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Low-dimensional magnetic semiconductor systems remain rare but essential for realizing spintronic devices. Using
first-principles calculations, we discover that MoSI nanowire is a magnetic semiconductor with multi-stability and possesses
arich strain-responsive phase diagram. An axial compressive strain induces a phase transition to a distinct metastable mag-
netic semiconductor phase and an easy magnetic axis swap from the perpendicular to the axial direction. Remarkably,
under an axial tensile strain, the system undergoes a first-order Mott—Hubbard-like phase transition from a magnetic semi-
conductor into a metastable non-magnetic metal phase. This ability to reversibly switch between magnetic semiconductors
with tailored anisotropy, and the strain-tunability of the Mott—Hubbard transition, underscore MoSI nanowire as a highly
promising platform for adaptive nanoelectronics, strain-sensitive magneto-devices, and phase-change applications.
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1. Introduction

Understanding the ground-state properties of ‘materials
and developing strategies to control these properties via ex-
ternal fields represent a central frontier in modern condensed
matter physics and materials science.!'l:Among various con-
trol methods, strain engineering has emerged as a particularly
powerful technique for low-dimensional materials, demon-
strating remarkable effectiveness in continuously tuning prop-
erties such as band gaps, carrier mobility, and magnetism. 47!
However, most current research focuses on continuous prop-
erty modulation within a single structural phase. A more
challenging frontier is to explore systems where strain can
drive qualitative phase transitions starting from a stable ground
state. These transitions include the loss of magnetic order,
metal-insulator transitions, or the reorientation of magnetic
anisotropy.!” 1% Such transitions, if realized in a reversible
and non-volatile manner, could form the basis for a new class
of adaptive nanoelectronics, reconfigurable spintronics, and
phase-change memory devices.

In this context, quasi-one-dimensional (quasi-1D) molyb-
denum chalcohalide nanowires, particularly those in the Mo—
S—I family, have emerged as a versatile platform due to their
unique structural motif, which consists of rigid Mog octahe-
dra interconnected by flexible three sulfur atom bridges.[!!=13]
This architecture imparts remarkable properties, including air
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stability, facile dispersion, and highly anisotropic electronic
transport.['4151 A defining feature of these materials is the
bistability of the Mo—S—Mo bridges. Early experimental and
theoretical studies established that these bridges can adopt ei-
ther acute (~ 90°) or obtuse (~ 150°) bond angles.!'®-??! This
structural flexibility gives rise to unusual mechanical proper-
ties such as accordion-like stretching.!'6:17]

However, previous studies have primarily focused on
smaller building blocks, such as the single-Mog-octahedron

16.17] where the limited number of bridg-

nanowire MogSsIs,!
ing sites (only three S bridges) enforces a global bistability.
In this case, either all bridges are bent or all are straight. In
contrast, the larger Moj,Solg nanowire contains six indepen-
dent S bridges. As we will demonstrate, this increased num-
ber of bridge sites enables the emergence of long-range or-
dered bond-angle superstructures, such as the alternating bent-
straight pattern found in phase II. Such multi-bridge cooper-
ativity, which is absent in smaller Mo—S-I systems, serves
as the structural prerequisite for the rich phase diagram and
strain-switchable magnetism reported here.

Early theoretical work established that the electronic
structure of MoSI nanowires is exquisitely sensitive to
strain.[1®! Extending this to the Moj,Soly system, Yang et al.
demonstrated that the bistable sulfur bridges lead to strain-
tunable electronic phases, including a ferromagnetic semicon-
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ducting state in certain metastable configurations.!!”! Subse-
quent studies have explored the roles of composition, bundling
effects, and valence electron concentration in modulating the

