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Electronic structures of the Heusler compounds, XMnSb (X=Ni, Pd, and Pt) are investigated systematically by using
the linearized muffin-tin orbital (LMTO) band method. LMTO band calculations yield that, by including the spin-
orbit interactions, the NiMnSb and PtMnSb are half-metallic, while PAMnSb is normal metallic at the experimental
lattice constant. The effect of the spin-orbit interaction is substantial in PtMnSb, in contrast to NiMnSb and PdMnSb.
The calculated X d and Mn 3d angular momentum projected local density of states’s reveal that the hybridization
between the Mn 3d and X d states increases from X = Pt to Pd and Ni.

I. INTRODUCTION

Heusler alloys are ternary intermetallic compounds
which contain Mn. First material reported by Heusler [1]
was CuzMnAl. The general formula unit of the Heusler
compounds is X,MnY with n = 1 or 2, where X denotes a
transition metal and Y denotes s-p element such as Al, Sb
and Sn. These compounds are interesting because they
show strong ferromagnetism, whereas each constituent
element is nonferromagnetic. Since de Groot et al. [2]
predicted that NiMnSb and PtMnSb are half-metallic
ferromagnets, Heusler compounds of XMnY type have
attracted a lot of recent attention. In half-metallic ferro-
magnet, the majority spin bands are metallic, while the
minority spin bands are semiconducting. The conduction
electrons at the Fermi level Ep are 100% spin-polarized,
which suggests that these materials can be used as spin-
polarized electron sources. Furthermore, PtMnSb ex-
hibits the largest magneto-optical Kerr effect (MOKE)
at room temperature among the known metallic systems
[3,4]. A large MOKE in a half-metallic compound is con-
sidered to be closely related to its electronic structure
which gives rise to incomplete cancellations of left and
right polarized electronic excitations [5-7].

There are several issues to be resolved in the electronic
structures of the XMnSb—type Heusler alloys. The role
of X atoms (X = Pt, Pd, Ni) in their electronic structures
is not clarified yet. Note that according to band struc-
ture calculations [2] PAMnSb is just a normal metal in
contrast to PtMnSb and NiMnSb, despite the fact that
Pd is located at the same column in the periodic table as
Ni and Pt. It is generally suggested that X atoms serve
primarily to determine the lattice constant, and the Sb
atom mediates the interaction between Mn 3d states [8],
implying the importance of the hybridization between

Mn 3d and Sb 5p electrons.

In this work, electronic structures of XMnSb (X=Ni,
Pd, Pt) are investigated systematically, in order to de-
duce a systematic trend in XMnSb as X varies from a 3d
to bd transition metal element. There exist several elec-
tronic structure studies for these materials [5,6,9,10]. In
previous calculations, however, no attempts have been
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FIG. 1. Band structures of NiMnSb calculated at the

experimental lattice constant (5.924). (a) Semirelativistic
bands. Solid lines represent spin-up bands and dotted lines
represent spin-down bands. (b) Bands with the spin-orbit
interaction included.
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made to explore the total energy equilibrium properties
or the effect of the spin-orbit interaction. We have per-
formed total energy local spin density functional LMTO
band structure calculations on XMnSb (X=Ni, Pd, Pt),
incorporating the spin-orbit interaction. The details of
calculations are described in our previous paper [11].

