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Observation of high-pressure polymorphs in bulk silicon formed at relativistic laser intensities
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Silicon polymorphs with exotic electronic and optical properties have recently attracted significant attention
due to their wide range of useful band gap characteristics. They are typically formed by static high-pressure
techniques, which limits the crystal structures that can be made. This constitutes a major obstacle to study
these polymorphs and their incorporation into existing technology. Approaches have attempted to address this
shortcoming through using dynamic conditions and chemical precursor materials. Here, we report on an approach
to create unusual crystal structures deep in the bulk of a silicon crystal by irradiating it with a laser pulse
at ultrarelativistic intensity of up to 7.5 × 1019 W/cm2. Laser-generated electrons with MeV energy swiftly
penetrate the target with speed close to the speed of light and deposit their energy into a large volume across
the whole thickness of the sample. The relativistic electron current creates, via branching propagation and
ionization, high-energy-density conditions for thermodynamically nonequilibrium phase transformation paths
into new crystal polymorphs. X-ray microdiffraction and synchrotron x-ray diffraction analyses indicate, along
with conventional dc-Si, the presence of exotic silicon structures in the bulk of the laser intact target volume.
These structures are identified as body-centered bc8-Si, rhombohedral r8-Si, hexagonal-diamond hd-Si, and
the tetragonal Si-VIII, all phases of Si that have previously been made through static techniques. Additionally,
simple-tetragonal st12-Si and body-centered tetragonal bt8-Si were observed along with signatures of not yet
identified diffraction spots. Both st12-Si and bt8-Si have only been observed in ultrafast laser microexplosion
conditions at much lower laser intensity ∼ 1014 W/cm2 and within a micron-thin surface layer. The findings here
are supported by direct observation of nanoparticles with high-resolution transmission electron microscopy and
corresponding fast Fourier transform analysis of their interatomic distances. The presented analyses of absorbed
laser energy, generation of the MeV electron current, and deposition of energy across the whole target thickness
provide a solid basis for drawing the conclusion that the observed silicon polymorphs were produced because of
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laser-generated high-energy electrons fast-penetrating deeply into the bulk of silicon. In contrast to solid-solid
transformations, the plasma-solid transitions offer a paradigm for the creation of exotic, high-energy density
materials inside the bulk of the sample by using laser pulses at relativistic intensities.

DOI: 10.1103/PhysRevResearch.6.023101

I. INTRODUCTION

Silicon (Si) is the second, after oxygen, most abundant ele-
ment on our planet and is of utmost technological importance
as the foundation stone in the semiconductor industry. While
widely adopted for many electronic and optical purposes,
there exist many widespread applications where silicon is not
applicable due to limits imposed by its normal diamond-cubic
(dc) phase band structure. When exposed to extreme condi-
tions silicon atoms can rearrange into new crystal structures.
Initial compression to ∼11 GPa yields a metallic polymorph
with so-called β-Sn structure [1,2], with a series of further
metallic high-pressure polymorphs forming upon continued
pressurization [1]. Interestingly, the energy landscape of Si at
extreme pressure and temperature is rich with local minima,
and upon decompression, phase transitions are not necessarily
reversible. Instead, full pressure release can yield polymorphs
exhibiting unusual optical and electronic properties [1–4],
whereby the new phases can be recovered metastably to ambi-
ent conditions [4–17]. These metastable, exotic Si phases have
a wide range of electronic properties, which are determined
by the diversity of their atomic structures [7–9,18–20]. In
the search for such structures, metastable and recoverable to
ambient conditions, many highly useful allotropes of Si were
predicted, especially allotropes for photovoltaic applications
[7,18–21] due to their absorption in the infrared spectral
range. This suggests that more may also be kinetically stable
at ambient conditions.

The transformation of Si under megabar pressures (and
in some cases additional high temperature) was studied in
static conditions, in a diamond anvil cell (DAC) [3], and in
dynamic conditions, using strong shock waves generated by
explosives and megajoule-class nanosecond pulse lasers [22].
Interestingly, the synthesis of the exotic, metastable phases
recoverable to ambient conditions does not require megabar
pressures but often only somewhat >10 GPa. This has opened
the door to large-volume synthesis. For example, pressure
release from the metallic β-Sn structure yields r8-Si [14],
followed by the so-called bc8 phase, a metastable phase of
Si [1,4]. This bc8-Si has been produced in large volumes via
solid-solid transformation using the multianvil press method
which allowed reliable measurements of their optical and
band gap properties [21]. Another silicon allotrope Si24 with a
quasidirect band gap was synthesized through a high-pressure
precursor process in a multianvil press [9,23]. Further solid-
solid transition into hexagonal 4H-Si has been demonstrated
by annealing large volumes of Si24 and bc8-Si [24,25].

In addition to large-volume synthesis, relatively moderate
pressures have also enabled investigation of kinetic effects
due to varying decompression rates. For example, an early
study identified two metastable phases, Si-VIII and Si-XIX,
following rapid decompression from metallic Si using a DAC
specifically set up with a Belleville spring and screw [6].
More recently, a double-membrane setup for a conventional

DAC showed that rapid decompression can avoid the r8/bc8
pathway. Instead, an amorphous structure with a residual of
β-Sn was found upon full decompression to ambient [26].

However, the synthesis of metastable phases by standard
DACs is naturally limited by the strength of the diamond
and the rate at which pressure can be applied and released.
In direct laser-driven shock-wave compression, the flexibility
of adjusting laser pulse energy, duration, and the ability to
control temporal and spatial intensity distribution allow for
precisely controlling the shock-wave loading to probe differ-
ent thermodynamic states. These studies have uncovered the
high-pressure equation of state and isentropic sound speed up
to 2.1 TPa [22]. The phase transitions into high-pressure poly-
morphs are evident from the velocity interferometry and from
time-resolved x-ray diffraction (XRD) patterns obtained with
the x-ray free electron laser probe. Very recent nanosecond
laser-driven shock-wave compression- and decompression-
generated ultrahigh strain rates at 1012 W/cm2 laser intensity
combined with time-resolved XRD patterns using an ul-
trafast x-ray probe demonstrate in situ the dynamics of
phase transitions with nanosecond time resolution, resolving
the longstanding controversy on silicon deformation. These
provide direct proof of strain-rate–dependent deformation
mechanisms in the silicon structure, reveal insight into the
relationship between dc-Si and metallic phases, and show that
metallic β-Sn can be maintained down to ambient pressure
[27]. However, the few-nanosecond lifetime of the so-created
high-pressure polymorphs is too short for practical utilization.
While DAC and shock-wave compression studies yield unpar-
alleled insight into transition behaviors and phase diagrams,
they do not yield materials in a geometry that is readily incor-
porated into the semiconductor wafer-based technology.

