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Half-metallic ferromagnetism of MnBi in the zinc-blende structure
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The full-potential augmented plane wave plus local orbital method within density-functional theory is used
to predict that MnBi in the zinc-blende structure is a true half-metallic ferromagnet with a magnetic moment
of 4.00Qug per formula unit. This contrasts with the zinc-blende phase of MnAs, which is only a nearly
half-metallic ferromagnet. This half-metallic ferromagnetic behavior of zinc-blende MnBi is found to be robust
against compressive volume changes of up to 15%, its stability being enhanced by the relativistic shift of the
valences state energy levels. Zinc-blende MnBi could possibly be grown epitaxially on the important binary
semiconductors such as InSb or CdTe, although it remains to be seen whether epitaxially it retains its half-
metallic ferromagnetic state.
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[. INTRODUCTION accurate density-functional method that the zinc-blende CrSb
is a robust half-metallic ferromagntt.Theoretically, full

Spin-based electronics, or spintronics, is currently a hobhalf-metallic ferromagnetism would be achieved by expand-
topic.? which offers opportunities for a new generation of ing the lattice constant by some 109%Therefore, it is natu-
multifunctional devices combining traditional charge-basedal to ask the question: Is the zinc-blende phase of MnBi,
microelectronics with spin-dependent effects. As ideal comWhich has a larger equilibrium atomic volume than that of
ponents for such devices, half-metallic ferromagnets are reMnAs, a full half-metallic ferromagnet? MnBi in the NiAs
ceiving more and more attention around the world, becausehase has been intensively studied during the last ten years
they have only one electronic spin direction at the Fermifor possible magnetic recording and magneto-optical
energy’ Since de Grootet al. first predicted half-metallic applications,’~**but there are no reports on the zinc-blende
ferromagnetism in Heusler compoufidin 1983, several Phase of MnBi, of which we are aware.
half-metallic magnets have been theoretically predicted and In this paper we study the zinc-blende phase of MnBi
experimentally found. Half-metallic ferromagnetism hasWith the full-potential augmented plane wave plus local or-
been observed in NiMnSbCro,,° Fe;0,,” and the colossal bitals methoé® within density-functional theory, predicting
magnetoresistance manganate mate?ieﬂa”-meta”ic sys- that it is a full half-metallic ferromagnet with a magnetic
tems have unique properties since only one spin-channel oment of 4.000.g per formula unit. This full half-metallic
metallic and these are currently being investigated botHp€havior is robust against compressive volume changes of up
experimentally and theoretically® In addition, great effort t0 15%. Although being metastable, this MnBi phase could
is being made to find new members of this family of half- possibly be grown epitaxially on appropriate substrates such
metallic magnets. as InSb or CdTe, for which the lattice mismatch is small. It

Recently, so-called nearly half-metallic ferromagnetismremains to be seen, however, whether epitaxially it retains its
was predicted in the zinc-blende phase of MnAs with full- half-metallic ferromagnetic state.
potential density-functional calculatiohsIn this case, the
Fermi level not only crosses the energy bands of the spin-up Il. HALF-METALLIC FERROMAGNETISM
electrons but also touches the bottom of the conduction OF ZINC-BLENDE MnBi
bands of the spin-down electrons, rather than lying in the
energy gap between the spin-down conduction and valence
bands, as in a typical half-metallic magnet. This zinc-blende The Vienna packagevien2k? for the full-potential aug-
phase of MnAs has now been realized experimentally withmented plane wave plus local orbitdBAPWLO) method
the growth of ferromagnetic MnAs nanodots on a sulfur-within density functional theo”} was used for all our cal-
passivated GaAs substrdfeThese nanodots have an aver- culations. For the exchange-correlation potential, we took the
age height and diameter of 30 A and 160 A, respectivelygeneralized gradient approximati@GA) proposed in 1996
They are found to undergo a 0.7% lattice expansion paralldby Perdew, Burke and Ernzerh@®BE96. Because Bi is a
to the surface compared to the GaAs substrate. However, iteavy atom we have performed both relativistic and nonrel-
has not been possible to grow a complete film of zinc-blendativistic calculations for comparison. We have found that the
MnAs on GaAs due to the large lattice mismatch of 5.8%,spin-orbit interaction does not influence the half-metallic fer-
which is expected between bulk zinc-blende MnAs andromagnetism and we have, therefore, neglected it in the rela-
GaAs? This is in contrast to CrAs where zinc-blende films tivistic calculations discussed here, which include only the
and multilayers have been grown on GaAs substrétssice  Darwin shift and mass velocity term. The ground state of
the lattice mismatch is only 2—-3%6.1t was shown by an MnBi is the hexagonal NiAs phase with the experimental

