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Using the full-potential screened Korringa-Kohn-Rostoker method we study the full-Heusler alloys based on
Co, Fe, Rh, and Ru. We show that many of these compounds show a half-metallic behavior; however, in
contrast to the half-Heusler alloys the energy gap in the minority band is extremely small due to states
localized only at the CdFe, Rh, or Ru sites which are not present in the half-Heusler compounds. The
full-Heusler alloys show a Slater-Pauling behavior and the total spin magnetic moment per unkgell (
scales with the total number of valence electrodg (following the rule M,=Z,—24. We explain why the
spin-down band contains exactly 12 electrons using arguments based on group theory and show that this rule
holds also for compounds with less than 24 valence electrons. Finally we discuss the deviations from this rule
and the differences compared to the half-Heusler alloys.
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[. INTRODUCTION film on a GaA$001) substrate by molecular beam epitaxy
and have proved the creation of domains during the
Increased interest in the field of magnetoelectronics ogrowth?® Raphaelet al. have grown both thin films and
spin electronics during the last dechdeas intensified re- single crystals of CgvnSi.?* Although these films were
search on the so-called half-ferromagnetic materials. The lafound to adopt theé 1, structure, there was a strong disorder
ter ones present a gap in the minority band and thus can deetween the Mn and Co sites even in the case of bulk
used as perfect spin filters or to enhance the performance §&0,MnSi.* Also, Geiersbach and collaborators have grown
spin-dependent devices as electrons at the Fermi level af&10) thin films of CoMnSi, Co,MnGe and CeMnSn using
100% spin polarized. The first material which was predictece metallic seed on top of a MgQ01) substraté? Finally
to be a half-ferromagnet was the half-Heusler alloy NiMnSbthere also exist first-principles calculations for {0@1) sur-
found by de Groot and collaboratérim 1983. This predic- face of such an allo}?**
tion has been verified also by other autforsand the half- Suits” was the first to synthesize compounds of the form
ferromagnetic character has been also well established ekkbMnZ, whereZ stands for Al, Ga, In, Tl, Ge, Sn, and Pb.
perimentally both by using positron annihilation They all crystallize in the.2; structure but compounds con-
experimentS or inverse photoemissichRecently there has taining a type-lisp element show considerable disorder be-
been an increased interest in thin films of this material botiween thesp atom and the Mn site. They are all ferromag-
experimentall§f and using first-principles calculatiort$? nets and the compounds containing Ge, Sn, and Pb have a
Although half-Heusler alloys like NiMnSbh have attracted Curie temperature above room temperature. Kanomata
a lot of interest, the second family of Heusler compoundsgt al?® have grown crystals of the type RMnZ, whereZ
the so-called full-Heusler alloys, have been studied muctstands for Si, Ge, Sn, and Sh. Gothal 2’ have shown that
more extensively due to the existence of diverse magnetithese alloys are antiferromagnets with eNgemperatures
phenomena*? mainly the transition from a ferromagnetic near room temperature, and Ishidat al?® using first-
phase to an antiferromagnetic one by changing the concen-

tration of the carriers® The full-Heusler alloys have the type X,YZ

X,Y Z (see Fig. 1 and they crystallize in th&2; structure ® x
which consists of four fcc sublattices. Ziebeck and WebSter Oy
were the first to synthesize full-Heusler alloys containing Co, X
and Ishida and collaboratdrsi® have proposed that com- &z
pounds of the type GMnZ, whereZ stands for Si and Ge, : I

are also half-ferromagnets. Also Heusler alloys of the type S - o

Fe,MnZ have been proposed to show half-ferromagnetism.
But Brown et al® using polarized neutron diffraction mea-
surements have shown that there is a finite very small spin-
down density of stateOS) at the Fermi level instead of an FIG. 1. Schematic represent_ation of thél_structyre. The lat-
absolute gap in agreement with thb initio calculations of tice consists of four fcc sublattices. The unit cell is that of a fcc
Kibler et al. for Co,MnAl and CaMnSn compound&® Re-  lattice with four atoms as basi:at (000) and §53), Yat (347),

cently, Ambroseet al!® managed to grow a GMnGe thin  andZ at (332) in Wyckoff coordinates.
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principles calculations demonstrated that the ground state is
antiferromagnetic with the Mn atoms in thi&11) plane be-

ing antiferromagnetically coupled to the neighborifid.1)
planes.

