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Abstract: A metallic, covalently bonded carbon allotrope is predicted 

via first principles calculations. It is composed of an sp3 carbon 

framework that acts as a diamond anvil cell by constraining the 

distance between parallel cis-polyacetylene chains. The distance 

between these sp2 carbon atoms renders the phase metallic, and 

yields two well-nested nearly parallel bands that cross the Fermi level. 

Calculations show this phase is a conventional superconductor, with 

the motions of the sp2 carbons being key contributors to the electron 

phonon coupling. The sp3 carbon atoms impart superior mechanical 

properties, with a predicted Vickers hardness of 48 GPa. This phase, 

metastable at ambient conditions, could be made by on-surface 

polymerization of graphene nanoribbons, followed by pressurization 

of the resulting 2D sheets. A family of multifunctional materials with 

tunable superconducting and mechanical properties could be derived 

from this phase by varying the sp2 versus sp3 carbon content, and by 

doping. 

Metallic, covalently-bonded materials are candidates for 
conventional, or phonon-mediated, superconductivity.[1] 
Vibrations associated with the metallic covalent bonds, such as 
the B-B σ bonds in MgB2,[2] the C-C sp3 bonds in boron doped 
diamond,[3] and the weak multi-centered H-H bonds in the 
hydrogenic clathrate cages of compressed superhydrides[4] are 
characterized by a large electron phonon coupling (EPC). The 
light mass of the constituent elements and the large density of 
states (DOS) at the Fermi level (EF) is key to achieving a high 
superconducting critical temperature, Tc. One way metallic 

covalent materials can be made is via the formation of unusual 
bonding environments induced by the high pressures present 
within diamond anvil cells. Carbon is particularly attractive since 
its strong bonds result in large kinetic barriers, important for 
quenching metastable materials to atmospheric pressures, and 
enhanced mechanical properties such as high density, superior 
hardness and large bulk modulus. Herein, density functional 
theory (DFT) calculations are performed to propose a form of 
carbon that is superconducting and superhard, and could be 
synthesized under mild pressures. Because it is characterized by 
an sp3 framework that behaves as a microscopic diamond anvil 
cell by constraining the distance between sp2 carbons, key for its 
metallicity, we call it DAC-carbon. Modifications of this structure 
could lead to a family of superconducting, superhard, 
multifunctional materials with tunable properties.  

Previously, we predicted low-energy superhard carbon 
allotropes using a multi-objective evolutionary algorithm that 
employed both the DFT energy, and Vickers hardness (Hv,Teter) 
estimated using shear moduli obtained via a machine learning 
(ML) model trained on the AFLOW database.[5] Forty-three novel 
superhard phases were found, and the topological properties of 
their carbon frameworks were analyzed. However, their electronic 
structures, bonding peculiarities, and propensity for 
superconductivity were not discussed. 

Though most of the novel carbon allotropes were insulators 
with large gaps between the conduction and valence band, some 
were semiconductors, and two were metallic. DAC-carbon, 
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referred to as Cmmm-12b in Ref 5 is one of these. Its primitive 
cell can be constructed by inserting sp2 carbon atoms in an all-
cis-polyacetylene chain into the sp3 framework of the quasi-
lonsdaleite structure R2L2,[6] commonly referred to as Z-carbon, 
and listed in the SACADA database[7] with the topology sie 
(Figure 1). At zero pressure DAC-carbon was 230 meV/atom 
(5.37 kcal/mol) less stable than diamond (within the PBE 
functional), and its enthalpy fell below that of graphite above 40 
GPa. Phonon calculations confirmed this phase was dynamically 
stable from 0-5 GPa at 0 K, and molecular dynamics (MD) 
simulations at 100, 200, 300 and 400 K on the 20 and 40 GPa 
ground state geometries illustrated they were kinetically stable. 
Moreover, our MD simulations on the zero pressure geometry 
showed that the sp2 carbon atoms from adjacent polyacetylene 
layers only begin to interact at 1600 K, suggesting the kinetic 
barriers to decomposition are large. Using the ML (DFT) 
calculated shear modulus we found Hv,Teter = 45 (48) GPa, as 
compared to 72 GPa for R2L2.[5] Insertion of the sp2 atoms into 
R2L2 dramatically decreases its hardness, however thanks to its 
sp3 framework DAC-carbon still falls above the superhard 
threshold. 

Figure 1. (a) Optimized structure of DAC-carbon with top view and side view. 
Its standard primitive cell contains 12 carbon atoms (8 sp3 and 4 sp2) and 
possesses the Cmmm spacegroup. Black balls are sp3 carbon that are bonded 
only to other sp3 carbons, green balls are sp3 carbons bonded to both sp3 and 
sp2 carbons, and blue balls are sp2 carbons; dashed lines denote the 
conventional cell. (b) Band structure along the Y (0.5,0.5,0) → S(0,0.5,0) → 
Γ(0,0,0) → Z(0,0,0.5) → R(0,0.5,0.5) → T(0.5,0.5,0.5) high symmetry lines, and 
orbital projected density of states (DOS, in states eV−1 Å−3) for DAC-carbon. 
The thickness of the lines in the band structure denotes the contribution from 
the listed atom types. 

 
As described fully in the Supplementary Information, a 

potential pathway for the realization of DAC-carbon would begin 
from 6-armchair graphene nanoribbons (6-AGNRs), which can 
nowadays be made with ease.[8] Analogous to the methods used 
to synthesize a biphenylene network with 4, 6 and 8-membered 
rings,[9] on-surface polymerization of the 6-AGNRs could be used 
to make a 2D precursor network, which was computed to be ~110 
meV/atom more stable than the synthesized biphenylene network. 

