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Abstract. The structural and electronic proper-
ties of armchair stanene nanoribbons (ASnNRs)
doped with iron (Fe) atoms were systemati-
cally investigated using density functional the-
ory (DFT) calculations. A comprehensive first-
principles analysis was performed, including cal-
culations of formation energy, optimized struc-
tural parameters, electronic density of states
(DOS, PDOS), band structure, and spatial
charge density distribution. Various Fe doping
configurations were considered, including single-
atom substitutions at the top-1Fe and valley-1Fe
positions, as well as two-atom doping in the or-
tho, meta, and para configurations, and a 100%
substitution model where Fe and Sn atoms al-
ternate. The pristine ASnNR was found to be
non-magnetic with a band gap of 0.26 eV . Upon
Fe doping, most configurations exhibited semi-
conducting behavior with narrow band gaps for
instance, 0.24 eV in the valley-1Fe configura-
tion, and down to 0.24 eV and 0.14 eV in the
ortho case indicating potential for application in
infrared radiation sensors. In other configura-
tions, the band gap was reduced nearly to zero.
Additionally, all doped systems exhibited signif-
icant magnetic moments, with the highest value
of 11.3 µB observed in the 100% Fe-doped struc-

ture. These results suggest promising potential
for Fe-doped ASnNRs in future spintronic and
nanoelectronic device applications.

Keywords: Stanene nanoribbons; Fe doping
stanene; Electronic properties; Magnetic prop-
erties; Spintronics.

1. Introduction

Nanoribbons are a class of one-dimensional (1D)
nanomaterials characterized by a narrow width
in the nanometer scale and a length extend-
ing up to several micrometers [1]. Structurally,
nanoribbons exhibit properties that lie at the
intersection between two-dimensional (2D) and
1D materials [2], resulting in a range of unique
and enhanced characteristics. These include ex-
ceptional electrical conductivity, high mechani-
cal strength, and pronounced quantum confine-
ment effects [3]. Commonly studied nanorib-
bons include graphene nanoribbons (GNRs), sil-
icene nanoribbons, and more recently, stanene
nanoribbons. These materials have attracted
considerable interest for applications in electron-

© 2025 Journal of Advanced Engineering and Computation (JAEC) 81



VOLUME: 9 | ISSUE: 2 | 2025 | JUNE

ics, optics, sensors, and energy storage technolo-
gies. Notably, nanoribbons not only retain many
of the superior properties of their corresponding
2D forms but also offer tunability through varia-
tions in shape, size, and fabrication methods [4].

Stanene, a monolayer of tin atoms arranged
in a honeycomb lattice analogous to graphene
and silicene, represents an emerging 2D material
with distinctive electronic and insulating prop-
erties [5]. Among its most remarkable character-
istics is its potential as a topological insulator at
room temperature, featuring robust edge states
immune to non-magnetic impurities [6]. Addi-
tionally, stanene exhibits Dirac-like electronic
behavior, enabling high carrier mobility and tun-
able bandgaps, along with excellent thermoelec-
tric properties attributed to its large thermoelec-
tric coefficient qualities that suggest promising
applications in thermoelectric energy conversion
devices [7].

To enhance or modify stanene’s intrinsic prop-
erties, techniques such as adsorption and doping
have been extensively employed. Adsorption,
involving the attachment of atoms, molecules,
or ions onto the surface of stanene, can pro-
foundly alter its electronic, magnetic, and op-
tical properties. For example, gas adsorption
studies have demonstrated that stanene can ad-
sorb gases such as O2, H2, NH3, and CO2, re-
sulting in modifications to the electronic struc-
ture and potential applications in gas sensing
technologies [8]. Moreover, metal atom adsorp-
tion (e.g., Li, Na, or K) has revealed stanene’s
suitability as an electrode material for metal-ion
batteries, owing to its high capacity for energy
storage [9].

Doping, the intentional incorporation of for-
eign atoms into the stanene lattice, is another
effective strategy to tailor its properties. Dop-
ing with group V elements such as Bi or Sb
has been shown to enhance topological insulat-
ing behavior while improving structural stabil-
ity [10]. Similarly, the introduction of transi-
tion metal dopants, including Mn and Co, can
induce ferromagnetism, opening pathways for
spintronic device applications [11]. Non-metallic
dopants such as F and Cl offer an additional
route to modulate the bandgap, enabling mate-
rial property tuning for specific application re-

quirements. Several recent studies have signif-
icantly expanded the understanding of adsorp-
tion and doping in stanene. For instance, Li et
al. (2021) reported enhanced NH3 sensing ca-
pabilities in stanene attributed to charge density
redistribution upon gas adsorption [12]. Addi-
tionally, the incorporation of Na, Mg, and Al
atoms was found to stabilize magnetic states
with potential in magnetic data storage appli-
cations [13] and CO, F2, NO2 adsorbed SnNRs
[14], while co-doping with metallic elements
improved stanene’s thermoelectric performance,
further promoting its use in energy conversion
technologies [15].

