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Abstract:  Pressure-induced phase transformations (PTs) in Si, the most important electronic 

material, have been broadly studied. However, strain-induced PTs in Si were never studied in situ. 

Here, we revealed in situ various important plastic strain-induced PT phenomena. A correlation 

between the particle size's direct and inverse Hall-Petch effect on yield strength and pressure for 

strain-induced PT is found. For 100 nm particles, strain-induced PT Si-I³Si-II initiates at 0.3 GPa 

versus 16.2 GPa under hydrostatic conditions; Si-I³Si-III PT starts at 0.6 GPa and does not occur 

under hydrostatic pressure. Pressure in small Si-II and Si-III regions is ~5-7 GPa higher than in 

Si-I. Retaining Si-II and single-phase Si-III at ambient pressure and obtaining reverse Si-II³Si-I 

PT demonstrates the possibilities of manipulating different synthetic paths. The obtained results 

corroborate the elaborated dislocation pileup-based mechanism and have numerous applications 

for developing economic defect-induced synthesis of nanostructured materials, surface treatment 

(polishing, turning, etc.), and friction. 

Introduction 

Silicon is the most important semiconducting element due to its extensive applications in 

microelectronics, integrated circuits, photovoltaics, micro, and nano-electromechanical systems 

(MEMS/NEMS) technologies, etc1,2. Polycrystalline Si is widely used in solar panels, thin 

transistors, and large-scale integration manufacturing3. When the Si crystals or grains are scaled 
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down to nanometer size, they show outstanding electronic, mechanical, thermoelectric, and optical 

properties4-8. Si possesses numerous high-pressure polymorphs, seven of which (Fig. 1) will be 

studied here under slow compression/torsion/decompression at room temperature. In addition to 

the ambient semiconducting Si-I phase, the other metastable Si-III, Si-IV, and Si-XII phases are 

promising candidates for engineering applications owing to their interesting electronic and optical 

properties. However, their synthesis requires high pressure/temperature, especially in single-phase 

form. Recently, single-phase Si-III was synthesized from Si-I at 14 GPa and >900 K and 

quenching over 3 days or through a chemical pathway in a Na-Si mixture at 9.5 GPa and ~1000 

K9. Similar studies reveal that Si-III is an ultranarrow band gap semiconductor (band gap, Eg~30 

eV) with much lower thermal conductivity compared with Si-I and is found to be potential for 

infrared plasmonic applications10. Si-IV can be obtained from Si-III by annealing. High-pressure 

torsion (i.e., large plastic shear under pressure) processing of Si at 24 GPa and 10 anvil rotations 

was used to obtain nanostructured metastable Si-III and Si-XII phases11,12. These pressures are too 

high for industrial applications; we will show that we can drastically reduce them by plastic 

straining of nanograined Si-I.  

The in-situ hydrostatic13-17, uniaxial7,18-20, and indentation studies of Si17,21,22, including 

nanoindentation, nanospheres, and micropillars, under compression-decompression, are very 

extensive. However, many processes 3 like friction, machining, dicing, lapping, scribing, and 

polishing of Si wafers and polycrystals, and producing nanostructured Si phases are accompanied 

by large plastic shear, which may strongly alter the PT pressures23-28. As formulated in23, there is 

a fundamental difference between PTs under hydrostatic and non-hydrostatic compression below 

the yield (pressure- and stress-induced PTs) and PTs during plastic flow (strain-induced PTs). The 

pressure-induced PTs are initiated by nucleation at the pre-existing defects, like dislocations or 

grain boundaries, which produce a concentration of all stress tensor components. In contrast, the 

plastic strain-induced PTs occur at new defects constantly generated during the plastic flow. 

Plastic strain-induced PTs may occur at much lower pressure, follow strain-controlled (instead of 

time-controlled) kinetics, and provide new avenues to explore hidden phases, which cannot be 

obtained under hydrostatic compression23-28. The plastic strain-induced PTs require completely 

different experimental characterization and thermodynamic and kinetic descriptions. The only 

existing mechanism for a strong reduction of the PT pressure is based on the barrierless nucleation 

at the dislocation pileups23, i.e., the dislocation pileup-based mechanism (DPBM). Indeed, the 
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concentration of all stress components is proportional to the number of dislocations N in a pileup29; 

since N can be large, from 10 to 100, local stresses may also be very large. However, as we will 

show below, this model predicts wrong grain-size dependence of the minimum PT pressure (Fig. 

2). The entire field of strain-induced PT under high pressure is still in its infancy, with the only in 

situ study for ³-Ë PT in Zr28.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Silicon phases obtained during hydrostatic loading and slow unloading for bulk Si 

[14,17]. Designations, types of lattices, and symmetry groups are shown on the top. The pressure 

range of stability of phases, number of atoms per formula unit (Z), and lattice parameters are given 

at the bottom. 

 

While there are hundreds of publications on PTs in Si under quasi-hydrostatic conditions 

in a diamond anvil cell (DAC) and nanoindentation, only one quite old work on PTs under 

compression and shear in rotational DAC (RDAC)24,30, utilizing only optical and electric resistivity 

measurements, without in-situ x-ray diffraction (XRD), wherein the authors claim a PT sequence, 

Si-I³III³II. Later31, using a TEM study, it was found that Si-I³IV³III occur at 2-4 GPa and Si-

I³III³II at higher pressure. These claims contradict our in-situ synchrotron XRD results in Fig. 

3. Also, it is known that particle/grain size reduction increases the PT pressure for pressure-

induced PTs32; however, there are no similar studies for strain-induced PTs for any material.  

    The fundamental problem for Si (and any other material) is: what is the PT behavior of 

Si under severe plastic deformations? Is it possible to drastically reduce the PT pressure, 
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manipulate PT pathways, retain desired phases, find some rules/correlations, and shed light on 

possible physical mechanisms? Here, we present in-situ synchrotron XRD studies of various 

plastic strain-induced PTs in Si with three different particle sizes, ~1 µm, 100 nm, and 30 nm, 

compared with pressure-induced PTs, and reveal several unexpected phenomena and 

transformation paths. Based on the elaborated DPBM, we predicted with a simple qualitative 

analytical model and confirmed for Si-I³Si-II PT correlation between the observed 

particle/crystallite size dependence of the minimum pressure for strain-induced PT and the grain 

size's direct and inverse Hall-Petch effect on the yield strength. This is the only known correlation 

between two different phenomena. For 100 nm and micron Si, pressure in small Si-II regions is by 

~5-7 GPa higher than in Si-I, while for pressure-induced PT, it is by 2.7 GPa lower due to a 22% 

volume reduction. For 30 nm Si, the increase is 1.6 GPa only, consistent with reduced dislocation 

activity in the region of the inverse Hall-Petch effect and increased PT pressure. All these strongly 

support stress concentration due to DPBM. For 100 nm Si, the minimum pressure for strain-

induced PT Si-I³Si-II is ýÿý = 0.3 GPa, 54 times lower than ý/ý = 16.2 GPa under hydrostatic 

conditions. It is found to be the same for compression in DAC and torsion in RDAC, i.e., it is 

independent of the plastic strain tensor and its path, which is a very unexpected fundamental result. 

It allows studying strain-induced PTs not only in RDAC, i.e., just by a few dozen groups 

worldwide, but also in ordinary DAC, i.e., in each high-pressure laboratory. The strain-induced 

PT Si-I³Si-III initiates at 0.6 GPa for 100 nm Si, and PT Si-I³Si-II starts at 4.9 GPa for 30 nm 

Si, but both do not occur under hydrostatic loading for these particles. Drastic reduction of PT 

pressure by plastic straining, in addition to supporting DPBM and underlying theory, may 

transform the discovery of high-pressure phases of Si and other materials into new economic 

technologies of their synthesis. Also, Si-II is retained at ambient pressure, and reverse Si-II³Si-I 

PT is obtained after plastic strain-induced direct transformation during unloading and holding at 

ambient pressure; these were never achieved before. For 100 nm Si, under torsion, a new sequence 

of PT Si-I³I+II³I+II+III is observed, and the coexistence of four phases, Si-I, II, III, and XI, is 

found. In addition, single-phase nano-Si-III and nanocomposite of two semiconducting phases Si-

I+III were recovered after plastic deformation of 100 nm Si. All the above results demonstrate 

drastic differences between pressure-induced and strain-induced PTs and the possibility of 

manipulating transformation paths and developing new scientific and applied fields of defect-
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induced material synthesis. Various other potential fundamental and technological applications are 

analyzed below.  

Results  

Qualitative theoretical predictions for correlation between the particle/crystallite size's 

direct and inverse Hall-Petch effects on yield strength and pressure for strain-induced PT. It 

is corroborated in our analytical model23 and phase-field simulations33,34 that plastic strain-induced 

PT occurs by nucleation at the tip of a dislocation pileup as the strongest possible stress 

concentrator (DPBM). However, analytical theory23 gives the wrong prediction on the grain-size 

dependence of the PT pressure. According to the classical Eshelby model29, all components of the  

  

  

   

   

    

 

  

  

 

 

 

 

 

 

 

 

 

Fig. 2. Particle-size dependence of phase transformation pressure, crystallite size effect vs. 

pressure, and synthesis of single-phase Si-III. (a) Experimental results on particle-size 

dependence of the minimum Si-I³Si-II PT pressure under plastic straining and hydrostatic 

loading, and a schematic of particle-size dependence of the yield strength according to direct and 

inverse Hall-Petch effects. Numbers in parentheses are crystallite sizes at the initiation of the PT. 



6 

 

The lines are drawn to guide the eye. The correlation between the particle size's direct and inverse 

Hall-Petch effects on the yield strength and the pressure for strain-induced PT is observed in 

accordance with the revisited DPBM. (b) The crystallite size vs. average pressure in I, II, XI, and 

V phases of Si for micron, 100 nm, and 30 nm particles are shown as square, circle, and triangle 

symbols, respectively. The error bar is excluded from all the figures if it overlaps with the symbols.  

(c) High-pressure synthesis of single-phase Si-III after compression in a DAC and released to the 

ambient from 11.6 GPa and r = 70 µm. Pure Si-III is observed at 1.8 GPa and is metastable at 10-

4 GPa. The average pressure, and pressure in each phase are shown on the leftmost and rightmost 

side of the figure, respectively; the same in all other figures. A downward arrow on the right shows 

pressure release. (d) The XRD patterns of nano Si-III along the sample radius with 10 µm step size 

at 10-4 GPa. Pure Si-III is observed in the entire region r f 90 µm. 

 

stress tensor, Ã, at the tip of edge dislocation pileup, are Ã~Çl, where Ç is the applied shear stress 

limited by the yield strength in shear ÿÿ, l is the length of the dislocation pileup. Since l is 

traditionally limited by the fraction of the grain size d (e.g., l = 0.5d), the main conclusion in23 was 

that the greater the grain size, the stronger the stress concentration and, consequently, the reduction 

in PT pressure. However, this is opposite to what we found in experiments, e.g., for ³-Ë PT in 

Zr28. To eliminate this contradiction, we will utilize results of our phase-field33,34, molecular 

dynamics35, and concurrent atomistic-continuum simulations36. 

 In contrast to the analytical solution utilized in23, l is not related to the grain size since most 

dislocations are localized at the grain boundary, producing a step (superdislocation) (Extended 

data Fig. 1), with effective length l = Nb<<d, where b is the magnitude of the Burgers vector. 

Then we can use the stress field of a superdislocation, i.e., Ã~¿Nb/r, where ¿ is the shear modulus, 

and r is the distance from the midpoint of a pileup. The number of dislocations equilibrated in a 

superdislocation in the first approximation, N~ÿ = ÿÿ (see36,37), i.e., Ã~¿ÿÿb/r. At the same time, ÿÿ increases with the decrease in d according to the Hall-Petch relationship38, ÿÿ = ÿ0 + ýý20.5, 

where ÿ0 and k are material parameters (Fig. 2a). Thus, Ã~ ¿ (ÿ0 + ýý20.5)ÿ/ÿ. That is why the 

stress concentration increases and ýÿý  decreases with decreasing grain size. This prediction is 

counterintuitive because, under hydrostatic conditions, the PT pressure increases with the grain 

size reduction32,39, which we also confirm in Fig. 2a. However, for very small grain sizes, the above 

reasoning is not valid because the yield strength decreases with a further grain size reduction (the 
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inverse Hall-Petch effect, Fig. 2a), and grain boundary sliding competes with the dislocation pileup 

formation. Then based on equation Ã~¿Nb/r and decreasing N with decreasing grain size, we 

conclude that the stress concentration decreases and ýÿý  increases with decreasing grain size in the 

range of validity of the inverse Hall-Petch effect. These qualitative predictions, including 

crossover in PT pressure with decreasing grain size, will be confirmed below experimentally (Fig. 

