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Abstract  

 
The coupled spin and valley degrees of freedom in transition metal dichalcogenides (TMDs) 

are considered a promising platform for information processing. Here, we use a TMD 

heterostructure MoS2-MoSe2 to study optical pumping of spin/valley polarized carriers across 

the interface and to elucidate the mechanisms governing their subsequent relaxation. By 

applying time-resolved Kerr and reflectivity spectroscopies, we find that the photoexcited 

carriers conserve their spin for both tunneling directions across the interface. Following this, 

we measure dramatically different spin/valley depolarization rates for electrons and holes, 

~30 ns-1 and <1 ns-1, respectively and show that this difference relates to the disparity in the 

spin-orbit splitting in conduction and valence bands of TMDs. Our work provides insights into 

the spin/valley dynamics of photoexcited carriers unaffected by complex excitonic processes 

and establishes TMD heterostructures as generators of spin currents in spin/valleytronic 

devices. 

 

Introduction 
 
In monolayer transition metal dichalcogenides (TMDs), electron-hole pairs can be selectively 

excited in either of the two inequivalent but energetically degenerate K and K’ valleys in 

momentum space using circularly polarized light. At the same time, strong spin-orbit coupling 

in TMDs ensures the coupling of the spin and valley degrees of freedom1,2. Rich spintronic 

properties of TMDs have been confirmed in recent experiments exploring light-induced 

generation3,4, spatial transport5–7, and manipulation of spin/valley polarized excitations8–11. In 

quasi-2D monolayer TMDs, the weak screening of the electron-hole interaction causes the 

formation of tightly bound excitons12. The electron-hole interaction also leads to quick 

dissociation of excitons and valley depolarization13. In contrast, spin/valley polarization of free 

carriers in TMDs is unaffected by electron-hole recombination and exchange interaction. The 

spin/valley degree of freedom of these free carriers is hence expected to be a robust information 

carrier compared to the short-lived excitons. While it has been shown that the spin/valley 

polarization in monolayer TMDs is at least partially transferred from excitons to the resident 

carriers14–18, the mechanism of this transfer is not fully understood. 

 
Van der Waals heterostructures composed of two dissimilar TMDs represent the next logical 

step in complexity towards spintronic applications. For a heterostructure with type-II band 

alignment, such as MoS2-MoSe2, it is energetically favorable for an electron and a hole to reside 

in different materials19. Optical excitation of a single material in the heterostructure leads to 

ultrafast charge transfer across the 2D interface within 50 femtoseconds20. Such spatial 

separation of electrons and holes suppresses both ultrafast electron-hole recombination and 

electron-hole exchange scattering – the problems plaguing spintronic applications of 

monolayer TMDs. The potential of TMD heterostructures has been demonstrated in recent 

experiments that showed valley-polarized interlayer excitons with lifetimes in the order of 

nanoseconds to microseconds21–24. 

 

Several key questions regarding spin dynamics in TMD heterostructures remain unanswered. 

First, while spin-preserving transfer of electrons and holes across a TMD heterostructure 

interface has been reported22,25, the sub-picosecond dynamics of spin/valley polarization 

transfer have not been investigated. Second, the spin lifetimes of the tunneled electrons and 

holes have not been compared in a single TMD heterostructure. This comparison is especially 

interesting because of the order of magnitude difference in the spin-orbit interaction strength 
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for conduction and valence bands in TMDs. While these lifetimes have been reported for 

individual monolayer TMDs15,16,26, the dynamics in monolayers are likely dominated by poorly 

understood localized or dark excitons as well as by resident carriers14–17,27–30. In contrast, 

ultrafast separation of photoexcited electrons and holes in a type-II heterostructure allows 

isolating the contribution of processes dominated by intralayer excitons. Finally, to the best of 

our knowledge it is not understood if the process of spin polarization transfer onto resident 

carriers affects TMD heterostructures. 

