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Efficient manipulation of the optical response of two-dimensional (2D) semiconductors, dominated by exci-
tons due to strong electron-hole Coulomb attraction, could give rise to both discoveries of emergent phenomena
and implementation of optoelectronic devices. We propose a manipulation of the optical response of 2D
semiconductors through combining magnetic proximity effects and strain, using a Janus type of monolayer
(ML) transition-metal dichalcogenides (TMDs) for numerical illustration. Based on an effective Hamiltonian
of a strained ML MoSSe on a magnetic substrate and a Bethe-Salpeter equation for an accurate description of
excitons, we predict a mergence of A and B excitons at a critical strength of in-plane magnetic exchange field.
Additionally, an enhanced tunability of the optical absorption spectra is demonstrated via the combination of
magnetic exchange fields and strain. Our approach could be generally extended to other 2D semiconductors

subject to magnetic proximity effects and strain.
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I. INTRODUCTION

Since the discovery of graphene, atomically thin two-
dimensional (2D) materials have evolved into a large family,
exhibiting unique properties and offering intriguing oppor-
tunities for uncovering new physics alongside enormous
potential applications [1-5]. Due to reduced dimensional-
ity and weak dielectric screening, the optical response of
2D semiconductors is dominated by excitons, electron-hole
pairs bound by Coulomb attraction [6]. Among various 2D
semiconductors, monolayer (ML) transition-metal dichalco-
genides (TMDs) MX, (M=Mo, W, X=S, Se, Te) have unique
spin-valley coupling, direct band gaps, and strong light-matter
coupling [7,8], rendering them well-suited platforms for both
fundamental physics study and optoelectronic devices [9—15].

Efficient manipulation of optical response could enable
both discoveries of emergent phenomena and implementation
of optoelectronic devices for practical applications [16—19].
In particular, an effective combination of multiple approaches
could offer unprecedented tunability. Proximity effects have
been developed into a systematic approach of designing
atomically thin materials with novel functionalities absent in
pristine materials, since the atomic thickness lies well within
the range of proximity effects [18,20]. In particular, magnetic
proximity effects, whereby magnetization from a ferromag-
netic penetrates its nonmagnetic material neighbor, have been
exploited in the manipulation of spintronic, superconducting,
valleytronic, excitonic, and topological phenomena in het-
erostructures [21-33].

Owing to substantial mechanical flexibility compared to
bulk materials, strain serves as a powerful tool for tuning the

“Contact author: liyuan@hdu.edu.cn
fContact author: xug@hdu.edu.cn

2469-9950/2024/110(4)/045425(7)

045425-1

electronic and optical properties of 2D materials [34]. For
instance, a ML MoS, can stand strain above 10%, while most
bulk semiconductors break at a much smaller strain below
1.5% [35]. Various techniques can be exploited to induce
strain on ML materials, including bending, stretching, and
elongation for homogeneous uniaxial strain [36-41], ther-
mal expansion, and piezoelectric straining for biaxial strain
[42—46].

We propose a joint manipulation of the optical response in
ML TMDs, through varying magnetic exchange fields com-
bined with strain. For numerical illustration, we examine a
typical member of Janus TMDs, which are recently fabricated
variation of TMDs of the form MXY with M=Mo, W and X,
Y=S, Se, Te [47-49]. Due to the different chalcogen atoms
above and below transition-metal atoms in Janus TMDs, the
mirror-reflection symmetry is broken and the monolayers pos-
sess intrinsic out-of-plane dipole moments, unlike standard
TMDs. Specifically, we consider a ML MoSSe on a magnetic
and strain-tunable substrate, as shown in Figs. 1(a) and 1(b).
The influence of exchange field (in-plane and out-of-plane)
and strain to the band structure at the K valley is illustrated
schematically in Fig. 1(c).

Following the introduction, in Sec. II we establish an
effective model of the strained ML TMD on a magnetic
substrate and set up a Bethe-Salpeter equation (BSE) to elu-
cidate the electron-hole Coulomb interaction. In Sec. III, we
demonstrate evolution of the absorption spectra under various
magnetic exchange fields and strain. Conclusions are given in
Sec. IV.

