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Today’s information processing technology relies on electronics, with transistor switches13

reaching speeds as high as 800 GHz and their intrinsic limit is set by charge carrier transit14

times. The next step towards increasing the speed of information processing could come from15

driving the electronic response in solids with ultrafast controlled lightwaves. This lightwave16

electronics aims to use ultrashort pulses of light to switch electric currents and can operate17

at near PHz rates. Lightwave valleytronics targets the valley pseudospin degree of freedom18

for information processing offered by two-dimensional materials. Here we use a sequence of19
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phase-locked few-optical-cycle visible pulses to excite and switch the valley pseudospin in a20

WS2 monolayer. By timing the carrier oscillations with sub-femtosecond precision, we show21

that a pair of pulses separated in time with linear orthogonal polarizations can induce a val-22

ley selective population. Adding a second pair of pulses, we perform logic operations such as23

valley de-excitation and re-excitation at room temperature at rates as high as 10 THz. Our24

experimental method allows independent measurement of the valley polarization decay and25

the excitonic decoherence time. Our work opens a route for ultrafast information processing26

with low-power few-optical-cycle light pulses that are currently available.27

Decreasing the size of transistors has so far enabled steady increase in the speed and effi-28

ciency of information processing following Moore’s law, but continuing to do so will soon become29

impractical: signal leaks, overheating, or malfunctions due to quantum effects, are some of the30

grim prospects of ultra-small electronic devices 1. One of the overarching possibilities that arise31

at the interface between ultrafast laser technology and 2D material science is the opportunity to32

realize light-driven switches of quantum properties 2, 3. Given that modern optical technologies33

allow one to control individual oscillations of the lightwave with sub-femtosecond precision, such34

light-controlled switches hold the potential to operate at nearly petahertz frequencies, orders of35

magnitude faster than the current standard, and on timescales shorter than electronic dephasing36

times at room temperature 4, 5.37

In this context, research on 2D materials has opened the possibility to use additional degrees38

of freedom, besides the electronic charge, which can provide increased information transport and39
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storage capacity in the same space 6–8. In monolayer transition metal dichalcogenides (TMDs),40

the conduction and the valence bands display two energy-degenerate valleys which are located at41

crystal momenta K and K ′ at the corners of the Brillouin zone 9–11. The capability to selectively42

localize the particle in these regions of reciprocal space allows one to define a new binary index43

of the quantum state of the particle, the valley degree of freedom. Importantly, the three-fold44

rotational symmetry of the Bloch wavefunctions at K and K ′ gives rise to optical valley selection45

rules: light of σ+ helicity couples only to the K valley, while σ− light couples only to the K ′46

valley 12. Recent advances have demonstrated novel routes to induce valley asymmetry using47

exotic polarization states 5, 13, 14 and near-single-cycle optical pulses in the strong-field regime 4.48

However, a direct and time-resolved observation of a coherent manipulation of the valley degree of49

freedom, as well as performing ultrafast logical operations on the valley degree of freedom, remain50

elusive.51

2D TMDs exhibit enhanced Coulomb interactions due to their reduced dimensionality 15.52

This allows electron-hole pairs to bind together, forming bound quasiparticles known as excitons,53

which inherit from the charge carriers both the valley degree of freedom and the optical selection54

rules 16–18. Once initialized, the exciton must remain localized in the valley long enough to per-55

form a function. A paradigmatic example of such a function would be a switch, where the valley56

polarization is turned on and off 19–21. Another relevant example is an amplifier, which increases57

the magnitude of the input signal. Both operations are ubiquitous in modern electronics, but they58

have proven to be exceptionally difficult to achieve for the valley degree of freedom. The main59

culprit is the short valley lifetime. Excitons remain localized in a specific valley for as little as 20060
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fs at room temperature before undergoing scattering to other crystal momenta 22, 23, mainly driven61

by exchange interactions 24, 25. Several routes have been explored to address this critical challenge:62

encapsulating TMD monolayers with wide-gap insulators to reduce environment interactions, en-63

gineering heterostructures that support longer-lived interlayer excitons, or using external fields 8.64

Recently, Langer et al. 3 demonstrated ultrafast population transfer between the valleys by means of65

a strong terahertz pulse. The laser-dressed state created in this way, however, is not well localized,66

but deformed and spread over many crystal momenta. Moreover, precise control over the valley67

switching in this configuration requires fine tuning of the frequency and intensity of the strong68

terahertz field, a challenge that is further exacerbated by the presence of non-linear effects. Signif-69

icant results in this field have recently been achieved by exploiting non-linear optics as a means to70

detect and potentially manipulate the valley degree of freedom on an ultrafast timescale 26, 27.71

Here, we use a sequence of weak, phase-locked, few-cycle, linearly-polarized pulses with72

controlled time delays and polarizations to demonstrate a room-temperature valley switch and73

amplifier operating in less than 100 fs in a monolayer of the TMD WS2. By controlling the delay74

between the pulses with sub-fs precision we selectively excite K or K ′, demonstrating that our75

method remains effective even when the pulses are fully temporally separated. All these operations76

are performed faster than the intervalley scattering and the excitonic dephasing times, both of77

which are measured independently in the time domain by our experimental protocol. Our work78

overcomes two critical hurdles for the implementation of practical valleytronic devices at room79

temperature: all-optical control of the valley degree of freedom and implementation of cascaded80

logic operations at a rate of tens of THz.81
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Results82

We investigate and manipulate the excitonic dynamics in a monolayer of WS2, an atomically thin83

semiconductor characterized by a direct bandgap at the corners of the hexagonal Brillouin zone,84

known as K and K ′. Despite its complexity, the key physics of light interaction with the system85

can be described with a simple three-level model, schematically depicted in Fig. 1a. The ground86

state ∣g⟩ represents the configuration where the valence band is full and the conduction band is87

empty, while the two excited degenerate states of energy h̵ωf represent the A-excitons at the ∣K⟩88

and ∣K′⟩ valleys. A linearly-polarized pulse Ex(t), see Fig. 1b, which is equivalent to a sum of89

left and right circularly polarized pulses, creates a coherent superposition of carriers in the ∣K⟩90

and ∣K′⟩ states. The resulting state ∣X⟩ can be schematically drawn as a pseudospin s⃗ lying on the91

equator of a Bloch sphere, as shown in Fig. 1d. This pseudospin represents the 2x2 exciton block92

