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            Abstract
Valence electrons contribute a small fraction of the total electron density of materials, but they determine their essential chemical, electronic and optical properties. Strong laser fields can probe electrons in valence orbitals1,2,3 and their dynamics4,5,6 in the gas phase. Previous laser studies of solids have associated high-harmonic emission7,8,9,10,11,12 with the spatial arrangement of atoms in the crystal lattice13,14 and have used terahertz fields to probe interatomic potential forces15. Yet the direct, picometre-scale imaging of valence electrons in solids has remained challenging. Here we show that intense optical fields interacting with crystalline solids could enable the imaging of valence electrons at the picometre scale. An intense laser field with a strength that is comparable to the fields keeping the valence electrons bound in crystals can induce quasi-free electron motion. The harmonics of the laser field emerging from the nonlinear scattering of the valence electrons by the crystal potential contain the critical information that enables picometre-scale, real-space mapping of the valence electron structure. We used high harmonics to reconstruct images of the valence potential and electron density in crystalline magnesium fluoride and calcium fluoride with a spatial resolution of about 26 picometres. Picometre-scale imaging of valence electrons couldÂ enable direct probing of the chemical, electronic, optical and topological properties of materials.
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                    Fig. 1: Strong-field quasi-free electron motion in a crystal.[image: ]


Fig. 2: Probing of the ionic/covalent radius of atoms in solids.[image: ]


Fig. 3: Measurement of the Fourier coefficients of the crystal potential in MgF2.[image: ]


Fig. 4: Reconstruction of the valence electron potential and density of MgF2.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Strong field-driven electron dynamics in MgF2 (Ä§Ï‰LÂ =Â 2eV).
aâ€“c, Comparison of crystal (Î½c; blue curves) and free (Î½free; red dashed curves) electron velocities along the [100] direction of an MgF2 crystal as calculated by TDDFT for laser field strengths F0 of 0.1Â VÂ Ã…âˆ’1 (a), 0.9Â VÂ Ã…âˆ’1 (b) and 2.0Â VÂ Ã…âˆ’1, and carrier at an energy of Ä§Ï‰LÂ =Â 2eV.


Extended Data Fig. 2 High-harmonic generation in MgF2 (theory).
High-harmonic spectra calculated by TDDFT simulations (red curve) and by use of the scattering model (blue curve) for laser parameters (Ä§Ï‰LÂ =Â 2eV and F0Â = 0.9Â VÂ Ã…âˆ’1) and crystal orientation settings as quoted in Fig. 1d.


Extended Data Fig. 3 Crystal orientation dependence of high-harmonic generation in MgF2.
The intensity of the third, ninth and thirteenth harmonics measured as a function of the crystal angle at field strengths (F0Â =Â 0.58, 0.65 and 0.7Â VÂ Ã…âˆ’1) of the driving pulse. The rotation of the crystal is performed with respect to the c axis. The azimuthal angle represents the orientation of the crystal with respect to the laser polarization and the radius represents the harmonic yield. The four-fold symmetry of the crystal suggests a square lattice. Error bars in the measured data indicate the standard deviation of the mean value from four measurements acquired under identical conditions.


Extended Data Fig. 4 Laser picoscopy in CaF2.
a, Intensity yields of representative harmonics (NÂ =Â 9, 11 and 13) in CaF2 measured as a function of the crystal rotation angle with respect to the c axis and for three representative driving field strengths (F0Â =Â 0.58, 0.65 and 0.7Â VÂ Ã…âˆ’1). b, c, Intensity yields (black dots) of harmonics versus field strengths measured along the [110] (b) and [100] (c) axes of the crystal. The red and blue curves are the fitting of the intensity yields according to equation (18) or equation (3). Error bars in aâ€“c indicate the standard deviation of the mean value from three measurements acquired under identical conditions.Â d, e, Retrieved amplitudes \({\tilde{V}}_{{k}_{{\rm{l}}}}\,\) and their relative phases (0Â rad in blue and Ï€Â rad in red) along the [110] (d) and [100] (e) axes of the crystal.


Extended Data Fig. 5 Reconstruction of the valence electron potential and density of CaF2.
a, Crystal structure of CaF2. The laser pulse (orange curve) impinges on the crystal along the c axis. The potential is probed along lines determined by laser polarization vectors (orange arrows) and the symmetry point C. b, c, Reconstructed 1D slices of the valence potential (blue curves) when the laser polarization vector is aligned with the [110] (b) and [100] (c) axes. Grey and cyan spheres represent Fâˆ’ and Ca2+, respectively, as aligned along the measurement line. d, Reconstructed 2D slice of the valence electron potential of CaF2 on the (002) plane. Bright spots represent Ca+2 ions and the light broad spots represent Fâˆ’ ions. e, Valence electron density evaluated from the data in d. f, DFT-calculated valence electron density of CaF2 on the (002) plane.


Extended Data Fig. 6 Electron density of CaF2 extended over multiple unit cells.
Bright dots correspond to Ca+2 ions centred on (002) plane while the light dots correspond to Fâˆ’ ions centred on (004) plane but penetrating into the (002) plane.
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