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Abstract

Semiconductor monolayer transition metal dichalcogenides (TMDs) have brought a
new paradigm by introducing optically addressable valley degree of freedom. Concomi-
tantly, their high flexibility constitutes a unique platform that links optics to mechanics
via valleytronics. With the intention to expedite the research in this direction, we inves-
tigated ten TMDs, namely MoSs, MoSes, MoTes, WSo, WSes, WTes, MoSSe, MoSeTe,
WSSe, and WSeTe, which particularly includes their so-called janus types (JTMDs).
First, we obtained their electronic band structures using regular and hybrid density
functional theory (DFT) calculations in the presence of the spin-orbit coupling, and

biaxial or uniaxial strain. Our DFT results indicated that against the expectations



based on their reported piezoelectric behavior, JTMDs typically interpolated between
the standard band properties of the constituent TMDs without producing a novel fea-
ture. Next, by fitting to our DFT data we generated both spinless and spinful k - p
parameter sets which are quite accurate over the K valley where the optical activity
occurs. As an important application of this parametrization, we considered the circular
and linear dichroism under strain. Among the studied (J)TMDs, WTe, stood out with
its largest linear dichroism under uniaxial strain because of its narrower band gap and
large K valley uniaxial deformation potential. This led us to suggest WTes monolayer
membranes for optical polarization-based strain measurements, or conversely, as strain

tunable optical polarizers.

Introduction

Transition metal dichalcogenides, MX, with the structure consisting of one layer of M atoms
(transition metals such as Mo, W, etc.) sandwiched between two layers of X atoms (chalco-
gen, S, Se, or Te) have been studied extensively due to their intriguing physical properties. !
In the first place, being mostly semiconducting materials, they have attracted significant
interest potentially as transistors®® and optical emitters.* Further extensive investigations
have revealed novel applications such as valleytronics,®® piezotronics,” phototransistors, and
photodetectors.® On the material growth, the complex TMD structures consisting of chalco-
gen layers formed with different atoms (MX5), dubbed janus TMD (JTMD)?! (MXX’) have
been experimentally realized with a chemical vapor deposition technique.!*!2 This important
development, first practiced with the sulfurization or selenization of MoSs/Ses, multiplies
alternative materials within this family and promotes piezoelectric behavior by breaking
the mirror symmetry in the out-of plane direction.'® In recent experimental studies, also
their two-layer hetero compounds, MoSSe/MoS,, MoSSe/WSSe, and WSSe/MoSSe have
been reported along with the use of strain as a control mechanism on dynamical and optical

properties of these materials. '4 16



Naturally accompanying the experimental progress, first-principles studies have consid-
ered a vast number of (J)TMD crystals and unveiled further two-dimensional TMDs with

13,21

the unique optical,!” transport,® 20 piezoelectric, and flexoelectric?? physical proper-

ties. Moreover, the use of these materials in future technological applications such as op-

23-25 26-28 29-33 34-37

toelectronics, valleytronics, solar power harvesting, gas sensing, and water
splitting®® 3 have been demonstrated.

In addition to these exciting uses for (J)TMDs, two other directions which hold promise,
but are so far overlooked, are the high-precision polarization photodetection and optical
polarization-based strain measurements. The polarization is one of the characteristic prop-
erties of an electromagnetic wave just like its wavelength. Probing this feature of radiation
requires materials showing so-called dichroic behavior, where there is preferential absorption
of a resonant photon according to its polarization. In the case of TMDs, very early on they
were discovered to be optically chiral, meaning, they display a strong valley-selective circular
dichroism (CD), arising from broken inversion (C3) symmetry.>%417 This is accompanied
by a nonzero Berry curvature®*® which leads to other interesting physics such as the valley
Zeeman effect.4%°? From the application standpoint of CD in TMDs, one proposal is design-
ing polarization-sensitive meta-materials for imaging devices and display technologies.®® As
opposed to CD, the linear dichroism (LD) discriminates the electromagnetic absorption for
two orthogonal linear polarizations. Yet, a pristine monolayer TMD because of the particular
in-plane symmetry does not show LD at the K-point where there occurs the conduction and
valence band extrema. Having said this, under uniaxial strain the Dsj point-group symmetry
of monolayer TMDs is lowered to Cy, which allows for LD at the K point, thus constituting
a candidate platform for high performance polarization photodetection.??

