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Two-dimensional (2D) materials are sensitive to external stimuli. In this work, via a combined first-principles
simulations and constrained random phase approximation, we report strain-induced multiple magnetic
phase transitions in an exfoliable nonmagnetic metallic 2D material Scl,. Interestingly, monolayer Scl, has a
high density of states at the Fermi level [N(E)]. Its product with the Stoner parameter is estimated to be
slightly below the critical value of the Stoner criterion for spontaneous spin splitting. Moreover, we show
bi-axial strains can effectively increase the N(Ef) of Scl,, leading to phase transitions to magnetic states.
While the tensile strain first yields an antiferromagnetic state at the critical magnitude of 3%, then a normal
ferromagnetic state at 5%, and half-metallicity with large spin flip gaps for the minority spins for strains >
6%, compressive strain induces a ferromagnetic configuration ranging from —6% to —10%. Our results
demonstrate a system with strain controllable magnetic states, appealing for straintronic and spintronic

rsc.li/materials-c

Introduction

Two-dimensional (2D) materials naturally have a wide spec-
trum of fascinating properties. For example, their pure surfaces
yield super-high surface-volume ratios, which are ideal for
high-performance catalysts;' they are inherent nanomaterials
for high-density integration;> the van der Waals interaction
between 2D materials enables them as blocking units for more
complex structures, including morié patterns® and van der
Waals heterostructures.” In particular, 2D materials are intrin-
sically capable of withstanding strong deformation compared
with bulk materials.” In addition, their atomic-scale thickness
allows various methods to induce large local strains.*” More
importantly, strain engineering has been demonstrated to

“ Institute of Materials Research & Engineering, A*STAR (Agency for Science,
Technology and Research), 2 Fusionopolis Way, Innovis, Singapore 138634,
Singapore. E-mail: sj-wang@imre.a-star.edu.sg

b School of Materials Science and Engineering, University of Science and Technology
Beijing, Beijing, 100083, China

¢ Department of Applied Physics, The Hong Kong Polytechnic University, Hung Hom,
Kowloon, Hong Kong SAR, China. E-mail: mingyang@polyu.edu.hk

 Department of Physics, National University of Singapore, Singapore 117551,
Singapore

¢ Center for Advanced Two-Dimensional Materials (CA2DM),

National University of Singapore, Singapore 117546, Singapore

I Department of Mechanical Engineering, National University of Singapore,

Singapore 117575, Singapore. E-mail: shenlei@nus.edu.sg

14344 | J Mater. Chem. C, 2022,10, 14344-14349

applications, and provide guidance on the design of extrinsic 2D magnetic materials.

effectively change the various physical properties of 2D materials
from carrier mobility,® phonon modes,”'° optical responses'’ to
magnetic properties.”>"* Such controllable manipulation of physi-
cal properties is appealing for strain-assisted device functionalities,
including sensing, data storing, computing, and logic operation for
next-generation flexible and wearable electronics.*” Due to the rich
physics and practical applications, a new research area called
‘straintronics’ emerges in condensed matter physics, especially
for 2D materials."*"

Besides, two-dimensional magnetism has attracted tremen-
dous research interest ever since the experimental reports of
true 2D magnets.'®"” Unfortunately, most 2D materials are
nonmagnetic, and the intrinsic 2D magnetic materials are rare.
Therefore, extrinsic methods to induce magnetism in nonmag-
netic 2D materials also have been actively explored. The
reported successes in this regard mainly focus on the following
directions:'® (a) adding adatoms such as hydrogen atoms;"? (b)
flat band ferromagnetism from nanoribbon edges or grain
boundaries of 2D materials;>*>* (c) Fermi level shifting by
carrier doping®® and (d) magnetic proximity effect.>*® Strain
engineering has been demonstrated to stabilize the magnetism
of either extrinsic or intrinsic 2D magnetic materials,**">° but
the pure strain-induced magnetism in nonmagnetic 2D materi-
als is less studied.

In this work, via first-principles calculations, we studied the strain
effects on a stable nonmagnetic metallic 2D material, T-phase Scl,,

This journal is © The Royal Society of Chemistry 2022
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which can be potentially exfoliated from its parent layered bulk. Our
results show that this system undergoes rich magnetic phase
transitions by tensile strains: from nonmagnetic to antiferromag-
netic (AFM) configuration at 3%, then a transition to ferromagnetic
(FM) state at 5% and becoming half-metal after 6% of tensile strain.
We have systematically evaluated the Stoner criterion for monolayer
Scl, under various strains and found that it can well explain the
onset of magnetism in this system. These results demonstrate strain
engineering as an effective way to manipulate the magnetic proper-
ties of 2D materials and provide insight into the underlying
mechanisms.