In this contribution we study the full-Heusler alloys based
on Co, Fe, Ru, and Rh by extending our work on the half-
Heusler alloys(see Ref. 5 and on the transition-metal
monoarsenide® To perform the calculations we have used
the full-potential  screened  Korringa-Kohn-Rostoker
(FSKKR) Green’s function methddin conjunction with the 6 3 0 3 5 3 o0 3
local spin density approximatiotl.The details of our calcu- Energy (eV)
lations have been already described in Ref. 5. For all the
compounds under study we have used the experimental lat- FIG. 2. Calculated spin-projected DOS for the,@mZ com-
tice constants'?® and have assumed that they are all ferro-pounds, wheré stands for Al, Ga, Si, and Ge. They all possess a
magnets. In Sec. Il we present the properties of theMb finite very small spin-down DOS around the Fermi level.
compounds. In Sec. Il we discuss the origin of the gap in
these compounds and the Slater-Pau(i88 behavior of the €t al** who studied the CMnAl and CMnSn compounds
total moments. In Sec. IV we present our results for somaising the augmented spherical wa/@SW) method and

other interesting systems. Finally in Sec. V we summarizdound also a very small spin-down DOS at the Fermi level
our results and conclude. and not a real gap. The reason for this pseudogap can be

found in Fig. 3 where we have drawn the band structure for
the minority electrons in the case of the fMnGe com-
II. Co,MnZ COMPOUNDS pound (our spin-down band structure is similar the one ob-

The first family of alloys we will be interested in are the @ined for CoFeGa and MgVAI in Refs. 33 and 34, respec-

compounds containing Co and Mn as they are the ones th&eély). We see that the Fermi level touches the highest
have attracted most of the attention. They are all strong fefoccupied bands at thE point and the lowest unoccupied
romagnets with high Curie temperatur@bove 600 K and bands at theX point and thus the indirect gap found in the
except the CgMnAl they show very little disordet! They half-Heusler alloy%is practically destroyed in these materi-
adopt theL 2, structure, which we present in Fig. 1. Each Mn &I but there is still a reasonably large direct gap aVih&,

or sp atom has eight Co atoms as first neighbors sitting in aif'd X points. However, we should mention that if we con-
octahedral symmetry position, while each Co has four vrSiderably enlarge the figure with the band structure, it can be
and foursp atoms as first neighbors and thus the symmetry>€€n that the bands do not really touch the Fermi level but
of the crystal is reduced to the tetrahedral one. The Co atorfg€'® is @ very small indirect gap of the order of 0.001 eV
occupying the two different sublattices are chemicallyand thus the minimum of the minority unoccupied bandx at

equivalent as the environment of the one sublattice is th&nd the maximum of the occupied bands at Iheoint are
same as the environment of the second one but rotated HPt degenerated. Our calculations include relativistic effects

90°. The occupancy of two fec sublattices by @o in gen- nly within the scalar-relativistic approximation; thus effects
eral byX) atoms distinguish the full-Heusler alloys witl2, like the spin-orbit coupling can lift the band degeneracy and

structure from the half-Heusler compounds w@h, struc- ~ Might even destroy the indirect gap. However, we should

ture, like, e.g., CoMnSh, where only one sublattice is OCCU__mention that in the case of sufficiently large band gaps like

pied by Co atoms and the other one is empty. Although in thd" the case of NiMnSb, the spin-orbit coupling does not de-

i - troy the half-metallicity.
L2, structure the Co atoms are sitting on second-nelghbo?‘ . .
positions, their interaction is important to explain the mag- In the case of the half-Heusler alldytke NiMnSb the

netic properties of these compounds as we will show in thé/I" SPiN magnetic moment is very localized due to the ex-

next section. In Fig. 2 we have gathered the spin-resolveBIUSion of the spin-dqwn electrons "’?t the Mn site and
total DOS for the CgMnAl, Co,MnGa, CgMnSi, and amounts to about 3w in the case of NiMnSb. In the case

Co,MnGe compounds calculated using the FSKKR and inof CoMnSb the increased hybridization between the Co and

Table | the atom-projected and the total spin magnetic mo-
ment for these four compounds and for, ®8mSn. First, as
shown by photoemission experiments by Broetal3? in
the case of CgMnSn and verified by our calculations the
va!ence band extends 5 eV belov_v the Fermi level and the M 1) Co Mn 7 Total
spin-up DOS shows a large peak just below the Fermi level

DOS (states/eV)

TABLE I. Calculated spin magnetic moments /i using the
experimental lattice constantsee Ref. 11 for the CgMnZ com-
pounds, wher& stands for thesp atom.

for these compounds. Although Ishidaal!® have predicted ~ Co,MnAl 0.768 2.530 —0.096 3.970
them to be half-ferromagnets with small spin-down gaps Co,MnGa 0.688 2.775 —0.093 4.058
ranging from 0.1 to 0.3 eV depending on the material, within Co,MnSi 1.021 2.971 —0.074 4.940
our calculations we find that the Fermi level falls within a co,MnGe 0.981 3.040 —0.061 4.941
region of very small spin-down DOS for all these com- co,MnSn 0.929 3.203 ~0.078 4.984

pounds. Our results agree with the calculations obl€u
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2 _,.-"' “"""'-\-:‘3. due to the/ .y cutoff violates the state normalization. A
j._—_._lgl:& proper state counting leading to integer numbers for the total
j -"\.\ charges could only be achieved if all angular momenta up to
_r';

