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The recently emerging two-dimensional (2D) transition metal dichalcogenides (TMDCs)
have been a fertile ground for exploring abundant exotic physical properties. Critical points,
the extrema or saddle points of electronic bands, are the cornerstone of condensed-matter
physics and fundamentally determine the optical and transport phenomena of the TMDCs.
However, for bilayer MoS,, a typical TMDCs and the unprecedented electrically tunable
venue for valleytronics, there has been a considerable controversy on its intrinsic electronic
structure, especially for the conduction band edges locations. Moreover, interlayer hopping
and layer polarization in bilayer MoS, which play vital roles in valley-spintronic applications
have remained experimentally elusive. Here, we report the first experimental observation of
intrinsic critical points locations, interlayer hopping, layer-spin polarization and their

evolution with temperature in bilayer MoS, by performing temperature-dependent



photoluminescence (PL). Our measurements confirm that the conduction band minimum
locates at the K, instead of Q., and the energy splitting between Q. and K, red-shifts with a
descent of temperature. Furthermore, the interlayer hopping energy for holes and
temperature-dependent layer polarization are quantitatively determined for the first time.

Our observations are in good harmony with density functional theory (DFT) calculations.

I. INTRODUCTION

Monolayer TMDCs with inversion asymmetry, strong spin-orbit coupling (SOC) and
valley-spin entanglement have offered new opportunities to address a variety of intriguing
properties [1-6], such as valley physics [7-9] and unconventional quantum Hall effect [10,11].
Moreover, 2H stacked TMDCs bilayers, two equivalent monolayers are rotated by @ with respect
to each other [Figs. 1(a) and 1(b)], harbour layer degree of freedom and layer-spin polarization [1].
It thus provides a prefect electrically tunable platform for topological valley transport [12] and
magneto-electric effects [13], in which inversion symmetry, Berry curvature and valley magnetic
moment [14] can be continuously tuned by a perpendicular electric field. Compared to the
theoretical and experimental consensus on the direct-gap in monolayer limit located at the corners
of the first Brillouin zone (BZ) [15,16], the electronic structures of TMDCs bilayers are still under
debating, in particular the conduction band minimum (CBM) of bilayer MoS; [17]. Some indicate
that CBM should locate at K points, while the others reveal that CBM is at nonsymmetric Q points
[Fig. 1(c)] (Supplemental Material [18]). In addition, Q points are associated with a number of
novel valley physics (to name but a few, Q-valley quantum Hall effects [19] and intervalley
quantum interference [20]). Thus, it is quite nontrivial to the experimental determination of critical
points loci in bilayer MoS,.

The band structure could be characterized by spectroscopic techniques such as angle-resolved
photoemission spectroscopy (ARPES) and scanning tunneling microscopy/spectroscopy (STM/S).
ARPES is able to directly observe the electronic structures below Fermi level (valence band of
TMDCs) [21,22], while the conduction band can only be determined in heavily-doped samples.
Doping could lead to momentum-dependent energy shift and cannot give us the uncontested
intrinsic location of critical points [21,23,24]. For STM/S, it is difficult to access the K valley

states due to the larger parallel momentum, as compared with I and Q valleys [20,25]. Besides,



conductive substrates, such as graphite, could also give rise to gigantic bandgap renormalization
[26].

PL spectroscopy is another choice due to its high energy resolution and characteristic optical
transitions associated with critical points. Recently, Zhao et al. investigated the
temperature-dependent PL in few-layer TMDCs and have shown two indirect excitons for bilayer
WSe, [27]. Since the energy of indirect exciton associated with Q. point is lower than that
associated with K. point, the CBM of bilayer WSe, should locate at the Q. point, in good
agreement with the STM/S results [25]. However, only one indirect exciton was observed in
bilayer MoS, [27]. Thus, the CBM of bilayer MoS, cannot be extracted. More importantly,
interlayer hopping (LH) and layer-spin polarization of bilayer MoS, and their evolution with
temperature, which are fundamentally included in magneto-electric effects and quantum gates,
have not yet been experimentally addressed. In this Letter, we resolve the previous controversy on
CBM in bilayer MoS,, provide the first firm and clear experimental evidence of LH and layer-spin

polarization and uncover how they evolve with temperature from PL spectroscopy.

