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Semiconductivity and superconductivity are remarkable quantum phenomena that have immense impact on sci-

ence and technology, and materials that can be tuned, usually by pressure or doping, to host both types of

quantum states are of great fundamental and practical significance. Here we show by first-principles calculations

a distinct route for tuning semiconductors into superconductors by diverse large-range elastic shear strains, as

demonstrated in exemplary cases of silicon and silicon carbide. Analysis of strain driven evolution of bonding

structure, electronic states, lattice vibration, and electron-phonon coupling unveils robust pervading deformation

induced mechanisms auspicious for modulating semiconducting and superconducting states under versatile ma-

terial conditions. This finding opens vast untapped structural configurations for rational exploration of tunable

emergence and transition of these intricate quantum phenomena in a broad range of materials.
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Semiconductors and superconductors exhibit pro-
found and distinct quantum phenomena. Materials
that can host both behaviors offer an appealing plat-
form for innovative research and development.[1] The
quest to explore superconducting states in semicon-
ductors has a long history dating back to 1960s.[2−7]

Most works have taken two established routes: (i)
external doping by atomic insertion or substitution
or self-doping by alloying,[8] and (ii) application of
high pressure.[9,10] The resulting electrically conduct-
ing states couple to another degree of freedom, e.g.,
lattice vibration (i.e., phonon), to generate supercon-
ductivity in chemically (doping) or physically (pres-
sure) modulated semiconductors. In recent years,
strain engineering has been employed to induce su-
perconductivity at surfaces or thin films via adatom
adsorption or interfacial lattice mismatch.[11−15] This
approach is effective, but lacks flexibility of tuning the
resulting superconducting states, since the strains are
fixed once the surface or substrate conditions are set.
It is desirable to explore further avenues for achieving
more flexible and tunable modulation of semiconduct-
ing and superconducting states, preferably reversibly
over large strain ranges and in ways that are compati-
ble with nanoelectronic synthesis and characterization
protocols.

Recent research revealed that diamond can be
driven into a metallic state by biaxial compression-

shear (CS) deformation, and charge redistribution
and phonon softening at rising strains generate super-
conductivity in this ultralarge-bandgap insulator.[16]

This surprising result suggests that shear-strain tun-
ing may offer an effective tool for generating and tun-
ing superconductivity in semiconductors. There are,
however, crucial differences in structural and elec-
tronic properties distinguishing most semiconductors
from diamond. In particular, diamond’s unique ten-
dency of graphitization accompanied by the associ-
ated large bonding changes plays a key role in in-
ducing strong charge redistribution and phonon soft-
ening that drive superconductivity in its deformed
crystal.[16] It is therefore compelling to probe how
typical prominent semiconductors would deform un-
der various shear strains and whether metallic and
superconducting states would emerge, and if affirma-
tive, how the driving mechanism would be related yet
distinct compared to that in deformed diamond and,
most crucially, whether these insights are generally
applicable to wide-ranging semiconductors.

In this Letter, we report findings from first-
principles calculations on emerging superconducting
states in shear strained classic semiconductors Si and
SiC. In contrast to diamond that develops supercon-
ductivity under special CS strains, Si and SiC host su-
perconducting states under diverse shear conditions,
including unconstrained pure shear strains, offering
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expanded tunability for flexible and versatile exper-
imental control and implementation. We analyze evo-
lution of structural, electronic, phonon, and electron-
phonon coupling with changing strains in elastically
deformed Si and SiC and identify robust metalliza-
tion and phonon softening mechanisms that should
be applicable to a broad variety of materials. These
findings showcase elastic shear-strain engineering as
an effective tool for tuning semiconducting and su-
perconducting states over large strain ranges, opening
new access to hitherto little explored deformed mate-
rial configurations for discovery of fascinating physics
phenomena.

