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Electronic, magnetic, and structural properties of several IIA-V compounds are analyzed using ab initio
calculations. We consider four crystal structures: zinc-blende, NiAs, rocksalt, and Zn3P2. Our results indicate
that IIA-V nitrides in the rocksalt phase are stable ferromagnetic half-metals characterized by the total spin
polarization of free holes in the valence band. The previously considered zinc-blende phase of II-V crystals is
ferromagnetic as well, but is less stable by about 0.3 eV/atom. The stability of the Zn3P2 phase is close to that
of the rocksalt, but the spin polarization vanishes in this case. Analysis of the electronic structure shows that
ferromagnetism of IIA-V compounds originates in the spin polarization of the p shell of anions, as described by
Hund’s rule, which persists in solids after formation of bonds. Furthermore, the results for isolated atoms
indicate why the spin polarization is the most stable in IIA-V nitrides, which are discussed in detail.
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I. INTRODUCTION

In various classes of magnetic systems, magnetism is due
to the presence of cations with partially occupied d or f
shells. Recently, it was proposed that spin polarization may
exist in solids that do not contain transition-metal or rare-
earth atoms. Observation of ferromagnetism �FM� in CaB6
�Refs. 1 and 2� was initially explained as an intrinsic prop-
erty of the free-electron gas.3 However, the origin of FM in
CaB6, as well as in HfO2,4 is currently under debate that
tentatively ascribes the effect to the presence of lattice
defects,2 or magnetic inclusions.5 For example, Moriwaka et
al. propose that ferromagnetism of �Ca,La�B6 is induced by
Ca vacancies.6 In fact, vacancies and other defects in insula-
tors typically introduce deep levels in the band gap, and elec-
trons that occupy these levels form states with total spin 0 or
1/2. However, in some cases, electrons assume high-spin
configurations, i.e., their spins are arranged parallel in accord
with Hund’s rule. This is the case of the silicon vacancy in
SiC, for which the spin-spin exchange interaction is large:
the experimentally observed state of the negatively charged
vacancy is a high-spin configuration with spin 3/2.7 This
configuration is obtained by first-principles calculations as
well.8 The high-spin ground state is also observed for the
neutral Ga vacancy in GaP.9 The same effect may take place
for the Ca vacancy in CaO, which assumes the high-spin
state according to calculations of Elfimov et al.10 These ex-
amples demonstrate that in some cases, the exchange cou-
pling is strong enough to induce high-spin �i.e., spin-
polarized� local configurations, which are related to s and p
rather than with d atomic orbitals. Moreover, for a suffi-
ciently high concentration of such defects and a nonvanish-
ing coupling between them, a macroscopic magnetic order is
expected. Recently, Kenmochi et al.11 have proposed that
such an effect takes place in II-VI oxides. According to their
calculations, MgO, CaO, and SrO containing a few percent
of C, which is a double acceptor when substituting O, is
ferromagnetic due to the spin polarization of carriers in the
C-induced impurity band.

Intensive studies are also devoted to magnetism in organic
materials without transition-metal atoms.12–22 Several works
reported the observation of ferromagnetism in, e.g., C60-

based polymers,12–14 graphite-based materials,15–17 and pro-
vided theoretical models for this effects.18–21 Ferromag-
netism in these systems is weak, since typical Curie tempera-
tures TC do not exceed 15 K. Possible origins of FM are
nucleation of local moments at lattice defects, “ordered dis-
order” �e.g., sp2-sp3 mixtures�, or the presence of hydro-
gen.22

In search of ferromagnetic materials without transition-
metal ions, Kukasabe et al.23 have analyzed CaP, CaAs, and
CaSb in the zinc-blende �zb� structure and found that they
are half-metals with a total spin polarization of holes in the
valence band. Properties of several II-V compounds have
been further explored by Sieberer et al.24 and by the present
authors25 who showed that a number of II-V crystals are
half-metals. �Half-metals are metals with a total spin polar-
ization of free carriers, such as several Heusler alloys.� The
obtained results confirmed the presence and stability of the
ferromagnetic phase in this family of materials. �For the sake
of brevity, we refer to the spin-polarized and spin-
unpolarized phases as ferro- and paramagnetic, and denote
them by FM and PM, respectively.� Kukasabe et al.23 have
attributed FM to a large contribution of d�Ca� orbitals to the
bonds, while Seiberer et al.24 explain the effect by the so-
called flatband magnetism of holes.

