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Chromium nitride (CrN) in its NaCl-type phase has been widely studied
through density functional theory (DFT) in order to analyze its electronic
properties. By the means of DFT with the Becke’s three parameter Lee-Yang-
Parr (B3LYP) hybrid functional, the same stoichiometry is studied in two
unreported hypothetical phases in addition to the nonsynthesized and
previously reported zinc-blende-type phase. The cohesive energy of every
structure is calculated, and the analysis of this quantity indicated that all
crystals are stable and that there is an unreported phase more stable than
the synthesized one. The calculated electronic dispersion relation and density
of electronic states allowed for the determination that these three phases
have a conducting behavior. The symmetry of some bands is determined as a
result of the crystal field splitting for chromium d states. The topology of the
electron density was studied in order to determine its properties at bond
critical points (BCPs). The form of the Laplacian of the density and its
gradient trajectories allowed to locate ring critical points in these structures.
From these calculations, it is concluded that all three phases are ionic
crystals. The synthesized NaCl-type phase is studied in order to compare and

Due to its widespread applications,
structural, electronic, and elastic properties
of this material have been widely studied
both experimentally and through ab initio
techniques. Rivadulla et al.' developed a
new method to synthesize CrN by ammo-
nolysis of Cr3S, and measured its bulk
modulus. They reported that cubic CrN has
a high bulk modulus (340-430GPa),
comparable to that of known hard materi-
als, they also developed calculations on this
phase and found a reduction of this bulk
modulus at high pressures. But this
assertion was put into debate by Alling
et al. given the method to simulate the
paramagnetic behavior of cubic CrN.1**!
Zhang and Gall'® performed an experi-
mental analysis of the electronic properties
of cubic CrN and vibrational modes
suggesting that it is a Mott-Hubbard-type

confirm the results.

1. Introduction

Chromium nitride (CrN) is a material of high technological and
industrial importance. Due to its resistance to corrosion and
oxidation,*%! high hardness, low electrical resistance, and high
melting point,?! it is used as a coating material**! in magnetic
storage devices and superconductors!®™® and as a selective solar
absorber. At room temperature, CrN is a paramagnetic
material"® with an fec crystal structure,'! while at temperatures
below Néel Temperature (276-283 K) the crystal structure is in
an orthorhombic antiferromagnetic phase (AFM) with a space
group Pnma.'? In addition molecular dynamics calculations
by Shulumba et al.** were done and allowed the determination
of the transition temperature in good agreement with
experimentation.

M. Marin-Sudrez, L. L. Alzate-Vargas, Dr. ). David,

Prof. M. Arroyave-Franco, Prof. M. E. Vélez

Departamento de Ciencias Fisicas, Escuela de Ciencias, Universidad
EAFIT A.A. 1226, Medellin, Colombia

E-mail: mmarins@eafit.edu.co

DOI: 10.1002/pssa.201700576

Phys. Status Solidi A 2018, 215, 1700576

1700576 (1 of 9)

insulator with a small to negligible indirect
band gap. Similar calculations carried by
Zhou and collaborators, concluded that
ferromagnetic and antiferromagnetic cubic
CrN are (meta)stable phases, while a non-
magnetic arrangement is neither mechanically nor dynamically
stable also determined the transition temperature between
paramagnet and antiferromagnet to be 293 K.'”!

Other studies have made calculations of the electronic
structure. Herwadkar and Lambrecht!'” calculated it using the
local spin-density approximation corrected by Hubbard Cou-
lomb terms for d electrons (LSDA + U), and Botana et al.[18
using different potentials. In search of new structures, studies
about hypothetical solid phases of many materials have been
made.™ Concerning CrN crystal structures, Antonov and
Tordanova®® found three new crystal structures described by
the space groups P4/mmm, I[4/mmm, and Pmnm using density
functional theory (DFT) with the gradient generalized approxi-
mation (GGA) of Perdew, Burke, and Ernzerhof (PBE), and
Perdew and Wang (PW). Eck and collaborators!® also have made
DFT calculations of the zinc-blende-type structure of CrN with
space group symmetry F43m and found a conducting behavior
of this phase, as did Miao and Lambrecht,?!! who in addition
determined a ferromagnetic ordering in this phase.

