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The low-index (001), (010), and (110) surfaces of n-Mn3;N, are investigated using the ab initio generalized
gradient (GGA) density functional method. For the bulk crystal, the GGA approach is found to predict correctly
its electronic structure and the antiferromagnetic ordering along the [001] direction, with Mn magnetic moments
close to 3 5. The more stable surfaces are the (001) terminated in a MnN plane and the (010), both observed
experimentally in 7-Mnz; N, thin films grown on MgO (001) crystals. While in the (001) the surface plane consists
of Mn atoms ferromagnetically coupled through N, in the (010) surface rows of Mn antiferromagnetically aligned
alternate along the [001] direction. Furthermore, our results suggest that, due to its relatively small surface energy,
the (110) surface with a singular one-dimensional ribbonlike 8.46 A width ferromagnetic structure could also be
stabilized. Despite their differences, the magnetic configuration of all the surfaces is dictated by the cleavage of
the layerwise antiferromagnetic structure of bulk Mn;N,. The broken symmetry of the surface induces atomic
corrugations, which however do not alter drastically either the spin configuration or the electronic structure.
Mn-N bond states tend to be close to the bottom of the valence bands, and although an enhancement of the
surface magnetic moments are obtained, they remain close to the bulk values. All the surfaces are metallic as

bulk 7-Mn;N, crystals.

DOI: 10.1103/PhysRevB.86.155455

I. INTRODUCTION

Manganese nitrides exhibit unique structural and spin
configurations among transition-metal compounds. They are
interesting and attractive magnetic materials offering variable
phase-dependent structural and magnetic properties. They
differ on the nitrogen content and range from the antifer-
romagnetic 8-MnN to the e-MnyN ferrimagnetic phase.!™
Mn nitrides also have interest in the field of dilute magnetic
semiconductors. It was first suggested that Mn clusters were
responsible for ferromagnetism in Mn doped GaN?, although
recently it has been proposed that a segregated MnyN phase
may account for the observed ferromagnetism.® Furthermore,
the formation of a distorted Mn3N, phase at the interface
of Mn/SizN, multilayers, has been invoked to explain the
weak-ferromagnetic behavior presented by the multilayers.”3
Among all the manganese nitrides, the n-MnsN, phase is
known to be antiferromagnetic (AFM) with a reported Neel
temperature of 925 K.>* Its structure is a slightly distorted
face-centered tetragonal rock salt with two layers of MnN
separated by a layer of Mn along the ¢ axis. Neutron
scattering measurements have shown that in bulk Mn;N,, the
Mn magnetic moments are aligned ferromagnetically within
the planes and alternate antiferromagnetically in consecu-
tive planes along the ¢ axis. Thin films of Mn3;N, grown
on MgO (001) by molecular beam epitaxy, also present
antiferromagnetism'®!! and atomic-scale spin-polarized scan-
ning tunneling microscopy of the corresponding (010) surface
has revealed that the AFM order remains at the surface.!>"!”
In addition, the Mn tetramer cluster has also been recently
stabilized at the (001) face of Mn3;N,.!3

Previous first-principles electronic structure calculations,
within the local spin density functional approximation (LSDA-
DFT), show a good agreement with the AFM ordering
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measured experimentally in bulk MnN and Mn3N,, provided
the experimental unit cell volumes are used in the calculation.
However, for the MnN fully relaxed structure the LSDA
approach predicts a ferromagnetic ground state.!” Therefore,
spin configuration and bond lengths seem to be intimately
linked and determinant to establish the magnetic ground state.
Furthermore, both, LSDA!* and GGA'!7 calculations have been
performed for (010) Mn3 N, thin films using the experimental
bulk geometry. In agreement with the scanning tunneling
microscopy results, an undistorted AFM surface is found, but
to our knowledge the study of the magnetic structure of relaxed
slabs has not been attempted. In this paper we investigate
the energy, spin configuration, and magnetic properties of
the low-index surfaces of face-centered tetragonal Mn3N,
crystals. Since the final spin configuration in Mn3N, is due
to a delicate balance of ferro- and antiferromagnetic exchange
interactions, which in turns depend on bond lengths and bond
angles, the dependence of the bulk magnetic configuration
on the interatomic distances and lattice parameters are first
explored theoretically. Furthermore, the effect of the structure
and lattice distortions on the magnetic properties of the
low-index surfaces is also discussed.

