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Abstract. In this work, the structural, electronic, optical, and electronic transport properties of
the p-NiN2 nanoribbons with four typical edge shapes of armchair–armchair, sawtooth–sawtooth,
zigzag–armchair, and zigzag–zigzag are fully revealed by the key quantities developed from den-
sity functional theory calculations, including the binding energies, thermal stability from ab initio
molecular dynamics simulations, spin-splitting electronic band structures, atom-projected density
of states, spatial spin density distribution, optical absorption spectra, I-V curves, transmission
functions (T(E)), and spin filtering efficiency. As a result, all the p-NiN2NR systems achieve a
good structural stability. On the electronic characteristics, only the ZA8 configuration behaves
as ferromagnetic half-metal, while other configurations all belong to ferromagnetic semiconduc-
tors. The origin of the magnetism is clarified by the spatial spin density distribution. The optical
absorption spectra of the penta NiN2 nanoribbon indicates that the absorption spectral region
can be sensitively controlled by the widths and edge shapes. The I-V spectra evidences that the
negative differential characteristics and the spin filtering efficiency appear in the DAA7, DSS7,
and DZA6 configurations, and only disappear in the DZZ7 configuration. The transmission func-
tion (T(E)) of the DAA7-up and the DSS7-up configurations shows stronger negative differential
effect than that of the the DZA6-up and DZZ7-up configurations. In addition, the spin filtering
efficiency (SFE) of the DAA7 and DSS7 configurations are much higher than that of the DZA6 and
DZZ7 configurations. The essential electronic, optical, and electronic transport properties of the
p-NiN2 nanoribbons controlled by edge shapes and widths are very potential for next-generation
electronic, optoelectronic, and spintronic applications.

Keywords: Penta-NiN2 nanoribbons; DFT calculation; HSE06 functional; electronic structure;
spin density distribution; optical absorption spectra; electronic transport characteristics.

https://doi.org/10.15625/0868-3166/23002


326 Diverse electronic, magnetic, optical and electronic transport properties of the penta-NiN2 nanoribbons . . .

Classification numbers: 31.15.A; 73.63.-b; 75.75.-c.

1. Introduction

Up to now, a large number of 2D layered materials with pentagonal structures have been
studied theoretically by density functional theory (DFT), molecular dynamics (MD) simulations,
Monte Carlo simulations, and machine learning (ML) to predict and assess the stability of them
[1–6]. The calculation results show that pentagonal 2D materials (penta-2DMs) possess several
key properties that set them apart from other 2D materials [7–12]. Specifically, the most defining
characteristic of penta-2DMs is their pentagonal arrangement of atoms, forming a Cairo tessel-
lation. This unique arrangement leads to inherent anisotropy, so penta-2DMs exhibit direction-
dependent electronic, optical, and mechanical properties for specialized applications that require
directional control of properties. Some penta-2DMs display negative Poisson’s ratios from their
buckled structures and bond configurations are suitable for applications in sensors, actuators, and
impact-resistant materials [13–16]. Additionally, unlike graphene’s zero bandgap, most penta-
2DMs are semiconductors with finite bandgaps, making them suitable for electronic and opto-
electronic applications. In addition, many penta-2DMs exhibit high air stability, making them
more practical for real-world applications. In particular, the successful synthesis of PdSe2, PdPS,
PdPSe, NiN2, and penta-silicon nanoribbons has opened up great potential for the search for new
materials with diverse applications [17–21].

A combination of crystal-chemical design and high-pressure synthesis, Bykov and co-
workers demonstrate the existence of p-NiN2 pentagonal Cairo tessellation possessing atomic-
thick layers featuring [18]. Contrasting with the bulk material’s metallic behavior, p-NiN2 exhibits
elastic anisotropy and a tunable direct band gap expanding its applications in various fields. NiN2
doped with various transition metals has potential applications for bifunctional catalytic activity
for both oxygen evolution reaction (OER) and oxygen reduction reaction due to their low over-
potentials [22]. The Ir embedded NiN2 monolayer exhibits high-efficiency OER catalysts [23].
Calculation results using DFT have demonstrated that penta-NiN2 is suitable for sodium-ion bat-
teries (NIBs) and potassium-ion batteries (KIBs) due to high ion storage capacity, low diffusion
energies, low average open-circuit voltage, strong adsorption capacity and good electronic con-
ductivity compared to many other 2D electrode materials [24]. In particular, NiN2/NiN2 and
Graphene/NiN2 heterostructures have potential for use in lithium-ion batteries (LIBs). However,
NiN2/NiN2 heterostructures have more advantages such as higher theoretical capacity, fast lithium
diffusion, minimum deformation, enhanced electrochemical activity, improved structural stability,
and higher charge transfer which are suitable for high-capacity and fast-charging applications [25].
Penta-NiN2 with high adsorption energy, high sensitivity and lower operational voltage has also
shown promising sensing performance, especially for NO and NO2, compared to existing sensors
like graphene, phosphorene, MoS2, and penta-graphene [26]. Potential applications in nanoelec-
tronics and optoelectronic devices due to their tunable properties under strain of penta NiN2 have
also been investigated.