[18-22] Collectively, these works

properties of MoSI nanowires.
demonstrate that strain-induced changes in the Mo-S-Mo
bond angles can simultaneously alter the electronic band struc-
ture and magnetic ordering, revealing an intimate coupling
between structural, electronic, and magnetic degrees of free-
dom. While this seminal work first linked structural distortions
to magnetic ordering,!'®~!8) the magnetocrystalline anisotropy
energy (MAE) — a key parameter for stabilizing long-range
magnetic order in quasi-1D systems and for determining the
ease of magnetization switching — has never been investi-
gated in the MoSI nanowire systems. Moreover, the nature
of the strain-induced metal—insulator transition remained am-
biguous; whether it arises from simple band broadening or
from a Mott—Hubbard-type correlation collapse cannot be dis-
tinguished without explicit treatment of on-site Coulomb inter-
actions. Furthermore, the kinetic barriers separating the mul-
tiple energy minima have never been quantitatively evaluated,
leaving the feasibility of strain-driven reversible switching at
room temperature unknown. In this work, by including spin-
orbit coupling and many-body correlations via the DFT +U
method, we reveal a rich strain-driven phase diagram where
compressive strain swaps the easy axis from. the axial to ra-
dial direction, while tensile strain drives a first-order Mott-like
transition into a nonmagnetic metal.

In this work, we address these questions through compre-
hensive first-principles calculations on Mo12Solg nanowires.
To avoid the complexity introduced by interwire coupling,
which can alter electronic and magnetic properties as shown in

5,201 we focus on isolated nanowires. Our cal-

bundled system:
culations reveal a rich strain-driven phase diagram comprising
three distinct phases, which we denote as phase I (7), the true
ground state phase II (Ar), and phase III (Pyy), corresponding
to the compressed, near-equilibrium, and stretched configura-
tions, respectively. These phases are structurally analogous
to the three local minima of the total energy as a function of
the axial lattice constant reported in earlier studies, namely
the ‘short—short’ (all bridges bent), ‘short-long’ (mixed bent
and straight), and ‘long—long’ (all bridges straight) bridge

(17,181 Using CI-NEB calculations, we quantita-

configurations.
tively determine the energy barriers separating these phases for
the first time, revealing an asymmetric landscape. The barrier
from phase I to phase Il is as low as 0.10 eV, while the reverse
barrier is as high as 0.36 eV, explaining the kinetic accessi-
bility of phase II under zero-strain conditions. Remarkably,
compressive strain drives the system from phase II to phase I,
inducing a dramatic reorientation of the easy magnetization
axis from the direction which is perpendicular to the nanowire
axis to the direction which is tilted ~ 34° from the axial di-

rection and significantly reducing the magnetic anisotropy en-
ergy from 10.30 ueV/Mo to 4.67 peV/Mo. Including spin—
orbit coupling (SOC) is essential to capture this strain-driven
easy-axis switching and the quantitative MAE values; with-
out SOC, these effects would be qualitatively misrepresented.
In contrast, tensile strain triggers a first-order phase transition
to a nonmagnetic metal (phase III, ¢ = 13.80 A), with a bar-
rier of 0.30 eV, while the reverse barrier is 0.23 eV. This abil-
ity to reversibly switch between two distinct magnetic semi-
conductors and a nonmagnetic metal via a single mechanical
stimulus underscores the exceptional functional versatility and
multistability of Mo>Solg nanowires. Furthermore, system-
atic DFT4+U calculations allow us to distinguish the Stoner
spin-splitting mechanism (driving ferromagnetism) from the
Mott—Hubbard gap opening (driving insulation), a distinction
that previous DFT studies could not resolve.

2. Computational methods

We constructed a quasi-1D nanowire with a stoichiome-
try of Mo12S9lg. All calculations were performed within the
density functional theory (DFT) framework as implemented in
the Vienna ab initio Simulation Package (VASP) with the pro-

[23-25] The electronic

jector augmented-wave (PAW) method.
exchange—correlation potential was treated under the Perdew—
Burke—Ernzerhof (PBE) flavor in the generalized gradient ap-
proximation (GGA).[?% A plane-wave cutoff energy of 520 eV
was used. Axial strain was simulated by varying the lattice
constant ¢ along the periodic wire direction. Atomic posi-
tions were fully relaxed until the residual Hellmann—-Feynman
forces were below 0.01 eV/A. A Monkhorst-Pack k-point
mesh[?7] of 20 x 1 x 1 was used for Brillouin zone integra-
tion. The electronic self-consistent loop was converged to
1.0 x 1077 eV. To model one-dimensional nanowires, a tetrag-
onal unit cell with an inter-wire distance of 20 A was used,
ensuring a minimum vacuum gap of ~14 A between neigh-
boring wires. Van der Waals interactions were also examined
using the DFT-D3 (BJ) method!?®! but found to have no sig-
nificant effect on the electronic properties. To quantify the
possible strong electron correlations in Mo 4d orbitals, an on-
site Coulomb repulsion parameter Uggr of 2.3 eV is extracted
and used following the linear-response approach of Dudarev
and Timrov et al.[2%-30]

