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Magneto-optical Kerr effect spectroscopy study of 2H-MoS,:
Evidence for an interlayer B-like exciton
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Magneto-optical Kerr effect spectroscopy has been used to measure the Landé g-factor of excitons in bulk
2H-MoS,. For the ground state A, exciton, the adjacent interlayer /L, exciton and the ground state B, exciton
we get g4, = —3.1+0.2, g;z, = 10.9+0.8 and gp,, = —3.0 £ 0.4, similar to previous reports based on other
measurement techniques. However on the higher energy side of B, we find another transition which we label /Lg,
with g7, = 10.6 & 1.5. Its presence is independently verified through the observation of a strong feature at that
energy in a laser modulated photoreflectance spectrum. Based on the sign and large magnitude of g;;, and using
an approximate model to explain it, we identify this as another interlayer type exciton which predominantly
involves the second valence band at the K points of the Brillouin zone. The possible existence of an /Ly like
exciton state is also indicated by our calculations based on density functional theory including electron-hole

Coulomb interaction via the GW + Bethe-Salpeter equation.

DOLI: 10.1103/PhysRevB.110.115201

I. INTRODUCTION

Transition metal dichalcogenide (TMDC) semiconductors
of the form MX, (M=Mo, W, Re and X=S, Se, Te) have
relatively large carrier effective masses which results in ex-
citon binding energies (E,) that easily exceeds thermal energy
kgT ~ 26 meV at room temperature [1]. As a result several
excitons and their excited state transitions are seen in TMDCs
even at room temperature with consequences for device appli-
cations. This is especially true for their monolayer/few layer
film forms where E,, is further enhanced due to their effective
two-dimensional nature. Some of these excitons have unusual
properties, such as the fairly recently identified interlayer ex-
citon. The interlayer exciton in a bulk TMDC semiconductor,
which has no equivalent in a three-dimensional hydrogenic
exciton model, was first identified in 2H-MoTe, [2] and later
in 2H-MoS; [3]. In the interlayer exciton state in 2H-MoS,,
the electron and the hole are mainly present in adjacent
weakly van der Waals coupled S-Mo-S monolayer planes
along the c-axis [2]. Thus such exciton states are absent in
monolayer films but appear in bilayer or thicker films [4]. It is
also absent in the 3R form of TMDC crystal stacking [5]. In
fact in bulk 2H-MoS; this transition was originally thought to
originate from the first excited state (2s) [6] of the A exciton
and then again wrongly identified as a transition at the H point
of the Brillouin zone [7]. Unlike the ground state A, exciton,
interlayer excitons have very large dipole moments leading to
large Stark shifts with applied electric fields [3,8—10]. Conse-
quently their transition energies can be tuned with moderate
electric fields opening up the possibility of practical excitonic
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devices. The strong coupling between interlayer excitons and
phonons also leads to novel phenomenon like phonon Stark
effect [11]. Interlayer excitons also give rise to very large
second harmonic signal generation [12].

An important distinguishing feature of interlayer excitons
in TMDC:s is their large and positive Landé g-factor (LGF)
value, very unlike the ground state A}y and B, exciton LGF
values, as shown in Table I for MoS,. Degenerate electron
and hole energy levels in TMDCs undergo Zeeman splitting
in a magnetic field. The spin, orbital and valley angular mo-
mentum composition of these levels and how they add up,
determines the final Zeeman splitting energy and thereby the
LGF value. In TMDC:s this addition depends on novel phe-
nomena such as spin-valley coupling [13,14] and spin-layer
locking [15]. Measuring magneto-optical properties [16,17]
of excitons has therefore been important for understanding
the electronic structure of TMDCs and more recently their
heterostructures where giant LGF values have been reported
for interlayer excitons [18], Moiré trions [19] and trion-
polaritons [20].