II. THEORETICAL FRAMEWORK

A strained ML TMD on a magnetic substrate can be
described by the Hamiltonian H = Hy + Hex + Hr + He,
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FIG. 1. (a) A strained ML TMD on a magnetic substrate. (b) Top
and side views of ML MoSSe. (c) Influence of magnetic exchange
fields along different directions and compressive strain to the single-
particle band structure at the K valley. The band structure without
exchange fields and strain is given in solid.

including a “bare” ML TMD term, a proximity-induced ex-
change term, Rashba spin-orbit coupling (SOC), and a strain
term [50-55]. At the K/K’ valleys, the Hamiltonian of a
“bare” ML TMD is given by

Hy = hvp (kco, T, + kyoy) + (Eg/2)0,
+Tzsz[)‘*c(1 +O'z)/2+)\u(1 —CTZ)/Z], (1)

where vr is the Fermi velocity, E, is the band gap without
SOC, A« is the spin-splitting parameter of the conduction
(valence) band CB (VB), and oy, 7;, and s; denote Pauli matri-
ces for the orbital (CB or VB), valley, and spin degrees of
freedom, respectively. For a magnetization of the substrate
M = Mn, the exchange term is

Heyy = —m - S[Jc(l +Oz)/2+Jv(1 - O'z)/z]’ (2)

where J.(,y is the exchange splitting in the CB (VB). The
Rashba SOC Hg = Ag(sy0,T; — 5,0,) with Ag the Rashba
SOC parameter. Strain can be described by [54,55]

He = 81(exc + ny)Uz + 82[(€xx — 26xyo'y]’ 3)

where §; » are spin-independent coefficients, and €.y, €,,, and
€y are parameters for x direction, y direction, and shear strain,
respectively. In our model, electron-hole asymmetry and trig-
onal warping terms [55] are not included, which only have
minor effects on the absorption spectra [56].

Based on the single-particle description, Hyn, =
€ (k)n;, with the energies €; and the corresponding eigen-
states n;, in a valley 7, a generalized Bethe-Salpeter
equation (BSE) can be developed to describe the many-body

J

€yy )0 —

2me
Vig) =

2 " (8% — &185) + (82 + g,83) cosh(qd) + (s, + &3) sinh(gd)

manifestation of the magnetic proximity effect [27,57,58]

[QS — € (k) + €y (k) Avck - Z ICka v c’k""lsr’k’7 (4)

v 'k’

where the band index n = ¢(v) denotes one of the two CBs
(VBs) in the given valley 7, QF is the energy of the exciton
state [WE) = 3, AST8T 60k IGS), and A5, is the coeffi-
cients. éick (Cruk) denotes the creation (annihilation) operator
of an electron in a CB ¢ (VB v) in the valley. |GS) is the
ground state with unoccupied CBs and fully occupied VBs.
Note that we do not take into account intervalley scattering
processes.
The interaction kernel contains direct and exchange terms,
given by
’CT

vek, 'k T
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where 7, (r) are the wave functions of the single-particle
states with energies € (k), V(r) denotes the real-space
Coulomb potential determined only by the dielectric environ-
ment, and W (r) is the Coulomb potential including screening
from free charge carriers. The single-particle states ¥, (r) =
exp(ik - r)n; / VA, with A the unit area, are determined by
Hionyy = €, (k). Insert ¥ (r) into Eqgs. (6) and (7), and
we get

Wk —K)feo ke k) furo(K' )

d,

ICvcltc vek T A , (8)
X, _ V(k - k/)fcv(kv k)fv’c’(k/» k,) 9
vekvek T A P ( )

A are form factors calculated
from the single particle state. W (k) and V (k) are the Fourier
transforms of W(r) and V(r). Due to the orthogonality of
the eigenspinors ., f;°,(k, k) = 0. Therefore, Icfctl:,v’c’k’ van-

ishes. As aresult, * , , | = K4T in our model.
vek,v'c'k vck vk

The Coulomb potential V(q) is determined by the dielec-
tric environment and obtained by the Poisson equation. We
consider a geometry where a ML TMD of thickness d and
dielectric constant & is embedded in a top material (air) and
a bottom material (magnetic substrate) with respective dielec-
tric constants ¢, and &,. The Coulomb potential V (q) between
two electrons in the ML (xy plane) can be calculated as [59,60]

where f7,(k, k') = [n5 10",

We consider the absorption in a semiconductor ground state,
where the conduction bands are completely empty and all

E[(8% + &;5p) sinh(gd) + &(s; + &3,) cosh(gd)]

(10)

(

valence bands are occupied, then the two potentials coincide:
Wig) =V(q).

045425-2



MANIPULATION OF OPTICAL RESPONSEIN ...

PHYSICAL REVIEW B 110, 045425 (2024)

TABLE I. Parameters used in numerical calculations.

