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Abstract

The ability to dynamically tune the electronic and magnetic phases of two-
dimensional materials is a critical prerequisite for advanced spintronic appli-
cations. In this study, we perform first-principles density functional theory
(DFT) calculations, utilizing Projector Augmented-Wave (PAW) pseudopo-
tentials, to investigate the structural, electronic, and magnetic properties of
half-hydrogenated and half-fluorinated silicene monolayers. Our energetic
and structural analyses reveal that single-sided adatom chemisorption selec-
tively breaks the intrinsic sublattice symmetry, inducing significant out-of-
plane charge transfer while maintaining the covalent integrity of the underly-
ing silicon framework. Consequently, the pristine zero-gap Dirac semimetal is
fundamentally transformed. Indeed, half-hydrogenation yields an indirect-
gap semiconductor, whereas half-fluorination results in an indirect-gap sem-
imetal. Crucially, this site-selective functionalization isolates unpaired elec-
trons on the unpassivated silicon sublattices, driving macroscopic magnetic
ordering. Spin-polarized calculations determine that the half-hydrogenated
configuration stabilizes in a ferromagnetic ground state with a Curie temper-
ature of Tc = 30.6 K, driven by the unpassivated Si p-orbitals. Conversely, the
half-fluorinated configuration exhibits an antiferromagnetic ground state
governed by a collective electronic contribution from both the unpassivated Si
and adatom F p-orbitals. These findings establish half-functionalization as a
highly effective, non-destructive strategy to engineer symmetry-broken mag-
netic phases in silicene, offering a tunable platform for silicon-compatible cry-
ogenic spintronics and nanoscale logic devices.
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1. Introduction

Following the experimental realization of graphene and the subsequent observa-
tion of its extraordinary physical properties [1], two-dimensional (2D) materials
have emerged as a dominant paradigm in condensed matter physics. The remark-
able ultrahigh carrier mobility, thermal conductivity, and mechanical strength of
graphene have established a blueprint for nanoscale technological applications
[2]. Driven by this potential, extensive research has shifted toward other group-
IV monolayers—namely, silicene [3], germanene [4], and stanene [5]. Unlike gra-
phene, the buckled atomic structures of these silicene-like materials provide an
ideal platform for surface functionalization, unlocking a vast landscape of tunable
electronic and phononic properties [6].

Owing to their analogous honeycomb lattices, these 2D materials share several
fascinating properties with graphene, most notably a Dirac-like electronic band
structure near the Fermi level [7]. Consequently, they exhibit high carrier mobility
[3] [4], excellent mechanical flexibility, and remarkable electronic transport char-
acteristics, making them highly promising candidates for nanoelectronic applica-
tions. Furthermore, the heavier elemental composition of germanene and stanene
induces significantly stronger spin-orbit coupling compared to graphene [5]. This
intrinsic feature provides new opportunities for tuning their electronic and mag-
netic properties, paving the way for advanced spintronic devices [8].

Despite these advantageous characteristics, the absence of an intrinsic band gap
and long-range magnetic order in pristine group-IV monolayers severely hinders
their integration into functional electronic, optoelectronic, and spintronic devices.
To overcome these inherent limitations, extensive research has focused on tailor-
ing their band structures and magnetic responses. Recent experimental break-
throughs have demonstrated that coupling silicene with rare-earth metals (such
as Eu or Gd) can induce complex, competing magnetic orders, driving a transition
from 3D antiferromagnetism to 2D ferromagnetism [9]. Among the various mod-
ification strategies, surface passivation via chemical functionalization, specifically
through hydrogenation and fluorination, has emerged as a highly effective approach
to engineer these fundamental properties [10]-[12].

When functionalizing the basal plane of these monolayers, a distinct trade-off
emerges between energetic viability and functional utility. Computations consist-
ently reveal that fluorine termination produces a deeper thermodynamic mini-
mum compared to hydrogen adsorption [11] [13]. Despite this relative energetic

disadvantage, modifying the lattice with hydrogen remains a dominant research
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avenue. Its unique ability to alter orbital hybridization in a way that triggers mag-
netic ordering and sculpts the electronic band gap makes it an indispensable tool
for developing nanoscale spintronic architectures.

