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Abstract
Inorganic nanotubes (NTs) derived from two-dimensional materials, especially CrI3 NTs, exhibit
promising application in the fields of spintronics and optical nanodevices due to their unique
magnetic and optical properties. Here, the correlation between curvature and formation energy is
systematically investigated for CrI3 NTs with different chiral indices. Further study on the inter-
action between CrI3 NTs and the nested carbon NTs (CNTs) reveals that CNT encapsulation can
significantly improve the structural stability of CrI3 NTs. The CrX3(X= Cl, Br, I) monolayer struc-
ture exhibits axial magnetic anisotropy energy (MAE), with its lowest free energy distributed along
the z-axis. In contrast, CrI3 NTs with a tube radius ranging from 5Å to 28Å show in-plane mag-
netic anisotropy, where the lowest free energy exists in the xy-plane, and the absolute value of the
MAE increases as the curvature increases. When the curvature is greater than 0.11, the absolute
value of MAE is higher than that of the plane. With further exploration of CrCl3 NTs and CrBr3
NTs, it is found that the MAE of NTs with a tube radius within 28Å also increases with the increase
of compressive strain. Through the analysis of symmetry and orbital contribution of MAE, the
physical mechanism behind the differences in magnetic anisotropy is clarified.

1. Introduction

With the rapid global development of informatization and the knowledge economy, the micro–nano
electronic device industry has become a key indicator for measuring a country’s industrial competit-
iveness and comprehensive national strength. Next generation micro–nano electronic devices integrat-
ing the spin and charge properties of electrons have attracted considerable attention [1, 2]. In recent
years, alongside the growing research on micro–nano magnetic systems and two-dimensional (2D) mag-
netic systems [3, 4], magnetic systems induced by geometric bending have emerged as a new and rap-
idly developing branch of modern magnetism [5–7]. Magnetic materials with geometrically curved
surfaces exhibit magnetic effects regulated by their geometric shapes, thereby giving rise to novel mag-
netic interactions [8]. Curvature influences the magnetic properties of materials: curved geometries can
induce the Dzyaloshinskii–Moriya interaction (DMI) in materials, which is critical for the design of
new-type magnetic devices. Studying the magnetism induced by geometric bending and clarifying how
shape affects the magnetic behavior of magnetic materials enables better control of magnetic anisotropy.
Research on curved magnetic systems holds implications for the development of ultra-fast, energy effi-
cient memories, logic devices, and sensors based on the principles of spin orbit electronics and magnon-
ics. It also opens new avenues for mechanically flexible geometrically curved structures in spintronics,
spin orbit electronics of curved magnetic systems, and soft robotics [6, 7].

Progress in the research on curved magnetic systems relies on the development of relevant exper-
imental technologies. Sanchez et al [9] reported a novel method combining glancing angle deposition
(GLAD) of organic molecules with the vertical growth of inorganic materials. The resulting thin films
retain the distinctively clear tilted columnar microstructure characteristic of GLAD, with inorganic
materials embedded within the columns. Pacheco et al [10] focused on focused electron beam-induced
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deposition a direct write nanofabrication technique to pattern three dimensional magnetic nanostruc-
tures with a resolution comparable to the characteristic magnetic length scale. Fomin et al [11] demon-
strated that radially magnetized microhelical coils exhibit two distinct motion modes under parametric
magnetic field excitation, driven by the interaction between magnetic torque and damping torque. Wang
et al [12] grew MoS2 on the outer surface of carbon nanotubes (CNTs) to prepare high-performance
energy materials, yielding stable MoS2 NTs. Tiwari et al [13] also fabricated a molybdenum disulfide
(MoS2) shell on the inner core of molybdenum carbide (Mo2C) NTs. Caha et al [14] successfully pre-
pared CNT encapsulated CrI3 NTs in experiments. Kaneda et al [15] achieved Janus WSSe/WSe2 het-
erostructure nanoscrolls with adjustable diameters by controlling the number of layers; notably, nano-
scrolls with small-diameters (30 nm) exhibited strong polarization dependence. By investigating CrS2 NTs
and CrTe2 NTs, Li et al [16] found that the strain gradient in the NT wall layers can also induce radial
polarization, endowing the NTs with both magnetic and polar properties.