Moreover, the unique electronic properties of pentagonal 1D materials arise from their spe-
cific atomic structure, which includes a combination of sp2 and sp3 hybridized atoms, and the way
they are cut from penta-materials sheets. Different edge terminations (zigzag, armchair, or saw-
tooth) result in different electronic behaviors, making them potentially useful in nanoelectronic
devices [27–30].
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The successful experimental synthesis and the diverse application potentials from the the-
oretical results indicate that penta NiN2 deserves further detailed study, especially for the one-
dimensional penta NiN2 structures. The richness of edge shapes and widths of the one-dimensional
penta structures promises to provide a comprehensive picture of this penta structure. Therefore,
in this study, four basic edge shapes with widths ranging from 5 to 15 of penta NiN2 nanoribbons
(p-NiN2NRs) were selected to study the stability, electronic properties, optical properties and elec-
tron transport phenomena using density functional theory combined with nonequilibrium Green’s
function theory.

The rest of this work is organized as follows: in Section 2 we give a brief description of
the methodology of the study in this work, while in Section 3 the main results are presented and
discussed. Finally in Section 4 we draw out conclusions.

2. Methodology

The 4 typical edge shapes, including sawtooth–sawtooth (SS), armchair–armchair (AA),
zigzag–armchair (ZA), and zigzag–zigzag (ZZ) of the p-PdSe2NR structure are formed by cutting
the 2D p-PdSe2NR in different directions. To eliminate the dangling bonds, hydrogen atoms
are passivated at the edges of the four nanoribbon forms. First, the structural stability of the 20
different relaxed configurations of AA, SS, ZA, and ZZ with ribbon widths ranging from 5 to 15
is evaluated by the binding energies using the following formula:

EB =
Etotal−nNiENi−nNEN−nHEH

nNi+nN+nH
. (1)

In Eq. (1), the binding energy of studied structures, the ground-state energy of the total
system, the ground-state energy of isolated Ni, N, and H systems are denoted EB (eV/atom),
Etotal, ENi,N,H (eV), respectively. The numbers of nickel, nitrogen and hydrogen atoms in the
unit cell are described by nNi,N,H.

In this study, to enhance the accuracy in calculating the bandgaps and optical quantities,
the HSE06 approach in Atomistix ToolKit (ATK) package [31] are used. The calculations utilized
PseudoDojo pseudopotentials and a linear combination of atomic orbitals (LCAO) basis set [32].
The studied 1D ribbon structures are periodic along the z-direction that the confinement occurs in
x and y-directions, whereas the vacuum spaces set at 15 Å to avoid the interaction with nearest
neighbor images. The density mesh cutoff was set to 1500 eV for both optimization and self-
consistent calculations. Meanwhile, the k-points set at 1 × 1 × 35 and 1 × 1 × 200 for the
optimal and self-consistent calculations, respectively, while the 0.001 eV/Å and 10−6 eV are the
convergence values of the force and energy set during calculations.

