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            Abstract
With the discovery1 of superconductivity at 203 kelvin in H3S, attention returned to conventional superconductors with properties that can be described by the Bardeenâ€“Cooperâ€“Schrieffer and the Migdalâ€“Eliashberg theories. Although these theories predict the possibility of room-temperature superconductivity in metals that have certain favourable propertiesâ€”such as lattice vibrations at high frequenciesâ€”they are not sufficient to guide the design or predict the properties of new superconducting materials. First-principles calculations based on density functional theory have enabled such predictions, and have suggested a new family of superconducting hydrides that possess a clathrate-like structure in which the host atom (calcium, yttrium, lanthanum) is at the centre of a cage formed by hydrogen atoms2,3,4. For LaH10 and YH10, the onset of superconductivity is predicted to occur at critical temperatures between 240 and 320 kelvin at megabar pressures3,4,5,6. Here we report superconductivity with a critical temperature of around 250 kelvin within the \(Fm\bar{{\bf{3}}}m\) structure of LaH10 at a pressure of about 170 gigapascals. This is, to our knowledge, the highest critical temperature that has been confirmed so far in a superconducting material. Superconductivity was evidenced by the observation of zero resistance, an isotope effect, and a decrease in critical temperature under an external magnetic field, which suggested an upper critical magnetic field of about 136 tesla at zero temperature. The increase of around 50 kelvin compared with the previous highest critical temperature1 is an encouraging step towards the goal of achieving room-temperature superconductivity in the near future.
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                    Fig. 1: The observation of superconductivity in LaH10.


Fig. 2: Superconducting transition under an external magnetic field.


Fig. 3: Structural analysis.


Fig. 4: The isotope effect.
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Extended data figures and tables

Extended Data Fig. 1 Characterization of samples synthesized from a mixture of La + H2 (in deficiency) at 150â€“180 GPa that exhibit superconductivity at around 70 K and around 110 K.
a, b, Photographs of sample 9 exhibiting superconductivity with Tc â‰ˆ 108 K after laser heating. Photos are taken in the combined transmittingâ€“reflecting illumination before (a) and after (b) laser heating at around 1,000 K at 152 GPa. After thermal treatment, the size of the sample increased considerably and it started to reflect the incident light. c, Typical integrated X-ray powder patterns for different samples synthesized from lanthanum heated in H2 (in deficiency). We were unable to index the patterns from a complicated mixture of different phases. The black plot corresponds to sample 9 synthesized at 152 GPa with Tc â‰ˆ 108 K. The blue and olive plots correspond to samples 10 and 11 synthesized at 178 GPa (Tc â‰ˆ 112 K) and 150 GPa (Tc â‰ˆ 70 K), respectively. The red plot and red stars indicate the \(Fm\bar{3}m\) phase of LaH3 (two of the samples also contain some LaH3 phase). d, The integrated X-ray powder pattern of sample 10 shown in b measured in the centre of the sample. It indicates an almost pure \(Fm\bar{3}m\) phase of LaH3. Black, red and blue plots correspond to experimental data, fitted data, and the difference between experimental and fitted data, respectively. e, The distribution of the fcc phase of LaH3 in the heated sample 10, shown in b, obtained from mapping the sample with an X-ray focused beam. The brightest part in the centre corresponds to the powder pattern presented in d.


Extended Data Fig. 2 Superconductive transitions occurring in different samples prepared from a mixture of La + H2, when H2 is taken in deficiency.
Resistance was normalized to the value at 300 K for each sample. The unheated sample 10 at 178 GPa (black plot) shows the onset of the superconducting transition at around 70 K, which shifts with a magnetic field of 5 T to about 49 K (red plot). The same superconducting phase (Tc â‰ˆ 70 K; magenta plot) was found in another sample (sample 11) prepared at 150 GPa by laser heating of the La + H2 mixture (in a large deficiency of H2). After subsequent gradual laser heating of the first sample (black plot) up to about 1,500 K, the sample absorbed the rest of the hydrogen, its volume increased, and a new superconductive transition appeared at around 112 K (blue plot). After several heating cycles, only one sharp transition at 112 K remained (green plot). The Tc was determined from the onset of superconductivity, at the intersection of the temperature dependence of resistance in the normal and superconducting states (blue lines in the blue plot).