Parameter Value Parameter Value
E, 2.01eV & 1

VE 5.43 x 10° m/s € 23.9
ao 3214 g 8.67
Ae 0.015eV J. 0.1eV
Ay —0.12eV Jy 0.085 eV
AR 0.05eV 81 —3.10eV
d 3.25A 8 229 eV

The optical response of the ML dominated by excitons can
be described by the absorption

4e*7? 1

2
> Vi Ay | 8(ho — QF). (1)

vck

(@) = co A =

where o is the frequency of light propagating in the negative

z direction, and c is the speed of light. The velocity matrix
+ A . .

elements are Vy , = [n;,] 0+, for o circularly polarized

; h D = D) ot

light, with 7, = —% and ¥y, = 3(%2_).

implemented as a Lorentzian with broadening I".

The § function is

III. RESULTS

We explore the optical response of a ML MoSSe on a mag-
netic substrate EuO under various exchange fields and strain.
We employ reduced exchange couplings of J. = 100 meV and
Jy, = 85 meV, guided by first-principles calculations demon-
strating a giant proximity-induced exchange splitting [51].
The parameters used in our numerical calculations are sum-
marized in Table I. Parameters related to the band structure
can be obtained by fitting the band structure from first princi-
ples calculations [50-53,55].

In our model, the BSE [Eq. (4)] contains two conduction
and two valence bands for a given valley t. Intervalley cou-
pling is neglected and excitons can be calculated for each
valley separately. For numerical calculation of Eq. (4), we use
a uniform N x N k grid with a spacing of Ak = 2m /(Nay)
in each direction as well as an upper energy cutoff E . To
ensure convergence in our numerical calculations, we have
used N = 120 and energy cutoff of 0.9 eV above the band
gap; Eqy = E,/2 + 0.9 eV. Convergence is confirmed, with
< 1% variation in the 1s binding energy from N = 100 to 120.

The direction and strength of the exchange field could
be manipulated, for instance, by an external magnetic field,
which proportionally tunes substrate magnetization and the
associated proximity-induced exchange splitting [24]. It has
also been reported to be controlled by an external electric field
[61] or quantum confinement [62].

For convenience, we quantify the manipulation of the
strength of the magnetic exchange field by assuming a fixed
ratio between J. and J, as J./J, = 100/85, introducing a
parameter J such that J. =J and J, = 0.85J. We show in
Fig. 2 the absorption spectra of o circularly polarized light
as J increases from O to 0.4 eV. Since absorption of o™
(o07) circularly polarized light occurs at the K (K’) valley
exclusively and an in-plane magnetic exchange field yields

a(w) [%]
o M 00 |27

0.0 0.1 0.2 0.3 04
J[eV]

FIG. 2. Evolution of the o™ absorption spectra of a ML MoSSe
as the strength of the in-plane magnetic exchange field increases. J,.
and J, are scaled with J as J. = J,J, = 0.85J.

symmetric 0¥ absorption spectra [6,27], we focus on the o+
absorption at the K valley.

Without the in-plane magnetic exchange field (J/ = 0), two
bright excitons exist known as the A and B excitons, related
to dipole-allowed transitions from the upper (A) and lower (B)
valence bands. As the strength of the exchange field increases,
each of the absorption peaks gradually split into two peaks,
i.e., dark excitons below, and above A and B excitons turn into
bright. As J increases, the A exciton blue shifts while the B
exciton red shifts. In particular, the absorption peaks of the
two excitons merges at J &~ 0.25 eV. As the exchange field
increases further, the merged peak splits into two separate
ones again, with growing energy splitting. Furthermore, while
the lower dark exciton continuously red shifts, the upper dark
exciton blue shifts, with their energy difference expanding
with J. Consequently, the absorption spectra of a ML MoSSe
can be manipulated substantially by the in-plane magnetic
exchange field, tuning the energies and even the number of
absorption peaks.