II. BAND STRUCTURES

We have performed electronic energy band calcula-
tions for ferromagnetic phases of XMnSb (X=Ni, Pd,
Pt). Spin-polarized band structures of NiMnSb, calcu-
lated at the experimental lattice constant, are presented
in Fig. 1. The band structure in Fig. 1(a) is obtained
semi-relativistically including all the relativistic effects
but the spin-orbit interaction, while the band structure
in Fig. 1(b) is obtained with the spin-orbit interaction
incorporated. The lowest band located at about 12 eV
below Ep with mainly Sb-5s character is not shown in
Fig. 1. The present band structure in Fig. 1(a) is es-
sentially identical to that of de Groot et al’s [2], and it
reveals the half-metallic character of NiMnSb very well.
The Fermi level cuts the majority spin-up bands, which
is characteristic of a metallic band, whereas it lies in the
gap of minority spin-down bands, reflecting a semicon-
ducting behavior. The energy gap in minority spin-down
bands is between the 9th band at I' and the 10th band
at X, which is indirect with a size of 0.55¢V (see Table
I). Meanwhile, the direct energy gap at I' is 1.89eV.
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FIG. 2. Band structures of PAMnSb calculated at the ex-
perimental lattice constant (6.2854). (a) Semirelativistic
bands. (b) Bands with spin-orbit interaction included.
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Once the spin-orbit interaction is included, the indi-
rect gap becomes wider by ~ 0.06eV. However, the band
structure of Fig. 1(b), with the spin-orbit interaction in-
cluded, is nearly the same as the semi-relativistic band
structure of Fig. 1(a), suggesting that the effect of the
spin-orbit interaction on the overall band structure of
NiMn5Sb is small. The magnitude of spin-orbit splitting is
only ~ 0.02¢V for the triply degenerate spin-down bands
at I' (7, 8, and 9th bands), which are composed of Mn
3d and Ni 4p states.

Figure 2(a) and Fig. 2(b) present band structures of
PdMnSb calculated at the experimental lattice constant
without and with the spin-orbit interaction included, re-
spectively. Band structures indicate that PdMnSb is a
normal metal for both cases, since both majority and
minority spin bands cross Er. Valence band top of mi-
nority spins is located slightly above Er, and PdMnSb
becomes a half metal at reduced lattice constant (~ 1%).
The band structure of Fig. 2(b), with the spin-orbit in-
teraction included, is similar to the semi-relativistic band
structure of Fig. 2(a), suggesting that the effect of the
spin-orbit interaction on the overall band structure of
PdMnSb is also small. The magnitude of spin-orbit split-
ting is about ~ 0.03¢V for the triply degenerate spin-
down bands at T, which is a bit larger than the case of
NiMnSb.

Figure 3(a) and Fig. 3(b) present band structures of
PtMnSb calculated at the experimental lattice constant
without and with the spin-orbit interaction
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FIG. 3. Band structures of PtMnSb calculated at the
experimental lattice constant (6.214). (a) Semirelativistic
bands. (b) Bands with spin-orbit interaction included.
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included, respectively. The semi-relativistic band
structure in Fig. 3(a) is normal metallic. Note, how-
ever, that PtMnSb becomes a half-metal if the spin-orbit
interaction is taken into account, as seen in Fig. 3(b).
It is natural to expect that the effect of the spin-orbit
interaction is large in PtMnSb, as compared to the case
of NiMnSb and PdMnSb due to a large atomic num-
ber of Pt. Indeed, three degenerate spin-down bands at
I', which were all above EF in the semi-relativistic cal-
culation, are split into three bands when the spin-orbit
interaction is taken into account.
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FIG. 4. Comparison of the Mn 3d PLDOS’s in XMnSb
(X = Ni, Pd, Pt). Solid lines represent the summation of the
Mn 3d majority and minority spin PLDOS’s. Dashed lines
represent the majority-spin Mn 3d PLDOS’s, only.

Furthermore, all the three split bands are now below
Ep so as to make PtMnSb a half-metal. The spin-orbit
energy splitting amounts to ~ 0.14eV, which is 7 times
larger than that of NiMnSb, suggesting that the large
spin-orbit splitting in PtMnSb originates from Pt atoms.
The gap in the minority spin band is indirect between I'
and X with a size of 0.91 eV, while the direct energy gap
at T is 1.38 eV (see Table I).

TABLE I. Calculated energy gaps [AE(T — X) (eV)] in
minority spin bands. S.R represents the semi-relatistic cal-
culation and S.O represents a calculation with the spin-orbit
interaction included.

