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Based orab initio calculations we find that ke,Co,Si alloys in the Fe-rich region behave as a disordered
ferromagnetic half metal. Half metallicity can explain the recently found electronic, magnetic, and transport
properties. We can also determine a sharp transition from the paramagnetic metallic behavior to the ferromag-
netic half-metallic state as a function of Co concentration. At concentrations higher than 0.25 the system starts
to segregate Co from Fe atoms, this giving rise to the disappearance of half metallicity and to reflect it in the
decreasing value of the magnetic moment.
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[. INTRODUCTION FeSi is a small gap semiconductor and there are still con-
troversies on how to explain the anomalous behavior of some
The discovery of giant magnetoresistance in 1G88&f. 1) of its properties, especially the susceptibility and specific
triggered a new era in the modeling of materials for whichheat have an unusually strong temperature dependence.
the spin degree of freedom is the relevant variable. The maiMany different theoretical attempts have been tried to de-
challenge in spintroniés(spin-based electronigss to build  scribe this system, such as spin fluctuatidizermi-liquid
devices that can be used as sources of strong spin-polarizéehavior'® or Kondo-like insulatof! However, band-
currents(spin currents In the search for these devices half structure calculations within the local-density approximation
metals are thought to be good candidates as highly spird.DA) agree well with low-temperature measuremenidn
polarized electron sources. the other hand, CoSi is a diamagnetic metal which has been
Half metallicity is an unusual combination of metallic and less studied.
insulating properties in a single system in which one spin Feg _,CqgSi alloys are isostructural with the parent com-
channel is metallic and the other semiconducting. This typgounds along the whole concentration range. They do not
of magnetic material was discovered by de Gfdnt1983.  form compounds and their lattice parameters are proportional
The semiconducting behavior of one of the channels leads ttw x.* Thereafter they seem to be systems in which the
an integer magnetic moment per cell in stoichiometric comphysical properties are mostly governed by the doping elec-
pounds or proportional to doping electrons in doped systemsrons.
No spin-flip processes occur at low energies, which would We show in this work that the magnetic and transport
give rise to a spin susceptibility that vanishes with appliedproperties observed in the Fe-rich region of E€o,Si are
magnetic field For a half-metallic magnet to exist the pres- due to their half-metallic character.
ence of narrow bands and gaps in the energy spectrum is
necessary, as well as strong magnetic interactions. Il. APPROXIMATIONS USED AND METHODS
Fe,_CoSi alloys have been extensively studiédand ' OF CALCULATION
still go on revealing surprising properties. It has been re-
cently shown that these disordered alloys present a remark- We study the electronic properties of the series
able behavior, particularly in the Fe-rich region: the magnetid-e, —,Co,Si within band theory, performing calculations with
moment depends linearly on Co concentratisuggesting a  the wiEN code}* which is an implementation of the full po-
fully spin-polarized electron gas, the magnetization saturatetential linearized augmented plane-wave method within den-
at low applied magnetic fieldd, and an inverse or positive sity functional theory. We use the exchange-correlation po-
magnetoresistance, that is, increasing resistance in resportestial in the local-spin-density approximatioh. The
to an increasindd, is observed. The relevant experimental considerednuffin tinratiosR,,; are 2.1 a.u for the transition-
feature of these systems is that the electrons responsible foretal (TM) atoms and 2.0 a.u. for Si. The cutoff parameter
the magnetic properties are those for the electric transport aghich gives the number of plane waves in the interstitial
well. It is the electron-electron quantum interference thatregion is taken aR,Knax=9, whereK .4 is the maximum
gives rise to a new mechanism for magnetoresistance in feralue of the reciprocal-lattice vector used in the expansion of
romagnets. plane waves in that zone. The number kofpoints in the
Both parent compounds FeSi and CoSi, as well as theiBrillouin zone is enough in each case to obtain the desired
mixtures Fe_,Cqo,Si, have a common crystal structure B20 energy and charge convergence.
(spatcial groupP2,3), in which all transition-metal atoms The systems under study show a very closed-packed
are crystallographically equivalent. While both extrema arestructure. The unit cell is cubic, with lattice paramedeand
nonmagnetic, a ferromagnetic order appears at intermediat®ntains 4 f.u(formula unit3. Each TM atom has seven Si
concentrations. nearest neighbor®ne at 0.5, three at 0.52, and three at
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Energy (V) character since then up ¥6=0.5. [ are the experimental results of

FIG. 1. Total density of states fqn) FeSi and(b) CoSi. Both  Ref. 7.
DOS’s are very similarEg lying in each case at very different
positions, in ad-band gap for FeSi and in a depressed region for I1l. RESULTS
CoSi. The Fermi level is set equal to zero.

