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The nitrogen dimer as both a fundamental building unit in designing a new type of nitrides, and a material
gene associated with high electrical and thermal conductivities is investigated by first principles calculations.
The results indicate that the predicted SiNy is structurally stable and reasonably energy-favored with a striking
feature in its band structure that exhibits free electron-like energy dispersions. It possesses a high electrical
conductivity (5.07 x 10° S/cm) and a high thermal conductivity (371 W/m-K) comparable to copper. The validity
is tested by isostructural AINs and SiCy. It is demonstrated that the nitrogen dimers can supply a high density

of delocalized electrons in this new type of nitrides.

PACS: 71.20.Ps, 72.15.Eb, 78.40.Kc

Considerable progress in material prediction has
been achieved over the last decade owing to the de-
velopment of the high throughput calculations and
machine learning algorithms.["'”] Genes of materials
or fingerprints that encode the information of crystal-
lography, chemistry of constitutional elements, elec-
tronic band structure etc., were identified by analyzing
known material spaces and were used to successfully
predict new compounds with desired properties in sev-
eral specific classes of functional materials.l’~7 Al-
though recent breakthroughs in artificial intelligence
allow self-learning without human knowledge in mas-
tering games,®") the machine learning in the field of
material prediction is highly dependent on the training
samples, and experts’ knowledge is a prerequisite.['] A
concern arises, of whether the training samples are di-
verse and representative enough to construct effective
and efficient learning algorithms. It will be of im-
portance to add training samples to cover previously
unknown samples.

In the present work we explore a new type of ni-
trides with high electrical and thermal conductivities
while they are lattice dynamically stable and energy
favored. Our focus is on the compounds that contain
delocalized electrons from the non-metal elements.
These delocalized electrons are known to play a vital
role in determining the conductivity of graphite,!'"!
graphene,'' and conductive polymers.['”l These de-
localized electrons come from 7 bonds forming by p
subshell electrons. It is the 7 bonds that lead to the
emergent Dirac cones with a zero gap in graphenel'”!
and relatively narrow-band gaps in conductive poly-

DOLI: 10.1088/0256-307X/35/8/087102

mers. However, they are usually semiconductors and
made conductive only by heavy doping of either elec-
trons or holes.!'"] So do degenerate semiconductors.!'”]
Semimetals are another class of conductive solids due
to a small overlap between their conduction band bot-
toms and their valence band tops in terms of energy.
Compared to metals or alloys, graphene, conductive
polymers, and semimetals are still poor electrical con-
ductors as they do not have a high density of delo-
calized electrons. Further enhancing conductivity is
often limited by the solid solubility and structural sta-
bility. To the best of our knowledge, no compounds
consisting of non-metal elements have been known to
be intrinsic conductors.['’]

In this Letter, we investigate the material gene
in a compound consisting of only non-metal elements
to realize intrinsic metallic characteristics using first-
principles calculations. We show that SiNy, a binary
compound with diamond-like structure consisting of
two of the most abundant elements on the earth, has
high electrical and thermal conductivities comparable
to metals such as Cu and Al without doping. This
cubic compound is stable in the lattice dynamic and
reasonably favored in cohesive energy. Its electronic
band structure resembles that of a monovalent metal
due to the existence of delocalized electrons. AlNy,
an isostructural compound, possesses similar proper-
ties with SiN4. Our results demonstrate that nitrogen
dimer, formed with double bonds, can be used as a
material gene to construct a new class of materials
with high electric and thermal conductivities.

In designing such a compound, our consideration
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begins with a material gene that can supply a high
density of delocalized electrons. Double N=N bonds,
which do exist in some nitrides,!” % is a proper
choice. Since each N atom has five valence electrons,
three electrons will be left over after forming two o
bonds, one involving two neighboring N atoms, the
other involving a nitrogen atom and a second element
atom to be connected, see the following. Among the
three unbounded 2p electrons, two of them from p,
and p, subshells will separately form two 7 bonds with
the neighboring N atom. In this way, the last electron
can only stay at the anti-bonding 7* bond since o and
7 bonds are fully occupied, finally leading to a double
N=N bond.

