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Abstract

Transition metal dichalcogenide (TMD) monolayers present a singular coupling in
their spin and valley degrees of freedom. Moreover, by applying an external magnetic
field it is possible to break the energy degeneracy between their K and —K valleys.
Thus, this analogous valley Zeeman effect opens the possibility of controlling and dis-
tinguishing the spin and valley of charge carriers in TMDs by their optical transition en-
ergies, making these materials promising for the next generation of spintronic and pho-
tonic devices. However, the free excitons of pristine TMD monolayer samples present
a moderate valley Zeeman splitting, which is measured by their g-factor values that
are approximately —4. Therefore, for application purposes it is mandatory alternative
excitonic states with higher magnetic responses. Here we investigate the valley Zee-
man effect in aged WSy and WSes grown monolayers by magneto-photoluminescence
measurements at cryogenic temperatures. These samples present a lower energy defect-
bound exciton emission related to defects adsorbed during the aging process. While
the free excitons of these samples exhibit g-factors between —3 and —4, their defect-
bound excitons present giant effective g-factor values of —(25.0£0.2) and —(19.14+0.2)
for WSy and WSes aged monolayers, respectively. In addition, we observe a signifi-
cant spin polarization of charge carriers in the defective mid gap states induced by
the external magnetic fields. We explain this spin polarized population in terms of a
spin-flip transition mechanism, which is also responsible for the magnetic dependent
light emission of the defect-bound exciton states. Our work sheds light in the potential

of aged TMDs as candidates for spintronic based devices.

Introduction

Time reversal symmetry plays a major role in determining opposite spin states at the in-
equivalent K and —K valleys in monolayer TMDs.Y Therefore, their valley selection rules
lead to a coupling in the spin and valley degrees of freedom, allowing a selectively carrier

excitation in both K and —K points by circular polarized light.“ Moreover, by applying an



external magnetic field is possible to control the valence and conduction bands displacements
due to an analogous Zeeman effect.*"” Since K and —K valleys present opposite spins, the
band displacement is also contrary in each valley, resulting in an energy splitting of the K
and —K excitons. Hence, the possibility of control the valley spin degree of freedom by an
8

energy threshold makes the 2D TMDs promising for spin- and valleytronics.

The valley Zeeman splitting has been investigated for optical transitions related to ex-
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citons,* 0 trions, # MU hiexcitons, interlayer excitons,** % Moiré excitons,™” and

18724 i distinct TMD monolayers and their heterostructures. This ef-

defect-bound excitons
fect is usually measured by the optical transition g-factor, an unitless factor that relates the
valley energy splitting with the magnetic field. Free exciton states in pristine TMD mono-
layers present a weak Zeeman energy shifting associated with g-factor values around —4,
showing the necessity of engineering these materials to achieve stronger magnetic responses.
In that sense, there are valley Zeeman splitting reports on defective TMDs that presented
enhanced g-factors. For instance, vacancy-bound excitons in a MoS; monolayer showed a
g-factor of —6.2,%% while defect-bound excitons related to single photon emitters in WSe,
monolayers presented g-factors of approximately —10.182124 Ty addition, Fe- and Co-doped
MoS, monolayers presented free exciton g-factors of —20% and —15,%" respectively, and a
phase engineered WSe, monolayer displayed a free exciton g-factor of —14.47

Here we report an enhanced g-factor associated with an ensemble of defect-bound exci-
tons in aged CVD grown WS, and WSe; monolayers by magneto-photoluminescence (PL)
measurements with circularly polarized light detection, which was not shown in previous
works. X-ray photoelectron spectroscopy (XPS) measurements revealed the presence of pre-
viously reported adsorbed defects in aged CVD grown monolayers, which are related to the
emergence of multiple mid gap states. Power and temperature dependent PL experiments
showed a lower energy peak associated with the defect-bound exciton state. Magneto-PL

measurements with external magnetic fields from —9 to 9 T unveiled g-factors of —(25.0+0.2)

and —(19.1 +0.2) for the lower energy PL peak in WS, and WSe, monolayers, respectively.



