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Magnetism in low-dimensional materials has been of sustained
interest due to its intriguing quantum mechanical origin and promising
device applications. Here, we propose a buckled honeycomb lattice of
stoichiometry SiPs, a two-dimensional binary group-IV and V material
that exhibits an antiferromagnetic ground state with itinerant elec-
trons. Here we perform elemental Si substitution in pristine blue
phosphorene to downshift the Fermi energy and induce the Fermi
instability that results in a spin polarized ground state. Within first-
principles calculations, we observe antiferromagnetic spin alignment
between adjacent ferromagnetic triangular domains where each Si
atom is coupled with three neighboring P atoms with a ferromagnetic
interaction. Such unique spin structure and resulting magnetic ground
state are unprecedented in defect-free two-dimensional materials
made of only p-block elements. This metal-free magnetism can be
exploited for advanced spintronic and memory storage applications.

1 Introduction

Two-dimensional (2D) materials have been of great interest in
recent times, owing to their interesting electronic properties
arising from quantum confinement."” Inspired by the isolation
of graphene, a Dirac semimetal, extensive investigations have
been continuing over the last decade to explore a plethora of
other 2D materials with varying functionalities.>* One of the
major quests has been the magnetism in such reduced
dimension, mainly owing to their application possibilities in
advanced spintronic and memory devices.>” This has so far
been achieved by structural or chemical modifications, defect
engineering, doping, external perturbations etc.*™**
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In this regard, graphene nanoribbon has been one of the
most extensively studied systems, where the zigzag edge tends
to localize the spins.”*** Actually, the partial flat bands at Fermi
energy in non-interacting approximation, originating from
zigzag edges result in diverging density of states (DOS) and
consequent Fermi instability. Inclusion of electron-electron
interactions splits those degenerate bands at Fermi energy to
open up a gap and localizes the spins in ferrimagnetic align-
ment along the zigzag edge.”> These theoretical predictions have
been confirmed within scanning tunneling spectroscopy
experiments as well.'**®* However, experimental realization of
long and smooth zigzag edge has still been challenging.' The
observation of such magnetic ordering has been elusive in
defect-free 2D materials till the recent discovery of transition
metal trichalcogenides, halides,* borides®* and carbon organic
frameworks.?*** It is mainly due to the fact that, the long range
magnetic ordering gets suppressed due to thermal agitation, as
described by Mermin-Wagner theory.*

However, the recent observations of pristine 2D ferromag-
netic van der Waals crystals containing transition metal atoms
have shown the influence of uniaxial magnetic anisotropy to
stabilize such magnetic ordering of d-electrons.?** This can be
exploited for advanced device applications. However, the metal-
based devices have several limitations, e.g., high cost, heavy, low
durability and susceptible to corrosion. Therefore, here we
asked a question: can we design a metal-free 2D magnetic
material ? This lead us to search for 2D materials that are made
of p-block elements. Here, we report silicon (Si) substituted 2D
blue phosphorene, SiP; which shows overall antiferromagnetic
ground state with out-of-plane spin orientation. The magnetism
has been achieved by inducing Fermi instability via down-
shifting the Fermi energy of nonmagnetic blue phosphorene
by hole doping through elemental Si substitution.

2 Computational details

We adopt the density functional theory (DFT) as implemented
in SIESTA” to explore the electronic and magnetic properties of
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pristine and doped 2D blue phosphorene. Generalized Gradient
Approximation (GGA) is considered with Perdew-Burke-Ern-
zerhof (PBE) exchange and correlation functional.>® Troullier
Martin scheme is adopted to generate the norm-conserving
pseudopotentials.”® Double-{ polarized basis set is used with
400 Ry energy cut-off for real space mesh size. Structural opti-
mizations are performed using conjugate-gradient method
along with the relaxation of lattice vectors until force on each
atoms becomes less than 0.01 eV A~'. We consider a vacuum of
15 A in the non-periodic direction to avoid any interaction
between adjacent unit cells. We consider Brillouin zone
sampling over 16 x 16 x 1 and 48 x 48 x 1 Monkhorst-Pack
grids for geometric relaxation and subsequent electronic prop-
erty calculations, respectively. To check the dynamical stability,
we further investigate the phonon dispersions using 2 x 3 x 1
supercell and k-mesh of 16 x 16 x 1 with mesh cut-off of 1600
Ry. Since, the consideration of localized orbital basis in SIESTA
overestimates the band gap, we perform further calculations
using plane-wave basis as implemented in VASP**** for
comparison and present them in ESL}

