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Abstract

First-principles calculations based on density functional theory (DFT) were employed to
investigate the structural, electronic, and magnetic properties of pristine and single Fe-doped
ALSi:Os(OH)4 (kaolinite). All calculations were performed within the GGA-PBE framework
using a plane-wave pseudopotential approach. Convergence tests with respect to kinetic energy
cut-off and k-point sampling confirmed that 40 Ry and a 5x5x%5 Monkhorst—Pack grid ensure
total energy convergence within 1 meV/atom for both systems. Structural optimization of
pristine kaolinite reproduces the characteristic layered framework of SiO4 tetrahedra and AlOs
octahedra. Upon Fe substitution at an octahedral Al site, localized structural relaxation is
observed, with elongated Fe-O bonds (=1.95-2.12 A), minor lattice expansion (<2%), and
measurable octahedral distortion indices (~2—-3%). The calculated binding energy (~0.68 eV)
indicates that Fe incorporation is thermodynamically feasible under suitable conditions.
Electronic structure analysis reveals that pristine Al>Si2Os(OH)s is an indirect wide-band-gap
insulator with a calculated GGA gap of 4.19 eV. Fe substitution induces spin polarization,
reduces the band gap to 3.23 eV, and introduces Fe-3d states near the band edges. Spin splitting
between majority and minority channels confirms magnetic ordering, yielding a local magnetic
moment of ~3.8 uB per Fe atom, consistent with high-spin Fe*" in octahedral coordination.
Charge density and spin density analyses reveal pronounced Fe—O hybridization and localized
magnetic moment formation. These findings demonstrate that Fe doping effectively tunes the
structural stability, electronic band gap, and magnetic behavior of kaolinite, highlighting its
potential for functional and catalytic applications.
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1. INTRODUCTION
Layered aluminosilicates such as kaolinite (AlzSi20s(OH)4)
are ubiquitous in the Earth’s crust and are widely used in
ceramics, catalysis, environmental remediation, and as model
systems for studying interfacial chemistry of clays [1-3]. The
crystal structure of Kaolinite consists of an alternating two-
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sheet arrangement of edge-sharing AlOs octahedra and corner-
sharing SiOa tetrahedra with interlayer hydroxyls gives rise to
a strong directional bonding network and distinct mechanical
and electronic characteristics that are highly sensitive to
compositional perturbations and defects [4—6]. Recent first-
principles studies have emphasized that point defects,
substitutional impurities, and surface hydration strongly
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modify surface reactivity, electronic states near the band
edges, and mechanical response of kaolinite and related clays
[7-10].

Transition-metal (TM) substitution into aluminosilicate
lattices is of both fundamental and practical interest because
TM dopants alter lattice strain, electronic structure, magnetic
properties, and adsorption behavior. Iron (Fe) is a commonly
observed impurity in natural kaolinites and has been shown to
influence sorption, catalytic activity, and dehydroxylation
pathways [11-14]. Combined density functional theory (DFT)
and experimental studies indicate that Fe substitution at the Al
octahedral sites induces localized structural relaxation,
manifested by elongated Fe—O bonds, modifies the charge
distribution, and introduces Fe-derived states within the host
band gap, thereby enabling tunability of the material’s
chemical activity and magnetic response [15-16].

From the electronic and magnetic perspective, substitution
of AP** by Transition metal (TM) elements introduces partly
filled 3d levels, which frequently produce spin polarization
and local magnetic moments. Several ab initio studies on TM-
doping clay minerals report spin-polarized ground states with
TM local moments in the range =3-5 pB depending on
oxidation state, crystal field, and hybridization with oxygen
ligands. The local electronic structure (tzg/e g splitting,
degree of covalency) is sensitive to structural distortions and
the choice of exchange—correlation treatment (GGA vs
GGA+U), which in turn affects predictions of band gaps,
magnetic moments, and defect formation energetics [17-18].

Charge redistribution and bonding analysis, as revealed
through charge density differences, Bader (or other) charge
partitioning, and projected density of states, provide
microscopic insight into the chemical role of TM dopants.
These analyses reveal whether TM acts predominantly as an
electron acceptor/donor, how strongly 3d states hybridize with
O 2p orbitals, and whether mid-gap or shallow states appear
that could mediate electronic conduction or catalytic activity
[5, 2, 9, 13]. Combining Bader analysis with charge density
difference plots and PDOS/PDFFT vyields a consistent
chemical picture that connects structural distortion with
electronic and magnetic outcomes.

