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Abstract

The search for novel one-dimensional (1D) materials with exotic physical proper-
ties is crucial for advancing nanoelectronics and spintronics. Here, we perform a
comprehensive high-throughput, first-principles study to explore the vast land-
scape of 1D transition-metal chalcogenides and halides. Starting with 6,832 can-
didate structures derived from 28 metals and 8 non-metals, we systematically
evaluated their thermodynamic stability by comparing the formation energies of
1D chains against competing 2D phases, mimicking thermodynamic selectivity
during nucleation. This screening identified 210 stable 1D magnetic chains. Fur-
thermore, representation learning models revealed that chemical stoichiometry
and the electron affinity of the non-metal element are key factors governing 1D
stability. The stable materials exhibit a rich spectrum of properties, including
diverse magnetic orders (FM, AFM) and Luttinger compensated antiferromag-
netism in MnTe. We discovered 20 ferroelastic chains, with FeTe showing a
giant magnetostriction of -5.57%. Other emergent phenomena include Charge
Density Wave (CDW) chains in FeTe and NiSe. Finally, our findings propose
concrete platforms for quantum applications, such as the predicted realization
of Majorana zero modes in a ferromagnetic CrCI2 chain on a superconducting
NbSe2 substrate.
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Abstract

The search for novel one-dimensional (1D) materials with exotic physical prop-
erties is crucial for advancing nanoelectronics and spintronics [?]. Here, we per-
form a comprehensive high-throughput, first-principles study to explore the vast
landscape of 1D transition-metal chalcogenides and halides [?]. Starting with
6,832 candidate structures derived from 28 metals and 8 non-metals, we system-
atically evaluated their thermodynamic stability by comparing the formation
energies of 1D chains against competing 2D phases, mimicking thermodynamic
selectivity during nucleation. This screening identified 210 stable 1D magnetic
chains. Furthermore, representation learning models revealed that chemical sto-
ichiometry and the electron affinity of the non-metal element are key factors
governing 1D stability. The stable materials exhibit a rich spectrum of proper-
ties, including diverse magnetic orders (FM, AFM) and Luttinger compensated
antiferromagnetism in MnTe [?]. We discovered 20 ferroelastic chains, with
FeTe showing a giant magnetostriction of -5.57% [?]. Other emergent phenom-
ena include Charge Density Wave (CDW) chains in FeTe and NiSe [?]. Finally,
our findings propose concrete platforms for quantum applications, such as the
predicted realization of Majorana zero modes in a ferromagnetic CrCl, chain on
a superconducting NbSe, substrate [?].
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Introduction

Two-dimensional (2D) van der Waals (vdW) layers have garnered increasing at-
tention in the past two decades, yielding a growing family with diverse physical
properties [?], such as magnetism [?], charge density waves (CDWs) [?], and
strong correlation effects. Although interlayer interactions in 2D materials are
typically considered non-covalent, many properties exhibit strong layer-number
dependence due to electronic hybridization of out-of-plane states between layers,
known as covalent-like quasi-bonding [?]. In one-dimensional (1D) vdW chains,
such coupling occurs in two transverse directions, leading to enhanced geomet-
ric and electronic anisotropy, stronger chain-number dependence, and thus more
fruitful inter-chain stacking flexibility and tunability. Moreover, the 1D geomet-
ric characteristic intrinsically reduces coordination numbers of atoms, which
amplifies thermal and quantum fluctuation effects [?] and highlights effects aris-
ing from interfacial contacts. Furthermore, strong quantum confinements in
1D substantially suppress the kinetic energy, leading to largely enhanced elec-
tronic correlations. Importantly, the reduced dimensionality of 1D systems also
renders them more tractable for theoretical modeling, enabling more direct com-
parisons between experimental observations and exact or near-exact models. As
such, 1D vdW materials provide a compelling platform for exploring correlated
quantum phases, such as Luttinger liquid, Mott insulating states, and magnetic
orders, bridging long-standing gaps between condensed matter theory and ex-
periments [?].

Magnetism is the most historical, widespread, and readily observed correlated
phenomenon in solids [?]. Although some magnetic chains were theoretically
predicted [?], the experimental realization of 1D vdW chains has proven ex-
ceptionally challenging. For a given composition, the 1D and 2D structures
compete with each other, and the 2D counterpart usually has better thermal
stability, obscuring the presence of 1D chains [?]. A straightforward strategy
for the experimental preparation of 1D magnetic chains lies in preventing the
presence of 2D flakes in a spatially confined space. Carbon nanotubes have been
used to construct these confined spaces, in which CrX; and CrX, (X=Cl/Br/I),
and VTe (n=1,2,3) single-atomic chains were very recently synthesized [?][?].
For free-standing vdW magnetic chains, the first demonstration was achieved
very recently in CrCl; chains, in which a tunable chemical potential strategy
was employed to stabilize the 1D structure at the initial growing stage [?]. In
the CrCly case, the 1D vdW chain exhibits a free energy lower than that of
an edge unit of its 2D monolayer counterpart, highlighting the importance of
comparing 1D and 2D free energies across the entire chemical potential range
in theoretical predictions [?].

