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Origin and properties of the gap in the half-ferromagnetic Heusler alloys
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We study the origin of the gap and the role of chemical composition in the half-ferromagnetic Heusler alloys
using the full-potential screened Korringa-Kohn-Rostoker method. In the paramagnetic ph&sk, them-
pounds, like NiMnSb, present a gap. Systems with 18 valence elec#Zpnger unit cell, like CoTiSb, are
semiconductors, but whefy>18, antibonding states are also populated, thus the paramagnetic phase becomes
unstable and the half-ferromagnetic one is stabilized. The minority occupied bands accommodate a total of
nine electrons and the total magnetic moment per unit celkdnis just the difference betweez, and 2
X 9. While the substitution of the transition metal atoms may preserve the half-ferromagnetic character,
substituting thesp atom results in a practically rigid shift of the bands and the loss of half-metallicity. Finally
we show that expanding or contracting the lattice parameter by 2% preserves the minority-spin gap.
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. INTRODUCTION absorptiof® and spin-polarized positron-annihilattSrgave
a spin polarization of~100% at the Fermi level. Recently
Heusler alloy have attracted great interest during the lasthigh quality films of NiMnSb have been growhbut they
century due to the possibility to study, in the same family ofwere found not to reproduce the half-ferromagnetic character
alloys, a series of interesting diverse magnetic phenomenef the bulk. Values of 58% and 50% for the spin-polarization
like itinerant and localized magnetism, antiferromagnetismat the Fermi level were obtained by Soulenal.” and Man-
helimagnetism, Pauli paramagnetism, or heavy-fermionicoff et al,*® respectively, and recently Zhet all® found a
behavio?~* The first Heusler alloys studied were crystal- value of 40% using spin-resolved photoemission measure-
lized in anL2, structure which consists of four fcc sublat- ments on polycrystalline films. Ristoiet al?° showed that
tices. Afterward, it was discovered that it is possible to sub-during the growth of the NiMnSb thin films, Sb atoms seg-
stitute one of the four sublattices with vacancieS1f regate to the surface, decreasing the obtained spin polariza-
structurg. The latter compounds are often called half-tion; they measured a value ef30% at 200 K, while at
Heusler alloys, while th& 2, compounds are often referred room temperature the net polarization was practically zero.
to as full-Heusler alloys. In 1983 de Groet al®> showed But when they removed the excess of Sb by a flash anneal-
that one of the half-Heusler compounds, NiMnSb, is a halfing, they managed to obtain a nearly stoichiometric ordered
ferromagnet, i.e., the minority band is semiconducting with aalloy surface terminating in MnSb. Inverse photoemission
gap at the Fermi levet, leading to 100% spin polarization experiments at room temperature revealed that the latter sur-
at Er . Recently the rapid development of magnetoelectronface shows a spin polarization of about:63% which is
ics intensified the interest in such materials. Adding the spirsignificantly higher than all previous valu&sFinally there
degree of freedom to the conventional electronic devices has experimental evidence that for a temperature~@0 K
several advantages such as the nonvolatility, the increaseabere is transition from a half metal to a normal
data processing speed, the decreased electric power coierromagnet® but these experiments are not yet conclusive.
sumption and the increased integration densftise cur- Several groups verified the half-ferromagnetic character
rent advances in new materials are promising for engineeringf bulk NiMnSb using first-principles calculatioff€3and its
new spintronic devices in the near futdr@ther known half-  magnetic properties can be well understood in terms of the
ferromagnetic materials are Cs0 Lag ;SI, sMnOs,” and the  hybridization between the higher-valend Zatom (like Ni)
diluted magnetic semiconductéréke (In,Mn)As; very re- and Mn, and the indirect exchange of the Mrelectrons
cently CrAs in the zinc-blende structure was also proposed tthrough thesp atom?*2° Larsonet al. showed that the actual
be a half-ferromagnét.Although thin films of CrQ and  structure of NiMnSb is the most stable with respect to an
Lay ;Stp MnO; have been verified to present practically interchange of the atont§,and Orgassat al. showed that a
100% spin polarization at the Fermi level at low few percent of disorder induce states within the gap but do
temperature$° NiMnSb remains attractive for technical ap- not destroy the half-metallicif/Ab initio calculationg®?°
plications like spin-injection devices,spin filters!? tunnel  have shown that the NiMnSb surfaces do not present 100%
junctions®® or giant magnetoresistance devitedue to its  spin polarization at the Fermi level and it was proposed by
relatively high Curie temperaturdl =730 K) compared to ‘Wijs and de Groot that at some interfaces it is possible to
these compounds. restore the half-ferromagnetic character of NiMrf3den-
The half-ferromagnetic character of NiMnSb in single kins and King>® using a pseudopotential technique, showed
crystals has been well established experimentally. Infrarethat the MnSb terminated001) NiMnSb surface relaxes
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inward with a total buckling of only 0.06 A. They identified
two surface states in the minority band inside the gap, which
cross the Fermi level and which are strongly localized in the - .,__@
surface region. -
In this paper we will study the origin of the gap and
different ways to influence the position of the Fermi level
that can lead to half-ferromagnetic Heusler materials which
might have advantages as compared to the NiMnSb films,
and therefore could be more attractive for applications. In @,’
Sec. Il we present the details of our calculations, and in Sec.
[l we discuss the properties of th&€MnSb compounds,
where X stands for Ni, Co, Rh, Pd, Ir, or Pt. In Sec. IV we
study the influence of the lattice parameter on the position of
the Fermi level, and in Sec. V we investigate the origin of the kG, 1. Schematic representation of 1B, structure. The lat-
gap. In Secs. VI and VIl we study the influence of the lower-tice consists of four fcc sublattices. The unit cell is that of a fcc
valent transition metal and of the&p atom, respectively, on lattice with four atoms as basis: Ni at (0 0 0), Mn &} 1), a

