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ABSTRACT: Chemically realistic quasi-one-dimensional (1D) materials in which Dirac
Fermions and highly degenerate flat bands coexist intrinsically at the Fermi level are
exceedingly rare, while representing a highly desirable platform for correlated and topological
quantum phenomena. Here, using specialized symmetry-adapted first-principles calculations we
predict a new class of nanomaterials�phosphorus carbide nanotubes (P2C3NTs)�obtained
by rolling monolayer P2C3, a two-dimensional material shown in a previous letter to host
“double Kagome bands”. Both armchair and zigzag P2C3NTs are stable at room temperature
and feature the rare coexistence of Dirac crossings and multiple flat bands at the Fermi level
inherited from the underlying honeycomb−Kagome lattice, with the flat bands resilient to
elastic deformations. Under large strain, the structure transforms from honeycomb−Kagome to
“brick-wall”, accompanied by multiple coupled structural and quantum phase transitions. We
also uncover localized edge states, spin splitting from vacancies and dopants, and strain-tunable
magnetism. Together, these results establish P2C3NTs as a chemically specific and mechanically
tunable 1D material platform with potential applications in quantum hardware and spintronics.

A significant amount of contemporary materials research is
directed toward the discovery, synthesis, and character-

ization of nanomaterials and nanostructures featuring exotic
electronic states. Such materials can manifest remarkable and
unusual physical properties, leading to promising applications
in quantum technologies, spintronic devices, and next-
generation microelectronics.1−9 Two well-known examples of
such electronic states, contrasting conventional parabolic
dispersion in common semiconductors, are ones exhibiting
linear dispersion10 (e.g., Dirac cones in graphene) and ones
without dispersion (i.e., electronic f lat bands, e.g. in Kagome
lattices11). The former is associated with massless fermions
with high carrier mobility, leading to unconventional
electronic,12 transport,13 optical14 and topological proper-
ties.15,16 The latter is often associated with infinitely massive
fermions with quenched kinetic energies and spatially localized
electronic states that interact in the strongly correlated regime.
Such interaction leads to fascinating electronic phases with
collective properties,17 e.g. superconductivity,18−20 ferromag-
netism,21,22 Wigner crystallization,23 and the fractional
quantum Hall effect.24,25

Bulk and nanomaterials featuring the Kagome lattice host
both these types of electronic states, thus driving a wide variety
of interesting properties associated with these materials, and
leading to a proliferation of studies on them in recent
years.26−32 Generally, the Dirac crossings and flat bands in
Kagome materials do not appear simultaneously at the Fermi
level26−28,33−35�instead, their electronic structure usually

exhibits quadratic band touching points. However, from the
perspective of applications, the simultaneous presence of Dirac
cones and flat bands at the Fermi level can be particularly
intriguing: Dirac cones contribute to the emergence of
electronic edge states, while flat bands promote strongly
correlated behavior, rendering the material multifunctional.
Despite this promise, chemically realistic materials in which
Dirac points and highly degenerate flat bands coexist
intrinsically at the Fermi level remain exceedingly rare. In
most known Dirac materials, such as graphene and carbon
nanotubes, the electronic structure near the Fermi level is
dominated by linearly dispersing bands with a vanishing
density of states. Conversely, flat-band systems based on
Kagome or related lattices typically exhibit quadratic band-
touching points or flat bands that are energetically displaced
from the Fermi level. As a result, achieving the coexistence of
Dirac fermions and dispersionless electronic states at the Fermi
level generally requires fine-tuning through external fields,
chemical modification, or artificial lattice engineering.

Motivated by this challenge, a number of studies have
explored the Honeycomb-Kagome (HK) and Lieb lattices,
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which do exhibit coexisting Dirac dispersions and flat bands, at
least in idealized tight-binding models.36,37 In particular, the
HK lattice (also referred to as the Honeycomb Splitgraph38)
can be envisioned as a combination of conventional honey-
comb and Kagome lattices, and its electronic states can be
deduced accordingly.36,38,39 While realizations of the Lieb
lattice in realistic 2D materials remain scarce, a number of
recent contributions have computationally explored planar
materials of the type A2B3, that structurally feature the HK
lattice. Most thermodynamically stable materials proposed in
this category constitute metal oxides40−43 or carbides,44−47

with some of these materials having been associated with
fascinating properties such as non-trivial topological phases
and half metallicity. Although these materials exhibit Dirac
cones near the Fermi level, they either lack a flat band at the
Fermi level or exhibit one that is misplaced. Such deviations
arise because the specific chemical characteristics of the atoms
involved � including, orbital hybridization states and different
on-site energies � can cause differences in the electronic
structure from idealized tight-binding models of HK lattices.