Despite several recent experimental and computational
studies on TM in kaolinite and other clays, comprehensive ab
initio investigations that simultaneously address structural
optimization, electronic band structure, spin-resolved DOS,
charge redistribution, and magnetic properties analysis for
both pristine and single-substitution precisely, Fe-doped
Al:S1205(OH)4 remain limited. The present work fills this gap
by providing a systematic DFT within the GGA functional
study that: (i) establishes well-converged computational
parameters through cut-off and k-point tests, (ii) reports
optimized lattice geometries and formation energies for
substitutional Fe at Al octahedral sites, and (iii) analyzes
electronic and magnetic properties using spin-polarized band
structures, PDOS, charge density differences, and Bader
charge partitioning.
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II. COMPUTATIONAL METHOD

A. Structural Properties Calculations

All calculations were performed using spin-polarized
density functional theory (DFT) without applying Hubbard U
corrections as implemented in the Quantum ESPRESSO
package [19]. The exchange—correlation interaction was
described using the generalized gradient approximation
(GGA) in the Perdew—Burke—Ernzerhof (PBE) functional
form [20]. The electron—ion interaction was treated using
ultrasoft pseudopotentials (or PAW potentials, if used),
including valence configurations Al (3s?3p'), Si (3s?3p?), O
(2s*2p*), H (1s'), and Fe (3d®4s?) [21]. The crystal parameters
and atomic position of the pristine kaolinite structure
ALSi-0s(OH) crystallize in the triclinic P1 space group were
first obtained from an online database material project [22]. A
fully optimized primitive structure with 34 atoms (4 Al, 4 Si,
8 H, and 18) was used as the starting configuration. Fe doping
was modeled by substituting one Al atom at an octahedral site,
corresponding to a 25% substitution concentration, and a
dilute substitutional defect concentration. Although the
substitution corresponds to a relatively high dopant
concentration (25%), this model allows investigation of the
local structural and electronic effects of Fe substitution in
kaolinite.

All atomic positions and lattice parameters were fully
relaxed using the Broyden—Fletcher—Goldfarb—Shanno
(BFGS) algorithm [23] until a total energy convergence
threshold of 107¢ eV, Residual Hellmann—Feynman forces: <
0.01 eV A!, and Stress tolerance: < 0.5 kbar. A plane-wave
kinetic energy cut-off of 40 Ry (or your converged value) was
employed for the wave functions, as determined from
convergence tests. The charge density cut-off was set to four
times the wavefunction cut-off. Brillouin zone integration was
performed using the Monkhorst—Pack scheme with a 5x5x5
k-point mesh, which ensured total energy convergence within
1 meV/atom. Smearing (if metallic during spin initialization)
was treated using the Methfessel-Paxton or Gaussian scheme
with a smearing width of 0.02 Ry.

B. Electronic properties Calculation

For the electronic properties calculations, spin-polarized
calculations were performed for both pristine and Fe-doped
systems. For Fe-doped Al:Si2Os(OH)s, initial magnetic
moments were assigned to the Fe atom to allow convergence
toward the high-spin configuration. Band structure
calculations were carried out along high-symmetry k-paths in
the first Brillouin zone. Density of states (DOS) and projected
density of states (PDOS) were computed using a denser k-
point grid to improve resolution near the Fermi level. The
Fermi energy was set to zero for band structure and DOS
visualization.

C. Magnetic Properties calculations

The magnetic moment was calculated from the spin-
polarized charge density by integrating the spin density
difference over the unit cell [39]:

m = [(py —p)dr )
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This is consistent with the formalism of spin-density
functional theory [24-25] and its plane-wave implementation
in Quantum ESPRESSO [26]. All calculations were
performed using spin-polarized density functional theory
within the GGA-PBE approximation [27].

