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Ferromagnetism and stability of half-metallic MnSb and MnBi in the strained zinc-blende
structure: Predictions from full potential and pseudopotential calculations
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We use first principles calculations to study the energy and magnetic moment of MnSb and MnBi in the
(equilibrium) nickel arsenide, zinc-blende, and tetragonally distorted zinc-blende structures. We find that the
zinc-blende structure is mechanically unstable, i.e., the energy is a relative maximwrefef at fixed
volume. We studied the tetragonal structures by fixing the in-plane lattice constant to be equal to that of typical
semiconductorgsuch as GaAswhich might serve as substrates for epitaxial growth and then minimizing the
energy as a function af/a. Over a wide range o, including that of GaAs, we find half-metallic ferromag-
nets. We suggest that these structures are much more likely to be achieved as thin films than the cubic
zinc-blende phases.

DOI: 10.1103/PhysRevB.69.144415 PACS nuni§er75.90+w, 71.20-b, 75.50-y, 75.30—m

[. INTRODUCTION The outline of the paper is as follows. In Sec. Il, the
computational details of the full potential and pseudopoten-
Recently, there has been an increased interest in diluteiéal methods are described. After we obtain the structural and
magnetic semiconductors, which are promising materials fomagnetic properties of MnSh and MnBi in the NiAs and ZB
innovative spin-based devicéghe field of spintronics has Structures in Sec. Ill, we then present in Sec. IV the results
attracted considerable attention because it offers unique ofor the strained ZB structure for both compounds, including
portunities for a new generation of multifunctional devices@n examination of the stability of the ZB structure due to
utilizing conventional charge-based microelectronics withStrains, properties of the tetragonal structure, and enhance-
the addition of the spin degree of freedd18uch coupling of ment of the range of half-metallic ferromagnetism in ideal

electron charge and spin has led to such interesting applic pin f|Ims: The spin-orbit coupling effect.s are discussed in
ec. V. Finally, we conclude our results in Sec. VI.

tions as “spin field effect transistors>“spin valves,”* and
“spin qubits.”®
These diluted magnetic semiconductors are mainly based Il. COMPUTATIONAL METHODS

on llI-V and 1I-VI semiconductors doped with manganese.
Recent theoretical calculatichpredicted that MnSb and

mnBé W;léld sthovtv halfl'mstij"c ferlrlpmagneUsm Ln thg chl_ used both full potential and pseudopotential methods to cal-
ende(ZB) structure. In half-metallic systems, there is OnlY culate the structural, electronic, and magnetic properties of

one electronic spin direction at the Fermi energy; thereforg,, pnictides (i.e., MnSb and MnBi in several structural
such systems have unique properties and are the ideal cofyrms such as NiAs-typéNA), ZB, and tetragona(TET)

ponents for spintronic devices. Many half-metallic ferromag-phases. The technical details are described in the following.
nets have been recently found in experimersg.,

NiMnSb,” Cr0O,,% Fe,0,,° and the colossal magnetoresis-
tance manganite materidls or predicted from theoretical
calculations:!~2° The full potential calculations were performed using
In theoretical calculations of Mn pnictides, the effect of WIEN2K,?? a full potential (linea augmented plane wave
uniform volume changes on magnetic properties has beeplus local orbitals method within DFt The generalized
considered. However, very little attention has been paid tgradient approximan{GGA) proposed by Perdew, Burke,
the effect of nonuniform strains on the stability and magneticand Ernzerhdf was used for exchange and correlation. Most
properties. Since the bulk ZB structure of Mn compounds iscalculations were performed using the scalar relativistic ap-
unstable, the epitaxial growth of Mn pnictide thin films or proximation for the valence states, but spin-orbit coupling
multilayers on 111-V or 1I-VI semiconductors, or formation of was added as a check in selected cdses Tables | and Il
nanostructures such as nanodots embedded in semiconduck®low). It was found that inclusion of spin-orbit coupling did
thin films, or superlattices with semiconductors, is expectediot change the ordering of the structures but did affect the
to be achieved. In such cases, strains inside the films, multband gap, as described in Sec V. Muffin-tin rad®{;) of
layers, nanostructures, and superlattices are expected to play40 bohr were chosen for Mn, Sb, and Bi, &ghK,,axWas
an important role in the stability and electronic and magnetidaken to be 8.0. An angular momentum expansion up to
properties. To investigate this issue, we have performed full,o,=10 for the potential and charge density representations
potential and pseudopotential first principles calculationsvas used in the calculations. At convergence the integrated
based on density functional thedtyDFT) for MnSb and difference between input and output charge densities was
MnBiI. less than 10%. For all structures, 300R points were used

