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Abstract 

The defect structures when Y3Fe5O12 is doped with either Al3+ or Cr3+, and evenly co-doped with 

both, which have been a matter of controversy in the literature, are modelled using atomistic and ab initio 

DFT methods. When Y3Fe5O12 is doped with Al3+, the defect reaction energy obtained marginally favors 

the preferential substitution of Al3+ for Fe3+ at the tetrahedral sites as opposed to octahedral ones. This is 

indicative that for Al3+-doped samples processed at elevated temperatures, or containing undetected 

impurities, the substitution of Al3+ for octahedral Fe3+ is likely. To model the defect structure of the Cr3+ -

doped Y3Fe5O12, it was essential that the Cr3+ ions crystal field stabilization energy (CFSE) and the Fe3+-

O2-- Cr3+ spin-spin coupling derived from the ab initio DFT calculations ,be taken into account. The 

results show the substitution of the Cr3+ ion for an octahedral Fe3+ ion to be energetically favorable 

relative to its substitution for a tetrahedral Fe3+ one. It is also shown that the antisite defect, where the Cr3+ 

ion substitutes for Y3+ at a dodecahedral site with the expelled Y3+ ion substituting for an octahedral Fe3+ 

ion, is possible under certain processing conditions. For the Al3+ /Cr3+ co-doped Y3Fe5O12, the  Al3+ and 

Cr3+ ions were found to, respectively, substitute for the tetrahedral and octahedral Fe3+ ions. The energy 

values obtained suggest this defect structure to be insensitive to the processing conditions and/or the 

presence of undetected impurities. The structural and magnetic implications of these defect structures are 

discussed.  

 

1  Introduction 

Yttrium iron garnet (YIG) of the composition Y3Fe5O12 is an attractive material that has 

been extensively used in areas such as telecommunication, microwave and magneto-optical 

recording industries [1,2]. Figure 1 shows the compound to have bcc unit cell (space group 

; no. 230) where the Y3+ ions reside at the dodecahedral (24c) sites,  2/5 of the Fe3+ ions  

occupy  the octahedral (16a) sites and the remaining Fe3+ ions occupy the tetrahedral (24d) sites 
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in the O-2 sublattice [4,5]. The compositional formula is adequately represented as 

12)(
3
3)(

3
23 )(]}[{ OFeFeY da

++  where the brackets refer to dodecahedral, octahedral (a) and tetrahedral 

(d) sites respectively.  

Figure 1 about here 

 

The physical and chemical properties that YIG exhibits are closely related to its crystal 

structure. YIG is ferrimagnetic with the spins of the Fe3+cations at the octahedral and tetrahedral 

sublattices aligned in opposite directions. Hence the magnetization can be varied by substituting 

the Fe3+ cations the solid with magnetic/diamgnetic ones [3-5]. Consequently, determining the 

crystal defect structure of cation-doped YIG compounds is of crucial importance in 

understanding the material’s behavior. While both experimental and theoretical investigations 

show the location of the doped cations within the YIG structure to largely depend on their sizes 

[6], there exist controversial lieterature reports regarding site preferences of some substituted 

cations. For example, Gilleo and Geller [7] and Kim et al [8], using experimentally derived data, 

argue that the substituted Al3+ ions exclusively substitute the Fe3+ at the tetrahedral d-sites 

leading to a lower magnetization relative to that of pure YIG. Their proposed cation distribution 

viz. 12
33

3
3
23 )(]}[{ OAlFeFeY dxxa

++
−

+  is at variance with that deduced from an atomistic simulation 

study [9] where the Al3+ ions are predicted to substitute for Fe3+ at the octahedral a-sites 

implying a cation distribution of the type 12
3
3

33
23 )(]}[{ OFeAlFeY daxx

+++
− . Studies based on 

magnetic measurements and atomistic simulations suggest for Cr3+-doped YIG a cationic 

distribution of the form 12
3
3

33
23 )(]}[{ OFeCrFeY daxx

+++
− where the Cr3+ ions exclusively substitute 

Fe3+ ions at the octahedral a-sites in [6,9,10]. However, the same magnetic data [e.g. see 6,10], 

may equally be interpreted assuming the Cr3+ ions to occupy interstitial octahedral sites balanced 

by octahedral Fe3+ vacancies rather than the mere substitution of  octahedral Fe3+ by Cr3+ 

[6,9,10]. 

The positions of the Al3+ and Cr3+ ions in the structure of co-doped  Y3Fe5-2xAlxCrxO12, 

have, also, been reported and the experimentally deduced cationic distribution is also a matter of 

controversy [12-15]. For instance Murumkar et al concluded from Mössbauer spectroscopic 

measurements on Y3Fe5-2xAlxCrxO12 that while the Al3+ impurity ions exclusively substitute Fe3+ 

at the octahedral sites, the Cr3+ ions substitute at both octahedral and tetrahedral sites [12]. This 
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to be contrasted with an earlier study where the results of magnetic measurements were assumed 

to be a consequence of the substitution of nearly all Cr3+ and 3/5  of all Al3+ ions in Y3Fe5-

2xAlxCrxO12  for tetrahedral Fe3+ ions with the remaining Al3+ substituting octahedral Fe3+ [13]. A 

different defect structure model was proposed using Mössbauer spectroscopy with both Al3+ and 

Cr3+ ions only replacing octahedral Fe3+ in the co-doped YIG [14]. In a relatively recent study of 

Y3Fe5-2xAlxCrxO12, Bouziane et al using magnetic and Mössbauer spectroscopic measurements 

have concluded that Cr3+ substitutes for octahedral Fe3+ whilst Al3+ replaces Fe3+ at the 

tetrahedral sites [15]. The latter cation distribution was justified mainly on structural grounds by 

noting that smaller lattice parameter of the doped compound could be associated with the smaller 

tetrahedral ionic radius of Al3+ ion relative to that of the substituted Fe3+ [16].  

