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Electronic properties and spintronic applications of carbon phosphide nanoribbons
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Carbon phosphide (CP) monolayer, a hybrid of graphene and phosphorene that simultaneously preserves
their high electrical mobility, finite band gap, and air stability, has been successfully synthesized in a recent
experiment. In this work, we study the electronic and transport properties of CP nanoribbons in α-phase with
different edge configurations using first-principle density functional theory simulation. We find that the electronic
properties of the CP nanoribbon exhibit contrasting behaviors depending on the edge termination configurations.
In the presence of hydrogen edge passivation, the nanoribbon mimics black phosphorus nanoribbons with
field-effect-tunable band gap. Conversely, for a bare edge terminated by a phosphorus atom, the nanoribbon
becomes graphene-like, exhibiting large spin splitting in the ferromagnetic state and can be tuned into a half
metal under an external transverse electric field in the antiferromagnetic state. Intriguingly, when the external
transverse electric field exceeds a critical value, the charge transport channel becomes strongly localized to
only one edge, and the edge localization can be tuned by an external electric field. Leveraging on the unusual
spin-resolved transport properties of the CP nanoribbon, we demonstrate the operation of a bipolar spin filter
with exceptional spin polarization efficiency approaching 100%. Our findings reveal the potential of the CP
nanoribbon as a spintronic material that fuses the strengths of both graphene and phosphorene.
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I. INTRODUCTION

Two-dimensional (2D) material has been widely regarded
as a promising candidate material for revolutionizing a vast
array of device applications, covering computing electron-
ics, optoelectronics, photonics, energy conversion, energy
storage, water desalination, biochemical sensing, neuromor-
phic devices, quantum information, and so on [1–4]. In the
past decade, three distinct classes of 2D materials, namely
graphene, transition metal dichalcogenide (TMDC), and phos-
phorene, have attracted much attention due to their potential
in various nanoscale device applications. Unfortunately, these
materials are also accompanied by several disadvantages that
severely limit their potential usefulness in terms of device
applications. For example, graphene has extraordinary physi-
cal properties [5–7], such as the exceptionally high electrical
mobility [8], mechanical robustness [9], and giant optical
nonlinearity [10,11], but the absence of a band gap inevitably
hinders its applications as an electronic materials. Thus far, an
effective way of creating a robust, sizable, and reproducible
band gap remains out of reach [12–14]. On the other hand,
although TMDC mono and few layers have a band gap in
the range of 1–2 eV [15,16] and the presence of strong spin-
valley coupling is particularly well-suited for valleytronic
applications, the rather poor electrical mobility [17] and the
impractically large contact resistance require significant mod-
ifications and new device architectures to be developed for
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TMDCs before they can be effective for electronic and op-
toelectronic applications. Intermediate between graphene and
TMDC, phosphorene has a sizable band gap of ∼1 eV without
compromising its electrical mobility [18]. However, creating
robust phosphorene-based devices remains a formidable chal-
lenge as phosphorene is prone to rapid degradation under
ambient air conditions [19].

Motivated by the requirement of a 2D material that has
excellent electrical properties, sizable band gap, and good
stability under ambient conditions, a new class of 2D material,
carbon phosphide (CP) monolayer, has been actively explored
in recent years. A number of potential CP structures with
direct/indirect band gap, semimetallic, and metallic behaviors
have been identified [20–22]. Importantly, CP in the α-phase
has been experimentally synthesized via carbon doping tech-
nique [23], which represents a major step forward towards the
development of CP-based nanoscale devices. The α-CP has a
puckered honeycomb structure, a sizable band gap, exhibits
highly anisotropic mechanical and electronic properties. The
hole mobility at room temperature could potentially reach
1.15 × 105 cm2s−1, which is comparable to that of graphene
(2 × 105 cm2V−1s−1), nearly five times larger than the max-
imum value of phosphrene (0.26× 105 cm2s−1), and signifi-
cantly larger than other 2D materials, such as TMDC [21]. The
CP family thus opens up a new premise for the exploration of
2D-material-based electronics and optoelectronics [24–31].