/
CHINE ol /' max=2 were included in the calculation, which is practi-

N\

e

cally impossible in realistic cases. The problem can be over-

come by the application of Lloyd’s formuf&, which con-
tains an implicit summation over all angular momenta, thus
yielding the correct total charge and moment. Since the
evaluation of Lloyd’s formula is a complex numerical prob-

] lem, this is usually avoided arising to the above small incon-

sistencies.
-t . Recently, a member of our grotfphas succeeded in

Energy (eV)

of 4.941ug in Table I), and the(noninteger local moments
are slightly increased. Most of the charge adjustment occurs
in the metallic majority band and the Fermi level is practi-
cally unchanged, situated as in Fig. 2 in the minority gap.
This is also plausible from an energetic point of view; the
<\ total energy favors this position of the Fermi level. Based on

7 implementing Lloyd's formula into our Green’s function
code, and we have tested the case ofMitGe. The calcu-
-H\_ lations give indeed an integer total moment qfH(instead

this experience and on calculations as above with different
/' max cutoffs, we concludgi) that in our calculations the

W L A T A XZW K by I  correct criterium for half-metallicity is that the Fermi level is

) in the minority gap andii) that the small deviations of the
FIG. 3. Spin-down band structure of the fnGe compound.  ota| moments from integer values are insignificant.

The indirect gap, present in the half-Heusler alloys, is practically Th,s we have verified by the DOS that all compounds
destroyed. For the explanation of the different representations of thﬁnder study in this section are half-metals. The compounds
group symmetry of thé& point look at Table II. In the brackets we containing Al and Ga have 28 valence electrons and the ones
present the_ type of orbitals transforming following each representa{:ontaining Si. Ge, and Sn 29 valence electrons. The first
tion (see Fig. 4 compounds have a total spin moment gf#and the second
ones of fug which agree with the experimentally deduced
Mn spin-down electrons decreased the Mn spin moment tenoments of these compount{sSo it seems that the total
about 3.2t . In the case of the full-Heusler alloys each Mn spin momeniM; is given with respect to the total number of
atom has eight Co atoms as first neighbors instead of four asmlence electronsZ;, from the simple relationM;=Z,
in CoMnSb and the above hybridization is very important, —24. In the following we will analyze the origin of this rule.
decreasing even further the Mn spin moment to less than

\x/{
T
RN

KA

3ug except in the case of GMNSn where it is comparable lll. ORIGIN OF THE GAP AND SLATER-PAULING

to the CoMnSb compound. The Co atoms are ferromagneti- BEHAVIOR

cally coupled to the Mn spin moments and they possess a

spin moment that varies from 0.7ug to 1.0ug, While the As we mentioned above, the total spin magnetic moments

sp atom has a very small negative moment which is oneof the CaMnZ compounds follow thevi,=Z,—24 rule. A
order of magnitude smaller than the Co moment. The negasimilar relation, i.e.M,=Z,—18, is also found for the half-
tive sign of the induced p moment characterizes most of the Heusler compound®® Both state nothing more than the
studied full- and half-Heusler alloys with very few excep- well-known Slater-Pauling behavidt.In such a picture the
tions. occupancy of the spin-down bands does not change and the
Another important point is that in half-metallic materials extra or missing electrons are taken care of by the spin-up
like the ones studied here the total spin moment should be astates only. The 24 means that there are 12 occupied spin-
integer number since both the total number of valence elecdown states, as the total moment, which is the number of
trons and the number of occupied minority states are inteuncompensated spins, is given by the total number of va-
gers. However, our results in Table | do not give integerlence electron&Z; minus 2 times the number of minority
numbers for the total moments, but slight deviations of abouelectrons.
0.05ug . This does not arise from incorrect space integration, In Fig. 3 we present the representations of each one of the
as it, e.g., can occur in the atomic sphere approximation. Ifbands at thd" point (see Table Il for the different represen-
our implementation of the full potential, the space is dividedtationg. First, thesp atom creates ons band and thre@
into Voronoi polyhedra® which exactly fill up the space bands which are fully occupied. Treelectrons transform
without any overlap, so that the space integration is perfollowing theI"; representation; we do not show this band in
formed exactly. Rather the small deviations arise from arfig. 3 as it very low in energy and it is well separated by the
inherent feature of the KKR Green’s function method, whichother bands. The electrons of thesp atom transform fol-
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TABLE Il. Representations of the real-space octahed@)(
symmetry group(first column. In the second column the corre-
sponding representations of the symmetry group of Eh@oint
following the nomenclature introduced in Ref. 40. In the third and
fourth columns we present the orbitals which transform following

each one of the different representations. Notice that the whole

crystal has tetrahedrdly symmetry but the lattice consisting only
of Co atoms has th®, symmetry;T is a subgroup 00Oy,. Thus it

is possible to have states located only at the Co sites, e.gd the
orbitals transforming according to tlig, representation. Also the
hybrids transforming according to thg, representation are local-
ized at the Co atoms as there arechstates at the Mn site with the
same representation. The subscripts “a” and “b” refer to orbitals at
the two different Co sites in the unit célbok Fig. 1); the 1, 2, 3,

4, and 5 refer tad orbitals of thexy, yz, zx, 3z°—r?, and x?
—y? symmetries, respectively; the 1, 2, and 3 refeptorbitals of
the x, y, andz symmetries, respectively.

