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Measurement of the Spin-Forbidden Dark Excitons in MoS2 and MoSe2 monolayers

Excitons with binding energies of a few hundreds of meV control the optical properties of transition metal dichalcogenide monolayers. Knowledge of the fine structure of these excitons is therefore essential to understand the optoelectronic properties of these 2D materials. Here we measure the exciton fine structure of MoS2 and MoSe2 monolayers encapsulated in boron nitride by magnetophotoluminescence spectroscopy in magnetic fields up to 30 T. The experiments performed in transverse magnetic field reveal a brightening of the spin-forbidden dark excitons in MoS2 monolayer: we find that the dark excitons appear at 14 meV below the bright ones. Measurements performed in tilted magnetic field provide a conceivable description of the neutral exciton fine structure. The experimental results are in agreement with a model taking into account the effect of the exchange interaction on both the bright and dark exciton states as well as the interaction with the magnetic field.

 . It is therefore crucial to have a clear experimental determination.

Unfortunately, all attempts to measure the bright-dark splitting in MoS2 ML were not conclusive so far. The main reasons given were related to (i) the low optical quality of samples (without hBN encapsulation) 13 , (ii) the small value of the expected splitting compared to the luminescence/absorption linewidth or (iii) the low thermal population of the dark states if they lie above the bright ones 12 . In this letter, we present the first unambiguous optical emission spectrum of the dark exciton in MoS2 ML. In contrast to most predictions our measurements demonstrate that the spin-forbidden dark exciton lies below the bright exciton with a bright-dark splitting of +14 meV. To this end, we performed magneto-photoluminescence experiments up to 30 T on MoS2 monolayers encapsulated in hexagonal Boron Nitride (hBN) with a magnetic field oriented along the monolayer plane (Voigt geometry). The high quality of the investigated samples allowed us to determine accurately the bright-dark energy splitting. We performed similar measurements in MoSe2 MLs encapsulated in hBN where a bright-dark splitting of -1.3 meV is determined in agreement with a recent report 20 . Measurements performed in a tilted magnetic field (45° with respect to the ML plane) confirm the spin-forbidden nature of the observed transitions and allow us to provide a conceivable description of the neutral exciton fine structure. The in-plane field component yields a brightening of the dark states and the out-of plane component induces a Zeeman spitting of these states yielding the first measurements of the dark exciton g factor in MoS2 and MoSe2 monolayers. Remarkably we find that the energy splitting between the bright and dark excitons in MoSe2 ML is very similar to the short range exchange energy which splits the two dark exciton states, a very original and unique situation for semiconductor nanostructures.

Mixing of exciton states in magnetic field. -First, let us recall that the point symmetry group of a TMD monolayer is D 3h . The direct band gap is located at the edges of hexagonal Brillouin zone, at the nonequivalent valleys K±. Because of the large spin-orbit splitting in the valence band, we restrict here our description to A excitons composed of an electron from one of the two conduction bands split by the spin-orbit interaction SO and a hole from the upper valence band A. We also consider only direct excitons (with a center of mass wave-vector K=0). Then the exciton fine structure includes the two optically active (bright) excitons XB with parallel spin ↑↑, ↓↓ (symmetry 6) and the two spin-forbidden dark states XG(↑↓ +↑↓) and XD(↑↓ -↑↓) (symmetry  and  respectively). The inset of Fig. 1c shows the bright-dark splitting  and the grey-dark splitting due to exciton exchange energy. It was shown that these dark states are optically forbidden for in-plane polarized light but that the XG ( ) state can couple to out-of plane polarized light (Oz direction) 12,21,22 and because of this is called here "grey" exciton. An in-plane magnetic field B// (Voigt geometry) mixes the spin components of the 2D exciton states 23,24 . For a TMD monolayer, this field interacts with the conduction band electron within the exciton and we can neglect its interaction with the hole because of the very large valence band spin-orbit splitting 13,14 . As a consequence the in-plane magnetic field brightens both XG and XD dark exciton states; the mixed bright-dark exciton states couple to in-plane polarized light allowing a straightforward determination of the energy of the dark states 13,14 . On the other hand, an out-of plane magnetic field Bz (Faraday geometry) leads to the Zeeman splitting of both bright and dark states and to the mixing between XG and XD 21 . Thus, in tilted magnetic field, the four excitons are mixed and split so that it becomes possible to extract the g-factor of dark excitons. The (4x4) Hamiltonian describing the mixing between the four states under a given field with an angle θ with respect to the normal of the ML plane (θ=90° for Voigt and θ=0° for Faraday geometries) is described in the SI7.

