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Abstract
Excitons in thin layers of semiconducting transition metal dichalcogenides are highly subject to the
strongly modified Coulomb electron–hole interaction in these materials. Therefore, they do not
follow the model system of a two-dimensional hydrogen atom. We investigate experimentally and
theoretically excitonic properties in both the monolayer (ML) and the bilayer (BL) of MoSe2
encapsulated in hexagonal BN. The measured magnetic field evolutions of the reflectance contrast
spectra of the MoSe2 ML and BL allow us to determine g-factors of intralayer A and B excitons, as
well as the g-factor of the interlayer exciton. We explain the dependence of g-factors on the number
of layers and excitation state using first principles calculations. Furthermore, we demonstrate that
the experimentally measured ladder of excitonic s states in the ML can be reproduced using the
k · p approach with the Rytova–Keldysh potential that describes the electron–hole interaction. In
contrast, the analogous calculation for the BL case requires taking into account the out-of-plane
dielectric response of the MoSe2 BL.

1. Introduction

The optical response of monolayers (MLs) belong-
ing to semiconducting transition metal dichalcogen-
ides (S-TMDs), such as MoS2, MoSe2, MoTe2, WS2,
andWSe2, is dominated by the excitonic emission/ab-
sorption even at room temperature [1–4]. This is due
to the binding energies (BEs) of excitons, i.e. bound
electron–hole (e-h) pairs, which are as large as a few
hundred meV [5–9]. The most unconventional prop-
erty of these excitons is their non-Rydberg model
spectrum, which cannot be described by the stand-
ard two-dimensional (2D) hydrogen atom [10, 11].
A typical approach to account for the excitonic spec-
tra of S-TMD MLs refers to the numerical solutions
of the Schrödinger equation, in which the e-h attrac-
tion is approximated by the Rytova–Keldysh (RK)

potential [12, 13]. Although this is a well-known
method for the ML, the corresponding analysis of
the excitonic ladder for the bilayer (BL) has not been
reported so far.

Moreover, the electronic bands in a BL and other
2 H-stacked multilayers, are known to be effectively
modified compared to the ML case [4, 14–18]. This,
in particular, implies the indirect bandgap in mul-
tilayers, which strongly affects their emission spec-
tra [1–4]. Instead, more subtle effects of the hybrid-
isation of electronic states around the direct bandgap
in multilayers are relevant for absorption-type pro-
cesses [17, 19, 20]. Recently, it has been shown that
the absorption resonances due to the interlayer/hy-
bridised excitons observed in the bi- and trilayers
of S-TMDs can be widely tuned using the external
electric field applied perpendicularly to the layers
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plane [18, 21–26], which understanding may be also
of importance in potential applications.

The external out-of-planemagnetic field is widely
applied to study the thin layers of S-TMDs due to
their significant Zeeman response [27, 28]. Con-
sequently, the measured emission/absorption reson-
ances split into two circularly polarised components
with the magnitude of the Zeeman splitting denoted
by the g-factor. Because of the g-factor values found
in S-TMD MLs, different types of transition can be
identified: bright (g-factor about−4), spin- (−8) and
momentum-forbidden dark (−12) [29–32]. In the
case of BL, the found g-factors are more scattered.
As for intralayer excitons in S-TMD BLs, the found
g-factors are also about −4 [27, 28, 33], the corres-
ponding g-factors for interlayer excitons are around
8 [17]. Then, the g-factor not only gives us inform-
ation concerning the Zeeman effect, but can also be
a method to identify different excitonic complexes in
thin layers of S-TMDs.

In this work, we investigate experimentally and
theoretically excitonic properties in high-quality ML
and BL of molybdenum diselenide (MoSe2) encap-
sulated in hexagonal boron nitride (hBN). The low-
temperature (T= 10 K) reflectance contrast (RC)
spectra are measured in external magnetic fields up
to 10 T, applied in the out-of-plane configuration.
Resonances, related to both neutral A and B excitons,
are identified in ML and BL. Moreover, the transition
associated with the interlayer exciton (IL) was recog-
nised in the RC spectra of BL. The excitation ladder of
A excitons in the ML and BL limits is modelled based
on the k · p approach using the modified RK poten-
tial. Furthermore, the experimentally obtained Landé
g-factors of the excitonic resonances are explained by
first principles calculations. Apart from the Introduc-
tion and Summary sections, our paper is composed of
three (2–4) main sections completed by the Methods
section and the supplemental material (SM). First,
in section 2, we focus on the analysis of the mag-
netic field evolutions of the RC spectra measured on
the MoSe2 ML and BL. The theoretical approach for
excitation spectra of excitons in the S-TMD ML and
BL using the k · p method is presented in section 3.
Section 4 is dedicated to calculations of the excitonic
g-factors in the MoSe2 ML and BL.