Since the crystal structure of the CP monolayer is simi-
lar to that of graphene and black phosphorus, an intriguing
question immediately arises: Are the electronic and trans-
port properties of CP nanoribbons more akin to graphene
nanoribbons (GNRs) or to black phosphorus nanoribbons
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(PNRs) [32–39]? The GNR and PNR are generally classified
into two types according to the nanoribbons’ edge structures,
namely the zigzag and the armchair species. As the electronic
and transport properties of these nanoribbons are sensitively
dependent on the edge properties, such as spin orientation
and hydrogen termination [37,40–42], it can be expected that
the α-CP nanorribons shall exhibit similar tunable electronic
and transport properties depending on the edge configurations.
The practically important question of how edge engineering
can be used to generate unusual nanoelectronic functionality
in α-CP nanoribbon remains largely unaddressed thus far.

In this work, we investigate the electronic band struc-
ture and spin-resolved transport properties of the zigzag α-
carbon phosphide nanoribbons (Zα-CPNRs) by using first-
principle’s density functional theory simulation combined
with a nonequilibrium Green’s function transport model. We
show that the Zα-CPNRs is an unusual 2D nanomaterial
that conveniently combines the strengths of both ZGNRs and
ZPNRs. When the edges are terminated by phosphorus (P)
atoms, Zα-CPNRs becomes metallic, akin to the graphene
counterpart, and can exhibit large spin-splitting in the order of
102 meV in the ferromagnetic (FM) state and an electric-field-
tunable half-metallic phase in the antiferromagnetic (AFM)
state. Intriguingly, at sufficiently strong electric field strength
in the AFM state, the CP nanoribbon becomes a common
band-gap semiconductor with transport channel localized
strongly to only one edge. On the other hand, when the edge
P atoms are further passivated with hyrdogen (H) atoms, the
electronic band structure properties mimics those of the black
phosphorus nanoribbons. In this case, the band gap can be
readily modulated by external electric field, thus suggesting a
potential in tunneling field-effect-transistor application. More
importantly, the Zα-CPNR offers new possibilities in spin-
tronic applications. By performing a spin-resolved transport
simulation, we demonstrate that the Zα-CPNRs with P-atom-
terminated edges can be operated as a bipolar spin filter
through the different coupling rules between the π and π∗
spin-polarized subbands around the Fermi level. These results
shed new light on the potential of the CP monolayer as a novel
nanoelectronic and spintronic material that is robust against
material degradation in ambient air while retaining excellent
electrical and transport properties.

II. COMPUTATIONAL METHOD

The calculations for the geometry relaxation, electronic
band structure, and transport properties are performed by
using the density functional theory (DFT) combined with
the nonequilibrum Green’s functions (NEGF) as implemented
in the software package: ATOMISTIX TOOLKIT, QUANTUMWISE

A/S (www.quantumwise.com) [43–45]. The generalized gra-
dient approximation (GGA) with the parametrization of the
Perdew-Burke-Ernzerhof (PBE) potential is used to describe
the exchange and correction potential. All atomic forces
were smaller than 0.01 eV/Å under geometry optimization.
The Monkhorst-Pack k-point meshes of 1 × 1 × 21 are cho-
sen in the electronic calculation, and the 1 × 1 × 100 meshes
are employed for the transport calculation. The cutoff for
the electrostatic potentials is set to 180 Ry, and the con-
vergence criterion of total energy is fixed at 10−6 eV. The

electrode temperature is set to be 300 K. A large vacuum layer
thickness of 15 Å is added to avoid the interactions between
the periodic images in the calculations. The FM or AFM
states can be realized by adding a ferromagnetic insulator, just
like graphene [46]. The conversion between the FM and the
AFM states can be further achieved by adjusting the external
magnetic field. The spin-dependent current I passing through
the device is determined by using the Landauer-Büttiker for-
mula [47,48]

Iσ (V ) = e

h

∫ μR

μL

Tσ (E ,V )[ fL(E − μL ) − fR(E − μR)]dE ,

(1)

where E is the electron energy, V is the bias voltage,
Tσ (E ,V ) = Tr[�L(E ,V )Gσ (E ,V )�R(E ,V )G†

σ (E ,V )] is the
bias-dependent transmission function for the electrons in σ -
spin channels, σ = ±1 denotes the spins state, Gσ (G†

σ ) is the
retarded (advanced) Green’s function of the central region,
�L/R is the coupling matrix between the scattering region and
the left/right electrode, fL/R(E ) = 1/[1 + e(E−μL/R )/KBT ] is the
Fermi-Dirac distribution function of the left/right electrode,
and μL/R(V ) = μL/R ± eV/2 are the electrochemical poten-
tials in the left and right leads, respectively.

