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Abstract

A new class of spintronic materials, the zincblende (ZB) half metals, has recently been synthesized
in thin film form. We apply all-electron and pseudopotential ab initio methods to investigate
the electronic and structural properties of ZB Mn and Cr pnictides and carbides, and find six
compounds to be half metallic at or near their respective equilibrium lattice constants, making them
excellent candidates for growth at low strain. Based on these findings, we further propose substrates
on which the growth may be accomplished with minimum strain. Our findings are supported by
the recent successful synthesis of ZB CrAs on GaAs and ZB CrSb on GaSb, in which case our
predicted equilibrium lattice constants are within 0.5% of the lattice constants of the substrates
on which the growth was accomplished. We confirm previous theoretical results for ZB MnAs, but
find ZB MnSb to be half metallic at its equilibrium lattice constant, whereas previous work has
found it to be only nearly so. We report here two new low-strain half metallic ZB compounds,
CrP and MnC, and suggest appropriate substrates for each. Unlike the other five compounds, we
predict ZB MnC to become/remain half metallic with compression rather than expansion, and to
exhibit metallicity in the minority rather than majority spin channel. These fundamentally different
properties of MnC can be connected to substantially greater p-d hybridization and d-d overlap, and
correspondingly larger bonding-antibonding splitting and smaller exchange splitting. We examine
the relative stability of each of the six ZB compounds against NiAs and MnP structures, and find

stabilities for the compounds not yet grown comparable to those already grown.

PACS numbers: 71.20.Be, 75.50.Cc, 71.20.-b, 75.50.-y



I. INTRODUCTION

Spintronic devices, which exploit the spin of electrons as well as their charge, have already
yielded breakthroughs in information storage and hold the promise of doing the same for
memory, microprocessors, and a host of other technologies.!™ In spintronic applications,
materials containing atoms having large atomic magnetic moments (> lup, where ug is
the Bohr magneton) and high Curie temperatures (above room temperature) are critical.
One class of materials which has been successfully employed in spintronic applications is
the magnetically doped semiconductors.”® These materials can exhibit atomic moments in
excess of 3up per magnetic atom. However, because of the doping, incoherence of carrier
transport is an issue in device performance. Furthermore, the most studied doped cubic
semiconductor, Mn-doped GaAs, suffers from a low Curie temperature T = 110 K.

Another class of materials which has been considered for spintronic applications is the half
metals (HM).? de Groot et al.'® were the first to introduce the term “half metal” in studying
the Cl,-type Heusler alloys, NiMnSb and PtMnSb. Half metals are so named because one
spin channel is metallic while the other is insulating. The polarization of the carriers is
thus complete, contributed entirely by one spin channel at the Fermi energy, Er. This is in
marked contrast to the usual ferromagnetic metals such as iron in which both spin channels
contribute at Ep, resulting in substantially less than 100% polarization. Because of the
complete polarization in HMs, layered structures incorporating them can exhibit large mag-
netoresistances, and so show great promise for a variety of device applications.? In addition
to the Heusler alloys, some transition-metal oxides have been found to be ferromagnetic and
HM, for example, perovskites'! and rutile structured CrO,.!2"1* However, the stoichiometry
of these compounds has proven difficult to control'® and defects limit coherent transport
that is essential for most spintronic applications.

The complications associated with the aforementioned compounds motivated Akinaga
et al.'% to search for HMs with simple structures, large magnetic moments, and high Curie
temperatures. They found ZB CrAs to be half metallic in full-potential linearized augmented
planewave (LAPW) calculations, and subsequently succeeded in growing it in thin film form
(2.0 nm). Experimentally, they found a Tz > 400 K, and a magnetic moment of 3up per
formula unit, consistent with ab initio predictions. Subsequently, the syntheses of monolayer

CrSb on GaSh, (Ga,Al)Sb, and GaAs substrates was reported.!” These new compounds are



half metallic, and have large magnetic moments, high T¢ (above room temperature), and
a simple ZB structure. They are thus promising for device applications involving existing
ITI-V semiconductor technologies.