Liang et al.””! performed electronic structure calculations
using DFT in order to analyze the magnetostructural transition
of the paramagnetic cubic phase into the antiferromagnetic
orthorhombic phase. They concluded that the interplay between
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structural distortions and spin degrees of freedom is responsible
for structural changes which agrees with the explanation given
by Filippetti et al.??l who show that the orthorhombic AFM (in
the [100] plane) phase is the most stable among other possible
magnetic arrangements. Filippetti and Hill®® also explained
how and why this interplay is present in CrN through DFT
calculations, concluding that the stress anisotropy caused by the
magnetic force for this transition is the responsible. In spite of
these conclusions Alling et al.**! showed that as the CrN is a
highly correlated material an LSDA + U analysis and further is
needed in order to understand this structural transition. Brik and
Mal?*! estimated the band structure and density of states (DOS),
using GGA and local density approximation (LDA) and
concluded that CrN has a strong nonlocalization of the d states
of Cr and 2p states of N, indicating the importance of the
hybridization of orbitals in the description of mechanical
properties.

This contribution reports calculations of first principles based
on DFT. The main goal is to examine new hypothetical
crystallographic configurations of CrN in order to analyze the
electronic behavior by calculating the electronic band structure,
the DOS for each crystal, and the electronic density (p) and its
Laplacian. The last quantities are to be calculated in order to
characterize the bonding types in the studied phases following
the theory of atoms in molecules (QTAIM) by Bader, which gives
a strict definition of bonds in crystals.**** Studies about CrN
have been used in past reports in order to analyze magnetic
ordering. However, the present report does not have that
intention; its main goal is to make an electronic characterization
of new hypothetical phases of this material.

2. Methods

2.1. Computational Details

The CRYSTALO9P??Y software was used to optimize and
characterize the crystal structures generated by an evolutionary
algorithm implemented in USPEX.?*7* Geometry optimiza-
tion was carried out by using analytical energy gradients with
respect to the atomic coordinates and the unit cell parameters for
each crystal structure.

All electron ab intio DFT?*”! calculations were performed
using a hybrid DFT-HF (Hartree-Fock) exchange-correlation
functional B3LYP (Becke’s three-parameter Lee-Yang-Parr),”**%
as implemented in the CRYSTALO9 code. All ab initio
calculations were performed using Mike Towler Gaussian basis
sets.*!] Gaussian basis sets 86-411d41G and 7-311G were used
for chromium and nitrogen, respectively. Gaussian basis sets
have been used since they have been successfully applied to all-
electron calculations.'®?" Also all calculations were made
simulating standard pressure and temperature conditions (299 K
and 101 325 Pa), so every stability and electronic structure report
is under these conditions.

As stated in the previous section, researches about CrN always
consider net magnetic moments of Cr atoms in order to predict
correctly its structure. In this work spin-polarized calculations
were made in order to consider different spins with different
densities, and so net magnetic moments can be find on the Cr
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atoms that allows to simulate a magnetic structure, which has
shown to be important in these type of calculations although no
magnetic order has been imposed. Here we only show the spin-
majority bands and DOS while the bonding contour plots
contain the total electronic density.

In order to avoid spurious interactions between the diffuse
functions and the core functions of neighbor atoms, a diffuse
exponential sp for nitrogen (a = 0.113) was eliminated. Brillouin
Zone integration was performed on a Pack-Monkhorst k-
mesh*? of 12 x 12 x 12. This mesh was chosen because of the
convergence of the energy value with this meshing for every
structure analyzed. Also it showed an agreement between the
calculations and experimental data!'"! of the lattice parameter of
the NaCl-type structure. This can be seen since the error is
always ~1.8% (the experimental datum is a =4.0718 A).

The CRYSTALO09 package was used to perform all calcu-
lations. The calculation of band structures (in the vicinity of
Fermi’s level) of all four considered structures was made
choosing the k-path according to Ref. [43]. The Bilbao
Crystallographic database!*” was used to obtain the irreducible
representations (irreps) for each k-vector and their compatibility
relations by using the COMPATIBILITY RELATIONS program.
The TOPOND program!*®! was used to obtain the critical points
for each crystal and the Laplacian contour plots. The search of
critical points was made in the asymmetric unit of the crystal
through an eigenvector-following algorithm, which runs during
ten steps with 10 neighbors for each point in a radius of 10 A.
These processes were performed within a box defined in the
intervals [0; 1] x [0; 1] X [0; 1] with a discretization step of 0.025 in
each direction. No further constraints were applied. To improve
the calculations, these were focused on the bond critical point.