III. GEOMETRICAL STRUCTURE AND STABILITY

The lattice constants obtained by optimizing the bulk α-
carbon phosphide are a = 2.915, b = 8.685. The bond length
of the P-C, C-C, and P-P in the one layer are 1.831, 1.363,
and 2.33 Å, respectively. Similar to the other well-known 2D
layered materials, such as graphene and black phosphorene,
the α-carbon phosphide monolayer can form stable nanorib-
bons. Zigzag Zα-CPNRs can be obtained by cutting along
with the Z direction. The zigzag nanoribbon is focused on
in this work. The armchair nanoribbons always behave as
semiconductors (see Figs. S1 and S2 in the supplementary
section [49]). Following the conventional notation, we use the
number of the atomic chains (N) to represent the width of
the nanoribbons [see Fig. 1(a)]. Since there are two different
atoms (C and P) along the zigzag edges, there exist three kinds
of nanoribbons depending on the atom of edge termination.
We denote these three configurations as ZPP [Fig. 1(b)], ZCC
[Fig. 1(c)], and ZPC [Fig. 1(d)], respectively, for a zigzag
edge with two P atoms, two C atoms, and one C atom plus
one P atom. In addition, hydrogen-saturated nanoribbons are
also investigated, which are denoted as ZPPH, ZCCH, and
ZPCH. After performing structural relaxation, we found that
the structural changes due to nanoribbon edges are negligible
for the interior part of the nanoribbons. For bare nanoribbons,
there is a negligible deformation at the edges for ZPP. How-
ever, it is found that the edges of the nanoribbons deformed
significantly for ZCC and ZPC. Specifically, the bond length
has changed a little for the edges terminated by P atoms.
The bonding angle in the edge increases to 118.7◦ because
of the edge reconstruction. In contrast, the hydrogen-saturated
nanoribbons are relatively stable, and the changes in various
bond lengths are negligibly small. This indicates that the
hydrogenation of the saturated edge atoms can effectively
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FIG. 1. The optimized structural geometry of CP monolayer and nanoribbons with different edges, including top view and side view. Three
kinds of CP nanoribbons are named as ZPP, ZCC, and ZPC, respectively. The H passivated of the nanoribbons are named as ZPPH, ZCCH,
and ZPCH, respectively. The rectangle drawn with blue solid lines denotes the unit cell.

reduce the edge distortion, thus improving the stabilities of
the CP nanoribbons.

To further understand the stability of the structure, we
assess the energetic stability by calculating the edge en-
ergy [37,50,51] Eedge, defined as

Eedge = Eribbon − mμC − nμP − kμH

L
, (2)

where Eribbon is the total energy of Zα-CPNRs; m, n, and
k are the numbers of P, C, and H atoms in the nanorib-
bon; μC/μP is the chemical potential of the C/P atom from
diamond/phosphorene; and 2μH = E (H2), L is the length of
the nanoribbon after relaxation. The smaller the value of the
Eedge the more stable the nanoribbon. The calculated results of
the edge energy with and without hydrogenation for different
edges are displayed in Table I. Since the nanoribbons are ob-
tained by cutting 2D monolayers, highly reactive and unstable
edges are typically formed. The edge energy value of the bare
zigzag edge terminated by P atoms is the lowest and can be
further reduced to 0.15 eV/Å with hydrogen-passivation. On
the other hand, the edge energy is the highest for the edge
terminated by C atoms. This suggests that the CP nanoribbons
with P atoms on the edges are more stable. It can also be seen
from Table I that the edge energies are significantly reduced in
the presence of hydrogen passivation, compared to that of the
bare nanoribbons. This highlights the importance of hydrogen
edge passivation to from stable Zα-CPNRs.