Since the initial prediction and subsequent synthesis of ZB CrAs,'® several theoretical

18229 employing a number of ab initio

studies on this class of compounds have appeared,
methods: plane wave pseudopotential (PWPP),2! LAPW,16:18:2024.25.28 Jipear muffin orbital
(LMTO),2% full-potential screened Korringa-Kohn-Rostoker (KKR),??" and atomic-like

orbital.?*?% Issues addressed by these authors include the existence of half metallicity at

21,24,27,28 26,27

different lattice constants, with different surface terminations, in the context of

24,28 stability of ferro-

interfaces,?® and under different exchange-correlation approximations;
magnetic ZB relative to other crystal and magnetic structures,??:2%2325 the nature of the
magnetism in ZB vs. other crystal structures,'®?42% the effect of cation?® and anion?* species
on magnetism, the nature of the bonding,?!:2%2426-28 the induced antiparallel moment of the

9

anion,'®1922 the stability of ferromagnetism with temperature,?® and the effectiveness of

all-electron generalized gradient approximation (GGA) ab initio methods relative to the use
of pseudopotentials and/or the local density approximation (LDA).2%2

In this work, we apply both all-electron and pseudopotential ab initio methods to inves-
tigate the electronic and structural properties of Mn and Cr pnictides and carbides, and find
six compounds to be half metallic at or near their respective equilibrium lattice constants,
making them excellent candidates for growth at low strain. Based on these findings, we
further propose substrates on which the growth may be accomplished with minimum strain.
We confirm previous theoretical results for ZB MnAs, but find ZB MnSb to be half metallic
at its equilibrium lattice constant, whereas previous work has found it to be only nearly so.
In addition, we find two new ZB compounds, CrP and MnC, to be half metallic near their
respective equilibrium lattice constants, and suggest appropriate substrates for each. While
ZB Cr and Mn pnictides are well suited to integration with existing III-V semiconductor
technologies, ZB MnC may be particularly well suited to integration into either diamond or
cubic ((-phase) SiC technologies, and so may be an excellent candidate for spintronics in
high pressure environments, and possibly high temperature applications. We examine the
bonding in these materials in some detail, and explain the fundamental differences between

the half metallicity of MnC and the other five.

In Sec. II, we discuss the computational methods employed in this work. In Sec. III, we



discuss the predicted half metallic compounds and appropriate substrates, with particular
attention to the bonding in these materials, and differences between MnC and the rest. We

summarize in Sec. IV.

II. METHODS OF CALCULATION

To clarify some questions that have arisen in previous work, we employed both
pseudopotential and all-electron ab initio density-functional methods.®® An ultrasoft
PWPP method® 3* was used for all calculations, and all-electron full-potential LAPW

35,36 were performed to determine equilibrium lattice constants, half metallic

calculations
lattice constants, magnetic moments, and densities of states, as a check on the pseudopoten-
tial results. Where both methods were employed, both results are reported to demonstrate
the excellent agreement. This is significant since it demonstrates that a pseudopotential
approach is viable for such calculations, contrary to an earlier report based on a differ-
ent pseudopotential method,?> and so opens the way for much larger calculations than are
practical with full-potential all-electron approaches.

In the pseudopotential calculations, a GGA functional®” for exchange and correlation
was employed. A planewave cutoff of 450 eV and Brillouin zone sampling of 3375 k-points
(corresponding to 120 points in the irreducible wedge) were used in all ZB calculations.
Increasing the planewave cutoff from 450 eV to 650 eV, and changing k-point sampling from
1331 to 3375 to 4913 points in the full zone, yielded changes in total energy of less than
1 meV per formula unit in all cases. The same planewave cutoff was used for the NiAs and
MnP structures as for the ZB structures. For NiAs structures, the ¢/a ratio was optimized,;
for MnP structures, both ¢/a and b/a were optimized.

In the LAPW calculations, a GGA functional®® for exchange and correlation was also
employed. A cutoff of RK,,.. = 8 was used in the representation of the wavefunctions,
G ez = 16 a.u.7! for the charge density, and 4096 k-points were used to sample the Brillouin
zone. Convergence with respect to basis set and k-point sampling were carefully verified.