2b), along with many other results. 

 
Experimental results 

 

A summary of observed experimental results for hydrostatic loading, plastic compression in DAC, 

and torsion in RDAC for the three types of Si particles are presented in Fig. 3. Numerous 

breakthrough results, which have never been reported in the literature, have been obtained in Figs. 

2-6 and are discussed below.  

   

  

  

  

 

    

   

  

 

 

 

 

 

 

 

 

Fig. 3. Summary of a sequence of PTs in Si with different particle sizes under hydrostatic and 
non-hydrostatic (plastic) compressions and torsion inside RDAC. The initiation of phase  
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transformation pressures and anvil rotation angles (for RDAC) are shown above the arrows; the 

distance from the center of a sample is indicated below the arrows. The pressures shown above the 

arrow are the average pressures in the phase mixtures. The 0 GPa represents the unloading of Si 

to ambient pressure. The PTM and gasket types used in the experiment are shown on the right side 

of the figure. The key results are highlighted in yellow color. All loading paths and names of 

experiments are shown in Supplementary Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Plastic strain-induced PTs in the micron (a, b) and 100 nm (c, d) Si under non-
hydrostatic compression with smooth diamonds. (a) XRD of micron-size silicon at various 

pressures under non-hydrostatic compression at r = 8 ¿m from the sample center (r = 0). The Si-

II is observed at 3.3 GPa at r = 0 and 2.6 GPa close to the gasket (Extended data Fig. 10a, b). The 

arrow indicates the evolution of the (200) peak of the Si-II. The large pressure values of the Si-II 

compared to Si-I are shown in bold symbols. (b) Volume/Z vs. average pressure for micron Si at r 

= 8 µm. (c) XRD patterns of 100 nm Si at various pressures at r = 0 µm. The arrow at 1.3 GPa 
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represents the initiation of the Si-II phase. The indexing of Si-I, Si-II, Si-XI, and Si-V phases of 

micron and 100 nm Si are provided in the Extended Data Figs. 5 and 6. (d) Volume/Z vs. average 

pressure for 100 nm Si. 

 

For 100 nm Si, plastic straining reduces Si-I³Si-II PT pressure from ý/ý = 16.2 GPa to ýÿý  = 0.3 GPa, i.e., by 54 times (Figs. 2a, 3, 6b and Extended Data Fig. 18) ! This is also 35 times 

below the phase equilibrium pressure pe = 10.5 GPa. A slightly larger PT initiation pressure (0.6 

GPa) for Si-I³Si-II PT in 100 nm under plastic compression compared with RDAC-Run1 (0.3 

GPa) suggests that the sample is not packed well during sample loading (Fig. 3). For micron-Si, 

the pressure reduction for this PT is from 13.5 to 2.6 GPa, by a factor of 5.2; for 30 nm particles, 

it is from > (since Si-II does not appear) to 4.9 GPa (Figs. 2a, 3-5 and Extended Data Fig. 15). 

Under shear, the Si-I³III PT initiates at 0.6 GPa for 100 nm Si (Extended data Fig. 12a), and PT 

Si-I³Si-II starts at 4.9 GPa for 30 nm Si (Extended data Fig. 15), but both do not occur under 

hydrostatic loading for these particles. For 30 nm Si, Si-I³Si-II PT initiates between 5 and 6.6 

GPa at r = 0 µm. Without shear, the Si-I³Si-III PT initiation pressure elevates to 6.7 GPa under 

plastic compression in DAC (Extended data Fig. 9). The maximum phase fraction of Si-III for 100 

nm Si is just 1% in DAC, whereas it is 6% in RDAC. Shear strains not only drastically reduce the 

initiation of Si-I³Si-III PT pressure but also promote the evolution of the Si-III phase. Figs. 2c, d 

show a completely different and much more economic PT pathway than in9,10 to single-phase Si-

III by unloading from 11.6 GPa within minutes at r = 70 µm and in the entire region r f 90 µm, 

namely, Si-II+XI³Si-I+II+III³III and, which is contrary to the traditional Si-III synthetic path, 

Si-II³XII³III PT. We also noticed a traditional synthetic path along the sample diameter in some 

regions. For 100 nm Si, under torsion, PT occurs in the new sequence, Si-I³I+II³I+II+III (Figs. 

3, 6a-c and Supplementary Tables 2-7), in contrast to different PT sequences suggested in24,30,31 

not supported by the in-situ XRD study. Nanocomposite of two semiconducting phases Si-I+Si-

III in 100 nm Si, which may have valuable material properties, is retained after unloading from 4.7 

GPa and rotation by 101.3° (Extended Data Fig. 14b). The coexistence of four Si phases, Si-I, II, 

III, and XI, is found for the first time (Extended data Fig. 13). 

The effect of plastic strain is much weaker for the appearance of Si-XI: while for micron 

and 100 nm particles, Si-XI appears simultaneously with Si-II under hydrostatic loading, ýÿý for 
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Si-XI is by 7.8 and 9.6 GPa larger than for Si-II with plastic straining (Figs. 3, 4, 6 and 

Supplementary Table 2). Thus, plastic straining can be used to separate phases, which is not known 

  

 

 

 

 

  

   

 

 

   

   

 

 

 

 

 

 

Fig. 5. Plastic strain-induced PTs under nonhydrostatic compression in 30 nm Si at the 

sample center and phase fraction vs. pressure in micron, 100 nm, and 30 nm Si. (a) High-

pressure XRD patterns of 30 nm Si at various pressures with smooth diamonds and Cu gasket. The 

Si-II was initiated at 6.6 GPa at r = 0 µm and 4.9 GPa at r = 30 µm (Extended Data Fig. 15). (b) 

Volume/Z vs. average pressure for 30 nm Si. (c) Phase fractions vs. average pressure for the micron 

Si and 100 nm Si. (d) Phase fractions vs. average pressure for the 30 nm Si.  

 

for any material. For 30 nm Si, PT pressure for the appearance of Si-XI reduces from 14.6 to 10.4 

GPa (Figs. 3, 5a, b, d). The effect of plastic strain on the appearance of Si-V is weaker than for Si-

II and Si-XI (Figs. 2b, 3-6). 

  Our theoretical predictions on grain size dependence of ýÿý are confirmed for the 

appearance of Si-II, i.e., there is a decrease in ýÿý from micron to 100 nm particles and then an 
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increase for 30 nm particles (Figs. 2a, 3-6, Supplementary Tables 2-7). Compressed particles 

produce high-angle grain boundaries, representing the strongest obstacle for the dislocation pileup. 

 

  

 

   

 

 

 

  

  

 

 

 

 

 

 

 

 

 

Fig. 6. Plastic strain-induced PTs in 100 nm Si with torsion inside the RDAC. (a) XRD patterns 

of 100 nm Si within Cu gasket at various pressures and anvil rotations with smooth diamonds at r 

= 0 µm. The torsion is applied at 3.4 GPa and 6.1 GPa at r = 0 µm. The red and violet arrows 

represent the evolution of (200) and (211) peaks of the Si-II and Si-III phases, respectively. The 

indexing of Si-I, Si-II, and Si-XI phases are provided in the Extended data Fig. 7 and Extended 

Data Fig. 12b. (b) Initiation of Si-I³Si-II PT at 0.3 GPa, r = 70 µm and shear, 5°. The Si-I, Si-II, 

and Si-III phases coexist at 3.4 GPa, r = 0 µm, and shear, 0°. The same PT initiation pressure is 

obtained at r = 60 µm (1.1 GPa at r = 0), which is provided in the Extended Data Fig. 18. (c) XRD 

patterns of 100 nm Si at various pressures and torsions with rough diamonds and the S.S. gasket. 

The Si-II is initiated at 2.2 GPa at r = 0 and 1.6 GPa at r = 30 µm (Fig. 3). The piston side diamond 

anvil was rotated continuously up to 101.3° at 1 rotation per hour. (d) XRD patterns of 100 nm Si 
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for selected pressures and torsions with rough diamonds at r = 0 with S. S. gasket. The sample was 

pressurized up to 0.8 GPa, and the shear was applied by continuously rotating one of the anvils up 

to 16.8° at 1 rotation hour per. The Si-II was initiated at 6.4 GPa at r = 0 and 3.5 GPa at r = 50 

µm. The pressure was released to ambient from 6.5 GPa and Si-I+II mixture. Si-II was retained at 

ambient conditions. Since the phase fraction of Si-II significantly reduces during the pressure 

release, the reverse Si-II³Si-I PT was also observed.  

 

Each particle possesses an internal grain/crystallite structure; the evolution of the crystallite size 

in different phases and particle sizes is presented in Fig. 2b. Since larger particle size corresponds 

to larger crystallite size at the initiation of PT, correlation in Fig. 2a can be presented in terms of 

the crystallite size as well. This is the only known and nontrivial correlation between strain-

induced PTs and plasticity, which also supports the DPBM. Many more experiments are required 

to separate the effect of the particle and crystallite sizes. For the next PTs, to Si-XI and V, such 

correlation is not expected because PT occurs in a mixture of phases instead of a single phase, and 

phase interfaces may serve as additional obstacles for dislocation pileups; for 100 and 30 nm Si, 

the crystallite sizes are getting close or smaller than 20 nm and may determine material response. 

With increasing pressure, plastic strain and the crystallites' misorientation increase, making them 

a stronger obstacle for dislocation pileups and increasing their contribution to the size effect for 

PTs. 

For PT I³II, ýÿý= 0.3 GPa in 100 nm Si is the same for compression before torsion (Fig. 3 

and Extended Data Fig. 18) and with torsion (Fig. 6b) in RDAC. Since the plastic strain tensor and 

its path are quite different for compression and torsion, this means that ýÿý is independent of the 

plastic strain tensor and its path. Generally, rules of plastic flow and any related phenomena (PTs, 

defect generation, and grain size evolution) depend on the plastic strain tensor and its entire path, 

making numerous combinations of governing parameters. We obtained similar independence 

previously for ³-Ë PT in Zr28,33, i.e., this may be a general rule for different classes of materials. 

This rule reveals that the physics of strain-induced PTs under compression in DAC and torsion in 

RDAC do not differ fundamentally, and strain-induced PTs can also be studied in DAC. Of course, 

RDAC has a strong advantage in allowing various controllable pressure-shear loading programs, 

particularly at constant pressure, close to ýÿý, whereas, in DAC, pressure significantly grows during 

compression. This is crucial for initiating and completing the desired PTs at low pressure. 
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Under the plastic shear of 100 nm Si in RDAC, Si-III initiates at 0.6 GPa, while it does not 

appear under hydrostatic compression (Figs. 3 and Extended Data Fig. 12a)39. Similarly, for 30 

nm Si, PT Si-I³Si-II starts at 4.9 GPa, but it does not occur under hydrostatic loading. These are 

two more examples of a drastic reduction in PT pressure for Si, which supports DPBM. 

However, the most important result to support DPBM is that under plastic straining of 100 

nm Si, pressure in small Si-II regions is ~5-7 GPa higher than in Si-I (Figs. 4c, 6a, b, c and 

Supplementary Tables 5, 6), while for pressure-induced PT, it is by 2.7 GPa lower due to 22% 

volume reduction14,39 (Supplementary Table 12). Such high pressures in Si-II can be caused by 

strong stress concentrators due to dislocation pileup only, in agreement with our phase-field 

simulations33,34. Indeed, for 30 nm Si, the difference is 1.4 GPa only (Fig. 5a), consistent with 

reduced dislocation activity in the region of the inverse Hall-Petch effect and increased PT 

pressure. With increasing pressure, the phase fraction c of Si-II for 100 nm Si, the difference in 

pressure between Si-I and Si-II reduces because the pressure in Si-II remains at 8-9 GPa for 100 

nm Si. This is still much lower than ý/ý =16.2 GPa; the remaining part of the local thermodynamic 

driving force comes from the work of nonhydrostatic stresses on deviatoric transformation strains 

(see33,34 and Supplementary Discussion Sections III, IV). A similar difference in pressure in Si-I 

and Si-II is observed in micron Si (Fig. 4a) and in Si-I and Si-III in 100 nm Si (Extended Data 

Figs. 7, 9, 12 and Supplementary Tables 5, 6).  

One of the longstanding puzzles in Si is stabilizing the high-pressure Si-II phase at ambient 

conditions for potential engineering applications. In DAC experiments, Si-II was not retained at 

ambient conditions, even though the first-principle simulations40,41 show the metastability of Si-II. 

