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Tin monoxide (SnO) is a p-type oxide semiconductor whose electronic properties can be widely
modified via atomic-scale engineering. Using density functional theory, we investigate the electronic
and magnetic properties of transition-metal (TM = Mn, Fe, Co and W) doped SnO monolayer
within a large supercell. We find that all dopants induce finite localized magnetic moments, pri-
marily originating from d-orbitals of the impurity atoms. We show that these localized magnetic
states give rise to nearly dispersionless bands in the vicinity of the Fermi energy (taking Co doped
SnO as an example). In addition, we investigate dimensional effects by constructing nanoribbon
geometries of SnO monolayer. The ribbons exhibit intrinsic edge-localized states that are largely
independent of ribbon width. For chiral nanoribbons oriented along a low-symmetry direction of
the square lattice, we find that oxygen-rich edges are thermodynamically most stable and remain
semiconducting, whereas Sn-terminated edges host metallic one-dimensional conduction channels.
Our results demonstrate that transition-metal doping and edge engineering provide effective routes
to tailor the electronic properties of SnO monolayer, making it a promising candidate for future
spintronic and nanoelectronic applications.

I. INTRODUCTION

Transparent and flexible electronics based on oxide
semiconductors have been extensively investigated ow-
ing to their wide band gaps, chemical stability, and com-
patibility with low-temperature processing technologies,
as summarized in several comprehensive reviews [1–5].
While high-performance n-type oxide semiconductors are
now well established, the realization of complementary
transparent electronic circuits remains challenging due
to the limited availability of p-type oxide semiconductors
with sufficient carrier mobility and stability.

Among candidate p-type oxides, tin monoxide (SnO)
is particularly attractive because the stereochemically ac-
tive Sn2+ lone-pair states hybridize with O 2p orbitals,
resulting in relatively dispersive valence-band states.
Such lone-pair–driven band dispersion has been recog-
nized as a key design principle for achieving p-type con-
ductivity in oxide semiconductors [3]. First-principles
studies have further shown that monolayer SnO is dy-
namically stable and exhibits a moderate band gap to-
gether with high intrinsic hole mobility, making it a
promising platform for two-dimensional (2D) oxide elec-
tronics [6]. The electronic properties of SnO are further
found to be highly sensitive to atomic-scale perturba-
tions such as strain, native defects, and surface chem-
istry, which can introduce in-gap states and modify car-
rier transport [7, 8].

Beyond intrinsic band-structure considerations, car-
rier transport and stability in oxide semiconductors
are known to be strongly influenced by oxygen-related
defects and dopant chemistry. Experimental studies
on In2O3-based amorphous oxide semiconductors have
demonstrated that controlled suppression of oxygen va-
cancies and appropriate dopant incorporation are crucial

for achieving stable and high-mobility transport char-
acteristics in thin-film transistor devices [9–11]. These
experimental findings establish general design principles
for oxide semiconductors that are also relevant to low-
dimensional SnO systems. Recent experiments have
demonstrated that tin monoxide can be stabilized in the
atomically thin limit, retaining p-type conduction down
to thicknesses of only a few atomic layers. This experi-
mental realization establishes SnO as a viable 2D oxide
platform, rather than a purely theoretical model system
[12].

A powerful strategy to further expand the functional
landscape of SnO is transition-metal (TM) doping. Sub-
stitutional incorporation of 3d TM atoms has been pre-
dicted to introduce localized impurity states and mag-
netic moments, giving rise to spin-polarized electronic
structures in otherwise nonmagnetic SnO [13–15]. In
general, TM doping can induce dilute ferromagnetic or
antiferromagnetic states in the host monolayer [16, 17].
In particular, cobalt doping has been proposed as a
promising route to generate exchange-split Co-derived
states near the Fermi level in SnO-based systems[18, 19].
Most previous theoretical studies have primarily relied
on density-of-states analysis. However, electronic trans-
port properties are strongly influenced by band disper-
sion. Therefore, in this work, we examine transition-
metal doping in SnO monolayers by analyzing the band
structure in addition to the density of states.

