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1 Computational Methods

The electronic, magnetic, and nonlinear optical properties of the considered QDs are investigated with
DFT computation techniques and carried out in the Gaussian 09W program [1]. The calculations were
made using the range-separated hybrid LC-ωPBE exchange functional [2, 3] and the effective core
potential LANL2DZ basis set [4]. To accurately characterize the localization or delocalization of spin
densities, we require such theories that can capture effects of electron correlation and long-range exact
exchange while reduces the self-interaction errors [5–7]. For a configuration with fully-filled d10 shell,
the d-orbitals are localized and contracted, and for system like metal-chalcogenide the majority orbital
contributions comes from s and p. Therefore, unlike the configurations with partially-filled d-orbitals
(like Transition-metal Dichalcogenides), such systems experience less on-site Coulomb repulsion (strong
correlation) but realize more delocalization error (i. e., self-interaction errors). Standard global hybrid
exchange–correlation functional cannot completely cancel this self-repulsion of electrons because
they include only a small, distance-independent fraction of Hartree–Fock exchange (exact exchange),
which results in an insufficient (decays exponentially instead of as –1/r) asymptotic potential [8].
Range-separated hybrid functionals overcome this limitation by incorporating exact exchange in the
long-range regime, where self-interaction error is a major factor, thereby providing a more accurate
description of orbital localization and electronic level alignment [9, 10]. The present configurations
were optimized using several range-separated hybrid functionals, and the LC-ωPBE functional provided
the most smooth SCF convergence and consistent physical parameters, while other functionals either
failed to converge or showed less stable results.

The magnetic ordering is specified by performing geometry optimization on the molecular structure with
time-independent self-consistent field SCF calculation at different magnetic states, such as closed-shell
approach (spin-up and spin-down are identical, i.e. nonmagnetic), open-shell approach (spin-up and
spin-down differs. i.e. magnetized), and various spin-polarized states. The state that shows the minimal
total energy considered as the stable magnetic state of that structure. The nanoflakes were optimized on
the potential energy surface until the maximum force converges to 1.5 × 10−5 Hartree/Bohr and the
RMS density matrix converges to 1.5× 10−8 Hartree/Bohr. The interaction strength of all the structures
(pristine, ternary MPCs, TM-doped ternary MPCs) has been evaluated in terms of their binding energies
(Eb), and calculated using the following equations:

Eb =
(nm Em + nx Ex + nH EH − Et)

nt

(1)

where nm, nx, nH , and nt are the number of metals, chalcogens, hydrogens, and total number of atoms,
respectively. Em, Ex, EH , and Et are the corresponding energies. The formation energies [11, 12] due to
the substitution of 3 chalcogen with P3 coordination is derived as:

Esub = EPQD + 3EX − (Epristine + 3EP) (2)

where,

• EPQD: Energy of the M12P3X9 system,
• EX: Isolated energy of chalcogen atoms,
• EP: Isolated energy of phosphorus atoms,
• Epristine: Energy of the M12X12 system.

Similarly, the adsorption energy due to the placement of a single transition metal (TM) atom at the
hollow site calculated as:

Eint. = ETMP − (EPQD + ETM) (3)
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where,

• ETMP: Total energy of the entire M12P3TMX9 system,
• ETM: Isolated energy of transition metal atoms.

The calculation of effective g-factor is performed with the Gauge-Including Atomic Orbitals (GIAO)
method by applying similar theory. The GIAO technique computes the rotational g tensor by taking the
second derivative of the ground-state energy (E) with respect to an external magnetic field B⃗ propagating
in a Cartesian coordinates [13]:

gλη = − ℏ
µN

∂2E

∂Bλ ∂Jη
(4)

where ℏ is the reduced Planck constant, µN is the nuclear magneton, J denotes the rotational angular
momentum, and λ and η denote the Cartesian lateral (x, y) and vertical (z) directions. The isotropic and
anisotropic magnetic susceptibilities are calculated with the Continuous Set of Gauge Transformation
(CSGT) method. In practice, it first finds the induced current density J(r) for the ground state energy
(E) with respect to an applied external perturbation B. The susceptibility tensor χij is then obtained by
integrating over all possible gauge origins [14]:

χij =

∫
(r× J(r)) dr (5)

The net dipole moment (µavg), isotropic linear polarizability (ᾱ), and effective first static hyperpolarizability
(βeff) were calculated using the Finite Field method with the CAM-B3LYP hybrid exchange-correlation
functional [15] due to its ability to compute analytical derivatives, and it has been previously employed in
many investigations [16–18]. Although LC-ωPBE functional is a good candidate to compute analytical
nuclear gradients ∂E