A. Virtual crystal approximation

The VCA is usually taken as a reasonable approximation
for a small amount of doping electrons. In spite of this, we
have extended it to values ®fgoing from 0 to 1. In particu-
lar for x=1, the obtained DOS is similar to the one shown

calculations®1” Both parent systems turn out to be nonmag-abov.e for CoS{Fig. 1). The system is half metallic up to 0.5,
at this concentration the majority band becomes semimetal-

petic, FeSi resulting a semiconductor Wit.h anarrow baf?d 93¢, For values of larger than 0.5 the minority band starts to
in the middle of the Fal bgnd and CO_S' dsemjmetal, in opulate and the system becomes metallic with a magnetic
agreement also with experiments. In Fig. 1 we show the dery,ment which decreases with This procedure helps us to
sities of state§DOS’s) for FeSi and .CoS|. It can be clearly ptain some insight into the evolution of the system with
seen that both DOS's are very similar, the difference resultyng has been successfully applied in the whole concentration
ing just from a rigid shift of the Fermi levetr when inter- range to Fe_,Co,Si,.*°
changing Fe by Co. In the Case of FeBg lies in a gap in In Fig. 2 we show the VCA results for the magnetic mo-
the middle of thed band showing a high density of states ment per f.u. as a function ofup to 0.5. Half-metallic char-
near the band edges. On the contrdiy,of CoSi lies in an  acter appears at=0.08 and remains up to 0.5. The system
energy region where the DOS is very low as it is the case obehaves as a nonmagnetic metal for low doping concentra-
semimetals. tions and has then a sharp transition to a half-metallic char-
To study the doped system in the Fe-rich region we us@cter. These results have encouraged us to check the half-
two complementary approaches. The first approach makewetallic character of these systems using a better approach,
use of the virtual crystal approximatitht® (VCA) and con-  and also to find out why this character persists up to high
siders a single B20 unit cell in which each Fe atom has beefoncentrations within the VCA approximation, while experi-
assigned an extra noninteger charge to account for dopingientally the magnetic moment decreases beyond.25.
concentrations. Charge neutrality is preserved in the calcula- In Fig. 3 we show the DOS obtained within VCA for

tions. In this approximation it is assumed that doping elec=0-2; the half-metallic character is clearly observed. The
trons are homogeneously distributed among the TM atomdact that the injected charge only populates the majority band
all TM atoms are equivalent while the chemistry of the dis-S & result of the balance between kinetic and exchange en-
ordered alloys is not fully taken into account. ergies. This balance and the presence of the gap in the energy

To check the VCA procedure and to obtain conclusive
results we implement a second approach by doing supercell
calculations(SCQO for different Co concentrations and for
several configurations. For a given concentratipwe build
different arrangements by substituting Fe atoms by Co ones
within single, double, or triple B20 unit cells, containing
from 4 to 12 f.u. per supercell.

We finally obtain, at a given concentraticha weighted 2 -1.5 -1 0.5 0 0.5 1
average magnetic moment from different arrangements by Energy (eV)
using a Boltzmann distribution. For this calculation we take F|G. 3. DOS of FggCay,Si within VCA. It can be clearly seen
into account the energies of each configuration and the exhat the Fermi level lies in a gap of the minority band and in the
perimental annealing temperature as the Boltzmann factor. middle of the Fed states of the majority band.

0.56) and six TM next-nearest neighbors at G6For FeSi
the obtained equilibrium lattice parameter as=4.37 A,
while for CoSia=4.36 A.