Silicon is known to undergo a series of struc-
tural transitions from the cubic diamond phase to 𝛽-
tin, simple hexagonal (sh), and then hexagonal close
packed (hcp) phases at increasing pressures,[17−19]

and these high-pressure phases of Si are all metallic
and superconducting with a peak 𝑇c of 8.2 K reached
at 15 GPa in the sh-Si phase.[20,21] The cubic dia-
mond phase of Si can also host superconductivity
under carrier doping via boron-atom insertion with
𝑇c ≈ 0.35 K,[22] which is an order of magnitude lower
than that observed in boron doped diamond[23−25] due
to much weaker bonding strength and lower phonon
frequency in Si. Superconductivity has been induced
in the cubic diamond phase of SiC by carrier dop-
ing through boron-atom insertion with 𝑇c ≈ 1.4 K.[26]

There has been no report on pressure-induced super-
conductivity in the wide-bandgap semiconductor SiC.
In this work, we show that full-range elastic shear-
strain tuning offers an alternative and versatile means
to produce and modulate superconductivity in Si and
SiC, and that the obtained results suggest common
and robust mechanisms for wide-ranging semiconduc-
tors.

For stress-strain calculations, we have employed
VASP code[27] based on the density functional
theory (DFT) in the local density approximation
(LDA).[28,29] We have also calculated lattice dy-
namics and electron-phonon coupling (EPC) using
the density-functional perturbation theory (DFPT)
in linear response as implemented in QUANTUM
ESPRESSO code.[30] Such calculations produce ad-
equate structural and mechanical properties and
describe well metallic states and produce fairly
accurate 𝑇c in metallized semiconductors, as ex-
tensively demonstrated in boron-doped diamond
and silicon.[23,31−37] LDA calculations, however, are
known to underestimate electronic bandgaps in semi-
conductors, so we have adopted the Heyd–Scuseria–
Ernzerhof (HSE) hybrid functional[38,39] that accu-
rately reproduces experimental bandgaps of Si and
SiC.[40,41] More computational details are given in the
Supplemental Material.[42]

From Eliashberg theory of superconductivity,[43,44]

McMillan derived,[45] later modified by Allen and
Dynes,[46] an analytic expression for transition tem-
perature,

𝑇c =
𝜔log

1.20
exp{− 1.04(1 + 𝜆)

𝜆− 𝜇*(1 + 0.62𝜆)
}, (1)

where 𝜔log is a logarithmically averaged characteristic
phonon frequency, and 𝜇* is the Coulomb pseudopo-
tential which describes the effective electron-electron
repulsion.[47] This equation is generally accurate for
materials with EPC parameter 𝜆 < 1.5,[48−51] whereas
a numerical solution to the Eliashberg equation[43] is
more adequate at larger 𝜆. The Coulomb pseudopo-
tential 𝜇* is often treated as an adjustable parameter
with values within a narrow range around 0.1 for most
materials, making this formulism highly robust,[46−50]

and compares well with the latest ab initio Eliash-
berg theory.[51] Smaller values of 𝜇* also occur, like
𝜇* = 0.06 for a high-pressure phase of Si.[21] We
choose 0.05 as a lower bound and 0.10 as a typical
value for 𝜇* in this study. This ranged choice for 𝜇*

is especially suitable here since the metallicity of the
deformed semiconductors develops with rising strain,
producing improved screening thus reduced 𝜇*, favor-
ing the high end of predicted 𝑇c values.
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Fig. 1. (a) Stress and bandgap evolution of Si un-
der the (111)[112̄] PS strain up to the dynamic stability
limit 𝜖 = 0.57. Metallization and superconducting states
emerge at 𝜖 > 0.13 and 𝜖 > 0.28, respectively. Varia-
tions of (b) bond angle 𝛼153 between atom pairs 1–5 and
5–3 and 𝛼254 [see panel (e)], (c) three key bond lengths,
𝑑15, 𝑑35 and 𝑑45, and (d) the unit-cell volume. [(e), (f)]
Structural snapshots with bonding and conducting charge
density at selected strains.