As mentioned above, much of the progress in this field is enabled by first-principles
calculations, predominantly using the density functional theory (DFT) technique.?* 5 Here,

one should note that these are quite demanding because of their excessive computational

budget, especially for highly accurate band gap in the presence of symmetry-lowering strain



and spin-orbit coupling. On the other extreme of the computational complexity scale with
respect to DFT, there is the so-called k - p method which offers the simplest alternative
that can describe most of the electronic and optical properties,®® though, its performance
crucially depends on its parametrization. There are a number of k - p parameter sets for

48,5761

monolayer TMDs, but to the best of our knowledge, none so far for JTMDs.

In this work, choosing ten semiconductor monolayer (J)TMDs consisting of MoS,, MoSes,
MoTey, WSy, WSey, WTey, MoSSe, MoSeTe, WSSe, and WSeTe, we study several key
electronic and optical properties. First, we obtained their electronic band structures using
regular and hybrid DFT calculations, including the spin-orbit coupling. Taking into account
strain engineering of (J)TMDs,% we intently considered the effects of biaxial and uniaxial
strain, that yield the corresponding electronic deformation potentials of the K valley. From
our DFT results, we extracted both spinless and spinful k - p parameter sets. The electron-

5758 and the strain®' terms of the Hamiltonian are

hole asymmetry, trigonal warping, cubic,
included, so that a faithful agreement with the DFT data is attained over the K valley.
Finally, using this k - p electronic structure we investigated the CD and LD properties of
these materials. Here, our main finding is that WTe, develops the largest LD under uniaxial
strain, the reason being both its narrower band gap and large K valley uniaxial deformation
potential. Another noteworthy point is that, unlike their enhanced piezoelectric behavior, '3
for the properties considered in this work our results did not show a distinct feature of JTMDs
in comparison to constituent TMDs, in other words, the values of MSSe typically interpolate
between the MSy; and MSe,. Such characteristics for JTMDs is somewhat expected in this
context, as they mainly break the mirror symmetry perpendicular to the atomic plane,!?
whereas the effects like CD stem from the in-plane 3-fold rotational symmetry. 5

An important remark is that for all the (J)TMDs considered in this work, the amount
of strain exerted is limited to values such that the materials are assured to remain a direct

band gap.®® Indirect band gap materials are undesirable because of their orders of magnitude

weaker optical transitions than direct gap counterparts.% Nevertheless, in principle the k- p



technique offered in this work can be extended to indirect band gap (J)TMDs or strain
regimes. This amounts to switching from a specific valley, say K, to the full zone k - p
approach.® The price to be paid is the need for much higher number of bands, for instance, 15
for the spinless case, whereas 4- and 8-band approaches were shown to fail. % One inevitable
drawback of the increase of the number of bands is the proliferation of the corresponding
k - p parameters.

The organization of the paper is as follows. First, we describe our computational and
theoretical methods, namely, DFT, k - p, and dichroism formulations. Then, we present
detailed DFT electronic structure results for unstrained and strained (J)TMDs. These are
then used to extract the k- p parameters including strain and spin-orbit effects. On the basis
of this parametrization, we obtain CD and LD when these (J)TMDs are subjected to biaxial,
uniaxial and shear strain. Finally, we summarize our main findings. Extensive additional

results for each section are available in the Supporting Information.

Methods

First-Principles Calculations

The DFT calculations were performed using the Vienna Ab Initio Simulation Package (VASP).5?
The projector augmented wave* type Perdew—Burke-Ernzerhof (PBE) % exchange-correlation
functionals based on Generalized Gradient Approximation were used. Since PBE functional
underestimates the band gap of the semiconductor materials, the Heyd-Scuseria-Ernzerhof
(HSE)®> approach was employed over the PBE calculations in order to predict the results
comparable with the experiments. Due to the strong spin-orbit coupling (SOC) previously
predicted for TMDs,* it was specifically included in both PBE and HSE calculations. The
plane wave energy cutoff as 500 eV was used considering the desired accuracy in the band
structures to be used in k - p parameter fitting. The Brillouin zone integration (k-point

sampling) scheme was chosen as Monkhorst-Pack and the corresponding values were set to