A. Computational details
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FIG. 1. The total and three main partial DOS of zinc-blende . . .
MnBi at the predicted equilibrium lattice constant 6.399 A. There is FIG. 2. The band structure of zinc-blende MnBi at the predicted

a clear gap of approximately 1.0 eV width about the Fermi energ)}tahqu'“bnubr?: I;alttlce anSt.étlm' Note t?atltrlte \éalgnce p?nfd I?rlsmg frc()jm
for the spin-down electrons. e s orbitals on Bi sites is not plotted since it falls aroun

—11eV.

lattice constantsa=4.170 A andc=5.755 A. The meta- C. Is half-metallic ferromagnetism robust
stable zinc-blende phase of MnBi has the same crystalline against volume change?
structure as thep-valent octet semiconductors GaAs, InAs, . .
GaSb, InSh, and CdTe. lIts lattice constant was determine\cljvoﬁ:(tjhg:g: t\rﬁi EZI\;?mZ?;I\IIi\Z:nféTraotmgulﬁeflgtc-i?sleendjilimnﬁrl]
from the predicted binding energy curve. The radig of g q

o .volume, in practice we expect to stabilize this metastable
the muffin tins was taken as 2.4 bohr (1.27 A) for bo'th Bl phase by growing it as a thin film on a zinc-blende substrate
and Mn andR,;; K,ax taken as 8.0. For all our calculations

with an appropriate lattice constant. We must, therefore, in-

we took 3000k points in the Brillouin zone. The self- yegtigate the sensitivity of this half-metallic state to small
consistent calculations were considered to be converged only

when the integrated magnitude of the charge density differ-

ence between input and outplite., [|pn+1(r) — pn(r)|dr] 40 MnBi ./ﬁ—QM—OO—O
. e
was less than 0.00001, a very strict standard. /O:
O o°
= O
B. Half-metallic ferromagnetism in zinc-blende MnBi E} 351 /O/
O
We predict that zinc-blende MnBi would be a true half- ‘23 O/ )
v —o— NiAs Phase

metallic ferromagnet at its equilibrium lattice constant. Fig-
ure 1 shows the spin-dependent density of sté®&&09 of
zinc-blende MnBi at the predicted equilibrium lattice con-
stant of 6.399 A in GGA? It is clear that the spin-up elec- 0.10
trons are metallic whereas there is an energy gap of about 1
eV about the Fermi energy in the bands for the spin-dowrge
electrons, as illustrated in Fig. 1. We see, therefore, that zinc >
blende MnBi is a typical half-metallic ferromagnet. In Fig. 2 g
we present the corresponding spin-dependent energy ban§
along high-symmetry directions in the Brillouin zone. There —0— NiAs phase
are three bands crossing the Fermi energy. One of them | 0.00 —e— zb phas
almost fully filled, but the other two are approximately half- 40 : 50 : 20 : 70 : 80
filled. The unfilled sections are around thepoint for all the Violume (Aa)

three bands. The charge carriers of the almostfully filled

band are holelike, but those of the remaining two are elec- g 3. The magnetic moment and binding enefigythe cohe-
tronlike. The total magnetic moment is 4.Q80per formula  sjve energy of the NiAs ground states a function of the volume
unit. This is in contrast with the 3.7& per formula unit of  per formula unit for MnBi with respect to the zinc-blendsolid

the zinc-blende MI”IA§6 Therefore, we have established with circles and NiAs(open Circ|e$phases_ The minimum energy of the
accurate  FAPWLO calculations that zinc-blende MnBizinc-blende phase corresponds to the equilibrium lattice constant of
would be a true half-metallic ferromagnet at equilibrium.  6.399 A.