The optical absorption coefficient of the materials is determined by [33]

α =
2ωκ

c
, (2)

where, c is the velocity of light in vacuum and extinction coefficient κ

κ =

√√√√√
ε2

1 + ε2
2

2
− ε1

2
. (3)
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ε1 and ε2 are the real and imaginary parts of the dielectric function

ε (ω) = ε1 (ω)+ iε2 (ω) , (4)

ω is the angular frequency of the incident photon.
Among the investigated nanoribbons, the four structures of AA7, SS7, ZA6, and ZZ7 are

selected to construct the device consisting of semi-infinite left electrode (L), semi-infinite right
electrode (R), and central scattering region (C). The spin-dependent current through the system is
determined by the Landauer-Büttiker formula [34, 35]

I (Vb) =
e
h

∫
µL

µR

{Tσ (E,Vb) [ fL (E,Vb)− fR (E,Vb)]}dE, (5)

e and h are the electron charge and the Planck’s constant, respectively. fL,R (E,Vb) is the Fermi dis-
tribution functions of the electronic carriers in the leads, and µL,R is the electrochemical potentials
of the left and right leads. Tσ (E,Vb) is defined as follows

Tσ (E,Vb) = Tr

[
Im

{
r

∑
Lσ

(E,Vb)

}
Gr

σ (E,Vb)× Im

{
r

∑
Lσ

(E,Vb)

}
Ga

σ (E,Vb)

]
. (6)

Equation (6) allows to determine the transmission of an electron with spin (σ ), energy (E)
at bias voltage (Vb) with the retarded (advanced) Green’s function matrix denoted by Gr and (Ga),
respectively.

3. Results and discussion

3.1. Structural properties
The optimal geometric structures under top view projection of the p-NiN2NRs with the

twenty different configurations within H-passivated edges are displayed in Fig. 1, whereas the
widths of the studied configurations are made of from 5 to 15 dimer lines along y-direction. These
optimal configurations will be utilized for further investigating in their electronic, optical, and
electronic transport properties.

To evaluate the structural stability of the studied configurations, their binding energies are
calculated as resulted in Fig. 2, in which the binding energies show significant negative values
in the range of −6.1 to −7.0 eV. These significant negative values indicate the good stability of
p-NiN2NRs. These bingding energies decrease with increasing widths, meaning that p-NiN2NRs
are more stable with the increased widths. Comparing the binding energies of four different edge
shapes, the SS-p-NiN2 possess the lowest binding energies, followed by the ZZ-p-NiN2, ZA-p-
NiN2, and AA-p-NiN2, as displayed by the red, magenta, blue, and black lines in Fig. 2, respec-
tively. This is consistent with that of the reported penta graphene nanoribbon (PGNR), whereas the
SS-PGNR is the most stable, while the AA-PGNR is the least stable [11]. As for the modification
in structural parameters, the bond lengths at the two edges of all studied structures do not differ
significantly. However, it can be clearly seen that the displacement of hydrogen atoms from the
structural plane in each edge shape of p-NiN2NRs is different, especially, for the ZZ edge shape.
This may lead to diversity in the fundamental properties of the studied structures [36, 37]. Fur-
thermore, the Fig. 3 presents a comprehensive evaluation of thermal stability for the four distinct
nanoribbon configurations (AA7, SS7, ZA6, and ZZ7), assessed via ab initio molecular dynamics
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Fig. 1. Top-view model of the p-NiN2NRs with 20 optimal configurations for four edge
types. The green, blue, and orange balls represent Ni, N and H atoms, respectively.
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Fig. 2. (Color online) Binding energy plotted as a function of the nanoribbon width for
the four edge types of p-NiN2NRs.

(AIMD) simulations conducted over an extended period of 10,000 steps (timestep 0.5 fs). For
all four cases, the total energy exhibits only minor fluctuations well within a narrow range of ap-
proximately 0.5 eV around a constant average value. This behavior is a clear hallmark of systems
that have successfully reached and maintained thermal equilibrium. Crucially, this remarkable
stability in energy serves as compelling evidence that the initial atomic geometries were preserved
throughout the simulation, with no bond-breaking events or significant structural deformations
observed.

3.2. Electronic and optical properties
The bandgap of penta NiN2 nanoribbons varies with edge shapes and widths as shown in

Fig. 4 as well as reported Table 1 and Table 2. Specifically, the AA-p-NiN2 structures exhibit
ferromagnetic semiconducting behavior that the bandgaps of both spin up (black line) and spin
down (red line) decrease as their widths increase, and the bandgaps of the spin up are larger than
that of the spin down, as displayed in Fig. 4(a). For the bandgaps of the SS-p-NiN2 structures
shown in Fig. 4(b), the variation in bandgap for the spin up (black line) and spin down (red line)
are different, in which the bandgaps of the spin down decrease as its widths increase. In contrast,
the bandgap variation of the spin up is nonlinear, which the highest and smallest bandgaps occur
at the SS8 and SS7 structures, respectively. Besides, the bandgaps of the spin down are larger
than that of spin up, regardless of any widths. The nonlinear bandgap variation remains in the
ZA-p-NiN2 structures as shown in Fig. 4(c), in which the highest and smallest bandgaps of spin
up are at the ZA10 and ZA8 structures, respectively, while the highest and smallest bandgaps of
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Fig. 3. Thermal stability plots for representative configurations of the four edge types of
p-NiN2NRs.