Magneto-photoluminescence for in-plane magnetic field. -First we have investigated the effect of an in-plane magnetic field (Voigt configuration) on the low temperature photoluminescence spectra in MoS2 monolayer. The 2D color map of PL intensity as a function of magnetic field from 0 T to 30 T is plotted in Fig. 1a. In zero field, the emission is composed of a unique line corresponding to the radiative recombination of the bright exciton XB at 1.931 eV in agreement with previous reports 25 .

Remarkably we observe at low energy, typically 14 meV below XB, an additional peak which shows up above ~12 T. This feature, interpreted as the brightened spin-forbidden dark exciton, has been reproduced on several samples and spot positions (see data in SI2). In principle, this line should correspond to both brightened grey and dark excitons, but the inhomogeneous linewidth in our samples is too broad (the linewidth of XD is 5 meV) to enable us to distinguish the expected small splitting  between grey and dark states. In a simple two-level system where the in-plane magnetic field couples the bright and dark states, one expects that the ratio between the PL intensity of the bright and the dark PL lines follows a simple quadratic law : ID /IB ~ (B//) 2 , where B// is the in-plane magnetic field 14 . In Fig. 1c we present the magnetic field dependence of the ratio between the PL intensity of the low energy and the high energy lines (corresponding to exciton states dominated by dark and bright components respectively). The measured quadratic behavior is a strong indication that the low energy line corresponds to the recombination of the dark excitons which have been brightened by the application of the magnetic field. An additional evidence for assigning the low-energy line observed for large in-plane magnetic field to spin forbidden dark excitons is the measurements of its g factor in an external field perpendicular to the monolayer. The measurements in the tilted field geometry presented below yield =-6.5 ; this large value is in good agreement with the predicted one in a simple model 26 and the measured one in WSe2 MLs 21,27 (see table I). To the best of our knowledge this is the first direct experimental evidence of the spin-forbidden dark exciton in MoS2 monolayer.

We have also evidenced the energy of the spin-forbidden dark exciton in MoSe2 MLs encapsulated in hBN using the same experimental approach. As shown in the 2D color map of the PL spectra in Voigt configuration presented in Fig. 2a, the brightened dark exciton line (labelled for simplicity XD) lies above the bright exciton one (XB) in contrast to MoS2 (compare with Fig. 1a). Moreover, the brightened dark exciton starts to be visible at much lower field (~8 T) and the energy of the two lines vary much strongly with B// as a consequence of the much smaller bright-dark splitting . Again, the linewidth of the transitions (1.4 meV for XB and 2.4 meV for XD) does not allow us to observe the splitting between grey and dark excitons. Using the general Hamiltonian presented in the SI7., including the effect of the exciton exchange interaction and the external magnetic field (with arbitrary orientation with respect to the ML plane), we can easily calculate the B// field dependence of the bright, grey and dark exciton energies. Taking 90°(Voigt geometry) and =0.6 meV, we can fit our data (black solid lines in fig. 2b) with  =-1.4 ±0.1meV and g//=2.0 ±0.2 . These values are in good agreement with very similar measurements published very recently 20 . Note that the fit is very weakly sensitive to the value of  for <1 meV.

In MoTe2 ML encapsulated with hBN, our measurements did not reveal any new PL line at high magnetic field that could have been attributed to spin-forbidden dark excitons. Our interpretation is that these excitons have a higher energy compared to the bright ones. Thus a very small thermal population of dark states is expected and a much larger magnetic field is required to mix them with bright excitons. This is consistent with the fact that the calculated CB spin-orbit splitting is twice as large as for MoTe2 as for MoSe2 19 .

