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Birefringence is a major source of difficulty in sintering of transparent polycrystalline alumina 
ceramics, especially as the grain size exceeds a few hundred nanometers, which ultimately 
leads to complete opacity, mainly due to scattering of light. Recent studies have made it clear 
that by application of a strong magnetic field, alumina grains can be aligned along a particular 
crystallographic orientation, which minimizes scattering due to birefringence, and enhances 
transparency. Defects that cause spin delocalization are known to induce a paramagnetic 
behavior in alumina ceramics. Therefore, such defects have become a focal point of research 
for magnetic field assisted sintering of transparent polycrystalline alumina, in order to reduce 
the necessary magnetic field strength during production process. In light of recent studies on 
paramagnetic potentials of transition metal doped alumina, we have applied Spin Polarized 
Density Functional Theory (SP-DFT) calculations on manganese and chromium doped and co-
doped alumina to calculate the magnetic moments, density of states and defect formation 
energies, which should be expected from this system of dopants, along with their interactions 
with oxygen vacancies. The results clearly indicate that formation of a point defect comprised 
of chromium and manganese positioned substitutionally at adjacent aluminum sites, in vicinity 
of an oxygen vacancy can induce a magnetic moment equivalent to 5 Bohr magnetons (μβ), 
outperforming previously reported defects. Based on this study we find it likely that chromium 
and manganese co-doping in alumina can further reduce the required magnetic field strength 
for production of transparent polycrystalline alumina. 
© 2021 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Polycrystalline alumina and single crystal sapphire are extensively used 
in the power electronic devices [1], information and communication 
technologies  [2], aerospace  and  defense  industries [3], mobile  phone 
devices   [4],  fingerprint  sensors  and  cameras  [5],  and  metal-oxide- 

 
 
semiconductor (MOS) integrated circuit (IC) as in silicon on sapphire 
(SOS) [6, 7]. Not to mention the centuries old use of sapphire as a 
precious gemstone. Recent advances on nanofluids containing alumina 
are also reported to be effective for heat sink applications with 
considerable increase in thermal conductivity when compared with 
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plain water [8], making alumina a highly versatile material for a wide 
range of applications.  The transparency of alumina ranges from 
approximately 200 nm to 4000 nm due to its wide band gap of 
approximately 9 eV [9, 10], making this material exceptional for many 
optical applications, such as lasers (with appropriate dopants), lenses, 
screens, and windows [5]. Alumina is also an excellent electrical 
insulator, preventing leakage currents in electric and electronic devices 
[11]. It exhibits outstanding performance under demanding conditions, 
as in corrosive media & high temperatures [12, 13]. The  tribological 
properties and a hardness next to diamond has made alumina, in either 
polycrystalline or single crystal form, the ceramic of choice for 
applications requiring exceptional optical behavior, even as a 
transparent abrasion resistant material [5]. It is therefore, of great 
importance to easily produce novel alumina components economically, 
in order to maximize its use for demanding applications. 
Producing transparent alumina is not simple, mainly due to this 
material’s anisotropic optical behavior [14]. Considering a 
polycrystalline solid with random grain orientations, the incoming light 
must pass through crystallites of slightly different refractive index, 
which would result in absorption of light, eventually making the 
material opaque despite the absence of porosities or any other 
scattering centers [15]. An age-old solution to this problem has been 
growing single crystal alumina (sapphire), in spite of the difficulties 
and expenses associated with the process [16]. Given that the main 
culprit, in case of optical applications of polycrystalline alumina, is the 
crystal’s anisotropic optical behavior or birefringence [14], sintering of 
transparent polycrystalline alumina has become a serious challenge for 
the advanced ceramics industry. Recent advances in the production of 
transparent polycrystalline alumina are opening up a new era of 
affordable solutions, which were traditionally not possible [17–19]. A 
development in this regard was brought forward through controlling the 
alumina microstructure by rapid sintering techniques such as Spark 
Plasma Sintering (SPS), which can avoid excessive grain growth 
during sintering, due to short dwell times of only a few minutes. The 
main benefit of SPS is its ability to achieve densification without 
allowing excessive grain growth [20]. Although SPS is generally 
regarded as an efficient technique for sintering of electrically 
conductive material, a wide range of research work has shown its 
capabilities for producing monolithic electrically insulating ceramics as 
well [14, 20–22]. The application of SPS for sintering of monolithic 
alumina with a grain size of less than the visible wavelength of light 
had made it possible to minimize scattering substantially, and thus 
enhance transparency [18, 20]. Although, SPS is a revolutionary 
technique, the combination of requirements for an extremely rapid 
sintering process, which can also facilitate sufficient densification, and 
flexibility in achievable ceramic shapes, has been a serious enough 
challenge to avoid industrial-scale use of transparent nano-grained 
alumina ceramics for electronic and optical applications. It is therefore 
necessary to develop alternative techniques based on more 
conventional sintering processes for mass production of such ceramics.  

