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Theoretical study of electronic and magnetic properties of MnN
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We present electronic structure calculations of manganese mononitride~MnN! in its tetragonally distorted
NaCl structure using density-functional theory within the generalized gradient approximation. The structure
with an antiferromagnetic arrangement of the spins on the Mn ions is found to be the energetically stable phase
of the MnN compound. The chemical bonding between Mn and the N ion is of a mixed type~i.e., mainly ionic
but partly metallic and covalent!. The calculated spin magnetic moment on the Mn ion is close to the experi-
mental value of 3.3mB .
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The study of the interaction between the 3d shell of tran-
sition metals and the valences andp shell of light elements
such as O, N, and C has been one of the active area
research for last few decades. Among the binary compou
so formed, the transition metal mononitrides have been
tensively studied in last few years in order to understa
their electronic and magnetic properties. Extensive calc
tions of the three earliest members of the 3d, 4d, and 5d
series transition-metal nitrides were performed by Stam
et al.1 There are a few theoretical works on the structu
stability of early transition-metal mononitrides. Noteworth
among these works2–5 are calculations with the wrong crysta
and magnetic structure of manganese nitride~MnN!. Most of
the confusion was due to the absence of experimental dat
the low-temperature crystal and magnetic structure of Mn
Janottiet al.,5 to gain insight into Mn doped GaN, studie
zinc-blende MnN. Recently, Suzukiet al.6 synthesized
single-phase MnN without any interstitial nitrogen defec
They used combined x-ray and neutron-diffraction te
niques to determine the crystal and magnetic structure
MnN. In this paper, we perform electronic structure calcu
tions of single-phase MnN using the full-potential linear au
mented plane-wave~FLAPW! method7 and generalized gra
dient approximation~GGA!.8 To the best of our knowledge
this is the first theoretical work on MnN with the corre
crystal and magnetic structure.

The previous theoretical studies on MnN focussed on p
dicting the crystal and magnetic structure using argume
based on total energy differences and densities of states.
et al.,2 used the tight-binding linear muffin-tin orbital~TB-
LMTO! method within the atomic sphere approximati
~ASA! and predicted the stable phase of MnN to be a n
magnetic zinc-blende structure. Ha¨glund et al.3 using the
LMTO-ASA method found it to be a ferromagnetic NaC
structure with magnetic moment of 3.03mB on Mn and
0.14mB on the N atom. Using the FLAPW method a ferr
magnetic NaCl structure with the spin magnetic moment
2.18mB on Mn atom was predicted by Shimizuet al.4 Sur-
prisingly, antiferromagnetism and the possibility of distorti
was not considered in any of these theoretical studies.

The crystal structure determined by Suzukiet al.6 is a
tetragonally distorted NaCl structure with the lattice para
etersa58.042 bohrs,c57.916 bohrs, andc/a50.984. The
magnetic structure is the first kind of antiferromagne
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~AFM! ordering, i.e., the magnetic moments of the Mn ato
align ferromagnetically in ac plane and the ferromagneti
~FM! c planes couple antiferromagnetically with each oth
(TN5650 K). Each Mn atom is surrounded by six N atom
arranged in a slightly distorted octahedral cage. The tetra
nally distorted NaCl structure used in Ref. 6 is face-cente
tetragonal~fct! which can equally well be regarded as
body-centered tetragonal~bct! structure with a(bct)
5a(fct)/A2 andc(bct)5c(fct).

We have used the bct structure with 4 atoms per unit
~2 Mn and 2 N atoms! for our calculations. The calculation
are performed using the FLAPW method7 and a spin-
polarized GGA~Ref. 8! within the framework of density-
functional theory.9,10 The basis set inside each nonoverla
ping muffin-tin sphere is split into core and valance subs
For Mn, 1s, 2s, and 2p and for N only 1s orbitals are in the
core subset. Sphere radii of 2.1~1.8! bohrs were used for Mn
~N! initially. The valence part is treated with the potenti
expanded into spherical harmonics up tol 56. The valence
wave functions inside the spheres are expanded upl
510. In all cases we use an APW1local orbital11,12 type
basis with additional local orbitals for Mn 3s and 3p semi-
core states. The calculations were tested for accuracy
respect to thek-point sampling and for the plane-wave e
pansion parameterRmtKmax whereKmax is the plane-wave
cutoff andRmt is the smallest of all muffin-tin spheres in th
structure under consideration.RmtKmax58 and 105k points
in the irreducible wedge of the bct Brillouin Zone~BZ! turns
out to be sufficient for the accuracy of the results reported
this paper~0.1 mRy for the total energy per cell and 0.00
Bohr magnetons for the magnetic moment!.