2. Experimental results

Figures 1(a) and (b) present the RC spectra measured
on the ML and BL of MoSe2 encapsulated in hBN at
the selected values of applied out-of-plane magnetic
fields. The twomain resonances, labelled correspond-
ingly 1sA and 1sB in the figure, are associated with the
absorption processes of the ground s states of the int-
ralayer A and B excitons [3, 6]. The appearance of the
A and B excitons is due to a relatively large spin-orbit
splitting in the MoSe2 VB [6]. For the ML, the first

excited s state of the A exciton (2sA) is also observed
with a substantially lower intensity compared to the
main 1sA and 1sB resonances. There are two less pro-
nounced transitions apparent in the RC spectrameas-
ured on the BL, denoted 2sA and IL, which we attrib-
ute correspondingly to the first excited state of the A
exciton and to the interlayer exciton. The identific-
ation of the 1sA, 1sB, and 2sA resonances, observed
in the RC spectrum of the MoSe2 ML, is straightfor-
ward and is in accordance withmany other studies on
MoSe2MLs encapsulated in hBN [8, 9, 34]. Themeas-
ured low-temperature RC spectrum of the MoSe2 BL
is similar to that reported in [19].

As can be appreciated from figure 1, all the
observed resonances split into two circularly polar-
ised components under the applied out-of-plane
magnetic field due to the Zeeman effect [27]. The
intralayer A- and B-related resonances are charac-
terised by the same sign of the splitting (σ+ energy
is lower than the σ− one), but with different mag-
nitude. At the same time, the splitting of the IL trans-
ition is opposite (σ− energy is lower than σ+ one). In
order to investigate in detail the magnetic field evolu-
tion of the observed resonances, we fitted them using
the Fano-type function. As we have not performed
the analysis within the framework of the transfer
matrix method combined with the Lorentz oscillator
model [4], the extracted energy evolutions as a func-
tion of magnetic field are biased, particularly, for the
resonances with small intensity (2sA, IL). A detailed
description of the A, B and IL excitons, and their
optical selection rules in terms of the electronic band
structure can be found in the SM.

The field evolution for the σ± components of the
investigated transitions is presented in figure 2. Upon
application of an out-of-plane magnetic field (B), the
magnetic-field dependences of the σ± energies (Eσ±)
can be defined as Eσ±(B) = E0 ± 1/2gµBB, where E0
is the transition energy at zero field, g denotes the
g-factor of the considered resonance, µB is the Bohr
magneton. The fitted curves are presented in figure 2.
The E0 energies and the g-factors for all the stud-
ied transitions are summarised in table 1. To verify
the obtained values of the g-factors, we also calcu-
late theoretically the corresponding g-factors using
the density functional theory (DFT) method, see
section 4 for details. The experimentally determined
g-factors for the ground states of the A (B) excitons,
i.e. 1sA (1sB), in the ML and BL of MoSe2 equal
to −3.91± 0.10 (−4.27± 0.17) and −2.94± 0.22
(−2.77± 0.34), respectively. These values agree very
well with those theoretically calculated (see table 1)
and those previously reported for the intralayer A and
B excitons in the MoSe2 ML and BL [9, 27, 28, 33].
The g-factors found for the first excited states (2sA)
of the A exciton in both ML and BL are−4.99± 0.34
and −4.32± 0.49, respectively. It is interesting that
the magnitudes of the 2sg-factors are significantly
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Figure 1. Helicity-resolved RC spectra of (a) monolayer and (b) bilayer of MoSe2 encapsulated in hBN for selected values of
magnetic field measured at T = 10 K. The red and blue curves correspond to σ+ and σ− polarizations of reflected light in
magnetic fields applied perpendicularly to the layers plane, respectively. The spectra are vertically shifted for clarity.