Based on obtained experimental results and multiscale simulations27, we were able to design a 

low-pressure compression-torsion loading path for 100 nm Si utilizing stainless steel and Cu 

gaskets and rough diamonds; we could retain a small amount of Si-II at normal pressure in several 

regions (Fig. 6d and Extended Data Fig. 14b). During pressure reduction after plastic compression 

experiment on 30 nm Si, we obtained Si-V³Si-II PT near ambient, and after the complete pressure 

release, the pure Si-II phase was observed. A significant amount of Si-II was retained during Si-

V³Si-II unloading of micron Si after plastic compression to 22.7 GPa (Extended Data Fig. 17). 

Retaining a large amount of Si-II will allow one to determine its properties under pressure, study 

it with traditional ex-situ methods (SEM, TEM, mechanical properties, etc.), and eventually 

discover its potential applications, as happened with Si-III10. We have also observed reverse Si-
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II³Si-I PT both during unloading (Fig. 6d) and holding at ambient pressure for one week 

(Extended Data Fig. 16b), which was never seen before since Si-II transform to Si-III and XII 

during unloading. The Si-I+III and Si-I+II+III+XII phase coexistences in several regions under 

compression and shear in RDAC were also observed (Extended Data Fig. 14b).  

The evolution of the volume fraction of different phases (Figs. 5c, d, Extended Data Fig. 

11b, and Supplementary Tables 2-4) is presented in terms of pressure. It also depends on the plastic 

strain, but they grow simultaneously during compression in DAC. Thus, these results do not show 

the minimum pressure to reach the given volume fraction because under torsion in RDAC away 

from the center, plastic strain and volume fraction could be increased at a fixed pressure, but this 

requires a special design of experiments42-44, which is not a goal here. Indeed, for ñ³÷ PT in Zr,28 

for which,  ýÿý =1.2 GPa, ý/ý = 5.4, GPa, pe = 3.4 GPa, and the reverse PT is absent, the phase 

fraction c = 0.91 at the center under torsion by 30o at 2.4 GPa, the same as under compression to 

~3.8 or 5.3 GPa for different pressure-plastic strain loadings. Under 40o and r = 175 ¿m, c = 1 at 

2 GPa. Still, for 100 nm Si, for Si-II c = 0.377 at 9.0 GPa and 150 and c = 0.54 at 9.9 GPa and 820 

at the sample center (Supplementary Table 2), while under hydrostatic conditions c = 0.36 is 

achieved at 16.2 GPa39. For 30 nm Si, c = 0.55 at 7.7 GPa for plastic compression (Fig. 5d), but c 

= 0 for any pressure under hydrostatic loading.  

Discussion 

Currently, no experimental technique is available to study DPBM for in-situ strain-induced 

PTs under high pressure in DAC/RDAC because of insufficient spatial resolution, and averaging 

x-ray patterns over a sample thickness. Since strongly concentrated at the grain boundaries and 

highly energetic dislocation pileups (superdislocations) are equilibrated by high external shear 

stresses, dislocation pileups partially or completely disappear after releasing shear stresses and 

pressure and are undetectable in numerous transmission electron microscopy studies of 

nanograined materials11,12,45. That is why the only way to confirm DPBM is to find strong indirect 

experimental corroborations. We advanced the DPBM model to eliminate the wrong grain-size 

dependence of the PT pressure and predicted a correlation between the particle/crystallite-size 

dependence of the PT pressure for strain-induced PT and direct and inverse Hall-Petch 

relationships for yield strength. Since we confirmed this correlation experimentally and the 

particle-size dependence of the PT pressure for strain-induced PT and pressure-induced PT is very 

different, our results strongly support DPBM. We observed a very strong reduction in PT pressures 
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for the appearance of Si-II and III due to plastic deformation, which no other mechanism can 

currently explain but DPBM.   

Most importantly, under plastic straining, pressure in small Si-II regions is ~5-7 GPa higher 

than in Si-I for micron and 100 nm Si, clearly showing strong stress concentration, while for 

pressure-induced PT, it is by 2.7 GPa lower due to 22% volume reduction. For 30 nm Si, the 

increase for strain-induced PT is 1.4 GPa only, consistent with reduced dislocation activity in the 

region of the inverse Hall-Petch effect and increased PT pressure. A similar difference in pressure 

in Si-I and Si-III is observed in 100 nm Si. 

Theoretical pressure for barrierless nucleation strongly depends on the magnitude and 

mode of the deviatoric (non-hydrostatic) stresses41. Strong heterogeneity of the stresses around the 

tip of the dislocation pileup23,29 explains the appearance of multiple phases in different regions and 

the sequence of PTs, which differs from that under hydrostatic conditions. The weak effect of 

plastic straining on some PTs does not contradict DPBM because, for some phases, grain 

boundaries may be transparent to dislocations responsible for plasticity; dislocations cannot pile 

up and promote PTs. This is, e.g., the case for screw dislocations in Si-I46. Also, the crystallite size 

of Si-I and II in strain-induced PT to Si-V and Si-XI is getting so small that it belongs to the region 

of the inverse Hall-Petch effect and increases the PT pressure.   

Drastic reduction in PT pressures due to plastic deformation and its nontrivial dependence 

on the particle size, as well as change in transformation paths and ability to manipulate them open 

(i) new basic direction in the multiscale theoretical description of these phenomena, e.g., by further 

developing approaches reviewed in27, and (ii) applied direction in developing the scientific 

foundation for new plastic strain- and defect-induced synthesis and retrieving the desired 

nanostructured pure phases or mixture of phases (nanocomposites) with optimal electronic, optical, 

and mechanical properties. This can be done at low pressure, room temperature, in a short time, 

and without a catalyst. Due to multiple PTs, Si represents an ideal model material for developing 

similar approaches for other strong and brittle semiconductors (Ge, SixGe1-x, GaAs, InSb, GaSb, 

etc.), graphite-diamonds (cubic, hexagonal, orthorhombic, etc.) and similar BN systems.  

Nanocomposites may vary with increasing pressure from the high-pressure phase near the tip of 

the dislocation pileup or grain boundary and other 2D obstacles (1D and 2D complexions47-49), or 

3D inclusions or multiconnected matrix type composites, and being two-phase or multiphase. 

Some phases may survive at low pressure by encapsulation (pre-straining) by the low-pressure 
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phase. Desired single phases may be extracted from a composite using special technology, e.g., 

for extracting diamonds from the mixture with a metal catalyst and residual graphite during 

industrial diamond synthesis50.  

  In particular, while obtaining pure Si-III after quenching from 14 GPa and 900 K over three 

days or in Na-Si system at 9.5 GPa and 1000 K9 or by two compression/slow (within 4 hours) 

decompression cycles to 13 GPa and room temperature51, it was mentioned in9 as a promising 

result that Si-III appeared at 7 GPa and 1000 K. We obtained Si-III within a few minutes at 0.6 

GPa at room temperature, and anvil rotation of 5o, and various synthetic compression-torsion-

unloading paths can be developed to obtain pure Si-III at ambient pressure. Since the 

transformation rate is proportional to the strain rate23,27, it can be increased by increasing the 

rotation rate. Then, single-phase Si-IV can be obtained from Si-III by annealing. Another result is 

obtaining pure Si-III in the entire region r f 90 µm after compression of 100 nm Si to 11.6 GPa 

(at r = 70 µm) and unloading within several minutes (Fig. 2b, c); it is already more economical 

than the above methods9,51. Nanocomposite of two semiconducting phases Si-I+Si-III in 100 nm 

Si retained after unloading from 5.2 GPa and rotation by 101.3° may have useful material 

properties. 

Obtained results can also be used for quantitative modeling and optimization of the surface 

processing (polishing, turning, scratching, etc.) of strong brittle semiconductors and developing 

regimes of ductile machining by utilizing PT to ductile (Si-II and a-Si) phases52-53. Current 

molecular dynamics modeling on cutting polycrystalline Si-I shows the formation of Si-II and a-

Si at ~10 GPa under shear, i.e., close to the values for a single crystal under hydrostatic 

conditions53. The main reason is that atomistic simulations are limited to very small grain sizes, 

which are in the range of the validity of the inverse Hall-Petch effect, like for 30 nm Si in Fig. 2b. 

For 100 nm particles, this pressure can be drastically reduced to sub-GPa (Figs. 2a and 3).   

Since the PTs in Si were typically obtained at >10 GPa, they were neglected in typical normal 

and relatively low-pressure applications. Observed very low PT pressures warn that some PTs may 

occur, e.g., in NEMS/MEMS, during contact interactions and friction, and should be taken into 

account or/and avoided.   

Our results, especially with rough diamonds, can be scaled up to a larger volume using high-

pressure torsion with rotating metallic/ceramic anvils11,12,25. RDAC experiments can also be used 

for in-situ studying processes occurring during high-pressure torsion. Traditional high-pressure 
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torsion cannot be monitored in situ; it is studied ex-situ after completing the entire or part of the 

process and unloading. Since Si phases after unloading differ from those during loading (Fig. 3), 

the final product does not characterize any PT during the loading. Even for other material systems 

without PTs at pressure release, the in-situ study is much more representative, better characterized, 

and precise because it allows getting many more experimental points at different loadings, 

characterize parameters (e.g., pressure) in each point (instead of force divided by total area), and 

avoids damage of the brittle materials at normal conditions. 

 

Acknowledgments: Support from NSF (CMMI-1943710 and DMR-2246991) and Iowa State 

University (Vance Coffman Faculty Chair Professorship and Murray Harpole Chair in 

Engineering) is greatly appreciated. This work is performed at HPCAT (Sector 16), Advanced 

Photon Source (APS), and Argonne National Laboratory. HPCAT operations are supported by 

DOE-NNSA9s Office of Experimental Science. The Advanced Photon Source is a U.S. 

Department of Energy (DOE) Office of Science User Facility operated for the DOE Office of 

Science by Argonne National Laboratory under Contract No. DE-AC02-06CH11357. We also 

acknowledge CDAC-UIC for helping with the laser drilling of gaskets. 

 

Author contributions: SY and FL performed experiments. SY collected and analyzed the data. 

VIL conceived the study, supervised the project, analyzed the results, and developed theoretical 

models. KKP and JS assisted with experiments. VIL and SY prepared the manuscript.  

Competing interests 

The authors declare no competing interests. 

 

Data availability 

The data supporting this study's findings are available from the corresponding authors upon 

request. 

 

References 

1 Rödl, C., Sander, T., Bechstedt, F., Vidal, J., Olsson, P., Laribi, S. & Gillemoles J.-F. 
Wurtzite silicon as a potential absorber in photovoltaics: Tailoring the optical 
absorption by applying strain. Physical Review B 92, 045207 (2015). 

2 Craighead, H. G. Nanoelectromechanical systems. Science 290, 1532-1535 (2000). 



18 

 

3 Wippermann, S., He, Y., Vörös, M. & Galli, G. Novel silicon phases and nanostructures 
for solar energy conversion. Applied Physics Reviews 3, 040807 (2016). 

4 Cho, C.-H., Aspetti, C. O., Park, J. & Agarwal, R. Silicon coupled with plasmon 
nanocavities generates bright visible hot luminescence. Nature Photonics 7, 285-289 
(2013). 

5 Hwang, G. C., Blom, D. A., Vogt, T., Lee, J., Choi, H-J., Shao, S., Ma, Y. & Lee. Y. 
Pressure-driven phase transitions and reduction of dimensionality in 2D silicon 
nanosheets. Nature Communications 9, 5412 (2018). 

6 Zeng, Z. Q., Ge, M., Chen, B., Lou, H., Chen, X., Yan, J., Yang, W., Mao, H.-K., Yang, 
D., & Mao. W. L. Origin of plasticity in nanostructured silicon. Physical Review Letters 
124, 185701 (2020). 

7 Chrobak, D., Tymiak, N., Beaber, A., Ugurlu, O., Gerberich, W. W. & Nowak, R.   
Deconfinement leads to changes in the nanoscale plasticity of silicon. Nature 

Nanotechnology 6, 480-484 (2011). 
8 Rodgers, P. Silicon goes thermoelectric. Nature Nanotechnology 3, 76-76 (2008). 
9 Kurakevych, O. O., Godec, Y. L., Crichton, W. A., Guignard, J., Strobel, T. A., Zhang, 

H., Liu, H., Diogo, C. C.,  Polian, A., Menguy, N., Juhl, S. J. & Gervais, C. Synthesis 
of bulk BC8 silicon allotrope by direct transformation and reduced-pressure chemical 
pathways. Inorganic Chemistry 55, 8943-8950 (2016). 

10 Zhang, H., Liu, H., Wei, K., Kurakevych, O. O., Godec, Y. L., Liu, Z., Martin, J., 
Guerrette, M., Nolas, G. S. & Strobel, T. A. BC8 silicon (Si-III) is a narrow-gap 
semiconductor. Physical Review Letters 118, 146601 (2017). 