Although numerous previous studies have fo-
cused on the adsorption of various species on
the stanene surface, carried out by different
research groups as well as our team in pub-
lications from 2025 [13, 14], particular atten-
tion has been given to the doping of Fe into
Stanene/Cu (111). This work combined density
functional theory (DFT) calculations with ex-
perimental investigations based on the Numeri-
cal Renormalization Group (NRG) method. The
detailed results demonstrated that Fe doping at
the monomer, dimer, and trimer atomic levels
significantly modifies the topological properties
and induces magnetic phase transitions [16, 17].
In the present study, we aim to further exam-
ine and clarify the changes in the electronic
and magnetic properties of stanene nanoribbons
upon Fe doping at various substitutional posi-
tions. We investigate the associated electronic
behavior, adsorption energies, and further assess
the magnetic density and induced magnetic mo-
ments in each specific configuration.

By systematically analyzing the modulation of
the bandgap and the magnetic behavior induced
by Fe incorporation, this study seeks to evaluate
the potential of Fe-doped ASnNRs for future ap-
plications in semiconductor devices, particularly
spin-based electronic devices.

2. Calculation method

Density functional theory (DFT) calculations
were performed using the Vienna Ab initio
Simulation Package (VASP) [18]. The com-
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putational models were constructed to ac-
count for both the concentration and spa-
tial distribution of adatoms. The ex-
change–correlation interactions were described
using the Perdew–Burke–Ernzerhof (PBE) func-
tional [19] within the framework of the gen-
eralized gradient approximation (GGA) [20].
Electron–ion interactions were treated with the
projector augmented-wave (PAW) method [21].
A plane-wave basis set with an energy cut-
off of 400 eV was employed. Structural relax-
ations were conducted using a Monkhorst–Pack
[22] k-point mesh of 12×1×1, while electronic
structure calculations utilized a denser grid of
100×1×1. The convergence criterion for the
Hellmann–Feynman forces [23] acting on each

atom was set to 0.01 eV /
0

A.

We calculate the adsorption energy after fu-
sion using the following formula in Eq. 1:

EForm = Etot + Epristine + nESn − nEFe (1)

where the Etot, Epristine, ESn, and EFe are
the ground state energy of the Fe substituted
ASnNR structures, pristine ASiNR, Sn atoms
replaced by Fe adatoms in the pristine system,
and isolated Fe adatoms, respectively and n is
the number of the Fe substitution atoms.

3. Results and discussion

3.1. Structure properties

In this study, a computational model of an
armchair stanene nanoribbon (ASnNR) with a
Miller index of N = 6 was constructed, consist-
ing of 12 Sn atoms and 4 H atoms in the initial
pristine structure, forming a hexagonal honey-
comb lattice. Hydrogen atoms were introduced
at the ribbon edges to stabilize the structure,
tune the electronic properties, suppress edge-
induced magnetic effects, and reduce the chem-
ical reactivity of the boundaries. The doping
model was designed by substituting Fe atoms
at various Sn positions, including ortho, para,
meta, top-1Fe, valley-1Fe, and 100% Fe replace-
ment configurations, as referenced in previous
studies [24–26] (see Fig. 1). The initial Sn–Sn
bond length prior to structural optimization was

set to 2.82
0

A, consistent with values reported for
nanoscale stanene.
The structural modifications of the ASnNR sub-
strate following Fe doping in different configura-
tions were analyzed, as presented in Fig. 2 and
Table 1. A comparison between Fig. 1 and Fig.
2 reveals that most doping configurations induce
noticeable structural distortions, particularly in
the side view. Among them, the ortho and para
configurations exhibited the largest out-of-plane

deformations of 0.32
0

A and 0.45
0

A, respectively,
compared to a flat pristine nanoribbon.
Due to the strong interaction between neighbor-
ing Sn and Fe atoms, the Sn–Sn bond lengths
were significantly altered after doping, with the
para configuration reducing from the initial 2.82
0