Atomistic simulations are increasingly emerging as a powerful tool to optimize and 

determine defect structures in various inorganic oxides where the interactions between ions can 

adequately be described by parameterized pairwise potentials [9,17-25]. The method has enabled 

the prediction of defect structures based on ionic size, charge and compensation mechanisms in 

numerous complex oxide materials including Y3Al5O12 [20], lithiated Ti-doped α-Fe2O3 [20], 

Li0.5Fe2.5O4 [22,23], Sb2O4 [24], and La2CuO4 [25]. In all these studies semi-empirical 

interatomic potentials were used to predict the cation distribution within the material’s anionic 

crystalline network using a periodic cell to represent the infinite ideal crystal. The output values 

of input physical properties give a measure of the quality of the simulation when compared with 

their experimentally-determined counterparts..  

In the present paper, we investigate afresh the cationic site-preferance in Al3+- and Cr3+-

doped and co-doped YIG using systematic interatomic potential calculations to determine the 

most energetically favorable sites for Al3+ in Y3AlxFe5-xO12,  Cr3+ in Y3CrxFe5-xO12 and  both Al3+ 

and Cr3+ in Y3AlxCrxFe5-2xO12  with low concentrations of the doped ions. The role played by the 

spin-spin coupling in determining the site of magnetic Cr3+ impurity was further investigated 

with quantum mechanical ab initio calculations.  The results show the Al3+ ions in Y3AlxFe5-xO12 

to preferentially substitute for Fe3+ at the tetrahedral sites whereas the Cr3+ ions preferentially 

substitute for octahedral Fe3+ in Y3CrxFe5-xO12. For Y3AlxCrxFe5-2xO12, the Al3+ the Cr3+ and Al3+ 

ions were found to substitute for octahedral  and tetrahedral Fe3+ ones respectively. The 

structural and magnetic implications of the proposed defect structures are discussed in the light 

of reported data on Al3+ and Cr3+- substituted and co-substituted YIGs. The computational 
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methods used are presented in section 2. We first start by describing how atomistic simulations 

were used to determine the  defect structures for the Al3+- and Cr3+ -doped and co-doped YIG 

compounds. This will be followed by describing the ab initio approach used. In section 3 we 

present the results and discuss them to find the energetically most favourable defect structures. 

Conclusions are given in section 4.  

 

2.Computational methods: 

2.1. Atomistic Simulation: 

Inter-atomic potential calculations were carried out using the program GULP (Version 

4.0) [24] in which the force field used consists of a pairwise interaction energy that is composed 

of a Buckingham potential to model the short-range Pauli repulsion and the leading term of any 

dispersion energy and the Coulomb interaction, such that the interatomic potential Vij is 

 

                 Vij = A exp(−rij/ρ) – Crij−6 + qiqj/rij                                                  (1) 

 

where A, ρ and C are empirical constants, q is the charge of the ionic species  and rij the inter-

ionic spacing. The electronic polarizability of the ions in the crystal is introduced by means of 

the shell model [18]. Consequently, the ions are described as consisting of an ionic core (charge 

X) to which the shell valance electrons (charge Y) is coupled via an isotropic harmonic restoring 

force of spring constant k. The total ionic charge is q = X +Y and the free electron polarizability 

is α = Y2/k [18]. GULP uses the Mott–Littleton approach to point defect calculation with the 

crystal surrounding the defect divided into three spherical regions. In the first region, all the ions 

are treated exactly and are allowed to relax their positions in response to the defect. The radius of 

this region was taken to be 6 Ǻ. In the second region, whose radius was taken to be 12 Ǻ, the 

individual ions are displaced. The ions in a harmonic potential well presumably approximate the 

response to the electrostatic force of the defect. A similar assumption is made for the third 

region, but only polarization of sub-lattices is considered. The inter-atomic potential parameters 

shown in Table 1 for O2--O2-, Y3+-O2-, Fe3+(a)-O2- and Fe3+(d)O2- were derived by emprical fitting 

to the properties of Y3Fe5O12 [18]. The A and ρ potential parameters for the O2-–O2- interaction 

[18] are identical to those in ref. [17], and we, therefore, have used the Al3+–O2- and Cr3+–O2- 

parameters given there. The C value parameter for the O2-–O2- interaction was taken from the 

http://www.sciencedirect.com/science/article/pii/S0022369701001901#bib14#bib14
http://www.sciencedirect.com/science/article/pii/S0022369701001901#bib15#bib15
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parameter set obtained by Donneberg and Catlow by transferring empirical shell parameters from 

Y2O3 and α-Fe2O3 for Y3Fe5O12 [18].  