—e— zb phase
3.0

0.05
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40F oo—eo—— o o0—e—0 o] MnAs is only a nearly .h_ahf-metallic ferrpmagnet with a mo-
- SO ment of 3.9%g at equilibrium. The lattice needs to be ex-
= 38 N o panded by 10% before the onset of full half-metallic ferro-
£ 36 magnetism. We predict both MnSb and MnBi to be full half-
g 34 [ metallic ferromagnets at equilibrium. An earlier calculatfon
g "L —e—MnBi REL had found MnSb to be a nearly half-metallic ferromagnet
32 -0~ MnBi NREL with a moment of 3.7#g. This disagreement with our re-
3.0 . L . L L sults is probably due to either an insufficient numberkof
0.8 0.9 1.0 1.1 points or too low an energy cutoff in their plane-wave ex-
pansion, both of which can effect the position of the Fermi
4.0 O-0-90-8—O { . .
energy with respect to the energy gap. A comparison of the
~ 3.8 full and dashed curves in Fig. 4 demonstrates the importance
2 36 of relativistic effects for the heavy element Bi. We see that
& the relativistic calculations predict that full half-metallic fer-
5§ 34F —e—MnSb REL romagnetism persists up to 15% compression, whereas it
=2 32} -0~ MnSb NREL only persists up to 9% for the nonrelativistic case.
3oL . I . 1 s Relativistic effects influence the states witfike charac-
0.8 0.9 1.0 1.1 ter, since they have nonvanishing weight at the atomic cen-
ters. Thel'; state in Fig. 2 has to be orthogonal with the
40 890 low-lying I'; state at—11 eV (not drawn, which is associ-
38 / ated with the valencs orbitals on the Bi sites. Turning off
Zasl 8 the relativistic effect causes this low-lying, state to in-
g - / crease in energy by about 2.1 eV with a corresponding shift
E 341 o in the upper’; state due to orthogonality repulsion. The net
g o —e—MnAs REL . . ) .
2321 0 MnAs NREL effect is that thd™; dispersion branches in Fig. 2 are pushed
30l S , ! . up beyond thd" 5 branches. This drags up the Fermi energy
0.8 0.9 1.0 1.1 towards the top of the spin-down energy gap and reduces the
VIV, range of stability of the full half-metallic ferromagnetic state.

We can understand why relativistic effects increase the
ange of stability of the full half-metallic ferromagnetic state
in zinc-blende MnBi. Figure 2 shows the relativistic band

the predicted equilibrium volume of the particular Mn pnictide from structure of MnBi at its equilibrium volume. Consider the

the relativistic calculations. As expected, the influence of relativisticr'ght'hand panel for the spin-up electro, and[';5 label

effect on half-metallic ferromagnetism decreases from MnBi tothe zone-center values of tig andt,q Mn d bands with
MnSb and MnAs. their fairly narrow dispersion. These bands are then followed

by the much broadesp bands that terminate &t;, andI’ 5,

changes in lattice constant. In the upper panel of Fig. 3 wavherel'; has purestype symmetry. The left-hand panel for
plot the volume dependences of the magnetic moment péhe spin-down electrons shows th_e same behavior except that
formula unit for MnBi in the zinc-blende and NiAs phases. the pured state afi’;, has been shifted upwards by about 3.5
The lower panel shows the corresponding binding energgV due to the weaker exchange field seen by the minority
curves, taking the cohesive energy of the ground state NiA§PIN electrons. This is consistent with the Stoner model of
phase as reference. As expected, we find that the NiAs pha§&nd magnetism where the local exchange splitting is simply
is about 1 eV per formula unit more stable than the zinc/M with the Stoner exchange integrhltaking a value of
blende phase, with a predicted equilibrium volume ofabout 1 eV for @ transition metals such as Mfi,and the
46.5 A3 which is within 7% of experiment. The zinc-blende Magnetic momenmn taking the full half-metallic value of
phase has the much larger equilibrium volume of 65%4 A 4us-

We see from the upper panel that zinc-blende MnBi can be

compressed by up to 15% in volume before the full half- IV. THE MECHANISM

metallic ferromagnetic state is lost. Thus, we expect this state geHiND THE HALF-METALLIC FERROMAGNETISM

to be robust against small local strain fields which are in-
duced during film growth. The origin of the half-metallic ferromagnetism can be un-

derstood using the following simple argument which was
initially put forward by de Grootet al* in 1983. First, as
discussed in the preceding section, the d/states undergo a
large exchange splitting of about 3.5 eV due to the magnetic
The difference in behavior of the half-metallic ferromag- moment of 4.00Qg per formula unit. Second, thg,, d
netic state across the Mn pnictides is illustrated in Fig. 4 forstates withI';5 symmetry interact strongly with the Bp
both relativistic (full curves and nonrelativistic(dashed states with the same symmetry. For the case of the majority
curves calculations. We see that as previously predi¢teéd, band, the low-lyingd states mutually repel the Bi states to

