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Anisotropic half-metallicity in zigzag edge SiPs
nanoribbons

Souren Adhikaryt and Sudipta Dutta @ *

We investigate magnetic and spin-transport properties of the zigzag-edge nanoribbon structures of two-
dimensional (2D) SiPs system within first-principle calculations. Based on the edge terminations, the
nanoribbons can be categorized in three subclasses, two of them with even number of silicon (Si) atoms
and one of them with odd number of Si atoms in the one-dimensional unitcell with antiferromagnetic
bulk spin-ordering, analogous to their 2D counterpart. All the ribbons exhibit indirect band-gap
semiconducting behavior and the gap decreases with increase in width of the ribbons. The nanoribbon
with only phosphorus (P) atoms at least along one of the edges show half-metallic behavior over a small
bias window, when probed with cross-ribbon external electric field. Especially, the nanoribbon with odd
number of Si atoms stabilizes in a ground state with net non-zero magnetization and exhibits half-
metallicity only under forward bias. Such anisotropic half-metallicity along with the precise control of the
electronic properties in terms of edge and external bias manipulation hold immense potential for
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Introduction

Magnetic ordering in two-dimensional (2D) systems has been of
sustained interest from both fundamental and application
perspective.'” Recently the 2D van der Waals systems, e.g.,
transition metal trichalcogenides and trihalides have been re-
ported to host magnetic ordering.*® The uniaxial magnetic
anisotropy opens up a spin-wave gap that supports the spin
ordering at non-zero temperature.”> However, such magnetic
ordering has been mostly elusive in 2D materials made of p-
block elements.’ The most widely studied 2D material, gra-
phene does not support any localized spin moment unless
introduced with defects, such as vacancy, grain boundary and
edges."' ™

Finite termination of 2D graphene along the zigzag crystal-
lographic direction results in quasi-one-dimensional nano-
ribbon (NR) structures that exhibit distinct electronic properties
due to the quantum confinement and edge effects.* > In gra-
phene zigzag NRs, the spin arrangement of edge geometries
follows Lieb's theorem, which states that two sub-lattice points
in a bipartite lattice tend to align their electronic spins in an
antiferromagnetic manner.** Along one zigzag edge, the atoms
belong to the same sub-lattice, leading to ferromagnetic
coupling along that edge. Conversely, the atoms along the other
edge are also ferromagnetically coupled, but with opposite
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spintronic and switching device applications.

spins.'® These magnetic edges play a significant role in shaping
the band structures of NRs." The localized spin moments along
the edges lead to a splitting of the partial flat band at the Fermi
energy as obtained in non-magnetic ground state and eliminate
the Fermi instability arising from the diverging density of states
(DOS) by opening up a band gap.” This has been confirmed
experimentally through scanning tunnelling spectroscopy
measurements.”® Due to such magnetic ground state, zigzag
graphene NRs exhibit half-metallic behavior in presence of in-
plane cross-ribbon electric field, resulting in totally spin
polarized current for electrons with one spin orientation and an
insulating or semiconducting band gap for the opposite spin.*®

Such intriguing property with potential spintronics applica-
tions has motivated us to investigate the zigzag edge NRs of
recently reported monolayer of SiP;, a Si substituted blue
phosphorene, that hosts the domain fragmented antiferro-
magnetic (AFM) spin-ordering in 2D.>” Monolayer SiP; is a 8
atoms unit cell that consists of Si and P atoms (see Fig. 1a). Each
phosphorous hexagon in the unit cell is uniformly encircled by
six Si atoms. The spin density of SiP; (see Fig. 1b) shows each Si
atom's local magnetic moment is ferromagnetically coupled
with the three neighbouring P atoms. The phosphorous hexa-
gons, on the other hand, exhibit fully bipartite nature, that is,
opposite spin alignments between nearest P neighbours, which
results into an overall AFM ground state of SiP;. The AFM
ground state emerges as a consequence of the Fermi instability
in the non-magnetic ground state.”**' Here we explore the
interplay of such bulk magnetization with the localized zigzag
edge states and the influence of in-plane cross-ribbon electric
field in the NR structures of SiP;.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Top and side views of lattice structure of 2D SiPs. Small

shaded hexagon denotes the P hexagon which is surrounded by six Si
atoms, shown by the bigger shaded hexagon. The dotted rhombus
depicts the unit cell. (b) Schematic representation of spin density of 2D
SiPs. The spin-up and spin-down density are shown by red and green
colored circles, respectively. Radius of the circles is proportional to the
magnitude of the spin density. (c) The phonon dispersion of 2D SiP3 in
the first Brillouin zone. (d) The electronic band structure and DOS of
2D SiPs in antiferromagnetic ground state. The horizontal and vertical
dotted lines represent the Fermi energy and the high-symmetric
points, shown in the hexagonal first Brillouin zone (inset), respectively.
The atomic orbitals projected DOS are depicted with different colors.

