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A B S T R A C T

Encapsulation within single-walled carbon nanotubes (SWCNTs) provides a route to stabilize quasi-1D confined 
halide fragments derived from layered NiCl2 and to tune their electronic and magnetic responses. Here we 
combine high-resolution STEM/EDS and spin-polarized DFT + U calculations to examine NiCl2 fragments 
confined inside metallic (11,11) SWCNTs. Encapsulated NiCl2 forms structurally continuous confined fragments 
derived from the layered NiCl2 motif, consistent with the extended filling observed experimentally, in which the 
collinear FM configuration is energetically preferred (0 K) within the strongly confined (11,11) reference model, 
while larger diameters bring FM and AFM closer in energy (and can favor AFM), in contrast to antiferromagnetic 
bulk NiCl2 (see SI). Spin-resolved PDOS and band analyses indicate that the pronounced Ni 3d spin-down peak at 
the Fermi level originates from weakly dispersive states, while CNT π-derived bands contribute the dominant 
delocalized channels at charge neutrality. Transport metrics suggest a confinement-related DOS–velocity 
mismatch that suppresses spin-down transport tendencies at neutrality while enabling increased spin-down 
contribution under modest chemical-potential shifts (≈+0.1–0.2 eV). Our results suggest that NiCl2@SWCNT 
provides a case study for exploring how confinement tunes magnetic competition and spin-dependent transport 
tendencies in low-dimensional halide guests.

1. Introduction

Single-walled carbon nanotubes (SWCNTs) provide atomically 
smooth one-dimensional cavities that can host and often stabilize ma
terials unstable in the corresponding bulk form. Their chemically inert 
interiors, well-defined diameters, and quasi-1D confinement make them 
ideal platforms for exploring structural, magnetic, and electronic phe
nomena that may not appear in extended crystals [1–3]. Confinement 
quantizes carrier dispersion, produces van Hove singularities, and en
hances the sensitivity of transport to small shifts in chemical potential 
[4,5]. These effects, combined with tunable host–guest interactions, 
make CNT-based hybrid structures attractive for studying emergent 
magnetic and spin-dependent behavior.

Low-dimensional halides and related reduced-dimensional magnetic 
systems have attracted broad interest because confinement and reduced 

coordination can strongly modify magnetic ordering and electronic 
structure [6–12]. Separately, single-walled carbon nanotubes (SWCNTs) 
are well-established one-dimensional hosts for encapsulating ionic and 
halide-based guests, including one-dimensional crystals and halide/salt 
nanostructures, enabling confinement-stabilized structures and host–
guest electronic effects [13–16,17–19,20,21]. However, despite growing 
interest in confined halide guests, the relationship between CNT 
confinement, magnetic ground-state stabilization, and spin-resolved 
conduction mechanisms remains largely unexplored.

While several studies have examined the encapsulation of metal 
halides and correlated chains inside SWCNTs [13–16,17–19,20,21], 
prior work has focused mainly on structural incorporation and average 
electronic shifts. In contrast, whether confinement can favor a collinear 
FM configuration (0 K) relative to AFM in NiCl2 fragments, and the 
spin-resolved transport mechanisms that emerge from CNT–guest 
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hybridization, have not been addressed. Bulk NiCl2 is an antiferromag
netic insulator [22,23], making the confinement-induced magnetic 
behavior particularly relevant.

More broadly, prior studies of confined halide guests in carbon 
nanotubes have emphasized structural incorporation, charge transfer, 
and average density-of-states modifications. The present work instead 

focuses on how confinement reshapes band dispersion, spatial locali
zation, and spin-resolved velocity contributions, revealing a mismatch 
between DOS and transport tendencies that is not accessible from DOS 
analysis alone.

Here, we present the experimental realization of NiCl2 in detail 
through STEM/EDS data extended with spin-polarized DFT + U theo
retical calculations to show that NiCl2 forms a structurally continuous, 
confinement-stabilized quasi-1D fragment derived from the layered 
NiCl2 motif, consistent with the bilayer-limited configurations observed 
experimentally, inside metallic (11,11) SWCNTs with FM stabilization 
obtained for the (11,11) reference model; additional diameter/chirality 
checks indicate the system lies close to an FM/AFM crossover (see SI). 
Using COHP, Bader, velocity-weighted transport, BoltzTraP2 conduc
tivity, and IPR analyses, we identify a confinement-induced DOS–ve
locity mismatch that suppresses transport from non-dispersive Ni spin- 
down states at neutrality. Modest chemical-potential shifts 
(≈+0.1–0.2 eV) bring more dispersive Ni spin-down bands into the 
relevant energy window, enhancing spin-asymmetric transport ten
dencies within the velocity-weighted/Boltzmann metrics.