All calculations in this work were performed by first prin-
ciples methods based on density functional thébiye have

A. Full potential method
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TABLE I. All-electron vs pseudopotential calculations for MnSb and MnBi in NiAR\) structure(space groug?6;/mmg no. 194
[AE: all-electron(wiEN2k); PS: pseudopotenti@abiesTA)|. Values in parentheses are the magnetic moments including spin-orbit coupling.

Method MrX aynx (A) Cunx (A) cla Vo (A3/unit) tvnx (1) Reference

AE MnShb 4.120 5.673 1.377 41.70 3(3227 This work

PS 4.190 5.732 1.368 43.54 3.48 This work

Other calc 4.128 5.573 1.35 41.12 3.25 12

Expt. 4.15 5.78 1.39 3.57 32

AE MnBi 4.283 5.868 1.370 46.60 3.8158 This work

PS 4.373 5.991 1.370 49.49 3.77 This work

Expt. 4.341 5.973 1.376 48.74 3.8 (ap

Expt. 4.2827 6.1103 3.60 2 )]

for the Brillouin-zone integrations. Convergence wasments in various electron configurations obtained from the

pseudopotentials with those from all-electron atomic calcu-
lations. The maximum error in the magnitude was found to
be less than 1%. The specikl points (about 140—20
points in the irreducible Brillouin zoneused in this work
were generated by the Monkhorst-Pack schémi.was
found that suclk point sampling led to numerical errors less

For the pseudopotential calculations, we usedsi#STA  than 1 meV/atom in total energy and 0.QQsper Mn atom
code?* which is a fully self-consistent DFT method based onip magnetic moment.

a linear combination of atomic orbitald. CAO) basis set
with linear scaling. Details can be found in a recent revigw.
The doublef plus polarization(DZP) basis sef(15 orbitals
for Mn and 13 orbitals for both Sh and Bi, with cutoff radius
of about 8 a.y, which has been shown to yield high-quality
results for most of the systems studied, was used in this First, we examined the structural, electronic, and mag-
work. Norm-conserving pseudopotentials for Mn, Sb, and Binetic properties of MnSbh and MnBi in the NA ground-state
were generated using the Troullier-Martins sch&wethin  structure and compared the results with experimental data
the generalized gradient approximafioincluding scalar and other calculations. The NA structure is hexagonal, space
relativistic effects. We then transformed the semilocal formgroupP65/mmc(no. 194. The calculated lattice parameters
into the fully nonlocal form proposed by Kleinman and By- are listed in Table I. Our lattice constants from both the full
lander (KB).?” The reference electron configuration for Mn potential and the pseudopotential methods are generally in
was 475 4p°2° 3d° with core radii of 2.0, 2.20, and 1.80 good agreement with experimental data and previous calcu-
a.u., for Sb 52 5p* 5d° with core radii of 2.60, 2.60, and lations. The predicted ferromagnetic moments are also close
2.60 a.u., and for Bi & 6p® 6d° with core radii of 2.20, to the experimental values with differences less thamg.3
2.90, and 2.90 a.u., respectively. A partial-core correction foMost of this difference is due to the different lattice con-
the nonlinear exchange correlatf8nvith pseudocore radius  stants. At the same lattice constant as that of the full potential
of 0.70 a.u. for the nonlinear exchange correlation was incalculation the difference is only 0.4}. The agreement
cluded for Mn to obtain reliable moments on the magnetiowith experimental results for the NA structure demonstrates
atoms. For Sb and Bi, the pseudocore radii were 1.77 a.dhe validity of the current calculations. Therefore, we pro-
and 1.95 a.u., respectively. We have compared the oneeeded to calculate the high-energy structi®@ phas¢ and
electron eigenvalues and the excitation energies for all eldts strained structure.

checked by increasing the numberkgboints. The numerical
error was less than 1 meV/atom for energy and O.Q0per
Mn atom for magnetic moment.