Next, we consider a proper element needed to be
bonded with N atoms. Silicon first comes into our
choice due to the fact that a-SisN4*" and 5-SigN, "]
are well known refractory ceramics. In these com-
pounds, Si is bounded by four N atoms, forming a
tetrahedron SiN, with Si being at the center. Since
Si is a semiconductor with a bandgap around 1€V, its
conduction band is not far away from the Fermi level
and possibly lies at an energy level close to the 7* band
of the double N=N bond. This will be conducive to
enhance electrical conductivity. Here the double N=N
bond will act as a linker that connects the two SilN4
tetrahedra.
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Fig.1. (a) Schematic orbitals for the formation of a dou-
ble N=N bond when two SiN4 tetrahedra are approaching
and they are close enough. (b) Electron filling in pro-
posed molecular orbitals including bonding orbitals and
anti-bonding orbitals. The double N=N bond comprises
one o bond contributed from the hybridization of sp, two
7 bonds from p, and p. orbitals, and two 7* anti-bonds.
Yellow and black bars denote the molecular orbitals of Si-
N bonds and N=N bonds, respectively.

Figures 1(a) and 1(b) show schematically how elec-
trons of two nitrogen atoms hybridize and the way
they bond. Si is bonded by four N atoms all forming
o bonds from Si sp? and N sp hybridizations. Ac-
cording to the octet rule, two o and two 7 bonds will
comprise the valence bands. The present material is
in the half occupation of 7* bonds by delocalized elec-
trons, which is expected to comprise the conduction
bands. The anti-bonding ¢* is totally unoccupied in

the ground state. The following calculations verify

these assumptions.

Fig. 2. (a) The crystal structure of diamond with space
group Fd3m (No. 227). (b) Tetrahedron SiN4 with each
Si/Al atom coordinated by four N atoms. (c) The crystal
structure of the SiN4 compound, which can be regarded as
replacing C atoms of diamond with tetrahedron SiN4 and
then each tetrahedron SiNy is connected through double
N=N bonds by four other SiN4 tetrahedra. (d) Crystal
structure viewed from [110] directions of SiNy4.

With the above considerations in mind, we need to
construct a structure that contains both SiNy tetra-
hedron and N=N double bonds. Every SiN, tetra-
hedron should have an identical crystallographic en-
vironment and the arrangement of them must meet
the translation symmetry. Each SiN4 bonded by the
other four via N=N bonds is the most feasible way
in bonding topology. Among all porotypes with every
motif connecting each other in this way, the cubic di-
amond structure possesses the highest symmetry. We
then built the structure by replacing carbon atoms
in the diamond unit cell with SiN,4 tetrahedra, where
Si atoms occupy the positions of C atoms, as shown
in Fig.2, in the same way first put forward by Su et
al.””l in constructing the T-carbon. It is noted that
the T-carbon was experimentally observed recently. [*”]
Other analogous 3D carbon allotrope with sp and sp?
hybridization was also theoretically proposed./*!]

Our calculations were performed using den-
sity functional theory!””?%! with ultrasoft pseudopo-
tentials. Both generalized gradient approxima-
tion (GGA)?"l and the local density approximation
(LDA)P®! were used for the sake of the reliability of
calculated results. Other details were deposited in
the Supplemental Material. Geometry optimization
implemented with the Broyden, Fletcher, Goldfarb,
and Shannon (BFGS)P?) method was performed on
the structure shown in Fig.2(c) until the remnant
Hellman—Feynman forces on the atoms were less than
0.01 eV/A. The Si and N atoms are set to occupy the
Wyckoff 8(a) site (0, 0, 0) and the Wyckoff 32(c) site
(x, x, z) with space group Fd3m (No. 227). This gives
lattice constant a = 10.392A and z = 0.091. Each
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unit contains 8 SiNy tetrahedra and the compound
has a density of 0.996 g¢/cm®. The bond length ds;_x
is 1.635 A, slightly shorter than 1.738 A observed in
a-SizN4.[?") The bond length for dy_n is 1.231 A, in
good agreement with ones found in other nitrides,
which contain double N=N bonds.['" '] SiN is sim-
ilar in structure to T-carbon!”” and supertetrahedral
Al and B recently reported by Getmanskii et al.l*0:?!]
However, it does have distinct features from these in
fundamental building units (FBU) and bonding topol-
ogy. Here the FBUs are SiN, tetrahedra and N=N
dimers. In SiN, tetrahedra, Si is located at the cen-
ter and is coordinated by four N atoms which are
not bonded to each other. In both T-carbon and
supertetrahedral Al/B, their tetrahedra consists of
four C(Al/B) atoms that are all bonded with each
other but empty at the center, and are connected by
C(Al/B)-C(Al/B) bonds.
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Fig.3. (a) The electronic band structure of SiN4, and

the inset shows the first Brillouin zone. (b) Partial den-
sity of states for atoms Si and N and the total density
of states. Inset of the bottom panel shows the molecular
orbitals at different energy levels. The 7n* anti-bonding
orbitals dominate in the vicinity of the Fermi energy, and
the 7 bonding orbitals of N=N appear at —6eV and the
o bonding orbitals from N=N and N-Si spread over and
overlap below —8¢eV.