A to 2.73
0

A. In contrast, the Sn–Fe bond
lengths exhibited relatively minor fluctuations
across different doping cases, stabilizing at an

average value of approximately 2.55
0

A. Lo-
cal lattice distortions were further enhanced by
elongation of adjacent Sn–Fe bonds in configu-
rations containing closely positioned Fe atoms,
particularly in the ortho case, where adjacent

Fe–Fe bonds contracted to 2.11
0

A.
Furthermore, the bond angles between adjacent
Sn atoms (Sn–Sn–Sn) were also affected by Fe
incorporation, increasing from the pristine value
of 108.05◦ to 123.50◦ and 121.57◦ in the ortho
and para configurations, respectively. These re-
sults indicate that substituting Sn atoms with
Fe atoms leads to moderate lattice distortions
and bond rearrangements while maintaining the
overall integrity of the hexagonal crystal struc-
ture, supported by the high formation energies
associated with these doped systems.

3.2. Electrical properties

The energy band structure (BAND) and pro-
jected density of states (PDOS) of the pristine
ASnNRs substrate provide crucial insights into
its electronic configuration. Tin (Sn) exhibits an
electronic configuration of [Kr] 4d105s25p2, with
Sn atoms interconnected through inherently un-
stable σ bonds that are susceptible to breaking
under external chemical influences. As shown
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Fig. 1: Initial structure of Fe doped cases with ASnNRs.

in Fig. 3, the PDOS analysis reveals that the
contribution from Sn(4d) orbitals is negligible,
while the electronic states are predominantly de-
rived from the Sn(5s) and Sn(5p) orbitals. For
clarity, the states are categorized into Sn(s),
Sn(p), and Sn(d) components. The DOS com-
ponents of the ASnNRs substrate (see Fig. 3),
plotted from the total energy states correspond-
ing to spin-up and spin-down configurations, ex-
hibit an almost symmetric distribution around
the Fermi level. This balance between the spin-
up and spin-down states indicates that the pris-
tine ASnNRs system is non-magnetic, as no sig-
nificant spin polarization is observed in the elec-
tronic states. Furthermore, the nearly overlap-
ping spin-resolved DOS curves confirm that the
total magnetic moment is approximately zero,
reaffirming the absence of intrinsic magnetism
in the undoped ASnNRs material. This indi-
cates the absence of spin splitting and confirms
that the system possesses no net magnetic mo-
ment, demonstrating its intrinsic non-magnetic
behavior. Such a result suggests that, without
the presence of magnetic ASnNRs remain spin-

Fig. 2: The models of the structure after doping Fe
atoms for Sn at seven different cases.

degenerate, leading to a non-magnetic ground
state.

The computed PDOS results indicate that
the Sn(s) states, represented by the wine-colored
line, exhibit a broad distribution across the en-
ergy range from +4 eV to -8 eV , with notable
peaks at approximately -4.40 eV , -5.20 eV , and -
5.50 eV , corresponding to the deep valence band
region. In contrast, the Sn(p) states, depicted
by the green line, are primarily localized around
the Fermi level, reaching a significant peak near
-1.40 eV . Meanwhile, the Sn(d) states, indi-
cated by the red line, contribute minimally to
the overall electronic structure due to their lower
energy and limited density near the Fermi level.
The calculated electronic band gap for the pris-
tine ASnNRs structure with N = 6 was deter-
mined to be 0.26 eV (see Table 1), confirming
its narrow-gap semiconducting nature.
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To explore the electronic behavior of Fe-doped
ASnNRs, we investigated the substitution of Sn
atoms with Fe atoms, where Fe possesses an elec-
tronic configuration of [Ar] 3d64s2. The valence
3d and 4s orbitals of Fe play a critical role in
charge transfer processes and significantly influ-
ence the system’s electronic structure. By exam-
ining the corresponding energy band structures
and projected PDOS, the contributions from
Fe(s), Fe(p), and Fe(d) orbitals can be clearly
distinguished across different doping configura-
tions, providing a detailed understanding of how
Fe incorporation modulates the electronic prop-
erties of ASnNRs.