ρK,K′ (dashed box in Fig. 1d) of the overall 3x3 density matrix.93

Importantly, the linearly-polarized pulse establishes coherence between the ground and the94

excited ∣K⟩ and ∣K′⟩ states (highlighted terms in Fig. 1d). This coherence allows one to rotate the95

valley pseudospin in a controlled way by using a second pulse, delayed by a time t12 relative to96

the first 19. In particular, if the second pulse is linearly polarized perpendicular to the first pulse97

(Ey(t)), as in Fig. 1c, the valley pseudospin can be rotated either to the north (∣K⟩) or to the south98

(∣K′⟩) poles of the Bloch sphere by using a proper choice of the delay t12 (Fig. 1e,f). Indeed, the99

effect of the pair of perpendicular, linearly polarized pulses is equivalent to that of a circularly-100

polarized pulse if the time delay t12 between the pulses is such that t12ωf = (±π/2 + 2πN) with101
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Figure 1: Theoretical model for all-optical valley control and two-pulse interaction. a, 3-level V-type system. The green arrows show the

valley-selective transition in TMD monolayers. σ− and σ+ couple respectively with the K′ and K valleys. The dashed blue arrows depict the

intervalley scattering, quantified by the rate γV , while γD (red dashed arrows) accounts for exciton dephasing processes. The relaxation rate to

the ground state is much smaller and is neglected. b,c, Representation of the electric field profiles of the single (b) and double (c) pump pulse.

d,e,f, Bloch sphere and density matrix after the interaction with one (d) and two (e,f) pulses. The state ∣X⟩, excited by a single linear pulse Ex(t),

shows an equal excitonic population α2
/2 between the valleys, where α2 is the total excitation probability. The K,K′ block of the density matrix

(dashed box) is represented by a pseudospin residing on the equatorial plane of the Bloch sphere. The density matrix O(α) terms related to the

light-induced coherence between ground and excited states have been highlighted with orange shades. The second pulse leads to a valley-selective

excitation resulting in a rotation of the pseudospin towards ∣K⟩ (e) or ∣K′⟩ (f), depending on the delay between the pulses. The dominant valley

population terms, residing on the diagonal of the density matrices in e and f, have been highlighted.
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integer N . The sign ± in front of ±π/2 controls the direction of rotation.102

Notably, this remains true regardless of the temporal overlap between the two pulses as long103

as the excitonic coherence generated by the first pulse is maintained by the system until the arrival104

of the second pulse. The coherence established by the first pulse in both valleys and preserved until105

the arrival of the temporally separated, perpendicularly polarized second pulse, results in the exci-106

tation by an effectively circularly polarized overall field. This field causes a valley-selective exci-107

tation. Alternatively, the physical mechanism can also be explained with an interference argument,108

as elucidated by Sharma et al.21. Following excitation with an x-polarized pulse, the off-diagonal109

terms of the density matrix contain a phase term depending on the polarization angle and on the110

valley number. The interaction with a second y-polarized pulse leads to constructive (destructive)111

interference depending on the valley and the time delay, resulting in valley-selective excitation112

(de-excitation), achieving a non-zero valley polarization. Thus, on the one hand, Fig. 1e,f simply113

reflects the optical valley selection rules. On the other hand, in this scheme the sub-optical-cycle114

change in the exact timing of the two pump pulses can switch the sign of the valley polarization.115

Despite the apparent simplicity of the scheme, maintaining the excitonic coherence until the sec-116

ond pulse arrives is challenging. Indeed, the times of exciton dephasing T2 and valley polarization117

decay τ in TMDs are only a few hundred femtoseconds at T ∼ 100 K and are below 100 fs at118

room temperature 22, 23, 28. Implementing the two-pulse protocol requires ultrashort pulses with119

controllable timing and polarizations.120
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Coherent control of the valley population The phase-locked pair of pump pulses is generated121

by the Translating-Wedge Based Identical Pulses eNcoding System (TWINS) birefringent interfer-122

ometer 29 (see Fig. 2,a and Methods) and their temporal separation (i.e. t12) is controlled with sub-123

10-attosecond precision, while the delay between the probe pulse and pump pairs is tpr. The val-124

ley polarization dynamics are measured using degenerate time-resolved Faraday rotation (TRFR),125

a pump-probe technique extensively used to study spin/valley-dependent dynamics in semicon-126

ductors and TMDs 23, 30. Typically, the pump pulse is circularly polarized and usually tuned on127

resonance with the excitonic transition, while the probe is linearly polarized and its polarization128

rotation, proportional to the spin/valley unbalance, is detected by an optical bridge, consisting of a129

Wollaston prism followed by a balanced photodetector. Here, the single circularly polarized pump130

pulse is replaced by a pair of ultrashort, phase-locked, linearly polarized pulses with perpendicular131

polarizations, generated by the TWINS interferometer (see the sketch in Fig. 2, a).132

The imbalanced distribution of excitons between the K and K ′ valleys, induced by this133

pump pair, gives rise to the helicity-selective Pauli blocking and distinct refractive indexes for134

right- and left-circularly polarized probe pulses. When the linearly polarized probe pulse crosses135

the sample, its right- and left-circularly polarized components experience different phase shifts,136

leading to the rotation of the polarization plane. Therefore, the sign of the TRFR signal depends137

on the valley population imbalance, while its relaxation dynamics reflects the inter-valley (i.e. K138

to K ′) scattering process 23. In our experiment, the pump pulses have a duration of ∼18 fs (see139

Supplementary Section 1) and spectrum resonant with the A exciton transition, while the TRFR140

signal is detected at the energy of 2.03 ± 0.017 eV.141
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Figure 2: Control of valley polarization with phase-locked orthogonally polarized pulses. Two-pulse time-resolved Faraday rotation experi-

ment. a, Double pump pulse generation and TRFR experiment. The TWINS interferometer enables the generation of two perpendicularly polarized

replicas of a pulse. After the interaction with the sample (WS2 monolayer on a fused silica substrate), the orthogonal polarization components of

the probe pulse are spatially separated by a Wollaston prism. We acquire the TRFR signal using a balanced photodiode and a lock-in amplifier. b,

TRFR experimental results obtained by continuously varying the delay between the pump pulses (t12) and keeping fixed the probe pulse delay. The

purple line connects the experimental points and acts as a guide for the eye. The pink solid line shows the results of the simulation (see Methods).

