PHYSICAL REVIEW MATERIALS 3, 084004 (2019)

Strain-controlled magnetic and optical properties of monolayer 2H-TaSe,

Sugata Chowdhury,'-? Jeffrey R. Simpson,-* T. L. Einstein,* and Angela R. Hight Walker'

'Physical Measurement Laboratory, National Institute of Standards and Technology Gaithersburg, Maryland, 20899, USA
2Materials Measurement Laboratory, National Institute of Standards and Technology Gaithersburg, Maryland, 20899, USA

3Department of Physics, Astronomy, and Geosciences, Towson University, Towson, Maryland, 21252, USA

4Department of Physics and Condensed Matter Theory Center, University of Maryland, College Park, Maryland, 20742, USA

® (Received 30 January 2019; published 14 August 2019)

First-principles calculations are used to probe the effects of mechanical strain on the magnetic and optical
properties of monolayer (ML) 2H-TaSe,. A complex dependence of these physical properties on strain results
in unexpected spin behavior, such as ferromagnetism under uniaxial, in-plane, tensile strain and a lifting of
the Raman-active E’ phonon degeneracy. We predict the noncollinear magnetic phase below 6% strain and a
ferromagnet above 6% strain for some types of strain. While ferromagnetism is observed under compression
along x and expansion along y, no magnetic order occurs when interchanging the strain direction. The
calculations show that the magnetic behavior of the system depends on the exchange within the 5d orbitals
of the Ta atoms. The magnetic moment per Ta atom persists even when an additional compressive strain along
the Z axis is added to a biaxially strained ML, which suggests stability of the magnetic order. Exploring the
effects of this mechanical strain on the Raman-active phonon modes, we find that the £” and E’ modes are red
shifted due to Ta-Se bond elongation, and that strain lifts the £ mode degeneracy, except for the symmetrical
biaxial tensile case. The electron-phonon interactions depend on both the amount of applied strain and the
direction. Additionally, we note that the charge density wave (CDW) phase weakens the magnetism due to
symmetry breaking and atomic displacements (Ta atoms) depending on the type and amount of applied strain.
Phonon dispersion calculations confirm that using mechanical strain we can manipulate the unique CDW phase
of ML-2H-TaSe,. Our results support the possibility of tuning the properties of two-dimensional transition metal

dichalcogenide materials for nanoelectronic applications through strain.
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I. INTRODUCTION

Two-dimensional (2D) layered materials have been the
subject of intensive research due to their properties [1-8].
Among them graphene has been investigated most exten-
sively. Electrical mobility and the Young’s modulus of
graphene are extremely high [9], yet its band gap is zero.
These properties have triggered a broad search for other
2D materials for electronic applications. In particular, mono-
layer (ML) transition metal dichalcogenides (TMDs) are at-
tractive because of their graphene-like, hexagonal structure
[10] and versatile electronic properties [11-14]. Based on
their electronic properties, ML-TMDs can be classified as
insulators, semiconductors, semimetals, metals, and super-
conductors [3]. The electronic properties of ML-TMDs are
broadly useful for fundamental and technological research.
For example, ML-TMDs can be used as electrocatalysts for
hydrogen production from water, electrodes in rechargeable
batteries and photovoltaic cells, and field-effect transistors
[8,15-20].

Experiments have shown that ML-TMDs can be fabricated
by mechanical or solvent-based exfoliation methods [21,22]
or produced by chemical vapor deposition [23,24] The prop-
erties of ML TMDs can be tuned by controlling chemical
composition, functionalization, mechanical strain, and the ap-
plication of external (electric and magnetic) fields [5,13,14,22,
25-31]. Magnetic materials are an important component of
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low-dimensional nanoelectronic devices, but it is still rare
to find a pristine, magnetic ML-TMD. Recently, different
strategies have been proposed to introduce magnetism into
TMDs, such as vacancy and impurity doping in bulk materials
and edge effects in nanoribbons [10,28,32-39]. The success-
ful fabrication of both TMD nanoribbons and TMDs with
uniform defect density has proven complicated and remains an
experimental challenge. Mechanical strain offers an attractive,
alternative option because TMDs possess robust mechanical
properties and can sustain strain of approximately 11% [40].
Several experimental and theoretical results have shown that
the magnetic order in ML-TMDs [13,14,25,26,41-48] can
be tuned by applying mechanical strain, and Wang et al.
reported that optical properties can also be tuned with strain
[49]. Previous theoretical work only considered symmetrical
biaxial tensile [13,14,25,26] or uniaxial tensile strain [45].
Thus, considering these previous studies, it is of great interest
to determine how the metallic ground state of TMDs behaves
under different directional strain.

Here we report magnetic and optical properties of pristine,
ML-2H-TaSe, under uniaxial and biaxial tensile strain, as
well as combinations of expansion and compression along
their basal planes, within the framework of density functional
theory (DFT). To understand the magnetic behavior, we con-
sider three different magnetic spin structures, namely, ferro-
magnetic (FM), antiferromagnetic (AFM), and noncollinear
spin (canted spin), which are shown in the Supplemental
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FIG. 1. (a) The calculated energy differences per unit cell between different magnetic orders of ML-TaSe, as a function of applied strain.
The energy difference between antiferromagnetic (AFM) and ferromagnetic (FM), AEapm.rvm = Earm—Erum i plotted as the top set of curves
(solid), and the difference between nonmagnetic states (NM) and ferromagnetic states (FM), AEgy—nv = Erm—EnMs, 1S the bottom set (dashed).
The magnetic moment (b) and the electron charge transfer (c) per Ta atom (top) and per Se atom (bottom) of ML-TaSe, structures using different

strain approaches.

Material (Figs. SIb-S1c) [50]. We predict a complex rela-
tionship between mechanical strain and magnetic ordering in
TaSe;, wherein the magnetic order depends on the strength
and the direction of the applied strain.