Together, these results suggest NiCl2@SWCNT as a case study system 
for studying confinement-stabilized magnetism and spin-dependent 
transport in confined halide fragments, and they further highlight the 
role of CNTs as active hosts that control electronic dispersion, locali
zation, and spin asymmetry.

2. Experimental foundation

NiCl2@SWCNT composites were first obtained experimentally via a 
melt filling approach, following established protocols [17–19,24,21]. 
Synthesis details are provided in the Supporting Information. In order to 
evaluate the results of the filling procedure, the samples of the obtained 
material were subjected to a scanning transmission electron microscopy 
(STEM) investigation with a use of FEI Titan Cubed 80-300 microscope. 
It was operated at 300 kV in STEM mode for high angle annular dark 
field (HAADF) imaging. The accelerating voltage was selected to ensure 
adequate contrast in this mode. Beam damage to the nanotubes, which 
can be significant at 300 kV, was prevented by lowering the electron 
beam current below 200 pA. No degradation of the encapsulated filling 
material was therefore observed during the imaging process. The 
elemental composition was determined by Energy Dispersive X-ray 
Spectroscopy (EDS) using EDAX 30 mm2 Si (Li) detector, having a 
collection angle of 0.13 srad. Spectra were collected from the bundles of 
filled SWCNTs.

Low-magnification STEM imaging shows a high filling degree of the 
SWCNTs (i.e., >80–90%). For most SWCNTs, encapsulation extends 

Fig. 1. (a) STEM-HAADF image of the SWCNTs after the filling procedure. Due to high Z-contrast of the NiCl2 filling, a very high rate of filling can be observed. (b) 
EDS spectrum of the sample with the quantification results for NiCl2 stoichiometry-confirmation. (c) STEM- HAADF image of a single encapsulated NiCl2 nanocrystal 
with measured interplanar spacings and angle.

Fig. 2. Ab initio spin-resolved projected density of states (PDOS) for NiCl2 
confined inside a metallic (11,11) CNT. Red, green, and blue curves denote C, 
Cl, and Ni atoms, with positive and negative axes for spin-up and spin-down 
channels. A sharp Ni 3d spin-down peak at the Fermi level (EF = 0 eV) re
flects a pronounced quasi-1D van Hove–like feature associated with 
confinement-limited dispersion, establishing DOS-level spin asymmetry. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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continuously over several hundred nanometers (Fig. 1a), which is 
clearly visualized in this imaging mode due to the high Z-contrast of the 
NiCl2 filling. The transverse dimensions of the filled nanostructures 
depend on the nanotube diameter and range from approximately 1.5 to 
2 nm. The elemental composition of the filled SWCNTs was verified by 
local EDS analysis of nanotube bundles, confirming the expected NiCl2 
stoichiometry of the encapsulated phase (Fig. 1b). Crystalline NiCl2 
adopts a CdCl2-type layered structure with R-3mH symmetry (Fig. SI2a) 
[25]. STEM observations indicate that the confined structures corre
spond to fragments derived from this layered motif. Structural agree
ment was evaluated by comparing interatomic distances and angles 
measured from the experimental images with literature values for bulk 
NiCl2 [25]. Due to confinement, in the STEM images examined here, no 
more than two NiCl2 layers are observed inside individual nanotubes, 
appearing in different projections. In some cases, two distinct layers can 
be resolved, while in others the layers are rotated such that their pro
jections overlap (Fig. 1c). Based on the latter configuration (Fig. SI2b), a 
preliminary structural model of NiCl2 confined within a single-walled 
carbon nanotube was constructed (Fig. SI2c) and used as the starting 
point for structural relaxation and electronic-structure calculations. 
STEM image simulations based on the relaxed structure (Fig. SI4b) show 
good agreement with the experimental STEM image (Fig. 1c), support
ing the structural consistency of the model. The observed confined 
motifs are also consistent with prior structural analysis of NiCl2 encap
sulated in SWCNTs [20,21], which similarly report bilayer-derived 
configurations. These observations indicate that the theoretical model 
used in this work represents a strongly confined bilayer-derived motif 
that is consistent with the structural motifs observed in the experimental 
STEM images. At the same time, some structural variability is expected 
across the sample depending on nanotube diameter and local filling 
conditions. The present model therefore serves as a representative 
confinement-limited reference structure for examining how strong 
confinement modifies magnetic competition relative to the bulk-like 
coordination limit.