Recently, a powerful method to form extreme conditions
was developed and combined the best of both worlds, namely,
the ultrashort pulse laser-induced microexplosion and con-
fined geometry [28–31]. Just 1 µJ of energy delivered from
an ultrashort laser pulse focused into a submicron volume
(focal volume of <1 µm3) within a time <1 ps (1 ps =
10−12 s) immediately leads to an energy density >1 MJ/cm3

[28,29], resulting in a maximum pressure at the shock-wave
front of 1 TPa, higher than the strength of any material,
and temperatures > 105 K. The essential detail here is that
the energy of the electromagnetic field of laser radiation is
deposited into the electron subsystem faster than it can be
transferred to the lattice through the electron-ion collisions
and electronic heat conduction [22–30,32], which is typically
in the time scale of a few picoseconds. The plasma-solid
transformation from the thermodynamically nonequilibrium
high-entropy state of warm dense matter [33] is favorable for
the formation on metastable phases during fast cooling from
such a hot, extremely dense plasma, which helps to overcome
kinetic barriers to the formation of specific metastable phases
and thus cannot be formed in solid-solid transformation and
in shock compression with MJ nanosecond laser transfor-

023101-2

https://doi.org/10.1103/PhysRevResearch.6.023101


OBSERVATION OF HIGH-PRESSURE POLYMORPHS IN … PHYSICAL REVIEW RESEARCH 6, 023101 (2024)

mation methods. By focusing ultrashort laser pulses on a Si
surface buried under a 10-µm-thick oxidized layer for creat-
ing confined geometry conditions [10,11], two energetically
competitive tetragonal structures were identified in the laser-
modified volume by electron diffraction and complementary
ab initio random structure searches [10,34]. These were the
so-called st12-Si, an analogous structure to the well-known
st12 phase of germanium, and the bt8-Si structure. While
bt8-Si is predicted to be a narrow-band-gap semiconductor
[10], st12-Si was calculated to have an indirect band gap of 1.1
eV within density functional theory (DFT, which could imply
the typical underestimation of the gap) with potentially in-
teresting properties for exploring Si-based superconductivity
[35]. In addition, electron diffraction revealed the presence of
other yet unidentified Si phases. None of these phases have yet
been synthesized by static techniques, although particularly
st12-Si could exhibit critical technological advantages due to
its band gap characteristics and expected thermal stability.
Furthermore, all these transformations occurred in nanovol-
umes contained within a thin surface layer, up to 1 µm deep
in the bulk only. Estimates from transmission electron mi-
croscopy (TEM) images [10] suggest that the amount of new
phase produced in a single laser shot with <1 µJ energy at
∼ 1014 W/cm2 is of the order of ∼ 10−15 to 10−14 g, which
makes it extremely difficult to further characterize its elec-
tronic properties or assess its thermal stability. This bottleneck
has indeed been a major inhibitor toward the practical use of
these intriguing Si polymorphs. Thus, to increase the num-
ber of atoms converted into these unconventionally structured
crystal lattices, the development of a method altering a much
larger volume of Si structure is required, specifically a method
that deposits energy into the electrons faster than it can be
transferred to the ions.

In this paper, we report on a way to create unusual crystal
structures in much larger volumes, perhaps up to ∼7 × 10−6

g in mass, deep in the bulk of a silicon wafer via the distri-
bution of absorbed laser energy by MeV electrons generated
at ultrarelativistic intensities [36–39] up to 7.5 × 1019 W/cm2.
Electrons with MeV kinetic energy and relativistic velocities
close to the speed of light, which results in an increase of
the electron mass [33,39], penetrate deep into the bulk and
counterintuitively divide, due to interelectronic repulsion and
its self-induced magnetic field, to produce a branched flow
across the silicon bulk [40–42]. The MeV electrons loose off
their energy via collisions and ionization of atoms [43–45],
which then allow the atoms to move from their equilibrium
positions and restructure into new metastable crystal arrange-
ments. The branched propagation, in addition to the recoil
pressure, allows the formation of the observed high-pressure
Si phases deep in the large volume of the target bulk.

To assess repeatability and consistency of this approach,
we exposed seven Si targets in total, whereby three samples
were exposed below and four samples above the relativistic
intensity threshold of 2.15 × 1018 W/cm2. For each sample,
pulse duration and focal spot size were set the same, and
the laser intensity was changed by varying the pulse energy.
Reproducibility was evaluated through subjecting all seven
samples to the same detailed analysis, and all of those above
the threshold demonstrate a similar presence of high-pressure
phases.

As a result, we demonstrate the conversion of the silicon
target into new silicon polymorphs. This synthesis includes
the formation of st12-Si and bt8-Si, the intriguing phases
that were previously only made by confined microexplosions
and that have not been made by static techniques. Here, we
find considerably greater quantities of these two intriguing
phases than previously achieved by laser-processing in con-
fined [10,11] geometry and all preserved in the crystal matrix.
This is an important advance for exotic Si materials from the
previous synthesis method, which may open a route to the fab-
rication and investigation of other high-pressure materials and
a potential roadmap toward tailored band-gap engineering.

II. EXPERIMENTAL OBSERVATIONS

A. Irradiation of silicon sample at relativistic intensity

Powerful 25 fs laser single pulses with a wavelength λ =
800 nm and energy up to ∼1 J were tightly focused on the sur-
face of Si crystals at 53.4 ° to the normal of the target surface
to form a focal spot of 3 × 14 µm full width at half maxi-
mum (FWHM) to achieve the laser irradiation intensity up to
7.5 × 1019 W/cm2 at maximum pulse energy of 0.62 J. The
highest intensity in the experiments was well above the rela-
tivistic intensity threshold of 2.15 × 1018 W/cm2 for 800 nm
laser wavelength, see Sec. S-I in Supplemental Material [46]
for details. Visual inspection of samples after the experiment
showed that a rather large amount of material had been ablated
from the front surface (Fig. 1). Those irradiated by pulse in-
tensity 7.5 × 1019 W/cm2 demonstrated spallation at the rear
surface, while none was observed at lower intensities. This is
an indication that a significant amount of energy was delivered
to the rear surface of the 525-µm-thick silicon crystal.

The effect of spallation is illustrated in Fig. 1, where optical
images of the front and rear surfaces of the sample irradiated
with 0.62 J pulse are shown. The maximum depth of the
ablated crater reached 175 µm for a volume measured at 8.72
× 107 µm3, and the spalled crater is up to ∼106 µm deep with
a volume of 1.89 × 107 µm3. In this sample, there are clearly
visible cracks in the crystal spreading away from the craters.
That gave us an opportunity to analyze and characterize the
material not only on the crater and spallation floors but also
within the volume between the ablated and spalled craters.

A significant, about two orders of magnitude, increase in
the ablated crater volume is clearly seen in Fig. 1(h) as soon
as the laser intensity passes the relativistic intensity thresh-
old at 2 × 1018 W/cm2, see also Fig. S-02 and Table S-01
in Supplemental Material [46]. We attribute this increase to
the generation of relativistic electrons swiftly penetrating and
depositing their energy through the whole thickness of silicon
sample, see Discussion below.

B. Localization of Si phases by Raman microspectroscopy

The floor surfaces of the ablated and spalled craters were
examined by confocal Raman spectroscopy. We note here that
the new Si allotropes may only be visible when and only if
they are present in a sufficiently large, >100 nm, fraction of
the sampled material [11,47]. Further, only Si allotropes with
a band gap can readily be detected with Raman spectroscopy
in such small samples. If structures are present under high
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FIG. 1. Ablation and spallation craters in Si sample. (a) Schematic representation of irradiation of a target by a laser pulse, generation of
relativistic electrons, their branching in Si bulk, and resulting formation of high-pressure Si-polymorphs. Optical microscopy images of the
(b) ablated and (d) spalled craters and their spatial profilometer mappings formed at the (c) front and (e) rear surfaces of a 525-µm-thick Si
sample exposed to a 25-fs-ultrashort laser pulse at the intensity of 7.5 × 1019 W/cm2. (f) Side view of the sample cracked through the middle
of the craters and (g) schematic representation of the ablated and spalled craters indicating the removed volume in yellow. The circle indicates
the region tested with micro-x-ray diffraction (XRD), synchrotron XRD, and high-resolution transmission electron microscopy (HRTEM). (h)
The dependency of the ablated (blue circles) and spalled (red diamond) volumes on laser pulse intensity. The relativistic intensity threshold at
2.15 × 1018 W/cm2 is indicated by a red vertical dash line. The blue dotted lines are guides to the eye indicating the ablated volume trends
below and above the relativistic threshold. Note the distinctive jump in ablated volume in (h) at the intensity levels above the relativistic
threshold.

stress so that band gaps are reduced to naught, they may thus
not be detected.