The effects of different core-valence energy partitions and local orbitals were also checked.



III. RESULTS AND DISCUSSION
A. Six zincblende half metals and substrates

We first confirmed our pseudopotential and LAPW predictions against available experi-
mental and theoretical results for CrAs and CrSb. Our results are given in Table I. Using
both methods, both compounds are found to be HMs with a moment of 3upg, in agree-

16,20,28,29 and consistent with experiment.'®'” The prediction of

ment with previous theory
a CrAs equilibrium lattice constant of 5.67 A or 5.66 A, using LAPW or PWPP methods,
respectively, is within 0.5% of the lattice constant of the substrate on which the growth
was accomplished,'® and confirms recent all-electron GGA calculations.?® We find CrSb to
be half metallic with an equilibrium lattice constant of 6.15 A or 6.14 A, using LAPW or
PWPP methods, respectively; again within 0.5% of the lattice constant of the substrate
on which the growth was accomplished!” (though in this case growth was accomplished on
various buffer layers, with shorter RHEED pattern duration for larger lattice mismatches),
and confirming recent all-electron GGA results for this compound.?®

We next searched for other Cr or Mn pnictides or carbides that might exhibit half metal-
licity at low (within ~ 4% of equilibrium) strain, and found among all possibilities just six
such compounds. We confirm previous theoretical results for ZB MnAs,'" 2427 but find ZB
MnSb to be half metallic at its equilibrium lattice constant, whereas previous work?* has
found it to be only nearly so. In addition, we find two new ZB compounds, CrP and MnC,
to be HM near their respective equilibrium lattice constants. We list all six compounds in
Table I, along with associated equilibrium lattice constants ag, half metallic lattice constants
apy (lattice constant nearest equilibrium at which half metallicity is predicted), density of
states (DOS) at the Fermi energy for the metallic channel, gap in the insulating channel, and
magnetic moment per formula unit. Based on the predicted equilibrium and half metallic
lattice constants, we further suggest substrates for growth of each of the compounds with
minimal strain in Table II. For each compound, we give the range of lattice constants within
~ 4% of equilibrium over which half metallicity is predicted, and substrates having lattice
constants in the vicinity of the compound’s predicted equilibrium and half metallic values.

As mentioned above, using both LAPW and PWPP methods we find ZB MnSb to be half

metallic at its equilibrium lattice constant. The equilibrium lattice constant is ag = 6.19 A,



TABLE I: Six ZB Cr and Mn pnictide and carbide compounds that exhibit half metallicity at or
near their respective equilibrium lattice constants. For each compound, the equilibrium lattice
constant ag, half metallic lattice constant arps (lattice constant nearest equilibrium at which half
metallicity is predicted), DOS at Ep, insulating-channel gap, and magnetic moment per formula

unit are given. LAPW results are listed on first lines; PWPP results, on second lines.

Compound ag QM DOS at Er Gap Moment
(A) (A) (states/eV-spin) (eV) (uB)
CrP 5.35 5.48 0.85 1.88 3.0
5.42 5.47 0.82 1.86 3.0
CrAs 5.67 5.67 0.85 1.88 3.0
5.66 5.66 0.85 1.85 3.0
CrSb 6.15 6.15 0.90 1.58 3.0
6.14 6.14 0.87 1.54 3.0
MnAs 5.72 5.75 0.76 1.74 4.0
5.74 5.77 0.77 1.70 4.0
MnShb 6.19 6.19 0.78 1.41 4.0
6.21 6.21 0.79 1.40 4.0
MnC 4.36 4.26 1.23 0.79 1.0
4.39 4.20 1.24 0.90 1.0

and the magnetic moment is 4up per formula unit. This lattice constant agrees well with a
previous all-electron GGA calculation?! that obtained ag = 6.166 A. Ref. 24 reported MnSb
to be close to, but not, half metallic at its equilibrium lattice constant; we find that the
Fermi level is within the gap by 0.2 eV and that the lattice constant must be reduced to at
least 6.09 A before HM is lost. Furthermore, we find this result to be robust with respect
to the choice of computational parameters: variation with respect to basis set size, k-point
mesh density, GGA functional, and core-valence energy partition were checked, and the half
metallic result was obtained in all cases.