II. THEORETICAL MODEL

Our calculations are based on the density functional theory
using the projector-augmented wave (PAW) method and the
generalized gradient approximation (GGA) as implemented in
the Vienna ab initio simulation package (VASP).2’ We apply
the Perdew-Burke-Ernzhof (PBE) functional for the exchange
and correlation potentials.?! For several calculations of bulk
Mn;N,, the GGA + U approximation®”> was also employed,
in these cases an effective on-site Coulomb U =3.9 eV
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and exchange J =1 eV energy corrections were applied
to the Mn 3d orbitals.>® These values have been used in
previous calculations of MnN and (Ga,Mn)N alloys, and they
correctly reproduce the thermodynamical stability of MnO and
Mn,0; 2426

Surfaces are modeled by periodically repeated slabs, con-
taining between seven and thirteen atomic planes along the axis
perpendicular to the surface and separated by a vacuum region
larger than 11 A. Symmetric slabs, with identical terminations
at each side, were used for the surface calculations. The energy
cutoff for the plane waves expansion of the electron wave
function was set to 520 eV and the k-space sampling depends
on the structure. All the calculations were performed with a
I'-centered mesh of equally spaced k points, an 8x8x2 k
mesh was chosen in the bulk Brillouin zone (BZ) and typically
an 8x8x1 mesh in the BZ of the slab modeling the surface
calculations. The optimized structures are obtained by relaxing
both, the cell and the internal coordinates until the convergence
in the total free energy is better than 1 meV, the resulting forces
acting on each atom never exceed 0.09 eV A~! and usually are
smaller than 0.04 eV A~!. After relaxation the symmetric slabs
remain invariant under reflection by the central plane, which
always shows bulklike properties. Consequently, they equally
model surfaces of either Mn3Nj, single crystals or thin layers
grown epitaxially as, for example, the Mn3;N; phase grown on
MgO(001).'%!" Convergence of the total energy and magnetic
moments in the k sampling and the inclusion of relaxations
were carefully checked, due to their prominent relevance for
an accurate description of the magnetic configuration of the
ground state.

The stability of a given Mn3 N, surface can be inferred from
the surface energy, Gy, which can be calculated from the total
Gibbs free energy of a slab terminated in the corresponding
surface and the Mn and N chemical potentials. Assuming that
the surface is in thermodynamic equilibrium at temperature T
and pressure P, neglecting the PV term—V is the volume—and
taking the zero temperature limit, the surface energy G, of
a symmetric slab containing Ny, Mn and Ny N atoms and
two identical surfaces at their boundaries, can be calculated by
(see, e.g., Ref. 27 and references therein),

Gour = % (E;f;b — Nwn vn — NN I’LN)a (1)

where E is the total energy of the slab and v, and un the
chemical potentials of manganese and nitrogen in the Mn3;N,
compound, respectively. When the slab is stoichiometric, the
last two terms correspond to an entire number of Mn3N, units
and thus Ny, is a multiple of 3 and Ny = % Nwm, then,

Nuvn ivin + NN un = % NMn MmN, » 2)

where mn,N, 1S the chemical potential of a Mn3N, nitride
unit, which can be obtained from a bulk calculation.

Furthermore, for a nonstoichiometric Mn3N, slab, taking
advantage that the bulk Gibbs free energy pmm,n, can be
expressed as

Wi, = 3 i + 28 = 380 + 8% + AG . ()

where g% and g are the free energies of the Mn metal and

nitrogen molecule, respectively, and AG'I{;ImI\I2 is the heat of
formation of the manganese nitride. The surface free energy
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Gar = 3 (ES% — 3 Nvin v, — (Nn — % Nvn) Un),  (4)

where the last term vanishes for stoichiometric systems [see
Eq. (2)]. Therefore, for nonstoichiometric slabs the surface free
energy is a linear function of the nitrogen chemical potential,
Un, and thus it depends on the environmental conditions (i.e.,
N, pressure). G, is given by Eq. (4) and the range of un
allowed values is determined by the stability of the Mn3;N,
compound,

AGl{/InN 1 gas
ZBZ\HN_ngzgo- (5)

Otherwise, the manganese nitride would be unstable and would
decompose into Mn metal and nitrogen. The surface free
energy normalized by the cross-sectional area A, o = sz‘,
is used in the paper. It is independent of the two-dimensional
surface unit cell, and then it allows one to determine the more

stable surfaces and terminations.