For the ortho configuration (see Fig. 4.a
and Fig. 5.a), the results indicate that, apart
from a few intense peaks near the lower valence
band, the energy distribution of Sn(s), Sn(p),
and Sn(d) orbitals remains largely unchanged
compared to the pristine structure (see Fig. 3a,
Fig. 3.b and Fig. 3.c). Notably, the Fe(d) or-
bital exhibits strong contributions at -2.05 eV ,
-2.25 eV , and -2.85 eV , while Fe(s) and Fe(p)
orbitals contribute negligibly due to their low
energy states. This redistribution of electronic
states significantly affects the band gap, reduc-
ing its width to 0.14 eV , highlighting the influ-
ence of Fe doping on the material’s electronic
properties.

In the para configuration (see Fig. 4.b), the
electronic states of Sn(s), Sn(p), and Sn(d) or-
bitals remain largely unchanged compared to the
pristine structure. However, significant modifi-
cations are observed in the Fe(d) states, with
the most pronounced peaks shifting to -0.75
eV and -0.3 eV . Additionally, the peak in-
tensity of Fe(d) orbitals decreases sharply from
13 to 8 states/eV per unit cell. These Fe(d)
states dominate the electronic structure near the
Fermi level, effectively overshadowing contribu-
tions from Sn-based orbitals. The substantial
involvement of Fe(d) orbitals in the electronic
states near the Fermi level leads to a complete
closure of the band gap, indicating a transition
to metallic behavior. The band gap of a mate-
rial plays a crucial role in determining its elec-
tronic properties, particularly its semiconduct-
ing or metallic behavior. In the case of Fe-doped
ASnNRs, the substitution of Sn with Fe at dif-
ferent positions alters the orbital interactions

between Fe and Sn atoms, leading to distinct
changes in the electronic structure. When Fe
replaces Sn at the or-tho position, the Fe atoms
interact more strongly with their neighboring Sn
atoms through d–p hybridization. This interac-
tion significantly modifies the electronic struc-
ture, particularly near the Fermi level. The
Fe(d) orbitals contribute to the formation of
electronic states, but they do not completely fill
the band gap. As a result, the material retains
a narrow band gap of 0.14 eV , indicating that
the system remains a semiconductor with some
metallic characteristics. The partial closure of
the band gap reflects the strong interaction be-
tween the Fe(d) orbitals and the Sn(p) orbitals,
which alters the electronic configuration with-
out fully turning the system into a metal. In
contrast, when Fe substitutes Sn at the meta
or para positions, the interaction between the
Fe and Sn atoms is weaker. The Fe(d) orbitals
still influence the electronic structure, but their
contribution is less pronounced compared to the
or-tho position. This weaker interaction leads
to the complete closure of the band gap, result-
ing in a metallic behavior with a band gap of 0
eV . The electronic states created by Fe(d) or-
bitals are more localized and lead to an overlap
of electronic states at the Fermi level, effectively
closing the gap. Therefore, both meta and para
configurations exhibit metallic behavior due to
the stronger influence of Fe(d) states near the
Fermi level. The magnetic properties of a ma-
terial are closely related to the distribution and
interaction of electron spins. In the case of Fe-
doped ASnNRs, the magnetic moment depends
on the extent to which Fe atoms influence the
spin alignment within the material. Despite the
presence of a narrow band gap of 0.14 eV at the
or-tho position, the magnetic moment decreases.
This is due to the strong d-p hybridization be-
tween the Fe(d) and Sn(p) orbitals. When Fe
atoms interact strongly with the Sn atoms, elec-
tron redistribution occurs, leading to a less pro-
nounced magnetic moment. The electron shar-
ing between Fe and Sn reduces the magnetic po-
larization of Fe, resulting in a weaker magnetic
moment. As a result, the or-tho configuration
exhibits a decrease in the overall magnetic mo-
ment, even though the material remains semi-
conducting. At the meta and para positions,
the weaker interaction between Fe and Sn means
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Fig. 3: The structure (a) PDOS, (b) BAND, and (c) DOS of pristine ASnNRs.

Fig. 4: The PDOS of six cases Fe doped ASnNRs.

that the magnetic moment is less affected by hy-
bridization. The Fe atoms retain their magnetic
properties more effectively, and as a result, the
magnetic moment remains higher compared to
the or-tho configuration. Since the band gap is
fully closed in these configurations, the system
behaves more like a metal with less influence on
the spin distribution, leading to a more stable
magnetic moment.