Of particular interest in the list is MnC: unlike the pnictide compounds, we find that
MnC becomes/remains half metallic with compression rather than expansion. As shown in

previous investigations of transition-metal pnictides (e.g., Refs. 21,24,27,28), half metallicity
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TABLE II: Ranges of lattice constant a within ~ 4% of equilibrium over which half metallicity is
predicted, and suggested substrates for growth. For each compound, LAPW results are listed on

the first line; PWPP results, on the second. Substrate lattice constants3” are given in parentheses.

Compound HM a (A) Substrate (lattice constant (A))
CrP > 5.48
> 5.47 AlP (5.53)
CrAs > 5.51
> 5.50 GaAs (5.64), AlAs (5.62)
CrSb > 5.87¢
> 5.879 AISb (6.13), GaSb (6.12), InAs (6.04)
MnAs > 5.75
> 5.77 InP (5.87)
MnShb > 6.06
> 5.96 AlSb, GaSb, InAs, InSb (6.48)
MnC < 4.26
<4.20 Alloys of diamond (3.57), cubic SiC (4.35)

*Lower limit of range explored.

is generally destroyed with compression, as valence and conduction bands are broadened,
and the exchange splitting is reduced. As we discuss below, we find the nature of the
half metallicity in MnC to be fundamentally different, relying rather on large bonding-

antibonding splitting and moderate exchange splitting.

B. Bonding, half metallicity, and magnetic moments

To understand the bonding and half metallicity in these materials, we first consider their
projected densities of states (PDOS). To clarify the differences between MnC and the rest, we
compare it to one of the more studied pnictide compounds, CrAs. The results are displayed
in Figs. 1 and 2. All energies are referenced to the Fermi level. A general feature of ZB

structure p-d hybridization is that the e, states are nonbonding and narrow, while the
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FIG. 1: Total and projected densities of states for zincblende CrAs. The middle and lower panels
show the Cr and As contributions, respectively. Separate spin directions are plotted as indicated

in the top panel.

states mix strongly with neighboring p states and are broad.

CrAs: Figure 1 shows the total DOS and PDOS for CrAs at agy. It can be seen
that the Cr ion is fully polarized, as is the case in CrO,. The states at ~ —10 eV have
anion-s character, and are well isolated from the bonding states. Considering the majority
spin states, the next higher energy structures between —4.5 eV and —2 eV show strong
cation-to,—anion-p hybridization (the corresponding triply degenerate states at I' are at
—2.94 eV). These are the bonding states. The strong narrow peak at —1.3 eV has strong
cation-e, character (the doubly degenerate states at I' are at —1.40 eV) and is associated
with the nonbonding d states. The antibonding states form a broad structure beginning at
~ —1 eV and exhibit again mixed anion-p and cation-t,, character. The nonbonding d states
thus occupy the bonding-antibonding gap. To provide a measure of the p-d hybridization,
we consider I' point energies. The unoccupied triply degenerate states at I' are at 3.53 eV.

The bonding-antibonding gap at I is thus 6.47 eV, which we compare to MnC below.
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FIG. 2: Total and projected densities of states for zincblende MnC at its half metallic lattice
constant. The larger bonding-antibonding splitting and smaller exchange splitting (middle panel)
relative to CrAs and the other pnictide compounds produces a fundamentally different half metallic

nature.

The minority spin states exhibit a similar structure but are shifted up relative to the ma-
jority states by the exchange interaction. The strong peak at —1.7 eV is from the bonding
p-d hybrids (with somewhat more dominant anion-p character than cation-d). The corre-
sponding occupied triply degenerate states at I' are at —1.66 eV. There is a separation of
6.68 eV from the next higher (unoccupied) triply degenerate states. The doubly degenerate
minority states at I are at 1.69 eV. For all of the pnictide compounds, the antibonding
states of the majority spin channel are occupied up to Er, leading to metallicity in that
channel, while the minority channel is insulating due to the bonding-nonbonding gap.