However, the zb structure analyzed in detail in Refs.
23–25 is not the stable crystalline structure of these com-
pounds. The question, therefore, arises what are the stable
phases, and whether the spin polarization persists in these
structures. In fact, in contrast to III-V or II-VI compounds
that typically crystallize in the zb structure, II-V compounds
crystallize in variety of structures, the most common being
Zn3P2 or a more complex Zn3As2 phases.26 Magnetic II™-V
compounds �where II™ is a transition-metal ion� usually
crystallize in the NiAs structure. SrN has been observed both
in the rocksalt27 �rs� and in the monoclinic28 structure. Con-
sequently, we consider here four structures: zb, rs, NiAs, and
Zn3P2. A detailed analysis is performed for the most interest-
ing rs phase, since according to the obtained results the
rs-IIA-V nitrides are FM. The rs structure is metastable, since
the corresponding heats of formation are somewhat higher
than those of the Zn3P2 phase. The energies of both the zb
and the NiAs phases are about 0.3 eV/atom higher. Next, we
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identify the mechanism of stabilization of spin polarization
in both the rs- and zb-IIA-V nitrides, which is the spin polar-
ization of isolated anions. Since the spin polarization of an-
ions is the strongest for light C, N, and O atoms, this mecha-
nism may also explain the high-spin states of vacancies in
SiC and CaO, and ferromagnetism of CaO:C. The strong
exchange interaction that induces the high-spin polarization
is due to the compactness of both s and p orbitals of atoms
from the second row of the Periodic Table.

Finally, apart from its basic character, the problem of
magnetism without transition-metal ions is of interest in the
context of spintronic application. In recent years, there have
been a number of discoveries in this area allowing to propose
other types of devices, in which the spin degrees of freedom
rather than the electron charge are used to generate, convey,
and store information.29 Currently investigated diluted mag-
netic III-V and II-VI semiconductors are characterized by
Curie temperatures TC that achieve about 170 K.29,30 An im-
portant exception is ZnSe:Cr with TC exceeding the room
temperature.31 Ferromagnetic epitaxial layers of half-metallic
CaN, SrN, and BaN grown on III-V or II-VI semiconductors
may potentially be attractive as spin injectors. This is be-
cause one may expect injection efficiency similar to that of
half-metallic Heusler alloys used in the recently studied hy-
brid ferromagnet/semiconductor structures.32,33 In particular,
this may be the case of IIA-N/III-N nitride heterojunctions,
where valence states in both compounds are mainly formed
from p�N� orbitals.

The paper is organized as follows. In Sec. II, we briefly
present the computational methodology. The main problem
of this paper, which are the magnetic properties of IIA-V
compounds, is analyzed in detail in Sec. III for four crystal-
line structures. In Sec. IV, we discuss relative stability of
various crystalline phases, their cohesive energies, heats of
formation, and lattice parameters. Section V summarizes our
results and concludes the paper.

II. METHODOLOGY

The calculations have been performed within the frame-
work of density-functional theory. The exchange and corre-
lation effects have been treated using both the local spin

density �LSDA� and the generalized gradient �GGA�
approximations.34 Similar results were obtained using both
approximations. For IIA-N crystals, we present the results
obtained within the GGA, which typically is more accurate
for magnetic systems. We have employed ESPRESSO code,35

ultrasoft atomic pseudopotentials,36 and the plane-wave basis
with the kinetic-energy cutoff of 35 Ry, which provided a
good description of III-N nitrides, such as GaN and
�Ga,Mn�N,37 that are similar to IIA-V compounds studied
here. Orbitals that were chosen as valence orbitals are 3s, 3p,
4s, 3d for Ca, 4s, 4p, 4d, 5s, 5p for Sr, 5s, 5p, 5d, 6s, 6p for
Ba, 2s, 2p for N, 3s, 3p for P, 4s, 4p for As, and 5s, 5p for
Sb. Brillouin-zone integrations were performed using a regu-
lar mesh of �12�12�12� k points for zb and rs structures,
and equivalent meshes for other structures.

III. MAGNETIC PROPERTIES AND ELECTRONIC
STRUCTURE OF IIA-V COMPOUNDS

The calculated magnetic properties of the considered
compounds at equilibrium are summarized in Table I, which
gives the difference in energies of the spin-polarized and
spin-unpolarized phases, �EFM-PM, for all investigated crys-
tals, as well as the difference in energies of FM and antifer-
romagnetic �AFM� phases, �EFM-AFM. First, we see that the
spin polarization of the considered compounds in the zb
structure is nonvanishing. This result holds for SrAs and
BaAs as well. On the other hand, zb-MgP, zb-MgAs,24,25 and
all zb-Be-V �Ref. 24� crystals are paramagnetic. Next, as it
follows from the table, in both the rs and the NiAs structure
only the II-nitrides are FM. Finally, independent of the crys-
tal structure, the calculated magnetic moment per two atoms
� is always equal to 1�B in the FM phase. A borderline case
is rs-CaP, for which the very small �EFM-PM=−3 meV is
practically vanishing within our numerical accuracy, consis-
tently with its small magnetic moment, 0.2�B. In contrast,
Ca3N2, Sr3N2, and Ba3N2 in the Zn3P2 structure are para-
magnetic.