Figure 2. Obtained excitonic energies of the σ±

components of the transitions measured on (a) monolayer
and (b) bilayer of MoSe2 encapsulated in hBN as a function
of the out-of-plane magnetic field. The red and blue points
correspond to σ+ and σ− polarizations, respectively. The
solid black lines represent fits according to the equation
described in the text.

larger (of about 30%− 50%) than those of the 1sA

states. In contrast, the theoretically calculated val-
ues of the g-factors for the 1s and 2s states of the A
excitons are larger by about a few percent. Both pos-
sible changes (i.e. increase or decrease) of the corres-
ponding g-factors of the s states are reported in the lit-
erature [8, 9, 35–38]. In our opinion, the discrepancy
between the experimental and theoretical values of
the 2sAg-factor requires amore sophisticated analysis,
which goes beyond the scope of this work. The value
of g-factor for the IL transition of 8.62± 0.42, which
has not been reported so far, is in very good agree-
ment with the theoretically calculated values of 8.71

Table 1. Experimentally determined values of the E0 energies and
the g-factors for all the studied transitions. The gcalc values
correspond to the theoretically calculated parameters using DFT
method. Notably, the experimental values of the E0 energy and the
g-factor are assumed to be obtained for the ILA exciton.

E0 g gcalc

monolayer

1sA 1.640± 0.001 −3.91± 0.10 −3.69
2sA 1.793± 0.005 −4.99± 0.34 −3.90
1sB 1.849± 0.003 −4.27± 0.17 −3.75

bilayer

1sA 1.622± 0.001 −2.94± 0.22 −3.00
2sA 1.741± 0.006 −4.32± 0.49 −3.19
1sB 1.852± 0.003 −2.77± 0.34 −3.16
ILA/B 1.708± 0.006 +8.62± 0.42 +8.71/+ 8.91

and 8.91 for the ILA and ILB excitons, respectively.
As the ILA resonance is reported mainly in MoS2
and MoSe2 BLs [17–20, 26, 39, 40], we ascribe the
observed IL resonance to the ILA. Further discussion
on the interlayer excitons can be found in the SM.

3. Excitonic ladder inML and BL:
theoretical approach

A common approach to account for the excitation
spectra of excitons in S-TMD MLs refers to the
numerical solutions of the Schrödinger equation,
in which the e-h attraction is approximated by
RK potential [12, 13]. Although this numerical
method gives very good results for Mo- and W-based
MLs [9, 35, 41], there is a lack of analogous calcula-
tions of the excitation spectra of excitons inmultilayer
systems (particularly, in a BL). In the following, the

3



2D Mater. 10 (2023) 025014 Ł Kipczak et al

calculations of the excitonic ladders of the s states in
both the ML and the BL of the S-TMDs are presen-
ted. In order to verify our theoretical results, we com-
pare them with the experimentally found energy sep-
aration between the 1s and 2s states,∆Eexp12 , obtained
using the values shown in table 1. Our comprehensive
approach to the theoretical analysis of the excitation
spectra of excitons in S-TMDML and BL is described
in detail in the SM.

First, we calculate a spectrum of the intralayer
excitons in the ML and BL with the help of the effect-
ive two-body hydrogen-like problem. We derive such
a problem from the band Hamiltonians of the con-
sidered 2D systemswithin the k · p approximation. To
do this, we first consider the basic electronic proper-
ties of S-TMDML. TheML crystal is a direct bandgap
semiconductor. The extrema of the valence (VB) and
conduction (CB) bands are located at theK± points of
the Brillouin zone (BZ). Due to the strong spin-orbit
interaction, both bands are spin-split. The values of
the splittings in the VB (∆v) and in the CB (∆c) are
hundreds and tens of meV, respectively [42]. There-
fore, the Bloch states at the K points can be presen-
ted as a tensor product of the spin {| ↓⟩, | ↑⟩} and the
spinless band states. The spinless VB and CB states at
K± points aremade predominantly from dx2−y2 ± idxy
and dz2 orbitals of transition metal atoms, respect-
ively [42, 43]. Such a structure of Bloch states in
opposite K points defines the optical selection rules
in the ML and is a consequence of the system’s time-
reversal symmetry (TRS). The TRS also dictates that
Bloch states with the same band index (c or v) but
with opposite spins in opposite valleys have equal dis-
persion laws, i.e. the same band structure. Therefore,
we restrict our consideration of the conduction and
valence bands to the K+ point for brevity. All conclu-
sions for the K− point can be done by analogy.