MnC': The DOS for MnC at agjys is shown in Fig. 2. The structures at ~ —10 eV are
similar to those of CrAs (Fig. 1), i.e., essentially isolated anion s states. In the region
from —5.5 eV to 2.0 eV, the majority spin DOS is also similar to that of CrAs. In MnC,
however, the majority p-d hybrid antibonding states are completely above Er. The majority

p-d hybrid bonding states are centered at ~ —4.5 eV, with corresponding triply degenerate



states at I' at —5.01 eV. The corresponding triply degenerate antibonding states are at
6.79 eV. The bonding-antibonding gap at I' is thus 11.80 eV, almost twice that of CrAs.
The nonbonding d states contribute a strong peak at ~ —1.0 eV, with corresponding e,
states at I' at —1.46 eV. Thus the significant differences between MnC and CrAs majority
states are (1) the MnC states are broader, due to stronger p-d hybridization and greater
d-d overlap (due to smaller volume?*), and (2) the bonding-antibonding splitting is larger in
MnC, due to stronger p-d hybridization, pushing the antibonding states completely above
Er, whereas in CrAs they remain partially occupied.

There are substantial differences also in the minority states. The structure between
—6.2 eV and —2.2 eV is associated with the p-d hybrid bonding states, and is broader than
that in CrAs by more than 1 eV. The corresponding occupied triply degenerate states at I" are
at —4.58 eV. The Fermi energy passes through the nonbonding d states (with corresponding
ey states at I' at 0.02 eV), in contrast to CrAs where the exchange splitting is sufficient to
push the nonbonding states above Er. The triply degenerate antibonding states at I' are at
7.12 eV. Consequently, the bonding-antibonding splitting at I" is 11.70 eV, again, almost a
factor of two larger than in CrAs. Thus the significant differences between MnC and CrAs
minority states are (1) the MnC states are broader, due to stronger p-d hybridization and
d-d overlap, and (2) the minority nonbonding states are partially occupied in MnC, due to
greater width and smaller exchange splitting, whereas in CrAs they are completely above
EFr.

The origin and nature of the half metallicity in MnC is thus fundamentally different than
in CrAs (and the other Cr and Mn pnictide compounds). The greater p-d hybridization
and d-d overlap in MnC produces broader bands, greater bonding-antibonding splitting,
and smaller exchange splitting. The net effect is to push the majority antibonding states
completely above Er and thus produce a substantial gap, making that channel insulating,
while leaving the minority nonbonding states partially occupied and metallic. Thus MnC
has minority spin carriers, opposite to the pnictide compounds. Furthermore, compression
reinforces half metallicity in MnC by increasing the bonding-antibonding gap in the majority
channel while reducing the exchange splitting, thus leaving the minority nonbonding states
partially occupied. This behavior is also opposite to that in the pnictide compounds, where
compression destroys half metallicity.

Magnetic Moments: Given the above picture of the bonding in these materials, a simple
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expression for their magnetic moments emerges. Ref. 27 gives the relation
M = (Zot — 8) (1)

for the magnetic moment per formula unit, M, of half metallic zincblende transition-metal
pnictide and chalcogenide compounds, where Z;, is the total number of valence electrons
in the unit cell. The relation is predicated, however, on the assumption that the exchange
splitting is sufficient to push the minority e, states above Er. This situation would leave
the minority anion-s and p-to, hybrid states fully occupied and all higher minority states

unoccupied, giving a total minority occupation of 4. Eq. (1) then follows from
M = (Nmaj - Nmin),UB = (Ztot - 2Nmin),uBa (2)

where Nyq; (Npin) is the number of occupied majority (minority) states. Since the exchange
splitting is not sufficient to push the minority e, states completely above Ep in MnC,
however, Eq. (1) does not hold for it. Furthermore, since in MnC the majority channel is
insulating rather than the minority, Eq. (2) is not readily applied. Rather, an appropriate
relation for MnC, and other such compounds, follows more naturally from an equivalent

expression in terms of majority occupation:

M = (Nmaj - Nmin),uB = (2Nmaj - Ztot),UB- (3)

In MnC, the bonding-antibonding splitting is sufficient to push the majority antibonding
states completely above Ep, leaving the majority anion-s, p-to, hybrid, and e, states fully
occupied, and all higher majority states unoccupied, yielding a total majority occupation of

6. And so the appropriate relation for such compounds is
M = (12 — Ztot),uB‘ (4)

For MnC, Z;,; = 11; and Eq. (4) predicts a moment of 1up, in agreement with ab initio
results. An interesting implication of Eq. (4) is that as the cation atomic number decreases,
the moment should increase; precisely opposite to the pnictide compounds. And indeed, ab

initio results for ZB CrC show exactly this: i.e., M = 2up.