 

To address these questions, we apply ultrafast two-color transient reflection and Kerr rotation 

microscopies with sub-200 fs time resolution. By resonantly exciting one layer of the MoS2-

MoSe2 heterostructure with circularly polarized light and probing the transient signal in the 

other layer, we access the ultrafast spin/valley polarization and population dynamics of 

electrons and holes. We find that the electrons and holes preserve their spin upon transfer across 

the heterostructure interface. The spin/valley signal in the latter layer has an apparent build-up 

time of 150−300 fs, significantly slower than the charge transfer time (<40 fs) for both 

electrons and holes, also reported previously20,31,32. In contrast, we observe distinct relaxation 

dynamics for electrons and holes in the heterostructure: while electron spins in MoS2 depolarize 

fast, over tens of picoseconds, the spin/valley lifetime of holes in MoSe2 is limited by their 

population decay. We attribute this to different spin scattering rates for electrons and holes, 

which, in turn, originate from the different magnitude of spin-orbit splitting between the 

conduction and valence bands in TMDs. 
 

Results 

 
MoS2-MoSe2 heterostructure 

 

The two components of our heterostructure are picked to be similar (Mo-based), with 

comparable spin-orbit interaction strengths33 and exciton binding energy34. Figure 1a shows 

spin texture of a Mo-based monolayer TMD. Circularly polarized excitation near resonance 

with the optical bandgap of the TMD (“A transition”) couples to the transition between the 

lower conduction sub-band and the higher valence sub-band either in K or K’ valley, depending 

on the excitation chirality. As the MoS2-MoSe2 heterostructure exhibits a type II alignment35, 

upon resonant excitation of MoSe2 (MoS2), photoexcited holes (electrons) stay inside the 

original layer, while electrons (holes) can tunnel into lower-energy states of the other material 

(Fig. 1b). Figure 1c is an optical image of one MoS2-MoSe2 device (fabrication details are in 

Supporting Information). Low temperature (5 K) photoluminescence (PL) spectra (Fig. 1d) 

from these monolayer regions exhibit neutral (X) and charged (T) exciton peaks, at 1.65 eV 

and 1.62 eV for MoSe2 (top panel) and at 1.96 eV and 1.93 eV for MoS2 (middle panel), 

respectively36,37. The intralayer emission from the heterostructure region (bottom panel) are 

redshifted compared to those of the isolated monolayers, likely due to modified screening38. 

Significantly quenched emission of these peaks suggests efficient charge transfer across the 2D 

interface20,39. In addition, a new peak at 1.42 eV, a tell-tale sign of type-II heterostructures, 

originates from interlayer exciton (IX) emission and indicates strong interlayer coupling. The 

spectral features of both monolayers in the heterostructure are well separated and can be 

pumped and probed selectively. 
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Figure 1: TMD spin texture and heterostructure characterization. (a) Spin texture in a Mo-based 

monolayer TMD. Spin-orbit interaction leads to strong spin-splitting of the valence bands (147 meV 

for MoS2 and 186 meV for MoSe2) and weak splitting of the conduction bands (3 meV for MoS2 and 

21 meV for MoSe2) both at K and K’ valleys33. Coupled spin/valley degree of freedom can be 

selectively excited using circularly polarized light. (b) The response of a MoS2-MoSe2 

heterostructure to photoexcitation. Following light absorption by individual layers, electrons and 

holes tunnel into energetically favourable states in MoS2 and MoSe2, respectively. (c) Left: cartoon 

view of the heterostructure. Right: optical image of the assembled device on a SiO2/Si substrate. 

