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As the ultimate one-dimensional (1D) systems, ordered assemblies of monatomic chains, bound stably on the
surface of thin atomic layers with good transferability, attachability, and twistability, can be used to construct
innovative quantum structures from the ground up. Although atomic chains have been realized on high-index
vicinal crystalline planes, metal surfaces, etc., their easy exfoliation, displacement, and shape manipulation
remain difficult due to the rigidity of the solid templates. Phosphorene has intriguing physical and electronic
properties, most notably in its tunable strain engineering capability and anisotropic structures. Previous studies,
especially the structural response under stresses, have predominately been limited to 0 K, with phosphorene’s
accurate behaviors at room temperature yet to be comprehensively explored. Here, we report a computational
study based on density functional theory at 300 K, which uncovers a twinning-mediated structural transformation
in phosphorene in response to in-plane strains, in contrast to the conventional understanding of its intrinsic
properties. Interestingly, the discovered 1D twinning channel with strong capabilities to capture and localize
free atoms demonstrates its potential as an outstanding template in the construction of diverse self-assembled,
long-range-ordered monatomic chains. Most importantly, aided by the inherent flexibility of phosphorene film,
the monatomic chains can be easily transferred and attached to couple with other systems, or manipulated into a
variety of curvilinear formations that possess unique spin configurations. This work is potentially extendable to
other phosphorene analogs, enriching the toolbox for the development of transferable, attachable, and twistable
atomic nanoarchitectures and paving the way to new paths for the fundamental study of low-dimensional

systems.

DOLI: 10.1103/PhysRevB.109.104105

I. INTRODUCTION

Atomic chains or wires represent the one-dimensional
(1D) system at the ultimate scale, displaying unique topo-
logical configurations and significantly enhanced quantum
effects. The ballistic motions of electrons result in quan-
tized electronic and thermal conductance [1-5], where the
current density can reach up to 10'° A/cm? [6], and addition-
ally, single-atom switches or gaps have been realized based
on stretching operations of atomic chains [7]. Besides, 1D
quantum plasmons reported in metallic atomic chains can
strongly couple with lights, due to the large electric dipoles
of electrons in collective excitation states [8—13]. The easily
tunable plasmon states facilitate devices at the atomic scale
to integrate photons and electrons together with applications
in signal transmission and quantum antenna design [14—16].
Furthermore, the competition between electron-electron and
electron-phonon interactions, as well as electron couplings
between atomic chains and their substrates, leads to diverse
quantum phases like Tomonaga-Luttinger liquids (TLLs),
charge density waves (CDWs), Mott insulators, etc. [17-19].
In particular, the TLL phases in atomic wires manifest unique
power-law relationships in the density of states (DOS) for
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their low-energy collective excitations. Accompanying this is
the intriguing phenomenon of spin-charge separation, which
is observable under certain ranges of power-law exponents
in their one-particle spectral functions [20-22]. Besides, the
topological solitons, which are atomic-size in-gap defects
joining degenerate CDW ground states, are demonstrated in
atomic wire CDW phases with proposed algebraic operation
functionalities in quantum computations [23-25].

A special class of chains with local magnetic moments are
characterized as atomic spin chains (ASCs), which exhibit
an impressive spectrum of excitation modes and magnetic
behaviors when coupled with various substrates [26]. Particu-
larly, ASCs made of transition metal atoms on substrates can
highly maintain the 1D characteristics due to their localized
d-orbital electrons. Such ASCs comprise diverse magnetic
spin configurations, yielding a plethora of quantum function-
alities suitable for optimized spin state choices and further
utilization in quantum computing. For instance, ferromagnetic
atomic chains in proximity to conventional superconductors
with pronounced spin-orbit couplings lead to the emergence
of Majorana zero modes (MZMs) on both ends of the chain.
The MZMs are widely searched as possible candidates for
constructing fault-tolerant topological qubits owing to their
non-Abelian braiding statistics feature [27-29]. Moreover,
antiferromagnetic ASCs that are connected to two spin in-
put ports and joined on their other ends by an extra atom
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can form a magnetically frustrated triplet gate. Such setups
have been realized for executing a variety of all-spin-based
logic gate operations [30]. Additionally, ASCs with heli-
cal spin configuration have been predicted to induce strong
spin-orbit interactions and equivalent magnetic fields, which
support topological superconductivity and Majorana fermions
when placed near s-wave superconductors [31]. Moreover,
the chiral spin states can be induced by the Dzyaloshinskii-
Moriya (DM) or Ruderman-Kittel-Kasuya-Yosida (RKKY)
interactions between the atomic chains and the substrates,
thus enabling the transportation of magnetic information from
externally connected magnetic islands to other ends of ASCs
[32,33].

Atomic chains are at the forefront of nanoscale research,
yet the free-standing chains suffer from inherent instabil-
ity. Hence, their practical realization necessitates integration
or coupling with supportive substrates to ensure stability.
Furthermore, the recent developments in low-dimensional
physics, such as spin-ring molecular qubit designs and curvi-
linear nanomagnetism (see discussions below), underscore the
pressing need to construct atomic chains stably localized on
atomic-thin layers that are easily transferable, attachable, and
twistable. Unfortunately, this remains unattainable using the
currently predominant experimental strategies. For example,
the use of a scanning tunneling microscope (STM) allows for
atomically precise operation, but is time consuming and ineffi-
cient [34,35]. The epitaxial deposition of atoms on high-index
vicinal crystalline stepped surfaces, while more efficient in
creating atomic arrays, is difficult to be transferred, displaced,
and twisted due to their solid substrates [36,37]. Moreover,
employing nanotubes to encapsulate atoms can highly align
their positions, while disadvantages arise from the fact that the
envelopment of the atomic chains by the nanotubes can sub-
sequently shield their interactions with other parts needed to
construct various devices [38—40]. In light of these challenges,
researchers are dedicated to searching for a template that
can confine atoms in one dimension with easy detection and
interaction functionality while being flexible enough to allow
for its straightforward transformation and shape manipulation.

Scrutinizing various potential structures, we position phos-
phorene as an optimal candidate for a template material
to meet such demands due to its puckered structure, ro-
bust adsorption capability, and our discovered 1D twinning
grain boundary emerged under tensile deformations at room
temperature. As a p-type semiconductor, phosphorene fea-
tures a layer-dependent direct band gap ranging from 0.3
to 2.0 eV [41,42], which lies in between those of the com-
monly studied two-dimensional (2D) materials like graphene
(0 eV) [43] and transition metal dichalcogenides (TMDs,
1.5-2.5 eV) [44,45]. Such a tunable band gap widely spans
the spectrum from mid-infrared to visible light, underlining
its potential as a versatile material for optoelectronic ap-
plications. Besides, phosphorene’s anisotropy in electronic
and thermal transport properties is particularly pronounced.
Charge carrier mobility in phosphorene varies starkly be-
tween the zigzag (with electron and hole mobility of 80 and
10 00026 000 cm? V~! s7!, respectively) and armchair
(1100 and 640-700 cm?> V~! s~!) orientations [46]. Simi-
larly, the thermal conductivities along these orientations differ
substantially, measured as 36 W m~' K~! along the zigzag

direction and 110 W m~! K~! along the armchair direction
at 300 K [47]. Most importantly, owing to the intriguing
puckered structure, phosphorene exhibits remarkable flexibil-
ity and elasticity, which can withstand a large strain of around
30%, and may undergo a ferroelastic phase transition dur-
ing the stretching deformation process [48]. Such mechanical
properties enable easy manipulation of its optical, electri-
cal, and thermal properties and geometrical shape through
strain engineering methodologies [49-51], making phospho-
rene a promising next-generation curvilinear nanoelectronic
and nanomagnetic material. Despite these exceptional prop-
erties, it is unfortunate that the major theoretical calculations
on phosphorene’s anisotropy and mechanical behaviors, espe-
cially its structural response under stresses, are restricted to
0 K. Researches that accurately elucidate these properties at
room temperature are notably sparse—yet vital for practical
use. In fact, our investigation on phosphorene discovers a
deviation from the expected behaviors extrapolated from pre-
vious theoretical studies carried out at 0 K. At 300 K, uniaxial
stretching along the zigzag direction leads to the emergence of
an independent 1D twinning structure. Surprisingly, this struc-
ture retains all the advantageous characteristics that are ideal
for the creation of one-dimensional atomic chain templates, as
described above.

