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Abstract: Almandine garnet has received considerable amounts of interest due to its application
in manufacturing and engineering processes. Defect processes, Fe-ion diffusion pathways, and
promising dopants on the Al, Fe, and Si sites are examined using classical pair potential simulations in
almandine garnet. The cation antisite (Al–Si) defect cluster is the most favourable defect, highlighting
the cation disorder in this material. A three-dimensional long-range Fe-ion diffusion pathway with
an activation energy of 0.44 eV suggests that the ionic conductivity in this material is high. The
most favourable isovalent dopants on the Fe, Al, and Si sites were found to be the Mn, Ga, and Ge,
respectively. Subvalent doping of Ga on the Si site is a favourable process to increase the Fe content
in this material.
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1. Introduction

Almandine garnet (Fe3Al2Si3O12) is a nesosilicate mineral found in metamorphic rocks,
such as mica schists, amphibolites, granulites, granites, aplites, and granitic pegmatite [1–3].
It is generally found as a mixture of other minerals, such as pyrope (Mg3Al2Si3O12) and
spessartine (Mn3Al2Si3O12) [4]. A trace amount of impurities, such as Zn, Sc, Cr, V, Zr,
and Co has also been found in this material [1]. The deposits of almandine garnet are
extensively distributed geographically in regions, such as Alaska, Germany, Norway, India,
Sri Lanka, and Australia [3,5,6].

Almandine garnet has many industrial and research applications. Transparent alman-
dine garnet is a very popular gemstone that is used to make jewellery [3]. It is also a good
abrasive for sandblasting [7], surface grinding [8], and water jet cutting [9]. Furthermore,
it is used as a reinforcement material to enhance the physical, chemical, and mechanical
properties of alloys [10].

Several experimental studies [11–15] have been carried out on almandine garnet
to measure its enthalpy of formation [16], examine its cation diffusion [17], study the
effects of chemical weathering [18], and determine the temperature-dependent disordered
configurations [19]. An experimental work carried out by Jain et al. [10] indicates that the
metal matrix composite reinforced with almandine garnet enhances its mechanical property
and corrosion resistance than that in the parental Ni alloy. The resultant composite is
expected to be suitable for aerospace gas turbine applications [10]. Electrical conductivities
of almandine garnet, pyrope, and their mixed composites were measured using complex
impedance spectroscopy by Romano et al. [20]. Substitution of Fe on the Mg site enhances
electrical conductivity and there is a smooth change in the activation energies with the
composition at 10 GPa [20]. The surface of almandine garnet has been recently considered
for the adsorption of seawater ions, such as Na+, Ca2+, and Mg2+ [8]. The reactivity of
the irradiated surface of almandine garnet was examined by Hsiao et al. [21] and it was
found that the irradiation reduced the coordination state of the cations and enhanced

Physchem 2022, 2, 43–51. https://doi.org/10.3390/physchem2010004 https://www.mdpi.com/journal/physchem

https://doi.org/10.3390/physchem2010004
https://doi.org/10.3390/physchem2010004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/physchem
https://www.mdpi.com
https://orcid.org/0000-0002-4826-5329
https://doi.org/10.3390/physchem2010004
https://www.mdpi.com/journal/physchem
https://www.mdpi.com/article/10.3390/physchem2010004?type=check_update&version=1


Physchem 2022, 2 44

the reactivity. The presence of an appreciable amount of Fe3+ ions was determined in
almandine garnet by Woodland et al. [22] and it was concluded that iron in aluminous
garnets should be present in the ferric state. In order to identify garnet species including
almandine garnet, Li et al. [23], used spectroscopic techniques and discovered a correlation
between the chemical composition and spectroscopy [vibrational and Raman (or IR)].

Though there are many experimental studies available in the literature, only a few
theoretical studies on this material have been reported [24,25]. Borinski et al. [24] used a
numerical method together with experimental data to analyse the diffusion behaviour of
Fe and Mg in almandine–pyrope-rich garnets. The quantum mechanical simulation of IR
and Raman spectra of the almandine garnet was reported by Ferrari et al. [25], showing
a good agreement between calculated wavenumbers and corresponding experimental
values. Density functional theory-based calculations were performed by Nobes et al. [26]
to compare the structural and mechanical properties of almandine garnet with available
experimental data. This study further considered examining the correlation between the
compressibility and size of the divalent cation.

