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Abstract We induce valley-control in MoS2 with a polarization-shaped mid-
infrared light field. The trefoil-shaped pump field is characterized by high harmonic 
spectroscopy and valley polarization is read our by a probe field via second 
harmonic generation. 
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1 Introduction 

Polarization shaping of the temporal evolution of an optical light field provides 
additional degrees of freedom to interrogate matter and control its properties. The 
emergent complex electrical currents are controlled on the sub-cycle scale of the 
optical field and provide enticing new ways to process information or to switch the 
properties of a material on ultrafast timescales. The non-linear motion of field-driven 
electrons in a material radiate at optical frequencies; thus, detecting high-order 
harmonic radiation provides insight into the dynamic evolution of carriers. This 
potential was first recognized in Ref. [1] with the detection of high harmonics 
(HH) of the mid-IR driver in bulk ZnO and led to numerous investigations of the 
electron-hole dynamics [2, 3], of many-body effects in correlated systems [4], the 
interplay of different bands [5], and recently the detection of quantum phases in 
superconductors [6]. Confining the dynamics to two-dimensional layers, e.g., in 
graphene-like materials or transition-metal-dichalcogenides (TMDCs), allows for 
the study of HH dynamics below and above the bandgap without complicating the 
interpretation due to propagation effects [7]. The broken inversion symmetry of a 
monolayer led to observation of Berry curvature dependent effects [8]. Rotation of 
the light’s polarization vector determines the recombination times of electron-hole 
trajectories from K and K′ symmetry points [7]. In contrast, circular polarization 
carries spin angular momentum that lifts the valley degeneracy through optical 
selection rules [9, 10]. 

Here, we extend the control over the valley degree of freedom into the strong-
field regime by matching the driving field polarization to the crystal symmetry 
of 2H-MoS2. To this end, we shape the polarization of the optical electric field 
into a three-fold symmetric “trefoil” shape. To achieve such three-fold symmetry, 
we combine pulses of two colors while manipulating the handedness of their 
circular polarization. The so-tailored field is characterized by symmetry-resolved 
chiral spectroscopy, where selection rules result in circularly polarized harmonics of 
odd and even orders from the inversion symmetric material. With the off-resonant 
strong-field trefoil acting as a pump, a modulation in the bandgap at high symmetry 
points K and K′ is observed in a non-collinear geometry pump-probe experiment. 

The measurement of the second harmonic of the probe field is a clear sign of the 
valley polarization induced by the trefoil pump field. 

2 Valley Polarization in MoS2 

The light carries spin angular momentum and can, thus, induce asymmetry of 
carriers between valleys in reciprocal space during resonant excitation of the 
bandgap in the K/K′ points. The degree of circular polarization is linked to the 
valley contrasting magnetic moment “m,” which defines the coupling strength |P|2. 
For the quantum number “m” to be non-zero, the spatial inversion symmetry of
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Fig. 1 Left: Top and side view of the trigonal prismatic crystal structure of 1H- and 2H-MoS2. 
Right: 2H-MoS2 band structure; Blue, red, and green represent gaps that fit H5, H6, and H7 
emission energies and the bandwidth of the 3.2 μm driving field 

the crystal must be broken. Such inversion symmetry breaking occurs naturally for 
monolayer TMDCs. The material becomes valley polarized, and the electron motion 
depends on the sign of the valley index and the Berry curvature at the respective high 
symmetry point [11]. 

In contrast, a bi-layer system in the 2H phase is symmetric under spatial inversion 
due to the rotated second layer (Fig. 1), and valley asymmetry cannot be induced 
with circularly polarized light. However, symmetry breaking can be re-introduced 
through the structuring of light when the system is excited off-resonantly by a 
trefoil-shaped strong field. In the following, we leverage this prospect for inducing 
valley polarization. 

3 Polarization Shaping and Trefoil Generation 

We use our home-built mid-infrared OPCPA system [12] at 3.2  μm for the exper-
iment. For the polarization shaping, a 97 fs pulse is split within a Mach-Zehnder 
interferometer into two components in which one is frequency doubled. The 
polarization states and intensity ratio between fundamental and second harmonic are 
carefully controlled by waveplates. Both beams are recombined and then focused 
onto the sample. We use a vacuum electric field amplitude of 0.05 V/Å in the 
mid-IR and derive the probe beam at 800 nm from the same OPCPA with full 
optical synchronization. The pump-probe experiment is performed in non-collinear 
geometry to ensure the distinguishability of components from the trefoil pump and 
800-nm probe.
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4 Polarization Resolved Chiral Spectroscopy 

First, we perform chiral spectroscopy to confirm the trefoil shape of the pump beam. 
Analog to Ref [13], we generate HHs in GaSe with varying polarization shapes of 
the driving field. 