Magneto-photoluminescence in tilted magnetic field

In order to have a full description of the exciton fine structure, we have measured the PL spectra of MoS2 and MoSe2 monolayers in a tilted magnetic field configuration (the field is oriented 45° with respect to the 2D layer plane). These experiments allow the determination of several key parameters, such as the dark exciton g factors. In an oversimplified description, one can consider separately the effect of the two field components on the exciton spectra. The in-plane component of the field yields the mixing of the bright and dark exciton as already observed in the Voigt configuration and the outof plane component leads to a Zeeman splitting of the states. While the energy splitting between the two spin/valley states for the bright exciton depends linearly with this z-component field (the slope given by effective g factor), the field dependence of the dark states is more complicated since the two dark states at zero field are split by the exchange energy of the order of a few hundreds of µeV 21,27 (inset of Fig. 1c). First we present the dependence of the PL spectra of MoSe2 monolayer in tilted magnetic field. At high magnetic field (above ~ 12 T), the color map of the PL intensity in Fig. 3a and the PL spectra in Fig. 3b clearly evidence 4 lines corresponding to the 4 exciton states whose energy vary almost linearly with the field in the range 15-30 T (i.e. the out-of plane component varying from ~10 to 21 T). For lower magnetic field values, the energy splitting between the states is comparable to the PL linewidth preventing an accurate determination of the energy of the 4 states. However, we observe a clear nonlinear dependence of the energy of the main PL line (which corresponds at B=0 to the bright exciton) (see Fig. 3c). This is a consequence of both the effect of the zero-field bright-dark splitting and the zero-field splitting between the grey and dark states . Thus the rigorous description requires to consider both the exciton interaction with the tilted magnetic field B=B//+Bz and the exciton exchange interaction; B//=Bsin and Bz=Bcos are the magnetic field components parallel and perpendicular to the monolayer plane (in the experiments of Fig. 3,=45°). The interaction with the magnetic field is driven by and , which are respectively the exciton g factor of bright and dark excitons and g//, which is the in-plane electron g factor. The eigenstates for each magnetic field value have been obtained numerically (see SI7). On the basis of this model and using the values =-1.4 meV and g// =2 obtained from the Voigt experiments (Fig. 2), one can fit simultaneously the field dependence of the energy of the 4 lines presented in Fig. 3c (see the solid line for the calculated curves). The agreement between the experiment and theory is very good. Interestingly, a clear anti-crossing is evidenced in the low field region as a consequence of the interplay of the transverse and longitudinal field components. This fitting procedure yields the g-factor of both the bright and dark states: we find =-4.0 and =-8.63. The value of the dark exciton g factor around -9 is very similar to WSe2 ML 21,27 ; it is an additional proof of the highlighting of the spinforbidden dark states. As we cannot extract the energy of the 4 lines at weak magnetic field due to their linewidths, the fit is not very sensitive to the zero field splitting  between the grey and dark states (the curves have been calculated for 0.6meV, the value measured in WSe2 ML 21,27 ). Note that the labeling of the 4 lines (XB, XB, XD, XG) in Fig. 3 is only valid at zero field. When B≠0, the 4 states are mixed. In Fig. 3d, we show the mixing of each state as a function of B. In SI8 we show the calculation of the weight of the 4 components at 30 T. Finally we have measured the excitons spectra of MoS2 ML in tilted magnetic field. Due to the larger PL linewidth compared to the one of MoSe2 ML, it is more difficult to evidence the 4 excitons states as in Fig. 3a. However the energy of the two Zeeman split dark states can be extracted above 15 T as shown in Fig. 4(a) and 4(b). Fig. 4(c) displays the measured magnetic field dependence of the energies of the four states together with the fit based on the same model as MoSe2. Using =+14.0 meV and g// =2 (determined previously in the Voigt geometry), the best fit is obtained for =-1.8 and =-6.5. The bright exciton g-factor of about -2 was already measured in high quality MoS2 monolayer 28 . However this is here the first measurement of the dark exciton g factor. Interestingly, we note that the g factors of both bright and dark excitons are significantly smaller in MoS2 than in other TMD materials. We can speculate that this is due to the very small conduction band spin-orbit splitting. Similarly, to MoSe2, the fit is not sensitive to the value of the dark-grey splitting due to the lack of experimental data at low field (the calculation has been done for meV). Table I summarizes the parameters of the exciton fine structure of MoS2 and MoSe2 monolayers presented in this Letter, together with the ones of WS2 and WSe2 MLs from previous work.