Reducing SnO to finite-width nanostructures intro-
duces an additional design degree of freedom through
edge formation[20–22]. In a square-lattice system such
as SnO, nanoribbons can be constructed along high-
symmetry crystallographic directions as well as along
low-symmetry (off-axis) directions with respect to the
underlying lattice. Edges oriented along low-symmetry
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FIG. 1. (a), (b) Optimized top and side views of monolayer SnO structures doped with transition metals (TMs) in a 4× 4× 1
supercell, where one Sn atom is substituted by a TM atom ( Mn, Fe, W, or Co). (c)–(f) Spin-resolved total density of states
and projected density of states (PDOS) for Mn-, Fe-, W-, and Co-doped SnO, respectively. Different color lines are showing
contributions from TM d orbitals. Among the considered dopants, Co doping exhibits the strongest spin asymmetry near the
Fermi level (EF), with a spin-selective electronic structure. (g) Spin-density plot of Co-doped SnO monolayer. The isosurface

value is set to 0.001 e/Å
3
.

directions provide atomic configurations that are fun-
damentally distinct from high-symmetry terminations,
leading to modified local coordination environments and
potentially giving rise to unconventional edge-localized
electronic states. Despite their importance, the electronic
properties of such low-symmetry edges in SnO nanorib-
bons have not yet been systematically investigated.

In this work, we employ first-principles density func-
tional theory calculations to systematically investigate
the combined effects of transition-metal doping and edge
engineering in monolayer SnO. We find that all TM
dopants induce finite magnetic moments, primarily origi-
nating from localized d-orbitals of the impurity atoms. In
particular, substitutional Co doping introduces strongly
spin-polarized mid-gap states near the Fermi level. No-
tably, these mid-gap states exhibit nearly dispersionless
(flat) bands in the vicinity of the Fermi level. The inclu-
sion of on-site Coulomb interaction reveals a correlation-
driven splitting of these flat bands, highlighting the im-
portance of electron-electron interactions in accurately
describing the electronic structure. Furthermore, we
show that the dispersionless bands in Co-doped SnO
lead to a reduced amplitude in the optical conductivity
compared to the pristine SnO monolayer. In addition,
we show that SnO nanoribbons exhibit intrinsic edge-
localized states that are largely independent of ribbon
width. Furthermore, nanoribbons with low-symmetry
edge orientations exhibit a tunable transition between
semiconducting and metallic behavior, depending on the
atomic termination. These results establish atomistic de-
sign principles for controlling spin polarization, optical

response, and edge-state conduction in two-dimensional
SnO-based nanostructures.

II. COMPUTATIONAL METHODS

First-principles calculations were performed within the
framework of density functional theory (DFT) using the
Vienna ab initio Simulation Package (VASP) [23, 24].
The projector augmented-wave (PAW) method was em-
ployed to describe the interaction between valence elec-
trons and ionic cores [25, 26]. Electron exchange and cor-
relation were treated within the generalized gradient ap-
proximation (GGA) using the Perdew-Burke-Ernzerhof
(PBE) functional [27]. A plane-wave basis set with an
energy cutoff of 500 eV was adopted, which was con-
firmed to be sufficient to ensure convergence of total en-
ergies and electronic structures. Brillouin-zone (BZ) inte-
grations were carried out using Monkhorst-Pack k-point
meshes [28]. For 2D SnO monolayers, a Γ-centered mesh
of 20×20×1 was employed, while denser one-dimensional
k-point sampling was used along the periodic direction of
SnO nanoribbons. A vacuum region of at least 15 Å was
introduced to eliminate spurious interactions between pe-
riodically repeated images. All atomic structures were
fully relaxed until the residual Hellmann-Feynman forces
on each atom were less than 0.01 eV/Å and the total
energy change between successive ionic steps was be-
low 10−6 eV. Spin-polarized calculations were performed
for transition-metal-doped systems. The electronic den-
sity of states and band structures were analyzed using

Page 2 of 9Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/3
/2

02
6 

12
:4

9:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6NA00140H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6na00140h


3

the vaspkit package [29]. On-site Coulomb interaction
for the Co d orbitals was included within the DFT+U
framework[30].