In this study, using density functional theory, we investigate
the electronic, magnetic and transport properties of zigzag edge
NRs of 2D SiP;, termed as SiP;-ZNR. We define three types of
SiP;-ZNRs based on distinct combinations of edge atoms i.e., Si
and P. A single edge can be constructed either by taking two P
atoms (PP-edge) or by considering one Si and one P atom (SiP or
PSi-edge). Identical edges in either side of the NRs stabilize the
ground state with AFM spin-ordering, whereas two different
edge types in a NR give rise to net non-zero magnetization. This
variation in magnetic ground states is attributed to the odd
number of Si atoms in the unit cell of the NRs. Moreover, the
NRs with at least one PP-edge exhibit half-metallicity within
a window of cross-ribbon electric field strength. However, the
NRs with one PP and one SiP-edge show anisotropic half-
metallicity only under the forward bias. At larger bias all the
NRs turn metallic. Such edge and bias dependent broad range
of electronic properties can have significant and diverse spin-
tronics applications.

Computational details

We calculate the structural and electronic properties of all NRs,
using density functional theory (DFT) as implemented in the
Spanish Initiative for Electronic Simulations with Thousands of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Atoms (SIESTA) computational package.®* The total energy-
convergence requirement is set at 10> eV and a double-{
polarized basis set with a 400 Ry energy cutoff is employed. We
investigate norm conserving pseudopotentials in the fully
nonlocal Kleinman-Bylander scheme to handle electron-ion
interactions.*® For all the spin-polarized calculations, we use
the Perdew-Burke-Ernzerhof exchange and correlation func-
tional within a generalized gradient approximation.** The
lattice parameters along with the atomic positions are relaxed
within conjugate-gradient method, until the force on each atom
becomes less than 0.01 eV A™'. We use a9 x 1 x 1 Monkhorst-
Pack® k-grid for geometrical optimization and a 90 x 1 x 1 grid
for electronic calculations of SiP;-ZNRs. A vacuum separation of
15 A is considered to prevent any interactions between neigh-
bouring unitcells. We further model the external electric field as
ramp potential applied along the cross-ribbon direction.

Results and discussions

We start our discussion with structural, magnetic and electronic
properties of 2D monolayer SiP;. Fig. 1a shows the structure of
SiP;, where P hexagons (smaller shaded hexagon) are symmet-
rically surrounded by six Si atoms (bigger shaded hexagon) to
form a 8 atom unit cell. We find relaxed lattice constant of
monolayer SiP; is 6.296 A. Note that the SiP; system is a buckled
structure, as can be seen from the side view. Since the ground
state of monolayer SiP; is AFM, we illustrate the spin density
distribution in Fig. 1b. It shows each Si atom's local magnetic
moment is ferromagnetically coupled to the three neighboring
P atoms. However, the P hexagons preserve a fully bipartite
character with opposing spin alignments between nearest P
neighbors. The average spin moments on P and Si atoms are
found to be 0.041ug and 0.389ug, respectively.>” Next, we have
checked the dynamical stability of 2D SiP; via phonon calcula-
tions and plotted the phonon dispersion in Fig. 1c. The absence
of any imaginary frequencies in the phonon spectra confirms
the stability of 2D SiP;. We calculate the degenerate up and
down-spin electronic band structures and DOS of SiP; and
present them in Fig. 1d. Two less dispersive bands near the
Fermi energy lead to an indirect band gap of 0.17 eV. Addi-
tionally, investigation of the projected DOS originating from the
3p orbitals of both P and Si atoms reveals a hybridized nature of
these frontier bands.”

Next, we create the SiP;-ZNRs by finite termination along the
zigzag crystallographic direction of 2D SiP;. The fabrication of
these NRs can experimentally be achieved by mechanically
cutting the 2D sheet by lithographic patterning or by electrode
patterning on 2D material by photo-lithography or laser-
induced materials deposition (LIMD) techniques.***' Depend-
ing on edge termination of NRs, we can generate three different
classes of zigzag edge combinations: (i) P atoms along both the
edges (PP-PP), (ii) alternating P and Si atoms along both the
edges (PSi-SiP), and (iii) P atoms along one edge and alternating
P and Si atoms along the other edge (PP-PSi), as shown in
Fig. 2a-c, respectively. Similar types of edge geometries have
been reported in case of BC; system as well.*> The number of
zigzag lines (N,) along the cross-ribbon direction determines
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Fig.2 The unit cells of three types of zigzag edge SiPs NRs terminated
with (a) PP—PP, (b) PSi—SiP and (c) PP-PSi edges. The edge atoms are
passivated by hydrogen atoms (white color balls). The number of

zigzag chains, i.e., N, determines the width of the NRs along the y-
direction. The periodicity is considered along the x-direction.