The exciton LGF is experimentally obtained by measur-
ing the Zeeman splitting related energy shift (AE,) of the
exciton transition due to an external magnetic field (B). By
definition AE, = g..uupB where up is the Bohr magneton and
gex the exciton LGF. It has been reported that obtaining the
LGF of some excitons in TMDCs is difficult with conven-
tional magneto-luminescence/reflectance spectroscopy [21],
even with very high fields of the order of tens of tesla. This is
because of their large spectral broadening compared to AE,
and typically moderate oscillator strength. We have used the
magneto-optical Kerr effect (MOKE) spectroscopy to study
excitons in bulk 2H-MoS, and measure their LGF. In MOKE
one directly measures the difference in the reflectance sig-
nal between right and left circularly polarized (RCP/LCP)
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TABLE I. Reported Landé g-factor of excitons in few-layer (ML: monolayer, BL: bilayer) and bulk 2H-MoS,.

8 8By, 8iL, 8iLy Measurement technique/sample

—4.04+0.2 —4.65 +0.17 Circularly polarized reflectance contrast/ML [33]
—4.6 +0.1 —43+0.1 Magneto transmission/ML [34]

—3.38 £ 0.05 —4.06 +0.07 Magnetic circular dichroism/ML [35]

~ —4.0 ~8.0 Circularly polarized reflectance contrast/BL [21]
—4.0+£0.3 6.6+0.3,7.24+0.3" Faraday rotation in transmission/BL [36]
—3.1+0.1 —2.5+£0.3 12+ 1° Magnetic circular dichroism/bulk [37]
—-25+0.5 97+25 Magneto-modulated reflectance/bulk [38]
—3.1£0.2 -3.0+04 10.9+£0.8 10.6 £1.5 Magneto-optical Kerr effect/bulk [this study]

4] L, wrongly identified as Ay;.
°IL, is split.

light. The MOKE signal amplitude is proportional to AE,
and enables measurement of AE, as small as ~100 peV
with moderate B, even when spectral features have tens of
meV broadening [22]. We show that the MOKE spectrum
of 2H-MoS, at higher energies reveals the existence of a
new exciton transition and thereafter verify its presence using
photoreflectance (PR) spectroscopy. We try to establish the
origins of this exciton through an understanding of its LGF
value based on an approximate phenomenological model. We
also performed ab initio calculations based on the density
functional theory (DFT) and many-body perturbation theory
[GW + Bethe-Salpeter equation (BSE)] to investigate exciton
resonances over an extended energy range.

II. EXPERIMENTAL DETAILS

The samples used in this study were bulk flakes exfoliated
from natural 2H-MoS,; crystals and supported on polished
sapphire substrates. We performed MOKE spectroscopy in
polar geometry using a mirror arrangement [23], with a pho-
toelastic modulator (PEM) for polarization modulation [24].
For doing measurements on clean flat regions of the flakes,
a microscope like optical arrangement was included that en-
abled spatial resolution down to 25um [25]. Two of the
mirrors had a twisted periscope arrangement for transporting
light with minimal change in its circular polarization state. A
Jones matrix analysis of the setup was done to account for the
effect of different optical elements, including beam splitters,
on the polarization state of the probe light and appropriate
corrections were made. The probe beam was obtained by dis-
persing light from a 75 W Xe lamp using a 0.15 m focal length
monochromator. The detector was a photomultiplier tube and
two lock-in amplifiers (LIA) were used for phase sensitive
detection of the signals at the first and second harmonic of
the PEM modulation frequency. Magnetic fields up to 2.0 T
were obtained with a water cooled H-frame electromagnet.
The samples were cooled using a liquid-nitorgen cryostat with
optical access. For PR measurements, the pump beam was a
532-nm laser mechanically chopped at 175 Hz, and the signal
proportional to change in intensity of the reflected probe light
was measured using a LIA. This setup also had high spatial
resolution capability. The authenticity of the measured MOKE
spectrum was verified by checking its phase reversal due to
reversing the direction of the magnetic field and also using

a Kramers-Kronig analysis. See Supplemental Material [26]
and Refs. [27-30] therein.