Discussion

The measured value of 14 meV in MoS2 ML generates several remarks and interrogations. (i) First it demonstrates the key role played by the exciton exchange energy contribution to the brightdark energy splitting. The bright-dark exciton splitting includes three contributions 18,19,17 :

 =SO +bind +exch. , where SO is the conduction band spin-orbit splitting,bind is the difference between the binding energies of bright and dark excitons due to the slightly different masses of spin ↑ and spin ↓ conduction bands andexch is the short range exciton exchange energy. Although the actual value of the spin-orbit splitting is not yet known, the most widely used calculated value in the literature is SO = -3 meV 29 . In a first approximation, the binding energy is proportional to the reduced mass of the exciton. Taking the calculated effective masses from Ref 29 and the experimental value of the bright exciton binding energy from Ref 30 we infer bind = +8 meV. As a consequence our measurement of  =+14 meV demonstrates that the exciton exchange energy is crucial to determine the amplitude and the sign of the bright-dark energy splitting. Thus we deduce exch ~ +9 meV (if indeed SO =-3 meV and bind = +8 meV). Note that the CB spin-orbit splitting in MoS2 monolayer has been recently estimated from transport measurements 31 ; a splitting of about 15 meV was measured for an electron density of a few 10 12 cm -2 . This value 5 times larger than the calculated one includes significant band renormalization induced by many body effects. (ii) Importantly our measurements show that the splitting between spin-forbidden bright and dark excitons in MoS2 ML has an opposite sign compared to the calculated spin-orbit splitting in the conduction band. This could have important consequences for the trion fine structure 32 . (iii) Our measurements raise the question of the simple interpretation of MoS2 as a "bright" material. Indeed the TMD monolayers are usually divided into two categories: the so-called "dark" materials such as WS2 and WSe2 MLs where the spin-forbidden dark excitons lie at lower energy compared to the bright ones. As a consequence these monolayers are characterized by a rather weak luminescence yield at low temperature while the intensity increases with temperature due to thermal activation of bright states 6,7,8,9 . In contrast MoX2 monolayer (X=S, Se or Te) are often considered as "bright" materials as they exhibit stronger PL intensity at low temperature than their W-based counterparts but their intensity drops with temperature. This difference was assumed to vouch for dark excitons lying above the bright ones in MoX2. This bright-dark ordering has indeed been observed very recently for MoSe2 ML 20 and confirmed by our results presented above. The measurements displayed in Fig. 1 show that the ordering is surprisingly opposite in MoS2 ML although the temperature dependence of the PL intensity in MoS2 ML is very similar to MoSe2 (strong at low temperature and decrease when temperature increases). Thus we cannot use this simple argument to distinguish between a "bright" and a "dark" material as our results prove that the dependence of PL intensity with temperature in MoS2 may be the result of a complex relaxation scheme between bright and dark states as well as its interplay with non-radiative channels. In addition, one can wonder why the grey exciton cannot be detected at zero magnetic field using high numerical aperture objective like in WS2 and WSe2 12 (see SI5). Remarkably we note in Fig. 1 that the PL intensity of the mixed dark-bright state in transverse magnetic field is very weak (compared to similar experiments performed in WS2 or WSe2 MLs 12,13 ) and that very high field are required to sizably observe it (larger than 14 T). We can speculate that either the oscillator strength of grey exciton is much smaller than in WX2 and/or that their population remains weak despite lying at lower energy than the bright state. We can tentatively explain the small oscillator strength by noticing that the smaller spin-obit interaction in MoS2 compared to WS2 or WSe2 may yield a weaker oscillator strength of the grey exciton since it is related to the spin-orbit mixing with higher energy bands 12,19 . For the population issue, we can notice that contrary to WX2, the bright-dark exciton splitting in MoS2 ML is smaller than the optical phonon energies which can lead to inefficient relaxation between bright and dark excitons (the Γ5 phonon that permit relaxation from bright to dark exciton is 36 meV) 3,33 . Another striking difference between TMD materials is the amplitude of spin/valley polarization for excitons. While strong valley polarization and valley coherence have been measured in WSe2, WS2 and MoS2 MLs, the polarization in MoSe2 and MoTe2 MLs is very weak 34,35 except under quasi-resonant excitation where significant polarization has been measured for the trion in MoSe2 36 . Recently, it was proposed that a crossing of bright and dark exciton dispersion curves combined with a Rashba effect associated with local fluctuations of electric field can lead to very fast spin relaxation 11 . Our measurements of bright dark splitting in MoS2 and MoSe2 are perfectly consistent with this scenario: the small negative splitting =-1.4 meV in MoSe2 combined with a larger effective mass for dark excitons should lead to a crossing between bright and dark dispersions while the positive splitting =+14 meV in MoS2 guarantees no crossing and as a consequence significant spin/valley exciton polarization measured in MoS2 MLs under CW optical orientation experiments 37,38,39 .