A notable exception to these limitations was reported in a
previous letter to this journal by Huang et al.,48 who
introduced a new form of phosphorus carbide (P2C3) featuring
so-called “double Kagome bands”. In this two-dimensional
material with HK geometry, the out-of-plane pz orbitals of both
phosphorus and carbon atoms combine to produce the rare
coexistence of Dirac Fermions and strongly correlated

dispersionless electronic states directly at the Fermi level. In
this letter, we extend this work by studying P2C3 nanotubes
(P2C3NTs), thereby exploring a far less studied class of
nanomaterials (i.e., quasi-one-dimensional or 1D nanostruc-
tures) with fascinating properties. From the perspective of
quantum materials design, the realization of such Dirac−flat-
band coexistence in a quasi-one-dimensional geometry is
particularly appealing, as reduced dimensionality enhances
electronic interactions and enables strong coupling between
mechanical deformation, electronic structure, and emergent
quantum phases. Our findings unveil a range of noteworthy
electronic, structural, and magnetic characteristics unique to
these nanotubes. While P2C3 nanotubes are yet to be
synthesized, we anticipate that our computational and
theoretical investigations will provide impetus for future
experimental efforts.49,50 Indeed, both phosphorus and carbon
are already well-known for their ability to form a large number
of elemental allotropes, and a number of varieties of stable
monolayer phosphorus carbide have also been investigated in
recent years.51−54 Relatedly, some studies have suggested the
possibility of creating quasi-one-dimensional forms of such
compounds.55−57 These previous findings not only highlight
the growing interest in low-dimensional materials with unique
properties, but also lend support to the experimental
synthesizability of P2C3NTs in the near future, thereby
bolstering the relevance of the current work (also see the
Supporting Information (SI)).

Figure 1. (a) Pristine 2D P2C3 lattice showing the roll-up direction, θ for the zigzag and armchair nanotubes and z is in the direction of nanotube’s
axis. Two types of P2C3NTs is investigated in this work: (b) Armchair (n, n) and (c) zigzag (n, 0) nanotubes, where, n is the cyclic group order
about the tube axis. (d) System energy variation over ab initio molecular dynamics (AIMD) trajectories at temperatures 315 K for an (12,12)
armchair (blue) and a (15,0) zigzag (red) P2C3NTs. Dashed line denotes the mean energy. (e) Cohesive energy of zigzag and armchair P2C3NTs.
(f) Extensional energy per unit length as a function of axial strain for two representative P2C3NTs. Dotted curves indicate parabolic fits of the data
to an ansatz of the form Ustretch(ϵ) = c × ϵ2. (g) Twist energy per unit length as a function of angle of twist per unit length for two representative
nanotubes (both axes logarithmic). Dotted lines indicate straight line fits of the data to an ansatz of the form Utwist(β) = c × βq. The exponent q is
nearly 2.0 in both cases, suggesting linear elastic behavior.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.6c00091
J. Phys. Chem. Lett. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c00091/suppl_file/jz6c00091_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c00091?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c00091?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c00091?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c00091?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c00091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


We arrive at P2C3NTs through a “roll-up” operation,58 in
which structurally relaxed planar P2C3

48 (with hexagonal lattice
parameters a = b = 0.569 nm) is folded into seamless cylinders.
The hexagonal unit cell in the planar structure comprises two
phosphorus and three carbon atoms that are strategically
positioned at the corners of the hexagonal lattice and the
center of the edges of the hexagons, respectively (see Figure 1).
This ensures that the pz orbitals of P and C atoms are oriented
radially outward in the resulting nanotubes and can overlap to
feature HK-like electronic bands in a quasi-one-dimensional
setting. Further details of the orbital origin of these bands in
P2C3NTs are described below and in the Supporting
Information (SI). The resulting nanotubes are classified by
nonnegative integers (n, m), i.e., the chirality indices of the
tube, which specify the direction of rolling. Here, we have
exclusively studied armchair (n, n) and zigzag (n, 0) tubes (see
Figure 1b and 1c), in their pristine and distorted states. Our
computational studies are enabled by a recently developed
suite of real-space first-principles simulation techniques, that
take advantage of the cyclic and helical symmetries inherent to
1D nanostructures.59−64 Exploitation of global symmetries
allows this framework to efficiently simulate pristine or
deformed nanotubes (of any chirality) using Kohn−Sham
Density Functional Theory (KS-DFT),65,66 while considering
only a few atoms in the computational unit cell. Our
investigations of mechanical and electronic properties using
these techniques generally used 5 or 10 representative atoms
(i.e., just one or two formula units of P2C3) in the symmetry-
adapted unit cells (Figure 1a). Typically, such simulations also
employed a discretization of the reciprocal space associated
with the helical symmetry, which we refer to as η-point
sampling (in analogy to k-point sampling in solid state systems).
Notably, many of such calculations would require an
impractically large number of atoms in the computational
unit cell if conventional first-principles methods (e.g., plane-
wave-based approaches) were used.59,61 Simulation cells
containing more atoms were employed for ab initio molecular
dynamics and magnetism calculations.