the properties of the gap. Finally, in Sec. VIII we conclude ) _ .
andpsur%marize our regsuﬁts y vacant site atf 3 3), and Sb at£ 2 2) in Wyckoff coordinates.
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full Heusler alloys, like NjMnSb where also th€ site is
Il. COMPUTATIONAL DETAILS occupied by a Ni atom. We should also mention that the
. _zinc-blende structure adopted by a large number of semicon-
To perform the calculations, we used the Vosko-Wilk- g ctors, like GaAs, ZnSe, InAs, etc., also consists of four fcc
Nusair parametrizatioh for the local density approximation sublattices. In the case of GaAs thesite is occupied by a
(LDA) to the exchange-correlation potentfato solve the  Ga atom and thé® site by an As atom, while the C and D
Kohn-Sham equations within the full-potential screenedsites are empty. This close structure similarity makes the
Korringa-Kohn-Rostoker (KKR) method?** The full-  eysler alloys compatible with the existing semiconductor

potential is implemented by using a Voronoi construction ofiechnology and thus very attractive for industrial applica-
Wigner-Seitz polyhedra that fill the space as described igjgns.

Ref. 34. A repulsive muffin-tin potentia# Ry high is used

as reference system to screen the free-space long-range struc-
ture constants into exponentially decaying offefor the . X-MnSb COMPOUNDS WITH X=Co, Ni, Rh, Ir, Pd,
screening we took for all compounds interactions up to the AND Pt

sixth neighbors into account leading to a tight-binding clus-

ter around each atom of 65 neighbors. To calculate the First we calculated the electronic structure of ¥nSb,
charge density, we integrated along a contour on the comple 'th X_ being an e'e”?e”t of the Co or Ni columns in _the
eriodic Table. As lattice parameters we used the experimen-

ener lane, which extends from the bottom of the band u
gy p al ones for all compoundsThese compounds are known

to the Fermi levef? Due to the smooth behavior of the experimentally to be ferromagnets with high Curie tempera
Green’s functions for complex energies, only few ener . ) -
Hnetl pex gl y = 9y res ranging between 500 and 700 K for the Co, Ni, Pd, and

points are needed; in our calculations we used 42 energ ¢ q hile the Curie t t tthe Ir and Rh
points. For the Brillouin zonéBZ) integration, special points compounds, while the Lurie lemperatures of tné ir an
compounds are around room temperatuke should also

d d by Monkhorst and PadRnly f
are ussed as proposec by Vionkiors: an iy TEw ‘mention here that IrMnSb is in reality crystallizing in the

tens ofk are needed to sample the BZ for the complex en ichi ¥ Th 2 d
ergies, except for the energies close to the real axis near tHB’Ban-lﬁStb-“’Z S.IO'IC lometr '.T € remaining compounads
Fermi level for which a considerably larger number lof are known to exhibit a small disordewyith the exception of
points is needed. We have used ac@Dx 30 k-space grid in CoMnSb3® Kaczmarskaet al. calculated using the KKR
the full BZ to perform the integrations. In addition we used amethod.within the coherent potential approximation the spin
cutoff of //,4=6 for the multipole expansion of the charge magnetic moments for a (@-QMHO-QZSb system, where the
density and the potential, and a cutoff of,,,=3 for the Co and Mr} sites are cqmpletely dlsorder_ed, and found them
wavefunctions. Finally in our calculations the core electrond® 2dree W'th the experlment_al valu€an Fig. 2 we present
are allowed to relax during the self-consistency. the spin-projected total density of stat&09) for all the six

In Fig. 1 we show theC1, structure, which consists of cor_npo.unds. We.remark that all six compound; present a gap,
four fcc sublattices. The unit cell is that of a fcc lattice with which is more wide in the compounds containing Co, Rh, or

) B 111 Ir than Ni, Pd, or Pt. Sip states occupy the lowest part of the

four atoms as basis aA=(000), B=(333), C  pOS shown in the figure, while the Sbstates are located
=(3 3 3), andD=(3 ¥ %) in Wyckoff coordinates. In the ~12 eV below the Fermi level. For the Ni compound the
case of NiMnSb theA site is occupied by Ni, th® site by  Fermi level is at the middle of the gap and for PtMnSb at the
Mn, and theD site by Sbh, while theC site is unoccupied. The left edge of the gap in agreement with previous full-potential
C1, structure is similar to th& 2, structure adopted by the linear muffin-tin orbitals metho@~P-LMTO) calculations on
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A I S P in order to calculate the moments we integrate the spin-
| Bh L projected charge density inside every Wigner-Seitz polyhe-
|

' dron. In our calculations these polyhedra were the same for
mmr W\(H every atom in theC1, structure. Mn moments approach, in
IR DRI | S R S | the case of the Ni, Pd, and Pt compoundg,g4and they

Pd | : Pt | agree perfectly with previous FP-LMTO calculaticishi,
Pd, and Pt are ferromagnetically coupled to Mn with small
induced magnetic moments, while in all cases the Sb atom is
antiferromagnetically coupled to Mn. Overall the calculated
P ‘ i NS A8 moments for the Ni, Pd, and Pt compounds are in very good
-6 38 0 3 630 3-6-3 0 3 agreement with previouab initio results?®?% Experimental
Energy (eV) values for the spin-moment at the Mn site can be deduced
) ) . from the experiments of Kimurat al*? by applying the sum
FIG. 2. Spin-projected density of states for ®kInSb Heusler  rjes to their x-ray magnetic circular dichroism spectra and
alloys. They all possess a spin-down gap but only in Co-, Ni- anqpe extracted moments agree nicely with our results; they
Pt- based ones is the Fermi leygéro at the energy ayifnside the found Mn spin moments of 3.§6; for NiMnShb, 3.95. for
9ap. PdMnSb, and 4.02g for PtMnSb. In the case of the Co, Rh,
and IrMnSb compounds the spin magnetic moment ofxhe
tom is antiparallel to the Mn localized moment and the Mn
oment is generally about Q5 smaller than in the Ni, Pd,
and Pt compounds. The Sb atom is here again antiferromag-
netically coupled to the Mn atom.