To explore emerging metallic and superconduct-
ing states in deformed Si crystal, we have examined
its structural and stress responses under various shear
strains, which are highly effective deformation modes
in generating large-range creep-like flat stress-strain
curves that are indicative of metallization of cova-
lent crystals under large strains.[52] We have iden-
tified multiple shear strain paths showing flattened
stress curves with promising tendency for metalliza-
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tion (Fig. S1, Ref. [42]). Here we focus primarily on
the (111)[112̄] pure shear (PS) mode as an exemplary
case with a pronounced creep-like stress response. Re-
sults in Fig. 1(a) show that stress initially rises quickly
with increasing shear strain to 𝜖 ≈ 0.13, where de-
formed Si becomes metallic (see below), then the rate
of stress increase tapers off considerably as the degree
of metallicity progressively develops, and the curve
becomes nearly flat at 𝜖 ≈ 0.25 and remains so over
an extended range of further rising strain up to the
dynamic stability limit 𝜖 ≈ 0.57, beyond which imag-
inary phonon modes develop. This extraordinarily
extended range of elastic deformation opens up vast
untapped material configurations for exploring novel
phenomena like reversibly tunable metallicity and su-
perconductivity in Si, and this approach may prove
generally effective for producing similar phenomena
in other semiconductors.

The electronic properties of Si are highly sensitive
to changes in its bonding environment. Metallic states
appear in Si upon a large variety of small to mod-
erate deformations once the Si crystal deviates from
its native cubic diamond phase well before reaching
the 𝛽-tin phase.[53,54] Calculated results show that the
electronic bandgap 𝐸g of Si drops quickly along the
(111)[112̄] PS strain path, leading to a full closure at
𝜖 = 0.13 [Fig. 1(a)]. The electronic density of states
(EDOS) at the Fermi level, 𝑁(𝐸F), rises steadily with
increasing strain, enhancing the metallicity of progres-
sively deformed Si under various loading conditions
(see Table 1).

The concurrence of significant lattice softening, as
indicated by the flattening stress curve, and emerg-
ing metallicity, as signified by the bandgap clo-
sure (Fig. S2, Ref. [42]) and rising 𝑁(𝐸F) under the
(111)[112̄] shear strains in Si is dominated by an un-
usually large angular expansion mode with small bond
elongations [Figs. 1(b) and 1(c)], thereby sustaining
significant redistribution of bonding charge without
bond breaking, reminiscent of the situation in CS de-
formed diamond.[52] However, in sharp contrast to the
volume expanding tendency in diamond and related
strong covalent solids,[55−59] Si crystal undergoes a
monotonic volume contraction up to dynamic stability
limit at 𝜖 = 0.57 [Fig. 1(d)], which stems from a large
reduction of the distance between the (001) planes un-
der the large angular deformation mode in the Si crys-
tal (Fig. S3, Ref. [42]). We find fairly uniform bonding
charge density on both the original undeformed bonds
and elongated and partially charge depleted bonds at
large strains [Fig. 1(e)]. Emerging conducting charges
stemming from the depleted bonding charges are as-
sessed by integrating the electronic states over a small
(0.3 eV) energy window below the Fermi level; the re-
sults [Fig. 1(f)] show that these conducting charges
form a well separated layered pattern as superconduc-

tivity emerges (at 𝜖 = 0.28), but a three-dimensional
pattern develops at larger strains (e.g., at 𝜖 = 0.57),
suggesting a crossover in transport behaviors in in-
creasingly strained and metallic Si crystal.
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Fig. 2. (a) Phonon dispersions at selected (111) [112̄]
PS strains with the strength of 𝑞-resolved 𝜆𝑞 indicated
by circle size. The solid and dashed vertical lines indi-
cate [also in Figs. 3(b), 3(e) and 4(b)] the positions of the
high-symmetry points in the reciprocal lattice at different
indicated shear strains. (b) Spectral function 𝛼2𝐹 (𝜔) and
𝜆(𝜔). [(c), (d)] Calculated electronic band structures at
𝜖 = 0.28 and 𝜖 = 0.57, respectively.