3 Results and discussion

The structure of 2D monolayer pristine blue phosphorene is
shown in Fig. 1(a). It shows honeycomb lattice with out-of-plane
buckling (4,) and its ground state does not show any spin-
polarization. This system has been obtained experimentally
and is known to exhibit high charge carrier mobility.**** In
Fig. 1(b), we present the electronic band dispersion of its 2 x 2
supercell which shows semiconducting band gap of ~2 eV.
Most interestingly, the band structure shows nearly flat top of
the valence band and corresponding diverging DOS. We have
been motivated by the fact that, if the Fermi energy can be
down-shifted by hole doping to align with this diverging DOS, it
might be possible to achieve magnetic ground state, as observed
in case of zigzag edge graphene nanoribbons." However, since
the Fermi energy can be located anywhere in the theoretically
estimated large semiconducting gap of ~2 eV, it is experimen-
tally unlikely to achieve the required Fermi level shift by p-type
doping through gate electrode. Therefore, we adopt the strategy
of elemental substitution of phosphorus (P) atoms by silicon
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(Si) atoms that has one less electron, to dope the system with
holes.

This kind of elemental substitution is known to produce
shift in Fermi energy by a large extent, as has been observed in
case of 2D binary compound BC;.***” This exhibits planar
honeycomb lattice with homogeneously placed substitutional
boron (B) atoms in graphene lattice, such that, every carbon
hexagon is surrounded by six B atoms.**** Owing to one less
electron in each B atom as compared to carbon (C) atom, the
system gets hole doped with consequent down-shift of Fermi
energy by ~2 eV.*® Therefore, such elemental substitution
appears to be a viable solution in present study as well and we
consider similar stoichiometry of SiP; to bring the Fermi energy
down. Fig. 1(c) shows the structure of SiP;, where phosphorus
hexagons are symmetrically surrounded by six Si atoms,
resulting in a 8 atom unit cell. That is why, we choose to present
the band structure of 2 x 2 supercell of pristine blue phos-
phorene as well in Fig. 1(b) for better comparison. Such group-
IV-group-V binary compounds indeed exist in layered form with
same stoichiometry and lattice geometry, as evident from
previous studies.**™**

We investigate the substitution by other group-IV elements,
e.g., C, Ge and Sn as well. However, we observe minimal struc-
tural distortion in case of Si substitution in pristine blue
phosphorene (see Tables S1 and S2 in ESIf). This can be
attributed to the minimal difference of atomic radius of P and Si
for being in the same period and hence unaltered hybridization
as compared to pristine blue phosphorene and silicene (see
Table S3 in ESIt). In Table 1, we present the structural param-
eters of pristine and Si substituted blue phosphorene, which
show close resemblance. However, due to the change in the
buckling parameter for P-Si bond the associated £ P-P-Si (6,)
show considerable increase (see Table 1 and Fig. 1(c)).