An ingenious method has been proposed over the past few years by 
several research groups [19, 23, 24] for preparing the green body of 
alumina ceramics by slip casting, under a strong enough magnetic field 
to facilitate a directional orientation of the grains prior to sintering. 
They have proposed texturing the ceramic such that the grains are 
aligned in the same crystallographic orientation, thereby solving the 
absorption issue due to birefringence, which is mainly caused by 

random distribution of grains. A strong magnetic field can potentially 
re-orient the grains along the same optical axis [19]. The technique has 
proved to be extremely successful, making it possible to sinter 
transparent alumina ceramics which are comparable with single crystal 
sapphire in terms of their optical quality, while having a polycrystalline 
structure with large grain sizes of approximately 30 to 50 microns [24]. 
A feat of remarkable importance, which should not be taken lightly. 
The problem with this technique is the necessity for extremely strong 
magnetic fields; generally in excess of 10 Tesla. Moreover, slip casting 
is not capable of producing intricate shapes, which further hinders 
widespread use of this technique. In other words, the main problem is 
the diamagnetic nature of alumina. As a solution to this problem, 
Nykwest and Alpay [25, 26] have proposed doping alumina such that 
the net magnetic moment of the grains increases significantly and thus 
reducing the requirements for a strong magnetic field. They have 
shown that doping alumina with transition metals, especially chromium 
and manganese is capable of inducing 3 μβ of magnetic moment in 
alumina by creating delocalized orbitals with a net difference in the 
spin-up and spin-down electron density of states. Doping alumina for 
inducing paramagnetism, makes magnetic field assisted sintering of the 
material easier, and increases the optical qualities while potentially 
reducing process cost. It also opens up the conversation for possibilities 
of such alumina ceramics, as paramagnetic sensors and electronic 
device components. It is customary to think of alumina or sapphire as 
an electrically insulator diamagnetic material, however, recent 
advances in this regard are showing potentials in producing alumina 
ceramics which can be highly tailored for electronic and optical 
requirements of the industry, especially through atomic scale materials 
design by application of powerful ab-initio approaches including DFT 
[26].  

An additional challenge in the production of transparent polycrystalline 
alumina is a gray coloration, which emerges upon sintering in SPS or 
hot isostatic press (HIP) equipment, which can be decolorized only 
through subsequent heat treatments [27]. The exact cause of this 
phenomena is not very well understood, however there are several 
hypotheses in this regard. It has been reported that the gray coloration 
is a result of carbon diffusion or precipitation in the ceramic, at ppm 
level, which causes this nefarious optical behavior. Conversely recent 
reports by Morita et al. [28] have made it clear that the coloration 
cannot be diffusion related. Other possibilities for the cause of gray 
coloration include oxygen vacancy point defects [27], and nano-sized 
precipitation of impurities. The latter is readily seen in natural 
sapphires that are heated under extremely low oxygen partial pressures, 
where precipitation of iron nanocrystals becomes inevitable [29, 30]. 
However further research is necessary as the present literature does not 
present a conclusive mechanism in this regard. 