To cross-check selected electronic and optical proper-
ties, additional calculations were performed using the
Quantum ESPRESSO (QE) package [31, 32]. Norm-
conserving pseudopotentials were adopted as provided in
the standard QE pseudopotential libraries.

The frequency-dependent optical properties were eval-
uated from the complex dielectric function ε(ω) =
ε1(ω) + iε2(ω) obtained within the linear response for-
malism [33–36]. The optical conductivity σ(ω) was cal-
culated using the SI-unit relation

σ(ω) = ε0 ω ε2(ω), (1)

where ω is the photon angular frequency and ε0 is the
vacuum permittivity. Other optical quantities, including
the refractive index n(ω), extinction coefficient k(ω), ab-
sorption coefficient α(ω), and energy-loss function L(ω),
were derived from ε1(ω) and ε2(ω).

III. RESULTS AND DISCUSSION

A. Transition Metal Doping

Doping with transition-metal elements is a widely ex-
plored strategy for introducing spin polarization and
magnetic functionality into semiconductors and oxides.
In particular, dilute magnetic oxides have attracted sus-
tained interest as potential building blocks for spintronic
devices[37]. In the case of monolayer SnO, substitu-
tional incorporation of 3d TMs such as Co, Fe, Mn, or
W provides an effective means to modify the electronic
structure by introducing localized impurity states within
the band gap and inducing spin polarization [15, 38–
41]. Figs. 1(a) and 1(b) present the top and side views,
respectively, of the TM-doped SnO monolayer. In this
work, we consider a 4×4×1 supercell of the SnO mono-
layer, where a TM atom substitutes a Sn atom (blue-
colored atom). Figs.1(c)–1(f) show the total density of
states (DOS) and projected density of states (PDOS) for
Mn-, Fe-, W-, and Co-doped SnO monolayers, respec-
tively, calculated using the DFT-PBE method. Since all
doped systems become spin-polarized after TM substitu-
tion, the spin-up and spin-down DOS are plotted sepa-
rately.

In all cases, impurity-derived states emerge near the
Fermi level and exhibit pronounced spin asymmetry.
The PDOS analysis reveals that these impurity states
mainly originate from the d-orbitals of the dopant atoms.
For Co-doped SnO, the PDOS indicates that the spin-
up channel crosses the Fermi level, whereas the spin-
down channel remains gapped, suggesting an apparent
half-metallic electronic structure within the DFT-PBE
approximation[13, 42]. This behavior originates from
strong hybridization between Co 3d and O 2p orbitals,

which gives rise to spin-polarized mid-gap states. In Fig.
1(g), we present the spin-density distribution of the Co-
doped SnO monolayer (SnO@Co). The spin density is
primarily localized around the Co atom and partially
distributed over the neighboring O atoms, indicating hy-
bridization between Co 3d and O 2p orbitals. Table I
summarizes the magnetic moments of the dopant atoms
and their neighboring O atoms in the TM-doped SnO
monolayers. The magnitude of the magnetic moment
strongly depends on the degree of hybridization between
the dopant d-orbitals and the neighboring O atoms.

TABLE I. Calculated local magnetic moment (in unit of µB)
of dopant atom and neighboring O atoms. The notations of
O atoms are indicated in the Fig.1(g).