The integration of flexible phosphorene films with atomic
chains shows significant potential in its capacity to en-
gender intricate curvilinear nanoarchitectures at the atomic
scale. Recently, the relevant research on curvilinear sys-
tems has extensively attracted keen interest, since the twisted
and bent magnetic wires and films with multifarious curva-
ture and torsion exhibit more captivating geometry-induced
effects, which have a profound impact on the magnetic
behaviors through induced anisotropy and DM interaction.
For example, the curved nanowires composed of permalloy
(Nig; Fe9) stand out for their domain-wall dynamics, offering
groundbreaking designs for high-performance and low-power
spintronics-based memory device applications, which may
reach a storage density of 100 times higher than the current
capabilities [52,53]. These domain walls exhibit manipu-
lable behaviors via spin-polarized currents, imbuing them
with the prospects of acting as high-speed storage units due
to their rapid response times and high velocities [54]. Be-
sides, chiral effects have been experimentally observed in
the parabolic-shaped permalloy, which can be fine tuned by
the curvature and width. By measuring the depinning field
in the parabolic stripes where domain walls are expelled,
the DM interactions are quantitatively assessed, providing
insights into the relationship between material curvature and
chiral magnetic behavior [55]. Likewise, the utilization of
direct-write nanofabrication techniques has led to the cre-
ation of intertwined nanomagnetic cobalt (Co) double helices
[56,57]. These helical configurations demonstrate stable mag-
netic states emergent from strong coupling at their junctions,
and showcase the interplay of curvature, torsion, and chirality
effects. Similar helical structures can even find application in
the field of remotely controlled robotic microswimmers, since
their chiral architecture can be driven by the external rotating
homogeneous magnetic field [58]. Additionally, the rolled-up
sensors based on giant magnetoresistance (GMR) or giant
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magnetoimpedance (GMI) effects demonstrate drastically im-
proved magnetoelectrical performance. It has been reported
that such three-dimensional (3D) architecture can provide an
increase in sensitivity of 80 times, capable of detecting subtle
magnetic fields with responses starting as low as 45 uV Oe ™!,
and the unique design of these sensors suggests utilization
in omnidirectional signal detection. Hence, they are perfectly
poised for embedding into flexible, shape-conforming elec-
tronics such as in-body sensors or electronic skin (e-skin)
[59-61].

Atomic rings are a special class of curvilinear structures,
with the simplest nonlinear topological configuration, but
possessing nearly inexhaustible application potentials. Re-
search in this area frequently focuses on magnetic molecular
wheels, divided into ferromagnetic and antiferromagnetic cat-
egories. For example, ferromagnetic atomic spin rings (ASRs)
like Mnj, display quantum magnetization tunneling under
magnetic fields [62—-64], and their applications in quantum
computing with an implementation of Grover’s algorithm
were proposed, where spin anisotropy plays a crucial role in
both cases [65]. The large total spins in the ground states of the
ferromagnetic ASRs make them behave like single-molecule
magnets with nanometer sizes. Applications in molecular
spintronics, encompassing the design of molecular spin tran-
sistors, molecular spin valves, etc., are demonstrated [66,67].
In comparison, the antiferromagnetic ASRs are naturally more
resistant to external magnetic fields [68]. In Fe;yp and Crg
ASRs [69,70], level crossings (LCs) from the ground to low-
lying energy states due to the Zeeman effect are observed in
the presence of an external magnetic field at low tempera-
ture [69]. These LCs enhance quantized step magnetization
and imply intriguing behaviors and applications. Examples
include spin Peierls instability, like that in CsFeg [71], where
DM interactions may occasion bond distortions, thereby trans-
forming the system into dimerized spin rings [72]—a novel
prospect for investigating Bose-Einstein condensation (BEC)
of bosonic magnetic triplons [73—75]. Besides, the induced
LCs also affect the spin properties of the ASR’s ground
states and relevant temperature—magnetic field (7 -B) relations
in isentropes, which can be leveraged in cryogenic cooling
to sub-Kelvin level by means of antiferromagnetic Gd,Nag
double rings [76] or frustrated Gd; rings [77]. Furthermore,
heterometallic ASRs, exemplified by Cr;M (where M can be
Ni, Mn), have been synthesized with spin degenerate ground
states of total spin S = 1/2 or § = 1. These can be fine tuned
with a magnetic field into effective two- or three-level systems
while maintaining energy gap separation from higher excited
states, suggesting an attribute conducive to qubit design [78].
Remarkably, these systems can maintain a phase-decoherence
time of up to 15 us, which surpasses the quantum manipula-
tion timescales (~10 ns) [79]. The molecules’ relatively larger
size eases the magnetic field spatial resolution requirements
and promotes precise isolation of individual qubits [78]. Fur-
thermore, such magnets can be connected into robust quantum
arrays, holding promising prospects for the realization of reli-
able quantum gates and quantum information storage designs
[79-81].

In this work, employing first-principles molecular dy-
namics calculations, we discover twinning structures in

phosphorene induced by in-plane stretching at room temper-
ature. The twinned phosphorene reveals an entirely different
stress response mechanism characterized by continuous struc-
tural transformations induced by the symmetric twinning
grain boundaries thereof, resulting in a tunable anisotropy
that diminishes continuously from pronounced to nearly im-
perceptible under increasing strain, marked most prominently
by the change of the electron (hole) effective mass ratio in
the zigzag and armchair directions from 9.4 to 1 (70.2 to
1). This renews our comprehension of phosphorene’s inher-
ent characteristics and corresponding applications, as well
as of its analogs including arsenene, antimonene [82,83],
etc. More importantly, we prove the twinned phosphorene
is a superior template for constructing ordered and stable
1D atomic chains, with adsorption energies of 3d transition
metals on tops of twinnings nearly 1 eV larger than those at the
next nearby adsorption locations, which manifest ferromag-
netic and antiferromagnetic orders, as well as the modulated
CDWs. Moreover, benefiting from its puckered structure, the
monolayer twinned phosphorene template shows remarkable
softness and resilience. These traits allow for ease of ma-
nipulation and enable the film itself to be transferred and
attached over bulk structures, or to be twisted into helical,
chiral, and spiral configurations to produce more intricately
coupled 1D structures. As a simple show-how, we construct
an end-to-end atomic ring by curving the atomic chain, and
it exhibits the Jahn-Teller-effect-dominated [84] structural
distortion, forming ferro- and antiferromagnetic dimer spin
rings. Notably, our constructed monatomic chains and rings
are exposed on the surfaces of twinned phosphorene, making
them easy to be transferred, attached, and twisted in practical
applications. A thorough understanding of these phosphorene
twinning structures, expected to be generated effectively by
simple stretching at room temperature, will open up new
prospects in the study of low-dimensional physics, stimulate
innovative ideas for designing diverse monatomic devices, and
bring about breakthroughs in nanoelectronic and nanomag-
netic technologies.

