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Abstract

Reflectance and magneto-reflectance experiments together with theoretical modelling based on
thek - p approach have been employed to study the evolution of direct bandgap excitons in Mo$S,
layers with a thickness ranging from mono- to trilayer. We observe extra excitonic resonances in
MoS, multilayers which emerge as a result of the hybridization of Bloch states of each sub-layer due
to the interlayer coupling. The properties of such excitons in bi- and trilayers are classified by the
symmetry of the corresponding crystals. The inter- and intralayer character of the reported excitonic
resonances is fingerprinted with the magneto-optical measurements: excitonic g-factors of opposite
sign and of different amplitude are revealed for these two types of resonances. The parameters
describing the strength of the spin—orbit interaction are estimated for bi- and trilayer MoS,.

1. Introduction

Scientific curiosity to uncover the properties of
new materials and to demonstrate their possible
novel functionalities drives research efforts focused
on atomically-thin matter, and, in particular, on
thin layers of semiconducting transition metal
dichalcogenides (S-TMD) [1-4]. Intense works have
been devoted to studies of S-TMD monolayers which
appeared to be the two-dimensional semiconductors
with a direct bandgap positioned at the K* points of
their 1st hexagonal Brillouin zone (BZ) [5, 6]. New
and rich possibilities of tuning the band structure,
the strength of Coulomb interaction, and thus the
optical properties, are opened when stacking S-TMD
monolayers, forming multilayers and/or hetero-
layers [7—12]. The properties of the archetypes of
S-TMD stacks which are the thermodynamically stable
2H-stacked multilayers are to be well understood first.

In 2H stacks of N monolayers (NML), the elec-
tronic bands are known to be effectively modified, with
N, in the range outside the K* points of the BZ [13—
19]. This, in particular, implies the indirect bandgap in
NMLs when N > 1, what strongly affects the emission

spectra of these multilayers [20-24]. Instead, more
subtle effects of the hybridization of electronic states
around the direct bandgap which appears at K* points
of the BZ in any NML are relevant for absorption-
type processes [25, 26]. Understanding the absorption
response of S-TMD multilayers might be of special
importance for their potential applications in photo-
sensing or photo-voltaic devices [27].

In this paper we present theoretical outlines
(based on k- p approach [13, 22, 25, 26, 28]) and
experimental data (results of reflectance and mag-
neto-reflectance measurements), which, in a consist-
ent manner, unveil the nature of direct bandgap (K*
points) excitonic transitions in 2H-stacked S-TMDs
multilayers. The geometry of the 2H stacking, wherein
each subsequent layer is 180° rotated around the pre-
vious one, induces interaction and hybridization of
the Bloch states in K™ /K~ /KT ... (K~ /Kt/K™...)
points of the subsequent monolayers, which form the
K (K™) valleys of the multilayer. Such non-trivial
interlayer coupling delocalizes the electron states in
the out-of-plane direction, which leads to the forma-
tion of new type of excitons, associated with K* valleys
in multilayers as well as in bulk crystals [22,29,30]. We
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classify such excitons, associate them with the symme-
try of the crystal and describe their properties in a sim-
ple theoretical frame. Notably, the intra- or interlayer
character of the excitonic transitions is fingerprinted
with, correspondingly, negative or positive sign of the
g-factor associated to these transitions.

Due to the different symmetries of the conduc-
tion and valence band orbitals, the hybridization of
K™ -electronic states in NML occurs predominantly in
the valence band and is more effective when the spin—
orbit splitting A, in the valence band is small. MoS,,
with the smallest A, among all other S-TMDs, is the
material of choice for such investigation. Our exper-
imental results have largely profited of the significantly
improved optical quality of MoS, layers when they are
encapsulated in between layers of hexagonal boron
nitride (hBN) [31-35]. We consider the bi- and trilayer
systems as the simplest multilayer representatives with
different spatial symmetry.

Matching theory and experiment, we estimate that
in our multilayers of MoS;: (i) the interlayer excitons
are by ~20 meV less bound than the intralayer exci-
tons, in bilayer and likely in trilayer, (ii) in both bi- and
trilayer, the spin—orbit splitting in the conduction
band is of about 50 meV, that is larger than its counter-
part in a monolayer [36], (iii) the two spin-orbit-split
valence-band subbands are separated by 120 meV in
bilayer, (iv) four spin-orbit-split subbands appear
in the valence band of the trilayer; the two outer sub-
bands are separated by 180 meV whereas the inner
ones by 140 meV.

The paper is organized as follows. Section 2 intro-
duces the theoretical description of the interlayer cou-
pling and of optically active transitions in 2H stacked
multilayers. In section 3, we present experimental data
for excitonic resonances in bi- and trilayer of MoS,. In
section 4, we outline the properties of multilayers and
the possible applications of such materials. In appen-
dix A, the samples, instrumentation and experimental
details are presented. Appendices B and C contain the
derivation and discussion of the exciton g-factors in
bi- and trilayer of MoS,, respectively.

2. Theoretical description

We consider the optically active transitions at the
K* points in 2H-stacked multilayers of S-TMD
encapsulated in hBN. Our investigation is based
on k-p approximation. We focus on the optical
properties of such crystals at the Kt point for brevity
[22]. The results for the K~ point can be obtained by
analogy.

We briefly remind the basic properties of S-TMD
monolayers which will be used in the subsequent
description of multilayer structures. Namely, a single
layer crystal is a direct band gap semiconductor. The
maximum of the valence (VB) and minimum of the
conduction (CB) bands are located at the K+ points
of the BZ. Due to the strong spin—orbit interaction,
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both bands are spin-split (from hundreds of meV in
the VB, up to tens of meV in the CB). Hence, Bloch
states in the corresponding points can be presented as
a tensor product of spin and spinless states. The spin-
less valence |¥,) and conduction |¥.) band states at
the K™ point are made predominantly from, corre-
spondingly, d> > + id,, and d,» orbitals of transition
metal atoms [37, 38]. Due to time-reversal symmetry
(TRS) the analogous states at the K~ point are com-
plex conjugated to the previous ones, i.e. they are made
from d>_,» — idy, and d,» orbitals. The TRS also dic-
tates that Bloch states with the same band index (cor v)
but with opposite spins in different valleys have equal
energies. The crystal spatial symmetry together with
TRS define the optical properties of monolayers—only
ot (07) polarized light can be absorbed or emitted at
the K+ (K™) point. Since the VB and CB are split, there
are two possible optical transitions (which conserve
spin) at each K™ and K~ points—the lower-energy
transition, T}, and the higher-energy one, Tp. All the
described features are depicted in figure 1 for the case
of MoS; monolayer.

