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Abstract

We study direct and indirect magnetoexcitons in novel two-
dimensional materials such as transition-metal
dichalcogenides (TMDCs) and Xenes, which are encapsulated
or spatially separated by #-BN monolayers. The formation of
magnetoexcitons in TMDC monolayer or heterostructure
occur in the presence of the magnetic field which is
perpendicular to the layer. The formation of magnetoexcitons
in Xenes monolayer and heterostructure are studied in
presence of both perpendicular magnetic and electric fields.
We calculate the binding energies, energy contributions, and
diamagnetic coeflicients based on numerical solution of the
Schrodinger equation using both the Rytova-Keldysh and
Coulomb potenuals for the description of electron-hole
interaction. We find that the binding energies of
magnetoexcitons in TMDCs can be tuned by the magnetic
field. Itis demonstrated that the binding energies of the
magnetoexcitons of the Rydberg s, 2s, 35, and 4.5 states in
the Xenes monolayer and heterostructure could be tuned by
changing both the external magnetic and electric fields. The
calculations of the binding energies of magnetoexcitons and
diamagnetic coeflicients in TMDC heterostructures and
Xenes monolayers and heterostructure are reported for the
first ime.

Theoretical Formalism

We examine Rydberg states of direct 4 magnetoexcitons in
monolayers and indirect magnetoexcitons in double-layer
heterostructures 1n parallel electric and magnetic fields
perpendicular to the monolayer. We examine TMDCs: WSe,,

WS,, MoSe,, and MoS,, monolayers encapsulated by #-BN, and

Xenes[1]: silicene, stanene, germanene, free standing and #-BN
encapsulated monolayers and #-BN heterostructures. The
Hamiltonian for two-body system (7 =c = 1) [2]:
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For direct excitons, the Rytova-Keldysh (RK) potential34 (eq.2)
was used. For indirect excitons, the RK (eq. 3) and Coulomb (eq.
4) potentials were used to demonstrate the importance of
screening 1n heterostructures:
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Where \/ p>+ D? = \/ p? + (NI, _zn)* see Fig. 3 for explanation.
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Theoretical Formalism Xenes
To find the energy contribution to the binding energies from  We study Rydberg states of magnetoexcitons in Xenes: silicene,
electric and magnetic fields, we implement code used germanene, and stanene, in parallel electric and magnetic fields
implemented 1n [S]. The code numerically solves for that are perpendicular to the monolayer. We study direct 4
eigenfunction and eigenvalues of Schrodinger equation for the  magnetoexcitons in freestanding Xenes (FS, where vacuum is on
relative motion of the electron and hole that is obtained by both sides of the monolayer), see Fig. 3a, direct magnetoexcitons
following [6]-[9]: in S1 monolayer encapsulated by #2-BN (S1 types I and II), see Fig.
i ) 3b, and indirect magnetoexcitons in double-layer heterostructure
—— V24 e_( Bxr)?+ V) |lur) = Ew(r). () of FS Si and Si type I where two layers of Xene monolayers by N
2U S U of 41-BN, see Fig. 3c¢. We used the parameters given in [13]-[16]:

When the contribution to the binding erdergy from the electric
and magnetic fields 1s small compared to the binding energy,
the magnetoexciton binding energy can be expanded in Taylor!0
series. The energy contribution from the magnetic field to the
binding energy 1s then found as:

A& = &,— &(B, E). The diamagnetic coefficient is defined

as: A€ = oB?.

We used parameters that give the highest and lowest binding
energies of 4 magnetoexcitons from [5] and [11], respectively. We
calculate &,
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for direct and indirect magnetoexcitons in
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TMDCs monolayer and double-layer heterostructures for magnetic

. . . Fig. 3: Schematics for magnetoexcitons in Xenes monolayer and heterostructure. (a) A direct magnetoexciton in
ﬁeld ! the I'aﬂge fI'OHl O o 30 T FOT lﬂdITCCt LI g ctoexcitons, we the freestanding buckled honeycomb lattice structure of silicene monolayer. (b) A magnetoexciton in silicene
VaI'y the number ()f ﬁ-BN layel‘59 [\]9 that Separate WO mon()layers encapsulated monolayer. (c) An indirect magnetoexciton in silicene heterostructure. Adopted from [17].
from 1 to 6. In the external perpendicular electric field, the buckled

: : structure of the Xene monolayers leads to appearance of
We examine TMDGs: WSe,, WS,, MoSe,, and MoS,, monolayers y pp

potential difference between sublattices allowing to tune

encapsulated by Z-BN. and heterostructures,
pstl y et electron and hole masses. Masses of electrons and holes are

X-/-BN-X. - -
AT . iEiIh)hoii L equal in Xenes. Mass 1s found by!3.18;
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26 & o o O : band gap, E is the electric field.
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Fig. 1: Calculated change in A & versus B for states 1s-4s. A&, g Ar€ calculated using
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Fig. 4: Adopted from [17]. Plotted for Si type L at E = 0.3 V/A. (@) The comparison between Ve, and V. .

parameters [5], [11] that highest and lowest &. The calculations are performed for direct
(4) Contributions to the binding energy of magnetoexcitons obtained by using Vi and Vi, Vi and V.

magnetoexcitons in MoS,. Results are reported in [12].
converge as number of layers increase, and A & calculated using Vi and V. converge as /V increases.
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Fig. 2: The diamagnetic coefficients for MoS, for direct (/V=0) and indirect magnetoexcitons 0.5 1.0 1.5 2.0 2.5

(V=1-6). For indirect magnetoexcitons o is extracted from & calculated using Vi and V. The electric field [V/A]

Rydberg Eixcitons 1n novel two-dimensional materials: TMDCs and Xenes
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In heterostructures, A & calculated with Vy, and V. converge as

/Vand E increase in TMDCs and Xenes.

o can be extracted for direct magnetoexcitons in TMDGCs for
states 1s and 2s. o can be extracted for direct magnetoexcitons
for state 1.

o can be extracted for direct magnetoexcitons in Xenes for states
L5, 25, 35, and 4. o can be extracted for indirect
magnetoexcitons for state 1.

Magnetic field can be used to tune the energy contribution to the
binding energy of both direct and indirect magnetoexcitons in
TMDCs.

Electric and magnetic fields can be used to tune the energy
contribution to the binding energy of both direct and indirect
magnetoexcitons in Xenes.

We show that it is essential to use correct parameters of materials
for calculations.

By calculating & with V. and V., we show thatitis essential to

use appropriate interaction potential to describe interactions
between electrons and holes in heterostructures when only few /2-
BN layers separate Xene monolayers.

TMDCs and Xenes can be used for electronic devices that can be
manipulated by electric and magnetic fields.
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