Methods

All the density functional theory (DFT) calculations were per-
formed by Vienna ab initio Simulation Package (VASP)**?*! with
the Perdew-Burke-Ernzerhof (PBE) approximation for the
exchange-correlation functional, and the frozen-core all-
electron projector augmented wave (PAW) method for the
electron-ion interaction.*” The plane wave expansion was well
converged at a cutoff energy of 420 eV. A I'-centered 31 x 31 x 1
k-point grid was used to sample the reciprocal space. The
structures were fully relaxed until the energy and force were
converged to 107° eV and 0.001 eV A™', respectively. The
thickness of the vacuum layer was set to around 30 A to
eliminate the interaction between the images resulting from
the periodic boundary condition. The exfoliation energy was
estimated by the difference of the total energy per atom
between 2D and bulk structures, both of which are corrected
by Grimme’s DFT-D3 scheme.** The energy above the hull is
obtained by constructing a phase diagram by competing phases
queried from the Materials Project database.** Phonon disper-
sions were calculated by finite displacement approach with a
2 x 2 x 1 supercell.*® The Wannier function was constructed
from the results of the DFT calculations using the procedure of
maximal localization by the Wannier90 package as implemen-
ted in VASP.*® The maximally-localised Wannier functions
(MLWFs) have been constructed from the t,, orbitals for the
three bands around the Fermi level, which have been used
for further constrained random phase approximation (cRPA)
calculations to obtain the screened Coulomb interaction

matrix.>”*8

Results and discussion

Fig. 1(a) shows the structure of the monolayer Scl,, in which the
Sc atoms in the middle layer are octahedrally coordinated with
the top and bottom I atoms with a space group of P3m1,
resembling a T-phase MoS,.*° In the following, all the materials
discussed in this work are in the specific T phase unless
otherwise stated. The optimized in-plane lattice parameter
of ScI, (4.04 A) is much larger than that of the T-phase MoS,
(3.18 A), both of which are calculated by the same PBE level in
VASP.* It is noted that the bulk layered Scl, in the 1T phase has
been experimentally synthesized.*® The estimated exfoliation
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Fig. 1 (a) Side and top view of the structure, (b) phonon spectra, (c) band
structure, and (d) projected density of states for monolayer Scl, in T phase.
The Fermi energy is aligned to 0 eV in (c) and (d).

energy of monolayer Scl, is 73 meV per atom (15 meV A™?),
which is comparable with that of graphene (66 meV per
atom),"" and is within the range for the easily exfoliable
compounds.*™** Its thermodynamic stability is confirmed by
its energy above the hull of 0 meV per atom. It is noted that its
layered parent bulk is not included in the phase diagram to
obtain the hull curve. Besides, the phonon spectra of mono-
layer ScI, are free of imaginary frequencies [see Fig. 1(b)],
demonstrating its dynamic stability, which is in contrast with
the heavy phonon softening of the T-phase MoS,.

The electronic properties of monolayer Scl, are further
studied. From the band structure shown in Fig. 1(c), the
monolayer Scl, is nonmagnetic and metallic. There are three
bands around the Fermi level, and another two separated by a
gap at a higher energy level. These are the typical octahedral
crystal-field splitting of the 3d orbitals of Sc atoms into lower
three-fold degenerate t,, bands and higher two-fold degenerate
e, bands. The one electron from the 3d orbital of the Sc ion
partially occupies the degenerate t,, bands, leading to a metal-
lic behavior. It is interesting to note that the t,, bands in
monolayer Scl, have a much smaller bandwidth (around
1.9 eV) than that of T-phase MoS, (around 3.6 eV),** which
can be understood by that these bands are contributed by the
more localized 3d orbitals of Sc in ScI, than the 4d orbitals of
Mo in MoS, as well as the much larger in-plane lattice para-
meters of Scl, than MoS, monolayer.

Accordingly, the density of states (DOS) around the Fermi level
is mainly contributed by Sc ions [see Fig. 1(d)]. Remarkably, the
total DOS at the Fermi level of the monolayer Scl, is relatively high
(2.3 states per V). This value is much larger than that of MoS,*
and comparable with that of VS,,” the latter of which undergoes
spontaneous spin splitting and is ferromagnetic.** According to
the Stoner model, this might suggest that the monolayer Scl, is on
the verge of magnetic instability.*> This further motivates us to
explore the possibility of inducing a magnetic phase for the
monolayer Scl, by external stimuli. In this work, we choose strain
engineering, which is suitable to manipulate the properties of
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Fig. 2 In-plane biaxial strain-dependent (a) total energy, (b) total mag-

netic moment, (c) spin polarization energy, and (d) magnetic exchange
parameter for monolayer Scl,. The dotted curve in (a) is a quadratic fitting
of the energies under —10% to 4% strains as a guidance of the eye.

monolayer Scl, because it has been shown to modulate various
properties of 2D materials effectively.