Table 1 about here 

 

As Al3+ and Cr3+ ions are the minority species, we considered models for the defect 

structure in which these ions are present as point defects (substitutional or interstitial impurities) 

in 12
3
3

3
23 )(]}[{ OFeFeY da

++ . We stress that in addition to the models in which the dopant Al3+ (or 

Cr3+) ions substitute for Fe3+ at the octahedral and tetrahedral sites that were considered in the 

atomistic simulation study of Donnerberg and Catlow [9], we consider a multitude of possible 

defect structures that, to our knowledge, have not been considered previously.  Specifically the 

occupation of the dopant ions for interstitial sites was considered.  Vacancies of Fe3+ and O2- are 

assumed to the balancing defects. Reduction of Fe3+ to Fe2+ was not considered as there is no 

experimental support for it as was the substitution for Y3+ by either Cr3+ or Al3+. Noting that 

Donner and Catlow [18] predict the presence of Y/Fe antisite intrinsic defects in Y3Fe5O12, we 

have explored the possibility that the Al3+ or Cr3+ ions substituting for Fe3+ on Y3+ sites with the 

expelled Y3+ ion replacing Fe3+ at an octahedral site. The present study, to the best of our 

knowledge, is first theoretical study on the defect structures in Al3+/Cr3+-co-doped YIG. 

. Below, and using Kröger-Vink notation, we present all possible defect reactions 

considered in the present study for atomistic simulations. It is worth noting that some of these 

defect reactions were reported experimentally to be the most favorable as mentioned above. The 

octahedral and tetrahedral sites are referred with the subscripts (d) and (a) respectively.  

 

(i) Defect reactions for M-substituted YIG (Y3MxFe5-xO12); (M=Al or Cr): 
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(ii) Defect reactions for Al3+ and Cr3+ co-substituted YIG (Y3AlxCrxFe5-2xO12): 
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2.2. Ab initio DFT calculations  

Single point ab initio Density functional theory (DFT) calculations were carried out for 

the cases that involved doping with the magnetic ions Cr3+ using the CRYSTAL09 code which is 

a periodic quantum-mechanical ab initio code for calculating the total-energy-dependent and 

wave-function-dependent properties of crystalline solids [26,27]. This code is based on the ab 

initio periodic linear combination of atomic orbitals (LCAO) methods. Becke’s three-parameter 

Lee–Yang–Parr (B3LYP) Hamiltonian, which contains a hybrid DFT exchange-correlation term 

has been used [28,29]. The localized gaussian-type all-electron basis sets used were Y3+ 

976631(3d,d) [30], Fe3+ 86411(4d,d) [31], Al3+ 8511(d)[32], Cr3+ 86411(4d,d) [33] and  O2- 8411 

[29]. The cell parameter for cubic Y3Fe5O12 was taken as 12.3563 Å [34]. The ions were placed 

on the ideal fractional positions of Y3Fe5O12. Models with 1-3 Cr3+ ions substituting for Fe3+ at 

the (a) and/or (d) sites per unit cell, and with one Al3+ and one Cr3+ on (a) and/or (d) sites were 

studied. The spins on the Cr3+ ions were set to be either parallel or anti-parallel to the Fe3+ spins 

on the same type of position. The magnetic structure was analyzed using Mulliken atomic 

charges. 
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3. Results and discussion: 

3.1. Defect structures of Y3AlxFe5-xO12 and Y3CrxFe5-xO12 

 Using the interatomic potential parameters given in Table 1, the calculated lattice energies 

of α-Fe2O3, Al2O3 and Cr2O3 and the energies of the point defects considered in the Y3Fe5O12 

structure are given in Table 2. The calculated point defect energies, required to calculate the 

energies of the defect reactions where the dopant ions substitutes for Fe3+ ions at octahedral and 

tetrahedral sites, slightly differ from those given by Donnerberg and Catlow [9] even though 

similar potential parameters were used in both studies. This could stem from a slight difference 

between the value of the lattice parameter used in our simulation (12.376 Å [15]) and that used in 

[9] which was not given.  Another reason could be the different radii of the Mott-Littleton 

regions used in both studies. Specifically in [9] the radius of region 1 was 8.7 Å, whereas in the 

present study that region was divided into two with radii of 6 Å and 12 Å as explained in 2.1.  

The energies given in Table 2 were then used to calculate the energies of the defect reactions 

(a.1-15) considered for the Al3+- or Cr3+-doped Y3Fe5O12 compounds of the composition 

Y3AlxFe5-xO12 and Y3CrxFe5-xO12 as shown in Table 3. Clearly defect reactions involving simple 

substitution of Al3+ (Cr3+) ions for Fe3+ ions at the octahedral and tetrahedral sites (a.1 and a.2) 

are energetically favorable relative to those involving occupation of interstitial sites (a.3-14). 

Accordingly we exclude the occupation of interstitial sites in the YIG structure by the Al3+  or 

Cr3+ ions. 

Table 2 about here 

Table 3 about here 

 

The results indicate a preference by the dopant ion Al3+(Cr3+) for the tetrahedral sites 

(a.2), as opposed to octahedral ones (a.1). While this is consistent with the conclusion derived on 

the basis of the lower magnetization of Y3AlxFe5-xO12  relative to that of pure Y3Fe5O12 [7,8], it is 

at variance with conclusions derived on the basis of atomistic simulations where the Al3+ ions 

were predicted to substitute for the octahedral Fe3+  ions [9]. Furthermore reaction (a.2) with the 

Cr3+ ion substituting for tetrahedral Fe3+ cannot explain the observed higher magnetisation of 

Y3CrxFe5-xO12 relative to that of Y3Fe5O12 [6,10], which according to the Neél’s two sub-lattice 

model is explicable in terms of the substitution of Cr3+ ions for octahedral Fe3+ ones. It is also 
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incompatible with the inference that the Cr3+ ions exclusively substitute for the octahedral Fe3+ 

ions using atomistic simulations [9].  