36x36x1 and 15x15x1 for PBE and HSE calculations, respectively. The convergence cri-
teria for total energy and ionic forces were chosen as 1x10~7 and 0.0001 eVA~'. Atomic
structure of (J)TMD and their reciprocal space high symmetry points for hexagonal and

tetragonal crystal structures are seen in Figure 1 a, b.

k - p Theory

The k - p is an empirical band structure method using a discrete set of Bloch states, most
commonly chosen at the bandedges, as the basis functions.?® It offers a simple low-energy
Hamiltonian which takes into account interband and spin-orbit couplings as well as pertur-
bations such as strain. For the spin-orbit coupling we used the wave vector independent and

diagonal in spin-space approximations.®”58

Thus, this leads to a decoupled two-band k - p
Hamiltonians for each spin label s, which we shall denote using a superscript as H*. We
also provide spinless k - p parameters, in which case this label in the expressions should be
ignored. Throughout this work we shall assume the +K valley without loss of generality,
while the expressions for the — K valley can be obtained by a time-reversal operation (orbital
part conjugation and spin label flip).57

For two-dimensional materials the starting point of the Hamiltonian is the electron-hole

t;67

symmetric part;®" choosing the +K valley as the origin for (k,, k,) axes it takes the form

HE o = f—loz + fya(kyo, + kyoy) , (1)

symm 2

where a is the lattice constant of the crystal, o;’s are the Cartesian components of the
Pauli matrix, f7 is the energy gap and f; is defined as the velocity in the Dirac equation.®!
This sets the correct band gap but with symmetric dispersion for the conduction and valence
bands. Note that in our choice of basis ordering the conduction and valence bandedge vectors
correspond to (1 0)T and (0 1)T, respectively.%! For TMDs additional contributions are

crucial,®”® namely, the asymmetry term which breaks the symmetry between the conduction



and the valence bands

Tl L 2)

asym
0 «of

the term that introduces trigonal warping to otherwise isotropic energy dispersion

S S 0 ki
Hrw =K ) (3)
k20
and the cubic term that enables a better fit to DFT results over a larger portion of the K

valley

s [0 ke
: (4)

where ki = k, £1ik,. Additionally, strain can be accommodated up to linear in mechanical

perturbation as®!

He = falewe + 5yy)0z + f5 [(€aa — 6yy)aac - Qexyay] . (5)

Note that we considered these two deformation potentials, f; and f5 as spin independent.
Thus, the overall k - p Hamiltonian to be fitted to the DFT band structure becomes

Hs = Hgymm + stym + H”S[‘W + H(S:ub + H€' (6)

As described above each term in this Hamiltonian has a well defined and distinct purpose.

To preserve this hierarchy, the parameter fittings are done sequentially, starting with the

symmetric (massive Dirac Fermion) part which we explain below.



Parameter Fitting Expressions

The parameters, f7, f5, o®, and 8° were extracted by fitting to DF'T results using successively

the following expressions

/88

B ~ By, 7)

h f

o\ — ®)
o (f3a)’

i 9
hZ fSCL 2

2mzs ( j‘f’) (10)

where the DFT values of E&p (E¥g) and m:® > 0 (m!* < 0) for the conduction (valence)

bandedge energy and effective mass for the spin component s were used. We defined the

spin splitting for conduction band (CB) as Acg = Flp — ElLp and the valence band (VB) as

Ay = E\i,B — E\T,B. Therefore, as a crosscheck, in terms of spin splittings we also have the

relation ff = fli — A2 + ASS. We fixed the x* parameter by fitting the isoenergy contours

to the DF'T values for each spin component to ensure trigonal warping. For the agreement

with DFT bands at a larger scale, the n° parameter was employe

d 48,57,58

The f; was fitted to the strain-dependent DFT band gap value,

E, = f1 +2fi(ezs +eyy) - (11)

Similarly, f5 was extracted by using

Akxo -

ff—< ), (12)

where Ak, represents the shift in band extreme under uniaxial strain, predicted by DFT.



Dichroism within k - p Hamiltonian

For a direct interband transition under a light polarized along the ¢ unit vector direction,

the momentum matrix element component is

P (k) = u; (k)é- pu;(k), (13)

c v

which can be written in a more convenient way for k - p as%”

OH (k)
Ok

mo

P = 50

u;>. (14)

Here, my is the free-electron mass and |u? ) stands for the cell-periodic parts of Bloch states
of CB/VB.% In the remainder of this subsection, we suppress the spin label s for the sake
of notational simplicity.