The A excitons at the K+ point of the ML are
formed from an electron from the bottom spin-up
CB and a hole from the top spin-up VB. The cor-
responding spinless Bloch functions are |Ψc⟩ and
|Ψv⟩. The two-band fully-diagonalized Hamiltonian
of these bands, written in the corresponding basis
{|Ψc⟩⊗ | ↑⟩, |Ψv⟩⊗ | ↑⟩}, can be presented in the
form [44]

HML =

[
Eg +

ℏ2k2

2me
0

0 −ℏ2k2

2mh

]
. (1)

Here, Eg is the bandgap energy parameter, k=
kxex + kyey is the in-plane momentum of the quasi-
particles in theML, where ex,ey are unit vectors in the
x and y directions, respectively. me,mh > 0 are cor-
respondingly the electron and hole effectivemasses in
the ML. The Rydberg-type spectrum of e-h pairs for
such a band structure can be found from the solution
of the corresponding eigenvalues problem [13, 45]{

− ℏ2

2µ
∇2

∥ +VRK(ρ)

}
ψ(ρ) = Eψ(ρ), (2)

where µ=memh/(me +mh) is the reduced exciton
mass,∇∥ = ex∂x + ey∂y is the 2D nabla operator, ρ is
the in-plane distance between an electron and a hole
of the exciton, E is the exciton energy, and VRK(ρ) is
the Rytova–Keldysh potential [12, 13]

VRK(ρ) =−πe
2

2r0

[
H0

(ρε
r0

)
−Y0

(ρε
r0

)]
. (3)

Here H0(x) and Y0(x) correspond to the Struve
and Bessel functions of the second kind, r0 = 2πχ2D

represents the screening length, χ2D is the ML 2D
polarizability [41, 46]. ε denotes the dielectric con-
stant of the surroundingmedium (hBN in our study).

Let us consider the band structure of the BL at
the K+ point. To do this, we first define the Bloch
states of the VB and CB at the K+ point of the BL,
by constructing them from theML Bloch states of the
top and bottom layers of the BL. Namely, we intro-

duce the states |Ψ(m)
n ⟩⊗ |s⟩, where m= 1,2 is a layer

index (for bottom and top layers, respectively), n=
v, c is a band index (for VB and CB) and s=↑,↓ spe-
cifies the spin degree of freedom. The bottom (first)

layer states |Ψ(1)
v ⟩ and |Ψ(1)

c ⟩ aremade predominantly
from dx2−y2 + idxy and dz2 orbitals of transition metal
atoms, respectively [42, 43]. They coincide with ML
spinless states |Ψv⟩ and |Ψc⟩, considered above. The

top (second) layer states |Ψ(2)
v ⟩ and |Ψ(2)

c ⟩ are made
from dx2−y2 − idxy and dz2 orbitals and coincide with
spinless states in the K− point of theML. In our study,
we suppose the orthogonality of the basis states from

different layers and bands ⟨Ψ(m)
n |Ψ(m ′)

n ′ ⟩= δnn ′δmm ′ .
The symmetry analysis of the BL sys-

tem [17, 28, 40] demonstrates that the electron
excitations of the CB of the different layers do
not interact with each other in the leading order,
i.e. the electron states of the BL are localised either
in the bottom or in the top layer. On the con-
trary, the VB of the different layers of the BL inter-
act with each other forming the new VB with the
Bloch states delocalised in the out-of-plane direc-
tion. These states can be found by diagonalizing
the VB part of the BL Hamiltonian, written on

the basis {|Ψ(1)
v ⟩⊗ | ↑⟩, |Ψ(2)

v ⟩⊗ | ↑⟩, |Ψ(2)
v ⟩⊗ | ↓⟩,

|Ψ(1)
v ⟩⊗ | ↓⟩}

HVB
BL =


−ℏ2k2

2mh
t 0 0

t −∆v − ℏ2k2

2mh
0 0

0 0 −ℏ2k2

2mh
t

0 0 t −∆v − ℏ2k2

2mh

,
(4)

where t is the interlayer hopping term. The spectrum
of this Hamiltonian is doubly degenerated by spin (in
full accordance with the TRS and inverse symmetry
of the BL)