FIG. 4. The volume dependence of the magnetic moments o;
zinc-blende MnBi, MnSbh, and MnAs witfREL) and without
(NREL) relativistic effects included in the calculations, whitgis

Ill. RELATIVISTIC EFFECTS
ON THE HALF-METALLIC FERROMAGNETISM
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energies about the Fermi energy, thereby giving rise to théattice mismatches. With modern epitaxial growth technique
metallic conduction band. For the case of the minority bandbecoming more and more powerfdl,zinc-blende MnBi
however, the Mnd states lie above the By band, so that should be able to be realized, at least as thin films or nano-
their mutual repulsion simultaneously drives tthdband up  structures on appropriate substrates with appropriate crystal-
above the Fermi energy and tlgeband down below the line structures and lattice constants. However, recent theoret-
Fermi energy, thereby opening up a gap with semiconductingcal and experimental research on Mn-doped GaAs has
behavior. The resultant minority valence band, thereforeshown that the defects and the relative positions of the Mn
looks very similar to that expected for a typicap-valent ions and As antisites have a strong effect on the exchange
[11-V semiconductor such as GaAsee Fig. 2 of Ref. ¥  between the Mn spins and therefore changes the magnetic
Thus, the metal-semiconductor asymmetry of half-metallicproperties in these materia$2® Lattice defects and impuri-
ferromagnets is driven by the interplay between the exiies in real materials make it more difficult to confirm experi-
change splitting of the Mul states and the interaction of the mentally a theoretical prediction based on ideal crystalline
Mn t,, states with neighboring Bp states. structures. However, in contrast with the Mn-doped GaAs
The Mne, d states, on the other hand, play an importantand zinc-blende MnAs, which is only a nearly half-metallic
role in determining the difference between the nearly versugerromagnetic phase, zinc-blende MnBi is typical of full
full half-metallic ferromagnetism that is predicted across thehalf-metallic ferromagnets even under relative cell volume
zinc-blende Mn pnictidegfrom MnAs, MnSb, to MnB)j. As  changes of up to 15%. Hopefully, it should be more robust in
Sanvito and Hilt* first emphasized, this is driven by the surviving the impurities and defects in the real environment.
width of the Mnegy d band, which is centered dhy,. Thisis ~ Compared to other half-metallic magnets, zinc-blende MnBi
sensitive to the lattice spacing: for small volumes the widthshares the same crystalline structure as the important
is sufficiently great for the spin-dowe, band to intercept sp-valent octet semiconductors. It should therefore, be much
the Fermi energy from above, whereas for larger volumes theasier to combine with them for future spintronic devites.
width is sufficiently small for the Fermi energy to break free  In summary, we have studied the zinc-blende phase of
into the gap. This is in accord with our findings in Fig. 4. The MnBi using the full-potential augmented plane wave plus
zinc-blende phase of MnAs has an equilibrium volume oflocal orbitals method within density-functional theory. The
46 A and displays nearly half-metallic ferromagnetism, results of the density of states, energy bands, and magnetic
whereas zinc-blende MnBi and MnSb have equilibrium vol-moment clearly demonstrated that it is a typical half-metallic
umes of 65 & and 59 &, respectively, and display full half- ferromagnet with a magnetic moment of 4.@QQper for-
metallic ferromagnetism. It is very interesting that the ex-mula unit. This phase of MnBi is robust against compressive
change splitting in all these cases and in the zinc-blende Grolume changes of up to 15%. Although it is metastable, it

pnictides® is consistent with the Stoner theory. could be realized, at least as thin films or nanostructures,
through epitaxial growth on appropriate substrates of impor-
V. DISCUSSION AND SUMMARY tant semiconductors such as InSh and CdTe. It remains to be

) _ ) ) seen, however, whether it retains its half-metallic properties
Can zinc-blende MnBi be realized? To answer this quesin epitaxial form.

tion, let us look at some binary semiconductors in the zinc-

blende phase. Most famous and important are GaAs, InAs,

GasSb, InSb, and CdTe. It has recently been demonstrated

that MnAs, CrAs, and CrSb can be grown as nanddatsd ACKNOWLEDGMENTS
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