II. RESULTS
A. Crystal structure 2H-TaSe,

TaSe, has four different phases, but for this work, we will
consider only its 2H phase. The trigonal prismatic structure
of 2H-TaSe, is illustrated in Fig. Sla [50]. Ground state
calculations are performed by relaxing the atomic position
and lattice vectors of the bulk 2H-TaSe, (point group Dg)
structure. The optimized lattice constants (atase, = 0.339 nm
and cruse, = 1.22 nm) are in good agreement with previous
computational studies [51,52]. Relaxed structural parameters,
such as lattice constants, bond length, and intralayer distance,
have been tabulated in supporting materials (Table S1) [50].
Starting with this relaxed bulk structure, we construct a ML
supercell with 16-unit cells (4 x 4 x 1) and the resulting point
group symmetry of Ds,.

B. Applied theoretical strain

The effects of strain on the supercell are modeled by
stretching and compressing along the X and/or § directions,
as shown in Fig. S2 [50]. In this study, we define expansion as
tensile strain and the combination of expansion and compres-
sion as shear strain, following previous work [53]. The tensile
strain was applied in three different ways as illustrated in Fig.
S2 [50]: uniaxial expansion of ML-TaSe; in the (a) x direction
(XX,), (b) y direction (YY), and (c) homogeneous biaxial
expansion in both % and y directions (XX, YY,). Also, we
applied two types of the shear strain (d) expansion and com-
pression in the monolayer along the X and j directions (XX
YY_), respectively, and (e) compression in the x direction and

expansion in y direction (XX_YY, ) with the same magnitude
of strain [50]. The theoretically applied strain varies from
0% to 12% in 2% increments. We limited the maximum
strain to 12% as experiments show that nongraphene TMDs
rupture once strain reaches approximately 11% [40]. Lastly,
we calculate the effect of applied compression along the Z
direction (ZZ_) to examine the stability of magnetic order
resulting from applied biaxial strain (XX YY,).

C. Magnetic Properties

To study the magnetic ordering under strain, we first
compare the energies of the ferromagnetic (Ery), antiferro-
magnetic (Eapy) and nonmagnetic (Exy), states. Figure 1(a)
shows the energy differences between Eapv and Epm
(AEAFMfFM) and EFM and ENM, (AEFMfNM) as a function
of mechanical strain. ML-TaSe, is a nonmagnetic system
in the absence of strain. The calculated energy differences
indicate that ML-TaSe, becomes ferromagnetic when uniaxial
or biaxial tensile strain of 6% or larger are applied. The energy
difference between AFM and FM (AEapm.pm) 1S 24 meV with
biaxial tensile strain of 6% and increases to 82 meV at 12%.
Under shear strain the magnetic ordering is different. When
expansion along the x direction and compression along the y
direction are applied [Fig. S2 (d)] [50], ML TaSe, remains
nonmagnetic for any amount of strain. However, ML TaSe,
is ferromagnetic under 6% strain when the strain directions
are interchanged [Fig. S2(e)] [50]. Recently, Manchanda et al.
computationally investigated the magnetic properties of TaX;
(X =S, Se, and Te) [45] using biaxial strain and found similar
results. Reports of several other DFT calculations also provide
evidence that the magnetic properties for other TMDs can be
tuned with less than 6% mechanical strain [5,13,20,25,26,54]
To find the origin of this complicated relationship between
applied strain and magnetic ordering in ML-TaSe,, we calcu-
lated the magnetic moment and charge transfer for each atom.
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Figure 1(b) displays dependence of the magnetic moment
(Bohr magneton, up) of each atom in TaSe; as a function of
applied strain. The contribution to the magnetic moment for
each Ta atom increases when the strain exceeds 6%, which is
defined as the critical tensile strain [13,26,45]. At 6% biaxial
tensile strain, the magnetic moment is 0.33 i and increases
to 0.52 up at 12%. It increases with increasing biaxial and
uniaxial tensile strain, as well as with shear strain XX_YY,
(compression along the %-axis and expansion along the § axis).
Finally, it is negligible when we apply tensile strain along the
X axis and compression along the y axis (XX, YY_). The total
magnetic moment arises from the Ta atoms, with a negligible
contribution from the Se atoms. Additionally, we checked the
magnetic moment of each Ta atom using DFT+U [55,56] with
U = 2 eV. Results indicate that the magnetic moment of each
Ta atom does not depend on the U value under different types
of strain.

The calculated charge transfer between Ta and Se atoms is
shown in Fig. 1(c). We use two different methods for charge
transfer analysis: Lowdin [57,58] and Bader charge analysis
[59] and achieved similar results. Here we present only the
Bader charge analysis [60—62]. At 6% biaxial tensile strain,
the Ta atom loses about 0.19 electrons, whereas the Se atom
gains only 0.05 electrons, resulting in an increased electron
density on the Ta atoms. This implies that the magnetic behav-
ior of the system depends on the exchange between spins in
the 5d orbitals of the Ta atoms. The exchange process among
the 5d orbitals of the Ta atoms increases with increasing
tensile strain, and it is 0.3 electrons under 12% strain. This
exchange is the same under any type of applied uniaxial
tensile strain and one type of shear strain XX_YY, . However,
the system is metallic, and the exchange process among the
5d orbitals of the Ta atoms is negligible when the other XX
YY_ shear strain is applied.

We found that the bond length between Ta-Se atoms in-
creases with exchange between the spins in the 5d orbitals
of Ta atoms and decreases only when expansion along the
axis and compression along ¥ axis (XX YY_) is applied (see
Table S1) [50]. We conclude that the spin exchange process
and bond lengthening depend on the type and direction of
applied strain. Iozzi et al. [63] probed the influence of external
mechanical force to break covalent bonds in a diatomic system
using mechanical strain using the couple cluster method,
and found that around 10% mechanical strain can rupture
the covalent bonds. Recently Pan et al. [13] computationally
examined the magnetic properties of VTe, under mechanical
strain and considered up to 16% mechanical strain. In Fig. S3
we have shown the evolution of lattice parameters and bond
lengths under various mechanical strains [50].