II. METHODS

The first-principles calculations are conducted using the
Vienna Ab initio Simulation Package (VASP) codes [85],
where the electron-ion interaction is described with projec-
tor augmented wave (PAW) pseudopotentials [86], while the
exchange-correlation interaction is treated via the generalized
gradient approximation (GGA), as parametrized by Perdew,
Burke, and Ernzerhof (PBE) [87]. In the computation, a su-
percell encompassing 72 atoms, as depicted in Fig. 1(a), is
chosen, separated by a vacuum layer 15 A thick to nullify the
interlayer interactions. Furthermore, we designate the cutoff
energy of 500 eV and the Monkhorst-Pack k-point grid as 5 x
5 x 1 [88]. The convergence thresholds for total energy and
the Hellmann-Feynman force on atoms are setto 1 x 107> eV
and 0.01 eV/A, respectively, and the van der Waals energy
correction is considered using the DFT-D3 dispersion relation
[89]. Also noteworthy is that for adsorption calculations, the
influence of spin polarization is considered, and the migra-
tion energy barriers are calculated using the climbing image
nudged elastic band (CI-NEB) methodology [90,91].
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FIG. 1. (a) Top and side views of pristine phosphorene, where the red shaded area is our chosen unit cell, and the blue one is the common
Wigner-Seitz cell, respectively. (b) The commonly used supercell, where the chains alternate the orientations in pairs under tensile strains along
the zigzag direction due to the boundary conditions, marked by the dotted lines. (c) The structural transformation process of phosphorene’s
ferroelastic phase transition at 0 K, when subjected to tension along the zigzag direction. The domains retaining their orientations versus
those altering orientations are highlighted in blue and red shading, respectively. (d) Calculated energy-strain (left) and stress-strain (right)
relationships of phosphorene at 0 K and room temperature (300 K), with the strain applied in the zigzag direction. (e) The structural
transformation due to the twinning-induced transition mechanism under the 300 K tensile process. In subplot (ii), atoms are partitioned into

six distinct chains, sequentially numbered from I to VI.

The application of the well-developed quasistatic continu-
ous stretching calculation method is detailed next [92,93]. For
the case at zero temperature (0 K), tensile strain is applied
incrementally in a chosen direction with a strain increase
Ae = 0.01 at each step, and then the component of the stress
tensor along the stretching direction is fixed, while the other
tensor components, along with all atoms, are allowed to fully
relax before stretching to the next step. Similarly, the 300 K
temperature stretching calculation mirrors the one adopted
at 0 K, starting from the equilibrium structure averaged at
the given temperature. After incrementally applying the strain
to the thermally averaged structure obtained in the previous
step, a modified Parrinello-Rahman (NpT) ab initio molecular
dynamics (AIMD) relaxation of 3000 steps is implemented
[94], where we change the VASP AIMD code to constrain the
relaxation so that the strain in the stretching direction does
not change within the NpT ensemble at finite temperature
[95,96]. During the AIMD simulation within each increment
of strain, specified by Ae = 0.01, only the five independent
components of the strain tensor in directions different from
that of stretching and all the atoms in the supercell undergo
simultaneous AIMD relaxation. Each relaxation phase com-
prises 3000 steps under given constraints, where the stipulated
convergence criteria for each step are (i) the absolute value of
all five stress tensor components in directions different from

stretching are less than 0.1 GPa, and (ii) the applied average
force on each atom is kept within 0.01 eV/A. Herein, the
initial 1000 steps, possibly showing large fluctuations, are
disregarded, whereas the subsequent 2000 steps are statisti-
cally analyzed to derive the physical quantities, including the
thermal average structure for the next stretching step. The
lowered convergence criteria for the finite-temperature com-
putation allow for a marginal reduction in the cutoff energy
and vacuum layer thickness—setting them to 450 eV and 12
A, respectively—in order to expedite the management of the
voluminous data. The time step of the AIMD simulation is set
as 2 fs, while the constant temperature during the simulation
is controlled by the Langevin thermostat [97].

II1. RESULTS AND DISCUSSION
A. The twinning-induced transition mechanism

The stress response mechanism of phosphorene has in-
spired an extensive range of research themes such as mechan-
ical strength [98], band-gap modulation [99], and anisotropic
transportation characteristics [49,100]. These previous studies
have identified a ferroelastic transition mechanism in phos-
phorene, associated with a 90° orientation alteration under
stretching along the zigzag direction [101,102]. However, in
our study, we discover an intermediate state with twinning
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structures in phosphorene stretched at room temperature, pre-
ceding much earlier that of the ferroelastic transition during
stretching. The conventional supercell selections, represented
by the blue shaded area in Fig. 1(a), introduce artificial effects
in the analysis of the twinning mechanism. For the purpose of
illustration, Fig 1(b) demonstrates that stretching the rectan-
gular supercell along the zigzag direction leads some chains to
switch their orientations to form twins. The issue is that chains
A and B [highlighted within the blue-hued region in Fig. 1(b)]
are correlated by the artificial periodic boundary conditions of
the supercell, indicated with dashed lines, thereby undergo-
ing simultaneous transitions in their orientations. In fact, the
chains enclosed within the supercell should be unrelated, and
special care should be taken to avoid artificial correlations of
the boundary atoms in the structural phase transition process.
A recent study on the tensile process of phosphorene at room
temperature particularly shows such effects arising from the
particular selection of unit cell [103]. To rectify this, we in-
troduce a unit cell orienting diagonally across phosphorene,
represented by the red shading in Fig. 1(a). This ensures that
each atom (or atomic chain) falls within the supercell border,
and can be individually dealt with, unconfined by boundary
conditions. Subsequent calculations employ an expanded 3 x
3 x 1 supercell, viewed from the top and side perspectives as
showcased in Fig. 1(a).

Using this configuration, we simulate phosphorene struc-
ture evolution under tensile conditions at both 0 and 300 K
(room temperature), and the transformations are displayed
in Figs. 1(c) and 1(e). The blue and red shaded areas in-
dependently represent domains preceding and succeeding
the orientation shift of atomic bonds. The energy-strain and
stress-strain relationships for stretching at 0 and 300 K are
also demonstrated in the left and right graphs of Fig. 1(d). In
Fig. 1(c), the known phenomenon of ferroelastic phase tran-
sition in phosphorene is reproduced. As the structure evolves
from the primary tensile position (i’) to a final structure (iv’),
it experiences a sudden 90° orientation transition of the whole
lattice structure. The intermediate structures, (i’ and iii") cor-
respond closely to a 27% strain, and are the critical structures
before and after the transition. The green line in Fig. 1(d)
corresponds to the ferroelastic transition process, with the
four corresponding stages (i'—iv’) marked inside. This process
is a global structural transformation where all atomic bonds
reform simultaneously, so it demands overcoming a relatively
high energy barrier, leading to a deep drop in total energy
and stress associated with the abrupt orientation change of
ferroelasticity.