This network is among one of many proposed by Li, He and co-
workers in a high-throughput study of 2D carbon allotropes, where 
its properties were reported.[10] Finally, DAC-carbon would be syn- 
thesized by layering these sheets on top of each other followed 
by compression to ∼20 GPa. Thus, DAC-carbon could potentially 
be synthesized under pressure, similar to the carbon phases 
observed upon cold compression of graphite,[11] or made using 
shock compression.[12] 

The sp2 chains in DAC-carbon propagate along the a-axis and 
are stacked along the c-axis. Their interlayer distance of 2.57 Å, 
dictated by the rigid framework of the sp3 carbons, is considerably 
smaller than within the cis-polyacetylene crystal, with measured 
inter-chain distances of 4.4 Å.[13] This geometrical feature of DAC-
carbon is reminiscent of the infinite polyene chains imagined by 
Hoffmann et al., whose interchain distance of 2.50 Å induced the 
metallicity in this hypothetical sp2 carbon allotrope.[14] Hoffmann’s 
work inspired the theoretical prediction of other 3D forms of 
carbon whose metallicity was induced by the steric confinement 
of the sp2 carbon atoms.[15] Many of the predicted phases 
possessed a high hardness due to their large sp3 ratio,[16–18] and 
the Tc of two that were not superhard was predicted to be 5 and 
14 K,[19] but the mechanism of superconductivity was not analyzed. 

The band structure and DOS plots of DAC-carbon (Figure 
1(b)) clearly illustrates that their metallicity stems from the pz 
orbitals of the sp2 carbons. To explore this further we built a model 
where the sp3 carbons of DAC-carbon, whose bond distances 
were nearly equal to those within diamond (1.57 Å vs. 1.55 Å), 
were removed from the cell and the dangling bonds were 
saturated by hydrogens. The resulting layered cis-polyacetylene 
chain possessed a repeating C4H4 unit where the C-C bonds 
measured 1.39 and 1.40 Å (c.f. 1.37 Å calculated for cis-
polyacetylene), as in the relaxed DAC-carbon structure. Varying 
the interlayer distance, we computed the bandgap and estimated 
the internal pressure caused by the confinement from the 
negative of the change in energy versus volume, P = −dE/dV , as 
obtained numerically via the central difference method. Figure 
2(a) illustrates that within the PBE-D3 (HSE-06) functionals the 
band gap closed when the interlayer distance was 4.15 (3.85) Å 
corresponding to a pressure of 0.19 (0.50) GPa. At the distance 
found in the optimized DAC-carbon lattice, the model system 
remained metallic and the internal pressure was calculated to be 
15.9 GPa. Thus, the lattice of sp3 carbons comprising DAC-
carbon can be thought of as a microscopic diamond anvil that 
exerts pressure on the cis-polyacetylene chain, thereby inducing 
metallicity. 

To better understand the origin of the insulator-to-metal 
transition, the PBE band structure of the cis-polyacetylene chain 
(Figure 2(b)) was analyzed. When the interaction between 
neighboring layers is small the highest occupied (lowest 
unoccupied) crystal orbital at the Zone center corresponds to the 
1bg (2au) symmetry linear combination of pz orbitals that are π 
bonding (antibonding) along the shorter, and π anti-bonding 
(bonding) along the longer C-C distance, as illustrated 
schematically in the inset. At the Γ-point they are pz σ anti-bonding 
with the next layer, whereas at the Z-point the pz σ interaction is 
favorable. This interaction, insignificant at large distances due to 
the negligible orbital overlap, becomes increasingly important as 
the interlayer distance decreases. When the distance is the same 
as in DAC-carbon, the bands are pushed high above EF at the 
Zone center, and they run down to the Z-point nearly parallel to 
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one another, as first proposed by Hoffmann for an all-sp2 carbon 
analogue of the ThSi2 structure.[14] Near EF the band structure we 
calculate for the squeezed cis-polyacetylene chain model is in 
strikingly good agreement with the bands obtained for DAC-
carbon (cf. Figure 2(b) and Figure 1(b)). Though the pz σ bonding 
within DAC-carbon is weak (the integrated Crystal Orbital 
Hamilton Population for nearest neighbors is -0.06 eV/bond, cf.     
-9.5 eV/bond for the bonds in diamond), it is key for the metallicity 
of this phase. 

This set of steep parallel bands separated by ∼0.48 eV 
suggests a Fermi surface that is well nested. Could DAC-carbon 
be a covalently bonded conventional superconductor? To answer 
this question we calculated the phonon band structure, Eliashberg 

spectral function, the EPC parameter (λ = 0.37), and logarithmic 
average of the phonon frequencies (ωln = 670 K) for this phase. 
Within the Allen-Dynes modified McMillan equation, and using a 
renormalized Coulomb repulsion parameter characteristic of 
boron doped diamond, µ∗ = 0.1, Tc was estimated to be 1.6 K. This 
value is strikingly close to the only known superconducting form 
of pure carbon, magic angle twisted bilayer graphene (Tc = 1.7 K), 
whose superconductivity is thought to be a result of strong 
electron correlations,[20] and somewhat lower than that of boron 
doped diamond (Tc = 4 K for a doping level of 2.5%).[21] The λ of 
DAC-carbon is similar to estimates for diamond doped with 1.85% 
boron,[22] even though its DOS at EF is about a factor of five 
smaller.