11 Ikoma, Y., Hayano, K., Edalati, K., Saito, K., Guo, Q. & Horita, Z. Phase 
transformation and nanograin refinement of silicon by processing through high-
pressure torsion. Applied Physics Letters 101, 121908 (2012). 

12 Ikoma, Y., Hayano, K., Edalati, K., Saito, K., Guo, Q., Horita, Z., Aoki, T. & Smith, 
D. J. Fabrication of nanograined silicon by high-pressure torsion. Journal of Materials 

Science 49, 6565-6569 (2014). 
13 McMahon, M., Nelmes, R., Wright, N. & Allan, D. Pressure dependence of the Imma 

phase of silicon. Physical Review B 50, 739 (1994). 
14 Anzellini, S., Wharmby, M. T., Miozzi, F., Kleppe, A., Daisenberger, D. & Wilhelm, 

H. Quasi-hydrostatic equation of state of silicon up to 1 megabar at ambient 
temperature. Scientific Reports 9, 15537 (2019). 

15 Hu, J. Z., Merkle, L. D., Menoni, C. S. & Spain, I. L. Crystal data for high-pressure 
phases of silicon. Physical Review B 34, 4679 (1986). 

16 Fan, L., Yang, D. & Li, D. A review on metastable silicon allotropes. Materials 14, 
3964 (2021). 

17 Haberl, B., Strobel, T. A. & Bradby, J. E. Pathways to exotic metastable silicon 
allotropes. Applied Physics Reviews 3, 040808 (2016). 

18 Valentini, P., Gerberich, W. & Dumitric�, T. Phase-transition plasticity response in 
uniaxially compressed silicon nanospheres. Physical Review Letters 99, 175701 
(2007). 

19 He, Y., Zhong, L., Fan, F., Wang, C., Zhu, T. & Mao, S. X.  In situ observation of 
shear-driven amorphization in silicon crystals. Nature Nanotechnology 11, 866-871 
(2016). 



19 

 

20 Wang, Y.-C., Zhang, W., Wang, L.-Y., Zhuang, Z., Ma, E., Li, J. & Shan, Z.-W. In situ 
TEM study of deformation-induced crystalline-to-amorphous transition in silicon. 
NPG Asia Materials 8, e291-e291 (2016). 

21 Kiran, M. S., Haberl, B., Bradby, J. E. & Williams, J. S. Nanoindentation of Silicon 

and Germanium, in Semiconductors and Semimetals Vol. 91 165-203 (Elsevier, 2015). 
22 Domnich, V., Ge, D. & Gogotsi, Y. Indentation-induced phase transformations in 

semiconductors, in High-Pressure Surface Science and Engineering 381-442 (CRC 
Press, 2019). 

23 Levitas, V. I. High-pressure mechanochemistry: conceptual multiscale theory and 
interpretation of experiments. Physical Review B 70, 184118 (2004). 

24 Blank, V. D. & Estrin, E. I. Phase transitions in solids under high pressure. (Crc Press, 
2013). 

25 Edalati, K. & Horita, Z. A review on high-pressure torsion (HPT) from 1935 to 1988. 
Materials Science and Engineering: A 652, 325-352 (2016). 

26 Gao, Y., Ma, Y., An, Q., Levitas, V., Zhang, Y., Feng, B., Chaudhuri, J. & Goddard, 
W. A. Shear driven formation of nano-diamonds at sub-gigapascals and 300 K. Carbon 
146, 364-368 (2019). 

27 Levitas, V. I. High-pressure phase transformations under severe plastic deformation by 
torsion in rotational anvils. Materials Transactions 60, 1294-1301 (2019). 

28 Pandey, K. K. & Levitas, V. I. In situ quantitative study of plastic strain-induced phase 
transformations under high pressure: Example for ultra-pure Zr. Acta Materialia 196, 
338-346 (2020). Supporting raw data: https://doi.org/10.25380/iastate.12563924. 

29 Anderson, P. M., Hirth, J. P. & Lothe, J. Theory of dislocations. (Cambridge University 
Press, 2017). 

30 Alexandrova, M. M., Blank, V. D. & Buga, S. G. Phase Transitions in Ge and Si under 
Shear Strain under Pressure up to 12 GPa and P-T- Diagrams of these Elements. Solid 

State Physics 35, 1308-1317 (1993). 
31 Blank, V. & Kulnitskiy, B. Crystallogeometry of polymorphic transitions in silicon 

under pressure. High Pressure Research 15, 31-42 (1996). 
32 Xuan, Y., Tan, L., Cheng, B., Zhang, F., Chen, X., Ge, M., Zeng, Q. & Zeng, Z. 

Pressure-induced phase transitions in nanostructured silicon. The Journal of Physical 

Chemistry C 124, 27089-27096 (2020). 
33 Levitas, V. I. & Javanbakht, M. Phase transformations in nanograin materials under 

high pressure and plastic shear: nanoscale mechanisms. Nanoscale 6, 162-166 (2014). 
34 Javanbakht, M. & Levitas, V. I. Phase field simulations of plastic strain-induced phase 

transformations under high pressure and large shear. Physical Review B 94, 214104 
(2016). 

35 Chen, H., Levitas, V. I. & Xiong, L. Amorphization induced by 60o shuffle dislocation 
pileup against different grain boundaries in silicon bicrystal under shear. Acta 

Materialia 179, 287-295 (2019). 
36 Peng, Y., Ji, R., Phan, T., Capolungo, L., Levitas, V. I. & Xiong, L. Effect of a micro-

scale dislocation pileup on the atomic-scale multi-variant phase transformation and 
twinning. Computational Materials Science 230, 112508 (2023). 

37 Peng Y., Ji R., Phan T., Gao W., Levitas V.I. &  Xiong L. An Atomistic-to-Microscale 
Computational Analysis of the Dislocation Pileup-induced Local Stresses near an 

https://doi.org/10.25380/iastate.12563924


20 

 

Interface in Plastically Deformed Two-phase Materials. Acta Materialia 226, 117663 
(2022). 

38 Voyiadjis, G. Z. & Yaghoobi, M. Size effects in plasticity: from macro to nano. 
(Academic Press, 2019). 

39 Yesudhas, S., Levitas, V. I., Lin, F., Pandey, K. K., & Somayazulu, M. Effect of particle 
size on the phase transformation behavior and equation of state of Si under hydrostatic 
loading. arXiv:2402.15092 

40 Gaál-Nagy, K. & Strauch, D. Phonons in the ³-tin, Imma, and sh phases of silicon from 
ab initio calculations. Physical Review B 73, 014117 (2006). 

41 Zarkevich, N. A., Chen, H., Levitas, V. I. & Johnson, D. D. Lattice instability during 
solid-solid structural transformations under a general applied stress tensor: Example of 
Si I³ Si II with metallization. Physical Review Letters 121, 165701 (2018). 

42 Feng, B. & Levitas V. I. Effects of the gasket on coupled plastic flow and strain-induced 
phase transformations under high pressure and large torsion in a rotational diamond 
anvil cell. Journal of Applied Physics 119, 015902 (2016). 

43 Feng, B., Levitas V. I. & Li, W. FEM modeling of plastic flow and strain-induced phase 
transformation in BN under high pressure and large shear in a rotational diamond anvil 
cell. International Journal of Plasticity 113, 236-254 (2019). 

44 Levitas, V. I., Ma, Y., Hashemi, J., Holtz, M. & Guven N. Strain-induced disorder, 
phase transformations and transformation induced plasticity in hexagonal boron nitride 
under compression and shear in a rotational diamond anvil cell: in-situ X-ray 
diffraction study and modeling. Journal of Chemical Physics 125, 044507 (2006). 

45 Edalati, K., Bachmaier, A., Beloshenko, V. A., Beygelzimer, Y., Blank, V. D., Botta, 
W. J., Bryla, K., 
í�ekg, J., Divinski, S., Enikeev, N. A., Estrin, Y., Faraji, G., 
Figueiredo, R. B., Fuji, M., Furuta, T., Grosdidier, T., Gubicza, J., Hohenwarter, A., 
Horita, Z., Huot, J., Ikoma, Y., Jane
ekz, M., Kawasaki, M., Králab, P., Kuramoto, S., 
Langdon, T. G., Leiva, D. R., Levitas, V. I., Mazilkin, A., Mito, M., Miyamoto, H., 
Nishizaki, T., Pippan, R., Popov, V. V., Popova, E. N., Purcek, G., Renk, O., Révész, 
Á., Sauvage, X., Sklenicka, V., Skrotzki, W., Straumal, B. B., Suwas, S., Toth, L. S., 
Tsuji, N., Valiev, R. Z., Wilde, G., Zehetbauer, M. J. & Zhu, X. Nanomaterials by 
Severe Plastic Deformation: Review of Historical Developments and Recent Advances. 
Mater. Res. Lett. 10, 163-256 (2022). 

46 Chen, H., Levitas V. I. & Xiong, L. Slip of Shuffle Screw Dislocations through Tilt 
Grain Boundaries in Silicon. Computational Materials Science 1, 132-135 (2019). 

47 Luo, J. Computing grain boundary <phase= diagrams. Interdisciplinary Materials. 2, 
137-160 (2023). 

48 Baram, M., Chatain, D. & Kaplan, W. D. Nanometer-Thick Equilibrium Films: The 
Interface Between Thermodynamics and Atomistics. Science 332, 206 (2011). 

49 Kuzmina, M., Herbig, M., Ponge, D., Sandlöbes, S. & Raabe, D. Linear complexions: 
Confined chemical and structural states at dislocations, Science 349, 1080-1083 (2015). 

50 Novikov, N. V., Fedoseev, D. V., Shul9zhenko, A. A. and Bogatyreva, G. P. Diamond 
synthesis, Naukova Dumka, Kiev, 1987. 



21 

 

51 Li, X., Li, Z., Yang, K. & He, D. Phase-pure bulk BC8 silicon prepared through 
secondary phase transition method under high pressure. Materials Letters 262, 127195 
(2020). 

52 Patten, J. A., Cherukuri, H. & Yan, J. Ductile-regime machining of semiconductors and 

ceramics, in High-Pressure Surface Science and Engineering 543-632 (CRC Press, 
2019). 

53 Goel, S., Luo, X., Agrawal, A. & Reuben, R. L. Diamond machining of silicon: a 
review of advances in molecular dynamics simulation. International Journal of 

Machine Tools and Manufacture 88, 131-164 (2015). 
 

 

 

Materials and Experimental Methods 

Hydrostatic experiments with He pressure transmitting medium (PTM) and plastic 

compressions (without PMT) in DAC and torsion in the RDAC were conducted on Si with particle 

sizes of d = 1 ¿m, 100 nm, and 30 nm. Single crystal silicon purchased from Sigma-Aldrich was 

powdered to 1 ¿m size fine powders by grounding with a pestle and mortar. The Si powder with 

< 100 nm particle size (TEM) and g 98 % pure sample was purchased from Sigma-Aldrich (CAS 

No.: 7440-21-3). Also, Si powder with 30 nm particle size was purchased from Meliorum 

Technologies, Inc. The high-pressure experiments were carried out using symmetric-type DAC 

and RDAC with 230, 300 and 400 ¿m culet diameters. We have used both polished and rough 

diamonds54 for this study, and the description of the RDAC can be found in55. The RDAC run 2 

and 3 experiments for the 100 nm Si were conducted using RDAC from DAC Tools, LLC, IL. 

Both stainless steel (S. S.) and Cu gaskets with an initial thickness of 70-153 ¿m were 

utilized with hole (sample) diameters of 120-220 ¿m. The non-hydrostatic sample loading was 

carried out with Cu and S. S. gaskets; no PTM was used. While a stronger S.S. gasket and smaller 

initial sample thickness allow higher pressure - smaller plastic strain loading trajectory, a weaker 

Cu gasket, and larger initial sample thickness ensures larger plastic strain at relatively low 

pressure. A drastic reduction in PT initiation pressure was achieved using a Cu gasket with 150 

µm thickness. All the high-pressure X-ray diffraction experiments were carried out at the 16-ID-

B beam line, HPCAT, utilizing Advanced Photon Source with X-ray wavelengths 0.4066 Å, 

0.4246 Å, and 0.3445 Å. The X-ray beam with spot size 5¿m x 4¿m was scanned along the 

diameter of the sample with step sizes 8 ¿m for micron Si and 10 ¿m for all other data at various 

pressures at the sample center. All data, including the pressure we present for any sample point, 
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are obtained from the same point. The data from different sample points can be distinguished by 

the corresponding r values (radial distance from the sample center in µm). The XRD patterns were 

refined using GSAS-II software to extract the lattice parameters, crystallite size, and volume 

fractions of Si phases using the Rietveld refinement method56. The 2D XRD image was converted 

to a 1D pattern using dioptase software57. The spherical harmonics texture model was used to fit 

the high-pressure Si phases.  

