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            Abstract
A quantum spin liquid is an exotic quantum state of matter in which spins are highly entangled and remain disordered down to zero temperature. Such a state of matter is potentially relevant to high-temperature superconductivity and quantum-information applications, and experimental identification of a quantum spin liquid state is of fundamental importance for our understanding of quantum matter. Theoretical studies have proposed various quantum-spin-liquid ground states1,2,3,4, most of which are characterized by exotic spin excitations with fractional quantum numbers (termed â€˜spinonsâ€™). Here we report neutron scattering measurements of the triangular-lattice antiferromagnet YbMgGaO4 that reveal broad spin excitations covering a wide region of the Brillouin zone. The observed diffusive spin excitation persists at the lowest measured energy and shows a clear upper excitation edge, consistent with the particleâ€“hole excitation of a spinon Fermi surface. Our results therefore point to the existence of a quantum spin liquid state with a spinon Fermi surface in YbMgGaO4, which has a perfect spin-1/2 triangular lattice as in the original proposal4 of quantum spin liquids.
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                    Figure 1: Crystal structure and magnetic susceptibility of a single crystal of YbMgGaO4.[image: ]


Figure 2: Measured and calculated momentum dependence of the spin excitations, and calculated spinon Fermi surface of YbMgGaO4.[image: ]


Figure 3: Intensity of the spin-excitation spectrum along the high-symmetry momentum directions.[image: ]


Figure 4: Constant-energy scans along the symmetry directions and constant-Q scans at the high-symmetry points.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Photographs, XRD patterns and field dependence of the magnetization of YbMgGaO4.
a, Photographs of a representative YbMgGaO4 single crystal. b, XRD pattern of a YbMgGaO4 single crystal from the cleaved surface. c, Rocking curve of the (0, 0, 18) peak. The horizontal bar indicates the instrumental resolution. d, Laue pattern of the YbMgGaO4 single crystal viewed from the c axis. e, Observed (red) and calculated (green) XRD diffraction intensities of ground single crystals. The X-ray has a wavelength of 1.54â€‰Ã…. The blue curve indicates the difference between the observed and calculated intensities. f, Magnetic field dependence of magnetization at Tâ€‰=â€‰2â€‰K. Fitted g factors and Van Vleck susceptibilities Ï‡VV are shown (Î¼B is the Bohr magneton). The dashed lines are linear fits above 12 T.


Extended Data Figure 2 Elastic neutron scattering measurements
. Elastic neutron scattering map in the (HK0) plane at 30â€‰mK. No magnetic Bragg peaks are observed. The ring-like pattern is due to scattering from the polycrystalline Cu and Al sample holder. Because of the very large c-axis lattice constant and a small tilt of the scattering plane, some of the tails of the nuclear Bragg peaks for Lâ€‰=â€‰Â±1 can be also seen. Dashed lines indicate the Brillouin zone boundaries.


Extended Data Figure 3 Correction of neutron beam self-attenuation.
a, Elastic incoherent scattering image at 20â€‰K. bâ€“f, Raw constant-energy images at 70â€‰mK and at the indicated energies. The scattering intensities in d, e and f have been multiplied by 2, 4 and 8, respectively, for clarity. Dashed lines indicate the Brillouin zone boundaries.


Extended Data Figure 4 Additional neutron scattering data at 20â€‰K.
a, b, Constant-energy images at 0.3â€‰meV (a) and 0.6â€‰meV (b) at 20â€‰K. c, Intensity contour plot of the spin excitation spectrum along the high-symmetry momentum directions at 20â€‰K. The scattering is broadened and weakened compared with that at 70â€‰mK.


Extended Data Figure 5 Calculation of the zero-flux Hamiltonian.
a, Spinon dispersion Ï‰k of the zero-flux Hamiltonian. The grey plane marks the Fermi level at Ï‰â€‰=â€‰0; its intersection with the band gives the Fermi surface. The light orange hexagon represents the projection of the first Brillouin zone. The maximum of Ï‰k is 3t and the minimum is âˆ’6t, providing a bandwidth of 9t. b, Calculated dynamic spin structure factor along high-symmetry directions. A reciprocal lattice unit (r.l.u.) is used here, which is obtained using [image: ] and [image: ]. c, Measured spin excitation spectrum along high-symmetry directions at 70â€‰mK. d, Calculated energy dispersion at the indicated momenta (marked by arrows in b). e, Measured constant-Q scans at the indicated momenta. The dashed line is the incoherent elastic line for Efâ€‰=â€‰4â€‰meV.


Extended Data Figure 6 Calculation of the Ï€-flux Hamiltonian.
a, Flux pattern and real nearest-neighbour hoppings on the triangular lattice. In the figure, â€˜+tâ€™ denotes tijâ€‰=â€‰tjiâ€‰=â€‰t and â€˜âˆ’tâ€™ denotes tijâ€‰=â€‰tjiâ€‰=â€‰âˆ’t; â€˜Ï€â€™ denotes triangles that are threaded by a Ï€ flux. b, Spinon band structure of the Ï€-flux Hamiltonian. The two bands are particleâ€“hole related, both with bandwidths of 3t. c, Calculated momentum dependence of the dynamic spin structure factor at low energy Ï‰â€‰=â€‰2.1t. Strong peaks can be distinguished at the Î“ point, the [image: ] point ((1/2, âˆ’1/2) in r.l.u.) and equivalent positions. White dashed lines denote the zone boundaries. d, Calculated dynamic spin structure factor along high-symmetry points with Î·â€‰=â€‰0.3t.


Extended Data Table 1 Refined structural parameters for YbMgGaO4 at room temperatureFull size table
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        Editorial Summary
YbMgGaO4 identified as a quantum spin liquid
There are only a handful of candidate quantum spin liquidsâ€”exotic states of matter that are ideal for the study of the fundamental nature of quantum matterâ€”so experimental observations of quantum spin liquid behaviour are scarce. Jun Zhao and colleagues use inelastic neutron scattering to study a single crystal of YbMgGaO4, which has a perfect triangular lattice. They find a spin excitation continuum across a large region of the Brillouin zone that persists at near-zero temperatures, providing evidence for a quantum spin liquid state with a spinon Fermi surface. The authors suggest that YbMgGaO4 fits the criteria for a perfect spin-1/2 triangular lattice antiferromagnet, as originally proposed by Philip Anderson in 1973.
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