A bilayer crystal can be viewed as two monolayers
separated by a distance I ~ 6 A [39], and stacked in
a way that the top layer is rotated with respect to the
bottom one by 180°. We arrange them in z = I/2 and
z = —I/2 planes, respectively (side view of the system
is presented in figure 2). Then, the crystal possesses
the centrosymmetry I with an inversion center in the
z =0 plane (see two-headed red arrows in figure 2).
This symmetry is preserved in our bilayer surrounded
by rather thick hBN flakes®. Therefore, one can extend
the k - p model proposed in [25,26] also for this case.

Let us examine the Bloch states of the valence and
conduction bands at the K* point of a MoS, bilayer.
We construct them from the Bloch states of the top and
bottom layers considering them separately. Namely,
we introduce the states |\I!$,m)> ® |s), where m = 1,2
is a layer index (for bottom and top layers, respec-
tively), n = v, ¢ is a band index (for VB and CB) and
s =1, ] accounts for the spin degree of freedom. The
bottom (first) layer states |\I/‘(,1)> and |\I/£1)> are made
predominantly from d._, +idy, and d. orbitals
of transition metal atoms respectively [37, 38]. They
coincide with monolayer spinless states | ¥, ) and |¥,)
mentioned before. The top (second) layer states |\II§2)>
and \\1152)> are made from d,2_,» — id,, and d» orbit-
als and coincide with spinless states at the K~ point of
monolayer. The top and bottom states are connected

©1t is worth noting that the distance between the layers in
encapsulated S-TMD flakes can deviate from their non-
encapsulated analogs, but the inversion (mirror symmetry)
remains preserved in our bilayer (trilayer) structure. The
AFM measurements of our samples indicate that the
hBN-MoS, separation, § = 3.95 ;\, is the same in all three
structures, whereas the MoS,-MoS, interlayer distance,
I = 5.4 A,identical for bi- and trilayer, is slightly smaller that
inbulk MoS, (6.15 A).
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states states

spin-up spin-down

spin-up spin-down
states states
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Figure 1. Sketch of band positions and optical transitions at the K* and K~ points of the Brillouin zone in a monolayer of MoS,.
Bump structures represent the conduction and valence band states associated with optically active transitions, (T4 and Tp, shown
with wave arrows),in 0™ and o~ configurations, coded in green and red, respectively.

K™ point

Figure2. The bilayer S-TMD crystal embedded in between two thick hBN flakes, side view. Yellow and blue circles depict chalcogene
and transition metal atoms, respectively. Red, two-headed arrows illustrate the inversion symmetry of the crystal.

by the relation |\I/,(12)> = KOI|\I',(11) ), where K and I are
the complex conjugation and central inversion opera-
tors, respectively. Finally, we suppose the orthogonal-
ity of the basis states from different layers and bands
(OO = G Sy

The initial basis states in a given layer are affected
by crystal field of the another layer and by the sur-
rounding hBN medium. Such field, being considered
as a perturbation in the k - p model, produces intra-
and interlayer corrections to the bilayer Hamiltonian.
The intralayer corrections renormalize the band gap E,

and spin-splittings A, A, for the electron excitations
in the considered layer. There is also a Rashba-like cou-
pling between the VB (CB) basis states within the same
layer. It is induced by the spin—orbit interaction. How-
ever, the strength of such coupling appears to be small
and is neglected here [26]. Due to the symmetry of
the crystal, the parameters of the other layer are simi-
larly affected. The interlayer corrections link the states
from different layers. The symmetry analysis of such
terms demonstrates the existence of: (i) strong cou-
pling between the VB basis states with the same spins,
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Figure 3. Sketch of the bands positions and optical transitions at the K point of the BZ in a bilayer of M0S,. Green and red bump
structures represent the conduction and valence band states associated with optical transitions active in the 0+ and o~ polarizations,
respectively. Solid (dashed) wavy arrows denote optical transitions Ty, Tg (T}, Tj) due to the intralayer (interlayer) A and B excitons.
|Ac|and \/AZ + 412 denote the splitting in the CB and the VB, respectively. E, is the single particle band gap.

and (ii) the quasi-momentum dependent coupling
between the CB basis states with the same spins. In our
case, the spin-up and spin-down states of a bilayer are
decoupled and can be considered separately.

As a result, the VB Hamiltonian, written in the
{17 ® |s), [ T5?) @ |s)} basis, takes the form
A,

%2 tA], (1)

t —0s5"

HY =

where o = +1(—1) for s=1(}). The parameter
t~40-70 meV [25] defines the coupling
between valence bands from different layers.

The CB Hamiltonian, written in the basis
{w) @ |5), [0) © |5)}is

Eg —&-US% uk4
uk_ E, — o I (2)

where ki =k, + ik, and E; is the band gap of
the bilayer. The parameter u defines the coupling
between the conduction band states of the different
layers. Its numerical value can be calculated from the
microscopic model of S-TMD multilayers [26]. Both
Hamiltonians are written up to O(k?).

The bilayer VB have energies Ef = +./A2/4 + 12.
The corresponding upper-energy eigenstates are

|<I>:FT> = [cos o|wMy + sin9|\111(,2)>} 1), (3a)
) = [sin6]9(") +cos018P)| @1 4),  (3b)

where we introduced cos(20) = A,/ /AZ + 412,
The low-energy eigenstates |(I)1/T> and [®,)) can

be derived from those shown above by replacing
cos@ — —sin 6, sin § — cos 6. The new VB states are
doubly degenerated with respect to spin.

