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A band structure calculation is performed for VN and VN 55
assuming long-range ordered vacancies at the nonmetal lattice
sites in the latter system. Chemical bonding is discussed in terms
of total, partial, and differential density of states. Crystal orbitals
are visualized by means of molecular orbital cluster calculation.
Strong « and i chemical bonds are enabled across the vacancy
by removing N atoms. The metal-metal bond is strengthened and
the metal-nitrogen bond is weakened in the vacant system. The
extreme hardness and unusual thermal behavior are in good
agreement with the picture of the conjugated system of 7 bonds

interconnected in three dimensions, © 1994 Academic Press, Inc.

INTRODUCTION

The rocksalt type structure substoichiometric nitrides
of the group 1V and V transition metats show important
physical properties (1). They have been attracting consid-
erable technical (2-4) and theoretical {5-10) interest. The
electronic structures of these systems are similar. Two
peaks, which can be attributed to the ‘‘vacancy’” states,
always appear some eV under the Fermi level. The vacan-
cy-induced creation of new bonding states (compared to
the stoichiometric compound) agrees well with the ther-
modynamical stability of the substoichiometric materials.
New octahedral bonds are formed between the metal
atoms surrounding the vacancy. Many studies using a
large variety of methods have been devoted to the elec-
tronic structurce calculation of vacant systems, but the role
of vacancy and its stabilizing effcct in bonding conditions,
induced by the vacancy, has not been understood yet.
The goal of this work is to gain insight into the chemical
bonding of the system with vacancy as compared to the
stoichiometric one.

The representative example of the above-mentioned
compounds is cubic VN,. Its sodium chioride type struc-
ture conststs of two sublattices with the nitrogen atoms
located in the octahedral interstitial positions of the vana-
dium host lattice. The stable compoundi s cover the broad
composition range 0.66 = x =< (.996 2) with vacancies
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only on the N sublattice. Within this composition range
VN, significantly changes its physical, thermodynamic,
and mechanical properties (1). One of the most remark-
able changes is decreasing hardness with increasing nitro-
gen content, i.e., the higher the concentration of the va-
cancies in the vanadium nitride, the higher the hardness
of the vanadium nitride.

We study the chemical bonding of VN, on the base of
supercell band structure calculation and molecular orbital
cluster calculation, respectively. The vacancy-ordered
VN, ;s has the same superstructure as TiCy 75 and TiN ;5
(8). It represents the system with a high content of ordered
vacancies. The long-range ordered structures were found
in the composition range VNg 74-VNy g (11), so that the
supercell approach is fully justified.

COMPUTATIONAL DETAILS

The tight binding scheme based upon the extended
Hiickel method (12) is used to obtain the electronic struc-
ture of the stoichiometric and vacant vanadium nitride,
respectively. The atomic parameters used for our calcula-
tions are summarized in Table 1.

Although the symmetry of both structures is Fr3m (14),
the symmetry of the unit cells differs. For the purpose of
simple comparison we choose so-called “‘computational’

TABLE 1
Atomic Parameters for Extended Hiickel Calculations?®
Atom Orbital My Lley) Laler)
N s —26.0 1.95
2p —13.4 1.95
v 45 —8.81 1.30
4p -5.52 1.30
id -11.0 4.75 (0.4755) 1.70 (0.7052)

* H;, orbital ionization energies {eV); {;;, Siater expgnents; ¢;, coeffi-
cients in the double-zeta expansion of the & orbitals.
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FiG. 1. The computational unit cells for stoichiometric VN (left}
and ordered vacant model structure VN5 (right).

unit ¢cells. The structure of the stoichiometric ¢crystal VN
and/or ordered substoichiometric crystal VN, 45 is gener-
ated by translation of computational unit celis shown in
Fig. 1 along translation vectors (the same vectors as for
simple ¢cubic unit cell). For stoichiometric VN this compu-
tational unit cell is four times larger than the basic unit
cell (two atoms in the face-centered basic unit cell). Nev-
ertheless, the choice of the larger computational unit cell
enables us not only to compare them with band structures
of both systems but to compare them with band structures
of titanium nitrides TiN and TiN, ;5 (8) as well. The model
ordered structure VN, ;s consists of transition metal atoms
with coordination number six {(V®) and four (V*}), The
vacancy [Jy is octahedrally surrounded by six V* atoms
which have only four nearest N neighbors., The V® atoms
are surrounded by six N neighbors as in steichiometric
VN.
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RESULTS AND DISCUSSION

