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Valley Zeeman splitting of monolayer MoS, probed by low-field magnetic
circular dichroism spectroscopy at room temperature
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The valley Zeeman splitting of monolayer two-dimensional (2D) materials in the magnetic field plays
an important role in the valley and spin manipulations. In general, a high magnetic field (665 T) and
low temperature (2-30K) were two key measurement conditions to observe the resolvable valley
Zeeman splitting of monolayer 2D materials in current reported experiments. In this study, we experi-
mentally demonstrate an effective measurement scheme by employing magnetic circular dichroism
(MCD) spectroscopy, which enables us to distinguish the valley Zeeman splitting under a relatively
low magnetic field of 1 T at room temperature. MCD peaks related to both A and B excitonic transi-
tions in monolayer MoS, can be clearly observed. Based on the MCD spectra under different mag-
netic fields (—3 to 3 T), we obtained the valley Zeeman splitting energy and the g-factors of A and B
excitons, respectively. Our results show that MCD spectroscopy is a high-sensitive magneto-optical
technique to explore the valley and spin manipulation in 2D materials. Published by AIP Publishing.
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Two-dimensional (2D) layered materials have captured
wide attention of scientific community due to their peculiar
optical and electronic properties."™ Among them, transition
metal dichalcogenides (TMDs) are outstanding for their
advantages in optoelectronic and photonic applications.”’
Owing to the spatial confinement and reduced dielectric
screening, the binding energy of the excitons in monolayer
semiconducting TMDs reaches hundreds of meV. 510 Hence,
the excitonic transitions are dominant even at room tempera-
ture.'" Another attractive feature of monolayer TMDs is the
strong coupling of valley and spin magnetic moments. As dis-
cussed in the recent literature,I%15 there are three sources of
magnetic moment, which might contribute to the total
Zeeman shift: spin magnetic moment, atomic orbital magnetic
moment, also labeled as intracellular magnetic moment, and
valley orbital magnetic moment that is associated with the
Berry curvature, also labeled as intercellular magnetic
moment.

Monolayer MoS, possesses a direct bandgap that is located
at the energy-degenerate yet inequivalent K and K’ valleys. Its
strong spin-orbit coupling splits the conduction and valence
bands into spin-up and spin-down components, respectively.
The splitting in the conduction band is small (~5meV), while
that in the valence band is rather large (~150 meV), thus giving
rise to well-separated A and B excitonic transitions.'®
Moreover, the spin-orbit splittings are of the same magnitude
but opposite signs at valleys K and K’, leading to a valley-
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dependent optical selection rule:'*'>'7 light of 6+ (6—) circu-
lar polarization exclusively couples to inter-band excitonic tran-
sitions in the K (K’) valley, as shown in Fig. 1(a). It also
depicts the Zeeman shift of the conduction and valence bands
in the K and K’ valleys under a perpendicular magnetic field.
The solid (dashed) curves are the conduction and valence bands
at a positive (zero) magnetic field. The spin magnetic moment,
atomic orbital magnetic moment, and valley magnetic moment
are marked with black, cyan, and green arrows, respectively.
When monolayer MoS; is placed in a perpendicular magnetic
field, its energy bands near K and K’ valleys shift oppositely
due to the valley Zeeman effect, which is proportional to the
magnetic field and effective g-factor. Therefore, the measure-
ment of energy band splitting and the g-factor is meaningful for
the study of coupling of different magnetic moments.

Recently, the valley Zeeman effect of different 2D mate-
rials which attracted a lot of attention was studied via
polarization-resolved magneto-optical spectroscopy such as
photoluminescence and absorption.'*™'>'"~ The feasibility
and reliability of such methods are seriously dependent on
the accurate determination of spectral peak positions, and
thus, high magnetic fields (6-65T) and low temperatures
(2-30K) are indispensable. The requirements of such high
magnetic fields and low temperatures are great handicaps for
the extensive study of monolayer valleytronics.

In this work, we measured the excitonic Zeeman split-
tings of monolayer MoS, with a home-built microscopic mag-
netic circular dichroism (MCD) system. The experimental
principle and measurement setup are shown in Figs. 1(b) and
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FIG. 1. (a) Schematic drawing of the conduction and valence bands (red
curves for spin-up and blue curves for spin-down) in the K and K’ valleys of
monolayer MoS, at zero field (dashed curves) and non-zero field (solid
curves), showing the valley-dependent optical selection rules for o+ and
o— light (bi-directional arrows) and the three contributions to the Zeeman
shifts (black arrow for spin, cyan arrow for atomic orbital, and green arrow
for valley). (b) Scheme of reflection MCD spectroscopy to probe the exci-
tonic Zeeman splitting (assuming AE > 0). The Gaussian lines in the top are
reflection spectra, among which the black line is the original degenerate
reflection spectrum of o— and o+ light at zero field, the red line for ¢— light,
and the blue line for o+ light at non-zero field. The derivative-like line in
the bottom is the difference between the reflection spectra of ¢— and
o+ light. For the sake of observation, some parameters are exaggerated to
different extents. (c) Schematic diagram of the MCD experimental setup.