In summary, we conclude that the Zα-CPNRs with P atoms
termination are the most stable specifies for the experimental
realization. In the presence of hydrogen edge passivation, the
Zα-CPNRs can be more stable. More importantly, hydrogen
saturation is necessary to achieve Zα-CPNRs with superior
stability.

IV. ELECTRONIC BAND STRUCTURE

A. Zigzag α carbon phosphide nanoribbon
with ZPP edge configuration

Since the carbon phosphide has a puckered honeycomb
structure, two different types of symmetry arises. When look-
ing at the top and side views, one may conclude that the
N = 2n (n= even) ribbons have mirror symmetry, while for
N = 2n (n= odd) the ribbons have rotational symmetry. By
studying the band structures for ZPP with different widths,
we found that there are always two intersecting subbands
around the Fermi level. In the following, we consider a CP
nanoribbon with N = 8 as a representative example. Figure 2
shows the electronic energy bands and the projected density
of state (PDOS) of the ZPP nanoribbon with N = 8, which
exhibits a metallic band structure, with two subbands that are
similar to the case of graphene [36]. Both of the subbands
have primary contributions from the P atoms at the edges, as
can be clearly seen from the PDOS in Fig. 2(b). In Figs. 2(c)
to 2(f), the wave functions of the subbands at the � point
are shown [Figs. 2(c) and 2(f) are the side view; while
Figs. 2(d) and 2(e) are the top view]. Under the σ mirror
operation, the subbands have odd (even) parities [the blue and
yellow colors denote the opposite signs in Figs. 2(c) to 2(f)].
This characteristics has a significant impact on the electron
transmission properties under finite bias voltage [36]. The
subbands that have opposite parity cannot couple with each
other to contribute to the transmission. We further calculate
the total energy (Et ) and the electronic band structures for
8-ZPP nanoribbons in the FM and AFM states, respectively.
It shows that Et (FM)> Et (AFM), and the energy difference
is 0.011 eV. In Figs. 2(g) and 2(h), it can be clearly seen
that the band structure metallic band exhibits obvious spin-
splitting in the FM state. The spin-down subband up-shifted

TABLE I. The calculated edge energies of the nanoribbons with different edge and width.

Edge ZPP ZCC ZPC
Width (N) 6 8 10 12 6 8 10 12 7 9 11

Bare (eV/Å) 0.208 0.200 0.189 0.1858 0.380 0.311 0.276 0.254 0.271 0.241 0.226
With H (eV/Å) 0.154 0.153 0.152 0.152 0.176 0.172 0.171 0.169 0.166 0.162 0.162
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FIG. 2. (a) The band structures around the Fermi level and (b) the corresponding PDOS of 8-ZPP. (c)–(f) isosurface plots of the �-point
wave functions of π and π∗ subbands, where panels (c) and (f) are the side views, (d) and (e) are the top views. Green dashed lines denote the
mirror plane. (g, h) Band structures of 8-ZPP in the ferromagnetic and antiferromagnetic states, respectively.

in the energy space [red dashed lines in Fig. 2(g)], while
the spin-up subband is down-shifted [black solid lines in
Fig. 2(g)]. In contrast, the band structure is spin-degenerate
in the AFM state, but a small indirect band gap (∼0.195 eV)
is generated. These characteristics are particularly similar to
the case of the graphene nanoribbon [40]. The spin-splitting
effect and the presence of a finite band gap in Zα-CPNRs
with P-terminated edge configuration immediately suggests
its potential usefulness in spintronic applications.