However, no previous prediction has considered free-energy. Even without con-
sideration of free-energy, a high-throughput calculation on likely 1D magnetic
chains is surprisingly missing. Here, we performed a high-throughput DFT sur-
vey of over 6,000 candidate 1D transition-metal chalcogenide and halide chains.
Thermodynamic ranking against competing 2D polymorphs yielded 210 stable
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magnetic chains. Machine-learning analysis shows that stoichiometry and an-
ion electron affinity chiefly govern stability. The resulting set features diverse
FM and AFM orders including a Luttinger-compensated AFM MnTe chain, 20
strongly magnetoelastic chains (e.g., FeTe, —5.6% magnetostriction), several
CDW systems, and a CrCl, chain on NbSe, predicted to host Majorana zero
modes, offering concrete platforms for quantum-device applications.

Results and Discussion

Our high-throughput computational workflow, detailed in Figure 1 [Figure 1:
see original paper|, was designed to systematically explore the vast chemical
space of 1D transition-metal chalcogenides and halides. In the initial step, a
combinatorial library of 6,832 candidate structures was generated. To assess
their viability, we performed a rigorous thermodynamic stability analysis. The
formation energy of each 1D chain was calculated across a range of non-metal
chemical potentials and benchmarked against the formation energies of com-
peting 2D polymorphs (with 1:2 and 1:3 stoichiometries) and elemental bulk
phases. A 1D chain was deemed thermodynamically stable only if it repre-
sented the ground state within a specific interval of the chemical potential.
This critical step, which mimics the thermodynamic selectivity that governs
experimental synthesis during nucleation, allowed us to filter the vast initial
pool down to 210 unique, thermodynamically stable 1D chains. The magnetic
ground states of these stable chains were diverse, comprising 40 ferromagnetic
(FM), 43 AB-type antiferromagnetic (AFM), 25 AABB-type AFM, 4 AFM-Half,
and 98 non-magnetic (NM) materials (see Fig. 1(b)).

Fig. 1. High-throughput computational workflow for the discovery of stable
1D magnetic materials. (a) Nine distinct structural polymorphs of 1D chains
considered in the screening process. Each row displays the top view (left),
perspective view (middle), and side view (right) for a given phase, which are
labeled from 1 to 43. The coordinate axes are shown in the bottom left. (b)
A schematic of the three-step computational screening methodology. Step 1
outlines the high-throughput generation of 6,832 unique infinite 1D chains from
a library of elements and phases, followed by structural relaxation. Step 2
describes the thermodynamic stability analysis, where formation enthalpies are
computed to construct a stability phase diagram. Step 3 illustrates the final
filtering process, resulting in 210 predicted stable 1D magnetic chains, with a
summary of their magnetic ground states.

To visualize the landscape of these stable materials, we consolidated our findings
into a comprehensive periodic table-style plot, as shown in Figure 2 [Figure
2: see original paper|. This plot serves as a roadmap, detailing the stable
stoichiometries, magnetic ground states, and stability windows for combinations
of 28 transition metals and 8 non-metals. Several clear and chemically intuitive
trends emerge from this map.
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First, a strong periodic trend is evident. The 4th-period transition metals (Sc
to Zn) are the most prolific in forming stable 1D chains, and they host the vast
majority of the magnetic materials discovered. This suggests that the localized
nature of 3d orbitals is particularly conducive to forming stable, low-dimensional
magnetic structures. In contrast, while the 5th and 6th-period transition metals
also form a considerable number of stable chains, a larger fraction of them are
non-magnetic. This trend is exemplified by the Group 12 elements (Zn, Cd,
Hg), whose chains are exclusively non-magnetic due to their completely filled
d-shells, which preclude the formation of local magnetic moments.

Fig. 2. A summary map of the predicted stable 1D M-X compounds, their
properties, and stability windows. The compounds are arranged in a periodic
table format, with transition metals (M) forming the columns and non-metal
elements (X) forming the rows. Each colored cell corresponds to a predicted
stable compound. The number within a cell indicates the chemical ratio, while
the superscript symbol denotes the magnetic ground state (FM, AB, AABB,
AFM-Half, or NM) as defined in the legend on the left. The background color
of each cell specifies the thermodynamic stability range as a function of the
chemical potential of element X, as detailed in the legend at the bottom.

