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Spin-polarization anisotropy controlled by bending in tungsten
diselenide nanoribbons and tunable excitonic states

Hong Tang," Santosh Neupane,’ Li Yin, Jason M. Breslin, and Adrienn Ruzsinszky

Department of Physics, Temple University, Philadelphia, PA 19122

A WSe, monolayer shows many interesting properties due to its spin-orbit coupling induced spin splitting
in bands around the Fermi level and the spin-valley configuration. The orientation of the spin-polarization
in the relevant bands is crucial for the nature of exciton states and the optical valley selectivity. In this work,
we studied the electronic properties of the WSe, nanoribbons under different mechanical bending
curvatures and electron/hole doping with density functional theory and their optical absorption and
excitonic states with many-body perturbation GW and BSE (Bethe-Salpeter equation) methods. We found
that the WSe, nanoribbons can exhibit an enhanced SOC effect and a spatially varying spin-polarization in
bands around the Fermi level under bending. The spin-polarization can show an anisotropy (or asymmetry)
in those nearly degenerate bands, leading to a controllable magnetism via bending and electron/hole doping
to the nanoribbons, suggesting a potential application in compact and controllable magnetic nanodevices
and spintronics. The optical absorption spectrum of the nanoribbon presents a large tunability with bending
within the near infrared region of about 0.4 to 1.5 eV, showing an enhanced absorption at a large bending
condition. The exciton states generally show mixed or various spin configuration in the electron and hole
pairs that are controlled by bending, potentially useful for applications in spin-based quantum information
processes.

Key words: WSe, nanoribbon, band spin-polarization anisotropy, electron and hole doping, optical
absorption, exciton states

Introduction

Two-dimensional (2D) layered materials are an enduringly exciting area of research since the discovery of
atomically thin graphene.!® Recently, several experimental breakthroughs were achieved in 2D layered
material systems,’””'® especially in magnetic chromium halides’!! and versatile transition metal
dichalcogenide (TMD) systems.'!7 The controllable magneto-optical Faraday and Kerr effects,’
spontaneous circularly polarized photoluminescence,® large linear magnetoelectric (ME) effect,”'? and
gate-voltage controlled electron or hole doping for the tunability of magnetic ordering!! were demonstrated
in Crl; layered systems, suggesting its unique applicability for electrically or magnetically controlled
magnetic nanodevices. Zhang et al.!2 showed that an in-plane magnetic field can brighten the spin-forbidden
dark excitons in monolayer WSe, and precisely measured the energy levels of both the neutral and charged
dark excitons in experiments. The largely increased emission and valley lifetimes of the magnetically
brightened dark excitons permit storing and manipulating photoexcited valley and spin degrees of freedom
for quantum information processes. Furthermore, Zhou et al.!” showed the dark exciton with out-of-plane
transition dipole moment in monolayer WSe, can emit energy to the surface plasmon polariton in the

* Email: hongtang@temple.edu
 Authors having equal contributions to the work.



Journal of Materials Chemistry C

underlying metal substrate via near-field coupling, opening an avenue for probing and manipulating exciton
dynamics in TMD monolayers.

Nanoribbons are interesting, reduced forms of 2D layered materials.'®?¢ Compared with their 2D
counterparts, they have more spatial confinement effects and rich edge states, making them rife of new
functionalities and attractive for applications in compact nano electronics, magnetic, optoelectronic, and
band-topology based electronic and quantum information devices.!®!® MoS, zigzag nanoribbons were
calculated as metallic and with ferromagnetic edges.?’ The carbon atoms in each edge of graphene zigzag
nanoribbons (GZNRs) are ferromagnetically coupled, while the inter-edge coupling changes from
antiferromagnetic in narrow semiconductive GZNRs to ferromagnetic in wide metallic GZNRs.!” Tang et
al.?! calculated that the direction of magnetization in Crl; nanoribbons can be stably aligned both out-of-
plane and parallel to ribbon axis, increasing their operating controllability. Also, the rich exciton states were
shown in SiC,*> MoS,,? black phosphorene,?* and Crl; nanoribbons,?! and the exciton states can be tuned
by bending or strains in the nanoribbons.

It was shown?’ that in the 2H phase of WSe, monolayers, the spin-orbit coupling (SOC) effect induces a
strong spin-splitting (~0.5 eV) around the valence band maximum (around the K point in the Brillouin zone)
and a much smaller spin-splitting (~40 meV)?® around the conduction band minimum (also around the K
point), while around the I" point the bands are spin degenerate. This results in opposite spin configurations
in the two valleys around K and K, crucial for the formation of the low energy dark exciton, the realization
of the in-plane magnetic field induced dark exciton brightening and control, and the opposite circularly
polarized emissions from the dark excitons.!? Strain engineering was shown to be an effective way to
dramatically change the electronic properties of TMD monolayers. For examples, Zollner et al.?’ showed
computationally that with an increase in biaxial strains in TMD monolayers (MoS2, MoSe2, WS2, WSe2),
the band gap decreases linearly, while the valence (conduction) band spin splitting increases (decreases)
nonlinearly, and the spin splitting results from an interplay of the atomic SOC values of the transition-metal
and chalcogen atoms. Frisenda et al.?® showed experimentally the redshift of both optical band gaps and
exciton energies of several TMD monolayers with an increase in the biaxial strain, and the measured energy
change of excitons in peak A for the WSe2 monolayer is 63 meV for a 1% change of the strain. Faria et
al.3! showed the effects of both biaxial strains and an external magnetic field on the spin-valley related
properties of TMD monolayers.

TMD nanoribbons are cut from monolayers, where both the edge states and valence band continuum states
are mainly derived from transition metal atoms, which usually exhibit a strong SOC effect. Bending can
induce large non-uniform strains in nanoribbons, hence an enhanced internal electric field within
nanoribbons due to flexoelectric effects’?34. This may increase the SOC effect. Nanoribbons have a one-
dimensional band structure because they are periodic only along the length direction. For a given band state
with band index n and one-dimensional Bloch wavevector k, the spin-orbit interaction can split the
degenerate one-electron energies &,xt and &,y yielding two two-component spinor orbitals with spatially
varying probability amplitudes to be spin-up or spin-down. For the two spinor orbitals, the spin-orbit
interaction can even create two different magnitudes ($,,) for the expectation value of the uth component of
the one-electron spin operator, where p=x, y, or z.

In this work, we study the effect of bending on these magnitudes and on related optical properties of WSe,
nanoribbons. We investigated the SOC effect and the spin-polarization of bands around the Fermi level
with density functional theory (DFT) for WSe, nanoribbons under different bending curvatures and doping,
their optical absorption and excitonic states with many-body perturbation GW and BSE (Bethe-Salpeter
equation) methods. We have found that the WSe, nanoribbons with bending can produce enhanced SOC
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effects and spatially varied spin-polarization in bands around the Fermi level. The spin-polarization shows
an anisotropy in those nearly degenerate bands, leading to a controllable magnetism with bending and
having an important implication to the spin configuration of exciton states. Furthermore, electron or hole
doping to nanoribbons can make the systems potentially applicable in compact and controllable magnetic
nanodevices and spintronics. The optical absorption spectrum of the nanoribbon presents a large tunability
with bending within the energy region of about 0.4 to 1.5 eV. The exciton states generally show mixed or
various spin configuration in the electron and hole pairs, potentially beneficial for applications in spin-
based quantum information processes.

Results and discussion
1. Band gaps and enhanced SOC with bending

The nanoribbon with armchair edges is cut from a WSe, monolayer of 2H phase in which tungsten (W)
atoms relate to chalcogen selenium (Se) atoms in a trigonal prism, and the edge atoms are passivated with
hydrogen (H) atoms, as shown in Figure la-c. The periodic (or ribbon length) direction of the built
nanoribbons is aligned along the z axis, with their width directions along the x axis and the vacuum layer
along the y axis. The supercell vectors a, b, and ¢ are aligned with the axes x, y, and z, respectively. We use
AnWSe; to denote the WSe, nanoribbons, where n represents the number of W atoms in the supercell and
n=13 means 13 W atoms in the super cell, as shown in Figure 1a. The relaxed structures of A13WSe, under
different bending curvature radii are shown in Figure 1d, and those for A12WSe, and A7WSe, are shown
in Figures S1 and S2 of the supplemental information (SI). The calculated band structures of A13WSe,
under different bending curvatures are shown in Figure le-n. The edge band gap (EG) is defined as the
difference between the conduction band minimum (CBM) and the valence band maximum (VBM), while
the non-edge band gap (NEQG) is defined as the one between the bottom of the conduction band continuum
(CBC) and the top of the valence band continuum (VBC), see Figure 1f. With large bending curvatures (
R < 9 A, R representing the bending curvature radius), the valence bands just below the Fermi level merge
into VBC and in these cases, EG is the difference between CBM and VBC, as shown in Figure 1m. As can
be seen, the flat A13WSe, has a direct NEG at I" and a slightly indirect EG between I' and Z, while under
all bending curvature radii, both NEG and EG at I are direct. A12WSe, and A7WSe, also show a changing
trend of direct or indirect NEG and EG with bending, as shown in SI Figure S15 for A12WSe, and SI Figure
S22 for A7WSe,. The changing trends of NEG and EG with bending curvatures k (k = 1/R) for A12WSe,
and A13WSe, are shown in Figures 1o and 1p. As can be seen, A13WSe, (A12WSe;) has an almost
unchanging or slowly decreasing NEG up to k = 0.10/A (x = 0.11/4), then quickly decreasing NEG for
k>0.10/A (x> 0.11/A). The EG gap of A13WSe, shows a general decrease with x, while within
0.071 /A <k <0.125/A (or 8 A <R < 14 A) it shows a relatively flat or a slight hump feature, in line
with the EG changing trend with k of the armchair MoS, nanoribbons in a previous study [23]. Due to the
indirect EG of A12WSe, within 0.077 /A < x < 0.10/A (or 10 A <R < 13 A), the EG gap of A12WSe,
shows a relatively large value and forms a peak within 0.071 /A <k <0.11/A. The EG and NEG gaps of
A7WSe, show a less varying feature with k, as seen in Figures 1o and 1p.