To evaluate thermodynamic stability, the cohesive energy
E.on per atom is calculated as

(MvoEmo + NsEs + ME1) — Eoral
Nat()m

Econ = ’
and the reaction enthalpy AH per unit length from the reaction
Mogcc + Sg + I, — Mo2S9lg + AH, is defined as

_ EMOBCC + ESg + EIZ - Etotal

AH ,
L

106104-2



Chin. Phys. B 35, 106104 (2026)

where Eyo, is the total energy of Mo12Solg, Eno, Es, and Ey
are the energies of isolated atoms, Emogc, Esg, and Ey, are
the energies of elemental materials, and L is the axial lattice
size. Mvio = 12, Ns = 9, Nt = 9. The reference states for the
elemental constituents are explicitly the body-centered cubic
(BCC) molybdenum metal crystal, an isolated molecule of the
Sg ring, and the gas-phase I, iodine molecule.

To evaluate the magnetocrystalline anisotropy energy
(MAE) and determine the easy magnetization axis, SOC is
explicitly included, and a tighter convergence criterion of
1.0 x 1078 eV is adopted. The MAE is defined and calculated
as the difference per magnetic atom between the maximal and
minimal total energy when spin is aligned along the hard and
easy axes, respectively, i.e.,

Ehard axis — Eeasy axis
NMO

MAE =

Phase transition pathways and energy barriers were eval-
uated using the climbing-image nudged elastic band (CI-NEB)
method.3!! Adopting a constant-strain protocol, the axial lat-
tice constant ¢ of each image is linearly interpolated between
the equilibrium values of the initial and final states and kept
fixed, while only atomic positions are relaxed (transverse
unit cell dimensions fixed at 20 A). Seven intermediate im-
ages were linearly interpolated and relaxed until the maxi-
mum force component perpendicular to the reaction path falls
below 0.01 eV/A. Phonon dispersion calculations were per-
formed using the finite displacement method as implemented
in Phonopy®? with 3 x 1 x 1 supercells.

3. Results and discussion
3.1. Structural motif and multistability

The calculated total energy and axial stress of the
Mo2S9ly nanowire as a function of the lattice constant cpy
are presented in Fig. 1(a). Multiple energy minima are re-
vealed and referred to as the P phase with cqy = 11.40 A,
the P phase with c,, = 12.64 A, and the Py phase with
cnw = 13.80 A. The axial stress vanishes at the three energy
minima (cpw = 11.40 A, 12.64 A, and 13.80 A).

Examining the atomic structures of the three stable or
metastable phases shown in Fig. 1(b), one can see that the Mo
octahedra decorated by S and I atoms and interconnected by
sulfur bridges remain rather rigid, while the sulfur bridges un-
dergo distinct and discrete changes in the Mo—S—Mo angle as
strain is applied along the wire. A summary of the bond an-
gles and Mo-S bond lengths of the Mo—S—Mo sulfur bridges
is given in Table 1. From one energy minimum to another,
the bond lengths changed very little, whereas the bond angles
change discretely between two characteristic values: approxi-
mately 90° for “short” bridges and 150° for “long” bridges.
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Fig. 1. Energy multistability and structural motif of Mo;2S9lg nanowires.
(a) Total energy (right red vertical axis), magnetic moment m (left blue
vertical axis), and axial stress o (left green vertical axis) as a function
of lattice constant. Three energy minima are revealed and referred to as
the A phase (cnw = 11.40 A), Py phase (cnw = 12.64 A), and Py phase
(cnw = 13.80 A). (b) Side and end views of atomic structures of the three
phases. The structural motif is the Mo octahedral which are decorated by
T and S atoms and interconnected with each other by the sulfur bridge.

Table 1. Summary of bond angles and Mo—S bond lengths of the Mo—S—
Mo sulfur bridges for the three phases. For each phase, data for the two
independent bridges in the unit cell are listed separately. Angles and bond
lengths are averaged over all the Mo—S bonds within each bridge.