Second, the choice of the non-metal anion plays a crucial role. We observe a re-
markable trend where fluorides (F) form at least one stable 1D chain with every
single transition metal studied. Chlorides (Cl) also exhibit a high propensity for
forming stable chains. This suggests that the high electronegativity and small
ionic radii of early halogens are highly effective at stabilizing the 1D morphol-
ogy, likely through the formation of strong, highly ionic bonds. As one moves
down the halogen or chalcogen groups (e.g., from F to I, or O to Te), the number
of stable chains generally decreases, indicating that larger, less electronegative
anions are less effective at stabilizing these low-dimensional structures.

Third, the material’ s stoichiometry is intimately linked to the chemical poten-
tial of the synthesis environment. As shown in Figure 2, 1:1 (MX) chains tend
to be stable under non-metal-poor conditions, where there is a relative scarcity
of anion atoms. Conversely, 1:4 (MX,) chains are predominantly stable un-
der non-metal-rich conditions, where an abundance of anions favors structures
with higher metal coordination. This intuitive result provides a direct recipe
for experimental synthesis: tuning the partial pressure or concentration of the
non-metal precursor can selectively target different 1D stoichiometries. Further-
more, we identified several materials, primarily with 1:1 and 1:4 stoichiometries,
that are stable across the entire range of the non-metal chemical potential (in-
dicated by the ‘All' stability range). These materials, such as Til,, Zrl,, and
MoCly, are exceptionally robust and should be the most readily synthesizable
in freestanding form.

To move beyond qualitative trends and identify the fundamental electronic and
structural descriptors governing stability, we employed a machine learning (ML)
approach. This investigation was motivated by the question: what makes a
1D chain thermodynamically stable? Using the results of our high-throughput
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screening as a training dataset, we developed a Random Forest classification
model to predict whether a given chain is stable. The initial features included
elemental properties such as atomic number, density, atomic radius, electron
affinity (EA), ionization energy (IE), and Pauling electronegativity (PE), along-
side the chemical ratio (stoichiometry).

The feature importance analysis, shown in Figure 3 Figure 3: see original paper,
reveals a clear hierarchy of factors. The single most important feature, with an
importance score exceeding 35%, is the chemical ratio (Ratio). This is physically
intuitive, as stoichiometry dictates the fundamental crystal structure, coordina-
tion environment, and bond saturation, which are the primary determinants
of cohesive energy. Following stoichiometry, the next most important features
are properties of the metal atom (_1), including its density (Dens_1), atomic
number (AN_ 1), and atomic radius (ratom_ 1). These features are all strongly
correlated and collectively represent the size and core electronic structure of the
cation. For the non-metal anion (_2), electron affinity (EA_2) emerges as the
most critical descriptor. This highlights the crucial role of the anion’ s ability
to accept charge from the metal, indicating that the degree of ionic bonding is
a key stabilizing force.

Fig. 3. Feature importance and correlation analysis for the machine learning
model of 1D material stability. A legend at the top defines the abbreviations
for the elemental properties used as features. (a) Relative feature importance
in the trained classification model. The bar chart indicates the percentage
importance of each descriptor, with the chemical ratio (Ratio) identified as the
most significant predictor. (b) Point-biserial correlation coefficients between the
input features and the material stability target. The bars represent the nature of
the correlation, where blue bars indicate a negative correlation (a higher feature
value corresponds to instability) and red bars indicate a positive correlation.

To understand the directionality of these influences, we performed a point-
biserial correlation analysis between the top features and the stability target,
with results shown in Figure 3(b). We found a strong negative correlation be-
tween stability and both the Ratio and the metal’ s atomic number (AN_1).
The negative correlation with Ratio confirms that higher-stoichiometry chains
(e.g., 1:4 vs. 1:1) are generally less likely to be stable across the entire dataset.
The negative correlation with AN__1 quantitatively confirms the trend observed
in Fig. 2: heavier transition metals from the 5th and 6th periods are less likely
to form stable 1D chains than their 4th-period counterparts. Conversely, we ob-
serve a strong positive correlation between stability and the non-metal’s electron
affinity (EA_2), ionization energy (IE_2), and electronegativity (PE_2).

All three features point to the same physical principle: a non-metal that strongly
attracts and binds electrons is far more likely to form a stable 1D chain. This
ML result perfectly explains the universal stability of fluoride chains seen in
Fig. 2, as fluorine possesses the highest electron affinity and electronegativity of
all elements. These ML-derived insights provide powerful, quantitative design
rules for the experimental discovery of new 1D materials.
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The 210 stable chains provide a rich playground for discovering exotic quan-
tum phenomena. Our detailed analysis revealed several compelling systems,
highlighted in Figure 4 [Figure 4: see original paper].