In contrast, the process of stretching phosphorene at room
temperature [Fig. 1(e)] demonstrates wholly different stress
response characteristics. Starting from the thermal equi-
librium structure, the orientation transition of phosphorene
follows a stepwise pattern from stages (i) to (v), and during
each phase, only a fraction of phosphorous atoms switch
their orientations. The phosphorene structure falls short of
a complete 90° structural transformation, descending into
disintegration once half of the atoms have transitioned. For
an exhaustive explanation of the tensile process at 300 K,
we employ dotted lines to subdivide the atoms in the super-
cell into six atomic chains, labeled as I-VI in Fig. 1(e-ii).
Transitioning from stage (i) to stage (ii), only chain II

experiences an orientation change, while the remaining chains
stay unchanged. As the tensile strain increases, contiguous
chains switch their orientations one at a time until the red
shade extends to encapsulate half of the supercell, depicted
in structure (iv). Consequently, the system evolves into a
wholly symmetric twinning structure in Fig. 1(e-iv), with
the twinning grain boundary (TGB) intersecting the red and
blue domains. Continuing to augment the tension, the sys-
tem is consequently unable to bear the accruing stretching
force and ultimately ruptures, as illustrated in Fig. 1(e-v).
Although the total energy of the lattice drops slightly when
twinning forms, it continuously accumulates and increases
within the system due to the deformation of atomic bonds
during the tensile process, as shown by the blue curve in
Fig. 1(d), which finally surpasses the structural threshold and
precipitates the system’s failure. The structures (i)—(v) are
also correspondingly marked near the black curve in the right
graph of Fig. 1(d). Since the stretching process at 300 K
is a more localized and gradual structural transformation
compared to that at O K, it is associated with lower energy
barriers, resulting in smaller reductions in energy and less
stress release. The exact AIMD simulation times, at which the
structural transitions in Figs. 1(e-i)—1(e-v) occur throughout
different 3000-step AIMD relaxations during tensile strain
incremental increase steps, can be determined by examining
the intermediate structural deformation states and the critical
transition points through analyzing the energy variations dur-
ing the AIMD relaxations. The results are presented in the
Supplemental Material (see Fig. S1) [104].

From the analysis, we obtain that phosphorene could retain
its superelastic properties at room temperature, enduring up
to 40% strain. More critically, it introduces an entirely novel
stress response mechanism in comparison with the previously
established ferroelastic phase transition theories. In an effort
to augment the understanding of this twinning mechanism,
we supplement with two essential analyses at 0 K to yield
profound insights. First, utilizing the CI-NEB method at 0 K,
we unveil that the energy barrier associated with the twinning-
induced process (0.05 eV /atom) is markedly lower than that
of the ferroelastic transition process (0.15 eV /atom). Second,
it is observed that the chains transition their orientations se-
quentially and adjacently, rather than in a random manner. To
find the underlying reasons for this phenomenon, we calcu-
late all of its isomers with nonadjacent twinning structures
and compare the energies of different configurations. Detailed
analyses on these aspects are provided in the Supplemental
Material (see Figs. S2 and S3) [104].

B. The intrinsic characteristics of the twinned phosphorene

The twinning structure of phosphorene, as depicted in
Fig. 1(e-iv), is symmetric about the TGB, presenting an iden-
tical structure to pristine black phosphorene on either side.
Thus, the TGB can be considered a line defect within the
phosphorene lattice. The stability of the TGB can be ascer-
tained by comparing the energy associated with the twinning
to those of the line defects observed in phosphorene, where we
define the defect energy Egetecr as the energy increment per
unit length introduced by the line defect to the phosphorene
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system according to Eq. (1):

Esystem - I’lEp
NI

where Egygem is the total energy of the system, n stands for
the number of atoms, Ep represents the average energy of a
single atom in pristine phosphorene, and N and [/ account,
respectively, for the quantity and length of the line defects.
In phosphorene, various line defects have been investigated,
and the corresponding energies have been reported to vary on
the order of 10~! eV, with typical values such as 0.308 eV/A
for Hyg, 0.118 eV /A for Hs7, 0.106 eV/A for 8, and 0 eV/A
for B line defects [105,106]. Notably, defect energies less
than 0.01 eV/A are considered extremely low and indicative
of superior stability. Within our investigation, the twinning
structures we examined exhibited a line defect energy of 0.06
eV/A, lower than many of these line defects. Besides, the
orientation of the TGB aligns with the diagonal direction
in phosphorene, as illustrated by the arrows in Fig. 1(a).
Therefore, if a fracture of the system occurs along the TGB
line defect, it would produce an edge structure identical to
that formed by bond breaking along phosphorene’s diagonal
direction. The energy of this edge structure, denoted as Eeqge,
is calculated in the same manner as the defect energy formu-
lated in Eq. (1). We have determined that the edge energy
along the diagonal direction is approximately 0.32 eV/A.
Thus the significant increase of the energy value suggests that
the spontaneous breakdown of the twinned phosphorene along
the TGB is unfavorable under room-temperature disturbance.
Most importantly, the remarkably low value of the TGB’s line
defect energy suggests that the twinning structure possesses
considerable inherent stability, and such structure could be
generated naturally through simple stretching at room tem-
perature, making it a promising nanoarchitecture for further
decoration, manipulation, and eventual practical applications.

The twinned phosphorene introduces distinctive mechan-
ical and electronic properties and, therefore, pioneers new
understandings in its room-temperature applications. To elab-
orate on these emergent characteristics, we examine the
structures obtained by stretching at 300 K, as shown in
Figs. 1(e-i)—1(e-iv). We first allow them to undergo full relax-
ation at 0 K to obtain their stable supercells, and the pristine
phosphorene and half-transitioned twinned phosphorene are
first investigated, as respectively depicted on the right of
Figs. 2(a) and 2(b). Subsequent comparisons involving their
band structures and DOS are made and represented on the left
portion of the figure, with the first Brillouin zones incorpo-
rated as insets in the central part. Our investigation manifests
that tensile deformation reduces the band gap of the system.
However, it is inspiring to see that twinned phosphorene un-
waveringly retains a direct band gap, ensuring its applicability
in electronics and photonics unscathed.

As for transport properties, phosphorene has already been
distinguished as a compellingly anisotropic material. Pre-
ceding work posited that the ferroelastic phase transition
phenomenon could trigger a drastic 90° shift in the prefer-
ential direction of transport under the influence of applied
stress. However, our present investigation establishes that un-
der the room-temperature condition, the actual transition stage
is dominated by the twinning-induced mechanism, thereby
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FIG. 2. The impact of twinning on the electronic proper-
ties of phosphorene, wherein the twinned phosphorene structures
are obtained by stretching phosphorene at 300 K, as shown in
Figs. 1(e-1)-1(e-iv), and then fully relaxed at O K. [(a) and (b)] Band
structures and density of states (DOS) of pristine phosphorene and
the half-transitioned twinned phosphorene, whose atomic structures
are represented on the right. The accompanying insets in the middle
illustrate their respective first Brillouin zones and & paths. (c) The
calculated effective masses of electrons (left) and holes (right) along
the zigzag (black) and the armchair (red) directions, where the struc-
tures with different switched chain ratios correspond to the ones in
Figs. 1(e-i)-1(e-iv) that are fully relaxed at 0 K.

implying distinctively contrasting transport characteristics un-
der applied stress. To show this, we first conduct an analysis
of the projected density of states (PDOS), and find out that
for the charge carriers near the Fermi surface and the overall
twinned phosphorene, their orbital occupancy characteristics
remain almost unchanged. More detailed results and discus-
sions can be found in the Supplemental Material (see Fig. S4)
[104]. Considering the altered symmetry in twinned phos-
phorene, we propose a quantitative assessment of transport
properties by evaluating effective masses along different ori-
entations in reciprocal space (K space), which are inversely
proportional to the conductivities of the charge carriers.