Phase Bridge type Bond angle (°)  Mo-S bond length (A)
P “Short” 85.6 2.36
“Short” 86.0 2.37
TS-1 “Short” 91.0 2.35
“Short” 97.0 2.35
Pi “Short” 91.3 2.35
“Long” 148.4 2.32
TS-II  “Intermediate” 114.9 2.34
“Long” 145.6 2.32
P “Long” 146.7 2.29
“Long” 146.9 2.31

More interestingly, as shown in Fig. 1(a), nonzero spin
magnetic moments emerge in a wide range of ¢y, Spanning
from the P; phase to the P phase. The magnitude of the spin
moment is approximately 0.9 up per unit cell or roughly 0.1 up
per Mo atom, because the net spin moment arises largely from
the transition metal atoms. This magnetic moment disappears
in the Py phase. As we discuss later in Fig. 3, both the A and
P phases are semiconducting, while the Py phase becomes
metallic. This disappearance of magnetism marks a strain-
driven phase transition between a magnetic semiconductor and
a nonmagnetic metal. Considering that the Py phase contains
only “long” sulfur bridges, whereas the P and P phases each
contain at least one “short” bridge, specifically a “short—short”
configuration in P; and an alternating “short-long” configu-

106104-3



Chin. Phys. B 35, 106104 (2026)

ration in Py, this clear correlation strongly suggests that the
emergence of the spin moment is intimately related to the pres-
ence of the “short” sulfur bridge configuration.

3.2. Thermodynamic and dynamical stability

MoSI nanowires were obtained by direct synthesis of the

elements,[11:33]

it is reasonable to evaluate the thermodynamic
stability of the element reactants. The cohesive energy for all
three phases, estimated using isolated atom reference energies,
is ~ 4.40 eV/atom. The reaction enthalpies are 0.63 eV/A,
0.59 eV/A and 0.53 eV/A for the P, Py and Py phases, re-
spectively. The sizable cohesive energy and positive reac-
tion enthalpy (exothermic reaction) both indicate that MoSI
nanowires in the three phases are rather stable thermodynami-
cally.

To assess dynamical stability, the phonon dispersion rela-
tions were calculated and shown in Fig. 2(a). Importantly, no
imaginary frequencies are observed in any phonon branches in
the three phases, confirming that they are all located in genuine
local minima of the potential surface.

From Fig. 2(a), almost all optical phonon branches from
the low- to high-frequency region of the three phases are flat.
Two transverse acoustic (TA) phonon bands at the bottom also
show no obvious dispersion. What is different between the
phases is the longitudinal acoustic (LA) bands, highlighted
in the black line, which have increasing slope (phonon ve-
locity) from left to right, indicating increasingly deeper po-
tentials from the P to Py phase. This is consistent with the
potential profile in Fig. 1(a) and also.in Fig. 2(b). The ex-
tremely low phonon velocity.and the frequent hybridization of
the acoustic branch with multiple low-frequency optical bands
may imply the possibility of very low lattice thermal conduc-
tivity in this nanowire, which could be promising for thermal
insulating applications such as thermoelectricity, though a full
thermal transport calculation is beyond the scope of this work.

The phase-transition path and kinetic barriers which sep-
arate-the three phases were quantitatively evaluated using the
CI-NEB method and are shown in Fig. 2(b). For both A >
P and Py < Py transitions, the potential landscape is highly
asymmetric. The forward barrier from P to Py is as low as
0.10 eV, while the reverse barrier is 0.36 eV. For the Py <> Py
transition, the barriers are 0.30 eV and 0.23 eV. This asym-
metry explains why Py is readily accessible from A and Py
under zero-strain conditions. The depth of the Py potential
well is much larger than kg7 at room temperature, confirming
that Py is the global ground state and is dynamically and ki-
netically stable. The strain magnitudes of —9.8% and +9.2%
that separate these phases are well within the experimentally
accessible elastic limit of MogSg_ I nanowires, as established
by prior theoretical '®! and experimental 3*! studies of this ma-
terials family.
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Fig. 2.. (a) Phonon dispersion relation and (b) kinetic phase transition
pathways of Mo12S9lg nanowires. Longitudinal acoustic (LA) phonon
branches are highlighted in red line in (a). CI-NEB energy barriers and
transitional structures for the sequential phase transitions are given in (b).