The aim of this study is to explore the magnetic moments induced by 
defects in manganese and chromium doped and co-doped alumina 
powder, in order to search for defects that can increase the magnetic 
moments even further, as well as providing a qualitative investigation 
on the likelihood of calculated defects under oxygen rich or poor 
conditions. Moreover, it is known that the application of high-energy 
irradiation or heat treatments under low oxygen partial pressure can 
induce vacancies in the precursor alumina powder [31]. Therefore, we 
have investigated the impacts of vacancy-bearing defect complexes on 
the magnetic moment of Cr and Mn doped, and co-doped alumina 
ceramics, by using first principles approach of DFT. 
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 Computational method 2.

Spin polarized density functional theory has been applied using the 
Generalized Gradient Approximation, as parametrized by Perdew, 
Burke and Ernzerhof (GGA-PBE) [32]. A supercell size of 2×2×1    
(120 atoms in case of pristine crystal) has been used under periodic 
boundary conditions, which is known to be large enough to almost 
eliminate the spurious defect-defect interactions [10]. Geometry 
optimizations have been carried out under a constant cell volume with a 
plane wave cut-off energy of 500 eV, k-point spacing of 0.5 per 
angstrom (k-mesh grid of 3×3×1) and Gaussian smearing of 0.05 eV 
with SCF convergence threshold of 10-5 eV. The atoms have been 
relaxed until forces are less than 0.02 eV/Å. Density of state and charge 
densities are calculated with a higher k-mesh grid of 5×5×3 and origin 
shifted to gamma. Calculations have been carried out using Projector 
Augmented Wave pseudopotentials (PAW) [33] as implemented in 
Vienna ab-initio software package (VASP 6.1) under the framework of 
MedeA [34–36]. Magnetization densities have been calculated for the 
pristine supercell, and cells containing neutral Mn, Cr, Mn-Cr, Mn-Vo, 
Cr-Vo and Mn-Cr-Vo defects, where Vo represents an oxygen vacancy, 
with the transition metals positioned in substitutional aluminum sites. 
Defect formation energy (E) has been calculated using Eq. 1, as 
proposed by Zhang and Northrup [37], and Van de Walle [38]. 

def pure iE E E Nμ= − −∑       (1) 

Edef and Epure represent the formation energy of the defective and 
pristine supercells respectively. Contribution of the Fermi energy is not 
included given that the defects studied are charge neutral. N is the 
number of atom(s) i removed from or added to the supercell, with µ 
representing the chemical potential of the added or removed atom. The 
chemical potentials depend on the partial pressure of oxygen, absolute 
pressure and temperature [38]. However, the lower and upper bounds 
of the µAl and µO are defined by Eq. 2, which satisfies the 
thermodynamic boundaries for stability of the alumina phase at            
P = 0 atm. Given that sintering of transparent alumina ceramics are 
generally carried out using HIP or SPS equipment, which are operating 
under relatively low partial pressures of oxygen (Al-rich conditions), 
µAl is taken as the DFT calculated formation energy of bulk aluminum 
metal. The oxygen chemical potential is found accordingly based on 
Eq. 2, where µAl2O3 is the formation energy of a stoichiometric pristine 
alumina as calculated by DFT. Under such oxygen deprived conditions, 
the chemical potentials of chromium and manganese are also based on 
the DFT calculated formation energies of their respective metallic 
structures.  

2 3Al O Al Oμ 2μ 3μ= +        (2) 

In the case of high oxygen partial pressure limit (O-rich), the chemical 
potential of aluminum is deduced based on Eq. 2, using half the DFT 
calculated energy of oxygen molecule, as the oxygen chemical 
potential. The values for μCr and μMn have been estimated from the 
formation energies of Cr2O3 and MnAl2O4 respectively, which are the 
compatible phases with alumina, based on their respective phase 
equilibria [39, 40]. Calculated formation energies are valid for zero 
kelvin temperature, and should serve the purpose of a qualitative 
comparison only. It is possible to evaluate the impact of higher 
temperatures and intermediate partial pressures of gases on the 
formation energies, using statistical mechanics as shown in the 
literature [38, 41]. However, for the purpose of this study, the defect 