The top-right panel shows the pulse sequence and relative delays. The inset in the bottom-right corner shows a zoom of the first 10 fs. The TRFR

signal is directly proportional to the degree of population imbalance between the K and K′ valleys. By changing t12 we keep switching the

helicity of the resulting circular field, which results in a valley polarization alternatively positive and negative. The grey shaded area represents

the estimated cross-correlation of the pump pulses. A TRFR signal is present even when the pump pulses are fully separated in time. This stems

from the persistent electronic coherence induced by the first pulse, emitting a field which, summed to the second pulse, still results in a circularly

polarized field. c,d, TRFR data obtained by scanning tpr while keeping t12 fixed and equal to 56.9 fs and 55.8 fs, corresponding respectively to a

maximum and a minimum of the valley polarization (blue and orange arrows in panel b). A small change in t12 results in a change of sign of the

valley polarization. The solid lines in the panels are simulated dynamics. The black dashed lines in the figure indicate the arrival times of the pump

pulses. Error bars in b-d (standard deviation calculated at negative delays, tpr < -100 fs) are smaller than the marker size and are not explicitly

shown. e,f, T2 and τ values at different temperatures. Each point was obtained by fitting the data in Fig. S7a and S7c, respectively. Error bars

correspond to 3σ, where σ is the square root of the covariance of the nonlinear least-squares fit (see Supplementary Note 5).
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Figure 2,b shows the TRFR signal acquired by scanning the t12 delay while keeping tpr = 50142

fs fixed. A schematic representation of the pump and probe pulses is depicted in the inset on the143

top right corner. The TRFR signal is zero (corresponding to an equal excitonic population of both144

the valleys) when the two pump replicas temporally overlap (i.e. t12 = 0 fs) and oscillates around145

zero with a ∼ 2 fs period defined by the A-exciton excitation frequency ωf (See Supplementary146

Note 5). As anticipated, the extrema of the oscillation amplitude correspond to a delay t12 =147

(±π/2 + 2πN)/ωf for which the pulse pair produces an effective circularly polarized field of ±148

helicity, and induces a net valley polarization in K or K ′, respectively. By continuously tuning149

t12 we can change the valley pseudospin on the Bloch sphere from the poles across the equator150

on a timescale much shorter than the temporal duration of the pump replicas, whose delay can be151

adjusted with sub-femtosecond precision. Indeed, the induced valley polarization can be expressed152

as ∼ 4α2 sin (ωf t12) e−t12/T2 , where α is the excitation amplitude and T2 is the dephasing time (see153

Methods).154

We stress that this result is not a consequence of a mere temporal superposition of the two155

linearly polarized pulses, since the oscillations of the valley polarization persist well after their156

temporal overlap vanishes, as shown in Fig. 2b. This process results from the interaction between157

the electronic polarization induced by the first pump pulse and the second pump pulse. The decay158

of the oscillations is related to the dephasing of the electronic coherence and the decay of the159

valley polarization. The 20-fs temporal resolution of the experimental setup does not limit the160

observation of 2-fs oscillations, since they take place in the ”excitation time” t12 and not in ”probing161

time” tpr (see Supplementary Note 5). The small mismatch between experiment and simulation162
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in the first tens of femtoseconds and the weak modulation of the oscillations amplitude in the163

experimental data in Fig. 2b are linked to the partial excitation of the B-exciton, not captured by164

the simple theoretical model (see Supplementary Note 6). The dots in Fig. 2c and d show the165

TRFR signals obtained by scanning the pump-probe delay (tpr) with respect to the pump pair.166

In these measurements, the two pulses in the pair are delayed by a fixed t12 = 56.9 fs and t12 =167

55.8 fs, corresponding respectively to a maximum and a minimum of the oscillations in Fig. 2b168

(highlighted by the blue and orange arrows).169

These results are reproduced by the simulations of the three-level system depicted in Fig. 1a170

(solid lines on Fig. 2,c,d). Throughout our simulations we employed 20-fs FWHM light pulses171

to mimic the experiment. We used the Lindblad formalism (see Methods) with two parameters,172

the valley polarization decay rate γV = 1/(2τ) and the pure dephasing rate γD = 1/T ∗2 , where173

the total dephasing time is given by 1/T2 = 1/(4τ) + 1/T ∗2 . These two timescales τ and T ∗2 can174

be independently obtained from the experiment, and govern the two critical dynamical processes.175

The first is the decay of the excited populations: as the excitons are selectively injected in a valley176

by a proper sequence of pump replicas, the valley polarization decays on a timescale of τ ≈ 75 fs.177

This value was extracted by comparison with the experimental results in Fig. 2c,d. The fast ex-178

ponential decay of the valley population is attributed to Maialle-Silva-Sham short-range exchange179

interaction 24, 31 and phonon-mediated scattering 32. These act as efficient intervalley scattering180

mechanisms, rapidly reducing the asymmetry of K and K’ populations. The second process is re-181

lated to the exciton polarization dephasing due to their scattering off the environment. The exciton182

polarization dephasing is associated to a loss of coherence, which results in a reduction of the val-183
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ley polarization after interaction with the second pulse, thus, a decay of the oscillations amplitude184

in Fig. 2b. In the density matrix picture, this is related to a reduction of the non-diagonal terms.185