III. RESULTS AND DISCUSSION

Figure 1 shows the measured reflectance spectrum of
2H-MoS, at 78 K, where three prominent exciton transitions
are identified, the ground state Aj;, By excitons and the
1L, exciton [3]. The features below 1.89 eV arise from thin
film interference oscillations in the sub-band-gap region of
2H-MoS,. As depicted in Fig. 2, the ground state A, exciton
involves electrons in one of two narrowly split conduction
bands (CB1, CB2) and holes in the top valance band (VB1),
at the K points of the Brillouin zone. The ground state B,
exciton involves holes in the next highest valance band (VB2).
In both the A and Bj; state, the electron and hole are mostly
confined in the same S-Mo-S layer [2,3,31]. The third /14
which lies ~43 meV above Aj, in energy, is the interlayer
exciton transition described previously [2,3]. The optical po-
larization selection rules are based on DFT-BSE results [2].
They are a consequence of the exciton wave function and the
mirrored Brillouin zone in every second layer. In the /L, state
the electron mainly resides in a S-Mo-S layer adjacent to the
layer containing the hole in VB1, as indicated in Fig. 2.

Figure 3 shows the MOKE ellipticity n and rotation ¢
spectrum of 2H-MoS,; at energies around the A, transition,
measured with a magnetic field B = 2 T. This is after sub-
tracting from each a background spectrum measured with
B =0 T. Both spectra show two features that can be attributed
to Ay and 1L, excitons by comparing their energy positions

1.9 2.0 2.1 2.2
Energy (eV)

FIG. 1. Reflectance spectrum of bulk 2H-MoS,
previously identified dominant exciton transitions.

showing
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FIG. 2. Schematic showing the energy-crystal momentum dis-
persion for two adjacent S-Mo-S layers and circular polarization
(0+, o0—) dependent intralayer and interlayer exciton transitions in
2H-MoS,;. The first Brillouin zone of a single layer is shown on top,
identifying the K+ and K — points.

with the corresponding features in Fig. 1. As mentioned before
the magnitude of the MOKE signal is proportional to the net
shift in the exciton transition energy arising from Zeeman
splitting of the electron and hole levels and it determines
the magnitude of the LGF. The phase of the exciton MOKE
signal is set by the direction of the exciton transition energy
shift, whether to higher or lower energies, and therefore de-
termines the sign of the LGF. Now note that in MOKE the
IL, feature in Fig. 3 has similar magnitude but opposite phase
compared to the A, feature, although the oscillator strength
of IL4 is much weaker than that of A, as seen from Fig. 1.
This indicates that 7L, undergoes a larger shift in transition
energy than Aj; and in the opposite direction, which implies
that g7, has larger magnitude opposite sign relative to gy, .
We estimated the LGF value from such data by comparing it
with first-principles simulation [26], starting from the Lorentz

| 78K
0.1 | 18K s
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L 53]
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FIG. 3. MOKE Ellipticity n and rotation ¢ spectrum of bulk
2H-MoS, around the A, exciton transition for B = 2 T. The sim-
ulations consider A, and /L, exciton contributions. The inset shows
variation of measured exciton Zeeman splitting with applied mag-
netic field.
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FIG. 4. MOKE Ellipticity n and Rotation ¢ spectrum of bulk
2H-MoS, around the B, exciton transition. One of the simulations
considers both B, and /Lg exciton contributions (thin continuous
line) and other only By, (dashed line). The inset shows variation of
measured exciton Zeeman splitting with applied magnetic field.

oscillator model for the exciton’s contribution to the dielectric
function and then invoking Zeeman splitting of electron and
hole levels. A second method that directly estimates n using
the derivative of the measured reflectance spectrum [26,32]
was also used for verification. These procedures are described
in the Supplemental Material. The best fit simulated spectra
are also shown in Fig. 3. The average LGF values for Ay
and /L, from several measurements were g4,, = —3.1 £ 0.2,
g, = 10.9 £ 0.8 These values compare well with previous
estimates that used other techniques as listed in Table I, espe-
cially for bulk 2H-MoS,.