For the circular polarizations é+ = F(2 % i)/v/2, the momentum matrix element py =

€+ - p becomes

1 oH OH
P+ = :Fﬁ (a—kw =+ Za—ky) ) (15)

whereas, for the linear polarizations, € = & and € = ¢, the operator derivatives are straight-
forward.

Within the corresponding spin-subspace, any two-band Hamiltonian, as in eq. (6), can
be written as a superposition of Pauli matrices o;, i = 0 to 3 with o9 = 1, as H = h,o;,

where summation over repeated index i is implied, giving the explicit form®®

ho + hs hy —ihs
H= . (16)
hi+ihy  ho — hs

The corresponding eigenvectors in terms of r = %, h = \/h?+ h% + hZ, can be expressed
3



as

1 1

rp—
V14| ”

1 -

V14 |r? 1

Likewise, if we express 0. H = dSo;, for Hamiltonian derivatives along é (see the next section

for their expressions), the final form of the momentum matrix element becomes

v Mo

€ ok € X2\ e *2
P6 —m[—Qdiﬂ" +d1 (1 T ) Zd2 (1—|—T )j| (19)

Using P, the v — c¢ interband absorption dichroism can be quantified in terms of

k-resolved degree of optical polarization, under a circular electromagnetic field as*®

k) = , 20
10 = e o + P P 20)

and under a linear polarization

PP - [P
|Pe(k)” + | Pev (k)|

Ccv

i’ (k)

(21)

These are numerically computed according to eq. (19) once df is available.

10



OH /0k. Expressions

In this subsection we provide the expressions for df to be used in eq. (19). For linear

polarization components, € = z,y, we obtain

a/]'[symm

8]{76 = f2a 067 (22)
‘ 0
aHaZym _ oo |7 (23)
€ 0 «
In the case of circular polarization, ¢ = 4+, —, they become
a:i:;’-[symm = :F\/§f2a0i7 (24)
g 0
OsHosym = —V2k= : (25)
0 «

where 04 = (0, £i0,)/2.

11



The remaining derivatives of the Hamiltonian terms are similarly worked out as

0 ki
éLﬂ-LTW = 2K 5 (26)
k.0
0 k.
Gy’HTW = 2K s (27)
k.0
0 0
O Hrw = —2V2k ; (28)
k. 0
0 k
O_Hrw = 2v2k g (29)
0 0
0 Ak2 — k2
O Moy — g . (30)
Ak2 — k2 0
0 —4k2 — |2
OHew, = it v (31)
Aky + k2 0
0 2k k_
Moy, = ——b A (32)
YPAVEI
Jr
o[ 0 R
a_chb - 5 (33)
2% k- 0

Approximate Analytical Expressions

If we retain the symmetry and asymmetry terms of the Hamiltonian, that is eqs. 1 and 2,

respectively we get the linear polarization matrix elements as

P = s [<2ko (B — a)r* + foa (1-17%)], (34

P = s [<2ky (8 — a)r —ifaa (1+17%)]. (35)

12



For the circular polarization, these are

Py =l [k (B — a)r* — foal, (36)
P = ol [k (B — a)r* — foar™?]. (37)

For simplified analytical expressions at the expense of some further approximation, we
can keep only the contribution from Hgymm, in eq. (1). Then, the degree of linear polarization

reduces to

cv_‘l_r*2|2_|1+r*2|2_ 2(h%_h%)(h3+ﬁ)2 (38)
T L R (e )

As will be later shown, this will shed light in revealing which parameters play a role in
enhancing linear polarization dichroism under uniaxial strain. Finally, the same expression

for the degree of circular polarization is obtained as

L= [r[* _ (hs +1)* — (12 + h3)?
Lt (2 + h3)2 + (hs + )Y

ng = (39)

Results and Discussion

DFT Results

Our calculated electronic band structures and band gap values for TMD monolayers are in
very good agreement with the literature®® as depicted in the Supporting Information. How-
ever, for some JTMD structures our results slightly contradict the available literature. %6971
Figure 2 shows the electronic band structures calculated using PBE and PBE+SOC, where
VB maximum (VBM) is set to zero. The materials MoSTe and WSTe are obtained to be
indirect band gap materials, whereas the rest were calculated as direct band gap, with both

corresponding CBM and VBM being at the K point in the Brillouin zone. The difference

between the PBE direct (1.55 eV) and indirect band gap (1.57 eV) values of MoSSe is only

13



Figure 1: (a) Top and side view of JTMDs. (b) High symmetry points corresponding for
hexagonal and orthorhombic (tetragonal) lattice, respectively.