II. RESULTS AND DISCUSSION

Experiments were performed on three bilayer MoS, samples that were mechanically exfoliated
from bulk crystals onto SiOy/silicon substrates. Figure 1(d) shows an optical micrograph of a
representative sample. The number of layers is identified by a combination of atomic force
microscopy (AFM), Raman modes and PL spectra. The thickness of 1.36 nm [Fig. 1(e)],
frequency difference between E,;, and A;, modes of 22 cm™ [Fig. 1(f)], shear mode at 22 cm™ and
indirect bandgap of 1.6 eV (Supplemental Material [18]) verify that our sample is indeed bilayer.

We first performed DFT calculations (Supplemental Material [18]) for the band structure of
bilayer MoS, to investigate the orbital compositions of Bloch states at critical points. Figure 2(a)
is the calculated energy band. Critical points are located at K. and Q. for conduction band, K,
K, and T, for valance band. It can be seen that Bloch wavefunctions at K wvalley are
predominantly from Mo-d,,,d2.,2,d,2 orbitals, with some S-p,,p, characters confined within the
2D xy plane [Fig. 2(b)]. Therefore, the energy level of critical points in K valley are mainly
affected by in-plane lattice constant a. K. red-shifts, and K, /K, blue-shifts when a increases.

While the considerable S-p, character at Q. and Iy [Fig. 2(b)] leads to significant LH and causes



the energy upshifted for Q. and downshifted for I'y as the LH weakening, being akin to the
crossover from the indirect-gap in bulk to direct-gap in monolayer.

Four possible transitions between critical points, corresponding to A exciton (K. — K1), B
exciton (K, — K,,), I; exciton (Q. — I'y) and I, exciton (K. — I'y), are marked in Fig. 2(a). At
low temperatures, we can observe five excitons: trion exciton, A exciton, B exciton [Fig. 2(c)] and
coexistence of two indirect-gap excitons [Fig. 2(d)]. This is the first experiment that two
indirect-gap transitions of bilayer MoS, are observed simultaneously. This result is of particular
significance to obtain the loci of critical points, as will be seen in below. The peak positions of B,

A and trion excitons are fitted well [solid lines in Fig. 2(e)] using the standard semiconductor
h
bandgap dependence [28] of Ey(T) = E4(0) — Shm[coth(ﬁ — 1)], where E4(0) is the ground-state

transition energy at 0 K, S, ho and k are the dimensionless coupling constant, average phonon
energy and Boltzmann constant, respectively. Trion exciton possesses a large binding energy of 27
meV, in line with previous reports [7,29] (Supplemental Material [18]). The two indirect
transitions with nearly degenerate energy are indistinguishable between each other from the PL
spectra. However, we can discriminate I; and I, excitons from their evolution with temperature
[Fig. 2(f)]. Thermal expansion drives interlayer spacing (c) and a to increase with temperature,
thus the energy level of K, I’y lowers, and the energy level of Q. point lifts. Therefore, when the
temperature rises, I; exciton energy should blue-shift monotonically, whereas I, energy remains
largely unchanged (Supplemental Material [18]). From Fig. 2(f), we can extract that the exciton
with higher energy is I; exciton and I, possesses the lower energy. I, exciton data > 150 K is not
present as it becomes negligible. The reason for the lack of I, exciton at high temperatures is due
to that both the direct-gap transitions (A and B excitons) and indirect I, exciton are from the K,
point. Rising the temperature can effectively increase the relative quantum yield ratio between
direct excitons and I, exciton by thermally decoupling neighboring monolayers via interlayer
thermal expansion. Thus, at high temperature, electrons at K. point only recombine with holes at
K, point and I, exciton disappears (Supplemental Material [18]). Figures 2(g) and 2(h) show the
temperature-dependent evolution of electronic transition energies by DFT calculations with
thermal expansion coefficients of bulk MoS, [27,30]. In spite of the energy scale difference, the

theoretical calculations are in good qualitative agreement with the Bloch states analyses and PL



results.

