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Pressure-induced phase transformations (PTs) in Si, the most important
electronic material, have been broadly studied, whereas strain-induced PTs
have never been studied in situ. Here, we reveal in situ various important
plastic strain-induced PT phenomena. A correlation between the direct and
inverse Hall-Petch effect of particle size on yield strength and pressure for
strain-induced PT is predicted theoretically and confirmed experimentally
for Si-I>Si-1l PT. For 100 nm particles, the strain-induced PT Si-I>Si-ll initiates
at 0.3 GPa under both compression and shear while it starts at 16.2 GPa
under hydrostatic conditions. The Si-I>Si-lll PT starts at 0.6 GPa but does not
occur under hydrostatic pressure. Pressure in small Si-Il and Si-lll regions of
micron and 100 nm particles is ~5-7 GPa higher than in Si-I. For 100 nm Si, a
sequence of Si-1 > 1+11>1+I11+1ll PT is observed, and the coexistence of four
phases, Si-l, II, 11I, and XI, is found under torsion. Retaining Si-Il and single-
phase Si-lll at ambient pressure and obtaining reverse Si-lI>Si-l PT demon-

strates 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.

Silicon is the most important semiconducting element due to its
extensive applications in microelectronics, integrated circuits, pho-
tovoltaics, micro, and nano-electromechanical systems (MEMS/NEMS)
technologies, etc'?. Polycrystalline Si is widely used in solar panels, thin
transistors, and large-scale integration manufacturing®. When the Si
crystals or grains are scaled down to nanometer size, they show
remarkable electronic, mechanical, thermoelectric, and optical
properties*®. 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-Ill, 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-lll 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 K°. Similar studies
reveal that Si-lll is an ultranarrow band gap semiconductor (band gap,
E;~30 eV) with much lower thermal conductivity compared with Si-I
and is found to have the potential for infrared plasmonic
applications'®. Si-IV can be obtained from Si-lll 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-lll and Si-XII phases™ . These pressures are too high for
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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 (2), and lattice parameters are given at the bottom.

industrial applications; we will show that we can drastically reduce
them by plastic straining of nanograined Si-I.

The in situ hydrostatic”", uniaxial”’®*°, and indentation studies
of Si”*??, including nanoindentation, nanospheres, and micropillars
under compression-decompression, are very extensive. However,
many processes - like friction, machining, dicing, lapping, scribing,
and polishing of Si wafers and polycrystals, and producing nanos-
tructured Si phases are accompanied by large plastic shear, which may
strongly alter the PT pressures® ., As formulated in®, there is a fun-
damental 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 con-
centration of all stress tensor components. In contrast, 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 avenues to explore hidden phases, which cannot be
obtained under hydrostatic compression”2%, The plastic strain-
induced PTs require completely different experimental characteriza-
tion and thermodynamic and kinetic descriptions. The suggested
mechanism for a strong reduction of the PT pressure is based on the
barrierless nucleation at the dislocation pileups®, i.e., the dislocation
pileup-based mechanism (DPBM). Indeed, the concentration of all
stress components is proportional to the number of dislocations Nin a
pileup?; 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 the
wrong grain size dependence of the minimum PT pressure. The entire
field of strain-induced PT under high pressure is still in its infancy, with
the only in situ study for a-w PT in Zr*.

While there are hundreds of publications on PTs in Si under quasi-
hydrostatic conditions in a diamond anvil cell (DAC) and nanoinden-
tation, only one quite old work on PTs under compression and shear in
rotational DAC (RDAC)***°, utilizing only optical and electric resistivity
measurements, without in situ x-ray diffraction (XRD), wherein the
authors claim a PT sequence, Si-l—Ill—II. Later®, a TEM study found
that Si-I->IV—IIl PT occurs at 2-4 GPa, while Si-I—Ill—II occurs at
higher pressures. These claims contradict our in situ synchrotron XRD
results in Table 1. Also, it is known that particle/grain size reduction
increases the PT pressure for pressure-induced PTs*’; 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, manipulate PT pathways, retain
desired phases, find some rules/correlations, and shed light on possi-
ble physical mechanisms?

Here, we present in situ synchrotron XRD studies of various
plastic strain-induced PTs in Si with three different particle sizes,
~1um, 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-I>Si-Il 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. For 100 nm and micron Si,
pressure in small Si-ll regions is ~5-7 GPa higher than in Si-I, while for
pressure-induced PT, it is 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-I>Si-Il is pZ = 0.3 GPa, 54 times lower than pg = 16.2 GPa under
hydrostatic conditions and 35 times below the phase equilibrium
pressure. It is found to be the same for compression in DAC and tor-
sion in RDAC, i.e., it is independent of the plastic strain tensor and its
path, which is an 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-I>Si-lll initiates at 0.6 GPa for
100 nm Si, and PT Si-I>Si-Il 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 economic technologies
of their synthesis. Also, Si-ll is retained at ambient pressure, and
reverse Si-lI>Si-l 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, an
unknown sequence of PT Si-I>I1+I1>1+II+1Il is observed, and the
coexistence of four phases, Si-l, II, Ill, and XI, is found. In addition,
single-phase nano-Si-lll and nanocomposite of two semiconducting
phases Si-I + Il 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 advanced
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Table 1| Summary of a sequence of PTs in Si with different particle sizes under hydrostatic and non-hydrostatic (plastic)

compressions and torsion inside RDAC

Si PT sequence, coexisting phases, and PT initiation pressures Phases at 10 GPa
PTM Hydrostatic compression
gasket p (GPa)
Micron I+11+XI 1+ XI Xl - \ X+
He 13.5 14.6 15.3 16.5
S.S.
100 nm 1+11+XI I+ XI Xl - Vv XU+ XIL, 1+11
He 16.2 17.8 18.1 19.3
S.S.
30 nm - 1+ XI - 1+V Vv a
He 14.6 19.8 23.2
S.S.
Si PT sequence, coexisting phases, and PT initiation pressures Phases at 10 GPa
gasket Non-hydrostatic compression
anvil, run p (GPa), r (um)
Micron I+11 I+11+XI 1+XI XI XI+V v XI+ 111
& & 2.6, 96 10.4, 56 14.5, 24 15.2, 56 15.7, 32 16.3, 16
smooth, 1
100 nm 1+11 I+11+111 I+11+XI 11+ X1 - \Y 1l
Cu 0.6, 40 6.7, 40 10.6, 0 15.4, 20 17.5,0
smooth
30 nm 1+11 I+11+XI XI+V - \Y 1+11, 11
Cu 4.9, 30 10.4, 0 13.2, 40 13.7,0
smooth
Si PT sequence, coexisting phases, and PT initiation pressures Phases at 10°*GPa
gasket Non-hydrostatic compression with shear
anvil, run p (GPa), r (um),
rotation angle (degrees)
100 1+ I+ 11+ I+11+11+XI 1+11+XI XI+V 11+ XI X+
Cu 0.3, 70 0.6, 60 99,0 12.2, 50 13.9, 20 12.6, 40
smooth, 1 0° 10° 0° 0° 0° 0°
100 nm 1+11 I+ 11+ - - - I+ 101 T+ T+ 0+ 10+ X
GHSH 1.6, 30 4.4, 40
rough, 2 0° 24.6°
100 nm 1+11 - - |
S.S. 3.5, 20
rough, 3 10.2°

PTM represents the pressure transmitting medium used for the hydrostatic XRD measurement; S.S. designates a stainless-steel gasket. The phase mixtures in the pressure released samples to
10™GPa are shown in the last column for each case. The Si particle size, PTM, gasket, anvil, and run number are provided in the first column for each case. All loading paths and names of experiments

are shown in Supplementary Table 1.

scientific and applied fields of defect-induced material synthesis. Var-
ious other potential fundamental and technological applications are
analyzed below.