Figure 2 shows the results for the measurement of harmonic orders 5–7 (H5-H7). 
The figure shows how the harmonic signals vary with crystal rotation. Lineouts 
of H5 are also shown on a polar plot with the polarization type illustrated. The 
left column is the HH spectrum for a linearly polarized 3.2 μm driving field. 
The harmonic response from the hexagonal crystal yields six peaks during a full 
rotation scan. The harmonic intensity is maximized when the laser polarization 
aligns with the crystal axis which occurs every 60◦ and completely disappears 
with the polarization rotated 30◦ further. Changing the driving field to circular 
polarization minimizes the H6 signal due to optical selection rules [14], while 
the other harmonics do not show any clear angle dependence due to the isotropic 
polarization. Finally, the two-color trefoil field shows three-fold symmetry in the 
H5 and H7 responses, which show maxima 120◦ apart. This behavior is understood 
when considering the crystal as a combination of Ga and Se sublattices, which are 
addressed by the trefoil three times each in a full rotation. Having confirmed the 
generation of a trefoil field, we now turn to the TMDC. 

Fig. 2 Polarization scans for linear, circular, and trefoil driving fields. Harmonic spectra from 
GaSe are recorded as a function of the crystal rotation angle
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Fig. 3 The trefoil field drives 
high harmonic spectrum in 
2H-MoS2 as a function of the 
polarization rotation 

Fig. 4 Trefoil selection rules 
from two-color photon 
mixing with opposite 
spin-angular momentum 

To investigate strong field-induced valley polarization, we used a 10-μm thin  
crystal of 2H-MoS2. The material is mounted without substrate, thus avoiding 
contamination and background. 

Figure 3 shows the recorded spectra for 360◦ of polarization rotation of the trefoil 
field only. Due to the six-fold symmetry of the material’s 2H phase, we find that each 
harmonic modulates with 60◦ periodicity. This is in accord with scans in which the 
linear polarization aligns with the crystal axis. Note that 2H-MoS2’s lowest band 
gap of 1.66 eV is at the K point, while the gaps at � and M are at 2.43 eV and 
2.76 eV, respectively. From the transitions illustrated in Fig. 1, H5 is the first inter-
band harmonic since it gets emitted closest to the K point. 

As previously explained, although the sample is inversion symmetric, the bi-
circular pump generates even harmonics. We also find that the strengths of H3 and 
H6 reduce by several orders of magnitude. This is explained by the selection rules 
(3 N + 1) and (3 N + 2) due to the conservation of spin-angular momentum during 
the frequency mixing of the two colors (see Fig. 4). Note that according to theory, 
harmonic orders (3 N) are forbidden. We attribute the observable small signal to 
slight imperfections of the pump, i.e., slight ellipticity of the pump polarization [15]. 
However, the strong and clear modulation of the signal with similar peak amplitudes 
over the 360◦ rotation proves the existence of a symmetric trefoil shape.
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Fig. 5 Shown is the probe (H2) signal’s dependency on the pump trefoil rotation. A clear 
modulation with 60◦ periodicity appears during strong field excitation, matching the six-fold 
symmetry of the 2H-MoS2 sample 

5 Strong Field-Induced Valley Control 

Figure 5 shows the modulation of the second harmonic (SH) signal generated by the 
probe beam. A Fast Fourier Transform (FFT) of two different measurements, one 
with the trefoil as a pump and one without a trefoil, clearly shows that the trefoil 
field indeed induces non-resonant valley polarization. 

When applying the trefoil field and rotating its polarization angle, the probe 
exhibits modulation every 60◦ of the pump’s rotation; this shows in the FFT as a 
peak at 2 theta. As discussed in [16], strong-field interaction between the trefoil 
field and 2D materials like 1H-MoS2 reduces the band gap at the K or K′ points, 
depending on the orientation of the trefoil. Note that this process is not limited to 
the monolayer due to the off-resonant excitation and is, thus, universal. 

6 Summary 

We show experimental results from polarization-shaped trefoil fields that non-
resonantly induce valley polarization in a TMDC material. Generating and mea-
suring the effects of valley polarization are all-optical, thus providing control over 
material properties at the sub-cycle scale of PHz optical fields. High harmonic 
spectroscopy is employed to characterize and measure the efficacy of valley 
polarization. 
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
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adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 
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