2.2. Studied Phases

This study introduces two new crystallographic structures in
addition to an experimentally reported one and another
theoretically reported. Experimental data indicates that CrN
crystallizes in a NaCl-type structure"!) at room temperature. The
lattice parameters of the Fm3m structure calculated in this work
match those of Ref. [11] with an error of ~1.8%.

In addition, the reported zinc-blende-type structure is studied
and its calculated lattice parameter match the one reported in
Ref. [6] with a 0.86% difference. The crystallographic properties
and cohesive energy (Econ, in eV/atom) of each phase are shown
in Table 1. In order to calculate the cohesive energy, the following
formula was used:

Econ = (E%F - E%t - E"Il\jot)> (1)

N =

where E%t, E¥ot, and E%i\I are the total energy of a chromium
atom, a nitrogen atom and the crystal structure of CrN. Atomic
positions, Wyckoff positions and site symmetries are shown in
Table 2 to complement the structural information of each solid.

Structure Model 1 is a C-centered orthorhombic phase with
the Cmcm space group, with four atoms per unit cell (two of
chromium and two of nitrogen). Each atom of Cr is in a site with
point group Cyy,, coordinated by six N atoms forming a triangular
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Table 1. Cohesive energies (in eVatom™') and lattice parameters (in
A) for the CrN crystal structures. SM: Structure Model, SG: space
group.

Lattice parameters

SM SG Ecoh a b c

1 Cmem —~7.19 2.7304 4.7263 5.1354

2 Fm3m —6.84 4.0770 - -
4.1480° - -

3 F43m —6.79 43371 - -
4.3000° - -

4 Pmmm —5.76 3.1782 6.5639 2.7618

* Reported in Ref. [11]; reported in Ref. [6].

antiprism. The N atoms are located in positions with symmetry
point group C,,, with six Cr atoms as first-nearest neighbors
arranged in a triangular prism form. Structure Model 4 is a
simple orthorhombic structure that belongs to the Pmmm space
group, having four atoms per unit cell (two of Cr and two of N).
The Cr and N atoms have coordination of two and are in sites
with C,, symmetry group. Neither of these structures adopt a
particular structure prototype.

Structure Model 2 is a face-centered cubic with the Fm3m
symmetry group, which has two atoms per unit cell (one of Cr
and one of N). Cr atoms are placed in points with site symmetry
group Oy, octahedrally coordinated by six N atoms which are also
octahedrally coordinated by six Cr atoms. Structure Model 3 is
also a face-centered cubic, but with the F43m space group and
having two atoms per unit cells (one of Cr and one of N). In this
structure, each Cr is placed in a site with point group T,
tetrahedrally coordinated by four N atoms. These atoms are in
equivalent positions. The conventional cells of each studied
phase are shown in Figure 1.

3. Results and Discussion

3.1. Crystal Energies

In order to estimate the thermodynamic stability of CrN crystals,
the cohesive energies were calculated. This is the energy
necessary to dissociate the solid into separated atoms or ions.™”!
Thus, negative values mean that the structure is thermodynami-
cally stable. The cohesive energies of each crystal are shown in

Www.pss-a.com

Figure 1. Conventional cells of CrN for (a) Structure Model 1, (b)
Structure Model 2, (c) Structure Model 3, and (d) Structure Model 4. Big
balls represent chromium atoms and small balls represent nitrogen
atoms. Images obtained with XCrySDen.!®l

Table 1. As can be seen, all E.,;, are negative, hence all structures
are thermodynamically stable. From this table, it can be seen that
Structure Model 1 is the most stable while Structure Model 4 is
the least. It is interesting to note that Structure Model 1 is more
stable than the usually reported Structure Model 2 by only
0.35eV and than Structure Model 3 by 0.40eV and has a lower
E.on by ~1.00 eV than that of Structure Model 4. It seems strange
that one of the hypothetical phases is more stable than the
synthesized one. Since it has been more easily found, one would
expect it to be more stable at standard pressure and temperature
conditions that all other hypothetical phases, but here the
opposite has been found. Further studies about the hypothetical
Structure Model 1 should be done with different methods of
calculations in order to confirm the value of E.y. Also the
dynamic stability of these structure remains to be confirmed by
means of the calculation of its phonon dispersion relation, so the
reason that Structure Model 1 has not been experimentally found
yet could be because is not dynamically stable. Also consider that

Table 2. Wyckoff positions, symmetries and atomic positions of the Cr and N atoms. SM: Structure Model.