E±VB =−ℏ2k2

2mh
− ∆v

2
±
√

∆2
v

4
+ t2. (5)
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The eigenstates that correspond to the upper-
energy E+VB bands are

|Φ+
v↑⟩=

[
cosθ|Ψ(1)

v ⟩+ sinθ|Ψ(2)
v ⟩
]
⊗ | ↑⟩, (6)

|Φ+
v↓⟩=

[
sinθ|Ψ(1)

v ⟩+ cosθ|Ψ(2)
v ⟩
]
⊗ | ↓⟩, (7)

where we introduced cos(2θ) = ∆v/
√
∆2

v + 4t2. It is
important to point out that the new Bloch states
describe the delocalised in the out-of-plane direction
VB excitations. For example, the state |Φ+

v↑⟩ describes
the VB excitation, which can be found with prob-
abilities P(1) = cos2 θ and P(2) = sin2 θ in the first
(bottom) and second (top) layers, respectively. The
eigenstates |Φ−

v↑⟩ and |Φ−
v↓⟩, which correspond to the

lower-energy E−VB bands, can be derived from the first
ones by replacing cosθ→− sinθ, sinθ→ cosθ.

The optical transitions in the K+ point of the BL,
which form the intralayerA-excitons in the BL, couple

either {|Ψ(1)
c ⟩⊗ | ↑⟩, |Φ+

v↑⟩} or {|Ψ(2)
c ⟩⊗ | ↓⟩, |Φ+

v↓⟩}
group of the bands. The transitions between the first
pair of the bands are active in σ+ polarised light,
while the transitions between the second pair of the
bands are active in σ− polarised light. The first and
second groups of the bands are described by the same
Hamiltonian

HBL =

[
Eg +

ℏ2k2

2me
0

0 −ℏ2k2

2mh
− ∆v

2 +

√
∆2

v
4 + t2

]
,

(8)

which looks similar to the two-band Hamiltonian
of the ML, compare with equation (1). The effect-
ive electron and hole masses of these bands coincide
with the correspondingmasses in theML (in the lead-
ing order of the k · p approximation). Therefore, the
intralayer A-excitons are characterised by the same
reduced mass µ, as in the ML. On the other hand,
the delocalisation of the VB Bloch state in the out-
of-plane direction leads to the modification of the
Coulomb interaction between such a hole excitation
and an electron excitation, which remains localised
in one of the layers. The modified Coulomb interac-
tion in the BL Vbil(ρ) is derived in the SM. In sum-
mary, we conclude that the spectrum of the intralayer
A-excitons can be derived from equation (2) by repla-
cing VRK(ρ) with Vbil(ρ).

3.1. ML
We derive the spectrum of excitons in theML by solv-
ing equation (2) with Rytova–Keldysh potential (3).
Following, we introduce the dimensionless paramet-
ers ξ = ρε/r0 and ϵ= E/Ry∗, with Ry∗ = µe4/2ℏ2ε2
and rewrite equation (2) for the case of s-type excitons
in the following form{

b2
1

ξ

d

dξ

(
ξ
d

dξ

)
+ bvRK(ξ)+ ϵ

}
ψ(ξ) = 0, (9)

Figure 3. Energy spectrum of s excitonic state of the MoSe2
ML and BL encapsulated in hBN calculated using the k · p
approach. The ϵ⊥ parameter denotes the out-of-plane
dielectric constant used in calculations.

where b= ℏ2ε2/µe2r0 and vRK(ξ) = π[H0(ξ)−
Y0(ξ)]. The parameter Ry∗ defines the natural energy
scale for the considered excitonic problem, see [8] for
details. The dimensionless parameter b is the ratio
of the reduced Bohr radius a∗0 = ℏ2ε/µe2 and the
reduced screening length r∗0 = r0/ε in the system.
We use ε= 4.5 [47], r0 = 51.7 Å, µ= 0.44m0 for
our calculations, yielding b≈ 0.47, see details in the
SM. The numerical solution of the equation for this
value of b gives the energies of the ground (1s) and
the first four excited (2s, 3s, 4s, and 5s) states equal
to E1 =−214meV, E2 =−63meV, E3 =−30meV,
E4 =−17meV, E5 =−11meV, respectively. The
calculated energy positions of the excitonic states
in ML are presented in figure 3. It is difficult to
predict the absolute energy of a given ns excitonic
state, En,ex = Eg + En, since the bandgap energy (Eg)
is renormalised by the Coulomb interaction and
also depends on the dielectric constant ε. Calcu-
lating such a bandgap shift requires an additional
more resource-demanding numerical investigation.
To verify our theoretical calculations, we determ-
ine the energy distance between 1s and 2s emission
lines ∆E12 = E1,ex − E2,ex = (Eg + E1)− (Eg + E2).
Therefore, we found |∆E12|= 151meV, which is
nearly perfectly consistent with our experimental
value |∆Eexp12 |= 153± 5meV as well as the previously
reported value of about 153 meV obtained from pho-
toluminescence experiment [8].