14



20 meV, but in the PBE+SOC results the direct gap is more clear. In fact, this slight
difference somehow clarifies the direct?*3%727 and indirect %% band gap result diversity
in the literature. Contradicting results exist in the literature also for WSSe, MoSeTe, and
WSeTe.29:39:69.70.73 Considering these differences, we revisited the computations both with

and without SOC and reported the band parameters.

E-Ef(eV)

E-Ef(eV)

Figure 2: MoXX’ and WXX’ band structures calculated PBE (gray/dashed) and PBE4+SOC
(blue/solid).
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In Table 1, acquired band gap values for TMDs and JTMDs are presented. For MoX,
and WX, (X=S,Se,Te) monolayers, the calculated band gap decreases when X changes as
S—Se—Te which can also be monitored in the band structure plots presented in the Sup-
porting Information. This characteristic behavior is also observed in direct band gap janus
structures depicted in Figure 2. Our results clearly reveal that the band gap values of the
janus structures can be estimated by the average of corresponding pristine TMD monolayers.
For instance, for the band gap value of MoSSe, 1.56 eV is almost equal to the average of
the band gap values of MoS,, 1.66 eV and MoSe,, 1.43 eV. The hybrid DFT calculations
adopted on PBE and PBE+SOC computations increase the band gaps around 0.4-0.5 eV
but do not alter the mentioned features.

Table 1: Band Gaps Calculated with PBE and HSE Compared with and without SOC?®

EPBE (ev) EHSE (ev) EPBE+SOC (ev) EHSE+SOC (ev)

gap gap gap gap
MoS 1.66 2.13 1.58 2.02
MoSe, 1.43 1.89 1.32 1.72
MoTe, 1.08 1.46 0.94 1.27
WS, 1.80 2.29 1.54 1.99
WSe, 1.53 2 1.24 1.64
WTe, 1.06 1.47 0.74 1.07
MoSSe 1.55 2.01 1.45 1.87
MoSTe  1.01(I)  1.49 (1) 0.99 (I) 1.45 (1)
MoSeTe  1.28 1.69 1.12 1.50
WSSe 1.68 2.16 1.41 1.84
WSTe 124 (1) 1.71 (1) 1.16 (I) 1.62 (I)
WSeTe 1.34 1.78 1.05 1.41

@ The band gaps refer to KK points for direct materials and I"' K points for indirect materials designated
with T (MoSTe and WSTe).

SOC has a notable influence on the electronic structure of JTMDs as predicted in pristine ones.>® The
calculated band gap values are 0.1-0.3 eV and 0.1-0.4 eV lower than the values obtained with PBE and HSE
computations without SOC, respectively. However, the direct or indirect nature of the bands is not affected
as seen in Figure 2. WX5 and WXX' materials possess larger valence states SOC splitting values compared
with Mo counterparts (the values are almost 2 Ay;x, noxx’) since they are heavier materials, see Table 2.
The hybrid calculations result in larger valence states splitting values, in particular for W-based materials.

Overall, the predicted picture with the inclusion of SOC agrees very well with the available literature®® for

16



both pristine and janus structures.

Table 2: Splittings in CB and VB Calculated with PBE and HSE®

ATEE (meV)  AFBE (meV) AIRE (meV) AZE (meV)

MoS, 150 -30 210 -20
MoSe; 180 -20 280 -40
MoTe, 220 -40 350 -70
WS, 430 30 550 1
WSey 470 30 620 3
WTe, 490 50 740 2
MoSSe 220 -20 240 -30
MoSTe 200 -30 280 -50
MoSeTe 200 -40 310 -60
WSSe 440 30 280 2
WSTe 420 30 580 1
WSeTe 470 40 630 10

@ The splittings are calculated at K point for CB and VB, except for MoSTe and WSTe at I' point for

VB. For all splitting calculations EéB VB T EgB VB formula is used.