B. Pseudopotential method

IIl. STRUCTURAL AND MAGNETIC PROPERTIES OF
MnSb AND MnBi IN NiAs AND ZB STRUCTURES

A. Ground-state NiAs phase of MnSb and MnBi

TABLE II. All-electron vs pseudopotential calculations for MnSb and MnBi in ZB structepace group
F43m, no. 216 [AE: all-electron(wieEN2k); PS: pseudopotentidbiEsSTA)].

Methods MrX aynx (A) Vo (A3 unit) B (GPa tvnx (1) Reference
AE MnSb 6.203 59.66 44 4.00 This work
PS 6.254 61.16 44 4.00 This work
Other calc 6.166 3.77 12

Other calc 4.00 6

AE MnBi 6.400 65.54 39 4.00 This work

PS 6.431 66.49 37 4.00 This work
Other calc 6.399 4.00 6
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B. ZB structure of MnSb and MnBi

For the ZB structurdspace groug-43m, no. 216, our
calculated lattice constants are 6.203 A and 6.254 A for
MnSb, 6.400 A and 6.431 A for MnBi, by full potential and
pseudopotential calculations, respectively. The calculated lat
tice parameters are in good agreement with previous calcu
lations, as shown in Table Il. We note that the lattice con-
stants calculated from the pseudopotential method for botr
MnShb and MnBi in both NA and ZB structures are slightly
larger than those from the full potential method. However the
agreement is still quite good because the discrepancies ar
less than 1%.

The calculated ferromagnetic moments for both com-
pounds at the equilibrium volume are 409 by both full
potential and pseudopotential calculations. Our calculations
show that both MnSb and MnBi are half-metallic ferromag-
nets within the GGA, in good agreement with calculations by
Xu et al® but in disagreement with Ref. 12. As pointed out
by Xu et al.® this may be due to insufficierk point sam-
pling or a too low energy cutoff in the plane-wave expansion
used in the previous calculatidf.

The spin-polarized band structures of MnSb and MnBi in
the ZB structure obtained by pseudopotential calculations are
illustrated in Fig. 1. It is clear that the band structure is
metallic for the majority spin electronspin up and semi-
conducting for the minority spin electrorispin down. The
band structures calculated from the full potential method are
in good agreement with those from the pseudopotential
method with only a slight difference in the band gap of the
minority spin electrons.

We obtained the magnetic moments of ZB MnSb and
MnBi as a function of volume and found that ZB phases

maintain full half-metallic ferromagnetism up to 5% and

15% compression for MnSb and MnBi, respectively. We note
that in nonrelativistic calculations the range of compressed

volume will be smaller. In the range of large volurtggeater
than the equilibrium volume both MnSb and MnBi remain
half-metallic ferromagnets. Our calculations confirm from
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both full potential and pseudopotential methods that MnBiis FIG. 1. Band structure of ZB MnSke) and MnBi (b). The

a robust full half-metallic ferromagnet against volume

deeper valence band from Sis @nd Bi 6s is not shown in the

changes, which is in agreement with the prediction by Xufigure.

et al® Very nice discussions of the origin of the half-metallic

ferromagnetism in Mn compounds have been given by de

|30

Grootet al*° and by Xuet al®

IV. STRUCTURAL AND MAGNETIC PROPERTIES OF
MnSb AND MnBi IN STRAINED ZB STRUCTURES

A. Instability of the ZB structure of MnSb and MnBi

The stability of ZB MnSb and MnBi was examined by
calculation of the total energy change with regard to tetrag-
onal strains in thec direction of the crystal structure. The
total energies as a function ofa (keeping the volume equal
to the equilibrium volume of the ZB phajsare illustrated in

In the previous section, we showed that ZB MnSb andFig. 2. We find that both compounds are mechanically un-

MnBi are full half-metallic ferromagets in the GGA. This

stable. That is, the energy is a relative maximunc/at= 1.

interesting property of these compounds will promote furtherThe compounds will stabilize into two tetragonal phases with
research on their applications in spintronics devices. In pracgitherc/a>1 orc/a<1, as shown in Fig. 2. The total energy

tice, some fundamentaéhlso practicdl issues regarding sta-

as a function ofc/a shows two local minima, one at/a

bility need to be addressed. For example, is the bulk ZB~1.25 and the other with lower energy at 0.75. Interestingly,
structure unstable or metastable? Is it possible to stabilize thiie ferromagnetic moments of both MnSb and MnBi in the