NiMnSb PdMnSb PtMnSb
S.R 0.55 0.40 1.11
S.0 0.61 0.46 0.91
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III. ANGULAR MOMENTUM PROJECTED
LOCAL DENSITY OF STATES

In order to identify the systematic trends in the X and
Mn d electronic structures of XMnSbh (X = Nj, Pd, Pt),
we have compared the calculated Mn 3d and X d angular
momentum projected local density of states(PLDOS)’s
in Figs. 4 and 5, respectively. Solid lines represent the
summation of the majority- and minority-spin PLDOS’s,
and dashed lines represent the majority-spin PLDOS’s
only. In Fig. 4, the Mn 3d PLDOS’s below and above Ep
are mainly due to the majority and minority spin bands,
respectively, in all compounds. The separation between
the main peaks in the majority spin states and those in
the minority spin states, which can be a rough measure of
Mn 3d exchange splittings, decreases as X varies from Pt
to Pd and Ni. This trend is consistent with the calculated
magnetic moment at Mn site in XMnSb, which decreases
as X varies from Pt to Pd and Ni [11].
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FIG. 5. Comparison of the X d PLDOS’s in XMnSb
(X = Ni, Pd, Pt). Solid lines represent the summation of the
X d majority and minority spin PLDOS’s. Dashed lines rep-
resent the majority-spin PLDOS, only.

Fig. 5 compares the calculated X d PLDOS’s of XMnSb
(X = Pt,Pd,Ni). In all three compounds, the small
peaks above Ep are due to minority spin states. Note
that the occupied band width of the X d PLDOS’s de-
creases from X = Pt to Pd and Ni, suggesting that the
Coulomb correlation effect among X d electrons increases
from X = Pt to Pd and Ni. This phenomenon provides an
explanation why a good agreement was observed between
the experimental PES band width and the calculated PL-
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DOS width for Pt 5d states, while a poor agreement was
observed for Mn and Ni 3d states in XMnSb [13]. For
X = Pt, the weight center of the majority spin states is
well below Eg. In contrast, for X = Ni, the weight center
of the majority spin states is located closer to Ef.

In consequence, the Pt 5d majority spin states hardly
overlap with the Mn 3d majority spin states in PtMnSb,
while the Ni 3d majority spin states overlap =ubstantially
with the Mn 3d majority spin states in NiMnSb.

The more the X d states overlap with the Mn 3d
states in XMnSb, the larger the hybridization interac-
tion between the Mn 3d and X d states. The increasing
hybridization between the Mn 3d and X d states from
X = Pt to Pd and Ni would cause a decreasing mag-
netic moment per Mn atom from X = Pt to Pd and
Ni. On the other hand, a larger hybridization would give
rise to a larger Tc. This is because the hybridization
interaction between the Mn 3d and X d states induces
an indirect magnetic exchange interaction between Mn
atoms, which will be enhanced with increasing hybridiza-
tion. This finding seems to be consistently correlated
with thermodynamic properties of XMnSb (X = Pt, Ni)
[3], considering that T¢ of NiMnSb (~ 730°C) is much
larger than that of PtMnSb (~ 580°C). The overall ther-
modynamic properties of PtMnSb and PdMnSb are sim-
ilar, while they are very different from those of NiMnSb
[2,3].

IV. CONCLUSION

Semi-relativistic LMTO band calculations yield that
NiMnSb is half-metallic, i.e., metallic for majority
spin while semiconducting for minority spin bands, but
PdMnSb and PtMnSb are normal metallic at the experi-
mental lattice constant. If we take into account the spin-
orbit interaction explicitly in the calculation, PtMnSb
becomes a half metal The magnitude of spin-orbit in-
teraction is substantial in PtMnSb, but is negligible in
NiMnSb and PdMnSb. In PtMnSb, the large spin-orbit
splitting of the bands at ' near Ep is mainly attributed
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to Pt-6p bands with minority spin-down characters. The
calculated X d and Mn 3d PLDOS’s shows that the hy-
bridization between the Mn 3d and X d states increases
as X varies from X = Pt to Pd and Ni.
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