Two types of modification were observed in the Raman
spectra (see Appendix 3 for details), namely, the shift of
Raman peaks from their known unstrained positions and the
presence of peaks attributed to exotic Si phases. These notable
changes are observed on the ablated crater floor in a sample
irradiated at 7.5 × 1018 W/cm2; comparable results are found
in the samples irradiated at 7.5 × 1019 W/cm2 and on the
surface of the crack in between the ablated and spalled craters
[Fig. 1(f)]. However, Raman spectra taken from the spalled
crater surface [Figs. 1(d) and 1(e)] indicated only the presence
of the original unstressed dc-Si structure.

The spectrum in Fig. 2 contains both disordered Si, indi-
cated by amorphouslike transverse acoustic (TA, a-Si) bands,
the typical transverse optic (TO) band of dc-Si and the 2TA
band of dc-Si. The dc-Si TO peak is also observed to be
shifted from its unstrained dc-Si position at 520.5 cm−1, de-
pending on the local test position. The shift up to 522.7 cm−1

can be explained by a compressive stress, which causes the
TO band of dc-Si to shift to higher wave numbers. It is in-
dicative of a local residual compressive strain equivalent to a
pressure range from 0.7 to 1.0 GPa [49,50]. Shifts from 520.5
cm−1 to lower wave numbers, down to 507.1 cm−1, were also
observed. These could be attributed to tensile stress and/or
nanocrystallinity [50,51].

Two additional peaks at ∼353 and 438 cm−1 are commonly
associated with Si phases recovered from high pressure, most
typically with the cubic bc8-Si and the rhombohedral r8-Si
structures [8,11,18], but also with bt8-Si [10]. Note that the
bc8-Si structure typically transforms from r8-Si as Si fully
decompresses from high pressure [7,14], but both together
have been readily observed under phase transitions induced
through indentation methods [8].

Raman spectra collected from the surface of cracks be-
tween the ablated and spalled craters shown in Fig. 1(f) served
as an indication of the presence of unusual silicon polymorphs
across the thickness of the whole sample. With only two
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FIG. 2. Raman spectra. The confocal microscope Raman scat-
tering collected from local points on the surface of the cracks
of laser-irradiated Si sample at 7.5 × 1019 W/cm2, showing broad
bands related to transverse acoustic (a-Si TA, a-Si 2TA) and optical
phonons from amorphous Si and diamond-cubic Si (a-Si TO, dc-Si
TO). The red line spectrum indicates the presence of additional peaks
at ∼353 and ∼438 cm−1 from crystalline metastable phases bc8/r8-
Si on top of amorphous (a-Si) bands. The blue line spectrum is from
a different local test on the same surface without these peaks but with
increased intensity from amorphous Si spectra (a-Si TO band). The
gray peaks are simulated bc8/r8-Si Raman spectra in 300–500 cm−1

[11,48].

relatively weak intensity peaks on top of conventional Raman
spectra from disordered and crystalline Si, it is not possible
to confidently associate these peaks specifically to the bc8-Si,
bt8-Si, or r8-Si phase.

C. X-ray microdiffraction

The two-dimensional (2D) patterns from x-ray microd-
iffraction of the sample area of interest and one-dimensional
(1D) pattern integrated from 2D are shown in Fig. 3. XRD
analysis of the sample irradiated by 0.62 J laser pulse (in-
tensity 7.5 × 1019 W/cm2 or ∼35 times above the relativistic
threshold) reveals that, apart from the peaks originated from
conventional dc-Si, additional XRD peaks are seen at 2θ

of 32.27 °, 33.51 °, and 35.35 ° (interplanar distances d =
2.77, 2.67, and 2.54 Å, respectively). Such angles corre-
spond reasonably well to the d spacings in several metastable
phases, for instance, of the bc8 phase (space group Ia3, a =
6.636 Å) d[211] = 2.71 Å as well as the bt8 phase (space group
I41/a, a = 6.676 Å, c = 6.522 Å) d[112] = 2.68 Å, for the
st12 phase (space group P43 212, a = 5.678 Å, c = 6.825 Å)
d[201] = 2.62 Å and d[210] = 2.54 Å [4,9,10].

The results of the microdiffraction tests serve as an in-
dependent indication of the presence of pressure-induced
polymorphs in the bulk of Si. We performed further XRD
analysis of the laser-irradiated samples with synchrotron ra-
diation and with high-resolution TEM (HRTEM) imaging,
which we present in the following sections.

D. Evidence of high-pressure phases from synchrotron XRD

Synchrotron XRD characterization with a beam energy of
30.047 ± 0.048 keV of samples irradiated by a laser pulse

FIG. 3. X-ray microdiffraction analysis with Cu-Kα radiation.
(a) Two-dimensional (2D) patterns of x-ray diffraction of the area
of Si sample between the ablated and spalled craters. (b) One-
dimensional (1D) spectral pattern integrated from the 2D data shown
in (a). Adapted from Ref. [50] with permission.

was performed in the end station of the BL22XU beamline in
SPring8 synchrotron. A total of 516 XRD images have been
analyzed, wherein 402 diffraction patterns showed from 2 up
to 8 diffraction spots different from those from the original
dc-Si structure.

The XRD data indicate the presence of unusual Si
structures within the large Si sample volume probed here.
Figure 4 presents the results with the sample irradiated
at 7.5 × 1018 W/cm2, 10 times lower than the maximum
intensity available in the experiments. The multitude of dif-
ferent reflections detected across the entire set of XRD data
do not just correspond to one known Si phase but most
likely several. These structures are potentially the tetrago-
nal bt8-Si (I41/a space group) or the body-centered cubic
bc8-Si (Ia-3 space group). Further, the presence of rhom-
bohedral r8-Si (R-3 space group), simple-tetragonal st12-Si
(P43 212 space group), hexagonal diamond/lonsdaleite hd-Si
(P63/mmm space group), and the tetragonal Si-VIII cannot
be excluded, see Table I. Each of the structures has uniquely
identified reflections, which cannot be attributed to any other
structure. In addition, several reflections with question marks
in Table I indicate those measured d spacings that cannot be
attributed to any known phase of silicon polymorphs.

There is a notable number of observed reflections that
cannot be reliably assigned to the interatomic spacings of the
known polymorph structures at ambient pressure. One of the
possible reasons is the presence of considerable residual stress
within this bulk sample. To identify the observed crystal spots,
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TABLE I. XRD results. Experimental interatomic distances d in Å and the related identified Si polymorphs from the detected synchrotron
XRD reflection (see Appendix 5 for the accuracy of measurements). The reflections shown in Fig. 4 are marked in the d-spacing column
in bold. Question marks indicate the measured d spacings of yet unidentified structures. The last column indicates the number of times the
reflection was detected in all XRD patterns for each of the interatomic distances. All crystal lattice parameters are given for unit cells at 0 GPa
pressure.