Then we investigate the structural stability in
terms of cohesive energy (F.) and lattice dynamics.
The value of E, is defined as the energy difference be-
tween atoms in the corresponding compounds and in a
free state. The lower E., the stabler a structure. Here
E. for SiNy is —7.16 eV /atom (see Table S1 in the Sup-
plementary Material®”!), higher than —8.26 ¢V /atom
for both @ and -Si3Ny, and —8.11eV/atom in ~-
SisN, ] obtained under high pressures. However, E.
of N3 molecular and silicon are —7.92¢eV/atom and
—5.43 eV /atom, respectively. The relatively high FE.

for SiNy is due to the existence of double N=N bonds,
which is estimated to be about 5.13eV/bond. How-
ever, this cohesive energy would make the structure
survive well above room temperature. Our molecu-
lar dynamic calculations show that it is stable even
at 600 K. The calculated phonon spectra is shown in
Fig. S1 in the Supplementary Material.l*”! No negative
frequency in the lowest acoustical branch is presented
either using GGA or LDA, suggesting the stability
of the structure. The isostructural BN, is not sta-
ble in lattice dynamics as evidenced by its negative
frequency, implying the stability of tetrahedron con-
tributes significantly to the formation of such a struc-
ture, see Fig. $3.1%7]

The electronic band structure is presented in
Fig. 3, along with the partial density of states for Si
and N atoms. It is evident that SiNy is a metal in
electrical conduction shown in Fig.3(a). Upshift and
downshift Fermi energy level do not alter the metal-
lic nature, suggesting that this compound is an in-
trinsic metal which does not evolve from a semicon-
ductor. A striking feature is that the energy disper-
sions along L-I'-X directions in the Brillouin zone
exhibit a parabolic curve, reminiscent of a free elec-
tron’s behavior. Similar dispersions are often existent
in alkali metals and monovalent metals. The effec-
tive mass of the delocalized electrons is estimated to
be about 1.12m,. based on this dispersion, where m,
is the rest mass of an electron. To confirm this, we
evaluate the localization extent of the electron by the
electron localized function (ELF).’Y) The calculated
results (Fig. S4°%) indicate that the electrons lying
in the vicinity of Fermi energy are indeed highly de-
localized as manifested by the values of ELF, which
is well below 0.5, a criterion value for localization. In
addition, assuming each N=N bond provides two delo-
calized electrons, we obtain the total 32 free electrons
in one unit cell and electron density is about 2.75 x
1022 cm~3. This is a typical value for a normal metal.
To evaluate the electrical conductivity, we calculate
the relaxation time of electrons based on Bardeen and
Shockley’s deformation potential theory,!*”?%! which
is applicable to the case of delocalized electrons. The
calculated details are deposited in the Supplemen-
tary Materials.’”l The relaxation time 7 is about
7.32x 10~ '*s. The electrical conductivity is then eas-
ily obtained to be ¢ = 5.07x10° S/cm or the resistivity
p=1.97x107%Q-cm at 300 K. This value is very close
to 1.68x1076Q-cm for copper and 2.82x107%Q-cm
for aluminum at 297 K. The thermal conductivity can
be estimated to be about 371 W-m~*K~!) using the
Wiedemann—Franz law if only the contribution of elec-
trons is taken into account here. Again, it is very close
to that for copper at room temperature. If considering
the contribution of acoustical branch phonons at low
frequencies (Fig.S1), the total thermal conductivity
should be higher than the above value.

The partial density of states shown in Fig. 3(b) al-
lows us to analyze the contributions from Si and N
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atoms to the metallic characteristic for SiN4. Appar-
ently, N atoms contribute more states in the vicinity
of the Fermi energy than Si atoms. The orbital anal-
ysis shown in the bottom panel of Fig. 3(b) indicates
that these states are mainly occupied by N delocal-
ized electrons in anti-bonding 7* bands. It is noticed
that Si delocalized electrons exist in the ¢* bonds from
the Si sp3 hybridized orbital and N sp hybridized or-
bital, which lies at the conduction band. This feature
indicates that the antibonding ¢* for Si can be occu-

pied probably due to its moderate wide band gap if
the density of delocalized electrons is high enough in
the compound. Replacing N with C in SiNy results
in isostructural SiC,4, where SiC, tetrahedra are con-
nected by C=C triple bonds. Band structure calcula-
tions indicate that it is a semiconductor with a band
gap up to 3.82¢eV, see Table 1. This is reasonable since
C=C triple bonds have no delocalized electron left for
bonding to Si.

