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High-pressure metallic #-Sn silicon (Si-II), depending on temperature, decompression rate, stress, etc.,
may transform to diverse metastable forms with promising semiconducting properties under decompression.
However, the underlying mechanisms governing the different transformation paths are not well understood.
Here, two distinctive pathways, viz., a thermally activated crystal-crystal transition and a mechanically driven
amorphization, were characterized under rapid decompression of Si-II at various temperatures using in situ
time-resolved x-ray diffraction. Under slow decompression, Si-II transforms to a crystalline bc8/r8 phase in
the pressure range of 4.3-9.2 GPa through a thermally activated process where the overdepressurization and
the onset transition strain are strongly dependent on decompression rate and temperature. In comparison, Si-IT
collapses structurally to an amorphous form at around 4.3 GPa when the volume expansion approaches a
critical strain via rapid decompression beyond a threshold rate. The occurrence of the critical strain indicates a
limit of the structural metastability of Si-II, which separates the thermally activated and mechanically driven
transition processes. The results show the coupled effect of decompression rate, activation barrier, and
thermal energy on the adopted transformation paths, providing atomistic insight into the competition between
equilibrium and nonequilibrium pathways and the resulting metastable phases.
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Silicon displays diverse allotropes at ambient conditions
and has been the focus of a wealth of fundamental and
applied research [1-8]. The metastable forms, such as the
be8, 8, and amorphous Si (a-Si), as promising semi-
conductor phases have attracted increased attention because
of the wide range band gap properties [9-16]. They can be
synthesized from high-pressure metallic #-Sn Si (Si-II) via
decompression [7-10,17-20]. However, previous studies
have shown the transformation mechanism and kinetic
pathways for Si-II are strongly affected by temperature,
decompression rate (unloading rate), shear stress, sample
size, etc. [3,8,11,18,21-29]. For example, Si-II amorphizes
under static decompression at temperatures below 120 K,
whereas it transforms to metastable crystalline bc8/r8 Si at
room temperature [3,17]. Indentation experiments at room
temperature show time-dependent transition pathways, in
which Si-II transforms to the bc8/t8 phase under slow
decompression, but to a-Si under rapid decompression
[23,28-30]. The time-dependent, multiple kinetic transition
pathways have also been reported on the millisecond
timescale in diamond anvil cell experiments [18,21]. The
question arises about how these thermophysical factors
(temperature, decompression rate, pressure) are coupled
together to affect the kinetic pathways and the atomistic
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mechanism. The fundamental knowledge of the structural
evolution of high-pressure metallic -Sn Si toward the
promising semiconductor phases is rather scarce.

To exploit the unique properties of materials for practical
use, it is essential to control the synthesis of the desirable
metastable phases. Thus, a fundamental understanding on
the formation conditions, such as temperature, pressure,
and (de)compression rate, is critical. Earlier studies with
intermediate timescale between static compression and
shock wave experiments have shown that the coupling
of temperature and (de)compression rate has a significant
influence on the transformation processes and kinetic
pathways under rapid compression [21,31-34]. For exam-
ple, in thermally activated transformation of ice (H,O) and
KClI, the onset transition pressures (i.e., overpressurization)
were found to change with compression rate and temper-
ature [33,34]. The transformation pathways in ice at low T
were observed to be strongly dependent on temperature and
(de)compression rate [31,32,35]. Unlike static and shock-
induced transformation in which the activation barrier,
related to the rearrangement of atomic bonds, is given less
consideration or neglected, the end products are the results
of the complex interplay between (de)compression rate,
temperature, and intrinsic activation barrier [31,32]. It was
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Rate dependence of kinetic pathways in the structural evolution of Si-II under decompression with different rate. The

background was subtracted for the typical integrated x-ray diffraction patterns. (a) Slow decompression (~0.024 GPa/s) of Si-II leads to
the formation of bc8/r8 Si at 260 K. The Bragg peaks of NaCl, used as pressure marker and transmitting medium, are marked with
asterisks. Si-II and bc8/r8 phases are indicated by up arrows and up-down arrows, respectively. (b) Under rapid decompression
(~1.22 GPa/s) at 260 K, Si-II transforms to amorphous Si. (¢) Structure factor for amorphous Si obtained by transformation of Si-II
under rapid decompression at room temperature. The diffraction pattern of the crystalline bc8/r8 phase is shown for comparison. The
insets are the raw x-ray diffraction images of a-Si and the bc8/r8 phase. Red dashed line shows the structure factor of as-implanted
amorphous Si for comparison [44]. (d) The reduced pair distribution function of amorphous Si obtained by Fourier transform from the
structure factor of (c). The calculated reduced pair distribution functions of the crystalline Si-I, bc8, and Si-II are shown for comparison.