Now we consider the noncollinear or canted spin magnetic
order below 6% applied strain. The noncollinear magnetic
phase can be defined several different ways. Here we focus
on the angle between the positive Z and spin angle of Ta atoms
(Fig. S10) [50]. In Fig. S1 and S10 we depict the Ta-atom
spin angles for FM, AFM, and noncollinear magnetic phases,
where the spin angle ranges from 0° to 180° in increments
of 10° [50]. Here 0° represents the AFM magnetic phase and
180° represents the FM magnetic phase. The strain does not
influence whether the spin is pointing up or down in the 2
direction. For small strain values there could be fluctuations

between them. As strain increases the barrier between up
and down increases (not calculated here), so that the flip
time increases rapidly, and the spins will have well-defined
alignment over experimental time scales. The noncollinear
magnetic behavior occurs between 0% and 6% mechanical
strains. Shear strain XX, YY_ was not considered, because
ML-TaSe, is nonmagnetic when expansion along the x di-
rection and compression along the y direction is applied. At
2% some types of mechanical strain, the system displays
noncollinear magnetism. At a spin angle of 130°, the canted
spin-structure energy is lower (Fig. S11) [50], compared to
other magnetic spin structures. Similarly, at 4% mechanical
strain the Ta-atom spin angle is between 60° and 70° (Fig.
S12) [50] and the noncollinear magnetic state energy is lower
than the ferromagnetic and antiferromagnetic states. As we in-
crease the strain the spin of Ta atoms align along the positive Z
axis of ML-TaSe; and the ferromagnetic spin-structure energy
is lower than the canted and antiferromagnetic spin structures.
This result indicates that the evolution of magnetism is a
continuous process.

To understand the complex evolution of spin-structures
under different types of strain, we investigate the interactions
between the Ta and Se atoms in ML-TaSe,. An individual
Ta atom is magnetic, but covalent interactions and strong
hybridization remove the Ta atom’s magnetic moment. There-
fore, our goal is to understand the nature of the spins in the
5d orbitals of individual Ta atoms under different types and
directions of applied strain. To achieve this, we compare the
partial density of states (PDOS) of unstrained and strained
ML-TaSe,. In Fig. 2, the red and blue regions represent the
spin-up and spin-down components, respectively. In Figs. 2(a)
and 2(b), we show the PDOS of the 5d orbital of Ta and the
4p orbital of the Se atom without strain (0%) and under 6%
biaxial tensile strain, respectively. At the Fermi level (dashed
vertical line), the PDOS decreases in the 4p states of the Se
with 6% strain [Fig. 2(b)], and these states no longer take
part in the hybridization process with the Ta atoms [26]. On
the other hand, the spin degeneracy is broken for the 5d
orbitals of the Ta atom as highlighted with arrows [Fig. 2(b)],
and magnetic order is induced in the system [26]. At this
Fermi level, the character of the 5d orbitals of the Ta atom is
comprised of the d\2_,» and d,, orbitals, which lie in the basal
plane [26]. The spin-splitting exchange between these two
orbitals is enhanced as the strain is increased and is directly
proportional to the bond length between the Ta and Se atoms.
In contrast, under XX YY_ strain shown in Fig. 2(c), the Se
4p PDOS of increases and the Ta 5d PDOS decreases. In Fig.
S4 of the supporting materials [50], we plot the increase and
decrease of number of states for the 5d orbital of Ta and the
4p orbital of Se atoms, respectively. This result suggests that
the spin polarization increases as the hybridization process
between the Ta and Se atoms decreases due to biaxial strain.
Finally, biaxial compressive strain leads to ML-TaSe, being
a NM system due to stronger hybridization. The evolutions
of PDOS under different strengths (2%— 12%) and directions
of mechanical strain are shown in the supporting materials,
Figs. S5- S9 [50].

Considering practical applications in nanoelectronic de-
vices, we probe the effect of magnetic ordering with additional
strain applied along the Z axis. We consider two different
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FIG. 2. Spin-polarized, partial density of states (PDOS) of Ta (top) and Se (bottom) corresponding to (a) 0%, (b) 6% symmetrical biaxial
tensile strain, and (c) 6% expansion in the % direction and compression in the ¥ direction (XX, YY_). Here red represents the spin up and blue
represents the spin down. The Fermi level is indicated by the dashed vertical black line and the horizontal arrows highlight the spin splitting

near the Fermi level, which is only nonzero in (b) for 6% biaxial strain.

situations along the z axis: (1) compressive strain along the
Z axis when ML-TaSe; is under no symmetrical biaxial tensile
strain, and (2) compressive strain along the Z axis with biaxial
tensile strain at 6%. The magnetic moment (ug) of each
Ta atom under strain along Z direction at 6% symmetrical
tensile strain (XX; YY;) of ML-TaSe, is shown in Fig. 3. The
magnetic moment per Ta atom is 0.09 ug when compressive
strain is applied along the Z axis without additional strain in
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FIG. 3. Magnetic moment (up) of each Ta atom under compres-
sive strain along the direction (Z) perpendicular to the XY plane
at 6% symmetrical tensile strain (XX,YY,) of ML-TaSe,. Inset:
the trigonal prismatic coordination of 2H-TaSe, and applied strain
direction along the Z axis. These results suggest that magnetism is
sustained even with applied strain along the Z axis. Fitting parameters
are mentioned in the Supplemental Material [S0].

the basal plane, and the intralayer distance between Se-Se
is 0.324 nm. Under symmetrical biaxial strain (6%), the Ta
magnetic moment starts at 0.33 up and reduces to 0.24 ug
when the applied strain along the Z axis reduces to 5%. If
we apply compression along the Z axis, the magnetic order is
destroyed only when this strain exceeds 5%. This implies that
the magnetic order is likely enough for nanoelectronic device
applications.