The CB states do not interact with
each other in Kt wvalley (ie. in the limit of
ki, k, — 0). Hence, in the leading order, they are not
mixed and form doubly degenerated bands with ener-
gies E, + A, /2. In the following we focus on a MoS,
bllayer with A, < 0.For this case, the u%)%)er and lower
energy CB states are |\Il(1) Yo | 1), [ @] 1) and
Y @ [ 1), 18P @ | 1), respectively.

All new energy states of a bilayer system are
depicted graphically in figure 3. We divide them into
spin-up (left panel in figure 3) and spin-down (right
panel) subsets. The single and doubled bumps in the
figure represent the new CB and VB states. The size
of the bump reflects a probability to observe the new
composite quasiparticle in the bottom (green part) or
the top (red part) layers. The effective hybridization
of valence band states implies that the transitions
from any valence band state into both |\Il§1)> and
|\If§2)> states are now possible, in ot and o~ circu-
larly polarized light, respectively. As a consequence,
the system demonstrates four types of optically active
transitions: two intralayer and two interlayer ones.
One representative family of T4, T} and T, Tj trans-
itions associated, correspondingly, with the spin-up
and spin-down bands, are depicted in figure 3.

The two intralayer transitions of our bilayer

I {|<I>V#> ~lEhein,
@) = [vP) @ | );
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-

symmetry transformation.

Figure4. The trilayer S-TMD crystal embedded in between two thick hBN flakes, side view. Yellow and blue circles depict
chalcogene and transition metal atoms, respectively. The thin white rectangular represents the mirror symmetry plane z = 0 of the
trilayer. The tips of red curvy double-headed arrows couple the atoms, which coordinates transform into each other under mirror

_ @)
T _{I‘%)—M‘Pc )@ 1), 5)

ey = ey @ | by

have the same intensity I = I,cos®#, where I, is
the intensity of the corresponding transition in a
monolayer.

The two interlayer transitions

, [lef) = e e 1),

T, : 6

A {|<1>;:>ﬁ|w5”>®|¢>; (©)
32 — [Ty @ |1,

. {|¢VT> |W> |¢>‘ -
|1/\L>_>| C>®|\I/>)

are characterized by the intensity I’ = I,sin® . It
is worth mentioning that the intra- and inter-layer
transitions are active in opposite circular polarization
atagiven K pointand thus the excitons associated with
these two type of distinct transitions should display
the opposite signs of g-factors (see appendix B).

The trilayer crystal can be seen as three monolayers
separated by distance I, with the middle layer being
rotated by 180° with respect to the external ones (side
view of the system is shown in figure 4).

Similarly to the case of bilayer, we focus
on the properties of quasiparticles at the
K™ point. The basis states of a trilayer are
(1T) ® 1), [2P) © |5), [25) @ [s)}. They belong
to z=—I, z=0 and z =1 layers, respectively. The
trilayer crystal has mirror symmetry oy, with the mir-
ror plane z = 0. It determines the symmetry relations

U) = o3| @iV, [0F) = 0| WiP). The properties

of]| o) yand| NS ) states are the same as in bilayer. The
properties of | \I/£,3)> states coincide with | \I/,(ql)> accord-
ing to the crystal symmetry. Hence, at the K* point, the
Istand 3d layers absorb only o polarized light, while
the 2nd oneisactive in o~ polarization.

We derive the effective k - p Hamiltonian by con-
sidering the system within several approximations:
(i) the intralayer crystal field corrections are equal for
each layers, i.e. electronic bands in each layers are char-
acterized by the same band-gap E, and spin-splitting
A,, A parameters, the magnitudes of which, however,
can deviate from their bilayer analogs’; (i) we neglect
the coupling between the states of the top and bottom
layers. In this approach, like in the case of bilayer, the
spin-up and spin-down states of a trilayer are decou-
pled. The Hamiltonian for the VB states, written in the

basis {| T @ |s), [TF) @ [s), [ 05) @ |s) ), is

05% t 0
HY) =| t —o5 ¢ |. (8
0 t 05&

7 The middle and outer MoS, layers forming the trilayer
crystal are characterized by different close surroundings.
Thus, strictly speaking, the middle layer can have a different
band-gap and spin-splittings in comparison to their
counterparts in the top/bottom layer’s bands. This can be
included in the trilayer Hamiltonian but does not change
our main conclusion about the existence of odd and even
states, mentioned later. Therefore, we set all the diagonal
parameters equal to each other in order to avoid the excessive
complication of the model.
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(a) spin-up states
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spin-down states
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Figure 5. Sketch of bands positions and optical transitions between (a) even and (b) odd states at the KT point of the BZ in a trilayer
of MoS,. Green and red bump structures represent the conduction and valence band states associated with transitions, active in the

ot and o~ polarizations, respectively. Solid (dashed) wavy arrows denote optical transitions due to the intralayer (interlayer) A
and B excitons.|A|and /A2 4 812 (A,) denote the splitting in the CB and even (odd) states of the VB, respectively. E, is the single

(b) spin-up states spin-down states

. JAN
\A%\

I

The Hamiltonian for conduction bands, written in the
basis{|\I/£1)) ® |s), \\1152)> ® |s), |\IJ§3)) ® |s) }, reads

E,+o5  uky 0
HY) = uk_ E,— 05t uk_
0 uk, Eg+ 0,5t

9)
The system possesses a mirror symmetry. Hence, it
is convenient to introduce new basis states which are

even [TV) = L) + (@), |7) = @)
and odd |T 3)> \[[|\I/(1)) |\Il(3)>] under the
o transformation. The trilayer Hamiltonians
have a block-diagonal form in the basis

{1y @ |s), [T @ |s), [Ty @ 1)}
05% \ﬁt 0

HO = | V2t —o5 0 |, (10)
0 0 o5
E +o5  V2uky 0
HS) = | V2uk_ E, — 05% 0
0 0 Eg+ 0.5
(11)

The2 x 2blocks have the same structure as the one
of bilayer’s Hamiltonians. Therefore, all the proper-
ties of the even states can be obtained from the results
of a bilayer by replacing t — v/2t,u — v/2u. Con-
sequently, there are doubly degenerated valence and
conduction bands which define the intense T4 and Ty
and weak T/, and T} optical transitions with the char-
acteristic ot and o~ polarization rules as depicted
by, correspondingly, wavy-solid and dashed double-
headed arrows in figure 5(a).

