoms unit cell used for th
defect calculations!.2

A. Mn antisite defect in Co2MnSi

The considerably small value obtained (DE50.33 eV)
suggests that this kind of defect is likely to be formed duri
Co2MnSi growth. In particular, considering a temperatu
T51523 K, suitable for a triarc Czochralski growth o
bulk Co2MnSi,5 the Mn antisite concentration can reach t
high value of 0.3631022 cm23, corresponding to about 8%
This is in good agreement with the reported experimen
value of 5–7 %.5 However, we would like to point out
that ours is only a rough quantitative estimate, since Eq.~2!
is strictly valid in the limit of very low concentrations
that are highly exceeded when considering more than a
percent.

Let us now discuss the electronic and magnetic proper
of the system, focussing in particular on the defect-induc
changes on half metallicity. In Fig. 1 we show the total de
sity of states~DOS! of both the defective and the ideal sy
tems. The comparison shows that the defect induces o
minor modifications—such as features at21.5 eV and
20.8 eV for the majority-spin states; on the other hand, d
to the Mn antisite, a rigid shift of about 0.05 eV toward
higher binding energies occur in the minority-spin chann
This results in a very small increase of the spin gap~0.34 eV
and 0.39 eV in the ideal and defective systems, respective!.
However, it is clear that half metallicity is kept even in th
presence of the antisite, the total magnetic moment be
38mB and 40mB in the defective and ideal unit cells, respe
tively. We remark that, interestingly, the half-metallic cha

TABLE I. Formation energy~in eV! and total magnetic mo-
ments~in Bohr magnetons! for the different defects in Co2MnGe
and Co2MnSi hosts.

Co2MnSi Co2MnGe
DE Mtot DE Mtot

Co antisite 0.80 38.01 0.84 38.37
Mn antisite 0.33 38.00 0.33 38.00
Co-Mn swap 1.13 36.00 1.17 36.00
Mn-Si swap 1.38 40.00
3-2
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acter is kept thanks to a charge balance granted by the
jority component only. In fact, in this case, the total char
differs from the ideal case byDZ522 electrons; since the
number of occupied states in the minority channel does
change~see Fig. 1,DN250), then the variation of occupie
states in the majority component must account for the t
DZ ~i.e., DN1522 electrons!. In particular, the two-
electron states appear as a new peak at;0.3 eV aboveEF ,
almost entirely due to the Mn-antisited states, as shown b
the corresponding feature in the DOS projected~PDOS! on
the Mn defective site~see shaded area in Fig. 1!. Our results
are particularly relevant in the spin-injection framewor
even if the Mn antisite defects—due their low formation e
ergies - are most likely to occur during Co2MnSi growth, the
most important property of this Heusler alloy, i.e., its h
metallicity, is kept. Therefore, experimental results report
a polarization lower than the expected 100% needs to
explained invoking surface effects8 or other types of bulk
defects~such as Co antisites4,3—see below—, vacancies, in
terstitials, etc.!.

Further insights can be gained from the magnetic m
ments of the different atomic species. In Fig. 2, we repo
schematic view of the region close to the defect~i.e., the Mn
antisite and its first nearest neighbors along the@110# direc-
tion! as compared with the same region in the ideal Heu
alloy, including the relative magnetic moments in the M
spheres. Here and in the following similar figures, we rep
only these few atoms since~i! other symmetry directions
~i.e., @11̄0#) show an equivalent behavior and~ii ! farther
atomic shells do not show variations of their magnetic m
ments larger than 1%—with respect to their bulk values
and/or are below our numerical precision (0.01mB). The
central Mn antisite accounts for all the defect-induced red
tion of 2mB in the total magnetic moment, since it has
magnetic moment of20.87mB and substitutes for a Co hav
ing a magnetic moment of 1.06mB . The large change in the
atomic magnetization~which also reverses its sign! on the

FIG. 1. Total DOS for defective~solid bold line! and
ideal~dashed line! Co2MnSi with Mn antisite in Co2MnSi; majority
spin shown positive and minority spin negative. The Mn-antis
PDOS ~multiplied by a factor of 3! is also shown~gray shaded
area!.
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defect site shows that a large rearrangement of the ch
and spin densities occur when the defect is introduced
shown by the completely different projected DOS~not re-
ported! on the Mn defect site compared to Mn in bu
Co2MnSi. Only small changes are observed on its nea
neighbors. This shows that the defect-induced effects are
ficiently screened out in the Co2MnSi matrix; incidentally,
these findings support our computational choice of a re
tively small unit cell.