To understand the origin of these conflicting defect structure models, one notes (Table 3) 

that the energy associated with the substitution of Al3+ for tetrahedral Fe3+  (a.2) is only 0.5 eV 

more favorable than that with Al3+ substituting for an octahedral Fe3+ ion (a.1). It is pertinent to 

note that Cr3+, unlike Al3+,  being a high spin d3 transition metal ion will be stabilized on the 

octahedral sites by virtue of the crystal field stabilisation energy (CFSE) [11].  Indeed the energy 

difference between defect model with the Cr3+ -substituting for tetrahedral Fe3+ (a.2) and that 

when it substitutes for octahedral Fe3+ (a.1) becomes very small if we take into account the 

CFSE which for Cr3+ ions on octahedral sites in minerals has been estimated from spectroscopic 

studies to be ~ 2.6 eV [11]. Allowing for the smaller crystal field splitting in tetrahedral 

environments (t) relative to octahedral ones (o), viz. Δt ≈ 4/9 Δo, and the different electronic 

configurations of Fe3+ and Cr3+, we estimate the CFSE for Cr3+ on a tetrahedral site to be 0.77 

eV. This would make the defect energies for the substitution of Cr3+ for Fe3+ on tetrahedral and 

octahedral sites -3.36 and -3.0 eV respectively. This still favors tetrahedral substitution but by a 

reduced amount of energy relative to that calculated in Table 3. Such small differences between 

the reaction energies associated with the defect reaction models a.1 and a.2 are implicative of the 

sensitivity of the defect structure of the Cr3+ -substituted Y3Fe5O12 to the preparation routes as 

well as the presence of undetected impurities in the initial reactants. So while the exclusive 

substitution of the tetrahedral Fe3+ ions by the Cr3+ ones implies a lower magnetization of the 

relative to that of the pure compound, it is possible for samples prepared at very high 

temperatures that the substitution takes place at the octahedral sites leading to a slight increase in 

the magnetization as has been reported [6,10]. Also mentioned earlier in the case of Al3+,  the 

presence of any unknown point defects in the initial precursors may lead the Cr3+ ions to 

substitute octahedral Fe3+ rather than tetrahedral Fe3+ ones as proposed by experimentally 

[6,9,10]. 

            A further factor which may play a role in the distribution of the cations and defects in 

Y3CrxFe5-xO12 which contains the different magnetic ions Fe3+ and Cr3+ at sites with different O2- 

coordination is spin-spin interactions. To investigate this we carried out the DFT calculations 

using the basis sets described in section 2.2 to study the ferromagnetic and antiferromagnetic 

coupling when the Cr3+ ions substitute for Fe3+ at the tetrahedral and octahedral sites. The results 
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showed that the difference in energy between the states in which the Cr3+ spins ferromagnetically 

couple with those of Fe3+ and antiferromagnetically couple with them is much smaller when the 

Cr3+ ions substitute at tetrahedral sites (0.00819 eV per formula unit) than when they substitute at 

the octahedral sites (0.0525 eV per formula unit). This implies that Fe3+-O2--Cr3+ spin-spin 

coupling is weaker between ions on tetrahedral sites and that Cr3+ ions on these sites could be 

randomly spin-oriented at high temperatures in particular for substitution on tetrahedral sites (kT 

= 0.0256 eV at 298 K) and thus have an effect on the magnetization equivalent to that of a non-

magnetic ion such as Al3+. This would lower the magnetic moment below that expected for 

substitution of Cr3+ on tetrahedral Fe3+ sites following Neél’s assumption that all spins in the 

tetrahedral sub-lattice couple ferromagnetically. The increased magnetization reported in 

experimental studies of on Y3CrxFe5-xO12 [6,10] is, thus, consistent with the substitution of the 

Cr3+ ions for Fe3+ at the octahedral sites. The magnetic moments (Mulliken α - β) were found to 

be higher for Fe3+ on the octahedral sites – 4.25 as opposed to 4.09 on the tetrahedral sites. For 

Cr3+ the reverse was true – 2.92 on the octahedral sites but 3.01 on the tetrahedral sites. 

Substitution on an octahedral site was found to be more favourable than on a tetrahedral site for 

both Cr3+  and Al3+. However relaxation of the structure in the surroundings of these ions could 

alter this conclusion. Substituting Cr3+ onto the octahedral site and Al3+ on the tetrahedral site 

was found to be 0.00446 eV per formula unit more favourable than the reverse. Again, however 

this ignores relaxation of the structure. 

