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            Abstract
It has long been conjectured that any metallic liquid can be vitrified into a glassy state provided that the cooling rate is sufficiently high1,2,3,4. Experimentally, however, vitrification of single-element metallic liquids is notoriously difficult5. True laboratory demonstration of the formation of monatomic metallic glass has been lacking. Here we report an experimental approach to the vitrification of monatomic metallic liquids by achieving an unprecedentedly high liquid-quenching rate of 1014Â KÂ sâˆ’1. Under such a high cooling rate, melts of pure refractory body-centred cubic (bcc) metals, such as liquid tantalum and vanadium, are successfully vitrified to form metallic glasses suitable for property interrogations. Combining in situ transmission electron microscopy observation and atoms-to-continuum modelling, we investigated the formation condition and thermal stability of the monatomic metallic glasses as obtained. The availability of monatomic metallic glasses, being the simplest glass formers, offers unique possibilities for studying the structure and property relationships of glasses. Our technique also shows great control over the reversible vitrificationâ€“crystallization processes, suggesting its potential in micro-electromechanical applications. The ultrahigh cooling rate, approaching the highest liquid-quenching rate attainable in the experiment, makes it possible to explore the fast kinetics and structural behaviour of supercooled metallic liquids within the nanosecond to picosecond regimes.
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                    Figure 1: Illustration of an ultrafast liquid-quenching approach.[image: ]


Figure 2: Structure and thermal stability of Ta MG.[image: ]


Figure 3: Dynamic vitrification process in liquid Ta revealed by AtC computer simulation.[image: ]


Figure 4: Reversible crystallizationâ€“vitrification phase changes of Ta MG.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Ta nano-tips and Ta MG obtained by liquid quenching.
a, Triangular nano-tips derived by pulling a metal substrate apart. b, High-resolution TEM image of a Ta nano-tip viewed along the ã€ˆ001ã€‰ zone axis with no oxidation layer identified at the surface. c, Controllable size by tuning the electric pulse. A Ta MG with diameter close to 100 nm is obtainable under an electric pulse with voltage above 2 V. d, Tunable aspect ratio by coupling with tensile or compressive stress. A nanowire with an aspect ratio of 4 was formed by applying tensile loading during liquid quenching. The glassâ€“crystal interfaces (GCIs) are indicated by yellow dotted curves.


Extended Data Figure 2 Formation and room-temperature stability of V MG.
a, TEM image of two crystalline V nano-tips in contact with each other. b, Formation of a V MG 75 nm long and 80 nm thick under a 1.2-V, 3.6-ns electric pulse. The V MG as formed was sandwiched by two crystalline substrates with two GCIs (denoted by yellow dotted curves). c, d, Thermal stability of V MG at room temperature. Amorphous V was found stable after relaxation for 6 h (c) and even 56 h (d). To protect V from oxidation, an amorphous carbon layer 5 nm thick was coated on the surface of the V MG. The reduced length of the V MG in d is due to a slight change in the viewing angle. e, High-resolution image of the V MG relaxed for 56 h, showing typical amorphous characteristics. f, Electron diffraction pattern of V MG, showing diffusive amorphous halos and a diffusive background. The bright diffraction spots originate from bcc V because the aperture was not small enough to exclude the neighbouring crystalline V substrate.


Extended Data Figure 3 Formation of Mo MG by ultrafast quenching.
a, TEM image of two contacting Mo nano-tips with a well-defined bcc structure viewed along the ã€ˆ111ã€‰ zone axis (inset in a). b, Formation of Mo MG under the first vitrification pulse. The GCIs are indicated by yellow dotted curves. câ€“e, Growth of the Mo MG under subsequent vitrification pulses. The GCIs moved one step away from each other (denoted by two yellow arrows in b) after the second (c), third (d) and fourth (e) pulse, respectively, resulting in the growth of the Mo MG. The amorphous structure is corroborated by the diffuse halos in the fast Fourier transformation (inset in e).


Extended Data Figure 4 Formation and spontaneous crystallization of W MG.
a, High-resolution TEM image of the original crystalline W nano-tip viewed along the ã€ˆ100ã€‰ zone axis. b, Formation of W MG in the W nano-tip under a vitrification pulse. An atomically rough and diffuse GCI was identified, where the transition zone from amorphous to bcc W was about 1â€“2 nm thick (the region between the two dotted yellow curves). câ€“e, Time-lapse images of spontaneous crystallization of W MG. W MG is unstable at room temperature, undergoing spontaneous crystal growth at the GCI to a well-defined bcc structure.