As mentioned in Sec. II, GGA and LSDA give similar
results. For example, in the case of zb-CaP, the LSDA and
GGA lattice constants differ by 5%, and the absolute value of
the energy of spin polarization ��EFM-PM� obtained in LSDA

TABLE I. Energies of spin polarization �EFM-PM �in meV per two atoms�, i.e., the energy difference
between the spin-polarized and spin-unpolarized phases for rs, NiAs, and zb structures, and differences in
energies �EFM-AFM �in meV per two atoms� of FM and AFM phases. The last column gives energies of spin
polarization of isolated group-V atoms �in eV�.

�EFM-PM �crystal� �EFM-AFM �crystal�

�EFM-PM �anion�rs NiAs zb rs zb

BaN −90 −105 −125 −5 −45

SrN −135 −205 −185 −35 −50

CaN −140 −125 −195 −65 −50 −2.45

CaP −3 0 −55 0 −1.37

CaAs 0 0 −40 −1.24

CaSb 0 0 −5 −1.02
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is lower by 40 meV than that in GGA, consistently with
��EFM-PM� of isolated P being lower by 0.26 eV in LSDA
�see Sec. III B for discussion�. For the rs-CaP, �EFM-PM cal-
culated using LSDA and GGA are the same within our accu-
racy. In the case of rs-CaN, the LSDA and GGA lattice con-
stants differ by about 10%, while �EFM-PM are −140 and
−137 meV, respectively.

We have also investigated the relative stability of FM and
AFM phases. The calculations were performed only for the
most interesting cases of rs and zb phases of IIA-N nitrides.
�This is because the NiAs structure is less stable than rs, see
Sec. IV, and spin polarization of other rs-IIA-V crystals van-
ishes.� To this end, we considered the type-I AFM ordering,
in which spins of anions in every �001� plane are parallel, but
the sign of the polarization of consecutive planes
alternates.38 The calculated differences between energies of
FM and AFM phases, �EFM-AFM, are given in Table I. The
results show that in all crystals, the FM phase is the ground-
state magnetic order. Furthermore, the absolute values of
�EFM-PM are higher than those of �EFM-AFM. This shows that
with the increasing temperature, spin polarization should
vanish as a result of the disordering of the magnetic mo-
ments, and not of their disappearance.

To understand the obtained magnetic properties, we will
follow the formation of a IIA-V crystal beginning from the
case of isolated atoms to that of a compressed solid. The
calculated total energies and the magnetic moments of zb-
and rs-CaN are shown in Fig. 1. These results are typical for
all the considered IIA-V crystals. One may see that there are
three ranges of lattice constants characterized by qualita-
tively different properties, for which the magnetic moment
per unit cell is 3�B, 1�B, and 0�B, and denoted as A, B, and
C, respectively. We will now discuss these cases beginning
with that of large lattice constants.

A. Case A: Isolated atoms

When the lattice constant a is very large, about 15 Å
�case A in Fig. 1�, the atoms are practically isolated. Conse-
quently, the properties of the system, such as the total energy
or energy levels, correspond to a superposition of atomic
properties. In particular, the magnetic moment is 3�B per
unit cell, owing to the fact that the magnetic moment of
group-II Ca vanishes, while that of N and other group-V
anions is 3�B, since three electrons that occupy p orbitals
have parallel spins according to Hund’s rule.

B. Case B: IIA-V compounds at equilibrium

With the decreasing lattice constant, the atoms begin to
interact and form bonds. This leads to a decrease of the total
energy and to a drop of the magnetic moment from
3�B to 1�B. Figure 1 shows that the onset of formation of
bonds �displayed by the decrease of the total energy� is cor-
related with the drop of magnetization, which occurs at
�9 Å for zb-CaN and �8.5 Å for rs-CaN. The magnetic
moment is then constant for 4.5 Å�a�9 Å for the zb or
3.7 Å�a�8.5 Å for the rs phase, respectively. The drop of
the magnetic moment is due to the changes in the electronic
structure and charge-transfer effects induced by formation of
bonds. A detailed analysis of the electronic structure is pre-
sented below.