Supplementary Table 13 contains material parameters of the third-order Birch-Murnaghan 

EOS (BM3 EOS)58 used to determine pressure in all phases and particles taken from39. They were 

obtained using He PTM59 and a ruby pressure scale60, and a new procedure was developed to 

extract the Si-II and Si-XI EOS from the P-V data containing a mixture of phases with different 

pressures in each phase. For Si-II, the first principle simulation results from41 were utilized to 

extend EOS down to zero pressure, because S-II does not exist under hydrostatic loading below 

13.5 GPa. This is the best that can be currently done. While possible error can change pressure in 

Si-II on 100 nm Si by 1 GPa and the maximum/minimum error in the average pressure by 0.54/0.01 

GPa, this will not change any conclusion, because pressure in Si-II is 5-7 GPa higher than in Si-I. 

The PT initiation pressures for various PT sequences are taken from different regions of the same 

sample, which are indicated below the arrows in Fig. 3. The Si-I, Si-II, Si-III, Si-XI, and Si-V 

phases are designated as I, II, III, XI, and V, respectively. The subscripts I, II, XI, and V of the 

(hkl) Bragg planes represent the Bragg planes of the Si-I, Si-II, Si-XI, and Si-V phases, 

respectively. 

Pressure at each sample point in each phase was determined using the measured volume of 

Si phases and equations of state of Si phases. We report pressure in each phase and pressure 

averaged over all phases. The average (actual) pressure is the sum of the product of the phase 

fraction and the pressure in each phase. 

In Extended Data Fig. 11, the XRD data was collected along the culet diameter with an 8 µm step 

size. The volume and phase fractions of XRD data at each point equidistance from the sample 

center on either side are averaged to plot volume/Z and phase fraction versus pressure from r = 0 

to 72 µm. 
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Extended Data Fig. 1.  Dislocation pileups produce a step at the grain boundary that causes 

a phase transformation. (a) Dislocation pileup in the left grain produces a step at the grain 

boundary and cubic to tetragonal PT and dislocation slip in the right grain. The right grain is 

transformed by 77% at the applied pressure of 1.59 GPa, ýÿý = 0 GPa, ý/ý = 15.9 GPa, pe = 3 GPa 

and  ³ = 0.35. The nanoscale phase-field approach results from34. (b) Dislocation pileup in the right 

grain produces a step at the grain boundary in Si-I and amorphization in the left grain. Molecular 

dynamics results in from35. (c) Step at the phase interface boundary consisting of 15 dislocations, 

causing cubic to hexagonal PT. The atomistic portion of the concurrent continuum-atomistic 

approach from36. Adopted with changes from34,35,36 with permissions. 
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Extended Data Fig. 2.  Dislocation-induced cubic to tetragonal phase transformation in 

bicrystal under compression and shear. (a) Dislocation pileup in the left grain initiates PT and 

dislocation slip in the right grain at zero applied pressure p and shear ³ = 0.3. Material with ýÿý  = 

0 GPa, ý/ý = 15.9 GPa and pe = 3 GPa is treated. The nanoscale phase-field approach results 

from34. (b) Steady dislocation and phase structure in a bicrystal under shear ³ = 0.2 when rotations 

of grains were considered. Averaged over the left and right grains shear stress ÿ�  and pressure p�   
are shown above the grains. Material with ýÿý = 2.0 GPa, ý/ý = 15.75 GPa and pe = 10 GPa is 

studied. The nanoscale phase-field approach results in from33.  
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Extended Data Fig. 3.  Dislocation-induced cubic to tetragonal phase transformation in 

bicrystal under compression p and shear ÿ.  (a) Steady dislocation and phase structure in a 

bicrystal under compression and shear ³ = 0.2. Averaged over the left and right grains shear stress ÿ�  and pressure ý�   are shown above the grains. Black lines correspond to the fulfillment of the 

local phase transformation criterion ÿ = 2ýÿ0 + ÿÿ = &ÿÿ, demonstrating that major interfaces 

are in thermodynamic equilibrium. Material with ýÿý = 2.0 GPa, ý/ý = 15.75 GPa and pe = 10 GPa 

is studied. The practical luck of phase transformation in the left grain is because the crystal is 

perfectly aligned for dislocation slip, which releases shear stress. (b) and (c) are the pressure and 

shear stress level lines. The nanoscale phase-field approach results in from61.  
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Extended Data Fig. 4.  Dislocation-induced cubic to tetragonal phase transformation in 

polycrystal under compression and shear. (a) Dislocation and phase structure in a polycrystal 

with 38 grains under compression and shear and growing shear showing at the top of each panel. 

White lines correspond to the fulfillment of local phase transformation criterion, ÿ =2ýÿ0 + ÿÿ = &ÿÿ, demonstrating that major interfaces are in thermodynamic equilibrium. 

Material with ýÿý=2.0 GPa, ý/ý = 14.70 ÿÿÿ, and pe = 10 GPa is studied. (b) Evolutions of the 

averaged pressure and shear stress for aggregates with 13 and 38 grains as a function of shear strain ÿ.  Phase transformation starts at 5 GPa and small shear stress, after which pressure reduces, and 

shear stress grows during shearing. The scale-free phase-field approach results in from62,63.  

 

 

 

 

 

 

 

 

 

 

 



27 

 

 

  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Extended Data Fig. 5. Indexing of Si-I, Si-II, Si-XI, and Si-V phases of micron size Si. XRD 

patterns of 100 nm Si for selected pressures under non-hydrostatic compression at r = 8 ¿m. The 

evolution of the (311) plane of the Si-I is shown as a dashed line. The phase coexistence at various 

pressures is shown. The average pressure is shown on the leftmost side, and the pressure in each 

phase is shown on the right side, like in all other figures. The large pressure values of the Si-II 

compared to that of Si-I are shown in bold symbols. 
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Extended Data Fig. 6. Indexing of Si-I, Si-II, Si-XI, and Si-V phases of 100 nm Si. XRD 

patterns of 100 nm Si for selected pressures under non-hydrostatic compression at r = 0 ¿m. The 

phase coexistence and average pressures are shown on the leftmost side.   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



29 

 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 

Extended Data Fig. 7. Indexing of Si-I, Si-II, Si-III, Si-XI, and Si-V phases of 100 nm Si under 

compression and shear inside RDAC (Run 1). XRD patterns of 100 nm Si at r = 0 ¿m for 

selected pressures.  
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Extended Data Fig. 8. Coexistence of Si-I, Si-II, and Si-XI phases in micron Si: Rietveld 

refinement of non-hydrostatic compression of XRD data of micron Si at 14 GPa and r = 8 µm. The 

sample was plastically compressed inside a DAC using a stainless-steel gasket. The phase fractions 

(in %) of Si-I, Si-II, and Si-XI phases are shown.  

 

 

 

 

 

 

 



31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Extended Data Fig. 9. The initiation pressure for Si-I³Si-III PT in 100 nm Si under non-

hydrostatic compression inside DAC. The average pressure of the sample at r = 40 µm is 6.7 

GPa. The pressure and phase fractions of Si-I, Si-II, and Si-III phases are provided. The large 

pressure values in the Si-II and Si-III compared to Si-I are shown in bold symbols.  
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Extended Data Fig. 10. The initiation pressure of Si-I³II PT at (a) r = 0 µm and (b) away 

from the sample center in the micron Si. The sample is plastically compressed inside a DAC 

using a stainless-steel gasket. The symbol * represents an artifact (its origin is unknown). 
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Extended Data Fig. 11. Volume and phase fraction distribution of Si-I and Si-II phases of 

micron Si vs. pressure along the sample radius for 8.6 GPa at r = 0 µm. (a) Volume/Z vs. 

average pressure for micron Si compressed inside a DAC using a stainless-steel gasket. The XRD 

data is collected along the culet diameter with an 8 µm step size. The volume of Si-I and Si-II 

phases monotonously increases from the sample center. (b) Phase fraction vs. average pressure in 

Si-I and Si-II phases of micron Si. The phase fraction of the Si-II phase is maximum near the 

sample center. 
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Extended Data Fig. 12. The initiation of PT pressure in Si-III and indexing of Si-I, Si-II, and 
Si-III phases of 100 nm Si. (a) The XRD pattern of 100 nm Si compressed and sheared inside an 

RDAC at 60 µm from the sample center with a shear of 10°. (b) Indexing of Si-I, Si-II, and Si-III 

phases of 100 nm Si at 5.1 GPa with shear, 149° and r = 0 µm.  
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Extended Data Fig. 13. First observation of coexistence of Si-I, Si-II, Si-III, and Si-XI phases 

of 100 nm Si. The Rietveld of XRD data of 100 nm Si at r = 0 µm after compression and shear 

inside an RDAC. The average pressure in the sample is 11.6 GPa. The pressure and phase fractions 

of all the phases are shown. 
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Extended Data Fig. 14. Evolution of Si phases of 100 nm Si during unloading after 

compression and shear inside RDAC (Run 1 and 2). (a) XRD patterns of pressure released 

sample after compression and shear inside RDAC (run 1) at r = 70 µm and 11.9 GPa and released 

to 3.3 GPa. The pressure at the sample center before release is 12.7 GPa (Fig. 6a). A small fraction 

of Si-III is seen at 11.9 GPa, which is excluded during refinement. The vertical arrow represents 

the pressure release at r = 70 µm and 11.6 GPa. (b) XRD patterns of pressure released sample 

compressed and sheared at 5.2 GPa and 101.3° inside RDAC (run 2). Nanocomposite of two 

semiconducting phases Si-I+Si-III at r = 30 and 40 µm and Si-I+Si-II+Si-III+Si-XII phase 

coexistence at r = 10 and 20 µm are observed. Four-phase fitting did not provide a reliable phase 

fraction of Si-XII, so we could not calculate the phase fraction of Si-XII. The blue and red dotted 

lines denote the (211)III and gasket (g) peaks at different sample positions. A shoulder peak right 

to the (211)III is from Si-XII phase. The Si-II phase is recovered for the first time in static high-

pressure experiments.  

 
 
 
 
 
 
 
 
 
 
 
 
 



37 

 

 
 
 
 
 
 
 
 
 
 

 
 
  
 
 
 
 
 
 
 
 
  
 
 

 
Extended Data Fig. 15: The initiation of Si-I³II PT for 30 nm particles at 4.9 GPa and r = 

30 µm. The sample was compressed under non-hydrostatic conditions inside a DAC using a Cu 

gasket. <Cu= represents the gasket peak. The pressure is determined using 30 nm Si-I EOS. 
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Extended Data Fig. 16. The first retaining of Si-II at ambient pressure and reverse Si-II³Si-

I during holding at ambient conditions. XRD patterns of 30 nm Si sample after non-hydrostatic 

compression up to 15.7 GPa and complete pressure release are presented. (a) Immediately after 

pressure release to 10-4 GPa (ambient) and (b) after one week. The ×3 indicates that the intensity 

of XRD pattern (b) is magnified three times. 
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Extended Data Fig. 17. Recovering Si-II after non-hydrostatic compression of micron-size Si 

inside a DAC. Rietveld refinement of micron-size silicon at r = 20 µm after non-hydrostatic 

compression up to 22.7 GPa followed by pressure release to the ambient. The sample is 

compressed inside a DAC using a Cu gasket. The phase fractions (in %) of Si-II and Si-III phases 

are shown. The Si-II phase is recovered for the first time in static high-pressure experiments. 
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Extended Data Fig. 18. The initiation of Si-I³Si-II PT at 0.3 GPa in RDAC but before 

torsion. g is the gasket peak. r = 0 and r = 60 µm denote the XRD patterns collected at the sample 

center and 60 µm from the sample center, respectively.  
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Extended Data Fig. 19. Significant amount of Si-II at 7.4 GPa and small shear of 5°. Rietveld 

refinement of 100 nm Si after compression at 7.4 GPa and a small shear of 5° inside an RDAC. A 

significant amount of Si-II is observed at r = 10 µm. Since the Si-III peaks are very weak, the Si-

III phase is excluded during the refinement. All the three phases, Si-I+Si-II+Si-III are coexisting. 