Table 1. Calculated density, band gap, E, lattice constant (L), and bond length (BL) for SiN4, AIN4, and SiCy.

Density (g/cm®) Band gap (eV) Ec (eV/atom) L (&) BL (A)
SiNy4 0.996 0 —7.156 10.392 1.231nN 1.635Nsi
AINy 0.799 0 —6.980 11.137 1.223nn 1.804nA41
SiCy4 0.716 3.82 —7.682 11.223 1.226cc 1.817cs;

As SiNy4 can be regarded from cubic close pack-
ing of SiN, tetrahedra, we also examine its modifica-
tion formed by hexagonal close packing in terms of the
---ABAB- - - sequence. In the hexagonal phase, tetra-
hedral SiNy is also connected by four other via the
N=N double bonds. After geometry optimization, we
obtain the hexagonal phase of SiN, with the lattice
constants a = 7.338 A, c=12.006 A, and space group
P63/mmec, see the crystal structure in Fig. $5.1%” Lat-
tice dynamic and cohesive energy calculation indicate
that the hexagonal SiNy is stable (Fig. S61°?]). Tt also
has a metal-like feature in the calculated electronic
band structure (Fig. S71°?]).

To test the role of the nitrogen dimer in induc-
ing the high electrical and thermal conductivities, we
also examine isostructural AIN,, which has a lattice
constant a = 11.137 A after geometry optimization
(Fig.S8[*?).  Lattice dynamic and cohesive energy
calculation results suggest that it should be stable
(Fig. S91"?]). Like SiN,, AIN; has N=N double bonds
and is metallic in conductivity (Fig.S100°?). This
means that nitrogen dimers can be regarded as a ma-
terial gene to this class of compounds that exhibit the
metal-like behavior, in particular, high electrical and
thermal conductivities. Finally, since SipgCN,P7:%]
and other nitrogen-rich compounds that contain N=N
double bonds can be synthesized from organic polymer
precursors at proper temperatures and pressure,!*"!
SiNy is likely obtained from the similar route.

In conclusion, to enrich the material genes and fin-
gerprints associated with high electrical and thermal
conductivities, we explore a new type of compounds
with such properties, and predict that new compounds
SiNy and AIN4 with diamond-like structure are stable
and metallic. Highly dense delocalized electrons and
N=N double bonds are the key factors to realizing
the metallic-like conductivity in these compounds be-
cause they have a strong tendency to provide a high
density of delocalized electrons by forming 7* bonds.
These electrons exhibit features in mono-valent met-
als. Thus nitrogen dimer can be treated as a material
gene, that is, a fragment of property-labelled mate-

rials. It can be used as a descriptor in determining
material properties proposed by Isayev et al.,[’) and
to construct nitrides with high electrical and thermal
conductivities.
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Text A: Computational Methods and Details

The first-principles calculations were performed with the CAMBRIDGE SERIAL TOTAL ENERGY
PACKAGE [1] with the plane-wave pseudopotential method. We adopted the generalized gradient
approximation (GGA) in the form of the Perdew-Burke-rnzerhof (PBE) for the exchange-correlation
potentials [2]. The ultrasoft pseudopotential with a plane-wave energy cutoff of 500 eV. The first
Brillouin zone was sampled with grid spacing of 0.02 A L.[3] The self-consistent field was set as 5 <1077
eV/atom. Both lattice parameters and atomic positions were optimized with the Broyden, Fletcher,
Goldfarb, and Shannon (BFGS) method [4] until energy change less than 5 < 107 eV/atom, residual
force less than 0.01 eV/A and max stress less than 0.02 GPa. Phonon caculations were performed with
the finite-displacement method [5,6] using both GGA-PBE and the local-density approximation (LDA)
function [7,8] for comparison. Molecular dynamics simulation based on the velocity Verlet algorithm is

performed with time steps of 3 fs for 1.5 ps at 600 K in the NVT ensemble. The cohesive energy, E., is



calculated by Ec= [mE(Si)+nE(N)- E(SimNn)]/(m+n), where E(Si), E(N), and E(SimN») are the energies

of Si atom, N atom, and SinN, compound, respectively.