The strain-dependent electronic and magnetic properties of
the monolayer Scl, are summarized in Fig. 2. As shown by the
total energy of the material under each strain in Fig. 2(a), both
compressive and tensile in-plane strain increase the total
energy of the system, forming a parabola shape. However, there
are deviations in the range of larger than 4% tensile strains, in
which the total energies are lower than the fitted parabola
curve, implying that the system undergoes a phase transition.
Indeed, as shown in Fig. 2(b), the monolayer ScI, becomes
magnetic at 3% of tensile strain. The total magnetic moment of
the system further increases with the strain strength and
converges at 1 ug per formula unit (f.u.) at 6% of tensile strain.
Considering there is only one electron occupying the t,, bands,
the 1 up magnetic moment under the larger tensile strains
(>6%) suggests the full spin polarization of this electron and a
half-metallic nature of the system. Interestingly, compressive
strains also induce magnetic moments to Scl, but in a step-like
manner with a sudden increase of a total magnetic moment of
around 0.3 pp per f.u. at the magnitude of 6% and a plateau to
the maximum compressive strain studied in this work.

The strength of the exchange coupling between the mag-
netic moments is further studied by comparing the energies
between the ferromagnetic and antiferromagnetic configura-
tions for the magnetic systems. As shown in Fig. 2(d), the
exchange parameters are negative for 3% and 4% tensile
strains, implying an antiferromagnetic ordering for these two
cases. Beyond 4%, the exchange parameter increases mono-
tonically with the tensile strain. The system becomes ferromag-
netic at 5% of tensile strain, and the FM coupling is
increasingly stronger with the tensile strain. This metal-metal
distance dependent AFM-to-FM transition can be understood
by the so-called Bethe-Slater curve.’®*” A different pattern is
shown for the system under compressive strains. Compressive
strains lead to only ferromagnetic couplings, and the magnetic
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exchange strength is enhanced from 6% to 8% but drops
after 8%.

The stability of the magnetic state under each strain is
estimated by the spin polarization energy, which is defined as
the energy difference between the nonmagnetic state and the
ferromagnetic or antiferromagnetic state, depending on which
is the ground-state magnetic configuration. A positive value
suggests that the magnetic state is more stable. As shown in
Fig. 2(c), the monolayer Scl, prefers to stay in the nonmagnetic
state in the range from 5% compressive and 2% tensile strains,
as indicated by their negligible spin polarization energies. The
magnetic state becomes the ground state at 3% tensile strain
and is increasingly stable with the higher tensile strain
strength. On the contrary, under the compressive strain, the
system starts to prefer a magnetic state at 6%, but the spin
polarization energies are more or less constant (around 5 meV
per f.u.) in the larger strain range.

The origin of magnetic phase transition is understood by the
Stoner criterion, which is evaluated by the product of the
density of states for Sc at Fermi level [N(Eg)] and the Stoner
parameter [I]."> The strain effects on the profile of DOS around
Fermi level are shown in Fig. 3(a), with the system under +3%,
0% and +£6% bi-axial strains as representative examples. Over-
all, the tensile strain increases the N(Er) monotonically, which
can be understood by the fact that the t,, orbitals are more
localized when the inter-atom distances increase with the
tensile strain. Similarly, the N(Eg) is expected to decrease with
the compressive strains. This can be seen from the fact that the
DOS under —3% and —6% is smaller than that of the pristine
Scl, for the most part of the energy range between —1.0 eV and
1.0 eV. However, the DOS profile under compressive becomes
more uneven, and the Fermi level passes through one of the
developed peaks, resulting in an increase of N(Eg).

For quantitative analysis, we perform cRPA simulations for
the three-fold degenerate t,, bands and calculate the screened
Coulomb interaction matrix. The simulated Hubbard U and J
are 2.82 eV and 0.28 eV, respectively. Then, the Stoner para-
meter is calculated by the following equation.*®

(U+6J)