III. ANTIFERROMAGNETIC BULK GROUND STATE

The Mn3N; crystal corresponds to a tetragonally distorted
rock-salt (RS) structure in which every third (001) plane does
not contain N. The Mn3 N, lattice can be described, either as the
face-centered tetragonal, fct, or the body-centered tetragonal,
bet. In the present work, we use the fct description. The
conventional fct unit cell is represented in Fig. 1. There are
two inequivalent Mn atoms, Mnl with only two N nearest
neighbors in the adjacent planes along the (001) ¢ axis and
Mn2 with five N nearest neighbors, four within the plane and
one in a nearest Mn-N (001) plane.

First, we investigate the ground state of bulk Mn3N,. Dif-
ferent collinear spin configurations of the magnetic moments
localized in the Mn ions have been considered. Figure 2
shows the total energy as a function of the unit cell volume
for various magnetic phases. Besides the ferromagnetic, FM,
and the antiferromagnetic, AFM, states, two ferrimagnetic
structures, FIM-21 and FIM-12, are presented. In all the
configurations Mn spin moments align parallel within the (001)
planes while the alignments between the (001) planes change

FIG. 1. Crystal structure of Mn3;N,; gray large circles represent
Mn atoms and small black circles represent N atoms.
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FIG. 2. Total energies as a function of the normalized volume per
Mn atom for several spin configurations. Magnetic states are as fol-
lows: FM, ferromagnetic; AFM antiferrimagnetic; FIM-21 and FIM-
12 correspond to the two ferrimagnetic states described in the text.

for the different phases:

AFM - - -Mn14/Mn2|/Mn24/Mnl|, ---,
FIM-21..-Mn14/Mn24/Mn2|/Mnl* - -,
FIM-12 - - -Mn14/Mn2|/Mn2|/Mnl% - -,

The AFM configuration observed experimentally is cor-
rectly predicted as the ground state for the complete explored
volume range, even in the absence of Hubbard-like U cor-
rections. The displayed energies correspond to calculations
performed with the GGA approximation. The ordering of the
equilibrium structures is Eapm < Eppv < Epy. The FIM-12,
FIM-21 and FM configurations at the equilibrium volumes are
76, 112, and 188 meV /Mn higher in energy, respectively. The
same hierarchy is found in the GGA + U calculations, although
the energy differences are larger, 102 and 278 meV /Mn for the
FIM and FM ordering, respectively. The ferromagnetic struc-
ture is the most unfavorable and it undergoes a spontaneous
transition to the FIM-12 solution for small volumes. Table I
summarizes the structural parameters for the AFM equilibrium
ground state. Experimental values and those obtained in
previous calculations are also included. The agreement with
the experimental values is very good although a slightly
smaller and a larger lattice constant are obtained with the GGA

1,24
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FIG. 3. Spin-resolved total density of states of AFM Mn3;N, and
its decomposition in the Mn and N contributions, as predicted by GGA
(top) and GGA + U (bottom). Positive (negative) values correspond

to majority (minority) spin states. The energy zero is at the Fermi
level.

and GGA + U approaches, respectively. Analogous behavior
with respect to the exchange and correlation functionals has
been found in calculations of the MnN bulk phase.?* We found
a c/a ratio in excellent agreement with the experiments. In
perfect rock salt c/a takes the value 3. Thus, the calculated c/a
reflects the distortion of the structure. The larger ¢/a deviation
occurs for the AFM; we obtain c/a = 2.96 for the FM and 2.93
for the FIM configurations. This indicates that the compression
of the c axis is a magnetic effect. Strain induced magnetically
has also been predicted in MnN crystals.'® For comparison the
lattice parameters obtained within the LSDA approach for the
fully relaxed bulk Mn;N, in the AFM state'” is also presented
in Table I; those values are the smallest in the table.

TABLE I. Experimental and calculated fct lattice parameters (in A) of bulk Mn3N,.

