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            Abstract
Hydrogen has been an essential element in the development of atomic, molecular and condensed matter physics1. It is predicted that hydrogen should have a metal state2; however, understanding the properties of dense hydrogen has been more complex than originally thought, because under extreme conditions the electrons and protons are strongly coupled to each other and ultimately must both be treated as quantum particles3,4. Therefore, how and when molecular solid hydrogen may transform into a metal is an open question. Although the quest for metal hydrogen has pushed major developments in modern experimental high-pressure physics, the various claims of its observation remain unconfirmed5,6,7. Here a discontinuous change of the direct bandgap of hydrogen, from 0.6Â electronvolts to below 0.1Â electronvolts, is observed near 425Â gigapascals. This result is most probably associated with the formation of the metallic state because the nucleus zero-point energyÂ is larger than this lowest bandgap value. Pressures above 400Â gigapascals are achieved with the recently developed toroidal diamond anvil cell8, and the structural changes and electronic properties of dense solid hydrogen at 80Â kelvin are probed using synchrotron infrared absorption spectroscopy. The continuous downward shifts of the vibron wavenumber and the direct bandgap with increased pressure point to the stability of phase-III hydrogen up to 425Â gigapascals. The present data suggest that metallization of hydrogen proceeds within the molecular solid, in good agreement with previous calculations that capture many-body electronic correlations9.
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                    Fig. 1: A selection of measurements over the investigated pressure range.[image: ]


Fig. 2: Discontinuous pressure evolution in the infrared absorption and probable signature of metal hydrogen.[image: ]


Fig. 3: Evolution of the molecular solid hydrogen properties up to the insulatorâ€“metal transition: comparison between experiment and calculations.[image: ]


Fig. 4: Low-temperature phase diagram of solid hydrogen.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Infrared spectra below 350Â GPa.
a, Single-beam spectrum at 123Â GPa, used as the reference spectrum for the absorption spectra. The three red stars indicate parasitic effects corresponding to, from right to left, absorption peaks of impurities around 2,800Â cmâˆ’1, a broad absorption band from the diamond (1,900â€“2,300Â cmâˆ’1), and a broad absorption around 1,200Â cmâˆ’1 from the protected layers of the aluminium mirrors of the beamline. b, Single-beam spectra, after intensity normalization (peak-to-peak value of their respective interferogram before Fourier transform). IR, infrared.


Extended Data Fig. 2 Infrared spectra above 350Â GPa with pressure increase and pressure decrease.
a, b, These spectra show a zeroing at high wavenumbers, progressing towards low wavenumber values with pressure increase (a) and reversibly, to the opposite direction upon pressure release (b).


Extended Data Fig. 3 Infrared vibron and phonon wavenumbers versus pressure.
a, The symbols indicate: red, pressure increase; blue, pressure decrease; and black, previous work performed using standard diamond anvil cells. The filled dots indicate the pressure measured by the diamond pressure scale and the open symbols are the position according to the linear vibron shift as a function of pressure. Inset, infrared spectrum at 406Â GPa, in arbitrary absorbance units, with the vibron peak indicated by a red star. The linear fit of the vibron wavenumber with pressure is given by: Ï…vibronÂ [cmâˆ’1]Â = 4,814Â âˆ’ 2.48PÂ [GPa] and that of the phonon wavenumber by: Ï…phononÂ [cmâˆ’1]Â = 1,163Â + 2.69PÂ [GPa]. b, FWHM of the vibron peak versus its wavenumber, Ï…vibron. The increase in the vibron linewidth with pressure remains well below the dissociation limit value, given by FWHMÂ =Â E/2Ï€, with EÂ =Â hÏ…vibron the vibron energy and where h is the Planck constant. This limit is estimated by assuming that the lifetime of the vibron state (inferred by assuming it is the only contribution to the line broadening) is equal to the vibration period.


Extended Data Fig. 4 Infrared vibron wavenumber versus pressure.
The present data (black dots), and their linear fit (red dashed line) are compared to the linear fits of previous measurements7,43 up to 360Â GPa.Â Pressure uncertainty isÂ Â±10 GPa.