(a) Band Structure

Band structures of VN and VN 5 are shown in Fig. 2.
In the case of stoichiometric VN, the use of the larger
unit cell, whose symmetry differs from the that of the
face-centered basic unit cell, results in the backfolding of
the bands. The backfolding is outlined in Fig. 3. Here the
form of the lowest energy levels along the path ' — X of
the simple cubic unit cell is schematically shown as a
result of the folding of the lowest energy levels along the
path I' = X — W of the face-centered cubic unit cell.
Although the band structure is thus more complicated, it
is directly comparable to that in Fig. 2b.

Let us look at the band structure of stoichiometric VN
first. The nitrogen s levels are situated in the energy inter-
val =30 to —26 eV. These levels are not interesting from
the chemical bonding point of view and are not shown in
Fig. 2.

The nitrogen p levels are in stoichiometric VN spread
over anarrow energy interval ~—16.0t0 ~—12.7eV. The
p levels are separated from the metal 4 levels except
for the nearest neighborhood of the I point. The small
bandwidth and the little overlap with the d band indicate
little bonding interaction of the nitrogen p orbitals with
the orbitals of the neighboring atoms.

The d band ranges from —13.0 to 3.7 eV. It consists of
two components. The octahedral coordination of metal
atoms split & orbitals into ¢,, symmetry orbitals (d,,, d
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FIG. 2. The band structure of VN (a) and ordered VN, (b).
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FIG. 3. The schematic diagram showing the backfolding of the three

lowest p levels of the fcc unit cell along the I'— X — W path into the
lowest p levels along the I' = X path of the simple cubic unit cell.

2

r X

d,.) and e, symmetry orbitals (dz, d,2_2). The 4, level
band ranging from —13.0 to —8.7 eV overlaps with the
e, level band (—10.1to 3.7 eV). The band structure along
the path connecting the high symmetry points of the Bril-
louine zone shows that the e, level band is situated above
the Fermi level (E. = —10.018 eV), except for the nearest
neighborhood of the I" point. Although in the stoichiomet-
ric VN the e, orbitals point toward the neighboring nitro-
gen atoms, the character of their interaction is predomi-
nantly antibonding. As the energy levels of the metal s
and p crystal orbitals are situated too high above the
Fermilevel to be involved into bonding interactions, these
are not shown in Fig. 2.

The band structure of the ordered vacant system VN, 5,
is similar to that of stoichiometric VN. The s orbital levels
remain in the energy interval —30.0 to —26.0 eV. The
shape of the p band is very little changed. The number
of the p levels is lowered from 12 for eight-atom unit cell
V,N, to nine for seven-atom unit cell V,N;. The very
pronounced change is a shift of some d levels toward the
lowered energy. These so called ‘‘vacancy states’ arg
seen in Fig. 2b in the region of point R at —12.0eV as a
triply degenerated level. The shift of the levels into the
bonding region causes the Fermi level to be lowered to
the value Ep = —10.429 eV.

{b) Density of States

Figure 4 displays the total density of states (DOS) of
VN and ordered VN, ;5. The main components of DOS are
shownin Figs. 5 and 6 for VN and VN, -, respectively. In
both systems the first intensive narrow band at about —135
eV consists of the nitrogen p orbitals with a small amount
of metal d orbitals. The metal s and p orbitals contribute
very little to this band. The 4 band is spread from about
—14.5 to ~0 eV. In the stoichiometric VN the 4 band
consists of two components f,, and e,. The t,, part of the
band is situated at lower bonding energies. The Fermi
level divides the t,, component of the ¢ band into bonding
and nonbonding states. The ¢#,, partial density of states
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FIG. 4. The total DOS for VN and ordered VN, ;s per computational
unit cell. The Fermi levels are also indicated.
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FIG. 6. The main components of the total DOS for VN 4.