formation energies are only used as estimates for a comparison 
between the defects at low temperatures, prior to sintering. Therefore, 
the impact of temperature has not been included. Nevertheless, it 
should be noted that based on Eq. 1 and Eq. 2, the defect formation 
energies are highly dependent on furnace atmosphere, temperature, 
pressure and presence of other complex or charged defects in the 
crystal, which can change the equilibrium Fermi level and thus 
significantly impact the defect equilibria [41–43]. Given that 
calculation of complex and charged defects are essential for; plotting 
Kroger-Vink diagrams, estimating defect concentrations and finding 
solubility limits of dopants, it is not possible to accurately deduce such 
information based on calculations done in this study, and as the main 
purpose of this paper is to find the induced magnetic moments by the 
defects mentioned above, we have refrained from doing a detailed 
analysis of defect equilibria. However, given the results mentioned in 
the following section, such analysis is highly recommended.  

 Results and discussion 3.

The total and partial density of states are shown in Fig. 1. The Fermi 
energy is set to 0 eV, representing the highest occupied level, and the 
calculated band gap of the pure crystal is found to be 6.17 eV, with the 
enthalpy of formation (T = 0 K) being -14.97 eV, which are in 
agreement with prior theoretical studies using GGA-PBE functional 
[41, 44]. The discrepancy between the calculated and experimental 
band gap is due to the used functional, which is a well-established 
shortcoming of DFT [45], however, given that the levels have a 
systematic error, makes it possible to interpret the data efficiently, by 
considering appropriate band edges and referencing Fermi level to a 
common potential rather than valence band maximum [46]. Each of the 
proposed defects cause deep levels in the band gap, with significant 
contributions from d-orbitals, except in VO. The total density of states 
for spin up and spin down electrons shows significant difference in all 
of the transition metal containing defects, thus causing a net magnetic 
moment.  Although it is possible to correct for this systematic error in 
DOS through higher levels of theory [45], the energy levels reported 
using DFT are not considerably erroneous for the purpose of this study, 
as shown by Somjit and Yildiz [41]. Nevertheless, the optical 
transitions cannot be deduced using reported DOS, given that a more 
accurate evaluation of the energy levels becomes necessary for 
describing absorption and emission wavelengths. Moreover, the 
phononic contribution is not negligible in alumina, as calculated by Na-
Phattalung [10] in the case of Cr-doped alumina, and since there is no 
reason to believe other defects will be any different, calculation of 
configuration coordinate diagrams becomes essential in this regard. 
Although single substitutional chromium is a well-known 
chromophore, considering the energy levels shown by DOS plots, it is 
possible to say that the other defects reported here are potential 
chromophores as well and further hybrid functional calculations are 
necessary to shed light on absorption or emission wavelengths, which 
may arise due to these defects. It is noteworthy that all of the calculated 
defects exhibited a red shift in the onset of absorption spectrum, with 
significant contributions from the d-orbitals in the case of single 
substitutional Mn defect, as shown in Fig. 1d.  