The 1 x 1 block has the structure of monolayer
Hamiltonian. Hence, only T§ and T} transitions

between odd states of trilayer do appear. They are
active in the same polarization as Ty and T} transitions
of monolayer and are represented by wavy solid dou-
ble-headed arrows in figure 5(b).

To this end, the trilayer is expected to display two
types of ‘even’ intralayer excitons: T, and T, and two
types of ‘odd’ intralayer excitons: T3 and T§. All of
them are active in o polarization at the K™ point and
have g-factors of the same sign. Instead,the interlayer
‘even’ excitons, T and T}, are active in o~ polariza-
tion at the K™ point and have g-factors of opposite sign
to that of intralayer excitons. The detailed description
of g-factors of trilayers is presented in appendix C.

Our theoretical description predicts the number of
exciton resonances and their polarization properties
to be observed in experiments. However, the relative
position of T4 and T excitons remains an open ques-
tion. Indeed, both resonances are active in the same
polarization and have similar g-factors, which can
make them impossible to be identified experimentally.
The analysis of the interference effects together with
the consideration of the Coulomb interaction between
the new quasiparticles may answer this question, but
such analysis is, beyond the scope of the present work.

A summary of our theoretical predictions, i.e. the
expected evolution of the pattern of optically active
transitions in (1L)mono-, (2L)bi- and (3L)trilayer
MoS; crystalsisillustrated in figure 6.

3. Absorption resonancesin MoS,
multilayers

We have experimentally investigated a set of van der
Waals heterostructures with optically active parts
consisting of MoS, mono-, bi- and trilayer. The
structures were prepared on ultraflat unoxidized

6
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(c) Ty
0
/ B
J | TA T
|<—|A|—>| |<—|A|—>|
le— |Ac|+ A, —>1
l— [Ac] ++/AZ + 82 —>
Figure6. Sketch of optical transitions in (a) mono-, (b) bi- and (c) trilayer MoS, crystals. The position and size of black thick
segments represent the energies and intensities of the corresponding transitions. The values of parameters A, and A, for bilayer and
trilayer can deviate from their counterparts in monolayer analogs.

silicon substrates by combination of exfoliation
and dry transfer techniques [40]. In order to achieve
the highest possible quality of our samples, as well
as to preserve the characteristic inverse and mirror
symmetries of, respectively, 2H-stacked bi- and
trilayer, the microcleaved MoS, flakes were sandwiched
between two hBN flakes exfoliated from high-quality
bulk crystals grown under high-pressure conditions
[41]. Further information on the preparation of
samples and their characterization is provided in
appendix A.

Experiments consisted of measurements of the
reflectance contrast (RC) spectrum, which is defined
as
E) — Ro(E)

re(E) = RE)

RE) T RoE) <

(12)
where R(E) is the reflectance spectrum when the light
isfocused on the MoS, flake and Ry(E) is the reflectance
from the region outside the flake. Two different
micro-optical setups have been used: one setup for
measurements in the absence of magnetic fields and
the second one for measurements in magnetic fields
supported by either a 14 T superconducting magnet
or a 29 T resistive magnet. A spatial resolution of

about 1 pum (light spot diameter) is characteristic of
our free-beam-optics setup used for experiments at
zero magnetic field. Instead, the fiber-optics-based
arrangement applied for experiments in magnetic
fields provides a poorer spatial resolution, of about
10 pm. A spectral resolution of 0.32nm has been
assured for both setups. A combination of a quarter
wave plate and a polarizer are used to analyse the
circular polarization of signals. The measurements are
performed with a fixed circular polarization, whereas
reversing the direction of magnetic field yields the
information corresponding to the other polarization
componentdue to TRS [30,42]. More on experimental
details can be found in appendix A.

The collection of low temperature (~5K) RC spec-
tra using our B = 0 setup, measured in the spectral
range of the optical gap (onset of strong absorption) of
the MoS§; layers is presented in figure 7.

The observed, more or less pronounced reso-
nances, show a dispersive spectral shape and corre-
spond to typically, strongly bound direct bandgap
excitons in S-TMD layers. Although our theoretical
considerations neglect the effects of Coulomb binding
and account only for interband transitions, a resem-
blance between the measured spectral evolution pre-
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Reflectance contrast (%)

Figure7. Reflectance contrast spectra of mono- (1L), bi- (2L) and trilayer (3L) MoS, crystals encapsulated in hBN measured at
temperature 5 K. The spectra are vertically shifted for clarity.
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1.90 1.95 2.00 2.05 2.10 2.15 2.20 1.90 1.95 2.00 2.05 2.10 2.15 2.20

Figure 8. Helicity-resolved RC spectra (blue and red curves) of Mo$; layers encapsulated in hBN for selected values of magnetic
field, the corresponding zero-field RC spectrum (black curve), and differential spectraRC(c™, B = 29 T) — RC(c™,B = —29 T)
(top panels), measured at temperature 4.2 K. The red and blue curves correspond to o+ polarization of reflected light in Band —B
configurations of magnetic field (applied perpendicularly to the layers plane), respectively. For differential spectra, deeps indicate
a negative g-factor, while peaks indicate a positive g-factor of excitonic transitions. Vertical black and green bars define the scale for
zero field RC and differential spectra, respectively. The spectra are vertically shifted for clarity.

Energy (eV) Energy (eV)

sented in figure 7 and the theoretically concluded one  tonic resonance X and we proceed with the assignment

in figure 6 can be recognized.

of the resonances observed in the experiment. We sup-

In the following we assume that each interband pose that the resonating excitons are shifted in energy,
transition Txisassociated with the correspondingexci- by their binding energies, with respect to the associated
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Figure9. Zero-field RCspectra (black curve) and the differential spectra RC(o+, B) — RC(a+, —B) at selected values of magnetic
field B for 1 ML (left panel), 2 ML (middle panel) and 3 ML (right panel). Deeps in the difference spectra indicate a negative g-factor,
while peaks indicate a positive g-factor of excitonic transitions. Vertical black and green bars define the scale for zero-filed RC and
differential spectra, respectively. The spectra are vertically shifted for clarity.