increases toward the Fermi level. About 1 eV above it
the density of nonbonding states reaches the maximum.
The e, component of the d band is situated above the
Fermi level except for the very small part coming from
the vicinity of the [ point, as already shown in Fig. 2a.
Two new features are worth neting in the DOS of the
ordered vacant system. First, the two-maxima band of
*‘vacancy states'’ appears in the lower part of the d band;
second, the shape of the d band is changed. The band
maximum is lowered and broadened. The intensity of the
upper part of the band above —8 eV is lowered too. In
Fig. 6, where individual components of the band are dis-
played, we see that the change of the & band shape is
caused by partial density of states coming from the
d,2_, and d orbitals. These components of DOS are not
limited to the nonbonding and antibonding energy region,
and they are spread throughout the whole d band. In other
words, the d2_2 and d,2 orbitals which are nonbonding
in the stoichiometric VN become the components of
chemical bonds. Figure 7 displays the V¥ and V! compo-
nents of the total DOS. We see that the vacancy states
come from four coordinated metal atoms. The VI contri-
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FIG.7. The comparison of the partial Vi & DOS and the VI¥ 4 DOS.

bution to the total density of states is shaped in the same
way as all the d components of DOS in the stoichiomet-
ric VN,

The DOS changes induced by the vacancy are presented
in Fig. 8 in terms of the total density of states differential
curve (ADOS). This curve is calculated according to

ADOS = DOS(V,N;) — DOS(V,N,). [1]
Both expressions on the right-hand side of Eq. [1] are
normalized to one couple of atoms, VN. Two main com-
ponents Ad(V}) and Ap(N) are also presented in Fig. 8.

ta) | (b) () (d) (e)
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FIG. 8. The total DOS differential curve and two main components
Ad(V) and Ap(N). Two arrows indicate the shift of two levels induced
by removing the central nitrogen atom from the cluster V ;N ,N.
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The component curve Ad(V) illustrates the fact that the
electronic structure changes due to the altered metal 4
orbital bonding. The p orbitals play a very small role in
this process, and the role of all other orbitals (i.e., the
nitrogen s orbitals and the vanadium s and p orbitals)
could be neglected. The band area above the zero line
represents the new states appearing in the process of
vacancy creation (V,N,— V,N,[0). The band area equals
the number of new states normalized to one couple of
atoms, VN. The bands below the zero line are the states
which vanish in the process of vacancy creation. The
vertical lines divide the ADOS curve in Fig. 8 into five
regions (a)—(e). Region (a) corresponds to the intense p
orbital nitrogen band. Although one can hardly distinguish
changes in these bands in Fig. 4, these changes are well
pronounced in the ADOS curve in Fig. 8, The contribution
of d orbitals to this band is lowered and the whole nitrogen
p orbital band is shifted toward the lower binding energies.
Region (b) represents the vacancy states. The large den-
sity of states increase is due solely to the metal d orbitals.
As we can see from Fig. 7 all V¥ 4 orbitals are contributing
to this band. The densitiecs of the nonbonding state
changes near the d band maximum above the Fermi level
are expressed in region (c). Both the nitrogen p and metal
d states are shifted to higher energies, the latter being
more prevalent. The large density of states decreasing
occurs In region (d). This energy region covers stoichio-
metric VN nonbonding crystal orbitals consisting mainly
of the metal 4 orbitals of e, symmetry (d.2_,2, d.2). Both
the band structure (see Fig. 2} and partial DOS of the two
systems (see Figs. 5 and 6) show that in VN, ;5 these two
d orbitals become the components of the crystal orbitals
with energy levels below the Fermi level. This means the
increasing DOS in region (b) is attributed to the DOS
decrease in energy region (d). In energy region (¢) the
density of state does not show any substantial changes.

() A Comparison of the Solid with the Cluster

Our solid-state results are made clearer by a comparison
with the results of the molecular orbital cluster calcula-
tion. The unit cells (the clusters) taken into the cluster
calculation differ from the solid-state computational unit
cells shown in Fig. 1. We choose clusters having the same
central atom point symmetry as the solid-state nitrogen
atom has (see Fig. 9). After the removing of the nitrogen
atom from the center of the cluster its point symmetry
remains the same. This enables us to assign the energy
levels of one cluster to the other one and evaluate the
electronic structure changes induced by removing the cen-
tral nitrogen atom. The assignment is shown in Fig. 10.
Nitrogen s orbital levels are again not included in the
molecular orbital (MO} scheme. The group of the MO
levels scattered across the energy interval —15to —14 eV

FIG.9. Theclustersofatoms VN, surrounding the central nitrogen
atom (left) and the vacancy (right). (@) N atoms, (Q) V atoms, and ({0}
the vacancy.

consists mainly of nitrogen p orbitals. The second large
group of MO levels at the energy interval —12 to —8 eV
are vanadium d orbital levels. The levels at energies higher
than —8 eV contain a large contribution of the unoccupied
vanadium s and p orbitals. The electronic structure
changes occurring after removing the central nitrogen
atom are as follows.