the spin down are at the ZA6 and ZA10. For the ZZ-p-NiN2 structures, their bandgap exhibits a
relatively complex dependence on the ribbon width, as displayed in Fig. 4(d), in which the highest
and smallest bandgaps for spin up (black line) and spin down (red line) are at the ZZ13 and ZZ7
structures, respectively. Besides, the bandgaps of the spin down are larger than that of the spin up,
regardless of any widths. It is worthy to note that the edge shapes strongly affect to the bandgap
variation as well as their electronic properties.

Furthermore, the electronic band structures and density of states (DOS) of the penta NiN2
nanoribbons with various edges and widths, the only tool to analyze their electronic properties,
are presented in Fig. 5 for AA and SS edges and Fig. 6 for ZA and ZZ edges, whereas the Fermi
level is set at zero energy to distinguish the valence and conduction states illustrated by the dashed
green line. The spin polarization/magnetism and atom domination are analyzed by the spin split-
ting in electronic band structure/asymmetric peaks in DOS and atom (Ni, N, and H)-projected
DOS (PDOS). Particularly, the spin splitting electronic band structure and PDOS are arranged at
the left-hand side and right-hand side of Fig. 5 and Fig. 6, respectively, in which the spin up and
spin down bands are illustrated by the black and red lines as well as positive and negative values
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Fig. 4. (Color online) The bandgap variation for the four edge types of p-NiN2NRs.

in PDOS. Besides, the values of bandgaps and magnetic moments are reported Table 1 and Table
2. As a result, all penta NiN2 nanoribbons exhibit spin polarization that accompanies with sig-
nificant net magnetic moments in range of 1.958 µB to 4.005 µB dependent on specific edges and
widths, as identified by the significant spin splitting bands and asymmetric peaks via Fermi level in
PDOS. Notably, the difference in magnetic moments between the sawtooth-sawtooth (SS) struc-
ture (∼2.0 µB) and the other configurations (ZZ, ZA, and AA, all ∼4.0 µB) highlights the rich
diversity of magnetic states that can be achieved through different edge terminations. It should
note that the larger/smaller net magnetic moments are owing to higher/lower spin splitting in elec-
tronic band structures or more asymmetric/less asymmetric peaks in PDOS. Most of the penta
NiN2 nanoribbons behave as semiconductor that can observe via emerging the bandgap made of
the highest occupied valence and lowest unoccupied conduction bands/states in band structure and
PDOS. Especially, only the ZA8 structure displayed in Fig. 6(b) shows a half-metal that is ruled
by existing a bandgap in spin down band (red line) and destroying a bandgap in spin up band
(black line). It can determine that only the ZA8 structure belong to ferromagnetic half-metal and
other ones are ferromagnetic semiconductors. This is different from penta graphene nanoribbon,
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Fig. 5. (Color online) Spin-splitting band structure and atom-projected density of states
(PDOS) for the AA and SS edge shapes of the p-NiN2NRs with differrent widths.
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Fig. 6. (Color online) Spin-splitting band structure and atom-projected density of states
(PDOS) for the ZA and ZZ edge shapes of the p-NiN2NRs with different widths.
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Table 1. Band gap [Eg (eV)]/metallic, net magnetic moment [M(µB)], and magnetic-
electronic characteristics of the studied structures.