3.2. BL
The computation of the excitonic spectrum in the BL
of S-TMDs is a muchmore sophisticated task. For the
ML case, the charges and wavefunctions of an elec-
tron and a hole are confined within the ML plane.
The situation with the electron and hole electronic
excitations in the BL is more complex. The hybrid-
isation of the VB states leads to the charge redistri-
bution of hole quasiparticles between layers in the
BL [4, 17, 40]. Using the properties of the VB states in
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the BL, we obtain the following values for the charges
of the hole excitation, which belong to the same (Qin)
and opposite (Qopp) layers as an electron,

Qin/opp =
|e|
2

(
1± ∆v√

∆2
v + 4t2

)
≈ 0.932|e|/0.068|e|,

(10)

where ‘+’ and ‘−’ signs correspond to the same
(in) and opposite (opp) layers of the BL, respect-
ively. Here we used the numbers ∆v = 182meV and
t= 53meV [43]. Subsequently, the redistribution of
the hole charge in the out of-plane-direction modi-
fies the Coulomb potential between electron and hole
excitations in the BL. The derivation of the corres-
ponding potentialVbil(ρ) as a function of the in-plane
distance, ρ between an electron and hole excitation is
presented in the SM. The potentialVbil(ρ) depends on
the distance L between the layers in the BL, the screen-
ing length r0, the dielectric constant of the medium
surrounding the BL ε, and finally the out-of-plane

dielectric constant ϵ⊥ of the BL. The case ϵ⊥ = 1 cor-
responds to the limit situationwhen the BL can not be
polarised by an electric field in an out-of-plane dir-
ection. In the real situation the BL, however, may be
characterised by the out-of-plane dielectric constant
ϵ⊥, which is different from unity ϵ⊥ = ϵbil⊥ > 1. In the
following, we demonstrate that the first case can not
explain the experimental observables, and hence, it
confirms that the BL is polarised in an out-of-plane
direction.

Let us consider the case ϵ⊥ = 1. Then, the
excitonic spectrum of the s states can be calculated
using the dimensionless eigenvalue equation (with
the same notations for ε and b from the previous
section){

b2
1

ξ

d

dξ

(
ξ
d

dξ

)
+ bvbil(ξ)+ ϵ

}
ψ(ξ) = 0, (11)

with the dimensionless electrostatic potential
between an electron and a hole in the BL

vbil(ξ) = 2ε

ˆ ∞

0
dxJ0(xξ)

0.932(1− δ)
(
e2xl[(1− δ)εx+ 1]− [εx(1− δ)+ δ]

)
+(0.0681− δ)2e xl

e2xl[(1− δ)εx+ 1]2 − [δ+ εx(1− δ)]2
. (12)

Here, J0(x) is the Bessel function of the first kind,
δ = (ε− 1)/(ε+ 1)≈ 0.64, and l= Lε/r0 ≈ 0.56. In
the latter, we used L= 6.44Å for MoSe2 BL from HQ
Graphene. The vbil(ξ) potential is composed of two
components: intra- (the term with 0.932 multiplier)
and interlayer (the term with 0.068 multiplier). One
can see that the intralayer term is dominant at a large
l distance between the layers, whereas the contribu-
tion of the interlayer term decays exponentially with
this distance ∝ exp(−xl). Using numerical solution
of the eigenvalue problem with potential vbil(ξ), we
obtain E1 =−235meV, E2 =−68 meV, E3 =−31
meV, E4 =−18 meV, and E5 =−11 meV. The cal-
culated energy positions of the excitonic states in the
BL are presented in figure 3. The obtained BEs of
the consecutive s excitons in the BL are slightly lar-
ger compared to their ML counterparts. This can be
explained by the fact that the effective dielectric con-
stant for the BL is smaller than that for the ML case.
However, the calculated difference between the ener-
gies of the 1s and 2s excitons, |∆E12|= 167meV, is
significantly larger as compared to the experimental
value, |∆Eexp12 |= 119± 6meV. Therefore, the model
with an out-of-plane dielectric constant, ϵ⊥ = 1 fails
in the BL.