found that there is a threshold (de)compression rate, which
separates transition processes and exhibits an approxi-
mately exponential relationship with inverse temperature
and kinetic energy barrier. Similarly in Si, multiple tran-
sition paths, governed by temperature and rate, have also
been reported in the decompression of Si-II, which led to
different end structures [3,21]. So far, there is no quanti-
tative description or theoretical model to elucidate the
relationship among the external loading rate, temperature,
and energy barrier. In this Letter, we present detailed
investigation of the structural evolution of Si-II toward
the metastable Si under decompression using in situ time-
resolved x-ray diffraction and study the coupled effect of
temperature and decompression rate on the thermally
activated crystal-crystal transformation and mechanically
driven amorphization.

The experimental detail in the present Letter is similar to
that described in previous studies [31,32] and can be found
in the Supplemental Material [36]. High-pressure metallic
Si-II was prepared by compressing the Si sample with the
diamond cubic structure (Si-I) up to ~12 GPa at a given
temperature. Figures 1(a) and 1(b) show the comparison of

kinetic pathways in structural evolution of Si-II under
decompression with different rates below the equilibrium
phase boundary where Gibbs free energies between Si-I
and Si-Il are equal. Under slow decompression
(~0.024 GPa/s) at 260 K, Si-II transforms gradually to
a crystalline phase at ~8.8 GPa and coexists in the pressure
range of 5.0-8.8 GPa [Fig. 1(a)]. The structure of the
crystalline phase is indexed as the 18 phase and transforms
successively to bc8 Si under further decompression. These
observations are consistent with previous reports [1]. We
denote the crystalline Si transformed from Si-II as the bc8/
r8 phase, as both structures are very close and coexist at
ambient pressure and low temperature. Under rapid decom-
pression with a relatively higher rate (~1.22 GPa/s), Si-II
is overdepressurized down to ~4.0 GPa where it starts to
amorphize with the appearance of two characteristic dif-
fraction halo peaks at ~2.02 and 3.58 Al [Fig. 1(b)].
Under further decompression to ambient pressure, the
relative intensity of the amorphous Si phase increases with
a concomitant decrease in the intensities of the Bragg
reflections of Si-II. A small amount of Si-II remains and
coexists with a-Si even at ambient pressure [Fig. 1(b)]. Ata
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FIG. 2. Experimental summary of the phase transformations of #-Sn Si under decompression at different temperatures. (a) The onset
transition pressures at different temperatures. Red solid circles and black solid diamonds indicate the onset transition pressures from
p-tin Si to be8/r8 and to a-Si at different decompression rates, respectively. The onset transition pressures of the $-Sn to bc8/r8
transition, varying from ~9.2 to ~5 GPa, correspond to the different decompression rates. The amorphization occurs at around 4.3 GPa,
showing weak temperature and decompression-rate dependence. (b) Observed metastable phases at various decompression rates and
different temperatures. Red symbols represent the bc8/r8 phase, while black symbols indicate a-Si.

moderate decompression rate, Si-II was observed to trans-
form to a mixture of bc8/r8 and a-Si (Fig. S1).

Different pressure media (He, Ne, NaCl, no pressure
medium) have been used to investigate the stress effect on
the transition sequence of Si-II. In the gas medium (He or
Ne), which provided hydrostatic conditions, the same rate-
dependent kinetic pathways were observed as compared to
the results using NaCl as pressure transmitting medium at
room temperature (Fig. S1). This observation indicates that
the intrinsic transition processes on the decompression of
Si-IT have not changed at the quasihydrostatic and hydro-
static conditions and thus rules out the possibility of stress
effect on the rate-dependent transition pathways in the
pressure medium of NaCl. At nonhydrostatic conditions
(i.e., without a pressure transmitting medium), the tran-
sition sequence of Si-II and the recovered sample was
inhomogeneous. In this case, the metastable phases formed
not only include amorphous Si and the bc8/r8 phase, but
also some other metastable crystalline phases (see more
details in Supplemental Material [36] and Fig. S2).