=
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these compound€.The gap in the minority NiMnSb band is
about 0.5 eV wide, in good agreement with the experiment o
Kirillova et al,’s who, analyzing their infrared spectra, esti-
mated a gap width of~0.4 eV. In the case of CoMnSb the

gap is considerably larger{1 eV) than in the previous two The total magnetic moment ing is just the difference

compounds and the Fermi level is located at the left edge of .tveen the number of spin-up occupied states and the spin-

the spin-down gap. CoMnSb was studied theoretically byyqyn occupied states. In the half-ferromagnetic compounds
Kubler using the augmented spherical waves method. Hey gpin.down states of the valence band are occupied, and

found a DOS similar to ours, with a large gap of comparabléy, ;s their total number should be, as in a semiconductor, an
width and the Fermi I%vel was also located at the left edge Ohteger, and the total magnetic moment should also be an
the spin-minority gagl? For the other three compounds the integer since the total valence charge is an integer. A detailed
Fermi level is located below the gap, although in the case Ofjiscyssion of the relation between the total moment and the
PdMnSb and IrMnSb it is very near to the edge of the gap.,mper of electrons will be given in Sec. V. Here we notice
The DOS of the different systems are mainly characterypy that the local moment per unit cell as given in Table | is

?zed by the Iargg exchange spli.ttirjg of the I\zlrsstatgs which close to 4ug in the case of NiMnSb, PAMnSb, and PtMnSb,
is around 3 eV in all cases. This is clearly seen in the atomg ;e is in agreement with the half-ferromagnetic character
projected DOS of NIMnSb in Fig. 4. This large exchange . nearly half-ferromagnetic character in the case of

splittin.g leads to large Ioc_alized spin moments at the Mn SiteF’dMnSb observed in Fig. 2. Note that due to problems with
the existence of the localized moments has been verified al e /. cutoff the KKR method can only give the correct
~ max

experimentally! The localization comes from the fact that integer number 4, if Lloyd's formula has been used in the

althoughd ellectrons olf I(\j/ln dafre |t|niran'\t/l, the splln-dTovgln ellec- evaluation of the integrated density of states, which is not the
trons are almost excluded from the Mn site. In Table | We a6 i the present calculations. We also find that the local
present the spin magnetic moments at the different ;ltes f%oment of Mn is not far away from theu; although there
all the compounds under study. Here we should mention thalo gignificantpositive contributions from theX atoms and
) ) ) ) . negative contribution from the Sb atom. In contrast to this
TABLE I. Spin magnetic moments ig using the experimental \q fing that for the half-metallic CoMnSb and IrMnSb com-
lattice constantgsee Ref. 2 except for FeMnSb where we have unds the total moment is abou3. Also the local mo-
used the lattice parameter estimated in Ref. 43. They are calculatér)g?ent of Mn is reduced, but only by al.JOUt 5. The reduc-
by integrating the spin-projected charge density inside the Wigneriion of the total momer;t t0 B is therefore acc.:om anied b
Seitz polyhedron containing the atod.stands for the atom occu- . d . B . h P y |
pying theA site (see Fig. 1 negative Co and Ir spin moments, i.e., these atoms couple

antiferromagnetically to the Mn moments. The reason for

MmN eg) X Mn Sb Void Total this behavi(_)r can be understood from _the_spin-_polarized
DOS’s of NiMnSb and CoMnSb shown in Fig. @niddle
NiMnSb 0.264 3.705 —0.060 0.052 3.960 pane). The hybridization between Co and Mn is consider-
PdMnSh 0.080 4.010 -0.110 0.037  4.017  ably larger than that between Ni and Mn. Therefore the mi-
PtMnSb 0.092 3.889 -0.081 0.039 3.938 nority valence band of CoMnSb has a larger Mn admixture
CoMnSb -0.132 3.176 —0.098 0.011 2956 than the one of NiMnSb whereas the minority conduction
RhMnSb —-0.134 3565 —0.144 <0.001 3.287 band of CoMnSb has a larger Co admixture than the Ni
IrMnSb —-0.192 3.332 -0.114 -0.003 3.022 admixture in the NiMnSb conduction band, while the popu-
FeMnSb —~0.702 2715 —0.053 0.019 1979 lations of the majority bands are barely changed. As a con-

sequence, the Mn moment is reduced by the increasing hy-
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Since thed valence wave functions would have about the
same spatial extent for neighboring elements in the same
row, we expect a similar behavior for compounds containing
an X atom in the same row of the Periodic Table. In the case
of NiMnSb and CoMnSb we have the largest charge transfer,
Ni and Co atoms gain-0.5e~ and Mn and Sb atoms lose
around 0.4~ and 1.4, respectivelyresults are similar for
FeMnShH. Since the 8 wave functions are less extended
than the 41 and &, the atom-projected charge should be
larger for Ni and Co than for the other transition metal at-
oms; Pd and Rh gain only-0.2e~, and for Pt and Ir the
charge transfer is very small. In all the compounds under

0.980,,,

study the vacant site is found to contain a little bit more than
one electron.