The phase fractions (in %) of Si-II and Si-II phases are shown. A Cu gasket with a thickness of 

150 µm is used for loading the sample.  
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Extended Data Fig. 20. Variations of maximum pressure p in the sample versus the 

concentration of the high-pressure phase ýÿ averaged over the entire sample for compression 

without torsion and torsion under a fixed axial force for three ratios of the yield strength of 

the high-pressure phase to the low-pressure phase 2 1/
y y

ó ó . Reproduced with permission 

from42. 
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Extended Data Fig. 21. Variations of the pressure p (a), the volume fraction of the high-

pressure phase c (b), and the accumulated plastic strain q (c) at the contact surface. Curves 

1 and 2 are results for DAC under the applied stress to the back side of the anvil of
n

ó = 0.9 and 

0.57 GPa, respectively, and curve three stands for RDAC under 
n

ó = 0.57 GPa and ú = 1.6. (d) 

The pressure vs. volume fraction of wBN c at the center of the sample in DAC and RDAC at 
n

ó = 

0.57 GPa. Reproduced with permission from43. 
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Si 
particle 

size 

 
Experiment name 

Gasket 
type 

Gasket hole 
 diameter (µm), 
thickness (µm) 

Compression/  
shear, 

DAC/RDAC 

Diamond anvil, 
Culet size (µm) 

Micron Micron Si (Run 1) 
Micron Si (Run 2) 

S. S. 
Cu 

150, 120 
150, 150 

Compression, DAC 
Compression, DAC 

Smooth, 300 
Smooth, 400 

100 nm DAC-100 nm Si Cu 220, 153 Plastic, DAC Smooth, 400 
 

100 nm 
RDAC-100 nm Si (Run 1) 
RDAC-100 nm Si (Run 2) 
RDAC-100 nm Si (Run 3) 

Cu 
S. S. 
S. S. 

250, 150 
120, 78  
130,70 

Shear, RDAC1 
Shear, RDAC2 
Shear, RDAC2 

Smooth, 400 
Rough, 230 
Rough, 230 

30 nm 30 nm Si Cu 200, 134 Compression, DAC Smooth, 400 
 

Supplementary Table 1. Experimental details of various sample loading paths inside 

DAC/RDAC. S. S. is a stainless-steel gasket. Loadings are performed without PTM (non-

hydrostatic compression). The details of RDAC1, RDAC2, and DAC are provided in the Materials 

and Experimental Methods. A description of sample loading paths for hydrostatic compression 

experiments is provided in39. Except for micron Si (Run 2), the PTs sequence for all other loading 

paths (compression and shear) is given in Fig. 3. Compact packing of the sample inside a thick, 

soft gasket was found to reduce the initiation pressure of Si-I³Si-II PT drastically. The initial 

thickness of the gasket used was in the range of 250 to 300 µm. 
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            RDAC-100 nm Si (Run 1) 

Average 
pressure  
(GPa) 

Si-I 
V (Å3) 

Si-II 
V (Å3) 

Si-III 
V (Å3) 

Si-XI 
V (Å3) 

Si-I 
Phase 

Fraction 

Si-II 
Phase 

Fraction 

Si-III 
Phase 

Fraction 

Si-XI 
Phase 

Fraction 

r (µm), p 
(GPa), 
Shear (°) 

1E-4 
0.3 
0.6 

    0.6 

0.8 
0.9 
1.1 
1.0 
1.6 
1.9 
3.4 
7.3 
6.4 
5.8 
4.9 
5.1 
5.0 
6.1 
9.0 

10.2 
11.6 
12.7 
12.9 

159.92(02)        
159.56(03) 
159.10(07) 
159.34(13) 
159.04(12) 
158.74(13) 
158.50(1) 

158.82(13) 
158.26(13) 
157.59(15) 
155.94(13) 
152.22(12) 
153.53(13) 
154.24(18) 
155.15(15) 
154.92(15) 
155.11(15) 
153.53(14) 
150.34(14) 
149.14(19) 
147.29(24) 

 
 
 
57.7(9) 
57.51(30) 
57.43(31) 
 
57.22(65) 
57.55(31) 
57.1(16) 

56.92(33) 
56.72(13) 
56.66(14) 
56.62(26) 
56.98(28) 
57.04(33) 
56.76(22) 
56.76(30) 
56.46(11) 
56.34(06) 
56.13(03) 
55.87(02) 
55.82(03) 

 
 
 
279.3(45) 

 
 
 
 
270.3(42) 
 
272.7(40) 
266.3(22) 
267.3(17) 
268.8(13) 

272.22(69) 
273.7(11) 

271.22(79) 
272.07(76) 
267.34(64) 
267.21(71) 
264.6(15) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
56.00(03) 
55.94(02) 
55.50(02) 
55.41(02) 

1 
1 
1 

0.973 
0.982 
0.986 

1 
0.986 
0.956 
0.984 
0.940 
0.670 
0.712 
0.750 
0.756 
0.730 
0.778 
0.770 
0.565 
0.320 
0.092 

0 
0 

0 
0 
0 

0.020 
0.018 
0.014 

0 
0.014 
0.037 
0.016 
0.053 
0.320 
0.280 
0.240 
0.206 
0.230 
0.174 
0.177 
0.377 
0.540 
0.512 
0.457 
0.416 

0 
0 
0 

0.007 
0 
0 
0 
0 

0.007 
 0 

0.007 
0.010 
0.008 
0.010 
0.038 
0.040 
0.048 
0.053 
0.058 
0.040 
0.009 

0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.100 
0.387 
0.543 
0.584 

       
        0 
        0 
60, 3.4, 10° 

30 
60 

         0 
         0 

60, 3.4, 5° 
 0 

0, 3.4, 0° 
0, 3.4, 5° 

0, 3.4, 10° 
0, 3.4, 22° 
0, 3.4, 53° 

0, 3.4, 149° 
 0 

   0, 6.1, 0° 
0, 6.1, 15° 
0, 6.1, 82° 

         0 
         0 
         0 

 

Supplementary Table 2. Unit cell volume and phase fractions of Si-I, Si-II, Si-III, and Si-XI 

phases of 100 nm Si compressed and sheared inside an RDAC (run 1). The data highlighted 

with turquoise color denote the sample position away from r = 0 µm, and the remaining data are 

from the sample center, r = 0 µm; the same colors are used for other Supplementary Tables. The 

numbers highlighted in yellow show a relatively large phase fraction of Si-II at reasonably low 

pressure. The sample is compressed up to 3.4 GPa; shear is created by continuously rotating one 

of the anvils up to 149°. Then, the sample is again compressed to 6.1 GPa and sheared to 82°. The 

first column shows the actual pressure while the last column is the sample position (r), pressure at 

the beginning of torsion, and anvil rotation angle in degrees; the same is used for other 

Supplementary Tables.  
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RDAC-100 nm Si (Run 2) 

Average 
pressure 
(GPa) 

Si-I 
V (Å3) 

Si-II 
V(Å3) 

Si-III 
V (Å3) 

Si-I 
Phase 

Fraction 

Si-II 
Phase 

Fraction 

Si-III 
Phase 

Fraction 

r (µm), p (GPa), 
and Shear (°) 

1E-4 
0.1 
0.3 
0.7 
0.8 
1.7 
2.2 
3.3 
3.8 
5.0 
5.7 
6.5 
6.7 
7.1 
6.9 
7.3 
6.3 
6.1 
5.3 
5.2 

159.92(2) 
159.84(04) 
159.60(05) 
159.08(05) 
158.87(09) 
157.76(13) 
157.05(15) 
155.80(16) 
155.59(19) 
154.29(15) 
154.02(23) 
153.39(19) 
152.65(14) 
152.50(15) 
152.71(19) 
151.94(19) 
153.23(19) 
153.56(25) 
154.91(22) 
154.57(22) 

 
 
 
 
 
 
57.43(31) 
57.4(5) 
56.96(20) 
56.95(12) 
56.77(38) 
56.84(14) 
56.93(09) 
56.92(08) 
56.93(11) 
56.88(14) 
57.37(28) 
57.39(25) 
57.43(44) 
57.58(32) 
 

 
 
 
 
 
 
 
 
 
 
270.6(22) 
268.7(26) 
 
 
Initiated 

267.5(17) 
272.3(17) 
270.8(13) 
271.2(19) 
274.2(16) 
 

1 
1 
1 
1 
1 
1 

0.990 
0.982 
0.924 
0.871 
0.790 
0.656 
0.699 
0.585 
0.606 
0.535 
0.561 
0.563 
0.616 
0.624 

0 
0 
0 
0 
0 
0 

0.010 
0.018 
0.076 
0.129 
0.188 
0.329 
0.301 
0.415 
0.394 
0.429 
0.394 
0.424 
0.359 
0.349 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.022 
0.015 

0 
0 
0 

0.036 
0.045 
0.013 
0.025 
0.027 

 
            0 
            0 
            0 
            0 
            0 
            0 

30, 3.8, 1.8° 
0, 3.8, 0° 

      0, 3.8, 0.6° 
60, 3.8, 46.2° 
50, 3.8, 45.6° 

0, 3.8, 7.8° 
0, 3.8, 15° 

0, 3.8, 29.4° 
0, 3.8, 43.8° 
0, 3.8, 58.2° 
0, 3.8, 72.6° 
0, 3.8, 87° 

0, 3.8, 101.3° 

 

Supplementary Table 3.  Unit cell volume and phase fractions of Si-I, Si-II, and Si-III phases 

of 100 nm Si compressed and sheared inside an RDAC (run 2). The sample is compressed up 

to 3.8 GPa; shear is created by continuously rotating one of the anvils at one rotation per hour at 

3.8 GPa.  
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RDAC-100 nm Si (Run 3) 

Average 
pressure 
(GPa) 

Si-I 
V (Å3) 

Si-II 
V (Å3) 

Si-I 
Phase 

Fraction 

Si-II 
Phase 

Fraction 

r (µm), p (GPa), 
and Shear (°) 

1E-4 
0.1 
0.4 
0.7 
0.8 
2.6 
5.9 
6.5 

159.92(2) 
159.80(04) 
159.47(05) 
158.98(07) 
158.96(07) 
156.58(18) 
152.96(17) 
152.50(14) 

 
 
 
 
 
 

57.02(30) 
56.86(12) 

1 
1 
1 
1 
1 
1 

0.890 
0.825 

0 
0 
0 
0 
0 
0 

0.110 
0.175 

 
            0 
            0 

0, 0.7, 0° 
0, 0.7, 0.6° 
0, 0.7, 9.0° 
10, 0.7, 15° 
0, 0.7, 16.8° 

 

Supplementary Table 4. Unit cell volume and phase fractions of Si-I and Si-II phases of 100 

nm Si compressed and sheared inside an RDAC (run 3). The sample is compressed up to 0.7 

GPa; shear is created by continuously rotating one of the anvils at one rotation per hour at 0.7 GPa.  
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Supplementary Table 5. Average pressure and pressure in Si-I, Si-II, and Si-XI phases in 

100 nm Si compressed and sheared inside an RDAC (run 1).  

 

 

 

 

 

 

 

 

RDAC-100 nm Si (Run 1) 

Average 
pressure  
(GPa) 

 
Pressure in I, II, III, and XI phases,  

p (GPa) 

 
r (µm), p (GPa), 

and Shear (°) 
0.3 
0.6 
0.6 
0.8 
0.9 
1.1 
1.0 
1.6 
1.9 
3.4 
7.3 
6.4 
5.8 
4.9 
5.1 
5.0 
6.1 
9.0 
10.2 
11.6 
12.7 
12.9 

I (0.3) 
I (0.6) 

 I (0.5), II (6.3), III (5.8) 
I (0.7), II (6.9) 
I (0.8), II (7.1) 

I (1.1) 
I (0.9), II (7.6) 

I (1.3), II (6.7), III (10.7) 
I (1.8), II (7.8) 

I (3.1), II (8.5), III (9.3) 

I (6.3), II (9.1), III (13.1) 

I (5.2), II (9.2), III (12.5) 
I (4.6), II (9.3), III (11.6) 
I (3.8), II (8.3), III (9.6) 
I (4.0), II (8.2), III (8.8) 

I (3.8), II (8.9), III (10.2) 
I (5.2), II (9.0), III (9.7) 
I (8.1), II (9.8), III (12.5) 

I (9.2), II (10.2), III (12.6), XI (13.3) 
I (11.1), II (10.8), III (14.2), XI (12.6) 

II (11.6), XI (13.5) 
II (11.8), XI (13.7) 

            0 
            0 

   60, 3.4, 10° 
            30 

60 
             0 
             0 

60, 3.4, 5° 
             0    

3.4, 0° 
3.4, 5° 
3.4, 10° 
3.4, 22° 
3.4, 53° 
3.4, 149° 

0 
6.1, 0° 
6.1, 15° 
6.1, 82° 

             0 
             0 
             0 
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RDAC-100 nm Si (Run 2) 

Average 
pressure 
(GPa) 

 
Pressure in I, II, and III 

phases, p (GPa) 

 
r (µm), p (GPa), 

Shear (°) 
0.1 
0.3 
0.7 
0.8 
1.7 
2.3 
3.3 
3.8 
5.0 
5.7 
6.5 
6.7 
7.1 
6.9 
7.3 
6.3 
6.1 
5.3 
5.2 