1. Atomic origin of spin polarization

We begin with the most important question about the ori-
gin of the ferromagnetism found for several IIA-V crystals.
The answer is given by analysis of their electronic structure.
From Table I, it follows that in the series of Ca compounds
�CaN, CaP, CaAs, CaSb� in the zb phase, the energy of spin
polarization is the largest for CaN, −195 meV, it decreases
with the increasing atomic number of the anion, and almost
vanishes for CaSb. This indicates that anions play an impor-
tant role in determining the spin polarization of these com-
pounds. This suggestion is supported by Fig. 2, which shows
�EFM-PM of crystals and of isolated anions. One may see that
the energies of spin polarization of anions decrease from
−2.45 eV for N to −1.02 eV for Sb,39 which correlates well
with the trend found for zb-II-V compounds. Moreover,
�EFM-PM is about twice higher for N than for the remaining
anions, which may be the cause of the stability of the FM

FIG. 1. �Color online� Total energy and total magnetic moment
per unit cell as function of the lattice constant of zb-CaN ��a� and
�b�� and rs-CaN ��c� and �d��. Arrows indicate the equilibrium lat-
tice constants aeq.

FIG. 2. �Color online� Difference in energies of FM and PM
phases �EFM-PM for CaX compounds in the rs and zb structures and
for isolated anions. The lines are to guide the eye.
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order in the NiAs and rs structures of the nitrides.
This hypothesis is confirmed by the analysis of the den-

sity of states �DOS� and of projection of the wave function
on atomic orbitals shown in Fig. 3 for SrN, CaN, CaP, and
CaAs in the rs structure. In all cases, the top of the valence
band is mainly formed from the p orbitals of anions, which
contribute about 75%. The contribution of d orbitals of cat-
ions to the valence bands is at least five times smaller. These
orbitals �which are the lowest excited states of cations� con-
tribute mainly to the higher conduction states. In particular,
they give rise to a d�Ca�-derived bands at about 4–8 eV
above the bottom of the conduction band. The spin polariza-
tion of SrN and CaN is visible; one may also see a very weak
polarization in CaP, while that of CaAs vanishes. Very simi-
lar results are obtained for the zb phase in spite of differ-
ences in the detailed dispersions of energy bands.

Figure 4 confirms the conclusion that the spin polarization
of crystals results from the spin polarization of the p�anion�
states. The contour plot of the spin density displayed in Fig.
4 for both zb- and rs-CaN shows that the spin polarization is
strongly localized in the vicinity of N atoms. In accord with
Fig. 3, the contribution of Ca states is visible, but small.
Qualitatively identical results are obtained for BaN and SrN.
Finally, we note that a large contribution of the d�Ca� states
to the valence bands could, in principle, explain the magne-
tism of II-V compounds, which would then have an origin
similar to that in systems containing transition-metal atoms.
This explanation was suggested by Kukasabe et al.23 How-
ever, the obtained results show that this is not the case.

2. Energy bands and magnetic moments at equilibrium

The calculated band structures of CaN, CaP, CaAs, SrN,
and BaN in the rs phase at equilibrium are shown in Fig. 5.
�The energy bands of CaN in both zb and NiAs structures
were shown in Ref. 25.� Energy bands of CaSb are similar to
these of CaAs. With the decreasing lattice constant from case
A of isolated atoms to case B, the electrons begin to form
chemical bonds. In particular, the bonding combination of
p�N� with Ca orbitals decreases in energy and forms the �15

top of the valence bands, while the antibonding combination
of s�Ca� with s�N� and p�N� orbitals rises in energy and
forms the bottom of the conduction band, see Fig. 5. Conse-
quently, two electrons are transferred form s�Ca�-derived to
spin-down p�N�-derived states, reducing the magnetic mo-
ment from 3 to 1.

FIG. 3. �Color online� Density of states per unit cell of SrN, CaN, CaP, and CaAs in the rs structure. Both the total DOS and the
contributions of p and d orbitals are given. Vertical lines show the Fermi energy. Positive and negative values of DOS hold for spin-up and
spin-down states, respectively.

FIG. 4. Contour plots of the calculated spin density for zb-CaN
in the �110� plane �left panel�, and rs-CaN in the �001� plane �right
panel�.
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Figure 5 shows that energy bands of rs-II-V compounds
compared with those of typical III-V or II-VI crystals in the
zb phase exhibit characteristic differences.