The successful experimental realization of silicane, the fully hydrogenated ana-
log of silicene, represents a major milestone in the development of functionalized
group-IV monolayers [14]. Structurally, this derivative features a buckled hexag-
onal silicium lattice where each host atom is covalently passivated by a hydrogen
adatom, ensuring robust structural stability. Much like graphane [11], this satu-
rated framework exhibits highly desirable electronic traits, most notably excellent
carrier mobility and the emergence of a finite band gap, positioning it as a prime
candidate for next-generation nanoelectronics and spintronics. Crucially, diffuse
reflectance absorption spectroscopy has confirmed an optical band gap of approx-
imately 2.94 eV [15], firmly establishing silicane as a viable 2D semiconductor.

While full hydrogenation thus offers an effective route toward a sizeable and
robust band gap, the resulting silicane remains non-magnetic, since the complete
saturation of every silicon atom quenches the unpaired p, electrons that would oth-
erwise sustain spin polarization [16]. Achieving simultaneous control over both
the electronic band gap and the magnetic ordering therefore calls for only partial
saturation of the lattice, whereby a fraction of the host atoms remains chemically
unsaturated and retains localized, unpaired electrons capable of inducing mag-
netism. In this work, we explore this strategy by investigating two partial func-
tionalization routes, half-hydrogenation and half-fluorination of the silicene mon-
olayer, and demonstrate that they give rise to fundamentally different electronic
and magnetic ground states. The hydrogenated structure stabilizes a ferromag-
netic order with a sizeable band gap of 0.92 eV, whereas the fluorinated structure
favors an antiferromagnetic order with semi-metallic behavior. The negative for-
mation energies obtained for both configurations confirm their thermodynamic
stability, underscoring their potential as versatile, silicon-based platforms for next-
generation spintronic and nanoelectronic applications.

The rest of this article proceeds as follows. Section 2 establishes the first-prin-
ciples methodology used to model our systems. Section 3 presents our core results,
discussing how targeted chemical functionalization governs the structural stabil-
ity, band gap evolution, and magnetic ordering of the silicene monolayers. We

present our final conclusions in Section 4.

2. Computational Methods

All calculations were performed within the framework of Density Functional The-
ory (DFT) [17] using the Quantum ESPRESSO package [18], where the Kohn-Sham
equations were solved self-consistently [19]. Exchange-correlation effects were
described by the Perdew-Burke-Ernzerhof (PBE) functional within the General-
ized Gradient Approximation (GGA) [20]. To properly account for the long-range
dispersion interactions characteristic of two-dimensional systems, van der Waals
effects were included through the nonlocal vdW-DF2 functional [21] [22], based
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on the nonlocal correlation formalism developed by the Thonhauser group [21]
[22]. Specifically, the PBE functional augmented with the vdW-DF2 correction
was applied consistently across all stages of the workflow, including structural re-
laxation, total energy evaluation, and electronic band structure generation. The
interaction between valence electrons and ionic cores was treated using the Pro-
jector Augmented-Wave (PAW) method [23]. The computational parameters were
carefully converged with respect to the plane-wave cutoff energy, charge-density
cutoff, k-point sampling, and lattice parameter. The electronic wave functions were
expanded in a plane-wave basis set with a kinetic energy cutoff of 65 Ry, while a
charge-density cutoff of 360 Ry was employed. Brillouin-zone integrations were
carried out using a 60 x 60 x 1 Monkhorst-Pack 4-point mesh, which ensured the
convergence of the total energy and electronic properties. To eliminate spurious
interactions between periodically repeated images, a vacuum region larger than
18 A was introduced along the direction perpendicular to the monolayer plane.
The structural optimization was carried out in a two-step procedure to ensure
high accuracy. First, a variable-cell relaxation was performed to optimize the in-
plane lattice parameters while constraining the out-of-plane axis to preserve the
18 A vacuum gap. Subsequently, a standard relaxation at the fixed optimized cell
dimensions was conducted to precisely determine the internal atomic coordinates.
For both steps, the relaxation was considered complete when the total energy
change between self-consistent steps dropped below 107® Ry, and the maximum
Hellmann-Feynman force acting on any atom was reduced to less than 10™
Ry/Bohr.