Additional symmetry-related parameters for the simulations
are as follows. The screw-transformation (or helical symmetry
operation) used to describe the nanotubes has an associated
pitch of τ = 0.55963 and 0.96931 nm, for undeformed
armchair and zigzag nanotubes, respectively. Changes in τ
allow examination of the effects of uniaxial extensions and
compressions on the material. Concurrently, a scalar parameter
0 ≤ α < 1 represents applied twist to the structure, with β =
2πα/τ denoting the twist per unit length. The nanotubes are
also associated with cyclic symmetry about the tube axis, with
the rotation angle = 2 / being directly related to the
tube chirality indices (e.g., =n for zigzag (n, 0) and
armchair (n, n) tubes).

For the majority of our computations, we employed Helical
DFT, a finite difference based implementation of symmetry
adapted Kohn−Sham density functional theory.59,61,63 We
used 12th order finite differences with a vacuum padding of 10
Bohr in the nanotube radial direction. The Perdew−Wang
parametrization67 of the local density approximation66 was
chosen as the exchange-correlation functional. Furthermore,
norm conserving pseudopotentials,68,69 and 1 mHa of smearing
using the Fermi−Dirac distribution were chosen. Self-
consistent field iteration convergence was achieved via the
Periodic Pulay scheme.70 To reduce computational burden,
Helical DFT simulations were conducted in three successive

phases, with increasing levels of discretization fineness32 (see
SI for further details). Additionally to augment Helical DFT
results, the Quantum Espresso71,72 and SPARC64,73−75 codes
were used for calculations involving projected density of states
(pDOS), magnetism effects due to vacancies and dopants, 2D
P2C3 sheets, and some ab initio molecular dynamics runs.

We used our simulations to analyze various structural
properties of P2C3NTs and to assess their stability. The
cohesive energy depicted in Figure 1e shows monotonically
decreasing behavior from −5.350 eV to −5.457 eV as the
radius of zigzag and armchair nanotubes is increased from 0.5
to 3.5 nm. This is consistent with the expectation that tubes of
larger radius are energetically more favorable due to the
reduced elastic bending energy of the 2D sheet. In contrast to
these numbers, the corresponding cohesive energy value for a
conventional phosphorene nanotube76,77 of approximately 0.7
nm radius is about −4.22 eV, and it is about −8.77 eV for a
conventional carbon nanotube78 (CNT) of similar radius
(Figure 1e inset). These intermediate cohesive energy values of
P2C3NTs are strongly suggestive of their synthesizability. The
bending modulus of the planar P2C3 sheet comes out to be
0.1404 and 0.1520 eV when the sheet is bent in the armchair
and zigzag directions, respectively. These values indicate that
the sheet bending modulus of P2C3 is approximately one-tenth
of that observed for conventional graphene, estimated to be
around 1.5 eV,62 The phonon stability of P2C3 sheets has been
investigated earlier48 and no unstable modes were found.
Based on band-folding considerations,79−81 such calculations
are also likely to be indicative of the stability of P2C3NTs at 0
K, especially given the low elastic energies associated with
folding P2C3 sheets into tubes. To assess the stability of
P2C3NTs at finite temperature, we performed AIMD
calculation at room temperature for several nanotubes (both
zigzag and armchair varieties). Supercells containing 60 or
more atoms�i.e., several copies of the unit cell in the cyclic
and axial directions�were employed, in order to capture
potential long-wavelength instabilities. The tubes were
observed to be stable throughout the simulation duration
(up to 10 ps). The variation of the system’s energy for two
representative P2C3NTs is shown in Figure 1d.

The kinetic stability of the P2C3NTs investigated in this
letter is a promising sign of their synthesizability. Earlier
Huang et al.48 have demonstrated a methodology to grow
phosphorus carbide monolayer on silver (Ag) (111) substrate.
They found that the lattice mismatch between P2C3 and Ag
(111) substrate is less than 1.6% and the adhesion energy
between them is −4.73 eV/atom. After synthesizing P2C3, the
target etching of the silver layer can cause the 2D material to
curl up and result in P2C3NTs82 as illustrated in the
Supporting Information (Figure S7). The lower bending
stiffness of P2C3 sheets in comparison to graphene and
phosphorene will likely make it easier for the material to fold
up into nanotubes.