Among the chains with an AABB magnetic configuration, we identified FeTe
and NiSe as intrinsic CDW systems (Fig. 4(a, b)). In their primitive 1x2 unit
cells, both chains are metallic. However, upon expanding to a 1x4 supercell,
they spontaneously undergo a Peierls transition. This electronic instability,
characteristic of 1D metals, is driven by Fermi surface nesting, which allows
the system to lower its total energy by opening a band gap at the Fermi level.
This electronic transition is coupled to a periodic lattice distortion, resulting in
the 1x4 structural periodicity. Notably, this CDW formation coexists with the
underlying AABB magnetic order, indicating a complex interplay between the
charge, lattice, and spin degrees of freedom in these materials.

Fig. 4. Atomic structures, electronic properties, and magnetostriction of exem-
plary 1D van der Waals magnetic materials. (a, b) Atomic structures of FeTe
and NiSe chains, which form 1x4 Charge Density Wave (CDW) superstructures.
(¢, d) Side and top views of the atomic and magnetic structure of a 1D MnTe
chain. The red and blue arrows on the Mn atoms denote the spin orientation,
characteristic of a Luttinger compensated antiferromagnet. (e) The calculated
electronic band structure for the MnTe chain, with spin-up and spin-down chan-
nels shown. (f) A schematic illustrating magnetostriction by comparing the
lattice parameter of a ferromagnetic (FM) chain to that of an AABB-type anti-
ferromagnetic chain. (g) A chart of calculated magnetostriction coefficients ()
for various 1D materials. (h, i) An illustration of a heterostructure, showing the
top view of a ferromagnetic CrCl2 chain on a NbSe2 bilayer and isolated views
of the CrCI2 chain.

In our survey of AB-type antiferromagnets, MnTe emerged as a particularly
unusual case (Fig. 4(c, d)). Its calculated band structure (Fig. 4(e)) displays
a distinct energy splitting between spin-up and spin-down bands, even though
the net magnetization is zero, a feature not found in conventional collinear
antiferromagnets. A detailed symmetry analysis revealed that the MnTe chain
possesses a reduced structural symmetry compared to other 1:1 chains, with
the key feature being the absence of any symmetry operation (like inversion
or a two-fold rotation) that connects the two spin-polarized Mn sublattices.
This broken symmetry lifts the spin degeneracy of the energy bands, leading
to a state known as Luttinger-compensated antiferromagnetism. This property
makes MnTe a promising material for spintronic applications that exploit spin-
polarized currents without generating stray magnetic fields.

Given their structural softness, 1D chains are expected to exhibit strong coupling
between lattice and spin degrees of freedom. We quantified this by calculating
the magnetostriction coefficient (A), defined as the percentage change in lattice
constant when switching the magnetic ground state from AABB to FM (Fig.
4(f)). As shown in Figure 4(g), we discovered giant magnetostriction in several
1D chains. The FeTe chain exhibits a colossal A of -5.57%, while CoSe shows
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a value of -3.67%. These values are more than an order of magnitude larger
than that of the archetypal magnetostrictive material Terfenol-D (~0.2%). This
exceptionally large response signifies a massive change in physical dimensions
driven by a change in magnetic order, identifying these AABB chains as fer-
roelastic. In a ferroelastic material, there are multiple stable lattice distortion
states (here, associated with different magnetic orders) that can be switched by
an external field (here, a magnetic field). These 1D chains represent a new class
of nanoscale ferroelastic materials with potential applications in ultra-sensitive
magnetic sensors and actuators.

Finally, we explored the potential of these 1D magnetic chains for topologi-
cal quantum computing. A leading proposal for realizing Majorana zero modes
involves creating a heterostructure of a ferromagnet and an s-wave superconduc-
tor. We identified the ferromagnetic CrCl, chain on a superconducting NbSe,
substrate as an ideal candidate. Our calculations show that a freestanding
CrCl, chain is thermodynamically stable under Cl-poor conditions and is fer-
romagnetic. As shown in Figure 4(h, i), when this chain is placed on a NbSe,
monolayer, the most stable configuration involves the Cr atoms adsorbing on
the Se-top sites. Crucially, the chain remains robustly ferromagnetic in this
heterostructure, with a large local magnetic moment of 3.7 B per Cr atom.
This prediction provides a concrete, experimentally feasible vdW platform for
realizing topological superconductivity and braiding Majorana modes, paving
the way for fault-tolerant quantum computers.