3. Results and Discussion
3.1. Energetic Stability

To rigorously assess the thermodynamic viability of the functionalized silicene
configurations, both the binding energy (£5) and the formation energy (£ were
calculated for the respective hydrogen and fluorine chemisorption processes. The
binding energy serves as a quantitative measure of the overall interaction strength,
encompassing both the newly formed adatom bonds (Si-H or Si-F) and the intrin-
sic Si-Si lattice. Consequently, a larger absolute magnitude of Ej signifies more

robust structural cohesion. This energetic metric is formally expressed as [24]:

where N denotes the total number of atoms comprising the supercell, and E;
represents the calculated total energy of the functionalized (hydrogenated or fluor-
inated) system. The term Eg corresponds to the total energy of the pristine sili-
cene monolayer. Furthermore, E, defines the energy of an isolated adatom (X
= H or F), while n, indicates the exact number of these specific adatoms ad-
sorbed onto the lattice.

In parallel, the formation energy (£ evaluates the thermodynamic stability of

the functionalized lattice relative to its molecular gas phase, effectively quantifying
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the system’s resistance against the desorption of diatomic H, or F, molecules. This

energetic parameter is defined by the following relation [24]:

1

n
E, :W[ET ~Eg _TXEij’

where E, denotes the calculated total energy of an isolated reference molecule
(H; or F»). A strictly negative value for Erindicates that the chemisorption process
is exothermic. This thermodynamic favorability indicates that the half-function-
alized configurations are energetically stable against phase decomposition. How-
ever, we note that definitive proof of experimental viability would also necessitate
confirming their dynamical and thermal stability, which remains a compelling
subject for future investigations.

The calculated formation and binding energies for both half-functionalized
configurations are strictly negative, confirming that the adatom chemisorption is
an inherently exothermic process and that the resulting monolayers are thermo-
dynamically stable. Notably, the half-hydrogenated configuration exhibits a sig-
nificantly larger absolute binding energy (£j5). This indicates that hydrogen pas-
sivation of the silicon lattice yields a more energetically favorable ground state
compared to fluorine adsorption, providing a robust physical rationale for the ex-
tensive focus on hydrogenation in prior studies of 2D materials. Quantitatively,
the formation and binding energies between the two functionalized hybrids ex-
hibit energetic differences of 0.13 eV/atom and 0.53 eV/atom, respectively. Ulti-
mately, both thermodynamic metrics consistently favor the half-hydrogenated
silicene lattice, definitively establishing its enhanced energetic stability relative to

its half-fluorinated counterpart.

3.2. Structural Properties

Silicene differs fundamentally from graphene through its intrinsic buckled geom-
etry, which originates from the larger atomic radius of silicon and its mixed sp*-
sp? hybridization character [25]. The resulting vertical displacement between the
two hexagonal sublattices breaks the planar symmetry and creates chemically in-
equivalent adsorption environments. Such a buckled structure is particularly fa-
vorable for sublattice-selective functionalization, enabling the formation of semi-
functionalized derivatives through the adsorption of adatoms on a single sublat-
tice. In this work, two configurations are considered: semi-hydrogenated silicene,
where hydrogen atoms are attached to one silicon sublattice (Figure 1(a)), and
semi-fluorinated silicene, obtained by the adsorption of fluorine atoms on the
same sublattice (Figure 1(b)).

The optimized structural parameters of the half-functionalized silicene config-
urations are summarized in Table 1. Compared with pristine silicene [26], both
functionalized structures exhibit elongated Si-Si bonds, indicating that adatom
adsorption induces a noticeable reconstruction of the silicon lattice. For the half-
hydrogenated configuration, the calculated Si-Si bond length and buckling height
are 2.375 A and 0.6802 A, respectively. The half-fluorinated structure exhibits a
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slightly shorter Si-Si bond length of 2.367 A, while retaining a nearly identical
buckling height of 0.6804 A. The remarkable similarity of the buckling parameters
suggests that the adsorption of either hydrogen or fluorine drives the silicon atoms
from their mixed sp*/sp® hybridization toward a predominantly sp*-like tetrahe-
dral environment. As a result, the out-of-plane distortion is primarily dictated by
the geometrical constraints associated with sp’ bonding rather than by the differ-
ent electronegativities of the adsorbed species. The calculated adatom-silicon
bond lengths are 1.507 A for the Si-H bond and 1.649 A for the Si-F bond, reflect-
ing the larger atomic size of fluorine and the distinct bonding characteristics of

the two adatoms.