Also, the calculated Curie temperature (7¢) was used to
probe the stability of the magnetic order at high temperature.
While it is long known that mean field theory can drastically
overestimate T, in two-dimensional systems [64,65] this ef-
fect may be less problematic for long-range interactions (the
non-nearest neighbor Heisenberg model) and the mean field
has been routinely used in analyzing nanoparticles [26] and
surfaces of magnetic systems [66]. Furthermore, even if mean-
field estimates of 7, are too large, the trend should be mean-
ingful. Thus, we estimate T¢ from kgTe = (2/3) AEARM.FM-
Our enhanced 7¢ is approximately room temperature or 287 K
at 8% and nearly twice that at 12% biaxial XY tensile strain.
This finding suggests that ferromagnetic behavior of strained
TaSe, monolayer is stable at room temperature and useful for
operation of nanoelectronic devices.

D. Raman modes

In this section, we discuss the evolution of the Raman-
active phonon modes of 2H-TaSe, as a function of applied
mechanical strain. Raman spectroscopy provides detailed in-
formation about the lattice structure of materials among other
important details. To probe the effect of strain on the Raman
phonons, DFT predictions are compared with experimental
results for bulk 2H-TaSe; (Dgp,). At the I point, bulk 2H-TaSe,
has 12 phonon modes, represented by I'(Dgj,) = A1 + 242, +
B, + 232g + Elg +2E, + B, + 2E2g although only four
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FIG. 4. Symmetry allowed Raman active modes of unstrained 2H-TaSe, for (a) bulk and (b) monolayer. (c) Comparison between Raman
spectra of unstrained bulk 2H-TaSe, measured experimentally at 300 K (blue circles and blue fit line) and calculated prediction using DFT

(red lines).

are Raman active: Ay, Ej,, and 2 E», as shown in Fig. 4(a).
The Raman spectrum obtained from experiment at room
temperature is shown in Fig. 4(c) with data shown as blue
dots and the peak fit shown as a solid blue line. Our ex-
perimental results, in agreement with previous studies [67],
show three main peak features at 140 cm~!, 209 cm~!, and
237 cm™!. The DFT results agree well with our experiments,
giving predicted values for Ej,, Es,, and A;, modes at 139
ecm~!, 213 cm™!, and 243 cm™!, providing support for our
theoretical model.

Next, we examine the I'-point phonon modes of ML-
TaSe,, whose optical properties are different from those of
bulk 2H-TaSe; due to differences in point group and dimen-
sionality. The point group symmetry of ML-TaSe; is Dsp,
with six phonon modes: A}, A}, E’, A], A}, and E”, only
three of which are Raman-active: E”, E’, and A]. In Fig. 4(b),
the Raman active modes of ML-TaSe, are shown, which
corresponds to the characteristic Ajg, Ej,, and E», modes of
bulk 2H-TaSe,. We also compared our predictions with other
theoretical predictions [52] and experimental results [67]. We
predict Raman peaks at 138cm™' (E”), 210cm™! (E’), and
237cm~! (A]), which are in good agreement with previous
reports [52,67].

Figure 5 shows the calculated frequency shifts of Raman-
active phonon modes at the I' point as a function of strain
from 0% to 12% for the indicated strain configurations. Our
analysis reveals that E” is the most sensitive mode and shifts
to lower frequency (red shifts) under any type of strain con-
ditions. The magnitude of the E” red shift depends on the
direction of applied strain. The red shift of E” is a maximum
(~40cm™") under symmetrical biaxial strain (12%) and a
minimum (~10cm™!) under XX, YY. The A} peak blue
shifts, reaching maximum (~10cm~') under symmetrical
biaxial strain (12%). The most interesting Raman peak is E’,
which involves opposite vibrations of the two Se atoms with
respect to the Ta atom in the basal plane [Fig. 4(b)]. The

degeneracy of E’ is lifted upon application of uniaxial or pure
shear strain. This doubly degenerate optical phonon mode (E”)
further splits into two singlet subbands, named E'+ and E'~,
respectively. There a red shift occurs to £+ by approximately
40 cm~! under 12% symmetrical biaxial strain.

To understand the mechanical strain effect on the optical
properties of ML-TaSe,, we calculated the phonon dispersion
curves (Fig. 6), both without strain (0%) and under 6% strain
in the indicated configurations. Changes in all Raman modes
under strain are shown in Fig. S13-S17 [50]. To reduce the
computational time, we considered unit cells that contain only
three atoms for all ML-TaSe,, which produced nine phonon
bands. Out of the nine, the three acoustic branches (red in
Fig. 6) are separated from the six optical branches (blue in
Fig. 6) by a20 cm~!. Analyzing the phonon dispersion curves,
we noticed that there are no negative phonon frequencies in
the acoustic branch in the unstrained (0%) or 6% symmetrical
biaxial strain [Fig. 6(a)]. Also, there is no splitting within the
optical branches. Interestingly, all other kinds of strain pro-
duce negative phonon frequencies for the acoustic branches
along the I'M, MK, and KT directions and cause splitting in
the optical branches. Negative frequencies for acoustic modes
imply an atomic displacement and breaking of the symmetry
of ML-TaSe,. The MK direction has the largest effect. Our
DFT results revealed that the symmetry of the structure is
preserved and that the Ta-Ta bond length in the XY plane
increases monotonically. On the other hand, the change of the
Ta-Ta bond length (and its sign) depends on the mechanical
strain direction. Due to the asymmetric nature of the mechan-
ical strain, the monolayer structure is distorted and leads to
a different phase of the systems. The imaginary frequency of
an acoustic branch corresponds the atomic displacement and
formation of superlattice in the charge density wave (CDW)
phase of TaSe, at low temperature (122 K) [68]. Recently,
experiments demonstrated strain manipulation of the CDW
phase of 2H-NbSe; [69] 1T-VSe, [70] and 1T-TiSe, [71].
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FIG. 5. The shift of the Raman modes of ML-TaSe,. Panels (a) and (b) represent in-plane shearing modes E” and E'*, respectively, and
panel (d) represents the out-of-plane mode A]. (c) Peak frequency difference between E "+ and E'~. E’ is no longer degenerate, with each
E’ split into two modes: E'+ and E'~. These modes are present for all types of strain, except the symmetrical biaxial strain XX, YY, (black

squares).