The timescale for this process, T ∗2 = 33.5 ± 2 fs, is obtained by comparison with the experimental186

results in Fig. 2b. Both the intervalley scattering and the pure dephasing contribute to the decay187

of the oscillation amplitude, but the latter dominates. Therefore, the decay of the oscillations is188

mostly governed by exciton dephasing. We emphasize that all experiments described so far, were189

performed at room temperature. To deepen our understanding of the physical processes governing190

the intervalley scattering and the exciton dephasing, we repeated the experiment reducing the tem-191

perature down to 77 K (see Fig. 2e,f and Supplementary Note 5). We observe a significant increase192

of both τ and T2 at lower temperature. The trend observed for τ has been previously reported 23193

and attributed to the aforementioned Coulomb-induced electron-hole exchange interaction and to194

phonon-mediated scattering processes 32. As for T2, a similar trend has been reported in four-wave195

mixing measurement performed on single layer TMD 33, where it was linked to scattering with196

optical and acoustic phonons. Studies measuring the excitonic linewidth in monolayer WS2 have197

reported coherence times comparable to ours, with a similar temperature dependence. In those198

works, the dephasing was attributed to efficient scattering towards dark states, driven by phonon199

emission, a process which remains effective at low temperatures 28. The temperature dependence200

observed in our experiment suggests that phonon-mediated processes are the predominant dephas-201

ing mechanism at room temperature, while defect-mediated scattering processes may dominate202

dephasing over lattice scattering, resulting in a moderate, rather than dramatic, increase in T2 at203

lower temperatures.204
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Optical valley switch While the two-pulse setup demonstrates controllable initialization of the205

valley pseudospin, a fundamental step towards implementing ultrafast logical operations is the206

manipulation of the initialized valley state. We now demonstrate such ultrafast manipulation and207

reading with a four-pump-pulse and one-probe-pulse setup. In particular, we perform two funda-208

mental operations with the valley degree of freedom: coherent switching and amplification. The209

protocol we adopt consists in manipulating the valley polarization through a sequence of four210

linearly-polarized pulses with the same intensity: two pairs of phase-locked pulses, each one char-211

acterized by mutually orthogonal polarizations (see Fig. 3a, magenta solid and dashed lines). Due212

to constraints related to the experimental setup, we can only generate pairs of pulses, where the213

temporal delay is the same for each pair (t12 = t34), while the delay between the two pairs (t23) can214

be independently controlled (see Methods). All delays can be tuned with attosecond precision.215

For clarity, in Fig. 3b,c,d we show the results of the simulations for the four-pump-pulse216

protocol in two extreme regimes. In Fig. 3b, we show the trivial case where t23 is much larger than217

the valley polarization decay and decoherence times. In this regime the valley polarization fully218

decays before the third pulse arrives and the final valley polarization does not depend on t23. That219

is, the action of the two pump pairs is incoherent: the valley pseudospin can be initialized, but not220

manipulated. On the other hand, the solid lines in Fig. 3c,d show the results of the fully coherent221

case, in which both the intervalley scattering and dephasing rates are negligible. In Fig. 3c, the third222

pulse acts as a π-pulse complement of the first pump pulse, rotating the valley pseudospin from223

the north pole at ∣K⟩ to the equator along ∣Y⟩, switching off the valley polarization. Due to the224

fact that the experimental setup imposes t34 = t12, the fourth pulse also acts as π-pulse complement225
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of the second pump pulse, effectively returning all of the valley population to the ground state ∣g⟩226

(coherent switching). In Fig. 3d, the pulse pair delay t23 is such that the third and fourth pulses227

add coherently with the first and second pulses, resulting in the sum of the amplitudes of the two228

circular pulses (coherent amplification).229

Figure 3e,f show the experimental results corresponding to the switching and amplifica-230

tion setups, respectively. Our experimental regime is clearly not the incoherent one displayed231

in panel 3b. Panel 3e shows a complete switch-off of the valley polarization following interaction232

with the third pulse, while panel 3f shows a 50% amplification of the signal. The experimental pro-233

tocol is not fully coherent, though, as evidenced by the fact that the valley polarization in panel 3e234

is restored after the fourth pulse, which does not occur for the fully coherent case in panel 3c (solid235

blue curve). As we show in dashed curves in Fig. 3c,d, this scenario occurs when t23 is smaller236

than the relaxation and dephasing times, but the effects of the latter are not negligible. In this case,237

the third pulse is able to switch off (panel 3c) or amplify (panel 3d) the valley polarization, but238

the gradual loss of coherence switches back on or caps the amplification of the valley polarization239

(panels 3c and 3d, respectively), as observed in the experiment. The switching and amplification240

mechanisms can be understood in two complementary ways. Let us first neglect the dephasing241

during the time-delay t13 between the first and the third pulse. Then the purpose of the third242

pulse, polarized parallel to the first, is to generate the excitation amplitude a3 that will interfere243

destructively with the amplitude a1 generated by the first pulse. This leaves only the amplitude244

a2 generated by the second pulse, which is equal in both valleys, quenching valley polarization.245

The time-delay t13 required for such destructive interference is an odd number of half-cycles. This246
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act independently. The solid lines in panels c,d represent the fully coherent scenario, where the valley population and the excitonic coherence last

indefinitely. t23 is set to either switch off or amplify the valley polarization respectively. The dashed lines represent an intermediate case, where t23

is still shorter than τ and T2, but the intervalley scattering and the dephasing are not negligible. The results are obtained from the numerical solution

of the 3-level model. The red/green shaded bands represents the FWHM of a pulse in the x/y direction. e,f, The blue and orange dots illustrate the