Top view

Figure 1. Optimized atomic structures of the half-functionalized silicene monolayers. The
blue, red, and yellow spheres represent silicon (Si), hydrogen (H), and fluorine (F) atoms,
respectively. Top and side views are shown for the (a) half-hydrogenated and (b) half-fluori-
nated configurations. The parameters a; and a, denote the lattice constants, while di and d»
represent the out-of-plane buckling distances for the hydrogenated and fluorinated structures,
respectively.

Table 1. Calculated results for semi-functionalized silicene: Distances and buckling parameter A in A,

formation E,,binding E,,and gap energies E, ineV.

Structures dgs dy s deg A E; E; E, Magnetism
Hydrogenated = 2.375 1.507 - 0.68 -2.76 -2.61  0.92 FM
Fluorinated 2.367 - 1.649 0.68 -2.23 -2.48 - AFM

3.3. Charge Transfer

To elucidate the nature of the chemical bonding and electronic interactions within
the half-functionalized silicene configurations, Figure 2 illustrates the spatial
charge density distributions. In both systems, a pronounced localization of elec-
tronic charge is observed around the adatoms, accompanied by a corresponding
charge depletion surrounding the host silicon atoms. Specifically, the electron

density is concentrated both around the adatoms and along the adatom—Si axis,
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indicating a strongly polar covalent bonding character. This charge transfer is fun-
damentally driven by the Pauling electronegativity (y) differences between the
constituent elements [27]. As depicted in the side views of Figure 2(a) and Figure
2(b), the charge accumulation is significantly more prominent around the fluo-
rine atom (y = 3.98) than the hydrogen atom (y = 2.20), which perfectly aligns
with their relative electronegativities compared to silicon ( ¥ = 2.01). Finally, an
analysis of the charge distribution between the passivated silicon and the adjacent
free silicon reveals that the electron density remains symmetrically localized be-
tween the two atoms, confirming that the underlying Si-Si lattice strongly retains

its intrinsic covalent bonding character.

Figure 2. Charge density distribution of the half-functionalized silicene monolayers. The
blue, red, and yellow spheres represent silicon (Si), hydrogen (H), and fluorine (F) atoms,
respectively. Top and side views are shown for the (a) half-hydrogenated and (b) half-fluor-
inated configurations.

To quantitatively substantiate the polarizations observed in the charge density
maps in Figure 2, a Bader charge analysis [28] was performed, with the results sum-
marized in Table 2. Consistent with the previously discussed electronegativity dif-
ferences, we observe an electron transfer from the passivated silicon atoms to the
adatoms. Specifically, the hydrogen-bonded silicon atoms donate approximately
0.97 e— to the hydrogen atoms. In the half-fluorinated configuration, the extreme
electronegativity of fluorine drives an even greater charge transfer, with the func-
tionalized silicon donating nearly 1.006 e— to the F atom. These local redistribu-
tions confirm the strong mixed ionic-covalent character of the Si-H and Si-F
bonds. Despite this severe vertical polarization, the charge transfer along the in-
plane silicene lattice remains remarkably small. Specifically, the unpassivated, free
Si atoms receive only 0.023 e— and 0.0017 e— per adjacent Si-Si bond from their
functionalized neighbors in the hydrogenated and fluorinated structures, respec-
tively. Because each free Si atom bonds to three functionalized neighbors, this re-
sults in a total net charge accumulation of approximately 0.07 e— and 0.005 e— per
unpassivated atom, which perfectly aligns with the total Bader charges reported
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in Table 2. This negligible in-plane charge transfer definitively proves that the
underlying Si-Si network strongly preserves its purely covalent bonding charac-

ter.

Table 2. Calculated charge transfer for the two semi-functionalized silicene configurations.