D. Charge Density and Bader Analysis

Charge density distributions were analyzed to evaluate
bonding characteristics and electronic redistribution upon Fe
substitution. The charge density difference was calculated as
[407:

Ap = PFe—doped — Ppristine — PFe 2
Where positive and negative regions correspond to charge
accumulation and depletion, respectively. Such charge
redistribution analysis is routinely employed in plane-wave
DFT studies of chemical bonding [28-29].

Bader charge analysis, based on the atoms-in-molecules
formalism [30], was performed to quantify atomic charge
transfer and assess oxidation states using the grid-based
implementation suitable for plane-wave calculations.

III. RESULTS AND DISCUSSION

A. Convergence Test Analysis of Pure and Fe-Doped
Al:Si:05(OH)+

In Density Functional Theory (DFT) calculations, the

electronic ground-state properties of materials are obtained by
solving quantum mechanical equations through numerical
approximations. The accuracy of these calculations depends
strongly on the choice of computational parameters such as
lattice constants, atomic positions, plane-wave kinetic energy
cut-off, and k-point sampling of the Brillouin zone. To ensure
reliable total energy results, convergence tests must be
performed before conducting simulations with Quantum
ESPRESSO. In this study, convergence tests with respect to
plane-wave kinetic energy cut-off and k-point mesh were
performed for both pristine and single Fe-doped Kaolinite
(AL:Si-0s(OH)a4), and the optimized parameters obtained were
used in all subsequent calculations.

The convergence of the total energy with respect to the
plane-wave kinetic energy cut-off and k-point sampling is
shown in Fig. 1. The total energy decreases rapidly at low cut-
off energies and becomes nearly constant beyond 40 Ry Fig .1
(a), indicating that the plane-wave basis set is sufficiently
converged at this value. Similarly, the k-point convergence
test shows that the total energy stabilizes from a 5x5x5 mesh
onward Fig. 1(b), confirming adequate Brillouin-zone
sampling. Therefore, a kinetic energy cut-off of 40 Ry and a
5x5x5 Monkhorst—Pack grid were adopted for all calculations
of pristine and Fe-doped Kaolinite (ALSi2Os(OH)4) using
Quantum ESPRESSO to ensure reliable and computationally
efficient Density Functional Theory simulations.
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Fig. 1. (a) Total energy variation with respect to plane-wave kinetic energy cut-off; (b) Total energy variation with respect to
Monkhorst—Pack k-point mesh for pristine and Fe-doped Al:Si2Os(OH)a.
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B. Structural Property

Fig. 2 shows the optimized structure of both pristine and Fe-
Al:S1205(OH)4 within the DFT-GGA functional.

The pristine kaolinite structure (Fig. 2(a)) exhibits the
canonical layered aluminosilicate framework composed of
edge- and corner-sharing AlOs octahedra and SiOs tetrahedra
linked by shared oxygen atoms and hydroxyl groups.
Optimized Al-O bond lengths fall in the range 1.86-2.05 A,

while Si—O distances are 1.62—1.65 A. Upon substitution of a
single Fe atom at an octahedral Al site (Fig. 2(b)), localized
distortion is observed around the FeOs coordination
environment: Fe—O bonds lengthen to approximately 1.95—
2.12 A, and the immediate octahedral environment shows
increased asymmetry. Despite these local changes, the global
triclinic P1 framework remains intact, and lattice parameters
increase by less than 2%.

(b)

© a
OFe

® H

A

® O - X

L.

Fig. 2. (a) Optimized crystal structure of pristine Al-Si2Os(OH). (b) Optimized crystal structure of single Fe-doped
Al:Si:0s(OH)s showing Fe substitution at an octahedral Al site.

The bond-length distortion index D was computed using the
expression, D = 1/nY i |d; —dg,|/ds, where n is the
coordination number (n = 6 for octahedra), d; are individual
Al-O bond lengths and d, is the mean bond length. Using
representative relaxed bond lengths from the DFT structures,
we obtain: AI-O octahedron (pure): n =6, dg,, = 1.940 A, D
=0.03093 (3.09%) and Fe—O octahedron (doped): n=6, d, =
2.033 A, D =0.02459 (2.46%)

Both octahedra show small but non-negligible distortion
indices (D = 2-3%), indicating mild deviation from ideal
octahedral symmetry. The Fe—O octahedron shows a slightly
lower D in this representative set, but with a larger average
bond length due to Fe substitution; this reflects bond
elongation rather than reduced asymmetry. These magnitudes
are consistent with values reported for transition-metal
substitution in related clay and oxide systems [16].