System TM atom O-1 O-2 O-3 O-4

SnO@Mn 4.300 0.031 0.031 0.031 0.031

SnO@Fe 3.498 0.064 0.064 0.064 0.064

SnO@W 1.524 0.019 0.019 0.019 0.019

SnO@Co 0.967 0.004 0.004 0.004 0.004

Thus, our PDOS analysis within the DFT-PBE ap-
proximation suggests that the Co-doped SnO mono-
layer exhibits half-metallic behavior. However, most
previous theoretical studies have primarily focused on
DOS/PDOS analysis, while the corresponding band dis-
persion has remained largely unexplored[16–19]. Since
the localized nature of impurity-induced states plays a
crucial role in determining the electronic and magnetic
properties of the system, we further investigate the elec-
tronic structure through spin-resolved band structure cal-
culations.
As a representative example, we focus on the Co-doped

SnO monolayer (SnO@Co), which shows apparent half-
metallicity within DFT-PBE. Fig.2(a) presents the spin-
polarized electronic band structure of SnO@Co, where
the red and blue bands correspond to the spin-up and
spin-down channels, respectively. Notably, the bands
appearing near the Fermi level are nearly dispersionless
(flat) throughout the BZ. The absence of significant band
dispersion indicates strong localization of the impurity-
induced states around the Co atom, consistent with
the spin-density distribution shown in Fig.1(g). Conse-
quently, charge transport associated with these states is
expected to be negligible due to their vanishing group
velocity.
To further examine correlation effects, we performed

DFT+U calculations and present the corresponding band
structure for U = 3 eV in Fig.2(b) (results for other U val-
ues are provided in the Supplementary Information, see
FIG.S1). The inclusion of on-site Coulomb interaction
leads to a correlation-driven splitting of the flat bands
near the Fermi level, resulting in the destruction of the
half-metallic character predicted by standard DFT-PBE.
Note that we also varied the on-site Coulomb interaction
parameter U from 1 to 2 eV (see FIG.S1). In both cases,
the half-metallic character disappears; however, the over-
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FIG. 2. Electronic band structure of Co doped SnO mono-
layer (a) without U (i.e., U = 0 eV) and (b) with U = 3 eV.
Red and blue bands represent up-spin and down-spin bands
respectively. The BZ is shown by the square. (c) Calculated
optical conductivity spectra σ (ω) of pristine and Co-doped
SnO, derived from the imaginary part of the dielectric func-
tion ϵ2 (ω) according to Eq. (1).

all nature of the band structure remains qualitatively
similar to that obtained for U = 3 eV. These results
demonstrate that the magnetic impurity states are highly
localized and non-itinerant in nature, implying negligible
electronic transport through these states.

The non-itinerant nature of the electronic states near
the Fermi level is further confirmed by the optical con-
ductivity of the Co-doped SnO system. Fig.2(c) shows
the calculated optical conductivity, σ(ω), for pristine and
Co-doped SnO monolayers. A clear redshift of the ab-
sorption edge is observed in the Co-doped system, indi-
cating the onset of optical absorption at lower photon en-
ergies due to the impurity-induced states near the Fermi
level[1, 43, 44]. However, the magnitude of the optical
conductivity is reduced compared to that of the pristine
SnO monolayer. This suppressed optical response origi-
nates from the highly localized and nearly dispersionless
nature of the Co-induced electronic states, which possess
negligible carrier mobility. Overall, our results demon-
strate that Co doping in SnO monolayers induces di-
lute magnetism accompanied by non-itinerant electronic
states, highlighting the importance of localization and
electron correlation in determining the electronic and op-
tical properties of the system.

B. Edge States in SnO Nanoribbons

From a technological viewpoint, it is noteworthy that
state-of-the-art silicon devices have already achieved ef-
fective channel widths of approximately 10 nm and are
rapidly approaching the single-nanometer scale. At such
dimensions, edge and boundary effects inevitably play a
central role in determining electronic transport, render-
ing nanoribbon models particularly relevant for exploring
intrinsic low-dimensional physics [45].