the ribbons' overall width. All the zigzag ribbons are repre-
sented by N,-PP-PP, N,-PSi-SiP and N,-PP-PSi. Note that, in case
of both PP-PP and PSi-SiP edge SiP;-ZNRs, the N, is even, while
it is odd for the PP-PSi NRs. We vary the widths as N, = 6, 8, 10,
and 12 in case of PP-PP and PSi-SiP edges and N, =7, 9, and 11
in case of PP-PSi edge. To saturate the dangling bonds, all the
NRs are passivated with hydrogen (H) atoms. The lattice
constants of all quasi-one-dimensional PP-PP, PSi-SiP and PP-
PSi edge NRs of different widths show almost identical value of
~6.92 A. The Si-P and P-P bond lengths along the edges remain
unaltered as compared to the bulk.

We calculate the spin density of all the NRs in order to
analyze their magnetic ground state and present them in Fig. 3.
The spin orderings of the NRs are identical to the 2D SiP3.>” The
edge spin moments are negligible different as compared to the
bulk spin moments, which is in stark contrast with that of
graphene nanoribbons which shows predominantly edge spin
localization. Two Si atoms in the unit cell of 2D SiP; localize up
and down spin moments, giving rise to net zero magnetic
moment. Firstly, in the case of PP-PP edge, the ground state is
AFM irrespective of their width (N, = 6, 8, 10 and 12). Total spin
moment remains zero, owing to even number of Si atoms in the
unit cell. In Fig. 3a, we show the unit cell along with the spin
density of N, = 8. As can be seen, there is four Si atoms with up-
spin moment (red circles) and four Si atoms with down-spin
moments (green circles). All the phosphorus atoms preserve
bipartite nature, resulting in AFM ground state for the PP-PP
edge SiP;-ZNRs. Note that, each edge of the PP-PP edge NRs
localizes either up or down-spin. Similarly, in the case of PSi-SiP
edge SiP3;-ZNRs, the ground state stabilizes in AFM state for all
widths, owing to the even number of Si atoms in the unit cell, as
can be seen in Fig. 3b for N, = 8. However, unlike the previous
system, the PSi-SiP edge NRs show alternating up and down-
spin localization along the same edge. On the contrary, the
PP-PSi edge SiP;-ZNRs contain odd number of Si atoms in their
unit cell, creating imbalance between up and down-spins and
consequently stabilize in a ferromagnetic ground state. In
Fig. 3c, we show the unit cell and spin density of the NR with N,
= 9. This class of zigzag edge NRs show 1ug magnetic moment
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Fig. 3 Spin density plot of (a) 8-PP—PP, (b) 8-PSi-SiP, (c) 9-PP-PSi
edge SiP3-ZNRs. The dotted rectangular boxes show the unit cell of
corresponding system. The spin-up and spin-down density are shown
by red and green colored circles, respectively. Radius of the circles is
proportional to the magnitude of the spin density. (d) The formation
energy scaled with respect to the number of atoms in the unit cell of all
the three types of ribbons in their respective magnetic ground states.
The dashed horizontal line shows the scaled formation energy of
2D SiPs.

per unit cell, irrespective of their width. Particularly, one edge of
PP-PSi NRs contains all P atoms with parallel spin alignhment,
whereas the other edge shows alternating up and down-spin
localization, owing to alternating Si and P atoms along the
edge. This observation remains consistent for all the NRs with
odd N,

To investigate the stability, then we calculate the formation
energy of all the NRs, scaled with respect to the total number of
atoms in the unit cell, using the following formula:

Eform = (Etotal — ZN,'EZ-> / N, where Ey, is the total energy of
i

the ribbon, E; and N; are the energy and number of i-th element
and N is the total number of atoms within the unit cell. The
formation energies as a function of varying width of all different
types of NRs are shown in Fig. 3d. Note that, higher negative
energy emphasizes higher stability. The NRs show less stability
as compared to the 2D SiP; which shows formation energy of
—4.15 eV per atom. The stability of the ribbons enhances with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increasing width and approaches towards the 2D limit, as
shown by the dashed horizontal line. The stability of different
classes of zigzag NRs increases in the order: PSi-SiP < PP-PSi <
PP-PP, although the differences are quite small. This shows
that the NRs terminated with P atoms are more stable as
compared to the Si atoms.