In conclusion we have performed magneto-photoluminescence experiments in transverse and tilted magnetic fields up to 30 T in high quality MoS2 and MoSe2 monolayers. These investigations yield the unambiguous determination of the bright-dark exciton splitting and the dark exciton g-factor. Such fundamental parameters are key elements to understand the optoelectronic and spin/valley properties of these 2D semiconductors as well as their associated van der Waals heterostructures.

Methods.

We fabricated high-quality samples by encapsulating MoS 2 and MoSe 2 MLs in hexagonal boron nitride (hBN). The heterostructures are fabricated onto SiO 2 (80 nm)/Si substrates. Details on sample fabrication can be found in the Supplementary Information (SI) and in Refs 12,40 . Magneto-PL experiments at 4.2 K are performed in the Voigt configuration (magnetic field parallel to the layer plane) or tilted configuration (field oriented 45° with respect to the ML plane) using an optical-fiber-based insert placed in a high static magnetic field resistive magnet producing fields up to 30 T (see SI1).
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Figure 1 -

 1 Figure 1 -In-plane magnetic field B// -Spin-forbidden dark exciton in MoS2 monolayer encapsulated in hBN revealed by photoluminescence. (a) Color map of the variation of the PL intensity as a function of B// (the PL intensity of the bright exciton has been normalized at each field); (b) PL spectra for magnetic fields from 0 to 30 T showing the emergence of the brightened dark exciton at low energy. (c) Ratio of the PL intensity of dark (XD) and bright (XB) excitons as a function of magnetic field. Inset: sketch of the excitonic fine structure. The arrows ↑ and ↓ represent the main spin contribution of conduction and valence electrons involved in the exciton states (see Ref. 21 for more details).

Figure 2 -

 2 Figure 2 -In-plane magnetic field B// -Spin-forbidden dark exciton in MoSe2 monolayer encapsulated in hBN revealed by photoluminescence. (a) Color map of the variation of the PL intensity as a function of B// (the PL intensity of the bright exciton has been normalized at each field); (b) Energy of dark and bright excitons as a function of B//. The solid lines correspond to the fit described in the text.

Figure 3 -

 3 Figure 3 -Tilted (45°) magnetic field -The four mixed excitons states (labelled 1, 2, 3, 4) in MoSe2 monolayer revealed by magneto-photoluminescence. (a) Color map of the variation of the PL intensity as a function of B; (b) PL spectra for magnetic fields from 0 to 30 T showing the emergence of the four mixed states (the intensity is normalized to the main exciton line (state 2)). (c) Magnetic field dependence of the energy of the four mixed exciton states. The full lines are fits to the model described in the text. The notations dark exciton (XD), grey exciton (XG) and bright excitons (XB) are only strictly valid at 0 T. (d) Same fitting results than in (c). The size of each symbol is proportional to the weight of each component (the two bright component XB+ and XB-and the two dark component XG and XD) (See SI8 for the calculation of the weight of the four components at high field).

Figure 4 -

 4 Figure 4 -Tilted (45°) magnetic field -The four mixed excitons states (labelled 1, 2, 3, 4) in MoS2 monolayer revealed by magneto-photoluminescence. (a) Color map of the variation of the PL intensity as a function of B; (b) PL spectra for magnetic fields from 15 to 30 T showing the emergence of the two lowest energy states 1 and 2 (mainly with grey and dark components). (c) Magnetic field dependence of the energy of the four mixed exciton states. The full lines are fits to the model described in the text. The notations dark exciton (XD), grey exciton (XG) and bright excitons (XB) are only strictly valid at 0 T. (d) Same fitting results than in (c). The size of each symbol is proportional to the weight of each component (the two bright component XB+ and XB-and the two dark component XG and XD) (See SI8 for the calculation of the weight of the four components at high field).

Table I :

 I Measured exciton fine structure parameters for hBN encapsulated TMD monolayers

		MoS2	MoSe2	WSe2	WS2
	Splitting between	+14	-1.4	+40 12,15	+55 12
	bright and dark				
	exciton (meV)				
	Splitting between	< 2	< 1	0.6 21,27	-
	grey and dark				
	excitons (meV)				
	Bright exciton g	-1.8	-4.0	-4.25 41	-4.0 30
	factor				
	Dark exciton g	-6.5	-8.6	-9.4 21,27	-
	factor				
	Transverse electron	2	2	2	-
	g factor