To examine how edge structures influence the elec-

TABLE II. Relative total energies of hydrogen-terminated
SnO nanoribbons with different edge configurations. Energies
are given per supercell and referenced to the unpassivated rib-
bon. The values are rounded to two decimal places.

Termination Relative energy (eV)

Without H 0.00

Sn–H -16.26

Sn–H–O -34.54

tronic properties of SnO, we constructed hydrogen-
terminated SnO nanoribbons and carried out first-
principles DFT calculations. While edge-induced elec-
tronic states are well established in low-dimensional lat-
tice systems, as originally revealed in early theoretical
studies and later elaborated by first-principles calcula-
tions [46, 47], their manifestation in square-lattice oxide
nanoribbons such as SnO remains largely unexplored.
Figure 3 (a) displays the atomic geometry, electronic
band structure, and wavefunction distributions for a rep-
resentative SnO nanoribbon. Although hydrogen passi-
vation is introduced primarily to eliminate dangling-bond
artifacts, the edge-localized states persist even after pas-
sivation. Their energetic positions and spatial distribu-
tions are modified depending on the specific edge chem-
istry, indicating that these states are intrinsic features
of the ribbon geometry rather than passivation-induced
states[47].

To evaluate the relative stability of different edge struc-
tures, we considered three passivation schemes: (i) with-
out hydrogen termination, (ii) hydrogen bonded only to
Sn atoms, and (iii) hydrogen bonded to both Sn and O
atoms. The corresponding relative total energies were
calculated using QE and are summarized in Table II.
Such energetic comparisons are commonly employed to
evaluate the stability of low-dimensional edge-terminated
nanostructures [48]. Among the three configurations, the
fully hydrogen-passivated Sn–H–O edge is the most sta-
ble, being 34.54 eV per supercell lower in energy than the
unpassivated edge. The Sn–H terminated configuration
is also stabilized by 16.26 eV per supercell. These results
indicate that complete hydrogen passivation is energeti-
cally favorable and provides a realistic structural model
for investigating the intrinsic edge states of SnO nanorib-
bons.

In Fig.3(b), we present band structure and DOS of
SnO nanoribbon. From the band structure additional
bands (marked by the red arrow) appear in the vicinity
of Fermi level, which are absent in the pristine monolayer.
The corresponding wavefunction isosurfaces in Figs.3(c)
and (d) demonstrate that these states are strongly con-
fined to the Sn- and O-terminated ribbon edges. Each
in-gap band is doubly degenerate (see band index), re-
flecting the presence of two equivalent edges. Such strong
localization suggests that the edge states can function
as one-dimensional conductive channels running along
the ribbon boundaries[9, 10]. Furthermore, we confirm
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3
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that these edge states are largely independent of the
ribbon width. To verify this behavior, we investigated
width-dependent electronic structures of SnO nanorib-
bons with both larger and smaller widths compared to
the ribbon shown in Fig.3 (a). The corresponding results
are presented in FIG.S2 of the Supplementary Informa-
tion. In all cases, edge-localized states persist, while only
the band gap changes with ribbon width. These results
demonstrate that the emergence of edge states is an in-
trinsic feature of the SnO nanoribbon geometry and is
robust against variations in ribbon width.

Importantly, the edge states appear for all edge termi-
nation types, demonstrating that they are intrinsic elec-
tronic features of SnO nanoribbons rather than artifacts
of surface chemistry. Such sensitivity to local coordi-
nation and defect chemistry is a characteristic feature
of oxide semiconductors in general. In experimental ox-
ide systems, including In2O3-based thin-film transistors,
transport properties have been shown to depend criti-
cally on oxygen vacancy concentration and local bonding
environments [9, 11]. Their energetic tunability through
edge passivation indicates that the electronic structure
of the ribbon boundaries can be systematically con-
trolled, providing a practical route for engineering edge-
dominated conduction channels in low-dimensional oxide
nanostructures[49].