0O, Ref. 40 Co-Co Mn or Ge
Aqg r, SatSp S

Alu l_‘:,L Sa— Sp

Eq IEP) dia+dip [1=4,5] dsds

E, Fiz dio—dip [1=4.9]

Tog |PY Pia— Pip & dig+dip [i=1,2,3] dyd;ds
Ty I Piat Pib & dia—djp [1=1,2,3] P1P2P3

lowing thel 5 representation and they hybridize witlelec-

trons of the Mn and Co atoms which transform with the samed;
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FIG. 4. Possible hybridizations between spin-down orbitals sit-
ting at different sites in the case of the fSnGe compound. To
explain the properties of the full-Heusler alloys, first we consider
the hybridization between the two different Co atoms and after-
wards the hybridization with the Mn atom. The names of the orbit-
als follow the nomenclature introduced in Table Il. The coefficient
represents the degeneracy of each orbital.

In order to discuss the behavior of tdeelectrons in the
full Heusler alloys we have drawn schematically in Fig. 4 the
possible hybridizations between the different atoms. The
5 orbitals correspond to thd,,, d,,, d,x, d3z2_2

representation. As can be seen in the band structure, theggsdd,2_,2 orbitals, respectively. The symbe), means that

bands are lower than the bands that have maintharacter
but they are not well separated by thdthere is a band
crossing along thd K direction. As in the half-Heusler
alloys? the foursp bands can be only partially filled by the
n valence electrons of thep atom (n=3 for Al and Ga or 4
for Si, Ge, and S so that an additional-8n delectrons are
accommodated in these ban@sd electrons in the case of
Co,MnGe or 5d electrons for CaMnAl). Therefore in the
Heusler alloys the effective number df electrons(in the
higher-lyingd bands can be controlled by the valence of the
sp atom. This is a very unusual behavior for metallic sys-

the orbital transforms following th&, representation. Note
that due to symmetry, the, orbitals at the Co site can only
couple withe, orbitals at the other Co site or at the Mn site.
The same applies for thig, orbitals. Looking at Fig. 4 we
see first that when two neighboring Co atoms interact, their
d, and ds orbitals form bondinge; and antibondinge,
states; the coefficient in front of each orbital is the degen-
eracy of this orbital. Thel,, d,, andd; orbitals of each Co
also hybridize, creating a triple-degenerated bondiggor-
bital and a triple-degenerated antibonding orbital.

As we show in the second part of Fig. 4, the double-

tems, which can be used to engineer Heusler alloys with vergegeneratee, orbitals hybridize with thed, andds of the

different magnetic propertiesee Sec. IV.

Mn that transform also with the same representation. They

In the case of the half-Heusler alloys, like CoMnSb, therecreate a double-degenerated bondggtate that is very low

is only one Co atom per unit cell and idsvalence electrons

in energy and an antibonding one that is unoccupied and

are hybridizing with the Mn ones creating five bonding statesabove the Fermi level. The>38t,, Co orbitals couple to the
below the Fermi level and five antibonding ones above thel, , ; of the Mn and create six new orbitals, three of which

Fermi level. In the full-Heusler alloys the existence of the

are bonding and are occupied and the other three are anti-

second Co atom makes the physics of these systems mobending and high in energy. Finally the<z,, and 3xt;, Co
complex. As we mentioned above the whole crystal has teterbitals cannot couple with any of the Mhorbitals as there

rahedral symmetryT,). But if we neglect the Mn and the

are none transforming with the representations. Theg,

sp sites, then the Co atoms themselves sit on a cubic latticstates are below the Fermi level and they are occupied while

respecting the octahedral symmet@,§. So there could be
states obeying th®y, being localized exclusively at the Co
sites; note here that thig, is a subgroup 0®y,. Thus we will

the e, are just above the Fermi level. Thus in total eight
minority d bands are filled and seven are empty. Our descrip-
tion is somewhat different from the one in Ref. 17 where it

take into account first the interactions between the two inhas been assumed that the orbitals just below the Fermi level

equivalent Co sites and then there interaction with the Mn o
the sp atom, as was also the case for the,¥MBeZ
compounds’