TN -
1
\ i
-4 ‘l b

FIG. 3. Atomic- and spin-projected DOS of NiMnSb and
CoMnSb when we contra¢bottom panelor expandupper pangl
the experimental lattice parameter by 2%.
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IV. EFFECT OF THE LATTICE PARAMETER

In this section we will study the influence of the lattice
parameter on the electronic and magnetic properties of the
C1l, Heusler alloys. Before starting this discussion we

bridization, while the Co moment becomes negative should mention that the generalized gradient approximation
auon, . ’ 44 :
resulting finally in a reduction of the total moment fromg  (GGA)™ as expected gives better results than LDA concern-
to 3ug. Here we should note that further substitution of Feind the equilibrium lattice parameters, and, as has already
for Co leads also to a half-ferromagnetic alloy with a totalP€en s_howi"? the GGA equilibrium lattice parameter differs
spin magnetic moment of 2, as has been already shown by only slightly from the experimental lattice qonstant. More-
de Grootet al.in Ref. 43, and shown by our calculations in OVer our tests showed that for the same lattice parameter the
Table I. The hybridization in the minority band between theLDA and GGA give exactly the same results for the gap and
Fe and Mnd states is even larger than between the Co andh@ Position of the Fermi level with respect to it, although
Mn atoms in the CoMnSb compound, resulting in a furtherth€y produce slightly different spin magnetic moments. So
decrease of the Mn moment to around 2s7and a larger the use of the LDA and of the experimental lattice parameter
negative moment at the Fe sieround—0.7ug) compared should be considered enough to accurately describe the ex-
to the Co site, which stabilizes the half-ferromagnetic phase?€limental situation. In Fig. 3 we have plotted the DOS's for
Finally, in the case of RhMnSb the Fermi level is consider-COMNSb and NiMnSb when we contract and expand the
ably below the gap, and thus a part of the spin-down statelé"tt'ce parameter by 2% with respect to the e_xperlmental_ lat-
are unoccupied leading to a total spin magnetic momerfice constant. Either expansion or contraction results in a
larger than the Bg of COMnSb and IrMnSb. practically rigid shift of the bands with small rearrangements
It is also interesting to study the charge transfer in thes@f the shape of the peaks to account for the charge neutrality.
compounds. In Table Il we have gathered the number ofXPansion moves the Fermi level deeper in energy, ie.,
electrons gained+) or lost (—) by each atom in the differ- closer to the minority oc_:cuple_d states, while contraction
ent compounds with respect to the atomic total charge. T&"Oves the Fermi level higher in energy. Especially in the
calculate them we simply integrated the total charge density@S€ Of PdMnSb and IrMnSb, where the Fern1| level was
inside each Wigner-Seitz polyhedron. It is obvious that the'€@" the left edge of the gap, a contraction by 2% is enough
trends in this case are not like in the magnetic momentd® Move the Fermi level inside the gap, as already shown in
where we found a similar behavior for isoelectronic systemst € case of PdMnSH.This can be easily understood in terms

of the behavior of the electrons of the Sh atom. When we
make a contraction we squeeze mainly the delocalized

TABLE II. Number of electronsn,, lost (=) or gained+) by ojactrons of Sh, as the electrons of the transition metal
an atom with respect to the free atom. As was the case for the spi

. . Plioms are already well localized. So the Blstates move
moments the total number of electrons is calculated by mtegratln%i her in eneray compared to thelectrons of the transition
the total charge density inside a polyhedron. 9 9y P .

metal and the Mn atom, and due to charge neutrality the
Fermi level also moves higher in energy compared to the

Ne- X Mn Sb Void . ) :

experimental lattice constant case. Expansion has the oppo-
NiMnShb +0.567 —0.456 —1.429 +1.318 site effect.
PdMnSb +0.237 —0.343 —1.080 +1.186 Also the magnetic moments change with the lattice pa-
PtMnSb +0.034 -0.212 -1.041 +1.219 rameter and in Table Il we have gathered, for the cases
CoMnSb +0.516 -0.411 —1.426 +1.321 shown in Fig. 3, the spin magnetic moments. As will be
RhMnSb +0.150 ~0.273 ~1.112 +1.235 discussed below the total magnetic moment does not change
IrMnSb —0.074 —0.145 ~1.031 +1.250 and remains close to 4 for NiMnSb and to Jug for

CoMnSb, as in all cases the Fermi level falls inside the gap
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TABLE Ill. Spin magnetic moments inwg for NiMnSb and
CoMnSb when we contract or expand the experimental lattice pa-
rameter by 2%.

m¥Y(ug) a(aex) NiorCo Mn Sh Void  Total =
NiMnShb 0.98 0.314 3.625-0.042 0.063 3.960 iv';
1.00 0.264 3.705 —0.060 0.052 3.960 %
1.02 0.199 3.795 —0.085 0.043 3.952 A7
CoMnSb 0.98 0.037 3.002—0.090 0.012 2.960 ;
1.00 —0.132 3.176 —0.098 0.011 2.956 -
1.02 —0.305 3.371 —0.102 0.013 2.976 =]

and the number of spin-down occupied states does not
change; even in CoMnSb, when we contract by 2%, the
Fermi level is just below the left edge of the gap. When we -6 -2
expand NiMnSb the Ni spin moment decreases, while the Energy (eV)
Mn spin moment increases. Expansion and contraction FIG. 4. F i q ic atomic- and spin-
change the atom-projected charges by less than 0.01 electron’  ~ erromagnetic and paramagnetic atomic- and spin
with respect to the experimental lattice constant. Thus an resolveq density (.)f states ofN|Mqu. Note that thg bondistates
. re mainly of Ni character, while the antibondimy states are