To investigate mechanical properties of P2C3NTs, partic-
ularly their response to torsional and uniaxial strain, we
performed Helical DFT simulations with variations in the
symmetry group parameters used to define the nanotube.59

From these simulations, the energy per unit length of the
deformed system, Udeformed(x) may be calculated as a function
of the strain parameter x, and the corresponding stiffness k may

be obtained as =
=

k U x
x x

( )

0

2
deformed

2 . Further details of
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calculating Udeformed(x) and the associated stiffness parameter,
for torsional and uniaxial strains are provided in the SI. For
torsional simulations, we imposed twists of up to about β =
4.5° per nanometer, the acknowledged limit of linear response
for conventional CNTs.58 Our investigation shows that the
twisting deformation energy for P2C3NTs is very nearly
quadratically dependent on the twist per unit length, i.e., these
tubes also exhibit linear elastic behavior within this range
(Figure 1g). In particular, we estimate from the data that the
torsional stiffness constant (ktwist) for a zigzag P2C3NT of
radius about 0.80 nm is 207.53 eV/nm, while it is 956.10 eV/
nm for an armchair nanotube of radius about 1.4 nm. To
compare these numbers with those of conventional CNTs, we
note that CNTs are known to show behavior consistent with
continuum theory,58,61 wherein ktwist depends on tube radius
cubically.83 We use this fact and first-principles data61 to
estimate that ktwist values are 3021.2 eV/nm and 15809 eV/nm
for armchair and zigzag CNTs of similar radii, respectively.
Along similar lines, we also carried out axial stiffness
calculations (further details in SI) while constraining the
strain to ± 3.3%. In this range, the deformation energy displays
a quadratic trend (Figure 1f), consistent with linear response.
In particular, the extensional stiffness (kstretch) for an armchair
P2C3NT of radius 1.85 nm is about 2711.3 eV/nm and it is
about 1257.4 eV/nm for a zigzag tube of radius 1.07 nm. To
compare these numbers against kstretch values of CNTs, we

once again utilized scaling laws obtained from continuum
theory and first-principles data.61,83 We estimated that
armchair and zigzag CNTs of similar radii as the P2C3NTs
above, are expected to have kstretch values equal to 13318.3 eV/
nm and 7678.1 eV/nm for armchair and zigzag varieties,
respectively. Overall, these stiffness calculations imply that
P2C3NTs are significantly more compliant to torsional and
axial strains, when compared to their conventional carbon
counterparts. In turn, these findings imply lower values of
(thickness normalized) Young’s and shear moduli of P2C3
sheets, when compared to graphene.

The symmetry adapted first-principles calculations described
above reveal that all pristine P2C3NTs are metallic.
Remarkably, we observe that a P2C3NT with cyclic group
order (with = n for zigzag (n, 0) and armchair (n, n)
tubes), possesses 2 nearly degenerate flat bands very close to
the Fermi level (Figure 2). There is also an associated sharp
peak in the electronic density of states (eDOS), suggesting the
easy availability of electron-rich states in these tubes (see
Figure 4 and Figure S8 in SI). These flat bands originate due to
destructive interference of electron hopping within the
Kagome-like structure formed by C and P atoms, specifically
involving the pz and pxy orbitals. Since this is a geometric
frustration effect, standard KS-DFT under the local density
approximation (LDA) can adequately describe the electronic
structure without needing on-site Coulomb correction, U. For

Figure 2. (a) and (b) show the band diagram of undeformed (9,9) armchair and (12,0) zigzag P2C3NTs, respectively. The Fermi level λF
corresponds to the x-axis. (c) shows the electronic states (square of absolute value of wave function) associated with P1, P2 and P3 points shown in
(a). The bottom right panel is electron density. (d) shows the square of the wave function for the electronic states associated with the D1, D2 and
D3 points shown in (b). The bottom right panel is the electron density. A slice of electronic fields at an average radial distance of the atoms in the
computational domain is shown in each case. θ1, θ2 denote helical coordinates that parametrize the tube surface at a fixed radial distance.
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bands near the Fermi level, the flat band bandwidth (W) along
the 1D Brillouin zone is approximately 35−78 meV for the
armchair (9,9) nanotube, which is somewhat higher than the
13−22 meV observed for the zigzag (12,0) nanotube
(electronic smearing for these calculations is 1 mHa, i.e.,
27.2 meV). Plausible U values for p-orbitals in P and C atoms
is typically U ∼ 1−3 eV, making U/W ≫ 1. Overall, these
features are suggestive that P2C3NTs are likely to be a notable
instance of quasi-one-dimensional materials that are inclined to
display strongly correlated electronic states which are often
associated with fascinating properties such as superconductiv-
ity and flat-band ferromagnetism.84 Moreover, to our knowl-
edge, the type of Dirac and flat-band coexistence at the Fermi
level seen in P2C3NTs, has not been previously reported in a
chemically realistic quasi-one-dimensional material.

