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            Abstract
Key to our understanding of how electrons behave in crystalline solids is the band structure that connects the energy of electron waves to their wavenumber. Even in phases of matter with only short-range order (liquid or amorphous solid), the coherent part of electron waves still has a band structure. Theoretical models for the band structure of liquid metals were formulated more than five decades ago1,2,3,4,5,6,7,8,9,10,11,12,13,14,15, but, so far, band-structure renormalization and the pseudogap induced by resonance scattering have remained unobserved. Here we report the observation of the unusual band structure at the interface of a crystalline insulator (black phosphorus) and disordered dopants (alkali metals). We find that a conventional parabolic band structure of free electrons bends back towards zero wavenumber with a pseudogap of 30â€“240Â millielectronvolts from the Fermi level. This is wavenumber renormalization caused by resonance scattering, leading to the formation of quasi-bound states in the scattering potential of alkali-metal ions. The depth of this potential tuned by different kinds of disordered alkali metal (sodium, potassium, rubidium and caesium) allows the classification of the pseudogap of p-wave and d-wave resonance. Our results may provide a clue to the puzzling spectrum of various crystalline insulators doped by disordered dopants16,17,18,19,20, such as the waterfall dispersion observed in copper oxides.
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                    Fig. 1: Band structure of liquid metals and experimental systems.[image: ]


Fig. 2: Electronic structure of black phosphorus doped by disordered alkali metals.[image: ]


Fig. 3: Resonance scattering in liquid metals and band renormalizations.[image: ]


Fig. 4: Density of states in liquid metals and spectral simulations.[image: ]


Fig. 5: Magnitude of the pseudogap and phase diagram.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Key assumptions in structural simulations.
aâ€“h, Let us consider the long-range order of dopants whose density is 1Â Ã—Â 1014Â cmâˆ’2 (a). If the position of dopants is fully randomized (b), no structure is expected in its FFT (f). Considering that each dopant is ionized by donating its valence electron, there should be Coulomb repulsion between the ionized dopants, which prevents them from being located close to each other in a certain range corresponding to the radius of hard spheres. If the position of dopants is randomized under this hard-sphere assumption with no further interactions considered (c), one can always find the radial structure factor in its FFT (g). The radial shape itself in the structure factor reflects the presence of a mean interatomic distance (or short-range order) generic to ionic dopants randomly distributed under the repulsive interaction. This is the structure factor required for the resonance effect in the theory of liquid metals1,2,3,4,5,6,7,8,9,10,11,12, which is clearly distinguished from both crystalline (a, e) and fully random (b, f) cases. In the case of monovalent dopants on a crystalline insulator, the area of a circle whose radius is half the radial peak is the same as that enclosed by the Fermi surface in any shape due to charge conservation. To account for the isotropic magnitude of a pseudogap over the anisotropic Fermi surface of C1, the anisotropy of the structure factor is additionally considered based on a recent STM study25, where the radial and anisotropic structure factor was found at the density of 1.8Â Ã—Â 1013Â cmâˆ’2. When the anisotropy factor of 0.42 taken from the anisotropic kF values in the Fermi surface is applied to the hard-sphere model (d), the radial structure factor becomes anisotropic, as seen in h.


Extended Data Fig. 2 Momentum distribution curves.
ARPES data of Na-doped black phosphorus taken along ks (left) and kx (right) directions (those in Fig. 2e, f). ARPES intensity is plotted as a function of k at the constant energy shown on the vertical axis. Red dots mark the peak position of k distribution curves to show the backward-bending band dispersion.


Extended Data Fig. 3 Constant-energy map of ARPES spectra.
ARPES intensity maps of bulk black phosphorus whose surface is doped by Na at ndÂ =Â 1.7Â Ã—Â 1014Â cmâˆ’2 (top row) and K at ndÂ =Â 1.0Â Ã—Â 1014Â cmâˆ’2 (bottom row). Data are plotted at the constant energy marked on top of each panel as a function of kx and ky in the surface Brillouin zone of black phosphorus. Unlike the pair of C2 bands that cross EF, the C1 band shows a clear signature of a pseudogap with a magnitude of 235Â meV for Na and 65Â meV for K. This magnitude of the pseudogap is found to be nearly isotropic with in-plane k directions. The size of the area enclosed by the C1 contour of Na decreases towards EF, which reflects the backward-bending band dispersion.


Extended Data Fig. 4 Dependence of the pseudogap on photon energy and samples.
a, Photon-energy dependence of ARPES data taken from black phosphorus whose surface is doped by K at ndÂ =Â 1.8Â Ã—Â 1014Â cmâˆ’2. A pseudogap of 30Â meV at this nd is robustly observed for a photon energy of 106â€“125Â eV (red arrow) in contrast to the C2 band that crosses EF (blue arrow). b, c, Sample dependence of ARPES data taken from black phosphorus doped by Na at ndÂ =Â 1.7Â Ã—Â 1014Â cmâˆ’2 (b) and K at ndÂ =Â 1.0Â Ã—Â 1014Â cmâˆ’2 (c). The pseudogap of 235Â meV for Na and 65Â meV for K is observed without exception for all of the samples.