ZB structure in thin films grown epitaxially on semiconduc-

range ofc/a studied(as shown in Fig. R at equilibrium

tor substrates? To investigate these questions we performeglume remain constant, at 4.00p, i.e., half-metallic fer-

calculations on strained MnSb and MnBi.

romagnetic. Given the shape of the energy vedas it is
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the electronic bonding configurations. Mn has the electronic
configuration of 31°4s?, and Sh(or Bi) has the typical group
V electronic configuratiors?p®. MnSb (or MnBi) has 12
electrons per formula unit, which is four electrons more than
the eight required to form tetrahedral bonding as in a typical
I1I-V or 1I-VI or- IV semiconductor. The strong electrostatic
energy due to the excess electrons will lead to a distortion of
the tetrahedral bonds. The origin of the instability of the ZB
structure due to nonstoichiometric configurations has been
discussed recently by Zhereg al3! A similar situation oc-
curs in group V-V compounds such as carbon nitride or
carbon phosphide with 1:1 stoichiometry, they have nine
electrons per formula unit, thus leading to distortion of the
ZB structure and are then stabilized into tetragonal, rhombo-
hedral, or hexagonal structures.

Considering the instability of the ZB structure, our calcu-
lations indicate that it is not likely to form in the cubic ZB
phase in bulk MnSb and MnBi. Even in thin filnispitaxial

growth of the ZB phase on semiconductor substjatde

ZB phase is expected to be unstable since it is easier to

undergo a phase transition from the ZB to the tetragonal

phase due to anisotropic stress from the interface between
films and substrates. It may be possible to form the ZB struc-
ture in dilute 1I-V, llI-V, or llI-IV ZB semiconductors by

doping with Mn, because a small amount of Mn can be con-
fined in the local tetrahedral environment by the parent non-
clear that a normal mode analysis would yield negative phomagnetic semiconductors. A more complicated case occurs
non frequencies, although we did not perform such an analyfor MnSb and MnBi nanostructures. The stability of the ZB
i phase in nanostructures will mainly depend on the competi-
To examine the stability of the ZB structure, we present intion between geometrical confinement by the surrounding
Fig. 3 a comparison of the total energies for ZB, NA, andmatrix and the intrinsic stress inside the pnictides. Such com-
petition limits the size of nanoparticléguantum dotsin the
The reason why MnSb and MnBi cannot be stabilized intoZB structure and also the solubility of Mn in semiconduc-
the ZB structure can be understood in terms of an analysis dbrs.
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FIG. 3. Total energy and mag-
netic moment of different phases
of MnSb and MnBi as a function
of volume. Thec/a of the tetrag-
onal phases are shown in the inset.
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TABLE Ill. Full potential calculations for MnSb and MnBi in tetragonal struct(space group4mz2, no.
119. [TET(l) and TETII) refer to tetragonal phase witlla<1, andc/a> 1, respectivelyAE (meV/unif) is
the energy gain of the tetragonal phase compared with the ZB phadees in parentheses are the energies
including spin-orbit coupling.

Structure aynx (A) Cunx (A) cla Vo (A3/unit) tvnx (1) AE (meV/unib

MnSb
TET() 7.632 3.053 0.400 44.46 4.00 —187 (—181)
TET(I) 5.250 7.743 1.475 53.35 4.00 —10(-5)
MnBi
TET(I) 7.798 3.314 0.425 50.38 4.00 —231 (—313)
TET(I) 5.437 8.020 1.475 59.27 4.00 —19 (—20)
B. Tetragonal structure of MnSb and MnBi to form tetragonal structures we have studied the electronic