As described above, in addition to the flat bands, the band
structures of P2C3NTs also feature Dirac cones. In particular,
for pristine armchair P2C3NTs, the flat band near the Fermi
level (λF) touches a lower Dirac point near the gamma point (η

= 0), and is separated from the upper Dirac point with a
minute gap (∼3.2 mHa for a (9,9) nanotube; Figure 2a). Two
other sets of Dirac bands near η = ±1/3, which touch the flat
band near λF , thereby making the tubes metallic, are also
present. These crossings between the flat bands and Dirac
points at η = ±1/3 are accidental rather than being symmetry-
protected or the effect of curvature. Additionally, a family of
quasi-flat bands reminiscent of the band structure of Kagome
lattices with next-nearest neighbor interactions35 are also
present (in the energy range 35.2−70.4 mHa in Figure 2a).
Similarly, zigzag P2C3NT also exhibit flat bands with Dirac
points crossing near λF. However, kagome-like Dirac points
which appear in the armchair nanotube are folded to the η = 0
point (labeled D1 in Figure 2b) while rolling the sheet to form
zigzag nanotubes. Overall, these arrangements of Dirac points
at η = ±1/3 and η = 0 are reminiscent of the electronic
structure of conventional armchair and zigzag CNTs,
respectively.

Figure 3. (a) Magnetization density isosurfaces for hydrogenated (9,9) armchair P2C3NT, where the hydrogen atom (red color) is attached to the
phosphorus atom. The blue and yellow color clouds denotes the spin-down and spin-up electrons, respectively. (b) Evolution of the magnetization
energy per unit cell with respect to the applied strain. (c),(d) and (e) show the band diagram for the −4% strain, unstrained and +4% strain cases,
respectively. Spin-up and spin-down channels are represented by solid red and dashed blue lines, respectively. (f) and (g) show the spin DOS for
4% compression and tensile strain, respectively.
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To elucidate the orbital source and hybridization of the
electronic band structure of the P2C3NTs studied here, we
computed the projected density of states (pDOS). This allows
us to estimate the contributions of the different orbitals of P
and C atoms participating in the formation of energy bands
near the Fermi level (Figure S1). From these calculations, it is
evident that many of the electronic features of P2C3NTs largely
originate from the participation of π electrons derived from
radially oriented pz (l = 1, ml = 0) orbitals of both C and P
atoms. Specifically, the flat bands arise from the individual π-
electrons of C atoms, while the Dirac points situated at η = 0
near the Fermi level (in both armchair and zigzag tubes) are
derived from the mixture of pz orbitals of both P and C atoms
(see Figure S1 (a) and (b)). Thus, the pz orbitals in the
nanotube create a bipartite honeycomb split graph lattice.38

Indeed, the split graph operation applied to the bipartite
honeycomb lattice introduces additional sites at the center of
each edge, resulting in the lattice depicted in Figure 1a. This
hybridization between pz orbitals of P and C atoms lifts the
degeneracy and separates the flat band from the Dirac cone at
the Γ-point as shown in Figure 2a. On the other hand, in-plane
pxy orbitals of C atoms form a Kagome lattice resulting in
Kagome-like bands. These groups of bands include the
aforementioned quasi-flat bands in the 35.2−70.4 mHa
range, and additional Dirac bands positioned near the Fermi
level (at η = ± 1/3 in armchair nanotubes and at η = 0 in
zigzag nanotubes). These pxy bands do not hybridize with the
pz flat band and form an accidental crossing at η = ±1/3 and 0
in armchair and zigzag nanotubes, respectively. Overall, the
P2C3NTs bands are the direct sum of Honeycomb-Kagome
bands and Kagome bands (also see Figure S1(c)).

The above analysis is also consistent with direct visualization
of the spatial distribution of the wave functions (Figure 2c and
2d). Considering the band diagrams of two representative
armchair and zigzag P2C3NTs (Figure 2a and 2b), we see that
points P2 and D2 on the flat bands show the electrons localized
to pz-type atomic orbitals of C atoms(top right of Figures 2c,
2d). The lobes of these orbitals are pointing perpendicular to
the θ1 −θ2 plane, i.e., along the radial direction in the tube. In
contrast, points P3 and D3 on the Dirac bands correspond to
electronic states with in-plane pxy orbital characteristics
(bottom left of Figures 2c, 2d). Finally, points P1 and D1,
which lie at the gamma point, are at the intersection of the
Dirac cones and the flat bands, and are therefore associated
with electronic states with both these characteristics. This is
evident in the shapes of the corresponding orbitals (top left of
Figures 2c, 2d).

Drawing insights from the pDOS calculations (see SI) and
the discussion above, we constructed a next-nearest neighbor
(NNN) symmetry-adapted tight binding (TB) model to
capture the salient features of the electronic structure of
P2C3NTs (see Figure S1). We utilized the Dresselhaus
approach78 and expressed the 8 bands-TB Hamiltonian in
terms of two sets of orthogonal orbitals � three radially
oriented pz orbitals of C atoms, along with two more from P
atoms and three in-plane pxy orbitals C atoms. The results of
our TB calculations for pristine P2C3NTs are illustrated in
Figure S2(a) and (b). It is evident from these figures that there
is a remarkable qualitative agreement between these results and
the first-principles data presented earlier, thus lending support
to our interpretation of the origin of the electronic features of
P2C3NTs.