Two levels suffer large shift. Both these levels contain
a large contribution from the central nitrogen atom orbit-
als in the initiaf cluster V,,N,N. The first one is the triples
1), level, and the second nondegenerate one has the sym-
metry a,,. Both levels are not occupied in cluster
V4N ,N, and become occupied in vacant cluster V,N ;0.

The levels which contain a small amount of the central
nitrogen orbitals in initial cluster V,N,N are shifted very
little. The direction of their moving depends on the new
position of two energy levels aj, and t,,. The other levels
of the same symmetry are repelled from them. The stabi-
lizing shift of the three p levels toward the lower binding

E {eV)

-1 L Houg

VIANIZD

FIG. 10. The molecular orbital scheme of two clusters V,N;N and
V1N O, respectively. The mutual assignment is shown only for shifted
levels. The highest occupied molecular orbitals (HOMO) are indicated
by arrows. The number of the horizontal lines represents the degeneracy
degree of the level.
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energies is outlined i Fig. 10. On the other hand, the
three d levels are shifted toward the higher energies. The
lowest one even becomes unoccupied in the cluster
VN O.

The energy levels not containing contribution from cen-
tral nitrogen orbitals are practically unaffected by the
removal of the central nitrogen atom.

The two molecular orbitals a,, and ¢,,, which dramati-
cally change on going from the cluster V| ,N,N to the
cluster V,N,], are visualized in Figs. 11 and 12. The
a,, orbital is the typical o antibonding orbital in the cluster
V,.NoN. It consists mainly of the d orbitals of vanadium
atoms octahedrally surrounding the central nitrogen atom.
The axial 4,2 orbitals and the equatorial d,z_ 2 + 42 orbitals
pointing toward the center of the cluster are supposed to
be able to create a strong o bond. The central nitrogen
atom contributes to this MO with the s orbital of the
opposite sign of the charge density. This weakening of
the charge density in the center of the cluster coming
from the metal d orbitals prevents creating a strong o
bond, and the molecular orbital a,, remains unoccupied
with its energy level too high in the antibonding energy
region. On the other hand, the obstructing s orbital is
missing in the cluster V,,N,,0J. The d orbitatls of six vana-
dium atoms which represent VI atoms octahedrally sur-
rounding the vacancy in ordered VN . create a six-cen-
tered o bond. The electron density maximum of the o
bond is in the center of the octahedra. The energy level
belonging to this molecular orbital is even the lowest d
energy level. This type of o bond is described in substoi-
chiometric TiN, ;; (8}, where bonding conditions are simi-
lar. The creation of the new bond is shown by means of
electron density cuts. Herzig et af. (8), evaluating o bond-
ing interaction via the vacancy, have concluded that this
can also occur between the two Tit! d,: orbitals oriented
at right angles to each other. This conclusion is fair, but
the interaction does not concern the d: orbitals oriented
at right angles to each other. Axial parts of the 4, orbitals
of the apical metal atoms interact with the equatorial parts

FIG. 11. The schematic indication of the main components of the
a,, molecular orbital. The central nitrogen s orbital prevents the creation
of the multicentered o bond (left). The bonding combination of the d
functions after removing the central nitrogen atom (night),

FIG. 12, Schematic indication of main components of one of the
three parts of the ¢, molecular orbital. The central nitrogen p, orbital
prevents the creation of the multicentered 7 bond (left). The bonding
combination of the 4 functions after removing the central nitrogen
atom {right).

of the 4,2 orbitals of the other four metal atoms, all having
the same orientation.

Contrary to the nondegenerate a,, level representing
the o interaction of the d orbitals, the triply degenerate
molecular orbital 1), is created by the 77 interaction of the
d orbitals of vanadium atoms octahedrally surrounding
the center of the cluster. Only one of the three components
of the 1, MO, which contains d,2 orbitals in apical posi-
tions, is shown in Fig. 12. The central nitrogen p,_ orbital
enters this MO again with opposite sign of the charge
density thus obstructing the electron density increase and
the formation of a strong # bond. After removing the
central nitrogen atom the chemical bond becomes strong.
Its energy level is shifted from —8.6 to —11.6 eV (see
Fig. 10).