They support our theoretical results that we can manipulate
the electronic structure of the ML-TaSe, with strain, leading
to the CDW phase of the structure.

Recently, Batzill and coworkers experimentally demon-
strated that the ferromagnetic state in a monolayer VSe, and
the CDW phase coexist at low temperature [72]. Encouraged
by our phonon calculations and recent experimental evidence
of monolayer VSe, [72], we investigate the structure of
ML-TaSe, at low temperature. We introduced the electronic
temperature by tuning the smearing factor ¢ which describes
the Fermi-Dirac distribution so we can qualitatively assess the
effect of temperature on the phonon properties of the system

[73] and the Kohn anomaly [52]. To understand the CDW
phase of magnetic structure at low temperature, we considered
a3 x 3 x 1 supercell of ML-TaSe, at low temperature
[74]. First we investigate the atomic structure for ML-TaSe,
at 10 K under no strain and found it forms a triangular
structure (Fig. S18) [50], which is in excellent agreement
with experimental observations [74]. Next we considered the
supercell structure under different applied mechanical strain
based on our phonon calculations. We excluded XX, YY,
and XX, YY_ [50]. The monolayer structures are shown in
Fig. S19-Fig. S21 at 10 K under applied mechanical strain.
Our DFT calculations revealed that under mechanical strain, a
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FIG. 6. Predicted phonon dispersion curves of ML-TaSe, in k space as a function of different types of in-plane strain compared to the
unstrained system (upper left panel). Blue and red dispersion curves represent the optical and acoustic modes, respectively. The phonon
dispersion curves are substantially changed compared to the unstrained and symmetrical biaxial strain case (lower left panel). Strain lifts the
degeneracy of the E’ mode at 184 cm™! frequency in YY, strain (upper middle and upper right panels). Negative frequencies for acoustic
modes imply instability to a distorted structure. The green circles indicate the splitting in an optical branch of the phonon dispersion.
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magnetic 3 x 3 x 1 supercell favored rectangular structure or
stripes at low temperature. Recently we investigated the CDW
phase of bulk 2H-TaSe; as a function of temperature, and our
DFT found that in the commensurate phase of bulk 2H-TaSe;
a striped supercell structure is formed [75]. From this result
we conclude that at low temperature, mechanically strained
magnetic ML-TaSe, could form a commensurate structure,
although experimental validation is needed to understand the
CDW phase of magnetic ML-TaSe,.

III. METHODS

A. Computational

Calculations were carried out using DFT [76,77] as im-
plemented in the PWSCF code [78], using the projector aug-
mented wave (PAW) method [79]. The kinetic energy cutoff
of the plane-wave expansion is taken as 520 eV. We used
Methfessel-Paxton [80] smearing of 0.02 Ry for all calcula-
tions. All the geometric structures are fully relaxed until the
force on each atom is less than 0.002 eV /A, and the energy-
convergence criterion is 1 x 107®eV. For the electronic-
structure calculations, a 32 x 32 x 1 k-point grid is used. To
estimate the charge transfer we have used the Bader charge
analysis code [60-62,81] To investigate the spin structure, we
construct a 4 x 4 x 1 supercell and use a sufficiently large
vacuum (20 A) in the vertical direction to render negligible
any interaction between neighboring supercells. In addition to
this, we also used U = 2 eV for each Ta atom in the DFT+U
approach.

To understand the noncollinear magnetism, we have varied
the angle between the positive Z and spin angle of Ta atoms
(Fig. S3). The range of angle is 0°~180° in increments of 10°.
We have used fully relativistic PAW pseudopotentials [82].

For phonon calculations, we considered unit cells that
contain only three atoms for all ML-TaSe,, which produced
nine phonon bands. We used a 4 x 4 x 4 uniform ¢
grid and 36 x 36 x 1 k-point grid for vibration properties.
Within the local-density approximations (LDA), we employ
the Perdew-Zunger exchange and correlation functionals [83]
for the phonon calculations. Here we used the LDA exchange-
correlation functional because it yields a better description of
the optical properties of the material than does the general-
gradient approximation [84]. We considered a 3 x 3 x 1
supercell to understand the CDW phase of the ML-TaSe;.
To model the temperature-dependent formation of the CDW
states, here we used electronic temperature. The electronic
temperature can be modeled by tuning the smearing factor o, a
parameter that describes the Fermi-Dirac distribution, to qual-
itatively assess the effect of temperature on both the phonon
properties of the system and the Kohn anomaly [85,86].

B. Raman Measurements

Raman spectrum for bulk TaSe, excited with a HeNe
laser at 632.8 nm (sample power <1 mW) was measured at
room temperature using a triple-grating Raman spectrometer
(Horiba JY T64000 with a 50X objective, N.A. 0.82) coupled
to a liquid-nitrogen cooled charge-coupled device detector.
All spectra were taken in the 180° backscattering configura-
tion. The bulk TaSe, sample was freshly exfoliated.

The purpose of identifying the computer software and ex-
perimental setup in this article is to specify the computational
procedure and Raman measurement. Such identification does
not imply recommendation or endorsement by the National
Institute of Standards and Technology.