Consequently, we calculate the excitonic spec-
trum in the BL assuming that ϵ⊥ = 7.7 [48], which is
the value that describes the static dielectric constant
in the MoSe2 BL [48]. The resulting eigenvalue

equation in dimensionless coordinate ξ = ρε
√
ϵ⊥/r0

becomes{
b2ϵ⊥

1

ξ

d

dξ

(
ξ
d

dξ

)
+ bṽbil(ξ)+ ϵ

}
ψ(ξ) = 0, (13)

with the new electrostatic potential, ṽbil(ξ), which
is obtained from equation (12) by replacing δ→
δ̃ = (ε−√

ϵ⊥)/(ε+
√
ϵ⊥)≈ 0.24. The dimension-

less energy parameter remains the same as in the
previous case. The eigenvalues of this new equation
provide the following spectrum of excitons E1 =
−177meV, E2 =−53 meV, E3 =−26 meV, E4 =
−17 meV, and E5 =−12 meV. The calculated energy
positions of the excitonic states in the BL with
ϵ⊥ = 7.7 are presented in figure 3. Consequently,
the new energy separation |∆E12|= 124meV agrees
nicely with the experimental value (|∆Eexp12 |= 119±
6meV).

To conclude, we demonstrate that the excita-
tion spectrum of excitons in the MoSe2 ML can be
properly reproduced using the RK potential with
the approach of infinitely thin ML. However, the
Rytova–Keldysh potential can not be applied to
describe the spectrum of the intralayer excitons in the
BL as a result of the more complex structure of the BL
crystal. We derive the electrostatic potential in the BL
by taking into account the geometry and the dielec-
tric constant ϵ⊥ of the BL perpendicular to the layers’
planes. The spectrum of excitons, based on the new

6
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potential in the MoSe2 BL is in very good agreement
with the experimental data. Our results indicate that
the study of excitons in thin layers of S-TMDs, beyond
theML limit, is muchmore complicated and requires
taking into account a realistic thickness of the BL and
its dielectric response.

4. g-factors of exciton ns states

The g-factors of excitonic ns states, gXns, can be calcu-
lated using the dispersions of the band-to-band trans-
itions, gX(k), in the vicinity of the K+ point, along
with the exciton wave functions, |ψX

ns(k)| (obtained
from our aforementioned k · p calculations), follow-
ing [36]

gXns =

ˆ
k
|ψX

ns(k)|2gX(k)dk (14)

with

gX(k) =±2(gc(+1)(k)− gv(−1)(k)), (15)

where the sign is defined by the optical selection
rules at K± points. gc(+1)(k) and gv(−1)(k) are the g-
factors of the spin-split subbands (Bloch states), |mk⟩,
involved in the excitonic transition, evaluated as

gm(k) = Lzm(k)+ Szm(k). (16)

The z component of the orbital angular
momentum of a Bloch state is calculated from the
bands–summation formula [49]

Lzm(k) =
1

im0

N∑
l=1,l ̸=m

pxml(k)p
y
lm(k)− p y

ml(k)p
x
lm(k)

εm(k)− εl(k)
,

(17)

where m0 is the free electron mass, px,yml (k) are com-
ponents of themomentum operatormatrix elements,
εm(k) are the band energies, and the summation
runs over all N states in the basis set. The elements
px,yml (k) were obtained from density perturbation the-
ory calculations [50]. In order to converge Lzm(k) up
to 0.1, 480 bands per formula unit were taken into
account. The spin angular momentum Szm(k) =±1
for the considered bands. We would like to emphas-
ize that the calculated values of the band g-factors for
spin-orbit split subbands at the K± points are dis-
cussed in the SM.

The calculated exciton wave functions squared
(see the SM for details) and g-factor dispersions in k-
space around K+ point, that enter equation (14), are
presented in figure 4. The widths of the wave func-
tions of the A andB excitons are similar inML andBL,
with a greater spread of |ψB

1s(k)|2 than |ψA
1s(k)|2, due

to a larger effective mass of the B exciton. The oppos-
ite is observed for the interlayer excitons. The gX(k)
dependence has a positive curvature in both the ML

Figure 4. Normalised squared moduli of exciton wave
functions calculated from k · pmodel for (a) ML and
(b) BL MoSe2. Dispersions of exciton g-factors around K+

point from DFT calculations for (c) ML and (d) BL.

and BL structures, with a smaller |gX(K)| in BL. This
is caused by the reduction of the bands g-factors in BL
versus ML (see the SM). As a result, the magnitudes
of gXns in BL are reduced with respect to ML. Further-
more, a stronger localisation of the 2sA state around
the K point leads to the increase of their g-factormag-
nitudes, in agreement with previous theoretical and
experimental findings [36, 38]. Due to the different
signs of valence and conduction Bloch states g-factors
involved in ILA and ILB excitons, their g-factors are
positive and exhibit a negative curvature.