Similar to graphene nanoribbons [33,40,52,53], the Zα-
CPNRs with ZPP edge configuration in the AFM state can be
readily turned into a half metal in the presence of an external
electric field. Without an external electric field, a common
intrinsic band gap of ∼0.195 eV for both spin channels is
observed [Fig. 3(a)]. As an external electric field is applied,
the band gap becomes spin-dependent [see Fig. 3(b) for an
illustrative case at E = 0.3 V/Å]. The forbidden gap of the
spin-down subband decreases rapidly to the gapless case for

E > 0.15 V/Å while that of the spin-up subband is increased
to over 0.3 eV at E ≈ 0.3 V/Å. This suggests the formation of
a tunable half metal in Zα-CPNRs of ZPP edge configuration,
which is particularly useful for field-effect spin transistor
application [54]. We further remark that the transverse electric
field range considered in Fig. 3 is commonly employed in the
nanoribbons of graphene and black phosphorus [42,55]. We
assume that CP nanoribbon does not undergo electrical break-
down under these electric field strengths, and the breakdown
issue remains unknown thus far.

When the external electric field exceeds 0.75 V/Å, the
nanoribbon becomes a spin-degenerate semiconductor due
to the reopening of a common band gap and the band gap
continues to increase with the external electric field. The
half-metallic phase thus occurs under a limited range of
external electric fields as denoted by the green shaded area in
Fig. 3(a). The disappearance of the spin-contrasting electronic
band structures as the field gets stronger can be understood

FIG. 3. (a) The external electric field dependence of the bandgap for 8-ZPP. (b) The spin band structures with E = 0.3 V/Å. (c) The spin
charge density under external electric fields of 0, 0.3, 0.6, and 0.9 V/Å. (d) PDOS under external electric fields of 0, 0.3, and 0.9 V/Å.
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from the spin density distribution [Fig. 3(c)]. Here the spin
charge density ρc is calculated as ρc = ρu − ρd where ρu is
the spin-up density, and ρd is the spin-down density. At in-
creasing electric field strengths, the spin density accumulated
at the two edges gradually vanishes [see Fig. 3(c)], and the
system is transformed into a spin-degenerate semiconductor.
In Fig. 3(d), we show the evolution of the PDOS at increasing
electric fields to understand the occurence of the half-metallic
phase. The different electrostatic potential at the two sides
causes the redistribution of the PDOS of the spin-up and
spin-down electrons among the two edges of the nanoribbons
when external electric field is applied. When the PDOS of
the unocuppied states from one edge extends in the energy
space and overlaps with that of the occupied state [see middle
panel of Fig. 3(d)], a gapless channel is formed, thus rendering
the nanoribbon a half-metallic characteristic. Interestingly,
the semimetallic phases at E = 0 V/Å and at E > 0.75 V/Å
when the common band gap reemerges are fundamentally
different. In the former, the conduction band is formed by
electrons residing equally in both edges, while in the latter,
the conduction and the valence bands are primarily composed
of electrons residing in the opposite edges.

B. Zigzag α carbon phosphide nanoribbon with ZPP edge
configuration and with hydrogen edge passivation

When the edge P atom is passivated by H atom, i.e.,
the Zα-CPNRs with ZPPH edge configuration, the electronic
properties changes substantially and exhibits a semiconduct-
ing characteristics (see Fig. S3 in the supplementary mate-
rial [49]). A direct band gap of 0.98 eV located at the Z
point in the reciprocal space is found. Moreover, the calcu-
lated Bloch states indicate that the conduction band minimum
(CBM) is contributed to dominantly by the C atoms in the
middle of the nanoribbon, and the valence band maximum
(VBM) is contributed to dominantly by the P atoms in the
middle of the nanoribbon, while the edge atoms contribute
only minimally to the CBM and VBM. This dominance of
atoms situated at the middle region of the nanoribbon in
the electron transport is a characteristics particularly similar
to the case of phosphorene nanoribbons [42]. We further
calculate the total energy in different magnetic states, which
indicates that the CP nanoribbons do not exhibit magnetic
state when the edge P atoms are saturated by hydrogen. In
Fig. S4 (supplementary material [49]), we demonstrate that
the band gap decreases nearly linearly with an external electric
field. These behaviors are found to be similar to that of the
nanoribbons of gapped 2D materials, such as boron nitride,
MoS2, and black phosphorus [42,56–59]. The reduction of
the band gap is due to the energy levels shifting and splitting
as a result of the Stark effect. The field effect tuning of the
band gap is width-dependent under the transverse electric
field, which decreases for wider nanoribbon due to stronger
screening effect [49].