The CrX3 monolayer magnet exhibits a significant magnetothermal effect along with notable strain
tunability [17]. Applying compressive strain can substantially boost this magnetothermal response by
increasing the overall magnetic moment while simultaneously lowering the Curie temperature. Under
tensile strain, the magnetic sequence can transform from antiferromagnetic to ferromagnetic. The
ground state of Zr2N MXene without strain is essentially antiferromagnetic, but when the applied strain
is greater than 4%, the magnetization state of Zr2N MXene tends to be ferromagnetic [18].

The magnetic anisotropy of lanthanide complexes can transition between easy axis and plane
configurations [19]. This behavior arises from the remodeling of free energy associated with molecu-
lar properties, which is induced by the progressive redistribution of states with varying compositions,
thereby endowing the material with directionally switchable characteristics. Some compounds may
exhibit various types of magnetic anisotropy, which can be influenced by external stimuli such as tem-
perature, magnetic fields, and pressure [20]. Consequently, the magnetic anisotropy of certain materials
should be deliberately tailored to achieve a specific configuration. Recent first-principles calculations have
further advanced the study of the curvature strain energy relationship in CrI3 NTs. Strain induces a dir-
ect spin-up and indirect spin-down bandgap in CrI3 NTs, resulting in anisotropic optical properties and
anomalous optical dispersion within the visible spectrum, providing a platform for applications in spin-
tronics and optical nanodevices [21]. Non-collinear spin polarized density functional theory (DFT) has
been employed to determine the flexible magnetic coupling coefficients in magnetic CrI3 NTs, revealing a
significant influence of spin orbit interaction on curvature induced anisotropy [22]. Safi et al [23] calcu-
lated the magnetic anisotropy energy (MAE) of CrI3 bilayers, showing that CrI3 BL has an out-of-plane
easy axis which remains unchanged over the entire applied strain range, with most of the contribution to
the perpendicular magnetic anisotropy coming from iodine atoms.

Despite significant progress in experiments and theories, research on magnetism in geometrically
curved structures still faces challenges. Within the framework of DFT, curvature disrupts translational
symmetry. The study of NTs often requires large periodic supercells containing hundreds of atoms;
moreover, calculating DMI involves spin orbit coupling (SOC) and non-collinear magnetism, making
this a complex task. Additionally, to enhance the feasibility of experimentally preparing curved magnetic
systems, theoretical calculations can screen suitable candidate materials by evaluating thermodynamic
and kinetic stability. However, in this study, due to the large number of atoms in the NTs, calculations
of kinetic stability was not conducted. In terms of theoretical calculations, computational simulations of
magnetic NTs are still mostly limited to the CrI3 system. Further research on more systems is needed to
deepen understanding of the interactions induced by curved geometries, thereby facilitating the construc-
tion of stable, high-performance magnetic NTs with strong anisotropy.

Studying the stability and MAE of ferromagnetic CrX3 NTs with different curvatures is conducive
to the design and fabrication of next generation high-performance micro–nano spintronic devices. The
study of 2D magnetic material NT stability is a complex and challenging field. For single-walled CrI3
NTs, theoretical calculations show that when the NT diameter exceeds 45 Å, the average strain energy per
molecular formula can be reduced to below 50meV which is a key condition for forming a stable curved
magnetic system [24]. Currently, experiments have successfully prepared CNT encapsulated CrI3 NTs,
indicating that CNT encapsulation can enhance the stability of CrI3 NTs. MAE refers to the difference
in a material’s ability to be magnetized along different directions, which is crucial for magnetic storage
devices and spintronic applications. Chirality affects the physical properties of magnetic NTs and is also
closely associated with MAE. Gaining in-depth insight into the relationship between chirality, curvature,
and MAE not only enhances understanding of magnetic interaction models but also guides the design of
magnetic systems with specific magnetic properties. For instance, optimizing the MAE of NTs by adjust-
ing their curvature enables precise control of the magnetic state.
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Table 1. CrBr3 NTs structural parameters (armchair type (n,n)).

System Radius (Å) Lattice a= b (Å) Average bond length (Å) Average bond angle (◦)

CrBr3 (6,6) 10.66 32.328 2.493 99.6
CrBr3 (8,8) 14.21 40.923 2.498 98.0

Table 2. CrCl3 NTs structural parameters (armchair type (n,n)).