1(c). Both the reflection and MCD spectra could be obtained
simultaneously with this system. MCD spectra peaks with a
high signal-to-noise ratio are observed at the A and B exciton
resonant energy levels under low magnetic fields. According
to the field dependent MCD measurements, the valley
Zeeman splitting and the corresponding effective g-factors of
A and B excitons are extracted to be —3.83 =0.05 and
—4.06 £ 0.07, respectively. We demonstrated that MCD spec-
troscopy is a very sensitive and feasible technique in the val-
leytronics studies of layered materials.

Monolayer MoS, samples were grown by chemical
vapor deposition (CVD) inside a furnace equipped with a
quartz tube.?® Sapphire substrates were placed face-down
above a crucible containing MoO5; powder. This crucible
was put downstream in a distance away from the center of
the furnace, and another crucible with sulfur powder was
placed at the upstream. The furnace was heated up to 850 °C
with 60 sccm Ar flow at atmospheric pressure. After holding
at 850 °C for 15 min, the furnace was cooled down naturally
to room temperature. The wavelength tunable laser was
obtained by using a super-continuum white light source
equipped with a monochromator. The polarization of the
monochromatic laser was modulated using the combination
of a linear polarizer and a 50 kHz photoelastic modulator. To
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measure the reflectance intensity, the laser was also modu-
lated with a 177 Hz chopper. The reflected light from the
sample was detected using a Si photodetector. The reflec-
tance and MCD signals were measured using a two lock-in
amplifier with reference frequencies of 177 Hz and 50kHz,
respectively. The sample was placed inside a microscopic
vacuum cryostat. A variable magnetic field along the inci-
dent direction of the excitation laser is provided by a super-
conducting magnet.

Transmission MCD spectroscopy has been employed in
quantum dot solutions.>' Here, we utilized the reflection
setup instead of transmission because the reflectance is more
suitable for materials on opaque substrates. The origin of
MCD signals is the difference in the spectrum of left circularly
polarized light and right circularly polarized light, as shown in
Fig. 1(b). The excitonic transitions would introduce individual
peaks on the reflectance spectrum.?* In this way, it could be
described as a Gaussian line centered at energy Eo,'>*
R(E) = Roexp|—(E — Ey)*/2w?], where Ry is the height of
the reflection peak and 2w is the linewidth as defined. When a
perpendicular magnetic field is applied, the excitonic transi-
tion is splitted into two components centered at Eoi%AE,
where AE = gupB is the Zeeman splitting energy, and the
effective g-factor results from the coupling of the orbital, spin,
and valley moments. In most cases, AE is much smaller than
the peak linewidth (AE < 0.1w), and the rigid-shift approxi-
mation could be applied.”® The reflection difference (MCD
signal) of ¢— and g+ light can be evaluated to be

ARycp(E) =R, (E) — R, (E)

B 1 1 _dR(E)
R<E+§AE> R(E EAE) =~ = AE,
(1

i.e., the MCD feature can be approximately described as the
first derivative of the corresponding reflection peak times
the Zeeman splitting. As shown in the bottom of Fig. 1(b),
the typical MCD feature of one transition contains a zero-
crossing point at energy Ey, a positive peak, and a negative
valley. The relative position of the peak and valley reflects
the sign of the energy splitting. The peak amplitude of
the MCD feature ARpcp—_peax can be figured out to be
ARMCD—peak = _ARMCD—valley = —\/Lé—,% AE. That is, the
MCD amplitude is proportional to the Zeeman splitting and
inversely proportional to the peak linewidth. In this way, the
narrow exciton peak width is an important advantage of mono-
layers for large MCD signals. For a perfect Gaussian reflectance
profile, the MCD peak and valley are centrosymmetric to each
other with the zero-crossing point acting as a symmetric center.
In most realistic cases, the peak and valley of MCD spectra are
not perfectly symmetrical, which results from the deviation of
the original reflectance peak from the Gaussian line shape.
Thus, we can deduce the energy splitting through MCD peak-
to-valley amplitude, reflectivity, and the peak linewidth

AR —peak — AR —valley
AE — —\/EW MCD—p k2R MCD lley ) (2)
0

As shown in the following, small energy splitting of mono-
layer MoS, can be measured through MCD spectra even at
room temperature.
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FIG. 2. (a) Room-temperature Raman spectrum of monolayer MoS, grown
on sapphire substrates. The Elzg (~386.8 cm™!) and Ay (~405.2 cm™h)
peaks are two typical modes of monolayer MoS,. The inset shows a repre-
sentative optical microscope image of the MoS, sample. The scale bar is
10 um. (b) PL spectrum of monolayer MoS,. The red dashed curves are two
Lorentzian function fits to the spectrum. The peak emissions at ~1.82eV
and ~1.98eV correspond to A and B excitons, respectively. The excitation
wavelength is 442 nm.