Recent DFT and experimental studies of Fe incorporation
into kaolinite and other clay minerals report similar effects:
localized octahedral relaxation, modest lattice expansion
(<3%), and preservation of the layered framework. Reference
[31] combined DFT and experimental work on TM-doped
kaolinite surfaces and observed enhanced surface activity and
local structural changes consistent with results from this study.

Reference [32] and [33] examined impurity defects and Fe
species adsorption on kaolinite surfaces; their observations
support the robustness of the SiOa tetrahedral sheet and the
sensitivity of the octahedral sheet to transition-metal
substitution. The expanded structural analysis quantitatively
demonstrates that our results for single-Fe substitution at an
octahedral Al site produce localized structural relaxation
(elongated Fe—O bonds), minor lattice expansion, and
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measurable octahedral distortion indices, findings that align
with recent literature. These results have been summarized
and tabulated in Table I, with comparisons with other reported
results.

The agreement between the present DFT results and recent
literature values confirms that Fe substitution induces
localized octahedral distortion while preserving the structural
integrity of the layered aluminosilicate framework. The
comprehensive structural data confirm that Fe substitution
induces localized octahedral distortion and slight lattice
expansion while preserving the structural integrity of the SiOa
tetrahedral framework. These results are consistent with
reported DFT studies on transition-metal substitution in clay
minerals.

To investigate the stability of the Fe-doped, the binding
energy of Fe doping in ALSi-Os(OH)s was calculated using
the standard substitutional defect formula [41]:

Epina = EFe—doped — Epristine T Hai — Ure (D
Here, Ere_gopea = Total energy of Fe-doped system, Epstine
= Total energy of pristine system, u,; = Chemical potential of
the removed Al atom, and uy, = Chemical potential of Fe atom
(bulk Fe reference). This approach follows the defect
formation energy framework commonly used in first-
principles calculations [42]. The calculated binding energy
was found to be approximately 0.68 eV. The Positive value
(~0.7 eV) indicates that Fe substitution is moderately
endothermic, suggesting that doping is thermodynamically
feasible under appropriate conditions. Small positive energy is
typical for transition-metal substitution. Magnitude consistent
with stable dopant incorporation in layered oxides.
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Table I. Comparison of structural parameters of pristine and Fe-doped Al>Si20s(OH)a.

Category Parameter Pure Literature Fe-Doped Literature
(This work) (This work) (DFT)

Lattice a(A) 5.15 5.10-DFT [32] 5.22 5.10
5.25-Expt. [37]

Lattice b (A) 8.94 8.90-DFT [32] 9.02 8.90
9.10-Expt.  [37] 9.10

Lattice c(A) 7.38 7.30-DFT [32] 7.45 7.30
7.50-Expt.  [37] 7.50

Angle B(°) 104.8 104-DFT [32] 105.1 104
106-Expt. [37] 106

Bond Length  Al-O (A) 1.86 1.85-DFT [32] 2.03 1.85
2.04-Expt.  [37] 2.04

Bond Length  Si-O (A) 1.62 1.60-DFT [32] 1.65 1.60
1.65-Expt.  [37] 1.65

Bond Length Fe-O (A) — 2.12 1.94 [32]

2.15 [33]

Bond Angle O-AI-O(°) &5 83-DFT [32] 98 83 [32]
97-Expt. [32] 97 [33]

Distortion AlOs (D) 0.024 0.02-DFT [32] — 0.02 [32]

Index 0.03 [33]

Distortion FeOs (D) — — 0.021 0.02 [32]

Index 0.035  [33]