Extended Data Fig. 3 Superconductivity in sample 12 synthesized at around 160 GPa from a mixture of lanthanum and an excess of H2.
a, b, View of the sample inside the diamond anvil cell with the attached four electrodes at transmission illumination before (a) and after (b) laser heating. As a result of heating, the sample increased considerably in volume and nearly filled the whole sample space, but was still surrounded by hydrogen. c, Superconducting steps shown by the temperature dependence of the resistance at different pressures. The pressure dependence of the onset of superconductivity is shown in the inset: Tc shifts to higher temperatures as the pressure is decreased.


Extended Data Fig. 4 Lanthanum samples heated by a laser in an excess of deuterium.
a, Photograph of the heated LaD11 sample (13) at 139 GPa, taken in transmission illumination mode. b, Superconducting transitions at different pressures (the pressure was determined from the D2 vibron scale29). The inset shows the pressure dependence of Tc measured for different samples (red, black, green and blue points correspond to samples 8, 13, 15 and 16, respectively). The refined crystal structure for red, blue and green points corresponds to the tetragonal P4/nmm lattice and LaD11 stoichiometry.


Extended Data Fig. 5 Superconducting transitions in hydrides synthesized from lanthanum in hydrogen and deuterium atmospheres.
Lanthanum hydrides: Tc â‰ˆ 250 K (sample 1), Tc â‰ˆ 215 K (sample 12), Tc â‰ˆ 110 K (sample 10), Tc â‰ˆ 70 K (sample 11); lanthanum deuterides: Tc â‰ˆ180 K (sample 17), Tc â‰ˆ 165 K (sample 13), Tc â‰ˆ 140 K (sample 8) and Tc â‰ˆ 80 K (sample 14). The thick curves show the R(T) dependences of the samples with fcc-LaH10 and fcc-LaD10 phases.


Extended Data Fig. 6 Superconductivity in lanthanum deuteride with the fcc-LaD10 phase.
a, The X-ray diffraction pattern of sample 17 before laser heating contains fcc-LaD10 as well as hcp-I and hcp-II LaH10 phases, and an unidentified transparent phase. The sample was synthesized at around 120 GPa by heating a piece of lanthanum in a deuterium atmosphere. The temperature dependence of resistance measured at 152 GPa reveals a superconducting transition with Tc â‰ˆ 180 K. b, As a result of successive laser heating to 2,150 K, a considerable amount of the fcc-LaD10 phase transformed into the P4/nmm LaD11 phase, while diffraction patterns from the impurities hcp-I, hcp-II and the unidentified transparent phases remained almost unchanged. c, In accordance with the structural change, a new peak on the R(T) graph appeared at around 140 K. In fact, the shape of the R(T) plot indicates a superconducting transition, as is observed in granular disordered systems (see, for instance, ref. 25). In this case, the onset of superconductivity should be taken at a temperature when the peak starts to developâ€”that is, at 155â€“160 K, as indicated by the arrow. The subtle step at around 187 K on the red curve after laser heating relates to the remains of the fcc-LaD10 phase.


Extended Data Fig. 7 X-ray powder diffraction analysis for sample 18 exhibiting a high Tc of approximately 180 K.
a, Typical integrated X-ray powder diffraction pattern for sample 18 (black curve). The experimental powder pattern is obviously complex; nevertheless, most reflections can be indexed as corresponding to two phases: fcc-LaD10 (red pattern) and hcp-II LaD10 (blue pattern). b, The reflections from the fcc-LaD10 phase are represented as separate spots, indicated by the red circles in the cake representation of the X-ray powder diffraction pattern.
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