C. Chiral Edge Effects

To further clarify how edge geometry influences the
electronic properties of SnO, we constructed nanoribbons
oriented along a low-symmetry (45◦) direction with re-
spect to the underlying square lattice. This chiral ori-
entation corresponds to a cutting direction that is not
aligned with the principal crystallographic axes, lead-
ing to atomic edge configurations that are not related
by mirror or rotational symmetry. As a result, the
two ribbon edges become chemically and structurally
inequivalent, giving rise to distinct electronic environ-
ments. As shown in Figs. 4(a)–(c), three representative
edge terminations were examined: (i) oxygen-terminated
edges (O–O), (ii) tin-terminated edges (Sn–Sn), and (iii)
mixed tin–oxygen termination (Sn–O). All structures
were hydrogen-passivated using the most stable scheme
identified previously.
DFT calculations reveal that all three chiral SnO

nanoribbons host edge-derived electronic states within
the fundamental band gap. The nature of these states
depends strongly on the edge composition: the O–O
terminated ribbon [Fig. 4(d)] remains semiconducting,
whereas the Sn–Sn and Sn–O terminations [Figs. 4(e) and
(f)] exhibit metallic behaviour, with edge states intersect-
ing the Fermi level. We analyze the contributions of edge
and bulk atoms through PDOS calculations, where the
blue and red curves represent the edge and bulk atom
contributions, respectively. For all three edge config-
urations, the electronic states near the Fermi level are
found to originate predominantly from the edge atoms,
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FIG. 4. (a)–(c) Atomic structures of hydrogen-passivated SnO nanoribbons oriented along a low-symmetry (45◦) direction with
respect to the square lattice. The three edge terminations considered are (a) O–O, (b) Sn–Sn, and (c) Sn–O, which give rise to
chemically and structurally inequivalent ribbon edges. (d)–(f) Corresponding electronic band structures and densities of states
(DOS). For the O–O terminated ribbon, edge-derived states remain localized within the band gap without crossing the Fermi
level, preserving semiconducting behavior. In contrast, the Sn–Sn and Sn–O terminated ribbons exhibit metallic edge states
that intersect the Fermi level, indicating the formation of one-dimensional conducting channels. In DOS, Red line and blue line
is showing bulk and edge atoms contribution. The zoomed-in view shows in inset. (g)–(i) Real-space wavefunction isosurfaces
shown below each panel confirm strong localization of these states at the ribbon edges. The wavefunctions are evaluated at
k-points located at the midpoint between Γ and Y for all three ribbon configurations. The two colors represent opposite phases
of the wavefunction, with yellow and cyan corresponding to positive and negative signs, respectively.

as clearly shown in the zoomed-in views of the DOS plots.
This confirms the edge-localized nature of the states ap-
pearing around the Fermi energy. Such termination-
dependent emergence of edge-localized bands is a general
feature of oxide nanoribbons, in which reduced coordina-
tion and edge chemistry govern both electronic structure
and stability [49–51].

Wavefunction isosurfaces plotted [see Fig. 4(g)–(i)] be-
neath each band structure confirm the strong spatial lo-
calization of these states at the ribbon boundaries. While
the O–O termination yields localized in-gap states that
do not contribute to conduction, Sn-containing edges
support boundary states that extend along the ribbon
direction, consistent with one-dimensional metallic chan-
nels. Furthermore, we plot the charge density dis-
tributions for the three types of edge nanoribbons in
FIG.S3. The charge density analysis reveals that the Sn-
terminated edge forms a delocalized charge channel along
the Sn atoms, which gives rise to the metallic nature of
the Sn-edge SnO nanoribbon.

To assess the relative stability of the three configu-
rations, relative energies were computed. The relative
energies of the O–O, Sn–Sn, and Sn–O terminated rib-
bons are -5.48 eV, -4.92 eV, and -5.17 eV per unit cell,
respectively. The results show that the O–O terminated
ribbon has the lowest formation energy, making it the
most stable among the three. Although the Sn–Sn and
Sn–O terminations exhibit metallic edge conduction, the
O-rich configuration is energetically more stable.