The density of states (DOS) analysis for A13WSe, is shown in SI Figure S4, and those for A12WSe, and
ATWSe; are in SI Figures S17 and S24. For A13WSe, and A12WSe,, the total six W atoms located outmost
and near to the edges, three W atoms for each edge, are counted as the edge W atoms, while for A7WSe,,
the total four outmost W atoms (two for each edge) are counted as the edge W atoms, see Figure la-c for
the nanoribbon structures. For A13WSe, and A12WSe,, for the flat nanoribbon and for low bending, the
edge W atoms dominate the DOS around the Fermi level, see SI Figures S4 and S17. Those bands
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corresponding to those DOS (about 0 to 0.5 eV for conduction bands and -0.5 to 0 eV for valence bands)
are called edge bands. Starting from a bending radius R = 10 A, the contribution to the DOS of the top of
the valence band (about -0.5 to 0 eV) from the W atoms near the inner region of the ribbon starts to increase
and becomes dominating at R = 6 A. For the flat nanoribbon A13WSe,, for low bending (see Figures le-
1), the edge bands include four conduction bands and four valence bands. The four conduction bands are
called the upper edge bands and the four valence bands are called the lower edge bands. They are
highlighted in red in Figures le-i. For the narrow A7WSe, nanoribbon, see SI Figure S24, the four edge W
atoms dominate the DOS around the Fermi level under all the bending structures considered here, with the
slightly increasing contribution from the inner three W atoms with an increase in bending.

Compared with the band structures calculated without SOC (see SI Figures S3, S15 and S22), it is obvious
that the SOC effect generally induces a band splitting for those edge bands around the Fermi level and those
bands close to the top of VBC. The DOS analysis shows that those edge bands are mainly contributed by
the edge W atoms, and when the lower edge bands are merged into VBC, the mixed top of VBC is mainly
contributed by both the edge and inner W atoms. The band structures and gaps of the nanoribbons are
controlled by the states around the Fermi level contributed from the edge and inner W atoms, the related
SOC effects and bending induced strain effects across the nanoribbon. For A13WSe,, the site resolved SOC
energy on each W atom is shown in Figure 1q, while the complex strains on each atomic layer of the
nanoribbon are shown in SI Figure S5. As can be seen, the four edge W atoms (atom indexes 1, 7, 8, and
13) have a high SOC energy among all the W atoms, and their SOC energies do not change very much
(~0.005 eV) with bending. Since those edge W atoms mainly contribute to the upper edge bands for all
bending radii, and to the lower edge bands before merging into VBC (R > 10 A), the band splitting effect
is strong. When the lower edge bands merge into VBC (R < 9 A), the inner W atoms’ contribution to the
top of the mixed VBC is increased, and at the same time, the SOC energies of those inner W atoms also
increase. For example, the middle W atom (atom index 4) increases its SOC energy at R = 6 A by ~5%,
compared with the flat case. The increased SOC energies among the inner W atoms result in a large band
splitting around the top of VBC at R = 6 A, see Figure In. For the strains in the A13WSe, nanoribbon, the
position 1 (12) in SI Figure S5 represents the leftmost (rightmost) pair of W atoms 1 and 8 (7 and13), and
similarly, the two outmost Se atom pairs. As can be seen, the strains in the z direction are much smaller
than those in the xy plane and may play a less important role for the SOC energies. The strains in the xy
plane for those outmost pairs of atoms are relatively less influenced (or varied) by bending than those inner
region pairs of atoms. This can explain that the SOC energies of the four edge W atoms are relatively
unchanging with bending, while the SOC energies of the inner W atoms are generally increasing with
bending. Around the critical bending radius R of about 9 or 10 A, where the lower edge bands merge into
VBC, the strains in the xy plane also show a transition trend. For example, for the W atom layer, the xy
strains of the inner region W pairs come back to the flat case level, when R is about 9 or 10 A, and begin to
increase largely at R < 9 A. For the upper Se layer, the xy strains of inner pairs begin to increase strongly
with bending from R < 10 A. As for the lower Se layer, the compressive xy strains of inner atom pairs
almost reach maximum from R < 10 A. The complex strain patterns in the nanoribbons change the relative
position among atoms, bond lengths and angles, and induce a flexoelectric electric field across the bent
layers. The piezoelectricity in TMD materials, such as MoS, and WSe,, is theoretically predicted® and
experimentally confirmed.?¢*® For a 2H WSe, monolayer, the in-plane electric polarization is along the
armchair direction.?3-3%38 In the armchair 2H WSe, nanoribbons, the in-plane electric polarization is along
the direction of vector c, see Figure 1(a). The bending direction of the bent nanoribbons is towards vector
b. If there is a flexoelectric effect induced electric field, the electric field is along the line of vector b. This
induced electric field is perpendicular to the in-plane electric polarization, producing no electrostatic energy
changes of the bands around the Fermi level. However, the flexoelectricity relates an induced electric field

Page 4 of 30



Page 5 of 30

Journal of Materials Chemistry C

or polarization to the gradient of strains in the material. The flexoelectric effect can induce a type-II band
alignment in GeSe monolayer,* modifying the electric potential distribution in ZnO nanowire,>* and
playing significant roles in the electromechanical coupling in the thin film ferroelectrics.3* The bent WSe,
nanoribbons can be modeled as a thin shell bent towards vector b. Since the lower S atom layer is generally
compressed and the upper S atom layer is stretched under bending, it can be modeled as a pure bending
which has a strain gradient (normal to the shell) inversely proportional to the bending curvature radius. This
will result in a flexoelectric field along vector b, either parallel or antiparallel to vector b, dependent on the
sign and value of the flexoelectric coefficient of the material.’3 This flexoelectric effect induced electric
field can lead to a Rashba-like spin-orbit coupling® that induces band-splitting in the bent nanoribbons.
The magnitude of the flexoelectric field is proportional to the magnitude of the strain gradient, hence
inversely proportional to the bending curvature radius. This basically explains the enhanced SOC effect and
band splitting with bending curvatures in the bent nanoribbons.

2. Spin-polarization anisotropy with bending

The reciprocal space k point and band resolved spin-polarizations in the x axis direction (the ribbon width
direction) for the A13WSe, nanoribbon under different bending radii are plotted in Figure 2, those along
the y axis (perpendicular to the plane of the flat nanoribbon) are in Figure 3, and those along the z axis
(along the periodic direction of the nanoribbon) are in SI Figure S6. In the absence of spin-orbit interaction
or coupling, each one-electron state is a product of a position-dependent orbital (one-particle wavefunction)
and a spin state. Then two electrons for the same band index and Bloch wavevector can have equal and
opposite spins. In the presence of spin-orbit coupling, this is no longer necessarily true, and the two spins
can add to a non-zero total average spin. Then each band index » and Bloch wavevector £ in a nanoribbon
can contribute a non-zero total spin-moment vector. Here we refer to this vector as the “spin polarization”
(a term which has a different meaning in standard non-relativistic spin density functional theory), and we
study the projection of this spin polarization onto the x (width), y (thickness), and z (periodic) directions of
the nanoribbon, and also the average magnitudes of the projections over the valence and conduction bands
as functions of bending curvature. The diagonal Pauli matrix is defined in our calculation as the y (not z)
component of the vector operator G. The overall trend is that the magnitude of the spin-polarization in the
ribbon width direction is generally increasing with bending, evidenced by the fact that the spot sizes are
generally enlarged with an increase in bending, and in the direction perpendicular to the plane of the flat
nanoribbon, it is generally decreasing with bending, except for few k points, especially at I' and Z (the time
reversal invariant point), while in the periodic direction of the nanoribbon, it remains almost spin-
unpolarized, except for few k points. The plot of the average of the magnitude of the projections of the spin-
polarization as a function of bending curvatures is shown in Figures 4(a)-(c). The averaged magnitude of
the spin-polarization for the valence band is calculated by summing over states ys,,;, for the eight valence
bands V1-V8 (counted from the Fermi level downwards) and divided by the number of valence bands
(which is 8 here) and the number of k points in the Brillouin zone. The averaged magnitude of the spin-
polarization for the conduction band is calculated in the same way. As can be seen in Figure 4(a), along the
ribbon width direction, the averages for both valence and conduction bands generally increase with bending
curvatures. Along the direction perpendicular to the plane of the flat nanoribbon, as shown in Figure 4(b),
they all show generally decreasing trends with bending curvatures. The conduction band curve in Figure
4(b) shows adipat R=13 A (k=0.077 /A). This may relate to the fact that around R = 13 A, one of the
even-number indexed upper edge bands changes from spin-down to spin-up around or near the I" point for
the spin-polarization along the y axis, as can be seen in the right subplots of Figures 2 (e) and (f). For the
spin polarization along the ribbon length direction (axis z), as can be seen in Figure 4(c), the averaged
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magnitudes of the spin-polarization for both valence and conduction bands are generally small, less than
0.06 ug. With an increase in bending curvatures, the spin-polarization rotates from mainly along the y axis
(perpendicular to nanoribbon) to along the x axis (along the ribbon width direction), showing the spatial
variation of the spin-polarization with bending. The detailed analysis of the d-orbital decomposed spin-
polarization sheds some light on the overall trend, as shown in note 2 in the SI.