Figure 2 shows phonon dispersion and spec-
tral function 𝛼2𝐹 (𝜔) and EPC parameter 𝜆(𝜔) =

2
∫︀ 𝜔

0
𝛼2𝐹 (𝜔)

𝜔 𝑑𝜔 at selected (111)[112̄] PS strains. At
𝜖 = 0.28 where superconducting states start to
emerge, EPC is contributed by a broad range of low-
and high-frequency phonon modes, but at large strains
(e.g., 𝜖 = 0.57) EPC is dominated by greatly soft-
ened low-frequency modes. The nearly uniform dis-
tribution of EPC throughout the Brillouin zone is in
stark contrast to CS deformed diamond where EPC
is highly anisotropic and concentrated at the lattice
vibrations associated with the most charge-depletion
softened bonds.[16] In shear deformed Si, bonds are
more uniformly stretched [Fig. 1(e)] with even charge
distribution, leading to pronounced and nearly uni-
form phonon softening and EPC enhancement. It
is noted that the phonon softening is intimately re-
lated to the flattening of the stress curves (Fig. S4,
Ref. [42]), both stemming from the strain weakened
bonding structures. Also shown in Fig. 2 are the elec-
tronic band structures at the selected shear strains,
and it is seen that increasing strain leads to more ex-
tensive band crossing at the Fermi level, which would
significantly impact electronic transport behaviors.

To test robustness of superconductivity in shear
strained Si, we have examined the results under
the (112̄)[111] CS and (111)[112̄] tension shear (TS)
(Fig. S5, Ref. [42]). The results in Fig. 3 (see Fig. S6,
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Ref. [42], for electronic band structures at the selected
strains) show the same patterns of flattened stress
curves, quick bandgap reduction and closure, and en-
suing emergence of superconducting states, although
the rise of 𝑇c is limited by shortened dynamic stability
range compared to the PS case. There is clear dom-
inance by low-frequency modes on the phonon soft-
ening and EPC enhancement, demonstrating that the
same robust mechanism is driving superconductivity
in all these differently deformed Si lattices. These re-
sults establish consistent trends in diverse shear-strain
enhanced 𝑁(𝐸F), softened 𝜔log, and higher 𝜆 and 𝑇c

(see Table 1).

Table 1. Computed 𝑁(𝐸F) (states·spin−1·Ry−1·cell−1),
𝜔log (K), 𝜆 and 𝑇c (K) for Si and SiC at various PS, CS or
TS strains. Two 𝑇c values set the range for 𝜇* = 0.10 and
0.05.

Strain 𝑁(𝐸F) 𝜔log 𝜆 𝑇c

Si PS (111)[112̄] 0.28 9.7 282 0.26 0.0–0.4

Si PS (111)[112̄] 0.42 13.3 219 0.42 1.3–2.9

Si PS (111)[112̄] 0.53 15.8 157 0.67 4.8–7.2

Si PS (111)[112̄] 0.57 16.6 145 0.78 6.5–8.7

Si CS (112̄)[111] 0.22 9.5 260 0.26 0.0–0.3

Si CS (112̄)[111] 0.27 11.0 218 0.35 0.3–1.4

Si CS (112̄)[111] 0.36 12.3 153 0.50 1.8–3.5

Si TS (111)[112̄] 0.28 11.0 261 0.33 0.3–1.2

Si TS (111)[112̄] 0.39 14.6 207 0.51 2.8–5.1

SiC PS (111)[112̄] 0.49 5.3 628 0.22 0.0–0.2

SiC PS (111)[112̄] 0.68 6.4 393 0.38 1.3–3.7
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Fig. 3. [(a), (d)] Stress and bandgap evolution of Si
under (112̄)[111] CS or (111)[112̄] TS strains. [(b), (e)]
Phonon dispersions at selected strains with the strength
of 𝑞-resolved 𝜆𝑞 indicated by circle size. [(c), (f)] Spectral
functions 𝛼2𝐹 (𝜔) and 𝜆(𝜔).