Cr N
SM Wyckoff position Symmetry Atomic position Wyckoff position Symmetry Atomic position
1 4a 2/m(Cap) (©, 0, 0) 4c m2m(Cy,) (1,40
2 4b m3m(Oy,) (333 4a m3m(Oy,) (0, 0, 0)
3 4b 43m(Ty) t.3.) 4c 43m(Ty) ¢,10
4 20 m2m(Cy,) (-1,-2.0) 2m m2m(C,,) (0,25,0)
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Figure 2. Calculated dispersion relation for Structure Model 1. The
dispersion relation is labeled as follows: for I, S, and Y points all the
subindexes denote 1-dimensional representations. For the R, Z, and T
positions, all the subindexes represent 2-dimensional irreps.

the difference between E_.;, for Structure Models 1 and 2 is less
than 0.5 eV and this could be a computational error.

3.2. Electronic Structure

The calculated dispersion relation, total, and partial DOS for Cr
and N atoms in all crystals are shown in Figure 2-9. For
dispersion relations and DOS, the energy has been shifted so
that Fermi energy is at OeV.

3.2.1. Structure Model 1

Figure 2 shows the electronic dispersion relation around the
Fermi level (Eg). Since there are bands crossing this level,
Structure Model 1 is an electric conductor. This figure displays a
region starting in its lowest energy point at Y position with the
D, symmetry point group, this point has the Y, 1-dimensional
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Figure 3. Calculated total and projected DOS for Structure Model 1. DOS
was projected on d orbitals of chromium and sp orbitals of nitrogen.
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Figure 4. Calculated dispersion relation for Structure Model 2. The
dispersion relation is labeled as follows: for the I' point, the subindex 1
denotes a 1-dimensional irrep, 3 denotes a 2-dimensional irrep, and 4 and
5 denotes a 3-dimensional irrep. For the L point, subindexes 1 and 2
denote 1-dimensional irreps, and 3 denotes 2-dimensional irreps. For the
X point, subindexes 1, 2, 3 and 4 refer to 1-dimensional irreps, and 5 refers
to a 2-dimensional irrep.

irrep. The highest energy position of this region is at the same
k-point but has the Y 1-dimensional irrep. The energy width of
the region between Y, and Y{ is ~16.70 V.

In Figure 3, the total and projected DOS in the d-type orbitals
of Cr and sp-type orbitals of N in the same range of the dispersion
relation is shown. It is evident from the total DOS that there are
states at Ef, thus, we are dealing with an electric conductor,
confirming the information contained in Figure 2. Furthermore
the total DOS seems to be a local maximum at Ex which could
lead to instabilities or to majority-minority spin splitting in the
case of CrN, this supports the fact that further studies about
stability remain to be done. In all projected DOS plots, only the
contributions of d-type orbitals from Cr and sp-type orbitals from
N are shown, since those contributions are dominant in all
structure models.
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Figure 5. Calculated total and site projected DOS on Cr and N for
Structure Model 2.
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Figure 6. Calculated dispersion relation for Structure Model 3. The
dispersion relation is labeled in the same way as Figure 4.

The Cr atom is in a site with point group symmetry Cyp,, and
according to the splitting of the crystal field, the d-type states of
Cr split into three nondegenerate A, and two nondegenerate B,
states, whose contributions to total DOS can be seen in Figure 3.
The N p states are dominant in the first six bands, with a
contribution of ~60%, as indicated by the odd representations
appearing in the first two bands of Figure 2. Bands near Ef (from
—4 eV until 4eV) are constituted mainly by d-type states with a
mixture of A, and B, states. The former constitutes almost
entirely (with contributions of ~70%) the two bands crossing Ep,
and the latter is dominant near the 2 eV eigenvalue, with a 60%
contribution. The irreps corresponding to the labels of bands in
this energy range transform as chromium d-states.