Experiment Theory
Ref. 1 Ref. 2 Ref. 3 Ref. 4 Ref. 19 This work
at291 K at 11 K LSDA® GGAP GGA + U
a 4212 4.20 4.19 4232 4.21 4.00* 4.10 4.30
¢ 12.13 12.13 12.10 12.50 12.12 11.52¢ 11.90 12.40
c/a 2.88 2.89 2.89 2.95 2.88 2.88 2.90 2.88

2Obtained from the reported bct lattice parameters.
®For the antiferromagnetic configuration.
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The density of states (DOS) for the AFM spin configuration,
decomposed into the atomiclike partial densities for the GGA
and GGA + U calculations, are presented in Fig. 3. Both
calculations predict a metallic state with the Fermi level (Ep)
crossing the Mn 3d states. Below Eg, N 2p, and Mn 3d
states dominate the valence band lower and higher energy
regions, respectively. The effect of the on-site Coulomb
interaction is to narrow the valence band and to increase the Mn
exchange splitting, which result in stronger p-d hybridization.
Nevertheless, the two approaches provide for the equilibrium
structures, a qualitative analogous description of the system as
a high-spin metallic state, similar to the previously reported
LSDA results for the experimental unit cell volume. '

Due to the lack of cubic symmetry of the Mn3N, crystal, its
electronic states cannot be identified with the #,, and e, repre-
sentations of the cubic lattice. The point group of the Mn3N,
crystal structure is the Dy, a point group that possesses four
one-dimensional even irreducible representations Aj,, A,
Big, and B,, and a two-dimensional E, representation. If the
z axis is taken along the [001] direction—see Fig. 1—only the
dy; and d, orbitals, which belong to the E, two-dimensional
representation are equivalent. In fact, neither Mn nor N has
octahedral coordination and the actual local symmetries are
Dy, for the Mnl and Cy4, for the Mn2 and N lattice sites.
For the Dy, group of the Mnl site, the d,2_,. state transforms
according to the full symmetry operations of the irreducible
representation Ai,, while d,2_,» poses the Bj, symmetry; the
dy, orbital transforms according to B, and finally the orbitals
{dy;, d,;} form the basis of the two-dimensional irreducible
representation E,. Similarly for the Cy4, group of the Mn2 and
N sites, d2_,2 ~ Aj, dxz_yz ~ By, dyy, ~ By, {dy;,d,;} ~ E.
Therefore, from symmetry arguments, only the d,, and d,,
orbitals are equivalent. This is clearly seen in Fig. 4, which
shows the orbital-projected density of states (PDOS) of the
Mn1, Mn2, and N ions of bulk Mn3Nj in the antiferromagnetic
configuration; GGA and GGA + U PDOS are presented. Since
d,_,» and d,>_» are no longer equivalent, their PDOS differ
considerably. The same is observed for the dy, with respect to

Mn1
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the PDOS of the d,; and d,, states. As previously discussed,
both correlation and exchange functionals predict a high-
spin metallic state, with the majority spin states completely
occupied while the minority spin states are almost empty at
each atomic site. Only a relevant occupation of the minority
Mnl d,>_,> orbital is obtained in the GGA calculation.
The increase of the exchange splitting and consequently the
enhancement of the N-Mn p-d coupling driven by the on-site
Coulomb interaction, are clearly appreciated in the d Mn and
p N states.

The calculated magnetic moments (mm) are, mmyy,, =
296 p and mmy,, =3.03 np in GGA and mmy,, =3.85 up
and mmym, =4.07 up in GGA + U, slightly larger in Mn2
than in Mnl. They are in reasonable agreement with the
two possible sets of magnetic moments compatible with neu-
tron scattering experiments, namely mmy, = 3.75(1) wp and
mmmy, =3.47(1) up, or mmy,, =3.38(1) wp and mmyy,,
3.65(1) up.>* The GGA + U approach predicts larger mag-
netic moments of both Mnl and Mn2. Notice that there is
an ambiguity in the determination of the local moments,
both experimental and theoretically. In particular, due to the
difficulty in assigning the charge density to a given atom in
a plane wave basis set method, the calculated values have to
be considered qualitatively. Furthermore, our results compare
reasonably with those previously reported,'®!? although this
calculation predicts slightly larger mmyp,; than mmy,.

The energy difference between the AFM and the higher
energy magnetic configurations is large indicating a large
stability of the AFM order. A mapping of the first-principles
energy differences between different spin configurations to a
Heisenberg Hamiltonian allows one to estimate the magnetic
interactions between Mns. We found strong first-nearest-
neighbor antiferromagnetic and second-nearest-neighbor fer-
romagnetic Mn-Mn exchange interactions in agreement with
previous calculations.'® Nevertheless, since the size of the
magnetic moments depends on the magnetic configuration (see
Table II), they might be considered as a rough approximation
being consistent with a large Néel temperature.