Dashed white line shows the heterostructure boundary. In addition, the device also contains areas 

of monolayer MoS2 and monolayer MoSe2. (d) Photoluminescence spectra of monolayer MoSe2 (top 

panel), monolayer MoS2 (middle panel), and the heterostructure (bottom panel) at 5 K. Monolayer 

MoS2 also exhibits broad defect-assisted emission (D) at 1.8 eV40. Significantly quenched emission 

from the heterostructure along with an interlayer exciton peak (IX) at 1.42 eV suggest efficient 

charge transfer across the interface. Two shaded peaks in the bottom panel, red at 1.62 eV and 

orange at 1.91 eV, show the spectra of pump/probe beams tuned to MoSe2 and MoS2 optical 

bandgap, respectively. The differential reflectivity spectra for this heterostructure are in Supporting 

Information. 

 

Ultrafast spin/valley polarization transfer of electrons and holes 

 
Figure 2a shows the setup for pump-probe Kerr rotation and transient reflectivity 

measurements (details are in Supporting Information). The photon energies of pump and probe, 

shown as red and orange shaded regions in Fig. 1d (bottom panel), were tuned to the excitonic 

resonances of the respective materials. The transient reflectivity signal for probe in resonance 

with the A transition corresponds to the total pump-induced population change in the relevant 
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sub-bands at K and K’ valleys41 (Fig. 1a). At the same time, the Kerr rotation angle, 𝜃𝐾, 

measures the polarization axis rotation of the reflected probe, and is roughly proportional to 

the population imbalance between the same sub-bands at K and K’ valleys18. The population 

imbalance between K and K’ valleys of higher conduction sub-bands or lower valence sub-

bands can also be accessed by tuning the probe wavelength to the resonance with the B 

transition (Fig. 1a). 

 
We first focus on the spin/valley and population dynamics in the MoS2-MoSe2 heterostructure 

during the first picosecond following photoexcitation in one of the layers. Figure 2b shows the 

time-resolved Kerr signal under excitation at the MoSe2 optical bandgap (hpump = 1.62 eV) 

and probe at the MoS2 optical bandgap (hprobe = 1.91 eV) for different pump polarization. In 

this case, excited electrons tunnel from MoSe2 to MoS2. The transient Kerr signal is odd with 

respect to the pump chirality, 𝜃𝐾(𝜎+) = −𝜃𝐾(𝜎−), and vanishes for linear pump polarization. 

To confirm that the transient Kerr signal indeed originates from pump-induced charge transfer 

across the heterostructure interface, we examine a spatial map of the Kerr signal intensity, 

𝜃𝐾(𝜎+) − 𝜃𝐾(𝜎−), at 2 ps delay (Fig. 2c). The signal is uniform across the heterostructure, 

while no Kerr signal is observed from monolayer regions. We find similar behavior for the case 

of holes tunneling from MoS2 to MoSe2 (Supporting Information). In Fig. 2d, we compare the 

time evolution of the reflectivity (gray traces) and Kerr (blue traces) signals in MoSe2 (sensitive 

to tunneled holes, upper panel in Fig. 2d) and in MoS2 (sensitive to tunneled electrons, lower 

panel in Fig. 2d), respectively, within the first 1.5 ps after optical excitation. For both excitation 

schemes, the transient reflectivity signal rises on the timescale of our time resolution. The rise 

of Kerr signal, in contrast, is delayed and reaches its maximum at a delay of 1–2 ps. 

 

The appearance of Kerr signal for probe resonant with the optical bandgap (Fig. 2b-d) indicates 

an imbalance between K and K’ valleys of the lower conduction sub-bands for electrons and 

higher valence sub-bands for holes (Fig. 1a). We note that the photoexcited carriers have excess 

kinetic energy and may relax into higher lying sub-bands35. To account for spin contribution 

from these sub-bands, we observe that the Kerr signal probed at B transition is opposite in sign 

compared to the previously considered case of probing at the optical bandgap (Supporting 