Based on these obtained transitions between critical points, we thus could acquire the critical
points loci. Since the indirect transitions should be phonon-assisted, we first consider the phonon
effects. The I; and I, excitons are accompanied by phonons with wave vector Q and K,
respectively due to the momentum conservation (Supplemental Material [18]). Recently, Carvalho
et al. have demonstrated that the acoustic phonons LA (K) and LA (Q) in MoS; are pivotal to the
electron-phonon scattering pathways [31]. Thus, we believe that the indirect excitons of I; and I,
should be connected primary by LA (Q) and LA (K) phonons, respectively. As the energy
difference between LA (Q) (185 cm'l) and LA (K) (230 cm'l) is only 5.5 meV, the effect of
phonon energies can be ignored. Second, we consider the exciton-phonon coupling (EPC) which
may play a fundamental role for 2D materials. A recent work has shown that the EPC of MoS,
decreases with thickness decreasing and only a tiny EPC strength appears in bilayer MoS, [32].
Thus, the polaron shift stemmed from EPC makes trivial contributions for bilayer MoS,. The
energy spacing between critical points is associated with excitons and their binding energies [Fig.
2(a)]. The energy splitting between Q. and K:

AB(Q. — Ko) = E(Qc) — E(Ke) = [E(11) — E(I2)] + [Ep(11) — Ep(I2)] )
where the E, is the binding energy of exciton. In the same way, we can deduce the energy
separation between I'y and K4, and between K,; and K, as following:
AE(Ty — K1) = [E(A) — E(I2)] + [Ex(A) — Ey(I2)] 2
AE(K,; - K,2) = [E(B) - E(A)] + [Ey(B) - Ey(A)] 3)
First, we assume that all excitons harbour the equal binding energy for simplicity. This is
reasonable since the binding energies of all excitons are at the same energy scale. And the binding
energy does not affect our results as will be discussed below. Therefore, equation 1, 2, 3 can be

written into:

AE(Q. - K.) =E(I)) - E(I) (4)
AE(T'y — K1) = E(A) - E(Iy) )
AE(Kyi - Ky2) = E(B) - E(A) (6)

We can see that the I, exciton that has not been observed previously plays a pivotal role in
determining the critical points loci.

Figure 3(a) shows the energy difference between A and I, excitons versus temperature. At low



temperatures, valence band maximum (VBM) is located at the I'y and 0.493 eV higher than the
K, point, in fair agreement with cryogenic ARPES measurements (0.5 eV) [22], indicating that
the effect of binding energy is trivial and can be ignored. When the temperatures vary from 3 K to
140 K, the energy separation between A and I, excitons red-shifts monotonically, in good
agreement with previous orbital compositions analyses that the energy level moves down (up) for
I'y (K1) point as temperature rising. The energy splitting between I; and I, excitons is displayed in
Fig. 3(c). We deduce that CBM is located at the K, point due to I; exciton possesses larger energy
than I, exciton, in good agreement with both our DFT calculations. The energy spacing between
Q. and K. monotonically decreases with temperature dropping and is 40 meV at 3K, in good
harmony with previous Bloch wavefunctions analysis that the energy moves down (up) for Q.
(Ko)point with a descent of temperature. Despite a little energy scale difference, theoretical
calculations [Figs. 3(b) and 3(d)] and experimental results [Figs. 3(a) and 3(c)] can match very
well.

Figure 3(e) presents the energy difference between B and A excitions as a function of
temperature. Usually, we believe that the energy separation between B and A excitons is
SOC-induced valence band splitting (VBS) [15] and should be independent on temperature.
However, both our experimental results [Fig. 3(e)] and theoretical calculations [Fig. 3(f)] show
that VBS is getting larger as the temperature gets close to 0 K.

What is the physical origin of temperature-dependent VBS? In fact, VBS consists of two parts:
temperature-independent SOC and temperature-dependent LH. The 180° rotation between two
adjacent monolayers in 2H stacked bilayer MoS, switches the K and K’ valleys, but leaves spin
unchanged, leading to spin-layer locking [Fig. 4(a)]. Since LH conserves both spin and lattice
momentum, LH between spin-down (spin-up) state of upper layer and spin-up (spin-down) state of
lower layer is virtually quenched [dashed black arrows in Fig. 4(a)]. Thus, LH is usually
overlooked in previous studies [17,33,34]. However, SOC strength is not infinite (140 meV for
MoS;), LH with energy cost between spin-down (spin-up) state of upper layer and spin-down
(spin-up) state of lower layer, marked by the magenta bidirectional arrows in Fig. 4(a), can still
occur [35]. These LHs give rise to the widening of VBS (VBS = \/ﬁz-i-—LH2 ) [13] and lead to
the VBS blue-shifts monotonically with decreasing temperature due to the strengthening of

interlayer coupling indicated by the Raman shear mode (Supplemental Material [18]). Figures 4(b)



and 4(c) present the evolution of VBS versus the change of @ and ¢. VBS is independent of @ and
only affected by c. The stronger the interlayer coupling is, the larger the VBS is, signifying that
the evolution of VBS with temperature is caused by the temperature-dependent strength of LH
[35].