Besides, the defect-bound exciton emission displayed a significant degree of circular polar-
ization induced by the external magnetic field, revealing a spin polarized charge carrier
population in the mid gap states. This spin polarization leads to a magnetic field dependent
distribution of charge carriers in the multiple mid gap states, which explains the great energy
shift observed in the defect-bound exciton light emission. In addition, we propose a spin-flip
transition mechanism to explain the magnetic field induced spin polarized population in the
defective levels. Our work sheds light in the significant magnetic response of the defect-
bound exciton emission related to aging defects in CVD grown WSy and WSes; monolayers,

enlarging their applicability in spintronic devices.

Results and discussion

To probe the presence of defects in an aged TMD sample and study the consequent modifica-
tions in its light emission, we performed power dependent PL measurements in a 2-year aged
CVD grown WS, monolayer, as shown in Figures [Th,b. The power-dependent PL spectra
of Figure [lp were taken at 4 K and are normalized by the free exciton (X,) peak (~ 2.02
eV), revealing a lower energy PL peak with a distinct intensity and energy position features.
While the exciton PL peak presents no relevant shift in its energy and a linear intensity
enhancement with respect to the incident power, the lower energy peak displays a sublinear
power dependence and a noticeable energy blueshift, as highlighted in Figure [Ib. Moreover,
Figure [lc shows the temperature dependent PL spectra of the WS, monolayer, in which the
lower energy PL peak presents an intensity reduction and an energy redshift under increasing
temperature. Additionally, in Supporting Figure S1 it is possible to note that this lower en-
ergy peak vanishes at room temperature. A lower energy PL emission with sublinear power
and temperature dependencies as described above is commonly related to defect-bound lo-
calized excitons (X1 ).*® Nonetheless, this feature is reported in a variety of defects in TMDs,

such as vacancy,?? substitutional doping®®3! and adsorbed impurities.?*325 On the other



hand, the significant energy shift displayed for both power and temperature variation as
well as the large spectral linewidth was previously related to the adsorption of oxygen and
organic molecules due to an aging process in TMDs, #2750

In order to further characterize these samples, we employed XPS measurements (see
Methods Section for experimental details). The valence state of each element present in
the WS, monolayer was investigated using the high-resolution XPS spectra analysis. The
analysis was used to validate the existence of a minor fraction of adsorbent defect sites within
their structures, as done in Ref.®® Figure displays the spectrum of W 4d, which reveals
the presence of two asymmetric responses associated with W 4ds» and W 4ds» orbitals.=
Each one of these asymmetric orbital responses were fitted with two Voigt peaks. While
the predominant fitted peaks (in blue) at 244.8 and 257.2 ¢V are related to the chemical
state doublet of the W-S bond, the orange fitted peaks at 249.2 and 261.3 eV indicate the
presence of a distinct chemical state doublet in a higher binding energy. Moreover, XPS high-
resolution spectra of the aged WS, monolayer for the W 4f orbitals also exhibit an asymmetric
response due to the presence of a defective chemical state doublet (see Supporting Figure
S2). Similar XPS results were previously reported for an aged WSy monolayer and were
related to a loss of sulfur atoms and a higher oxidation state for tungsten atoms as well
as to the presence of non-identified adsorbed organic molecules.®#%¢ Therefore, our XPS
measurements give an indication that the defects responsible for the lower energy PL peak
are similar to those found in Refs. 5246