The quality of MoS, was investigated by Raman and PL
spectroscopy. The measurements are performed with a
Jobin-Yvon HR800 micro-Raman spectroscope at room tem-
perature using a 442nm excitation laser. As shown in Fig.
2(a), two characteristic Raman modes of MoS, are observed:
E'5 (~386.8cm ') and A, (~405.2cm™"), and the fre-
quency difference of the Elzg and A, peaks is measured to
be 18.4cm™', implying that it is a monolayer MoS, sam-
ple.?”® Figure 2(b) shows the PL spectrum with Lorentzian
fits, exhibiting two peaks at ~1.82eV and ~1.98 eV, which
correspond to A and B excitons, respectively. Both Raman
and PL signals of our sample were in good agreement with
previous literature,>* > indicating the fine monolayer nature
and high quality of the sample.

The magnetic field dependent reflection spectra of
monolayer MoS, are shown in Fig. 3(a). Two apparent peaks
centered at 1.875eV and 2.023eV were observed, which
were in good agreement with the transition energy of MoS,
A and B excitons. This behavior shows that the room-
temperature optical property of monolayer MoS, is domi-
nated by the excitons because of their large binding energy.’
The A and B excitons induced peaks superimposed on a rela-
tive flat background, and the reflectance spectrum can be
well decomposed with two Gaussian lines (blue dashed line)
with a smooth background (red dashed line), as shown in the
inset of Fig. 3(a). With the analysis of the reflectance spectra,
three important parameters can be extracted: the excitonic
transition energies (Ey): ~1.875eV for the A exciton and
~2.023eV for the B exciton; the linewidth of each peak,
2wy =2 43 meV and 2w = 68 meV; and the height of each
peak, Rj =2 0.0130 and Rg =~ (0.0137. When the magnetic
field was varied from —3T to 3T, the spectra resemble
others and no obvious peak shift can be distinguished in
accordance with the maxima of the spectra. This is because
the valley Zeeman splitting induced peak shifts are much
smaller than their linewidths, and the resolution of reflec-
tance spectra is not high enough to extract the energy split-
ting under a low magnetic field.

Figure 3(b) shows the room-temperature MCD spectra
of monolayer MoS, at different magnetic fields, and the
MCD intensity is plotted as ARpycp/Ro, where Ry is the
height of the Gaussian lines as discussed above, which is
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FIG. 3. (a) Room-temperature reflection spectra at different magnetic fields.
The A and B exciton resonance peaks are clearly resolved. The inset shows
the OT reflection spectrum, fitting to two Gaussian peaks (blue dashed
curves) with a smooth background (red dashed curve). (b) Corresponding
MCD spectra plotted as AR}, /R (X = A,B), where R} is extracted from
(a). The original 0T AR is taken as the systematic background, excluded by
all the original AR at different fields.

extracted from the reflection spectra. Two typical MCD fea-
tures as discussed before are observed at non-zero field. The
two zero-crossing points of the MCD spectra are ~1.875eV
and ~2.023 eV, which are perfectly consistent with the exci-
ton induced reflectance peaks A and B. Thus, we can assign
these two features to be A and B, which originate from the A
and B excitons respectively. It is worth noting that the exci-
ton peaks of MCD spectra are deviated from being perfectly
centrosymmetric as shown in Fig. 1(b), and the low energy
side MCD magnitude is a little larger than the high energy
side, which results from the fact that the excitonic transition
rate of monolayer MoS, is not an ideal Gaussian profile at
room temperature. Under a micro-perspective, the MCD
originated from the transition possibility difference of left
and right circular polarized photons. The transition possibil-
ity is determined by the Fermi’s golden rule and is propor-
tional to the transition matrix element and the transition
allowed density of states, and both the band structure and the
carrier occupation have influences on the spectrum.