To provide experimental context for the magnetic behavior, bulk 
SQUID magnetometry measurements were performed on the 
NiCl2@SWCNT composites, and the key results are summarized in the 
main text, with full data provided in Supporting Information Section S2. 
The measurements show low-temperature magnetic irreversibility, 
finite but relatively small hysteresis, and a positive Curie–Weiss tem
perature. As an ensemble probe, SQUID magnetometry reflects the col
lective magnetic response of the composite and does not uniquely isolate 
individual confined fragments.

3. Methods

Density-functional theory calculations were performed on an initial 
structural model constructed from experimental STEM observations 
using spin-polarized PBE [26] and PAW potentials [27] as implemented 
in VASP [26,27], including dispersion via D3(BJ) [28] and a Ueff = 4 eV 
correction on Ni 3d states following prior work on NiCl2 halides [29] 
within the Dudarev formulation [30]. Brillouin-zone sampling used a 
Monkhorst–Pack k-point grid [31]. A plane-wave cutoff of 450 eV and an 
(11,11) metallic SWCNT containing a commensurate NiCl2 fragment 
(more details in Supporting Information, Section S3) were used; atomic 
positions were relaxed until forces were <0.01 eV Å− 1. Ferromagnetic 
(FM) and antiferromagnetic (AFM) configurations were initialized 
separately and relaxed independently; unless stated otherwise, reported 
energy differences compare these independently relaxed magnetic 
states. Additional FM–AFM energy comparisons for NiCl2 fragments in 
(10,10), (11,11), (15,15), (17,0) and (18,0) SWCNTs were performed to 
check the variation of magnetic competition across different tube di
ameters, chiralities and U values; (17,0) and (18,0) were evaluated as 
fixed-geometry single-point checks (more details in SI table T1-T6). 
Electronic-structure analyses (PDOS, fat bands, charge-density differ
ences, Bader charges) employed VASPKIT [32], pymatgen [33], and the 
Bader method [34,35]. Bonding interactions were evaluated using 
spin-resolved COHP [36] via LOBSTER [37]. Transport tendencies were 

Fig. 3. (a) Spin-polarized electronic band structures of NiCl2@SWCNT for spin-up (top) and spin-down (bottom) channels along Γ–X. The Fermi level is shown by the 
dashed line. Spin-up bands (CNT π/π*) are dispersive and cross EF, while Ni 3d-derived spin-down bands are comparatively flat near EF, giving rise to the asymmetric 
PDOS as seen in Fig. 2. (b) Element-projected fat-band structures for spin-up (top) and spin-down (bottom) channels. Marker sizes indicate contributions from C 
(blue), Cl (orange), and Ni (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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assessed with velocity-weighted metrics derived from 
non-self-consistent band structures [38–42], while semiclassical con
ductivity was obtained using BoltzTraP2 [43,44]. BoltzTraP2 results are 
reported as σ/τ trends within the constant-relaxation-time approxima
tion; absolute conductivities are not claimed because they require an 
explicit relaxation time τ. Localization and band dispersion were further 
analyzed using the inverse participation ratio (IPR) formalism [45,46].

Full computational parameters, transport theory, IPR formalism, and 
experimental procedures are provided in the Supporting Information.

4. Results — electronic structure

4.1. Spin-resolved projected density of states (PDOS)

The spin-resolved PDOS (Fig. 2) shows a pronounced Ni 3d spin- 
down peak at the Fermi level (EF), characteristic of non-dispersive 
states in the confined NiCl2 fragment. These narrow spin-down states 
dominate the DOS near EF and give rise to a pronounced quasi-1D van 
Hove-like feature associated with confinement-limited dispersion. In 
contrast, the spin-up DOS at EF is weak and largely CNT-derived, 
consistent with the metallic (11,11) host providing the available 
dispersive π and π* channels at charge neutrality. Chlorine contributes 
only modest weight near EF, reflecting its role in Ni–Cl bonding rather 
than conduction.

It is important to note that the PDOS alone does not convey band 
dispersion or transport activity: the large spin-down peak arises from 
localized Ni 3d states with low group velocity. As shown in the following 
sections, these Ni-dominated states are electronically significant but 
become transport-active only when dispersive hybridized bands enter 
the Fermi window under modest chemical-potential shifts. The PDOS 
therefore establishes the spin asymmetry in the electronic structure but 
does not by itself determine the active conduction channel.