Results

Prediction of the correlation between the particle size’s direct
and inverse Hall-Petch effects and initiation pressure for strain-
induced phase transformation

It is corroborated in our analytical model”, and phase-field
simulations®?* that plastic strain-induced PT occurs by nucleation
at the tip of a dislocation pileup as the strongest possible stress
concentrator (DPBM). However, analytical theory® gives the wrong
prediction on the grain size dependence on the PT pressure.
According to the classical Eshelby model®, all components of the
stress tensor, @, at the tip of edge dislocation pileup, are 6 ~ 7/, where
T is the applied shear stress limited by the yield strength in shear 7, [
is the length of the dislocation pileup. Since [ is traditionally limited
by the fraction of the grain size d (e.g., [= 0.5 d), the main conclusion
in”® was that the greater the grain size, the stronger the stress con-
centration and, consequently, the reduction in PT pressure. How-
ever, this is opposite to what we found in experiments, e.g., for a-w
PT in Zr*®, To eliminate this contradiction, we will utilize the results of
our phase-field**?*, molecular dynamics®, and concurrent atomistic-
continuum simulations’®.

In contrast to the analytical solution utilized in®, [ is not related
to the grain size since most dislocations are localized at the grain
boundary, producing a step (superdislocation) (Supplementary
Fig. 1), with effective length /= Nb <<d, where b is the magnitude of
the Burgers vector. Then we can use the stress field of a super-
dislocation, i.e., 6 ~ uNb/r, where p 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~
T=T, (see**), i.e., 0 ~ ut,b/r. At the same time, 7, increases with the
decrease in d according to the Hall-Petch relationship®,
Ty=T0+kd_0'5, where 7, and k are material parameters (Fig. 2a).
Thus, 6 ~ p(ro+kd’0‘5)b/r. That is why the stress concentration
increases and p¢ decreases with decreasing grain size. This predic-
tion is counterintuitive because, under hydrostatic conditions, the
PT pressure increases with the grain size reduction®*?, 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 inverse Hall-Petch effect, Fig. 2a),
and grain boundary sliding competes with the dislocation pileup
formation. Then, based on the equation ¢ ~ uNb/r and decreasing N
with decreasing grain size, we conclude that the stress concentration
decreases and p¢ increases with decreasing grain size in the range of
validity of the inverse Hall-Petch effect. These qualitative predic-
tions, including the crossover in PT pressure with decreasing grain

Nature Communications | (2024)15:7054



Article

https://doi.org/10.1038/s41467-024-51469-5

0.00 0.05 0.10 0.15 0.20
(a) T T T (b) 100 Micron Si DAC-100 nm Si 30 nm Si
__18 { —o— Hydrostatic compression * Runt) o j L =
© —O— Plastic compression o o X a4 x
o 804 X ov a v -
O16 — =S
= = c
) a £ °
2141 o
2 = N601a
udf = (2]
a122 2 o
< o = g 0
= 61 30 nm (15 nm)| 9 x40 e
o [2) o L
£ ) = % o 59
% > Co0dp oo v 7 28
a o
g P Egiee 13a,
[ <4 4 g
0 T T T O T T T T T
0.00 0.05 0.10 0.15 0.20 0 5 10 15 20 25
d -1/2 (nm'1/2) Average pressure (GPa)
(c) DAC100 M ST - 70 ,m (d) i-04006A  DAC-100 nm Si Rl to 10* GPa
A1=03445 A Pressure release gasket: Cu ) = == ,NE 5 §§ =
_ | A=04088 A(for 10% GPa) )X (127 GP2) _| Radialscan | Siil :E gz €8 g 23 8
%) lo wo? 0| step size: 10 um & e
'c| Cugasket c =
3 3 S5
E ° Ny
@® ® )
Nart| ~1r=90 um
2 2r=80um
7 ‘»|r=70 um
C S =60 ‘
= E[2m
— — |r=40um
7= 30 um
=20 um
=10 um
r=0um
1 3 14 6 5 10 J5 20
QA" 20(°)

Fig. 2 | Particle-size dependence of phase transformation pressure, crystallite
size effect vs. pressure, and synthesis of single-phase Si-IIl. a Experimental
results on particle size dependence of the minimum Si-I>Si-Il PT pressure under
plastic straining and hydrostatic loading, and a schematic of particle size depen-
dence of the yield strength according to the direct and inverse Hall-Petch effects.
Numbers in parentheses are crystallite sizes at the initiation of the PT. 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. ¢ High-pressure
synthesis of single-phase Si-lll after compression in a DAC and released to the
ambient from 11.6 GPa and r=70 um. Pure Si-lll is observed at 1.8 GPa and is
metastable at 10™* GPa. The average pressure and pressure in each phase are shown
on the leftmost and rightmost (in parentheses) sides of the figure, respectively; the
phase fraction for each phase is shown in %; the same is done in all other figures,
where relevant. A downward arrow on the right indicates pressure release. d The
XRD patterns of nano Si-lll along the sample radius with 10 um step size at 10 GPa.
Pure Si-ll is observed in the entire region r <90 um.

size, will be confirmed experimentally (Fig. 2b), along with many
other results (see below).

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 is presented in Table 1. Figure 2c, d show the high-pressure
synthesis of single-phase nanograined Si-lll. Figures 3a-d and 4a-d
exhibit the high-pressure behavior of micron and 100 nm Si, initiation
of PTs pressure, volume, and phase fraction distribution at 8.2 GPa and
r=_8um for micron Si. The high-pressure behavior of 30 nm Si and the
phase fractions of different types of Si under plastic compression are
shown in Fig. 5a-d. High-pressure behavior of 100 nm Si, Si-I—Si-ll PT
initiation pressure for runs 1, 2, and 3 for 100 nm Si compressed and
sheared inside the RDAC are provided in Fig. 6a-d. The initiation of Si-
I—Si-lll and Si-I-Si-Il PTs for 100 nm and 30 nm Si under plastic
compression and that of 100 nm Si with plastic compression and shear
are shown in Fig. 7a-d. Numerous breakthrough results, which have

never been reported in the literature, are listed in Table 1 and Figs. 2-9
and are discussed below.

For micron Si, the pressure reduction for Si-I>Si-Il PT is from 13.5
to 2.6 GPa, by a factor of 5.2. The Si-Il is observed at 3.3 GPa at r= 0 and
2.6 GPa close to the gasket (Fig. 4a, b). For 100 nm Si, plastic straining
reduces Si-I>Si-Il PT pressure from p§ = 16.2 GPa to pl=03GPa, ie.,
by 54 times (Table 1, Figs. 2a, 6b, 7d). This is also 35 times below the
phase equilibrium pressure p.=10.5 GPa. A slightly larger PT initiation
pressure (0.6 GPa) for Si-I—Si-Il PT in 100 nm Si under plastic com-
pression compared with RDAC-Runl (0.3 GPa) suggests that the sam-
ple was not packed well during sample loading (Table 1). For 30 nm
particles, the PT pressure reduces from = (since Si-Il does not appear)
to 4.9 GPa (Table 1, Figs. 2a, 7b). The Si-ll is initiated at 6.6 GPa at
r=0pm and 4.9 GPa at r=30 um (Figs. 5a, b, ¢, 7b).

Under shear, the Si-1> 1l PT initiates at 0.6 GPa for 100 nm Si
(Fig. 7¢), and PT Si-I>Si-ll starts at 4.9 GPa for 30 nm Si (Fig. 7b), but
both do not occur under hydrostatic loading for these particles. For
30 nm Si, Si-I—Si-ll PT initiates between 5 and 6.6 GPa at r =0 um. For
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Fig. 3 | Plastic strain-induced PTs in micron and 100 nm Si under non-
hydrostatic compression with smooth diamonds. a XRD of micron-size silicon at
various pressures under non-hydrostatic compression at r =8 pum from the sample
center (r=0). The arrow indicates the evolution of the (200) peak of the Si-ll. The
large pressure values of the Si-ll compared to Si-I are shown in bold symbols here
and in other figures. b Volume of the unit cell (V) over the number of atoms (Z) vs.

Average Pressure (GPa)

average pressure for micron Si at r=8 um. ¢ XRD patterns of 100 nm Si at various
pressures at r=0um. The arrow at 1.3 GPa represents the initiation of the Si-ll
phase. The indexing of Si-I, Si-Il, Si-XI, and Si-V phases of micron and 100 nm Si are
provided in Supplementary Figs. 5 and 6. d Volume/Z vs. average pressure for
100 nm Si.