mome”t changes _are gcco_mpamed by C_hanges of equal mqgéinly of Mn character, and they are separated by a gap.
nitude, but opposite sign, in the population of the local ma-
jority and minority states. When the lattice is expanded, the For these reasons tlep-elements like Sb play an impor-
Mn goes toward a more atomiclike situation and its magneti¢ant role for the existence of the Heusler alloys with a gap at
moment increases while the hybridization with the ®i the Er. While an Sh atom has five valence electrons®(5
states decreases. The opposite situation occurs when we cdp®), in the NiMnSb compound each Sb atom introduces a
tract NiMnSb; the Mn moment decreases, the hybridizatiordeep lyings band, at about- 12 eV, and thre@ bands being
with Ni d states increases, and so does the Ni spin magnetieushed by hybridization below the center of tdebands.
moment. A similar trend is observed for CoMnSb. The Mn Theses andp bands accommodate a total of eight electrons
moments increase with expansion and decrease with contraper unit cell, so that formally Sb acts as a triple charged®Sh
tion, while the Co moment, coupling antiparallel to Mn in ion. Analogously, a Te-atom behaves in these compounds as
the unexpanded lattice, decreases on expansion to largarTe 2ion and a Sn atom as a Shion. This does not mean,
negative values and increases on contraction to slightly posthat, locally, such a large charge transfer exists. In factpthe
tive values. So, finally, the lattice parameter has a significangtates strongly hybridize with the Thlstates and the charge
effect on the magnetic properties of the Heusler alloys, within these bands is delocalized. Table Il shows that locally Sh
the local moments changing substantially, but the total moeven loses about one electron. What counts is thas tred
ment and the local charges remaining stable. p bands accommodate eight electrons per unit cell, thus ef-
fectively reducing thed charge of the TM atoms. Since the
bonding d bands introduced above can accommodate ten
electrons, one expects therefore that the nonmagnetic Heu-

The gap basically arises from the covalent hybridizationsler alloy with 18 valence electrons per unit cell are particu-
between the lower-energy states of the high-valent transi- larly stable and have a gap Bt, i.e., are semiconducting,
tion metal(TM) atom like Ni or Co and the higher-energy  which requires, of course, a sufficient strong covalency be-
states of the lower-valent TM atom, leading to the formationtween the TM partners for the gap to exist. This “18-electron
of bonding and antibonding bands with a gap in betweenrule” was recently derived by Jungt al. based on ionic
The bonding hybrids are localized mainly at the high-valentargument$® Examples for the semiconductir@l,, Heusler
TM atom site while the unoccupied antibonding statesalloys are CoTiSh and NiTiS#. In the case of CoTiSb the
mainly at the lower-valent TM atom site. For instance, inSb atom brings five valence electrons, and the Co and Ti
Fig. 4 the minority occupied bonding states are mainly of atoms bring nine and four, respectively. Of the 13 TM elec-
Ni character while the unoccupied antibonding states arérons three are catched by the Sb atom, so that the remaining
mainly of Mn character. Similarly to the situation of the el- ten electrons just fill the bondind bands. In the case of
emental and compound semiconductors, these structures axéTiSn, the Ni atom brings in one more electron than Co, but
particularly stable when only the bonding states are occuthe Sn atom with four valence electrons catches away in
pied. In binary TM alloys this situation usually does not addition fourd electrons, so that again ten electrons remain
occur, since the total charge is too large to be accommodatedr the bondingd bands.
in the bonding hybrids only, or, if this is possible, the cova-  Also for systems with moréor lesg than 18 electrons, the
lent hybridization is not sufficient to form a gap, at least notgap can still exist. These systems are no longer semiconduct-
for the close-packed structures of the transition metal alloysng and lose part of their stability, since then also antibond-
(see below. ing states are occupie@r not all bonding states are occu-

ol————-

V. ORIGIN OF THE GAP
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pied. An example is the paramagnetic DOS of NiMnSb,
shown in Fig. 4. Of the 22 valence electrons, four have to be
accommodated in the antibondiddgands. The high DOS at
Er signalizes that the Stoner criterion is met, so that @ilg
structure NiMnSb should be a ferromagnet. Of the possible
magnetic states, the half-metallic states, as shown by the spi
polarized DOS of NiMnSb in Fig. 4, is particularly favored
due to the gap aEgr in the minority band. Thus for these
half-metallic Heusler alloys the 18-electron rule for the semi-
conducting Heusler is replaced by a nine-electron rule for the Energy E-E_ (eV)
number of minority electrons. By denoting the total number F
of valence electrons b¥,, being an integer itself, the total
momentM; per unit cell is then given by the simple rule
M=2Z,—18 in ug, sinceZ,—18 gives the number of un-
compensated spins. Thus the total moméntis an integer
guantity, assuming the values 0, 1, 2, 3, 4, and B;#18.
The value 0 corresponds to the semiconducting phase and tr
value 5 to the maximal moment when all ten majority
states are filled.