The effective mass is derived from the second-order deriva-
tive (Megr = :I:hz(d;]i“ )~!) along the path within the first
Brillouin zone according to the band structure. As the ten-
sile strain incrementally escalates, atomic chains successively
alter their orientations until the ratio of switched chains at-
tains 50%, and the alternation in the effective mass of the
electron and the hole is demonstrated separately in the left
and right graphs in Fig. 2(c). Considering two specific di-
rections, namely, the zigzag and the armchair orientations,
we discern that the effective mass of the carriers (accounting
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FIG. 3. (a) The supercell used to calculate maps of the spatial distribution of the differential total energy [Egit = Eoral — Max(Eyo)] for
Mn within various sites of the twinned phosphorene, where the size of the phosphorus atoms has been reduced to prevent obstruction of a
clear heat map. (b) The calculated adsorption energies of distinct atoms (including V, Cr, Mn, Fe, and Al) adsorbed on sites A, B, and C and
pristine phosphorene upon complete relaxation. The energies are benchmarked against the adsorption energy at site A, which is set as the
reference. (c) The top (or side) view of the supercell used to calculate atomic chains on the twinned phosphorene with the twinning grain
boundary highlighted in red and the adsorbed atoms represented in blue. (d) The spin charge density difference (oair = Pspint — Pspiny ) Of the
V antiferromagnetic chain, with the isosurface demarcated at 0.010e/bohr?. [(e) and (h)] The corresponding band structure and projected DOS
of the V chain. [(f), (g), and (i)] Similar analysis results for the Mn ferromagnetic atomic chain, with the isosurface in (f) also demarcated as

0.010e/bohr?.

for both electron and hole) progressively increases along the
armchair direction throughout the transition process, leading
to a reduction in its conductive capacity. Concurrently, the
trend inversely correlates for the case in the zigzag direction.
As such, the anisotropy gradually weakens and almost dis-
appears until the switched chains’ ratio reaches 50%, when
the structure becomes identical along the initial zigzag and
armchair directions. Consequently, the novel characteristics
of the twinned phosphorene make it possible to continuously
control its anisotropy, bringing about potential applications in
transport devices.

C. The atomic chains constructed using the TGB template

Existing research has unveiled that defects in phospho-
rene appreciably amplify its adsorption ability [107-109].

Particularly intriguing is the TGB, where we find it as a
line defect that demonstrates a superior capability in captur-
ing and localizing adatoms, making it an ideal template for
constructing 1D atomic chains. To demonstrate that the TGB
can effectively trap metal atoms in a line, we compare the
adsorption stability of a single metal atom at each site on the
twinned phosphorene.

First, we fix the template and the XY coordinate of the
adsorbed atom, while allowing the adatom to freely relax only
in the Z direction to deduce the total energy of the system.
The atomic structure of the supercell used in the calculations
is illustrated in Fig. 3(a) with periodic boundary conditions.
Under this setup, we divide the supercell into a 60 x 100
grid, placing the adsorbed atom sequentially at each inter-
section site of the grid and determining the corresponding
energy landscape of the system. A heat map is delineated that
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precisely profiles the variations in total energies, which equal
the variations in absorption energies, across different positions
on the twinned phosphorene, where the maximal absorption
energy is set as the reference zero energy point, and Fig. 3(a)
illustrates the result for the adsorbent Mn. Notably, the dark
blue region in Fig. 3(a) signifies a higher trapping effect on the
adatom, with a color scale showing that the most stable site of
the Mn atom is characterized by an adsorption energy 0.75 eV
lower than the maximum. It is evident from the diagram that
these sites are arrayed on the vacancies along the TGB. This
observation substantiates the claim that a 1D atomic chain can
spontaneously form on the twinned phosphorene template.
Furthermore, we considered the adsorption of several other
elements: V, Cr, Fe, and Al. These corresponding adsorption
heat maps are presented in the Supplemental Material (see
Fig. S5) [104]. Across all instances, the results confirm the
feasibility of constructing various 1D atomic chains along
TGB channels.

Recognizing the significant potential of the TGB in facili-
tating the construction of 1D atomic chains, we then undertake
a more nuanced computational analysis to ascertain the spe-
cific adsorption energies of adatoms on several locally stable
sites near the TGB channel, under conditions of full relax-
ation. This comparative examination illuminates not only the
superior capacity of the TGB to capture individual atoms, as
compared to pristine black phosphorene, but also affirms the
high degree of localization and stabilization of atomic chains
constrained along the TGB. The concept of adsorption energy
(E4q) is defined herein by Eq. (2):

Epyx —Ep —n-ux

Eyg= : @)
n

where Ep,x symbolizes the total energy of the system incor-
porating the phosphorene substrate and the adsorbed atoms
X. Ep denotes the energy related to the substrate, while ux
signifies the energy of a single, isolated adatom enclosed
within a cubic box of side length 20 A. Last, n quantifies the
number of adatoms present in the system.

We extend our study to evaluate the adsorption energies
of five diverse elements: V, Cr, Mn, Fe, and Al. Here we use
the same supercell in Fig. 3(a) while letting the substrate and
adatoms be fully relaxed, and the quantitative results of these
explorations are presented in the table illustrated in Fig. 3(b).
In this table’s second column, we compute the adsorption en-
ergies of the adatoms within the TGB channel, specified as site
A in Fig. 3(a). These adsorption energies are remarkably high
(|Eqaq] > 2.5 eV), authenticating that the insides of the TGB
channels are suitable for stable adatom trapping. In appraising
the superior localization ability of the TGB, we compare its
adsorption energy to those of atoms adsorbed on the locally
stable sites near the TGB channels [designated as sites A, B,
and C in Fig. 3(a)] and on the pristine phosphorene. Corre-
sponding energy differences are tabulated in the third, fourth,
and fifth columns of Fig. 3(b). For transition metal atoms (V,
Cr, Mn, and Fe), as displayed in the first four rows of the table,
the disparities among these adsorption energy values are in
the order of eV, indicating the predilection of these atoms to
be adsorbed inside the TGB, rather than the nearby locally
stable sites, let alone the regions remote from the TGB region.
Conversely, the adsorption energies of Al are rather gradual

across all sites, exhibiting a mere difference of tens of meV.
Consequently, in the presence of thermal disturbances at room
temperature, transition metal adatoms are expected to remain
localized within the TGB, while Al adatoms may potentially
navigate perpendicularly outside of the TGB channel. It is
worth mentioning that we have conducted tests to determine
whether the cell size, specifically the width, influences the
adsorption energy of atoms on twinned phosphorene. We find
that in our system, the width of the supercell is sufficient, and
the effect of a (doubly) wider cell on the adsorption energy
of atoms on twinned phosphorene could be neglected. Corre-
sponding structures and data are provided in the Supplemental
Material (see Fig. S6) [104].

In light of the compelling evidence that the twinning chan-
nel can robustly capture isolated metal atoms and ensure
their high localization, twinned phosphorene is regarded as
an experimental template for the self-assembly of 1D atomic
chains. An illustration of this coupled system is depicted
in Fig. 3(c), which is the supercell used in the calculations
with periodic boundary conditions where the phosphorous
substrate atoms are represented in red, while the adsorbed
metal atoms are shown in blue. The TGB is spotlighted by
red shading in the top view, and its corresponding side view
is illustrated on the right-hand side, which also indicates that
alternating vacancies are distributed on both sides of the TGB,
as pointed out using the arrows. In a theoretical assumption,
atomic chains could indeed be formed on either or both sides
of the twinned phosphorene film. However, with a mindful eye
towards experimental feasibility and utility, we elect to focus
our attention primarily on the unilateral adsorption model.

In our exploration of 1D atomic chains, we initially fo-
cus on those constituted by 3d transition metal (TM) atoms,
specifically V, Cr, Mn, and Fe. The unpaired electrons from
the d orbital of the TM atom contribute to the net spin of the
system, and the diverse linear arrangement of the TM atoms
within the TGB may engender different stable and easy op-
erational magnetic orders. We investigate these atomic chains
within the supercell shown in Fig. 3(c), which accommodates
four adatoms. These adatoms may arrange themselves into
either ferromagnetic (spin 1111) or antiferromagnetic (spin
1)) configurations. Although only a pair of adatoms would
suffice to illustrate these two magnetic states, we opt for a
larger supercell housing four adatoms to preclude the possibil-
ity of periodic aggregation of atoms within the chains, such as
dimerization or Peierls deformation. To account for the strong
correlations among the d-orbital electrons of TM atoms, we
exploit the GGA 4+ U methods to enhance the precision of
our results. The Hubbard U value, which may vary across
different elements and systems, is determined using the linear
response method [110], as described in Eq. (3):

80{IKS ! day\ !
U= - — 3)
dqr It
In this equation, oclKS and o denote the imposed Hubbard
U potential shifts on site I for self-consistent and non-self-
consistent calculations, respectively, while g represents the
d-orbital electron occupation number of the atom at site I. By

applying this method, we ultimately ascertain the U values
for each type of adatom adsorbed on the twinned phosphorene
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TABLEI. The comparison of energy (meV /atom) between ferro-
magnetic (1111) and antiferromagnetic (1] 1) configurations for
V, Cr, Mn, and Fe, with Hubbard U values scanning from 2.0 to
6.0 eV.