100 nm Si, without shear, the Si-I>Si-lll PT initiation pressure elevates
to 6.7 GPa under plastic compression in DAC (Fig. 7a). The maximum
phase fraction of Si-lll for 100 nm Si is just 1% in DAC, whereas it is 6% in
RDAC (Fig. 7a, Supplementary Table 2). Shear strains drastically reduce
the initiation of Si-I>Si-lll PT pressure and promote the evolution of the
Si-Ill phase. Figure 2c, d show a completely different and much more
economic PT pathway than in”"° to single-phase Si-lll by unloading
from 11.6 GPa within minutes at r=70um and in the entire region
r<90 um, namely, Si-Il + XI— Si-1 + I + Il 1lI, instead of the traditional
Si-Ill synthetic path, Si-ll—XII—III 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 sequence Si-l—I+Il—I+11+III
(Table 1, Fig. 6a-c and Supplementary Tables 2-7), in contrast to dif-
ferent PT sequences suggested in***** but not supported by the in situ
XRD study. Nanocomposite of two semiconducting phases Si-I+Si-lll in
100 nm Si, which may have valuable material properties, is retained
after unloading from 4.7 GPa and rotation by 101.3° (see below). The
coexistence of four Si phases, Si-l, II, Ill, and XI, is found (see below).
The effect of plastic strain is much weaker for the appearance of
Si-XI. While for micron and 100 nm particles, Si-XI appears simulta-
neously with Si-ll under hydrostatic loading, p¢ for Si-Xl is by 7.8 and
9.6 GPa larger than Si-Il with plastic straining (Table 1, Figs. 3, 6, and
Supplementary Table 2). Thus, plastic straining can be used to separate

phases. For 30 nm Si, PT pressure for the appearance of Si-XI reduces
from 14.6 to 10.4 GPa (Table 1, Fig. 5a-c). The effect of plastic strain on
the appearance of Si-V is weaker than for Si-Il and Si-XI (Table 1 and
Figs. 2b, 3, 5 and 6).

Our theoretical predictions on grain size dependence of p¢ are
confirmed for the appearance of Si-ll, i.e., there is a decrease in p? from
micron to 100 nm particles and then an increase for 30 nm particles
(Table 1, Figs. 2a, 3-6, Supplementary Tables 2-7). Compressed par-
ticles produce high-angle grain boundaries, representing the strongest
obstacle for the dislocation pileup. Each particle possesses an internal
grain/crystallite structure; the evolution of the crystallite size in dif-
ferent 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 dis-
location 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’
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for 8.2 GPa at r=8 um. The volume of Si-I and Si-Il phases monotonously increases
from the sample center. The phase fraction of the Si-Il phase is maximum near the
sample center.

misorientation increase, making them a stronger obstacle for dis-
location pileups and increasing their contribution to the size effect
for PTs.

For PT 111, p¢ = 0.3 GPa in 100 nm Si is the same for compression
before torsion (Table 1 and Fig. 7d) 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 p¢ 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 evolu-
tion) depend on the plastic strain tensor and its entire path, making
numerous combinations of governing parameters. We obtained simi-
lar independence previously for a-w PT in Zr**%, 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 p¢, whereas in DAC, pressure significantly
grows during compression. This is crucial for initiating and completing
the desired PTs at low pressure.

Under the plastic shear of 100 nm Si in RDAC, Si-lll initiates at
0.6 GPa, while it does not appear under hydrostatic compression
(Table 1 and Fig. 7¢)*’. Similarly, for 30 nm Si, PT Si-I>Si-Il starts at

4.9 GPa but does not occur under hydrostatic loading (Table 1 and
Fig. 7b). 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-ll regions is
~5-7 GPa higher than in Si-l (Figs. 3c, 6a, b, ¢, 7c, d, and Supple-
mentary Tables 5 and 6), while for pressure-induced PT, it is by
2.7 GPa lower due to 22% volume reduction'* (Supplementary
Table 12). Such high pressures in Si-ll can be caused by strong stress
concentrators due to dislocation pileup, in agreement with our
phase-field simulations®?**. 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 pres-
sure. With increasing pressure and the phase fraction c of Si-Il for
100 nm Si, the difference in pressure between Si-1 and Si-Il reduces
because the pressure in Si-ll remains at 8-9 GPa for 100 nm Si. This is
still much lower than pZ=16.2 GPa; the remaining part of the local
thermodynamic driving force comes from the work of non-
hydrostatic stresses on deviatoric transformation strains (see*?*
and Supplementary Discussion 3, 4). A similar difference in pressure
in Si-1 and Si-Il is observed in micron Si (Figs. 3a, 4a, b) and Si-I and Si-
Il in 100 nm Si (Fig. 7c, Supplementary Fig. 7, and Supplementary
Tables 5, 6).
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smooth diamonds and Cu gasket. b Volume/Z vs. average pressure for 30 nm Si.
¢ Phase fraction vs. average pressure for the 30 nm Si. d Phase fraction vs. average
pressure for the micron Si and 100 nm Si.

One of the longstanding puzzles in Si is stabilizing the high-
pressure Si-Il phase at ambient conditions. In DAC experiments, Si-II
was not retained at ambient conditions, even though the first-principle
simulations*®*' show the metastability of Si-Il. Figure 8a-d show the
retaining of micron, 30 nm, and 100 nm Si during and after the pres-
sure release. Based on obtained experimental results and multiscale
simulations”, 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-Il at
normal pressure in several regions (Figs. 6d and 8d). During pressure
reduction after a plastic compression experiment on 30 nm Si, we
obtained Si-V—Si-ll PT near ambient, and the pure Si-ll phase was
observed after the complete pressure release. A significant amount of
Si-Il was retained during Si-V— Si-Il unloading of micron Si after plastic
compression to 22.7 GPa (Fig. 8a). Retaining a large amount of Si-Il 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-
III'°. We have also observed reverse Si-ll—Si-l PT both during unload-
ing (Fig. 6d) and holding at ambient pressure for one week (Fig. 6d),
which was never seen before since Si-ll transforms to Si-lll and XII
during unloading. The Si-I + Il and Si-1 + Il + 11 + XII phase coexistences
in several regions under compression and shear in RDAC were also
observed (Fig. 8d).

The evolution of the volume fraction of different phases
(Figs. 4d, 5c, d 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. 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 experiments****, which is not a goal here.
Indeed, for a»w PT in Zr*, for which, p¢=1.2GPa, p¢=5.4, GPa,
Pe=3.4GPa, and the reverse PT is absent, the phase fraction c=0.91
at the center under torsion by 30° at 2.4 GPa, the same as under
compression to ~3.8 or 5.3 GPa for different pressure-plastic strain
loadings. Under 40° and r =175 pm, ¢ =1 at 2 GPa. Still, for 100 nm Si,
for Si-1l c=0.377 at 9.0 GPa and 15° and ¢ = 0.54 at 9.9 GPa and 82° at
the sample center (Supplementary Table 2), while under hydrostatic
conditions ¢ =0.36 is achieved at 16.2 GPa*. For 30 nm Si, ¢ = 0.55 at
7.7 GPa for plastic compression (Fig. 5¢), but ¢ = 0 under any pressure
during 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 they are strongly concentrated at the grain
boundaries and are highly energetic, dislocation pileups (super-
dislocations) become equilibrated by high external shear stresses.
These dislocation pileups partially or completely disappear after
releasing shear stresses and pressure and are undetectable in