The enhanced stability of the O–O terminated edge
can be attributed to the effective saturation of dangling
bonds and the resulting suppression of localized high-
energy states at the boundary. Such a strong correlation
between defect passivation, local coordination, and elec-
tronic transport is a recurring theme in oxide semicon-
ductors, where the balance between structural stability
and carrier delocalization critically governs device per-
formance [5, 12]. In contrast, Sn-rich edges inherently
retain partially filled Sn-derived orbitals, which promote
metallic edge conduction but incur a higher energetic
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cost. This trade-off between structural stability and elec-
tronic conductivity highlights a general design principle
for square-lattice oxide nanoribbons: oxygen-rich termi-
nations favor thermodynamic stability, whereas cation-
rich edges enable low-dimensional metallic transport.

These results reveal a clear trade-off between structural
stability and electronic conductivity in SnO nanorib-
bons. Oxygen-rich edge terminations effectively saturate
dangling bonds and thus minimize high-energy localized
states, leading to enhanced thermodynamic stability. In
contrast, tin-rich edges inherently retain partially filled
Sn-derived orbitals, which promote metallic edge conduc-
tion at the cost of higher formation energies. Such a
balance between energetic stability and low-dimensional
conductivity reflects a general design principle in low-
dimensional oxide systems, where local coordination and
defect chemistry play decisive roles in determining elec-
tronic functionality [52]. Accordingly, chiral edge engi-
neering combined with controlled edge passivation pro-
vides a viable route for tailoring the electronic properties
of SnO nanoribbons.

IV. CONCLUSION

In conclusion, we have systematically investigated the
electronic, magnetic, and optical properties of monolayer
SnO through transition-metal doping and edge engineer-
ing using first-principles calculations. Substitutional Co
doping introduces strongly spin-polarized impurity states
near the Fermi level, giving rise to an apparent half-
metallic behavior within the DFT-PBE approximation.
However, upon inclusion of on-site Coulomb interaction,
the half-metallic character disappears due to correlation-
driven splitting of the localized impurity states. These
findings indicate that Co-doped SnO exhibits dilute local-
ized magnetism, highlighting its potential for oxide-based
spintronic applications.

We further demonstrated that SnO nanoribbons host
robust edge-localized electronic states that persist across
different edge terminations and passivation schemes, con-
firming their intrinsic origin. In addition, these local-
ized edge states are largely independent of the ribbon
width. Hydrogen passivation stabilizes the edge struc-
tures without eliminating the edge states, providing a
realistic platform for probing edge-dominated transport

in oxide nanostructures. For chiral nanoribbons ori-
ented along low-symmetry directions, a clear trade-off
emerges between thermodynamic stability and electronic
conductivity: oxygen-rich edges favor structural stability,
whereas tin-rich edges enable metallic one-dimensional
conduction channels.
The present results also suggest that the proposed

strategy of combining transition-metal doping and edge
engineering may be extended to other oxide semicon-
ductors. However, the emergence of localized flat-band
states and edge-dependent metallicity in SnO is strongly
influenced by its unique lone-pair-driven electronic struc-
ture arising from Sn 5s-O 2p hybridization, which dis-
tinguishes it from oxide systems such as SnO2, In2O3.
Therefore, while the general design principles may be
broadly applicable, the resulting electronic and magnetic
behaviors are expected to depend sensitively on the un-
derlying orbital characteristics of the host oxide material.
These findings establish general design principles for

low-dimensional oxide semiconductors, where electronic
functionality can be tuned through a delicate interplay of
dopant chemistry, local coordination, and edge composi-
tion. The present work thus positions monolayer SnO as
a versatile platform for exploring multifunctional nano-
electronic and spintronic phenomena in oxide-based two-
dimensional materials.
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