I=
5

However, such an assessment has been argued to lead to an
overestimation of 1.*® Taking the median (25%) between the
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Fig. 3 In-plane biaxial strain-dependent (a) total density of states and
(b) product of I and Nsc(Ef) of Sc for monolayer Scl,. The Fermi energy is
aligned to 0 eV in (a).
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lower (10%) and upper limits (40%) of the overestimation, we
arrive at an I of 0.72 for Scl,. And the obtained product of I and
Ns(Er) of Sc ions under each bi-axial strain is shown in Fig. 3(b).
Again, the tensile and compressive strains demonstrate different
trends. While the Ng/(Er) x I increases monotonically with the
tensile strains, under compressive strain, it decreases first from
0% to 4%, then increases more irregularly from 5% to 9%, and
decreases slightly at 10% compressive strain. The smooth increase
from —4% to 10% biaxial strain is likely due to the rise of Ng.(Eg)
from the change of the distance between Sc ions by strains. The
sudden jump from —4% to —5% is caused by the formation of the
DOS peak at the Fermi level. More importantly, the Ng.(Eg) X I is
larger than 1, meeting the Stoner criterion, at the critical magni-
tude of 1% and 5% for the tensile and compressive strain,
respectively. This overall agrees with the onset of magnetic
moments at 3% tensile and 6% compressive strains, demonstrat-
ing the Stoner-type spin splitting in monolayer Scl,.

At last, the strain effects on the electronic properties are
demonstrated by the band structures of Scl, under the 6%
tensile and 6% compressive strains as representative examples.
As shown in Fig. 4(a), the spin-down channel (turquoise lines in
the band structure) of the ScI, under 6% tensile strain is
metallic while the spin-up channel (orange lines in the band
structure) is insulating, indicating a half-metallicity. It is inter-
esting to note that the spin flip energy, defined as the energy
gap between the valence band maximum and Fermi energy, is
3.13 eV for the spin-up channel. This is much larger than that
of most of the known half-metals such as Heusler compounds
(around 100 meV).***° Such a large spin flip gap for the
minority spin carriers is highly desired to keep the 100% spin
polarizations for the conduction electrons, ideal for next-
generation spintronic devices.”"

In contrast, the 6% compressive strain expands the t,, bands to
a width of around 2.6 eV, leading to their overlaps with the e,
bands. Under this condition, the spin-up and spin-down bands are
split but the one valence electron still occupies both channels.
Interestingly, the lowest band of the t,, states shows Mexico-hat-
like dispersion near the I' point along the I'M path [see Fig. 4(b)], in
contrast to the parabolic shape under the 6% tensile strain, the
former of which may be responsible for the peak around the Fermi
level for the DOS under the 6% compressive strain [Fig. 3(a)].

It is noted that all the results in this work are based on the
free-standing pristine ScI, monolayer, i.e., its intrinsic proper-
ties. In experiments, the scalable growth of high-quality 2D

This journal is © The Royal Society of Chemistry 2022
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materials remains a challenge and multiple experimental fac-
tors could significantly change the intrinsic properties of
monolayers. For example, defects/contamination, which could
be introduced during sample growth process such as by physi-
cal vapor deposition and liquid exfoliation as well as bottom-up
chemical methods,>*>* have been shown to change the electro-
nic and magnetic properties of 2D materials.>*>® Substates are
also influential to the 2D crystals by exerting strains, interface
interaction, etc.”®” An in-depth study of the possible extrinsic
effects on Scl, is beyond the scope of this work. Fortunately,
encouraging development of growth method for high-quality
2D materials is emerging. For example, the recently reported
Au-assisted mechanical exfoliation method has been shown to
be capable of growing large-area high-quality 2D materials
while keeping minimal interference on the intrinsic electronic
preparties of the monolayers.”® This method is especially
suitable for 2D materials with top chalcogens or halogen atoms,
which might be promising to exfoliate high-quality ScI,
monolayer.

Various experimental techniques have been used to apply
strains on 2D materials including substrate effects via lattice
mismatch or substate deformation and using scanning probe
microscopy methods.”*>®® In particular, controllable bi-axial
homogeneous strains can be applied on 2D materials by tuning
the temperature of substrate with large thermal expansion
thermal expansion coefficients or modulating bias voltage on
piezoelectric substrates.®’”®® Similar approaches might be
applicable to study the effects of bi-axial strains on the mag-
netic properties of ScI, monolayers.

Conclusions

In summary, we present a 2D system in which the magnetism is
purely induced by strain engineering. Our results show that the
Scl, monolayer can be easily exfoliated from its layered bulk,
which is dynamically and thermodynamically stable. A non-
magnetic to antiferromagnetic phase transition occurs in
monolayer Scl, at 3% tensile strain, while the more stable
ferromagnetic states are expected under >5% tensile strains.
We further quantitatively analyze the Stoner criterion for Scl,
under each strain and conclude that such a mechanism can
nicely explain the onset of spin splitting by strain effects.
Moreover, the system becomes half-metallic with a large spin
flip gap for the minority spin after the tensile strain is larger
than 6%. These results demonstrate the effective manipulation
of the magnetic properties of 2D materials by strain engineer-
ing, promising for spintronic and straintronic applications.
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