A fundamental understanding of intrinsic and extrinsic defects in almandine garnet is
useful to optimise its performance for future applications in various industries. Atomistic
simulations, based on the classical pair potentials, can provide valuable information about
defect processes, self-diffusion, and promising dopants. This simulation technique has
been successfully used to model crystalline materials and has provided experiments with
distinctive understanding and extrapolation [27–33]. To the best of our knowledge, there is
no simulation study on the defects, diffusion, and dopant reported for almandine garnet
available in the literature.

In this study, we report the results of intrinsic defect processes, Fe2+ ion diffusion
pathways, together with the activation energies and solutions of MO (M = Co, Mn, Ni, Mg,
Zn, Sr, and Ba), M2O3 (M = Ga, In, Sc, Y, Gd, and La) and MO2 (M = Ge, Ti, Sn, Zr, and Ce)
in almandine garnet.

2. Computational Methods

The classical pair potential method, as implemented in the GULP (General Utility
Lattice Program) package (version 3.4.1) [34], was employed to calculate the formation
energies of intrinsic defects, Fe ion diffusion pathways, and solution of divalent, trivalent,
and tetravalent dopants. The classical Born model of an ionic crystal lattice is assumed in
this method. All systems were considered as crystalline solids and interactions between
ions were modelled using long-range attraction (Coulomb) and short-range (Pauli repulsion
and van der Waals attraction) forces. Buckingham potentials (see Table 1) [35,36] were used
to describe the short-range interactions.

Table 1. Buckingham potential parameters [35,36] were used in the classical simulations of
Fe3Al2Si3O12. Two-body [Φij (rij) = Aij exp (−rij/ρij) − Cij/rij

6], where A, ρ, and C are parame-
ters that were selected to reproduce the experimental crystal structure of Fe3Al2Si3O12. The values of
Y and K represent the shell charges and spring constants. A very large spring constant means there is
no shell charge and the atom is treated as a core.

Interaction A/eV ρ/Å C/eV•Å6 Y/e K/eV•Å–2

Fe2+–O2− 694.1 0.3399 0 2 10.92
Al3+–O2− 2409.5 0.2649 0 3 99,999.00
Si4+–O2− 1283.91 0.32052 10.66 4 99,999.00
O2−–O2− 149,734.35 0.1593 19.9 –2.04 6.3

Full geometry optimization (cell parameters and ionic positions) was performed using
the Broyden–Fletcher–Goldfarb–Shanno (BFGS) [37] algorithm. The lattice relaxation of the
point defects and the migrating ions was investigated using the Mott–Littleton method [38].
Fe ion diffusion pathways were calculated, considering two adjacent Fe vacancy sites as



Physchem 2022, 2 45

the initial and final configurations. The activation energy of migration is determined and
presented as the local maximal energy along this diffusion path. The current methodology
treats ions as spherical shapes with full charge at the dilute limit. Therefore, it is expected
that calculated defect energies will be overestimated. However, the relative energy trend
will be consistent [39]. The current methodology has been previously used to reproduce
the experimentally observed Li-ion migration pathway in LiFePO4 [40,41] and the presence
of the Ca2+ ion on the Ba site in barite [42].

3. Results and Discussion
3.1. Crystal Structure of Almandine Garnet

The crystal structure of almandine garnet is cubic (space group Ia3d) with experimental
lattice parameters, a = b = c = 11.507 Å and α = β = γ = 90◦ [43]. Its three-dimensional
network framework consists of octahedral AlO6 and tetrahedral SiO4 units connected via
their corners (see Figure 1). First, the experimentally observed crystal structure was allowed
to relax completely (both atomic positions and lattice constants) to validate the quality of
the potentials used in this study. The calculated lattice parameters were compared with
corresponding experimental values. There is an excellent agreement between the calculated
equilibrium lattice constants and those observed in the experiment (see Table 2).

Figure 1. The crystal structure of the almandine garnet.

Table 2. Calculated and experimental lattice parameters of almandine garnet.