U (eV) A E* (V) A E (Cr) A E (Mn) A E (Fe)
2.00 14.41 29.67 —55.62 14.09
2.50 22.46 30.80 —61.33 9.04
3.00 29.40 27.11 —61.43 —-1.27
3.50 34.02 23.52 —58.64 —9.00
4.00 34.53 20.44 —54.23 —13.36
4.50 32.15 17.60 —49.39 —15.95
5.00 28.95 15.38 —44.12 —17.38
5.50 25.66 13.22 —-39.16 —17.96
6.00 22.24 11.15 —34.54 —18.29
Exclusive U® 34.64 19.59 —45.88 —13.12

AE = Eterro — Eantiferro (meV/atom).

"The Hubbard U value is derived from the linear response method,
and the exclusive values are 3.67, 4.15, 4.83, and 3.96 eV for V, Cr,
Mn, and Fe, respectively.

substrate: U = 3.67 eV for V, 4.15 eV for Cr, 4.83 eV for Mn,
and 3.96 eV for Fe.

We then determine the preferential magnetic configura-
tion of the several atomic chains by comparing the energies
of their ferromagnetic and antiferromagnetic states (AE =
Eterro — Eantiferro) Under GGA + U calculations. Considering
that the selection of the U value for an element can vary
across different studies, we compute the energy difference
with U values scanning from 2 to 6 eV, aiming to ensure
that our results remain unaffected by the choice of U values.
The quantitative data are presented in Table I, where AE
values have been averaged over each TM atom. In the final
row, we calculate the exclusive result for each element using
the U values derived from the linear response method. Our
findings manifest that the energy of the antiferromagnetic
state of the V adsorbed system is 34.64 meV /atom lower than
that of the ferromagnetic state, and the AE value exceeds
that (~26 meV) caused by the thermal disturbance at 300 K,
suggesting it to be a stable atomic chain at room temperature.
Moreover, regardless of the U-value variance, the V atomic
chain consistently maintains an antiferromagnetic state with
lower energy, underscoring the rationality and robustness of
our results. Similarly, the Mn atomic chain exhibits a stable
antiferromagnetic state at any U value, with AE even reaching
45.88 meV/atom at its exclusive U value. Conversely, AE
values are relatively small for the Cr atomic chain, and the
Fe atomic chain does not even exhibit a preferential magnetic
state. As such, these two chains do not demonstrate specific
magnetic stability; thereby, our subsequent study will focus
solely on the V and Mn chains.

As no relative motions of TM atoms with each other (or
dimerization) are found in the above calculations, we reduce
the size of the supercell in Fig. 3(c) by half along the twinning
direction in the investigation of the electronic characteristics
of the two types of atomic chains, aiming to present a clear
band structure with minimal band folding. We first commence
by plotting the spin density difference (ogitt = Ospint — Ospiny)
of the V antiferromagnetic chain, as illustrated in Fig. 3(d),

with the isosurface cutoff value set to be 0.010e/bohr?. We
observe that the V atoms are equidistantly arranged in a
line, with the net spin-polarized charge being highly localized
around them. Figure 3(e) presents the band structure of the
system, where the k path is in accordance with the Brillouin
zone illustrated in Fig. 2(b). The red and black lines separately
represent the spin-up and spin-down components, and they
perfectly overlap with each other. The bands intersect the
Fermi energy, thereby classifying the system as metallic. The
projected DOS, as shown in Fig. 3(h), depicts that the con-
tribution from the TM atoms is concentrated approximately
1.5 eV below the Fermi level. Conversely, the states near
the Fermi energy are predominantly provided by the phos-
phorene substrate, leading to a decoupling of the magnetic
and conductive charges. For the Mn atomic chain exhibit-
ing the ferromagnetic state, a similar analysis is presented
in Figs. 3(f), 3(g), and 3(i). We observe that the net spin
charge also concentrates near the Mn atoms, as depicted in
Fig. 3(f), with a charge isosurface set at 0.025¢/bohr?. The
band and DOS results exhibit a separation of the spin-up
and spin-down charges, which respectively generate indirect
band gaps of 0.70 and 0.23 eV. This asymmetric energy
band structure can be shifted to intersect with its Fermi
level by applying an external biasing or doping with donor
or acceptor impurities, thereby forming a conductor whose
conductivity is contributed solely by the spin-down electrons,
indicating its potential as a modulated 1D spin current system
[111-113].

Beyond the rich magnetic properties displayed by TM
atomic chains, we have discovered multiple CDW configu-
rations in the 1D Al atomic chains, attributable to structural
distortion. Initially, we construct the unit cell, as shown by
the black box in Fig. 4(a), with a single Al atom adsorbed.
Upon sufficient relaxation, the Al atoms are uniformly spaced
at a distance of 5.59 A, a result of the periodic boundary
constraint. Figure 4(b) illustrates the projected band structure
and the DOS of this unit cell, with the k path referenced from
the Brillouin zone in Fig. 2(b). Given that the Al atomic chain
does not possess a net magnetic moment, the spin-up and
spin-down charges are evenly distributed, resulting in a sym-
metric DOS. The system is classified as metallic, as the band
intersects the Fermi energy, and the conducting charge near
the Fermi level is primarily contributed by the Al element.

As established in Peierls theory, a 1D equally spaced
metallic chain may undergo a metal-insulator (semiconductor)
phase transition [114]. This transition is driven by structural
distortion of the lattice, which reduces the total energy by
splitting the band at the Fermi surface. Consequently, we dou-
ble the size of the cell and perform a relaxation calculation at
0 K, with the final structure shown in Fig. 4(c). The Al atoms
exhibit axial dimerization along the chain, where the distances
between adjacent adatoms are alternately 5.37 A and 5.84 A,
doubling the original lattice period, and the corresponding
electronic properties are presented in Fig. 4(d). The energy
of the distorted structure in Fig. 4(c), averaged per Al atom, is
36.7 meV lower than that in Fig. 4(a), and it validates that the
system transitions from a conductor to an insulator, a CDW
transformation primarily attributed to the Peierls mechanism.
In fact, lattice distortions can give rise to multiple CDW states,
since the total energy of the system during lattice distortion is
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FIG. 4. The left-hand column respectively shows (a) the struc-
tures of the uniform Al chain, (c¢) the axial dimerized CDW
configuration, and (e) the shear deformed CDW configuration. The
unit cells used for calculations are denoted by black boxes, and the
blue atoms represent Al adatoms. The distances between adjacent Al
atoms have been measured and indicated in the graph. Correspond-
ingly, the right-hand column [(b), (d), and (f)] displays the calculated
projected bands and density of states (DOS) that correlate with the
structural configurations of the left-hand figures.

affected by two antagonistic effects: the energy increase due
to overcoming the elastic potential, and the energy decrease
due to band splitting. To gain a deeper insight, we extend
our exploration to other possible CDW configurations in Al
atomic chains. As enlightened by discussions of Fig. 2(a),
the adsorption energies of Al adatoms at sites A, B, and C
are closely matched, facilitating the perpendicular slippage of
the Al atom out of the TGB. We construct and identify the one
indicated in Fig. 4(e) as the most stable CDW configuration.
Here, the energy, averaged over each Al atom, is 162.8 meV
lower than that in Fig. 4(a). The electronic information of the
shear CDW state is displayed in Fig. 4(f), further corroborat-
ing the Peierls-type transition theory. In the Al atomic chain
system, we have identified both axial and shear CDW transi-
tion modes, and similar phenomena are also observed in the
iodine atomic chain encapsulated in a carbon nanotube [115].