In order to investigate the circular dichroism of the X; peak and its dependence with
perpendicular external magnetic field, we performed circular polarization magneto-PL mea-
surements at 4 K. The sample was excited by a linearly polarized laser beam, with an incident
power of 100 4W and applying a perpendicular external magnetic field tunable from —9 to
9 T (in steps of 0.1 T), while its PL emission was detected for both right (¢7) and left (¢7)
circular polarizations. Figures [2h,b exhibit the PL spectra for —9, 0 and 9 T for both o

and o~ detection. An opposite energy shift with respect to the magnetic field for o+ and o~
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Figure 1: a Power dependent PL spectra at 4 K for an aged WSy monolayer showing free exciton
and defect-bound exciton peaks. PL spectra are normalized by the intensity of the free exciton
peak. b PL energy (top graph) and intensity (bottom graph) dependencies on the incident power
for both defect and exciton PL peaks. ¢ Temperature dependent PL spectra for a 100 pW incident
power. All measurements were performed with a 532 nm laser. d XPS spectrum of W 4d and S
2s core-level peaks. The W 4d displays two W 4d;/, and W 4d3,, doublets associated to W of the
main WSy structure (blue fitted peaks) and to W at defect sites (orange fitted peaks).

emissions can be observed for both X and X peaks. A complete perspective of this shifting
can be noted in the PL intensity 2D plots of Figures [2,d, which contains all 181 PL spectra
measured varying the external magnetic for both polarizations. This opposite energy shift
occurs due to the Zeeman effect, that displaces each valley in opposite directions in energy as
they present inverse spins. Besides, Figures [2a-d also shows the broadening of the X, peak
and its redshift with magnetic field. The magnetic field dependence of the valley Zeeman

splitting AFE - denoted as the energy difference between o™ and ¢~ emission (E,+ — E,-)



- is given by AE = gugB, in which pup = 0.05788 meV /T is the Bohr magneton and g is
the g-factor. 59 Thus, first we extracted the energy position of X, and X, peaks for all PL
spectra, as shown in Figures 2p,f. From the energy values, we plotted the valley Zeeman
splitting for Xy and X, peaks and calculated their associated g-factors from the data linear
fitting, as presented in Figure ,h. A g-factor of —(3.58 £0.03) is obtained for the Xy peak,
which is in agreement with previously reported values.#7 On the other hand, an enhanced
g-factor of —(25.0 +0.2) can be observed for the X peak, which corresponds to its notice-
able energy shift shown in the magneto-PL spectra of Figures [2h-d. We performed similar
measurements in another aged WS, monolayer and we noticed this enhanced X, g-factor for

it as well, as displayed in Supporting Figure S3.
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Figure 2: a,b PL spectra of an aged WSy monolayer for a linearly polarized excitation and o (a)
and (b) o~ detection with external magnetic fields of —9, 0 and 9 T. ¢,d PL intensity 2D plots
for linearly polarized excitation and % (¢) and (d) o~ detection with external magnetic fields
ranging from —9 to 9 T. The spectra in (a-d) are normalized by the free exciton peak intensity to
highlight the intensity and energy modifications in the defect-bound exciton peak. e,f Exciton (e)
and defect-bound (f) PL peak energies with respect to the magnetic field and their respective valley
Zeeman splitting showing g-factors of —(3.58 £0.03) (g) and —(25.0 £0.2) (h). All measurements
were carried out at 4 K and with an incident power of 100 pW.

To have a better understanding of the defect role in the optical properties of other aged
TMDs, we investigated a 3-year aged CVD grown WSes; monolayer by the same measure-
ments carried out for the WSy monolayer. Figure [3a shows the power dependent PL spectra

at 4 K for the WSe; monolayer normalized by the exciton peak intensity. Beyond the exciton