Identified Si crystal
structures with space
groups d ± �d, (Å)

dc-Si Fd − 3m
[52] bc8-Si Ia-3 [4] r8-Si R-3 [18]

st12-Si P43212
[10]

bt8-Si I41/a
[10]

hd-Si P63/mmc
[15]

Si-VIII P41212
[6]

No. reflection
spots

Lattice parameters a = 5.4307 Å a = 6.636 Å a = 5.766 Å a = 5.678 Å a = 6.676 Å a = 3.80 Å a = 8.627 Å

γ = 109.47◦ c = 6.825 Å c = 6.522 Å c = 6.28 Å c = 7.500 Å

3.277 ± 0.011 [100] 3.29 Åa 3

3.149 ± 0.010b [111] 3.135 Åb [002] 3.14 Åb 90b

2.774 ± 0.009 ?c 78

2.765 ± 0.008 ?c 69

2.733 ± 0.008 [310] 2.728 Åa 139

2.724 ± 0.008 [310] 2.728 Åa 94

2.715 ± 0.008
(B, C, D)

[110], [20 −
1]2.718 Åa

100

2.707 ± 0.008 (A) [211] 2.709 Åa 73

2.689 ± 0.008 [112] 2.683 Å [301] 2.685 Å 41

2.664 ± 0.007 ?d 10

2.646 ± 0.007 ?? 23

2.616 ± 0.007 [201] 2.621 Åa 144

2.552 ± 0.007 ?e 23

2.226 ± 0.005 ?? 84

2.208 ± 0.005 ?? 70

2.185 ± 0.005 (G) [022] 2.183 Åa 60

1.920 ± 0.005b [220] 1.920 Åb [221] 1.920 Åb 79b

1.906 ± 0.005 [110] 1.90 Åa 142

1.679 ± 0.004 ?f 8

1.639 ± 0.003b [311] 1.637 Åb 24b

1.400 ± 0.003 (F) [133] 1.403 Åa 81

1.348 ± 0.003 ??g 76

1.242 ± 0.002b [331] 1.246 Åb [210] 1.244 Åb 132b

1.213 ± 0.002
(E, H)h

[512] 1.212 Åh [114] 1.210 Åh 14h

1.206 ± 0.002 ?? 48

1.200 ± 0.002 ?? 24

1.106 ± 0.002b [422]
1.1085 Åb

[600] 1.106 Åb 118b

1.047 ± 0.002 [006] 1.047 Åa 48

0.959 ± 0.002 [901] 0.95 Åa 67

aUniquely identified reflections at ambient pressure.
bThose reflections from dc-Si and possibly from other interatomic distances overlapping with dc-Si.
cPossible st12 [200] 2.839 Å at 0 GPa shrinks to 2.770 Å at 8GPa [10].
dPossible bt8 [112] 2.683 Å at 0 GPa shrinks to 2.657 Å at 2 GPa [10].
ePossible st12 [112] 2.600 Å at 0 GPa shrinks to 2.547 Å at 4 GPa [10].
fPossible st12 [222] at 1.730 Å at 0 GPa shrinks to 1.678 Å at 8 GPa [10].
gPossible bt8 [422] 1.357 Å at 0 GPa shrinks to 1.347 Å at 2 GPa [10].
hThose reflections that could be assigned to two different crystal structures.

we used the previously obtained results [10] of an ab initio
random structure searching computational search [34] with
the CASTEP code [53]. Comparison of these previous searches
with our current results shows that there are several, but not
all, reflections that could be identified assuming that the bt8
and st12 polymorphs are at residual stresses of 2–8 GPa. There
are still a few unidentified reflections indicated in Table I with
question marks, which could result from not yet uncovered sil-
icon structures. Indeed, beyond the more typical bc8-Si, r8-Si,

and hd-Si, several further pressure-induced polymorphs exist.
These include bt8-Si, which we have previously demonstrated
experimentally in laser-induced confined microexplosion con-
ditions [10], the Si-VIII structure [6,17], and a range of other
tetrahedral structures that might possibly form [10,18]. A very
large number of other possible metastable Si phases have in-
deed been predicted. For example, simple consideration of the
bc8-like family (which includes the known bc8, bt8, and r8)
yields a further 128 tetrahedral structures with 16 (6 phases),
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FIG. 4. Four representative x-ray diffraction (XRD) images of
Si sample irradiated at a laser intensity of 7.5 × 1018 W/cm2. The
images are overlaid with arcs which show dc-Si interatomic distances
indicated by [hkl] indices; the 2θ direction is radially outward. In
each diffraction pattern, additional reflections are identified that cor-
respond to exotic phases of Si, as indicated by a d spacing that is not
dc-Si. (a) Spot A corresponding to 2.707 Å and spot B corresponding
to 2.715 Å. (b) Spot C corresponding to 2.715 Å. (c) Spot D corre-
sponding to 2.715 Å, spot F corresponding to 1.400 Å, and spot E
corresponding to 1.213 Å. (d) Spot G corresponding to 2.185 Å and
spot H corresponding to 1.213 Å. The cross point in all images is the
foot point; the black stripes are the dead areas of the detector. The
full list of detected diffraction spots is presented in Table I.

24 (22 phases), and 32 (100 phases) atoms per primitive cell
[18].

Further study of such samples to assemble a full diffraction
dataset is warranted to perform more quantitative struc-
ture data analysis. Nonetheless, the data clearly show that
exotic Si phases, like those recovered from DAC [1,4–
7,14], nanoindentation [7,8], and laser-induced transforma-
tions [10,11,16,17] can also be synthesized deep in the bulk
of silicon crystal through laser irradiation at above relativistic
intensity.

III. PHASE IDENTIFICATION IN SILICON
NANOCRYSTALS

A. TEM analysis

HRTEM allows direct imaging of the individual atomic
layers in the observed nanocrystals and subsequent identi-
fication of the crystal lattice structure through fast Fourier
transform (FFT) analysis. It allowed phase identification
within a notable number of nanocrystals with typical size in
the range of 5–20 nm, see Figs. 5 and 6. Table II lists the in-
teratomic distances and related crystal indices. It is instructive
to note that the accuracy of interatomic distance determined
by FFT analysis is about an order of magnitude lower than
that determined from the XRD measurements above. The
advantage of FTT imaging is in the visualization of the whole
pattern, which is very useful for matching with schematic
models of corresponding reciprocal space nodes.

FIG. 5. Fast Fourier transform (FFT) analysis of nanoclusters.
Example of analysis of high-resolution transmission electron mi-
croscopy (HRTEM) image of a nanocrystal in silicon sample
irradiated at laser intensity 7.5 × 1019 W/cm2. (a) HRTEM image
of a nanocrystal in amorphous Si. (b) FFT analysis from the corre-
sponding yellow-framed selected area in the HRTEM image shown
in (a). (c) Inverse FFT image from (b), showing reconstruction of the
nanocrystal. (d) Indexing with corresponding st12-Si crystal struc-
ture [9] (space group P43212), overlayed on the FFT analysis shown
in (b).

During HRTEM analysis, we uncovered 59 nanocrystals
of different size, quality, and scattering power. We performed
FFT analysis on all these nanocrystals. Quite a number of
those nanocrystals only showed 1 or 2 fully discernible re-
flections with only a small subset showing a full indexable
pattern. We, therefore, present the overall resulting data in
two ways. We first list all the measured d spacings and assign
them to possible Si phases based on calculated d spacings,
see Table II. We then show a select subset of HRTEM images
and corresponding FFTs that give examples of fully indexable
st12-Si, bt8-Si, and Si-VIII crystals, see Fig. 6. Note that we
did not identify a fully indexable bc8-Si crystal within the
nanocrystals analyzed.

FFT analysis of nanocrystals confirmed the presence of
all crystal structures indicated by the XRD analysis. More
HRTEM images and corresponding FFT analysis of in-
teratomic distances with assigned silicon polymorphs are
presented in Figs. S-03 and S-04 in Supplemental Material
[46].