 

Figure 2. (a) Band gap of an ensemble of cis-polyacetylene chains for the given interlayer distances as calculated with the non-hybrid PBE-D3 (brown triangles) 
and hybrid HSE-06 (green triangles) functionals. The pressure at these interlayer distances as obtained with PBE-D3 is also provided (black circles). (b) Band 
structure as computed with the PBE functional for the cis-polyacetylene chain for interlayer distances of 4.20 Å (blue) and 2.57 Å (red). Since the interlayer spacing 
affects the c lattice constant, the length along the Γ−Z high-symmetry lines for the non-interacting chains has been scaled to match those whose distance is 
constrained to be the same as in DAC-carbon.

To analyze the nature of the pairing mechanism, we plotted 
the phonon band structure decorated by the EPC line-widths, 
whose thickness is proportional to the coupling strength (Figure 
3(a)). A soft mode with a frequency of 156 cm−1 at the Z-point had 
the largest contribution, 26%, to the total λ. About 20% of λ was 
due to the four highest frequency bands, which are associated 
with the in-plane stretching modes of the sp2 carbons. These 
bands are relatively flat, but soften significantly around the Z-point. 
Careful inspection of the Fermi surface plots showed that the two 
parallel bands crossing EF  along the Γ→ Z line are strongly nested, 

so that an electron travelling on one of the surfaces can absorb a 
phonon with wavevector q = (0,0,0.5) and be scattered on the 
other surface resulting in a large EPC ((Figure 3(b)). Visualization 
of the vibration associated with the 156 cm−1 mode showed that it 
corresponded to the rotation of a pair of sp2 carbon atoms in the 
cb plane, with dimers in neighboring layers rotating in opposite 
directions, while the sp3 carbons remain stationary. This motion 
modified the distance between carbon atoms comprising 
neighboring polyacetylene chains, and the pz σ overlap between 
them. 

 

 
Figure 3. (a) Phonon band structure, atom projected phonon density of states (PHDOS), Eliashberg spectral function, in the form of 2α2F(ω)/ω, and the electron 
phonon integral, λ(ω), for DAC-carbon. Red circles indicate the electron-phonon coupling constant, λqν, at mode ν and wavevector q, and their radii is proportional 
to the strength. (b) Isocontour of eigenvalues for the two parallel bands 1bg (blue) and 2au (red) at the Fermi level. The pink shaded region represents the first 
Brillouin zone. Black vector indicates the phonon vector q = (0,0,0.5) by which the two bands are nested. 
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Owing to the relatively heavy mass of carbon, the highest 
vibrational frequency in DAC-carbon is ∼1600 cm−1, and the ωln is 
relatively low. Because only the pz orbitals of the sp2 carbons 
contribute to the metallicity, the DOS at EF is also low. Both of 
these Tc descriptors could be increased via boron doping, and ωln 

could be improved by inserting H2 into the voids within the R2L2 

lattice. Since the weak pz σ interaction, which is dependent on the 
interlayer distance, is key for the EPC, the Tc is likely pressure 
dependent. Indeed, our calculations show Tc increases to 8.3 K at 
5 GPa. The R2L2 strips could be thickened thereby hardening the 
allotrope, but widening the sp2 chains would soften the material 
and increase the number of states participating in the EPC 
mechanism. Finally, different sp3 frameworks that comprise the 
microscopic diamond anvil can be chosen. We dream some of 
these multifunctional allotropes, where the carbon framework acts 
as a diamond anvil cell, will one day be experimentally realized. 
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S1 Computational Methods
Geometry optimizations, molecular dynamics (MD), and electronic structure calculations were
performed using density functional theory with the PBE functional1 as implemented in the Vienna
Ab initio Simulation Package (VASP).2 The plane wave basis set was set to a 600 eV cutoff to treat
the valence electrons (H 1s1, C 2s22p4), while the core electrons were treated with the projector
augmented wave method.3 The reciprocal space was sampled using a Γ-centered Monkhorst-Pack
mesh4 where the number of divisions along each reciprocal lattice vector was chosen such that
the product of this number with the real-space lattice constant was 70 Å for the density of states
calculations, and 50 Å otherwise in the static calculations. The MD simulations were carried out
on a 2× 1× 3 supercell of the conventional cell that contained 144 carbon atoms, and only the Γ
point was sampled.

The pressure exerted by the microscopic diamond anvil was calculated using Grimme’s D3
dispersion correction (PBE-D3),5 and band gaps were obtained using the PBE-D3 and HSE066

functionals. The crystal orbital Hamilton populations (COHPs)7 and the negative of the COHPs
integrated to the Fermi level (-iCOHPs) were calculated using the LOBSTER package (v4.0.0),8

and the results used to analyze the bonding. The Vickers hardness of select structures at ambient
pressure was calculated via the Teter equation (Hv,Teter = 0.151G)9 using the shear moduli, G,
obtained from the machine learning (ML) model trained on the AFLOW database.10,11

Dynamic stability was determined via phonon calculations performed using the finite differ-
ence scheme as implemented in the Phonopy software package.12 The finite-temperature kinetic
stability of DAC-carbon was probed via MD simulations performed using a canonical (NV T )
ensemble coupled with the Nosé-Hoover thermostat.13,14 Simulations were carried out at select
temperatures and volumes (corresponding to 0 K pressures noted below) for a total of 2.5 ps using
a 0.5 fs time-step. In all of the runs conducted, equilibration of the energy and temperature was
observed by ∼0.2 ps.