3.3. Electronic band structure

To understand the microscopic origin of the strain-
induced magnetism observed in Fig. 1(a) and the phase transi-
tions discussed above, we now examine the electronic band
structures and density of states (DOS) of the three phases,
as presented in Fig. 3. These results were obtained using
the DFT 4 U method with an effective Hubbard parameter
Ut = 2.3 eV applied to the Mo d orbitals, which properly
accounts for the on-site Coulomb correlation effects of the Mo
4d electrons in these magnetic systems.

It should be noted that the ground-state F; and the meta-
stable P are magnetic semiconductors [Figs. 3(a) and 3(b)],
while Py is a nonmagnetic metal [Fig. 3(c)]. A key feature
of the band structures in both A and Py [Figs. 3(a) and 3(b)]
is the exceptionally flat band dispersion near the band edges.
The electronic states of the top valence band and lowest con-
duction band in these semiconductors are dominantly from Mo
d orbitals, and the magnetic moments arise primarily from the
Mo d,;, dy;, and d orbitals , as seen from the decomposed
DOS on the right panel of Figs. 3(a) and 3(b). In contrast, the
band near the Fermi level in Py [Fig. 3(c)] is quite dispersive
and the electron states are from the hybridization of Mo d and
S p orbitals.

The evolution of the electronic structure across the three
phases reveals a strong relevance between sulfur bridge ge-
ometry and the emergence of magnetism. The presence of
a “short” sulfur bridge (with the Mo—S-Mo angle ~ 90°)
creates an ideal geometry for d—p—d super-exchange interac-

tions. According to the Goodenough—Kanamori rules,3>31 a

106104-4



Chin. Phys. B 35, 106104 (2026)

90° metal-ligand—metal bond angle favors ferromagnetic cou-
pling. The Mo-S—Mo angles of ~ 90° in the sulfur bridges
of P; and Py satisfy this condition, explaining the robust ferro-
magnetism observed in these phases. In contrast, the “long”
bridges in Py (~ 150°) approach a linear geometry, which
suppresses ferromagnetic coupling. To verify this claim, we
performed total energy calculations for both ferromagnetic and
collinear A-type antiferromagnetic configurations for both A
and Ap. The spin alignment between alternating Mo octahedra
is antiferromagnetic in the A-type AFM configuration. The
FM states are lower than the AFM states by at least 20 meV
per unit cell, which is equivalent to a Curie temperature around
30 K in this nanowire system.

The narrow Mo d flat bands (bandwidth W ~ 0.1 eV)
produce a high density of states at the Fermi level, satisfying

Mo—Tot —
Mo—s [l Mo—p I Mo—d

the Stoner criterion (U - DOS(Eg) > 1). This drives sponta-
neous ferromagnetic spin polarization, leading to a small but
finite net magnetic moment (~ 0.1 pug/Mo) — a hallmark of
weak itinerant ferromagnetism. Concurrently, the strong on-
site Coulomb repulsion U (on the order of eV) in this narrow-
band system, where U /W > 1, localizes electrons and opens a
band gap, reminiscent of a Mott—Hubbard insulator. We there-
fore describe the overall metal-insulator transition as Mott—
Hubbard-like (referring to the gap-opening mechanism), while
the magnetic order is understood within the Stoner picture of
weak itinerant ferromagnetism. These two effects synergis-
tically coexist in the P; and Py phases. This instability does
not occur in Py, since its Fermi level lies in the center of a
dispersive band where the value of DOS is very small.
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Fig. 3. Electronic band structures and density of states (DOS) of P (a), Py (b), and Pypy (c) calculated with the DFT + U method (Uegs = 2.3 eV).
For each panel, from left to right: electronic band structure along the nanowire axis, total DOS, atom-decomposed DOS, orbital-decomposed
DOS of Mo atoms, and d-orbital-decomposed DOS of Mo atoms. The Fermi level is set at zero energy and indicated by the dashed line.