I (0.1) 
I (0.3) 
I (0.7) 
I (0.8) 
I (1.7) 

I (2.2), II (7.1) 
I (3.2), II (7.0) 
I (3.4), II (8.4) 
I (4.5), II (8.4) 

I (4.8), II (8.9), III (10.6) 
I (5.3), II (8.7), III (11.7) 

I (6.0), II (8.5) 
I (6.1), II (8.5) 

I (5.9), II (8.5) 
I (6.6), II (8.6), III (12.4) 
I (5.4), II (7.2), III (9.6) 
I (5.1), II (7.2), III (10.4) 
I (4.0), II (7.1), III (10.2) 
I (4.3), II (6.6), III (8.5) 

           0 
           0 
           0 
           0 
           0 
           0 

30, 3.8, 1.8° 
      0, 3.8, 0° 

0, 3.8, 0.6° 
60, 3.8, 46.2° 
50, 3.8, 45.6° 
 0, 3.8, 7.8° 
0, 3.8, 15° 

0, 3.8, 29.4° 
0, 3.8, 43.8° 
0, 3.8, 58.2° 
0, 3.8, 72.6° 
0, 3.8, 87° 

 0, 3.8, 101.3° 
 

Supplementary Table 6. Average pressure and pressure in Si-I and Si-II phases of 100 nm Si 

compressed and sheared inside an RDAC (run 2).  
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RDAC-100 nm Si (Run 3) 

Average 
pressure 
(GPa) 

Pressure in I, II, and III 
phases, p (GPa) 

r (µm), p (GPa), 
Shear (°) 

0.1 
0.4 
0.7 
0.8 
2.6 
5.9 
6.5 

I (0.1) 
I (0.4) 
I (0.7) 
I (0.8) 
I (2.8) 

I (5.6), II (8.2) 

I (6.1), II (8.7) 
 

             0 
             0 

0, 0.7, 0° 
0, 0.7, 0.6° 
0, 0.7, 9.0° 
10, 0.7, 15° 
0, 0.7, 16.3° 

 
Supplementary Table 7. Average pressure and pressure in Si-I and Si-II phases of 100 nm Si 

compressed and sheared inside an RDAC (run 3).  
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Supplementary Table 8. The crystallite size of Si-I, Si-II, Si-III, and Si-XI phases of 100 nm 

Si compressed and sheared inside an RDAC (run 1). The crystallite sizes at r = 0 of all the data 

are extracted using the Rietveld refinement method with GSAS II software.  

 

 
                                                                           
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RDAC-100 nm Si (Run 1) 

Average 
pressure  
(GPa) 

 
Si-I 
(nm) 

 
Si-II 
(nm) 

 
Si-III 
(nm) 

 
Si-XI 
(nm) 

 
p (GPa), Shear (°) 

0.3 
0.6 
1.1 
1.9 
3.4 
7.3 
6.4 
5.8 
4.9 
5.1 
5.0 
6.1 
10.2 
11.6 
12.7 
12.9 

22.6(2) 
19.9(3) 
18.8(4) 
18.3(5) 
16.4(3) 
15.8(3) 
16.0(3) 
16.8(3) 
18.1(4) 
17.2(4) 
18.6(4) 
20.8(6) 
21.5(7) 
17.3(4) 

 
 
 
 
15.0(20) 
15.5(6) 
15.6(7) 
15.4(13) 
15.1(12) 
13.0(8) 
15.5(13) 
15.3(15) 
17.1(3) 
22.9(4) 
18.5(5) 
17.2(4) 

 
 
 
 
 
 
 
24.3(3) 
22.2(25) 
21.9(24) 
26.5(39) 
26.6(39) 
31.1(49) 
23.8(12) 

 
 
 
 
 
 
 
 
 
 
 
 
 
32.5(12) 
28.4(8) 
27.4(7) 

             
             
             
             

3.4, 0° 
3.4, 5° 
3.4, 10° 
3.4, 22° 
3.4, 53° 
3.4, 149° 

 
6.1, 0° 
6.1, 82° 
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Supplementary Table 9. The crystallite size of Si-I, Si-II, and Si-III phases at r = 0 µm of 100 

nm Si compressed and sheared inside an RDAC (run 2).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RDAC-100 nm Si (Run 2) 

Average 
pressure 
(GPa) 

 
Si-I 
(nm) 

 
Si-II 
(nm) 

 
Si-III 
(nm) 

 
p (GPa), 
Shear (°) 

0.1 
0.3 
0.7 
0.8 
1.7 
3.8 
5.0 
6.7 
7.1 
6.9 
7.3 
6.3 
5.3 
5.2 

33.0(5) 
30.4(5) 
25.6(4) 
18.3(3) 
17.1(4) 
16.3(3) 
16.7(4) 
15.7(3) 
15.6(3) 
15.1(4) 
11.9(2) 
12.2(3) 
12.03(3) 
12.5(4) 

 
 
 
 
 
 

12.6(17) 
12.4(5) 
11.3(3) 
11.3(3) 
11.6(4) 
10.9(4) 
10.95(5) 
12.9(9) 

 
 
 
 
 
 
 
 
 
 

14.0(23) 
12.2(19) 
12.2(22) 
12.5(13) 

 
 
 
 
 

3.8, 0° 
3.8, 0.6° 
3.8, 7.8° 
3.8, 15° 

3.8, 29.4° 
3.8, 43.8° 
3.8, 58.2° 
3.8, 87.0° 
3.8, 101.3° 
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Supplementary Table 10. The crystallite size of Si-I and Si-II phases at r = 0 µm of 100 nm 

Si compressed and sheared inside an RDAC (run 3).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

RDAC-100 nm Si (Run 3) 

Average 
pressure 
(GPa) 

 
Si-I (nm) 

 
Si-II (nm) 

 
p (GPa), Shear (°) 

0.4 
0.7 
0.8 
2.6 
6.5 

25.9(3) 
20.9(3) 
17.8(12) 
16.8(8) 
16.3(4) 

 
 
 
 

12.2(13) 

 
0.7, 0° 

0.7, 0.6° 
0.7, 9.0° 
0.7, 16.8° 
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Supplementary Table 11. Phase fraction of Si phases and residual pressure in Si-II phase of 

micron and 100 nm Si after pressure released to 10-4 GPa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experiment 

 

Phase fraction of Si-phases (%) 

Residual pressure 

in Si-II (GPa) 

DAC-Micron Si (run 2) 

(Cu gasket) 

 

Si-II: 27 %; Si-III: 73 % 

 

3.6 

RDAC-100 nm Si (run 2) 

(Cu gasket) 

Si-I: 64 %; Si-II: 9 % and 

 Si-III: 27 % 

 

5.1 
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Supplementary Table 12. The pressure in each phase of Si during the initiation of PTs for 

the hydrostatic experiments with He PTM39. The pressure in Si-II and Si-XI is smaller than in 

Si-I due to volume reduction during phase transformation.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Particle size 
of Si 

Ruby pressure 
(GPa) 

Pressure in Si-
I (GPa) 

Pressure in 
Si-II (GPa) 

Pressure in 
Si-XI (GPa) 

Micron size 13.5 13.7 12.9 14.1 

100 nm 16.2 16.1 13.4 16.3 

30 nm 14.6 14.8 2 13.7 
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Particle size Si-I Si-II Si-III Si-XI Si-V 
Micron 
V0 (Å3) 

B0 (GPa) 
Bo' 

 
160.14(3) 
94.1(14) 
5.0(3) 

 
60.29(14) 
133.0(5) 
3.66(14) 

 
292.36 
117.0 
4.0 

 
62.89(3) 
98.0(3) 
1.9(4) 

 
15.204(6) 
107.3(16) 
3.79(17) 

100 nm 
V0 (Å3) 

B0 (GPa) 
Bo' 

 
159.96(5) 
118.0(2) 
3.1(4) 

 
61.22 
133(5) 

3.66(14) 

 
292.36 
117.0 
  4.0 

 
61.746 
138(3) 
1.266 

 
15.226(6) 
102.0(5) 
6.5(8) 

30 nm 
V0 (Å3) 

B0 (GPa) 
Bo' 

 
160.06(6) 
90.6(19) 
5.3(4) 

 
60.29(14) 

133(5) 
3.66(14) 

 
292.36 
117.0 
  4.0 

 
62.89(3) 
98.0(3) 
1.9(4) 

 
15.204(4) 
98.0(2) 
5.0(2) 

 

Supplementary Table 13. Parameters of the third-order Birch-Murnaghan EOS (BM3 EOS) 

obtained in39 and used here for determining pressures for the Si phases of micron, 100 nm, and 30 

nm Si.  Details can be found in39 and in Materials and Experimental Methods. The micron and 30 

nm exhibit identical pressure dependence39. Since there are no Si-III EOS available for 100 and 30 

nm Si, we assume that Si-III EOS for micron Si can be used for 100 and 30 nm Si. 
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Supplementary Discussion 

 

Section I: A new sequence of plastic strain-induced phase transformations in 100 nm Si  

 

The plastic strain-induced PT studies have been carried out on 100 nm Si with Cu and S.S. 

gaskets of different thicknesses (Supplementary Table 1). The XRD patterns of strain-induced PTs 

study using a Cu gasket with 150-micron thickness inside RDAC are shown in Figs. 6a-b, 

Extended Data Figs. 7, 12, 13, 18. The sample was packed inside a Cu gasket pre-indented to 150 

µm thickness using smooth diamonds with culet size of 400 µm, and a 250 µm hole diameter was 

made using an HPCAT, APS laser drilling machine. The XRD spectra were collected along the 

mailto:*sorbya@iastate.edu
mailto:vlevitas@iastate.edu
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culet diameter with a 10-micron step size. The pressure distribution along the sample radius has a 

maximum at the sample center. The appearance of a new peak at 2» = 10.36° confirms the initiation 

of the Si-II phase at the sample center (Fig. 6b). The Si-I³Si-II phase transformation is initiated 

at 1 GPa at the sample center with a phase fraction of Si-II, 1.4% (Fig. 6a and Supplementary 

Table 2). The PT initiation pressure in Si-II is much smaller away from the sample center due to 

the larger plastic strain. Si-II PT initiation is observed at 0.3 GPa at r = 60 µm (1.1 GPa at r = 0) 

(Extended Data Fig. 18) and also at r = 70 µm, shear, Ë = 5° (3.4 GPa at r = 0 and shear, Ë = 0°) 

(Fig. 6b). The Si-I and Si-II phases coexist at 1 GPa. At 3.4 GPa, another peak appears to the right 

of the high intense (111) peak of the Si-I, identified as Si-III. The initiation of the Si-III phase is 

noticed at 0.6 GPa at r = 60 µm and shear Ë = 10° (Extended Data Fig. 12a). The Si-II and Si-III 

phases evolve with pressure; correspondingly, the phase fraction of the Si-I decreases. The Si-I, 

Si-II, and Si-III phases coexist at 3.4 GPa. Shear is applied at 3.4 GPa by the anvil rotation to 

various degrees at one rotation/hour. The phase fractions of Si-II and Si-III phases increase with 

pressure (Supplementary Table 2). The calculated averaged pressure is 5.1 GPa at r = 0 µm, Ë = 

149° (3.4 GPa at r = 0 µm, Ë = 0°). The sample is pressurized to 6.1 GPa, and the shear is applied 

again (Fig. 6a and Supplementary Table 2). The Si-XI phase is observed at 10.2 GPa at r = 0 µm 

and Ë = 82°, and all four phases coexist, viz., Si-I, Si-II, Si-III, and Si-XI. With further 

compression, at 12.7 GPa, Si-I and Si-III phases disappear, and Si-II and Si-XI coexist (Fig. 6a 

and Supplementary Table 2). A maximum Si-II (54 %) is observed with a shear Ë = 82° applied 

at 6.1 GPa. The average pressure of the sample at r = 0 µm and Ë = 82° is 10.2 GPa (Supplementary 

Tables 2, 5).  A maximum of ~39 % Si-II is obtained at relatively low pressure (7.4 GPa) and shear 

Ë = 5° at r = 10 µm (Extended Data Fig. 19). The coexistence of Si-I, II, III, and XI phases 

observed at 11.6 GPa and r = 0 µm (Extended Data Fig. 13). During loading, the Si-III phase 

intermediate between Si-II and Si-XI is observed for the first time. Si-II and Si-III phases were 

initiated simultaneously in some regions away from the sample center. Also, in a few regions, the 

Si-III phase initiates before Si-II. The appearance of the Si-III phase is reproduced in all our shear 

experiments with Cu and S. S. gaskets. Si-III phase has also been seen in a few regions away from 

the sample center during plastic compression of 100 nm Si inside a 153-micron thick Cu gasket. 

