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Fig. 1. Surface dynamic characteristics of amorphous materials: Schematics of (a) mobile adatoms on a crystal surface and (b) the

surface mobile layer of an amorphous material®® with movable parts marked in red; (c) surface and bulk diffusion coefficients of

IMC liquid and glass®); (d) surface relaxation rate of amorphous materials as a function of temperaturel®; (e) surface morphology

of amorphous and crystalline alloys under low-energy ion irradiationf*!.
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Fig. 2. Homogeneous structure and devitrification behavior of ultrastable amorphous materials: (a) STEM image of a conventional
amorphous alloyl®; (b) schematic illustration of the devitrification process via collective relaxation in a conventional amorphous
material; (c) STEM image of an ultrastable amorphous alloy%?; (d) schematic illustration of the devitrification process via front
growth in an ultrastable amorphous material; (e) temporal evolution of the thickness of supercooled liquid layer initiated from the

surface in an ultrastable TPD amorphous film during isothermal annealing at T, + 3 K.
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Fig. 3. SE and DSC characterization of ultrastable amorphous materials: (a) Normalized thickness vs. temperature for TPD films

produced by annealing at 298 K for 1 week and by PVD at Ty, = 298 K, measured using SEBZ; (b) enthalpy vs. temperature, cal-

culated from DSC measurements, for TNB and IMC films, produced by PVD, liquid cooling, and annealing/®.
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Fig. 4. Ultrastable amorphous ethylbenzene prepared by
PVD that approaches the ideal glass statel®”.
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Fig. 5. Low-energy excitation of ultrastable amorphous materials: (a) Dielectric relaxation spectra of ultrastable and ordinary

amorphous toluenel®; (b) low-temperature specific heat of ultrastable, ordinary, and crystalline IMCPS; (c) specific heat of

ultrastable and ordinary amorphous TPD after subtracting its value for the crystalline statel®; (d) low-temperature specific heat of

a 110-million-year-old amber!104.
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Fig. 6. Microstructure of ultrastable amorphous TPDI%]: (a) 2D GIWAXS spectra of films deposited at different substrate temper-
atures and prepared by liquid cooling; (b) order parameters measured by GIWAXS and SE vs. substrate temperature; (c) intensity

of layering structure vs. substrate temperature.
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Fig. 10. Schematic illustration of surface-mediated formation of ultrastable amorphous materials at Ty, < T, (bulk), the rod-like

shapes illustrate the preferred orientation of nonspheroidal molecules. The dashed line denotes the position where Tg(local) = Teps

the film can be divided into four possible regions from top to bottom, with the dynamics dominated by: lateral surface diffusion,

equilibrium relaxation, accelerated aging, and kinetically arrested bulk statel2.
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Fig. 11. Schematic illustration of dynamical processes at play during surface-mediated formation of ultrastable amorphous materials

at different Ty, and Ry (a) A representative sketch of the density change wvs. Ty, at a constant deposition rate (Rgep);

(b)~(e) evolution of the dynamic processes within surface region with Ty, and Rge,, dashed line denotes the position where

T,(local) = Ty,
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Fig. 12. Effect of soft substrates on ultrastable amorphous materials®: (a) Relative density as a function of substrate temperature

and deposition rate for films deposited on silicon substrates and soft PDMS substrates; (b) relative density of PVD films vs. elastic
modulus of PDMS substrates; (¢) 2D GIWAXS spectrum of the film deposited on silicon substrate; (d) 2D GIWAXS spectrum of

the film deposited on soft PDMS substrate.
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SPECIAL TOPIC—Order tuning in disordered alloys

Atomic-level fabrication empowering amorphous materials
to approach performance limits”
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Abstract

Amorphous materials avoid the inherent sensitivity to defects in traditional crystalline materials due to
their cross-scale structural uniformity. Therefore, they have irreplaceable and important applications in many
advanced technical fields. However, due to their thermodynamically non-equilibrium nature, amorphous
materials experience structural relaxation towards equilibrium, leading to performance degradation or even
failure during use. Additionally, the complex and disordered structure of amorphous materials results in low-
energy excitation, such as boson peaks and tunneling two-level systems, which can cause internal friction and
thermal noise in the materials. These factors significantly limit their performance in advanced technical
applications. Therefore, effectively improving the stability of amorphous materials and suppressing low-energy
excitation are key steps towards breaking through their performance limits. Recent studies have shown that
atomic-level fabrication based on enhanced surface dynamics can successfully produce ultrastable amorphous
materials, achieving unprecedented control over their microstructure, stability, and low-energy excitation, far
exceeding the level achievable by traditional methods. The exceptional advantages of ultrastable amorphous
materials endow them with significant application potential in advanced domains such as gravitational wave
detection. This article delves into the underlying mechanisms of atomic-level fabrication for amorphous
materials, highlighting their structural features and superior performances compared with traditional amorphous
materials, and it also outlines future research directions and development trends of atomic-level fabrication in
this field.

Keywords: amorphous materials, glass, stability, atomic-level fabrication
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