�i� II-V crystals have seven valence electrons per unit
cell, and thus they are not insulators but metals with one free
hole per cell.

�ii� In all FM II-V nitrides, the free hole gas is fully spin
polarized, and therefore these crystals at equilibrium are
half-metals. As it was mentioned above, in CaP, spin polar-
ization is very small. Finally, in CaAs, the holes are not spin
polarized, and this compound is a paramagnetic metal.

�iii� The valence bands of CaN, CaP, and CaAs are simi-
lar in shape to these of, e.g., a typical III-V compound GaAs.
On the other hand, the structure of the conduction bands is
different. In particular, there are additional bands that origi-
nate in the 3d�Ca� orbitals, which are also seen in Fig. 3.
Moreover, the bottom of the conduction band occurs at the X
point of the Brillouin zone.

�iv� In the series CaN, SrN, and BaN, there is an inter-
esting trend consisting in the change of relative energies at
the � and X points. Namely, in CaN, the curvature of the
highest valence bands along the �-X direction is small, but
the maximum of this band occurs at �. In the case of both
SrN and BaN, the band maximum is shifted from � to X.
Consequently, in these two compounds, the gap has a direct
character, but the gap minimum occurs at the X point. More-
over, the minimum of the lower valence band situated about
10–12 eV below the top of the valence band is shifted from
� to X. The small dispersions and atypical shapes of the
valence bands result mainly from the large values of the
lattice constant due to the large atomic radii of the heavy Ca,
Sr, and Ba cations. Moreover, since the top of valence band
is mainly formed from p�N� orbitals that have a small atomic

radius, the overlap between cations, i.e., second neighbors,
may play an important role in determining the actual disper-
sion of these bands. Interestingly, however, the fact that in
the nitrides the minimum of the direct band gap that occurs
at the X point is reproduced by simple model calculations
based on the approach of Harrison.40

According to the obtained results, rs-II-N nitrides are
half-metals. Nevertheless, the flatness of the upper valence
band may suggest that these systems are magnetic Mott-
Hubbard insulators, similar to several transition-metal oxides
in which strong electron correlations play a critical role. This
possibility may be verified by calculations beyond LSDA
that use methods appropriate for highly correlated systems.
However, even if this would be the case, the main physical
effect on which we focus here, i.e., the magnetism based on
partially filled p �and not d or f� atomic shell, would remain
valid.

Finally, the band structure of IIA-V compounds in Zn3P2
phase is complex and “obscure” due to the fact that the unit
cell contains 40 atoms with 128 valence electrons, which
occupy 64 bands spanning an energy range of about 10 eV.
For this reason, we do not show it. The most important result
that should be pointed out is that Ca3N2, Sr3N2, and Ba3N2
are all insulators with the calculated band gaps of about
0.5 eV. The insulating character of these compounds fol-
lows, in particular, from the fact that there is an even number
of electrons per unit cell. Consequently, there are no free
holes and the spin polarization is zero.

C. Case C: Electronic structure at high pressures

We now turn to the FM-to-PM transition, i.e., to the de-
stabilization of the spin polarization that occurs at suffi-

FIG. 5. Band structures of rs CaN, CaP, CaAs, SrN, and BaN at equilibrium. Arrows denote the spin-up and spin-down channels, and
horizontal dashed lines indicate the Fermi energy.
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ciently small lattice constants for all the considered com-
pounds. This transition is seen in Fig. 1 for CaN. In all cases,
the disappearance of the magnetization is not accompanied
with major and abrupt changes of the band structure, and the
decreasing lattice constant induces a progressive decrease of
the spin splitting, as well as an increase of the width of the
valence bands. The pressure-induced disappearance of the
spin polarization may qualitatively be understood based on
the Stoner criterion.41 This criterion indicates that the stabil-
ity of spin polarization is favored by large magnetic suscep-
tibility, which is proportional the density of states at the
Fermi level, and is destabilized by kinetic energy Ekin at high
electron densities. These factors are briefly discussed below.

The FM-to-PM transition induced by external pressure
has been analyzed for free-electron gas within quantum
Monte Carlo calculations.3,42,43 In this model case, the differ-
ence in the kinetic energies of FM and PM phases is
0.17�2kF

2 /me, which increases with the increasing pressure.
In crystals, the destabilizing role played by Ekin is further
enhanced by a second factor, namely, the decrease of the
effective mass m* of free carriers with the decreasing lattice
constant. This effect originates in the increase of the band-
widths due to stronger interatomic interactions. These argu-
ments hold also in IIA-V crystals with the zinc-blende struc-
ture, where the valence bands have sinusoidal-like shapes to
a good approximation. In particular, they may explain the
lack of FM in zb-Be-V �Ref. 24� and zb-Mg-V �Ref. 25�
compounds, which have lattice constants smaller than the
corresponding compounds of Ca, Sr, and Ba.