C. Electronic Properties
1) Calculated electronic band structure of Al2Si:Os(OH)+
The electronic band structure of AlSi2Os(OH)a calculated
within the generalized gradient approximation (GGA—PBE)
shows a non-metallic behavior with an indirect band gap of
approximately 4.19 eV, as shown in Fig. 3. The valence band
maximum (VBM) is located slightly below the Fermi level,
while the conduction band minimum (CBM) occurs at a
different k-point along the Brillouin-zone path, confirming the
indirect nature of the gap of about 4.19 eV. The relatively

small band gap obtained for AL:Si>Os(OH)a is significantly
lower than the wide band gaps typically reported for
aluminosilicate and silicate-based materials (3.0-5.20 eV) [35-
36]. This underestimation is a well-known limitation of semi-
local exchange correlation functionals such as GGA, which
lack the derivative discontinuity in the exchange correlation
potential and therefore systematically underestimate band
gaps in insulating and ionic oxides [37-38]. This effect is
particularly pronounced in materials dominated by oxygen p-
states and metal s—p states, as is the case for aluminosilicate
frameworks.
Density of States (states/eV)

total —
S —
p—
P, [

2

Energy (eV)

10 15 20 25

Fig. 3. Calculated electronic band structure and density of state (DOS) of Al>Si-Os(OH)a
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Furthermore, the incorporation of hydrogen in the
AlL:Si205(OH)a structure is expected to influence the electronic
structure near the band edges. Hydrogen bonding and
hydroxyl (-OH) groups can introduce localized O-2p—derived
states close to the valence band edge or shallow defect-like
states within the band gap. Such hydrogen-induced states have
been widely reported in hydrated and hydroxylated
aluminosilicates and clays, where they contribute to band-gap
narrowing in first-principles calculations [37]. Within the
GGA framework, these localized states are often artificially
stabilized near the Fermi level, further reducing the calculated
band gap.

Analysis of the band dispersion reveals that the valence
bands near the VBM are relatively flat, indicating localized
electronic states with large effective masses, primarily
associated with oxygen p-orbitals. In contrast, the conduction
bands exhibit stronger dispersion, suggesting more
delocalized electronic states with dominant contributions from

Al and Si s—p orbitals. This behavior is consistent with
previous electronic-structure studies of aluminosilicate and
clay-based materials. It should therefore be emphasized that
the band gap reported in this work represents a GGA-level
electronic gap rather than the true fundamental gap of
Al:Si20s(OH)
2) Calculated electronic band structure of the Fe-doped
ALSi:05(OH)+

Fig. 4 shows the calculated Spin-polarized electronic band
structure and total/partial density of states (DOS) of single Fe-
doped Al:Si:Os(OH)s. The majority (spin-up) and minority
(spin-down) channels show clear spin splitting, confirming the
magnetic nature induced by Fe substitution. The system
remains semiconducting with a calculated band gap of 3.23
eV, with no band crossing at the Fermi level. The valence band
is mainly composed of O-2p states, while Fe-3d states
contribute prominently near the band edges and within the
gap, predominantly in the spin-up channel.

Density of States (states/eV)
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Fig. 4. Calculated electronic band structure and density of state (DOS) of Fe-doped Al:Si>Os(OH)a.

3) Magnetic Properties

To understand the magnetic nature of both pristine and
doped, a 2D Charge Density has been calculated for Pristine
and Fe-Doped ALSi:Os(OH)s. The 2D charge density
distributions  for pristine and Fe-doped Kaolinite
(Al:Si20s(OH)4) provide insight into the electronic
redistribution associated with Fe substitution and its role in
inducing magnetism within the system.

In the pristine structure (Fig.5(a)), the charge density is
relatively symmetric and localized mainly around the bonding
regions of the constituent atoms. The smooth and uniform
distribution indicates stable covalent interactions between Al,
Si, O, and H atoms within the lattice. Since the constituent
elements possess closed-shell or fully paired electronic
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configurations in this environment, the system exhibits non-
magnetic behavior with no significant spin polarization.

In contrast, the Fe-doped structure (Fig. 5(b)) exhibits a
noticeable redistribution of charge density around the Fe
substitution site. The charge accumulation regions become
more pronounced and asymmetric compared to the pristine
system, indicating stronger localized electronic interactions
between the Fe atom and neighboring oxygen atoms. This
redistribution arises from the partially filled 3d orbitals of Fe,
which introduce localized electronic states within the lattice.
These unpaired d-electrons give rise to localized magnetic
moments, thereby inducing magnetism in the doped structure.