Conclusions

In conclusion, we have performed a comprehensive high-throughput, first-
principles investigation to systematically explore the stability and properties
of 1D transition-metal chalcogenides and halides. By developing a rigorous
screening protocol that benchmarks the thermodynamic stability of 1D chains
against competing 2D phases, we have successfully identified 210 unique,
thermodynamically stable 1D magnetic chains from an initial pool of over
6,800 candidates. This work establishes the largest validated database of
such materials to date, providing a crucial and expansive resource for future
theoretical and experimental exploration.

Beyond the creation of this materials library, our study provides fundamental
insights into the governing principles of 1D stability. The analysis, visualized in
a comprehensive periodic-table map, reveals clear design rules related to elemen-
tal periodicity and anion chemistry, while our machine learning models quanti-
tatively confirmed that chemical stoichiometry and the electron affinity of the
non-metal anion are the two most dominant factors. These findings offer pow-
erful, predictive capabilities for the targeted synthesis of new one-dimensional
materials.

The rich portfolio of stable materials discovered hosts a remarkable spectrum of

chinarxiv.org/items/chinaxiv-202507.00254 Machine Translation


https://chinarxiv.org/items/chinaxiv-202507.00254

ChinaRxiv [$X]

emergent quantum phenomena. We identified the coexistence of Charge Density
Waves and AABB antiferromagnetism in FeTe and NiSe, uncovered Luttinger-
compensated antiferromagnetism in MnTe, and, perhaps most strikingly, discov-
ered a new class of 1D ferroelastic chains. These chains, such as FeTe, exhibit
colossal magnetostriction coefficients (e.g., -5.57%) that are orders of magni-
tude larger than conventional materials, signifying an exceptionally strong spin-
lattice coupling.

Ultimately, this work serves as both a comprehensive atlas and a predictive
guide for the experimental community. The materials identified—from the fer-
roelastic chains suitable for nanoscale sensors and actuators to the promising
CrCl, /NbSe, heterostructure for hosting Majorana zero modes in topological
quantum computers—offer concrete and validated platforms to bridge the gap
between theoretical prediction and experimental realization. We anticipate that
our findings will significantly accelerate the discovery and application of novel
1D quantum materials in next-generation electronics and quantum technologies.

Methods

Calculations were performed using the generalized gradient approxi-
mation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form for the
exchange-correlation potential [?], the projector augmented wave (PAW)
method [?], and a plane-wave basis set as implemented in the Vienna

ab-initio simulation package (VASP) [?][?].  Grimme s semi-empirical
D3 scheme for dispersion corrections (DFT-D3) was adopted to de-
scribe van der Waals (vdW) interactions [?].  To investigate the fa-

vored magnetic configurations of the freestanding 1D chains, supercells of
18x1x 2011 x 1 x4wereemployed, dependingontheperiodicityo fthespeci ficmagneticordering. Allstructureswe:
siteCoulombinteractions, the DE'T+Umethodwasappliedtothe3dorbitalsofV,Cr, Mn, Fe, Co,andNi[?].Thee
of fof700eVwasused fortheplanewavebasissetinallcalculationsinvolvingthe freestandingchains, andauni for
pointgrido fdensity9.6/"{-1}$ was used to sample the first Brillouin zones.
To determine the magnetic ground state, we considered several magnetic
configurations, the scope of which depended on the stoichiometry. Specifically,
for 1:1 chains, we investigated FM, NM, and three AFM states (ABAB, AABB,
and AFM-Half). For other stoichiometries, the set was limited to FM, NM,
ABAB, and AABB configurations. All structures were fully relaxed for each
considered magnetic state. Formation enthalpies (H) for finite single chains and
2D flakes were calculated following the formula used in a previous publication

7).

To quantitatively identify the key factors governing thermodynamic stability,
we employed a Random Forest (RF) classifier model [?]. The model was trained
on a dataset derived from our high-throughput DFT calculations, using a set of
24 initial features—including chemical ratio and fundamental elemental proper-
ties—to predict a binary ‘Stable’ or ‘Unstable’ label for each material. The
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implementation of the model and its parameters, such as handling class imbal-
ance with class {weight}= ‘balanced’ , were based on the scikit-learn library [?].
To ensure statistical robustness, we evaluated the model using a stratified 5-fold
cross-validation scheme [?] and repeated this entire procedure 50 times with
different random seeds. The final feature importance scores were determined by
averaging the Gini importance values, a standard metric in Random Forests [?],
across all trained models (5 folds x 50 repeats), providing a reliable measure of
each feature’ s contribution to predicting stability.
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