The electron-phonon coupling (EPC) calculations for DAC-carbon were carried out with the
PBE functional as implemented in the Quantum Espresso (QE) package version 5.2.15 The core
and inner shell electrons were simulated with the PSLibrary16 projector augmented wave pseu-
dopotential. An 80 Ry energy cutoff was employed to reach a convergence of 1 meV/atom for the
cohesive energy. The electronic eigenvalues were calculated using a large 36× 36× 48 k-mesh,
and the phonon and EPC matrix elements were calculated using a small 12× 12× 16 k-mesh and
interpolated to the large mesh to calculate the phonon linewidths. The phonons were calculated
using a 6× 6× 8 q-mesh.

Convergence tests were performed to find the optimal k-mesh for the EPC calculations. The
EPC matrix elements were calculated over a small grid, k1, then interpolated to a large grid, k2,
on which the electronic eigenstates at the Fermi level were counted. The (0, 0,−0.5) q-point was
chosen for the convergence tests. First we tested the k1 mesh, while the k2 mesh was fixed to
6× 6× 8. The electron phonon coupling constant, λqj , was calculated with a series of k1 meshes,
and the results are displayed in Figure S1a and S1b for the 1st and 26th mode, respectively. Our
results showed that λqj was converged using a Gaussian broadening with a width of σ = 0.015 Ry
and a k1 mesh of 36 × 36 × 48. Similar tests for the k2 mesh were performed with a fixed k1
mesh of 36 × 36 × 48, showing that λqj converges with a k2 mesh of 12 × 12 × 16 (Figure S1c
and S1d). The superconducting critical temperature, Tc, was estimated using the Allen-Dynes

2



modified McMillan equation

T c =
ωln

1.2
exp

[
− 1.04(1 + λ)

λ− µ∗(1 + 0.62λ)

]
, (1)

with a Coulomb renormalization parameter, µ∗ =0.1.17 The EPC constant, λ, and logarithmic
average of the phonon frequencies, ωln, were obtained from the QE calculations.
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Figure S1: Electron-phonon coupling constant, λqj , versus Gaussian broadening width at q =
(0, 0,−0.5) for the (a) 1st and (b) 26th phonon mode with a fixed k2 mesh; (c) the 1st and (d)
26th phonon mode with a fixed k1 mesh. In (a) and (b) the black arrows show where the λqj are
considered to be converged.
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S2 Previously Predicted Metallic Carbons
In 1983 Hoffmann, Hughbanks, Kertesz and Bird proposed an all-sp2 carbon structure in which
infinite polyacetylene chains running in two dimensions are packed to form a carbon crystal.18

This is the ThSi2 structure that is assumed by many materials. In the carbon analogue the in-
terlayer distance would be constrained to 2.494 Å if a C-C distance of 1.44 Å is assumed. This
network, later-on called bct-4 carbon,19 is metallic due to the p-p σ and potentially p-p π overlap.
Several years later another all-sp2 carbon network that is topologically related to diamond, H-
6 carbon, was proposed,20 followed by “glitter”,21 which contains layers of polycyclic benzene
chains.

Since then a plethora of metallic carbon allotropes have been hypothesized, and they can be
classified according to the metallization strategy. These include a) 3-coordinated (sp2) carbon:
K4 (NO. 5 in the SACADA database with the topological name srs, same below);22 b) Distorted
4-coordinated (sp3) carbon: Tri-C9 (31 afw),23 K6-carbon (12 lcv),24 and h-C63;25 c) Compres-
sion of graphene or carbon nanotubes: 3D-GNR,26 carbon foams (113 xci, 251 35,4T6, and 320
39,4T1),27 3D(4,0)-II and 3D(6,0)-II (133 sqc6952 and 139 3,4T86);28 d) Splicing of sp2 units
and sp3 networks: H18-carbon (165 3,42T223),29 C14-diamond,30 (3,0)/(4,0) and (6,0) honey-
comb structures (183 3,42T209 and 113 xci),31 oC16 (210 3,43T72),32 GT-8 and CT-12 (108 clh
and 126 sqc3051),33 O-carbons and T-carbons,34 orth-10 and orth-10′,35 superpentalene,36 C10,37

as well as Hex-C72.38

In some cases the predicted phases are true metals with partially filled bands. In other cases,
the calculated metallicity may be an artifact of the choice of the density functional in the elec-
tronic structure calculations. For example, oC36 was reported to be a metal based on LDA cal-
culations.39 However, we recalculated its band structure at 4 and 25 GPa (Figure S2) with the
PBE functional. An indirect bandgap of 0.22 eV was obtained at 4 GPa, and the bandgap was
just closed at 25 GPa. Hybrid functionals such as HSE06 are likely to yield an even larger gap.
Therefore, it is unlikely the phase is superconducting at 4 and 25 GPa as reported in Ref.39
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Figure S2: PBE bandstructure for oC36 at a) 4 GPa and b) 25 GPa.

We now comment on the potential superconductivity of some of the previously reported
phases that have parallel bands crossing the Fermi level, also potentially suggestive of Fermi
surface nesting. The all-sp2 structure “glitter” has an interlayer distance of 2.60 Å at ambient
pressure. We performed electron-phonon coupling calculations for glitter on a 16×16×8 k-mesh
and a 8×8×4 q-mesh. These settings yielded a λ of 0.17 and a ωln of 1038 K. Using the Allen-
Dynes modified McMillan equation the T c was estimated to be as small as 0 K for µ∗ = 0.1. At

4



40 GPa the glitter structure was on the edge of dynamic instability (with an interlayer distance of
2.50 Å), yielding λ = 0.25, ωln = 804 K, and T c = 0.03 K.