However, the energy bands in rs-II-V nitrides have a more
complex topology. As an example, Fig. 6 shows both the
band structure and the DOS for rs-CaN at the critical lattice
constant acrit for which the spin polarization vanishes. �The
values of acrit are given in Table II below.� In this case, there
is an overlap of the conduction and valence states. In the
spirit of the Stoner criterion, the relevant quantity is the DOS
at the Fermi level. A comparison of the results from Figs. 3
and 6 illustrates well this point, since the DOS at the Fermi
level decreases almost three times when the lattice constant
decreases from aeq=5.0 to acrit=3.7 Å, driving the destabili-
zation of the FM phase.

IV. STRUCTURAL STABILITY OF IIA-V COMPOUNDS

In contrast to III-V or II-VI compounds that typically
crystallize in the zb structure, II-V compounds crystallize in
variety of structures. Several II-V compounds assume the
Zn3P2 phase, which is a primitive tetragonal lattice with 40
atoms in the unit cell, or a more complex Zn3As2, which is a
body-center tetragonal structure with 160 atoms in the unit
cell.26 Materials with these structures are not magnetic. SrN
has been observed in two phases, namely, rs �Ref. 27� and
monoclinic.28 Magnetic II™-V compounds �where II™ is a
transition-metal ion� usually crystallize in the NiAs structure.
This is the case of NiAs, CrAs, CrSb,44 and also of FM
�-MnAs that crystallizes in the NiAs structure with alternat-
ing hexagonal planes of Mn and As atoms.45 However, it is
important to notice that with the help of epitaxial techniques
of growth, it is possible to synthesize these compounds in
other structures that are metastable. For example, CrAs �Ref.
46� and CrSb �Ref. 47� layers have been fabricated in the
metastable zb structure by molecular-beam epitaxy in spite
of the fact that the calculated total energy of this phase is at
least 0.4 eV/atom higher than that of the ground-state NiAs
phase.48 Turning to the case of II™-V nitrides, we observe
that the early transition-metal mononitrides TiN and VN
crystallize in the rocksalt structure.49 In particular, rs-ScN,50

rs-CeN,51 and rs-CrN �Ref. 52� were grown by sputter depo-
sition on MgO�001� substrates. Finally, the ground-state
phase of MnN is the rocksalt structure with a weak tetragonal
distortion53,54 and AFM ordering, reproduced by first-
principles calculations.55,56 The AFM ordering has also been
found both for the zb �Ref. 57� and for the wurtzite58 meta-
stable structures of MnN. Because of the variety of possible
structures of IIA-V compounds, it is important to establish
their low-energy phases. To this end, we investigate here four
structures, namely, zb, NiAs, Zn3P2, and rs. The wurtzite
structure is not considered since its energy typically differs
from that of zb by a few meV/atom only.

The calculated total energy as a function of the atomic
volume for zb, rs, and the NiAs phases of CaN is presented
in Fig. 7. It is not possible to present Etot of CaN in the Zn3P2
structure in this figure because of the different stoichiom-
etries of this phase. Figure 7 shows that the most stable

FIG. 6. Band structure of rs-CaN, and the total and partial densities of states at the critical lattice constant acrit=3.7 Å. Dashed lines
indicate the Fermi energy.
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phase is rs, while the zb phase is higher in energy by
0.75 eV/atom. These results characterize other IIA-V com-
pounds as well, see Table II, and are similar to these obtained
for ScN �Ref. 59� and CaAs.24

The calculated lattice parameters are given in Table I,
along with cohesive energies per two atoms defined as

Ecoh
II–V = 2�Etot

II–V − nIIEat
II − nVEat

V�/�nII + nV� . �1�

Here, Etot
II-V is the total energy per unit cell of the consid-

ered compound, Eat is the energy of isolated atom, and nII

and nV are number of atoms of groups II and V in the unit
cell, respectively. Considering first the simple structures, we
find that for all compounds �except BaN� the zb phase is the

less stable, NiAs is intermediate, and rs is the most stable
one.