Nature Communications | (2024)15:7054



Article

https://doi.org/10.1038/s41467-024-51469-5

(a) RDAC-100 nm Si
r=0pum
A=0.4246 A
—~| gasket: Cu
5a). 11 (10.2 GPa), Ilf
2 192679 X (12'6)573) 82°
1,
g 33 Gpay
_e. 1(626Pa) 1 0.0 GPa) I g7
© A T(@0 GPa), Il (82 GPa). Il (g 5o
\; | (@6 GPa). Il (9.3 GPa). Il (1, 5 2)_149
2ho26P2 A 2 GPa) 227
N [51 GPa
& l5acPa ‘ 1(6:3GPA) (91 OPaL Ml (13,4 g,
4
cls86Pa 1(3.1 GPa) !l (8.5 GPa) I+ g0
1
7.3 GPa ) 1 (0.9 GPa), Il (7.6 GPa) -
3.4 GPa S |
1.0 GPa =
0.6 GPa
T T : 3 y
5 10 15 20 25
o
260(°)
C .
( ) RDAC-100 nm Si Run 2
1.=0.3445 A
=0 pum
S.S. gasket r r
g l43¢ap
) s g 21166 GPa), i g 5 GPg
Dls26ps 1013 1(4.0Gpa) | 71 4
= ) 1 GPa), 1ij (19 5 GPa)
S|s36Pa 87 /| A 4GPy 175 o
= S SN\ 2 GPa) g6 GPa)
< |6.3GPa 582"~ 1+1+111 1(6.6 gp T
bt L el - a), Il
S i ). 1l (8.6 GPa), il (12,4 GPa)
>>|7.3 GPa
= 1(6.1Gp.
7] -~ SPa), (s
C(71GPa 15° l45a Pl
o > > GPa) 1 (8.4 gp,
-OE 50GPa 1 (3.4 GPa), Ii (g )
= .11 (8.4 gp
38GPg 0 (200)4. 1+ 22 2
~. g GPa), n
2.2 GPa el
1.7 GP. < g
2 & e S
0.1 GPa o
T T ’
5 10 15
2009

Fig. 6 | Plastic strain-induced PTs in 100 nm Si with torsion inside the RDAC.
a XRD patterns for 100 nm Si within Cu gasket at various pressures and anvil
rotations with smooth diamonds at r= 0 um. The torsion is applied at 3.4 GPa and
6.1 GPa at r=0pum. The arrows represent the evolution of (200) and (211) peaks of
the Si-Il and Si-lll phases, respectively. The indexing of Si-I, Si-1I, Si-lll, and Si-XI
phases are provided in the Supplementary Figs. 7 and 9. b Initiation of Si-I>Si-Il PT
at 0.3 GPa, r=70 um and shear, 5°. The Si-I, Si-Il, and Si-lll phases coexist at 3.4 GPa,
r=0um, and shear, 0°. The same PT initiation pressure is obtained at r = 60 um (for
1.1GPa at r=0); see Fig. 7d. ¢ XRD patterns of 100 nm Si at various pressures and
torsions with rough diamonds and S. S. gasket. The Si-Il is initiated at 2.2 GPaatr=0

Run 1

o
S
3

RDAC-100 nm Si

(b)

A=0.4246 A

Cu gasket 1+

(220),

L= 9080 I =93.5%
I1=1.2% Il =5.5%
=1.0%

1+11+111

(111),

1(0.2 GPa),
I (6.3 GPa)

0.3 GPa, 5°, r=70 um
3.4 GPa, 0°, r=0 um

Intensity (arb.units)

1 (3.1 GPa),
II (8.5 GPa)

5 10 15 20
20(°)
(d) ‘ RDAC-100 nm Si Run 3
1 =0.3445A || =
S.S. gasket ‘\H‘ S

8259 )

/‘" N—" - 98 go,
rel. to 10" GPg/ l: ~208%, .
R 11:17.50, 2 7;2%
1+11
6.5 GPa

(6.1 1 \;
Gpa)' Ul (8.5 Gi'a
g

Intensity (arb.units)

15 20

0
20(9

and 1.6 GPa at r=30 um (Table 1). The piston side diamond anvil was continuously
rotated up to 101.3° at 1 rotation per hour. d XRD patterns of 100 nm Si for selected
pressures and torsions with rough diamonds at r=0 with S. S. gasket. The sample
was pressurized up to 0.7 GPa, and the shear was applied by continuously rotating
one of the anvils up to 16.8° at 1 rotation per hour. The Si-ll was initiated at 6.5 GPa
atr=0and 3.5 GPaatr =50 um. The pressure was released to ambient from 6.5 GPa.
A small amount (1.2%) of Si-Il was retained under ambient conditions. Since the
phase fraction of Si-ll significantly reduces during pressure release, the reverse Si-
11>Si-1 PT was also observed.

numerous transmission electron microscopy studies of nanograined
materials’'>*, 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 pres-
sure 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 strong
reduction in PT pressures for the appearance of Si-lIl and Il due to
plastic deformation, which the dislocation pileup mechanism can
plausibly explain.

Most importantly, under plastic straining, pressure in small Si-ll
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 the
reduced dislocation activity in the region of the inverse Hall-Petch
effect and the increased PT pressure. A similar difference in pressure in
Si-l and Si-lll is observed in 100 nm Si.

Theoretical pressure for barrierless nucleation strongly depends
on the magnitude and mode of the deviatoric (non-hydrostatic)
stresses’’. Strong heterogeneity of the stresses around the tip of the
dislocation pileup®* 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 the dislocations responsible for
plasticity; dislocations cannot pileup and promote PTs. This is, e.g., the
case for screw dislocations in Si-1*°. Also, the crystallite size of Si-land Il
in strain-induced PT to Si-V and Si-Xl is getting so small that it belongs
to the region of the inverse Hall-Petch effect and increases the PT
pressure.
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Fig. 7 | Initiation of Si-1>Si-Ill and Si-1 > Si-Il PTs in 100 nm Si and 30 nm Si under
non-hydrostatic compression and shear. a Initiation of Si-I>Si-lll PT in 100 nm Si
under non-hydrostatic compression inside a DAC. The average pressure of the
sample atr =40 um is 6.7 GPa. b Initiation of Si-I>II PT for 30 nm particles at 4.9 GPa
and r=30 ym. The sample was compressed under non-hydrostatic conditions

inside a DAC using a Cu gasket. “Cu” represents the gasket peak. c Initiation of Si-
I>Si-Ill PT pressure in Si-lll phase of 100 nm Si with non-hydrostatic compression
and shear inside RDAC. d The XRD pattern of 100 nm Si compressed and sheared
inside an RDAC at 60 um from the sample center with a shear of 10°. The initiation
of Si-I>Si-Il PT at 0.3 GPa in RDAC but before torsion; g is the gasket peak.

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) basic
direction in the multiscale theoretical description of these phenom-
ena, e.g., by further developing approaches reviewed in”, and (ii)
applied direction in developing the scientific foundation for 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, SiyGe;.,, GaAs, InSb, GaSb, etc.), graphite-
diamonds (cubic, hexagonal, orthorhombic, etc.) and similar BN sys-
tems. 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 complexions*’~*), 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 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 synthesis™.

In particular, while obtaining pure Si-lll after quenching from
14 GPa and 900K over three days or in Na-Si system at 9.5 GPa and
1000 K° or by two compression/slow (within 4 hours) decompression
cycles to 13 GPa and room temperature®, it was mentioned in’ as a
promising result that Si-lll appeared at 7 GPa and 1000 K. We obtained
Si-lll within a few minutes at 0.6 GPa at room temperature with an anvil
rotation of 5°. Various synthetic compression-torsion-unloading paths
can be developed to obtain pure Si-lll at ambient pressure. Since the
transformation rate is proportional to the strain rate”%, it can be
increased by increasing the rotation rate. Then, single-phase Si-IV can
be obtained from Si-lll by annealing. Another result is obtaining pure
Si-1ll in the entire region r <90 pym after compression of 100 nm Si to
11.6 GPa (at r = 70 um) and unloading within several minutes (Fig. 2b, c);
it is already more economical than the above methods’”. Nano-
composite of two semiconducting phases Si-I+Si-lll in 100 nm Si
retained after unloading from 5.2 GPa and rotation by 101.3° may have
useful material properties. We obtained Si-I+II+1ll+XI phase
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pattern (2) is magnified thrice. ¢ XRD patterns of pressure released sample after
compression and shear inside RDAC (run 1) at r=70 pm 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-lll is seen at 11.9 GPa, which is excluded during refinement. The
vertical arrow represents the pressure release at r=70 um and 11.6 GPa. d XRD
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101.3° inside RDAC (run 2). Nanocomposite of two semiconducting phases Si-I1+Si-
Il at r =30, 40 pm and Si-1+Si-11+Si-1lI+Si-XIl phase coexistence at r=10 and 20 um
are observed. Four-phase fitting did not provide a reliable phase fraction of Si-XII;
therefore, it is not presented. The dotted lines denote (211),; and gasket (g) peaks
at different sample positions. A shoulder peak right to the (211)y; is from the Si-
XII phase.

coexistence and a significant amount of Si-Il (38.8%) at 7.4 GPa and a
small shear of 5° (Fig. 9a, b).