Configurations Eg (eV)/metallic M(µB) Characteristics
AA5 spin up: 2.09 (indirect)

spin down: 1.65 (direct) 4.005 semiconductor
AA7 spin up: 1.92 (indirect)

spin down: 1.32 (direct) 4.005 semiconductor
AA9 spin up: 1.64 (indirect)

spin down: 1.20 (direct) 4.005 semiconductor
AA11 spin up: 1.51 (indirect)

spin down: 1.14 (direct) 4.005 semiconductor
AA13 spin up: 1.41 (indirect)

spin down: 1.05 (direct) 4.005 semiconductor
SS7 spin up: metallic

spin down: metallic 1.958 semiconductor
SS8 spin up: 0.80 (indirect)

spin down: 0.83 (direct) 2.001 semiconductor
SS9 spin up: 0.64 (direct)

spin down: 0.81 (direct) 1.998 semiconductor
SS10 spin up: 0.73 (indirect)

spin down: 0.77 (direct) 2.001 semiconductor
SS11 spin up: 0.71 (direct)

spin down: 0.74 (direct) 2.000 semiconductor

SS-p-NiN2 also exhibits strong spin polarization, while SS-penta graphene has no spin polar-
ization [11]. In addition, ZZ-penta graphene, ZA-penta graphene, and AA-penta graphene are
metallic, the p-NiN2NRs with corresponding edge shapes exhibit semiconducting or half-metallic
behavior depending on the specific width (ZA8).

On the magnetic aspect, to clarify the origin of net magnetic moments as well as the spin-
splitting bands and spin asymmetric PDOS, the spatial spin density distributions are presented
in Fig. 7, whereas the pink and cyan isosurfaces represent spin-up and spin-down states, respec-
tively. The correlation in spin up and spin down states result in a net magnetic moments, whereas
the positive/negative net magnetic moments are responsible with the more domination of spin
up/spin down states. In Fig. 7, it is evident that the more spin up states dominate in the spin
density distribution that leads to the positive net magnetic moments in all investigated structures,
as indicated by the dominated pink isosurfaces. In contrast, spin-down contributions, shown in
cyan, are minimal. Furthermore, as the chain width increases, the net magnetic moments become
increasingly localized at the edges of the structures. Conversely, in narrower chains, the magnetic
moments extend into the central region. For edge configurations labeled AA, ZZ, and ZA, the
spin density exhibits a symmetric distribution along both edges, adhering to an odd-even rule in
magnetic moment behavior. This trend is consistent with the results from band structure and den-
sity of states analyses. These findings highlight a significant impact of edge shapes and widths on
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Table 2. Band gap [Eg (eV)]/metallic, net magnetic moment [M(µB)], and magnetic-
electronic characteristics of the studied structures.

Configurations Eg (eV)/metallic M(µB) Characteristics
ZA6 spin up: 0.35 (direct)

spin down: 1.25 (direct) 4.002 semiconductor
ZA8 spin up: metallic

spin down: 1.17 (direct) 4.004 half metal
ZA10 spin up: 1.40 (indirect)

spin down: 1.01 (direct) 4.005 semiconductor
ZA12 spin up: 0.24 (direct)

spin down: 1.11 (direct) 4.005 semiconductor
ZA14 spin up: 0.30 (direct)

spin down: 1.11 (direct) 4.005 semiconductor
ZZ7 spin up: 0.37 (indirect)

spin down: 1.12 (direct) 4.000 semiconductor
ZZ9 spin up: 0.62 (direct)

spin down: 1.23 (direct) 4.005 semiconductor
ZZ11 spin up: 0.64 (direct)

spin down: 1.19 (direct) 4.005 semiconductor
ZZ13 spin up: 0.84 (direct)

spin down: 1.27 (direct) 4.005 semiconductor
ZZ15 spin up: 0.70 (direct)

spin down: 1.24 (direct) 4.005 semiconductor

electronic conduction with spin-polarized current and conduction predominantly occurring at the
edges in ribbon-like structures [38–40].