are alsot,y and nott,, as in our case. To elucidate this
difference we have drawn in Fig. 5 the atomic-resolved
DOS projected on the double-degenerated and triple-
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FIG. 5. Projected DOS on the double- and triple-degenerated _3 v ‘ L L ‘ ‘ ‘ L ‘ .
representations for each atom in the,MaGe compound. We also 20 21 22 23 24 25 26 27 28 29 30 31
give the character of each peak for the spin-down states. Notice tha Number of valence electrons: Zt
in the minority bands around the Fermi level there are only Co
states. FIG. 6. Calculated total spin moments for all the studied Heusler

alloys. The dashed line represents the Slater-Pauling behavior. With

degenerated representations. Although we cannot distinguipen circles we present the compounds deviating from the SP
in our projection the,, from thet,, and thee, from thee,, curve. To decide whether one alloy is half-ferromagnet or not, we
around the Fermi level the Mn atom presents a broad spi?aV€ Used the DOS and not the total spin-moméses Section )l
down gap which is not present at the Co sites. So minority . i
states around the gap are localized at the Co and do nditroduced in Ref. 40. The symmetry point group of the
couple to Mn, and the only states that have this property arBas the same symmetry operations with@e First, as said
thet,, ande,. Thus the peak below the Fermi level is the above we have a&hkg band not shown in the flgure_wnh a
3xt,, state and the peak just above the Fermi level is thd 1 State at thel’ point and then we find ai’ a triple-
2x e, state. This also explains why the gap is small. The twgiegenerated point that has the; representation correspond-
cobalt atoms are second neighbors and their hybridization 9 to thep-like orbitals. Above this point there is a double-
not so strong and the splitting of the states is small and thudegenerated’;, point which corresponds to the, orbitals
the energy distance between thg levels and the, ones is whlle_the otherey orbitals for CgMnGe are _found _above the
small. As these states do not hybridize with the Mn statesf-ermi level and also above the unoccupigdorbitals that
their splitting does not change and the gap is considerablgorrespond to the double-degenerated point Withsymme-
smaller than the one in the half-Heusler alloys. In the latteitry. Finally, there are two triple-degenerated poihtg and
compounds we have only one Co atom per unit cell couplind 15 Which correspond to the occupigg, andt,, orbitals,
to the Mn atom and so thig, ande, states are absent and respectively, while the other unoccupitg, orbitals (I",s)
only thee, andty, survive. Therefore a real gap exists in the are high in energy and are not shown in the figure.
half-Heusler alloys and the minority valence and the minor- From the above discussion we find that in the minority
ity valence bands contain nine electronsxq, 3Xp, and band sevem states abov& are unoccupied. Thus the larg-
5%d. est possible moment, which a full-Heusler alloys can have, is
To summarize, in the case of the full-Heusler alloys we7ug, since in this case all majority states are filled. This is
have eight occupied minorityl states per unit cell: the different from the half-Heusler compounds which have five
double-degeneratea; very low in energy, the triple- empty d states in the minority band and therefore a maxi-
degeneratet, orbital, and finally the triple-degenerateg, mum moment of pg.
just below the Fermi level. Thus in total we have 12 minority
occupied states per unit cell, one wiltharacter, three with
p character, and eight witld character. Therefore the total
moment obeys the simple ruM,=2Z,—24 as compared to
M.=2Z,—18 for the half-Heusler alloys. Note here that as Following the discussion of the previous section we will
shown in Fig. 4 we have in total 15 spin-dowhstates, go on investigating other full-Heusler alloys that can follow
meaning 30 in total if we take into account both spin direc-the Slater-Pauling curve and in Fig. 6 we have plotted the
tions, so the states count is correct as each of the two Cwmtal spin magnetic moments for all compounds under study
atoms and the Mn one contributes totally testates. We can as a function of the total number of valence electrons. The
trace these states also in the spin-down band structure andashed line represents the rig=Z,— 24. In the following
lyzing the character of each band at fhepoint. In Table Il we will analyze all these results. Overall we see that many of
we have included the representations of the symmetry groupur results coincide with the Slater-Pauling curve. Some of
of theI” point in the reciprocal lattice using the nomenclaturethe Rh compounds show small deviations which are more

IV. OTHER FULL-HEUSLER COMPOUNDS FOLLOWING
THE SP CURVE
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TABLE lIl. Calculated spin magnetic moments jug using the
experimental lattice constantsee Ref. 11Lfor the full-Heusler al-
loys containing Co, Fe, and Mn.