IV. CONCLUSION

In summary, we studied the magnetic and optical proper-
ties of monolayer TaSe, under mechanical strain using spin-
polarized DFT. Pristine, ML 2H-TaSe, is nonmagnetic, but
becomes ferromagnetic with applied basal strain beginning at
approximately 6%, except for pure shear strain, e.g., simul-
taneous symmetrical tensile strain along the % axis and com-
pressive strain along the y axis. The magnetic order of metallic
TaSe, depends on the direction of the applied strain. We also
found a noncollinear magnetic phase below 6% strain. The
calculated Curie temperature of strained TaSe, implies that
the ferromagnetic ML is suitable for spintronics applications
near room temperature. Most importantly, we demonstrate
the stability of the magnetic order under additional strain
along the Z axis, a robustness that is desirable for practical
applications of ML TMDs in nanoelectronic devices. The ex-
perimental Raman spectrum of bulk 2H-TaSe, and our DFT-
predicted phonon frequencies are in excellent agreement.
Raman calculations of strained ML-TaSe, show significant
red shift of E” and a blue shift for A}. We also find that the
doubly degenerate E’ mode splits into two components: E
and E'~, respectively. This splitting and shifting of the modes
depend on the direction and magnitude of the applied strain.
The phonon dispersion evaluation with respect to mechanical
strain is intriguing, particularly with similarities to other CDW
materials. The noncollinear magnetic state could be useful for
spin-magnetic storage devices. Our work sheds light on TMD
materials and their possible applications in strained devices.
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Section SI- The different spin-configurations considered in this work. Including
non-collinear or canted spin structures.

Fig S1: Representative structures of 2H-TaSe, monolayer. (a) The trigonal prismatic
coordination of 2H-TaSe; phase. (b) ferromagnetic spin-alignment, and (c) antiferromagnetic
(AFM) spin alignment. For AFM configuration red represent the spin-up and black represent
the spin-down. The Spin arrow actually points perpendicular to plane along +/- Z. (d) and (e)
non-collinear or canted spins alignment are in blue. Spins are aligned at 135° (d) and 60° (e)
with respect to + Z-axis.

(a)




Section SII - Theoretically applied strain along X and/or Y-directions.

Fig. S2. Theoretically applied strain along X and/or Y-directions. Blue and red arrows represent
expansion and compression, respectively. (a) XX: represents uniaxial tensile strain along the x-
direction. (b) YY. represents uniaxial tensile strain along the y-direction. (c) XX.YY. represents
symmetric biaxial expansion along the x and y directions. (d) XX.YY. represents expansion
along the x direction and compression along the y direction. (e) XX.YY: represents expansion
along the y direction and compression along the x direction. Figures S2(a), S2(b) and S2(c)
represent types of tensile strain, while S2(d) and S2(e) represent types of shear strain.




Section SliI- Evolution of structural parameters under applied strain.

Fig S3: (a) Intralayer distance between Se-Se and (b) lattice parameters of ML-2H-TaSe; with
respect to various mechanical strain. Mechanical strain is varied from 0 to 12 %. Here, XX
represents uniaxial tensile strain along X direction. YY. represents uniaxial tensile strain along Y
direction. XX.YY: represents symmetric biaxial expansion along X and Y direction. XX.YY.
represents expansion along the X direction and compression along the Y direction where XX
YY.: represents expansion along Y direction and compression along X direction.
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Section SIV- The lattice parameters of ML-TaSe; under different strain.

Table SI: Calculated structural parameters (lattice constant ao (|a| = ao), dsese is Se-Se
interlayer distance and drase is Ta-Se bond length) of monolayer 2H-TaSe,: XX, represents
uniaxial tensile strain along X direction. YY. represents uniaxial tensile strain along Y direction.
XX:YY. represents symmetric biaxial expansion along X and Y direction. XX.YY. represents
expansion along the X direction and compression along the Y direction, where XXYY.
represents expansion along Y direction and compression along X direction.

Lattice Parameters (nm)

Strain Applied Strain (%)
Direction 2 4 6 8 10 12
ao 0.345 0.346 0.348 0.350 | 0.352 0.354
XX+ dse-se 0.335 0.333 0.331 0.329 0.327 0.325

drase | 0.258 0.260 0.263 0.265 | 0.267 0.270

ao 0.348 0.353 0.358 0.364 | 0.369 0.374
YY+ dsese | 0.335 0.333 0.332 0.329 | 0.327 0.325
drase | 0.256 0.257 0.258 0.259 | 0.260 0.260

ao 0.354 0.361 0.368 0.375 | 0.382 0.389
XX+YY+ dsese | 0.336 0.332 0.328 0.325 | 0.321 0.318
drase | 0.261 0.263 0.267 0.270 | 0.271 0.273




ao 0.344 0.341 0.338 0.335 | 0.334 0.323

XX+YY- dsese | 0.335 0.336 0.339 0.342 | 0.343 0.345
drase | 0.263 0.265 0.267 0.270 | 0.271 0.273

ao 0.351 0.355 0.359 0.362 | 0.366 0.370

XXYY+ dsese | 0.335 0.333 0.331 0.328 | 0.326 0.324
drase | 0.263 0.265 0.267 0.270 | 0.271 0.273

