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Calculations of the equation of state for CoN in both rocksalt and zincblende structures indicate
the latter is favored at ambient pressure. In the zincblende structure there is no magnetism, whereas
the rocksalt phase is ferromagnetic. We predict a first order transition from the zincblende structure
to rocksalt at 43 GPa, at which point the moment is about 0.1 µB/Co. This pressure-driven
nonmagnetic to ferromagnetic transition is not only highly uncommon in itself, but the change is
into a magnetic phase that, as a weak ferromagnet, is not far from a ferromagnetic quantum critical
point (qcp). The calculated pressure Pqcp=176 GPa will be renormalized downward by fluctuations
not taken into account.

I. INTRODUCTION

Transition metal oxides comprise perhaps the
most thoroughly studied class of solids. Transi-
tion metal nitrides, which might be expected to re-
tain several chemical and physical similarities to the
oxides, have been studied far less. Although the
mononitrides do show substantial structural similar-
ities to the monoxides (rocksalt structure being com-
mon in both), their physical properties differ consid-
erably. The main sources of these differences are the
electronegativity, which is less for nitrogen than for
oxygen, and the fact that nitrogen requires three ex-
tra electrons to form a closed shell whereas oxygen
requires only two. Thus while insulating behavior,
magnetic and metal-insulator transitions under dop-
ing, temperature, and pressure, and strongly corre-
lated behavior are the norm in the monoxides, the
mononitrides typically are standard metals.

Transition metal pnictides are attracting in-
creased attention recently partially due to the dis-
covery that CrAs can be synthesized in thin film
form in the zincblende (B3) structure, and that it
is half metallic1 and therefore a desirable candi-
date for spintronics applications. Several studies
have appeared of transition metal pnictides includ-
ing nitrides.2 Although CoN has been known for al-
most 50 years, originally being reported in the NaCl
(B1) phase (but off stoichiometry)3 and confirmed
to be cubic soon after4, it has attracted little study
until recently. The B1 structure was expected since
TN, T= Sc, Ti, V, Cr, share that structure. Much
more recently, however, Suzuki, Kaneko et al.

5 de-
termined their materials to have the B3 structure,
and later Suzuki, Shinohara et al.

6 demonstrated
that they were Pauli paramagnetic metals. There
has been conflicting information for other transition
metal nitrides. FeN was reported by Suzuki, Morita
et al.

7 to have a B3 structure, with evidence of a
mictomagnetic state after field cooling. It was later
reported by Suzuki, Yamaguchi et al.

8 that B3 FeN
had no magnetic order down to 2.2 K. The B1 struc-
ture, with magnetic order, has also been reported for
FeN, as discussed below.

Some time ago thin films of CoNx were reported

by Matsuoka, Ono, and Inukai.9 Unlike the bulk ma-
terials of Suzuki et al., their films were ferromag-
netic and they reported hysteresis curves and coer-
cive fields. Being film samples, it was not possible
to determine the N concentration precisely or to ob-
tain specific structural details. Very interestingly,
the magnetic moment showed a strong perpendic-
ular anisotropy, a property that has long been of
great interest to the magnetic recording industry.
The source of the magnetism, whether intrinsic, in-
duced by strain, or induced by N vacancies, was not
determined.

Theoretical studies of the electronic and magnetic
properties of bulk CoN are few and rather cursory.
Shimizu et al. presented a study10 of the elec-
tronic, structural, and magnetic structure of sev-
eral of the 3d transition metal oxides, but the elec-
tronic structure of CoN was only addressed briefly
with a rigid band extrapolation from FeN. Eck et

al. have presented11 a related theoretical study of
3d metal nitrides, again focusing on iron nitrides.
Our study of these questions about CoN will extend
earlier work on CrN and FeN. CrN transforms to a
non-obvious antiferromagnetic phase at 280 K, ac-
companied by a shear distortion to an orthorhombic
structure.15 This phase is favored only slightly16 over
simple ferromagnetism, with the distortion playing
a crucial role. Stoichiometric B1 FeN, on the other
hand, was calculated to have a stable ferromagnetic
phase,17 in agreement some experimental data.18

The difference between CrN and FeN was traced
to the smaller ionicity and smaller moment of FeN.
Experimentally, both structural choice and the mag-
netic order may be sensitive to deviations from sto-
ichiometry.