Mn2 N

PDOS (arbitrary units)
PDOS (arbitrary units)

PDOS (arbitrary units)

Energy (eV)

Energy (eV)

Energy (eV)

FIG. 4. Orbital decomposed atom resolved PDOS for AFM Mn,Nj;. Dashed lines correspond to GGA calculations and continuous lines to

GGA + U. The energy zero is located at the Fermi level.
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TABLE II. Composition, energy, and magnetization of the calculated (001), (010), and (110) slabs of Mn3N,. The deviation of the (001)
slab from stoichiometry is indicated in the second row in parenthesis. The energies per Mn atom for the different magnetic configurations are
referred to the energy of the AFM ground state. The values in parentheses to the right of the total magnetization correspond to the expected
magnetization if the Mn in the slab maintain their bulk magnetic moments.

Slabs (001)

Bulk? Mn2-Mnl Mn2-Mn2 Mn1-Mn2 Slab (010) Slab (110)
N of atoms 10 15 19 21 70 65
N of Mnl 2 3 3(-1) 5 (+1) 14 13
No. of Mn2 4 6 8 8 28 26
No. of N 4 6 8 8 28 26
Egpy (in meV) 76 45 94 61 65 63
Egy (in meV) 189 180 162 172 191 177
Magnetization (in pp) AFM
|[mmy, | 2.96 2.78¢ 2.934 3.69" 3.30, 2.93¢ 3.24,°3.05¢
|[mmym, | 3.03 3.03,° 2.87¢ 3.17,> 2.85¢ 2.86,° 3.00¢ 3.40,° 2.84¢ 3.25,°2.53¢
Total 0.00 3.45(3.11) 3.84 (2.96) 5.56 (2.96) 0.00 (0.00) 13.27 (9.02)

FIM
|[mmy, | 2.88 2.82¢ 2.734 3.61° 3.11,,2.67¢ 2.75,°2.93¢
|[mmym, | 2.61 2.96,°2.534 3.24,> 2.46° 2.57,2.53¢ 3.36,° 2.52¢ 3.10,° 2.38¢
Total 4.83 8.09 (7.24) 14.37 (12.5) 471 (6.8) 39.61 (33.81) 33.22 (31.39)
FM

MM, 2.79 2.36¢ 2.87¢ 3.65° 2.69,° 2.60¢ 2.68,° 2.84¢
MM, 2.64 2.81,°2.574 3.25,° 2.46° 2.71,° 2.644 2.84,%2.50° 2.72.°2.31°
Total 16.44 23.90 (24.66) 31.40 (29.9) 38.49 (35.7) 113.33 (115.08) 105.36 (106.87)

#Calculated for the bct structure.
®1st atomic layer (surface).

“2nd atomic layer.

43rd atomic layer.

Finally, the detailed inspection of the relaxed structures,
energies, partial charges, and magnetizations obtained within
the GGA and GGA + U shows that both approaches provide
qualitatively similar results for the Mn3 N, bulk crystal. Hence,
in the rest of the paper we mostly discuss results obtained with
the spin-polarized PBE GGA approach.

IV. (001) SURFACES

First we investigate the Mn3N, (001) surfaces. Along the
[001] direction two Mn2N planes alternate with a Mnl plane
noncontaining N. Thus, there are three possible inequivalent
terminations, hereafter labeled Mn2-Mnl, Mn2-Mn2, and
Mn1-Mn2, where the first and second type of Mn correspond
to those at the surface and the subsurface layer, respectively.
Figure 5 shows the relaxed structures for the three termina-
tions. All the surfaces present a corrugation of the Mn2N
layers, with the surface N shifted outward. The relaxation is
not restricted to the first Mn2N plane but extends towards the
center of the slab. However, while in the first Mn2N plane N
always move outwards the surface in the layers underneath
the bulk pattern is followed. In fact, in bulk, N atoms in
Mn2N layers are also slightly shifted from the Mn fct positions
towards the Mn1 planes. Moreover, the corrugation is larger
at the surface particularly in the case of Mn2-terminated ones.
N moves 0.12 A in the first and second layer of the Mn2-Mn1
and 0.13 and 0.15A in those of the Mn2-Mn2 surfaces as
compared with the 0.07 A in bulk. Nevertheless, the changes

of bond distances and angles associated with corrugation do
not alter the coupling of the Mn moments, which remains FM
within the [001] planes and AFM between consecutive [001]
layers.