The 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-Il and a-Si)
phases®*. The current molecular dynamics modeling on cutting
polycrystalline Si-1 shows the formation of Si-ll and a-Si at ~10 GPa
under shear, i.e., close to the values for a single crystal under hydro-
static conditions™. 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 (Fig. 2a
and Table 1).

Since the PTs in Si were typically obtained at pressures greater
than 10 GPa, they were neglected in typical normal and relatively low-

pressure applications. The 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 anvils"'?*, RDAC experiments can also be used for in situ
studying processes occurring during high-pressure torsion. Tradi-
tional high-pressure 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 (Table 1), the final product does not characterize any PT
during the loading. Even for other material systems without PTs
during pressure release, the in situ study is much more representa-
tive, better characterized, and precise because it allows getting many
more experimental points at different loadings, characterizing
parameters (e.g., pressure) in each point (instead of force divided by
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shear inside an RDAC. The average pressure in the sample is 11.6 GPa. The pressure

(b) .
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and phase fractions of all the phases are shown. b 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-Il is observed at r =10 um. Since the Si-lll peaks are very weak, the Si-1ll
phase is excluded during the refinement.

total area), and avoids damage of the brittle materials at normal
conditions.

Methods

Materials

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 um, 100 nm, and
30 nm. Single crystal silicon purchased from Sigma-Aldrich was pow-
dered to 1 um size fine powders by grounding with a pestle and mortar.
The Si powder with <100 nm particle size (TEM) and >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.

Synchrotron X-ray diffraction

The high-pressure experiments were carried out using symmetric-type
DAC and RDAC with 230, 300, and 400 um culet diameters. We have
used both polished and rough diamonds™ for this study, and the
description of the RDAC used for run 1 can be found in*. 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 pm were utilized with hole (sample)
diameters of 120-220 pm. 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 um 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 A, 0.4246 A, and 0.3445 A. The X-ray beam with
spot size 5 pum x 4 pm was scanned along the sample diameter with
step sizes 8 pm for micron Si and 10 um for all other data at various
pressures at the sample center. All data, including the pressure we
present for any sample point, are obtained from the same point. The
data from different sample points can be distinguished by the cor-
responding r values (radial distance from the sample center in um).
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 method*®. The 2D XRD image was
converted to a 1D pattern using dioptase software®’. The spherical
harmonics texture model was used to fit the high-pressure Si phases.
The CIF files for plotting the Si-I and Si-V unit cells were taken from
the ICSD database with codes (Si-I: 51688 and Si-V: 52456). The lattice
parameters and Wyckoff positions of Si-llI, Si-XI, Si-lll, and Si-XII
phases are taken from'>*%*°, The best fit for Si-Il is obtained with the
Wyckoff position (4b): x=0, y=0.25 and z=3/8. The crystal struc-
tures were plotted using VESTA. The source data for the XRD study is
provided.

Pressure Determination

The supplementary Table 13 contains material parameters of the third-
order Birch-Murnaghan EOS (BM3 EOS)“° used to determine pressure
in all phases and particles taken from®. They were obtained using He
PTM® and a ruby pressure scale®, and a simple iterative procedure was
developed to extract the Si-Il and Si-XI EOS from the P-V data con-
taining a mixture of phases with different pressures in each phase. For
Si-ll, the first principles simulation results from* were utilized to
extend EOS to zero pressure, as S-ll does not exist under hydrostatic
loading below 13.5 GPa. This is the best that can be currently done.
While a possible error can change the pressure in Si-Il on 100 nm Si by
1GPa and the maximum/minimum error in the average pressure by
0.54/0.01 GPa, this will not change any conclusion because the pres-
sure in Si-Il 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 (Table 3). The Si-I, Si-1l, Si-lll, Si-XI, and Si-V phases are desig-
nated as I, II, I1I, XI, and V, respectively. The subscripts I, 11, XI, and V of
the (hkl) Bragg planes represent the Bragg planes of the Si-1, Si-1I, 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 Fig. 4c, d, the XRD data was collected along the culet dia-
meter with an 8 um 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=0to 72 ym.
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Supplementary Discussion 1. 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 Cuand 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, 7c, d,
Supplementary Fig. 7. A Cu gasket was pre-indented to 150 pm thickness using smooth diamonds
with a culet size of 400 um, and a 250 um hole diameter was made using HPCAT, APS laser
drilling machine. The sample was well-packed inside the sample chamber; no pressure calibrant
or PTM was used. The XRD patterns were collected along the culet diameter with a 10-micron
step size. The pressure distribution along the sample radius is maximum at the sample center. The
appearance of a new peak at 20 = 10.36° confirms the initiation of the Si-Il phase at the sample
center (Fig. 6b). The Si-1-Si-1l phase transformation is initiated at 1 GPa at the sample center
with a phase fraction of Si-11, 1.4% (Fig. 6a and Supplementary Table 2). The PT initiation pressure
in Si-1l is much smaller away from the sample center due to the larger plastic strain. Si-1l PT
initiation is observed at 0.3 GPa at r = 60 um (1.1 GPa at r = 0) (Fig. 7d) and also at r = 70 pum,
shear, w = 5° (3.4 GPa at r = 0 and shear, o = 0°) (Fig. 6b). The Si-I1 and Si-Il 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-Ill. The initiation of the Si-11l phase is noticed at 0.6 GPa at r = 60 um and shear
o = 10° (Fig. 7c). The Si-1l and Si-11l phases evolve with pressure; correspondingly, the phase
fraction of the Si-1 decreases. The Si-I, Si-11, and Si-111 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-
Il and Si-11l phases increase with pressure (Supplementary Table 2). The calculated averaged
pressure is 5.1 GPaatr =0 um, w = 149° (3.4 GPa at r =0 pum, o = 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 um and w = 82°, and all the four phases coexist, viz., Si-I, Si-1l,
Si-111, and Si-XI. With further compression, at 12.7 GPa, Si-I and Si-11l phases disappear, and Si-
Il and Si-XI coexist (Fig. 6a and Supplementary Table 2). A maximum Si-Il (54 %) is observed
with a shear w = 82° applied at 6.1 GPa. The average pressure of the sample at r =0 pm and o =
82°is 10.2 GPa (Supplementary Tables 2, 5). A maximum of 38.8 % Si-II is obtained at relatively
low pressure (7.4 GPa) and shear «» = 5° at r = 10 um (Fig. 9b). The coexistence of Si-I, Il, 111,
and XI phases observed at 11.6 GPa and r = 0 um (Fig. 9a). During loading, the Si-11l phase



intermediate between Si-Il and Si-XI is observed for the first time. Si-l1l and Si-1ll phases are
initiated simultaneously in some regions away from the sample center. Also, in a few regions, the
Si-111 phase initiates before Si-I1. The appearance of the Si-111 phase is reproduced in all our shear
experiments with Cu and S. S. gaskets. Si-11l 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-11l requires a large pressure of 6.7 GPa (Table 1 and Fig. 7a).
The calculated phase fraction for the Si-111 without shear is 1%, whereas a maximum of 6% phase

fraction is observed with shear (Fig. 7a and Supplementary Table 2).

Supplementary Discussion 2. 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 in'. 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 in' that plastic strain-induced transformations require very different
thermodynamic, Kkinetic, and experimental treatments than pressure- and stress-induced

transformations.

Supplementary Discussion 3. 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 W = —peg, + 1y, where p and 7 are the pressure and shear stress, e,< 0 and y are the
volumetric and shear transformation strains. For Si-1-Si-Il PT, transformation strain tensor has
principal component, &, = {—0.514;0.243;0.243} with volumetric strain of -0.2492 and y =
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 7,,. Then W = (p + 1.52 7,,) 0.249. Then, the same driving force under

hydrostatic pressure can be reached at a pressure lower by p = 1.52 7,,. Since for von Mises
plasticity condition 7, = ay/\/3, where o,, is the yield strength in compression, we obtain W =
(r + 0.88 g;,)) 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-1l may interfere, we take o, = 7.47 GPa
(ie., T, = 4.31 GPa) fitted in® to reproduce sawing experiments by the FEM simulations. Hence,

the pressure required for Si-1-Si-11 PT can be reduced by Ap = 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 in?,
considering all indeterminacies in our analyses and that pressure in* is reported in Pt or Au foil
rather than 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-1ll, &, = {—0.002; —0.136; 0.058} with the volumetric strain of ¢, =
-0.088° and y = 0.5(0.136 — 0.002) = 0.067. Then W = (p + 0.76 7,) 0.088 = (p + 0.440 o)

0.088, and with the same g, = 7.47 GPa, we obtain Ap = 3.28 GPa. Since PT to Si-Ill does not

occur under hydrostatic pressure at all, shear stress reduction of the PT pressure Ap =3.28 GPa
qualitatively disagrees with obtained Si-111 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-1 to Si-Il PT is
determined by the first principle simulations in?. Second, we must consider the strong stress

concentration at the defects generated during plastic flow.