We now turn to SiC, which comprises a C–Si
bonding network in diamond structure and a much
larger band gap compared to Si.[42] We examine the
(111)[112̄] PS that has the most flattened stress curve
among the examined cases.[42] Compared to Si, the
bandgap of SiC decreases with rising strain at a
slightly reduced but still fast rate, and the metallic
then superconducting states develop quickly as indi-
cated in Fig. 4(a), which reinforces the notion that
Si and SiC share key structural and electronic re-

sponse patterns under shear loading conditions, rais-
ing excellent prospects that these behaviors are com-
monly present in shear-strained semiconductors. In-
terestingly, calculated results in Fig. 4(b) show that
EPC in shear deformed SiC is mainly contributed by
phonon modes across a broad frequency range but
concentrated in momentum space near the 𝛤 and 𝐴
points, which is similar to the situation in CS de-
formed diamond[16] but different from the nearly uni-
form distributions in Si under diverse PS, CS, or TS
strains [see results in Figs. 2(a), 3(b) and 3(e)]. De-
spite such different EPC characteristics, Si and SiC
share the most prominent features of shear-strain in-
duced robust metallization and strong phonon soften-
ing, leading to substantial superconducting states in
distinct material environments. Such diversity bodes
well for finding similar phenomena driven by the same
general mechanisms in many other semiconductors.
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Fig. 4. (a) Stress and bandgap evolution of SiC under
(111)[112̄] PS strains. (b) Phonon dispersions at selected
strains with the strength of 𝑞-resolved 𝜆𝑞 indicated by cir-
cle size. (c) Spectral function 𝛼2𝐹 (𝜔) and 𝜆(𝜔).

Carrier doping has produced superconductivity
with 𝑇c of 0.35 K in Si[22] and 1.4 K in SiC.[26] Here, we
show that diverse shear strains can effectively modu-
late 𝑇c over extended ranges up to much higher values
of 8.7 K for Si and 3.7 K for SiC. These results under-
score excellent prospects for inducing vigorous super-
conducting states in elastically deformed semiconduc-
tors. These superior 𝑇c values under tunable shear
strains are well above those achieved in semiconduct-
ing or conducting films under fixed tensile strains by
lattice mismatch,[11−14] making shear-strain tuning a
desirable approach.

High pressure can effectively modulate material
properties,[60−62] but stringent equipment require-
ments impose a very high barrier for most practical
implementation; in contrast, strain tuning is compat-
ible with advanced material characterization proto-
cols, and avoids the need for external carriers, usu-
ally by ion implantation that commonly causes struc-
tural and charge disorder with uncontrolled complica-
tions in the host material.[1,8] Tuning superconductiv-
ity in elastically deformed semiconductors allows for
substantial property modulations, as seen in a recent
experiment showing that soft phonon modes associ-
ated with unique bond contractions induced by inter-
facial strains induced surprising superconductivity in
RuO2 films.[14] Such coherent epitaxy is the current
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state of the art in strain engineering.[11−14] The lat-
est nanoscale fabrication and imaging techniques have
demonstrated reversible ultralarge elastic deformation
approaching the theoretical limits under diverse load-
ing conditions.[63−67] These powerful techniques open
up vast structural configuration space for exploring
richer material behaviors and physics processes be-
yond the traditional paradigm of structural stability
at quasi-hydrostatic pressures to discover novel ma-
terial behaviors and enable new functionalities with
major technological impact.