Figure 4 shows the MOKE ellipticity n and rotation ¢
spectrum at 2 T at energies around the By, transition. Unlike
the MOKE spectrum around A, here we cannot immediately
discern two spectral features. However if we try to simulate
and fit this n and ¢ spectrum by considering only a single
B, exciton transition, the fit is significantly poor at the high
energy side around 2.15 eV. Once we introduce an additional
transition, which for now we label as I/Lg, we get a good
fit. Plots for fits with and without /Lp are shown in Fig. 4.
The LGF values we obtained were gg,, = —3.0 £ 0.4, g/, =
10.6 = 1.5. It is clear from Fig. 1 that B;; has much larger
broadening than Ay and therefore this larger broadening is
perhaps not allowing us to explicitly resolve the second weak
feature /Lp in either reflectance or MOKE. To further verify
that there is indeed another exciton transition there, we per-
formed laser modulated PR spectroscopy. The PR spectrum
around B, transition is shown in Fig. 5 where we clearly see
two distinct transitions, one around the energy of B, and the
other around 2.16 eV where /Ly was seen in the MOKE spec-
trum. In fact the ILp feature is more prominent in PR, which
we will discuss below. Fitting Aspnes’ derivative functional
form line shape function with redefined parameters [39] to
this PR spectrum, we get the transition energies for B, and
ILg as 2.122 eV and 2.162 eV, respectively.

The large and positive sign of the LGF of ILp transition
is very similar to that of /L, and the feature arises ~40 meV
on the higher energy side of By, just like /L4 does relative
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FIG. 5. Photoreflectance spectrum of 2H-MoS, around the B
exciton transition energy showing clear evidence of an additional /Lp
exciton transition.

to Aj. This indicates that ILg could be another interlayer
type exciton similar to /L4, but is mainly associated with the
VB2 of the adjacent S-Mo-S layer as indicated in Fig. 2.
More evidence supports this, the first one is related to the
PR signal amplitude. An exciton related resonant feature in
a reflectance (R) spectrum depends on the exciton oscillator
strength A, broadening I and transition energy E,. In PR, one
measures the change in reflectance (AR), due to the sample
being perturbed by a second pump laser beam. Therefore a
normalized PR spectrum (AR/R) is like a derivative of the
R spectrum, enabling it to pick up weak transitions over a
large background R signal. The strength of the exciton PR
signal depends directly on the extent of perturbation induced
changes in the exciton parameters such as oscillator strength,
broadening and transition energy. Furthermore, unlike A;; or
B, intralayer excitons where the electron and hole are con-
fined to the same S-Mo-S layer, in the interlayer exciton state
they are in adjacent S-Mo-S layers along the c-axis [2,3]. Due
to the weak van der Waals coupling along the c-axis, states
which are spread along the c-axis are much more sensitive
to perturbation [3,40]. Thus although an interlayer exciton
may have a weak oscillator strength and not show up in R,
it is perturbed much more relative to that of an intralayer
exciton, making it possible for the interlayer exciton to show
up prominently in PR. This is indeed the case, as one can see
in the PR spectrum of 2H-MoS, around By, in Fig. 5 that
the feature identified as /Lp is stronger than that for By,. In
contrast, in the reflectance spectrum in Fig. 1 an ILp feature
is hardly discernible while B, is quite strong. We note that
the possibility of an /Lg exciton in bilayer MoS, had been
theoretically predicted [4] earlier and in case of bilayer MoSe;
its LGF was predicted to have a large positive value [41].

A. Approximate model for Landé g-factor

The second evidence for /Lp being an interlayer comes
from the origin of gz, sign and magnitude, which we esti-
mate using an approximate additive model for exciton LGF
as follows. We consider the By, exciton first which involves
electrons and holes in the same S-Mo-S layer as indicated in
Fig. 2. The electrons are in CB1 and holes in VB2 at the K
points of the Brillouin zone. There are three angular momen-
tum contributions to the LGF of carriers in TMDC materials,
the spin, the orbital and the valley angular momentum. As