Energy (eV)

interband transitions: E(X) = E(Tx) — Ep(X). Bind-
ing energies might be, however, different for different
excitons and this fact must be taken into account when
comparing the energy position of X-resonances and
Tx-transitions. Important for the assignment of the
observed resonances are the results of the polarization
resolved measurements carried out in magnetic fields
(see figures 8 and 9).

As discussed above, we expect that our multilay-
ers host two different types of intra- and interlayer
excitons, each of them being distinguishable by their
different polarization properties (g-factors of oppo-
site sign and various magnitudes). At this point we
must admit that all subtle spectral features which are
well visible in the RC spectra measured at B = 0 with
high spatial resolution are somewhat less pronounced
in the magneto-optical measurements which imply a
worse spatial resolution. A certain degree of sample
inhomogeneity is an obvious cause of this drawback.
In consequence, in the case of weak and/or broad
resonances the information about their g-factors is not
easily extractable from the raw magneto-RC data. This
information becomes more apparent if we inspect
the RC-polarization spectra. These spectra have been
constructed as a difference between the RC-spectra
measured at the same strength but for two opposite
direction of the magnetic field (that mimic, due to the
time reversal symmetry, the spectra corresponding to
ot and o~ circular polarization of the reflected light).
As can be deduced from the data shown in figures 8
and 9, the apparent dips in our differential RC polari-
zation spectra correspond to excitonic resonances with

negative g-factors whereas the characteristic upswings
mark resonances with positive g-factors.

The very first classification of the observed reso-
nances takes into account a relatively large spin—orbit
splitting in the MoS, valence band, rising two groups
of excitons associated with well-separated upper
(A-excitons) and lower (B-excitons) valence band sub-
bands. The 1 ML spectrum shown in figure 7, resem-
bles that previously reported for a high quality 1 ML
MoS; encapsulated in hBN [35]. It depicts three reso-
nances: one well-separated resonance due to ground
state A-exciton (X,), and two other superimposed
resonances, due to B-exciton (Xp) and the first excited
(2s) state of A-exciton (X/Zj). X4 and Xp resonances
are associated with T4 and Tpg transitions sketched in
figure 1; the excited excitonic states are beyond the
frame of our single particle theoretical approach. As
expected, the X4, Xgand Xff excitonic resonances dis-
play similar polarization properties in the magneto-
optical experiments (see top curve in the left panel of
figure 8). We estimate gx, ~ —4 in agreement with
previous reports [43—45]; the accurate estimation of
the amplitudes of gx, and gx is more cumbersome
though both these values are also negative.

The RC spectrum of the 2 ML (see middle curve
of figure 7) shows four resonances [29] which, in ref-
erence to our theoretical expectations (see figures 3
and 6), are assigned to the pair of intra- (X4) and
interlayer (X)) A-excitons, and to the analogous pair
of intra- (Xp) and interlayer (Xj) B-excitons. We use
the signs and magnitudes of the exciton g-factors as
fingerprints of the intra- and interlayer nature of the
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Figure Al. Upper row: optical microscope images of hBN/MoS,/hBN heterostructures comprising (a) mono-, (b) bi- and (c)
trilayer Mo$, flakes (outlined in white) sandwiched between two hBN flakes—a 6070 nm thick flake from the bottom (outlined

in yellow) and 10-15nm thick flake from the top (outlined in red). The spots of brown-to-blue colour visible in all images are
bubbles of air and/or water vapour trapped between either the MoS, and the top hBN flake or the two hBN flakes. Lower row: (d)—(f)
false colour atomic force microscope images taken at respective locations marked in (a)—(c) with orange circles. The grey arrows
represent the line profiles drawn in panel (g) and labelled with the same numbers as in images (d)—(f).

Distance (um)

Xs- and Xj-excitons respectively [30]. Namely, we
conclude that gx, ~ —4, while gx; ~ 8. Again, the
exact values for the g-factor amplitudes of B-excitons
are hard to be precisely estimated. Nonetheless it is
rather clear that gx, is negative and gy; is positive (see
top curve in the middle panel of figure 8). Whereas
our theoretical model meets the experimental data at
the qualitative level, the energy ladder of the observed
resonances requests further comments. Charac-
teristic for the theoretical modelling is the fact that
the energy distance, A(T’, T4), between the T} and
T4 transitions is the same as the energy separation,
A(Tg, Ty) between the T and T transitions, both
differences being determined by the amplitude A, of
the spin orbit splitting in the conduction band of the
2 ML: A(T},Ta) = A(Tp, Tj) = |A.J. This prop-
erty is not seen in the experiment: we estimate that
A(X)), X4) =~ 70 meV, whereas A(Xp, Xj) ~ 30 meV.
The inconsistency between theory and experiment
is likely due to the different binding energies of exci-
tons associated with different interband transitions:
E(X) = E(Tx) — Ep(X). In the first approximation
we assume that the binding energies of our
inter- and intralayer excitons are indeed dif-
ferent but that the excitons within each pair of
indirect and direct resonances are the same:
Ey(intra) = Ey(Xa) = Ep(Xp) # Ep(X}) = Ep(Xp) =
Ey(inter). Then, comparing the theoretical predic-
tion with the experimental data one obtains that
A = A(T), Ta) = A(Ts, Tp) = [AX), Xa) + A