Based on the DOS states of the six Fe substi-
tution configurations in ASnNRs (as shown in
Fig. 5), it can be observed that the total elec-
tronic states exhibit the strongest intensity in
the spin-down channel for the SnFeT (see Fig.
5.d) case. In general, the overall DOS intensi-
ties in all Fe-doped systems are lower than those
of the pristine ASnNRs substrate (see Fig. 3).
However, a more significant observation is that
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all Fe-doped configurations clearly exhibit spin
polarization, as evidenced by the imbalance be-
tween the spin-up and spin-down states, indi-
cating that the systems possess magnetic char-
acteristics. This effect is most pronounced in the
100% Fe-doped configuration, where the spin-up
and spin-down energy levels are distinctly differ-
ent throughout the entire energy range.

The other doping configurations, including
Ortho, Meta, Para, Top-1Fe, and Valley-1Fe,
also display asymmetric distributions of spin-
resolved energy states, with each case exhibiting
unique features. As summarized in Table 1, the
calculated total magnetic moments for these sys-
tems range from 4.0 to 5.99 µB, while the 100%
Fe-doped system reaches a significantly higher
value of 11.3 µB. This confirms that substitut-
ing Fe atoms into the ASnNRs lattice induces
notable magnetic properties, and the degree of
spin polarization as reflected by the difference
in spin-up and spin-down DOS curves is closely
correlated with the concentration and distribu-
tion of Fe dopants.

The projected density of states and BAND
analyses for the meta configuration (denoted
as SnFeM , see Fig. 4.c and Fig. 5.c) reveal
that the Sn(s) and Sn(p) orbitals exhibit min-
imal changes in both energy distribution and
peak positions compared to the pristine ASnNRs
structure. The most notable modifications ap-
pear at the lower region of the valence band.
In particular, Fe(d) orbitals emerge prominently
between -2 eV and -3 eV , a feature consistent
with the ortho doping case. The relatively high
adsorption energy of -8.25 eV indicates that
this configuration is highly stable, maintaining a
substantial magnetic moment of 5.99 µB, while
bond lengths and bond angles remain largely un-
altered relative to the pristine structure. For
the valley configuration SnFeV (see Fig. 5.e),
where a single Sn atom at the valley position
of the ASnNR is replaced by an Fe atom, the
PDOS data indicates that the Sn(5s) orbitals re-
main widely distributed between -8 eV and 4 eV ,
though their peak intensities are lower compared
to both the pristine structure and the top-doped
counterpart.

The Sn(5p) states are nearly unchanged in
both the valley and top configurations, implying

that the primary influence of Fe doping stems
from the introduction of Fe(d) states and their
interaction with Sn orbitals. Notably, in the
Valley-1Fe configuration, the Fe(d) orbitals gen-
erate a sharp localized peak at approximately -
2.90 eV , a position considerably distant from the
Fermi level. This positioning of the Fe(d) peak
signifies a limited direct contribution to states
at or near the Fermi level, which consequently
preserves a narrow band gap of 0.24 eV . The
restricted influence of Fe(d) states in valley-1Fe
on the charge density near the conduction band
minimum and valence band maximum accounts
for the retention of semiconducting behavior, de-
spite the presence of magnetic dopants. Further-
more, the calculated adsorption energy for this
configuration is moderate at -8.25 eV , indicating
stable Fe incorporation without inducing exces-
sive structural distortions.

The associated magnetic moment remains
high at 5.99 µB, reinforcing the potential mag-
netic functionalities of this system while main-
taining a semiconducting band gap. In con-
trast, the top configuration SnFeT case (see Fig.
5.d), where an Fe atom substitutes a Sn atom
at the top lattice site, displays markedly differ-
ent behavior. The Sn(5s) orbitals similarly dis-
tribute across the -8 eV to 4 eV energy range but
with higher peak intensities than in the Valley-
1Fe case. Crucially, the Fe(d) orbitals in the
Top-1Fe configuration produce two prominent
peaks at -0.62 eV and -0.73 eV , both situated
in close proximity to the Fermi level. These en-
ergetic positions facilitate significant hybridiza-
tion and electronic state contributions near the
band edges. As a direct result, the presence of
these Fe(d) peaks near the Fermi level closes the
band gap entirely, transitioning the system from
a narrow-gap semiconductor to a metallic state.
The substantial density of Fe(d) states at the
Fermi level enhances charge carrier density, elec-
tron mobility, and overall metallic behavior.