Without shear, the initiation of Si-III requires a large pressure of 6.7 GPa (Fig. 3 and Extended 

Data Fig. 9). The calculated phase fraction for the Si-III without shear is 1%, whereas a maximum 

of 6% phase fraction is observed with shear (Extended Data Fig. 9 and Supplementary Table 2).  
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Section II: Pressure-, stress-, and plastic strain-induced phase transformations under high 

pressure 

 

The fundamental difference between the pressure- and stress-induced PTs under 

hydrostatic and non-hydrostatic loading and plastic strain-induced PTs at high pressure was 

formulated in23. Pressure- and stress-induced phase transformations start at crystal defects that 

naturally exist in a material and at stresses below the yield limit. These defects (e.g., various 

dislocation structures or grain boundaries) produce stress concentrators and serve as nucleation 

sites for a PT. First, nucleation occurs at defects with the strongest stress concentration; pressure 

should then be increased to cause nucleation at defects with decreasing levels of generated stresses. 

Plastic strain-induced PTs occur through nucleation and limited growth at defects (dislocations 

and twins) produced during plastic straining. Since there is a permanent generation of new defects 

and stress concentrators, there is no need to increase pressure; PT can be run by increasing plastic 

strain. Also, new defects generated during plastic flow may produce a much stronger stress 

concentrator than preexisting defects, significantly reducing the external pressure required for PT. 

It was concluded in23 that plastic strain-induced transformations require very different 

thermodynamic, kinetic, and experimental treatments than pressure- and stress-induced 

transformations. 

 
Section III: Failure of classical thermodynamics to describe plastic strain-induced phase 

transformations 

Macroscopic continuum thermodynamics for pressure- and stress-induced PTs fails to 

describe the drastic reduction in PT pressure by one to two orders of magnitude due to plastic 

straining. Indeed, the simplified expression for the mechanical part of the thermodynamic force 

for the PT is ÿ = 2ýÿ0 + ÿÿ, where p and ÿ are the pressure and shear stress, ÿ0< 0 and ÿ are the 

volumetric and shear transformation strains. For Si-I³Si-II PT, transformation strain tensor has 

principal component, ÿý = {20.514; 0.243; 0.243} with volumetric strain of -0.24941 and ÿ =0.5(0.243 + 0.514)= 0.379. The main problem is that the shear stress is limited by the macroscopic 

yield strength in shear ÿÿ. Then ÿ = (ý + 1.52 ÿÿ) 0.249. Then, the same driving force as under 

hydrostatic pressure can be reached at a pressure lower by ý = 1.52 ÿÿ. Since for von Mises 

plasticity condition ÿÿ = ÿÿ/:3, where ÿÿ is the yield strength in compression, we obtain ÿ =
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(ý + 0.88 ÿÿ) 0.249. While it is difficult to estimate the yield strength of Si-I because it depends 

on pressure, grain size, and plastic strain, and PT to Si-II may interfere, we take ÿÿ = 7.47 GPa 

(i.e., ÿÿ = 4.31 GPa) fitted in1S to reproduce sawing experiments by the FEM simulations. Then, 

the pressure required for Si-I³Si-II PT can be reduced by �ý = 6.56 GPa. Since under hydrostatic 

conditions for 100 nm Si, the PT pressure is 16.2 GPa, shear stresses can reduce it to 9.64 GPa. 

This value is close to 8.3 GPa obtained under uniaxial compression with small plastic strain in6, 

considering all indeterminacies in our analyses and that pressure in6 is reported in Pt or Au foil 

rather than in Si. Thus, this approach misses 9.34 GPa to describe the experimentally observed PT 

pressure of 0.3 GPa.  

 For PT from Si-I to Si-III, ÿý = {20.002; 20.136; 0.058} with the volumetric strain of ÿ0 = -0.0882S and ÿ = 0.5(0.136 2 0.002)=0.067. Then ÿ = (ý + 0.76 ÿÿ) 0.088 = (ý + 0.440 ÿÿ) 

0.088, and with the same ÿÿ = 7.47 GPa we obtain �ý = 3.28 GPa. Since PT to Si-III does not 

occur under hydrostatic pressure at all, shear stress reduction of the PT pressure �ý =3.28 GPa 

qualitatively disagrees with obtained Si-III at 0.6 GPa.  

 There are two main reasons for the obtained discrepancy. First, PT initiation pressure at 

room temperature is determined by the barrierless nucleation criterion rather than the phase 

equilibrium criterion, for which pressure can be significantly higher. For homogeneous loading 

under the action of all six components of the stress tensor, this criterion for Si-I to Si-II PT is 

determined by the first principle simulations in41. Second, we must consider the strong stress 

concentration at the defects generated during plastic flow. 

 

Section IV: Dislocation pileup-based mechanism (DPBM) for strain-induced phase 

transformations 

The problem simplifies because we have to describe a very strong reduction in the PT 

pressure by one to two orders of magnitude and tens of GPa26,27. The largest and only known stress 

concentration of such magnitude can be produced at the tip of the dislocation pileups. Indeed, all 

stress components (and, consequently, pressure) are proportional to the number of dislocations in 

a pileup, N. Since N = 10-100, local stresses could be huge and can be increased by growing plastic 

deformation at relatively low pressure, thus driving PTs. The important point is that the deviatoric 

(non-hydrostatic) stresses near the defect tip are not bounded by the engineering yield strength but 

rather by the ideal strength in shear for a defect-free lattice, which may differ by a factor of 10 to 
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100. Local stresses of such magnitude may result in the nucleation of the high-pressure phase at 

an applied pressure that is not only significantly lower than that under hydrostatic loading but also 

below the phase-equilibrium pressure. In addition, such highly deviatoric stress states with large 

stress magnitudes cannot be realized in bulk. Such unique stresses may lead to nucleation of stable 

or metastable phases that could not be attained in bulk under hydrostatic or quasi-hydrostatic 

conditions.   

 The details of an analytical theory are presented in23 and amended in the main text by 

including observation of more advanced theoretical and numerical phase-field33,34, molecular 

dynamics35, and concurrent atomistic-continuum simulations36 approaches that the grain size does 

not limit the length of dislocation pileup l because it is localized at the grain boundary as a 

superdislocation. Since a detailed presentation of the analytical theory is not the goal of this 

experimental paper, we use a qualitative correspondence of the increase in the stress concentration 

and the PT pressure without placing these stresses in the phase nucleation criterion, which can be 

done like in23. The above-advanced approaches overcame the main limitations of the analytical 

model23, namely, single dislocation pileup, luck of dislocation nucleation and motion in the 

transforming grains, assumptions of linear elasticity, singular stresses at the tip of the dislocation 

pileup, etc. Still, they show nucleation at a pileup of a dozen dislocations may occur at pressure by 

more than an order of magnitude or 15 GPa below that under hydrostatic conditions. Even more, 

the high-pressure phase does not localize near the tip of the pileup but propagates away, and in 

nanograined material can reach the opposite side of the grain and coalesce with other growing 

regions, producing a large volume fraction of the high-pressure phase at low-pressure in bicrystal 

and polycrystal (Extended Data Figs. 1-4). At all steady interfaces, the phase equilibrium condition ÿ = ÿÿÿÿÿÿ g 2ýÿ0 + ÿÿ = &ÿÿ is met, where ÿÿÿ and ÿÿÿ are the components of the stress and 

transformation strain tensors, there is a summation over the repeating indices from 1 to 3, and &ÿÿ  

is the jump in the thermal part of the free energy. While stresses reduce away from all tips of 

dislocation pile up, equilibrium is still possible due to the following reasons:  

(a) Stresses/pressure required for phase equilibrium are significantly lower than for lattice 

instability required for barrierless nucleation. 

(b) Severe plastic deformation reduces the grain size to the nanoscale and significantly 

increases the yield strength. Local shear stresses along the interfaces can be much 
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higher than the resistance to the dislocation motion because of the lack of dislocation 

sources in the bulk of a nanograin and the necessity to nucleate for dislocations.  

(c) Local stresses from dislocations generated during the deformation-PT process may 

stabilize interfaces. Large internal stresses at interfaces may remain after fully releasing 

external stresses. 

(d) Generation by plastic straining of point defects, stacking faults, and disordering may 

arrest interfaces and keep metastable high-pressure phases at zero external stresses. 

Also, in the two-phase mixture, the high-pressure phase may still be under high internal 

pressure; for example, retaining at zero averaged pressure Si-II (c = 0.27, the rest is Si-

III) is under the pressure in 3.6 GPa for the micron Si after non-hydrostatic compression 

with Cu gasket (Extended Data Fig. 17, Supplementary Table 11). 

Let us estimate the possibility of phase equilibrium of a large volume of Si-II after its 

appearance at low pressure. The contribution of shear stress, ÿ = ÿÿ = 4.31 GPa to the 

transformation work was estimated above as equivalent to �ý = 6.56 GPa. The measured pressure 

in Si-II is 4-6 GPa higher than in Si-I at low pressure and small volume fractions of Si-II, and by 

2-3 GPa at large volume fractions 38%. Combining these two numbers results in the total potential 

effective pressure increase by 8.56 to 9.86 GPa. Thus, an external pressure of 0.4 to 1.44 GPa is 

sufficient for nucleation and reaching an equilibrium pressure of ~10 GPa if large plastic shear is 

run under such constant pressure in RDAC (see Experimental results section). 

Concerning PT to Si-III, which is not present in the phase diagram under hydrostatic 

loading, high pressure is not required. Since Si-III appears from Si-II during unloading, its phase 

equilibrium pressure with Si-I is lower than Si-II compared with Si-I. Pressure should be low but 

with large plastic strains. Indeed, with increasing radius and plastic straining, the volume fraction 

of Si-III increases (Supplementary Table 2). Thus, the appearance of Si-III is nucleation controlled; 

it should be a proper combination of grain misorientation and orientation of a dislocation pileup 

with respect to grain boundary and applied shear stress to cause nucleation of Si-III instead of Si-

II, which should be found.  

Section V: Relevant results from the macroscopic modeling of sample behavior in DAC and 

RDAC 

 One of the concerns is that while Si-II and Si-III nucleate for strain-induced PTs at 

pressures much lower than that under hydrostatic conditions, Si-I completely disappears at high 
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pressure comparable to that under hydrostatic conditions for micron Si. Retaining of Si-I up to 

14.0 GPa (1.7% at 14 GPa and << 1% at 15.1 GPa) for plastic compression of micron Si (vs. 15.3 

GPa under hydrostatic conditions) (Fig. 3; all data below are for the sample center) is due to 

relatively small plastic strain with stainless steel gasket and its effect on PT.  For 100 nm Si with 

copper gasket, Si-I is retained up to 13.3 GPa (2.5%) under plastic compression and up to 12. 7 

GPa (<< 1%) with small torsion vs. 18.1 GPa under hydrostatic loading; and for 30 nm Si it is 13.2 

GPa (2.2%) under plastic compression vs. 23.2 GPa under hydrostatic conditions39. The main 

reason is that the macroscopic behavior of a sample compressed in DAC. During plastic 

compression, pressure grows whether we need this or not for PT. Our macroscale finite element 

method (FEM) simulations of the sample behavior in3S demonstrated the following. While in the 

kinetic model for hexagonal hBN to wurtzite wBN ýÿý  = 6.7 GPa, there is no reverse PT, and PT 

can be run to completing at a pressure slightly higher than 6.7 GPa and very large plastic 

deformation, during compression, this PT does not complete at the center even at 52 GPa due to 

fast pressure growth but small plastic deformations. A similar situation occurs in our experiments 

on Si, but even worse because there are multiple alternative PTs, including reverse PTs. At the 

same time, under torsion in RDAC, plastic strain can be increased without limit with a much 

smaller pressure increase or, in specifically designed experiments, even at constant pressure. 

Extended Data Figs. 20 and 21 with FEM simulations show that during torsion, much lower 

pressure is required to reach the same volume fraction of a high-pressure phase. However, since 

we performed only five exploratory torsion experiments on 100 nm Si with different goals, 

geometric parameters of the gasket/sample were not optimized, and pressure increased during 

torsion. This could be avoided, but this is a topic for a separate, quite sophisticated work, especially 

since multiple PTs occur, and we still need to determine the deformational and transformational 

properties of phases. PT pressure could be significantly reduced with the proper design of the 

experiment in RDAC. Note that in industrial applications (e.g., for synthesis of superhard 

materials), reduction in the required pressure by fractions of GPa is of great importance because it 

increases number of working cycles that high-pressure tool, cylinder and piston4S, can withstand 

before fracture, which is one of the major parts of the diamond cost. Thus, even current results for 

the disappearance of Si-I are of importance if this would be required for applied purposes.  
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