(Xp,X)]/2 =50 meV and that E,(intra) =
Ep(inter) 4+ 20 meV. Larger binding energies of intra-
layer excitons with respect to those of interlayer exci-
tons are logically expected since Coulomb attraction
should be indeed stronger/weaker when the electron
and hole charges are localized in the same or in the
neighboring layers, as for the case of intra- or inter-

layer excitons, respectively. At first sight, the estimated
amplitude of the spin orbit splitting in the conduc-
tion band of the MoS; bilayer appears to be surpris-
ingly large. In the case of 1L MoS,, the commonly
accepted results of DFT calculations predict A, in the
range of few meV, though recent experimental works
point out towards much higher values of about 15
meV [36]. According to our theoretical approach, the
spin orbit interaction is sensitive to interlayer coupling
and it is also affected by the interaction with the sur-
rounding material (hBN). Thus the amplitudes of the
A, as well as A, parameters are expected to evolve
with the numbers of the stacked MoS, layers. Keep-
ing our assumption about equal binding energies for
X, and Xjp excitons we note that the expected energy
separation between these excitonic resonance is given

by |A.] + /A2 + 48 (see figures 3 and 6), to be
compared to the value of 170 meV estimated from the
experiment. With the theoretically estimated value of
t ~ 40meV [25] and the derived above|A | ~ 50 meV
we find A, ~ 90 meV. Visibly, however, the ‘effective’
spin orbit splitting in the valence band of the MoS,
bilayer is larger, as given by y/AZ 4 42 ~ 120 meV
(see figure 3).

Focusing now on the trilayer spectrum (see bottom
panel of figure 7) we observe a characteristic triplet of
A-exciton resonances, which is in accordance with our
theoretical expectations (see figure 6(c)). As expected,
two strong X4 and Xj resonances are characterized by
negative g-factors whereas the g-factor of the interlayer
X/, exciton is pretty much positive (see top curve in the
right panel of figure 8). The theoretically anticipated
triplet structure of the "/ X}/ -exciton is not resolved in
the experiment but likely hidden within the observed
broad spectrum of the B-exciton. Even with unresolved
fine structure of the B-exciton for our trilayer MoS,,
a rough estimation of A, and A, parameters can be
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done. Expecting that the energy separation between
X}, and X4 is A(X), Xa) = |Ac| + Ep(Xa) — Ep(X})
and reading A(X)},Xa) ~ 70 meV from the experi-
ment we conclude that |A.| ~ 50 meV if the differ-
ence between binding energies of the intralayer X4 and
interlayer X/, excitons is E,(X4) — Ep(X}) ~ 20 meV,
i.e. the same as we found for intra- and interlayer exci-
tons in 2 ML MoS;. On the other hand, supposing that
binding energies of two X4 and X intralayer excitons
are the same we expect that they are separated in energy
by A(X5,Xa) = (/AZ+ 82 —A,)/2 and extract
A, ~ 140 meV when reading A(X3,X4) ~ 20 meV
from the experiments and assuming again that ¢ o~ 40
meV. With the above estimation, the band-edge struc-
ture of the 3L Mo$; at the K* points of the Brillouin
zone is concluded to consist of two conduction band
subbands split by 50 meV and four valence band sub-
bands with outer two subbands split by 180 meV and
the inner two subbands split by 140 meV.

4, Conclusion

We have performed magneto-reflectance measure-
ments along with k- p theory based modelling on
few-layer MoS, encapsulated in hBN structures,
revealing the intralayer and interlayer nature of the
newly discovered transitions. Such resonances form
due to the hybridization of valence and conduction
bands states when one adds new layers to the system.

The experiment (i) displays the new excitonic
resonances and their number in bi- and trilayers; (ii)
demonstrates that g-factors of intralayer and interlayer
excitons have opposite signs; (iii) the g-factor values
of interlayer excitons are much larger (in magnitude)
than those of intralayer ones.

The symmetry based k - p description of the bi-
and trilayers provides a natural explanation for the
aforementioned experimental observations. Moreo-
ver, from the general symmetry point of view the
theoretical model also predicts (i) the renormaliza-
tion of the band gap E, and spin splittings A, A,; (ii)
the deviation of the bi- and trilayer exciton g-factors
from their monolayer analogs. These two phenomena
appear as a result of the coupling between different
layers of the system and effects of dielectric screening
induced by hBN.

Finally, we point out some unique properties of the
exciton states of the trilayer. First, we mention the exist-
ence of two groups of exciton resonances—‘even’ and
‘odd’, which do not interact with each other because
they belong to different irreps of the in-plane mirror
symmetry of the system. However, electric field, applied
perpendicularly to the crystal’s plane, violates this sym-
metry and causes the controllable coupling of these
states. Such feature can be used in future exciton based
applications. We also note that the positive and negative
electrical charges of interlayer excitons are separated
between different layers. Such a property can be inter-
esting in photovoltaic applications of S-TMD systems.
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AppendixA. Samplesand experimental
setups

In order to provide even and charged-defect-free
support to van der Waals heterostructures studied in
this work we assembled them on ultraflat unoxidized
silicon (Si) substrates from Ted Pella Inc., whose
surface roughness amounts to about one-tenth of
that of standard Si/SiO, wafers. Each heterostructure
consisted of three flakes obtained by means of
mechanical exfoliation and successively stacked one
on top of another using dry transfer techniques: a 60—
70nm thick bottom hBN flake, a central MoS, flake of
1 ML, 2 ML or 3 ML thickness, and a 10-15nm thick
top hBN flake.

The optimum thicknesses of hBN flakes were esti-
mated on the basis of transfer-matrix simulations of
RC spectra of complete heterostructures, aiming at
maximizing the visibility of absorption resonances
in MoS; flakes while keeping the thickness of bottom
hBN flakes below 100nm (a value up to which our
exfoliation method yields a rich harvest of flat, defect-
free flakes with large-area terraces of constant thick-
ness).

Using high-purity ELP BT-150E-CM tape from
Nitto Denko, bottom hBN flakes were exfoliated from
high-quality bulk crystals grown under high-pressure
conditions [41] and then transferred in a non-deter-
ministic way onto clean and freshly annealed at 200 °C
Si substrates. The MoS, flakes were obtained by
means of two-stage, tape- and polydimethylsiloxane
(PDMS)-based exfoliation of a bulk crystal purchased
from HQ Graphene and then stacked on the bottom
hBN flakes using an all-dry deterministic stamping
technique [40]. The same procedure was applied also
to the top hBN flakes. While performing deterministic
transfers, special attention was paid to mutual angular
alignment of the flakes and to immediate 10 min-long
after-transfer annealing of the samples at 180 °Con a
hot plate kept in clean ambient atmosphere.