To find the optimized structure of tetragonal MnSb ang@nd magnetic properties as a fu'n.cti.on of in—plane lattice con-
MnBi, we varied the volume of the unit cell and optimized Stant @) and for calculated equilibriuro/a ratios.
c/a at each volume. The total energies as a function of vol- It has recently been suggested by Xtial® that MnBi
ume for MnSb and MnBi are shown in Fig. 3, together with could be grown epitaxially on CdTe or InSb. It has also been
those for the NA and ZB phases. The optimiz#d at each  reported that ZB MnAs? CrAs****and CrSh(Ref. 36 can
volume for the tetragonal phases is also shown in the insebe grown as nanodots and thin films or multilayers on a
At large volume, the ZB phase is metastaliiA is still GaAs substrate. However, there are as yet no reports of suc-
lower in energy. With decreasing volume, two dense TET cessful growth of ZB MnSb and MnBi on semiconductor
phases become metastable, one with less than 1 and one substrates. As we clearly show in Fig. 2 and Fig. 3, the ZB
with c/a larger than 1, and both have smaller volume. Thephase of MnSb and MnBi will be more likely to undergo a
TET phase withc/a<1 [TET(l)] is more stable than that cubic-tetragonal phase transition, especially in the case of
with c/a>1 [TET(Il)], and its density is comparable with growth of thin films or multilayers on semiconductor sub-
that of the hexagonal NA phase. The detailed structural instrates, since a strain field will be created due to lattice mis-
formation about the TET phases is shown in Table Ill. Thematches between MnSbr MnBi) and the substrate. There-
optimizedc/a of MnSb is 0.400 for TETl) and 1.475 for fore, the obtained structure of the epitaxial film will likely be
TET(I). For MnBi, the optimizedc/a is 0.425 for TETI) either the TET structure or the NA ground state, depending
and 1.475 for TETI). on growth conditions. It would be interesting to investigate
Comparing the total energy of the tetragonal phase withhe magnetic properties of MnStor MnBi) in thin films
that of the ZB phase, we find that TAT gains about 0.2 growing on semiconductors. There are many factors that can
eV/formula unit while TETIIl) gains only about 10% of that affect the structural and magnetic properties of MnSb
for TET(l) for MnSb and MnBi. Both the TET) and (MnBi) on semiconductor substrates, such as the interfacial
TET(Il) phases have total energies larger than the NiAgieometrical structure, bonding configuration, charge transfer,
phase. Therefore, the TET phases are metastable. They cowdtfect of strains, and so on. For simplicity, we will limit our
possibly be stabilized in a superlattice, thin film, or nano-discussion to the case where the lateral lattice constants are
structure grown on ZB semiconductor substrates. constrained by the semiconductor substrate, and the perpen-
We find that both compounds in the TET phases are halfdicular lattice constants are relaxed to minimize the total
metallic ferromagnets. The half-metallic ferromagnetism ex-energy. In this simple model, it is possible to compare the
tends to smaller volumes than for the ZB phase. The mageffect of strains on the magnetism of MnSb and MnBi. This
netic moments of the tetragonal phases arneg4(half  comparison is shown in Fig. 4. Theda for the tetragonal
magneti¢ in a large volume range, still keep the same valuephase is also shown. It is interesting that the range over
at small volume, and then drop to smaller values for smallewhich the half-metallic magnetism is observed is enhanced
volumes. It is interesting to see from Fig. 3 that the magneticdue to the tetragonal strain: it is extended to smaller in-plane
moments of the tetragonal phases are always larger thdattice constants. To clearly illustrate this point, we compare
those of the ZB and NA phases in the whole range of volumeén Fig. 5 the band structures of MnBi in the uniformly com-
studied. Therefore, our calculations indicate a possible wapressed ZB structure with lattice constant equal to that of
to control the magnetic moment by applying a strain field inGaAs (i.e., a=5.65A), and in the strained structura (
these materials. =5.65 A andc/a=1.345). From the figure it can be seen
that the Fermi energy of the compressed ZB structure is
shifted to higher energy so that it overlaps the conduction
band of the spin-down electrons; thus its half-metallic char-
acteristic has been lost. The moment is correspondingly re-
In practice these materials would likely be grown as thinduced from 4.00Qg to 3.27%g. In contrast, for strained
films on substrates such as GaAs. In view of their tendenciInBi, the Fermi energy is still in the band gap of the spin-

C. Extended range for half-metallic magnetism in distorted
structures

144415-5
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down electrons with a ferromagnetic moment of 4,690 to 4.00 A, but the perpendicular Mn-Mn bond length in-
Therefore, the strained MnBi with in-plane lattice constantcreases from 4.47 A to 4.57 A. The same phenomenon is
matching GaAs remains a half-metallic ferromagnet. Thisobserved in MnBi.