Strain with DFT Results

(@) Exx=&yy=-0.01 £yx=¢,,=0.01 (b)3 Exx=-0.01 Exx=0.01
Vv =T\
T T
MWW s
1 le
3
5 0.0 -X > 4
L
~0.5
—1.0r |v\| K rr /IV\I K °r

Figure 3: MXX’ band structure with (a) biaxial strain (b) uniaxial strain.

In order to investigate circular and linear dichroism effects, k- p parametrization also for strained cases is

crucial. In this regard, we also generated the desired electronic structure data to fit k- p parameters enabling

17



strain analysis. Therefore, we calculated electronic properties of MXX' (M=Mo,W and X,X’=S,Se,Te) under
biaxial (e, = €4y 7# 0) and uniaxial (g5, # 0, €4, = 0) compressive and tensile strain from -2% to 2%.
Biaxial strain changes the band gap around K point as can be seen in Figure 3a. Using this energy difference,
we are able to obtain f; parameter by eq. (11). Direct to indirect band gap changes are observed in the
electronic band structures, as provided in Figures S2-S5. Since we focused on characterization by k - p
method around K valley, these features are not considered in the calculations.

Instead of using the hexagonal crystal structure as in the biaxial strain, we switched to the tetragonal
structure for ease of applying an uniaxial strain. For the unstrained case, the crystal structure has a = b # c.
However, as the strain is applied, the length of one side changes so that a # b # ¢, turning the crystal into
an orthorhombic structure. Here, we have chosen the crystal path of the orthorhombic structure to compare
unstrained and strained systems as in Figure 1.

As a result of uniaxial strain applied along x direction, a shift appears at the k axis for CBM which can be
observed in Figure 3b. The inset drawing shows this shift in Cartesian coordinates, and using eq. (12), the
f5 parameter is calculated.

In accordance with the strain results, MoSTe and WSTe have an indirect band gap at ' K with and without
strain. Since we are interested in the change around the K valley, these materials are not going to be
considered for k - p calculations. For the remaining materials, 1% tensile strain results have been used as
they provide the most consistent values. For further details about strain results, we refer to Figures S6-S9
and Tables S3-S5.

Table 3: Spinless k - p parameters a (A) fi (eV), fo (eV), f1 (eV), f5 (eV), a (eV A?), B
(eV A?) k (eV A?) and 5 (eV A?).

a S J2 Ja i @ B K n
MoS, 3.18 214 124 -3.29 257 0.69 0.85 -2.0 3.5
MoSe;,  3.32 1.89 1.04 -2.94 217 0.49 0.58 -1.7 3.0
MoTe, 355 1.5 085 -243 1.77 0.56 0.68 -1.8 3.0
WS, 3.18 231 1.55 -3.82 322 129 1.71 -2.0 3.5
WSes 3.32 201 1.34 -3.53 277 1.13 147 -1.9 3.5
W'TTe, 3.55 147 1.1 -299 229 132 1.75 -1.8 2.5
MoSSe 3.25 2.02 1.1 -3.10 229 0.64 080 -1.9 3.5
MoSeTe 343 1.7 087 -2.69 182 0.65 086 -1.8 2.5
WSSe 3.25 218 14 -3.68 290 1.24 1.68 -2.0 3.5
WSeTe 3.43 1.79 1.13 -3.32 235 1.25 1.78 -2.0 3.0

18
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Figure 4: SOC band plots with k - p (solid lines) vs DFT(e) for spin down values.

k - p Results

The k - p method is proved to work well for TMDs in reproducing first-principles electronic structure around
the CB and VB extrema. 8:57:58:61 Here, we demonstrate that this simple technique gives highly satisfactory
results for direct band gap JTMDs: MoSSe, MoSeTe, WSSe, and WSeTe. The comparison with DFT
including SOC are shown in Figures 4 and 5 for the spin down and up bands, respectively. The spinless cases

are available in Figures S10 and S11. In extracting the associated k - p values, we followed the procedure as
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Figure 5: SOC band plots with k - p (solid lines) vs DFT(e) for spin up values.

described in the above section Parameter fitting expressions. For the unstrained band gap, £, we used the
hybrid DFT results tabulated in Table 1. The effective mass values needed for fs5, , and [ are available in
Table S1.