Our explanation differs from the one of de Graaital. in
the pioneering paper of 1983There, the gap was discussed ; |
in terms of the interaction between the Mn and Sb atoms, Ni [d] .
and the Ni atom was completely omitted from the discussion. 1
But Mn and Sb are second neighbors and their hybridization -
is much weaker than between the Mn and Ni atoms which A !
are first-neighbors which clearly shows up in Fig. 4. Further- -3 0 3
more the states at the edges of the gap are of Mn and N Energy E-E_ (eV)
character, and Sb has a very small weight contrary to the F
explanation of de Groogt al. that proposed that the states G, 5. (a) Atom- and spin-projected DOS for PtMn and NiMn
just below the gap are of Sb character. To further demonysing the lattice constants of PtMnSb and NiMnSb respectively.
strate the importance of tiied hybridization for the gap, we  The Sb atom has been substituted with a vacant @&teédtom- and
have performed ground state calculations for NiMn in theorbital-projected spin-down DOS of NiMnSb projected at he
zinc-blende structure, i.e., by replacing the Sb atom in theoint. We have used a small broadening to calculate the DOS.
C1, structure of NiMnSb by a vacant site, but using the
lattice parameter of NiMnSh. The calculations, as shown iris similar to the one already presented in Ref. 5. There is a
Fig. 5a), yield a pseudogap in the minority gap&t. For  band very low in energy, around 12 eV below the Fermi
the hypothetical isoelectronic compound PtMn, the analoevel, which is provided by the electrons of Skinot shown
gous calculation yields, by using the lattice constant of Ptin the figure. The next triple degenerated band-a8.5 eV
MnSb, a real gap aEg. In this case the minority valence below the Fermi level originates from theelectrons of Sb
band consists of a low-lyingband and five bondind bands and has a strong admixture of Mistates. As we have al-
of mostly Pt character, while the minority conduction band isready mentioned, the states of Sb couple strongly tbTM
formed by five antibondingl bands of mostly Mn character. states and more precisely to thg hybrids which transform
Thus the rule for the total momentsl,=Z,— 18, is for this  following the same representation in the case of the tetrahe-
alloy replaced byM;=Z;—12, due to the six minority va- dral symmetryT4. Through this mechanism this band, cre-
lence bands. For PtMn this yieldd,= (17— 12)ug=5ug, ated mainly byp electrons of Sb, also accommodates transi-
which is indeed obtained in the calculations. Thus the Skion metald electrons, reducing the effective charge that
atom is not necessary for the formation of the gt plays can be therefore accommodated in the higher bands. Just
a crucial role to stabilize these materials as TM alloys likeabove this band we find the double degenerated band created
PtMn or NiMn do not favor such an open structure by theey electrons of the transition metal atoms. Finally, the

To further elucidate the difference between our interpreriple degenerated band just below the Fermi level is created
tation and the one in Ref. 5 we have drawn in the lowerby the bonding,, states of Ni and Mn with a tiny admixture
panel of Fig. 5 the site projected DOS of NiMnSb for the of Sbp electrons. Above the band gap we find the antibond-
bands at thé" point; we have used a small imaginary part of ing double degenerateg}, TM states and the triple degener-
the energy to better see the size of the contributions fronatedt,, states. The band created by the latter ones has a
different sites. Note here that the character of the wave funcstrong admixture of Sip- states. This admixture of Sp
tions at thel” point coincides with the character of the real states to the Mn-dominateig, band is sizable. However it
space wave functions. The three panels show the contribweccurs only at thd™ point. When averaged over the full-
tion of the Sbp states, Nid states, and Mrd states to the Brillouin zone, the Sb-admixture in the conduction band is
bands af’. We do not present the full band structure since ittiny as can be seen in Fig. 4.

-
DOS (states/eV)

NiMnSb|sb[pj] -
I'-point :

LA

| ' A

Mn I[d]

o0 O

LI L

e E=

LI B e

o
-
Spin-Down DOS (states/eV)

(=

134428-6



ORIGIN AND PROPERTIES OF THE GAP IN TH. .. PHYSICAL REVIEW B 66, 134428 (2002

Thus our explanation of the valence and conduction bands TABLE IV. Spin magnetic moments img for the NiYSb and
is internally consistent. It explains the existence of exactlyCoYSb compounds, wheré stands for V, Cr, Mn, and Fe. For all
nine minority valence bands and simultaneously describetye calculations we have used the experimental lattice constants of
the magnetic properties of these compounds. With smafihe NiMnSb and CoMnSb alloys.
modifications it can be also extended to explain the proper=

ties of the half-ferromagnetic full-Heusler alloys like M (#8) Ni or Co Y spatom  Void  Total
Co,MnGe*’ Nevertheless the Sb atoms or in generalghe pivsp 0139 1769 -0.040 0073 1.941
atoms are important for the properties of the Heusler alloysycsp 0.059 2971 -0.113 0.059 2.976
First, they stabilize th€1,, structure, being very unusual for \;\insp 0.264 3705 -0.060 0052 3.960
transition metal compounds. Second, they provide the fouNi esb 0404 2985 —0010 0030 3.429
low-lying s andp bands, which can be filled with additional : ' ' ' '

; CoVSh —0.126 1.074 -0.021 0.038 0.965
d states. Thus by varying the valence of tygatoms, the
total moments follow the ruldd,=Z,— 18 describing a rich  S°¢SP ~0324 2335 —0077 0032 1.967
variety of possible magnetic p;opetrties ’ CoMnSb -0132 3176 —0.098 0011  2.956

: CoFeSb 0.927 2919 -0.039 0.012 3.819

Here we want also to point to the similarities of the above
moment behavior to the well-known Slater-Pauling curve for
the TM alloys?® The difference is, that in the Heusler alloys o
the TM minority population is fixed at 5 and the screening ist® the Mn bands, as can be seen in Fig. 6. These compounds
achieved by filling the majority band, while in the binary TM keep the half-ferromagnetic character of NiMnSb and
alloys the majority band is filled and the charge neutrality isCOMNSb, and therefore their total spin magnetic moments
achieved by filling the minority states. As a result, for thefollow the Slater-Pa,L'JImg curve imposed by the “nine-
Heusler alloys the moment increases with the total charg&l€ctron minority gap” rule. The compound with 22 valence