In order to have symmetric slabs with the same termination
at both ends, the thickness of the slabs modeling the three (001)
surfaces was different, namely 9, 11 and 13 atomic layers for
the Mn2-Mnl, Mn2-Mn2, and Mn1-Mn2, respectively. After
relaxation, we obtain for the corresponding slabs, in-plane
lattice parameters very close to the 4.10 A bulk value, but
slightly smaller 4.04, 4.06, and 4.09 A, respectively. There
is also a slight out-of-plane lattice expansion, 4.05 A (Mn2-
Mnl), 4.02 (Mn2-Mn2), and 3.99 A (Mn1-Mn2) compared
with the 3.974A in bulk. The evolution of the lattice
parameters correlates with the number of layers. For thin
slabs the surface expansion dominates and gives rise to a
slight increase of the out-of-plane lattice parameter, which,
however, approaches quickly the bulk value. In addition, the
in-plane lattice parameters behave opposite and the volume is
preserved, indicating that the elastic energy determines the slab
relaxation. Similar behavior has been observed experimentally
since there is almost no change between the lattice parameters
of the bulk and those measured in n; (001) Mn3N, films
grown epitaxially on MgO (001) substrate. Only a very small
increase of the in-plane lattice parameter is seen for increasing
film thicknesses.?’ However, some dispersion exists in the
experimentally reported ¢ parameters, which range from 12.24
to 12.12 A, probably due to the deviation of 1, films from
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[110]  [110] [001]  [110]

[110]  [110]

[110] [110] [001]  [110]

® 6 6 &

[001]  [110]

FIG. 5. Calculated relaxed atomic structure for the tree possible terminations of the (001) surface: Mn2-Mn1, Mn2-Mn2, and Mn1-Mn2
from left to right and from top to bottom. See text for the explanation of the notations of different structures. Side view and top view are
represented at the left and right of each figure, respectively. The side views include the five atomic planes closest to the surface, while the top
views include only atoms in the first surface plane. The two-dimensional unit cells are indicated in the top views. Mn atoms are represented by

large gray and N atoms by small black circles.

stoichiometric Mn3N,, being its composition close to the
©®-MnN phase.'"1

In addition to the structural changes, there is an enhance-
ment of the surface magnetization; (001) surfaces and thin
films are ferrimagnetic systems, despite the AFM coupling
between layers. The net magnetization differences are given
in Table II. The Mnl termination presents the largest net
magnetization; Mnl in the surface has only a bond to N and
then Mn is close to the high-spin atomiclike configuration. The
net magnetization of Mn2-terminated surfaces is smaller and
only a moderate increase of the surface magnetic moments

Mn2-Mn1l

Mn2-Mn2

is predicted. Unexpectedly larger values are obtained for the
Mn2-Mn2 than for the Mn2-Mn1 termination, despite the fact
that Mn2 on the former surface has the same coordination
and local environment as that in the bulk. In fact the net
magnetization has its origin not only in the surface Mn but
in all the adjacent atoms. The surface induced effects are also
appreciated in the atom projected density of states. The orbital
decomposed PDOS of the surface Mn is presented in Fig. 6
for the three terminations. The existence of unsaturated bonds
in all the surfaces is clearly seen in the orbitals with the z
component, and is specially important for the d.>_, orbital of

Mn1-Mn2

PDOS (arbitrary units)
PDOS (arbitrary units)

PDOS (arbitrary units)

Energy (eV)

Energy (eV)

Energy (eV)

FIG. 6. Orbital decomposed PDOS for the surface Mn of the three inequivalent surface terminations, from left to right: Mn2-Mnl,
Mn2-Mn2, and Mn1-Mn2, respectively. Continuous lines are PDOS for the surface Mn and dashed lines are those of the corresponding bulk

Mn. The energy zero is located at the Fermi level.
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[110]  [001]

FIG. 7. Same as Fig. 5 for the (010) (left) and (100) (right) surfaces.

the Mn2-Mn2 surface. In this surface, two bonds, one of Mn
and one of N are unsaturated. Nevertheless, the N-Mn p-d
hybridization dominates the low energy region and thus, the
existence of unsaturated bonds does not affect substantially
the total magnetization. Narrowing of the surface bands and
changes in the DOS are more relevant in the Mn1-Mn2 surface
in agreement with its large spin polarization.