TRFR experiment obtained fixing the delays between the four pump pulses (t12, t23 and t34) and continuously varying the pump-probe delay (tpr).
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fourth one amplifies it. This is achieved by setting t23 to a different value (58.9 fs). Error bars (standard deviation calculated at negative delays,

tpr < -100 fs) are smaller than the marker size and are not explicitly shown. Experiments were carried out at room temperature.
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means that the effective helicity of the pair of the second and third pulses is opposite to that for the247

first and the second pulse pair, ensuring that the on/off switch also works in the presence of moder-248

ate dephasing. In this case, by the time the third pulse arrives, the coherences induced by the first249

pulse have partially decayed. Consequently, the system interacts predominantly with the second250

pulse pair (formed by the second and third pulses), which quenches the initial valley polarization251

due to its opposite helicity. Afterwards, since due to the experimental constraints t34 = t12, the final252

pair (composed by the third and fourth pulses) acts as the first pair, switching on again the valley253

polarization. The same reasoning applies to the amplification mechanism, with the key difference254

that the second pair now has the same helicity as the first. As a result, rather than canceling the255

initial polarization, the sequence reinforces it, leading to amplification. Sub-cycle control over the256

delay t23 enables the transition from the switching to the amplification process, further corroborat-257

ing the coherent nature of the protocol (See Supplementary Note 7). In order to carefully avoid258

any saturation effects and Pauli blocking, we performed all the multi-pump pulse measurements in259

the linear regime, operating with low fluences (<5 µJcm−2 per pulse, see Supplementary Note 3).260

Furthermore, the ultrafast lifetime of the valley asymmetry balances out the multi-pump excitation261

in time, making our protocol functional at room temperature.262

Discussion263

We have demonstrated that a pair of phase-locked pulses with orthogonal linear polarizations sep-264

arated in time can induce an excitonic imbalance between the K and K ′ valleys. By precisely265

controlling the delay between the pulses with sub-optical-cycle precision, it is possible to reverse266
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the sign of the induced valley polarization, as measured by time-resolved Faraday rotation. Ad-267

ditionally, our experimental protocol enables the extraction of the excitonic decoherence time T2268

and the valley relaxation time τ independently. Successful attempts have recently been made to269

realize, in a different material like graphene, logic gates4 and valley-polarized photocurrents 5 that270

can be all-optically controlled with attosecond precision by varying the carrier-envelope phase of271

the pulses. While these results might be used in the future for petahertz signal processing, a clear272

demonstration of a sequence of such operations in real time was still missing. We stress that our273

excitation protocol based on delayed controlled phase-locked pump replicas allows to switch or274

amplify the valley polarization on an extremely short temporal window and resolve a sequence of275

these operations in time. This method achieves a valley information processing rate exceeding 10276

THz at room temperature.277

By demonstrating all-optical control of the valley degree of freedom, our technique paves278

the way for the implementation of cascaded valley logic operations and realization of valleytronic279

devices 34. Moreover, this protocol can be extended to any broken-inversion-symmetric 2D semi-280

conductor with a hexagonal honeycomb structure. By employing trains of attosecond, polarization-281

controlled pulses, it will be even possible to push the switching rates to the PHz range.282
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Figure captions304

Figure 1: Theoretical model for all-optical valley control and two-pulse interaction. a, 3-305

level V-type system. The green arrows show the valley-selective transition in TMD monolayers.306

σ− and σ+ couple respectively with the K ′ and K valleys. The dashed blue arrows depict the307

intervalley scattering, quantified by the rate γV , while γD (red dashed arrows) accounts for exciton308

dephasing processes. The relaxation rate to the ground state is much smaller and is neglected.309

b,c, Representation of the electric field profiles of the single (b) and double (c) pump pulse. d,e,f,310

Bloch sphere and density matrix after the interaction with one (d) and two (e,f) pulses. The state311

∣X⟩, excited by a single linear pulse Ex(t), shows an equal excitonic population α2/2 between312

the valleys, where α2 is the total excitation probability. The K,K ′ block of the density matrix313

(dashed box) is represented by a pseudospin residing on the equatorial plane of the Bloch sphere.314

The density matrixO(α) terms related to the light-induced coherence between ground and excited315

states have been highlighted with orange shades. The second pulse leads to a valley-selective316

excitation resulting in a rotation of the pseudospin towards ∣K⟩ (e) or ∣K ′⟩ (f), depending on the317

delay between the pulses. The dominant valley population terms, residing on the diagonal of the318

density matrices in e and f, have been highlighted.319

Figure 2: Control of valley polarization with phase-locked orthogonally polarized pulses.320

Two-pulse time-resolved Faraday rotation experiment. a, Double pump pulse generation and321

TRFR experiment. The TWINS interferometer enables the generation of two perpendicularly po-322

larized replicas of a pulse. After the interaction with the sample (WS2 monolayer on a fused silica323
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substrate), the orthogonal polarization components of the probe pulse are spatially separated by a324

Wollaston prism. We acquire the TRFR signal using a balanced photodiode and a lock-in amplifier.325

b, TRFR experimental results obtained by continuously varying the delay between the pump pulses326

(t12) and keeping fixed the probe pulse delay. The purple line connects the experimental points and327

acts as a guide for the eye. The pink solid line shows the results of the simulation (see Methods).328

The top-right panel shows the pulse sequence and relative delays. The inset in the bottom-right329

corner shows a zoom of the first 10 fs. The TRFR signal is directly proportional to the degree330

of population imbalance between the K and K ′ valleys. By changing t12 we keep switching the331

helicity of the resulting circular field, which results in a valley polarization alternatively positive332

and negative. The grey shaded area represents the estimated cross-correlation of the pump pulses.333

A TRFR signal is present even when the pump pulses are fully separated in time. This stems from334

the persistent electronic coherence induced by the first pulse, emitting a field which, summed to the335

second pulse, still results in a circularly polarized field. c,d, TRFR data obtained by scanning tpr336

while keeping t12 fixed and equal to 56.9 fs and 55.8 fs, corresponding respectively to a maximum337

and a minimum of the valley polarization (blue and orange arrows in panel b). A small change in338

t12 results in a change of sign of the valley polarization. The solid lines in the panels are simulated339

dynamics. The black dashed lines in the figure indicate the arrival times of the pump pulses. Error340

bars in b-d (standard deviation calculated at negative delays, tpr < -100 fs) are smaller than the341

marker size and are not explicitly shown. e,f, T2 and τ values at different temperatures. Each point342

was obtained by fitting the data in Fig. S7a and S7c, respectively. Error bars correspond to 3σ,343

where σ is the square root of the covariance of the nonlinear least-squares fit (see Supplementary344
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Note 5).345