Information). Since the Kerr signal probed at B transition is sensitive to the K/K’ valley 

population imbalance of higher conduction sub-bands of MoS2 (Fig. 1a), this indicates that the 

valley polarization of higher sub-bands is opposite compared to that of lower sub-bands and 

that their spin polarization is the same. Therefore, we conclude that the spin degree of freedom 

is conserved during tunneling22,25, consistent with previous reports of charge transfer being 

faster than spin/valley depolarization of intralayer excitons42. 
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Figure 2: Charge and spin/valley dynamics in MoS2-MoSe2 on the picosecond timescale. (a) 
Time-resolved Kerr/reflectivity setup. (b) Kerr rotation dynamics for the case of pumping MoSe2 

and probing MoS2. The odd nature of Kerr signal with pump chirality indicates spin/valley 

polarization in MoS2. (c) Spatial map of Kerr signal at 2 ps time delay under the same experimental 

conditions as b). The appearance of Kerr signal only from the heterostructure region confirms that 

it originates from the transfer of spin-polarized electrons across the heterostructure interface. (d) 

Evolution of transient reflectivity (gray) and Kerr signal (blue) for holes (upper panel) and 

electrons (lower panel) together with the cross-correlation of the two laser pulses (IRF, shaded 

red). To access the case of holes tunneling, pump and probe energies are fixed to 1.94 eV and 1.62 

eV, respectively. To extract the rise time, we fit the data (red lines) with the sum of an exponential 

rise and a slow exponential decay function convolved with the IRF. 

 

From the fit to the data in Fig. 2d, we estimate the charge transfer time to be less than 40 fs for 

both electrons and holes, consistent with previous reports20,31,32. For the delayed evolution of 

the Kerr signal, we extract time constants of 250 ± 70 fs for electrons and 170 ± 40 fs for holes 

(Supporting Information). To understand the apparent delay of the Kerr signal compared to 

reflectivity, we performed theoretical modelling of time-dependent Kerr spectra (Supporting 

Information). This modelling confirms that while the reflectivity signal originates at least in 
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part from phenomena such as screening and bandgap renormalization that are insensitive to the 

energy of the carriers43, the Kerr signal is caused by carrier population imbalance close to the 

extrema of conduction and valence bands at the K/K’ valleys4. Therefore, we expect a strong 

reflectivity change but almost no Kerr signal from the hot tunneled carriers immediately 

following their injection.  The carriers are then expected to relax to the band edges on sub-

picosecond time scale via strong electron-electron and electron-phonon interactions44,45 and the 

Kerr signal should emerge. We therefore suggest that the delayed rise of the Kerr signal reflects 

cooling dynamics of hot spin-polarized carriers injected across the heterostructure interface. 
 
Dynamics of electrons and holes after 1 ps 

 
The decay of photoexcited electron and hole population as well as depolarization of their 

spin/valley degree of freedom proceeds on timescales >1 ps, longer compared to the timescale 

of hot carrier cooling. Figure 3 is the central result of our paper comparing the reflectivity (gray 

trace) and Kerr signals (blue trace) for the cases of pumping MoS2 and probing MoSe2 

(accessing tunneled holes, Fig. 3a) and vice versa (accessing tunneled electrons, Fig. 3b). The 

hole population dynamics (Fig. 3a, gray points) are fitted with a bi-exponential decay with fast 

 𝜏1
h,p

= 30 ± 2 ps and slow  𝜏2
h,p

= 420 ± 40 ps components. For electrons (Fig. 3b, gray 

points), we observe similar dynamics with components 𝜏1
e,p

= 63 ± 7 ps and 𝜏2
e,p

= 676 ±
75 ps. In contrast to the population dynamics, the spin/valley dynamics differ greatly between 

electrons and holes. For holes, we again observe a bi-exponential decay with fast 𝜏1
h,s = 38 ±

3 ps and slow 𝜏2
h,s = 640 ± 70 ps components (Fig. 3a, blue points).  For electrons, in 

contrast, we observe a fast mono-exponential decay with a much shorter lifetime 𝜏e,s = 28 ±
1 ps (Fig. 3b, blue points).  