Given the low symmetry of the structure, it exhibits few irreps,
which are mostly 1-dimensional, and as a consequence, many
level anticrossings appear in the dispersion relation, as can be
seen in Figure 2. Above 4eV, the bands are constituted by a
mixture of N sp-type states and A,, similar to the situation that
happens in the first six bands. Unlike these first bands, in the
range above 4 eV, the contribution of A, states is slightly greater
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Figure 7. Calculated total and site projected DOS on Cr and N for
Structure Model 3.
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Figure 8. Calculated dispersion relation for Structure Model 4. All labels
refer to 1-dimensional irreps.

than that of N states. This can be seen, given the even irreps
appearing in the last band of the region. This mixture of N and Cr
states suggests that the bonds between these atoms are
constituted mainly by sp-type states and A, states.

3.2.2. Structure Model 2

The band structure of Structure Model 2 is shown in Figure 4.
The lower band region has both the lowest and highest points in
the L position, with symmetry D34, which are separated by an
energy width of (ELE — Ep+ ) =15.13eV. The upper region has
its lowest point at the I" k-point, with symmetry Oy, correspond-
ing to the 1-dimensional irrep I'{, the gap between these two
regions is 1.72 eV. Because of the crossing of the energy bands
with Ep this phase of CrN is an electric conductor. This agrees
with the experimental reports for the electronic behavior in the
NaCl-type phase.'” The dispersion relation for this crystal is
similar to previously reported works.['%2)

Figure 5 shows the DOS in the same energy interval in which
the dispersion relation was calculated. As can be seen, there are

T

T
Cr d-states

—— B -states

e
h

v||||

i
1
|

0 |
|

0,75 T T 1 T T LI

1
1
1
|

B,-states

P I

DOS(States/e V/Cell)

ol AJ/\W A
T

0.75 —— —

—— Ajstates

|
|
|
1 —— Astates
I

|

PR B

4
Energy(eV)

Figure 9. Calculated total and site projected DOS on Cr and N for
Structure Model 4.
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states at Er that confirm the conducting behavior of Structure
Model 2. Exactly as in Structure Model 1 total DOS shows a
maximum at Er indicating an instability or an spin population
splitting. Table 2 shows that either Cr and N have point group
symmetry Oy, and following the splitting of the crystal field, the
d-type states of Cr split into one e, twofold degenerate state and
a tyg threefold degenerate states. The N states now transform as
t14 States, which are dominant in the three first bands shown in
Figure 4 that contribute with 88, 72, and 58%, respectively.
These states transform as the odd irreps that label these three
bands. The next set of three bands that form a threefold
degenerate eigenvalue at I are constituted mainly by t,, states
with almost 90% of the contribution, which agrees with
previous works.>*® There is also another pair of bands that
join at I' point that are composed mainly of e, states with
proportions of 72 and 66%. These five bands have the symmetry
of even irreps that transform as d states. The region separated
by the gap is only composed by s nitrogen states, as indicated by
the even 1-dimensional irreps that label the first band of this
region. Bands constituted mainly by e, states seem to have a
considerable contribution of t;, states and conversely. This
indicates a strong coupling between these states, which means
that bonding and antibonding states in this phase are
composed only of ¢, and nitrogen states, leaving t,, states as

g
nonbonding. 2"

3.2.3. Structure Model 3

The band structure of Structure Model 3 is shown in Figure 6. It
is easy to see that this phase is an electric conductor since the
Fermi level crosses some bands. This dispersion relation is
constituted by four band regions that do not overlap. The lowest
one has a width of 3.88eV. This region is separated from the
upper one by 1.10eV (which has a 1.55eV width) and is
separated from the central region by 0.21 eV. The central band
region has a width of 14.02 eV and is separated from the region
above by 0.26 V.