C. Charge Densities

In order to gain further insight into the bonding in these materials, we examine some

charge densities of CrAs in a (110) plane containing a Cr-As chain. Fig. 3(a) shows the
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charge density of an occupied triply degenerate majority state at —2.94 eV. An zy-type d-
like maximum pointing from Cr toward As (e.g., around x = 0.5, y = 0.5) can be discerned.
The maximum charge density near the Cr atom is 0.15 (since only relative values are of
interest, we shall omit the units). The charge distortion that leads to a maximum along the
bond (which we refer to as the bond charge) between the two atoms is evident. The maximum
value in this region is 0.1. Comparing the charge distribution of a triply degenerate valence
band maximum state in GaAs (Fig. 3(b)), the shape of the density around the As atoms is
similar. The maximum value in the bond charge region of GaAs is 0.13, only slightly larger
than the corresponding value in CrAs. The covalent bonding in these two states seems to
be comparable in the two compounds, although in CrAs the hybridization is p-d in nature
whereas in GaAs it is s-p.

Fig. 3(c) shows the charge density of an occupied triply degenerate minority state. The
maximum of 0.07 near the Cr atom is contributed mainly by a d orbital. The maximum
between the Cr and As atoms is 0.01. The charge between the two atoms in this state
reflects more of an antibonding character. As shown in the PDOS (Fig. 1), the occupied
minority states show somewhat more dominant anion-p than cation-d character.

Fig. 3(d) shows the charge density of an occupied doubly degenerate majority state. This
state is clearly nonbonding in nature: the charge is completely concentrated about the Cr

atoms, with no charge between atoms, and none at the As atoms.

D. Relative Stability

To assess the relative stability of each compound, we consider the total energy per for-
mula unit in the ZB structure relative to NiAs and MnP structures (Table III). Internal
coordinates were taken from Ref. 39. Lattice constants were optimized for all structures and,
in addition, ¢/a ratios were optimized for NiAs structures, and ¢/a and b/a were optimized
for MnP structures. In Table III we give for each compound and structure, the optimized
lattice constant a, optimized ¢/a and b/a as appropriate, and total energy per formula unit
relative to the NiAs structure. The NiAs structure is found to be the most stable in all cases
(subject to the constraint of ferromagnetic ordering employed in the present calculations).
None of the compounds exhibit half metallicity in the NiAs or MnP structures.

The relative stability of the NiAs structure for the Mn pnictides is consistent with previous
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FIG. 3: Contour plots of densities of selected states in CrAs and GaAs. (a) Occupied majority-spin
triply degenerate (p-ta, hybrid) bonding state at I' of CrAs. An xy-type d-like maximum pointing
from Cr toward As can be discerned. The bonding character between the atoms is clearly reflected
in the contour shapes. (b) Occupied p-like triply degenerate state in GaAs at I'. Like (a), the
bonding character between the atoms is evident. (c) Occupied minority-spin triply degenerate
(p-tag hybrid) bonding state at I' of CrAs. The bonding associated with these minority states
is more of an antibonding character than in (a). (d) Occupied majority-spin doubly degenerate
(eg) nonbonding state at I' of CrAs. The state is clearly nonhybridizing in nature: the charge is

completely concentrated about the Cr atoms, with no charge at the As atoms.

findings.?"?* Quantitatively, however, for MnAs, there is some discrepancy in the literature.
Using a pseudopotential LDA approach, Ref. 21 found an energy per formula unit for the ZB
structure, relative to the NiAs structure, of ~ 1.0 eV. Using an all-electron GGA approach,
Ref. 24 found a value of ~ 0.71 eV. Our ultrasoft pseudopotential GGA calculations again

show excellent agreement with the all-electron calculations, with a value of 0.72 eV. Fur-
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TABLE III: Energies per formula unit relative to the NiAs structure. For each compound and
structure, optimized lattice constant, ¢/a, and b/a ratios are given, as appropriate. All calculations

correspond to ferromagnetic ordering. Experimental lattice constants3” are given in parentheses.