To understand such a phenomenon we examine the energy
of excitons under an in-plane exchange field J, formally given
by [27]

hon () =€) —€,(J) — Eg° (), 12)

where €] and €, are their respective single-particle band edges
at valley 7, and E;” is the binding energy of the 1s exciton
mainly formed by CB ¢ and VB v. The single-particle band
edges can be calculated analytically without Rashba SOC

(Ag =0)as
€L =Ey/2+ /U2 + 12, (13)
€0 = —E/2+,/J7 + 13, (14)
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FIG. 3. Dependence of single-particle band gaps and excitonic
absorption peak energies of ML MoSSe on the strength of magnetic
exchange field. Inset: Corresponding exciton binding energies as
functions of J.

for the band edges of two CBs and VBs, respectively. There-
fore, the four sets of single-particle band gaps between
different CBs and VBs are

EY =Egi\/J3+Ag¢\/J3+A§, (15)

where N = 1,2,3,4 labels gaps in an ascending order of
energy in the absence of exchange field. In fact, the band
edges are just slightly affected by a moderate Rashba SOC
as we have numerically examined, therefore the analytical
expressions are good approximations. Specifically, with the
fixed scale between J. and J,, the gaps are Eg’ =E, +

VI2+ 225 ,/0.852J2 + A2, which can be expanded with
small J as EQ’ ~ Eg £ [y + (0.857)? /24,1 £ (he + J?/21¢),
indicating clear trends with J. Since |A,| > |A.| in ML TMDs,
J?/2). dominates the J dependence. Therefore we see that
as J increases, E; (related to A excitons) increases while E;
(related to B excitons) decreases. Consequently, the energy
difference AE = E; — E? decreases with J. In particular,
AE vanishes at a specific strength of exchange field Jy =
V02 —22)/(1 — 0.85%) ~ 0.23 eV, and changes its sign with
even larger J. In general, Eq. (15) implies that Eg2 and E;
become equal when the strengths of in-plane exchange field
satisfy the relation J? + 12 = J2 + A2. More specifically, we
show J dependence of single-particle band gaps in Fig. 3
with numerical calculations including a finite Rashba SOC
(A = 50 meV). We indeed see a crossing of two gaps at
around J = 0.24 eV, which is consistent with the analytical
analysis. In addition, we show the J dependence of the exciton
energies Ef’ (labeled in ascending order) in solid, which share
similar trends as the gaps, as well as a crossing of the energies
of the corresponding excitons near the same J values. Such
a similarity between E} and E) is due to relatively stable
exciton-binding energies against J, as shown in the inset of
Fig. 3. Therefore, the manipulation of exciton energies by
the in-plane exchange field, especially, the convergence and

L - =€, [%], J[eV] L%, J [eV]
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FIG. 4. Absorption spectra of ML MoSSe for a series of uniaxial
strain and strengths of the in-plane exchange field. The dashed curves
show the effects of strain without exchange fields (/ = 0), while the
solid curves show their joint effects.

separation of A and B excitonic peaks, is due to effective tun-
ing of the single-particle gaps by the strength of the exchange
field.

Strain is ubiquitous in atomic heterostructures, which
could have substantial effects on the properties of atomic
monolayers. We further investigate the absorption spectra of
ML MoSSe combining a series of uniaxial strain &, from
—1.5% to 1.5% (&,, = 0), and in-plane exchange fields with
J from 0 to 0.40 eV, as shown in Fig. 4. We see that without
the exchange field (J = 0), tensile strain leads to red shifts
of the absorption peaks, while compressive strain leads to
blue shifts, as expected. The three curves with J = 0.10 eV
and &,y = —0.5%, 0, 0.5%, share similar features containing
A and B peaks, as well as two weaker peaks brightened by the
in-plane exchange field, with overall shifts of peak positions
by strain. For J = 0.25 eV and ¢,, = £1.0%, A and B peaks
merge into one, shifted more than 100 meV by strain. For even
larger J/ = 0.40 eV, A and B peaks are recovered with smaller
separation compared to cases with J = 0.10 eV, and the two
peaks corresponding to formerly dark excitons become too
weak to be visible. Besides, we have also examined cases
with biaxial strain, which leads to similar but more significant
effects than uniaxial strain. Therefore, a variety of absorption
spectra with different energies, relative separations, and num-
bers of peaks can be achieved by a combination of strain and
in-plane exchange fields.

Specifically, we show in Fig. 5 the dependence of the
energies of A excitons on both uniaxial and biaxial strain for
a series of in-plane exchange field J/eV =0, 0.1, 0.25, 0.4.
A exciton energies show roughly linear decrease with both
uniaxial and biaxial strain and the redshift rates are close for
different J. In particular, the redshift rate of biaxial strain is
nearly twice that of uniaxial strain. For instance, the energy
shift between &,, = +1.5% is about 180 meV for uniaxial
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FIG. 5. The strain dependence of the energies of A excitons
of ML MoSSe at the K valley under uniaxial (solid) and biax-
ial strain (dashed) for a series of in-plane exchange field J/eV =
0,0.1,0.25,0.4.

strain, while that for biaxial strain (g, = &,, = +=1.5%) is
about 360 meV. Unlike the linear dependence on strain, the de-
pendence on J is nonmonotonic. The A exciton energies with
J = 0.25 eV are greater than those with J/ = 0.1 and 0.40 eV
under the same strain. Such a J dependence is also revealed
in Fig. 2 for cases without strain. The A exciton energy can be
tuned by the in-plane exchange field in a range of more than
200 meV, and the range can be 500 meV combined with strain.