The equilibrium volume was determined by energy vers
volume optimization at the experimentalc/a ratio andc/a
optimization at this equilibrium volume gives the optimize
lattice parametersa andc. Because the calculatedc/a ratio is
nearly identical to the experimental one, it was not necess
to reoptimize the volume at the calculatedc/a ratio. The
optimized values are displayed in Table I. Note that the c
culated ferromagneticc/a ratio is very nearlyA2, i.e., the
crystal would have the rock salt structure except for a v
small magnetostriction. The lattice constants are too smal
1.6%, typical of local-density approximation or GGA calc
lations, relative to the experimental value of Suzukiet al.6
©2003 The American Physical Society01-1
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TABLE I. The magnetization~in Bohr magnetons! and cohesive energy per MnN moiety~in eV! calcu-
lated at the experimental and optimized lattice constants~in bohrs! for antiferromagnetic and ferromagnet
MnN. We use a body-centered tetragonal unit cell. For the distorted simple cubic cell multiplya by A2. The
antiferromagnetic magnetization is calculated within Mn spheres of radius 0.4703c/2 and 0.5c/2 ~in paren-
thesis!. The ferromagnetic magnetic moment is per Mn atom.

a c c/a Ms Ecoh

AF~opt! 5.586 7.804 1.397 2.94~3.01! 9.562
AF~expt! 5.686 7.916 1.392 3.08~3.15! 9.483
Experimenta 5.686 7.916 1.392 3.30
FM~opt! 5.529 7.799 1.411 3.06 9.470
FM~expt! 5.686 7.916 1.392 3.22 9.378

aReference 6.
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The cohesive energy~defined to be the total ground-sta
energy of the compound minus the sum of total atom
ground-state energies of the spin-polarized constituents! of
the AFM phase is about 92 meV per MnN unit larger th
that of the FM phase~see Table I!. The spin-polarized atomic
ground-state energies are calculated in a 30-Å supercell
at the G point in the BZ. The atomic energies are M
522317.0281 Ry and N52103.1305 Ry. This shows tha
the tetragonally distorted NaCl structure with the antifer
magnetic spin ordering on Mn ions along thec direction is
indeed the ground-state stable phase of MnN~at least with
respect to the ferromagnetic and undistorted NaCl structu!
in conformity with the experimental findings of Suzu
et al.6

Figures 1 and 2 show, respectively, thel-projected spin
density of states~DOS! for the N and one of the two identica
~except for a reversal of their spins! Mn atoms. The projec-
tions are within spheres whose radii are 0.4703c/2 and
0.5297c/2 for Mn and N, respectively. The reason for th
choice, related to the position of the minimum of the cha
density along thec axis , will be explained later. The ex
change splitting between the peaks in the DOS of the up-
down-spind states is 3.16 eV. In Table I, we list the AFM
spin magnetic moment within the Mn spheres and, in the
phase, the spin moment is listed per unit cell. Our calcu
tions of the spin magnetic moment on the Mn ion in t
AFM phase are close to the experimental value of 3.3mB ~see
Table I!. We got the spin magnetic moment of 3.08mB on the
Mn ion with the experimental lattice constants and 2.94mB
with the calculated lattice constants using a 0.4703c/2 sphere
radius in each case. Using ac/4 sphere radius we obtaine
even better agreement with experiment~see Table I!.

Figure 3 displays the valence charge density along thc
axis in the optimized lattice constant case. Our origi
choice of muffin-tin spheres was very far from the relati
size of the Mn and N ions as seen in Figs. 3 and 4. Theref
although it made very little difference in the final result~it
lowered the cohesive energy by;0.1 mRy) we chose
spheres which touched at thec-axis charge density minimum
and repeated the calculation . This was continued until
input and outputc-axis minima agreed. We find the rath
small charge density of 71 millielectrons/bohr3 at a point
47.03% of the way from Mn to N is the minimum. There a
4.462 electrons within the Mn sphere and 5.363 within the
11310
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Dividing the remaining 2.175 interstitial electrons equa
between the two atoms, results in 6.451 N electrons
5.549 Mn electrons, i.e., the Mn~N! has an ionic charge o
1 (2) 1.45e. Except in those cases where the charge d
sity essentially vanishes between the atoms, the ionicity
crystal cannot be given a precise value. To obtain some
of the uncertainty in the ionicity we repeated the calculat
using two equal spheres of radiusc/4. We obtained 4.762
electrons within the Mn sphere and 5.035 within the
sphere. After sharing the remaining 2.204 electrons equ