Since we expect the magnetism to be the most stable for
the II-V nitrides �see Sec. III�, we have also considered the
computationally more demanding Zn3P2 phase for these
compounds. For both BaN and CaN, the Zn3P2 phase is more
stable than the rs, with the difference in cohesive energies
between the two phases of 0.032 and 0.075 eV/atom, respec-
tively. In contrast, SrN in the rs phase is more stable by
0.055 eV/atom. The calculated cohesive energies of II-V ni-
trides are large compared to, e.g., Ecoh

II-V of Ca, which is
−3.68 eV per two atoms. This indicates that after being
formed, the II-N crystals are expected to be stable due to the
high energies of II-N bonds.

A second aspect of stability of a compound is displayed
by its heat of formation �Hf

0, which indicates stability with
respect to decomposition into bulk constituents. The heat of
formation at T=0 K is obtained by considering the reaction
to form �or decompose� a crystalline bulk II-nitride from �or
into� its components, and is defined as

�Hf
0 = Ecoh

II–V − �nIIEcoh
II + nNEbind

N2 /2�/�nII + nV� , �2�

where Ecoh
II-V and Ecoh

II are the cohesive energy per atom of the
considered nitrides and of the group-II metal in its equilib-
rium structure, respectively, and Ebind

N2 is the binding energy
of the N2 dimer. The obtained results for Ecoh

II are −1.80,
−1.62, and −1.85 eV/atom for Ca, Sr, and Ba in their equi-
librium structures �fcc, fcc, and bcc, respectively�. The cal-
culated Ebind

N2 is −4.9 eV/atom, in reasonable agreement with

TABLE II. Calculated equilibrium lattice parameters, critical lattice constant acrit �in Å�, cohesive ener-
gies, and heats of formation of IIA-V compounds. For hexagonal phases, we give the values of both aeq �in
Å� and of c /a in two consecutive lines.

Phase BaN SrN CaN CaP CaAs CaSb

Lattice parameters at equilibrium

zb 5.92 5.82 5.40 6.88 7.14 7.41

NiAs 3.81 3.65 3.49 4.02 4.13 4.23

1.73 1.93 1.83 2.13 2.13 2.23

Zn3P2 8.99 8.73 8.20

1.41 1.41 1.41

rs 5.55 5.40 5.0 6.24 6.35 6.66

Critical lattice constant

zb 4.8 4.87 4.5 5.3 5.8 6.88

rs 5.18 4.34 3.7 5.9 6.35 7.4

Cohesive energy �eV per two atoms�
zb −6.85 −6.16 −6.74 −5.38 −5.12 −4.71

NiAs −6.82 −6.17 −6.89 −5.92 −5.73 −5.41

Zn3P2 −7.19 −6.67 −7.63

rs −7.12 −6.78 −7.48 −6.20 −5.95 −5.53

Heat of formation �eV/atom�
Zn3P2 −1.05 −0.81 −1.55

rs −0.37 −0.26 −0.78

FIG. 7. �Color online� Total energy �in Ry per two atoms� as a
function of the atomic volume for three structures of CaN.
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experimental data. Note that according to this definition a
negative �Hf

0 implies that the compound is stable with re-
spect to decomposition into bulk constituents. The calculated
values of Ecoh

II-V and �Hf
0 are given in Table II. The results for

BaN, SrN, and CaN show that the Zn3P2 structure is ener-
getically more favorable than the rs phase, since its �Hf

0 is
lower. From Table II, it follows that the differences between
�Hf

0 of the Zn3P2 and the rs structure are 0.77, 0.55, and
0.68 eV for CaN, SrN, and BaN, respectively. However, we
stress that not only the Zn3P2 but also the rs phase is ther-
modynamically stable, which follows from the negative �Hf

0.
Since the stoichiometries of these structures are different, the
formation of one of them should critically depend on the
conditions of growth. Consequently, the relative stability of
the rs phase of IIA-V nitrides justifies the analysis of their
magnetic properties in Sec. III. Finally, the calculated �Hf

0

are relatively low, similar to those of the recently synthesized
PtN2 crystals.60

The calculated equilibrium lattice parameters are given in
Table II. For all crystals, the NiAs phase is strongly dis-
torted, i.e., the c /a ratio is considerably larger than the ideal
value 1.63. This distortion plays an important role in deter-
mining the magnetic properties: for the ideal value of c /a,
most of the systems are found to be FM, while the inclusion
of the tetragonal distortion destroys the FM order, and the
crystals are paramagnetic. In the case of the Zn3P2 structure,
the c /a ratio is very close to ideal value 1.41, but the internal
atomic displacements inside the unit cell are large.