Although various atomic chains are constructed utilizing
the TGB template, it is of crucial importance to ascertain
their stability at room temperature to facilitate subsequent
research and applications. Prior researches have indicated that
atomic arrangements and velocity distributions derived from
AIMD simulations can be used for calculating phonon spectra
at finite temperatures [116]. Moreover, it has been reported
that the presence of imaginary-frequency modes in materials
at 0 K does not necessarily exist at finite temperatures due
to anharmonic effects [117]. Therefore, we employ AIMD

calculations to verify the dynamical stability by observing
the associated evolution of the atoms and structures. The
following discussions mainly focus on the stability of atomic
motion trajectories and magnetic moments, while the relevant
results on the system temperatures and total energies are pro-
vided in the Supplemental Material as Figs. S7 and S8 [104].
For atomic chains coupled with the twinned phosphorene
template, we perform 5000-step AIMD simulations, maintain-
ing the basic parameters consistent with those in the 300 K
tensile calculation. Besides, we incorporate spin polarization
effects in consideration of the presence of metal adatoms,
and apply the GGA + U method for the TM chains (V and
Mn). The chosen supercell encompasses two metal adatoms,
sufficient to characterize the magnetic orders and the CDW
configurations. To minimize the interaction between adjacent
chains, we double the width of the supercell. Finally, we
assess the structural and magnetic stabilities by evaluating the
fluctuations in atoms’ spatial positions and the total magnetic
moments over time, respectively.

We commence our investigation with the V and Mn atomic
chain systems. The motion of each atom is visualized by plot-
ting its trajectory from both top and side views, as displayed
in Figs. 5(a) and 5(b), with the top and side views presented
on the left and right, respectively. Given the strong binding of
these two elements within the TGB channel, the trajectories
of the atomic chains remain highly localized near their ini-
tial positions throughout the evolution process. Both systems
remain stable, with no evidence of structural transition or
breakdown. It is noteworthy that the trajectory diffusions of
the V adatoms are less pronounced than those of Mn. This
observation matches the adsorption energy calculation results,
suggesting that V atoms (E,qg = —4.24 eV) are more strongly
trapped than the Mn atoms (E,g = —2.66 eV). In Fig. 5(c),
the trajectory of the Al atomic chain indicates that one of the
Al atoms slides outside the TGB, eventually settling in the
adjacent locally stable potential well. At 0 K, it has been pre-
dicted that shear deformation would most significantly reduce
the total energy. The room-temperature AIMD results corrob-
orate this prediction, indicating that the Al chain is likely to
transition from the axial to the shear distorted CDW state.

We proceed with an analysis of the magnetic stabilities
for the V and Mn chains. As per the Mermin-Wagner the-
ory [118], magnetic order is prohibited in isotropic 1D or
2D systems. Consequently, numerous studies have focused
on identifying anisotropic low-dimensional structures that
overcome this limitation and show magnetic orders at finite
temperature, as reported in the Fe and Pt 1D spin chain
systems [34,119], or in the Crl; and Cr,Ge;Teg 2D systems
[120-122]. In light of this, we have performed computations
at 0 K to determine the magnetic anisotropic energies (MAEs)
of V and Mn atomic chains, which are 243 and 73 ueV/atom,
respectively; therefore, it is anticipated that both systems will
preserve their magnetic orders at low temperature. In addition,
the magnetization easy axis for the V system lies along the
direction of the atomic chain (in plane), while for the Mn
system, it is perpendicular to the chain (out of plane). We
then monitor the time-dependent behaviors of the magnetic
moments at 300 K by AIMD simulations. As can be seen from
Fig. 5(d), Mn and V systems separately exhibit a persistent
total magnetic moment of approximately 10 u; (5 uz/atom)
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FIG. 5. [(a)-(c)] The top and side views of the atom trajectories
from the AIMD simulations. The phosphorene atoms from the up-
per and lower layers are represented by green and orange tracks,
respectively, while the adsorbed metal atoms are indicated by blue
tracks. Simulation results for (a) V, (b) Mn, and (c) Al. (d) The
time-dependent evolutions of the total magnetic moments for both
V and Mn systems, as well as the time-dependent variations in the
individual magnetic moments of transition metal atoms within each
system.

and O g, all exhibiting only slight fluctuations, indicating the
TM adatoms can maintain their magnetic moments at room
temperature. It should be emphasized that our focus in this
work is more on the proposal of introducing the template
for the preparation of atomic chains. In addition to the TM
elements discussed in this paper, there are more elements
with strong magnetic anisotropy, such as the 4f TM ele-
ments [123,124]. We will further investigate the atomic chains
composed of these TM atoms on twinned phosphorene in
future work, and hopefully compute the corresponding mag-
netic order phase transition temperatures using Monte Carlo
simulations.

D. The manipulation of the TGB template
and the construction of atomic rings

The twinned phosphorene template has been employed to
construct a unique set of 1D stable atomic chains possessing

distinctive properties. Here we will envision scenarios where
the coupled system of twinned phosphorene and monatomic
chains can be further manipulated and exploited. Research has
revealed that spin chains are profoundly impacted by metal
substrates due to the enhanced coupling effects, while they
can enduringly maintain the intrinsic characteristics on semi-
conductive substrates. Hence we can affix the transferable
phosphorene film onto a metal surface, where the spin chains
exposed to the environment can retain their inherent properties
due to the semiconductor nature of the phosphorene inter-
layer, and the metal substrate serves as a favorable conducting
basis for precise measurements using STM probes. More-
over, the interaction between spin chains and superconducting
materials may lead to the formation of 1D topological super-
conductors and the emergence of Majorana bound states. This
advanced phenomenon can be achieved by directly attaching
the atomic chain to a superconductor’s surface. Beyond the
direct transfer of the atomic chain system, we can construct
a variety of 1D and zero-dimensional (0D) nanoarchitectures
by manipulating the chains, and the corresponding possible
configurations are illustrated in Fig. 6. These nanoarchitec-
tures exhibit immense potential for the creation of a myriad of
innovative low-dimensional structures for applications in the
recently emerging curvilinear nanomagnetism.

As a showcase to demonstrate how the curvature of atomic
chains can effectively change their physical properties, we
consider hypothetical transition metal rings on the surfaces
of twinned phosphorene nanotubes, as shown in Fig. 6(d).
Given the robust stability and high localization of the V and
Mn atomic chains on the TGB, here we directly scroll the
V and Mn chains to create corresponding ring structures, as
presented in Figs. 7(c)-7(f). In the system that encompasses
the twinned phosphorene nanotube and the atomic ring, the
diameter (or curvature) of the nanotube plays a significant
role in affecting the stability. A smaller diameter could desta-
bilize the system due to increased bending tension, while
a larger diameter could potentially weaken the 0D physical
characteristics of the quantum ring, as well as greatly increase
the computation workload. Taking these factors into account,
we investigate the six-ring and eight-ring structures, where
the two types of structures comprise six and eight adatoms,
and are associated with outer diameters of 14.0 and 17.4 A,
respectively.