finding is encouraging, because our calculations show that

the formation of thin films of MnSb or MnBi on common V. SPIN-ORBIT COUPLING

semiconductor substrates will not cause loss of the half-

metallic magnetism, but will make it robust over quite a wide Several authors have noted that the spin-orbit interaction
range of substrate lattice constant. However, we should stafé0es not qualitatively change the results for MA&f.This
again here that the above conclusion is based on a simplBay seem surprising since the spin-orbit splitting of the bis-
strain model without consideration of interface bonding ef-muth 6p level is 1.85 eV, comparable to the direct gapl')
fects between MnStor MnBi) and the substrate. Such inter- in the minority spin band, which is 2.1 eV. In contrast the
facial effects could play a significant role in the electronic SPin-orbit splitting of the manganesel Jevel is only 0.1 eV,

and magnetic properties of Mn$br MnBi). Detailed inves- ~ While that for antimony § is 0.64 eV.
tigation of this issue is in progress. We can understand this in the following way. In a typical

The mechanism of the enhanced ferromagnetism iinc-blende semiconductor, such as GaAs, the valence band
strained MnSkor MnBi) lies in two factors{i) the different ~maximum atl’ is sixfold degeneratécounting spin in the
crystallographic phases, an@) the relationship between absence of spin-orbit coupling and splits into twofold;)
bond length and magnetism of Mn atoms in Mn pnictidesand fourfold ('g) states when spin-orbit coupling is
(see Fig. 6. It can be seen from Fig. 3 that for Mn pnictides, included®’ This picture is modified in MnBi as a result of the
in the ZB or TET structure, the magnetic moment of Mnspin polarization so that the remaining degeneracy is re-
decreases with decreasing volurtacordingly, decreasing moved.
lattice constant or bond length of Mn-Mnin uniformly As a simple model, consider p state with combined
compressed ZB MnSkor MnBi), the Mn-Mn bond length hybridization and magnetic exchange splittidigand spin-
decreases with decreasing lattice constant. However, in therbit splitting parameteg. For A=0 we obtain the usual
strained MnSb and MnBi case, when the in-plane lattice conspin-orbit doublet with energieg/2 and —¢ for pg, and
stant (which is constrained by the substratecreasegis P12, respectively. FoZ =0, we obtain threefold degenerate
less than the equilibrium ZB lattice constanfa increases, States at 0 and. In our caseA~3 eV and{~1.2 eV (2/3
as shown in Fig. 4, and the bond length for latéiaiplane  the atomic splittingg For A>{ the states lie approximately at
Mn-Mn decreases but the bond length for perpendiculad\, A+ ¢/2, A= /2 and 0,42, — /2. Hence the splitting of
Mn-Mn increases accordingly. Thus the average bond lengtthe lower bandspin down, valence band maximuns ap-
of Mn-Mn in strained MnShior MnBi) is larger than in the proximately {~1.2 eV. The direct gap af is reduced by
uniform compressed ZB structure, and therefore the ferro= /2, or~0.6 eV. We note that this is significantly less than
magnetism is enhanced in strained Mn@v MnBi). For  might have been expected from the splitting of the atomic
example, if the in-plane lattice constant is reduced from 6.10evel (i.e., A=0). We have assumed that the conduction
A (experimental lattice constant of GgSb 5.65 A (experi-  band minimum, composed predominantly of mangargse
mental lattice constant of GafAghe bond length of Mn-Mn  states, is hardly changed.
is changed from 4.31 A to 4.00 A in uniform compressed ZB  In order to test these ideas we calculated the band struc-
MnSb. For strained MnSb, the lateral bond length of Mn-Mnture including spin-orbit coupling using/enzk.?? In this
is the same as that of ZB MnSb, i.e., it changes from 4.31 Acode the spin-orbit coupling parameter for the valence states
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FIG. 6. Magnetic moment of MnSb as a function of Mn-Mn

_ distance, i.e.,d(Mn-Mn). In tetragonal structur TET_l and
3% f{\ ; TET_Il), d(Mn-Mn) is the average of lateral and perpendicular
bond lengths of Mn-Mn.

into three components as predicted. However, the magnitude

of the splitting is only 0.8 eV, even less thénThis is due to
3 : hybridization. The valence band maximum is a mixture of Bi
s 2! N, /] 6p and Mn 3 states, which reduces the effective spin-orbit
w - @ - B % ‘%\_ parameter accordingly.