FIG. 1. The majority and minority spin—s ~dotted lines!, p
~dashed lines!, and d ~solid lines!—projections of the DOS~elec-
trons per cell per eV! for a Mn sphere of radius 0.4703c/2 in the
tetragonally distorted antiferromagnetic NaCl structure.
1-2
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between the two atoms, we obtained an ionicity of 1.14 e
trons. We note in~Table I! that the cohesive energy is 9.56
eV. This may be compared with the 7.23 eV of NaCl.

In addition to the ionic bonding there is some bonding d
to the Mnd orbitals overlapping the Np orbitals and a much

FIG. 2. The majority and minority spin—s ~solid lines! and p
~dashed lines!—projections of the DOS~electrons per cell per eV!
for a N sphere of radius 0.5297c/2.

FIG. 3. Valence electron charge density~for optimized lattice
constants! as a percentage of the distance along thec axis from Mn
to N. The arrow points to the minimum charge density of 0.07
electrons per cubic bohr.
11310
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smaller amount due to thed-s overlap. Thedxz , dyz , and
dx22y2 orbitals point away from the N atoms and do n
contribute butd3z22r 2 overlapspz anddxy overlapspx1y and
px2y ~remember our unit cell is rotated by 45° relative
that in Ref. 6!. Looking at the majority spind DOS in Fig. 1,
the very small piece at215 eV comes froms-d hybridiza-
tion. The somewhat larger piece at 13 eV may repres
transverse Np orbitals inside the Mn sphere which woul
havexz, yz, andx22y2 symmetry about the Mn site. Th
largest peak comes mainly from the three nonbonding or
als. Because thep functions are odd and thed functions are
even, at the center of BZ the integrated overlap of thedxy
andd3z22r 2 Bloch functions with the nitrogenp Bloch func-
tions vanishes and therefore they also contribute a sm
amount to the nonbonding peak. The structure on either
of the main peak represents bonding and antibonding c
binations of the overlapping functions from the outer parts
the BZ. Since some of the antibonding states are pus
aboveEF , thep-d overlap results in some covalent bondin
This can also be seen in Table II where the majority spindxz
anddx22y2 partial charges within the Mn sphere are all abo

8

FIG. 4. Valence electron charge-density contour plot from Mn
its N neighbors atc/2 anda/A2 in units of millielectrons per cubic
bohr. The central contour has a value of 31. The contours incre
in steps of 10 to 101 then in steps of 20 to 201, in steps of 30
451, and between 451 and 1001 in steps of 50. Contours ab
1001 are not shown.

TABLE II. The up- and down-spind-orbital content in the Mn
sphere of radius 0.4703c/2 for the antiferromagnetic optimized
case.

dxy dyz5dxz dx22y2 d3z22r 2

Mn↑ 0.594 0.815 0.835 0.578
Mn↓ 0.184 0.097 0.149 0.186
1-3
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BRIEF REPORTS PHYSICAL REVIEW B68, 113101 ~2003!
0.82 while those ofd3z22r 2 anddxy are around 0.58, due t
the fact that some of their projected DOS is pushed ab
EF . On the other hand, the DOS at the Fermi surface is q
finite so that the interstitial electrons may also be said
have a metallic component. The picture is perhaps clari
by the valence charge-density contour plot of Fig. 4. O
sees that most of the charge lie within the inscribed sph
~actually 82% of the charge within 51.64% of the unit-c
volume!, which tends to weakly bond along thec axis and
somewhat more weakly along thea axis but that the charge
density looks weakly metallic in the middle of the face.

In conclusion, we have shown using the FLAPW meth
and the GGA that the tetragonally distorted antiferrom
y
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netic NaCl structure, deduced from x-ray and neutro
diffraction studies, is the stable phase of MnN. The bond
is shown to be highly ionic but of a mixed type. The bondi
states are formed betweenp orbitals of N andd3z22r 2 and
dxy orbitals of Mn , the antibonding combination of whic
provide almost all the density of states at the Fermi ene
and therefore the metallicity of MnN. The nonbondingd
states are mainlydyz , dxz , anddx22y2 orbitals and contrib-
ute the major part of the magnetic moment of the Mn ato
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