Flat bands with Coulomb interactions are often associated
with magnetism.84 However, in most flat-band materials, the
electrons remain unpolarized. In the past, vacancies and
hydrogenation of graphene and CNTs have been shown to
induce magnetic order in these materials.85−90 Taking cue
from these studies, in Figure 3, we show that a (9,9) armchair
P2C3NT can exhibit magnetic characteristics when a hydrogen
atom is adsorbed by the phosphorus atom (one hydrogen atom
per two periodic layers in axial direction considered). The
presence of the hydrogen atom distorts the nanotube in the
radial direction and induces anisotropy in the bond lengths and
angles in the hexagonal plaquette. This breaks the local lattice
symmetry and lifts the degeneracy of the flat bands in
undeformed nanotube (Figure 3d), leading to nonzero
magnetism. In the absence of external strain, the nanotube
has contributions from both spin-up (yellow color isosurface)
and spin-down (blue color isosurface) electrons, making the
magnetic order ferrimagnetic-like with total magnetic moment
of −0.0133 μB (middle column of Figure 3a). The spin-up and
spin-down orbitals are largely localized on the carbon atoms
closest to the hydrogen atom with the local magnetic moments
being 0.109 μB and −0.116 μB.

Since structural distortion often plays an important role in
tuning magnetism,91,92 we next applied axial strain to the
hydrogenated nanotube. Interestingly, under compressive
strain the nanotube transitions from ferrimagnetic-like to
ferromagnetic-like state, where most contribution to the
magnetic order comes from the spin-up electrons (left panel
of Figure 3a, corresponding to 4% compressive strain). The
magnetization increases under compression and saturates to
0.66 μB at −4% strain. Under tensile strain, the nanotube
exhibits a dynamic interplay between antiferromagnetic-like
and ferromagnetic-like behaviors across different strain levels
(see Figure 3b). In particular, the nanotube under +1% strain
has majority spin-up states with 0.50 μB magnetization, after
which the polarity switches to spin-down with −0.59 μB
magnetization, at +2% strain. Upon further increasing the
strain to +3% the nanotube becomes antiferromagnetic-like,
and finally, under +4% strain it turns back to ferromagnetic-like
order with magnetization −0.57 μB. Correspondingly, a high
concentration of spin-down clouds is visible in the right
column of Figure 3a. The strain induced ferromagnetic-like
behavior can also be seen from the band diagrams and spin-
DOS of two extreme strain cases, i.e., 4% compression (Figure
3c and 3f) and extension (Figure 3e and 3g), where the energy
bands splits into spin-up (red solid lines) and spin-down
(dashed blue lines) channels. Overall, this shows a remarkable
example of controllable magnetic behavior in P2C3NTs where
spin polarity can be changed with the application of strain.

To verify the robustness of the predicted magnetic states,
additional spin-polarized calculations were performed using
different initial magnetic moments on the H atom while
keeping all other computational parameters unchanged. For
both tensile and compressive strain, all calculations initialized
with a finite magnetic moment converge to the same magnetic
solution with a net magnetization magnitude of approximately
0.99 μB per periodic unit cell. Depending on the initial spin
configuration, the final magnetization was found to appear with
either positive or negative sign; however, these solutions
correspond simply to globally spin-inverted states that are
energetically equivalent within numerical precision, which is
expected in collinear spin KS-DFT calculations. Calculations
initialized with zero magnetic moment converge instead to a
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nonmagnetic state that is slightly higher in energy than the
spin-polarized solution. This indicates that the magnetic
configuration represents the energetically favored ground
state. Since the primitive periodic cell contains a single
adsorption site, the present calculations probe the existence of
a localized magnetic moment associated with hydrogen
adsorption rather than a rigorously defined long-range
magnetic ordering. The resulting spin polarization can
therefore be interpreted as exhibiting ferromagnetic-like
behavior within the unit cell. The relatively small energy
difference between magnetic and nonmagnetic solutions
suggests a soft, itinerant magnetic character, similar to
defect-induced magnetism reported previously for hydro-
genated carbon nanostructures.92 The strain dependence of
the magnetic moment arises from changes in the local
electronic structure induced by deformation of the nanotube
lattice. In particular, tensile or compressive strain modifies the
P−H bond geometry and the hybridization between the
hydrogen 1s orbital and neighboring phosphorus−carbon
states, thereby altering the exchange splitting of the defect-
derived electronic state responsible for the magnetic moment.