The resulting trends of the calculated g-factors are
in good agreement with the experimental values, as
presented in table 1. Particularly, the experimentally
observed large increase of the g-factors of 2sA excitons
in ML and BL can not be explained either by the
underestimation of the band gap by DFT [49], or by
the in-plane mechanical strain that might be present
in the samples [51]. Further theoretical investiga-
tions are required, which are beyond the scope of this
study.

5. Summary

The excitonic properties in high-quality ML and BL
of molybdenum diselenide (MoSe2) encapsulated in
hBN flakes were investigated both theoretically and
experimentally. We determined the g-factors of the
intralayer A and B excitons and of the interlayer
excitons in MoSe2 ML and BL using the RC experi-
ment performed in out-of-plane magnetic fields up
to 10 T and first-principle calculations. The exper-
imental ladder of excitonic s states in the ML was
reproduced using the k · p model with the Rytova–
Keldysh potential. Furthermore, we demonstrated
that analogous calculations for the BL require taking
into account the out-of-plane dielectric response of
the MoSe2 BL, which is neglected for the ML. Finally,
we have explained the values and signs of all observed
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g-factors using a combined k · p and DFT approach.
Our results manifest that the excitonic physics in S-
TMD BLs is more complex than that in the ML case
because of the presence of VB hybridization and the
non-infinite size of the BL.

6. Methods

6.1. Sample and experimental setup
The investigated MoSe2 thin layers and hBN flakes
were fabricated by two-stage PDMS-based mechan-
ical exfoliation of the bulk crystal. Initially, the hBN
thin flakes were exfoliated onto a 90 nm SiO2/Si sub-
strate and annealed at 200◦C. That non-deterministic
approach provides the best quality of the substrate
surface. Subsequent layers were transferred determ-
inistically using a microscopic system equipped with
a x-y-z motorised positioners. The assembled struc-
tures were annealed at 160◦C for 1.5 hour in order
to ensure the best layer-to-layer and layer-to-substrate
adhesion and to eliminate a substantial portion of air
pockets apparent at the interfaces between the con-
stituent layers.

Low-temperature micro-magneto-experiments
of RC were performed in Faraday geometry, i.e. mag-
netic field oriented perpendicularly to the layers
plane. Measurements (spatial resolution∼3µm)
were carried out with the aid of a superconducting
coil in magnetic fields up to 10 T using an optical
fibre arrangement. The sample was placed on top
of a x-y-z piezo-stage kept at T = 10 K and was
illuminated using a 100 W tungsten halogen lamp.
The reflectance signal was dispersed with a 0.75 m
focal length monochromator and detected with a
liquid-nitrogen-cooled Si-CCD. The combination of
a quarter-wave plate, a linear polariser, and a Wol-
lastom prism was used to analyse the circular polar-
isation of signals (the σ±-polarized light was meas-
ured simultaneously). We define the RC spectrum
as RC(E) = [R(E)−R0(E)]/[R(E)+R0(E)]× 100%,
where R(E) and R0(E) are the reflectance of the
sample and of the same structure without the ML
or BL of MoSe2, respectively.

6.2. DFT calculations
First-principles calculations within the DFTwere car-
ried out in the Vienna ab-initio simulation pack-
age [52]. The ionic potentials were described using
the projector augmented wave technique [53]. We
employed the generalised gradient approximation of
the exchange correlation-functional within Perdew–
Burke–Ernzerhof parametrization [54]. A cut-off
energy for the plane-wave basis and a Monkhorst-
Pack k-grid for the BZ sampling were set to 500 eV
and 12× 12× 1, respectively. The geometrical struc-
tures ofML andBLwere defined using the parameters
from [46] with a vacuum region of 20 Å in order to
avoid spurious interactions between the periodically

repeated layers. Spin–orbit coupling was taken into
account during the calculations.
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