Under a positive magnetic field, the MCD signal sign is
negative at the low-energy side and positive at the high-
energy side for both A and B-features, indicating that the
effective g-factor of both excitonic transitions is negative.
With the decreasing magnetic field from 3T to 1T, the
amplitude of A and B features decreased proportionally, and
the MCD spectrum is completely inverse when the magnetic
field is reversed. This is in good agreement with our theory.
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Furthermore, the MCD signal is proportional to the valley
Zeeman splitting AE, which is proportional to the magnetic
field. As shown in Figs. 3(a) and 3(b), the zero-crossing
points are accurately consistent with the maximum of A and
B exciton related peaks in the reflection spectra, suggesting
that MCD spectroscopy can provide a precise determination
of the excitonic transition energy. In addition, the energy dif-
ference of the MCD maximum and minimum is ~43 meV
and ~65meV for A and B-features, respectively, which are
highly consistent with the linewidth of A and B exciton
related peaks we extracted from the reflectance spectra and
in perfect agreement with our theory. It is worth noting that
MCD spectroscopy offers an alternative way to acquire the
exciton linewidth accurately because it naturally eliminates
the backgrounds that are irrelevant in the reflectance spectra.

Using the peak-to-valley value of the MCD feature and
the linewidth, we extracted the valley Zeeman splitting of A
and B excitons separately according to Eq. (2), and the
results are shown in Fig. 4. The splitting of A exciton transi-
tion scales linearly with the applied magnetic field at a rate
of —222+3 peV T ', corresponding to an effective g-factor
of g4 = —3.83£0.05. The B exciton transition behaves simi-
larly to the A exciton, and its splitting scales linearly with
the applied magnetic field at a rate of —235+4 ueV T~ ', cor-
responding to an effective g-factor of gz = —4.06=0.07.
Although the B exciton has a larger energy splitting coeffi-
cient than the A exciton, its MCD peak-to-valley value is
smaller. The reason is that the B exciton exhibits a wider
linewidth than the A exciton, which is a reflectance of its
transition-allowed density of state distribution. Besides the
phonon scattering induced broadening, temperature indepen-
dent broadening mechanisms, such as impurities and disloca-
tion scattering, also play an important role in the linewidth
of exciton peaks. It has been demonstrated theoretically that
the wider linewidth of the B exciton peak originates from the
Dexter-like intervalley coupling.®

In a two-band tight-binding model where the effective
mass is the same for both conduction and valence bands,* the
valley magnetic moment does not affect the exciton splitting,
and so, the atomic orbital magnetic moment solely works and
contributes to a total exciton splitting of —4x;B. In a more
general picture, the effective mass is different for electrons
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FIG. 4. The extracted valley Zeeman splitting versus magnetic field: red
solid squares for the A exciton and blue solid circles for the B exciton. The
red and blue lines are linear fits to extract effective g-factors for A and B
excitons, respectively, while the green line corresponds to a splitting
of —4p1p.
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and holes, and thus, the exciton valley splitting exhibits a little
deviation away from 74,[133.12’14'15 The extracted g-factor
values of A and B excitons agree well with the expectations
of these models and those inferred from the polarization-
resolved absorption spectra at magnetic fields up to 65 T.'*!°
The deviations away from g = —4 can be ascribed to the
modification of valley orbital contribution. The manipulation
of spin and valley is critical for existing and emerging quan-
tum technologies, and the measurement and manipulation of
the related effective g-factor can play an important role. Our
results demonstrate that MCD is a feasible non-contact
method to realize the manipulation of the valley and spin
degrees of freedom in monolayer materials.

In summary, we studied the room-temperature reflection
MCD spectra of monolayer MoS, on sapphire substrates.
The MCD spectra exhibit obvious signals at the A and B
excitonic transitions at room temperature even under a very
low magnetic field. We obtained the room temperature val-
ley Zeeman splitting to be —222+3 ueV T~ for the A exci-
ton and —235+4 peV T~ for the B exciton and derived the
g-factors of monolayer MoS, on sapphire as —3.83*0.05 for
the A exciton and —4.06*0.07 for the B exciton, respec-
tively, which agreed well with the theoretical predictions.
The MCD signals result from the magnetic perturbation (the
Zeeman effect) of the states involved in optical transitions
responsible for light-matter interactions. It can be used to
study the influence of the external magnetic field on the elec-
tronic state of the sample, which is universal for all materi-
als. Besides the original reflectance spectra, a new dimension
(AR) is added, and the magnetic response of paramagnetic
materials, as well as the magnetism properties of ferromag-
netic materials, can be characterized accurately. Our work
demonstrates that MCD spectroscopy can be a feasible
method to study the valleytronics of monolayer MoS, and
can be widely expanded to other 2D materials. It can also be
further generalized to the magnetism related studies of low
dimensional materials and heterostructures.
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