Extended Data Fig. 5 Hydrogen equation of state and evolution of the direct electronic bandgap versus density.
a, Equation of state of solid hydrogen around 80Â K. The black dots are neutron diffraction measurements39. The blue dots are our unpublished X-ray diffraction data obtained at the European Synchrotron Radiation Facility; the pressure scale is based on the revised ruby scale40. The red line is the fit of the experimental data by a Vinet form41: PÂ =Â 3K0(1Â âˆ’ X)Xâˆ’2exp[3/2(K0â€²Â âˆ’ 1)(1Â âˆ’ X)], with XÂ =Â (V/V0)1/3, K0Â =Â 0.191Â GPa, K0â€²Â =Â 7.039 (where K0â€²Â =Â dK0/dP), and V0Â =Â 23Â cm3Â molâˆ’1. The present equation of state is in good agreement with that measured previously42. Inset, the Vinet form can be reformulated in terms of expressions analogous to normalized stress, ln[H(X)]Â =Â ln[PX2/3(1Â âˆ’Â X)], and Eulerian strain, (1Â âˆ’Â X). This gives: ln[H(X)]Â =Â lnK0Â + 3/2(K0â€²Â âˆ’Â 1)(1Â âˆ’Â X). The linear fit of the data is shown. b, Evolution of the direct bandgap of solid hydrogen with density, for pressure increase (red), pressure decrease (blue) and from a previous study in the visible range18 (green). The vertical rectangles indicate the maximum 0.14-eV underestimation of the bandgap owing to the limited absorbance value of 2 that could be measured.Â The density uncertainties (Â±0.007 H2 mole cmâˆ’3)Â  are obtained by propagating theÂ Â±10 GPa pressureÂ uncertainties.


Extended Data Fig. 6 Geometry of the toroidal shape.
a, Scanning electron micrograph of the anvil. b, Profile of the toroidal diamond tip measured by interferometry. c, Scanning electron microscope image of the toroidal anvil recovered after pressure release. The toroidal part of the anvil is intact. Ring cracks are seen on the bevel of the anvil, at a diameter of about 150Â Î¼m.


Extended Data Fig. 7 Comparison of the original35 and revised36 Akahama diamond pressure scales for two measurements.
The two scales deviate above 300Â GPa. a, Sample pressureâ€“load curve. The force on the piston of the T-DAC is linearly related to the helium gas pressure inflating the membrane, FÂ [kN]Â = 0.05Â Ã—Â PmÂ [bar]. The revised scale (orange) gives a convex evolution above 300Â GPa that is mechanically incorrect. b, Infrared H2 vibron wavenumber versus pressure. Above 300Â GPa, using the original scale (red), the shift is linear, in agreement with the calculated trend in phase III22,25; however, using the revised scale (dots and orange line), a sublinear shift is observed.Â The error bars in the pressure measurements (Â±10 GPa) arise from the random uncertainties originating from the positional accuracy of the sample and the stress field at the diamond anvil tip.


Extended Data Fig. 8 Experimental setup on the horizontal infrared microscope at the SMIS beamline of the SOLEIL synchrotron.
a, The Lâ€“N2 flow cryostat containing the T-DAC sits between the two Schwarzschild objectives for infrared transmission measurements. In the Raman configuration, one of the Schwarzschild objectives is swapped by the Raman head. Both configurations are reproducibly recovered within about 2Â Î¼m, because they are mounted on a precise, long-travel translation stage. b, Raw spectra recorded through two calibrated gasket holes 6Â Î¼m and 3Â Î¼m in diameter, made by focused ion beam machining in a rhenium gasket, and positioned between the two diamond anvils of the T-DAC. The spectra were recorded with a resolution of 4Â cmâˆ’1 and after 400Â accumulations.


Extended Data Table 1 Infrared vibron wavenumber, direct bandgap and corresponding pressureFull size table





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Loubeyre, P., Occelli, F. & Dumas, P. Synchrotron infrared spectroscopic evidence of the probable transition to metal hydrogen.
                    Nature 577, 631â€“635 (2020). https://doi.org/10.1038/s41586-019-1927-3
Download citation
	Received: 12 April 2019

	Accepted: 26 November 2019

	Published: 29 January 2020

	Issue Date: 30 January 2020

	DOI: https://doi.org/10.1038/s41586-019-1927-3


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Imaging the Meissner effect in hydride superconductors using quantum sensors
                                    
                                

                            
                                
                                    	P. Bhattacharyya
	W. Chen
	N. Y. Yao


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        Prediction of ambient pressure conventional superconductivity above 80 K in hydride compounds
                                    
                                

                            
                                
                                    	Antonio Sanna
	Tiago F. T. Cerqueira
	Miguel A. L. Marques


                                
                                npj Computational Materials (2024)

                            
	
                            
                                
                                    
                                        Born effective charges and vibrational spectra in superconducting and bad conducting metals
                                    
                                

                            
                                
                                    	Guglielmo Marchese
	Francesco Macheda
	Francesco Mauri


                                
                                Nature Physics (2024)

                            
	
                            
                                
                                    
                                        RETRACTED ARTICLE: Evidence of near-ambient superconductivity in a N-doped lutetium hydride
                                    
                                

                            
                                
                                    	Nathan Dasenbrock-Gammon
	Elliot Snider
	Ranga P. Dias


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Materials under extreme conditions using large X-ray facilities
                                    
                                

                            
                                
                                    	Sakura Pascarelli
	Malcolm McMahon
	Paul Loubeyre


                                
                                Nature Reviews Methods Primers (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    Science at Extreme Pressures
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    A milestone in the hunt for metallic hydrogen
                

                
	Serge Desgreniers



                
    
        
            Nature
        
        News & Views
        
        
            29 Jan 2020
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