Compound Crystal Relative Lattice c/a b/a
structure energy (eV) constant (A)
CrP 7B 0.839 5.42
NiAs 0.000 3.50 1.54
MnP 0.343 5.80 (5.940) 0.91 0.58
CrAs 7B 0.768 5.66
NiAs 0.000 3.66 1.53
MnP 0.032 6.12 (6.222) 0.91 0.58
CrSb 7B 0.940 6.14
NiAs 0.000 4.03 (4.108) 1.47
MnAs 7B 0.719 5.74
NiAs 0.000 3.72 (3.710) 1.49
MnShb 7B 0.803 6.21
NiAs 0.000 4.11 (4.120) 1.39
MnC 7B 0.555 4.39
NiAs 0.000 2.67 1.94

thermore, we find a ¢/a ratio of 1.49, in agreement with the all-electron results. For MnSb,
however, we find a significant discrepancy in the relative energy. The results of Ref. 24 show
a relative ZB energy of ~ 0.46 eV, whereas we find 0.80 eV, almost a factor two larger.
However, this discrepancy may or may not be significant, as it is elsewhere noted in Ref. 24
that the energy is “more than 0.7 eV per formula unit.”

In any case, the results demonstrate that the ZB compounds not yet grown have energies
relative to the NiAs structure comparable to those compounds already grown. We emphasize,
however, that the above results are only suggestive, as the true ground state structures are in
some cases considerably more complex than ferromagnetic-NiAs (e.g., helimagnetic-MnP in

the case of CrAs); so that the results represent, strictly, merely lower bounds on instability.
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IV. SUMMARY

We have applied both all-electron and pseudopotential ab initio methods to investigate
the electronic and structural properties of ZB Mn and Cr pnictides and carbides, and found
six compounds to be half metallic at or near their respective equilibrium lattice constants
(Table I), making them excellent candidates for growth at low strain. Based on these
findings, we further proposed substrates on which the growth may be accomplished with
minimum strain (Table IT). Our findings are supported by the recent successful synthesis of
7B CrAs on GaAs and ZB CrSb on GaSb, in which case our predicted equilibrium lattice
constants are within 0.5% of the lattice constants of the substrates used. We confirmed
previous theoretical results for ZB MnAs, but found ZB MnSb to be half metallic at its
equilibrium lattice constant, whereas previous work has found it to be only nearly so. In
addition, we found two new ZB compounds, CrP and MnC, to be half metallic near their re-
spective equilibrium lattice constants, and suggested appropriate substrates for each. Unlike
the other five compounds, we found ZB MnC to become/remain half metallic with compres-
sion rather than expansion, and to exhibit metallicity in the minority rather than majority
spin channel. Based on projected DOSs (Figs. 1 and 2) and I" point energies, we found that
these fundamentally different properties can be understood in terms of substantially greater
p-d hybridization and d-d overlap, and correspondingly larger bonding-antibonding splitting
and smaller exchange splitting. Unlike the pnictide compounds, the p-d hybridization in
MnC is sufficient to open up a substantial bonding-antibonding gap in the majority states;
while the smaller exchange splitting brings that majority-spin gap up to, and the minority-
spin e, states down to, the Fermi energy. Based on this understanding of the bonding, we
developed simple expressions for the magnetic moments in this class of compounds.

The successful synthesis and incorporation of such half metallic materials into new spin-
tronic devices holds the promise of truly on-off switching on the nanoscale, and with that,
the promise of a new generation of electronic technologies. Future work will include an anal-
ysis of band structures and Fermi surfaces for these compounds in different structures, and
an investigation of the critical surface and interface issues surrounding their incorporation

into layered structures.
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