Furthermore, the absorption coefficients of all the investigated samples derived from the
real and imaginary parts of the dielectric functions are utilized to study the optical characteristic,
as shown in Fig. 8. In general, with an increase in width, the major peaks of the absorption
spectra are red-shifted toward lower energy regimes and the main peaks appear only in the Oy
or Oz directions, as illustrated by blue and magneta curves in Fig. 8. While the p-AA-NiN2, p-
ZA-NiN2 and p-ZZ-NiN2 structures are sensitive in the visible light range (400 nm - 600 nm),
the p-SS-NiN2 structure stands out as excellent optical traps in the infrared region with the main
peak corresponding to the wavelength of about 1000 nm. For the p-ZA-NiN2 and p-ZZ-NiN2
structures, the main peak in the Oz direction corresponds to the small width, and as the width
increases, the main peak appears in the Oy direction. In contrast, the main peak always appears in
the Oz direction for p-SS-NiN2, while the p-AA-NiN2 structure with a width of 13 will have a shift
of the main peak from the Oz to the Oy direction. Specifically, in the case of p-AA-NiN2, in the Oz
direction, the wavelength of the main absorption peak becomes larger as the width increases due to
the reduced electronic bandgap, while the main peak in the Oy direction fluctuates slightly around
320 nm. Similarly, the main peaks of the SS structures in the Oy and Oz directions fluctuate
slightly around 300 nm and 1000 nm. For the p-ZA-NiN2 and p-ZZ-NiN2 structures, the main
peak appears in the Oz direction at about 500 nm when the width is less than 10. The main peak
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Fig. 7. (Color online) Spatial spin density distributions of p-NiN2NRs, whereas pink and
cyan isosurfaces represent for the spin up and spin down density distributions, respec-
tively.
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observed in the Oy direction is approximately 600 nm when the width increases. The results show
that the absorption spectral region can be controlled by the widths and edge shapes for the penta
NiN2 nanoribbon structure that will be useful to develop practical applications for optoelectronic
and photovoltaic fields.

3.3. Electronic transport properties
Fig. 9 shows the device model, are constructed by AA7-p-NiN2, SS7-p-NiN2, ZA6-p-NiN2

and ZZ7-p-NiN2. These device models are named DAA7, DSS7, DZA6, and DZZ7, respectively.
As a result, the I-V characteristics of four devices constructed from penta NiN2 nanoribbons with
four different edge shapes are shown in Fig. 10, in which the red square and blue dot symbols
represent for sin-up and spin-down current, respectively. The difference in I-V characteristics for
the spin-up and spin-down states of the DAA7, DSS7, and DZA6 are clearly observed in Fig. 10(a),
10(b), and 10(c), respectively. In contrast, there is almost no difference in I-V characteristics for
the two spin states for DZZ7, as shown in Fig. 10(d). The two prominent features for the I-V
spectra of the DAA7, DSS7, and DZA6 are the negative differential characteristics and the spin
filtering efficiency.

Specifically, the I-V curve for DAA7 in Fig. 10(a) shows the spin-up (red square symbol)
current with the current peaks emerging at approximately 2.4 µA at a very low potential of 0.1 V,
then gradually decreasing to zero over the range of 0.1 V – 0.8 V, and increasing slightly over the
range of 0.9 V – 1.0 V. In the negative bias, the spin-up current peaks at approximately 1.8 µA
at -0.1 V, gradually decreasing to 0 µA in the negative bias range of -0.2 V to -1.0 V. Negative
differential characteristics, spin-filtering efficiency, and spin separation over the range of -0.2 V
to 0.2 V are obtained for this sample. The current intensity reaches a maximum at ±0.1 V and
decreases rapidly to 0 µA at a potential of ±0.2 V, the negative differential ratio for the spin-up and
spin-down states is about 105, respectively. The spin filtering efficiency at the potential point of
±0.1 V also reaches 99%. The spin splitting for the potential range of ±0.2 V with the maximum
current intensity of the spin-up state, on the other hand, the spin-down state has a negligible current
intensity. Meanwhile, the spin splitting around the bias range from 0.2 V to 0.4 V or -0.2 V to -0.4
V is less pronounced with the current intensity in the two spin states following the opposite trend.

The I-V curve for the DSS7 is shown in Fig .10(b). For the spin-up current, the current
quickly reaches a maximum at ±0.1 V, tends to decrease to 0 µA when the voltage is in the range
[ ±0.1 V, ±0.7 V]. Therefore, the negative differential resistance characteristic is clearly shown in
this voltage range. The corresponding negative differential ratios for the positive and negative bias
are about 20 and 30. In the remaining bias range [ ±0.7 V, ±1.0 V], the current increases slightly.
For the spin-down current, the current after reaching a maximum at ±0.1 V, gradually decreases
to 0 µA, maintains at 0 µA in the bias range [ ±0.3 V; ±0.8 V], and then increases gradually to
about 5 µA at ±1.0 V. The negative differential ratio in this state is in the bias range [ ±0.1 V,
±0.3 V] is around 50. The spin filter efficiency for DSS7 also reaches 98% at the ±0.3 V bias
point and fluctuates slightly around this value at ±0.4 and ±0.5 V.