B. Co antisite defect in Co2MnSi

A slightly higher formation energy is calculated for th
Co antisite. This increase, however results, according
Eq. ~2!, in a concentration which is almost 2 order
magnitude smaller than that obtained for the Mn antis
Therefore, although present, these defects are expe
to have a relatively small density. This is actually at varian
with experiments, which found Co and Mn antisites occ
ring with more or less the same concentrations. We th
that, as pointed out, some errors may arise from the qua
tative estimate of the concentrations for high defect dens
Eq. ~2! shows that small uncertainties inDE ~due to the
finite size of the unit cell,k-point sampling or other compu
tational details! result in large errors in the defect concentr
tion.

The analysis of the total DOS~see Fig. 3! shows a defect-
induced dramatic change in the conducting character:
metallicity is lost, due to a very sharp peak located just
proximity to EF . As shown in Fig. 3, there is an almost exa
superposition between the ideal and defective total DOS,
cept for the peak atEF . The projected density of states~not
shown! reveals that this is almost entirely due to the antis
Co d states. In particular, this states accommodates two e
trons ~see below! and is double degenerate at the Brilloui
zone center witheg symmetry. At variance with the Mn an
tisite defect, the total charge difference isDZ512
electrons; being the majority DOS component almost un
fected with respect to the ideal case~see Fig. 3!, the total
charge variation is taken over by the peak in the DOS j

FIG. 2. Magnetic moments within MT spheres for~a! ideal and
~b! defective systems for the Mn antisite in Co2MnSi around the
defect. Values in parenthesis denote magnetic moments for equ
lent atoms in Co2MnGe.
3-3
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belowEF in the minority component only (DN2512 elec-
trons!. In this case, the spin polarization at the Fermi lev
defined as:

P5
N↑~EF!2N↓~EF!

N↑~EF!1N↓~EF!
, ~3!

whereN↑(EF) andN↓(EF), respectively, denote the up- an
down-spin component of the total DOS atEF , is as low as
6%. Moreover, since the tunneling current in experiment
dominated by thes electrons, we also calculated thes com-
ponent of the spin polarization atEF , defined as:

Ps5
Ns

↑~EF!2Ns
↓~EF!

Ns
↑~EF!1Ns

↓~EF!
. ~4!

Our result isPs555%, in ~surprising! excellent quantitative
agreement with experiment.3 Therefore, we suggest that, du
to the possibility of these defects being formed, the
creased value of the measured spin polarizations—with
spect to their bulk value—could be ascribed to this kind
defect, in addition to surface effects or other more com
cated defects.

In order to investigate the spatial localization of t
defect-induced gap states, we show in the inset of Fig. 3
DOS atEF for the minority component; this is expected
decay as we move away from the defect. Indeed, we find
the peak in the DOS is mainly confined in the region arou
the defective site. Even though some small deviations fr
the bulk also occur away from the defect, the main defe
induced changes are quite efficiently screened out. Th
fore, we infer that the gap states are localized b
spatially—as shown by the decay of DOS atEF in the inset
of Fig. 3—and energetically—as shown by the,0.1 eV en-
ergy spreading of the defect induced peak.

Further insights about the spatial localization of t
defect–induced changes can be gained from an analys

FIG. 3. Total DOS for defective~solid bold line! and ideal
~dashed line! Co2MnSi with Co antisite in Co2MnSi. The inset
shows the minority DOS atEF projected on the different neighbor
~denoted as roman numbers! as one moves away from the Co
antisite defect.
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the magnetic moments of the Co defect and of their Co fi
nearest-neighbors~shown in Fig. 4!. As in the previous Mn-
antisite case, most of the variation of the total magnetic m
ment with respect to the ideal value is due to the def
atomic site, whereas already the first-nearest-neighbor s
largely recovers the magnetic moment typical of the bu
This confirms the localized nature of the defect-induc
changes.