Our results for FeSi agree well with previous

DOS (arbitrary units)
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FIG. 4. Calculated magnetic moment per f.u. within the SCC(up) band is metallic while the minoritydown) is semiconducting.
approach. A half-metallic character is found in almost the wholeFermi level is equal to zero.
concentration region, but only between-0.083 and 0.25 is the
half-metallic one, the only solution for all the arrangements tried.metallic while a gap appears at the Fermi level for the mi-
For x=0.1667 the three different arrangements considered Sho"l"lority (down) band. With both approximations, VCA and
half-metallic character. For=0.5(a), (b, (c), and(d) correspond g 5 half-metallic character is obtained even if the SCC
to calculations done for the different structures shown in Figl6. DOS shows more structure than the VCA one.
are the experimental results of Ref. 7. It is important to point out that not only the Co atoms are

. . magnetic but that the total magnetic moment is distributed

spectrum explain the preference of the doping charge to b ymong Co and Fe atoms, although some Fe attthtse
come fully spin polarized, as discussed in Ref. 19. At very, ni-h are not Co nearest ,neighbbrmve a negligible local
low doping, exchange is not large enough to overcome th?nagnetic moment. The Fe magnetic moment varies from
kinetic energy, and the system behaves as a nonmagne@_:lMB to 0515, depending onx and on the chosen super-
mete_ll. By using.VCA, an approximation which qll.ows for a cell. For instan(’:e, in the case »£0.167 the three configu-
contmuous.dopmg, we obtain the ab_rupt transition frpm Fations here considered show a half-metallic character while
nonmagnetic metal to a ferromagnetic half metal. This €Nthe Co local environment changes from one configuration to

ergy competition is then present in this approach. the other
In order to get insight and to quantify the influence of the
B. Supercell calculations local environment on the appearance of half metallicity, we

Within the SCC approximation the influence of the chemi-d€fine NNoo(TM) as the number of Co atoms which are
cal and local environment is taken into account. For eacffi€arest neighbors of a given TM atom. Por0.167 three
concentration a weighted average over the different atomi€onfigurations are considered. In the first configuration
configurations should be performed in order to obtain DOSNNcJ(C0) is zero(for the two Co atoms within the super-
and magnetizations. The systems studied within SCC ar&e!)- The second configuration has a value of &Co)
those withx=0.083, 0.125, 0.167, 0.250, 0.333, 0.375, andequal to 1, while in the third conflgurathn it rises to 2, this
0.500, built by using single, double, and triple supercells. FoP€Ng the last configuration, the one with the lowest total
x=0.083 and 0.125 only one arrangement can be performegn€rgy. Fox=0.083 and 0.125, Ng(Co)=1.
to keep the cell size tractable. We consider two configura- N the casex=0.25 one of the selected arrangements
tions forx=0.250, three fox=0.167, 0.333, and 0.375, and Shows a value of N§(Co)=0 while in the other one
four different configurations fox=0.500. These different NNcd(C0)=2, being this last arrangement, the lowest-
arrangements at a fixed concentration allow us to survey th&N€rgy one. For this concentration, the arrangement with the

effects of the local environment on the determination of thd@rgest NNg(Co) has the lowest energy as well.
magnetic order of the systems. For those concentrations for which more than one ar-

In the very low-concentration region we calculate for only 'angement has been considered, the configurations showing
one atomic arrangement£0.083), for which the Co atoms  the largest segregatidtargest NNoo(Co)] are the minimum-
do not show any kind of CoSi segregation. Configurations€N€rgy ones even if keeping their half-metallic character in
showing CoSi segregation would demand larger supercells t§1iS concentration range.
keep the same concentration.

2. High-concentration region(0.25<x=0.50

1. Low concentration region(0.083<x<0.25 For values ok larger than 0.25 the experimental magnetic

For concentrations ranging from 0.08 to 0.25, VCA andmoment decreases monotonously to zero with increasing
SCC give the same results: we obtain a linear dependence bfere the results of both approaches split as can be seen com-
the magnetic moment per f.uuf , ) onx, in agreement with  paring Figs. 2 and 4. Within VCA the magnetic moment per
experiments. The linear behavior is obtained independentlf.u. continues growing linearly witk. The experimental evo-
of the considered atomic arrangement. See Figs. 2 and 4. |ution of u can be understood by analyzing the SCC results

In Fig. 5 we show the DOS obtained within SCC for for different configurations at a given value gf each of
=0.125. It is clearly observed that the majorityp) band is  them providing partial information about the real system.
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SCC approach. It can be seen that these magnetic mortuincts)
follow closely the experimental curvél are the experimental re-
sults of Ref. 7.