The spin-polarization shows subtle symmetrical and asymmetrical features with bending. As can be seen,
for A13WSe,, there are two critical bending radii; one is Ry = 15 A and the another is R, =8 A or 9 A.
From flat to Ry = 15 A, see Figures 2a-c, the spin-polarization along the width direction shows a symmetric
feature. The spin-polarization isotropy (or symmetry) is defined as the feature, in which for odd and even
number indexed bands, they are energy-degenerate, having the same magnitude of the spin-polarization and
opposite spin directions, as can be seen in Figures 2a-c.

From R =14 Ato R = 10 A, see Figures 2d-g, a spin-polarization asymmetry (or anisotropy) occurs for the
spin-polarization along the ribbon width direction. The top of the even-number indexed lower edge bands
has a strong spin-up polarization, while the top of the odd-number indexed lower edge bands has slightly
lower energies and is spin-down polarized. The spin-polarization anisotropy (or asymmetry) is defined as
the feature that, for the initially energy-degenerate odd-number indexed and even-number indexed bands
(as seen in the flat nanoribbon or low bending curvature cases, for example, Figures 2a-c), their energies
slightly shift under a proper bending curvature and become non-degenerate. (For example, see Figures 2d-
g, notice the difference between the top of the odd-number-indexed valence bands and that of the even-
number-indexed valence bands, near the I' point), and/or the magnitudes of their spin-polarizations are
obviously different (for example, see Figures 2(j) and (k), notice the spot size difference from the tops of
the odd and even indexed valence bands near the I" point).

If we dope the nanoribbons with electrons and holes, doping will result in a zero net magnetization in the
width direction. For the cases from R = 14 A to R = 10 A, hole doping will result in a net magnetization
towards the positive x direction, since the spin direction of a hole is opposite to that of the electron, which
is removed from the hole spot. The bottom of the upper edge bands shows a spin-up dominant feature, and
especially, for R =11 A and R = 10 A, the bottom of both odd and even indexed upper edge bands shows
spin-up polarizations. With electron doping, the spin-polarization will result in a net magnetization towards
the negative x direction. At R = 8 A, about the second critical bending radius Ry, the electron doping to the
ribbon will cause a net spin-up magnetization along the ribbon width direction, since the bottom of the
upper edge bands is spin-up dominant. However, the vicinity of the top of the valence has a relatively low
spin-polarization around I', and a slight hole doping will result in no net magnetization. A larger hole doping
will result in a net magnetization towards the positive x. At R=8 A or 9 A, or the second critical bending
radius Ry, the lower edge bands merge into VBC. Beyond R, for R =7 A and R = 6 A, the electron doping
to the ribbon still results in a net magnetization directing to the negative x, and the hole doping will also
result in a net magnetization towards the negative x, since the top of the valence band is spin-down
dominated under those bending radii.

We imagine changing the Fermi level in the spin-polarization resolved band structures in Figure 2 and call
this method CF (changed Fermi level), where the band structures are calculated without any doping and the
nanoribbons are charge neutral. For simulating the electron doping, the changed Fermi level is raised above
zero (the pristine Fermi level is set to be zero in Figure 2), and the net magnetization is calculated as the
sum of the magnetizations of the spots in the upper edge conduction bands with energies less or equal to
the changed Fermi level, since those spots are populated by doping electrons under the changed Fermi level.
The induced magnetization for the hole doping is also calculated in a similar manner. We used the CF

Page 6 of 30



Page 7 of 30

Journal of Materials Chemistry C

method to calculate the net magnetization for the A13WSe2 nanoribbon under different bending curvatures
with an electron (or hole) doping of an 0.12 electron (or hole) /supercell. The calculated net magnetization
along the x, y and z axes as a function of bending curvatures is shown in Figures 4(d), (e) and (f),
respectively. According to Figure 4(d), along the x axis, both the conduction and valence bands show a zero
net magnetization from the flat case to bending curvature x = 0.067/A (or R = 15 &), due to the spin-
polarization isotropy (or symmetry) feature among the bands around the Fermi level. From k = 0.071/A (R
=14 4) to k = 0.125/A ( R = 8 A), the net magnetization in the conduction bands shows an increasing
trend with bending curvatures, and for a further increase in the bending curvature to k = 0.167/ AR=624),
it reaches a saturation. From x = 0.071/A (R = 14 A) and on, the net magnetization in the valence bands
shows a first-increasing then-decreasing feature, with a maximum spin-up magnetization at & = 0.091/A (R
=11 A) and a spin-up/down flip point at about x = 0.111/A (R = 94). The range of x > 0.071/A (or R
<14 A) shows a strong bending-dependent net magnetization, which is a manifestation of the spin-
polarization anisotropy (or asymmetry) feature among the bands around the Fermi level when bending
curvature k > 0.071/A (or R < 14 &). Since bending causes the initially degenerate bands to be shifted in
energy and/or causes their magnitudes of the spin-up and spin-down of the spin-polarization to be different,
the result is a net magnetization. Along the y axis, see Figure 4(e), the net magnetization is only slightly
non-zero around k = 0.091/A (R =11 A) and x = 0.01/& (R = 10 A), the bending curvatures at which the
lower edge bands merge into the valence band continuum. The net magnetization along the z axis also
shows even tinier non-zero values around x = 0.091/A (R =11 A) and k = 0.01/A (R = 10 &), see Figure
4(f). At other bending curvatures, the net magnetizations along the y and z axes are zero, showing no spin-
polarization anisotropy.

Overall, for the A13WSe, nanoribbon, the electron doped nanoribbon shows a spatially-varying spin-
polarization with bending, while the hole doped nanoribbon will flip the direction of the magnetization
along the ribbon width, when the bending-induced merging of the edge bands into the valence band
continuum occurs.

A12WSe, also shows two critical bending radii Ry = 12 Aand R, =9 A. For R > Ry, the nanoribbons show
a symmetric spin-polarization in the nearly degenerate bands around the Fermi level. Around the second
critical Ry, the lower edge bands merge into the valence band continuum. For both bending regions
R; <R <R; and R <Ry, the upper edge bands show a spin-polarization anisotropy, leading to a net
magnetization along the ribbon width direction with an electron doping to the ribbon and for A12WSe, this
net magnetization will flip its direction when crossing the critical R,. The narrow A7W Se, nanoribbon also
shows a spin-polarization anisotropy in the top of the valence band at large bending. The detailed discussion
about A12WSe, and A7WSe, are in note 1 in the SI.

To better understand the changing trend of the spin-polarization with bending, the d-orbital decomposition
of the spin-polarization for A13WSe2 is conducted (detailed discussion in note 2 in the SI). For bent
nanoribbons at R = 134 and R = 6A, the decomposition along the y axis has a striking difference, compared
to the flat case. The two atoms in the atom pairs between the two edges produce the opposite spin direction for a
given band state, leading to a totally small spin-polarization along the y axis for the bent ribbons. The edge bands in
R13 (stands for R =13 A, and so on for other R’s) have d,2, dy2 _ 2, dy; and dy, characters, and in R6 they
have d,2, dy2 _ 2, dyy, and dy, characters, while in the flat case, they have d,2, d,2_ 2, and d,;, characters.
This may relate to the tilting and deformation of the trigonal prisms near the ribbon edges with bending. In
R6, the W atom located at the center of the ribbon contributes the majority of the spin-polarization of the
top of the valence bands along the x axis, due to its location in a highly strained trigonal prism. The
observation that the W atoms located on the same edge side produce the spin-polarization additively in the
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band states, is obeyed by all bending cases, underscoring the mirror symmetry of the nanoribbon about the
central plane parallel to the yz plane. The flat and low bending nanoribbons have an additional mirror
symmetry about the central W layer. This may relate to the asymmetric distribution in the magnitude of the
decomposed spin-polarization, from the two atoms in the atom pairs between the two edges, in the odd
number indexed and even number indexed bands.

3. Electron and hole doping effects with bending

The CF method in section 2 provides an estimate for the doping-induced magnetization in nanoribbons. To
evaluate the doping effect from the ab initio calculation, we also computed the band structures of A13WSe,
under the three bending conditions by setting the total number of electrons in the supercell bigger (or less)
than that of the neutral system and call this method VD (VASP doping). The calculated magnetization of
the A13WSe, nanoribbon under three different bending curvatures, flat, R =13 10%, and R=6 A, with the
CF and VD methods, is shown in Table 1, where the results are for the electron (hole) doping level of 0.12
electrons (0.12 holes) per supercell, which is equivalent to an estimated carrier doping level of ~ 1 x 10%°

cm ~3. The magnetization varying with bending from the CF and VD calculations shares a similar trend.
For example, along the x direction, both CF and VD show no net magnetization for electron and hole doping
for the flat ribbon. At R=13 A, passed the first critical bending radius Ry = 15 A, both CF and VD show
a similar strength of magnetization towards the negative x with the electron doping, while a similar strength
of magnetization towards the positive x with the hole doping. At R=26 A, passing the second critical
bending radius, and the lower edge bands are merging into VBC, both CF and VD show the magnetization
towards the negative x for both the electron and hole doping, confirming the direction flip of the
magnetization of the hole-doped nanoribbon at large bending, while the direction of the magnetization of
the electron-doped nanoribbon remains unchanged. Along the z direction, both CF and VD show no obvious
magnetization for all the three bending conditions, due to the mostly negligibly small and symmetric spin-
polarization among bands in this direction. Along the y direction, CF gives no obvious magnetization for
the three bending radii for either electron or hole doing and so does VD for the hole doping. Along the y
direction, VD gives a non-negligible magnetization with the electron doping for the flat nanoribbon, while
at R =13 A and R = 6 A VD gives no magnetization with either electron or hole doping as CF does.