System Radius (Å) Lattice a= b (Å) Average bond length (Å) Average bond angle (◦)

CrCl3 (6,6) 10.03 31.029 2.334 99.7
CrCl3 (8,8) 13.37 40.853 2.337 98.4

This study addresses the lack of a stability theory for CrI3 NTs by using first-principles calculations
to evaluate how encapsulation within CNT affects their structural and magnetic stability. Encapsulation
significantly lowers the adsorption energy of CrI3 NTs, enhancing their stability through favorable inter-
actions with the CNT. The research systematically explores how tube diameter, chirality, and carbon
coatings influence both stability and MAE. The findings show that MAE increases with curvature, sur-
passing that of planar CrI3 when curvature exceeds 0.11. Similar trends are observed in CrCl3 and CrBr3
NTs under compressive strain. The study attributes these effects to symmetry changes and orbital con-
tributions, offering insight into how geometric bending enhances magnetic anisotropy. These results
provide a theoretical foundation for designing stable, high-anisotropy magnetic NTs and extend the
approach to other 2D magnetic materials. The work supports future applications in energy storage, con-
version, and magnetic nanotechnology.

2. Computational methods andmodels

2.1. NT constructionmodel
The layered structure of the bulk CrX3 unit cell was optimized using the Perdew Burke Ernzerhof (PBE)
functional. As shown in figure 1(a) the equilibrium geometry of CrI3 yields cell vectors (a= 6.938Å,
b= 6.941Å) in good agreement with experimental values (a= 6.867Å, b= 6.867Å) [25]. The angles are
α= 90◦, β = 90◦, γ = 120◦. The NT radius is defined as:

R=
a

2π

√
n2+ nm+m2. (1)

As shown in figures 1(d) and (c), CrI3 NTs with different chiral indices, where n and m are the
chiral indices, (n,0) zigzag and (n,n) armchair types. The resulting NTs are shown in the figure below,
with α= 90◦, β = 90◦, γ = 90◦. One stable configuration for the planar heterostructure is achieved by
matching a 1× 1 CrI3 monolayer with a

√
7×

√
7 graphene supercell; the other is achieved by matching

a
√
3×

√
3CrI3 monolayer with a 5× 5 graphene supercell [26, 27]. Based on this matching, NTs were

constructed. Heterostructures with smaller tube diameters were selected for the first-principles calcula-
tion of adsorption energy. The MAE of CrI3 NTs with different diameters was calculated and compared
with that of the planar structure.

As shown in figure 1(b) the lattice parameters (a= 6.440Å, b= 6.440Å) are in good agreement
with the published theoretical result of CrBr3 monolayers (a= 6.306Å, b= 6.306Å) [28]. The angles
are α= 90◦, β = 90◦, γ = 120◦. As shown in figure 1(g), CrBr3 NTs are armchair types. The structural
parameters of CrBr3 NTs (armchair type) is listed in table 1. The angles are α= 90◦, β = 90◦, γ = 90◦.
The Cr–Br bond length (2.520Å) matches the theoretical value of CrBr3 monolayers (2.52 Å) [29] and is
close to the experimental bulk value (2.52 Å) [30]. The Cr–Br–Cr angle is calculated to be 95.1◦, which
is consistent with other literature data [31].

As shown in figure 1(c) the lattice parameters (a= 6.053Å, b= 6.053Å)) are slightly larger than the
experimental bulk value (a= 5.959Å, b= 6.114Å) [32]. The angles are α= 90◦, β = 90◦, γ = 120◦. As
shown in figure 1(h), CrCl3 NTs are armchair types. The structural parameters of CrCl3 NTs (armchair
type) is listed in table 2. The angles are α= 90◦, β = 90◦, γ = 90◦. The Cr–Cl bond length (2.357 Å)
is consistent with the value of bulk CrCl3 (2.36 Å) [33]. The Cr–Cl–Cr angle is calculated to be 95.7◦,
which is consistent with other literature data [34].