Extended Data Fig. 5 Model calculation for partial waves at d-wave resonance.
A series of Ul, Î´l, Re(Î”k) and Im(Î”k) is calculated as described in Methods for the partial waves from lÂ =Â 0 (top row) to lÂ =Â 3 (bottom row). The depth of potential V0 is set to 16.4Â eV, which corresponds to d-wave resonance at krÂ =Â 0.36Â Ã…âˆ’1, as shown in Fig. 4a. The d-wave resonance can be identified by Î´2 passing through Ï€/2, which is accompanied by Re(Î”k) and Im(Î”k) taking the form of sin(2Î´l)/k2 and sin2(Î´l)/k2, respectively. For lÂ =Â 0, there is no potential well, in which electron waves can be trapped, and it is impossible to have s-wave resonance.


Extended Data Fig. 6 Comparison of Î”k at p-wave, d-wave and f-wave resonances.
A series of Ul, Î´l, Re(Î”k) and Im(Î”k) is calculated for p-wave (top row), d-wave (middle row) and f-wave (bottom row) resonances (Methods). V0 was set to 7.4Â eV for p-wave resonance, 16.4Â eV for d-wave resonance and 27.8Â eV for f-wave resonance to have the same kr of 0.36Â Ã…âˆ’1 (dotted line in Fig. 4a). The variation of Î´l, Re(Î”k) and Im(Î”k) is narrower in k or E width for the higher number of l, which accounts for the smaller magnitude of pseudogap in Fig. 5a.


Extended Data Fig. 7 Spectral simulations compared with experimental ARPES data.
The experimental band structure is taken from black phosphorus whose surface is doped by different kinds of alkali metal (Na, K, Rb and Cs), as marked at the bottom right of each panel. This series of ARPES spectra was taken along ky (left column), ks (middle column) and kx (right column). Each dataset is directly compared with corresponding spectral simulations at p-wave resonance for Na and d-wave resonance for K, Rb and Cs (Methods). The bottom energy of spectral simulations is limited by that of the non-interacting (bare) band, which is the reason that those for Rb and Cs are slightly cut at a binding energy of 0.42â€“0.45Â eV.


Extended Data Fig. 8 Partial-wave analysis with the screened scattering potential.
a, Phase shift Î´l of the partial waves calculated by the screened scattering potential for the liquid phase of Cs ions, which clearly shows d-wave resonance9. The dotted line is a fit with that calculated by the spherical step potential at V0Â =Â 12.96Â eV and rsÂ =Â 2.1Â Ã…. b, Phase shift Î´l of partial waves calculated by the screened scattering potential of Na, K, Rb and Cs ions30. K, Rb and Cs ions favour d-wave resonance, whereas the Na ions favour p-wave resonance, which is exactly as observed in our experiments. Our results reproduce other details as well. (1) Î´l crosses Ï€/2 clearly for K, Rb and Cs ions, whereas that for Na ions is relatively incomplete. (2) The Î´l values of K and Rb ions are nearly the same. (3) The abruptness of Î´l, which is related to the magnitude of the pseudogap, increases in the order of NaÂ â†’Â K/RbÂ â†’Â Cs.


Extended Data Fig. 9 Evolution of pseudogap with surface doping.
A doping series of APRES data are taken from black phosphorus whose surface is doped by Na, K, Rb and Cs, marked at the bottom right of each panel. Shown together in number is the dopant density nd in units of 1014Â cmâˆ’2. It can be clearly seen that the magnitude of the pseudogap progressively decreases to zero with increasing nd, as summarized in the phase diagram (Fig. 5b). The hole-like states developing inside of the C1 band (pronounced for Na at ndÂ =Â 3.3Â Ã—Â 1014Â cmâˆ’2) are the valence band of black phosphorus23. The additional feature near EF and at the Î“ point (pronounced for K at ndÂ =Â 2.9Â Ã—Â 1014Â cmâˆ’2) is another conduction band of black phosphorus reproduced in first-principles band calculations24.


Extended Data Fig. 10 Resonance effect for the waterfall dispersion in copper oxides.
a, ARPES data taken from Bi1.5Pb0.5Sr2CaCu2O8+Î´ (TcÂ =Â 88Â K) along the nodal direction with a photon energy of 98Â eV. nd is estimated from Tc (88Â K)35, pseudogap (32Â meV)36 and Luttinger count to be 1.2Â Ã—Â 1014âˆ’1.4Â Ã—Â 1014Â cmâˆ’2, corresponding to krÂ =Â 0.29Â Â±Â 0.01Â Ã…âˆ’1. b, Spectral simulations for resonance scattering at krÂ =Â 0.29Â Ã…âˆ’1 (Methods). The grey curve represents the bare band. The waterfall dispersion in a is reproduced remarkably well by our spectral simulations in b.
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