V. (010) AND (110) SURFACES

Mn;N; thin films epitaxially grown on MgO (001) sub-
strates show, besides the previously discussed (001) Mn2
termination, domains compatible with the (010) surface, that
is, with the ¢ axis parallel to the growth surface. Neutron
scattering of slabs grown on the (010) direction indicates their
layerwise AFM bulk magnetic structure, which results in an
AFM surface.'” In fact, atomic-scale spin-polarized scanning
tunneling microscopy demonstrates the unique row-wise AFM
spin structure of this surface,'>!*!!7 since simulations of the
SP-STM experiments based on spin-polarized DFT calcula-
tions of the (010) surface corresponding to the cleaved bulk
Mn;N,; crystal show good agreement with the observed bias-
dependent behavior. Nevertheless, the equilibrium surface
structure has not been calculated and there is not information
about the surface magnetic moments. '>!416:17

Figure 7 represents the geometrical structure of the cal-
culated equilibrium (010) surface, which contains the two
types of manganese atoms, Mnl and Mn2, with two and
three in-plane bonds to N, respectively. Along the [001]
direction the surface consists of rows of Mnl alternating
with two Mn2, the distance between two equivalent rows is
c/2, corresponding to the spacing between planes of nitrogen
vacancies in the bulk. The (010) equilibrium surface presents a
distorted bulklike structure. The larger effect is the corrugation
of about 0.15-0.20 A of the Mn1 and Mn2 sublattices and also
an 0.15-A in-plane lattice distortion of the Mn2-N position
is observed. The corrugation is of the same order that the
measured height difference of about 0.08 A between Mn1 and
Mn2 atoms in atomic resolved STM images, for bias voltages
in the range of +0.6 < Vg < —0.7 V, which was attributed to
surface relaxation.'?

The surface is metallic with Mn states at the Fermi level,
in agreement with the observed metallic behavior.'> The
lattice distortions result in a variation of bond angles—see
Fig. 7—which however do not influence greatly the magnetic
coupling, therefore the surface presents a row-wise AFM spin

structure. Magnetic moments are enhanced at the surface and
the calculated values are mmp,, = 3.30 and mmpg, = 3.40 ug,
which compare, respectively, with the 2.96 and 3.03 bulk
moments (see Table II). Nevertheless, as a result of the AFM
coupling within each layer the total magnetization is zero.

Turning now to the (110) surface, Fig. 7 also shows its
equilibrium structure. Although Mnl and Mn2 atoms are
located on the top plane, this surface differs drastically from
all the other low-index surfaces. Structurally, it contains rows
along the [001] direction, the transversal unit in the surface
layer is formed by an Mnl in the center and two Mn2 at
each edge separated by N, and the row spacing corresponds
to the nitrogen vacancies distance c. Analogous to the (010)
surface there is a buckling, but in this case all the Mn atoms
shift inwards to the surface and Mn-N-Mn angles deviate
slightly from the bulk 27 value. Moreover, all Mn atoms
on the surface are FM coupled while there is AFM coupling
between nearest-neighbor atomic planes, analogously to the
(001) surface terminations. This results in a peculiar spin
configuration with FM ribbons separated by an empty channel
with a Mnl AFM coupled in the layer underneath. Surface
magnetic moments are enhanced and they take the value of
3.25 up independent of the type of Mn.

VI. MAGNETIC ENERGIES AND SURFACE STABILITY

The discussed surfaces correspond to the magnetic ground
states. Our calculations indicate that all the surfaces follow
the layerwise AFM bulk magnetic structure and thus their spin
configurations are those of ideal bulk terminations. All the
terminations of the (001) surfaces are ordinary AFM layered
systems, with all the spin in a plane coupled ferromagnetically.
In contrast the (010) and (110) surfaces present unique spin
configurations with singular one-dimensional structures, while
in the former AFM rows alternate along the [001] direction in
the latter FM ribbons separated by an atom thick empty row
extending along the [110] direction.

We have explored several ferrimagnetic collinear phases
and their energies are always higher than the energy of the
derived bulklike AFM states. Table II compares the energies
for the ferromagnetic and the ferrimagnetic configuration
labeled FIM-12 in Sec. III for all the low-index surfaces.
Energies are given with respect to that of the ground state. The
higher energies correspond to the ferromagnetic configuration;
they are slightly dependent on the surface and similar to
the bulk values. Opposite, a large dispersion is obtained
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for the FIM-12 states, which show a surface dependence,
although except for the unstable Mn1-Mn?2 surface, the energy
differences with the ground state are smaller for the surface
than in the bulk. Therefore, bulk and surfaces show similar
ordering of the spin configurations, supporting the cleaved
bulklike magnetic properties of low-index Mn3N, surfaces.
The main effect of the surface is to enhance the mm of the
topmost atoms, which are also shown in Table II. All these
results indicate that the broken symmetry induced by the
surface does not alter drastically the competition between
indirect FM Mn-N-Mn and direct AFM Mn-Mn exchange
interactions determining the bulk spin configuration.

