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Discretization parameters for Helical DFT: To reduce computational burden, Heli-

cal DFT simulations were conducted in three successive phases, with increasing levels of

! Initially, given a nanotube and applied strain parameters, struc-

discretization fineness
tural relaxation was carried out using limited memory Broyden-Fletcher-Goldfarb—Shanno
(LBFGS) algorithm?, and the force convergence criterion was set to 1 mHa/bohr. For these
simulations, the real space mesh spacing was set to h = 0:3 bohr and 15  points were
used to sample the helical reciprocal space; these parameters having been previously as-

34 Relaxed structures were

certained to result in chemically accurate energies and forces
subsequently recomputed with more stringent discretization parameters (h = 0:25 bohr and
21 -points), to evaluate the self-consistent fields and ground state energies. Finally, these
self-consistent fields were used to set up the Kohn-Sham Hamiltonian and to then carry out
a single (non-self-consistent) diagonalization step with a large number of reciprocal space
points (45 -points). This last step was used to determine the band-diagrams and other

related electronic properties.

Determination of deformation energies and torsional/extensional sti ness values:

Symmetry adapted simulations of nanotubes and their deformations have been described in

detail in our previous contributions®3*

. We summarize the key ideas here for the sake of
completeness. For a nanotube with axis ez, the symmetry group of the nanotube consists

of the following collection of isometries (i.e., rotations and translations):

G= T. =R + H ez): €Z =01;::5;N-1 (1)

Each symmetry operation T . is a screw transformation that consists of a rotation about ez
by the angle 2 + O (denoted via the action of the rotation matrix R 4+ ), along with
simultaneous translation by about the same axis. The quantity N is a natural number
that captures cyclic symmetries in the nanotube, with the angle © = 2 =N (i.e., N = n

for armchair (n;n) and zigzag (N;0) nanotubes). The scalar is related to the applied or



intrinsic twist in the nanotube, and the parameter is the pitch of the screw transformation

symmetries of the nanotube. The amount of twist per unit length is = 2 = . To

the representative atoms in the symmetry adapted simulation cell. Then, the collection of

coordinates of the entire structure can be expressed as:

L
S = Re + i+ ez: (2)

2Z i=1
=0;1; ;N 1

For torsion simulations, we vary (in uniform steps) the parameter — described above. We
use the limit of linear response for conventional CNTs® as the upper limit of imposed twist,
going up to = 4:5 of twist per nanometer. For each deformed configuration, the atomic
forces are relaxed and the twisting energy per unit length of the nanotubes is computed in
terms of the difference in the ground state free energy (per simulation cell) of the twisted

and untwisted structures?, i.e.:

Uuie( ) = Fogouna(P D3] )~ Fogouna(P i D3] <o) 3)
In the equation above, G| and G| = denote the symmetry groups associated with the
twisted and untwisted structures respectively, and N denotes the nanotube cyclic group
order. Furthermore, P and P denote the collections of relaxed positions of the atoms in
the symmetry adapted unit cell in each case. From these values of the deformation energy,
the torsional stiffness is computed as:

2U is
ktwist:—@ éw;( )

(4)

For simulations involving axial stretch and compression, we proceed analogously. Given
a value of the axial strain , we modify the pitch of the screw transformation used to describe

the nanotube, as = o(1+ ). Here ¢ denotes the equilibrium, undistorted value and in our



simulations, we restricted to be between £3:3%. We relax the atomic forces subsequently,
and then compute the extensional energy per unit length of the nanotubes as the difference
in the ground state free energy (per simulation cell), between stretched and unstretched

configurations?, i.e.:

N
Ustretch( ) = ]:Ground(P , D, g| = o(1+ )) - FGI"OUnd(P ; D, g| = 0) : (5)
0 State State

Here, G| = ,a+) and G| = , denote the symmetry groups associated with the stretched and
unstretched structures, respectively. Additionally, P and P denote the collections of
relaxed positions of the atoms in the fundamental domain in each case. From this, we may

calculate the stretching stiffness of the nanotubes as:

Kk o @ZUstretch( )
stretch — T

(6)
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Projected Density of States and Tight Binding (TB) Model: Fig. Sla & S1b show

the projected density of states (pDOS) plots for armchair and zigzag P,C3;NTs. In both
cases, the strong peak near the Fermi level is due to p, orbitals of carbon atoms, shown in
dark blue. The red color peak in pDOS comes from pyy atomic orbitals of carbon atoms
which form the Kagome-type bands shown in the middle panel of Fig. Slc. These pDOS
plots are strongly suggestive that to a good approximation, the overall electronic structure of
P,C3NTs (see, e.g. Fig. 2 of the main text) is well described in terms of p, orbitals (arising
from carbon and phosphorus atoms, and their hybridization) — which result in honeycomb-
kagome like bands, and pyy orbitals of the carbon atoms — which result in pure kagome bands
(Fig. S1c). Notably, the honeycomb-kagome bands themselves can be understood in terms of
pure honeycomb and kagome lattice bands in the sense of square-root topology formalism €.
Interestingly, our interpretation of the the electronic structure of P,C3NTs (Fig. Slc) and

the subsequent construction of our TB model (described below) marks a departure from

previous work®, where planar P,C; was interpreted to have “double-Kagome” bands. We



believe our TB model results (see below) are closer to the first-principles electronic structure

data, and replicates the observed effects of strain well.
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Figure S1: Projected density of states (pDOS) for (a) (9,9) armchair P,C3;NT and (b) (9,0)
zigrag P,C3NTs. (c) The representation of origin of bands in P,C;NTs from a simple TB
model. The honeycomb-Kagome type bands are due to the radially oriented p, orbitals of
phosphorus and carbon atoms, whereas, in-plane pyy orbitals of carbon atoms form Kagome
bands. The direct sum of these bands gives the bands of the P,C; nanotube. The band
diagram of armchair nanotube is shown as an example. Zigzag nanotube band structure can
be constructed in a similar away.

We constructed a next-nearest neighbor (NNN) symmetry-adapted tight binding (TB)
model to capture the salient features of the electronic structure of P,C3NTs. We utilized
the Dresselhaus approach'®, which entails developing a TB formulation for the flat sheet
of P,Cj;, followed by mapping the atoms of the two-dimensional lattice onto a cylinder,
to apply boundary conditions suitable for the nanotube (see reference® for further details

of this approach). As mentioned above, the TB model considered here has contributions



from two sets of orthogonal orbitals, i.e., three in-plane pyy orbitals of C atoms, and three
radially oriented p, orbitals of C atoms, along with two more from P atoms. To incorporate
the influence of deformation on the nanotubes, we considered the NNN hopping for the p,
honeycomb split graph bands. To explicitly write down the TB model, we note that since
the interactions between the pyy and p, orbitals is negligible, the 8-band TB Hamiltonian is

written as direct sum of pyy Kagome bands and p, Honeycomb Kagome (HK) bands, i.e.:

> XX X X
H= "iaa + tijya aj + ti jya aj +he.: (7)
i; hi:ji hhi:jii
Here, the annhilation and creation operators are denoted by aj , a , respectively. The onsite
energy of site i and orbital is"; , t; ;j ) and f(i ;j ) are the hopping amplitudes between or-
bitals of the nearest-neighbors (NNs) (i; j) and the next-nearest-neighbors (NNNs) ((i; J)),
respectively, and h.c. is the hermitian conjugate. The on-site energy of p, orbitals of car-
bon and phosphorous atoms is "¢, = 0 and "p,_ = 0:05eV, respectively. While, the NN
hopping amplitude between p, orbitals both the types of atoms is tcp,, = —2:6eV. The
interactions between three pyy orbitals for carbon is given by tc, ~= 0:6eV with the on-site
energy "c, == —0:6eV. The partially flat band of pxy character near —0:08 Ha is due to
the consideration of NNN interaction of magnitude fcpzy = 0:1eV between the pyy electrons.
To incorporate the influence of deformation on the nanotubes, we also considered the NNN
hopping amplitudes for p, HK, denoted as fcpz = 0:01eV and fppz = 0:001eV, respectively.

The effect of deformation on the hopping parameter is given by:
t'=texp — ﬂ—1 : (8)

Here, t is undeformed hopping parameter, a;;j is the distance between atom i and j and is
Griineisen parameter'®'? which is considered equal to 2 to match DFT results. The effect
of strain on the atomic distance is given as ;j = (I + )ai;j, where is the strain matrix.

The Poisson’s ratio is set to 0:165.



The outcomes of our TB calculations for pristine PC;NTs are illustrated in Fig. S2a
& S2b, and for twisted armchair nanotube and uniaxially compressed zigzag nanotube are
showcased in Fig. S2c & S2d. It is evident from these gures that there is a remarkable
gualitative agreement between these results and the rst principles data presented elsewhere

in the letter.
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Figure S2: Tight binding band diagram of pristine and twisted (9; 9) armchair (a) and (c),
and pristine and compressed (12;0) zigzag (b) and (d),B;NTs, respectively. The Fermi
level ¢ corresponds to the x-axis.