4.2. Spin-resolved band structure

The spin-polarized band structures (Fig. 3a) reveal that both spin 
channels exhibit states intersecting EF, but with distinct orbital origins. 
In the spin-up channel, the bands crossing EF are primarily CNT π and π* 
states with clear dispersion, consistent with their high group velocity 
and metallic character. In contrast, the spin-down channel contains 
several Ni-derived states near EF, many of which are weakly dispersive 
and correspond to the localized 3d features identified in the PDOS.

Element-projected fat-band plots (Fig. 3b) confirm that the disper
sive EF crossings in the spin-up sector carry negligible Ni weight, while 
the spin-down states display significant Ni 3d character. This coexis
tence of dispersive CNT states and non-dispersive Ni states explains the 
strong spin asymmetry observed in the PDOS and establishes that, at 
charge neutrality, the CNT provides the dominant delocalized pathways, 
whereas the Ni spin-down states are electronically present but remain 
low-mobility.

4.3. COHP analysis

Spin-resolved COHP (Fig. 4a and b) indicates that bonding near EF is 
dominated by Ni–Cl interactions, with only weak Ni–C contributions, 
and that the bonding framework is essentially spin-independent. The 
observed spin asymmetry is therefore better attributed to differences in 
band dispersion and localization than to spin-dependent bonding; de
tails and sign conventions are provided in the Supporting Information 
(Section S5).

4.4. Charge redistribution, magnetic moments, and anisotropy

Charge-density difference maps (Fig. 5b) and Bader analysis 
(Table 1) show a consistent polar-covalent Ni–Cl bonding pattern, with 
charge depleted from Ni and accumulated on Cl. The CNT carbons 

Fig. 4. (a) Spin-resolved COHP analysis for Ni–Cl interactions in NiCl2@SWCNT. (b) Ni–C interactions in NiCl2@SWCNT. COHP is plotted as − COHP, so positive 
values correspond to bonding contributions and negative values to antibonding contributions relative to EF. For both (a) and (b), spin-up (solid) and spin-down 
(dashed) curves nearly overlap, indicating essentially spin-independent Ni–Cl and Ni–C bonding. The comparable bonding/antibonding distributions indicate that 
the observed spin asymmetry arises primarily from differences in band dispersion and localization rather than from bonding asymmetry.

W. Saeed et al.                                                                                                                                                                                                                                  Carbon 253 (2026) 121429 

4 



remain nearly neutral, confirming minimal host–guest charge transfer 
and supporting the interpretation that the CNT primarily acts as a 
weakly interacting confining host. Despite the charge redistribution, Ni 
atoms retain substantial local magnetic moments (~1.7 μB).

For the strongly confined reference model, total-energy comparisons 
indicate that a ferromagnetic alignment is energetically favored over the 
collinear antiferromagnetic configuration, in contrast to bulk NiCl2 [22,
23]. However, across the tube-geometry sweep the FM–AFM energy 
differences are small and can change sign, indicating proximity to a 
confinement-controlled magnetic crossover. Accordingly, FM is favored 
for the more strongly confined (10,10)/(11,11) models, whereas the 
larger-diameter (15,15) tube favors AFM; zigzag (17,0)/(18,0) 
single-point checks retain an FM preference (SI, Tables T1–T6). Visual
ization of the spin density (Fig. 5c) illustrates the collinear FM spin 

polarization in the converged DFT + U solution along the confined 
fragment.

This magnetic competition is consistent with confinement-induced 
structural distortions that modify exchange pathways. The confined 
fragments retain the edge-sharing Ni–Cl–Ni geometry near ~90◦, where 
antiferromagnetic superexchange is weakened and ferromagnetic con
tributions can become competitive, while more bulk-like coordination 
and angle evolution can strengthen antiferromagnetic tendencies (see 
Supporting Information, Section S3.3). Confinement-induced changes in 
bond angles, Ni–Ni separations, and local coordination therefore pro
vide a structural basis for this confinement-controlled magnetic cross
over. Experimentally, larger-diameter nanotubes may accommodate 
thicker fragments with more bulk-like coordination, consistent with the 
calculated trend toward AFM stabilization as confinement weakens.

Table 1 
A small residual charge imbalance (<0.1 e per formula unit) arises from grid discretization and does not affect the relative trends.