C. Co-Mn swaps in Co2MnSi

Let us now focus on atomic interchanges and consi
Mn-Co swaps; this defect can also be viewed as the sum
two different Mn and Co atomic antisites that tend to agg
gate. This defect shows a pretty high formation energy; ho
ever, this is of the same order of magnitude as the sum of
separated defects~Mn and Co antisites!—which might indi-
cate that point defects have more or less the same probab
to cluster, leading to this kind of disorder, or to remain is
lated.

The calculated integer total magnetic moment sugges
half-metallic behavior. Indeed, this is shown by the to
DOS ~see Fig. 5!. A comparison with the ideal situation
shows that the majority DOS is basically unaffected; on
other hand, the occupied minority DOS shows a small s
~about 0.1–0.2 eV! towards higher binding energies, alon
with a defect-induced peak located at20.2 eV belowEF .
Therefore, due to its energy position, this peak is not
crucial as in the Co-antisite case and half metallicity is k
by Co-Mn swaps. Moreover, our results are in overall agr
ment with those reported by Orgassaet al.9 for NiMnSb: in
the case of Ni12xMnxSb disorder—similar to the Mn-Co
swap considered here—a peak just belowEF arises in the
minority-spin component of the total DOS. This peak broa
ens in energy as the percentage of defects is increase
nally reachingEF and resulting in the loss of half metallicit
~see Fig. 1 of Ref. 9!. In our case, we have a very simila
behavior, except for the more ‘‘energetically localized’’ n
ture of the peak; we think that this quantitative disagreem

FIG. 4. Magnetic moments within MT spheres for~a! ideal and
~b! defective systems for the Co antisite in Co2MnSi around the
defect. Values in parenthesis denote magnetic moments for equ
lent atoms in Co2MnGe.
3-4
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might be due to the computational method—layer Korring
Kohn-Rosoker in conjunction with the coherent potent
approximation—used in Ref. 9.

The magnetic moments~shown in Fig. 6! in the defective
region show quite an interesting behavior: almost two B
magnetons are given up by the Co substituting for Mn a
another two Bohr magnetons are given up by the Mn sub
tuting for Co. As a result, the total magnetic moment is
duced by 4mB ~i.e., the difference between the bulk and d
fective total magnetic moments, 40mB and 36mB ,
respectively!. It is also interesting to note that the swa
induce a behavior similar to that of the single point defec
in fact, in this case, the magnetic moment for Mn substit
ing for Co is20.83mB , to be compared with20.87mB for
the Mn antisite. Similarly, the magnetic moment for Co su
stituting for Mn is 1.05mB , to be compared with 1.22mB for
the Co antisite. This shows that the first coordination sh
~similar17 in the case of isolated point defects and for t
swaps! mainly dictates the behavior of the magnetic m
ments.

FIG. 5. Total DOS for defective~solid bold line! and ideal
~dashed line! Co2MnSi with Co-Mn swap in Co2MnSi.

FIG. 6. Magnetic moments within MT spheres for~a! ideal and
~b! defective systems for the Co-Mn swap in Co2MnSi around the
defect. Values in parenthesis denote magnetic moments for eq
lent atoms in Co2MnGe.
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D. Mn-Si swap in Co2MnSi

As shown by Table I, the highest formation ener
among the cases studied is shown by the Mn-Si swap; th
fore, the occurrence of an appreciable concentration of
kind of defect can definitely be ruled out. This is consiste
with experiments which show that the Si site is fully occ
pied by Si, indicating that any disorder in Co2MnSi does not
involve Si. On the other hand, our findings are at varian
with other first-principles predictions for the NiMnSb hal
Heusler alloy: according to Orgassaet al.9, the Mn-Sb
~analogous to the Mn-Si here considered! disorder seems
likely.

As far as the electronic and magnetic properties are c
cerned, a comparison between the total DOS~see Fig. 7! in
the ideal and defective cells shows only minor defe
induced changes. In particular, in the energy region aro
EF , the DOS is very similar for both minority- and majority
spin components, resulting in the same band-gap
half-metallic character as for the pure bulk. As a result,
Mn-Si swap system shows a total magnetic moment eq
to that of the ideal Heusler alloy. This is consistent w
the atomic magnetic moments shown in Fig. 8: with
0.04 mB , the defect only results in a swap between t

a-

FIG. 7. Total DOS for defective~solid bold line! and ideal
~dashed line! Co2MnSi with Mn-Si swap in Co2MnSi.