In addition to in-plane exchange fields, we further inves-
tigate magnetic exchange fields along different directions.
Figure 6 presents the band gaps, the energies of A excitons,

21
—O—=M=0 —/—ML0
A =Mz = —=M/-z

Ep [meV]

20|

Energy [eV]
©
T

18 F Ex
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17 1 L 1 " 1 " 1 1
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FIG. 6. The strain dependence of band gaps (dashed), the ener-
gies (solid) of the A excitons and binding energies (inset) at the K
valley for cases without exchange field (M = 0), with exchange field:
strength J = 0.1 eV and substrate magnetization M along directions
¢=0,7/2,7.

and corresponding exciton binding energies under uniaxial
strain for cases without exchange field (M = 0), and with
exchange field (/ = 0.1 eV) M, along three representative
directions M//z, M L z, and M//—z (¢ =0,7/2, ) [see
Fig. 1(a)] at the K valley. Without exchange fields, the gaps
and A exciton energies exhibit an approximately linear de-
crease with strain, consistent with theory and experiments
[37,38]. Such a linear dependence remains unchanged un-
der in-plane and out-of-plane exchange fields, with a similar
redshift rate of about 60 meV per percent of uniaxial strain.
Unlike in-plane exchange fields, out-of-plane exchange fields
break valley degeneracy, with M along ¢ = 0 (¢ = ) at the
K’ (K) valley equivalent to M along ¢ = 7 (¢ = 0) at the
K (K') valley. Therefore, the strain dependence for M along
¢ = 0 and ¢ = & at both valleys can be inferred. As shown in
the inset, binding energies for all cases decline slightly with
strain, which is related to a decrease of effective masses of the
energy bands [46]. Consequently, the strain dependence of ex-
citon energies is dominated by the band gaps, which scale with
strain as 28;(ex, + €,y) in the leading-order approximation,
based on our analytical analysis of the gaps under out-of-
plane exchange fields. Such a scaling relation is in alignment
with numerical results of uniaxial strain (e, # 0 and €,, = 0)
in Fig. 6, as well as our additional calculation for biaxial
strain (e, = €,y), which exhibits qualitatively similar linear
dependence but nearly doubled redshift rates. In the parameter
regime considered here, the modifications of exciton binding
energies by exchange fields and strain are relatively small.
Therefore, the qualitative trends of the energies of excitonic
absorption peaks could be implied from the dependence of
single-particle gaps. The observed behavior of manipulation
by exchange field and strain is not significantly affected by
the Janus asymmetry. We have also numerically examined
some other ML TMDs, such as MoS,, which follow similar
trends. However, Janus asymmetry leads to an intrinsic dipole
moment in the out-of-plane direction, which allows further
manipulation of its band gaps, Rashba SOC, and absorption
spectra by external electric fields.

IV. CONCLUSIONS

To conclude, we have demonstrated the manipulation of
optical response in ML TMDs through combinations of mag-
netic exchange fields and strain. Notably, we have predicted a
mergence and separation of A and B excitonic peaks when
the strength of the in-plane exchange field approaches and
exceeds a critical value, which is understood via exchange-
mediated modulation of relevant single-particle band gaps
alongside relatively stable binding energies. Furthermore,
enhanced tunability of ML TMD excitonic absorption is
achievable by controlling the magnitude and orientation of
magnetic exchange fields in conjunction with strain.

While a fixed J./J, ratio was assumed for illustrative
numerical calculations, the predicted phenomena persist for
variable ratios. For ML Janus TMDs, which have nonzero
out-of-plane dipole moments, the manipulation of optical re-
sponse could be further combined with out-of-plane electric
fields. Moreover, it is possible to extend our predictions be-
yond ML TMDs elucidated here to other 2D semiconductors.
With advancing techniques in controlling magnetic exchange
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fields and strain engineering, our prediction could be exper-
imentally tested and exploited for a desired control of the
optical response of 2D semiconductors.
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