C. Zigzag α-carbon phosphide nanoribbon
with ZCC and ZPC edge configurations

Finally, we briefly comment on the electronic proper-
ties of the bare nanoribbons with C atoms at the edge

termination (i.e., the ZCC edge configuration) which are less
stable compared to the ZPP and ZPPH edge configurations. A
rather small indirect gap (∼0.07 eV) between CBM and VBM
is found. The CBM is contributed by the P atoms as verified
by the PDOS calculation (see Fig. S5 in the supplementary
materials [49]). For the VBM, the contribution of the C and
P atoms are almost equal. When the edge C atoms adsorb hy-
drogen, the band gap closes and the CP nanoribbon becomes
metallic with the two subbands meet at vicinity of the Z point
in the reciprocal space around the Fermi level. The ZPC edge
configuration can be obtained when the number (N) of atomic
chains is odd so that the two edges of the nanoribbons are
terminated by C and P atoms, respectively. Because of ZPP
and ZCC showing metallic and semiconducting behaviors,
respectively, it can be expected that it has subband should
cross the Fermi level as verified by the explicit calculation
shown in Fig. S6 (supplementary materials [49]).

V. SPIN-RESOLVED TRANSPORT PROPERTIES
AND DESIGN OF BIPOLAR SPIN FILTER

In this section, we focus on the transport behaviors of the
Zα-CPNRs with ZPP and ZPPH edge configuration in FM
state. We construct a two probe source-channel-drain structure
and model the electron transmission coefficient through the
structure. A schematic diagram of the device is shown in
Fig. S7 in the supplementary materials [49]. For ZPP, the
transmission coefficient is about 3 around the Fermi level. The
transmission coefficient is reduced to 2 when the a P atom va-
cancy defect is introduced to one edge. The transport channel
can be divided into three components, i.e., two components
in each edge and one component in the middle region of the
nanorribons. When a defect is introduced to one edge, the
corresponding transmission channel is closed, thus causing
the transport coefficient to reduce from 3 to 2. Figures 4(b)
and 4(c) clearly confirms this inference.

In contrast, for ZPPH edge configuration, the transmis-
sion around the Fermi level are almost undisturbed by the
vacancy defect at the nanoribbon edge. This aspect is akin
to phosphorene nanoribbons [42] in which the transmission
pathway are situated in the interior of the nanorribon [see
Figs. 4(e) and 4(f)]. Thus, having edge defects have no effect
on transport.

We now demonstrate that the Zα-PCNRs with ZPP edge
configuration can be utilized as a bipolar spin filter with high
spin-polarization efficiency. To qualitatively study the spin-
polarized transport properties of ZPP because of its electric
structure are spin degenerate, we construct a nanoelectronic
device built from the periodic extension of the unit cell of a
Zα-PCNR with ZPP edge configuration in the FM state. Such
a simplified device model has been commonly employed to
investigate the transport properties, such as the the current-
voltage characteristics, of nanorribon devices [60–65]. The
magnetization of the two electrodes can be controlled by
external magnetic field [34], which is oriented along the +x or
−x directions. A parallel configuration (PL) can be obtained
by setting (+x,+x) for the two electrodes and an antiparallel
configuration (APL) can be obtained by setting (+x,−x) for
the two electrodes. The spin-resolved current-voltage charac-
teristics are shown in Figs. 5(a) and 5(b). It can be seen that
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FIG. 4. (a), (b) The transmission spectra and (b), (c), (e), and (f) transmission pathway of ZPP and ZPPH with and without P vacancy
defect at the Fermi energy level. L and R in (b), (c), (e), and (f) indicate the left and right electrodes, respectively. The red dot circle in (c) and
(f) indicate vacancy defect.

the PL and APL configurations yield contrasting electrical
behaviors. For the PL configuration, a mild spin-polarization
is obtained at large bias of V ≈ 0.5 V. In contrast, for the
APL spin configuration, the magnitude of the spin-up (-down)
current increases almost linearly under the negative (positive)
bias, while it is strongly suppressed under the positive (nega-
tive) bias. To characterize the spin polarization efficiency, we
calculate the spin filter efficiency (SFE) as

SFE(V ) = I↑(V ) − I↓(V )

I↑(V ) + I↓(V )
, (3)

where I↑,↓ denotes the spin-up and spin-down electrical cur-
rent, respectively. As shown in inset of Fig. 5(b), the SFE can
reach nearly |100|% at a modest applied bias of V > |0.2| V.
This demonstrates a near-perfect bipolar spin filtering effect
in the APL spin configuration, which can be used as a source
of highly spin-polarized electrical current [60,61].