The VD band structure of the flat A13WSe, nanoribbon under electron doping from the VD calculation is
shown in Figure 5. It shows that the electron doping induced a significant band splitting in the upper edge
bands, compared with those bands in the pristine case (Figure le). Since the doping electrons entering the
bottom of the lower edge bands are mainly entering the d-orbital of the edge W atoms, which have a
relatively high SOC energy, this induces the significant band splitting in the upper edge bands and shifts
the two spin-up bands downwards in energy, resulting in a spin-up dominancy at the bottom of the upper
edge bands, and hence a net magnetization towards the positive y direction with the electron doping. This
band spin-splitting effect is not shown in the pristine band structure (Figures le and 2a, and 3a), since those
relevant bands are not occupied. However, this band splitting effect is not obvious in the bending radii
R =13 A. It may be that the bending induces a general decrease in the spin-polarization along the y
direction and an increase in the x direction, and the contribution from the edge W atoms to the DOS of the
upper edge bands slightly decreases, while that from the inner W atoms slightly increases, see the DOS
analysis of R13 in SI Figure S4. For R13, the SOC energies of all the W atoms do not change obviously,
compared with those of the flat case, and the inner W atoms have much lower SOC energies than that of
the edge W atoms. This results in an effective decrease in the SOC effect in the upper edge bands of the
electron doped nanoribbon at R13 compared with the flat nanoribbon, hence no obvious spin splitting in
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the relevant bands. For R6, the situation for the upper edge bands changes slightly compared with R13. The
contribution of the inner W atoms increases slightly to those bands and the SOC energies of the inner W
atoms increase significantly. This results in a slight increase in the spin splitting in the upper edge bands
compared with R13. In addition, the spin-polarization in the x direction becomes significant at R6, and
those in the y and z directions are mostly negligible or symmetric among the odd and even indexed bands.
With electron doping, the spin polarization shows a net magnetization along the negative x direction, but a
negligible magnetization in the y or z direction from both CF and VD. The lower edge bands are completely
merged into VBC at R6, both the contribution of the inner W atoms to the DOS of the top of the valence
bands and the SOC energies of the inner W atoms increase significantly. This results in a significant band
splitting and a spin-polarization anisotropy in the top of the valence bands, see the spin-down dominancy
in the x direction at the top of the valence band in both Figure 2k and SI Figure S7j and the resulted net
magnetization towards the negative x with the hole doping in Table 1. Again, due to the mostly negligible
and symmetric feature in the spin-polarization in the y and z directions at R6, a hole doping results in no
net magnetization in directions y and z.

4. Optical properties and exciton states

The change of the spin-polarization with bending in the nanoribbons motivates us to calculate their optical
properties. The calculated optical absorption spectra with electron hole (e-h) interaction for A7WSe, under
different bending conditions are shown in Figure 6. Those without the e-h interaction are shown in SI Figure
S30. In all bending cases, the absorption peaks with e-h interaction are moved to the low energy direction
by about 1.0-1.5 eV, compared with those without e-h interaction, indicating the strong excitonic effect,
which is a result of the reduced screening effect due to the reduced dimensionality of the nanoribbons. From
the GW band structures (Figure 7 and SI Figure S29), the flat nanoribbon has a direct gap at I, the bent
structures R16, R10, and R7 have a slightly indirect gap, and R5 has an almost direct gap at a k point
(denoted as X, see Figure 7g) about 1/5 of the distance of I' — Z and close to the point Z. The fundamental
gaps of the A7WSe, nanoribbon under different bending conditions are determined as 1.79, 1.86, 1.90,
1.75, and 1.59 eV, for the flat nanoribbon, for R16, R10, R7 and RS, respectively. Those values are more
than 1.0 eV higher than those from DFT PBE, indicating the strong effect of self-energy correction of the
many-body GW method. R16, R10 and R7 have relatively low absorption peaks due to their indirect gap
feature. The flat nanoribbon and RS are direct gaps and show higher absorption peaks, especially, R5 shows
a much stronger absorption within the range of about 0.5-1.0 eV. The absorption edges in the optical
absorption spectra of R7 and RS are about 0.4 eV, lower than those (about 0.6 eV) of flat, R16 and R10,
corresponding to the lower fundamental gaps of R7 and RS, compared to those of flat, R16 and R10.

In all the bending cases, there are several dark exciton states with lower energies than the lowest bright
exciton, see SI Figure S30. To understand the spin configuration of the exciton states, we plot the spin-
polarization resolved GW band structures for the A7WSe, nanoribbon in Figure 7 (see SI Figure S29 for
the complete plots). As can be seen, it has negligible spin-polarizations along the z direction (or the ribbon
length direction), consistent with the results of the DFT calculations. With an increase in bending, the spin-
polarization along the x direction is generally increasing, especially for the upper edge bands, while along
the y direction, the spin-polarization generally shows a decreasing trend, especially again for upper edge
bands. Those features are also consistent with those from the DFT calculations. The overall trend for the
upper edge band is that with increasing bending, the spin-polarization of the upper edge bands is changing
from mainly the y-direction o to mainly the x-direction, while the spin-polarization of the top of the valence
bands largely remains in the x direction. The tendency that the electron and hole bands tend to orientate



Journal of Materials Chemistry C

their spin-polarizations along the same x direction, and the direct gap feature at RS can favor the formation
of bright excitons and enhanced oscillator strength, leading to a strong optical absorption.

The typical exciton states with their real spatial and reciprocal k space wavefunction distributions,
decomposition of the transition bands involved, spin-polarization resolved band decomposition of their
valence-to-conduction transition are shown in Figures 8 and 9. For the flat case, the band gap is direct at T".
The exciton with the lowest energy at 0.43 eV is a dark exciton. The dark exciton is mainly due to the
transition around I" from V1 to C2 and V2 to C1, as seen in Figure 8e. Since C1 and C2 are spin-down and
spin-up around T', respectively, as it can be seen in Figure 7c. Vland V2 are also spin-down and spin-up,
respectively, as shown in Figure 7c, thus this dark exciton is formed by the pair of hole and electron with
like spin, resulting in a non-zero spin of the dark exciton. Note a hole has a spin opposite to that of the
electron, which occupies the hole’s spot in the valence band. This dark exciton spatially distributes across
the width of the nanoribbon and shows a non-Frenkel exciton feature. The bright exciton at 0.69 eV has the
highest oscillator strength in Peak A, mainly due to transitions around I" from V1 to C1 and V2 to C2, which
are corresponding to the unlike spin of hole and electron, as shown in Figure 9. Due to the SOC effect, this
bright exciton also has some minor contributions of the transition from the like spin pair of hole and
electron, such as V1 to C2 and V1 to C3, etc. This bright exciton also shows a non-Frenkel feature and
spatially distributes across the width of the nanoribbon and locates more on the two edges, since the upper
edge bands C1-C4 are mainly contributed by the edge W atoms. The bright exciton at 0.9 eV in Peak B has
more contributions from k points in the vicinity of I', and more contributions from transitions from lower
V3 and V4 to higher C3 and C4. This bright exciton is also non-Frenkel like and has a mixed spin
configuration in the hole and electron composition, as shown in SI Figure S31.

At R=10 A, the band gap becomes slightly indirect between the k points I’ and Z. The exciton with the
lowest energy at 0.45 eV is also dark and has almost equal contributions around I' from V1 to C1, V2 to
Cl1, V1 to C2 and V2 to C2, as shown in SI Figure S32. This means that this dark exciton has almost equal
contributions from pairs of hole and electron with both like spin and unlike spin. This feature is shared
among the dark excitons with the lowest energy for R = 16 A and R = 7 A. This may be due to the slightly
indirect band gap between the k points I' and Z, which is also a shared feature in the band structures of the
cases of R=16 A, R=10 A and R = 7 A. The dark excitons with a mixed spin configuration within their
hole and electron pairs are potentially useful in quantum information processes. The bright exciton at 0.67
eV with the highest oscillator strength in Peak A is also mainly from transitions around I" from V1/V2 to
C1/C2, as shown in SI Figure S33. This bright exciton also has a mixed spin configuration in the hole and
electron pairs and is of non-Frenkel like. The bright exciton at 0.93 eV with the highest oscillator strength
in Peak B is due to the transitions from V1-V4 to C1-C4 in a slightly spread range in k space around point
Z, as shown in SI Figure S34. It has a mixed spin configuration and its wavefunction in real space shows a
nodal feature.