Figure 7 shows the total and projected DOS for the energy
interval of the dispersion relation. In the total DOS can be seen
the corresponding gaps between regions. The crystal field splits
the d-type states of Cr into twofold e states and threefold ¢, states,
while N p states transform like ¢, states, given that the two atoms
have symmetry point group Tj. Figure 7 shows the individual
contribution of the split d-type states of Cr. The first region
consisting of three bands that form a triplet at I is composed
mostly of t, states of N contributing with nearly 55%. The next
region of two bands is composed mainly of e states of chromium,
allowing the formation of a twofold eigenvalue at I. The
contribution of these states is 62% to the first band and of 73& to
the second one. At the next region, there are four bands. The
contribution of e states is small, having a maximum contribution
of 13% in the first band and negligible in the next three bands.
These bands are a mixture of the t, states of Cr and N, whose
minimum contribution is 92%.

The highest energy band is composed completely of nitrogen
states. In the dispersion relation, it can be seen that no irrep has a
defined parity. This is because the point group symmetry T does
not have the inversion operation and either Cr and N atoms have

Phys. Status Solidi A 2018, 215, 1700576

1700576 (6 of 9)

physica
status
solidi
Q

Www.pss-a.com

that symmetry. The first three bands of the region transform
mainly as N ¢, states (or as p states) but also as Cr states, which
contribute with nearly 27%. However these Cr states are d states.
The inverse situation happens in the next three bands that form a
triplet near 6 eV, but this time the s states of N also contribute
since the lower band transforming as s states gets mixed with the
triplet in the A k-line. As a consequence, the states that form
bonding and antibonding orbitals are the t, states of Cr and the N
states p and s. Then e states are nonbonding, which agrees with
the analysis of Ref. [21].

3.2.4. Structure Model 4

Figure 8 shows the dispersion relation for Structure Model 4. It
can be observed that the structure has a main region that crosses
Er overlapping the valence and conduction regions indicating,
that Structure Model 4 is an electric conductor. The lower band
region has a width of approximately 13.17 eV and is separated
from the upper one by 1.43 eV. From the dispersion relation at
the lower region, it can be noted that the structure in some k-
lines is dispersionless.

As shown in Table 2, Cr atom is in a position with point group
symmetry C,, as well as the N atom. For this symmetry, the
crystal field theory predicts a splitting into two A,, one A,, one
B, and one B, states for Cr; and two A;, one B; and one B, states
for nitrogen all of them being nondegenerate. The contribution
for each Cr state to DOS can be seen in Figure 9 as well as the
projection for the sp-type states of N and the total DOS, all of
them depicted in the same energy range than in dispersion
relation. The first bands are dominated principally by N p-type
states, as confirmed by the odd irreps in the first band. At E, the
bands mainly are constituted by the A,, By, and B, states of Cr
reaching a maximum of contribution of 20% and a minimum of
11% at the two bands crossing Er. This can be seen in Figure 8 by
the even irreps that appear in a band crossing Er. The other
bands are constituted by a mixture of sp-type states and two or
three d-type states, except for the bands belonging to the region
above the gap, which are almost entirely (=70% of contribution)
constituted by N states that transform as odd irreps, as can be
seen in the dispersion relation, so these are p states.

Itis interesting that either the N states and A; states constitute
the highest and the lowest bands of the central region also those
states appear to have a correlated behavior since in the upper
region the only nonvanishing d-type state contribution is that of
the A; states. This suggests that those states are mainly
responsible for the bonds between Cr and N. As in Structure
Model 1, this structure has low symmetry and, thus, has few 1-
dimensional irreps, inducing many level anticrossings in the
electronic band structure.

3.3. Topological Classification of Crystals

The study of topological properties of the electron density in each
phase helps determine the ionicity or covalence of the materials
presented using the QTAIM analysis**°® by the means of a
bond critical point (BCP) study. The information about the BCPs
for each studied phase is shown in Table 3. The list shows that all
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Table 3. Properties of BCP for each studied structure model. The
values py, and V?p,, are the electron density and the Laplacian of the
density, respectively. Ay, A, and A; are eigenvalues of the hessian
matrix. All magnitudes are given in atomic units.