We then quantify the temperature-dependent LH and the degree of layer-spin polarization (p)

by [14],

LH(T)= \VBS(Y—SOC’ (1) and  p(T)= % ®)

We assume that LH is quenched and SOC is equal to the VBS at 450 K, as interlayer coupling at
450 K is relatively weak and it only has a little effect on the absolute value of LH and layer
polarization. Figure 5 presents the LH and layer polarization as a function of temperature. We can
deduce that LH increases while layer polarization drops with decreasing temperature. At low
temperatures, LH and layer polarization are ~ 100 meV and 75%, respectively, being consistent
with recent theoretical calculations [13]. This direct and firm evidence on temperature-dependent
LH and layer polarization would play a prominent role in understanding and optimizing the
circular dichroism, spin—layer locking effects and valley-spintronic physics in TMDCs bilayers
[13,33,36].

Finally, let’s take the exciton binding energy into account. The larger electron effective mass
would lead to the stronger bound exciton. Binding energy of the direct and indirect excitons
harbour the following relationship: Ey(I;) > Ey(Ib) > Ep(A) = Ey(B), since the effective mass at Q
and I valleys is found to be larger than that at K valley (Supplemental Material [18]). The largest
binding energy of I; exciton only enlarges the energy spacing between Q. and K, (equation 1). The
CBM is not affected by the binding energy and still at K. point. In addition, the binding energy for

A exciton is the same with B exciton and has little impact on VBS and layer-spin polarization.

II1. CONCLUSION

To summarize, we have successfully resolved the controversy on the CBM in bilayer MoS, and
demonstrated, for the first time, the evolution of critical points loci, interlayer hopping and layer
polarization with temperature. We quantitatively determined the interlayer hopping for holes on

the order of 100 meV at low temperature and temperature-dependent layer polarization. Our work



will shed lights on the understanding and engineering of valley-controlled spin quantum logic in
bilayer MoS,, and provide an effective and versatile means to determine the critical points loci
with nearly degenerate energy, SOC-dependent interlayer hopping and layer polarization in 2D

semiconductors.
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FIG. 1. (a) Top view of stick-and-ball hexagonal lattice structure of bilayer MoS,. The blue and
yellow spheres represent Mo and S atoms, respectively. (b) Trigonal prismatic coordination. (c)
The first BZ of bilayer MoS; and critical points loci. (d) Optical micrograph of a representative
bilayer MoS, sample. (¢) AFM image of bilayer MoS,. (f) Raman spectra of bilayer MoS; as
compared with monolayer and trilayer MoS; under 2.33 eV excitation. The vibrational patterns of

the corresponding E;, and A, are illustrated in the insets.

FIG. 2. (a) Band structure of bilayer MoS, from first principle calculation with SOC. Fermi level
is set to zero. (b) Mo-d orbitals (left) and total p orbitals (right) projected band structures of
bilayer MoS;. (c) and (d) Direct-gap (c) and indirect-gap (d) PL spectra at different temperatures.
The indirect PL spectra of the I; and I, features are fitted to Lorentzians at 10 K. (e) Threshold
energies of B exciton, A exciton and trion versus temperature. (f) Peak position of I; exciton and
I, exciton as a function of temperature. (g) DFT calculations of energy spacing between K. and
K,/ K,; versus temperature. (h) DFT calculations of energy spacing between Q./K. and I'y versus

temperature.

FIG. 3. (a), (c) and (e) The evolution of the energy difference between A and I, excitons (a),
between I; and I, excitons (c) and between B and A excitons (e) as a function of temperature. (b),
(d) and (f) DFT calculations of energy spacing between I'y and K, (b), between Q. and K, (c¢) and

between K, and K, (d) versus temperature.

FIG. 4. (a) Schematic of highest splitting valence band at K valley due to SOC and LH in bilayer
MoS;. (b) and (c) DFT calculations of energy spacing between K,; and K, versus the change of in

plane lattice constant (b) and interlayer spacing (c).

FIG. 5. LH and layer polarization as a function of temperature. The layer polarization increases

while LH decreases with increasing temperature.
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