B. Energy-dispersive x-ray spectroscopy analysis
of silicon purity

Finally, we also confirmed that all observed nanoparticles
are indeed made of silicon. We performed spatially resolved
energy-dispersive x-ray spectroscopy (EDX) elemental map-
ping analysis [54] of randomly selected areas in the TEM
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FIG. 6. High-resolution transmission electron microscopy
(HRTEM) images of nanocrystals. Si polymorphs formed in the
bulk of the sample irradiated at laser intensity 7.5 × 1019 W/cm2.
Fast Fourier transform (FFT) analysis of the selected areas reveals
the presence of nanostructures of dc-Si indicated in green, st12-Si in
yellow, Si-VIII in blue, and bt8-Si in red.

image, which gives precise elemental concentration at submi-
cron resolution, see Fig. 7.

High-angle annular dark-field (HAADF) images were ob-
tained using scanning TEM (STEM). These show the presence
of nanocrystals with their size varying from ∼5 to ∼50
nm [Figs. 7(a) and 7(c)], while the elemental mapping in
Figs. 7(b) and 7(d) demonstrates that Si is homogeneously
distributed over the images. This confirms the observation of
purely elemental silicon and the absence of any contamina-
tion. The absence of contamination is also supported by EDX
spectra presented in Figs. S-05 and S-06 in Supplemental
Material [46].

Furthermore, the HAADF image gives an indication of
the quantity of nanocrystals within the amorphous matrix,
suggesting that nanocrystals comprise up to 1% of the sample
volume. The nanoscale size of the formed silicon polymorphs
precluded us from a more accurate estimation of the volume
of silicon converted into new structures under the laser pulse
irradiation at above relativistic intensity. However, this serves
as experimental proof that bulk conversion of silicon into a
new structure is a feasible approach using relativistic intensi-
ties of laser radiation.

FIG. 7. High-angle annular dark-field (HAADF) scanning trans-
mission electron microscopy (STEM) analysis. Images of (a) and
(c) randomly selected areas and (b) and (d) corresponding spatially
resolved energy-dispersive x-ray spectroscopy (EDX) Si chemical
maps. The orange/red color in (b) and (d) corresponds to spatially
resolved Si element. Si contrast remains the same in the presented
images in (b) and (d); this confirms that the nanosized inclusions
indicated by red circles in (a) and (c) consist purely of Si.

IV. DISCUSSION

The presented analysis of Raman spectra, XRD, and
HRTEM images provides convincing evidence of the forma-
tion of pressure-induced exotic silicon polymorphs deep in
the bulk of a silicon sample irradiated by a laser pulse at
relativistic intensity. This includes the synthesis of intriguing
phases not accessible by static techniques, specifically the
st12 and bt8 structures, which have previously only been made
by laser-induced microexplosions [7,10,11]. Especially st12-
Si may thereby possess interesting band gap characteristics,
as it is calculated to have an indirect gap of 1.1 eV within
DFT and potential for superconductivity if doped. Given the
typical underestimation of the gap within DFT, the gap is ex-
pected to be larger, likely larger than dc-Si, which would make
this a technologically very intriguing phase of Si. Alternative
methods for synthesis of this intriguing Si phase as presented
here could eventually open avenues for the characterization of
optical and electronic properties. In this paper, we thus present
a considerable step forward in the restructuration of large
volumes of such materials within a Si wafer by ultraintense
and ultrashort laser pulses.

Post-mortem examination of the samples irradiated at the
intensity above the relativistic threshold provides a basis for
the semiquantitative analysis regarding the spreading of ab-
sorbed laser energy across the whole sample thickness by
laser-generated energetic electrons. There are three major con-
clusions deduced from these experiments:

(1) Tightly focused ultrashort laser pulses at relativistic
intensity produce ablated craters with the size two orders of
magnitude larger than the laser focal spot size.

(2) The amount of ablated mass is the evidence that the
large part of the pulse energy has been spent for the material
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removal. On the other hand, the spallation at the rear surface of
the 525-µm-thick Si sample is the indication of the deposition
of significant energy density into the intact part of the target
between the ablated and spalled craters. The MeV electrons
generated at relativistic laser intensity have a stopping range
in silicon comparable with the sample thickness [45]. Thus, it
is likely that electrons deposited their energy across the whole
thickness of the sample. A much slower ablation process at the
front surface then followed. The recoil pressure of the ablated
plasma drives the shock wave through the intact middle part
of the sample. The shock wave arriving at the sample-vacuum
interface then spalls off part of the material at the back of the
sample.

(3) Formation of nanocrystals of at least six different high-
pressure silicon polymorphs, including st12-Si and bt8-Si, in
addition to the nanocrystals with original dc-Si structure, is
observed across the thickness of the sample using Raman
spectroscopy, XRD studies, and FFT analysis of the diffrac-
tion patterns from nanocrystal HRTEM images. Most of those
nanocrystals are embedded in an amorphous silicon matrix
created from the disordered silicon crystal lattice because of
the absorbed MeV electron energy.

These observations serve as experimental proof that the
original crystal structure was completely lost due to the ul-
traintense laser irradiation and ionization. We present below a
self-consistent semiquantitative scenario based on the energy
and mass conservation laws for the laser absorption, electron
acceleration, material heating and ionization, and formation
of the conditions for the observed crystal restructuring in the
bulk.

A. Absorption of laser energy and ionization at
relativistic laser intensity

The strength of the laser field expresses as the dimension-
less amplitude of the laser electric field a0 = eĀ/mec2, and the
ponderomotive potential ppm = mec2[(1 + a2

0)1/2 − 1], where
e is the electron charge, c is the speed of light, me is the
electron mass, and Ā is the vector potential connected to the
electric field amplitude Ē by the relation Ē = − 1

c
∂Ā
∂t [55]. In

practical units [28,50],

a0 = e

me c ω

(
8π Il

c

)1/2

=
(

Ilλ
2

1.375 × 1018 [W µm2/cm2]

)1/2

. (1)

Here, ω is the laser frequency, Il is the laser intensity in
W/cm2, and λ is in µm. For λ = 800 nm, the relativistic thresh-
old a0 = 1 is reached at the intensity level of ∼ 2.15 × 1018

W/cm2 [36,56]. At the highest intensity of 7.5 × 1019 W/cm2

in our experiments, a0 = 5.91, and thus, the interaction pro-
ceeds in the ultrarelativistic regime.

The ultrarelativistic laser pulse, obliquely incident at 53.4 °
to the target normal linearly polarized in the plane of inci-
dence (p-polarized), ionizes the sample by the over-the-barrier
ionization mechanism, allegedly stripping all of 14 electrons
from Si atom. The total ionization losses of 4.66 keV per
atom during the pulse are much less than the energy of the
laser-generated electrons.

B. Energy of electrons in the absorption zone

The laser pulse penetrates the solid to the depth of c/ωpe,
where ωpe is the electron plasma frequency for the relativistic
case. The trajectory of electrons in a strong linearly polar-
ized field at relativistic intensity has a figure-of-eight shape.
The longitudinal displacement is proportional to the magnetic
force [e × (v × B)]/c ∝ a0; (v ∝ a0), which is proportional
to a2

0, whereas the transverse displacement along the electric
field scales up with a0. Therefore, at a0 > 1, the longitudinal
momentum becomes much larger than the transverse one, and
the electrons are accelerating along the k vector of the wave.