The superconducting properties of these other phases have not been calculated yet: bct-4 car-
bon contains layered trans-polyacetylene chains and possesses nested parallel bands crossing the
Fermi level,19 suggesting it may be superconducting. Hex-C72-I and -II38 both contain a layered
hexagonal sp2 unit composed of 12 carbon atoms, while the interlayer distance is restricted by
the hollowed sp3 framework. The large primitive cell of both Hex-C72 phases contains multiple
parallel bands crossing the Fermi level, and can be nested at various q-vectors. This suggests that
both both Hex-C72-I and -II possess relatively large EPC and exhibit superconductivity. GT-833 is
made from the same sp3 ribbon as DAC-carbon, while its sp2 portion resembles glitter, and it has
very well nested parallel bands at the Fermi level. Indeed, this phase was predicted to have a T c

of 5.2 K,33 though it is not superhard. GT-16 is predicted to have a T c of 14.0 K, and CT-12 also
possesses parallel bands.33 The calculations performed on GT-8/GT-16 further suggest that vary-
ing the sp2/sp3 ratios and topology of the sp2 portions can be used to tune the superconducting
and mechanical properties of these carbon allotropes.
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S3 Electronic Structure of Mixed sp2/sp3 Carbon Phases
In Ref.11 we employed a novel evolutionary algorithm that used DFT-energies and ML-shear
moduli based estimates of the Vickers hardness to predict superhard carbon allotropes. Forty-
three new superhard, low energy phases were found. In Fig. S3 we illustrate those that contained
both sp3 and sp2 hybridized carbon atoms. The naming scheme used is the same as in Ref.11

Figure S3: Optimized structure of: (a) Cmmm-12b (DAC-carbon), (b) P 1̄-16b, (c) P1-16a,
(d) P1-16b, (e) C2/m-16b, (f) P 1̄-16c, (g) P 1̄-16e, and (h) Cmmm-20. The sp2 atoms are
illustrated in blue color, and the unit cell is shown with a faint dashed line.

structure Eref HML
v,Teter BGPBE BGHSE BG type

DAC-carbon 0.23 44.6 0 0 -
Cmmm-20 0.23 52.4 0 0 -
C2/m-16b 0.19 67.8 0.0 0.5 indirect
P1-16a 0.28 67.5 0.6 1.5 indirect
P 1̄-16e 0.26 71.5 0.9 1.9 indirect
P 1̄-16c 0.24 71.3 1.1 2.0 indirect
P 1̄-16b 0.26 72.4 1.2 2.2 indirect
P1-16b 0.28 45.3 2.1 3.1 direct

Table S1: Properties of carbon allotropes containing sp3 and sp2 carbons at 0 GPa (Figure S3).
Energy relative to graphite (Eref in eV/atom), Vickers hardness as estimated via Machine Learned
Shear moduli and the Teter model (HML

v,Teter in GPa), band gap (BG) as calculated with the PBE
and HSE-06 functionals (eV), and band gap type.
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S4 Properties of DAC-Carbon

S4.1 Electron Phonon Coupling under Pressure
At 0 K DAC-carbon was confirmed to be dynamically stable at 0 and 5 GPa. At 5 GPa the
soft mode at the Z-point becomes almost imaginary (Figure S5a), which yields a large electron-
phonon coupling constant of λ = 0.67, along with a ωln = 269 K, resulting in a T c of 8.3 K.
A comparison of 2α2F (ω)

ω
between 0 and 5 GPa is shown in Figure S5b. The modes between

0-200 cm−1 greatly improved the EPC at 5 GPa, while the contribution from the high frequency
modes are about the same.

Y S � Z R T

0

4 0 0

8 0 0

1 2 0 0

1 6 0 0

Fre
qu

en
cy 

(cm
-1 )

a )

P H D O S

 C 1 C 2 C 3

0 . 0 5 0 . 1 00

 2 α 2 F / ω
 λ

0 . 6 1 . 20

0 . 0 5 0 . 1 00

 0  G P a 5  G P a

b )

Figure S5: a) Phonon band structure, atom projected phonon density of states (PHDOS), Eliash-
berg spectral function, in the form of 2α2F (ω)

ω
, and the electron phonon integral, λ(ω), for DAC-

carbon at 5 GPa. Red circles indicate the electron-phonon coupling constant, λqν , at mode ν and
wavevector q, and their radii is proportional to the strength, using the same scale as in the main
text Figure 3. b) A comparison of 2α2F (ω)

ω
between 0 and 5 GPa.

S4.2 Fermi Surface Nesting
The eigenvalues were calculated on three different slices of k-space as shown in Figure S6a. The
green slice cuts through the Γ (0, 0, 0) - Z (0, 0, 0.5) - T (0.5, 0.5, 0.5) plane, the pink slice cuts
through Γ-Z and is perpendicular to Z-T , and the purple slice is parallel to the pink slice but
crosses the T point (i.e. purple is pink shifted by k = (0.5, 0.5, 0.5)).