emission, it can also be observed a lower energy PL peak with a sublinear power dependence.
Figures [3b,c show the power dependence of both exciton and defect PL peaks with respect
to their energy and intensity, respectively. Similarly to the aged WSy monolayer, an en-
ergy blueshift and a sublinear intensity dependence under increasing power are noted for
the defect-bound exciton peak in the WSe, sample. Moreover, temperature dependent PL
measurements shown in Figure [3d reveals another similar behavior with respect to the WS,
monolayer. As XPS measurements of this aged WSe, monolayer also shows the presence
of an extra chemical bond (see Supporting Figure S2), it is suggestive that both WS, and
WSe, lower energy PL peaks have the same defective source, since they were similarly grown
and aged. Low temperature magneto-PL measurements with linear polarized excitation and
circular polarized detection were also performed for the aged WSes monolayer. Figures [3,f
shows the ot and o~ detected PL spectra for all 181 measured external magnetic fields
between —9 and 9 T (with steps of 0.1 T), respectively. The individual PL spectra for —9,
0 and 9 T are displayed in Supporting Figure S4. The energy of Xy and X, peaks were
extracted for all PL spectra and are presented in Figures [3g,h. Besides the well-known Zee-
man shifting of the Xy peak, it is also noted a remarkable shift in the X PL peak for this
aged WSes; monolayer. From its peak energy shift with magnetic field data it was calculated
the valley Zeeman splitting for both exciton and defect-bound peaks, which are respectively
shown in Figures ,j. A g-factor value of —(3.16 £ 0.02) is retrieved for X,, whereas X
presenten a large g-factor of —(19.1+0.2). Furthermore, Figures ,f also display the signifi-
cant spectral broadening of the circular polarized X emission followed by an energy redshift
with magnetic field.

As observed in Figures [ and [3, beyond the large Zeeman shift of the X, peak, this
defect-bound exciton emission also presents a large circular polarized intensity dependence
with magnetic field for both aged WS, and WSe, monolayers. To further investigate this

dependence, we analyzed the degree of circular polarization (DCP) of the aged WSe; mono-
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Figure 3: a Power dependent PL spectra at 4 K for aged WSey monolayer showing free exciton and
defect-bound exciton peaks. PL spectra are normalized by the intensity of the free exciton peak.
PL energy (b) and intensity (c) dependencies with respect to the incident power for both defect and
exciton PL peaks. d Temperature dependent PL spectra for 100 W incident power. e,f PL 2D
plots for linear polarized excitation and ot (e) and o~ (f) detection with external magnetic fields
ranging from —9 to 9 T. The spectra were normalized by the free exciton peak intensity to highlight
the intensity and energy dependencies for the defect-bound exciton peak. Exciton (g) and defect
(h) PL peak energies with respect to the magnetic field and their respective valley Zeeman splitting
showing g-factors of —(3.16 £0.02) (i) and —(19.1 +0.2) (j). All magneto-PL measurements were
carried out at 4 K and with an incident power of 100 yW.

layer, given by:
I+ —1,-

DCP =100————
CP(%) = 1007

in which I+ and I,- are the PL intensities for both ¢ and o~ polarizations, respectively.
Figure [da shows the DCP of the aged WSe; monolayer for —9, 0 and 9 T. They were plotted

by subtracting the o™ PL spectrum by the ¢~ PL spectrum and dividing the result by



the sum of o™ and o~ PL spectra. A negligible DCP can be observed for the whole PL
spectral range at 0 T, that is a consequence of the similar PL spectra for both % and o~
detection at 0 T. This absence of DCP is related to the symmetric band structure with
anti-symmetric spin moments at 0 T between K and —K valleys. On the other hand, we
can observe a significant variation of the DCP for —9 and 9 T with respect to the emission
energy. While there is a DCP of ~ 7.5% in the X, spectral range, the X peak energy shows
an increased DCP of ~ 40%, more than 5 times greater compared to Xy. In addition, from
the PL spectra fitting we extracted the intensities of Xy and X for all measured external
magnetic fields, as displayed in Figures db,c. The o™ and o~ PL intensities of the free
exciton are maximum close to 0 T and decrease for both positive and negative magnetic
fields. Conversely, the defect-bound exciton PL intensity dependence on the magnetic field
is approximately linear, with a positive (negative) slope for ¢ (07) emission. While o©
and o~ polarized X; emissions have similar intensities at B = 0, for B = 9 T the X; o™
polarized intensity is 2.5 times greater than the X, o~ polarized intensity (and the opposite
is valid for B = —9 T), revealing a significant magnetic field induced spin polarization of
the mid gap states. In addition, the aged WSy monolayer also shows a noticeable DCP for
the X peak, as shown in Supporting Figure S5. Therefore, we can note a correspondence
of the magnetic field dependence between the X peak energy shifting, spectral broadening
and spin polarization. These relationships will be discussed below to explain the observed
giant g-factor of the defect-bound exciton peak.