2.2. Computational details
We performed the ab initio simulations within the DFT [35, 36] framework using the Vienna ab ini-
tio simulation package [37–40]. Exchange correlation interactions were treated with the generalized
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Figure 1. Structural construction of CrX3. (a), (b) and (c) correspond to planar structure of CrI3, CrBr3 and CrCl3. (d), (g), and
(h) correspond to CrI3 NTs, CrBr3 NTs, and CrCl3 NTs with a chiral index of (6,6), respectively. (e) The CrI3 NTs with a chiral
index of (6,0). (f) Heterostructure of (3,3)CrI3NT@(24,6)CNT.

gradient approximation within the PBE formulation [41, 42]. The full potential projected plane wave
framework [43, 44] was used with an energy cut-off of 600 eV for the plane wave basis set. We optim-
ized the structure until the force on each atom was smaller than 1.5× 10−2 eVÅ−1 and the energy con-
vergence reached up to 10−6 eV/atom, using the conjugate gradient method. The Brillouin zone was
sampled using the Monkhorst–Pack scheme using a 1× 1× 4 k-point mesh for atomic and electronic
relaxations. A comparison of strain energy in CrI3 NT structural optimizations with and without the
Hubbard U parameter revealed that the U value does not significantly affect the strain energy [24]. In
the DFT+U formalism, the Coulomb repulsion has minimal impact on the fundamental band gap
value and edge composition. Therefore, U was not included in the structural optimizations performed
in this study. Structural optimization was performed using DFT-D3 van der Waals correction. Compared
with antiferromagnetic NTs, ferromagnetic NTs have lower energy [14], so all NTs studied in this paper
are set to the ferromagnetic state.

2.3. Stability criterion
The formation energy of the CrI3 NTs is calculated as:

E(CrI3NT) = Etotal− nCrECr−mIEI. (2)

The strain energy refers to the energy difference between the CrI3 NTs and its planar counterpart, where
CrI3 is the formation energy of CrI3 monolayer.

E(strain) = ECrI3NT − ECrI3plane. (3)

The adsorption energy is calculated as:

Eads = Esubstrate+adsorbate− Esubstrate− Eadsorbate (4)

where Etotal is the total energy of the NT, nCr is the number of Cr atoms, mI is the number of I atoms,
Eads is the adsorption energy of the CNT, Esubstrate+adsorbate is the total energy of the heterostructure,
and Esubstrate and Eadsorbate are the total energies of the individual isolated structures. Effective formation
energy of interaction for a CNT encapsulated CrI3 NTs is defined as:

E(CrI3NT@CNT) = E(CrI3NT)+ Eads (5)
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Figure 2. (a) Formation energy of CrI3 NTs with a chiral index of (n,n). (b) The differential charge density map of
(3,3)CrI3NT@(24,6)CNT. Yellow represents the electron accumulation regions, and cyan/green represents the electron deple-
tion regions.

where E(CrI3NT) is the formation energy of the CrI3 NTs. The magnetic anisotropic energy was calcu-
lated using first-principles methods with SOC by comparing the total energies for different magnetiza-
tion directions. The MAE is defined as the energy difference between the magnetization aligned along
the xy-axis and the z-axis,

MAE= Exy − Ez (6)

where Exy is the total energy when magnetic moments are aligned in the xy-plane, and Ez is the energy
along the z-axis. A negative MAE indicates in-plane easy axis (xy-plane), consistent with the table, while
a positive value of MAE indicates that the z-axis is the easy axis of magnetization

The relationship between curvature and radius is as follows,

κ=
1

R
. (7)

3. Results and discussion

3.1. CNT encapsulation enhancement
We calculated the formation energies of CrI3 NTs with chiral indices ranging from (3,3) to (14,14), cor-
responding to tube radii of 5–28Å. When we use a 1× 1 supercell of the monolayer CrI3 on a

√
7×

√
7

supercell of graphene system, the planar adsorption energy is −11.5meV per Cr atom. We roll it into
(3,3)CrI3NT@(24,6)CNT using the method, the adsorption energy is −52meV per Cr atom. Similarly,
we roll it into (5,0)CrI3NT@(22,11)CNT NTs using the method, the adsorption energy is −56meV
per Cr atom. These results indicate that the (5,0)CrI3NT@(22,11)CNT configuration is more favorable
for stabilizing CrI3 NTs than (3,3)CrI3NT@(24,6)CNT configuration. Notably, the adsorption energy
between NTs is nearly five times that of planar structures, confirming a stronger adsorption effect in the
NT system. Thus, the effective formation energy of CNT wrapped CrI3 NTs is lower than that of planar
CrI3. The formation energy of single-wall CrI3 NTs is higher than that of the planar CrI3 structure in
figure 2(a). When the tube diameter is less than 10Å, even though carbon tube coating can reduce the
formation energy of CrI3 NTs, the formation energy of CNT coated CrI3 NTs is still higher than that
of their planar structure. Therefore, under this condition, compared with the planar structure, CrI3 NTs
cannot exist stably. When the tube diameter exceeds 10Å, the formation energy of CrI3 NTs encapsu-
lated by CNT becomes lower than that of their planar structure. Under this condition, we consider that
CrI3 NTs can exist stably.