Magnetism studies: Flat bands with the Coulomb interactions are often associated with

magnetism. However, in many at band materials the electrons remain spin-unpolarized.
In the past, vacancy defect>!* and hydrogenated graphene and CNTs have shown impor-
tance in inducing the magnetic ordert>*8 In Fig. S3, we show two cases in a (9;9) armchair
P,C;NT which exhibit magnetism: (1) hydrogenated nanotube (Fig. S3a) where the hydro-

gen atom is adsorbed by the phosphorous atom (one hydrogen atom per two periodic layers
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Figure S3: Magnetization density isosurfaces for (a) hydrogenated (9; 9) armchaiy@GNT,
where the hydrogen atom (red color) is attached to the phosporous atom, and (c) carbon
vacancy (shiny black) in (9;9) armchair BC;NT (Two periodic unit cells are shown in the
z-direction for clarity). The blue and yellow color clouds denotes the spin-down and spin-up
electrons, respectively. (b) and (d) show the band diagram for the respective cases. Spin-up
and spin-down channels are represented by solid red and dashed blue lines, respectively. The
Fermi level ¢ corresponds to the x-axis.

in axial direction; and (2) one carbon vacancy per layer along the tube axis (Fig. S3c). In
both of cases, the nanotube distorts in the radial direction and induces an anisotropy in the
bond lengths and angles in the hexagonal plaquette which uplifts the degeneracy of the at
bands near the Fermi level (Fig. S3b & S3d). In the rst case, the nanotube has a total
magnetic moment of 0:0133 g where di erent spins distributions on carbon atoms make

the tube ferrimagnetic-like. In particular, the spin-up (yellow) and spin-down (blue) clouds



are mostly localized on carbon atoms A and C, respectively, with local magnetic moment on
atom A being 0:109 g and on atom Cis 0:116 g. Whereas, at atom B the local magnetic
moment is low which is due to cancellation from both spins distributions around it. The
rest of the contribution comes from the delocalized electrons at position D and E which re-
sembles p, orbitals of carbon atoms. The lower e ective magnetization of the hydrogenated
tube does not cause signi cant spin splitting in the bands (Fig. S3b). In the second case,
the ferromagnetic-like character with total magnetic moment of 0:196g separats spin-up
and spin-down channels shown in Fig. S3d as solid red and dashed blue lines, respectively.
The dangling and bonds near the vacancy polarizes the electrons causing spin-up clouds
distributed largely on carbon atoms (Fig. S3c). Due to the higher electronegativity the spins

are mostly localized mostly on carbon atoms in both cases.

Structural phase transition: To interpolate the phase transition path way under large

distortion, we employ a \freeze and relax" strategy®. Two prominent atomic structures
(honeycomb and \brick-wall") are rst relaxed through cell relaxation followed by atomic
relaxation to ensure equilibrium structures as endpoints. Subsequently, we selectively freeze
regions of the lattice anticipated to undergo minimal structural perturbation, while linearly
interpolating the atomic positions of the remaining atoms to generate initial guesses for inter-
mediate states. Subsequent to this, relaxation calculations are performed iteratively on the
unfrozen degrees of freedom within each intermediate state, allowing for partial relaxation of
the structure and then followed by full relaxation of all atoms. This approach ensures that
the interpolation process focuses computational resources on regions of the lattice undergo-
ing signi cant structural modi cations, thereby facilitating the determination of an accurate
pathway between the two endpoint structures. The transition pathway for 2D FC; sheets

is highlighted in Fig. S4.
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Figure S4: Strain induced transition of 2D BC, lattice from pristine hexagonal shaped
unit cell to the square shaped unit cell (\brick-wall" structure), along with electronic band
diagrams along the transition pathway. (a) & (b) 90, (c) & (d) 100 , (e) & (f) 106 and (g)

& (h) 112 . The Fermi level ¢ corresponds to the x-axis.
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Strain engineering of 2D P ,Cj:

Figure S5: (a) Pristine 2D BC; lattice z is in the direction of nanotube's axis. The orange-
color atoms are phosphorous, and the gray-color atoms are carbon. (b) and (c) show the
band diagrams of 2D BC; lattice under tensile strain of 4% along the x-direction and the
corresponding Brillouin zone path. (d) and (e) show the spectrum under compressive strain
of 4% and the corresponding Brillouin zone path. The Fermi levelg corresponds to the
X-axis.

() (b)

Figure S6: Band diagram of pristine RC; 2D lattice (a) and under 4% shear (b). The Fermi
level ¢ corresponds to the x-axis.
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