The energy level a,, and 1,, shifts in the cluster induced
by vacancy creating at central position are outlined in
Fig. 8 by means of two arrows, The differential DOS curve
displays the shift of bands possessing some bandwidth
and band area representing the infinite number of energy
levels. This fact should be borne in mind when we com-
pare the shift of two cluster levels with the ADOS curve.
The energy region —13 to —11 ¢V, in which new states
appear in solid state, fits well with that into which the
two levels are shifted in the cluster V,N ;0. The energy
region (d) in which the decrease of the DOS occurs in the
VN5, as compared with the stoichiometric VN, does not
fit with the energy region of the two r,, and a,, antibonding
energy levels in the cluster V ,N;,N. The explanation is
quite simple. The cluster point symmetry is the same as
the symmetry of the I" point. As we can see from the band
structure of the stoichiometric YN (Fig. 2a), the energy
levels of the whole d band are situated at energies some
eV higher than the I point throughout the whole Brillouin
zone. The energy region about 2 eV higher than the a),
and t,, energy levels on the left-hand side of Fig. 10 is
equivalent to the region (d) from which the states are
transferred to the region (b) in Fig. 8.
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(d) Overlap Populations

The overlap population defined as Zc.c;S,; is used to
characterize the strength of chemical bonds (13). ¢; and
¢; are the coefficients of the linear combination of atomic
orbitals. §; stands for the matrix element of the overlap
between two atomic orbitals i and j. The overlap popula-
tions calculated for a couple of atoms in unit cells shown
in Fig. 1 are given in Table 2. The rapid decrease of §;
with distance causes low values of overlap populations
except those for nearest neighboring atoms. This is illus-
trated with the values for atom pairs placed in the diagonal
positions of cube faces. The strength of the bond between
the metal atoms situated at a distance of the lattice param-
eter is demonstrated for a pair of atoms V-V’ with the
vacancy placed in the middle, between them. Since the
overlap population is changed with altered lattice parame-
ter to be able to compare them, ali values reported in Table
1 are obtained for the same geometry (the experimental
geometry of the stoichiometric VN; ¢ = 0.414 nm). Al-
though bonds of the same kind can be compared for the
two systems, we cannot directly compare the strength of
the V=N and V-V bonds, respectively, because of the
different bond length and geometry arrangement.

Let us discuss the N-N bonding first. Although the
N-N distance is not large (r = 0.2927 nm), the interaction
of two nitrogen atoms approaches zero. The geometry
arrangement is the reason for this negligible interaction.
The nitrogen atoms are placed in diagonal positions of
cube faces. Their p orbitals are perpendicular to each
other, and the overlap of the s orbitals is too small to
create the effective chemical bond. The nitrogen atoms
are thus bound in the structure solely via interaction with
nearest-neighbor metal atoms.

The dominant components of the nitrogen—metal bonds
are nitrogen p orbitals. Although only a small amount of
the p and 4 orbitals is included in this bond (see Figs. 5
and 6), the p(N}-d(V) overlap is so high that the overlap

TABLE 2
Overlap Populations for the VN
and VN ;5

Overlap population

Couple of atoms Y.N, VN,
N-vl 0.318 0.314
N-vi — 0.179
viel_yls) 0.045 —
ViH_yl4 — 0.132
By — 0.053
N-N —0.003 —0.003
VUL_y i -0.026 -0.029

population reaches large values for both systems com-
pared. In vacant VN, 5, two types of the metal atoms
(V® and VU enter the V-N interaction. Note that the
VH_N bond strength is much weaker than the V®-N
one. The weakening of the VI*-N bond is caused by a
decreasing amount of the V*! d orbitals in these bonds.
The reason for this decreasing is the formation of the
metal-metal bonds via the vacancy into which the 4 orbit-
als in VN, ;5 are included to a much higher extent than
into the metal-metal bonds via the nitrogen atom.

The geometry arrangement of the metal atoms is the
same as that of the nitrogen atoms. The partially filled d
orbitals enable the metal atoms to create weak
metal-metal bonds across the nonmetal positions (see
left-hand side of Figs. 11 and 12). The overlap population
for VUVl differs very little from that for VI_V18], The
increasing value for the pair VY-V as compared to the
value for V®-VI® js in good agreement with the bond
strengthening displayed in the right-hand side of Figs. 11
and 12.