FIG. 6. Four configurations witkx=0.5. Structure(a) corre-
sponds to the single B20 cell where all Céall Fe's) are equiva-
lent. In structurgb) Fe’'s and Co’s are completely segregated. Struc-
tures(c) and(d) represent different intermixed configurations. Open

spheres correspond to Fe atoms, solid spheres to Co atoms, and ttrbg Flc());l\;(e—Stoe;%gv)\//ea?gr;gﬁ:ﬁai?c:ﬁse foc;ntf;]?’g;agggz' urations
small ones to Si atoms. We give the resulting magnetic moment e 9

per f.u., u, in units of ug, and the relative total energies as well. For two of thermf-u-:_X'U‘B vyhile for the third one

in millirydbergs. Miu.=0.124ug . The first configuration presents NMNCo)
values equal to 1 and 2 for the inequivalent Co’s. The second
arrangement presents N)NCo) values equal to 0 and 2, and

In this concentration range we have done SCC calculame third one 3 and 4. The last arrangement is the lowest
tions forx=0.333, 0.375, and 0.500. In the particular case Ofgtal-energy one.

x=0.5 we consider the four different configurations shown

in Fig. 6. The single B20 cell, structufe) in Fig. 6, repre- 0.6 -
sents the most homogeneous distribution at this concentra
tion andug is very close to 0.ag . For this configuration in 0.5 ] . a)

which Co’s and Fe’s are homogeneously distributed within
the cell, the magnetic moment follows the linear dependence & B

on x (as it happens within the VCA approximatjorBut for = 03 | o
those configurations in which there exist CoSi regions com- 2 ’ o
pletely separated from FeSi onfall segregation, structure =- 0.2 {

(b)], the magnetic moment is zero. For the other particular '

configurations having the same concentration, struct(ges 0.1
and (d), in which Fe’'s and Co’s are intermixed, the calcu-
lated magnetic moments per f.u. apeg,=0.0ug and 3 G
0.36ug, respectively.

If we focus on the total energies of these configurations, NNCO(Fe)
structure(a) has the highest relative energy while structure
(b) has the lowest. The experimental saturated magnetic mo
ment atx=0.5 is less than 0,25, which should be consid- 05 1 b)
ered as a weighted average over the magnetic moments of a
possible configurations at this concentration. In Fig. 6 we— 04 -
also give the relative total energies with respect to the one=.
obtained for structuré), which presents @ , =0.0ug and VQ 03 o .
where Fe’s and Co’s are completely segregated. The vaIueé_-)

0 T T T T T 1

(=]
—
NS

0.6 -

of NN¢(Co) for each of the inequivalent Co atoms are 2 in 02

the case of structuréa), and 3 and 5 for structuré). For 01 3

structure(c), which has four inequivalent Co atoms, we have

NNc(Co) equal to 1, 2, 2, and 3, and finally for struct(dg 0 ' ' ' . . .

the obtained values for N)(Co) are 1 and 3. 0 1 2 3 4 5 6
For x=0.333 we perform calculations for three different NNCO(CO)

supercell configurationgot shown. None of them is a half FIG. 8. Local magnetic moments of the TM atoms, correspond-
metal, although two arrangements present a higl). . The  jng to all the calculated arrangements that present half-metallic
first one presentg;  =3.51ug and NN;o(C0)=0, the sec-  character, vs NN,(TM). () corresponds to Fe atoms afigl to Co

ond one showgi¢ , =3.74ug and NN;o(Co)=2, while the  atoms. In(a) we can see thate, increases with Ni,(Fe) while
third configuration hag.=0 and values of Ni,(Co) equal  (b) shows that the non-half-metallic solution appears for\(i€o)

to 3 and 5 for the inequivalent Co’s. The last one also showsarger than or equal to 3.
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3. Weighted average magnetic moments Through comparison with experiments and our total-