∂R , it cannot compute the evaluation of higher-order derivatives with respect to an
external perturbation. Thus, to calculate polarizability (∂

2E
∂E2 ) or first-hyperpolarizability (∂

3E
∂E3 ) using

finite-field calculations, one require such functionals capable to perform higher order derivatives and
retains essential long-range exchange character. As CAM-B3LYP capable of evaluating ∂nE

∂En and has
been widely implemented for such finite-field property calculations, it was therefore adopted for the
present calculations. An ideal DC limit is considered as an external perturbation for interpreting the
optoelectronic responses ᾱ(0; 0, 0) and βeff(0; 0, 0). In the presence of an electric field, the total energy
of the quantum dots can be expanded by means of a Taylor series [19]:

E = E0 − µi Ei −
1

2
αij Ei Ej −

1

6
βijk Ei Ej Ek − . . . (6)

Here, E0 is the ground-state energy of the structures, and µi, αij , and βijk are the dipole moments, mean
polarizability, and first static hyperpolarizability, respectively, with respect to a field perturbation of
E⃗ along the directions i, j, and k = x, y, z (Cartesian axes). The projected density of states (PDOS)
for s, p, and d orbitals, as well as for individual atomic groups, was calculated using molecular orbital
energies and coefficients. A Gaussian broadening of σ = 0.3 eV was applied on a uniform energy grid
of 4000 points. Both total and resolved contributions are plotted. States below a 1× 10−6 a.u. threshold
were excluded to avoid numerical noise. Molecular orbital isosurfaces were visualized at ±0.02 a.u.,
and the isovalues for spin density and electron density contours were set to 0.0004 a.u.
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(a) ZnS (b) ZnSe (c) ZnTe

(d) CdS (e) CdSe (f) CdTe

(g) HgS (h) HgSe (i) HgTe

Figure S1: Hexagonal Nanoflakes of Pristine Quantum Dots with Edge Hydrogen Passivation to Prevent
Edge Distortion.
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(a) Zn12P3S9 (b) Zn12P3Se9 (c) Zn12P3Te9

(d) Cd12P3S9 (e) Cd12P3Se9 (f) Cd12P3Te9

(g) Hg12P3S9 (h) Hg12P3Se9 (i) Hg12P3Te9

Figure S2: Phosphorus-Substituted MPC Quantum Dots Prior to form Localized P–TM Hybridization
at Interstitial Sites within the Nanoflakes.
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2 Orbital-projected PDOS of Pristine Configurations

Figure S3: PDOS potted for pristine M12X12H12 dots. This shows localized energy states for systems
with small metals (Zn12(S/Se)12), that results in a wide energy gap (Eg = 7.37/6.56 eV). The systems
with larger metal-chalcogen combination depicts a denser energy spectrum due to their larger atomic
radii, which makes the electronic distributions more diffuse and result in a lower energy gap (2.70–4.77
eV).
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3 Element-projected PDOS of Interstitial Confinement

(a)

(b)
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(c)

Figure S4(a–c): Atom-specific PDOS plotted side-by-side to show P3–TM pairing and how this pairing
interacts with the P3–TM–X9 indirect bonding of chalcogens for both spin channels. As discussed, the
chalcogens modulate the hybridization strength of each interstitial pair in a host configuration, which
causes them to adopt either the lowest, or consistently highest magnetic configuration. The β-channel
and α-channel electronic states of P3–Ni/Mn/V hybridize asymmetrically with the S/Se/Te, that offers
selective tuning of one spin-channel, control over the effective magnetic moment, and the response
magnitude of the first static hyperpolarizability.
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4 Vibrational Response Analysis
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5i

Figure S5 (a–i): The IR spectra of the pristine, ternary, and interstitially doped nanodots are presented
for each of the group. This analysis shows that all the vibrational frequencies are real, with no imaginary
vibrations, which ensures the systems occupy stable minima on the potential energy landscape and
indicates structural stability.
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5 Energetic and Bonding Response under Finite-Temperature
Perturbations
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6r
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6t

Figure S6 (a–t): The ab initio molecular dynamics (AIMD) simulations were performed at an
instantaneous temperature of 300 K (room temperature) to study the thermal stability of the system, i.e.,
how the potential energy and selected bond lengths (with neighboring atoms in the central honeycomb)
change over a finite time (5 femtoseconds). As depicted, the changes in potential energy and bond
lengths are very small and show smooth variations, with no sudden or abrupt fluctuations in energy or
geometry. This indicates that the considered systems are thermally stable within the studied temperature
range.
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