At R=5A, the band gap is direct at about the k point X, between I' and Z and closer to Z. Along the x
direction, the valence bands V1-V4 at the close vicinity of X show very small spin-polarization, while V2
has a slightly higher spin-down polarization than the spin-up one of V1 in the close vicinity of X, towards
the I' direction. The exciton with the lowest energy at 0.34 eV is also a dark exciton and is mainly due to
the transitions of V1 to C1 and V1/V2 to C2 in the close vicinity of X, where the hole bands have a much-
reduced spin-polarization, while the conduction bands have pronounced ones. This means that in this dark
exciton, the hole has a much lower spin-polarization than its counterpart electron. This dark exciton
spatially crosses the width of the nanoribbon and extends more to the middle region of the ribbon, as shown
in SI Figure S35, sinceat R=5 A, the contribution of the W atoms in the middle region to the conduction
bands C1-C4 is increased. The bright exciton with the highest oscillator strength at 0.52 eV in Peak A is
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mainly due to transitions from V1/V2 to C1/C2 around X, as shown in SI Figure S36, especially from V2
to C2 at a k point close to X, where V2 has a relatively large spin-down polarization, compared to those k
points on the side towards the Z point. This gives, in this bright exciton, a large contribution of the pair of
hole and electron with unlike spin. Since the spin-polarizations of the electron and hole are all aligned along
the x direction (those along the y and z directions are negligibly small), together with the direct band gap
around X, this may explain the enhanced absorption at the energy of this exciton. Like the dark exciton, this
bright exciton also shows an extended spatial distribution, due to the contribution of the middle region W
atoms to the conduction bands. The bright exciton with the highest oscillator strength at 0.70 eV in Peak B
has a nodal feature in k space. It has a more contribution from transitions V1/V2 to C1/C2 from k points
away from X, such as the middle region between I' and Z, and around I'. Also, it has a mixed spin
configuration and spatially extended, as shown in SI Figure S37.

By bending the A7WSe, nanoribbons, the induced non-uniform strains change the SOC effect, band
structures, and spin-polarization of bands dramatically. Bending results in a large tunability in the exciton
states and optical absorption in the energy range of about 0.4 to 1.5 eV, which is within the technologically
relevant near infrared region. The rich spin configuration in the dark and bright excitons in the bent
nanoribbons can also have potential in the application of the spin-based quantum information processes.

Conclusions

In summary, from first principles, we calculated the band structures, band gaps, and projected spin-
polarization of the semiconducting armchair WSe, nanoribbons under different bending curvatures and
electron/hole doping with density functional approximations (DFA), and their optical absorption and
excitonic states with the many-body perturbation GW and BSE methods. These calculations show that both
the upper edge bands (the conduction bands just above the Fermi level) and the lower edge bands (the
valence bands just below the Fermi level) are mainly derived from the d-orbital of the edge W atoms. With
an increase in bending curvature, the contributions to the density of states of those edge bands from the W
atoms in the middle region of the ribbon increase. We find that the band gap of the nanoribbon can be
changed from direct to indirect, or indirect to direct under appropriate bending. The spin-polarization
perpendicular to the ribbon plane is generally decreasing with bending, the one along the ribbon width
direction is generally increasing with bending, while the one along the ribbon length direction is generally
small. In the undoped DFA calculation, for the relatively wider nanoribbons A12WSe, and A13WSe,, there
are two critical bending radii R; and R;. For a bending curvature radius R > R, the nanoribbons show a
symmetric spin-polarization in the nearly degenerate bands around the Fermi level. Around the second
critical Ry, the lower edge bands merge into the valence band continuum. For both bending regions
R; <R < Rj and R < Ry, the upper edge bands show a spin-polarization anisotropy (or asymmetry), leading
to a net magnetization along the ribbon width direction with an electron doping to the ribbon and for
A12WSe, this net magnetization will flip its direction when crossing the critical R,. The top of the valence
bands can also show the spin-polarization anisotropy with bending, resulting in a net magnetization with a
hole doping to the system and for A13WSe, this net magnetization will flip its direction when crossing the
critical Ry. The doped DFA calculation basically shows similar characteristics for A13WSe,. It also shows
that for the electron doped flat A13WSe,, the nanoribbon has a net magnetization perpendicular to the
ribbon plane, due to the electron occupation of the upper edge bands and the strong SOC effect in the edge
bands. The narrow A7W Se, nanoribbon also shows a spin-polarization anisotropy in the top of the valence
band at large bending. We also calculated armchair WS, and WTe, nanoribbons under different bending
curvatures (results not shown) and they all show the similar behaviors of spin-polarization anisotropy within
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the bands around the Fermi level. It suggests that the doped and bent tungsten dichalcogenide nanoribbons
can be used in compact and controllable magnetic nanodevices and spintronics. The optical absorption of
ATWSe, presents a large tunability with bending within the technologically important near infrared region
of about 0.4 to 1.5 eV, showing an enhanced absorption at a large bending, that may be due to the enhanced
spin alignment between the underlying electrons and holes and the direct gap feature at the large bending
condition. The bright excitons in A7WSe, generally show a mixed spin configuration in the electron and
hole pairs, while the lowest energy dark excitons show a varying spin configuration with bending, potential
for possible applications in spin-based quantum information processes. TMD nanoribbons can be made by
cutting preexisting TMD nanotubes or sheets through chemical reactions,*>*! laser irradiations,* or ion-
beam milling,¥ growing nanoribbons with TMD nanowires,* or growing nanoribbons inside carbon
nanotubes.*>* The TMD nanoribbons with width of ~1-4 nm were already prepared. The predicted results
can be feasibly tested with the current experimental technology.

Methods

Density functional theory (DFT) calculations were conducted in the Vienna Ab initio Software Package
(VASP)¥ with projector augmented-wave (PAW) pseudopotentials.*®: ¥ The Perdew-Burke-Ernzerhof
(PBE)* functional with SOC was used to calculate the band structures of nanoribbons. The vacuum layer
of more than 12 A is added along the direction of nanoribbon width and inserted along the direction
perpendicular to the 2D surface of the nanoribbon, to avoid the interactions between the nanoribbon and its
periodic images. The energy cutoffis 580 eV. The k-point mesh of 1 X 1 X 24 was used for all nanoribbons.
The nanoribbons were built from the pre-relaxed WSe, monolayer, which was relaxed with PBE and has
the in-plane lattice constants a = b = 3.321 A. All nanoribbons were fully structurally relaxed with PBE
with all forces less than 0.01 eV/A. During the relaxation, the x and y coordinates of the two outermost
metal atoms on the two edge sides were fixed, while their coordinates along the ribbon axis direction, which
is the z direction, and all the coordinates of other atoms were allowed to relax. The supercell vector ¢ along
the z axis was also allowed to relax. The definitions and the calculating formula of strains in the nanoribbons
can be found in the reference 23. The doping calculations were conducted in VASP with the selected total
number of electrons in the supercell bigger (or less) than that of a neutral one and the monopole correction
was included. The GoW, 3! %2 and GoW,+BSE?>? calculations were conducted in BerkeleyGW?>! by pairing
with Quantum ESPRESSO.>* The wavefunction energy cutoff is 70 Ry (~950 ¢V). The energy cutoff for
the epsilon matrix is 18 Ry (~240 eV). The k-point mesh of 1 X 1 X 36 and both valence and conduction
bands of 6 was set for optical absorption calculations. The band number for summation is 1100. The
correction of the exact static remainder and the wire Coulomb truncation for 1D systems were also used.

The SOC energy between sites i and j is evaluated as the following equation:

Esoc = SRiRj6lilj§: kanky" (@Zklﬁi)(d)iIH'szc|¢j)(Pj|l])zk),
nk af

where H2% « ¢ - Z is the SOC operator and 4 the Pauli spin operator Z the angular momentum operator.

soc
The first delta function on the right side of the equation ensures that only onsite SOC energy is calculated,
because the relativistic correction of SOC acts predominantly in the immediate vicinity of the nuclei, such

that it is assumed that contributions of H . outside the PAW spheres are negligible. ¢p; = R;(|r — R;|)Y 1;m,(

r — R,) is the partial waves of an atom centered at R;. J)gk is the spinor-component ¢ of the pseudo-orbital
with band-index n and Bloch-vector k, and £, and wy are the Fermi- and k-point weights, respectively. p;

12

Page 12 of 30



Page 13 of 30

Journal of Materials Chemistry C

is the projector function. ¢; and p; are from the PAW pseudopotentials. J,;’l‘k is from the self-consistent

calculation of the Kohn-Sham equation. The calculated SOC energy from different orbitals will be summed
up to get the total SOC energy for each site that is the reported SOC energy for each W atom.

The Bloch (or band) state |y, ) is described by a two-component spinor with two components y,, and
Xk A0 [Yrp) = (X:k), where 1 and 2 in y;, and y,, are the component indexes. The spin-polarization is
Xnk

calculated as
2
1/2 y T k| Y i)Y i xmk)where j=x, v, z is for the three spatial axes, Y{, is the spherical harmonic
u,v'=11
centered at ion indexed by a. [ and m are the angular moment and magnetic quantum numbers and
m=-—l, —1+1,..,0,..l. g, represents the matrix element in the three Pauli matrices 0*, ¢”, or o”.
Summations over &, [, and m are done to get the contributions from all sites and orbitals to the state Wik

Supporting Information

Technical Note 1 for spin-polarization anisotropy analyses for A12WSe2 and A7WSe2 nanoribbons, note
2 for the d-orbital decomposition analyses for A13WSe2, Table S1 for the five observations to the band
structure map of the d-orbital decomposition of the spin-polarization along the x and y axes for the
A13WSe2 nanoribbon under different bending conditions, note 3 for k-grid convergence test of optical
absorption spectrum, Figures S1 and S2 for the relaxed structures of the A12WSe2 and A7WSe2
nanoribbons, Figures S3-S7, and S15-S28 for the band structures with SOC and/or without SOC, density
of states (DOS), site resolved SOC energies, strain analyses, band-structure mapped spin-polarizations, for
A13WSe2, A12WSe2 and A7WSe2, Figures S8-S14 for the d-orbital decomposition analyses for
A13WSe2, and Figures S29-S37 for GW band structures and spin-polarization, optical absorption and
exciton spectra, the exciton analyses at the different energies for the A7WSe2 nanoribbons.