Section SV- The partial density of states (PDOS) of Ta and Se atom.
Fig S4: Spin-polarized, PDOS of Ta (top) and Se (bottom) corresponding to (a) 0 %, (b) 6 %
symmetrical biaxial tensile strain, and (c) 6 % expansion in the X-direction and compression in

the y-direction (XX:YY.). Here red represents the spin-up and blue represents the spin-down.
The Fermi level is indicated by the dashed vertical black line and the horizontal dashed line
highlights the spin splitting near the Fermi level, which is only non-zero in (b) for 6 % biaxial

strain.
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Fig S5: Calculated PDOS with applied strain along X. Black arrows indicate the spin splitting.
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Fig S6: Calculated PDOS with applied strain along . Black arrows indicate the spin splitting.
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Fig S7: Calculated PDOS with applied tensile strain along X (expansion) and y (expansion).
Black arrows indicate the spin splitting.
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Fig S8: Calculated PDOS with applied shear strain along X (expansion) and y (compression).
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Fig S9: Calculated PDOS with applied shear strain along X (compression) and y (expansion).
Black arrows indicate the spin splitting.
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Section SVI- Evolution energy as a function of canted spin angle
Fig S10: Non-collinear or canted magnetic structure of ML-TaSe>.
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Fig S11: Evolution of the energy when canted or non-collinear spin-angles of the Ta-atoms are
considered under 2 % mechanical strain. A canted angle of 130° has the lowest calculated
energy, which is highlighted by the red box.
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Fig S12: Evolution of the energy when canted or non-collinear spin-angles of the Ta-atoms are
considered under 4 % mechanical strain. A canted angle of 60° has the lowest calculated

energy, which is highlighted by the red box.
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Section SVII- Phonon dispersion under different applied strain.
Fig S13: Calculated phonon dispersion due to applied strain along X. The imaginary frequency
of the acoustic branch corresponds the atomic displacement and formation of superlattice.
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Fig S14: Calculated phonon dispersion due to applied strain along . The imaginary frequency
of the acoustic branch corresponds the atomic displacement and formation of superlattice.
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Fig S15: Calculated phonon dispersion due to applied tensile strain along X (expansion) and y
(expansion). The frequency is pure real in the acoustic branches of phonon dispersion.
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Fig S16: Calculated phonon dispersion due to applied shear strain along X (expansion) and y
(compression). The frequency is pure real in the acoustic branches of phonon dispersion.
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Fig S17: Calculated phonon dispersion due to applied shear strain along X (compression) and y

(expansion). The imaginary frequency of the acoustic branch corresponds the atomic
displacement and formation of superlattice.
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Section SVIII- Evolution of structure at low temperature 10K.
Fig S18: The lowest energy atomic structure of ML-TaSe; in the commensurate CDW phase at

10 K under no applied strain. The lattice is predicted to form a triangular structure is predicted
to formed by the lattice in this CDW phase.
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Fig $19: The atomic structure of ML-TaSe; in commensurate CDW phase at 10 K under
different shear strain (XX.YY.) values. The triangular structure at zero strain evolves into a
square superlattice.
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Fig $20: The atomic structure of ML-TaSe; in commensurate CDW phase at 10 K under
different shear strain (XX:) values. The triangular structure at zero strain evolves into a square
superlattice.
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Fig S21: The atomic structure of ML-TaSe, in commensurate CDW phase at 10 K under
different shear strain (YY:) values. The triangular structure at zero strain evolves into a square
superlattice.
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SIX. Fitting parameters for Fig. 3 in manuscript

Y=A+Bx+Cx?%A=0.35908, B=0.02592; C = -0.003009.
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Section SI- The different spin-configurations considered in this work. Including
non-collinear or canted spin structures.

Fig S1: Representative structures of 2H-TaSe, monolayer. (a) The trigonal prismatic
coordination of 2H-TaSe; phase. (b) ferromagnetic spin-alignment, and (c) antiferromagnetic
(AFM) spin alignment. For AFM configuration red represent the spin-up and black represent
the spin-down. The Spin arrow actually points perpendicular to plane along +/- Z. (d) and (e)
non-collinear or canted spins alignment are in blue. Spins are aligned at 135° (d) and 60° (e)
with respect to + Z-axis.

(a)




Section SII - Theoretically applied strain along X and/or Y-directions.

Fig. S2. Theoretically applied strain along X and/or Y-directions. Blue and red arrows represent
expansion and compression, respectively. (a) XX: represents uniaxial tensile strain along the x-
direction. (b) YY. represents uniaxial tensile strain along the y-direction. (c) XX.YY. represents
symmetric biaxial expansion along the x and y directions. (d) XX.YY. represents expansion
along the x direction and compression along the y direction. (e) XX.YY: represents expansion
along the y direction and compression along the x direction. Figures S2(a), S2(b) and S2(c)
represent types of tensile strain, while S2(d) and S2(e) represent types of shear strain.




Section SliI- Evolution of structural parameters under applied strain.

Fig S3: (a) Intralayer distance between Se-Se and (b) lattice parameters of ML-2H-TaSe; with
respect to various mechanical strain. Mechanical strain is varied from 0 to 12 %. Here, XX
represents uniaxial tensile strain along X direction. YY. represents uniaxial tensile strain along Y
direction. XX.YY: represents symmetric biaxial expansion along X and Y direction. XX.YY.
represents expansion along the X direction and compression along the Y direction where XX
YY.: represents expansion along Y direction and compression along X direction.
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Section SIV- The lattice parameters of ML-TaSe; under different strain.

Table SI: Calculated structural parameters (lattice constant ao (|a| = ao), dsese is Se-Se
interlayer distance and drase is Ta-Se bond length) of monolayer 2H-TaSe,: XX, represents
uniaxial tensile strain along X direction. YY. represents uniaxial tensile strain along Y direction.
XX:YY. represents symmetric biaxial expansion along X and Y direction. XX.YY. represents
expansion along the X direction and compression along the Y direction, where XXYY.
represents expansion along Y direction and compression along X direction.