The symbols “+” and “-” indicate electron accumulation and electron depletion, respec-
tively.
Structures Si Si,, Si, H F
Hydrogenated +0.07 -1.04 - +0.97 -
Fluorinated +0.005 - -1.02 - +1.006

3.4. Electronic Structure

Given that the fundamental electronic properties of pristine silicene have been ex-
tensively documented in existing literature, this study bypasses its baseline charac-
terization. Instead, our analysis is strictly devoted to the half-functionalized con-
figurations to systematically evaluate how hydrogen and fluorine adsorption mod-
ulate the electronic topology of the monolayer. The computed electronic band
structures for both systems are depicted in Figure 3, while the extracted band-gap

values are tabulated in Table 1.
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Figure 3. The electronic band structure for half-functionalized silicene configurations: (a)
half-hydrogenated and (b) half-fluorinated configurations.

Pristine freestanding silicene is well known to exhibit a semi-metallic character,
featuring Dirac-like band crossings at the Fermi level that result in a zero band
gap [5] [11]. While the inclusion of spin-orbit coupling can induce a negligible
gap in the pristine sheet [29], our results demonstrate that chemical functionali-
zation fundamentally alters this electronic topology. As depicted in Figure 3, a
substantial, finite band gap is opened for both the half-hydrogenated and half-
fluorinated configurations even in the absence of spin-orbit interactions. This dra-
matic transition from a Dirac semimetal to a gapped system underscores the pow-
erful influence of targeted adatom adsorption in breaking the sublattice symmetry
of the silicene monolayer.

As illustrated in Figure 3(a), the half-hydrogenated configuration exhibits a
calculated band gap of approximately £, = 0.92 eV, whereas the half-fluorinated
structure (Figure 3(b)) exhibits a semi-metallic character. Beyond this variance in

gap magnitude, the choice of adatom fundamentally dictates the resulting elec-
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tronic topology. Both passivated systems display an indirect band-gap profile,
characterized by a conduction band minimum (CBM) located near the M point
and a valence band maximum (VBM) situated at the K point. However, a distinct
divergence in electronic behavior emerges in the half-fluorinated system: the par-
tial occupation of valence states causes the bands to cross the Fermi level, thereby
imparting a semi-metallic character. Ultimately, these findings highlight that chem-
ical passivation does more than simply break the zero-gap state of pristine silicene;
it serves as a powerful mechanism to tune the overall electronic phase, driving the
material to behave either as an indirect semiconductor or a semi-metal depending
on the functionalizing agent.

To elucidate the orbital contributions along the high-symmetry directions of
the Brillouin zone, the projected electronic band structures for the half-function-
alized configurations are presented in Figure 4. For the half-hydrogenated system
(Figure 4(a)), the states near the valence band maximum (VBM) are predomi-
nantly derived from the 3p, orbitals of the unpassivated silicon atoms, accompa-
nied by a minor contribution from the hydrogen 1s orbitals. These Si 3p, states
remain the dominant component across most of the high-symmetry pathway near
the VBM. Conversely, the conduction band minimum (CBM) originates largely
from the 3sorbitals of the free silicon atoms, although the hydrogen 1sstates con-
tribute notably in the vicinity of the K-point. Collectively, these observations
demonstrate that the electronic states bordering the Fermi level are fundamentally
governed by the unpassivated silicon lattice, whereas the passivated silicon atoms

exert only a negligible influence near the band edges.
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Figure 4. Orbital-projected electronic band structures of the half-functionalized silicene
configurations: (a) the half-hydrogenated system and (b) the half-fluorinated system.

For the half-fluorinated configuration displayed in Figure 4(b), a similar orbital
distribution is observed near the valence-band edge. The VBM is mainly domi-
nated by the p, orbitals of the adsorbed fluorine (F) atoms, particularly on the M-
K path of the high symmetry line of the Brillouin zone. This contribution is fol-
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lowed by the contribution of 3p, orbitals of the Si atom which is not bonded to
the fluorine atom. The conduction band minimum (CBM) receives an important
contribution from the non-bonded to the fluorine silicon Si atoms 3s orbitals, es-
pecially on the I'-M, from the M point to the middle of the M-K path and from
the middle of the K-I' to I' point. The 3 p, orbitals of Si not bonded to fluorine
dominate the CBM over all this previous domain of the high symmetry line of the
Brillouin zone. At the CBM, around the K-point, 3p, orbitals of the fluorine-
bonded silicon Sir is the dominant one. Overall, the projected band structure
analysis reveals that the electronic states around the Fermi level do not arise from
only one or two orbitals but arise from a mixed contribution of all atoms present
in the structure; however, the dominant one is the 2p, orbitals of the adsorbed
fluorine F atoms.