              Let us consider the antisite defect reaction (a.15) where the impurity Al3+( Cr3+) 

substitutes for a Y3+ at the dodecahedral sites with the concomitant substitution of the expelled 

Y3+ for an adjacent octahedral Fe3. The energies obtained for this defect model  were 1.57 eV for 

Al3+ and  -0.54 eV for Cr3+ and are both higher than those obtained for the simple substitution by 

either ion for tetrahedral Fe3+ (a.2). It is interesting to note that when substituting with Cr3+ the 

antisite defect energy (a.15), viz. -0.54 eV, is lower than that when Cr3+ simply substitutes for an 

octahedral Fe3+, namely -0.40 eV, (a.1).  So as proposed above, for  Y3CrxFe5-xO12 processed at 

high temperature or produced from reagents with undetected point defects not only the 

substitution of octahedral Fe3+ ions by Cr3+ ions is possible, but substitution of Y3+ at the 

dodecahedral sites by the Cr3+ ions with the expelled Y3+ ion substituting Fe3+ at octahedral sites. 

In exploring this antisite defect structure (a.15), we note that despite the increase in metal-

oxygen distance when the larger Y3+ ion (104 pm) substituted for the smaller octahedral Fe3+ ion 
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(79 pm) [16], the site remained approximately octahedral as is shown in Figure 2. This is to be 

contrasted with the effect of substituting the smaller Cr3+ ion for the larger Y3+ on the 

dodecahedral site which led to a considerable distortion of that site as shown in Figure 3 (a). It is 

seen that the Cr3+ ion is located off-centre in the distorted dodecahedron with three O2- ions 

being at distances that are long for coordination relative to those of Y3+-O2- in the perfect 

Y3Fe5O12 crystal shown in Figure 3 (b). The Y3 - Cr3+ distance gets reduced and the shortest 

Cr3+-O2- distances are found for the O2- ions also coordinated to Y3+. Since Y3+ is non-magnetic, 

its substitution on the octahedral site would enhance the magnetism. However, the presence of 

the magnetic Cr3+ ion on the 24c dodecahedral site would partly offset this increase as ions on 

this site would spin-align with those on the octahedral sites.  

Figure 2 about here 

Figure 3 about here 

3.2. Defect structure of Y3AlxCrxFe5-2xO12  

The energies obtained for the defect reactions (b.1-41) for the Al3+ and Cr3+ co-doped 

Y3Fe5O12 of the composition Y3AlxCrxFe5-2xO12 are given in Table 4.  

Table 4 about here 

Examining these energy values, it is evident that defect reactions involving both of the 

Al3+ and Cr3+ ions occupying interstitial tetrahedral and/or octahedral sites (b.21-40) are 

unfavorable. Defect reactions with either of the substituted ions occupying interstitial sites and 

the other substituting Fe3+ at octahedral or tetrahedral sites (b.5-20) are also energetically 

unfavorable. Obviously the energetically favourable defect reactions are those where the Al3+ 

and/or Cr3+ ions simply substitute for Fe3+ ones (b.1-4) as well as the antisite defect reaction 

(b.41) where the Cr3+ ion substitutes for Y3+ at the dodecahedral sites and Al3+ substitutes for 

Fe3+ on a tetrahedral site with expelled Y3+ substituting for Fe3+ on an octahedral site. The defect 

model with the least energy is when both the Cr3+ and Al3+ ions substitute for Fe3+ at the 

tetrahedral sites (b.4). This reduces the contribution of the tetrahedral magnetic sub-lattice to the 

total magnetization and is, thus, consistent with the experimentally reported lower magnetization 

for Y3AlxCrxFe5-xO12 relative to that of pure Y3Fe5O12 [12-15].  

However if we allow for the CFSE, as we did for Y3CrxFe5-xO12, then the defect energy 

for the reaction in which Cr3+ substitutes for Fe3+ at an octahedral site and Al3+ substitutes for 

Fe3+ at a tetrahedral site (b.1) will be -3.94 eV whereas that for the reaction in which Cr3+ 
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substitutes for Fe3+ at a tetrahedral site and Al3+ substitutes for Fe3+ at an octahedral site (b.2) 

will be only -2.52 eV. It is, thus, evident that taking the CFSE into consideration renders the 

substitution of Cr3+ ion for octahedral Fe3+ ions and Al3+ at tetrahedral Fe3+ ions (b.1 in Table 4) 

to be the energetically most favorable defect structure for the co-substituted. Such a defect 

structure is consistent with the ab initio DFT calculations in that the Cr3+ preferentially 

substitutes at the octahedral sites. It also readily justifies observed reduction in the magnetization 

of the compound [12-15] relative to pure YIG as the nonmagnetic Al3+ ions reside in the 

magnetically dominant tetrahedral sub-lattice. One notes that in contrast with the cases discussed 

above when Y3Fe5O12 structure is substituted with either Al3+ or Cr3+, the inclusion of the CFSE 

in the case of the co-substitution makes the defect structure in which Cr3+ substitutes for 

octahedral Fe3+ and Al3+ substitutes for tetrahedral Fe3+, (b.1), to be the most likely since its 

energy is distinctly lower than those of the other defect structures that involve substitution (b.2-

4) as well as that of the antisite defect model (b.41). This, in turn, minimizes the effect of high 

temperature synthesis and/or the use of the initial reactants with undetected defects in yielding a 

different defect structure than that described in (b.1).  To investigate the effect that co-

substituting with Al3+ and Cr3+ will have on the lattice parameter, a 2×2×2 supercell of 

Y3AlxCrxFe5-2xO12 containing Al3+ and Cr3+ in the tetrahedral and octahedral sites, respectively, 

was optimized. The calculated lattice parameter of that supercell was found to decrease relative 

to that of Y3Fe5O12 in a trend similar to that reported experimentally [15] as is shown in Figure 4.  