Conflicts of interest

There are no conflicts to declare.

Author Contributions

H.T. and A.R. designed the research; H.T. and S.N. conducted the computation and analyzed the data;
J.M.B. did some exciton analyses; H.T. wrote the manuscript with discussions with A.R., S.N., and L.Y;
all authors discussed the results and contributed to the manuscript.

Acknowledgement

13



Journal of Materials Chemistry C

This work was supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy
Sciences, under Award Number DE-SC0021263. The work of H.T. was in part funded through the Catalytic
Collaborative Funding Initiative sponsored by the Office of Vice President for Research at Temple
University”. This research also used resources of the National Energy Research Scientific Computing
Center, a DOE Office of Science User Facility supported by the Office of Science of the U.S. Department
of Energy under Contract No. DE-AC02-05CH11231. This research also includes partial calculations
carried out on Temple University HPC resources supported in part by the National Science Foundation
through major research instrumentation grant number 1625061 and by the US Army Research Laboratory
under contract number W911NF-16-2-0189.

14

Page 14 of 30



Page 15 of 30

Journal of Materials Chemistry C

References

L.

10.

11.

12.

13.

14.

15.

16.

17.

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva
and A. A. Firsov, Electric Field Effect in Atomically Thin Carbon Films, Science, 2004, 306, 666-
669.

A. Chaves, J. G. Azadani, H. Alsalman, D. R. da Costa, R. Frisenda, A. J. Chaves, S. H. Song, Y.
D. Kim, D. He, J. Zhou, A. Castellanos-Gomez, F. M. Peeters, Z. Liu, C. L. Hinkle, S.-H. Oh, P.
D. Ye, S. J. Koester, Y. H. Lee, P. Avouris, X. Wang and T. Low, Bandgap Engineering of Two-
Dimensional Semiconductor Materials, npj 2D Materials and Applications, 2020, 4, 29.

A. K. Geim, L. V. Grigorieva, Van der Waals Heterostructures, Nature, 2013, 499, 419.

G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie, T. Amand and B. Urbaszek,
Colloquium: Excitons in Atomically Thin Transition Metal Dichalcogenides, Rev. Mod. Phys.,
2018, 90, 021001.

E. C. Ahn, 2D Materials for Spintronic Devices, npj 2D Materials and Applications, 2020, 4, 17.
K. F. Mak and J. Shan, Semiconductor Moiré Materials, Nature Nanotechnology, 2022, 17, 686-
695.

B. Huang, G. Clark, E. Navarro-Moratalla, D. Klein, R. Cheng, K. L. Seyler, D. Zhong, E.
Schmidgall, M. A. McGuire, D. H. Cobden, W. Yao, D. Xiao, P. Jarillo-Herrero and X. Xu,
Layer-Dependent Ferromagnetism in a Van der Waals Crystal Down to The Monolayer Limit,
Nature, 2017, 546, 270-273.

K. L. Seyler, D. Zhong, D. R. Klein, S. Gao, X. Zhang, B. Huang, E. Navarro-Moratalla, L. Yang,
D. H. Cobden, M. A. McGuire, W. Yao, D. Xiao, P. Jarillo-Herrero and X. Xu, Ligand-Field
Helical Luminescence in a 2D Ferromagnetic Insulator, Nature Physics, 2018, 14, 277-281.

S. Jiang, J. Shan and K. F. Mak, Electric-Field Switching of Two-Dimensional Van der Waals
Magnets, Nature Materials, 2018, 17, 406—410.

B. Huang, G. Clark, D. R. Klein, D. MacNeill, E. Navarro-Moratalla, K. L. Seyler, N. Wilson, M.
A. McGuire, D. H. Cobden, D. Xiao, W. Yao, P. Jarillo-Herrero and X. Xu, Electrical Control of
2D Magnetism in Bilayer Crl3, Nature Nanotechnology, 2018, 13, 544-548.

S. Jiang, L. Li, Z. Wang, K. F. Mak and J. Shan, Controlling Magnetism in 2D CrI3 by Electrostatic
Doping, Nature Nanotechnology, 2018, 13, 549-553.

X.-X. Zhang, T. Cao, Z. Lu, Y.-C. Lin, F. Zhang, Y. Wang, Z. Li, J. C. Hone, J. A. Robinson, D.
Smirnov, S. G. Louie and T. F. Heinz, Magnetic Brightening and Control of Dark Excitons in
Monolayer WSe2, Nature Nanotech., 2017, 12, 883—888.

T. Li, S. Jiang, L. Li, Y. Zhang, K. Kang, J. Zhu, K. Watanabe, T. Taniguchi, D. Chowdhury, L.
Fu, J. Shan and K. F. Mak, Continuous Mott Transition in Semiconductor Moire Superlattices,
Nature, 2021, 597, 350.

C.Jin, Z. Tao, T. Li, Y. Xu, Y. Tang, J. Zhu, S. Liu, K. Watanabe, T. Taniguchi, J. C. Hone, L. Fu,
J. Shan and K. F. Mak, Stripe Phases in WSe2/WS2 Moiré Superlattices, Nature Materials, 2021,
20, 940-944.

L. Ma, P. X. Nguyen, Z. Wang, Y. Zeng, K. Watanabe, T. Taniguchi, A. H. MacDonald, K. F. Mak
and J. Shan, Strongly Correlated Excitonic Insulator in Atomic Double Layers, Nature, 2021, 598,
585-589.

T. Li, S. Jiang, B. Shen, Y. Zhang, L. Li, Z. Tao, T. Devakul, K. Watanabe, T. Taniguchi, L. Fu, J.
Shan and K. F. Mak, Quantum Anomalous Hall Effect from Intertwined Moiré Bands, Nature,
2021, 600, 641-646.

Y. Zhou, G. Scuri, D. S. Wild, A. A. High, A. Dibos, L. A. Jauregui, C. Shu, K. D. Greve, K.
Pistunova, A. Y. Joe, T. Taniguchi, K. Watanabe, P. Kim, M. D. Lukin and H. Park, Probing Dark

15



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Journal of Materials Chemistry C

Excitons in Atomically Thin Semiconductors Via Near-field Coupling to Surface Plasmon
Polaritons, Nat. Nanotech., 2017, 12, 856.

H. Wang, H. S. Wang, C. Ma, L. Chen, C. Jiang, C. Chen, X. Xie, A.-P. Li and X. Wang, Graphene
Nanoribbons for Quantum Electronics, Nature Reviews Physics, 2021, 3, 791-802.

G. Z. Magda, X. Jin, I. Hagymasi, P. Vancso, Z. Osvath, P. Nemes-Incze, C. Hwang, L. P. Bir6
and L. Tapaszté, Room-Temperature Magnetic Order on Zigzag Edges of Narrow Graphene
Nanoribbons, Nature, 2014, 514, 608-611.

H. Pan and Y.-W. Zhang, Edge-Dependent Structural, Electronic and Magnetic Properties of
MoS2 Nanoribbons, J. Mater. Chem., 2012, 22, 7280-7290.

H. Tang, S. Neupane, Q. Yan and A. Ruzsinszky, Density Functional Theory Study of
Controllable Optical Absorptions and Magneto-Optical Properties of Magnetic Crl3

Nanoribbons: Implications for Compact 2D Magnetic Devices, ACS Applied Nano Materials,
DOI: 10.1021/acsanm.2c02722.

P. Lou, Quasiparticle Energies, Exciton Level Structures and Optical Absorption Spectra of Ultra-
Narrow ZSiCNRs, RSC Adv., 2017, 7, 52053-52064.

H. Tang, B. Neupane, S. Neupane, S. Ruan, N. K. Nepal and A. Ruzsinszky, Tunable band gaps
and optical absorption properties of bent MoS2 nanoribbons, Scientific Reports, 2022, 12, 3008.
B. Neupane, H. Tang, N. K. Nepal and A. Ruzsinszky, Bending as a Control Knob for the Electronic
and Optical Properties of Phosphorene Nanoribbons, Phys. Rev. Materials, 2022, 6, 014010.

L. Yu, A. Ruzsinszky and J. P. Perdew, Bending Two-Dimensional Materials to Control Charge
Localization and Fermi-level Shift, Nano Lett., 2016, 16, 2444-2449,

N. K. Nepal, L. Yu, Q. Yan and A. Ruzsinszky, First-Principles Study of Mechanical and Electronic
Properties of Bent Monolayer Transition Metal Dichalcogenides, Phys. Rev. Materials., 2019, 3,
073601.

J. A. Reyes-Retana and F. Cervantes-Sodi, Spin-Orbital Effects in Metal Dichalcogenide
Semiconducting Monolayers, Scientific Reports, 2016, 6, 24093.

A. Kormanyos, G. Burkard, M. Gmitra, J. Fabian, V. Z6lyomi, N. D. Drummond and V. Falko, k-p
Theory for Two-Dimensional Transition Metal Dichalcogenide Semiconductors, 2D Mater., 2015,
2 022001.