Figures 1(c) and 1(d) compare the structures of the
product phases transformed from Si-II. a-Si shows a
homogeneous pattern with broad diffraction peaks, while
the bc8/r8 phase shows characteristic texture and orienta-
tion-dependent patterns with sharp Bragg peaks [inset of
Fig. 1(c)]. It should be noted that a-Si is not the nano-
crystalline form of the observed crystalline phases (e.g., Si-
I, be8/r8, or Si-II). This is because there is a clear difference
in peak positions of x-ray diffraction patterns between the
a-Si and nanocrystalline Si. Furthermore, broadening of the
nanocrystalline diffraction peaks to mimic the effect of
small grain sizes does not match well with the observed
amorphous pattern. On the other hand, the structure factor
of a-Si shows similarities in peak positions and widths to
that of as-implanted amorphous Si prepared by MeV Si

implantation [Fig. 1(c)] [44]. Assuming the density is the
same as implanted amorphous Si, the mean nearest-neigh-
bor coordination bond distance and coordination number
for a-Si are calculated from the reduced pair distribution
[G(r)] to be ~2.35 A and ~4.2, respectively, close to
~2.36 A and 4 for bc8 phase, ~2.34 A and 4 for Si-I, but
smaller than ~2.48 A and 6 for the remnant p-Sn Si
[Fig. 1(d)]. These suggest a similar local environment with
approximate tetrahedral coordination in a-Si. A weak peak
is observed at 3.02 A in the [G(r)] of a-Si, which is absent
in bc8/r8. This feature may be associated with the second
nearest-neighbor distance in Si-II at 3.07 A [Fig. 1(d)]. It
implies that a-Si may be still compacted and inherits the
structural feature of the parent Si-II.

The structural difference between the a-Si and bc8/r8
phases results in distinctively different thermal stability and
phase transformation sequences. Heating amorphous Si at
ambient pressure led to the crystallization into Si-I
(Fig. S3), instead of transforming to a hexagonal structure
as reported in the bc8/r8 phase [7]. We also compressed
amorphous Si up to ~12 GPa and observed transformation
to the r8 phase at around 9 GPa, followed by the 18 to Si-II
transition (Fig. S4). These experimental results raise a
question regarding the nature of the kinetic processes in
which Si-II transforms to the metastable product phases
with different morphology and thermal stability.

To resolve the puzzle, we investigated the rate-dependent
transition pathways of Si-II at temperatures of 200,
220, 240, 250, 270, 280, 300, and 423 K (Figs. S5-S9).
Figure 2(a) summarizes the onset transition pressures (P)
under decompression of Si-II at various temperatures. Two
distinct pressure regions are clearly revealed, viz., the phase
transformation of Si-II to the crystalline bc8/r8 phase in the
pressure range of ~4.3-9.2 GPa and a-Si below 4.3 GPa.
In the pressure range of 4.3-9.2 GPa, the onset transition
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pressure for the Si-II to bc8/r8 transition strongly depends
on the decompression rate and temperature. The higher
decompression rates will lead to higher overdepressuriza-
tion (Fig. S10). Interestingly, Si-II collapses structurally
into a-Si when it is decompressed to a critical pressure
point of ~4.3 GPa, ~5 GPa beyond the thermal equilib-
rium region of Si-II. The critical pressure for amorphization
is independent of decompression rate and temperature,
indicating a limit of the structural metastability of $-Sn Si.

Figure 2(b) summarizes the experimental results of the
observed bc8/r8 and a-Si transformed from Si-II at differ-
ent decompression rates and temperatures. The diagram
shows a boundary separating the Si-II to bc8/r8 transition
and amorphization [blue dashed line in Fig. 2(b)]. Close to
the boundary, a mixture of bc8/18 and a-Si coexists
(Fig. S1). The boundary indicates existence of a threshold
decompression rate (f.) at given temperature, namely,
below which Si-II transforms to the bc8/r8 phase and
above which rapid decompression leads to the formation of
a-Si. When Fig. 2(b) is plotted with log of decompression
rate and inverse temperature, the boundary shows an
approximately linear relationship between . and 7, i.e.,
there is an Arrhenius relationship between the threshold
rate and temperature with .= C, exp(—Q/kgT)
[32,45,46], where C, is a constant with units of GPa/s
and Q is the thermal activation energy. Fitting the exper-
imental data yields C, of 2.0 x 10° GPa/s and Q of
44(2) kJ/mol. It should be noted that the threshold rate
corresponds to the critical transition pressure of ~4.3 GPa
in Fig. 2(a) and is the minimum decompression rate
required to bypass the phase transformation from Si-II to
bc8/r8 phase. Above 4.3 GPa, the crystalline phase trans-
formed by overdepressurization of Si-II is the result of
competition among the external decompression rate, tem-
perature, and energy barrier. This is the characteristic
feature of thermally activated mechanism for Si-II to
bc8/r8 transition. In contrast, amorphization of Si-II shows
temperature and rate independence and is an athermal
process. It is driven by a structural instability, i.e., the
mechanical instability.