Supplementary Discussion 4. 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 GPa®’. 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 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
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 in' and amended in the main text by
including observation of more advanced theoretical and numerical phase-field®°, molecular
dynamics'®, and concurrent atomistic-continuum simulations*! approaches that the grain size does
not limit the length of dislocation pileup | 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
performed like inl. The above-advanced approaches overcame the main limitations of the
analytical model®, 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 (Supplementary Figs. 1-4). At all steady interfaces, the phase equilibrium
condition W = g;¢;; = —pégoy + 1y = Ay is met, where o;; and ¢;; are the components of the
stress and transformation strain tensors, there is a summation over the repeating indices from 1 to
3, and Ayy isthe jJump 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
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-11 (c = 0.27, the rest is Si-
[11) is under the pressure in 3.6 GPa for the micron Si after non-hydrostatic compression
with Cu gasket (Fig. 8a, 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, T =1, = 4.31 GPa to the

transformation work was estimated above as equivalent to Ap = 6.56 GPa. The measured pressure
in Si-11 is 4-6 GPa higher than in Si-I at low pressure and small volume fractions of Si-11, 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-1ll, which is not present in the phase diagram under hydrostatic
loading, high pressure is not required. Since Si-11l appears from Si-I1 during unloading, its phase

equilibrium pressure with Si-1 is lower than Si-11 compared with Si-1. Pressure should be low but



with large plastic strains. Indeed, with increasing radius and plastic straining, the volume fraction
of Si-1ll increases (Supplementary Table 2). Thus, the appearance of Si-111 is nucleation controlled;
it should be a proper combination of grain misorientation and orientation of a dislocation pileup
with respect to the grain boundary and applied shear stress to cause nucleation of Si-11l instead of
Si-11, which should be observed.
Supplementary Discussion 5. Relevant results from the macroscopic modeling of sample
behavior in DAC and RDAC

One of the concerns is that while Si-1l and Si-1ll nucleate for strain-induced PTs at
pressures much lower than that under hydrostatic conditions, Si-1 completely disappears at high
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) (Table 1; 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-1 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 conditions?. The main
reason is that the macroscopic behavior of a sample compressed in a 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 in*® demonstrate the following. While in the
kinetic model for hexagonal hBN to wurtzite wWBN pg = 6.7 GPa, there is no reverse PT, and the
PT can be run to completion at a pressure slightly higher than 6.7 GPa with 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.
Supplementary Figs. 10 and 11 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, the
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. Since



multiple PTs occur, 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 the synthesis of superhard materials),
reduction in the required pressure by fractions of a GPa is of great importance because it increases
the number of working cycles that high-pressure device, cylinder and piston®*, can withstand
before fracturing. Cost of the cylinder and piston 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 is required for

applied purposes.
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Supplementary 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, p¢ = 0 GPa, p? = 15.9 GPa, pe= 3 GPa
and y = 0.35. The nanoscale phase-field approach results from?®. (b) Dislocation pileup in the right
grain produces a step at the grain boundary in Si-1 and amorphization in the left grain. Molecular
dynamics results in from?°. (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 from!!. Reproduced with copyright permission 2024 from American Physical Society’
(License Number: RNP/24/JUL/080873) and for Elsevier!®!' (License Numbers: 5820380761218

and 5820400539939).



(b)

T=3.41, p=2.71 T=3.53, p=2.5
W =0.95 W = 0.96

Supplementary 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 y = 0.3. Material with p¢ =
0 GPa, p? = 15.9 GPaand pe=3 GPa is treated. The nanoscale phase-field approach results from®.
(b) Steady dislocation and phase structure in a bicrystal under shear y = 0.2 when rotations of
grains were considered. Averaged over the left and right grains, shear stress T and pressure p are
shown above the grains. Material with p¢ = 2.0 GPa, p% = 15.75 GPa and pe= 10 GPa are studied.
The nanoscale phase-field approach results in from®8. Reproduced with copyright permission 2024
from American Physical Society’ (License Number: RNP/24/JUL/080873).
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Supplementary Fig. 3. Dislocation-induced cubic to tetragonal phase transformation in
bicrystal under compression p and shear . (a) Steady dislocation and phase structure in a
bicrystal under compression and shear y = 0.2. Averaged over the left and right grains, shear stress
T and pressure p are shown above the grains. Black lines correspond to the fulfillment of the
local phase transformation criterion W = —pg, + 7y = Ayg, demonstrating that major interfaces
are in thermodynamic equilibrium. Material with p& = 2.0 GPa, p? = 15.75 GPa and pe= 10 GPa
are 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. Reproduced with copyright permission 2024 from Springer Nature!®
(License Number: 5820401496485).
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Supplementary 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, W =
—pey + 17y = AYyg, demonstrating that major interfaces are in thermodynamic equilibrium.
Material with p=2.0 GPa, p? = 14.70 GPa, 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
y. 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 from®’,

Reproduced with copyright permission 2024 from Elsevier!’ (License Number: 5820391387505).
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Supplementary Fig. 5. Indexing of Si-I, Si-11, 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 um. The
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evolution of the (311) peak of 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-1l

compared to that of Si-1 are shown in bold symbols.
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Supplementary Fig. 6. Indexing of Si-I, Si-1l, 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 um. The

phase coexistence and average pressures are shown on the leftmost side.
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Supplementary Fig. 7. Indexing of Si-1, Si-Il, Si-1l1, 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 um

for selected pressures.
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Supplementary Fig. 8. Coexistence of Si-1, Si-11, and Si-XI phases in micron Si: Rietveld

refinement of non-hydrostatic compression of XRD data of micron Si at 14 GPaand r =8 um. The

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

(in %) of Si-1, Si-1l, and Si-XI phases are shown.
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I, Si-II, and Si-III phases of 100 nm Si at 5.1 GPa with shear, 149° and » = 0 um.
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Supplementary Fig. 10. Variations of maximum pressure p in the sample versus the
concentration of the high-pressure phase ¢y 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 o,,/0,;. Reproduced with copyright

permission 2024 from AIP Publishing'® (License Number: 5820420933340).
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Supplementary Fig. 11. Variations of the pressure p (a), the volume fraction of the high-
pressure phase ¢ (b), and the accumulated plastic strain g (c) at the contact surface. Curves
1 and 2 are the results for DAC under the applied stress to the back side of the anvil of o,= 0.9
and 0.57 GPa, respectively, and curve three stands for RDAC under g,,= 0.57 GPa and ¢ = 1.6.
(d) The pressure vs. volume fraction of wBN c at the center of the sample in DAC and RDAC at
0,,= 0.57 GPa. Reproduced with copyright permission 2024 from Elsevier!® (License Number:
5820430258054).
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Si Gasket Gasket hole Compression/shear, | Diamond anvil,
particle Experiment name type diameter (um), DAC/RDAC Culet size (um)
size thickness (um)
Micron Micron Si (Run 1) S. S. 150, 120 Compression, DAC | Smooth, 300
Micron Si (Run 2) Cu 150, 150 Compression, DAC [ Smooth, 400
100 nm DAC-100 nm Si Cu 220, 153 Plastic, DAC Smooth, 400
RDAC-100 nm Si (Run 1) Cu 250, 150 Shear, RDACI1 Smooth, 400
100 nm | RDAC-100 nm Si (Run2) | S.S. 120, 78 Shear, RDAC2 Rough, 230
RDAC-100 nm Si (Run3) | S.S. 130,70 Shear, RDAC2 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 “Methods”.