K. Zollner, P. E. Faria Junior and J. Fabian, Strain-Tunable Orbital, Spin-Orbit, and Optical
Properties of Monolayer Transition-Metal Dichalcogenides, Phys. Rev. B 2019, 100, 195126.

R. Frisenda, M. Driippel, R. Schmidt, S. M. de Vasconcellos, D. P. de Lara, R. Bratschitsch, M.
Rohlfing and A. Castellanos-Gomez, Biaxial Strain Tuning of the Optical Properties of Single-
Layer Transition Metal Dichalcogenides, npj 2D Mater. Appl. 2017, 1, 10.

P. E. Faria Jr., K. Zollner, T. Wozniak, M. Kurpas, M. Gmitra and J. Fabian, First-Principles
Insights into the Spin-Valley Physics of Strained Transition Metal Dichalcogenides Monolayers,
New J. Phys. 2022, 24, 083004.

J.-D. Zheng, Y .-F. Zhao, Z.-Q. Bao, Y.-H. Shen, Z. Guan, N. Zhong, F.-Y. Yue, P.-H. Xiang and
C.-G. Duan, Flexoelectric Effect Induced p—n Homojunction in Monolayer GeSe, 2D Mater. 2022,
9, 035005.

C. Liu, S. Hu and S. Shen, Effect of Flexoelectricity on Electrostatic Potential in a Bent
Piezoelectric Nanowire, Smart Mater. Struct. 2012, 21, 115024.

W. Ma, A Study of Flexoelectric Coupling Associated Internal Electric Field and Stress in Thin
Film Ferroelectrics, Phys. stat. sol. (b) 2008, 245, 761-768.

K.-A. N. Duerloo, M. T. Ong and E. J. Reed, Intrinsic Piezoelectricity in Two-Dimensional
Materials, J. Phys. Chem. Lett. 2012, 3, 2871-2876.

16

Page 16 of 30



Page 17 of 30

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

Journal of Materials Chemistry C

J.-H. Lee, J. Y. Park, E. B. Cho, T. Y. Kim, S. A. Han, T.-H. Kim, Y. Liu, S. K. Kim, C. J. Roh,
H.-J. Yoon, H. Ryu, W. Seung, J. S. Lee, J. Lee and S.-W. Kim, Reliable Piezoelectricity in Bilayer
WSe?2 for Piezoelectric Nanogenerators, Adv. Mater. 2017, 29, 1606667.

E. N. Esfahani, T. Li, B. Huang, X. Xu and J. Li, Piezoelectricity of Atomically Thin WSe2 via
Laterally Excited Scanning Probe Microscopy, Nano Energy, 2018, 52, 117-122.

W. Wy, L. Wang, Y. Li, F. Zhang, L. Lin, S. Niu, D. Chenet, X. Zhang, Y. Hao, T. F. Heinz, J.
Hone and Z. L. Wang, Piezoelectricity of Single-Atomic-Layer MoS2 for Energy Conversion and
Piezotronics, Nature 2014, 514, 470-474.

Y. Maximenko, Y. Chang, G. Chen, M. R. Hirsbrunner, W. Swiech, T. L. Hughes, L. K. Wagner
and V. Madhavan, Nanoscale Studies of Electric Field Effects on Monolayer 1T'-WTe2, npj
Quantum Materials 2022, 7, 29.

C. Nethravathi, A. A. Jeffery, M. Rajamathi, N. Kawamoto, R. Tenne, D. Golberg, Y. Bando,
Chemical Unzipping of WS2 Nanotubes, ACS Nano 2013, 7, 7311-7317.

S. Padmajan Sasikala, Y. Singh, L. Bing, T. Yun, S. H. Koo, Y. Jung, S. O. Kim, Longitudinal
Unzipping of 2D Transition Metal Dichalcogenides, Nat. Commun. 2020, 11, 5032.

K. Vasu, S. S. R. K. C. Yamijala, A. Zak, K. Gopalakrishnan, S. K. Pati, C. N. R. Rao, Clean WS2
and MoS2 Nanoribbons Generated by Laser-Induced Unzipping of the Nanotubes, Small 2015, 11,
3916—3920.

J.-B. Wu, H. Zhao, Y. Li, D. Ohlberg, W. Shi, W. Wu, H. Wang, P.-H. Tan, Monolayer
Molybdenum Disulfide Nanoribbons with High Optical Anisotropy. Adv. Opt. Mater. 2016, 4,
756—762.

H. E. Lim, Z. Liu, J. Kim, J. Pu, H. Shimizu, T. Endo, Y. Nakanishi, T. Takenobu and Y. Miyata,
Nanowire-to-Nanoribbon Conversion in Transition-Metal Chalcogenides: Implications for One-
Dimensional Electronics and Optoelectronics, ACS Appl. Nano Mater. 2022, 5, 1775—1782.

Z. Wang, K. Zhao, H. Li, Z. Liu, Z. Shi, J. Ly, K. Suenaga, S.-K. Joung, T. Okazaki, Z. Jin, Z. Gu,
Z. Gao and S. lijima, Ultra-Narrow WS2 Nanoribbons Encapsulated in Carbon Nanotubes, J.
Mater. Chem., 2011, 21, 171-180.

Z. Wang, H. Li, Z. Liu, Z. Shi, J. Lu, K. Suenaga, S.-K. Joung, T. Okazaki, Z. Gu, J. Zhou, Z. Gao,
G. Li, S. Sanvito, E. Wang and S. lijima, Mixed Low-Dimensional Nanomaterial: 2D Ultranarrow
MoS2 Inorganic Nanoribbons Encapsulated in Quasi-1D Carbon Nanotubes, J. Am. Chem. Soc.
2010, 132, 13840—13847.

G. Kresse and J. Furthmiiller, Efficient Iterative Schemes for Ab Initio Total-Energy Calculations
Using a Plane-Wave Basis Set, Phys. Rev. B, 1996, 54, 11169.

P. E. Blochl, Projector Augmented-Wave Method, Phys. Rev. B, 1994, 50, 17953.

G. Kresse and D. Joubert, From Ultrasoft Pseudopotentials to the Projector Augmented-Wave
Method, Phys. Rev. B, 1999, 59, 1758.

J. P. Perdew, K. Burke and M. Emzerhof, Generalized Gradient Approximation Made Simple,
Phys. Rev. Lett., 1996, 77, 3865.

J. Deslippe, G. Samsonidze, D. A. Strubbe, M. Jain, M. L. Cohen and S. G. Louie, BerkeleyGW:
A Massively Parallel Computer Package for the Calculation of the Quasiparticle and Optical
Properties of Materials and Nanostructures, Comput. Phys. Commun., 2012, 183, 1269.

M. S. Hybertsen and S. G. Louie, Electron Correlation in Semiconductors and Insulators: Band
Gaps and Quasiparticle Energies, Phys. Rev. B, 1986, 34, 5390.

M. Rohlfing and S. G. Louie, Electron-Hole Excitations and Optical Spectra from First Principles,
Phys. Rev. B, 2000, 62, 4927.

P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. Buongiorno Nardelli, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, M. Cococcioni, N. Colonna, I. Carnimeo, A. Dal Corso, S. de Gironcoli,

17



Journal of Materials Chemistry C Page 18 of 30

P. Delugas, R. A. DiStasio Jr, A. Ferretti, A. Floris, G. Fratesi, G. Fugallo, R. Gebauer, et al.
Advanced Capabilities for Materials Modelling with Quantum ESPRESSO, J. Phys.: Condens.
Matter., 2017, 29, 465901.

18



Page 19 of 30 Journal of Materials Chemistry C

Table 1. The calculated magnetization (in unit Bohr magneton pg per supercell) along the X, y, and z
directions for the A13WSe, nanoribbon under different bending from methods CF (changed Fermi level)
and VD (VASP doping). The electron (hole) doping level is 0.12 electrons (0.12 holes) per supercell. Flat
represents a flat nanoribbon, and R13 for bending radius R = 13 A and so on.

flat R13 R6

axis e-doping h-doping e-doping h-doping e-doping h-doping
CF VD CF VD CF VD CF VD CF VD CF VD
X 0.000 0.000 0.000 | 0.000 -0.010 -0.008 | +0.019 | +0.014 -0.050 -0.018 | -0.038 -0.022
0.000 | +0.094 | 0.000 | 0.000 0.000 0.000 0.000 0.000 +0.001 | 0.000 0.000 0.000
z 0.000 0.000 | 0.000 | 0.000 0.000 0.000 0.000 0.000 -0.001 0.000 0.000 0.000