As explained previously, by combining first-principles
calculations and a thermodynamic approach it is possible to
calculate the surface energy. Their comparison for different
surfaces allows one to discuss their thermodynamic stability
and to predict the more stable surface. We follow the procedure
described in Sec. II and calculate the surface energy for the
different terminations as a function of the nitrogen chemical
potential, un, by Egs. (1)—(4). The value of uy is bounded
between the chemical potential of the N, molecule gy and the
heat of formation per formula unit of Mn, N3, which takes the
value AG{;, v, = —1.519eV? [see Eq. (5)]. EY, and [y,
are the results of the slab and bulk calculations, respectively.
The surface energies for the different (001) terminations as a
function of uy are represented in Fig. 8. The slabs modeling
the Mn2-Mn2 and Mn1-Mn2 surfaces are nonstoichiometric,
thus their surface energies depend on un and consequently
on the nitrogen atmosphere. The Mn2-Mnl is the most stable
termination for small N chemical potentials or equivalently
under N-poor conditions (points on the left ordinate axis in
Fig. 8). As the un increases the difference between Mn2-
Mnl and Mn2-Mn2 decreases and for N-rich conditions the
Mn2-Mn1 termination is the most stable. Nevertheless, since
their difference is small our calculations show that the Mn2
surface terminations are relatively insensitive to variations
in the chemical conditions of the environment. This result
corroborates the experimental findings, surfaces terminated in
Mn2N planes have been observed experimentally'®-!> and both
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FIG. 8. Calculated energies of the low-index Mn3;N, surfaces as
a function of N chemical potential. See text for the explanation of the
notations for different structures.
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terminations have been proposed to explain the STM images
of Mn3;N5 thin films.!> The Mn1-Mn2 (001) termination has
a larger surface energy and thus it is unlikely to be formed
in slabs grown in the [001] direction, its large o may account
for the observed Mn tetramer reconstruction observed in this
surface. However, we have also investigated the Mn1 tetramer
reconstruction and found that it is not energetically favorable;
even more when allowed to relax it reverts to the 1 x 1 structure,
which is energetically more stable.

The formation energies of the (010) and (110) surface are
also presented in Fig. 8. In both surfaces all the atomic planes
are stoichiometric and then surface energies do not depend on
the N chemical potential. The energy of the (010) surface is
slightly larger than those of the Mn2 surfaces, but the energy
difference is quite small and therefore the growth of this
surface is quite likely to occur, which explains the growth
of both (001) and (010) Mn3N; films on (001) MgO under
similar growth conditions.'®!> On the other hand, the energy
difference with the (110) although larger is not large enough to
exclude their formation o ~ 100 meV/A. Thus, it appears that
the (110) termination, with a singular magnetic configuration
due to its FM ribbon structure, is plausible to stabilize.

VII. CONCLUSIONS

We have investigated the low-index surfaces of Mn3N;
using the density-functional formalism. Bulk calculations in-
dicate that both, GGA and GGA + U correlation and exchange
functionals correctly predict the experimentally observed
AFM ordering along the [001] direction and the metallic char-
acter of Mn3N; crystals. The low-index surfaces correspond
to the distorted cleaved bulk crystal and surface corrugation
and buckling are predicted in almost all the surfaces. However,
despite the structural lattice distortions the surface magnetic
configurations are those obtained from the layerwise AFM
bulk structure. The ferromagnetic (001) Mn2 termination and
the row-wise AFM (010) surfaces observed experimentally
are found to be thermodynamically most stable. In addition,
the FM (110) surface with a singular ribbonlike modulated
structure, seems to be plausible to stabilize, since its surface
energy is only ~50 meV/A above the more stable (001)
surface. The electronic structure of all the low-index Mn3N,
surfaces is consistent with a metallic state. The Fermi level
is mostly dominated by Mn minority spin electrons, whereas
majority states are fully occupied. Bonding Mn-N states have
energies in the lower part of the valence band and thus
broken bonds at the surface do not alter drastically the spin
configuration although an enhancement of the Mn and induced
N magnetic moments is produced in all the surfaces. Our
results indicate that ferromagnetism observed in Ga;_,Mn,N
is unlikely due to the formation of Mn3;N, precipitates.
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