The combination of the structural ambiguity of
CoN, of the report of ferromagnetism, and the con-
nection to B3 structure transition metal pnictides
that suggest spintronics applications, has led us to
make a detailed first principles study of the energet-
ics and magnetism of CoN. We find that B3 CoN
is strongly favored over the rocksalt at zero pres-
sure, and we report the bulk modulus B and its
pressure derivative for both phases. At 43 GPa
pressure we predict a pressure driven nonmagetic-
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FIG. 1: Structure, illustrating the coordination, of
zincblende B3 CoN with tetrahedral coordination (left)
and rocksalt B1 CoN with octahedral coordination
(right). The big spheres are the Co atoms and the small
spheres are the N atoms (although this viewpoint is inter-
changeable between the atoms). In each case the rhom-
bus shaped primitive cell is pictured.

to-ferromagnetic first order transition to the rock-
salt structure, which is unusual in the aspect of be-
ing a nonmagnetic-to-magnetic pressure-driven tran-
sition. The volume dependence of the moment in the
rocksalt structure is illuminated by using fixed spin
moment calculations.

II. STRUCTURE AND METHODS

The lattice structures of the B1 and the B3 type
CoN are contrasted in Fig. 1. The cobalt atoms in
both these structures form an fcc lattice, but dif-
fer in the coordinations with the nitrogen atoms.
The nearest neighbor N atoms in the B1 structure
form an octahedron (sixfold coordinated) about the
cobalt atom, while in the B3 structure, N atoms
occupy the tetrahedral site (fourfold coordinated).
Both the structures are a bipartite “AB” type fcc
lattice, with different sublattice positions. The two
structures are related by a shift of the N (or Co)
sublattice along a (111) direction. The distinct pack-
ing types lead to different equal-pressure volumes of
around 20%.

All calculations reported here have been per-
formed using the full-potential linearized augmented
plane wave code Wien2K12, using both local density
functional (LDA) and generalized gradient approxi-
mation (GGA), incorporated in the code for the ex-
change correlation potential. The muffin tin radii for
Co and N have been set to 1.8 and 1.4 a.u. respec-
tively for the ground state and all the high pressure
calculations for both B1 and B3 structures. The
basis set corresponding to RKmax = 7.0 was used
for all calculations. The total energy and density
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FIG. 2: Calculated equations of state of CoN for the
non-magnetic zincblende structure and both nonmag-
netic and ferromagnetic B1 structure. The zincblende
phase is the stable one at ambient pressure by almost
0.75 eV per cell.

of states (DOS) calculations were done with more
than 1000 k-points in the irreducible ( 1

48
) wedge of

the Brillouin zone to attain good energy and charge
convergence. The DOS has been calculated using
the tetrahedral integration method. The energies
were iterated to within 10−6 Rydberg convergence
and the magnetic moments to within 0.01µB.

III. EQUATION OF STATE

A. Equation of State in LDA

To obtain the structural and magnetic properties
of CoN, we performed total energy calculations us-
ing the LDA functional of Perdew and Wang13 by
varying the volumes for the non-magnetic B3 struc-
ture and both nonmagnetic and ferromagnetic B1
structure. The volumes were varied from 0.74V◦ to
1.04V◦ for the B3 case and from 0.64V◦ to 1.04V◦

for the B1 case. V◦ is the experimental equilibrium
volume5 of a3

◦
/4 = 134.3 a.u.3 (a◦=4.297 Å). Re-

sults using the GGA functional will be presented in
a following subsection.

The equations of state E(V) for the three cases are
plotted in Fig. 2. Contrary to the claim by Shimizu
et al.

10 but in agreement with the conclusion of Eck
et al.

11, the total energy of B3 CoN is lower than
that of B1 CoN, thereby making the tetrahedrally
coordinated structure stable at ambient temperature
and pressure. The calculated equilibrium B1 lattice
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FIG. 3: Plot of the enthalpy E+PV versus pressure for
both phases of CoN, illustrating its continuity at the crit-
ical pressure Pc for the first order structural transition.
Finding where the enthalpies are equal avoids having to
perform the common-tangent construction to obtain Pc.

constant is 4.17 Å, 3% smaller than the experimen-
tal value5 a◦= 4.297 Å. For the B1 structure, the
energy of the ferromagnetic state is lower than the
nonmagnetic state for all volumes. Therefore, if B1-
CoN is prepared, it will favor a magnetically ordered
ground state. The equilibrium B1 lattice constant
and magnetic moment are 3.92 Å and 0.22 µB re-
spectively. The equilibrium volume for the B1 struc-
ture is 17% smaller than the B3 structure, reflecting
the openness of the B3 structure. The possibility
of magnetic order in the B3 structure was also in-
vestigated. Fixed spin moment calculations on this
system showed no tendency to magnetism.