PHYSICAL REVIEW B66, 174429 (2002

present the atom- and spin-resolved DOS for the two com-
pounds. The minority DOS is the same for both compounds
as they follow the SP curve and this is also the case for the
Co spin-up DOS. In the case of the Cr compound the Fermi

m*P"(ug) CoFeMn Y  AlLSiGe Total level falls within a broad and large Cr spin-up peak. When
Co,TiAl 0072 —0013 —0.002 0.130 we substitute Mn for Cr this peak moves lower in energy to
Co,Tisn 0911 —0.039 0.001 1784 acco_unt for the extra electron and th_e Fermi level is now at
CoVAl 0863 0232 —0033 1926 the right edge of the pgak_, but nothing else changes in the
Co,CrAl 0.755 1536 —0.091 2 955 calculated DOS. Sut_)stltutmg V for Cr ha; a larger effect

since also the Co spin-up DOS changes slightly and the Co
Co,MnAl 0.768 2.530 —0.096 3.970 . .
Co,FeAl 1129 2730 —0.099 4.890 magnetic moment is increased by aboutu)ylcompared to

the other two compounds and V possesses a small moment of
FeVAl paramagnet 0.2ug. This change in the behavior is due to the smaller
Fe,CrAl —0.093 1108 -0011  0.910 hybridization between the Co atoms and the V compared to
FeZM”A! —0.275 2548 —0.019 1.979 the Cr and Mn atoms. Although all three 86\, Co,CrAl,
FeMnSi 0.191 2589 —0.029 2943 and CgMnAl compounds are on the SP curve as can be seen
MnVAI —1.413 0.786 0018 —2.021 in Fig. 6, this is not the case for the compounds containing
Mn,VGe  —0.750 0.476 0.021 —1.003 Fe and Ti. If the substitution of Fe for Mn followed the same

logic as the one of Cr for Mn, then the Fe moment should be
around 3. wWhich is a very large moment for the Fe site.

serious for the CQIiAl compound. We see that there is no Therefore it is energetically more favorable for the system
compound with a total spin moment ofug or even Gug.

Moreover, we found also examples of half-metallic materialsthe other systems with 29 electrons like,&mSi, but while

with less than 24 electrons: MWGe with 23 valence elec-
trons and MgVAI with 22 valence electrons.

A. Co,YAl and Fe,YAI compounds

that also the Co moment is increased, as was also the case for

the latter one makes it togp;, Co,FeAl reaches a value of
4.9ug . A similar behavior was seen also in the case of the
isoelectronic CgFeGa compound, but the total spin moment
was slightly larger than &g .3 In the case of CgTiAl, it is

We have calculated the spin moments of the Compoundgnergetically more favorable to have a weak ferromagnet

Co, YAl whereY=Ti, V, Cr, Mn, and Fe and in Table IIl we

than an integer moment oflgy as it is very difficult to

have gathered the atomic and total spin magnetic moment§)agnetize the Ti atom. Even in the case of theTu8n the
There are experimental results only for the moment at the c§2lculated total spin magnetic moment of Lig8(compared
site for the Ti, V, and Cr compounds using hyperfine field!® the experimental value of 1.08) (Ref. 43 arises only
measurements by Pendt al*! and by Carbonarkt al,*?

which agree very well with ouab initio results. The com-

from the Co atoms as was also shown experimentally by
Pendlet al,*! and the Ti atom is practically paramagnetic

pounds containing V, Cr, and Mn show a similar behavior. As2nd the latter compound fails to follow the SP curve.

As a second family of materials we have calculated also

we substitute Cr for Mn, which has one valence electron L ! -
fewer than Mn, we depopulate one Mn spin-up state and thuthe compounds containing Fe and we present their total spin
the spin moment of Cr is aroundul smaller than the Mn moments also in Table Ill. B®Al has in total 24 valence

one while the Co moments are practically the same for botf¢l€ctrons and is a semimetal, i.e., paramagnetic with a very

compounds. This behavior is clearly seen in Fig. 7 where wéMall DOS at the Fermi level, as is already known
experimentally** All studied Fe compounds follow the SP

behavior as can be seen in Fig. 6. In the case of thE€iRd

and FgMnAl compounds the Cr and Mn atoms have spin
moments comparable to the Co compounds and similar DOS
as can be seen in Fig. 7. In order to follow the SP curve the
Fe in FeCrAl is practically paramagnetic while in F&nAl

it has a small negative moment. When we substitute Si for Al
in Fe&MnAl, the extra electron exclusively populates Fe
spin-up states and the spin moment of each Fe atom is in-
creased by 0/g contrary to the corresponding Co com-
pounds where also the Mn spin moment was considerably
increased.

Finally we calculated as a test WKl and Mn,VGe
which have 22 and 23 valence electrons, respectively, to see
if we can reproduce the SP behavior not only for compounds
with more than 24, but also for compounds with fewer than

FIG. 7. Calculated atom- and spin-projected DOS for the24 electrons. As we have already shown\Ad is paramag-
Co(FeyMn(Cr)Al compounds. They all present a spin-down netic and CeVAI, which has two electrons more, has a spin
pseudogap. The numbers give the total moments. moment of Zug. Here MipVAI has two valence electrons

— Co(Fe)
== Cr(an

T
B 1M |

|
w

w

o
-
’
¢

DOS (states/eV)

|
()

{ | | Fe,MnAl |
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TABLE IV. Calculated atom-resolved and total spin magnetic _ Rh