Strong repulsion between electrons and the nonlinear rel-
ativistic effects creates very complicated electronic orbits,
which enhance laser absorption even within a single opti-
cal cycle [57–60]. The magnetic force (v × B) acts on the
electrons swiftly, accelerating them in the direction of the
laser beam. Due to the oblique incidence, this force has two
components, along the surface of the sample and perpendic-
ular to the surface, making the trajectories of the electrons
rather complicated. The electron motion is the source of the
relativistic nonlinear effects [57,59], and the nonlinearity of
the electron orbits enhances the laser-matter interaction. The
electron orbits exhibit remarkable chaos within a single opti-
cal cycle. This strong orbital nonlinearity is responsible for the
efficient absorption of the laser energy in a few optical cycles.
In the case considered here, the 25 fs pulse duration equals
∼10 optical cycles (2π /ω = 2.66 fs). The main absorption
mechanism is apparently plasma heating by the oscillating
component of the pondermotive force of intense laser light,
the j × B heating [59–61]. The conversion efficiency of laser
energy to electrons increases with laser intensity from ∼20 to
30% at the relativistic intensity up to 80% at a 10 times higher
level [37,59,61].

The electron energy can be approximated by Boltzmann
distribution for a major part of electrons temperature kTe with
a high-energy tail kTh that is of the order of the ponderomotive
potential [36,37,62]:

kTh[MeV] ∼= ppm = mec2(γ − 1)

= 0.511 × [(
1 + a2

0

)1/2 − 1
]
, (2)

where k is the Boltzmann constant, and γ = (1−v2
e /c2)−1/2

is the relativistic Lorentz factor. At the highest laser intensity
in our experiments, the electron temperature is kTe ∼ 0.1 −
0.3 MeV, and the energy of the high-energy tail based on the
ponderomotive potential scale law is kTh

∼= 2.56 MeV. The
fraction of the incident laser energy absorbed into the hot elec-
trons forward-propagating into a solid sample is ∼10–20%
[38,59].

The high-energy tail of hot electrons, with energy from
MeV and higher, penetrates the solid during the laser pulse
and distributes the absorbed laser energy into a volume much
larger than that limited by the spot size on the surface and the
skin layer depth into the target [39].

Santala et al. [63] found that, for shallow plasma den-
sity gradients, the fast electron angular distribution becomes
random. The authors suggested that j × B heating in the
long-scale plasma supports this observation. According to the
particle-in-cell calculations from Ref. [63] at the intensity
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1020 W/cm2, the additional electron beam is generated in the
direction of the obliquely incident laser beam propagation.
The conditions in our experiments and calculations are rea-
sonably like those in Ref. [63]. Therefore, the shallow plasma
gradients along with the orbital nonlinearities contribute to the
almost isotropic angular distribution of electron trajectories
within the target. That was the reason for the ablated volume
being much larger, about two orders of magnitude larger than
the laser-target interaction zone of the focal spot.

In these conditions, the ponderomotive scaling signifi-
cantly exaggerates the temperature of the hot electrons. The
scaling and discussion in Mordovanakis et al. [64] suggest
that, at the ultrarelativistic intensity, the temperature of the
hot electrons scales as kTh ∝ [I18λ

2
μ]α , where α = 0.33–0.64,

and I18 is intensity in units of 1018 W/cm2. The results of our
experiments suggest the following scaling for hot electrons in
the considered case:

(1) at a0 > 1.0, kTh ≈ 118(∓5) × [I18λ
2
μ]0.64∓0.05 keV; for

I18 = 75 and λ = 0.8 µm, kTh = 1.56 MeV;
(2) at a0>>1, kTh ≈ 290 × [I18λ

2
μ]1/3 keV; for I18 = 75

and λ = 0.8 µm, kTh = 1.054 MeV.
Summing up the above analysis of the energy of electrons,

we can conclude that the energy distribution of the electrons
entering from the absorption zone into the solid sample can be
characterized by two temperatures. A major part of the elec-
trons has temperature of 0.1–0.3 MeV, while a relatively small
part of the electrons in the high-energy tail has energy of ∼1
MeV. The angular distribution of electron trajectories inside
the bulk of the sample, and especially in the part remaining
intact, is apparently isotropic. The isochoric heating of the
solid by the fast electrons is accompanied by a much slower
shock wave created by the electronic pressure gradient [65].

C. Spreading of energy of the relativistic electron
over the target volume

The indication of the strong collective effects related to the
very high density of the relativistic electrons follows from
the estimates for the current created during the pulse, as-
suming the current is forward directed into the silicon bulk.
The electron bunch emerged from the laser-target interaction
volume of the focal spot carries the enormous current Jexp =
eneveSfoc

∼= e Ilas
εe

Sfoc
∼= 9.6 MA (here, ne, ve, and εe are the

electron density, speed, and energy, correspondingly). Taking
the speed ve = 0.98c at εe = 2.56MeV, Jexp

∼= 9.6 MA, which
is several orders of magnitude above the Alfven current limit
[66].

Alfven [66] demonstrated that, at a certain current value,
the direct current is impossible because the trajectories of the
electrons became entangled due to the influence of the self-
generated magnetic field. It is easy to see that Alfven’s limit
for the current of the electrons is set by the repulsion of the
electrons. Indeed, the distance of the closest approach rmin for
the electrons possessing kinetic energy εe is rmin ≈ e2/εe. Tak-
ing this distance as a linear and transverse scale for the current,
one gets J = eneveπr2 ≈ eve/rmin. Therefore, the maximum
possible current is the Alfven current limit JAlf = veεe/e ≈
γ βmec3/e, where β = ve/c [60]. For the 2.56 MeV electrons [
β = 0.98, γ = (1 − β2)−1/2 = 5 ], the Alfven current limit is

JAlf
∼= 420 kA. This is the reason for the bunch of relativistic

electrons to deposit their energy by spreading it over a large
volume around the focal spot and across the whole thickness
of the silicon target.

The presented estimates serve as an indication that the self-
generated magnetic field has a strong effect on the orbits of the
electrons, resulting in filamentation, branching, and very fast
diverging of the propagation of the electrons. The large area
of the ablation crater, which is about two orders of magnitude
wider than the focal spot at the highest intensity, is evidence
of a fast spreading of the flow of electrons in the silicon target.

The above consideration also serves as the indication that
plasma instabilities dominate the propagation of the electrons
inside the solid. A single energetic particle passing through
a solid loses its energy on the excitation and ionization of
atomic electrons. The Fourier component of the particle field
with the wave vector k transfers to an electron a momentum
h̄k. Many atoms and atomic electrons are involved in this
process by creating a large negative real part of the dielectric
function in the excited medium, which is the polarization of
the medium from the classical viewpoint [67]. The electric
field E acts on a particle with the stopping force Fstop = eE , in
the direction opposite to the velocity of a particle. This field
might be associated with the return current of slow electrons
compensating the direct current of the fast particle [68]. The
work produced by this force is the energy loss of a particle.
The stopping range in a solid where the electron loses its
energy εe estimates as lstop ≈ εe

Fstop
. It is essential that both

relativistic and nonrelativistic stopping forces are identical
to the quantum mechanical stopping force induced by the
Coulomb scattering. For the fast nonrelativistic electrons, the
binary Coulomb collisions dominate the energy transfer from
the electrons to the ions F nonrel

stop ∝ 2πnee4

mev2
e

.
The return current excites the electromagnetic Weibel-like

instability. The growth rate of this instability estimates as
∼ ωpeve/c. Here, ωpe is the plasma frequency corresponding
to the number density of plasma electrons and the velocity of
slow electrons. The strong return current develops in <1 ps.
The electric field associated with the return current generates
the magnetic field in accordance with Faraday’s law with
a growth rate of ∼100 Tesla/ps [60]. The electron bunch
entering a solid from the absorption zone quickly becomes
divergent, splits into filaments, and transforms into a broad
cone.