B. Transition Pressure

The equation of state E(V) curves shown in Fig.
2 indicate a phase transition from the non-magnetic
B3 phase to the ferromagnetic B1 phase under
pressure. To facilitate the calculation of the tran-
sition pressure, the total energies were fitted to
an equation of state. We have used Taylor series,
Birch,19 and Murnaghan20 equations of state to
compare the consistency of the values obtained.
Here, we report the results of just the Birch fitting
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V◦ represents the equilibrium volume of the unit
cell, B is the bulk modulus and B

′

is its pressure

TABLE I: Bulk modulus B (GPa) and its pressure

derivative B
′

, contrasting LDA and GGA results. GGA
gives a larger volume and a corresponding softer lattice
as usual.

LDA GGA

B B’ B B’

B1 CoN 347 5.4 275 4.8

B3 CoN 305 4.5 260 4.2

derivative, both calculated at V◦. Ec is a constant
and v ≡ V/V◦. The pressure is obtained by taking
the volume derivative of the above equation. The
next step is to calculate the enthalpy E + PV of
the two systems and the transition pressure (Pc)
is the one at which the enthalpies are equal. The
enthalpy-pressure relationship is presented in Fig.
3 for both paramagnetic B3-CoN and ferromagnetic
B1-CoN. The curves cross at Pc = 41 GPa. There
is a 15% volume collapse at this pressure, where
the structure changes from B3 to the denser (and
magnetic) B1 phase.

C. Corresponding Results using GGA

It is generally found that the GGA functional for
the exchange-correlation energy gives a more accu-
rate equilibrium volume and equation of state than
does LDA. For this reason all the total energy cal-
culations were repeated using the GGA functional
of Perdew, Burke, and Ernzerhof.14 The calculated
equilibrium lattice constants are (quoting GGA ver-
sus LDA): 4.25 Å versus 4.17 Å for the B3 phase,
a 1.9% increase; 4.02 Å versus 3.92 Å for the rock-
salt phase, a 2.5% increase. Thus GGA brings the
calculated lattice constant to within 1% of the ex-
perimental value.

Applying the same procedures as described above
to get enthalpy-pressure relationships, the transition
pressure was increased from 41 GPa (LDA) to 43
GPa (GGA). This small change reflects that the vol-
ume increase given by GGA is similar for the two
crystal structures, leaving a common tangent (whose
slope is -Pc) with little change. The equilibrium
moment of the ferromagnetic B1-CoN is 0.12 µB in
GGA, roughly half of the LDA value in spite of the
larger volume. This decrease was unexpected, since
simple increase of the volume usually decreases the
bandwidth and increases the tendency toward mag-
netism as reflected in the enhanced magnetic mo-
ment.
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FIG. 4: Moment versus volume relationship for ferro-
magnetically ordered B1 CoN. Around the critical vol-
ume of 0.98Vo the moment collapses from 0.9 to 0.4 µB .
The corresponding energy curve E(M) from the fixed
spin moment method is shown in Fig. 5. The equi-
librium volume V◦ is given in the text.

IV. MOMENT COLLAPSE IN THE
ROCKSALT PHASE

Applying pressure to any structure with magnetic
order increases the bandwidth and almost always de-
creases the moment of the system. Figure 4 shows
the moment vs. volume M(V) curve of the ferromag-
netic B1 CoN phase. A striking feature of M(V) is
the collapse of the moment around 0.98 Vo, which re-
sults from a first order magnetic transition where the
moment jumps from 0.9 µB to 0.4 µB. To better un-
derstand the mechanism of collapse of the moment,
we carried out fixed spin moment calculations21 for
the 0.97 Vo case. The resultant energy vs. moment
is plotted in Fig. 4. We observe two energy minima
for the system with very small energy difference. As
the volume changes, the energies if these two local
minima vary, and where they become equal a first
order magnetic transition occurs. In this case it is a
moment collapse, 0.9 → 0.4 µB. Note that this vol-
ume range is where the B3 structure is stable, hence
this collapse is not accessible to experiment.