A description of sample loading paths for hydrostatic compression experiments is provided in??.

Except for micron Si (Run 2), the PTs sequence for all other loading paths (compression and shear)

is given in Table 1. Compact packing of the sample inside a thick, soft gasket was found to reduce

the initiation pressure of Si-1-Si-11 PT drastically. The initial thickness of the gasket used was in
the range of 250 to 300 pum.
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RDAC-100 nm Si (Run 1)

Average Si-1 Si-11 Si-111 Si-XI Si-1 Si-11 Si-111 Si-XI | r (um), p
pressure V (A% V (A% V (A% V (A% Phase Phase Phase Phase | (GPa),
(GPa) Fraction | Fraction | Fraction | Fraction | Shear (°)
1E* 159.92(02) 1 0 0 0
0.3 159.56(03) 1 0 0 0 0
0.6 159.10(07) 1 0 0 0 0
0.6 159.34(13) | 57.7(9) 279.3(45) 0.973 0.020 0.007 0 60, 3.4, 10°
0.8 159.04(12) | 57.51(30) 0.982 | 0.018 0 0 30
0.9 158.74(13) | 57.43(31) 0.986 0.014 0 0 60
1.1 158.50(1) 1 0 0 0 0
1.0 158.82(13) | 57.22(65) 0.986 0.014 0 0 0
1.6 158.26(13) | 57.55(31) | 270.3(42) 0.956 0.037 0.007 0 60, 3.4, 5°
1.9 157.59(15) | 57.1(16) 0.984 | 0.016 0 0 0
3.4 155.94(13) | 56.92(33) | 272.7(40) 0.940 0.053 0.007 0 0, 3.4, 0°
7.3 152.22(12) | 56.72(13) | 266.3(22) 0.670 | 0.320 | 0.010 0 0,3.4,5°
6.4 153.53(13) | 56.66(14) | 267.3(17) 0.712 0.280 0.008 0 0, 3.4, 10°
5.8 154.24(18) | 56.62(26) | 268.8(13) 0.750 0.240 0.010 0 0,3.4,22°
4.9 155.15(15) | 56.98(28) | 272.22(69) 0.756 0.206 0.038 0 0, 3.4,53°
5.1 154.92(15) | 57.04(33) | 273.7(11) 0.730 0.230 0.040 0 0, 3.4, 149°
5.0 155.11(15) | 56.76(22) | 271.22(79) 0.778 0.174 0.048 0 0
6.1 153.53(14) | 56.76(30) | 272.07(76) 0.770 | 0.177 | 0.053 0 0,6.1,0°
9.0 150.34(14) | 56.46(11) | 267.34(64) 0.565 0.377 0.058 0 0,6.1,15°
10.2 | 149.14(19) | 56.34(06) | 267.21(71) | 56.00(03) | 0.320 0.540 0.040 0.100 | 0,6.1,82°
11.6 147.29(24) | 56.13(03) | 264.6(15) | 55.94(02) [ 0.092 0.512 0.009 0.387 0
12.7 55.87(02) 55.50(02) 0 0.457 0 0.543 0
12.9 55.82(03) 55.41(02) 0 0.416 0 0.584 0
Supplementary Table 2. Unit cell volume and phase fractions of Si-1, Si-1l, Si-111, and Si-XI

phases of 100 nm Si compressed and sheared inside an RDAC (run 1). The first column shows

the actual pressure. The last column shows data for radial distance r of the point with respect to the

sample center (+ = 0), pressure p at the beginning of each torsion step, and rotation angle increment

from the last compression without the torsion step. If just one number is shown in the last column, then it

is radial distance » The same designations are used for other Supplementary Tables. A relatively

large phase fraction of Si-11 is observed at reasonably low pressure (at 9 and 10.2 GPa). 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°.
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RDAC-100 nm Si (Run 2)
Average Si-1 Si-ll Si-I Si-1 Si-1l Si-1I r (um), p (GPa),
pressure V (A% V(A®) V (A% Phase Phase Phase | and Shear (°)
(GPa) Fraction [ Fraction | Fraction
1E* | 159.92(2) 1 0 0
0.1 159.84(04) 1 0 0 0
0.3 159.60(05) 1 0 0 0
0.7 159.08(05) 1 0 0 0
0.8 158.87(09) 1 0 0 0
1.7 157.76(13) 1 0 0 0
2.2 157.05(15) | 57.43(31) 0.990 0.010 0 0
3.3 155.80(16) | 57.4(5) 0.982 0.018 0 30, 3.8,1.8°
3.8 155.59(19) | 56.96(20) 0.924 0.076 0 0,38,0°
5.0 154.29(15) | 56.95(12) 0.871 0.129 0 0, 3.8, 0.6°
5.7 154.02(23) | 56.77(38) | 270.6(22) [ 0.790 0.188 0.022 60, 3.8, 46.2°
6.5 153.39(19) | 56.84(14) | 268.7(26) | 0.656 0.329 0.015 50, 3.8, 45.6°
6.7 152.65(14) | 56.93(09) 0.699 0.301 0 0,3.8,7.8°
7.1 152.50(15) | 56.92(08) 0.585 0.415 0 0, 3.8, 15°
6.9 152.71(19) | 56.93(11) | Initiated 0.606 0.394 0 0, 3.8,29.4°
7.3 151.94(19) | 56.88(14) | 267.5(17) [ 0.535 0.429 0.036 0, 3.8,43.8°
6.3 153.23(19) | 57.37(28) | 272.3(17) | 0.561 0.394 0.045 0, 3.8,58.2°
6.1 153.56(25) | 57.39(25) | 270.8(13) [ 0.563 0.424 0.013 0,3.8,72.6°
5.3 154.91(22) | 57.43(44) | 271.2(19) | 0.616 0.359 0.025 0,3.8,87°
5.2 154.57(22) | 57.58(32) | 274.2(16) | 0.624 0.349 0.027 0,3.8,101.3°

Supplementary Table 3. Unit cell volume and phase fractions of Si-I, Si-11, and Si-111 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 Si-I Si-1l Si-1 Si-1l r (um), p (GPa),
pressure | V(A% V (A3 Phase Phase | and Shear (°)
(GPa) Fraction | Fraction
1E* 159.92(2) 1 0
0.1 159.80(04) 1 0 0
0.4 159.47(05) 1 0 0
0.7 158.98(07) 1 0 0,0.7,0°
0.8 158.96(07) 1 0 0,0.7,0.6°
2.6 156.58(18) 1 0 0,0.7,9.0°
5.9 152.96(17) | 57.02(30) | 0.890 0.110 10, 0.7, 15°
6.5 152.50(14) | 56.86(12) [ 0.825 0.175 0,0.7,16.8°

Supplementary Table 4. Unit cell volume and phase fractions of Si-1 and Si-11 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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RDAC-100 nm Si (Run 1)
Average
pressure Pressure in 1, 11, 111, and XI phases, r (um), p (GPa),
(GPa) p (GPa) and Shear (°)
0.3 1(0.3) 0
0.6 1 (0.6) 0
0.6 1 (0.5), 11 (6.3), 111 (5.8) 60, 3.4, 10°
0.8 1 (0.7), 11 (6.9) 30
0.9 1(0.8), 11 (7.1) 60
1.1 1 (1.1) 0
1.0 1(0.9), 11 (7.6) 0
1.6 I (1.3), 11 (6.7), 111 (10.7) 60, 3.4, 5°
1.9 1(1.8), 11 (7.8) 0
34 I (3.1), 11 (8.5), 111 (9.3) 34,0°
7.3 1(6.3), 11 (9.2), 111 (13.1) 3.4,5°
6.4 1 (5.2), 11 (9.2), 11 (12.5) 3.4, 10°
5.8 | (4.6), 11 (9.3), 111 (11.6) 3.4,22°
4.9 1 (3.8), 11 (8.3), 111 (9.6) 3.4,53°
5.1 | (4.0), 11 (8.2), 111 (8.8) 3.4, 149°
5.0 1 (3.8), 11 (8.9), 111 (10.2) 0
6.1 I (5.2), 11 (9.0), 111 (9.7) 6.1, 0°
9.0 I (8.1), 11 (9.8), Ill (12.5) 6.1, 15°
10.2 1(9.2), 11 (10.2), 111 (12.6), XI (13.3) 6.1, 82°
11.6 I (11.1), 11 (10.8), 111 (14.2), X1 (12.6) 0
12.7 11 (11.6), XI (13.5) 0
12.9 I1(11.8), XI (13.7) 0