D. Silicon restructuring

The energy of the 25-fs-short ultrarelativistic pulse has
been transformed into a bunch of energetic electrons in the fo-
cal volume of a few cubic microns. Finally, the absorbed laser
energy has been spread by fast electrons unevenly over the
sample thickness, with most of the energy spent on ablation.
The simplest estimate of the average energy density created by
0.6 J of laser pulse energy spread over the volume of a hemi-
sphere with a radius of 200 µm (V = 1.67 × 10−5cm3) gives
∼36 GPa pressure. The observed polymorphs of Si formed
from metallic β-Sn Si at above ∼12 GPa [7]. Assuming the
uneven energy distribution, one can reasonably suggest that
the resulting delivery of energy density by the shock wave is
in the range of a few tens of GPa. The shock-wave pressure
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is well below the Young’s modulus of Si, which is within the
range 131–170 GPa [69], coupled with the heating from the
energetic electrons.

The combined action of MeV electrons and the pressure of
the shock wave move the ionized atoms from their equilibrium
positions of the silicon crystal lattice and partially reconstruct
into the different atomic arrangements in the process of fast
quenching and recombination as well as freezing a signif-
icant part in a disordered state. The branched propagation,
in addition to the recoil pressure, allows for the formation
of the observed high-pressure Si phases deep in the target
bulk. The fact that about half of the original sample thickness
between the beds of the ablated and spalled craters remained
in one piece indicates that the energy density delivered to the
middle part of the target thickness has been less than Young’s
modulus of Si.

Ablation of 1
3 of the target thickness creates significant

recoil pressure at the bottom of the ablated volume. This pres-
sure drives the shock wave through the intact part of the target.
The pressure at the shock front decreases during the propaga-
tion approximately inverse to the cubic root of the distance.
Therefore, an estimate of the ablated ion energy (velocity) can
be made by dividing the laser energy per number of ablated
atoms found from the measurements of ablated volume. To
ablate material, the energy per atom equal to the cohesion
energy plus the kinetic energy for the ion removal should be
delivered. It appears that, for the most intense pulse of 0.6
J, the kinetic energy equals a few eV per ion (ablated Si ion
velocity is ∼ 106 cm/s). Therefore, the recoil pressure at the
bottom of the ablated volume equals a few hundred GPa. At
the back surface, it reduces to ∼100 GPa capable of producing
spallation observed in the experiment. Note that this is clear
evidence of the existence of a few hundred GPa pressure in
the middle of intact target, which is enough for the observed
phase transformations. Similar estimates for the 10 times less
energy per pulse produce the energy at the rear surface <10
GPa, which is not sufficient for spallation in accord with the
measurements.

Let us now evaluate the current results from the point of
conversion efficiency into new structures and compare with
the results of our previous experiments [10]. There is a differ-
ence of six orders of magnitude in single pulse laser energy
of up to 0.6 J in the current experimental conditions when
compared with 0.1–1.0 µJ in our previous experiments, which
signifies the difference in the laser-matter interaction physical
processes. Analysis of TEM images of the embedded nanopar-
ticles (Figs. 6 and 7 and Figs. S-05(a) and S-05(d) in the
Supplemental Material [46]), supported by the intensity signa-
tures in XRD analyses (Figs. 3 and 4), suggests that up to 1%
of silicon mass was converted into the new crystal structures.
To estimate the converted mass, we consider the experiment
with the highest laser intensity of 7.5 × 1019 W/cm2 (0.62 J
per single pulse). The affected volume of silicon of 1.67 ×
10−5cm3 comprises ∼3.9 × 10−5 g of the affected mass, see
Fig. 1 above and Fig. S-02 and Table S-01 in Supplemen-
tal Material [46]. The estimated 1% of the converted mass
gives ∼3.9 × 10−7 g of new silicon structures formed with
0.62 J laser pulse, or ∼6 × 10−7 g of converted mass per
Joule of laser energy. Similar evaluation for our previous
experimental conditions [10] of ∼ 10−14 g new phases with

<1 µJ corresponds to 10−8 g per Joule. This is about a two
orders of magnitude increase in the efficiency that correlates
well with the very similar about two orders of magnitude
increase in the ablated silicon volume clearly seen as soon
as the laser intensity passes the relativistic intensity threshold
at ∼ 2 × 1018 W/cm2, see Fig. 1(h) and Fig. S-02 and Table
S-01 in Supplemental Material [46].

We conclude that the observed silicon polymorphs were
generated at the high-energy density (i.e., pressure) created
in the bulk silicon by MeV electrons plus the recoil-pressure-
driven shock wave, followed by the rapid depressurization and
thermal quenching. These uncommon tetrahedral Si phases
may result from a final transformation from metallic states of
Si, like those known to form at very high pressures [1–6] in
static conditions. Material transformation under rapid quench-
ing from denser metallic phases may result in alternative
restructuring pathways and the formation of metastable tetrag-
onal phases that are not possible under equilibrium conditions
typical for a DAC or by nanoindentation methods.

V. CONCLUSIONS AND OUTLOOK

In summary, by using laser pulses at relativistic intensity,
we have produced metastable tetragonal phases of Si within
the bulk of the material. The possibly decent amount of these
phases created here may open avenues to allow their further
study using various spectroscopic and imaging techniques
as well as eventually even electric probes. The high-energy-
density conditions are generated inside the intact part of the
sample by the flux of MeV electrons ionized the bulk of
the sample and by the following shock wave driven by the
recoil pressure of the large amount of ablated material. These
conditions led to the rearrangement of the silicon matrix into
at least six different polymorphs. The ex situ studies of the
remaining intact part of the sample were performed using
micro-Raman, synchrotron XRD, and HRTEM. The XRD
and HRTEM analyses of recovered nanocrystals revealed that
these inclusions were formed by known Si phases such as bc8,
r8, st12, bt8, hd-Si, and Si-VIII along with dc-Si nanocrystals.
This is particularly encouraging for the cases of st12-Si and
bt8-Si, which cannot be made by static pressure techniques
and where there is no other method to scale up their volumes.
The structural analysis shows the exotic Si phases created in
the form of nanocrystalline clusters 5–20 nm in size, point-
ing to the structure formation near the track of the energetic
electrons. Randomly selected TEM images indicate that up to
∼1% of silicon bulk between the ablated and spalled craters
is converted into such crystalline nanoparticles. The evalu-
ated increase of the converted silicon mass when compared
with previous results obtained at well below the relativistic
intensity threshold [10] correlates well with the significant
increase in the ablated mass at the intensities above the
threshold.

Such exotic metastable phases of Si are expected to
be greatly advantageous since they enable simple pressure-
induced band gap engineering for innovative future applica-
tions. For example, the known narrow-band-gap r8 polymorph
is predicted to possess a significantly larger light absorp-
tion overlap with the infrared solar spectrum than standard
dc-Si [19]. Interestingly, st12-Si may possess a relatively
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large band gap 1.1 eV, may become superconducting if
sufficiently doped, and may exhibit thermal stability, poten-
tially >500 °C [35,70]. Indeed, several further Si structures
with (quasi-)direct band gaps for future photovoltaic devices
and other useful electronic properties have been predicted,
e.g., see Ref. [7] and references therein.