21NN | The total energy and moments of the various structures in

-3 iﬁ/\/‘{ 3 the presence of spin-orbit coupling are also given in the

4/ & tables. As noted earlier, the results are not qualitatively af-
-5 fected, although the energy difference between the NA and

6 6 ZB structures is significantly reduced, which could facilitate

r x M A rz Pk M & T'Z " the epitaxial growth of the ZB structure.
(b) Finally, we note that as a result of the spin-orbit interac-

FIG. 5. Band structure of MnBi along symmetry lines of tetrag-
onal Brillouin zone.(a) Uniformly compressed ZB MnBi with lat-
tice constant equal to GaAs&b=c=5.65 A); the magnetic mo-
ment is 3.27%5 (b) Tetragonal MnBi with in-plane lattice constants
(a andb) matched to GaAs while is optimized by minimizing the
total energy &=b=5.65A andc/a=1.345); the magnetic mo-
ment is 4.00Q5 . The deeper valence band from B & not shown
in the figure.

ergy (eV)

is calculated from the gradient of the potential and the eigen-
states are determined by a second variation. That is, a subs
of eigenstates calculated without spin-orbit coupling is taken
as basis states and a second diagonalization is performed. #
pointed out by Kunest al,*8 it is important to include local
orbitals with p,,, character in the basis since states with the
proper form near the nucleus are not obtained in the usua
scalar relativistic approximation. Our results for the band
structure afi” are shown in Fig. 7. The symmetry labels are
from Parmente? and correspond to the point grollg. We
also include labels from DresselhAlisnd Tinkhanf! We
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FIG. 7. Effect of exchange and spin-orbit splitting on the band

note that inTy both (x, y, 2) and xy, yz, zX) form basis  structure of MnBi neai’. For comparison we also show the bands
functions forl"45 (T,, I'y). Basis functions fol 55 (T4, I's) (experimental band gap is usddr GaAs. The symmetry labels are

havef andg character.

We see from Fig. 7 that the top of the valence band is splipling parameter.
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from Refs. 39—41 as explained in the tektis the spin-orbit cou-
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tion it is not possible to characterize the bands as purely spisome interesting findings(i) the zinc-blende structure of
up or spin down. An electron injected at the Fermi level withMnSb and MnBi is mechanically unstable, and would trans-
spin up would acquire, on propagation, a spin-down compoform spontaneously into a metastable denser tetragonal phase
nent. Conversely, an electron injectedEatwith spin down  with c/a less than 1 or larger than (i) the tetragonal phase
could still propagate through the material because it wouldvith c/a<1 is more stable than that wittVa>1, and its
acquire a spin-up component. This is a fundamental limitadensity is comparable with that of the hexagonal NiAs phase;
tion for device design which cannot be totally avoided be-(iii) MnSb and MnBi compounds in the ZB structure and
cause there is always some spin-orbit interaction. Theréestragonal phases are both half-metallic ferromagn@¢s;
would still be a large difference in the conductivity betweenthe spin-orbit splitting is less than might have been expected
spin-up and spin-down injection, but the conductivity for because of magnetic effects. We also find that the property of
spin down would not be precisely zefof course, thermal, half-metallic ferromagnetism is maintained over a larger vol-
impurity, and disorder effects would also contribute to suchume range for the tetragonal structures than for the cubic
“leakage”). structure, suggesting that it may be possible to grow such

films epitaxially on semiconductor substrates with a wide

VI. CONCLUSION range of lattice constants, including GaAs.

In summary, we have used both full potential and pseudo-
potential first principles methods to investigate the electronic
and magnetic properties as well as the stabilities of MnSb The authors are very grateful for fruitful discussions with
and MnBi in NiAs, ZB, and tetragonal structures. ParticularDr. N. Stojic. The work at Brookhaven was supported by
emphasis was focused on the effect of tetragonal distortions.S. Department of Energy under Contract No. DE-ACO02-
(straing on the magnetic properties. Our calculations lead td8CH10886.
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