FIG. 8. Magnetic moments within MT spheres for~a! ideal and
~b! defective systems for the Mn-Si swap in Co2MnSi around the
defect.
3-5
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Mn and Si magnetic moments. Again, this shows that
first coordination shell—which in this case is exac
the same as the one in the bulk for both the exchan
atoms—is the most relevant in the formation of the bon
local charge and spin-density rearrangement, and resu
magnetic moments.

E. Comparison between Co2MnSi and Co2MnGe

As already pointed out, we previously showed in Ref.
in the case of Co antisites in Co2MnGe that gap states ca
result in the loss of half metallicity due to defect-induc
states that arise in proximity to the Fermi level. This is sim
lar to our present findings for Co2MnSi; in fact, both the
spatial behavior and energy behavior of defect-induced
states suggests that Co antisites show a similar behavio
Co2MnGe and Co2MnSi. We remark that in the Co-antisit
case, the loss of half metallicity in Co2MnGe is also shown
by the noninteger total magnetic moment~see Table I!,
whereas for the Si-based compounds the total moment is
close to an integer value and the loss of half metallicity
evidenced by the analysis of the total DOS. Moreover,
also calculated the defect concentrations for Co2MnGe con-
sidering two different growth temperatures:T15825 K as
reported in Ref. 4 for films via pulsed laser deposition a
T25165 K, as reported in Ref. 10 for films grown v
molecular-beam epitaxy~MBE!. As expected, the two differ
ent temperatures result in very different concentrations
the case of the MBE growth, all the defects have an alm
negligible probability of being formed, whereas in th
higher-temperature growth, the concentration of Mn ato
occupying the Co site is of the order of,1% and other
defects have much smaller densities.

In order to compare the behavior of the defects conside
in Co2MnSi and Co2MnGe, we report in parenthesis in Fig
2, 4, and 6 the value of the atomic magnetic moments in
region around the defect site. The two different hosts g
bally show a very similar behavior in terms of magnetic m
ments, suggesting that the larger lattice constant or
smaller minority band gap of the Ge-based compound are
really relevant in the final determination of the magne
properties. Quantitatively, the most sensible differences
en

d

an

g
an
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shown by the Co-antisite case: there is about a 0.4mB differ-
ence between the total magnetic moments in Co2MnSi and
Co2MnGe~see Table I!. Figure 4 shows that this difference
almost entirely due to differences in the central Co antis
which changes from about20.9mB in Co2MnSi to about
21.4mB in Co2MnGe, due to a very small difference in th
energy position (,0.05 eV) of the defect-induced peak wit
respect toEF .

Finally, it is interesting to note that the position of th
defect-induced peak in the DOS with respect toEF—and the
related energy position of the conduction-band minimum
the minority-spin component—is very similar: for bot
Co2MnSi and Co2MnGe, the peak is basically coinciden
with EF in the case of the Co antisite, whereas it lies at ab
20.2 eV in the case of the Co-Mn swap. Except for ve
small differences that can be traced back to differences in
ideal bulk hosts~see Ref. 2 for details!, the calculated DOS
for antisite and swap defects in Co2MnGe are not shown, due
to very similar behavior to Co2MnSi.

IV. CONCLUSIONS

In summary, by means ofab initio FLAPW calculations
performed for different defects in Co2MnSi and Co2MnGe,
we were able to show that both Co and Mn antisites, due
low formation energies, are likely to be formed in
concentration as high as 8%; on the other hand, ato
swaps~such as Co-Mn and Mn-Si swaps! have lower defect
densities. Moreover, half metallicity, typical of the ide
Heusler alloy, is preserved in all cases, except for
Co antisite, where a defect-induced peak arises at the F
level. Our findings suggest that the loss of half metallic
found in experiments could be due to the presence
Co antisites, since thes component of the spin polarization a
EF in Co2MnSi is in excellent agreement with tunnelin
measurements.
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