Since II-V compounds in the rs phase are metallic �see
Sec. III B� and have the high cubic symmetry, one may ex-
pect that the cooperative Jahn-Teller effect takes place and
lowers the crystal energy. To check the stability with respect
to the Jahn-Teller effect, three types of distortions of the rs
structure were considered, namely, �i� a typical tetragonal
distortion in the �001� direction �which takes place, e.g., in
MnN�,53,54 �ii� a pseudocubic distortion in the �110� orienta-
tion after which the lattice parameters are a=b=c=aeq �rs
phase� and ���, 	=90°, and �iii� a distortion of the nitro-
gen sublattice only, in which the N-N distances are reduced
from the ideal value aeq�rs phase� / �2 �which is 3.8 Å in
SrN� to 1.1 Å, which is the equilibrium bond length of the
N2 molecule. We have taken into account this distortion be-
cause in several nitrides, such as SrN2 �Ref. 28� or HfN2,61 N
atoms form nearest-neighbor pairs. The obtained results
show that the ideal rs phase is stable with respect to all these
symmetry-lowering distortions.

Finally, we comment on the possibility of growing FM
II-N nitrides. In most cases, the Zn3P2 phase is more stable
than the rs. However, the different stoichiometries of the two
phases imply that the formation of one of them, and, in par-
ticular, of the FM rocksalt phase, should strongly depend on
the conditions of growth, such as relative flux intensities.
Moreover, in epitaxial growth, the substrate and its structure
play an important role and determine the structure of the
epilayer. Consequently, the choice of appropriate epitaxial
conditions should allow obtaining rs-IIA-V nitrides. More
specifically, the lattice constants of rs CaN, SrN, and BaN
�5.0, 5.4, and 5.55 Å� are close to these of zb-InN
�4.98 Å�,62 zb-GaP �5.45 Å�, and zb-GaAs �5.65 Å�, respec-
tively, which suggests their use as appropriate substrates.

Also the aeq of rs-CaP �6.24 Å� about only 4% smaller than
that of zb-InSb �6.47 Å�. The possibility of synthesis of
rs-IIA-V nitrides is supported by the growth of metastable
phases by molecular-beam epitaxy. This is the case of cubic
MnTe or GaN, zb-CrAs,46 and zb-CrSb,47 to quote a few
examples.

V. SUMMARY AND CONCLUSIONS

Using ab initio calculations, we have studied magnetic
and electronic structures of a number of IIA-V compounds.
Four crystal structures were considered: zinc-blende, NiAs,
rocksalt, and Zn3P2. In the zb structure, all the considered
crystals are characterized by the total spin polarization of
free holes. However, the energy of this structure is about
0.3 eV/atom higher than that of the rs phase, in which only
CaN, SrN, and BaN nitrides are spin polarized.

To understand the properties of the investigated crystals,
we have considered a very broad range of lattice constants,
beginning from the case of separated atoms and ending with
that of highly compressed solids. A detailed analysis of the
electronic structure and density of states revealed that the
calculated spin polarization owns its origin to the spin polar-
ization of group-V anions. The atomic spin polarization is
the strongest for nitrogen, which may explain the calculated
stability of magnetization in CaN, SrN, and BaN nitrides,
and the lack of magnetization in rs phosphides, arsenides,
and antimonies. Moreover, these results suggest that the ob-
served high-spin states of Si vacancy in SiC,7 Ga vacancy in
GaP,9 as well as the predicted spin polarization of MgO,
CaO, and SrO containing a few percent of C �Ref. 11� have
the same physical origin, i.e., the pronounced spin polariza-
tion of strongly localized s and p orbitals of light atoms. The
magnetism of solids observed thus far is related to the pres-
ence of transition-metal or rare-earth atoms with partially
occupied d or f shells. In the case of IIA-V crystals, the
magnetism is related to the partially occupied p shell, and
therefore is an alternative mechanism of spin polarization.

Structural stability of IIA-V compounds was analyzed by
calculating both their cohesive energies and heats of forma-
tion. Cohesive energies of IIA-V nitrides are very close in the
rs and Zn3P2 phases, and their high values indicate hardness
and stability of crystals with respect to decomposition. The
calculated heats of formation are lower for the Zn3P2 than for
the rs structure, which indicates a metastable character of the
latter phase. However, the different stoichiometries and lat-
tice parameters of the two phases imply that the potential
formation of the FM rocksalt phase should strongly depend
on the conditions of epitaxial growth, such as relative flux
intensities and the choice of substrates. Appropriate condi-
tions that favor the growth and stabilization of epitaxial lay-
ers of FM rs-IIA-V nitrides were specified.
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