Z., while in the TM binary alloys it decreases with increas- €/ectrons(NiMnSb) has a total spin moment ofy4, the
ing Z,, since the total moment is given by, =10—2Z, . compounds with 21 valence electrdidiCrSb and CoMnSh

have 3ug, the compounds with 20 valence electrgN$vSbh
and CoCrSh have Zug, and finally CoVSb, that has only

VI. SLATER-PAULING CURVE AND THE ROLE 19 electrons, has a total spin moment gfigl Here we
OF THE LOWER-VALENT TRANSITION METAL ATOM should recall that CoTiSb, an 18-electron system, is a semi-
conductor.

As we mentioned in Sec. V, the half-ferromagnetic Heu-

sler alloys follow the Slater-Pauling curve at least when we ('jA‘SN‘T"N:athte;t ;NE ?ﬁ\g S';u%sg'tUt%dNF.E fgwnsén tﬁ;'r\/lg;?_
change the higher-valent transition elemé&nibstituting Co and NivinsD, but bo OF€sh and Mi-e 0

or Fe for Nj. Here we want to study this behavior, when we f?rrtoma?netll::ec;r(ljar?lj:ﬁer;)::r::;h?e%azg i%f m:ll\:/lissbbﬂlﬁurg?r?emg 4-
vary the valence of the lower-valefite., magnetit transi- 3.?065 Iae?eat on %’as tg be scpreened by the min'culi ates
tion metal atom. Thus we substitute V, Cr, and Fe for Mn in itiona ctr y Bt ’

the NiMnSb and CoMnSh compounds using the experimen§° that the Fermi level falls into the minority Fe states and
tal lattice constants of the two Mn compounds. Only NiVSbthe half-metallicity is lost; for half-metallicity a total mo-

: ; - ; ; ment of Sug would be required, which is clearly not pos-
E?dmcr?;g; Oi);ftsﬁﬁgfdgegt}(agy'cg ICVUE?I o(r:g Sg;)“.f.ﬁz ollg asible. For CoFeSb the situation is more delicate. This system
2 .

and Pierre showed that this is energetically the most favorJJaS 22 valence electrons, and if it were a half-ferromagnet it

able structure due to the fact the Fermi level falls inside aShOUId have a total spin-moment ojug like NiMnSb. In

peak of the spin-up staté<On the other hand CoVSb crys- reality our calculations indicate that the Fermi level is
tallizes in theC1, structure presented in Fig. 1, and it was

studied using first-principle calculations by Tobasa ar*® af nok s o '
who showed that it is also a half-ferromagnetic material with &> Ni VS’T.\ ha | N’M
a total spin moment of g . Its experimental lattice constant @ 0 Sl }- S f,\ } =
of 5.801 & is very close to the one of CoMnS5.853 A B - NIV == Ni y 1
and our results are similar for both of them. |4l —Vv oy
In Table IV we present the spin magnetic moments for all @ 4l i
these compounds and in Fig. 6 the calculated total DOS for ¢p NiMnSb @ :
the NiYSb, alloys assuming that all these compounds are © 0 = 4 e
ferromagnetic (results are similar for the CoYSb com- = - Ni y o~ I
pounds. The compounds containing V and Cr are also half- -4 p— Mn ‘n.: : .
ferromagnetic as NiMnSb and CoMnSb. As can be seen in 6 -3 0 3
Table 1V, when we substitute Cr for Mn we mainly depopu- Energy (eV)

late one spin-up state of the lower-valent transition metal

atom, and thus the spin magnetic moment of this atom is F|G. 6. Calculated atom- and spin-projected density of states of
reduced practically by &g. A similar phenomenon occurs NiyYSh, withY=V, Cr, Mn, and Fe using the lattice parameter of
when we substitute V for Cr. This behavior is reflected in theNiMnSb. Notice that in the case of the V and Cr compounds also
smaller exchange-splitting of the V and €bands compared the spin-up band has a gap.
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A: AJJ}WL Al JJ‘JWLJ NiMn-Z TABLE V. Spin magnetic moments ipg for the NiM.nZ com-

5_4 “"W = Wf“ﬁ\r’“ compounds pounds_, w_heré stands for asp atom belonging at the fifth row of

g ¢ [ W_Ga|  APC_Gd W As[ A JW_se|  the Periodic Table.

2]

z mﬂ//’" WWF(\Q; /\MK g? Wak 7'(; M ) Ni Mn  spatom  Void Total

Qo s A N e

2 W/Ef\/’ ' %F( f; V"V Nimnin 0192 3602 -0094  0.003 3.704
0 %‘v\/ﬁﬁfq M\X"r’&%b % M/—;’ - NiMnSn 0047 3361 —0.148 —0004 3.256
B e e R N __ NiMnSb 0.264  3.705 —0.060 0.052  3.960