Parameter Calculated Experiment [43] |∆|(%)

a = b = c (Å) 11.511 11.507 0.03
α = β = γ (◦) 90 90 0

V (Å3) 1525.17 1523.65 0.10

3.2. Intrinsic Defects

A series of isolated point defects (vacancy and interstitial) were generated, and their
formation energies were calculated. These energies were then combined to calculate the
formation energies of Frenkel, Schottky, and antisite defects. These defect processes are
useful in understanding the electrochemical and diffusion properties of a material. The
antisite defect was calculated in two different forms, namely isolated and cluster. In
the isolated form, defects were considered separately, and their energies were combined.
Defects were considered in the same supercell in the cluster form. The following equations
represent the reactions involving these defects as written using Kröger–Vink notation [44]:

Fe Frenkel : FeX
Fe → V′′Fe + Fe••i (1)
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Al Frenkel : AlXAl → V′′′Al + Al•••i (2)

Si Frenkel : SiXSi → V′′′′Si + Si••••i (3)

O Frenkel : OX
O → V••O + O′′i (4)

Schottky : 2AlXAl + 3Fex
Fe + 3SiXSi + 12OX

O → 2V′′′Al + 3V′′Fe + 3V′′′′Si + 12V••O + Fe3Al2Si3O12 (5)

FeO Schottky : FeX
Fe + OX

O → V′′Fe + V••O + FeO (6)

Al2O3 Schottky : AlXAl + OX
O → 2V′′′Al + 3V••O + Al2O3 (7)

SiO2 Schottky : SiXSi + OX
O → V′′′′Si + 2V••O + SiO2 (8)

Fe/Al antisite (isolated) : FeX
Fe + AlXAl → Fe′Al + Al•Fe (9)

Fe/Al antisite (cluster) : FeX
Fe + AlXAl →

{
Fe′Al : Al•Fe

}X (10)

Fe/Si antisite (isolated) : FeX
Fe + SiXSi → Fe′′Si + Si••Fe (11)

Fe/Si antisite (cluster) : FeX
Fe + SiXSi →

{
Fe′′Si : Si••Fe

}X (12)

Si/Al antisite (isolated) : AlXAl + SiXSiAl → Si′Al + Al•Si (13)

Si/Al antisite (cluster) : AlXAl + SiXSiAl →
{

Si′Al : Al•Si
}X (14)

The defect energies are reported in Figure 2. The most favourable defect is the Al–Si
antisite defect cluster, indicating that a small amount of cation mixing will be present.
The antisite defect cluster has been found in many oxide materials [45–47]. Other antisite
defect cluster energies are lower than the Frenkel and Schottky defect energies. However,
they are possible only at high temperatures. In all antisite defect clusters, energies are
lower than their corresponding isolated forms. This is due to the aggregation of isolated
defects forming a cluster with exoergic binding energy. The Fe Frenkel defect energy is
2.23 eV/defect. This defect is important, as it can facilitate the formation of Fe vacancies
and vacancy-assisted Fe diffusion. The O Frenkel is higher by 0.34 eV than the Fe Frenkel.
Both Fe and O Frenkel defects can occur only at high temperatures. Other Frenkel and
Schottky defect processes are highly endoergic, and they will not take place at normal
temperatures.

Figure 2. Energies of intrinsic defect processes.

3.3. Fe Ion Migration

The diffusion properties comparatively determine the performance of a material.
The diffusion of Fe-ions in this material can be of interest in the application of abrasives.
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Materials exhibiting long-range Fe-ion diffusion with low activation energy can influence
their electrochemical performance.

Atomistic simulations based on the classical pair potentials can provide beneficial
evidence on diffusion pathways and activation energies. The present practice has been
efficaciously applied to various ionic materials to compute migration pathways together
with activation energies [48–50].

We have identified a promising local Fe–Fe hoping distance of 3.52 Å. Both linear and
curve pathways were considered. The activation energy (1.83 eV) calculated for the linear
pathway is higher than that calculated for the curved pathway (0.44 eV) (see Figure 3). Fe
ion moves in all directions, forming a three-dimensional pathway. The low activation of Fe
ion diffusion means that the ionic conductivity in this material is high. We have considered
a range of other pathways with longer Fe–Fe hoping distances greater than 5.00 Å, but
these were all found to have prohibitively high migration barriers (>4.50 eV).

Figure 3. (a) Three-dimensional Fe-ion migration pathway and (b) energy profile diagram showing
activation energies for both linear and curved pathways.

3.4. Solution of Dopants

A variety of dopants were considered for screening and predicting promising dopants
that can be verified experimentally. Appropriate charge-compensating defects and lattice
energies were introduced to calculate solution energies. Buckingham potentials used for
dopant oxides are provided in the electronic supplementary data (see Table S1).