From the plot of the density of states in the high
moment phase at 0.96V◦ in Fig. 6, one can see a
peak very close to and above the Fermi energy for the
minority spin. The contribution to that peak arises
from Co t2g states. Applying pressure to reduce the
volume (which decreases the magnetization) moves
the peak to lower energy, thereby bringing the peak
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FIG. 5: The energy versus fixed (imposed) spin moment
for rocksalt CoN at 0.97Vo. The double minimum struc-
ture reveals the cause of the moment collapse in Fig. 4:
as the volume changes, the positions of the minima re-
main fixed but the energies at the minima change, and
the volume at which the minima are degenerate marks
the critical volume. Note the very small energy scale,
which accounts for the calculated values not lying on a
completely smooth curve.
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FIG. 6: Total and partial density of states (DOS) of
ferromagnetic rocksalt structure CoN for V = 0.96 V◦.
Top panel: total DOS; the peak in the minority (plotted
downward) states is responsible for the moment collapse
(see text). Middle panel: Co eg and t2g DOS, illustrating
that the peak is due to the t2g states. Bottom panel: the
N 2p DOS, illustrating strong hybridization with both
eg and t2g states of Co.

of the Co t2g states right on top of the Fermi energy.
This high density of states at the Fermi energy is en-
ergetically unfavorable enough that the system un-
dergoes a first order transition to move the peak be-
low the Fermi energy, rather than to move the Fermi
level precisely onto the peak. This jump in the filling
of states changes the moment discontinuously, thus
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FIG. 7: Majority band structure of ferromagnetic B1
CoN along high symmetry directions. The symbol size if
proportional to the N 2p character. As discussed in the
text, N 2p character is excluded from the region -2.5 eV
to -1.3 eV by t2g − 2p mixing and resulting repulsion.

revealing the driving force for the moment collapse.
The energy barrier is quite small, ∼0.1-0.2 meV/cell,
accounting for our failure to observe hysteresis.

It is worthwhile to clarify an unexpected feature in
the DOS of Fig. 6, the lack of N 2p character in the
energy region -3 eV to -1 eV in the majority bands,
and the corresponding region about 1 eV higher in
the minority DOS – this is the lower of the two t2g

DOS peaks. This void is unexpected because the N
2p states clearly do mix with the Co t2g states as is
clear from the corresponding peaks in the respective
DOS in Fig. 6 (near -1 eV in the majority, and the
important peak at EF in the minority that was dis-
cussed above). To illustrate the origin of the effect,
the majority bands are presented in Fig. 7 with N 2p
character emphasized. At the zone center Γ, the 3d
and 2p states are close in energy with the 3d states
lying below the 2p states. The 2p− eg hybridization
is large, and it results in the 10.5 eV total band-
width. The t2g bandwidth itself is narrow, less than
2 eV as shown in Fig. 6, and the coupling tends pri-
marily to repel the N 2p character away, and 2p−t2g

hybridization survives only in the upper of the two
t2g peaks.

V. CONCLUSIONS

This study has cleared up several features in the
experimental data for CoN. From total energy cal-
culations, it has been established that CoN takes a
paramagnetic zincblende structure at ambient pres-
sure, rather than rocksalt as sometimes suggested.
Around 43 GPa we predict a first order phase tran-
sition to the denser rocksalt phase, which at this
volume has a small but clearly nonvanishing ferro-
magnetic moment of 0.1 µB per Co. Thus pressure
drives the system into a weak ferromagnetic phase
that is relatively close to a quantum critical point
(QCP). Our calculations predict this QCP, where
the Curie temperature finally goes to zero, to be
Pqcp = 176 GPa. Fluctuations should renormalize
Pqcp to a lower value.

Our work has not explained the observation of fer-
romagnetic films by Matsuoka et al.

9 Strain, non-
stoichiometry, or even the altered chemistry of the
open-shell transition metal atom and the N atom at
the surface, may be factors. Strain can change the
in-plane lattice constant, however the tendency to
conserve volume will cause the perpendicular lattice
constant to compensate and there may be much less
reduction in volume than the in-plane lattice alone
would suggest. Nonstoichiometry is an obvious con-
cern; since Co itself is ferromagnetic, regions with
decreased N content, or N-free Co clusters, will tend
to be ferromagnetic. Finally, even at perfect stoi-
chiometry, the presence of the surface can alter the
chemistry considerably. At the Mn-terminated (001)
surface of CaMnO3, for example, the coupling be-
tween subsurface and surface Mn ions was found to
become ferromagnetic,22 rather than the antiferro-
magnetic coupling of the bulk. It is likely to require
further study both experimentally and theoretically
to resolve the origin of the magnetism of CoN films.
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