Energy (eV) NiMnTe 0.467  3.996 0.101 0.091  4.656

FIG. 7. Spin-resolved density of states of NiMnSb and when

substituting Sb by anothesp atom. All calculations have been per- . .
formed using the experimental lattice constant of NiMnSb. and thus they extend higher in energy compared topthe
states of As in NiMnAs. As a result the Fermi level is deeper

slightly above the gap and the total spin moment is slightly'n energy Itn Itr}?. case Oftthf Afs Ifl(.)l\';lnp:un% I_Dresumablyhf(?[r
smaller than 4. The Fe atom possesses a comparable spiH']e correct fatlice constant of INIVINAS, being somewna
moment in both NiFeSb and CoFeSb compounds, contrary t maI[er than the one of l_\lanSb gsed in the calculation, the
the behavior of the V, Cr, and Mn atoms. Furthermore, con- e[rr?]l energy Wouldtagaln r_no_\lle '?to the gap. d aini
trary to the other Co compounds presented in Table IV in the € Spin moments are similar for compounds containing

toms in the same column. For example Ni spin magnetic
case of CoFeSb the Co and the lower-valent TM ate®  SP2 .
are ferromagnetically coupled. moment is around~0.2ug for the Al-, Ga-, In-, and TI-

based compounds and practically zero for the Si, Ge, Sn, and

Pb compounds, it increases again+¢0.2—0.3)g for the

VIl. ROLE OF THE spATOM As, Sb, and Bi, compounds and it reacheB.5ug for the Se

and Te compounds. In Table V we present the spin magnetic

moments for compounds containing In, Sn, Sh, and Te to
ive an estimation of the spin moments in the other com-
ounds. Of course we should keep in mind that all these

In this section we will continue our study on the role of
the spatom in the electronic properties ofGi,, compound.
We performed calculations using the same lattice paramet

as with NiMnSb but substituting Sb by anotfep atom in alculations have been performed at the NiMnSb experimen-

the Periodic Table, and in Fig. 7 we present the obtaine . o .
spin-projected DOS. For the presentation we ordered themal lattice constant, and that the position of the Fermi level

following the position of thesp atom in the Periodic Table would change at the real latiice paramefér&ut to our
First wegwill dpiscuss the trer?d along a row in the Perioc.jicknovvledge none of these compounds has been yet studied
Table and more precisely the substit%tion of Sb by In and Sexperimentally with the exception of NiMnAs, which was
that have one a[r)1d two >I/ess valence electrons ?les ectivel pund to crystallize in the hexagonal Jfe structure’” but
» TESPECUVEIY, Hern techniques like molecular beam epitaxy may enable
and Te that has one electron more than Sb. It is obwous[ ;
. : I~ its growth in theC1,, structure.
looking at Fig. 7 than the substitution of In, Sn, or Te for Sh . - L
" In conclusion substituting thep atom in NiMnSb de-
changes the number of valence electrons and the position o{ - ' -
. X . Stroys the half-metallicity. In a first approximation, tlsg
the Fermi level with respect to the gap to account for this . . . .
o . ._elements act as acceptors and the Fermi level is shifted in a
extra or missingp electrons. So for Te the Fermi level is iqid band model
above the spin-down gap while for Sn it is below the gap and'? '
for In it is even lower than Sn. The change of the position of
the Fermi level is accompanied by changes in the shape of
the peaks to account for the charge neutrality. The same trend
can be found along all the other rows presented in this figure. In this contribution we have studied in detail the elec-
Thus the change of the valence of thp atom does not tronic properties of the half-ferromagnetic Heusler alloys,
preserve the half-ferromagnetic character of NiMnSb, butand mainly focused on the appearance of the gap and the
rather leads to a shift of the Fermi level analogous to a rigidelated magnetic properties. We have shown, using the full-
band model. The only exception to this rule is NiMnSe, potential version of the screened KKR method, that the gap
which is nearly half-metallic. Here we see big changes in thén the C1, compounds is imposed by the lattice structure. As
majority band, where antibonding-d states, which are usu- in the diamond and zinc-blende structures of the semicon-
ally aboveEg, are shifted below the Fermi level, thus in- ductors, the hybridization splits both the spin-up and -down
creasing the total moment to 4,88, i.e., to nearly mug. d bands. While systems with 18 valence electrons, like Co-
More interesting is the substitution of Sb by an isoelec-TiSh, are semiconductors, in systems with a larger number of
tronic atom. Substituting Bi for Sb produces a similar DOS,valence electrons antibonding states are also populated and
with the Fermi level being at the middle of the gap as forthe paramagnetic phase becomes unstable. The half-
NiMnSb. If now we substitute As for Sb then the Fermi level ferromagnetic phase is favorable as the system can gain en-
moves and is now found at the left edge of the gap. In thesrgy when the Fermi level falls within the gap of the minor-
case of NiMnSb and NiMnBi the majority states of S@Bi) ity band. It is stabilized by the large exchange splitting of the
hybridize more strongly with the states of the TM atoms, lower-valent transition metal atom and by tgatom, which

VIIl. CONCLUSION

134428-8
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creates ons band and threp bands lying low in energy and eter results in shifting the Fermi level without destroying the
which accommodate transition metal valence electrons. Thgap. The majority states of thep atom play also an impor-
minority occupied bands accommodate a total of nine electant role as the extent of thestates through their hybridiza-
trons (the minority bonding transition metal states accom- tion with the d states determines the position of the Fermi
modate five electronsnd the total magnetic moment iy level with respect to the gap. Changing 8peatom results in

is just the difference between the total number of valence practically rigid shift of the bands, destroying the half-
electrons and 9. As a result of this simple rule for the metallicity.
total magnetic moment the half-ferromagnetic Heusler com-

pounds follow the Slater-Pauling curve. We have verified this

behavior in the case of the &b and C¥Sb compounds,

whereY accounts for V, Cr, and Mn. In the case of NiFeSb  The authors acknowledge financial support from the RT
also minority antibonding states are populated and the halfNetwork of Computational Magnetoelectronic€Contract
ferromagnetic character is lost. Changing the lattice paramNo. RTN1-1999-0014bof the European Commission.
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