3.4.1. Divalent Dopants

First, divalent dopants (M = Co, Mn, Ni, Mg, Zn, Ca, Sr and Ba) were considered on
the Fe site. The following equation was used to calculate the solution energy:

MO + FeX
Fe → MX

Fe + FeO (15)

The results reveal that the most favourable dopant (−0.08 eV) is calculated for Mn on
the Fe site (see Figure 4). This indicates that almandine garnet prefers to form an almandine–
spessartine mixed phase. The solution energy calculated for Ca is lower by 0.04 eV than
that calculated for Mn. As both Ca and Mn exhibit exothermic solution energies, there is a
necessity for experimental verification. Solution energies calculated for Ni, Mg, Co, Zn, Mn,
Ca, and Sr range between −0.08 eV and 0.28 eV. This is partly due to the ionic radius of
Fe2+ (0.92 Å) being closer to those dopants (0.69 Å–1.12 Å). The solution energy calculated
for Ba is extremely positive (3.50 eV) due to its larger ionic radius (1.42 Å).
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Figure 4. Solution energy of MO (M = Ni, Co, Mn, Mg, Zn, Ca, Sr, and Ba) with respect to the M2+

ionic radius.

3.4.2. Trivalent Dopants

A range of trivalent dopants was considered on the Al site. The following reaction
equation explains the doping process.

M2O3 + 2AlXAl → 2MX
Al + Al2O3 (16)

Figure 5 reports the solution energies. The most favourable dopant is Ga. Its solution
energy is −0.11 eV. The preference of Ga is partly due to the ionic radius of Al3+ (0.54 Å)
being closer to the ionic radius of Ga3+ (0.62 Å). Solution energy gradually increases with
increasing ionic radius. Solution energy calculated for La is 3.31 eV, suggesting that this
dopant is highly unlikely to substitute under normal conditions. The possible experimental
composition that can be synthesised is Fe3 (Al1-xGax)2Si3O12.

Figure 5. Solution energy of M2O3 (M = Ga, Sc, In, Y, Gd, and La) with respect to the M3+ ionic
radius.

Trivalent doping on the Si site can generate Fe interstitials as charge-compensating
defects, as defined by the following equation. This is an efficient way of introducing
additional Fe2+ in the lattice to increase the Fe2+ ion intercalation process in this material.

M2O3 + 2 SiXSi + FeO→ 2 M′Si + Fe••i + 2 SiO2 (17)

The most favourable solution energy dopant is the Ga3+ although its solution energy
is 2.69 eV (see Figure 6). This doping process should be carried out at high temperatures.
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Solution energy increases with increasing ionic radius. The most unfavourable dopant
is the La3+. This is partly due to the larger ionic radius of La3+ than that of the other
dopant ions.

Figure 6. Solution energy of M2O3 (M = Ga, Sc, In, Y, Gd, and La) with respect to the M3+ ionic radius
(charge compensation: Fe interstitial according to Equation (17)).

3.4.3. Tetravalent Dopants

Finally, tetravalent cations were substituted on the Si site. This doping process required
no charge-compensating defects, as written by the following reaction equation.

MO2 + SiXSi → MX
Si + SiO2 (18)

The Ge4+ ion is the most thermodynamically favourable dopant for this process (see
Figure 7), with a solution energy of 0.57 eV. This is due to the ionic radius of Ge4+ (0.39 Å),
closer to that of Si4+ (0.26 Å). The possible doped composition that would be worth trying
experimentally is Fe3Al2(Si1-xGex)3O12 (x = 0.0 < x < 1.0). Solution energy then gradually
increases with the increasing ionic radius. The largest endoergic solution energy (5.00 eV)
is calculated for Ce4+. The doping of Ce4+ requires high temperatures.

Figure 7. Solution energy of MO2 with respect to the M4+ ionic radius in Fe3Al2Si3O12.

4. Conclusions

In this work, the use of modelling materials based on the classical potential simulations
allowed us to examine the defect chemistry, Fe ion diffusion pathways, and the solution of
dopants. The lowest energy defect process is the Al–Si antisite cluster, suggesting that a
small amount of cation intermixing is possible in this material. The diffusion of Fe2+ ions is
three-dimensional and fast with an activation energy of 0.44 eV. The isovalent candidate
dopants on the Fe, Al, and Si are Mn, Ga, and Ge, respectively. A possible strategy for
increasing the Fe2+ ions in this material is by doping Ga on the Si site. The main objective
of the present investigation is to motivate further experimental and theoretical studies.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/physchem2010004/s1, Table S1: Buckingham potential parameters
used in the classical simulations of Fe3Al2Si3O12.
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