Additionally, the Top-1Fe configuration yields
the highest adsorption energy of 10.73 eV , de-
noting it as the most thermodynamically fa-
vorable single-atom doping scenario within the
ASnNR lattice. The pronounced interaction of
Fe(d) states with host Sn orbitals not only al-
ters the PDOS profile but also significantly en-
hances charge transfer activity in the vicinity
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of the Fermi level, further facilitating gap clo-
sure. The disparity between the Valley-1Fe and
top-1Fe configurations can be attributed to the
spatial and electronic environment surrounding
the dopant atom. In the valley position, the Fe
atom occupies a relatively symmetric and elec-
tronically less constrained site, where hybridiza-
tion with adjacent Sn atoms is spatially limited,
resulting in Fe(d) states that remain localized
and energetically distant from the Fermi level.

This limited interaction preserves a finite
band gap. Conversely, the top position places
the Fe atom in a more electronically active
site with higher coordination to neighboring Sn
atoms, increasing the probability of d–p hy-
bridization and enabling the Fe(d) orbitals to
strongly couple with conduction and valence
states near the Fermi level. This coupling in-
troduces mid-gap states, thereby narrowing and
eventually closing the band gap. Further cor-
roborating this explanation is the observation of
bond length and bond angle variations in the op-
timized geometries. While both configurations
maintain Sn–Fe bond lengths within the ex-

pected range (∼ 2.55
0

A), the extent of structural
distortion is more pronounced in top-1Fe, where
enhanced Fe–Sn interactions lead to greater lo-
cal rearrangements that favor electronic state re-
distribution.

These structural modifications contribute to
the stabilization of the dopant and facilitate the
overlap between Fe(d) and Sn(p) orbitals, a nec-
essary condition for the observed metallic be-
havior. When extending the analysis to the
scenario of 100%Fe substitution, where all Sn
atoms within the ASnNR lattice are replaced by
Fe atoms, the electronic and magnetic behaviors
exhibit predictable trends. The system demon-
strates a significantly reduced adsorption energy
of -3.99 eV due to the absence of Sn atoms, while
achieving the highest magnetic moment of 11.3
µB. The PDOS analysis reveals an increased
contribution from Fe(s) orbitals and relatively
minor deviations in Fe(d) and Fe(p) orbitals
compared to single-atom doping cases. The sys-
tem retains structural integrity through contin-
uous Fe–Fe bonding, and the overlapping Fe(d)
orbitals facilitate efficient electron exchange, en-
hancing metallic conductivity and electron mo-

bility. These observations reaffirm the critical
role of Fe(d) orbitals in determining the elec-
tronic structure and underline the importance
of dopant positioning in tailoring the properties
of ASnNRs for device applications.

In conclusion, this detailed computational
study highlights the profound influence of
dopant positioning on the electronic and mag-
netic properties of ASnNRs. The Valley-1Fe
configuration preserves a narrow semiconduct-
ing band gap due to the localized and energeti-
cally distant positioning of Fe(d) states, whereas
the top-1Fe configuration induces complete band
gap closure as a result of prominent Fe(d) peaks
near the Fermi level and stronger hybridization
with Sn orbitals. These findings suggest that
precise control over dopant positioning is essen-
tial for tuning the band structure and magnetic
characteristics of stanene-based nanoribbons, of-
fering strategic pathways for the development of
customized electronic, optoelectronic, and spin-
tronic devices. Future experimental and theoret-
ical studies should explore the feasibility of selec-
tively doping at specific lattice sites and assess
the stability, synthesis, and device integration of
these doped systems to fully exploit their poten-
tial in next-generation nanoscale applications.

If the ρtot, ρpristine, ρSn, and ρFe are the
charge density of the Fe substituted ASnNR
structures, pristine ASiNR, Sn atoms replaced
by Fe adatoms in the pristine system, and
isolated Fe adatoms, respectively and n is the
number of the Fe substitution atoms as in Eq. 2:

ρForm = ρtot + ρpristine + nρSn − ρFe (2)

By combining the data from Table 2 and Fig. 6,
we analyze the charge density distribution based
on DFT calculations and their corresponding vi-
sualizations. The charge density is displayed on
a blue-green-red (BGR) scale, ranging from -

0.02 to 0.02 e/(
0

A)3, with the selected charge
density system corresponding to this range. The
charge density maps, presented in both top and
side views, show that the Fe atoms exhibit a pre-
dominantly negative charge density. This is at-
tributed to the strong electron-withdrawing na-
ture of Fe, which pulls charge from its surround-
ing environment, as indicated by the blue re-
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Tab. 1: Calculation results of Fe doped with ASnNR substrate for different cases.