<
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Figure 1. The structures of the armchair WSe, nanoribbons, their relaxed structures, band structures,
band gaps, and the SOC energies on metal sites under different bending curvature radii R. The flat
nanoribbons AnWSe, with n=13, 12, and 7 are shown in (a), (b) and (c), respectively. n in AnW Se,
represents the number of W atoms in the periodic supercell, whose unit vectors a, b, and ¢ are aligned
with axes X, y, and z, respectively. Blue balls represent W atoms, green balls are for Se atoms and small
white balls are H atoms. The side views of the A13WSe, nanoribbon are also shown in (a). Panel (d)
shows the relaxed structures of the A13WSe, nanoribbon under flat, R =154, R=13 4, R=114,
R=10A R=9A R=8A R=7A and R=6A. Panels (e), (f), (g), (h), (i), (j), (k), (1), (m), and (n) are
the calculated band structures with SOC of the A13WSe, nanoribbon for flat ribbon, R = 15 A, R=144
,R=13A,R=114R=104 R=94, R=8A4,R=74, and R=6 A, respectively. The bands around
the Fermi level are shown in red and other bands are in blue for clarity. The edge band gap (EG) is
defined as the difference between the conduction band minimum (CBM) and the valence band maximum
(VBM), while the non-edge band gap (NEG) is defined as the one between the bottom of the conduction
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band continuum (CBC) and the top of the valence band continuum (VBC), as shown in panel (f). With
large bending (R < 9 A), the lower edge bands just below the Fermi level merge into VBC and in these
cases, EG is the difference between CBM and VBC, as shown in panel (m). The NEG and EG of the three
nanoribbons AnWSe, with n=13, 12, and 7 as the function of bending curvature x (x = 1/R) are in (0)
and (p), respectively. Panel (q) shows the SOC energy on each W atom in the A13WSe, nanoribbon as a
function of bending. The energy is negative, and the magnitude of the energy is plotted. The W atoms are
placed across the ribbon width. The atom indexes within the middle region of panel (q) represent the W
atoms located in the middle region of the nanoribbon, while the two on the leftmost (index 1) and the
rightmost (index 7) represent the two edge W atoms in the nanoribbon.
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Figure 2. The k point and band resolved spin-polarization along the width direction (x axis) of the
A13WSe, nanoribbon under different bending curvature radii R. Panels (a), (b), (¢), (d), (e), (f), (g), (h),
@), (), (k), and (1) are for flat, R=18 A, R=154,R=14A R=134A R=114A R=104 R=94,
R=8A R=7A, and R =6 A respectively. The bending radius is also marked in each panel, i.e., R18
means R = 18 A and so on for others. In each panel, the left subplot is for odd number indexed bands,
while the right one is for the even number indexed bands. The red (blue) color represents the spin-up
(spin-down) spin-polarization, with the spin-up (spin-down) pointing to the negative (positive) direction
of the x axis. The magnitude of the magnetization (in the unit of Bohr magneton pg) at each k point and
each band is proportional to the size of the spot. Panel (1) represents the reference size of the spots with
the magnetic moment of 1 ug (red) or -1 ug (blue). Note that all the spin-up or spin-down directions
calculated in the VASP code are in the so-called internal coordinate system, which is not identical to the
xyz coordinate system of the supercell and they are related by a transformation matrix. However, the x, y,
and z in all figures presented in this paper are referred to those in the Xyz coordinate system of the
supercell. This explains why a spin-up along the x (or z) axis is not pointing to the positive x (or z)
direction, but for y, it is.
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Figure 3. The k point and band resolved spin-polarization along the y axis (perpendicular to the plane of
the flat nanoribbon) of the A13WSe, nanoribbon under different bending curvature radii R. Panels (a),
(b), (¢), (d), (e), (D), (g), (h), (i), (j), (k), and (1) are for flat, R=18 A, R=154 R=14 A R=13A,
R=11AR=104A R=94A R=8A R=74, and R =6 A respectively. In each panel, the left subplot
is for odd number indexed bands, while the right one is for the even number indexed bands. The red
(blue) color represents the spin-up (spin-down) spin-polarization, with the spin-up (spin-down) points to
the positive (negative) direction of the y axis. The magnitude of the magnetic moment (in the unit of Bohr
magneton ug) at each k point and each band is proportional to the size of the spot. Panel (1) represents the

reference size of the spots with the magnetic moment of 1 ug (red) or -1 pg (blue).
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Figure 4. The spatial variation and anisotropy of the spin-polarization with bending for the A13WSe2
nanoribbon. The averaged magnitudes of the spin-polarization are for the valence bands V1-V8 and
conduction bands C1-C6 as a function of bending curvature k = 1/R. The averaged magnitudes of the
spin-polarization along axis x (the ribbon width direction) are shown in (a). The averaged magnitudes of
the spin-polarization along axis y (along the direction perpendicular to the plane of the flat nanoribbon)
are shown in (b). The averaged magnitudes of the spin-polarization along axis z (the ribbon length
direction) are shown in (c). The spin-polarization anisotropy is manifested as the calculated net
magnetization (Bohr magneton / supercell) under difference bending curvatures due to an electron (or
hole) doping of 0.12 electron (or hole) /supercell. The calculated net magnetizations along the x, y and z
axes as a function of bending curvatures are shown in (d), (e) and (f), respectively. In (d)-(f), the legend
“Conduction band” represents only the results of electron doped conduction bands just above the Fermi
level, while the legend “Valence band” is only for that of hole doped valence band just below the Fermi
level. In (d)-(f), the positive values mean spin-up, while the negative ones for spin-down.
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Figure 5. The band structures and k point and band resolved spin-polarizations of the A13WSe,

nanoribbon under the electron doping of 0.12 electrons per supercell and under three bending conditions.
Panels (a), (b), (c), and (d) in the top row are the band structure, spin-polarization along the x axis, spin-
polarization along the y axis, and spin-polarization along axis z, respectively, for the flat nanoribbon. In

panels (b)-(d), the odd number indexed bands are plotted on the left side and the even numbered ones are
on the right side with the same energy scale, for clarity. The directions to which a spin-up (or a spin-
down) polarization points in the two spatial axes x and y are the same as those defined in Figures 2 and 3.
The direction to which a spin-up (or a spin-down) polarization points in the z axis, is the same as that
defined in Figure S6. The middle (bottom) row is for bending radius R = 13 A (R = 6 A&). The figure

panels in the last two rows are arranged similarly as in the top row. The figure for the hole doping is in

Figure S7 in the Supplemental Information.
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Figure 6. The optical absorption spectra of the A7W Se, nanoribbon under different bending radii
calculated with GW (at the DFT of PBE) and BSE. A constant Gaussian broadening of 28 meV is used in
all calculations. Only the results with the electron and hole interaction are shown. The two adjacent
curves are shifted vertically by 6 eV for clarity. The results without the electron and hole interaction are

in Figure S30 in the Supplemental Information.
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Figure 7. The GoW, band structures and k point and band resolved spin-polarizations of the A7WSe,
nanoribbon under three bending conditions. Panels (a), (b), and (c) in the top row are the GyW, band
structures, spin-polarization along axis X, and spin-polarization along axis y, respectively, for the flat
nanoribbon. In panels (b) and (c), the odd number indexed bands are plotted on the left side and the even
numbered ones are on the right side with the same energy scale, for clarity. Panes (b) and (c) also show
the second kind of band labels, i. e. C1, C2, ... and V1, V2, ..., which are for labeling the conduction
bands (C1, C2, ...) counted upwards from the Fermi level, and for the valence bands (V2, V2, ...)
counted downwards from the Fermi level. The highest valence band is labelled as V1 and the lowest
conduction band is labelled as C1. The middle (bottom) row is for bending radius R = 10 AR=5A).
The figure panels in the last two rows are arranged similarly as in the top row. The dashed horizontal lines
in (a), (d) and (g) represent the Fermi level. The directions to which a spin-up (or a spin-down)
polarization points in the two spatial axes x and y are the same as those defined in Figures 2 and 3. The
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plots for the spin-polarization along axis z and other bending radii are in Figure S29 in the Supplemental
Information.

28



Page 29 of 30

Journal of Materials Chemistry C

6

N w B~ [S,]

Conduction band index

-

-3.51

4.0

259
301

___ATWSe2-flat-exciton

]

] 1.0
i 0.5
0.0
-0.5
7 —~-1.0
S
L-15

oo

2

3

4

5

Valence band index

-3.5

r z
ATWSe2-flat-exciton

259 .
-3.04

@

-4.0

r z

1.0
05
0.0
05
=10
15
oo
2.5

(9)

3.04. "

-3.5
4.0

1.0

0.5

0.0
-0.5
-1.0
-1.5
-2.0
-25
-3.0
-3.5

E (eV)

401

ATWSe2-flat-exciton

1.0 3

0.5

0.0
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
-3.5

E (eV)

ATWSe2-flat-exciton

(h)

r
A7WSe2-flat-exciton

@

Z

-4.0

1.0 1

0.5

0.0
-0.5
~-1.0
£.41.6

W

251

-3.0
-3.5

r Z
ATWSe2-flat-exciton

(k)

Z

-4.0

[ z

Figure 8. The dark exciton at the energy of 0.43 eV of the flat A7WSe, nanoribbon. (a)-(c) show the three
views of the squared modulus of wavefunction of this exciton in real space. (d) shows the band-summed

envelope function of the exciton, Zv C|A1,,C(k)|2, representing the distribution of excitons in k-space. ()

shows the decomposition of the transition bands involved in this exciton, and the size of the spots
proportional to 2 k|AU_C(k) |2 and represents the contributing weight from the v-c pair. (f), (g), (h), (i), (j),
and (k) represent the contribution from all valence bands to the conduction band C1, C2, C3, C4, C5, and
C6, respectively. (f)-(k) are in the same energy scale as Figure 7. The spot size in the valence states in (f)-
(k) is proportional to the modulus square of the exciton envelope function |A,, (k) |2, representing the
contribution from that valence band and k point to the corresponding conduction band. The red (blue)
color is for spin-up (spin-down) in (f)-(k).
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Figure 9. The bright exciton at the energy of 0.69 eV of the flat A7WSe, nanoribbon. (a)-(k) are plotted
and arranged in the same way as in Figure 8.
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