Species N Mean Charge (e) Charge Transfer (lost/gain) (e) Mean Moment (μB)

C 440 3.996 − 0.003 (lost) 0.000
Cl 56 7.347 +0.347 (gain) 0.131
Ni 28 9.367 − 0.633 (lost) 1.650

Fig. 5. (a) Ni magnetic-moment distribution along the quasi-1D fragment/chain. Red arrows indicate the direction of local Ni magnetic moments; arrow length is 
proportional to moment magnitude (μB). (b) Charge-density difference (Δρ = ρNiCl2@SWCNT − ρSWCNT − ρNiCl2) plotted at ±0.001 e Å− 3. Yellow and red 
isosurfaces represent charge accumulation and depletion, respectively. Electrons accumulate on Cl and deplete from Ni, consistent with polar-covalent Ni–Cl 
bonding, while the CNT shows only weak inner-wall polarization. (c) Spin-density isosurfaces (Δρspin = ρ↑ − ρ↓) for NiCl2@SWCNT, plotted at ±0.008 e Å− 3. Cyan 
isosurfaces represent majority-spin density, which is localized on Ni 3d orbitals with minor polarization on Cl atoms. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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To address magnetic anisotropy, we estimated the magnetocrystal
line anisotropy energy (MAE) by including spin–orbit coupling (SOC) for 
the relaxed reference structure at fixed geometry. The easy axis is par
allel to the tube axis (1 0 0), and the MAE is on the order of ~1–2 meV 
per supercell (≈46–64 μeV per Ni); full details are provided in the 
Supporting Information. Our magnetic analysis is therefore limited to 
ground-state energetic competition between collinear FM and AFM 
configurations and the associated anisotropy, rather than a determina
tion of finite-temperature magnetic ordering. Accordingly, we do not 
estimate an ordering temperature (e.g., TC) in this work. Possible non- 
collinear magnetic textures (e.g., canted or spiral states) are not 
explored here; SOC is included only for the purpose of evaluating the 
MAE.

Bulk SQUID magnetometry on NiCl2@SWCNT composites shows a 
nontrivial low-temperature magnetic response (ZFC/FCC irreversibility 
and a positive Curie–Weiss θ; SI Section S2), consistent with net ferro
magnetic exchange tendencies in the composite. Owing to its ensemble 
nature, this measurement does not uniquely assign the signal to the 
confined NiCl2 fragments nor establish long-range ferromagnetic order, 
but it supports the presence of confinement-modified magnetic in
teractions relative to bulk NiCl2.

4.5. Velocity-weighted transport analysis

The velocity-weighted transport function Gs(E) (Fig. 6) reveals that 
at charge neutrality, the spin-up channel dominates the transport ten
dency due to the strong dispersion of CNT π-derived states. In the spin- 

down channel, the Ni 3d states that create the pronounced DOS peak at 
EF contribute little to G↓(E), reflecting their negligible group velocity.

As the chemical potential is shifted upward by +0.1–0.2 eV, 
moderately dispersive Ni spin-down bands enter the Fermi window, 
leading to a marked increase in G↓(E). This crossover is reflected in the 
spin-polarization P(E) (Fig. 7a), which evolves from weakly positive at 
charge neutrality to negative over the +0.1–0.2 eV range. The analysis 
indicates that confinement leads to a situation where CNT-derived 
dispersive states dominate the transport tendency at neutrality, while 
Ni-derived dispersive states become active only under modest chemical- 
potential shifts.

4.6. BoltzTraP2 conductivity along the tube axis

BoltzTraP2 calculations of conductivity per relaxation time (σ/τ) 
along the tube axis (Fig. 8) corroborate the velocity-weighted analysis. 
At μ − EF = 0, σ/τ is relatively low, consistent with the limited contri
bution of dispersive bands near EF. As μ is shifted upward by +0.1–0.2 
eV, σ/τ increases by roughly a factor of two, reflecting the entry of more 
dispersive Ni-derived states into the transport window. Although the 
calculation is spin-summed, the conductivity trend is consistent with the 
spin-resolved picture. This indicates that the confinement-stabilized 
hybrid exhibits a transport response governed primarily by the ener
getic alignment of dispersive bands rather than by the magnitude of the 
DOS alone.