We further calculate the electronic band structures of all the
SiP;-ZNRs and present them in Fig. 4. In case of the PP-PP edge
NR with N, = 8, the AFM ground state results in degenerate up
and down-spin electronic dispersions with a narrow indirect
band gap (see Fig. 4a). The PSi-SiP edge NR of same width also
exhibits degenerate up and down-spin bands, owing to the AFM
ground state, with a narrow indirect band gap (see Fig. 4b). For
both these classes of NRs the bands near the Fermi energy show
small contribution from the edge atoms and predominant
contribution from the bulk atoms, as reflected from their
respective projected DOS plots. However, the PP-PSi edge NRs
show non-degenerate up and down-spin bands, owing to its
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Fig. 4 Degenerate up and down-spin band structures and DOS of (a)
8-PP-PP edge and (b) 8-PSi-SiP edge SiPz-ZNRs. The non-degen-
erate (c) up-spin and (d) down-spin band structures of 9-PP—-PSi edge
SiPs-ZNR. The shaded regions in the DOS plots show the projected
DOS from the edge atoms. The horizontal dashed lines in each plot
represent the Fermi energy. (e) The variation of band gap for different
edge geometries of the SiP3-ZNRs as a function of their width, i.e., N,.
The dashed horizontal black line represents the band gap of 2D SiPs.
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ferromagnetic ground state. We plot the spin-polarized elec-
tronic band structures of 9-PP-PSi in Fig. 4c and d, for the up
and down-spins, respectively. As can be seen, irrespective of
their distinct band dispersions, the up and down-spin band
gaps show very small difference. In this case also the bands near
the Fermi energy arise majorly from the bulk atoms. Notably,
the edge contribution near the Fermi energy appears in the
conduction bands of the up-spins and valence bands of the
down-spins. This indicates the possibility of up-spin hole and
down-spin electron mobility along the edges.

Next, we investigate the variation of the band gap with the
change of the width of all the three classes of the zigzag edge
NRs and present the same in Fig. 4e. As can be seen, the band
gap for all the ribbons decreases with the increase in width and
approaches towards the bulk band gap, as shown by the dashed
horizontal line. In case of ferromagnetic PP-PSi edge NRs of
narrow width (N, = 7), the up and down-spin gaps are different.
However, they tend to merge together with gradual increase in
width. Since, the zigzag NRs of all possible edge terminations
exhibit narrow band gap, they can be considered for transport
channels under the application of external electric field.

That is why, we further explore their electronic transport
properties under the external electric field along the cross-
ribbon direction, modelled as transverse ramp potential. We
vary the electric field from —0.4 VA~ t0 0.4 VA~ in the interval
of 0.1 V A™". First we explore the effect of an applied electric
field on the spin polarized band gap of 8-PP-PP edge NR and
present the results in Fig. 5a. As can be seen, at zero applied
field, the up and down-spins show identical band gap due to
their degenerate band structure. The increase of electric field
not only reduces the band gap but also breaks their spin
degeneracy. Along the +ve bias direction the down-spin band
gap decreases more rapidly than that of the up-spin. Beyond
0.2 V A~ the down-spin gap completely closes while the up-
spin gap remains open, resulting in only conducting down-
spin channel. Therefore, at this critical electric field strength,
the PP-PP edge NR show half-metallic behavior. On the
contrary, this NR show half-metallic behavior with conducting
up-spin channel when the applied field direction is reversed,
ie., at —0.2 V A~'. However, further increase in field strength
makes both the up and down-spin channels conducting.
Therefore, the half-metallicity can be achieved over a small bias
window that is conducive within the experimental set-up.

To understand the reason behind this observed half-
metallicity, we schematically depict the spin configuration of
the PP-PP edge NR in the inset of Fig. 5a. The P atoms on each
edge exhibit the same spin orientation, i.e., one edge has all
down-spin moments (top edge in the inset) and the other edge
has all up-spin moments (bottom edge in the inset). Under the
+ve ramp potential applied from top to bottom direction, the
down-spins experience major drive and consequently the down-
spin gap reduces rapidly as compared to the up-spin. However,
the existence of bulk polarization ensures the decrease of the
up-spin gaps, albeit slowly. The spin gap variation reverses
when the field is applied in —ve direction, i.e., from bottom to
top direction, owing to the up-spin localization along the
bottom edge. The half-metallic behavior does not sustain over