Optical microscope images of investigated het-
erostructures which were fabricated in this way are
shown in figures Al (a)—(c). The spots of brown-to-
blue colour visible in all images are up to 60 nm-high
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bubbles of air and/or water vapour (possibly with some
amount of hydrocarbons) trapped between either the
MoS, and the top hBN flake or the two hBN flakes.
Their appearance directly results from the corruga-
tion of thin, soft and flexible top hBN flakes supported
by a PDMS stamp. Importantly, the areas between the
bubbles, whose size reaches up to five by 10 m, exhibit
very flat and high-quality intefraces between the con-
stitutent flakes, as revealed with optical measurements
and atomic force microscopy (AFM) characterization.

An example of tapping-mode AFM imaging per-
formed on finished heterostructures with the use of
digital instruments dimension 3100 microscope is
shown in figures Al(d)—(f). The false colour AFM
images correspond to respective locations marked in
panels (a)—(c) with orange circles. The grey arrows
represent the line profiles drawn in figure A1(g) and
labelled with the same numbers as in images (d)—(f).
As can be seen, the profiles unambiguously confirm
the mono-, bi-, and trilayer thickness of MoS, flakes
incorporated into the heterostructures shown in the
upper row of figure Al.

Compared to based on neutron scattering meas-
urements estimation equal to 0.615 nm [46], the value
of 0.79nm we got for the monolayer most probably
indicates that the equilibrium distance between the
hBN and MoS; layers differs from that between two
neighboring MoS; layers in a bulk crystal. A smaller
single-layer step hight obtained for the second and
third layer in the bi- and trilayer MoS; flakes, on the
other hand, rather manifests the existence of more
complex interaction picture between hBN and MoS,
layers in corresponding heterostructures.

Measurements at zero magnetic field were carried
out with theaid of a continuous flow cryostat mounted
on x — y motorized positioners. The samples were
placed on a cold finger of the cryostat. The temper-
ature of the samples was kept at 5 K. The excitation
light was focused by means of a 50 x long-working dis-
tance objective with a 0.5 numerical aperture produc-
ing a spot of about 1 ym. The signal was collected via
the same microscope objective, sent through a 0.5 m
monochromator, and then detected by a CCD camera.

Magneto-optical experiments were performed in
the Faraday configuration using an optical-fiber-based
insert placed inaresistive or asuperconducting magnet
producing magnetic fields up to 29 T or 14 T, respec-
tively. The sample was mounted ontop ofanx — y — z
piezo-stage kept in gaseous helium at T'= 4.2 K. The
1-RC experiments were performed with the use of
100 W tungsten halogen lamp. The excitation light was
coupled to an optical fiber with a core of 50 um diame-
ter and focused on the sample by an asphericlens (spot
diameter around 10 pm). The signal was collected by
the same lens, injected into a second optical fiber of the
same diameter, and analyzed by a 0.5 m long mono-
chromator equipped with a CCD camera. A combina-
tion of a quarter wave plate and a polarizer are used to
analyse the circular polarization of signals.

A O Slobodeniuk et al

Appendix B. Bilayer in magnetic field

The magnetic field correction to the valence
band Hamiltonian at the K* point written
in the basis {|TM) @), [T @ (s} s
5HV(52) = (G1(,2)+0'5I)[1,BB. Here pp is the Bohr
magneton, B is the magnetic field, applied
perpendicularly to the bilayer plane, Z is the unit
matrixand

G =

g — 0%y 0

—g + 08

The correction to the conduction band Hamiltonian
written in the basis {|\I/£1)> ®s), |‘I’£2)> ® |s) } has the
same form 5HC(2) = (ng) + O'SI) upB, where

— 0g, 0
(2) _ c c
GC [ 0

B. B.2
_gc+5gc HB ( )

The expressions for g,, g, 6gy, 0g: are derived in
[28]. The corrections to the Hamiltonians provide
the energy shifts of excitons in magnetic field. The
intralayer X, and Xp excitons, constructed from the
quasiparticles at the K point of bilayer, are active in

oF polarizations. The corresponding energy shifts

are linear in magnetic field 5EZ; = :I:g[(fguBB. The

g-coefficients of such exciton transitions are

A,

&) = —gu+ (g — o) — (8 — 5gv)\/ﬁ’
(B.3a)
A,
8 = gu+ (8 — 0g:) — (g — ‘WW'
(B.3b)

We introduced g, = 2mou®/h* A, parameter, which
originates from k-dependent admixture of conduction
bands. The mixing is negligibly small in the absence
of magnetic field, but gives finite correction if
B # 0.The interlayer excitons X/, and XJ, at the bilayer
K* point are also active in o0& polarizations with the

magnetic shifts 5Ej/i,r B = j:gﬁ)B,uBB respectively. The
corresponding g-coefficients are
) A,
8 = &u+ (8 — 08) + (& — Ig) >
VAZ 4 412
" (B.4a)
A,
NAERT
(B.4b)

Note that there are the following relations between
g-coefficients of interlayer and intralayer exciton
transitions

&) = —gu+ (g — 0g) + (g — 0g)

g+ =g + g5 =2(g — 0g.), (B.5a)
@ _ 0 _.0_ @ 20,
8 —8& =8 —8& = (& 08—,
Art ?Igzsb)
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g g =8 — gy =2

One can mention that the corresponding trans-
itions at the K~ point in o polarizations are charac-

(B.5¢)

terized by the same values 4 gf(fg and 4+ g/(ﬁ))B, asin Kt
point. This is the consequences of time reversal and
inversion symmetries of the crystal. As a result, we can
restore the absorption spectra of the bilayer in 0~ and
ot polarizations using our methodology of the exper-
iment—by measuring the reflected light in fixed o
polarization and changing the orientation of magnetic
field from B to —B. The change of the direction of the
magnetic field to —B in experiment mimics the trans-
itionsin o~ polarization of the reflected light.