Extended Data Figure 5 Cooling rate and crystal growth rate estimated by AtC computer simulation.
a, Atomic temperature distribution of a Ta nanowire with dimensions 85 Ã— 40.8 Ã— 13.6 nm3 at time zero when Joule heating is stopped instantly. The 32 Ã— 12 Ã— 6 finite-element meshes were used to simulate the electron temperature field in the TTM. The electron temperature on both sides of the nanowire was kept constant at 300 K. b, Evolution of atomic temperature distribution along the x direction of the Ta nanowire during the cooling process. c, Cooling rate as a function of temperature in liquid Ta (the middle section within 5 nm along the x direction). The highest cooling rate at the initial stage of quenching reaches as high as 1014 K sâˆ’1. d, Crystal growth rate at the LCIs of the (100) (cyan circles) and (110) (orange squares) crystallographic planes, on the basis of classic MD simulation. The simulation details for crystal growth from the melt are similar to those in ref. 47.


Extended Data Figure 6 Glass transition temperature Tg of Ta from MD simulation.
Both the enthalpy change and the volume change as a function of temperature indicate that Tg is close to 1,650 K, which is in good agreement with other theoretical work48.


Extended Data Figure 7 Vitrification of liquid Ta under a heating flux terminated within 0.4 ns by AtC computer simulation.
a, Atomic configuration of the Ta nanowire after Joule heating. A melting zone 35 nm long was formed before quenching (atoms coloured with red). b, An 18-nm region in the middle of the melting zone is vitrified to a glassy state after being quenched to room temperature. c, Cooling rate as a function of temperature in the middle region of the melting zone during quenching. The cooling rate varied between 3 Ã— 1013 K sâˆ’1 at 4,200 K and 1013 K sâˆ’1 at Tg.


Extended Data Figure 8 Electron energy-loss spectroscopy (EELS) spectra of oxygen in Ta.
An oxygen K-edge was identified at about 530 eV energy loss from Ta that had been exposed to air for âˆ¼10 min (red curve). In contrast, no oxygen K-edge was detected in both Ta MG and crystal (cyan curve) when the Ta nano-tips were processed in a helium-protected environment and deoxidized by Joule heating before the liquid-quenching experiment, indicating that the oxygen concentration in the Ta MG was below the detection limit of EELS, which is âˆ¼1,000 p.p.m. in atomic ratio49 (that is, âˆ¼100 p.p.m. in weight percentage).


Extended Data Figure 9 Tensile mechanical test on Ta MG.
(See also Supplementary Video 2.) a, A hybrid Ta nanowire: the left half is Ta MG and the right half is bcc Ta. This hybrid nanowire was fabricated by forming a Ta MG nanowire at first, followed by controlled gradual crystallization to move one of the GCIs (outlined by yellow dotted curves) to the middle of the nanowire. b, Deformation of Ta MG along a major shear band, which began shortly after tensile loading. No plasticity was observed in bcc Ta on the right. The major shear proceeded along âˆ¼52Â° off the tensile loading direction, as denoted by two dark red arrows.


Extended Data Table 1 Purities of the bcc metals studied hereFull size table





Supplementary information
Controlled crystallization under a series of crystallization pulses
Gradual crystallization in a 180 nm long, 85 nm thick Ta MG proceeded by migration of the GCIs (indicated by red arrow heads) a step forward towards each other after each pulse. (MOV 11511 kb)


Tensile mechanical test on Ta MG 
In a half-MG, half-crystal hybrid Ta nanowire, deformation was localized in the MG by a major shear along ~52Â° off the loading direction, which initiated shortly after tensile straining at a rate of 10-3 s-1 while no sign of plasticity was observed in bcc Ta. This movie is played at 8Ã— (see Extended Data Figure 9). (MOV 8489 kb)
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Glass formation in pure metals
If the cooling rate is sufficiently fast, it is thought that any metallic liquid can be frozen into a glassy state, which can in turn yield a solid metal with unusual and potentially useful mechanical properties. In practice, such glass formation is mainly limited to metals composed of two or more elements: the cooling rates required to produce a monatomic metallic glass are usually too high to be achieved experimentally. Li Zhong et al. have found a way around this experimental difficulty. They have developed a nanoscale heating system in which a pulsed electrical current can locally melt the metal (briefly forming a small volume of metallic liquid), which then rapidly loses its heat into the surrounding solid bulk and leaves behind a sample of monatomic metallic glass amenable for study of its structure and properties.
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