Beyond stability analysis based on formation energy, differential charge density maps of CNT coated
CrI3 NTs reveal interfacial charge transfer with its intensity directly correlated to both adsorption energy
magnitude and structural stability. Figure 2(b) illustrates the in-plane charge distribution and structural
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Table 3. The tube diameter of CrX3 (X= Cl, Br, I), MAE, formation energy of single wall CrX3, and easy-axis direction of CrX3. A
positive MAE value indicates that the energy of the x-axis is higher than that of the z-axis, while a negative MAE value means the energy
of the x-axis is lower than that of the z-axis. ‘z’ denotes that the easy-axis direction is the z-axis, and ‘xy-plane’ represents that the
easy-axis direction lies in the xy-plane.

System Radius (Å) MAE (meV/Cr) Formation energy (eV/Cr) Easy axis

CrCl3-plane / 0.035 −11.215 z-axis
CrCl3(6,6) 10.03 −0.020 −11.131 xy-plane
CrCl3(8,8) 13.37 −0.018 −11.204 xy-plane
CrBr3-plane / 0.219 −9.870 z-axis
CrBr3(6,6) 10.66 −0.135 −9.777 xy-plane
CrBr3(8,8) 14.21 −0.119 −9.849 xy-plane
CrI3-plane / 0.860 −8.400 z-axis
CrI3(3,3) 5.84 −0.950 −7.819 xy-plane
CrI3(4,4) 7.78 −0.959 −8.064 xy-plane
CrI3(5,5) 9.73 −0.831 −8.185 xy-plane
CrI3(6,0) 6.74 −0.574 −8.012 xy-plane
CrI3(6,6) 11.68 −0.751 −8.253 xy-plane
CrI3(7,7) 13.62 −0.674 −8.294 xy-plane
CrI3(8,0) 8.99 −0.536 −8.158 xy-plane
CrI3(8,8) 15.57 −0.665 −8.320 xy-plane
CrI3(9,9) 17.51 −0.596 −8.339 xy-plane
CrI3(10,10) 19.46 −0.554 −8.352 xy-plane
CrI3(11,11) 21.40 −0.525 −8.362 xy-plane
CrI3(12,12) 23.35 −0.500 −8.370 xy-plane
CrI3(13,13) 25.29 −0.491 −8.376 xy-plane
CrI3(14,14) 27.24 −0.482 −8.380 xy-plane

matching between CNT and CrI3 NTs. Obvious charge redistribution occurs at their interface, electron
density increases on the CrI3 NTs surface while decreasing on the CNT surface, indicating electron trans-
fer from CNT to CrI3. The electronegativity of I atoms is 2.66, which corresponds to the main distribu-
tion of the yellow region in the figure 2(b), indicating a significant tendency to gain electrons. The elec-
tronegativity of carbon atoms in CNT is 2.55, slightly lower than that of I atoms. Therefore, the C atoms
exhibit electron-loss characteristics in the interface region. The electronegativity of Cr atoms is 1.66,
which is significantly lower than that of I and C atoms. However, since Cr exists in the +3 oxidation
state in CrI3, the ionic bond characteristics of Cr result in a weak degree of electron transfer, leading to
no obvious electron-gain or electron-loss behavior. More significant charge transfer leads to stronger
interfacial interaction and a larger absolute value of adsorption energy. From the spatial distribution
range and intensity of charge density, distinct electron rearrangement at the interface confirms strong
adsorption capacity and tight structural bonding. This charge transfer reduces the total system energy
and enhances the interfacial pinning effect, thereby endowing CNT coated CrI3 NTs with high stability.

We extended this model to Cr trihalides (CrX3(X = Cl, Br, I)). Calculations show that in table 3: for
planar CrX3, formation energy increases with the atomic number of the halide; for CrX3 NTs, forma-
tion energy decreases with increasing tube diameter, approaching that of planar CrX3 as the diameter
tends to infinity. Given that relatively unstable CrI3 NTs can be stabilized by CNT wrapping, we infer
that CrBr3 and CrCl3 NTs can also achieve stable structures via CNT wrapping. While molecular dynam-
ics simulations and phonon spectroscopy are standard techniques for stability evaluation, we did not
apply them to CrI3 NTs. This is because larger CrI3 NTs diameters though improving stability toward
that of planar structures require more atoms in the simulation system, leading to excessive computa-
tional resource consumption. Overall, this study demonstrates that reducing formation energy via CNT
wrapping is a theoretically viable strategy for enhancing the stability of CrI3 NTs.