On the other hand, for the half-fluorinated configuration (Figure 4(b)), a
highly hybridized orbital distribution emerges near the Fermi level. The valence
band maximum (VBM) is heavily dominated by the 2p, orbitals of the adsorbed
fluorine atoms, particularly along the M-K high-symmetry path, with secondary
contributions arising from the 3p; orbitals of the unpassivated silicon atoms. In the
conduction band region, the orbital character exhibits strong momentum depend-
ence. Along the I' -M direction and the path segments radiating from both the T’
and M points, the conduction band minimum (CBM) is primarily governed by the
3py orbitals of the free silicon atoms, supplemented by a notable contribution from
their 3sstates. However, as the momentum approaches the K point, the CBM char-
acter shifts abruptly, becoming dominated by the 3 p, orbitals of the passivated (flu-
orine-bonded) silicon atoms. Ultimately, this analysis reveals that the electronic
states bordering the Fermi level are not isolated to a single atomic site; rather, they
arise from a complex hybridization among all atoms in the lattice, with the strongly

electronegative fluorine 2pj states acting as the paramount driving force.

3.5. Magnetic Properties

The chemical functionalization of the silicene monolayer fundamentally disrupts
its extended 7 -bonding network. By passivating only half of the lattice, localized
unpaired electrons are generated on the remaining unpassivated silicon atoms,
providing a physical mechanism for emergent magnetic ordering. To rigorously
determine the magnetic ground state of both the half-hydrogenated and half-
fluorinated configurations, spin-polarized calculations were performed within the
GGA framework. We evaluated three distinct magnetic arrangements: non-mag-
netic (NM), ferromagnetic (FM), and antiferromagnetic (AFM). As depicted in
Figure 6, the magnetic phases were modeled using a 4 x 4 x 1 supercell comprising
48 atoms per configuration (32 silicon atoms and 16 adatoms). To ensure compu-
tational accuracy, the initial spin polarizations during the self-consistent cycles were
specifically localized on the 16 unpassivated silicon atoms, as they are the primary
hosts for the induced magnetic moments.

An analysis of the calculated total energies reveals that the choice of adatom
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fundamentally dictates the magnetic ground state of the functionalized mono-
layer. For the half-hydrogenated configuration, the ferromagnetic (FM) state is
energetically most stable compared to both the antiferromagnetic (AFM) and
non-magnetic (NM) phases. Conversely, energy minimization establishes the AFM
state as the definitive ground state for the half-fluorinated system. To quantita-
tively substantiate the assigned magnetic ground states, the total energies of the
NM, FM, and AFM configurations were systematically evaluated and compared.
For the half-hydrogenated system, the FM state is energetically the most stable,
lying 63.28 meV per supercell lower than the AFM state and 44.71 meV per super-
cell lower than the NM state. Conversely, for the half-fluorinated system, the AFM
phase constitutes the definitive ground state, being energetically favored by 24.88
meV per supercell over the FM state and 47.42 meV per supercell over the NM
state. To quantify the spin polarization in the FM half-hydrogenated structure, a
Léwdin population analysis [30] was performed. The results indicate that the pas-
sivated silicon atoms and the hydrogen adatoms exhibit negligible magnetic mo-
ments of approximately 0.0070 x; and 0.1085 i, respectively. Instead, the ro-
bust macroscopic magnetization is overwhelmingly driven by the unpassivated
silicon atoms, which host a highly localized magnetic moment of about 0.8703
Mg per atom. In the AFM half-fluorinated structure, the local magnetic moments
on the unpassivated silicon sublattices align in an antiparallel configuration, yield-
ing a net macroscopic magnetic moment of absolute zero for the supercell. Ulti-
mately, these results demonstrate that, while both functionalizations induce local-
ized spins, half-hydrogenation is specifically required to stabilize long-range fer-
romagnetic ordering in silicene.