The full listing of the spinless k - p parameters are given in Table 3 and the spinful ones in Table 4. We
have a number of remarks on these. The trigonal warping as governed by the parameter k is very effective in
JTMDs, and it is in good agreement with DFT as shown in Figures 7 and 6 for the spin down and up bands,

respectively. In these plots, it can be observed that in general the agreement extends to 200 meV away from
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Figure 6: Isoenergy plots including SOC with k - p (solid lines) vs DFT(dashed lines) for
spin up values (black, dark blue, light blue, red, and green lines correspond to the values
0.025, 0.05, 0.1, 0.15, and 0.2 eV).
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Figure 7: Isoenergy plots including SOC with k - p (solid lines) vs DFT(dashed lines) for
spin down values (black, dark blue, light blue, red, and green lines correspond to the values
0.025, 0.05, 0.1, 0.15, and 0.2 V).

the K point bandedge. For the cubic term ﬁcub of the k - p Hamiltonian, keeping the suggestion that the
diagonal cubic term is negligible in TMDs,*® we only considered the off-diagonal form as in eq. (4). We
fitted the corresponding coefficient 7 to achieve a wider range of agreement with the DFT, which is indeed

so for the KM panel (see Figures 4 and 5). On the other hand, the performance for the KT panel is less
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satisfactory due to the additional valley at the so-called @) point. A fit that performs better is possible but
at the expense of making the behavior semimetallic, which we opted to avoid.

The f; and f5 parameters, as mentioned before, are taken to be spin-independent and found by using
the biaxial and uniaxial strain results shown in the previous section. They are included in Table 3. Pre-
viously, these parameters were calculated for TMDs using PBE DFT.6! In comparison, our f; parameters
are somewhat larger as we used hybrid DFT band gaps, while our PBE results given in Table S6 of the
Supporting Information agree with their values. For fs5, there is better match since the hybrid and PBE do
not show much difference for shifts in the k space (see Table S6 of Supporting Information).

The Figures S10 to S17 contain further k- p vs DFT comparison plots for the remaining TMDs for both
spinless and spinful cases.

Table 4: Spinful k - p parameters f; (eV), fo (eV), a (eV A?), B (eV A?), k (eV A?) and 7
(eV A3).

it Ay ft ft of ol BT BL kt kL 0t nd
MoS, 225 202 123 1.25 066 0.72 0.82 088 -22 -24 3.1 3.2
MoSe, 204 172 104 1.03 05 051 06 061 -21 -25 3.0 3.3
MoTe, 1.69 127 086 083 0.61 056 0.79 0.67 -2.0 -23 3.2 32
WS, 254 199 15 157 119 14 162 182 -20 -20 3.0 3.0
WSe, 226 164 129 134 105 1.21 142 151 -19 -19 3.0 3.2
WTe, 1.8 107 1.1 109 128 141 183 1.76 -15 -1.6 3.3 3.3
MoSSe 215 187 1.1 1.1 071 0.62 093 076 -2.0 -23 3.0 3.0
MoSeTe 187 1.5 088 0.8 0.73 062 104 08 -19 -2.1 3.0 3.1
WSSe 242 184 133 142 097 152 13 206 -20 -19 3.0 3.0
WSeTe 2.03 141 1.06 1.14 0.68 181 0.87 2.72 -21 -20 3.0 238

Dichroism

Uniaxial Responsivity for Linear Dichroism at the K point.

An unstrained (J)TMD shows no LD at the K point due to symmetry 52 and for the same reason also under
the biaxial strain. When the symmetry is lowered by uniaxial strain, a nonvanishing 7 appears at the K
point which is studied in Figure 8 for the bandedge (spin-down) transition. Considering an uniaxial-only
case (i.e., €gz = —€yy, €zy = 0), nr, variation at the K point is close to a quadratic behavior up to €, = 0.1.
The right panel of this Figure shows 1y, (€;, = 0.1), where WTey has the highest uniaxial responsivity to LD
among all the studied materials. This result is preserved for the spinless calculation (see, Figure S18). At

first thought, a large f5 value would be primarily responsible for this behavior. But, as listed in Table 3,
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WS has about 50% higher f5 value than WTe, even though it has a smaller responsivity than the latter.
Analysis of the analytical form for 7y, in eq. (38), as obtained for the symmetric part of the Hamiltonian
Heymm, reveals that the small energy gap value also plays a crucial role in this outcome. According to

Figure 8, the material with the least responsivity at the K point to uniaxial strain is MoSeTe.
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Figure 8: Variation of linear dichroism at the K point under uniaxial-only strain for the
spin-down transition (left). n.(€,, = 0.1) and transition energy values for the ten (J)TMDs
(right).