SM Bond Pb Vp, A A A3 g

1 Cr—N 0.0919 0.3591 —0.1069 —0.0906 0.5566 0.1799

2 Cr—N 0.0755 0.3315 —0.0677 —0.0677 0.4671 0.0000

3 Cr—N 0.1253 0.4688 —0.1777 —-0.1777 0.8241 0.0000

4 Cr—N 0.1838 0.7392 —0.3126 —0.3052 1.3570 0.0242
N—N' 0.0178 0.0687 —0.0116 —0.0026 0.0829 3.4615
N—N? 0.0073 0.0342 —0.0058 —0.0038 0.0439 0.5263
Cr—Cr’ 0.0890 0.0998 —0.1369 —0.0931 0.3299 0.4705
Cr—Cr? 0.0330 0.0265 —0.0260 —0.0232 0.0689 0.1207

present bonds in each structure are ionic since all Laplacians are
positive. Table 3 also gives the ellipticity ¢ which is defined as
e=M/A—1.

Structure Model 1 has a Cr-N ionic bond that is unlocalized
given the deviation of ¢ from zero. Since ¢ is equal to zero for the
ionic bonds in Structure Models 2 and 3, those are localized and
have a cylindrical shape. Structure Model 4 is a special case,
given the many kinds of bonds present in this structure. On the
one hand, there is an ionic Cr-N bond that is a little unlocalized,
given that ¢~0. Secondly, there are two different ionic N-N
bonds one of which is highly unlocalized since & >> 0. Finally,
there are two ionic bonds between Cr atoms that are
unlocalized.

The gradient trajectories and Laplacian contour plots of the
electron density obtained with the TOPOND package and the
BCPs in the conventional cells are shown in Figure 10-13. The
2D maps were depicted in plane [100] for Structure Models 1 and
2, in plane [110] for Structure Model 3 and in [001] plane for
Structure Model 4. These planes were chosen because they
contain all the types of bonds present on each phase, except for
Structure Model 4, where only one Cr-Cr bond, one N-N bond,
and the Cr-N bond were depicted. The graphics also show the
boundaries of the atomic basins that intercept the lines
connecting atoms in bond or ring critical points indicated by
black dots in the contour plots. The black-dashed lines in those
plots indicate negative values of the Laplacian.

Figure 10a, 11a, 12a, and 13a show that the Laplacian dashed
lines are only in the vicinity of the nuclei forming shells. This
indicates that the electron density has local maxims only around
the nuclei, which is characteristic of ionic bonding, confirming
the previous affirmations about the bonding types.

For Structure Model 1, the topological plots are shown in
Figure 10. Figure 10a shows the BCP between the Cr and N
atoms, which are also depicted in Figure 10b. The critical point
connecting chromiums forming a chain of atoms is a ring critical
point (RCP), which is bounded by a ring of atoms. The ring
around this RCP lies outside the plane of Figure 10a and cannot
be shown.

For Structure Model 2, the topological plots are shown in
Figure 11. Figure 1la shows that the BCPs are located in a
trajectory that links the Cr and N atoms, as can also be seen in

Phys. Status Solidi A 2018, 215, 1700576

1700576 (7 of 9)

Www.pss-a.com

2 )+ &7 =7 Y

R 2N (AN NI 7 iz
a) b)

Figure 10. Topology of Structure Model 1. a) Laplacian contour plot and
gradient directions in the [100] plane, and (b) bond critical points in the
conventional cell. The convention for these images is: small balls indicate
a BCP, medium balls represent nitrogen, and big balls represent Cr atoms.
For all contour plots, the black-dashed lines indicate a negative Laplacian.

Figure 1b. In Figure 11a one can see that between two chromium
atoms, there is an RCP that is bounded by those atoms and two N
atoms forming the ring.

For Structure Model 3, the topological plots are shown in
Figure 12. In Figure 12a, the concentration between two atoms
represent a BCP with every nitrogen atom in the plane bonded
with two chromium atoms as can also be seen in Figure 12b. The
plane of the Laplacian contour plot only exhibit BCPs not RCPs.

For Structure Model 4 the topological plots are shown in
Figure 13. In Figure 13a, only one kind of Cr-Cr and N-N bond
besides the Cr-N one are shown. The missing bonds can be seen
in Figure 13b. There are two critical points between N atoms; the
one that lies in a longer line is a BCP, while the other is an RCP
surrounded by four Cr and two N forming an asymmetric
hexagon. The same situation happens for Cr, but this time the
critical point lying in the shorter line linking two Cr atoms is a
BCP and the other is an RCP that is bounded by four nitrogens
and two chromiums, forming an asymmetric hexagon. It is
interesting to note that the {001} planes are highly connected
capes that are bonded to one another by the Cr-Cr and N-N bonds
missing on those planes, and thus forming a layered structure.
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Figure 11. Topology of Structure Model 2. a) Laplacian contour plot and
gradient directions in the [100] plane, (b) BCP in the conventional cell.
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Figure 12. Topology of Structure Model 3. a) Laplacian contour plot and
gradient directions in the [110] plane, (b) BCP in the conventional cell.