RSC Adv, 2024, 14, 30084-30090 | 30087
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Fig. 5 The variation of up- and down-spin band gaps as a function of the applied electric field along the cross-ribbon direction of (a) 8-PP-PP,
(b) 8-PSi-SiP and (c) 9-PP-PSi edge SiPs-ZNRs. The positive and negative electric field depict the forward and reverse biases. The shaded areas
show the range of half-metallicity. The inset in each figure shows the schematic edge spin configuration of the corresponding ribbon with up and

down spins denoted by red and green color circles, respectively.

a large electric field range, since beyond a certain field strength,
both the spins start conducting due to significant bulk polari-
zation of these NRs. Note that, in case of zigzag edge graphene
NRs, the applied transverse electric field also results in half-
metallic behavior beyond a certain field strength.** But in that
case, on application of ramp potential, one of the spin gaps
reduces and the other increases in a small range of field
strength. This difference in spin gap variation as compared to
the present case can be attributed to the predominant edge
spin localization and no bulk polarization in zigzag edge gra-
phene NRs.

Fig. 5b shows the band gap variation of 8-PSi-SiP as a func-
tion of applied electric field along the cross-ribbon direction. Due
to its AFM ground state, it shows degenerate up and down-spin
band gaps at zero bias. On application of external bias, both
the spin gaps reduces simultaneously and close at 0.2 V A~ and
—0.2 V A™" field strengths. Therefore, this system shows semi-
conducting to metallic transition under applied bias. The iden-
tical responses by the up and down-spins towards the applied
bias can be attributed to the identical AFM spin alignments with
alternating up and down-spins along both the edges, as can be
seen in the inset. The transverse bias in forward and reverse
directions drives both the spins in similar way, resulting in
metallic ground state beyond a critical field strength.

The PP-PSi edge NRs, however, present a specific edge spin
arrangements. In this case, the top PP edge (see inset of Fig. 5¢)
localizes the up-spin, leading to a ferrimagnetic spin-ordering.
But the bottom PSi edge localizes alternating up and down-
spins in consecutive P and Si edge atoms. Therefore, the
forward (i.e., +ve) bias from the top to bottom edge direction is
expected to drive the up-spins more strongly than the down-
spins. This is reflected in the steep decrease in the up-spin
band gap as compared to that of the down-spin, resulting in
a half-metallic ground state beyond 0.2 V A~'. However, the
reverse (i.e., —ve) bias affects both the spins in the bottom edge
almost identically, leading to a decrease in up and down-spin
band gaps simultaneously. The little difference in the up and
down-spin band gaps under —ve bias can be attributed to the
unequal spin moments on alternating Si and P atoms along the
bottom edge. Therefore, this system is capable of exhibiting
half-metallic behavior under forward bias and metallic behavior

30088 | RSC Adv, 2024, 14, 30084-30090

under reverse bias, beyond a critical field strength. This pres-
ents an unprecedented feature of controlling spin transport
behavior based on the polarity of the source-drain electrodes,
paving new avenues of designing memory storage devices.

Conclusions

In conclusion, we study the quantum confinement effect on 2D
SiP; by creating the quasi-one-dimensional zigzag NRs.
Depending upon the edge termination we classify the SiP; NRs
in three categories, namely, PP-PP, PSi-SiP, and PP-PSi edge
NRs. The unit cell with an even number of Si atoms, shows the
antiferromagnetic ground state for both zigzag PP-PP and PSi-
SiP NRs. The unit cell with an odd number of Si atoms with PP-
PSi zigzag edge NRs exhibit the ferromagnetic ground state with
1ug magnetic moment per unit cell. All the SiP;-ZNRs show
indirect band gap, which decreases with increase in the width of
the NRs. The contribution of edge atoms near the Fermi level is
minimal, emphasizing the dominance of bulk bands in
deciding the electronic properties of these NRs. Further, PP-PP
edge zigzag NRs exhibit half-metallicity under the influence of
applied transverse electric field, owing to their ferrimagnetic
spin configurations along the edges. On the other hand, PSi-SiP
zigzag edge NRs exhibit semiconductor to metallic transition
under both forward and backward biases. The PP-PSi zigzag
edge NRs show the anisotropic half-metallicity under only
forward bias, due to the ferrimagnetic PP edge. The observation
of half-metallicity and its tunability based on the edge termi-
nation can find potential applications in spintronic and
memory storage devices. Moreover, due to the buckled structure
of SiP; system, the application of strain can alter the magnetic
moments on Si and P atoms, thereby affecting the electronic
band dispersion, and consequent half-metallic properties.****
Therefore, the strain-dependent electronic and magnetic prop-
erties of these SiP; nanoribbons can provide valuable insights
for the experimental device engineering.

Data availability

The calculations have been carried out using SIESTA package,*
version 4.1 https://siesta.icmab.es/siesta/CodeAccess/.
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