The above-discussed mechanism of generating unpaired
spins without an external magnetic field may find applications
in the emergent fields such as quantum hardware devices and
spintronics. More realistic and detailed calculations of such
magnetic effects (e.g., explicit inclusion of Hubbard correc-
tions), especially within the context of device applications,

form the scope of future work. A discussion of magnetism
effects in P2C3NTs induced from a carbon vacancy is discussed
in the SI. Notably, the periodically hydrogenated and vacancy
configurations discussed here represent an idealized limit to
maintain 1D translational periodicity. In realistic quasi-1D
systems, random hydrogen adsorption or ionic vacancies may
break translational symmetry and can induce disorder
scattering.93,94 Further studies of the effect of concentration
of random disorder, dopant, torsional deformation and
nanotube chirality on magnetic properties of P2C3NTs are all
interesting subjects for future investigation.

Next, we investigated the general impact of applied strains to
the electronic structure of P2C3NTs, and observed that both
torsional and axial deformations disrupt the flat band
degeneracy near the Fermi level. Increasing the applied strain
leads to an increase in the energy width of the flat bands,
accompanied by a decrease in flatness: for the maximum elastic
strains considered here, the bandwidth of the flat bands near
the Fermi level is 13.6−168.7 meV for the zigzag (12,0) tube
under compression and 87.1−182.3 meV for the armchair
(9,9) tube under twist. This is also demonstrated by the
electronic density of states plots of twisted armchair and
uniaxially compressed zigzag nanotubes shown in Figure 4c
and Figure S9, respectively. The height of the sharp peak of the
eDOS decreases with applied strain, and its width broadens
near λF. Specifically, when torsional deformation is applied to
the prototypical example of an armchair nanotube with group

Figure 4. (a) Twisted armchair P2C3NT. (b) Band diagram of (9,9) twisted armchair P2C3NT at 3.86°/nm. The Fermi level λF corresponds to the
x-axis. (c) Electronic density of states (eDOS) plot for different rate of twists. (d) shows the electronic states (square of absolute value of wave
function) associated with the points P1, P2 and P3 points shown in (b). Bottom right panel shows the electronic density ρ. A slice of electronic fields
at an average radial distance of the atoms in the computational domain is shown. θ1, θ2 denote helical coordinates that parametrize the tube surface
at a fixed radial distance.
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Figure 5. Structural and electronic phase transition of nanotube from pristine P2C3NT with hexagonal unit cell to the brick wall P2C3NT.
Associated band diagrams are also shown. The arrows represent the direction of applied strain. (a) and (b) intermediate 6.35%, (c) and (d)
intermediate 12.34%, (e) and (f) intermediate 18% and (g) and (h) brick wall 24.67%.
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order = 9, the flat bands become slightly dispersive close to
the η = 0 point, exhibiting partial flatness (Figure 4b).
Although the gap diminishes between the top Dirac point and
the flat bands, a minute gap emerges between the flat bands
and the lower Dirac points situated at η = 0 and η = ±1/3.
Interestingly, the electronic state corresponding to the point P1
in armchair nanotube band diagrams (Figure 2c) has
contribution from the pz orbitals of both P and C atoms in
an unstrained state, but it is concentrated only at the pz atomic
orbitals of carbon atoms under torsional strain (P1 in Figure
4d). Simultaneously, the electronic state corresponding to
point P2 in the flat band is redistributed to other sets of carbon
atoms (Figure 4d). However, the state corresponding to the
point P3 does not show a significant change in spatial
distribution. Similarly, uniaxial strain also induces some degree
of dispersion in the flat bands. As illustrated in the band
structure of (12,0) zigzag nanotube under longitudinal
compression of 3.28% (Figure S9(a)), the flat bands show
comparatively no drastic changes near the η = 0 point. No
significant effect of compression is observed on the spatial
distribution of the electronic states either (see Figure S9(c)−
(e)). The TB band structure for the twisted armchair nanotube
and the uniaxially compressed zigzag nanotube is presented in
Supporting Information (Figure S2(c) and (d)) agrees well
with the ab inito results. Overall, the flat bands in both
nanotubes exhibit some dispersion under small strains but
remain largely robust, likely maintaining any strongly
correlated electronic states in the material. This likely stems
from the robustness of the electronic states in P2C3 sheets
themselves to elastic strains (Figures S5, S6). Interestingly, this
resilient behavior is in sharp contrast to other proposed 1D
materials with flat bands (e.g., carbon Kagome nanotubes32),
where small strains can break the local symmetries of the unit
cell, thus introducing more noticeable dispersion into the flat
bands. Usually, under such circumstances, the quadratic band
touching point evolves into a pair of tilted Dirac cones.32 This
makes P2C3NTs a realistic quasi-one-dimensional material
platform where stable and robust strongly correlated physics
can be studied.