 

4  Conclusions 
 

Interatomic potential calculations indicate that in Al3+- substituted Y3Fe5O12 the Al3+ ions 

preferentially substitute for Fe3+ at the tetrahedral sites leading to a reduced magnetisation 

relative to that of Y3Fe5O12 as observed experimentally. The energy of this defect model was 

found to slightly lower than that of the model where the Al3+ ions substitute for octahedral Fe3+ 

ones suggesting that the latter model could also be possible for samples prepared under elevated 

temperatures and/or containing undetected point defects as, also, was proposed experimentally.   

The CFSE and spin-spin coupling for Cr3+ ions were found to be decisive in showing the most 

favourable defect structure for Y3CrxFe5-xO12 to be that in which the Cr3+ ions substitute for 

octahedral Fe3+ ions. The substitution of the Cr3+ for Y3+ ions that in turn substitute for Fe3+ ions 

at the octahedral sites was found to be possible particularly when undetected defects are present 
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and/or when high temperatures were used to prepare the material. This structural model, which 

results in distorted dodecahedrons with Cr3+ at off-centre positions, results in higher 

magnetization as has been experimentally reported. For the Al3+ and Cr3+-co-substituted 

Y3Fe5O12, the impurity Al3+ and Cr3+ ions were found to substitute for Fe3+ at the tetrahedral and 

octahedral sites respectively. The calculations suggest this defect structure to be stable regardless 

of the purity of the precursors or the processing conditions used.  
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Table 1. Buckingham potential parameters, V(r) = A exp(−r/ρ) − Cr−6, spring constants and shell charge 

Potential  
 

A (eV)  
 

ρ (Å)  
 

C (eV Å6)  
 

Spring constant, 
k (eV Å−2)  

Shell charge (e)  

Fe3+
(oct)shell –O2- shell 993.9 0.3400 0.0   

Fe3+
(tet)shell–O2- shell 825.3 0.3490 0.0   

Y3+ corel–O2-shell 1345.1 0.3491 0.0   
Al3+

(oct)shell–O2- shell 1114.9 0.3118 0.0   
Al3+

(tet)shell–O2-shell 1012.4 0.3118 0.0   
Cr3+

(oct)shell–O2-shell 1734.1 0.3010 0.0   
Cr3+

(tet)shell–O2-shell 1534.1 0.3010 0.0   
O2- shell–O2- shell 22764.0 0.1490 27.8 43.31  
Fe3+

(oct)core– Fe3+
(oct) shell    408.0 5.30 

Fe3+
(tet)core– Fe3+

(tet) shell    205.0 4.65 
Y3+core– Y3+shell    - - 
Al3+

(oct)core– Al3+
(oct) shell    99999.0 3.000 

Al3+
(tet)core– Al3+

(tet) shell    99999.0 3.000 
Cr3+

(oct)core– Cr3+
(oct) shell    67.00 0.970 

Cr3+
(tet)core– Cr3+

 (tet) shell    67.00 0.970 
O2-core– O2-shell    43.31 -3.148 
 
 
 
 

Table 2. Calculated lattice of α-Fe2O3, Al2O3 and Cr2O3 and defect energies in Y3Fe5O12 

Interaction Lattice/Defect Energy(eV) 
Fe2O3 -150.37012888 

///
( )Fe tetV  51.01484044 

///
( )Fe octV  51.92532157 

OV ••  21.45125838 

Al2O3 -160.9214867 

( )Fe tetAl  -6.679663780 

( )Fe octAl  -6.18962872 

int( )tetAl•••  -47.18387648 

int( )octAl•••  -47.18387279 

Cr2O3 -154.23548933 

( )Fe tetCr    -4.51768175 

( )Fe octCr  -2.31695540 

int( )tetCr•••  -44.96227844 

int( )octCr•••  -42.37978051 

)(octFeY  1.51314509 

YCr  
 

-12.22483744      
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Table  3 : Defect energies of the reactions for Al3+-doped Y3Fe5O12 and Cr3+-doped Y3Fe5O12.  
(The brackets refer to the case of Cr3+-doped Y3Fe5O12). 

Reaction no. Process Energy 
(eV) 

a.1 Substitution of Al3+  (Cr3+) for octahedral 3Fe +  -0.91; (-0.40) 
a.2 Substitution of 3Al +  (Cr3+) for tetrahedral 

3Fe +   -1.4; (-2.59) 
a.3 Al3+ (Cr3+) occupying an interstitial tetrahedral site 

balanced by a tetrahedral  Fe3+ vacancy 
9.10; (7.98) 

a.4 Al3+ (Cr3+) occupying an interstitial tetrahedral site 
balanced by an octahedral  Fe3+ vacancy 

10.01; (8.89) 

a.5 Al3+ (Cr3+) occupying an interstitial octahedral site 
balanced by an octahedral  Fe3+ vacancy 

10.0; (11.47) 

a.6 Al3+ (Cr3+) occupying an interstitial octahedral site 
balanced by a tetrahedral  Fe3+ vacancy 

9.1; (10.56) 

a.7 Al3+ (Cr3+) occupying an interstitial tetrahedral site 
balanced by equal numbers of tetrahedral and 
octahedral Fe3+ vacancies 

9.56; (8.44) 

a.8 Al3+ (Cr3+) occupying an interstitial octahedral site 
balanced by equal numbers of octahedral and 
tetrahedral Fe3+ vacancies 

9.56; (11.02) 

   
a.9 Al3+ (Cr3+) occupying an interstitial octahedral site 

with 3/2 O-2 vacancies balanced by two octahedral 
Fe3+ vacancies. 