The relaxation-time 7 and mobility are calculated based on deformation potential (DP) theory

proposed by Bardeen and Shockley [9]. The electrical mobility and relaxation time 7 are estimated

er 2/27eC .kt
by the formula, x4 =—2 = L,
B 3(kBT)3/2 Eém 5/2

where Cp is the elastic constant, Eg is the DP

*

constant and m” is the electronic effective mass. By fitting the total energy with respect to volume
change, (E-Eg)/Vy to dilation Al/ly with (E-Eo)/Vy= Cp(Al/lp)*/2, the elastic constant Cp along the
transport direction 5 can be determined. Here V) is the cell volume at equilibrium, and /y is the lattice
constant along direction of 5. The DP constant is defined as Eg = AE/(Al/lp), where AE is the energy
change of the Fermi level with lattice dilation A/l the direction of 5. The electrical conductivity is

calculated by ¢ = (ne’t)/ m", where n is the free electron density.

Table S1: Computed cohesive energy for cubic SiNs-c (Fd-3m), hexagonal SiN4-h (P63/mmc),
SizNy (Fd—3m), SizNy (P3]C), Si3N4 (P63), SizN4 (P63/m) and Si3Ny ([—43d).

SiN4-C SiN4-h Si3N4 Si3N4 Si3N4 Si3N4 Si3N4
(Fd-3m) | (P635/mme) | (Fd-3m) | (P31c) | (P635) | (P6y/m) | (I-43d)

-7.156 -7.164 -8.107 -8.258 -8.258 -8.258 -8.156

E.
(eV/atom)

Figure S1: The phonon spectrum for cubic SiN4 with GGA (solid blue line) and LDA (dotted
red line). Two phonon gaps form due to the large difference of vibration frequency of N-N and
Si-N bonds.
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Figure S2: Molecular dynamics simulation based on the velocity Verlet algorithm is performed
with time steps of 3 fs for 1.5 ps at 600 K in the NVT ensemble. The inset shows the crystal
structure at corresponding time step.
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Figure S3: The calculated phonon spectrum for cubic BN. compound. The large negative

frequency of acoustic branches can be observed.
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Figure S4: Electron localization function for cubic SiN4. The values of 0.5 and 1.0 represent
fully delocalized (homogeneous electron gas) and fully localized electrons, respectively, while

the value of 0.0 refers to very low charge density.[10]
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Figure S5: The crystal structure of hexagonal SiNa, space group P63/mmc (N0.194) with lattice
constanta=7.431 A, ¢ = 12.151 A.
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Figure S6: The phonon spectrum for hexagonal SiN4. The similar phonon gaps are also

observed.
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Figure S7: The band structure for hexagonal SiNa.
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Figure S8: The crystal structure of cubic AIN4, space group Fd-3m (No.227) with lattice
constant a = 11.137 A

Table S2: Computed cohesive energy (E.) for AIN4 (Fd-3m), AIN (P63mc), AIN (F-43m), AIN-

2D [11], AIN (Fm-3m) and AIN (Cmem).

AINy AIN AIN AIN-2D AIN AIN
(Fd-3m) | (P6smc) | (F-43m) (Fm-3m) | (Cmcm)
(eV/Eaiom) -6.980 -7.460 -7.437 -6.957 -7.283 -7.343

Figure S9: The phonon spectrum for cubic AIN4. No negative frequencies are observed in the

acoustic branches.
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Figure S10: The band structure for cubic AIN4. The parabolic dispersion also can be observed

around /" point like that of SiNa.
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Figure S11: The crystal structure of cubic SiCs, space group Fd-3m (No.227) with lattice
constant ¢ = 11.223 A.

Table S3: Computed cohesive energy (E.) for SiCs (Fd-3m), SiC (6H), SiC (2H), SiC (3C) and
SiC, (P4/mmc).

SiCs SiC SiC SiC SiC SiC;
(Fd-3m) | (6H) (4H) (2H) (3C) | (P4o/mmc)
(evi:om) 7.682 | -7.581 7581 | -7.578 | -7.580 | -7.570

Figure S12: The phonon spectrum for cubic SiCs. No negative frequencies are observed in the

acoustic branches.
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Figure S14: Electron localization function for cubic SiCi.
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