 

We speculate that similar lifetimes of electron and hole population in our heterostructure reflect 

electron/hole recombination across the interface. Interestingly, while we do observe IX 

emission in our heterostructure (Fig. 1d), much longer lifetimes in the nanosecond range have 

been measured for these excitons via time-resolved PL measurements21,22,24. This suggests that 

the recombination may be dominated by a defect-assisted nonradiative pathway, also predicted 

in a recent report31. The observation of somewhat different lifetimes for electrons and holes as 

well as of slow and fast decay components may reflect the variation in the defect densities 

between the two materials21. The confounding effects such as energy transfer, intralayer 

dynamics, exchange interaction, and photocarrier diffusion that could potentially contribute to 

the data in Fig. 3 are considered in Supporting Information22,46–50. 
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Figure 3: Charge and spin/valley dynamics of electrons and holes in MoS2-MoSe2 on 1 ns 

timescale. (a) Time-resolved dynamics for the case of pumping MoS2, probing MoSe2. These traces 

are interpreted as the dynamics of carrier population (gray) and spin/valley population imbalance 

(blue) for holes in MoSe2. (b) Corresponding case of pumping MoSe2 and probing electrons in 

MoS2. Red lines are fits to the data. 

 
In general, the measured spin/valley lifetime may originate from two different mechanisms. 

First, it may be limited by the scattering processes leading to spin/valley depolarization. 

Second, it may simply result from the population decay of excited carriers even in the absence 

of spin polarization loss. To distinguish between these two mechanisms, we introduce the 

degree of spin/valley polarization 

 

𝑃 =
𝑃+ − 𝑃−

𝑃+ + 𝑃−
 

 
Here 𝑃+ and 𝑃− are the transient population densities in the lowest-energy sub-bands of K and 

K’ valleys, respectively. Experimentally, we can determine P by noting that our transient 

reflectivity signal is approximately proportional to the total population of excited carriers 

(𝑃+ + 𝑃−), while the Kerr signal is proportional to the valley population imbalance (𝑃+ − 𝑃−). 

Figure 4 shows P determined from the ratio of Kerr and reflectivity signals. For electrons (Fig. 

4, red trace), we observe a mono-exponential decay of P with a decay time of 30 ps, identical 

to what is seen in Fig. 3b. In contrast, the degree of spin/valley polarization for holes remains 

almost constant, within uncertainty, over our delay time window of 1 nanosecond (Fig. 4, blue 

trace). This means that the decay of the Kerr signal for holes in MoSe2 in Fig. 3a is fully caused 

by the loss of carrier population and the intrinsic rate of hole valley depolarization is 

significantly lower than 1 ns-1. 
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Discussion 
 
Summarizing our interpretations so far, the fast Kerr signal decay (<30 ps) observed in MoS2 

is determined by the fast spin/valley depolarization of electrons in MoS2, while the much 

slower Kerr signal decay (>600 ps) measured in MoSe2 is determined by the population lifetime 

of photoexcited holes. Such trend is seen in all measured samples (Supporting Information), 

confirming that stacking angle does not significantly influence spin transfer and relaxation 

dynamics of electrons and holes25,31. The difference between spin/valley lifetimes for electrons 

and holes is noteworthy since most of the material parameters of MoS2 and MoSe2 are similar 

except for the strength of spin-orbit interaction. A small splitting of ~3 meV in the MoS2 

conduction band facilitates rapid intravalley  and intervalley scattering of electrons33. Spin-flip 

intravalley scattering may arise due to magnetic impurities or phonon-assisted processes (e.g. 

via phonons with near zero momentum51). Intervalley scattering of electrons may be mediated 

by longitudinal acoustic (LA) phonons52–54 leading to rapid spin/valley depolarization. In 

contrast to electrons, both intra- and intervalley scattering of holes are suppressed due to the 

spin-splitting of the MoSe2 valence band, ~186 meV, which is much larger than available 

phonon energies33 We therefore suggest that the difference between spin/valley depolarization 

rates for electrons and holes is related to the difference in the strength of spin-orbit interactions 

in conduction and valence bands of TMDs. This conclusion is further supported by the 

experiments on other TMD heterostructures reported in Supporting Information. 