As a final comment is important to note that each Structure
Model presents conducting behavior even though every bond is
ionic. Given that these calculations were made without any
magnetic ordering it is not expected that a gap opens at Eras said
in previous reports!'” and these untypical observations appear.
As said before is mandatory to do some dynamic stability
research on these structures to confirm these apparent contra-
dictions or discard them. Nonetheless is more likely that
imposing magnetic ordering would lead to a gap opening at Eg
and therefore the structures would be non-conducting.

4, Conclusions

In the present work, DFT calculations with hybrid functionals
(Hartree-Fock + GGA) and Gaussian basis sets have been used
in order to study four crystal phases of CrN. Two of them are
hypothetical with space group Cmcm and Pmmm, and the other
two have been reported experimentally (NaCl-type, space group
Fm3m) and theoretically (zinc-blende-type, space group F43m).
The calculated lattice parameters of reported structures are in
good agreement with previous researches (1.8 and 0.86% of
error, respectively). The methods used to calculate those
quantities were applied to the hypothetical phases, and a
structural description of them was possible. The calculation of
the cohesive energy for each crystal made it possible to
determine that every structure is thermodynamically stable.

:

a) b)

©a@a0

Figure 1 3. Topology of Structure Model 4. a) Laplacian contour plot and
gradient directions in the [001] plane, and (b) BCP in the conventional cell.
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Our calculations yielded that the nonsynthesized structure
Cmcem was the most stable among the studied phases. However,
it seems not to be much more stable than the experimental NaCl-
type structure, since the difference between E, is only 0.35eV.
More studies on this orthorhombic phase are to be made in order
to confirm or discard its relative stability, for example, the
calculation of phonon dispersion in order to determine its
dynamic stability or calculation of elastic constants to evaluate
the Born criteria of mechanical stability.

Using the same DFT methods, electronic dispersion relation
and density of electronic states were calculated. The results show
that each studied phase is a conductive one and also that this
work is in agreement with previous reports of electronic
structure about NaCl-type and zinc-blende-type phases. Not only
the form but also the compositions of the bands have been
accurately determined. In addition, the decomposition of the Cr
d states in the DOS graphics was determined. With aid of bond
critical points, this study was able to provide a description of the
bonding structure for each phase to conclude that all bonds in all
structures are ionic. Also, the topology of the electron density
and the theory of atoms in molecules (QTAIM) allowed for the
identification of RCPs in Laplacian contour plots.

It is interesting to note that the NaCl-type phase is an ionic
crystal because of its topology and that is also a good conductor
given that the crystal field splits the chromium d states into two
states, one of which is nonbonding and mainly constitutes bands
at the Fermi level. On the contrary, the zinc-blende phase does
not seem to be a good conductor. Here the crystal field also splits
chromium d states into two states, but this time the nonbonding
states do not contribute so much to Er, which is entirely
constituted by bonding states. As a consequence, the DOS at this
level is very low.

One also should expect the Cmcm phase to be a bad conductor
since the bonding states are dominant at the Fermi level.
However there is also a non-negligible contribution of the
nonbonding states that could contribute to a higher electron
mobility. Regarding the highly bonded Pmmm structure, the
crystal field splits the Cr d states into four different states, the
bonding states (between Cr and N) have a negligible contribution
to Ef, suggesting that this material could have a good electron
mobility. Additionally, there are other kinds of bonds, and the
other “nonbonding” states should form these Cr-Cr and N-N
bonds. These states almost totally constitute the Fermi level
having as a consequence that the electron mobility and also the
conductivity is reduces. The reproduction of the electronic
structure presented in previous works for the reported structures
is an indicator of the validity of the use of the hybrid B3LYP
functional for calculations with structures of CrN.
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