Supplementary Table 5. Average pressure and pressure in Si-I, Si-11, and Si-XI phases in

100 nm Si compressed and sheared inside an RDAC (run 1). Bold symbols show much larger

pressure in the high-pressure phases than in Si-I.
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RDAC-100 nm Si (Run 2)
Average
pressure Pressure in I, 11, and Il r (um), p (GPa),

(GPa) phases, p (GPa) Shear (°)
0.1 1 (0.1) 0
0.3 1 (0.3) 0
0.7 1 (0.7) 0
0.8 1 (0.8) 0
1.7 I (1.7) 0
2.3 1(2.2), 11 (7.1) 0
3.3 1(3.2), 11(7.0) 30, 3.8,1.8°
3.8 1 (3.4), 11 (8.4) 0,3.8,0°
5.0 1 (4.5), 11 (8.4) 0, 3.8,0.6°
5.7 1 (4.8), 11 (8.9), 111 (10.6) 60, 3.8, 46.2°
6.5 I (5.3), 11 (8.7), 111 (11.7) 50, 3.8, 45.6°
6.7 1 (6.0), 11 (8.5) 0,3.8,7.8°
7.1 1(6.1), 11 (8.5) 0, 3.8, 15°
6.9 1 (5.9), 11 (8.5) 0, 3.8, 29.4°
7.3 | (6.6), 11 (8.6), 111 (12.4) 0, 3.8,43.8°
6.3 I (5.4), 11 (7.2), 111 (9.6) 0, 3.8, 58.2°
6.1 I (5.1), 11 (7.2), 111 (10.4) 0,3.8,72.6°
5.3 | (4.0), 11 (7.2), 111 (10.2) 0, 3.8, 87°
5.2 1 (4.3), 11 (6.6), 111 (8.5) 0, 3.8,101.3°

Supplementary Table 6. Average pressure and pressure in Si-1 and Si-11 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 in phases | and r (um), p (GPa),
pressure I, p (GPa) Shear (°)
(GPa)
0.1 1 (0.1) 0
0.4 1 (0.4) 0
0.7 1 (0.7) 0,0.7,0°
0.8 1 (0.8) 0,0.7,0.6°
2.6 | (2.8) 0,0.7,9.0°
5.9 1 (5.6), 11 (8.2) 10, 0.7, 15°
6.5 1 (6.1), 11 (8.7) 0,0.7, 16.3°

Supplementary Table 7. Average pressure and pressure in Si-1 and Si-11 phases of 100 nm Si

compressed and sheared inside an RDAC (run 3).
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RDAC-100 nm Si (Run 1)
Average
pressure Si-I Si-ll Si-ll Si-XI p (GPa), Shear (°)
(GPa) (nm) (nm) (nm) (nm)
0.3 22.6(2)
0.6 19.9(3)
1.1 18.8(4)
1.9 18.3(5)
3.4 16.4(3) | 15.0(20) 3.4,0°
7.3 15.8(3) | 15.5(6) 3.4,5°
6.4 16.0(3) [ 15.6(7) 3.4, 10°
5.8 16.8(3) | 15.4(13) | 24.3(3) 3.4, 22°
4.9 18.1(4) | 15.1(12) | 22.2(25) 3.4,53°
5.1 17.2(4) | 13.0(8) | 21.9(24) 3.4, 149°
5.0 18.6(4) | 15.5(13) | 26.5(39)
6.1 20.8(6) | 15.3(15) | 26.6(39) 6.1, 0°
10.2 21.5(7) [ 17.1(3) | 31.1(49) 6.1, 82°
11.6 17.3(4) |22.9(4) |23.8(12) | 32.5(12)
12.7 18.5(5) 28.4(8)
12.9 17.2(4) 27.4(7)

Supplementary Table 8. The crystallite size of Si-1, Si-Il, Si-111, 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 11 software.
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RDAC-100 nm Si (Run 2)

Average

pressure Si-1 Si-1l Si-1ll p (GPa),

(GPa) (nm) (nm) (nm) Shear (°)

0.1 33.0(5)
0.3 30.4(5)
0.7 25.6(4)
0.8 18.3(3)
1.7 17.1(4)
3.8 16.3(3) 3.8,0°
5.0 16.7(4) | 12.6(17) 3.8,0.6°
6.7 15.7(3) | 12.4(5) 3.8,7.8°
7.1 15.6(3) | 11.3(3) 3.8, 15°
6.9 15.1(4) | 11.3(3) 3.8,29.4°
7.3 11.9(2) | 11.6(4) | 14.0(23) | 3.8,43.8°
6.3 12.2(3) | 10.9(4) | 12.2(19) | 3.8,58.2°
5.3 12.03(3) | 10.95(5) | 12.2(22) | 3.8,87.0°
5.2 12.5(4) | 12.9(9) | 12.5(13) | 3.8,101.3°

Supplementary Table 9. The crystallite size of Si-1, Si-11, and Si-111 phases at r = 0 um of 100
nm Si compressed and sheared inside an RDAC (run 2).
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RDAC-100 nm Si (Run 3)

Average
pressure | Si-1 (hm) | Si-1l (nm) | p (GPa), Shear (°)
(GPa)
0.4 25.9(3)
0.7 20.9(3) 0.7,0°
0.8 17.8(12) 0.7, 0.6°
2.6 16.8(8) 0.7,9.0°
6.5 16.3(4) 12.2(13) 0.7,16.8°

Si compressed and sheared inside an RDAC (run 3).
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Supplementary Table 10. The crystallite size of Si-1 and Si-11 phases at r = 0 um of 100 nm




Residual pressure
Experiment Phase fraction of Si-phases (%) in Si-11 (GPa)
DAC-Micron Si (run 2)
(Cu gasket) Si-11: 27 %; Si-111: 73 % 3.6
RDAC-100 nm Si (run 2) Si-1: 64 %; Si-11: 9 % and
(Cu gasket) Si-1l: 27 % 5.1

Supplementary Table 11. Phase fraction of Si phases and residual pressure in Si-1l1 phase of

micron and 100 nm Si after pressure released to 10 GPa.
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Particle size | Ruby pressure | Pressure in Si-1 | Pressure Pressure in
of Si (GPa) (GPa) in Si-ll Si-XI (GPa)
(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 - 13.7

Supplementary Table 12. The pressure in each phase of Si during the initiation of PTs for
the hydrostatic experiments with He PTM®2, The pressure in Si-1l and Si-X1 is smaller than in

Si-1 due to volume reduction during phase transformation.
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Particle size Si-1 Si-11 Si-111 Si-XI Si-V
Micron
Vo (A%) 160.14(3) | 60.29(14) | 292.36 | 62.89(3) | 15.204(6)
Bo (GPa) 94.1(14) 133.0(5) 117.0 | 98.0(3) | 107.3(16)
Bo' 5.0(3) 3.66(14) 4.0 1.9(4) 3.79(17)
100 nm
Vo (A%) 159.96(5) 61.22 292.36 | 61.746 | 15.226(6)
Bo (GPa) 118.0(2) 133(5) 117.0 138(3) 102.0(5)
Bo' 3.1(4) 3.66(14) 4.0 1.266 6.5(8)
30 nm
Vo (A%) 160.06(6) | 60.29(14) | 292.36 | 62.89(3) | 15.204(4)
Bo (GPa) 90.6(19) 133(5) 117.0 98.0(3) 98.0(2)
Bo' 5.3(4) 3.66(14) 4.0 1.9(4) 5.0(2)

Supplementary Table 13. Parameters of the third-order Birch-Murnaghan EOS (BM3 EQOS)
obtained in*? and used here for determining pressures for the Si phases of micron, 100 nm, and 30
nm Si. Details can be found in*2 and in Materials and Experimental Methods. The micron and 30
nm exhibit identical pressure dependence!?. Since there are no Si-111 EOS available for 100 and 30

nm Si, we assume that Si-l111 EOS for micron Si can be used for 100 and 30 nm Si.
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