The nesting of the two parallel bands (1bg and 2au) were analyzed on the above slices using
the phonon vectors q1 = (0, 0, 0.5) and q2 = (0.5, 0.5, 0.5). On the green cut 1bg (blue contours)
and 2au (red contours) are poorly nested by both vectors (Figure S6b and c). However, on the
pink cut 2au is perfectly nested with 1bg by vector q1 as shown in Figure S6e. q2 is outside the
pink slice, therefore we project the eigenvalues from the purple to the pink slice by shifting the
purple by -q2. The projected eigenvalues of the 1bg band are displayed in Figure S6e with dashed

8



blue lines, and we found it largely nested with the 2au band, but the match is not as good as with
q1. This explains the large electron-phonon coupling at the Z and T points in Figure 3a and S5a
(because both phonon vectors result in good nesting at the Fermi level), and also explains why
the EPC at the Z point is much larger than at T point (because the Z point has better nesting than
T ). The full Fermi surface is shown in Figure S6d.
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Figure S6: Two dimensional iso-energy contour for DAC-carbon at the Fermi level. a) The
cutting slices used to displace the Fermi surface contours. The Fermi surface nesting on the green
cut with phonon vectors b) (0, 0, 0.5) and c) (0.5, 0.5, 0.5). d) 3D Fermi surface in the first
Brillouin zone. e) The Fermi surface nesting on the pink cut with phonon vector (0, 0, 0.5), and f)
projections of the eigenvalues on the purple slice to the pink one by applying the phonon vector
(-0.5, -0.5, -0.5)

9



S4.3 The Stacking Poly-acetylene Model
Changing the interlayer distance is a reversible process for which the differential statement of the
first law of thermodynamics gives:

dU = TdS − PdV, (2)

for T = 0 we have:
P = −dU

dV
≈ −∆U

∆V
. (3)

To approximate the internal pressure the DFT energy was taken as the internal energy U ,
where the van der Waals interaction was treated via the DFT-D3 correction.5 The central differ-
ential was applied to obtain the slope, i.e. Pi = −(Ui+1 − Ui−1)/(Vi+1 − Vi−1) in which i is the
ith interlayer distance in Figure 2 in the main text.

In addition, the bandgaps were calculated with the PBE functional, revealing an indirect
bandgap at large interlayer distances, where the conduction band minimum (CBM) was located
at the Z point, and the valence band maximum (VBM) at the Γ point. The HSE06 bandgap was
recalculated with a small set of k-points (Γ-centered 43).

Crystal orbital theory was employed to explain the metallicity. In the C4H4 model all electrons
are paired except those in the four carbon pz orbitals. These can be used to construct the four
crystal orbitals shown in Figure S7, labelled using the naming convention from the C2h point
group. Considering the isolated C4H4 chain, the all-bonding 1au and all-anti-bonding 2bg crystal
orbitals are far from the Fermi level, while the two 1bg and 2au frontier orbitals possess similar
energies. 1bg/2au is slightly more/less stable in our system due to the small difference between
the two bond lengths (1.39 vs. 1.40 Å), which creates the small band gap, ∆E, between them.

Figure S7: Crystal orbitals for the infinite C4H4 model. The unit cell is denoted by the brackets.

When the C4H4 chains are compressed together, the pz − pz σ interaction perpendicular to
the C-H plane starts to be established. At the Γ point the interaction is anti-bonding so the 1bg

and 2au bands increase in energy rising above the Fermi level, while at the Z-point it is bonding
so the bottom of the band falls below the Fermi level. As a result, the two set of bands that “run
down” from Γ-Z are responsible for the metallicity.
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S4.4 Molecular Dynamics Simulations of DAC-carbon
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Figure S8: Temperature and energy profile for DAC-carbon at 0 GPa and: (a) 100 K, (b) 200 K,
(c) 300 K, and (d) 400 K. All systems reached equilibrium within 0.2 ps.
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Figure S9: The minimum and maximum interatomic distance between pairs of carbon atoms
comprising adjacent cis-polyacetylene chains in a molecular dynamics simulation carried out
at 1600 K. The system is equilibrated by 0.2 ps (black dashed line). The average interatomic
distance between nearest neighbor interlayer sp2 atoms is given by the solid green line (2.575 Å,
as compared to the 2.571 Å in the 0 K static structure).
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Figure S10: Top and side snapshots of the structures of DAC-carbon at: a) 100 K, b) 200 K, c)
300 K, and d) 400 K after 2.5 ps of MD simulation at 0 GPa.

13



0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 50

1 0 0

2 0 0

3 0 0

T i m e  ( p s )

Te
mp

era
tur

e (
K)

a )

- 1 2 5 7

- 1 2 6 2

- 1 2 6 7

- 1 2 7 2

 Fr
ee

 En
erg

y (
eV

)

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 50

2 0 0

4 0 0

6 0 0

T i m e  ( p s )

Te
mp

era
tur

e (
K)

b )

- 1 2 8 6

- 1 2 7 6

- 1 2 6 6

- 1 2 5 6

 Fr
ee

 En
erg

y (
eV

)

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 50

3 0 0

6 0 0

9 0 0

T i m e  ( p s )

Te
mp

era
tur

e (
K)

c )

- 1 2 9 3

- 1 2 7 8

- 1 2 6 3

- 1 2 4 8

 Fr
ee

 En
erg

y (
eV

)

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 50

4 0 0

8 0 0

1 2 0 0

T i m e  ( p s )

Te
mp

era
tur

e (
K)

d )

- 1 2 9 5

- 1 2 7 5

- 1 2 5 5

- 1 2 3 5

 Fr
ee

 En
erg

y (
eV

)