In summary, we have uncovered via first-principles
calculations robust superconducting states in shear
strained Si and SiC crystals under diverse loading con-
ditions. Analysis of structural, electronic, phonon,
and electron-phonon coupling behaviors under evolv-
ing strains reveals consistent patterns and trends of
shear deformation induced and enhanced metalliza-
tion and phonon softening, resulting in vigorous su-
perconducting states that host rising 𝑇c at progres-
sively increasing strains. This work opens a promis-
ing avenue for inducing and tuning superconducting
states in semiconductors by versatile shear strains.
The key physics processes and mechanisms unveiled
here are insensitive to material details and, therefore,
are expected to be general phenomena not limited to
Si and SiC or cubic crystals, and should remain ro-
bust and applicable to wide-ranging semiconductors.
While covalent crystals provide a favorable platform
for the physics described here, because of their highly
concentrated and directional bonding structures, we
expect that strain induced charge redistribution and
phonon softening provide an effective approach for
tuning superconductivity in a broad variety of ma-
terials. Advanced nanoscale synthesis and character-
ization techniques have produced high-quality spec-
imens and tested mechanical properties,[63−68] and
these techniques are also well equipped to operate
at cryogenic conditions for versatile physical property
measurements at extremely low temperatures,[69−71]

making experimental verification of our predicted re-
sults feasible.

The present findings have major implications
beyond tuning superconducting states in semicon-
ductors, e.g., for deciphering exceptional phonon-
mediated superconductors like the long-sought
metallic hydrogen[72,73] and recently discovered
superhydrides,[74−77] which have been predicted or
demonstrated to superconduct near room tempera-
ture at megabar pressures. Non-hydrostatic condi-
tions like uniaxial compression and shear strains are
inevitably present in such extreme environments, e.g.,
transport studies employing diamond anvil cell with
solid or even no pressure transmitting mediumexerting
major influence on material behaviors, such as incip-
ient structural instability that has been postulated

to impact superconductivity in LaH10.[78] Current
experimental methods employing traditional or rota-
tional diamond anvil cell setups are capable of pro-
ducing large shear-strain conditions at high pressures,
and recent studies using these setups have revealed
significant shear-induced property modulations such
as altered kinetics of pressure induced graphite-to-
diamond transition[79] and discovery of a new shear-
driven formation route for diamond.[80] Such capabil-
ities provide a powerful technique for probing shear
strain effects on diverse phonon-mediated supercon-
ductors, e.g., high-𝑇c superhydrides. This study pro-
vides a strong impetus for exploring effects of broadly
defined strains on modulating these fascinating su-
perconducting materials. Work along this line may
prove fruitful in discovering intriguing phenomena and
elucidating key mechanisms.

Reported calculations utilized computing facilities
at the High-Performance Computing Center of Jilin
University and Tianhe2-JK at the Beijing Computa-
tional Science Research Center.
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Here we provide a systematic description of details on computational methods used in the present
work and additional details supporting several results presented in the main text.

DETAILS ON COMPUTATIONAL METHODS

The first-principles energetic calculations and stress-
strain relations reported in this work have been carried
out using the VASP code [1], adopting the projector
augmented wave (PAW) approach [2] with the valence
electron configuration of s2p2 for both silicon and car-
bon, which are each described by an eight-atom unit
cell. The local density approximation (LDA) has been
used to describe the exchange and correlation potential
between electrons as parametrized by the Ceperley and
Alder functional [3]. An energy cutoff of 500 eV for Si
and 800 eV for SiC and a Monkhorst-Pack grid [4] with a
maximum spacing of 0.18 Å−1 are adopted, achieving an
energy convergence around 1 meV per atom with residual
forces and stresses less than 0.005 eVÅ−1 and 0.1 GPa,
respectively. Electronic band gaps are determined by cal-
culations using the hybrid functional of Heyd-Scuseria-
Ernzerhof (HSE) [5, 6], and the resulted band gaps for Si
and SiC are 1.13 eV and 2.35 eV, respectively, which are
in excellent agreement with experimental data [7, 8]. On
this basis, the HSE band gaps for the deformed Si and
SiC crystals are expected to provide a good description
for strain induced band-gap modulations, especially the
band-gap closure that signals the onset of metallization
in each case.