The concept of a weak second-neighbor d :-[-d 2 bond
via the vacancy, adopted in (8) for similar vacant systems
TiNg 55, would lead to the surprising conclusion that such
interaction is very weak. The minus sign of the overlap
population for the couple of atoms VY-V’ indicates that
this interaction is even antibonding. This result is not so
surprising when we realize that the overlap of the d orbit-
als centered at metal atoms VI# and V'* is very low. The
chemical bond between atoms V¥ and V'* does exist (as
shown in Figs. 11 and 12) in the form of o and o bonds
via the vacancy. The overlap of V and V' d orbitals
cannot be considered as the direct one. 1t is in both cases
{o and 7 bond, respectively) mediated by the 4 orbitals
of all the other four VI atoms surrounding the vacancy.
As the numerical procedure of the overlap population
calculation works only with the direct overlap of the two
atomic orbitals, this bond is not expressed through the
increasing of the V-V’ bond, but indirectly through the
increasing of the V*-VI* bond.

CONCLUDING REMARKS

The electronic structures of the systems MN and
MN,; 25 (M = Ti, V) are very similar. They differ only in
some details, e.g., the shape of the vacancy band, its
position under the Fermi level. The main common feature
of the substoichiometric nitrides is the appearance of one
nondegenerate ¢ and one triply degenerate = bond be-
tween the metal atoms across the vacancy. In the ordered
systems M N -5, every other nitrogen position is vacant
in all three dimensions. r bonds are thus interconnected
into three-dimensional conjugated system of bonds sche-
matically displayed in Fig. 13. In real systems, the va-
cancy ordering is not ideal but random. Every two neigh-
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FIG. 13. The scheme of the interconnection of the multicentered o
and = bonds in three dimensions in the ordered VN ;5. Solid lines stand
for the metal-metal bonds, and dashed lines indicate the metal-nitrogen
bonds. The symbols used are the same as in Fig. 9.

boring vacancies are interconnected by conjugated
multicentered = bonds, Conjugated chains of bonds are
randomly interrupted by nitrogen atoms, thus forming
chains of various length interconnected in directions per-
pendicular to each other. These ‘‘whisker-like®’ intercon-
nections lead not only to the thermodynamical stability
of vacant systems over the broad composition range, but
also to their fracture toughness.

The vacancy creation divides the metal atoms according
to the coordination number into two groups (V¥ and V1),
The metal atoms with lowered coordination number cre-
ate metal-metal bonds which are strengthened, and
metal-nitrogen bonds which are weakened. In this work
we deal only with two systems, VN and VN;;;. The
existence of stable compounds VN, with x less than 0.75
means that the coordination number of some metal atoms
is lowered to two, and such materials are even more inter-
connected by multicentered o and 77 bonds than is outlined
in Fig. 13. From this point of view, we can formulate the
conclusion of this work more generally. The lower the
coordination number of the metal atoms, the stronger
metal-metal bonds become, and the weaker metal-nitro-
gen bonds become.

This generalization allows us to understand another
interesting property of substoichiometric VN, . Capkova
et al. (14) have found that in the VN, — VN, series

the thermal vibrations of metal atoms increase, and that
for the sample VN g the thermal parameter of the metal
reaches a value more than twice as large as that of the
nitrogen atoms. On the other hand, the thermal parameter
of the nitrogen atoms decreases with the increasing x. As
we have already shown above (see Figs. 11 and 12) the
nitrogen atom performs a double role in VN_ struc-
tures—bonding and antibonding. The strong covalent
bond is formed by placing the nitrogen atom between the
metal atoms. The degeneracy of the multicentered = bond
is not removed but the character of the metal-metal bond
becomes antibonding. With increasing the concentration
of N atoms in their sublattice, the rigid skeleton of conju-
gated metal-metal bonds becomes more weakened. The
bond becomes more plastic, and then thermal parameter
of the metal atoms is increased. On the other hand the
increase of vacancy concentration raises the strengthen-
ing of the metal sublattice, and weakening the metal—ni-
trogen bonds and larger thermal vibrations of nitrogen
atoms is allowed.
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