Figure 3: Coherent switch off and amplification of valley polarization. Four-pulse TRFR ex-346

periments and simulations. a, Pulse sequence used for the experiments and simulations in panel e347

and f. The pump-probe delay tpr is measured from the second pump pulse. b,c,d, Theoretical sim-348

ulation of the four-pulse experiment in different scenarios. Panel b shows the incoherent case, with349

t23 ≫ T2, τ , where the pairs of pulses act independently. The solid lines in panels c,d represent the350

fully coherent scenario, where the valley population and the excitonic coherence last indefinitely.351

t23 is set to either switch off or amplify the valley polarization respectively. The dashed lines rep-352

resent an intermediate case, where t23 is still shorter than τ and T2, but the intervalley scattering353

and the dephasing are not negligible. The results are obtained from the numerical solution of the354

3-level model. The red/green shaded bands represents the FWHM of a pulse in the x/y direction.355

e,f, The blue and orange dots illustrate the TRFR experiment obtained fixing the delays between356

the four pump pulses (t12, t23 and t34) and continuously varying the pump-probe delay (tpr). For357

both the panels, t12 = t34 = 41.2 fs. The arrival of the pump pulses is marked by the black dashed358

lines in the figures. The solid lines show the relative simulations. The two panels differ in t23. In e,359

t23 is set equal to 59.9 fs. This results in a complete quenching of the valley polarization, which is360

then reestablished by the fourth pulse. Conversely, in panel f, the third pulse maintains the valley361

polarization to positive values and the fourth one amplifies it. This is achieved by setting t23 to a362

different value (58.9 fs). Error bars (standard deviation calculated at negative delays, tpr < -100363

fs) are smaller than the marker size and are not explicitly shown. Experiments were carried out at364

room temperature.365
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19. Silva, R. E., Ivanov, M. & Jiménez-Galán, Á. All-optical valley switch and clock of electronic403

dephasing. Opt. Express 30, 30347–30355 (2022).404

20. Rana, N. & Dixit, G. All-optical ultrafast valley switching in two-dimensional materials. Phys.405

Rev. Appl. 19, 034056 (2023).406

21. Sharma, S., Elliott, P. & Shallcross, S. Valley control by linearly polarized laser pulses: ex-407

ample of WSe2. Optica 9, 947–952 (2022).408

22. Hao, K. et al. Direct measurement of exciton valley coherence in monolayer WSe2. Nature409

Phys. 12, 677–682 (2016).410

23. Dal Conte, S. et al. Ultrafast valley relaxation dynamics in monolayer MoS2 probed by411

nonequilibrium optical techniques. Phys. Rev. B 92, 235425 (2015).412

24. Maialle, M., e Silva, E. d. A. & Sham, L. Exciton spin dynamics in quantum wells. Phys. Rev.413

B 47, 15776 (1993).414

25. Yu, T. & Wu, M. Valley depolarization due to intervalley and intravalley electron-hole ex-415

change interactions in monolayer MoS2. Phys. Rev. B 89, 205303 (2014).416

26. Herrmann, P. et al. Nonlinear all-optical coherent generation and read-out of valleys in atom-417

ically thin semiconductors. Small 19, 2301126 (2023).418

27. Herrmann, P. et al. Nonlinear valley selection rules and all-optical probe of broken time-419

reversal symmetry in monolayer WSe2. Nature Photonics 19, 300–306 (2025).420

24



28. Selig, M. et al. Excitonic linewidth and coherence lifetime in monolayer transition metal421

dichalcogenides. Nature Commun. 7, 13279 (2016).422

29. Brida, D., Manzoni, C. & Cerullo, G. Phase-locked pulses for two-dimensional spectroscopy423

by a birefringent delay line. Opt. Lett. 37, 3027–3029 (2012).424

30. Bourelle, S. A. et al. Optical control of exciton spin dynamics in layered metal halide per-425

ovskites via polaronic state formation. Nature Commun. 13, 3320 (2022).426

31. Yu, H., Liu, G.-B., Gong, P., Xu, X. & Yao, W. Dirac cones and Dirac saddle points of bright427

excitons in monolayer transition metal dichalcogenides. Nature Commun. 5, 3876 (2014).428

32. Lively, K., Sato, S. A., Albareda, G., Rubio, A. & Kelly, A. Revealing ultrafast phonon me-429

diated inter-valley scattering through transient absorption and high harmonic spectroscopies.430

Phys. Rev. Res. 6, 013069 (2024).431

33. Boule, C. et al. Coherent dynamics and mapping of excitons in single-layer MoSe 2 and WSe432

2 at the homogeneous limit. Physical Review Materials 4, 034001 (2020).433

34. Zhang, Y. et al. Chirality logic gates. Sci. Adv. 8, eabq8246 (2022).434

Methods435

Experimental methods The valley polarization dynamics are studied via time-resolved Faraday436

rotation (TRFR) using the following setup. First, a regeneratively amplified Ti:sapphire laser gen-437

erates ∼100-fs pulses with 1-kHz repetition rate at 1.55 eV (800 nm) photon energy. These pulses438
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are used to drive a non-collinear optical parametric amplifier (NOPA) which produces linearly po-439

larized tunable pulses with a broadband spectrum that covers most of the visible range. We select440

a spectrum ranging from ∼ 1.77 eV (700 nm) to ∼2.29 eV (540 nm), to avoid the direct excitation441

of the B exciton, centered around 2.4 eV (517nm) 9, 10 (see Supplementary Section 2). The NOPA442

pulses are compressed to nearly transform-limited duration by a pair of chirped mirrors. The beam443

is then split into pump and probe pulses using a beam splitter.444

The probe pulse goes through a computer-controlled delay line (Phisik Instrumente M-445