18.93; (20.40) 

a.10 Al3+ (Cr3+) occupying an interstitial tetrahedral site 
with 3/2 O-2 vacancies balanced by two octahedral 
Fe3+ vacancies. 

18.93 (20.3) 

a.11 Al3+ (Cr3+) occupying an interstitial octahedral site 
with 3/2 O-2 vacancies balanced by two tetrahedral 
Fe3+ vacancies. 

17.1; (18.57) 

a.12 Al3+ (Cr3+) occupying an interstitial tetrahedral site 
with 3/2 O-2 vacancies balanced by two tetrahedral 
Fe3+ vacancies. 

17.1; (15.99) 

a.13 Al3+ (Cr3+) occupying an interstitial octahedral site 
with 3/2 O-2 vacancies balanced by one octahedral 
vacancy and one tetrahedral Fe3+ vacancy. 

18.0; (19.50) 

a.14 
 

a.15 

Al3+ (Cr3+) occupying an interstitial tetrahedral site 
with 3/2 O-2 vacancies balanced by one octahedral 
vacancy and one tetrahedral Fe3+ vacancy. 
Al3+(Cr3+) occupying an yttrium site with Y3+ 
substituting for  Fe3+ on the nearest octahedral site 

17.99; (16.90) 
 
 

1.57;(-0.54) 
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Table  4 : Defect energies of the reactions for Al3+ and Cr3+- co-substituted Y3Fe5O12 

Reaction 
no. 

Process Energy 
(eV) 

b.1 Substitution of Cr3+ for an octahedral Fe3+
 and Al3+ for a tetrahedral Fe3+  -1.34 

b.2 Substitution of Cr3+  for a tetrahedral Fe3+and Al3+ for an octahedral Fe3+  -1.75 
b.3 Substitution of both Cr3+  and Al3+ for octahedral  Fe3+ions  -0.65 
b.4 Substitution of both Cr3+  and Al3+ for tetrahedral  Fe3+ions -1.99 
b.5 Cr3+ occupying interstitial octahedral site and Al3+ substituting for tetrahedral  

Fe3+   balanced by an octahedral  Fe3+ vacancy 
5.04 

b.6 Cr3+ occupying interstitial octahedral site and Al3+ substituting for octahedral   
Fe3+   balanced by an octahedral  Fe3+ vacancy 

5.28 

b.7 Cr3+ occupying interstitial octahedral site and Al3+ substituting for tetrahedral    
Fe3+   balanced by a tetrahedral  Fe3+ vacancy 

4.58 

b.8 Cr3+ occupying interstitial octahedral site and Al3+ substituting for octahedral   
Fe3+   balanced by a tetrahedral  Fe3+ vacancy 

4.83 

b.9 Al3+ occupying interstitial octahedral site and Cr3+ substituting for tetrahedral  
Fe3+  balanced by an octahedral  Fe3+ vacancy 

3.72 

b.10 Al3+ occupying interstitial octahedral site and Cr3+ substituting for octahedral   
Fe3+   balanced by an octahedral  vacancy 

4.82 

b.11 Al3+occupying interstitial octahedral site and Cr3+ substituting for tetrahedral  
Fe3+   balanced by a tetrahedral  Fe3+ vacancy 

3.26 

b.12 Al3+ occupying interstitial octahedral site and Cr3+ substituting for octahedral   
Fe3+   balanced by a tetrahedral  Fe3+ vacancy 

4.36 

b.13 Cr3+occupying interstitial tetrahedral site and Al3+substituting for tetrahedral  
Fe3+   balanced by an octahedral  Fe3+ vacancy 

3.75 

b.14 Cr3+ occupying interstitial tetrahedral site and Al3+ substituting for octahedral  
Fe3+   balanced by an octahedral  Fe3+ vacancy 

3.99 

b.15 Cr3+occupying interstitial tetrahedral site and Al3+ substituting for tetrahedral    
Fe3+   balanced by a tetrahedral  Fe3+ vacancy 

3.29 

b.16 Cr3+occupying interstitial tetrahedral site and Al3+ substituting for octahedral    
Fe3+   balanced by a tetrahedral  Fe3+ vacancy 

3.54 

b.17 Al3+ occupying interstitial tetrahedral site and Cr3+ substituting for tetrahedral   
Fe3+  balanced by an octahedral  Fe3+ vacancy 

3.72 

b.18 Al3+ occupying interstitial tetrahedral site and Cr3+ substituting for octahedral      
Fe3+   balanced by an octahedral  vacancy 

4.82 

b.19 Al3+occupying interstitial tetrahedral site and Cr3+ substituting for tetrahedral    
Fe3+   balanced by a tetrahedral  Fe3+ vacancy 

3.26 

b.20 Al3+ occupying interstitial tetrahedral site and Cr3+ substituting for octahedral      
Fe3+   balanced by a tetrahedral  Fe3+ vacancy 

4.36 

b.21 Cr3+ and Al3+occupying interstitial tetrahedral sites balanced by two tetrahedral 
Fe3+ vacancies 