Similar to DAA7 and DSS7, the spin-up current of DZA6 shown in Fig. 10(c) rapidly
reaches a maximum at ±0.1 V. The maximum current remains in the range [±0.1, ±0.3], and
the current decreases sharply as the bias approaches ±0.5 V. The DZA6 current exhibits high
symmetry in both positive and negative biases for the [0, ±0.5] voltage range. When biasing from
±0.5 V onward, the asymmetry for the I-V spectrum is clearly observed. For the positive bias,
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Fig. 8. Optical absorption spectra of four edge types of p-NiN2NRs.
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Fig. 9. Top-view model of the transport device. The green, blue, and orange balls repre-
sent Ni, N and H atoms, respectively.

after the current reaches its minimum at 0.5 V, it gradually increases as the bias changes from 0.5
V to 0.8 V, peaks at 0.8 V, reaches its second minimum at 0.9 V, and increases again as the bias
increases to 1.0 V. Therefore, two negative differential points are observed for the spin-up state of
DZA6 with positive bias at values around 4.2 and 2.5. Meanwhile, for the negative bias, after the
current reaches its minimum at 0.5 V, it gradually increases at -0.6 V and maintains this value in
the remaining bias range [-0.6, -1.0 V]. Spin-filtering efficiency above 60% is also obtained in the
bias range [0,±0.4 V] for DZA6.

The morphology of the I-V curve for DZZ7 is completely different from the other three
models, as observed in Fig. 10(d), whereas the current intensity is almost maintained at approxi-
mately 0 A in the bias range [-0.8 V; 0.8 V] for both spin-up and spin-down states, from this bias
the current intensity value increases and reaches 7×10−5 µA and 44×10−5 µA at 1.0 V and -1.0
V. Thus, the negative differential effect and spin filtering efficiency have very low values in this
model and are only observable on the nanoampere (nA) or picoampere (pA) scale.

In order to further understand the NDR effect in the systems, the transmission functions
(T(E)) and the eigenstates of the DAA7, DSS7, DZA6, and DZZ7 samples for spin-up are inves-
tigated, as presented in Fig. 11(a), 11(b), 11(c), and 11(d), respectively, in which it is named as
DAA7-up, DSS7-up, DZA6-up, and DZZ7-up. For DAA7-up in Fig. 11(a), in a small bias window
[-0.05 V, 0.05 V], the T(E) ranges from 0 to 1.4 and peaks at 1.4. As a result, the current intensity
reaches a maximum at 0.1 V. On the contrary, the magnitude T(E) is maintained almost 0 in bias
window [-0.1 V, +0.1 V], so the current intensity at 0.2 V is approximately 0. Therefore, the ratio
between the current intensity at bias 0.1 V and 0.2 V of DAA7-up reaches a very large value,
approximately 105, demonstrating a strong negative differential effect. A similar trend is obtained
in Fig. 11(b) for the DSS7-up at biases of 0.1 V and 0.7 V. The negative differential effect is less
pronounced for the DZA6-up at biases of 0.3 V and 0.5 V, as identified in Fig. 11(c). At 0.3 V, the
T(E) value reaches a maximum of 1, while at 0.5 V it is about 0.35. Therefore, the ratio between
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Fig. 10. (Color online) I–V characteristic curves of a) DAA7, b) DSS7, c) DZA6, d)
DZZ7. The red square symbols represent spin-up currents. The blue dot symbols repre-
sent spin-down currents.

the maximum and minimum current in this voltage range is approximately 20, much lower than
that of the DAA7-up and DSS7-up. As for the DZZ7-up in Fig. 11(d), it shows that the T(E) value
of the DZZ7-up in the bias ranges [-0.4 V, 0.4 V] and [-0.5 V, 0.5 V] is almost zero. This explains
the extremely low current value of the DZZ7-up.