605.2DD), scanning the temporal range of interest. The pump pulse passes through a birefringent446

interferometer, the Translating-Wedge Based Identical Pulses eNcoding System (TWINS) 29. This447

device relies on a set of four wedges and a plate made of α-barium-borate (α-BBO). α-BBO is448

a uniaxial birefringent crystal, therefore, it is characterized by an extraordinary refractive index449

along a specific axis, which differs from the ordinary one. When a linearly polarized pulse passes450

through a α-BBO plate, its projections on the extraordinary and ordinary axes travel with different451

velocities. Therefore, by selecting an initial polarization at 45 degrees with the respect to the α-452

BBO axis, one can generate a couple of delayed perpendicularly polarized pulses. A second pair453

of α-BBO wedges, cut with the optical axis along the beam propagation direction, ensures that454

the delay between the horizontally and vertically polarized pulses can be varied, while keeping the455

arrival time of the latter fixed.456

Overall, the TWINS enables the generation of two phase-locked perpendicularly polarized457

replicas of the input pulse. In the standard operation of TWINS, these replicas are made to interfere458
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by projecting them on the same polarization by a linear polarizer; here, the polarizer is removed459

to keep the polarizations orthogonal. The two replicas are interferometrically stable and the delay460

between them can be controlled on an attosecond scale. A chopper on the pump beam path reduces461

the repetition rate by half, allowing pump-probe measurements. A second pair of chirped mirrors462

is employed to compensate for the dispersion introduced by the TWINS, reaching a temporal full463

width at half maximum (FWHM) of the pulses of ∼18 fs (see Supplementary Section 1).464

Pump and probe pulses are focused on the sample via spherical mirrors. Following the inter-465

action, a bandpass filter (BPF) is employed to detect energies slightly off-resonance with respect to466

the optical gap of the semiconductor, where the Faraday rotation signal reaches its maximum 35. In467

particular, we employ a 610 ± 5 nm BPF, corresponding to 2.03 ± 0.017 eV. Afterwards, a Wollas-468

ton prism (WP) spatially separates the orthogonal polarization components of the incoming pulse469

with respect to its optical axis. The pulses are then focused on a pair of balanced photodiodes. For470

TRFR, the WP is rotated to ensure equal intensity on the photodiodes, in order to maximize the471

signal-to-noise ratio. The output signal is the difference between the signals measured by the two472

photodiodes, which is directly proportional to the rotation angle of the probe polarization. Finally,473

a lock-in amplifier demodulates the signal at 500 Hz, detecting the pump-induced changes in the474

probe polarization.475

To generate a train of four pulses, we employ an extra birefringent plate (a α-BBO crystal)476

preceded by a polarizer (set at 45° with respect to the α-BBO optical axis) in the pump beam path,477

before the TWINS. In this way, we generate two perpendicularly polarized, phase-locked replicas478
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of the incoming pulse, separated in time by ∼100 fs, which corresponds to the delays between the479

first-third (t13) and second-fourth (t24) pulses in the final configuration. The time delay between480

the replicas can be slightly changed (from ∼90 fs to ∼110 fs) by rotating the α-BBO crystal around481

its optical axis. The two replicas pass through another polarizer at 45°, giving rise to two collinear482

identical pulses. These pulses then enter the TWINS, generating two couples of orthogonally483

polarized pulses, separated by the same time delay (t12 = t34).484

The final result is a train of four pulses with horizontal and vertical polarization alternatively,485

where we can finely tune t12 (equal to t34) through the TWINS, and t23 through the rotation of the486

birefringent crystal, hence varying its thickness. To precisely measure t23 we record an interfer-487

ogram of the four pulses using the TWINS. The first and third pulses are continuously shifted in488

time, precisely at negative delays, while the second and the fourth pulse remain fixed. Performing489

a measurement with a spectrometer we obtain an interferogram with two distinct peaks in ampli-490

tude. The first appears when t12 = t34= 0 fs, thus the first and second (third and fourth) pulses are491

overlapped. The second arises when the second and third pulses are overlapped. The time distance492

between the two peaks in the interferogram corresponds to t13 (which is equal to t24). Since we493

know t12 and t34 with very high precision, we can obtain t23 with a simple subtraction. The thresh-494

old for the linear excitation regime has been characterized through pump-probe measurements (see495

Supplementary Section 3). We found a value equal to 30 µJ/cm2. Throughout the whole experi-496

ment, the fluence of the pulses is kept below 10 µJ/cm2. We did not observe any sample damage497

after multi-pump photoexcitation (see Supplementary Note 4).498
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Pulses characterization To characterize the temporal duration of the pulses, we employ polarization-499

gated frequency resolved optical gating (PG-FROG) (see Supplementary Section 1). An additional500

polarizer at 45° was inserted in the pump beam path after the TWINS and t12 was set to zero, thus501

obtaining a single pump pulse, while the probe polarization was set horizontal. The pulses were502

focused on a 160 µm thick fused silica window. The pump pulse induces a transient birefringence,503

increasing the refractive index only in the direction parallel to its polarization axis. This third order504

nonlinear effect causes a rotation of the probe polarization only when the pump and probe pulses505

overlap in time. A vertical polarizer, used as an analyzer, was inserted in the probe path before506

the spectrometer. Only when the probe polarization was rotated it could pass through the analyzer.507

The differential intensity, which is the probe intensity with pump minus the one without it, was508

measured to estimate the pulse duration. We obtained a full width at half maximum (FWHM) of509

the intensity profile of the pulses of ∼ 17.8 fs, resulting in a cross-correlation FWHM of ∼ 25.2 fs.510

Theoretical simulations Although the system demonstrates a relatively high level of complexity,511

its excitation dynamics can be fully represented by a three-level model. It has been established that512

the interaction between an exciton state in a semiconductor and light can be accurately explained513

using a two-level system 36. However, due to the inherent valley degree of freedom present in 2D514

materials with hexagonal symmetry 37, it is necessary to extend the model to incorporate this effect.515