To better understand the spin filtering effect, we examine
the spin-resolved transmission spectrum at 0 V and 0.5 V bias
voltages in the APL spin configuration [Figs. 5(c) and 5(d)].
Under small bias condition, there exists a small zero transport
gap around the Fermi level for spin-up and spin-down states
(green shaded area) due to the mismatch of band structures of
the left and right electrodes. This creates a forbidden window
as illustrated in the the green-shaded area of Fig. 5(c) in
which the spin-up π∗ (spin-down π ) subband of the left
electrode overlaps with the spin-up π (spin-down π∗) subband
of the right electrode, and the transmission is forbidden due
to the orthogonality of the π and π∗ subbands arising from
the opposite symmetries of the two subbands. At increas-
ing bias voltage, the forbidden window closes for one spin
while remains open for the opposite spin. For example, at
a bias voltage of 0.5 V, the left electrode π∗ subband of
spin-up electrons does not have a subband with matching

FIG. 5. (a), (b) The current-voltage curves for 8-ZPP with PL and APL spin configurations. The inset of (b) shows the SFE in APL spin
configuration. (c, d) Band structure of left/right electrode (left/right panel) and transmission spectra (middle panel) with APL configuration in
bias of 0 and 0.5 V, respectively. The green shaded area represents the transport gap at zero bias, and the blue shaded area represents the bias
window, respectively.
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spin-up π∗ subband in the right electrode [see Fig. 5(d)]. The
corresponding transport channel for spin-up electron is thus
closed and the spin-up polarized electrical current is strongly
quenched in this positive-bias case [see Fig. 5(b)]. On the
contrary, for spin-down electrons, the π and π∗ subbands in
both electrodes overlap fully around the Fermi level. As a
result, a large number of transmission channels are opened
and the spin-down polarized electrical current is switched on
[Fig. 5(d)].

VI. CONCLUSION

In conclusion, we report the first-principle’s density func-
tional theory simulation of the electronic structures and trans-
ports properties of zigzag α-carbon phosphide nanoribbons.
It is found that Zα-CPNRs can mimic the behaviors of
graphene and phosphorene nanoribbon depending on the edge
configurations. When both of the edges are terminated by
phosphorus atom, the Zα-CPNR becomes graphene-like and
exhibits many transport and spintronic properties that were
previously identified in zigzag graphene nanoribbons. For
such CP nanoribbon in the FM state, the nanoribbon is found
to exhibit a metallic behavior with strong splitting effect,
which can be harnessed to create a bipolar spin filtering device
with high spin filtering efficiency. In contrast, when the CP
nanoribbon is in the AFM state, the Zα-CPNRs becomes

a field-effect-tunable half metal with a spin-dependent band
gap of over 300 meV. Intriguingly, at high applied electric
field when a common band gap reemerges; the conduction
band and the valence band electronic states become strongly
localized to the opposite edges of the Zα-CPNR. When the
edge P atom are saturated by H atoms, the Zα-CPNR become
phsophorene-like with an electrostatically tunable band gap
due to the Stark effect. Our findings thus reveal Zα-CPNRs as
a versatile 2D material that can be useful for the development
of various nanoelectronic devices based on charge, spin, and
the edge degree of freedom. Finally, we remark that the CP
nanoribbon edge configuration can also take other unconven-
tional forms [66–69] beyond the relatively simpler armchair
and zigzag configurations considered here. The study of other
types of how edge engineering can be employed to tune the
electronic and spintronic properties of CP nanoribbon shall
form another important topic for future studies.
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