The enhanced charge density around the Fe—O bonding
region suggests increased hybridization between Fe 3d states
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and O 2p orbitals. Such hybridization modifies the electronic
structure and leads to spin polarization of the electronic states.
Consequently, the Fe substitution at the Al site breaks the
electronic symmetry present in the pristine lattice and

203Charge Density Distribution - Pristine Al2Si205(0H)4
0.96

0.84

o
~
N

Y (A
o
.
@
Charge Density (arb. units)

0.00
-3 -2 -1 0 1 2 3
X (A)

generates localized magnetic behavior in the material with the
spin-dependent Fe-3d—O-2p hybridization that gives rise to a
local magnetic moment of approximately 3.8 uB per Fe atom,
consistent with high-spin Fe*" in an octahedral coordination.

2D Charge Density Distribution - Fe-doped AlI2Si205(0OH)4

3
1.000
2 (b) 0.875
0.750

1
0.625

0
0.500
-1 0.375
0.250

-2
0.125
-3 0.000

-3 -2 -1 0 1 2 3

X (A)

Y (A)
Charge Density (arb. units)

Fig. 5. 2D Charge Density contour of (a) pristine and (b) Fe-Doped System Al:Si>2Os(OH)a.

Overall, the comparison between the pristine and Fe-doped
charge density distributions clearly indicates that Fe
substitution alters the electronic environment of the lattice,
producing charge localization and spin polarization that
contribute to the emergence of dopant-induced magnetism in
the kaolinite framework. To further investigate the induced
magnetic moment on the doped system, a spin density
distribution of Fe-doped AlLSi>Os(OH)s was calculated as
shown in Fig. 6.

Fig. 6. Calculated spin density distribution of Fe-Doped
System Al>Si20s(OH)a.

In pristine ALSi20s(OH)s, the system is non-magnetic
because the constituent ions (Al**, Si**, O*", and H") possess
closed-shell electronic configurations, resulting in completely
paired electrons and zero net spin polarization. Consequently,

VOLUME 06, ISSUE 01, 2026

the spin-up and spin-down charge densities are identical,
yielding no net magnetic moment in the material.

However, when Fe substitutes for an Al site in the lattice,
the magnetic behavior changes significantly. The Fe atom
introduces partially filled 3d orbitals containing unpaired
electrons, which lead to spin polarization in the electronic
structure. The calculated spin density distribution shows that
the magnetization is mainly localized around the Fe dopant
with slight polarization extending to the neighboring oxygen
atoms due to Fe-3d and O-2p orbital hybridization.

The strong yellow isosurfaces around Fe confirm that the
magnetic moment is highly localized on the Fe dopant, while
the smaller blue regions around neighboring O atoms indicate
weak induced magnetic polarization through Fe-O
hybridization. This distribution supports the calculated local
magnetic moment of approximately 3.8 uB per Fe atom in the
doped kaolinite lattice. This demonstrates that Fe substitution
effectively induces defect-driven magnetism in the kaolinite
lattice, as indicated in the charge density distribution plot.

IV. CONCLUSION

The present study demonstrates that Fe substitution at the
octahedral Al site in AlSi2Os(OH)s induces significant
modifications in local structure, electronic states, and
magnetic behavior while preserving the overall triclinic
framework. Structurally, Fe doping leads to localized
octahedral distortion and minor lattice expansion without
destabilizing the layered aluminosilicate network.
Energetically, the calculated binding energy confirms the
feasibility of Fe incorporation in kaolinite. Electronically, Fe
doping narrows the band gap and introduces spin-polarized
Fe-3d states, transforming the system from a non-magnetic
insulator into a magnetic semiconductor. The calculated
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magnetic moment is consistent with high-spin Fe*" in
octahedral coordination, and the charge redistribution analysis
confirms strong Fe—O covalent interaction.

Overall, Fe substitution provides an effective route to tune
the structural stability, band gap, and magnetic properties of
kaolinite. These findings offer valuable insight into transition-
metal-modified aluminosilicates and suggest potential
applications in catalysis, environmental remediation, and
functional magnetic materials.

Future work should incorporate hybrid functionals (e.g.,
HSE06) or DFT+U approaches to obtain more accurate band
gaps and magnetic exchange interactions in Fe-doped
AlSi20s(OH)s.  Additionally, investigation of higher Fe
concentrations and surface adsorption behavior would provide
deeper insight into catalytic and environmental applications.
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