3.2. Correlation between curvature andMAE
MAE is a pivotal parameter governing the magnetic ground state stability and spin manipulation per-
formance of low dimensional magnetic materials. Its magnitude and anisotropy mode directly dictate
the storage density and operational efficiency of nanospintronic devices. As shown in table 4, the cal-
culated values of the magnetic anisotropy of CrI3, CrBr3, and CrCl3 are compared with the published
values. For monolayer systems, theoretical results are consistent with experiments within error bars, veri-
fying the reliability of our computational method. For NTs, no direct experimental MAE data exists,
but our curvature-dependent MAE trend aligns with the experimental finding that CNT encapsulation
enhances magnetic stability of CrI3 NTs [14]. The negative MAE values (in-plane anisotropy) for NTs
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Table 4.MAE comparison.

System This work (meV/Cr) Published MAE (meV/Cr)

CrCl3 monolayer 0.035 0.025 [17]
CrBr3 monolayer 0.219 0.160 [17]
CrI3 monolayer 0.860 0.804 [17]
CrI3 (6,6) NTs −0.751 −0.740 [19]

differ from positive MAE (axial anisotropy) of monolayers, which is attributed to curvature-induced
orbital hybridization rearrangement. CrX3 NTs exhibit pronounced size dependence, chirality depend-
ence, and curvature sensitivity in their MAE in table 3.

As shown in figure 3(d) the absolute value of MAE for CrI3 (n,n) NTs as a function of curvature
κ. When κ> 0.11 (radius < 9.09 Å), the absolute MAE of NTs exceeds that of the planar CrI3
(0.860meV/Cr), indicating shape-induced magnetic anisotropy enhancement. This trend is attributed
to curvature-driven orbital hybridization and SOC strengthening. This unique magnetic response arises
from the synergistic interplay between structural stability and curvature effects. In-depth elucidation of
its intrinsic mechanism holds significant implications for advancing low-dimensional magnetism research
and guiding nanospintronic device design.

3.2.1. Curvature effect: the core driver of MAE variation and anisotropy transition
The Cr sublattice separates into two groups of Cr atoms strictly located on the C atoms or C hexagons
of the encapsulating CNT. This arrangement between CrI3 and graphene suppresses the degeneracy of
Cr3+ ions in the AB alternation. Upon rolling into a NT, CrX3 retains its core symmetry, the highest
symmetry direction is along the NT axis. The xy-plane, perpendicular to the z-axis, possesses in-plane
rotational symmetry, making all in-plane directions symmetry equivalent. When the magnetic moment is
aligned along the z-axis, the crystal field, orbital hybridization, and local environment differ from those
within the plane. Due to the equivalence of all directions within the xy-plane, the energy change upon
rotating the magnetic moment within the plane is minimal, resulting in an MAE close to zero within the
plane.

The crystal field of planar CrI3 causes the splitting of the dxy, dxz, and dyz orbitals as shown in
figure 3(a), and the SOC further enhances the dominant role of these orbitals in the MAE. The curved
surface structure of CrI3 NTs with large curvature as shown in figure 3(b) introduces strong structural
distortion, which changes the crystal field environment of Cr atoms. The SOC effect of the dxy orbital is
greatly enhanced, and it shifts from a positive contribution in the planar structure to a strong negative
contribution in the NT structure, thereby dominating the magnetic anisotropy of the system. The struc-
ture of NTs with small curvature as shown in figure 3(c) is closer to that of the planar structure. Thus,
the orbital contributions are more dispersed. The dominant role of dxy is weakened, while the contri-
butions of dyz, dz2 , and dx2−y2 begin to emerge, and the overall strength of the MAE is also significantly
reduced.