Figure 7(c) illustrates the constructed V six-ring structure
encircling the TGB of the nanotube. The left-hand graph
presents a frontal view of the system, with the TGB empha-
sized by the blue shading. The six adatoms are coplanarly
arranged, thus forming a precise ring structure. The top view
of the portion highlighted in blue is displayed in the middle
graph of Fig. 7(c), illustrating that the atomic ring is primarily
situated on the surface of the nanotube, albeit with some em-
bedment into the vacancies. The distances between adjacent
adatoms are provided in the right-hand graph of Fig. 7(c),
denoting that the V atoms are uniformly distributed with an
interatomic distance of approximately 6.78 A. To ascertain
the preferential magnetic configuration of the system, we
calculate the energy difference between the ferromagnetic
and antiferromagnetic states (AE = Eferro — Eantiferro). Upon
averaging over each V atom, the value of AE is found to be
6.8 meV /atom. Although the ring system favorably adopts an

104105-11



KUN LIANG AND HONG SUN

PHYSICAL REVIEW B 109, 104105 (2024)

Nanosheet

Twist & —
Crease

Helical

Chiral

FIG. 6. The various approaches for manipulating the 1D atomic chain. (a) A 1D chain on a nanosheet can be fabricated by severing the
monolayer twinned phosphorene along the delineated dotted line. (b) An equidistant helical chain can be configured by scrolling the nanosheet
around a nanotube, with ¢ denoting the angle between the curling direction and the horizontal plane. [(c)—(e)] At ¢ = 0, (d) an atomic ring or
(e) an evolvent-shaped spiral chain can be constructed by circularly scrolling. (f) Another form of a helical spin chain can be constructed by
twisting the two opposing ends of the nanosheet. (g) The chiral spin chain can be produced by inducing a crease into the nanosheet surface,
featuring modifiable spin behaviors by employing an external magnetic field.

antiferromagnetic state, analogous to the 1D V atomic chain,
the relatively small energy difference does not robustly guar-
antee magnetic stability at room temperature. We also apply
this computational method to the V eight-ring system and
present the findings in Fig. 7(d). For this system, AE increases
to 20.8 meV/atom, and the enlarged value significantly bol-
sters the stability of the antiferromagnetic state. Examination
of the middle graph in Fig. 7(d) manifests that the coplanar
positioning of the V atoms persists in this system. How-
ever, adjacent atoms are seen to physically aggregate into
pairs, resulting in new interatomic distances of 5.55 and
7.44 A, as indicated in the right-hand graph of Fig. 7(d).
To discern whether the observed dimerization arises from
the deformation of the substrate, we execute relaxed calcu-
lations for the pure phosphorene tube devoid of adatoms,
and the resulting six-tube and eight-tube structures are de-
picted in Figs. 7(a) and 7(b), respectively. Interestingly, the
distances between adjacent vacancies are identical for both
six- and eight-tube structures, thus ruling out the possibility
of substrate-induced dimerization in the atomic chain. A more
plausible explanation for the observed dimerization invokes a
Jahn-Teller-effect-dominated structural distortion. This effect
aids in expunging degeneracy and breaking symmetry, in turn
augmenting system stability, and a similar phenomenon was
also observed in the carbon rings [125].

In Figs. 7(e) and 7(f), we extend our analysis to the atomic
rings formed by the ferromagnetic Mn atomic chain. The
Mn six-ring structure, shown in Fig. 7(e), exhibits a coplanar
and equally spaced configuration, favoring a ferromagnetic
state characterized by a AE value of —8.2 meV /atom and a

total magnetic moment of 30 u;. Moreover, the Mn eight-ring
structure displayed in Fig. 7(f) presents even more evident
structural dimerization, leading to an enhanced ferromagnetic
state with a AE of —25.5 meV/atom and a total magnetic
moment of 32 ug. In our examination of these atomic rings,
we observed a tendency for adjacent atoms to dimerize as
the ring diameter increases, thereby enhancing both the me-
chanical and magnetic stabilities of the structures. A probable
justification for this behavior is that a smaller ring diameter
gives rise to a considerable magnitude of tension within the
nanotube, and thus the energy reduction facilitated by the
Jahn-Teller-induced structural distortion does not suffice to
counterbalance the accompanying increase in elastic potential
energy. However, when the diameter of the ring enlarges,
the nanotube relaxes, enabling the occurrence of structural
distortion dominated by the Jahn-Teller effect. Overall, our
proposed atomic ring systems are expected to exhibit stable
ferromagnetic and antiferromagnetic states at low temper-
ature, and the detailed electronic information pertaining to
these systems can be found in the Supplemental Material (see
Fig. S9) [104]. However, our work has focused solely on
atomic rings with an even number of atoms. The consideration
of odd-numbered atomic rings comprises more challenges,
where periodic dimerization becomes untenable and antifer-
romagnetic V rings may therefore exhibit more complicated
spin frustration phenomenon [126—128]. Unfortunately, deci-
phering the mechanisms behind this spin frustration cannot be
accomplished directly via density functional theory methods
and thereby necessitates further exploration through alterna-
tive research methodologies.
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FIG. 7. (a) A schematic diagram of a pure phosphorene nanotube with six vacancies on the TGB surface, labeled as “6-Tube.” The left-hand
graph provides a front view where the TGB portion is denoted by blue shading, with its top perspective shown in the middle graph. On
the right, a hexagonal representation details the distances between adjacent vacancies. A similar diagram is illustrated in (b) for the pure
phosphorene eight-tube structure. (¢) The coupled system of the phosphorene tube and a V atomic ring comprising six adatoms, designated
as “V 6-ring.” Here, the blue shading recognizes the TGB associated with the V atomic ring. The hexagon in the right-hand diagram presents
the distances between the adjacent adatoms in the ring, with the value of energy difference between the two contrasting magnetic states
(AE = Eferro — Eaniiferro) computed. Corresponding analytical results are demonstrated for the (d) V eight-ring, (¢) Mn six-ring, and (f) Mn

eight-ring models.
IV. CONCLUSION

‘We propose the twinning-induced transition mechanism in
phosphorene under in-plane stretching at room temperature—
a different evolution from the ferroelastic phase transition
at 0 K. Under such conditions, phosphorene exhibits a con-
tinuously tunable direct band gap with reducing anisotropic
transport features, while still maintaining an exceptional elas-
ticity of over 40%. In particular, the stretch-induced twinned
phosphorene has been confirmed to support the construc-
tion of long-range-ordered, self-assembled one-dimensional
atomic chains due to the presence of twinning grain bound-
aries, which feature one-dimensionally arranged channels
adept at effectively capturing and localizing isolated atoms.
A series of atomic chains has been thoroughly investi-
gated, among which we discover that V and Mn atomic
chains exhibit ferromagnetic and antiferromagnetic orders,
respectively, while Al chains demonstrate CDWs in varying
configurations as a consequence of a Peierls transition. More
importantly, the coupled systems of twinned phosphorene
and atomic chains may exhibit superior transferability and

flexibility, showing potential in fabricating diverse curvilinear
complex structures. An intriguing example from our work
is the construction and analysis of even-numbered atomic
ring systems, where the V and Mn rings demonstrate ferro-
magnetic and antiferromagnetic configurations, respectively,
and both exhibit structural dimerized distortion dominated
by the Jahn-Teller effects. In general, our work advances
the comprehension of phosphorene’s intrinsic mechanical
and electronic properties at room temperature. The twinning
structures emanating from our research significantly broaden
the application of phosphorene as a functionalized nano-
electronic material, highlighting its potential in constructing
linear and curvilinear low-dimensional nanostructures. Fur-
thermore, this work paves new pathways for research of
phosphorene along with its numerous analogs, and establishes
fresh methodologies for the assembly of low-dimensional
nanoarchitectures. This could have a profound impact on the
exploration of low-dimensional quantum and topological phe-
nomena, as well as on the development of miniaturized device
platforms.
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