Figure S11: Temperature and energy profile for DAC-carbon at 20 GPa and: (a) 100 K, (b) 200 K,
(c) 300 K, and (d) 400 K. All systems reached equilibrium within 0.2 ps.
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Figure S12: Top and side snapshots of the structures of DAC-carbon at: a) 100 K, b) 200 K, c)
300 K, and d) 400 K after 2.5 ps of MD simulation at 20 GPa.
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Figure S13: Temperature and energy profile for DAC-carbon at 40 GPa and: (a) 100 K, (b) 200 K,
(c) 300 K, and (d) 400 K. All systems reached equilibrium within 0.2 ps.
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Figure S14: Top and side snapshots of the structures of DAC-carbon at: a) 100 K, b) 200 K, c)
300 K, and d) 400 K after 2.5 ps of MD simulation at 40 GPa.
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S4.5 Approach to Synthesize DAC-Carbon
One way that DAC-carbon could be synthesized starts from armchair graphene nanoribbons (AG-
NRs), which have been studied intensely for their unique size and geometry-dependent proper-
ties.40,41 GNRs were first predicted theoretically in 1996,42 and since then researchers have found
many ingenuous ways to synthesize structures with desired widths and edges (zigzag or arm-
chair).43,44

Figure S15: Proposed intermediates in the synthesis of DAC-Carbon. (a) 6-AGNRs are employed
as precursors to (b) a 2D-DAC carbon sheet that contains 4,6 and 8 membered rings of sp2 hy-
bridized carbon atoms. (c) Multiple layers of 2D-DAC carbon are compressed to generate (d)
crystalline DAC-carbon.

Figure S15 shows intermediate structures in our proposed synthesis of DAC-carbon. The
synthesis begins with multiple 6-AGNRs (Figure S15a). Recently, a modular approach for the
solution-phase synthesis of 6-AGNRs, based on polymerization of a single-aryl co-monomer
(1,4-diborated benzene), has been reported.45 Next, these nanoribbons would be used to syn-
thesize a 2D network containing 4,6 and 8 membered carbon rings that we refer to as 2D-DAC
carbon (Figure S15b). In fact, this network was recently proposed in a high-throughput study
(65-3-12-r468-1).46 It was found to be a semiconductor with a density of 0.361 carbon atoms/Å2.
We propose that this sheet could be made using on-surface interpolymer dehydrofluorination,
which has recently been used to successfully synthesize a biphenylene network (called jvh in the
Reticular Chemistry Structure Resource (RCSR) database47) with periodically arranged 4, 6 and
8 member rings of sp2 hybridized carbon atoms starting from poly(2,5-difluoro-para-phenylene)
(PFPP) on the Au(111) surface.48 Compression of multiple layers of 2D DAC-carbon (Fig S15c)
would yield 3D DAC-carbon (Fig S15d).

To study the precursors further, DFT calculations were carried out using the PBE functional1

with Grimme’s D3 dispersion correction (PBE-D3)5 as implemented in VASP.2 Phonon calcu-
lations revealed that a flat isolated sheet (with a vacuum spacing of 10 Å between layers) of
2D-DAC carbon is dynamically unstable, hinting that a non-planar geometry may be preferred
instead. Indeed, ab-initio MD simulations with a single layer of 48 carbon atoms showed that the
2D network remains stable to at least 800 K, and it adopts a non-planar (wavy) structure as shown
in Figure S16. This is not surprising given that non-hexagonal rings and defects in graphene ana-
logues are known to induce such curvature creating “rippled” graphene-like layers.49

The (uniaxial) pressure at which crystalline DAC-carbon is estimated to become more stable
than 2D DAC -arbon was determined by varying the interlayer distance and comparing the result-
ing energy with that of 3D DAC-carbon optimized at 0 GPa. Figure S17 shows that crystalline
DAC-carbon becomes more stable than 2D sheets that are separated by less than 2.84 Å. This
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Figure S16: Top and side snapshots of the structures of 2D DAC-carbon at a) 400 K and c) 800 K
after 2.5 ps of MD simulation at 0 GPa. Temperature and energy profile for 2D DAC-carbon at
b) 400 K and d) 800 K and 0 GPa.

translates to a pressure of ∼20 GPa, as estimated using the method described in Section S4.3.
Therefore, we postulate that compressing 2D DAC-carbon above 20 GPa would result in the
formation of DAC-carbon, which would remain kinetically stable upon pressure release.

Figure S17: Energy of 2D DAC-carbon at the given interlayer distance relative to that of 3D DAC-
carbon at zero pressure (red curve). Below 2.84 Å 3D-DAC carbon is energetically preferred. The
pressure associated with the interlayer distance is estimated using the central difference method
as described in Section S4.3 (blue curve).
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S5 Optimized Structures for all Carbon Phases

Table S2: Calculated structural coordinates and enthalpies of metallic/semiconducting carbon
allotropes (Figure S3).