As an intrinsic structural parameter of NTs, curvature directly governs the numerical evolution and
mode transition of MAE by reconstructing electronic orbital hybridization, modulating SOC strength,
and altering magnetic moment alignment patterns. When the tube diameter falls within 5–28Å, high
curvature drastically disrupts the hexagonal symmetry of planar CrX3, inducing two distinct magnetic
effects. On one hand, curvature drives directional hybridization of Crd-orbitals and Xp-orbitals along
the z-axis, leading to a far higher degree of electron cloud localization along the NT axis than in the
radial direction. According to the minimum energy principle, magnetic moments tend to align along the
z-axis where electron localization is strongest, yielding the easy axis magnetic anisotropy defined along
the z-axis in figure 4(a) and the xy-plane, which is fundamentally distinct from the easy planar behavior
of planar CrX3 in figure 4(b). On the other hand, high curvature causes Cr–X bond angles to deviate
from the equilibrium values of planar structures, enhancing the SOC effect of Cr atoms. Notably, for the
heavy halogen I, its robust SOC property further amplifies this curvature induced MAE enhancement,
resulting in a monotonic increase in the absolute MAE as curvature rises. This trend holds across CrCl3,
CrBr3, and CrI3 systems, confirming the universal regulatory role of curvature in MAE.

When the diameter of CrI3 NTs exceeds 28 Å, their curvature decreases significantly, the axial direc-
tionality of orbital hybridization weakens, and the directional preference of electron localization disap-
pears accordingly.

Simultaneously, the magnetic moment alignment mode transitions from axial easy axis orientation to
radial inward distribution, forming a vortex like closed magnetic structure. This reduces the total energy
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Figure 3. The orbital contribution of MAE of Cr atoms in the CrI3 plane (a), the CrI3(3,3) NTs (b), and CrI3(6,6) NTs (c),
respectively. MAE of CrI3 (n,n) NTs and the MAE of the CrI3 plane is shown in plot (d).

Figure 4. The magnetic anisotropy shape of the planar CrI3 (a), and CrI3(6,6) NTs (b), respectively.

and drives the net magnetic moment toward zero. During this transition, the absolute MAE undergoes a
change at the critical tube diameter corresponding to the magnetic ground state. When the diameter is
smaller than the critical value, the magnetic moment remains oriented along the z-axis, and the absolute
value of the MAE increases as the curvature increases. For diameters larger than the critical value, mag-
netic moments adopt radial inward distribution, and the absolute MAE increases as curvature decreases.
Eventually, as the tube diameter approaches infinity, the MAE rises to match that of planar CrI3, with
the magnetocrystalline anisotropic shape transitioning from easy axis to easy plane. The result indicates
that the curvature can regulate the MAE of CrI3 NTs.
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3.2.2. Chirality effect: dominated by curvature uniformity
With the same number of constituent atoms, the MAE discrepancy between (n,0) and (n,n)CrX3 NTs
stems from chirality induced non-uniform curvature distribution and varying degrees of lattice dis-
tortion. For (n,n)-type NTs, atoms are uniformly packed on the tube wall, and curvature maintains a
uniform distribution along the circumferential direction. This induces consistent and substantial distor-
tion of Cr–X bonds, fully enhancing z-axis directional hybridization and the SOC effect. For (n,0)-type
NTs, atoms adopt a periodic zigzag packing, and curvature alternates along the circumferential direction.
Local lattice distortions offset one another, weakening the directionality of orbital hybridization and the
SOC strength. This chirality induced structural difference directly results in the absolute MAE of (n,0)-
type NTs consistently being lower than that of (n,n)-type NTs. This rule is independent of halogen type,
further confirming the fine-tuning role of curvature uniformity in MAE.

4. Conclusion

In summary, this study demonstrates that CNT encapsulation significantly enhances the stability of CrI3
NTs by reducing their effective formation energy. Furthermore, a distinct correlation is observed between
curvature and MAE in ferromagnetic CrX3 (X= Cl,Br, I) NTs. The variation in the MAE of CrX3 NTs
stems from the synergistic effect of NT structural stability and curvature. CrX3 monolayers exhibit axial
magnetic anisotropy. The absolute value of MAE of CrX3 NTs increases as the curvature increases. When
the curvature is greater than 0.11, the absolute value of MAE is higher than that of the plane, accom-
panied by shape induced magnetic anisotropy. As the tube radius approaches the planar limit, the MAE
gradually converges toward the value of the corresponding planar structure. This reduction in MAE
is attributed to curvature induced strain, symmetry lowering, and orbital hybridization arising from
changes in electronic structure. These findings offer valuable insights into the structural stability and
magnetic behavior of 2D material-derived NTs, thereby advancing their potential for applications in
nanoscale spintronics and energy conversion technologies.
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