a simple first approximation the LGF contributions due to
spin (gs), orbital (g,) and valley (g,) angular moments can
be added, as was done in case of few-layer TMDCs [33,42].
At the K points, the orbital contribution at the top of the VBs
comes mostly from d,>_,» + id,, [43] with quantum number
m; = £2 and the holes have g’ ~ £2 at two adjacent in-
equivalent K4, K — valleys, respectively [33]. The CB bottom
has mainly d_ orbital character [43] with m; = 0 and thus
for electrons we get gf ~ 0 in both valleys [33]. The valley
angular momentum gives a contribution g, ~ +m,/m* at K+,
K — valleys, respectively, where m*/m, represents the effec-
tive mass ratio of the carriers [33,44]. The electron and hole
effective masses for motion in the x —y plane determined
by the energy-momentum dispersion around the K points in
bulk 2H-MoS,; are similar [45] with m*/m, ~ 0.5, therefore
g‘j;h ~ £2 at K+, K— respectively. The circular polarization
selection rules for such exciton transitions have been cal-
culated before [2] and are shown schematically in Fig. 2.
Therefore for the B, exciton, we can express the shift in
transition energy AE,, at the K+ and K— valleys for RCP
and LCP light, respectively, for an applied magnetic field B as

AEJ (Bro) = [ + 855 + 0™
o {g?,K-Q- +gﬁ,K+ _i_gil),K-i—}]MBB (1)

and
AE](Biy) = [g55 + 855 + 5%
— &+ T+ usB. ()

The electron/hole spin orientations are locked [14] in K+ and
K — valleys of such TMDC semiconductors as shown in Fig. 2
and these orientations are preserved in an optical transition.
Also the carriers are in the same valley, so both the spin and
valley contributions in the above equations cancel out, leaving
us with only the orbital contributions —g"X* = —2 for RCP
and —g"K= = 2 for LCP polarization. The difference in the
B, exciton transition energy between RCP and LCP light is
then AE(‘)7+ — AEJ™ = —4upB, which gives the exciton LGF
as gp,, = —4. This value is strictly true for a single S-Mo-S
layer in the absence of interlayer interactions. Our measured
gs,, value is similar both it terms of sign and magnitude. As
such in bulk materials the LGF value can be lower [46,47] so
it is consistent with other values mentioned in Table 1.

Next we consider what is expected for an interlayer type
ILp exciton where two adjacent S-Mo-S layers are involved.
In 2H-MoS; there is a 180° in-plane twist between adjacent S-
Mo-S layers along the c¢-axis, also the spin locking orientation
between adjacent layers is reversed [15,48]. Therefore in k
space to conserve crystal momentum one will have to consider
transitions between K|+ point of layer 1 to K, — of layer 2 as
indicated by the long tilted arrows in Fig. 2. Also the exciton
will involve a hole in VB2 of one layer and electron in CB2
of the adjacent layer. In this case, the LCP light will excite
such an interlayer exciton, comprising of a hole at K;+ and
electron at K, —. The shift in the transition energy AE, of ILg
exciton for LCP light, for an applied magnetic field B will be

AE](ILg) = [¢"7 + 57 + 57
_ {gﬁ,KﬁL +gﬁ,K1+ +g,11,’K]+}]MBB~ (3)
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Similarly with RCP light one can excite an /Lp exciton com-
prising of a hole in the K, — valley and an electron in the K|+
valley and the shift in the transition energy AE,, for an applied
magnetic field B will be

AE;T-F(ILB) — [ge»KH- +g€D,K1+ 4 gf),KH-

T+ e usB. @)

Since electron/hole spin orientations are preserved in these
transitions, the net spin angular momentum contribution to
LGF will again be zero. Only the orbital and valley angular
momentum will contribute. Using numbers mentioned earlier,
the difference in the /Lp exciton transition energy between
RCP and LCP light becomes AEStT — AES™ = +12u3B,
yielding an exciton LGF value g;;, = +12. This shows that
for an interlayer exciton we expect a large positive value of
LGF and it is consistent with our measure g;7,,. The ILg (ILy)
exciton transition is at a higher energy than Bj; (A};) most
likely because it has a lower binding energy due to the electron
and hole being more separated since they are in adjacent
S-Mo-S layers, unlike Bj; (Aj;) where they are in the same
S-Mo-S layer [3]. We note that the high energy feature seen
in PR around 2.16 eV was earlier wrongly interpreted [7] as a
new exciton transition at the H point of the Brillouin zone. It
was later shown that due to a saddle point like energy-crystal
momentum curvature at the H point, an exciton cannot be
sustained there [3]. With the present estimate of LGF for this
transition, we can now correctly identify it as an /Lp exciton.