Structure Cmmm-12b (DAC-carbon)
Enthalpy (eV/atom) -8.860
a, b, c (Å) 4.255 13.786 2.571
α, β, γ (Θ) 90.00 90.00 90.00
C (8q) 0.81606 0.10742 0.50000
C (8p) 0.31612 0.05677 0.00000
C (8q) 0.33492 0.20690 0.50000

Structure Cmmm-20
Enthalpy (eV/atom) -8.865
a, b, c (Å) 4.196 22.665 2.556
α, β, γ (Θ) 90.00 90.00 90.00
C (8q) 0.81431 0.18509 0.50000
C (8p) 0.68406 0.03453 0.00000
C (8p) 0.68638 0.21824 0.00000
C (8q) 0.66225 0.12546 0.50000
C (8q) 0.81615 0.06569 0.50000

Structure C2/m-16b
Enthalpy (eV/atom) -8.906
a, b, c (Å) 12.981 2.550 6.489
α, β, γ (Θ) 90.00 117.44 90.00
C (4i) 0.41914 0.00000 0.51582
C (4i) 0.77464 0.00000 0.07450
C (4i) -0.09281 0.00000 0.16604
C (4i) -0.05703 0.00000 -0.02639
C (4i) 0.16687 0.00000 0.26566
C (4i) 0.85342 0.00000 0.51717
C (4i) 0.74001 0.00000 0.27991
C (4i) 0.54897 0.00000 0.68724
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Structure P1-16a
Enthalpy (eV/atom) -8.814
a, b, c (Å) 2.551 4.467 8.853
α, β, γ (Θ) 76.84 86.74 76.12
C (1a) 0.20783 0.73677 0.69091
C (1a) 0.75282 0.57996 0.64437
C (1a) 0.84600 0.06539 0.34396
C (1a) 0.70139 0.59586 -0.03532
C (1a) 0.86361 0.22277 0.00250
C (1a) 0.63089 0.55130 0.46785
C (1a) 0.06728 0.69112 0.37493
C (1a) -0.01570 0.25359 0.71759
C (1a) 0.15840 0.73982 0.87205
C (1a) 0.70787 0.18309 0.49533
C (1a) 0.18117 0.07497 0.59840
C (1a) -0.01264 0.09162 0.86168
C (1a) 0.40851 0.08823 0.09640
C (1a) 0.60445 0.71019 0.12342
C (1a) 0.31149 0.19889 0.25054
C (1a) 0.15237 0.57707 0.21780
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Structure P1-16b
Enthalpy (eV/atom) -8.810
a, b, c (Å) 3.344 3.409 8.922
α, β, γ (Θ) 89.32 79.47 84.72
C (1a) 0.12670 0.00489 0.81290
C (1a) 0.38741 0.51637 0.61533
C (1a) 0.23215 0.82997 -0.03951
C (1a) -0.02548 -0.01855 0.11070
C (1a) -0.05643 0.82853 0.45048
C (1a) 0.19392 0.25644 0.20538
C (1a) 0.71628 0.82731 0.61625
C (1a) 0.78449 0.34493 0.81288
C (1a) 0.83932 0.61327 0.20099
C (1a) 0.26146 0.11524 0.36725
C (1a) 0.00188 0.67351 0.71802
C (1a) 0.50628 0.17339 0.70848
C (1a) 0.61977 0.75803 0.35721
C (1a) 0.61087 0.34138 0.11063
C (1a) 0.52950 0.51830 -0.03962
C (1a) 0.30912 0.49408 0.44962

Structure P 1̄-16b
Enthalpy (eV/atom) -8.833
a, b, c (Å) 2.536 4.354 8.646
α, β, γ (Θ) 96.82 93.23 92.23
C (2i) 0.23355 -0.07106 0.45637
C (2i) 0.27821 -0.02317 0.27781
C (2i) 0.83039 0.48722 0.27345
C (2i) 0.26010 0.59124 0.02895
C (2i) 0.69583 0.36475 0.79261
C (2i) 0.21718 0.86487 0.77958
C (2i) 0.02258 0.58583 0.44229
C (2i) 0.75357 0.09028 0.03214
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Structure P 1̄-16c
Enthalpy (eV/atom) -8.851
a, b, c (Å) 2.544 4.367 8.541
α, β, γ (Θ) 87.63 85.00 87.74
C (2i) 0.05165 -0.09557 0.44196
C (2i) 0.38858 0.48646 0.27669
C (2i) 0.74502 0.43590 0.54381
C (2i) 0.49932 0.17012 -0.02663
C (2i) 0.01954 0.66776 -0.03396
C (2i) -0.07949 0.31881 0.21961
C (2i) 0.05521 0.02528 0.72881
C (2i) 0.45209 0.81522 0.20510

Structure P 1̄-16e
Enthalpy (eV/atom) -8.834
a, b, c (Å) 2.538 4.353 8.575
α, β, γ (Θ) 86.81 86.90 87.71
C (2i) 0.02089 0.39438 0.05765
C (2i) 0.27277 -0.05010 0.22342
C (2i) 0.76456 -0.05521 -0.04416
C (2i) 0.74135 0.41285 0.53135
C (2i) 0.24883 -0.08612 0.52985
C (2i) 0.77368 0.10413 0.29027
C (2i) 0.17696 0.56200 0.77489
C (2i) 0.29850 0.60621 0.28131
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Table S3: Calculated coordinates and enthalpies of carbon allotropes obtained from following the
soft modes in DAC-carbon (see main text).

Structure Cmcm (following Z point)
a, b, c (Å) 13.884 4.279 4.829
α, β, γ (Θ) 90.00 90.00 90.00
C (16h) 0.39299 0.31673 -0.00448
C (8g) -0.05434 0.31359 0.25000
C (8g) 0.55860 0.18253 0.25000
C (16h) 0.79289 0.33499 0.06174

Structure Ibam (following T point)
a, b, c (Å) 4.279 13.850 4.831
α, β, γ (Θ) 90.00 90.00 90.00
C (16k) 0.31672 0.10692 0.24460
C (8j) 0.31111 0.55288 0.00000
C (8j) 0.68034 0.55969 0.00000
C (16k) 0.83522 0.20713 0.31293
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