The Zeeman shift in TMDs are due to the orbital, spin and valley magnetic moments of
the valence and the conduction bands of the material. The reported g-factors of the X state
related to the valley Zeeman splitting between K and —K valleys is around —4p 5.4 TMD
monolayers present the same spin magnetic moments between the valence and conduction
bands, not presenting thus any influence in their Zeeman splitting.” Moreover, their valley
magnetic moment are associated with the Berry curvatures of their bands.” Hence, in a

first approximation in which the electron and hole effective masses are equal, the valence
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Figure 4: a Degree of circular polarization of an aged WSe, monolayer for —9, 0 and 9 T between
ot and o0~ PL spectra. Free exciton (b) and defect-bound exciton (c) PL intensities with respect
to the magnetic field.

and conduction bands Berry curvatures are also the same.” Therefore, the valley Zeeman
splitting of TMD monolayers is manly governed by the distinct orbital magnetic moments
of their conduction and valence bands. While their d,» conduction band orbital has a zero
magnetic moment, their hybridized d,2_,2 -1d,, valence band orbitals have orbital magnetic
moments of y; = F2up, related to the K and —K valleys, respectively.” Hence, in this
approach the total valley Zeeman splitting between K and —K valleys associated with the
Xp state is —4up. As defect-bound exciton PL peaks are related to the optical transition from
defective mid gap states to the valence band, a distinct valley Zeeman splitting is expected.??
Although spin magnetic moments remain the same, orbital and valley magnetic moments
can be deeply modified, since the mid gap states can present distinct hybridized orbitals and
Berry curvatures with respect to the valence band. For instance, a —6.2 g-factor associated
with vacancy defective levels in MoSs monolayers was previously explained by their distinct
magnetic moments.?> However, such argument cannot fully explain our observation of the
giant g-factor values for the aged monolayers, and therefore require a further explanation.
Comparing the power dependent PL spectra (Figures [la and ) with the magnetic field
dependent PL spectra (Figures —d and ,f) it is clearly noted a similar dependence of
the X peak with pumping power and applied magnetic field. As previously reported, the
adsorbent defects can induce the emergence of an ensemble of distinct mid gap states,=°

leading to the observed broad PL peaks.?#3%%0 Therefore, by varying the incident power

11



there are modifications in the charge carrier occupation of these mid gap states, resulting in
a significant peak energy shift. Figure [5| schematically represents this light emission power
dependence by showing the band structure of a direct gap semiconductor with two mid gap
states at low and high excitation power regimes. For low excitation powers, the lower energy
defective level is more occupied due to the charge carrier relaxation, leading to a lower
energy defect-bound exciton emission. For high incident powers, the electronic occupation
of the lower energy mid gap state saturates, resulting in a larger occupation of the higher
energy mid gap state and a blueshift of the broad defect-bound exciton emission. Similarly,
the defect-bound exciton magneto-optical responses might be related to a magnetic field

dependent occupation of the mid gap states.

Low Power High Power

<
- — -

Figure 5: Tllustrative representation of the radiative recombination from the conduction band and
mid gap states for a low and high incident power regime in a direct gap semiconductor. The PL
spectra of the aged WSy monolayer with excitation powers of 1 and 100 uW are displayed besides
each band structure diagram to associate their energy shift with the electronic occupation of the
mid gap states.

Figure [6p summarizes the dependence of the aged WSy and WSe, monolayers optical
responses on the external magnetic field, in which the o* polarized light emission at the
K valley is represented for negative, zero and positive magnetic fields. Experimentaly we
have found that for positive magnetic fields, the radiative recombinations from the mid
gap states — related to the X; PL peak — exhibit an intensity enhancement, an energy

redshift and a spectral broadening compared to the emission without an external magnetic

12



field. Conversely, for negative magnetic fields there is an intensity reduction, an energy
blueshift and a spectral narrowing of the X; peak emission. The opposite is valid for the
o~ polarized light emission at the —K valley. Considering this scenario, we next propose a
spin-flip mechanism to explain these experimental observations, as represented in Figure [Gp.