8.55 

b.22 Cr3+ and Al3+occupying interstitial tetrahedral sites balanced by two octahedral 
Fe3+  vacancies 

9.46 

b.23 Cr3+and Al3+occupying interstitial octahedral sites balanced by octahedral Fe3+ 
vacancies 

10.75 

b.24 Cr3+and Al3+occupying interstitial octahedral sites balanced by tetrahedral Fe3+ 
vacancies 

9.84 

b.25 Cr3+ and Al3+occupying interstitial tetrahedral sites balanced by one  octahedral 
and one tetrahedral Fe3+  vacancies 

9.00 
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 Table  4 (cont.) : Defect energies of the reactions for Al3+ and Cr3+- co-

substituted Y3Fe5O12 

 

model Process  Energy 
(eV)  

b.26 Cr3+  and Al3+ occupying interstitial octahedral and interstitial  tetrahedral sites, 
respectively, balanced by one octahedral and one tetrahedral Fe3+ vacancies. 

10.29 

b.27 Cr3+and Al3+occupying interstitial tetrahedral and octahedral sites, respectively, 
balanced by equal  numbers of octahedral and tetrahedral Fe3+ vacancies. 

10.29 

b.28 Cr3+and Al3+occupying interstitial octahedral sites balanced by  equal  numbers 
of tetrahedral and octahedral Fe3+ vacancies. 

10.29 

b.29 For every Cr3+ and Al3+ and occupying interstitial octahedral sites three O2- 
vacancies created balanced  by four octahedral Fe3+ vacancies.  

-19.67 

b.30 For every Cr3+ and Al3+ and occupying interstitial octahedral sites three O2- 
vacancies created balanced  by four tetrahedral Fe3+ vacancies. 

17.85 

b.31 For every Cr3+ occupying an interstitial octahedral site and Al3+ occupying an 
interstitial tetrahedral sites three O2- vacancies are created balanced  by four 
octahedral Fe3+ vacancies.  

19.67 

b.32 For every Cr3+ occupying an interstitial octahedral site and Al3+ occupying an 
interstitial tetrahedral site three O2- vacancies are created balanced  by four 
tetrahedral Fe3+ vacancies. 

17.85 

b.33 For every Cr3+ occupying an interstitial tetrahedral site and Al3+ occupying an 
interstitial octahedral site three O2- vacancies are created balanced  by four 
octahedral Fe3+ vacancies.  

18.38 

b.34 For every Cr3+ occupying an interstitial tetrahedral site and Al3+ occupying an 
interstitial octahedral site three O2- vacancies are created balanced  by four 
tetrahedral Fe3+ vacancies. 

16.55 

b.35 For every Cr3+ and Al3+ and occupying interstitial tetrahedral sites three O2- 
vacancies are created balanced by four octahedral Fe3 +vacancies.  

18.38 

b.36 For every Cr3+ and Al3+ and occupying interstitial tetrahedral sites three O2- 
vacancies are created balanced by four tetrahedral Fe3 +vacancies. 

16.55 

b.37 For every Cr3+ and Al3+ and occupying interstitial octahedral sites three O2- 
vacancies created balanced  by two octahedral Fe3+vacancies and two 
tetrahedral Fe3+ vacancies. 

18.75 

b.38 For every Cr3+ occupying an interstitial octahedral site and Al3+ occupying an 
interstitial tetrahedral site O2- vacancies are created balanced  by two 
octahedral Fe3+vacancie and two tetrahedral Fe3+ vacancies. 

18.75 

b.39 For every Cr3+ occupying an interstitial tetrahedral site and Al3+ occupying an 
interstitial octahedral sites three O2- vacancies are created balanced  by two 
octahedral Fe3+vacancies and one tetrahedral Fe3+ vacancies. 

17.46 

b.40 
 

b.41 

For every Cr3+ and Al3+ and occupying interstitial tetrahedral sites three O2- 
vacancies are created balanced  by two octahedral Fe3+ vacancies and two 
tetrahedral Fe3+vacancies. 
Cr3+ substituting for Y3+ and Al3+ substituting for Fe3+ on a tetrahedral site with 
Y3+ substituting for Fe3+ on an octahedral site. 

17.46 
 
 

-0.97 
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Figure captions: 

Figure 1:  The polyhedra of the O-2 ions (red small spheres) in the unit cell for cubic YIG. Both 

of the 4- and 6-O2-coordinated tetrahedral (24 d) and octahedral (16a) sites of the Fe3+ ions (blue 

spheres) are shown in green whereas the 8-O2-coordinated dodecahedral (24c) sites of the Y3+ + 

ions (orange large spheres) are shown in gray. 

 

Figure 2: a) Environment of Y3+ on an O2- octahedral (a) site. b) The corresponding environment 

of Fe3+ on an O2- octahedron in in the perfect Y3Fe5O12  crystal (a) site. Distances are in Å. 

 

Figure 3:  a) The distorted environment when an O2- dodecahedron is occupied by Cr3+.  b) The 

corresponding environment of Y3+ on an O2- dodecahedron site in the in the perfect Y3Fe5O12  

crystal. Distances are in Å. 

 

Figure 4:  a) The distorted environment when an O2- dodecahedron is occupied by Cr3+.  b) The 

corresponding environment of Y3+ on an O2- dodecahedron site in the in the perfect Y3Fe5O12 

crystal. Distances are in Å. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