Figure 3 shows the structural evolution of Si-II along the
transition to the bc8/r8 phase (red symbols) and a-Si (black
symbols) under decompression at 260 K. In the thermally
activated crystal-crystal transition region, the crystal axes a
and b, and atomic volume of f-Sn Si, increase with reduced
pressure. There is no anomaly in the lattice parameters near
the onset transition pressure of the phase transformation to
the bc8/r8 phase. In comparison, preceding the amorphiza-
tion at ~5 GPa, the variation of the lattice parameter a of
Si-II is rather flat and even decreases at lower pressures,
while the lattice parameter ¢ expands with the decrease of
pressure. The anisotropic expansion of the tetragonal
structure is clearly displayed in the ratio of a/c (Fig. 3).
This indicates a shear distortion along the basal ab plane in
the tetragonal structure of Si-II, a phenomenon similar to
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FIG. 3. Lattice evolution of -Sn Si under decompression at
260 K. Black and red solid circles represent the amorphization
and Si-II to bc8/r8 transition, respectively. Black and red dashed
lines indicate the onset transition pressures.

the pressure-induced amorphization of hexagonal crystal-
line ice at low T [47,48], and implies an elastic instability
prior to amorphization. It should be noted that Si-II coexists
with a-Si below 4.3 GPa, which may be due to the stress
effect between particle grains of the product and parent
phases. Remarkably, the unit cell volume of Si-II is almost
constant under decompression from ~4.3 GPa to ambient
pressure. The trend persists at other temperatures and
different decompression rates (see Fig. S11). This implies
a limit of the structural metastability of Si-II beyond the
equilibrium phase boundary, at which the structure collap-
ses mechanically without the aid of thermal fluctuations.

To quantify the relationship among temperature, decom-
pression rate, and volume, the onset transition strain is
defined by ¢ = (Vo — V)/ V4, where Vi, and V are the
volumes of Si-II at the thermal equilibrium pressure (Py,)
and P, respectively. Figure 4(a) summarizes the onset
transition strain as a function of overdepressurization
(AP = P, — P,) at different temperatures and decompres-
sion rates. In the thermally activated transition, ¢ increases
with overdepressurization until it approaches a critical
value of ~0.043. It seems that the Si-II has a strain limit
in the expansion of the volume beyond the equilibrium
boundary. The critical strain of Si-II corresponds to the
limit of the structural metastability.

Figure 4(b) shows a plot of the onset transition strain of
Si-II as a function of temperature at given decompression
rates (f). Previous studies have indicated that the thermally
activated transformation generally follows the transition
state theory that can describe combined effect of temper-
ature and decompression rate (or strain rate) on the
transition strain and stress [49-52]. The onset transition
strain (or overdepressurization) is a result of the competi-
tion between thermal activation rate and external strain rate
(é). At given strain rate, the onset transition strain is equal
to éAt with &€ = (de/dt) = (dV/VydP)(dP/dt), where At
is the decompression time required to bypass the over-
pressure range, and dP/dt is the decompression rate. At P,
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FIG. 4.

Onset transition strain

Illustration of onset transition strain as a function of (a) overdepressurization at all decompression rates and temperatures and

(b) temperature at different decompression rates. The red dashed line in (a) is a guide to the eye. The experimental data are used in
(b) when the decompression rates are close. P, with value of 9.5 GPa is extracted according to the phase boundary of Fig. 2(a) and is
referred to the static data [2,5]. Black and red dashed lines are fitting lines. The blue dashed line is calculated as a guide to the eye.

the structural transformation occurs when the thermal
activation rate is comparable to the decompression rate.
Here, 1/At is assumed to be proportional to thermal
activation rate determined by the Arrhenius equation,
i.e., rate ~exp(—Q./RT), where Q. is effective activa-
tion energy in the overpressure range [49-51]. & is
approximately constant at given decompression rate as
dV /V,dP changes slightly with pressure in the thermal
activation region. Thus, we obtain &= Cy(f)-
exp(Qer/RT) to approximately describe the e-T relation-
ship at a given rate, where C, is a decompression-rate-
dependent constant.