Stress-strain relations under diverse loading conditions
are calculated under a biaxial stress state that contains
a shear stress and a normal compressive or tensile stress
component. This approach covers the pure shear case in
the limit of zero normal stress and simulates a rich variety
of loading environments containing various biaxial stress
states [9–11]. The shape of the deformed unit cell and
atomic relaxation are determined completely at each step
by the constrained structural optimization. The starting
position for each strain step is taken from the relaxed
coordinates of the previous strain step to ensure the qua-
sistatic strain path, with a strain increment of 0.01 in
each of the first five steps, which are in mostly linear
elastic range, and then 0.005 for each subsequent steps.
At each step, the applied shear strain is fixed to deter-
mine the shear stress σxz, while the other five indepen-
dent components of the strain tensors and all the atoms
inside the unit cell are simultaneously relaxed until the

normal stress component (σzz) reaches a specified value,
namely σzz = σxztanφ or σzz = c, where φ is an angu-
lar variable to adjust the ratio of the normal and shear
components of the biaxial stress and c is a constant nor-
mal compressive or tensile stress. Meanwhile, all other
four components of the Hellmann-Feynman stress tensor
and the force on each atom become negligibly small after
the full relaxation, typically less than 0.1 GPa and 0.005
eV·Å−1, respectively. In this work, we have examined Si
under diverse shear strains, including pure shear (PS),
variable constrained shear (CS) with φ=68◦ correspond-
ing to the prominent Vickers shear stress state [9–11],
and constant tensile shear (TS) with c = 10 GPa, and
SiC under PS stress condition.

Lattice dynamics and electron-phonon coupling behav-
iors have been calculated using the density-functional
perturbation theory (DFPT) in linear response as imple-
mented in the Quantum Expresso code [12], adopting a
kinetic energy cutoff of 40 Ry and 70 Ry for Si and SiC,
respectively. A k-mesh of 16×16×24 was used for the
electronic calculations and a 4×4×6 q-mesh for the lat-
tice dynamics calculations to achieve good convergence.
Dynamic stability of deformed crystals was determined
by checking for the absence of imaginary phonon modes,
and the electron-phonon coupling (EPC) behaviors were
evaluated and superconductivity assessed up to the high-
est strain for the dynamically stable structure on each
chosen deformation path.

Phonon calculations in this work are performed with-
out considering anharmonic effects. The stress-strain
curves are determined by quasistatic structural optimiza-
tion following the standard procedure, where stress is
calculated by taking the derivative of the energy of the
strained crystal with respect to strain. Phonon calcu-
lations within the harmonic approximation are subse-
quently performed to check the dynamic stability along
specific deformation paths. Anharmonic effects could in-
fluence the dynamic stability of the deformed structure,
thus affect the stable strain range of the stress-strain
curve. It is noted, however, that anharmonicity is ap-
preciable at high temperatures [13]. In this work, the
superconducting states of deformed Si and SiC emerge
at very low temperatures (below 10 K) and, therefore,
no significant anharmonicity is expected. Moreover, re-
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FIG. S1: Stress response under various shear-strain condi-
tions. (a) Si under pure shear (PS), (b) Si under constrained
shear (CS) and (c) SiC under PS strains. Specific shear slip
directions are listed in each panel, and the most flattened
curves, i.e., Si PS (111)[11-2], Si CS (11-2)[111] and SiC PS
(111)[11-2], which represent the most favorable cases for met-
allization, are selected as shown in the main text. Covalent
solids like diamond and Si host strongly directional bonding
configurations, generating highly anisotropic stress responses.
In this work, our goal is to explore strain-induced metallic and
superconducting structure in Si; we therefore have mostly fo-
cused on stress responses along the (111)[11-2] PS and several
closely related deformation paths. For comparison, we also
show the shear-strain curve under the (110)[001] PS strain
that exhibits a steeper rise of stress, which is commonly seen
in covalent solids.