Further experimental and theoretical studies are needed
to identify the range of pressures that can be generated
in a solid part of the intact sample and of the methods
needed to fully control the conditions inside the bulk [70].
This could be achieved, for example, by the interaction of
the ultrarelativistic, ultrashort (1019 − 1020 W/cm2, <100 fs)
high-energy-contrast laser pulse [71–75] with the silicon tar-
gets with varied thickness [71].

Finally, the method of formation of exotic phases deep
inside the bulk by irradiation of silicon by ultraintense and
ultrashort laser pulses is applicable to a wide range of ma-
terials, not just to silicon. The unexplored domain of material
transformations exposed to a high flux of laser-produced MeV
electrons opens pathways for the conversion into new crystal
structures applicable to a wide range of materials in consid-
erably larger volumes, all preserved for further studies and
exploitation. We thus expect that laser pulses at relativistic
intensity will open a fruitful roadmap toward material discov-
eries and applications.
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APPENDIX: METHODOLOGY

1. Ultraintense ultrashort laser irradiation conditions

A 40 TW Ti : sapphire laser system with a double-chirped
pulse amplification (CPA) configuration (Pulsar, Amplitude
Technology Co.) was used in the experiments. The laser
pulses generated at 800 nm wavelength were amplified by
using the CPA technique [57]. A pair of gratings was used to
compress the laser pulse down to 25 fs at FWHM level. The
pulse duration was measured by self-referenced spectral inter-
ferometry (Wizzler by Fastlight). The frontend laser system
adapted a double CPA layout with crossed polarized rotation
to suppress amplified spontaneous emission (ASE) intensity
[72,73]. The intensity contrast ratio was determined by a
third-order cross-correlation (Sequoia by Amplitude Tech.).
Laser pulses with up to ∼1 J energy were generated in the
experiments. The root mean square (RMS) stability of the
laser energy was 2%. The averaged energy contrast, i.e., the
energy ratio of the ASE in the temporal range between −70
and −20 ps before the pulse peak to the main peak power,
was measured to be 7.7 × 10−10, providing assurance of the
absence of any surface modification before the arrival of the
25 fs pulse, see Sec. S-I in Supplemental Material [46].

Single linearly polarized 25 fs pulses were tightly focused
on the surface of Si samples using an off-axis parabolic
mirror with a reflected focal length of 165 mm, off-axis
angle of 32.5 °, and f number 3.7 (NA = 0.135). The
elliptically shaped focal spot of 14 × 3 µm at FWHM
energy level was formed at the angle of incidence of ∼36.6 °
to the crystal surface, which corresponds to surface area
Sfoc = 3.3 × 10−7cm2. The incidence angle was chosen to
increase the absorption of p-polarized laser light by resonance
absorption mechanism. A laser intensity of up to 7.5 × 1019

W/cm2 was reached at the maximal pulse energy of 0.62 J,
which corresponds to a laser fluence of 1.87 MJ/cm2 on the
sample surface.

2. Silicon crystal sample

The laser irradiated samples were boron-doped, 525-
µm-thick high-purity dc-Si <100> crystals with electrical
resistivity 1–20 Ohm cm, so that the dopant concentration was
of the order of ∼ 10−11 for an indirect band gap of 1.12 eV
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at room temperature [77]. Square-shaped 4 × 4 mm2 silicon
samples were mounted on a stainless-steel holder on top of the
holes of 4 mm in diameter, so that the back of the sample was
in free space during the experiments.

The ablated volumes on the Si surface were characterized
by a three-dimensional laser scanning confocal microscope
(Keyence VK-9710) based on a 408 nm laser source, see
details in Sec. S-II in the Supplemental Material [46].

3. Raman microspectroscopy

Raman characterization of the bulk of the sample be-
tween the ablated and spalled craters was performed with
a Renishaw InVia Reflex Raman spectrometer in confocal
geometry. Spectra were obtained with 532 and 633 nm lasers
using ×20, 0.25 NA (Olympus SLMPLN 20X), where a
large depth of field provided more leniency in the focus
of the Raman laser across the rough surfaces. Approxi-
mately 20 Raman maps and 30 linescans were used to
investigate the samples. Raman spectra were collected on
a Peltier-cooled charge-coupled device detector with 1200
and 2400 lines/mm gratings. The relative precision of locat-
ing peaks was within 0.1–0.5 cm−1, where the variation is
dependent on the peak strength relative to any overlapping
peaks. Analysis was performed using the Wires 4 software
package.

4. X-ray microdiffraction analysis with Cu-Kα radiation

The 2D patterns of x-ray microdiffraction of the affected
area of the sample were measured using a Rigaku SmartLab
diffractometer under Cu-Kα radiation at 1.54 Å (40 kV, 40
mA). A CBO-f Poly-capillary was used to converge paral-
lel line focus beam to a point focus, tailored by a 0.5 mm
height-limiting slit and a 0.5 mm incident slit. A Hypix3000
detector was used in 2D scanning mode 121.7 mm away
from the sample. The sample area was aligned on a Chi-Phi
cradle stage, both drives of which were continuously oscillat-
ing during data collection to randomize crystal orientations
experimentally. The 2D XRD pattern from 10 ° to 90 ° 2θ

was integrated into 1D data at a step size 0.01 ° 2θ /step using
Rigaku 2DP v2.1.6 software, followed by the phase identi-
fication against ICDD PDF-4+ database in Diffrac.EVA v5
software.

5. Synchrotron XRD with 30 keV radiation

XRD was performed in the endstation of the BL22XU
Beamline in SPring8. The x-ray beam of ε ± �ε = 30.047 ±
0.048 keV was shaped to a 50 µm square by two slits lo-
cated upstream of the sample. The first slit limited the beam
aperture, and the second slit cut the scattered x-ray from the
first slit to prevent stray x rays on the sample. The x ray was
irradiated to the rear side of the sample (here, front side is the
crater side), and the crater center was placed on the center of
the x-ray beam.

The transmitted x ray was detected by an x-ray 0D detector,
and the sample was positioned at the maximum x-ray trans-
mittance; the accuracy of the location in the crater was 50
µm. A beam stop was placed behind the sample to stop the
transmitted x ray. A 2D x-ray detector (PILATUS3 R 300K
by DECTRIS) was used to detect diffracted x ray from the
sample. The camera was fixed at the location such that the
camera length (distance between the sample and the camera
detection plane) of 254.14 ± 0.2 mm and the angle of 2θ0 of
17.5 °. The x-ray incidence angle to the sample was varied by
two rotation stages (φ, ω angles). Two experimental runs were
performed. In the first run, the angle φ was varied from −10 °
to +10 ° with a step of 5 °, and the angle ω was varied from
−5 ° to +5 ° with a step of 0.1 °. In the second run, the angle
φ was fixed at 15 °, and the angle ω was varied from 1.5 ° to
2.5 ° with a step of 0.1 °. The sample was exposed for 100 s at
each set of angles (φ,ω).

The experimental error ranges in the interatomic distance
measurements in Table I were evaluated considering the ac-
curacy of measurement of the diffraction angles (φ, ω), the
accuracy of measured distance from the Si sample to the
detector of 0.2 mm, the width of the x-ray energy peak �ε

= 0.048 keV, and the size of pixels in the detector, which was
0.172 × 0.172 µm2.

6. HRTEM

The atomic structure of the samples was studied by
HRTEM, selected area electron diffraction and HAADF-
STEM imaging combined with EDX mapping, all with a 200
kV JEM-2100 JEOL microscope equipped with an energy-
dispersive x-ray spectrometer (Oxford Instruments). Samples
for TEM analysis were prepared by grinding small pieces of
a Si wafer from the exposed area in an agate mortar under
ethanol. After grinding, the ethanol suspension was applied to
a TEM copper grid.
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