Strain Dependence of Linear and Circular Dichroism at the K valley

Now, we turn to biaxial, uniaxial, and shear strain dependence of 1y and n¢ over the K valley, again for
an illumination with energy above the bandedge (spin-down) transition. We choose WSey, WTes, and their
janus WSeTe as shown in Figure 9. The spinless case and the remaining materials are available in Figures S19,
S22, 523, and S24. To gauge the effects of strain, in Figure 9(a) the unstrained 1z ¢ are shown, which set
the reference to demonstrate the deviation (Anp ) at each k-point under biaxial-only (b), uniaxial-only
(¢c), and shear-only (d) cases. A square area centered around the K point that spans [—0.25,40.25] in
1/ A along each direction is plotted. From a general perspective, among the 10 materials considered, the
JTMDs display somewhat a larger variation in both 7y, and ne over the K valley (see also Figures S19, S22,
S23, and S24). In line with the analytical expression in eq. (38), it is seen that A7ny and hence 17 change
signs along the k, (I' — K) for uniaxial strain and along the k, (I' — M) for shear strain. These suggest a

linear polarization-based measurement of these strain components in suspended (J)TMD membranes.
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We can also investigate which terms in the k- p Hamiltonian are more influential in this general dichroic
pattern. Comparing Figures 9 and 10, the most significant qualitative change is brought by the trigonal
warping which is more pronounced for 7n¢. Furthermore, it was pointed out earlier that in contrast to
gapped graphene, for TMDs the electron-hole asymmetry (eq. (2)) becomes important as it distinguishes
the CB and VB Berry curvatures, thereby affecting also CD.% The remaining terms in the Hamiltonian
introduce only quantitative changes for which we refer to Figures S20 and S21.

It would be very desirable to validate these results; however, so far there are few studies in this direction.

8 considers CD under 5% uniaxial strain where MoS, becomes indirect gap. On the other

Among them, re
hand in this work, we refrained from exceeding about 2% strain with the intention to be confined in the
direct band gap regime, with the exception of MSy and MSSe (M=Mo,W) which become indirect gap under
lower values of uniaxial tensile strain. In the Supporting Information, the CD for unstrained MoSs is given in
Figure S19 which compares well with ref.”* The Figures S21 and S22 illustrate for WSe,, WTe, and WSeTe

the specific contributions to dichroism by the symmetric and also asymmetric terms in the Hamiltonian,

respectively.

Conclusion

In this work, we focused on ten direct-band gap monolayer (J)TMDs and obtained spin-dependent k - p
parameters including electron-hole asymmetry, trigonal warping, cubic, and biaxial or uniaxial strain effects.
The fitting is based on our regular and hybrid DFT band structures in the presence of spin-orbit coupling
and strain. A number of band properties calculated at the K valley indicate that the JTMD values show
no marked deviation from those of the underlying pristine TMDs, in contrast to their reported superior
piezoelectricity. We applied the k - p parameters in these materials to investigate the CD and LD around
the K valley, where both of them display characteristic variations under biaxial, uniaxial, and shear strain
components. Hence, a polarization-based absorption measurement can reveal the type of deformation in these
monolayers. From the electronic structure point of view, the trigonal warping over the K valley is seen to be
very influential on the CD. Finally, WTes possesses the most pronounced uniaxial strain responsivity to LD,
so that such membranes can be considered as strain tunable optical polarizers. In this respect the synthesis
of this material becomes critical. According to one-step chemical vapor deposition growth of monolayer
WTea,:Sy(1—,) alloys, when the Te concentration x is in the range of 0.4-0.6, a phase transition from the
semiconducting 1H phase to the metallic to the 1T’ phase is observed.” For this reason, the stability of the

1H WTey under strain and/or different growth conditions warrants further investigation.
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