For further stability analysis, we investigate the phonon
dispersion of SiP; and present in Fig. 2. The absence of any
imaginary phonon mode and well separated acoustic and
optical modes clearly indicate the dynamical stability of the
system. The quadratic dispersion of the flexural out-of-plane
(zA) acoustic mode shows nice resemblance with that of pris-
tine blue phosphorene,* showing the robust and rigid 2D
architecture. Moreover, the in-plane elastic response shows

(a)

Top View

Side View

Side View

I DOS (arb. unit)

Fig. 1 (a) The structure of pristine blue phosphorene, (b) band structure and density of states (DOS) of the same in 2_§>2 supercell and (c) the
structure of SiPs. The shaded rhombuses in (a) and (c) show the corresponding unit cells with lattice vectors, K/Z’ and by, respectively. The P-P
(P-Si) bond length is denoted by a (b) and the £ P-P-P (£ P-P-Si) is denoted by 6, (6,). 4, quantifies the out-of-plane buckling. The vertical and
horizontal dashed lines in (b) show high-symmetric points in the irreducible Brillouin zone, shown in the inset and Fermi energy, respectively.
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Table 1 The structural parameters of pristine blue phosphorene and
SiPs: lattice constants (a;/b;), P-P bond lengths (a), P-Si bond lengths
(b), £P-P-P (64), £P—-P-Si(6,) and out-of-plane buckling parameters
(d,p-py and 4 p-—gp). All these are shown in Fig. 1(a) and (c). Note that,
the lengths and angles are in A and degree, respectively

System a/by  a(b) 04 0, Ayppy  Ayp-siy
Phosphorene  3.326 2.31 (—) 92.22 — 1.28 —
SiP; 6.926 2.30(2.31) 91.78 97.92 1.287 0.983

Fig. 2 Phonon dispersion of SiPz system with high-symmetric points
(vertical dashed lines).

isotropic nature, as evident from the similar slopes of longitu-
dinal acoustic branch (LA) near I" points at both the ends of
Fig. 2. This observation also resembles with that of pristine blue
phosphorene* and proves the existence of the inversion
symmetry even with asymmetric P-P and P-Si buckling ampli-
tudes in SiP;.

We then calculate the electronic band structure and density
of states of SiP; without and with spin-polarization. The band
structure for nonmagnetic (NM) approximation shows partial
dispersion-less band and corresponding diverging density of
states near the Fermi energy (see Fig. 3(a)). These bands origi-
nate from considerable band mixing due to strong hybridiza-
tion of P and Si. This is confirmed by further fat band
calculation that shows complete hybrid nature of the bands
near Fermi energy, with contributions from 3p orbitals of both P
and Si. Nevertheless, the Fermi instability is still arising from
the dispersion-less hybrid bands that can potentially lead to
magnetic ground state, as has been observed in case of zigzag
edge graphene nanoribbons.>****

Further spin-polarized calculations with both ferromagnetic
(FM) and antiferromagnetic (AFM) initial guesses with subse-
quent self-consistent electronic relaxations show 13 and 74 meV
per unit cell more stability as compared to the NM state,
respectively. This clearly indicates the preferential magnetic
ground state with non-zero spin moments on atomic sites in 2D
SiP;. This observation is in striking contrast to that of other
known 2D materials made of p-block elements, which do not
allow any bulk polarization of spins in absence of any defects,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The band structure and the density of states (DOS) of SiPs
system in nonmagnetic ground states. The contributions from 3p
orbitals of Si and P atoms are shown in terms of fat bands for the two
bands near Fermi energy. The size of the circles is proportional to the
extent of contribution. (b) The band structure and DOS of the same
system in antiferromagnetic ground state. The two central bands are
shown as dotted lines. The projected DOS from 3p orbitals of Si and P
are also shown. The vertical (horizontal) lines show the high-
symmetric points (Fermi energy).

e.g., vacancies or edges.>® Such unique magnetic ground state of
2D SiP; has not been observed in case of other group-IV
elemental substitutions as well,*>** due to the lack of Fermi
instability in their NM energy dispersions (see Fig. S1 in ESIf).
Owing to the highest stability, we further proceed with the AFM
ground state of SiP;.