Chemical-potential shifts of 0.1–0.2 eV are accessible in CNT elec
tronic platforms via electrostatic gating, charge-transfer doping, and 

Fig. 6. Element-resolved velocity-weighted transport function (
∑

v2) versus Fermi-level shift for spin-up (left) and spin-down (right) channels. CNT (C) states 
dominate the spin-up transport tendency, while Ni 3d contributions emerge in the spin-down channel near EF. The onset of Ni weight for small positive μ − EF reflects 
entry of more dispersive Ni spin-down states into the transport window.
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Fig. 7. (a) Calculated velocity-weighted transport spin polarization proxy P(E) versus Energy from the velocity-weighted model. P(E) remains near zero below EF and 
becomes strongly negative for small positive μ − EF, indicating spin-down–dominant transport once dispersive Ni 3d states enter the conduction window. (b) Spin- 
velocity contrast (|v↓|/|v↑|) as a function of energy. A pronounced dip near EF indicates reduced spin-down velocity at neutrality, while the ratio approaches unity 
away from EF where both spins contribute comparably—capturing the μ-shift–driven transition from weak to strong spin-down conduction.

Fig. 8. BoltzTraP2-calculated conductivity per relaxation time, σxx/τ (in units of 1018 Ω− 1 m− 1 s− 1), as a function of chemical potential at 300 K. Interpolated (solid) 
and extrapolated (dashed) lines trace discrete BoltzTraP2 data (green). Conductivity increases sharply for small positive μ − EF, indicating entry of dispersive Ni 3d 
states above EF, in agreement with the velocity-weighted analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)
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contact effects [47–50]; here we treat this as a plausible tuning window 
for NiCl2@SWCNT (via CNT-host gating/doping), rather than a 
demonstrated control in the present composite.

4.7. Inverse participation ratio (IPR) analysis

The IPR spectra (Figs. 9 and 10) distinguish localized and delocalized 
states and directly support the transport interpretation. In the spin-up 
channel, states crossing EF show low IPR values, confirming their 
delocalized, CNT-derived character. In the spin-down channel, the Ni 3d 
states at EF exhibit high IPR values, indicating spatial localization and 
explaining their limited transport contribution despite their large DOS.

With increasing energy (+0.1–0.2 eV), spin-down states become 
more delocalized, consistent with the dispersive bands responsible for 
the conductivity increase identified in Fig. 8. At higher energies, the IPR 
rises again, reflecting the reappearance of localized Ni-derived states. 
These results show that the interplay of confinement-stabilized locali
zation and CNT-enabled dispersion underlies the observed spin- 
dependent transport behavior.

5. Conclusion

Encapsulation of NiCl2 inside metallic SWCNTs yields a structurally 
stable confined fragment derived from the layered NiCl2 motif, in which 
magnetic competition is modified by confinement. In the strongly 
confined reference model, the collinear ferromagnetic configuration is 
energetically preferred, whereas increasing the tube diameter drives the 
system toward (or into) an AFM regime (see SI). This behavior contrasts 
with bulk NiCl2, which is antiferromagnetic, and is consistent with 
confinement-modified magnetic competition reported in other low- 

dimensional halide and nanotube-based systems. Spin-resolved elec
tronic-structure analysis shows that the prominent Ni 3d spin-down DOS 
at the Fermi level arises from weakly dispersive, low-velocity states, 
while dispersive CNT π bands provide the dominant delocalized chan
nels at charge neutrality. COHP and Bader analyses further indicate that 
the CNT acts as a weakly interacting yet structurally enabling host, 
largely preserving the intrinsic Ni–Cl bonding environment.

Transport metrics derived from velocity-weighted spectral functions 
and BoltzTraP2 calculations suggest that modest upward chemical- 
potential shifts increase the contribution of more dispersive Ni spin- 
down bands to transport. Localization trends from IPR calculations 
further support this crossover from localized to more delocalized Ni- 
derived states. Together, these results suggest a confinement-related 
link between electronic dispersion, spatial localization, and spin- 
dependent transport. NiCl2@SWCNT therefore provides an experimen
tally grounded case study for exploring spin-asymmetric transport ten
dencies governed by the energetic alignment of dispersive bands in 
confinement-stabilized halide–CNT heterostructures. Future work 
could examine the influence of nanotube chirality and external gating, 
and assess whether related behavior extends to other transition-metal 
halide fragments. Comparable confinement-driven magnetic competi
tion may occur in other divalent halides (e.g., CoCl2 and FeCl2), 
although the relative importance of the underlying exchange pathways 
is likely to depend on the d-electron configuration and the local coor
dination geometry.
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