By taking into account the energy differences among a"ene_rgyab initio calculations we suggest that in the Fe-rich
the considered arrangements at a given concentration '€9ion the samples are neither completely segregated nor
within the SCC approximation, we have estimated the magg:ompletely intermixed and that half m_etalllcny disappears
netic moment per f.u. making a weighted average over alP€yondx=0.25. The system loses the linear dependence of
these configurations. We have used a Boltzmann distributiof'® magnetic moment or when the segregation of FeSi
to calculate the relative weight of each configuration at thd"™m COSi grows in importance. This is the reason for the
experimental annealing temperatdri Fig. 7 we show the observed decrease of the magnetic moment, which is closely

values obtained fop; , by this procedure. The curve fol- related to the disappearance of half metallicity. We infer that
lows closely the expe'?i'mental trends. the transition from the half-metallic state to a ferromagnetic

metal is not sharp and that it probably depends on sample
preparation conditions.

With respect to the magnetoresistant behavior of these

From the examples treated above we obtain an overviewystems observed in Ref. 7, Manyaigal. claim that trans-
of the dependence of the properties of the_K€q,Si sys-  port electrons are the same that give rise to magnetization.
tem on local environment. In Figs(é and 8b) we show the  They arrive to this conclusion because their magnetotrans-
evolution of the local magnetic moment of the different Feport results can be explained within the theory of diffusive
and Co atoms as a function of NNTM) for all the concen-  transport in disordered systed?s’* where the quantum in-
trations and arrangements studied, which show half-metallicerference effects lead to an enhancement of the Coulomb
character. It is seen that, if the half-metallic character isinteractions’?> The half-metallic behavior that we find in
present, the magnetic moment of both Fe and Co atoms irthese alloys gives ground for this scenario but a theoretical
creases with Ni,(TM). The Fe-Co hybridizations enhance frame including half metallicity in disordered systems is still
the magnetic moment of the TM atoms when the system isacking.
half metallic. In summary, we can satisfactorily explain the evolution of

From Fig. 8b) we see that if NNy(Co) is larger than or the magnetic moment of ke, CoSi with x within band
equal to 3 the system is not half metallic. In other wordstheory and a nearly one-electron picture. Actually LDA un-
Fe-Co hybridization triggers a magnetic ordering in thesederestimates correlation effects, but it reproduces very well
systems and the larger the value of p\Fe) the bigger the the magnetic behavior of these alloys in the Fe-rich region at
magnetic moment. However if NN(Co) goes beyond a very low temperature as we have shown. The most interest-
limiting value, the system loses its half-metallic behavior.ing conclusion we come to is that the linear dependence of
We have then two competing effects with increasing Co conthe magnetic moment ox is due to the half-metallic char-
centration, namely, Fe-Co hybridization which enhancescter of these mixed systems, present for €R8&0.25.
... and CoSi aggregation which tends to destroy the magThis fact increases even more its appeal for future techno-

C. Local environment

netic order and thereafter the half metallicity. logical applications in the realm of spintronics because they
are disordered ferromagnetic half metals that can be grown
IV. DISCUSSION AND CONCLUSIONS without strain on the parent semiconducting FeSi. Beyond

o ] x=0.25 we conclude that segregation is getting more and
Half metallicity of Fe_,CoSi alloys for x=0.25 ex-  mpore important and, consequently, the magnetic moment de-

plains the experimentally observed fast saturation of thgreases monotonously towards zero with increasging
magnetization with an applied magnetic field, giving rise to a

vanishing magnetic susceptibility typical of half-metallic
magnets. What makes out of this system an interesting one is
that many of the known half metals have crystalline order
and lose the half-metallic character with little disorder. This We want to thank A. Fert and R. Weht for useful discus-
is not the case for ke ,CaqSi for which disorder and half sions. This work was partially supported by Contract No.
metallicity go together. However half metallicity in these UBACYT X115, Fundacia Sauberan, FundacioBalseiro,
systems is not as robust as in,F€Ca,S,,'° where half me- and by Fundacio Antorchas. A.M.L. and J.G. are research-
tallicity takes place fronx=0.25 to 0.9. ers of CONICET.
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