We first investigate the stabilization energy of such ground
state as compared to that of pristine one. The stabilization
energies per atom are calculated using the equation,

Egabiliy = (Etotal - ZN,'E,') / N. Here Eiy is the total energy
l

of the system, E; and N; are the single atom energy and total
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number of atoms of i-th element and N is the total number of
atoms in the unit cell. We find the SiP; system is more stable
than the pristine blue phosphorene by ~0.11 eV per atom. Even
the system with stoichiometry Si,sP;s, ie., with only one
substituted Si atom in the 2 x 2 supercell of blue phosphorene
shows a ~0.04 eV per atom higher stability as compared to its
parent system. This indicates a stability gain by gradual Si
replacement in pristine layer even at room temperature (~25
meV). Such stability analysis along with the stable phonon
dispersion shows that the synthesis of SiP; system is experi-
mentally conducive. It can be achieved by selective and
systematic Si replacement in blue phosphorene, as has been
observed in recent experiments.***°

Now in the AFM ground state, the two NM hybrid bands at
Fermi energy gets separated and opens up a tiny indirect band
gap of 0.17 eV, as can be seen in Fig. 3(b). The hybrid nature of
these two bands is evident from the comparable projected DOS
from 3p orbitals of both P and Si. Such a small gap can easily be
closed by thermal fluctuation of the Fermi surface at finite
temperature or by small external perturbations. Our further
investigation within plane-wave approximation results in
comparatively more dispersive bands that cross the Fermi
energy and results in metallic behavior (see Fig. S2 in ESI¥).
Therefore, we infer the ground state of SiP; to be more likely an
itinerant AFM state. In addition to that, it shows very peculiar
spin ordering. The spins on each Si atom and its three neigh-
boring P atoms are ferromagnetically coupled. However, the
hexagons consisting of only P atoms show perfectly bipartite
nature of opposite spin alignments between nearest neighbors.
This leads to two triangular tiny ferromagnetic domains with

(@)

Fig. 4 (a) Spin—density plot of SiPs with two different colors denoting
up and down spin orientations. The dashed rhombus shows the unit
cell and the double-headed arrows show the ferromagnetic coupling.
(b) Schematic representation of mt-electron orbitals of SiPs with spin
transfer directions shown by the arrows.
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opposite spin orientations in the rhombus unit cell, as can be
seen in Fig. 4(a). The AFM ground state ensures localization of
opposite spins on two Si atoms in the unit cell. Further charge
transfer from neighboring P atoms to the Si atom creates
imbalance between up and down spins on each P atom,
resulting in a bipartite spin ordering in the P-hexagon (see
Table S3 in ESIT). Such charge transfer happens due to the
Lewis base character of P atoms. This sets up the ferromagnetic
coupling between neighboring P and Si atoms, leading to the
overall AFM spin ordering in SiP;, as shown schematically in
Fig. 4(b). Note that, such Fermi instability induced long range
magnetic ordering has been observed in case of zigzag edge
graphene nanoribbons.>*#

Our detailed investigation of systems with other group IV
elements, e.g., C, Ge and Sn always result in NM ground state
within both localized and plane-wave basis (see Tables S4, S5
and Fig. S1, S3 in ESIY}).

4 Conclusions

In conclusion, within first-principles calculations, we exploit
the partially flat top of the valence band and consequent
diverging density of states of pristine blue phosphorene to
induce Fermi instability. This has been done by downshift of
Fermi energy via elemental Si substitution that leads to SiP;
stoichiometry. This system exhibits itinerant AFM ground state
with a unique spin ordering, where each Si atom is ferro-
magnetically coupled with three neighboring P atoms, however
maintaining antiferromagnetic spin orientation between such
neighboring triangular domains. This unique spin alignment
primarily arises due to the charge transfer from neighboring P
atoms to Si atoms. The ab initio energetics and phonon
dispersion analysis show stability of this proposed system in
ambient conditions. The observation of such magnetic ground
state is unprecedented in 2D materials that are made of purely
p-block elements in absence of any defect, twist or external
perturbations. Further experimental exploration is necessary to
confirm such long range ordering at finite temperature. This
metal-free magnetism with unique spin texture can find huge
spintronic, memory storage and qubit applications and will
tempt further theoretical and experimental explorations.
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