 

The arguments above also show that the process of intervalley scattering may effectively render 

the electrons in MoS2 “invisible” for probing at the optical bandgap by scattering them into the 

higher conduction sub-bands. To analyze that contribution, we probe the decay of Kerr signal 

at the energy corresponding to the B transition in MoS2. The measured decay dynamics of this 

signal are identical to the dynamics probed resonantly with the optical bandgap (Supporting 

Information). This confirms that the spin-polarization of electrons decays at the same rate in 

both sub-bands that is likely determined by the efficiency of spin-flip intravalley scattering 

(Supporting Information). Overall, we conclude that the measured decay dynamics of P (Fig. 

4) reflects the decay of spin polarization of all excited electrons and all excited holes, with rates 

30 ns-1 and <1 ns-1, respectively. To the best of our knowledge, this is the first direct comparison 

of spin lifetime of electrons and holes in a TMD heterostructure. 

 

Strikingly different electron and hole spin lifetimes in our heterostructure are consistent with 

recent measurements of spin lifetimes in a doped monolayer TMD15,16. The nature of the state 

exhibiting the long spin lifetime in these monolayers is still debated, however. It has been 

suggested that the spin polarization of relatively short-lived intralayer excitons is transferred 

onto other long-lived states including resident carriers14,15,18,43,55, localized states16,29,30, or dark 

excitons27,28. In contrast, in a type-II heterostructure employed here, electrons and holes are 

separated between the layers and various states complicating the interpretation of monolayer 

measurements do not arise. The lack of Kerr signal after the decay of the excited population in 

our devices (unlike in the measurements of ref.43,55) suggests that the process of spin transfer 

onto resident carriers is not effective. We also note that very long valley lifetimes in the 

microsecond range were reported for holes in similar heterostructures41,56. We speculate that 

significantly longer lifetimes compared to our measurements may be related to the different 

measurement scheme of ref.41,56, where the same TMD layer was excited and probed.  
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Figure 4: Spin/valley polarization for electrons and holes. Spin/valley polarization dynamics for 

electrons in MoS2 (red triangles) and holes in MoSe2 (blue squares). Electrons in the lower 

conduction sub-band in K/K’ valley can undergo rapid intravalley and intervalley scattering, 

contributing to the equilibration of the valley polarization of the lower sub-bands (inset, bottom). 

Holes retain their spin/valley polarization over a delay range of 1 ns owing to suppressed 

intervalley scattering (inset, right). The signal is normalized with respect to the spin/valley 

polarization at zero delay. Dashed black line is a guide to the eye. 

 

Conclusion 

 
We showed, using a combination of transient Kerr and reflectivity microscopies, that the 

photoexcited electrons and holes cross the MoS2-MoSe2 heterostructure interface within 40 fs 

while largely preserving their spin. The cooling dynamics of hot tunneled carriers determine 

the timescale of spin/valley polarization build up. Subsequently, we observe rapid decay of 

electron spin/valley polarization with a time constant of 30 ps, while the rate of spin/valley 

depolarization for holes is lower than 1 ns-1. The difference in the rates of spin/valley 

depolarization between electrons and holes is explained by the disparity of spin-orbit splitting 

between conduction and valence bands in TMDs. To the best of our knowledge, this is the first 

study reporting the spin/valley lifetimes of electrons and holes in a TMD heterostructure. Our 

results are relevant for the emerging use of TMD heterostructures as sources of spin/valley 

polarized currents in layered materials. Finally, we note that it will be interesting to investigate 

the initial stages of the spin/charge transfer across the TMD interface with techniques capable 

of resolving sub-100 fs dynamics. It will be equally interesting to analyze the effect of defects, 

which likely provide the momentum needed for the carriers to cross the TMD interface. 
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