71 T T
moments inug using the experimental lattice constants for the full- 3 [--Mn ,’; : M --Mn X I {t-- ﬁ‘r’, :
Heusler alloys containing Rh and Reee Ref. 11 for the lattice ) " } ol
constants of the Rh compounds and Ref. 26 for the Ru compaunds >
-
MPiN( ug) Ru, Rh Mn z Total 2
~
Ru,MnSi 0.028 2.868 0.025 2.948 §
Ru,MnGe 0.002 2.952 0.021 2.977 8
Ru,MnSn —0.051 3.137 —0.001 3.034 2,
Ru,MnSb 0.222 3.495 0.018 3.957 195}
Rh,MnAl 0.328 3.388 —0.041 4.004 - T
Rh,MnGa 0312 3461 -0033 4052 = At I
Rh,Mnin 0.269 3.720  —0.034 4.223 -3 |coMAGa : “ 1 co,MnGe | V[ FeMnsi |
Rh,MnTI 0.266 3.765 —0.027 4.270 . ‘ ' ‘ ‘ ' ‘ ‘ '
Rh,MnGe 0421  3.672 0.011  4.525 £ = 0 3E_6 =2 (0 V3 8 =2 B
Rh,MnSn 0.393 3.831 —0.010 4.607 nergy (e )
Rh,MnPb 0.383 3.888  —0.009 4.644

FIG. 8. Calculated atom- and spin-projected DOS for some of
the Heusler alloys containing Ru and Rh compared to the alloys
containing Fe or Co that are isoelectronic to Ru and Rh, respec-
fewer than FgVAI and as we show in Table Ill its total spin tively. In the case of the Rh or Ru compounds, the hybridization
moment is —2ug, in agreement with previouab initio with the spin-down Mn states is smaller resulting in larger Mn spin
results®* and thus it follows the SP behavior. To our knowl- moments(see Table 1.
edge there is no compound with 23 valence electrons, which
has been studied experimentally, so we decided to calculatalls within a broad peak of spin-up DOS. In the case of
Mn,VGe using the lattice constant of MWAI. We have cho- Ru,MnSb this peak is completely occupied, resulting in an
sen this compound, because as can be seen in Ref. 11 tlmportant induced spin moment at the Ru site that couples
compounds containing Al and Ge have practically the saméerromagnetically to the Mn one.
lattice constants. We found that adding one electron to The next family of compounds that we have studied are
Mn,VAI results in a decrease of the absolute value of boththe ones containing Rh and Mn?®In Table IV we present
the Mn and V spin moment&ote that V and Mn are anti- the calculated spin magnetic moments. As can be seen in Fig.
ferromagnetically coupledso that the resulting MiVGe to- 8 the hybridization between the Rh and the Mn spin-down
tal spin magnetic moment is 1ug following the SP curve states is smaller than in the case of the isoelectronic Co com-
as can be also seen in Fig. 6. pounds; i.e., there are Mn states in the Co compound that

become Rh states in the Rh compound, thus leading to an
increase of the Mn moment and a decrease of the Rh moment
B. Ru and Rh compounds compared to the Co spin moment. This phenomenon is quite

To investigate further the Slater-Pauling behavior of theintense as the Mn moment increases in all cases more than
full-Heusler alloys we studied the ones containing @ 4 0.6ug. From the studied compounds only JRNAI and
transition-metal atom. As we have already mentioned in Se)Rn,MnGa are exactly on the SP curve presented in Fig. 6.
| the Ru compounds are antiferromagnets witteNempera-  The RMnin and RBMnTI that are isoelectronic to the two
tures that reach room temperature. We have calculated thedrevious compounds have a total spin moment of around
properties assuming that they are ferromagnets and presehug—4.3ug, thus the Fermi level is slightly below the
the calculated spin-magnetic moments in Table IV. Thepseudogap in these compounds. In the case gMRIGe,
Ru,MnSi, Ru,MnGe, and ReMnSn, have a total spin mag- Rhb,MnSn, and RBMnPb, which possess 29 valence elec-
netic moment of &g and RyMnSb a moment of &g fol-  trons, the total spin moment is around 4gslightly smaller
lowing the rule for the magnetic moments that we have althan the ideal g and the Fermi level is slightly above the
ready shown for the Co and Fe compounds and thus thpseudogap. This is probably due to the considerably larger
Fermi level falls within the pseudogap contrary to the calcudattice constant of the Rh compounds with respect to the
lations in Ref. 45 where the Fermi level was above the gapisoelectronic Co ones. But in general, as can be seen also in
In the case of the alloys with Si, Ge, and Sn the Ru atom hakig. 6, where we summarize all our results, all the com-
a practically zero spin moment and the total moment is carpounds are not very far from the SP curve and the deviations
ried by the Mn atoms. In Fig. 8 we have drawn the atomicare small.
and spin DOS for the RMnSi compound compared to the
isoelectronic FEMnSi compound. We see clearly from the c.c ds with 30 val |
DOS that the hybridization between the Mn and Ru spin- - Compounds with 30 valence electrons
down states is smaller than in the case of the Fe compound, As stated in Sec. lll the maximal moment of a full-
resulting in a larger Mn spin moment. Although Ru has aHeusler alloy is fg and should occur when all 15 majority
practically zero spin moment, we see that the Fermi level states are occupied. Analogously for a half-Heusler alloy
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TABLE V. Calculated spin moments for full-Heusler alloys con- the Fermi level moves deeper in energy, as was the case also
taining 30 valence electrons per unit cell. The experimental latticor the half-Heusler aIong,and now it falls within the