Fitting the experimental data yields Q. =
22(1) kJ/mol with Cy =123 x 1077 at ~0.03 GPa/s,
and Q. = 18(1) kJ/mol with Cy=5.60x 107® at
~0.9 GPa/s [Fig. 4(b)]. It should be noted that Q. is
an average order of magnitude as it describes the entire
decompression process. The higher decompression rate
leads to higher overdepressurization with low Q.. The
fitted activation energy is close to the calculated enthalpy
barrier of ~15 kJ/mol for the transformation of Si-II
toward the bc8 phase at 8 GPa [53], which is the kinetic
barrier in the local-bond-twisting reconstruction process
and decreases with reduced pressure. The kinetic barrier is
indicated to play a central role in selecting the decom-
pression pathway in the thermally activated crystal-crystal
transitions [53]. Under hydrostatic conditions, the barrier
for phase transformation from Si-II to bc8 is calculated to
be lower than those of the transformation to the tetragonal
ST12 and to Si-I [53,54], which is consistent with the
experimental observations of the Si-II to bc8/r8 transition.

The relationship among the onset transition strain,
temperature, and decompression rate shows that in the
thermally activated transition region ¢ increases monoton-
ically as the temperature decreases at given decompression
rate. At a given temperature, the onset transition pressure
and strain increase as the decompression rate increases.

However, the structure of Si-II cannot expand indefinitely
and will reach a critical strain at the threshold rate, i.e., the
limit of the structural metastability. At the critical strain, the
e-T relationship is interrupted by the amorphization
[Fig. 4(b)]. The transformation mechanism in Si-II changes
from a thermal activation process to a temperature-inde-
pendent process (athermal process) driven by mechanical
instability. The critical strain can be approached via rapid
decompression at high temperature or slow decompression
at low temperature, where the mechanical instability leads
to the amorphization. This explains the previous observa-
tions in the formation of @-Si under the decompression of
Si-IT [3,17,21].

The above transition mechanism governing the trans-
formation paths in Si-II may be ubiquitous. It can be used to
interpret temperature- and rate-dependent kinetic pathways
and pressure-induced amorphization in other materials,
such as ice. Previous studies show the temperature- and
rate-dependent formation of amorphous ice in crystalline
ice I or ice VII, bypassing thermally driven crystalline-
crystalline transition under rapid compression (or decom-
pression) [31,32]. The threshold rate, separating the ther-
mally driven crystal-crystal transition and amorphization,
has an exponential relationship with temperature and
kinetic barrier. These behaviors are similar to the trans-
formation of Si-II, indicating the analogous underlying
mechanism in both Si-II and crystalline ice. Therefore, the
(de)compression rate and temperature mainly affect the
thermally activated crystal-crystal transition in ice with a
significant influence on the transition pressure and strain.
When the critical strain is approached, the parent crystalline
ice reaches the limit of the structural metastability and
exhibits mechanical instability, where amorphization
occurs. On the other hand, we should note that the kinetic
processes in the formation of amorphous phases are differ-
ent between Si-II and crystalline ice, as the kinetic barrier
for the former derives from the hindrance in the formation

155702-5



PHYSICAL REVIEW LETTERS 125, 155702 (2020)

of covalent bond from the metallic bond of Si-II and, for the
latter, is due to the reorientation of the hydrogen-bond
network. The structure of the crystalline ice shows the
elastic instability with softening of the elastic modulus and
violation of Born criteria prior to the amorphization [47].
Whether this occurs in Si-II should be further confirmed.

In summary, we reveal two distinct kinetic pathways of
p-Sn Si, viz., a thermally activated transition and a
mechanically driven amorphization, under rapid decom-
pression using time-resolved x-ray diffraction. The present
results show the coupled effect of the decompression rate,
temperature, and kinetic barrier on the transition pathways,
providing deep insight into the fundamental understanding
on the formation of metastable silicon phases. This is of
fundamental significance in controlled synthesis of the
desirable metastable phases for practical use.
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