While half-hydrogenation successfully induces a ferromagnetic ground state,
the relatively narrow energy difference between the FM and AFM configurations
implies that this magnetic ordering is highly susceptible to thermal fluctuations.
To evaluate the Curie temperature (T. ), the exchange coupling parameter (J )
was extracted by mapping the DFT total energies onto the classical nearest-neigh-
bor Heisenberg spin model, defined as:

H=-135-S,.
ij

By comparing the energies of the ferromagnetic and antiferromagnetic states,
the exchange parameter is derived using the mapping formula:

J= EAFM - EFM
28?7
where 7z is the effective coordination number and S =1/2 is the spin magni-
tude per site. From this, the Curie temperature within the Mean Field Approxi-
mation (MFA) can be estimated using the global relation:
_ 2(EAFM - EFM )
¢ 3Nk,

where N is the total number of magnetic atoms in the supercell, and k; is the
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Boltzmann constant. Using the calculated exchange energy of approximately 3.95
meV per magnetic atom (derived from the 63.28 meV energy difference across the
16 unpassivated silicon atoms in our supercell), we obtain an estimated T. of
30.6 K. It is important to note, however, that while the MFA provides a useful
qualitative baseline, it intrinsically neglects long-range thermal spin fluctuations.
In two-dimensional systems, these fluctuations are highly pronounced (as dic-
tated by the Mermin-Wagner theorem), meaning the MFA fundamentally over-
estimates the true ordering temperature, which relies on magnetic anisotropy to
maintain long-range order. This result reveals that while robust long-range ferro-
magnetic order is intrinsically stabilized by hydrogen passivation, it is strictly
maintained only in the low-temperature regime, restricting potential spintronic
applications to cryogenic environments.

To further validate the assigned magnetic ground states and gain deeper insight
into the underlying electronic exchange mechanisms, spin-polarized electronic
band structures were calculated for both configurations, as presented in Figure 5.
For the half-hydrogenated system (Figure 5(a)), a pronounced exchange splitting
between the spin-up (majority) and spin-down (minority) channels is highly vis-
ible across the entire Brillouin zone. This macroscopic band asymmetry perfectly
aligns with the localized spin polarization discussed previously, providing defini-
tive confirmation of the robust ferromagnetic character intrinsic to the half-hy-
drogenated silicene lattice.

In stark contrast, the half-fluorinated configuration (Figure 5(b)) exhibits a
fundamentally different electronic topology. Unlike the pronounced exchange
splitting observed in the hydrogenated system, the spin-up and spin-down energy
bands of the fluorinated monolayer are perfectly degenerate across the entire Bril-
louin zone. This complete energetic overlap of the majority and minority spin
channels indicates an absence of macroscopic spin polarization. Such continuous
spin degeneracy is a quintessential hallmark of a system with zero net magnetiza-
tion, thereby providing definitive confirmation of the antiferromagnetic ground
state, wherein the localized magnetic moments on the unpassivated silicon sub-

lattices perfectly cancel each other out.

Energy (eV)

Figure 5. Spin-polarized electronic band structures of the half-functionalized silicene con-
figurations. (a) The half-hydrogenated system exhibits pronounced exchange splitting be-
tween the majority and minority spin channels, indicative of ferromagnetic ordering. (b)
The half-fluorinated system displays perfectly degenerate spin bands, characteristic of an
antiferromagnetic ground state.
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To further visualize the macroscopic magnetic behavior of the functionalized
monolayers, the spatial spin-density distributions (Ap ) for both configurations
are plotted in Figure 6. In both systems, the spin-density isosurfaces are over-
whelmingly localized on the unpassivated silicon atoms, visually corroborating
our previous analyses that these sites are the primary hosts of the induced mag-
netic moments. Conversely, the passivated silicon atoms and their respective ada-
toms exhibit negligible spin density, confirming their minimal contribution to the
overall magnetization. The stark contrast between the two magnetic ground states
becomes explicitly apparent when examining the spatial alignment of these local-
ized lobes. For the half-hydrogenated configuration (Figure 6(a)), the spin-den-
sity isosurfaces display a uniform spatial phase (identical coloration) across all
magnetic sites, visually confirming the parallel spin alignment characteristic of
robust ferromagnetic ordering. In contrast, the half-fluorinated configuration
(Figure 6(b)) exhibits alternating regions of positive and negative spin density on
adjacent unpassivated silicon atoms. This antiparallel spatial distribution flaw-
lessly visualizes the localized spin cancellation, providing a compelling final con-

firmation of the antiferromagnetic ground state predicted by the total-energy cal-

culations.