Distinct relaxation pathways are reported in the electronic dynamics of TMD monolayers.
For instance, intervalley and intravalley scattering of excited carriers can happen due to
electron-phonon and spin-orbit interactions, respectively.®3? The intravalley scattering is
associated with a spin-flip of the carrier state, and can also be induced by an external
magnetic field.®®# For mid gap states, similar relaxations can occur as well. As our reported
aging defects are non-magnetic, it is expected smaller spin splittings of their electronic levels,
as shown in Figure [6p. Therefore, as the spin splitted defective mid gap states are closer in
energy, it is reasonable to expect a greater probability of electronic relaxation among them.
In addition, the electronic recombination of electrons in these trapping states is notably

442 which also favors the relaxation processes in the mid gap

slower than of free excitons,
levels. Therefore, we presume that the external magnetic fields induce significant spin-flip
transitions between the spin splitted mid gap states. As shown in Figure [6b, while there is no
relevant spin-flip transition in the absence of an external magnetic field, positive (negative)
magnetic fields cause spin-flip transitions from spin-down (-up) to spin-up (-down) states,
leading to a strong spin polarization in the mid gap states. Hence, for positive (negative)
magnetic fields there will be a dominant population of spin-up (-down) states, which is in
agreement with the enhanced (quenched), redshifted (blueshifted) and broadened (narrowed)
o polarized light emission observed in the experimental results and depicted in Figure Eh
It is important to comment that the defective levels are also shifted by the external magnetic
fields, as shown in [6h. Therefore, it is also possible that the Zeeman shift causes accidental
degeneracies between spin-up and spin-down mid gap states, contributing even more to the
spin-flip transitions.

In summary, we studied aged WS, and WSe, monolayers by power dependent PL, tem-

13
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Figure 6: a Band structure representation of an aged WSy or WSes monolayer for negative,
zero and positive magnetic fields, showing the conduction and valence bands Zeeman shifting and
the multiple spin splitted mid gap states. The blue arrows represents the possible spin allowed
optical transitions for o detection. The number and thickness of the arrows corresponds to the
experimentally observed PL broadening and intensity respectively. b Spin-flip relaxation in the
mid gap states induced by the external magnetic fields. The spin polarized population of these
defective levels lead to their magnetic dependent light emission shown in (a).

perature dependent PL and low temperature circularly polarized magneto-PL measurements.
The power and temperature dependent PL spectra showed a lower energy peak related to
a defect-bound exciton. XPS measurements were carried out and related this lower energy
PL peak to the presence of an extra chemical bond to the W atom that might be associated
with the adsorption of oxygen and organic molecules in the material structure. Finally, low
temperature circularly polarized PL. measurements with a varying external magnetic field

were performed to study the Zeeman effect in the defect-bound exciton. A significant energy
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shift of the defective emission corresponding to an intensity enhancement and a spectral
broadening was observed for both aged monolayers under magnetic field variation. From
their Zeeman splitting we extracted g-factor values of —(25.0 & 0.2) and —(19.1 £+ 0.2) for
the defect-bound exciton emission in WS, and WSe; monolayers, respectively. In addition,
the aged samples presented a notable spin polarization of the mid gap states induced by the
external magnetic field. This spin polarized population lead to a magnetic field dependent
distribution of charge carriers in the multiple defective levels, which contributes to the giant
effective g-factor of the defect-bound exciton. A spin-flip transition mechanism was proposed
to explain the observed spin polarization. Our work highlights how adsorbed defects related
to an aging process can potentialize the Zeeman splitting and carriers spin polarization in

TMD monolayers for spintronics and valleytronics applications.