parameters were taken from Ref. 11. pseudogap and the total spin moment for both of them
: reaches the ideal value ofu. So if both CgMnSb and
m®*"(1g) X Y z Total Co,MnAs can be grown on top of a substrate with the ap-
Ni,MnAl 0.364 3.359 —0.062 3.973 propriate_ Iattic_e 'consta.nt using a technique !ike moleculgr
Co,FesSi 1271 2756  —0.031 5.268 beam epitaxy, it is possible to get_ a maten_al with gtptal spin
Co,MnSb 1113 3401  —0.007 5 620 moment of Gug where the Fermi level will be within the

pseudogap. In such a case, of course, there is the possibility
that the lattice parameter along the growth axis is contracted
to account for the large in-plane lattice parameter, which can
the maximal moment is g . However, this limit is difficult  lead to a change of the total spin moment.
to achieve, since due to the hybridization of thetates with
empty sp states of the transition-metal atorfstesX andY
in Fig. 1), thed intensity is transferred into states high above
Er, which are very difficult to occupy. While we could iden-  Using the full-potential screened Korringa-Kohn-
tify in a recent paper on half-Heusler allofRef. 5 systems  Rostoker method we studied the full-Heusler alloys contain-
with a moment of nearly gg, the hybridization is much ing Co, Fe, Rh, and Ru. We have shown using the scalar-
stronger in the full-Heusler alloys so that a total moment ofrelativistic approximation that for all these compounds the
7 Seems to be impossible. Therefore we restrict our searctop edge of the highest occupied spin-down band and the
to possible systems with/5;, i.e., systems with 30 valence bottom edge of the lowest unoccupied spin-down band touch
electrons. We have studied some of the possible candidatéise Fermi level, practically destroying the indirect gap. These
and we present our results in Table V. One obvious way t@ompounds show a Slater-Pauling behavior and the total
reach the 30 electrons is to substitute, e.g., iBMITAl, Co  spin-magnetic moment per unit celM(¢) scales with the
by Ni, but Ni is practically paramagnetic and cannot carry atotal number of valence electron&,j following the rule
large spin moment and thus the total spin magnetic momer¥,=Z,—24. The Co-Co hybridization is primordial to ex-
of Nio,MnAl is only 4ug far away from the ideal ig. The  plain why the spin-down band contains exactly 12 electrons
second way to achieve 30 electrons is to use Fe a¥tsiie  and why only a tiny gap exists in these compounds. Finally
as is the case for the ¢leeSi compound. Already GBeAl  we have shown that it is possible to find the Slater-Pauling
was not reaching the /o5 and adding one more electron behavior even for materials with fewer than 24 valence elec-
cannot increase the total spin moment by more thag .1  trons like Mn,VAI and Mn,VGe, and that the compounds
Although the Co moment reaches ig, the Fe moment with 30 valence electrons are unlikely to achieve a total spin
stays unchanged and the total spin moment is increased onfgoment of Gug.
by ~0.4ug, reaching the 5,35 instead of the ideal 65 . Note added in proofAfter acceptance we became aware
Our last test cases are the #nSb and CoMnAs com-  of a papet’ where the pressure dependent properties of the
pounds. We have calculated £4nSb using the lattice con- Co,MnX (X=Si, Ge, Sin compounds have been studied us-
stant of Cq gMnSb as CeMnSb does not really exist. Add- ing the full-potential linearized augmented plane wave
ing Co to CqsMnSb results in the creation of a Co-rich (FLAPW) method.
phase. CeMnSn has a total spin moment ofu . The ad-
ditional electron increases both the Co and Mn spin moments
and the total moment is now Su§ . To our knowledge there
is no experimental work on GMnAs and we have calcu- The authors acknowledge financial support from the RT
lated it using the lattice constant of €dnGe. This lattice  Network of “Computational MagnetoelectronicsContract
constant should be very close to the real one as also subsfito. RTN1-1999-00146of the European Commission. We
tuting Ga for Ge only marginally changes it. As shown inthank Dr. Rudi Zeller for providing us with a version of the
Table V the calculated total spin moment is b8 But for ~ KKR code incorporating Lloyd’s formula and for helpful dis-
both compounds, if we increase their lattice constant by 4%gussions.

Co,MnAs 1.219 3.309 0.035 5.782

V. CONCLUSIONS
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