Continuing with our strain simulations, we next subjected
the nanotubes to more extensive (inelastic) deformations,
going up to the limit of failure. This leads to structural phase
changes and triggers multiple quantum phase transitions. In
particular, the armchair nanotube transforms into a “brick-
wall”95 structure due to large tensile strain exerted along the
tube axis (Figure 5). This results in shrinking of the nanotube
along the radial direction, which is reminiscent of the Poisson
effect. To study the transformation pathways in the nanotubes,
we first strained and optimized the underlying 2D lattices using
a “freeze and relax” strategy96 (details in the SI). Following
this, we rolled up these structures to form nanotubes and
carried out further structural relaxation to arrive at plausible
low-energy transition states. Three transition points along the
transformation pathway require special attention. At 6.35%
strain, the triple degeneracy point at η = 0 is lifted and Dirac
cones disappear (Figure 5b), thus signifying that this Dirac
point is stable only for small deformation. Remarkably,
however, some of the dispersion-less states are still intact
near the Fermi level. On further increasing the strain to 12.34%
the Dirac points of opposite vortices (Berry phase ± π) at η =
±1/3 annihilate at the time-reversal invariant point (η = 0) and
open a gap near the Fermi energy (see band diagram in Figure
5d), suggesting transition from the metallic state to the

insulating phase. This phenomenon of annihilation of Dirac
nodes due to high structural anisotropy has been previously
investigated in NNN TB models of graphene97 and Kagome
lattices.37,98−100 In the brick-wall structure at 24.67% strain,
the bands become highly dispersive with multiple bands
crossing the Fermi energy leading to another electronic phase
transition from the insulating to the metallic state. This
demonstrates that under large deformation P2C3NTs show
fascinating electronic state transitions. Such structural and
electronic transitions have been theoretically studied95,101 in
the literature, and have also been and experimentally explored
in optical lattices.102 P2C3NTs provide a realistic material
platform to explore such phenomena further.

Recently, conventional CNTs have attracted attention from
the perspective of 1D topological insulators, where the
topology is characterized by the topological invariant
(winding number).103−107 The appearance of zero-energy edge
states at the ends of finite-length CNTs of chirality (n, m)
depends on the integer = n mgcd( , ). Thus, only zigzag and
chiral nanotubes with not divisible by 3 show edge states,
and armchair CNTs remain topologically trivial. Motivated by
these considerations and the fact that P2C3NTs have an
underlying hexagonal lattice, we performed symmetry adapted
first-principles calculations and used (8,0) zigzag P2C3NTs as a
prototypical example (both ends are zigzag-type). The edge
states appearing at the valence band maximum (VBM) and the
conduction band minimum (CBM) are shown in Figure 6a

and 6b. The end states are toward the right-hand side for the
VBM and the left-hand side for the CBM. Notably in the
studies described above, we do not explicitly compute a
winding number for P2C3NTs; our interpretation of the edge
states is based on the CNT analogy, Berry-phase arguments,
and the finite-length wave function localization. We expect that
these edge states will appear in other chiral P2C3NTs, which
invites further study. While it is well-known that Dirac points
induce edge states due to nontrivial Berry phases,108−110 in
P2C3NTs the Dirac points intersect with the flat bands, thus
suggesting both these electronic features are responsible for the
edge states in this material. Our results show that P2C3NTs are

Figure 6. Isosurfaces of wave function (absolute value squared) of
finite (8,0) zigzag P2C3NT at the (a) valence band maximum and (b)
conduction band minimum. The wave function has higher
concentration at the end of the nanotube.
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an exciting example of a quasi-1D nanostructure that supports
topological behavior and electron transport at the edges.

In summary, we have introduced P2C3NTs formed through
a roll-up construction of monolayer phosphorus carbide
(P2C3). Using symmetry adapted first-principles calculations
and other theoretical tools, we extensively characterized two
types of nanotubes, armchair and zigzag. These nanotubes
provide an unique platform where both Dirac fermions and
strongly correlated states coexist in a realistic 1D nanostruc-
ture. The orbital analysis shows that the electronic bands near
the Fermi level are the direct sum of the band diagrams of
honeycomb splitgraph and Kagome lattices. P2C3NTs develop
magnetic order on creating a carbon vacancy or by doping with
hydrogen, and the magnetic behavior is highly controllable via
strain in the latter case. The flat band states in both types of
nanotubes are robust to small deformation. Under large tensile
strains, the nanotubes undergo a structural transition process
to a “brick-wall” phase, and we observed various fascinating
electronic phenomena including Dirac cone annihilation and
multiple metal−insulator transitions in the transition pathway.
The finite nanotube simulations show topological features in
the form of the localized edge states induced by Dirac points
and flat bands. Calculations of structural properties suggest
that P2C3NTs are stable structures at the room temperature,
and due to the relatively low bending energy of P2C3 sheets,
may be easily fabricated. Many novel types of carbon and
phosphorus allotrope have been successfully synthesized in
recent years, and it seems likely that P2C3 nanotubes can be
grown and investigated experimentally in the near future.
Finally, further computational characterization, including
explicit transport, many-body effects, finite temperature
correlation calculations, as well as more reliable simulations
of magnetic effects, form the scope of future work.
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