Ortho Para Meta Top-1Fe Valley-1Fe 100 % Fe Pristine
EForm -6.13 -5.94 -8.25 -10.73 -6.13 -3.99 x

Buckl (
0

A) 0.32 0.45 1 0.79 0.71 0.9 1

Sn-Sn (
0

A) 2.83 2.73 2.82 2.81 2.82 x 2.82

Sn-Fe (
0

A) 2.57 2.55 2.56 2.53 2.54 2.54 x

Fe-Fe (
0

A) 2.11 x x x x x x
Deg (◦) 123.5 121.57 108.05 108.72 112.28 108.05 108.05
Mag (µB) 4 5.16 5.99 4.04 4 11.3 0
Eg (eV ) 0.14 0.01 0.01 0.01 0.24 0.01 0.26

gions. In contrast, the Sn atoms, surrounded
primarily by yellow regions, are either charge-
neutral or contribute a small amount of charge
to their neighboring atoms. This charge redistri-
bution is consistent across the ortho, para, and
meta doping configurations, as shown in Table
2, where the doped systems exhibit a reduced
charge density compared to the pristine struc-
ture, with a charge density variation ρForm less
than zero. Notably, the dark red regions around
the Fe atoms in all three configurations suggest
that Fe behaves as a charge donor rather than
a charge acceptor. This observation is further
supported by the cross-sectional charge density
profiles of the Fe atoms, reinforcing their role in
charge transfer within the doped system.

In the overlapping region of the charge clouds,
the hybridization between the Fe(d) and Sn(p)
orbitals facilitates a charge exchange, creating
"trap states" that pull the Fermi level toward
the valence or conduction band, ultimately nar-
rowing the band gap. This phenomenon is par-
ticularly evident in the Fe-doped configurations,
where the interaction between the d-orbitals of
Fe and p-orbitals of Sn leads to the formation
of localized states that influence the electronic
structure. Typically, the electron density re-
mains at a neutral level in the pristine structure,
with no significant charge donation or accep-
tance observed when considering cross-sections
consisting only of Sn-Sn bonds without any Fe
atoms.

However, following doping, the change in
charge density (∆ρ > 0) does not necessarily cor-
respond to an increase in the band gap width, as

observed in the Top-1Fe, Valley-1Fe, and 100%
Fe doping configurations. Instead, the electronic
structure undergoes a rearrangement primarily
driven by the contributions from Fe(d) and Fe(s)
orbitals, which influence the charge distribution
within the material. The hybridization and sub-
sequent charge transfer between Fe and Sn or-
bitals not only alter the local electronic states
but also contribute to the renormalization of the
band gap, lowering its energy.

This charge redistribution and hybridization
effect are crucial in stabilizing the new crystal
structure after doping. The presence of Sn(p)
and Fe(d) orbitals plays an essential role in this
stabilization process by facilitating the exchange
of charge between the two atom types, which re-
sults in a significant modification of the mate-
rial’s electronic properties. As a consequence,
rather than expanding, the band gap is reduced
due to the enhanced overlap of the Fe(d) and
Sn(p) orbitals, which enhances electron mobil-
ity and makes the material more conducive to
electron transport. This interplay of orbital in-
teractions and charge transfer serves as a key
factor in the structural and electronic stability of
the Fe-doped systems, suggesting their potential
for applications in semiconductor and spintronic
devices.

3.3. Experimental Directions

The DC magnetron sputtering method is one
of the widely used deposition techniques for
thin film fabrication, particularly for metals,
oxides, and magnetic compounds, through the
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Fig. 5: The structure BAND and DOS states of (a) Ortho, (b) Para, (c) Meta, (d) Top-1Fe, (e) Valley-1Fe, and
SnFe 100%.

use of plasma to sputter atoms or molecules
from a target onto a substrate. This method
can be utilized to dope Fe into Sn in studies and
applications related to Stanene or other thin
films. Application of DC Magnetron Sputtering
in Fe Doping into Sn: DC magnetron sputtering
can be applied to dope Fe into Sn through the

following steps: i) Fabrication of Sn Thin Film:
Initially, a thin Sn film needs to be prepared on
the substrate. DC magnetron sputtering can be
used to deposit a thin Sn layer by sputtering
from an Sn target (typically a metal Sn target)
in an inert gas environment like argon. This
creates a Sn film on the substrate with the
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Fig. 6: Initial structure of Fe doped cases with ASnNRs.