The extremely flat Mo d bands (bandwidth W ~ 0.1 eV)
near the band edge and the emergence of a finite magnetic mo-
ment (~ 0.1 pug/Mo) already at the PBE level indicate that
electronic correlations play a dominant role. In such a narrow-
band limit, the kinetic energy is quenched and the system is
driven into a semiconducting state by on-site Coulomb repul-

sion U ~ eV, which is the hallmark of a strongly correlated
Mott—Hubbard-like metal—insulator transition. To quantita-
tively account for the on-site Coulomb interactions of Mo 4d
electrons, we performed DFT + U calculations with an effec-
tive Hubbard parameter Uer = 2.3 €V, as derived from linear-
response theory (see Section 2). The resulting band structures
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and densities of states, shown in Fig. 3, confirm that P and Py
are ferromagnetic semiconductors while Py is a nonmagnetic
metal. Additional tests with Ugg ranging from 0 to 4 eV show
that the semiconducting nature of both A and Py, as well as
the metallic character of Py, and their relative energy order-
ing remain unchanged, further validating the robustness of the
Mott—Hubbard-like interpretation.

3.4. Strain-induced spin reorientation

To gain more insight into the magnetic properties of
nanowires, we calculate magnetocrystalline anisotropy ener-
gies (MAESs) for A and Py. The spin-angle dependence of the
total energy is shown in Fig. 4. Meta-stable P has an MAE of
~ 4.7 ueV/Mo, with its easy and hard magnetic axes at 0 ~
34° and 90° with respect to the axial x-direction, respectively.
Interestingly, the ground-state P has a larger MAE value,
~10.3 peV/Mo, but with its easy and hard axes switched with
respect to Fi. These MAE values are comparable to that of
BCC Fe (~ 4.8 peV/Fe) but substantially smaller than those
of hard magnets such as NdFeB (~ 500 peV/Nd),B”! consis-
tent with the moderate magnetic anisotropy expected for low-
dimensional transition-metal systems.

12 P =
Py

z

Spin
'a
z (NW axis)
-

E (peV/Mo)

o ) . . :
—100 —50 0 50 100
Spin angle 6 (°)

Fig. 4. Total energy of the MoSI nanowire as a function of spin orien-
tation angle 6 in _the magnetic semiconducting P and P phases. The
minimum energy is set to zero as reference. The angle 0 is defined as the
angle between the magnetic moment and the axial (x) direction. Energy
is well fitted by E () = Asin? 6 + Bsin* 6. Meta-stable A has magnetic
easy and hard axes at @ ~ 34° and 90°, respectively, and the ground-state
Py has the easy and hard axes swapped with respect to A.

For both phases, the magnetocrystalline anisotropy en-
ergy follows a unified expression

E(0) = Eg+Asin® 0 4+ Bsin* 0,

where 0 is the angle between the magnetic moment and the
axial direction, which indicates typical uniaxial anisotropy in
both phases. A = —3.75 neV/Mo, B = 7.50 peV/Mo for A,
and A = 8.68 neV/Mo, B = —17.36 peV/Mo for Fj. Clearly,
P has a canted axial magnetic anisotropy, while Py has a per-
pendicular magnetic anisotropy, preferring spin aligned per-
pendicular to the nanowire axis. The sign reversal of A and
B under strain between P and Py implies strain-induced spin
orientation, offering a promising route for spin-reversal stor-
age applications.

4. Conclusion

First-principles calculations reveal that MoSI nanowires
exhibit three distinct strain-responsive phases with a com-
plex energy landscape. The global ground state (P at cpy =
12.64 A) is a magnetic semiconductor. Axial compressive
strain drives a transition from the global minimum (Fy) to a
local minimum (B at ¢y = 11.40 A), switching the magne-
tocrystalline anisotropy from perpendicular to a canted axial
direction, thereby enabling a strain-controllable spin-flip chan-
nel. In contrast, tensile strain induces-a Mott—Hubbard-type
transition from a magnetic semiconductor to a non-magnetic
metal (P at cpw = 13.80 A) through ‘tuning flat bands and
strong electronic correlations. ' These transitions allow a sin-
gle mechanical stimulus to enable strain-switchable spin-
tronics and phase-change memory applications using MoSI
nanowires. Future work should focus on experimental realiza-
tion, interwire coupling in bundled geometries, and multi-field
cooperative control.
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