B. First-principles results

In this section we discuss the results of our calculations
based on first principles. We use the experimental lattice
structure of the 2H phase [49] and employ a hierarchy of
methods. For the optimization of the internal structure until
all forces are below 10™* Ry/ap, we use a 21 x 21 x 3 k
mesh, the local density approximation, a basis of localized
Gaussian orbitals (s, p, d, and s*, in total 30 per atom), and
norm-conserving pseudopotentials which include the spin-
orbit coupling [50,51]. To improve the description of the
electronic properties, many-body perturbation theory calcula-
tions, i.e., GW in the GAW approximation [52], are performed
with a plane wave cutoff of 2.5 Ry and k grid of 21 x 21 x 4
points. The optical properties were calculated by solving the
BSE [53] employing a grid of 36 x 36 x 6 points.

Figure 6 shows the calculated optical absorption spectrum
of bulk 2H-MoS;. Below the direct band gap of E; = 2.18 eV
we find two clear peaks which correspond to the A;; and 1L,
excitons. Higher excited states are present close to the band
gap, however, with the employed broadening of 15 meV they
are hardly visible in the spectrum. The A;; and /L4 character
is identified through the corresponding exciton wave function
as discussed in previous studies [2]. Above E,, a continuum of
states is present and it is nearly impossible to converge them
even after employing huge k-grids. On top of this continuum,
additional resonances from the B excitons are seen in Fig. 6.
The dominant resonance here can be identified as By, and the
weaker resonance on its high energy side, is exactly where
we observe ILg in experiments. Also the calculated energy
difference between Bj; and /Lg is ~40 meV, similar to that

E, =218 ¢V

! ! | ! 1IILI|1||1.||1| xllll [
1.9 2 2.1 2.2 2.3
Energy (eV)

FIG. 6. Calculated absorption spectrum of bulk 2H-MoS,. A
Lorentzian with a broadening of 15 meV was used for all peaks in
the spectrum.

between A, and /L4 which is ~60 meV. Due to coupling with
the continuum, the B exciton resonance is built up from many
transitions (vertical red lines below the corresponding peaks),
in contrast to the A series excitons which typically have one
strong transition. This leads to the overall broadening of the
exciton states around B;; and weakened resonance, which
is also indicated in the experimental data in Fig. 1. Thus
although we have evidence for an /Lg exciton, because of
the presence of several transitions around these resonances,
a unique identification of the state by getting the exciton
wavefunction, is not possible. Finally, it had been suggested
earlier [54] that the /L, exciton state can be considered as a
mixture of an optically dark charge transfer exciton involving
VB1 with an intralayer Bj, exciton, which provides the os-
cillator strength. In our case the equivalent would be a dark
charge transfer exciton involving VB2 which gains strength
from mixing with an intralayer A, exciton.

IV. CONCLUSION

In conclusion, we first showed that using MOKE spec-
troscopy with moderate fields up to 2 T, one is able to measure
the Landé g-factor of known exciton transitions in 2H-MoS;
which agrees well with values reported in the literature. There-
after we showed evidence for a new /Lg exciton transition in
the MOKE spectrum and verified its existence independently
through PR spectroscopy. This new interlayer type exciton is
suggested to be associated with the second highest valance
band at the K point of the Brillouin zone of 2H-MoS,. Using
an approximate model to account for the Landé g-factor con-
tribution from spin, orbital, and valley angular momentum, we
showed that g;;, should have a high positive value which is
consistent with what we measured and in contrast to the lower
gs,, value and its negative sign. Finally, results from DFT-BSE
calculations also show an exciton state on the higher energy
side of B, where we observe ILg in experiments.
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