Hence, instead of considering a single exciton, it becomes essential to account for two degenerate516

excitons 22. This configuration is often referred in the literature as the three-level V system 38,517

while its counterpart is known as the Λ system, as described in 39.518
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More formally, we consider the following system: a ground state, ∣g⟩, which represents the519

electrons on the valence band, and two excited and degenerate states, ∣K⟩ and ∣K′⟩, which represent520

the excitonic states at each valley, respectively. Without loss of generality, we set the energy of ∣g⟩521

at 0 and the energy of ∣K⟩ and ∣K′⟩ at h̵ωf . Thus, the Hamiltonian is simply522

H0 = h̵ωf (∣K⟩ ⟨K∣ + ∣K′⟩ ⟨K′∣) . (1)

As stated before, both valleys have different optical selection rules in the real material, so523

this must be represented within the model. Accordingly, the coupling with light must be:524

HL(t) = dE(t) ⋅ (∣g⟩ ⟨K∣ + ∣g⟩ ⟨K′∣ , i ∣g⟩ ⟨K∣ − i ∣g⟩ ⟨K′∣) + h.c, (2)

where d is the dipole coupling strength, E(t) is the electric field and h.c. stands for hermitian525

conjugate. Hence, only light exhibiting right-handed circular polarization, specifically e1 + ie2,526

will interact with the ∣K⟩ valley. Conversely, if a left-handed circularly polarized laser field is527

used, it will couple with the ∣K′⟩ valley. We have set the dipole strength to d = 1.528

The dynamics will be solved using a Lindblad master equation 40 of form529

dρ

dt
= −i[H(t), ρ(t)] +∑

n

Lnρ(t)L†
n −

1

2
{L†

nLn, ρ(t)} , (3)

where ρ(t) is the density matrix, H(t) =H0 +HL(t) is the time-dependent hamiltonian of the sys-530
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tem and Ln are the collapse operators. Our initial condition will be ρ(0) = ∣g⟩ ⟨g∣. The observable531

that we will pay most attention to is the imbalance of the population between both valleys. More532

precisely,533

σ(t) = Tr{PKρ(t)} −Tr{PK′ρ(t)}, (4)

where PK/K′ are the projectors onto the excited states.534

The selection of collapse operators Ln is crucial, as they will represent intervalley scattering535

and dephasing, two significant physical phenomena in this system. To properly include both phe-536

nomena, four distinct operators will be required. We will start by considering the operators related537

to intervalley scattering. Those operators have the following form 41538

Rml =
√
γml ∣m⟩ ⟨l∣ . (5)

In our case, we will have two of those operators, namely539

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

RK′K =
√
γV ∣K′⟩ ⟨K∣

RKK′ =
√
γV ∣K⟩ ⟨K′∣ .

(6)

Their physical interpretation can be easily understood if one applies any of those operators to an540

excited state: RK′K ∣K⟩ =
√
γV ∣K′⟩, i.e., they prompt the system to jump to the opposite valley541

with a rate of γV . This rate γV remains equal for both states, given their energy degeneracy. The542

parameter γV is related to the valley polarization decay time, τ , as γV = 1/(2τ).543
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To include pure dephasing (as intervalley scattering will always include some factor of de-544

phasing by itself), one needs to take into account operators of the form 41545

Dn =
√
γm ∣m⟩ ⟨m∣ . (7)

For our system, they will be:546

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Dg =
√
γD ∣g⟩ ⟨g∣

DK =
√
γD ∣K⟩ ⟨K∣

DK′ =
√
γD ∣K′⟩ ⟨K′∣ .

(8)

The physical interpretation becomes clearer when one plugs one of these operators into the collapse547

term of Eq. 3. This action reveals that the Dn operators eliminate the off-diagonal terms, which548

correspond precisely to the coherence terms 40. The parameter γD is associated with the pure valley549

dephasing time, T ∗2 , through the relationship γD = 1/T ∗2 , with the total dephasing time T2 given by550

1/T2 = 1
2γV + γD = 1/(4τ) + 1/T ∗2 .551

The physical parameters of the model, namely h̵ωf , τ , and T2, were determined through552

fitting to experimental data of the two-pulse experiment. The relaxation time, τ , was obtained553

when the two fields were spatially overlapped, precisely at t12 = 0.5 fs. In this configuration, the554

total field becomes completely circular. Therefore, the valley polarization will decay after the pulse555

following an exponential law given by e−t/τ . The value obtained was τ ≈ 75.16 fs. Lastly, we fitted556

the scan of maximum of the Faraday rotation in terms of t12. Such maximum (see Supplementary557
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Section 5) must should oscillate as558

σmax(t12) ∝ sin (ωf t12) e−t12/T2 , (9)

The values obtained from that fit were: T ∗2 ≈ 33.51 fs and h̵ωf ≈ 1.98 eV. The fitted binding energy559

of the exciton is in accordance to the one measured in the experiment, h̵ω(expt)f ≈ 2.01 eV, using560

the linear absorption spectrum.561

The laser parameters were chosen to match the experimental ones. We chose a Gaussian562

envelope with a FWHM of 20 fs and an intensity such that we are in the linear regime. We want563

to clarify that during the simulations we do not consider instantaneous pulses and we fully take564

into account their temporal profile. The central laser frequency was chosen to be h̵ωL = 2.03 eV.565

Furthermore, to simulate the effect of the finite temporal resolution of the system, the theoretical566

results have been convoluted with Gaussian envelope with a FWHM of 24 fs.567

Data availability568

All data generated or analysed during this study that support the plots within this paper and other569

findings of this study will be available after publication via Zenodo at570

https://doi.org/10.5281/zenodo.14860514.571
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38. Rzaźewski, K. Atoms and laser light: The theory of coherent atomic excitation. Science 250,579

1603–1603 (1990).580
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