required thickness and quality, ii) Fe Doping
into Sn: After the Sn thin film is deposited,
the next step is doping Fe into the Sn layer.
In this case, DC magnetron sputtering can be
employed using an Fe target. This process will
sputter Fe atoms onto the Sn film, causing
Fe to integrate into the Sn structure through
vapor phase deposition, iii) Control of Fe
Doping Ratio: The ratio of Fe doping into Sn
can be controlled by adjusting the sputtering
conditions such as sputtering current density,
pressure inside the vacuum chamber, and
sputtering time. It is also possible to adjust the
ratio of argon and oxygen gases (if necessary)
to precisely control the doping process, iv)
Formation of Fe/Sn Doped Structure: Once
the sputtering process is complete, the Fe/Sn
material will have a doping structure, where
Fe atoms are incorporated into the Sn matrix,
creating Fe doping at specific sites, which may
be either uniform or non-uniform depending on
the doping conditions.

4. Conclusion

In this study, we investigated the effects
of Fe atom substitution on the electronic
and magnetic properties of armchair stanene
nanoribbons. Six different doping configura-
tions, including top, valley, ortho, meta, and
para positions, were considered by replacing
Sn atoms with Fe. The results reveal that
Fe doping induces significant modifications in
the band structure, primarily through charge
transfer and bond formation with neighboring
atoms. The most notable outcome is the reduc-
tion of the band gap compared to the pristine
ASnNR, which possesses a calculated band
gap of 0.26 eV , characteristic of a narrow-gap
semiconductor. Fe doping enhances the charge
density around the Fermi level, resulting in
a substantial narrowing of the band gap in
most configurations. In particular, top, ortho,
and para substitutions reduce the band gap to
nearly 0 eV , indicating a transition to metallic
or semimetallic behavior. In contrast, the
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Tab. 2: Convergence study of numerical results with respective number of elements used for a spherical thin shell.

Positions Charge density Orbitals Orbitals Orbitals

s (e/(
0

A)3) p(e/(
0

A)3) d(e/(
0

A)3)
Ortho ρP 15.51 15.25 0.63

ρX 0.82 0.16 12.54
ρX+P 14.22 13.03 13.02
∆ρ -1.06 -1.19 -0.07
ρP 15.51 15.25 0.63

Para ρX 0.82 0.16 12.52
ρX+P 14.21 13.19 12.87
∆ρ -1.06 -1.11 -0.14

Meta ρP 15.51 15.25 0.63
ρX 0.82 0.16 12.52
ρX+P 14.15 12.45 12.88
∆ρ -1.09 -1.48 -0.13

Top-1Fe ρP 14.38 13.35 0.54
ρX 0.45 0 5.96
ρX+P 15.06 14.51 6.78
∆ρ 0.23 1.16 0.28

Valley-1Fe ρP 14.55 12.96 0.65
ρX 0.45 0 5.96
ρX+P 15.07 14.44 6.78
∆ρ 0.07 1.48 0.17

100% Fe ρP 8.47 5.1 0.06
ρX -0.47 -0.08 19.28
ρX+P 10.89 6.17 26.04
∆ρ 0.48 0.19 1.12

valley-1Fe configuration maintains a narrow
band gap of 0.24 eV due to limited electron
exchange at this lower atomic position, where
interaction with surrounding atoms is less
significant. In addition to electronic alterations,
Fe doping induces strong magnetism in all
configurations, attributed to the magnetic mo-
ments of Fe atoms arising from their partially
filled 3d orbitals. Notably, the configuration
with 100% Fe substitution achieves the highest
total magnetic moment of 11.3 µB, suggesting
ferromagnetic behavior. This is of particular in-
terest for spintronic applications, where control
over electron spin is critical. In conclusion, the
100% Fe substituted ASnNR, exhibiting a zero
band gap (Eg = 0 eV ), behaves metallically,
rendering it unsuitable for active semiconductor
components such as transistors or diodes but
highly promising for electronic applications
requiring efficient charge transport. It can serve

as a conductive electrode, interconnect in na-
noelectronic circuits, or as an interfacial buffer
layer in heterostructure devices. Furthermore,
if the Fe dopants retain magnetic ordering, the
material holds potential for spintronic devices
such as spin valves and tunneling magnetore-
sistance systems. Its metallic conductivity and
surface sensitivity also make it a good candi-
date for gas sensing applications. Nevertheless,
structural stability and chemical durability
must be further examined to ensure practical
applicability.
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