Methods

Sample Preparation

The monolayer WS, and WSe; samples were prepared using a liquid-phase precursor-assisted
deposition method that we developed earlier.#? In brief, 50 mg of ammonium metatungstate
hydrate [(NH4)gHaW12049 - xHy0] and 200 mg of sodium cholate hydrate (Co4H39NaOs -
xH20) powders were first dissolved in 10 ml of deionized (DI) water to form a precursor
solution. The solution was then spin-coated on clean SiOs/Si substrates, which were placed
into a quartz tube together with 300 mg of sulfur (S) or 120 mg of selenium (Se) powders
upstream. The quartz tube was placed in a two-zone furnace and heated at 800 °C for 15 min
with argon (Ar) streaming (for the WSe, synthesis, an argon /hydrogen (Ar/Hj,) mixture was
applied instead). After the reaction, the whole setup was cooled down to room temperature

naturally with Ar protection.
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Spectroscopy Measurements

The temperature, power and magneto dependent PL spectroscopy measurements were car-
ried out in a confocal microscope coupled to a magneto-cryostat (Attocube — Attodry 1000).
We performed these measurements by varying the temperature from 4 to 80 K and the ap-
plied magnetic field from —9 to 9 T, in which the magnetic field direction was perpendicular
to the samples plane. The samples were excited by a linear polarized laser beam with ex-
citations wavelengths of 532 nm (Cobolt — 08 series) and 660 nm (Toptica — iBeam) for
the aged WS, and WSey monolayers, respectively. The o™ and o~ polarized PL emissions
were filtered by a linear polarizer and a quarter-wave plate and detected in a spectrometer

equipped with a sensitive CCD camera (Andor — Shamrock-Idus).

X-ray Photoelectron Spectroscopy Measurements

The measurements were conducted using a monochromatic Al Ka X-ray source and a Phoibos
150 electron analyzer from SPECS. The high-resolution spectra acquisition was carried out
using passage energy of 30 eV with an energy step of 0.1 eV. All spectra were calibrated with
respect to the energy reference of the C 1s peak, derived from adventitious carbon, positioned
at 284.6 eV. The experimental data were adjusted through a combination of Voigt curve
components employing a Shirley background. During the curve fitting of the high-resolution
W 4f and W 4d spectra, the area ratio between the doublet peaks was constrained, taking
into account the theoretical electronic distribution of each orbital at the respective energy

levels.
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This Supporting Information includes:

e Figure S1. Room temperature PL spectra for the aged WSy monolayer.

e Figure S2. XPS experiments for aged WSy and WSey; monolayers.

e Figure S3. Free exciton and defect-bound exciton Zeeman splittings for the aged WS,
monolayer.

e Figure S4. Magneto-PL spectra for the aged WSey; monolayer.

e Figure S5. Degree of circular polarization for the aged WS, monolayer.
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Figure S1: Room temperature PL spectra of the aged WSy monolayer showing no defect-bound
exciton peak.
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Figure S2: a XPS spectrum of W 4f and W 5p core-level peaks for an aged WSy monolayer. The
W 4f displays two W 4f;/2 and W 4f5/2 doublets associated to W of the main WSy structure
(red fitted peaks) and to W at defect sites (green fitted peaks). b XPS spectrum of W 4d and Se
2s core-level peaks for an aged WSey monolayer. The W 4d display two W 4d5/2 and W 4d3/2
doublets associated to W of the main WSes structure (blue fitted peaks) and to W at defect sites
(red fitted peaks).
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Figure S3: a,b Zeeman splittings related to exciton (a) and defect-bound exciton (b) transitions
for an aged WSy monolayer measured with an incident power of 100 pW. These measurements
were performed in a different flake from that presented in Figure 2, confirming the great g-factor
associated with the defective PL peak.
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Figure S4: a,b PL spectra of an aged WSy monolayer for a linearly polarized excitation and o (a)
and o~ (b) detections with external magnetic fields of —9, 0 and 9 T. The spectra are normalized
by the free exciton peak intensity.
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Figure S5: Degree of circular polarization of an aged WSy monolayer for —9, 0 and 9 T between
the ot and o~ PL spectra shown in Figure 2.
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