Figure 6. Spatial spin-density Ap distributions for the 4 x 4 x 1 supercells of the (a) half-
hydrogenated and (b) half-fluorinated silicene configurations. The brown and green
isosurfaces represent regions of positive (majority, spin-up) and negative (minority, spin-
down) spin density, respectively. For both configurations, the plotted isovalue is set to 40%
of the maximum spatial spin density.

To elucidate the microscopic origins of the induced magnetism and isolate the
specific atomic orbital contributions, the spin-polarized projected density of states
(PDOS) for both configurations is presented in Figure 7. For the half-hydrogen-
ated system (Figure 7(a)), the PDOS reveals a pronounced asymmetry between
the majority and minority spin channels, seamlessly corroborating its ferromag-
netic ground state. The electronic states in the immediate vicinity of the Fermi
level are overwhelmingly derived from the p-orbitals of the unpassivated silicon
atoms, confirming that these specific orbitals act as the primary drivers of mag-
netism in the hydrogenated monolayer.

Conversely, the PDOS of the half-fluorinated configuration (Figure 7(b)) ex-
hibits perfect symmetry between the spin-up and spin-down channels, reaffirm-

ing the macroscopic spin cancellation inherent to its antiferromagnetic state. No-
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tably, the Fermi level is shifted into the valence band, consistent with the previ-
ously established semi-metallic character. The frontier states surrounding the Fermi
energy are dictated primarily by the p-orbitals of the unpassivated silicon atoms,
while the p-orbitals of the fluorine adatoms dominate the unoccupied states situ-
ated just above the Fermi level. This multi-orbital contribution demonstrates that
the magnetic behavior in the half-fluorinated lattice emerges from the complex
hybridization between the free silicon states and the highly electronegative fluo-

rine adatoms.

m—Si\1,r(P) Siyr(s)  mmmm Si(p) Si(s) = (H,F)(s) F(p)
g 5 5,
o | [
N a . (b) |
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Figure 7. Spin-polarized projected density of states (PDOS) for the half-functionalized silicene configura-
tions. (a) The half-hydrogenated system, illustrating the asymmetric spin distribution characteristic of its
ferromagnetic ground state. (b) The half-fluorinated system, displaying a perfectly symmetric spin distri-
bution indicative of its antiferromagnetic ground state.

Ultimately, the ability to engineer distinct electronic and magnetic ground
states in silicene through targeted half-functionalization holds significant funda-
mental interest. Because silicene is inherently compatible with existing silicon in-
frastructure, demonstrating that adatom adsorption can tune the lattice between
an antiferromagnetic semi-metal and a ferromagnetic semiconductor provides a
valuable theoretical baseline for 2D magnetoelectronics. While the low Curie tem-
perature (Tc = 30.6 K) of the hydrogenated system restricts potential spintronic
applications strictly to cryogenic environments, this study confirms that chemical
passivation is a highly effective, non-destructive mechanism to manipulate spin

degrees of freedom in Dirac materials.

4. Conclusion

In conclusion, we have performed a comprehensive first-principles investigation
into the phase engineering of silicene via half-functionalization with hydrogen
and fluorine. Both configurations are demonstrated to be thermodynamically sta-
ble, exhibiting significant vertical charge transfer that generates strongly polarized,
mixed ionic-covalent Si-adatom bonds without disrupting the purely covalent in-
tegrity of the basal Si-Si network. By explicitly breaking the intrinsic sublattice sym-
metry, half-adsorption dramatically transforms the zero-gap Dirac semi-metal into
distinct, highly tunable electronic and magnetic phases. Specifically, half-hydro-

genation yields an indirect-gap semiconductor with a ferromagnetic ground state,
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driven predominantly by the localized p-orbitals of the unpassivated silicon at-
oms. In stark contrast, half-fluorination produces an antiferromagnetic semi-metal,
where the magnetic behavior is governed by the collective contribution from both
the unpassivated Si and the adatom F p-orbitals. These results highlight that ada-
tom selection in half-functionalized lattices provides a precise mechanism for con-
trolling macroscopic spin ordering and electronic topology. Consequently, this
controlled, site-selective approach positions functionalized silicene as an excep-

tionally promising candidate for advanced spintronic device integration.
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