We use the formula g = [E°" (B) — E°" (—B)]/usB
= [cSE"+ (B) — SE°" (—B)]/ B for exciton’s g-factor.
As a result the intralayer and interlayer A, B excitons
have Zg/(f; and Zglgz,))B, g-factors, respectively.

The possible signs of intra- and interlayer exciton
g-factors can be obtained from the expressions (B.3a),
(B.3b), (B.4a) and (B.4b). Indeed, in the experiment
we have Zg/(fg ~ —4. It means that corrections g, dg.
and dg, are not significally large, and therefore very
roughly ZgI(fl); ~ 2(g. — g)is nothing but the g-factors
of monolayer A and B excitons, for which we know
that g, > g. > 0 [47]. Substituting the positive g. and
g, into equations (B.4a) and (B.4b) one can see that

Zg/(f,’)B/ > 0, which is confirmed from the experiment.

Appendix C. Trilayer in magnetic field

The magnetic field correction to the valence and
conduction band Hamiltonians written in the
basis  {|¥1) @ [),197) @ Is), [W) @ Is)}, s
5H,5§) = (G,(f) + USI) B where

8n — 08n 0 &n
G® = 0 —8n + 20, 0 . (C.1)
8n 0 gn — 08n

Here n=v,c and g and g are the additional
parameters which describe the magnetic dependent
coupling between layers of the system [28]. In new
basis, defined in the main part of the text, the full
Hamiltonians HY + 6HY are reduced to a block-
diagonal form. Namely, the G matrix transforms to

Gn — 0gn + B 0 0
g’53) — 0 —gn + 268, 0
0 0 & — 0gn — &n

(C.2)
The 1 x 1 block corresponds to odd states

|T,(£)> ® |s) with total energies

A
Eﬁs(B) = E, + 05771 + (gn - 5gn — &+ US)MBB>
(C.3)
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with E, = 0 and E, = E,. The expressions coincide
with the monolayer ones, but with the new g-
coefficient g, — &g, + g,. Moreover, the uk4 terms do
not affect the odd states, and therefore such excitons
have the same reduced masses as their monolayer
analogs. Hence the corresponding trilayer exciton
line has the same optoelectronic properties as it’s
monolayer analog. The odd A and B exciton transitions
at the KT point are active only in o polarization.
The corresponding energy shift in magnetic field
is OEZ.p = [(g — 08) — (8 — 08,) — & + &lusB.
The same type of transitions at the K~ point are active
ino ~ polarizationand have the energy shiftin magnetic
field OES, g = —5Eg:’r g It immediately gives us
8x3, = 2(8 — &) —4g for X7 and Xj exciton g-
factors both for K™ and K™ points of trilayer. Here we
introduce the parameter

g= %(5& +8 —0g — gv) (C.4)

From the experiment we know that gxe = —4.5,
which is close to monolayer gx, = 2(g. — g,) = —4.
Therefore, we can roughly estimate g ~ 0.125.

The second block is 2 x 2 matrix, written in the
basis of even states {|T,(11)> ®|s), |Tf,2)> ® |s) }. Note
that the structure of this matrix does not coincide with
the structure of G°). Therefore the subsystem of even
states of trilayer demonstrates another behavior in
magnetic field than it’s bilayer analog. The conduc-
tion band states in K point are decoupled and have
the energies

A,
EY) = B, + s
+ (gc —0g +8 +os— zo'sgu)MBB) (C.5a)
EO —F, — g5
cs g s 2
—(g. — 28g, — 0y — 20,8, 45B. (C.5b)

The conduction band energies correspond to the
states {|T£1)> ® |s), |T£2)> ® |s)}. The valence band
energies of admixed states as a function of magnetic
field B are calculated similarly to the bilayer case.

The energy shifts of intralayer A and B exci-
tons in oF polarizations at the KT point are

+
OE g = [j:g/(:; + g]usB, where

3 3 1
& = =20+ (s 50+ 50)
( 3 Sao + 1_ ) A,
8 2 8v ZgV \/W’ (C6ﬁl)
3 1_
g =28+ (gc PR Egc)
A,

VAL 82

- (gv - gégv + %gv) (C.6b)
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The energy shifts for interlayer A’ and B’
excitons in both polarizations have the form

(5EX,JTFB, = [:I:gf(j’)B/ + g]upB, where

3 1
g/(j) =2g,+ (gc - 55& + Egc>
35 1_ A,
+ (gv - E gv + Egv> \/m) (C7[1)
3 1
gl(;) = _Zgu + (gc - Eagc + Egc>
36 1_ A,
- (gv B Egv) VAL 82 (C.7b)

In the absence of g the latter results coincide with
the bilayer case up to redefinition of the parameters.
The non-zero value of g shows remarkable differ-
ence between pure bilayer and effective bilayer cases.
The corresponding energy shifts in o polarizations
at the K~ point are 5EX§ = [:I:g/(‘?; — g]ugB and
OES o = [+ — 0lusB.

This non-equivalency makes the analysis of the
g-factors of the system more complicated. Let us con-
sider the results of the measurements presented on
the figure 8 more carefully, focusing mainly on X, and
X/, exciton transitions. Again, according to the meth-
odology of our experiment we measure the g-factor
using the formula ¢ = [5E”+ (B) — SE°" (—B)]/usB.
Then the g-factors at the K point of intralayer X, Xp
and interlayer X/, X} excitons are g}lé; = 2g§€1)a +2g
and g}gﬁ, = 2&53,)3/ +2g respectively. For K~
point transitions we obtain g)lé;; = ZgIEfl)3 —2g and
g)%;ﬁ, = ZgS,)B, — 2g. Taking into account the rela-
tive smallness of g and absence of the results for
magnetic field B larger than 14 T we suppose that
the double g-factor structure of X, and X reso-
nances is indistinguishable. Instead of this, prob-

ably, we observe only their average values gx, , = ZgEI)g

and gx,, ., = ZgS’)B, respectively. One can mention
that these average g-factors surprisingly coincide
with the ones we can get from the standard formula
g =[E7" (B) — E7 (B))/usB = [0E7" (B) — OE” (B)|/pusb -
The analysis of the signs of intra- and interlayer exciton
g-factors can be done in the same way as in bilayer case.
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