Lattice Parameters (nm)

Strain Applied Strain (%)
Direction 2 4 6 8 10 12
ao 0.345 0.346 0.348 0.350 | 0.352 0.354
XX+ dse-se 0.335 0.333 0.331 0.329 0.327 0.325

drase | 0.258 0.260 0.263 0.265 | 0.267 0.270

ao 0.348 0.353 0.358 0.364 | 0.369 0.374
YY+ dsese | 0.335 0.333 0.332 0.329 | 0.327 0.325
drase | 0.256 0.257 0.258 0.259 | 0.260 0.260

ao 0.354 0.361 0.368 0.375 | 0.382 0.389
XX+YY+ dsese | 0.336 0.332 0.328 0.325 | 0.321 0.318
drase | 0.261 0.263 0.267 0.270 | 0.271 0.273




ao 0.344 0.341 0.338 0.335 | 0.334 0.323

XX+YY- dsese | 0.335 0.336 0.339 0.342 | 0.343 0.345
drase | 0.263 0.265 0.267 0.270 | 0.271 0.273

ao 0.351 0.355 0.359 0.362 | 0.366 0.370

XXYY+ dsese | 0.335 0.333 0.331 0.328 | 0.326 0.324
drase | 0.263 0.265 0.267 0.270 | 0.271 0.273

Section SV- The partial density of states (PDOS) of Ta and Se atom.
Fig S4: Spin-polarized, PDOS of Ta (top) and Se (bottom) corresponding to (a) 0 %, (b) 6 %
symmetrical biaxial tensile strain, and (c) 6 % expansion in the X-direction and compression in

the y-direction (XX:YY.). Here red represents the spin-up and blue represents the spin-down.
The Fermi level is indicated by the dashed vertical black line and the horizontal dashed line
highlights the spin splitting near the Fermi level, which is only non-zero in (b) for 6 % biaxial

strain.
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Fig S5: Calculated PDOS with applied strain along X. Black arrows indicate the spin splitting.
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Fig S6: Calculated PDOS with applied strain along . Black arrows indicate the spin splitting.
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Fig S7: Calculated PDOS with applied tensile strain along X (expansion) and y (expansion).
Black arrows indicate the spin splitting.
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Fig S8: Calculated PDOS with applied shear strain along X (expansion) and y (compression).

PDOS (states/eV) PDOS (states/eV) PDOS (states/eV)

PDOS (states/eV)

2
1
0

= O = N

 Ta(2%) o

L XX4YY. d

3 2 1 0 1 2 3
E -E (V)

| Se(2%) S

L XX4YY. ]

3 2 1 0 1 2 3
E -Ef (eV)

| Ta(8%) C

- XX4YY.
3 2 -1 0 1 2
E -Ef (eV)

T T T T T
- Se(8%) .
Do
- XX YY. :
3 2 - 0 1 2 3

E -Ef (eV)

PDOS (states/eV) PDOS (states/eV) PDOS (states/eV)

PDOS (states/eV)

2
1
0

= O = N

| Ta(4%)

L XX4YY.

3 2 -1 0 1 3
E -Ef (eV)

| Se(4%) ' '

L XX4YY. 1

3 2 1 0 1 3
E -Ef (eV)

| Ta(10%) '

\/\/’\

XX 4YY.
-3 -2 -1 O 1
E -Ef (eV)
T T T T T
-Se(10%) .

PDOS (states/eV) PDOS (states/eV) PDOS (states/eV)

PDOS (states/eV)

2
1
0

T T

-Ta(6%)

- XX4YY.

= O » N

-3 2 -1 0 1

E -Ef (eV)

T T T
FTa(12%)

oo

\/\/\

L XX4YY.

1 1

1

-3 -2 -1 0 1

E -Ef (eV)

2

T

T T T
-Se(12%)

NN

- XX4YY.

1 1

-3 2 -1 0 1

E -Ef (eV)

2

3



Fig S9: Calculated PDOS with applied shear strain along X (compression) and y (expansion).
Black arrows indicate the spin splitting.
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Section SVI- Evolution energy as a function of canted spin angle
Fig S10: Non-collinear or canted magnetic structure of ML-TaSe>.
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Fig S11: Evolution of the energy when canted or non-collinear spin-angles of the Ta-atoms are
considered under 2 % mechanical strain. A canted angle of 130° has the lowest calculated
energy, which is highlighted by the red box.
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Fig S12: Evolution of the energy when canted or non-collinear spin-angles of the Ta-atoms are
considered under 4 % mechanical strain. A canted angle of 60° has the lowest calculated

energy, which is highlighted by the red box.
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Section SVII- Phonon dispersion under different applied strain.
Fig S13: Calculated phonon dispersion due to applied strain along X. The imaginary frequency
of the acoustic branch corresponds the atomic displacement and formation of superlattice.
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Fig S14: Calculated phonon dispersion due to applied strain along . The imaginary frequency
of the acoustic branch corresponds the atomic displacement and formation of superlattice.
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Fig S15: Calculated phonon dispersion due to applied tensile strain along X (expansion) and y
(expansion). The frequency is pure real in the acoustic branches of phonon dispersion.
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Fig S16: Calculated phonon dispersion due to applied shear strain along X (expansion) and y
(compression). The frequency is pure real in the acoustic branches of phonon dispersion.
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Fig S17: Calculated phonon dispersion due to applied shear strain along X (compression) and y

(expansion). The imaginary frequency of the acoustic branch corresponds the atomic
displacement and formation of superlattice.
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Section SVIII- Evolution of structure at low temperature 10K.
Fig S18: The lowest energy atomic structure of ML-TaSe; in the commensurate CDW phase at

10 K under no applied strain. The lattice is predicted to form a triangular structure is predicted
to formed by the lattice in this CDW phase.
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Fig $19: The atomic structure of ML-TaSe; in commensurate CDW phase at 10 K under
different shear strain (XX.YY.) values. The triangular structure at zero strain evolves into a
square superlattice.
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Fig $20: The atomic structure of ML-TaSe; in commensurate CDW phase at 10 K under
different shear strain (XX:) values. The triangular structure at zero strain evolves into a square
superlattice.
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Fig S21: The atomic structure of ML-TaSe, in commensurate CDW phase at 10 K under
different shear strain (YY:) values. The triangular structure at zero strain evolves into a square
superlattice.
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SIX. Fitting parameters for Fig. 3 in manuscript

Y=A+Bx+Cx?%A=0.35908, B=0.02592; C = -0.003009.
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