The SF efficiency (SFE) is another prominent feature that has to take into account. In DAA7
configuration, the spin-up current increases linearly till ±0.1 V, while the spin-down current has a
0 µA value within the voltage range of [-0.1 V, 0.1 V]. As a result, the SF effect can be observed.
This shows that the spin-up electrons can move more easily from the left electrode to the right
electrode within the voltage range of [−0.1V,+0.1V ]. In contrast, the movement of the spin-down
electrons almost prohibited in this bias range. A similar tendency is observed for DSS7. The spin-
up electrons can move more easily from the left electrode to the right electrode within the voltage
range of [±0.1 V, ±0.5 V], while the movement of the spin-down electrons is almost prohibited.
Therefore, the SF efficiency is observed very clearly in this voltage range. The SFE in DZA6
is observed within the voltage range of [±0.1 V, ±0.4 V] with lower efficiency. DZZ7 does not
exhibit SFE because the currents in the spin- up and spin-down states are similar throughout the
bias point examined.
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Fig. 11. Transmission functions of the ZZ-p-PdSe2NRs at special bias potential of a)
DAA7-up, b) DSS7-up, c) DZA6-up, d) DZZ7-up.

The SF efficiency (SFE) is calculated by the following formula [41, 42],

SFE = (Iup − Idown)/(Iup + Idown), (7)

where the Iup and Idown are the current of spin-up and spin-down, respectively.
Fig. 12 shows the calculated spin filtering efficiency (SFE) of the four studied devices

(DAA7, DSS7, DZA6, and DZZ7), in which the bias voltage range of [-1 V, 1 V]. The SFE reaches
about 99% at ±0.2 V for DAA7 system, while its value is about 98% at ±0.3 V for DSS7. The
SFE of both systems maintains a value of 90% in the voltage range [-0.5 V, 0.5 V] and decreases
sharply as the voltage increases towards 1 V.The SFE of DZA6 fluctuates continuously between
10% and 80% in the bias range [-0.8 V, 0.8 V] and tends to decrease as the voltage increases to
1 V. For DZZ7, this effect is almost absent for negative bias, while the SFE reaches a maximum
value of about 40% for positive bias.
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Fig. 12. Spin filtering efficiency (SFE) of four studied devices.

4. Conclusions

Using the DFT method with highly accurate hybrid functional (HSE06), the structural,
electronic, optical, and electronic transport properties of the p-NiN2 nanoribbons with four typ-
ical edge shapes of armchair–armchair, sawtooth–sawtooth, zigzag–armchair, and zigzag–zigzag
are fully revealed, in which their various widths are included that leads to 20 different optimal
configurations. The key quantities have been developed to analyze the structural, electronic, op-
tical, and electronic transport properties of the studied configurations include the binding energies,
thermal stability, spin-splitting electronic band structures, atom-projected density of states, spatial
spin density distribution, optical absorption spectra, I-V curves, transmission functions (T(E)), and
spin filtering efficiency. The p-NiN2NR systems achieve a good structural stability as evidenced
by their significant negative formation energies in range of -6.1 eV to -7.0 eV, whereas the SS
edge shape possesses the highest stability among other ones. This finding is further corroborated
by their excellent thermal stability, confirmed via AIMD simulations that showed only minor fluc-
tuations in total energy, well within a narrow range of approximately 0.5 eV. On the electronic
characteristics, only the ZA8 configuration behaves as ferromagnetic half-metal as determined by
remaining a bandgap in spin-down bands and destroying a bandgap in spin-up bands in its spin-
splitting electronic band structure. In contrast, other configurations all belong to ferromagnetic
semiconductors as determined by emerging the spin-splitting bandgaps in their spin-splitting elec-
tronic band structures. On the magnetic aspect, the origin of the significant net magnetic moments
as well as the spin splitting in band structures is clarified by the spatial spin density distribution,
in which the spin-up states show stronger domination than the spin-down states, resulting in the
positive net magnetic moments. As for optical absorption spectra of the penta NiN2 nanoribbon, it



344 Diverse electronic, magnetic, optical and electronic transport properties of the penta-NiN2 nanoribbons . . .

indicates that the absorption spectral region can be sensitively controlled by the widths and edge
shapes. As analyzing in the I-V spectra, it indicates that the negative differential characteristics
and the spin filtering efficiency appear in the DAA7, DSS7, and DZA6 configurations, and only
disappear in the DZZ7 configuration. The transmission function (T(E)) of the DAA7-up and the
DSS7-up configurations shows stronger negative differential effect than that of the the DZA6-up
and DZZ7-up configurations. In addition, the spin filtering efficiency (SFE) of the DAA7 and
DSS7 configurations are much higher than that of DZA6 and DZZ7. The essential electronic,
optical, and electronic transport properties of the p-NiN2 nanoribbons controlled by edge shapes
and widths are very potential for next-generation electronic, optoelectronic, and spintronic appli-
cations.
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