FIG. S2: Electronic band gap from HSE calculations under
various shear-strain conditions. (a) Si PS (111)[11-2], (b) Si
CS (11-2)[111], (c) Si TS (111)[11-2], (d) SiC PS (111)[11-2].
Results at selected strain points are shown.

FIG. S3: The evolution of normalized (to the values of the
unstrained crystal) lattice spacing between the (001) planes
(d001), the unit-cell area of the (001) plane and the unit-cell
volume of Si under the (111)[11-2] PS strains. In the tetrahe-
drally bonded environment of Si crystal lattice, each Si atom
has a large void site aligned opposite to one of its nearest-
neighbor atoms [22]. The void positions and Si atom posi-
tions can be viewed as two face-center-cubic sublattices in
the crystal structure. Under large deformations, such as the
(111)[11-2] PS strains, a large angular expansion mode along
with relatively small bond elongations causes a prominent
contraction of the lattice spacing between the (001) planes,
which is steeper than the expansion of the area of the (001)
planes, leading to the reduced volume of the void, and thus
an overall reduction of volume for the deformed crystal.
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FIG. S4: Calculated logarithmic average phonon frequencies
as a function of strain for Si under the (111)[11-2] PS defor-
mation mode. There is a clear relation between the flattening
of the stress-strain curve, which reflects the weakening of the
bonding interaction in the deformed crystal, and a sharp and
steady decline of the logarithmic average phonon frequencies
in the (super)conducting phase of Si.

FIG. S5: Stress response of Si under (111) tensile strain. A
point at 6% strain with a stress of 10 GPa near the middle of
the elastic range, is selected as a representative condition for
the evaluation of Si under the TS (111)[11-2] strains.

cent study shows that Si and diamond have the lowest
degree of anharmonicity among all the crystals [14]. SiC
involves the same two elements in the same crystal struc-
ture and is therefore expected to possess a similarly low
level of degree of anharmonicity. Further, recent exper-
iments demonstrated that nearly defect-free silicon and
diamond nanostructures can approach theoretical strain
and stress limits [15–20]. These studies show that achiev-
ing theoretically predicted large structural deformation is
feasible. Overall, we expect that anharmonic effects will
not have any appreciable impact on the main conclusions
of our reported work.

Previous research revealed that anharmonic effect

FIG. S6: Electronic band structures of (a, b) Si under the (11-
2)[111] CS strains, (c, d) Si under the (111)[11-2] TS strains,
and (e, f) SiC under the (111)[11-2] PS strains. These re-
sults show clear trends of shear strain driven increase of band
crossing at the Fermi level, similar to the results for Si under
the (111)[11-2] PS strains shown in Figs. 2(c) and 2(d).

FIG. S7: Mesh convergence test for the calculated coupling
integral λ(ω) at selected PS strain of 0.49 in deformed SiC.
An 8-atoms cell is used in the calculations for electron-phonon
coupling parameter. The calculated coupling integral λ(ω)
at ε=0.49 with 4×4×6 and 5×5×7 q mesh generates 34 and
54 irreducible q points, respectively. The calculations with
the distinct q-mesh choices yield nearly identical integrated λ
values and Tc values, confirming that the q-mesh of 4×4×6
used in the present work is adequate to provide a reliable
description for the phonon-mediated superconductivity.
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could eliminate imaginary phonon modes and stabilize
crystal structure that is dynamically unstable according
to phonon calculations under harmonic approximation
[21]. Such effects could impact structural stability of
crystals under large strains, possibly leading to increased
strain range and enhanced physical properties such as
metallicity and superconductivity, especially in materials
that host large anharmonicity. Further investigationsare
required for a full understanding of this important and
intricate topic.
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