An additional finding worth noting is that the number of levels induced 
by Cr-Mn defect is rather high, with possible transitions in the infrared 
region, thus making chromium and manganese co-doped alumina, a 
potential material for absorption in the IR region.  
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Considering the calculated DOS for VO defect, it is also possible to rule 
out the hypothesis put forth by Wei [27], regarding gray coloration of 
transparent alumina ceramics during sintering being a consequence of 
oxygen vacancies. The distinct energy levels produced by this defect 
are not capable of causing an absorption continuum, which is necessary 
for formation of a gray shade, and one should only expect distinct 
wavelengths of the absorption and emission from this defect. Our 
finding in this regard is in qualitative agreement with prior work by 
Pustovarov et al. [47], therefore, leaving the question for the cause of 
gray as-sintered polycrystalline alumina open for debate and further 
research. 
The magnetic moments and formation energies of defects under lowest 
pO2 limit (Al-Rich) and highest pO2 limit (O-Rich) are given in      
Table 1. The results for the formation energies are in reasonable 
agreement with the HSE functional calculations of Na-Phattalung et al. 
[10], which further signifies the conclusions of Somjit and Yildiz [41] 
regarding applicability of GGA-PBE functional for the purpose of 
defect thermodynamics in alumina. Not surprisingly, under Al-rich 
conditions, the formation energy of oxygen vacancy is lowest amongst 
these defects; therefore, VO is expected to form in considerable 
concentrations upon sintering at the lowest limits of oxygen partial 
pressure. However, this defect does not induce any measurable 
paramagnetism and is therefore not particularly useful in aiding the 
orientation of grains in green body, or during sintering, upon 
application of a magnetic field. On the other hand, as reported by 
Nykwest and Alpay [25], chromium is indeed an excellent choice as it 
has a complete solubility in alumina at higher oxygen partial pressures, 
and significant solubility even at reduced pO2, apparent from the Al-
rich defect formation energy, as well as a fair magnetic moment of 3μβ. 
Manganese has also been reported to be an ideal dopant [26]. We have 
found a defect formation energy of 4.36 eV at low pO2, unlike the 
formation energies reported in oxygen rich conditions, which means, 
the solubility of manganese in alumina is very much dependent on the 
partial pressure of oxygen, as is in the case with iron [48]. Therefore, 
precipitation of manganese is likely at low pO2 during sintering, if the 
Mn concentration is close to solubility limit of high pO2. Co-doping 
chromium and manganese can lead to a plethora of defects, and every 
possible defect has not been considered in this study, however, it is 
possible to note that despite this concern over solubility limits of Mn, 
the Cr-Mn-Vo defect, which is comprised of chromium and manganese 

atoms positioned at adjacent aluminum sites, next to an oxygen 
vacancy, shows a magnetic moment of 5 μβ, better by approximately 
67% when comparing with a single substitutional chromium defect in 
alumina and outperforming the previously reported defects by Nykwest 
and Alpay [25, 26]. Although the magnetic properties induced by the 
Cr-Mn-VO defect is rather attractive, the formation energy of this defect 
is not low enough, to form at significant concentrations during sintering 
at low pO2, by virtue of thermodynamic equilibrium. As a solution to 
this problem, one might consider non-equilibrium processes, which 
induce vacancies, so that a high enough concentration of this defect 
may form at room temperature, making it easier for the grains in the 
green body to be aligned along a single crystallographic orientation 
under a weaker magnetic field. As an example of such processes, high-
energy neutron bombardment may be considered, which is known to 
result in formation of vacancies in alumina [31]. Therefore, based on 
this theoretical study, it is anticipated that high energy irradiation of 
chromium and manganese co-doped alumina powder should cause 
significant paramagnetic behavior at room temperature, making it 
possible to reduce the required magnetic field strength for 
crystallographic alignment of the grains in green body. It is also 
noteworthy that considering the energies reported in Table 1, inducing 
vacancy is not always a good strategy for increasing the magnetic 
moment of alumina, but through proper dopants, vacancies can have 
important contributions in this regard.  
An additional factor, which can determine the potential efficiency of 
the induced magnetic moment, is the spatial distribution of the 
magnetization density, which is considered to be an important factor in 
texturing of the ceramics. Our results in this regard are shown in Fig. 2. 
The results for Cr and Mn defects are consistent with earlier reports by 
Nykwest and Alpay [25], however, the Cr-Mn-Vo and Vo defects 
create a relatively more de-localized magnetization density, in 
comparison to other defects reported in this study, which is an 
additional factor aiding in the directional orientation of grains. Based 
on the results, one wonders the impact of using magnetic field during 
sintering, especially upon incorporation of a transient liquid phase, 
which could further facilitate alignment of the grains along the same 
crystallographic axis. At room temperature, one can create the Cr-Mn-
Vo defect through neutron bombardment of Cr-Mn doped precursor 
alumina powder, followed by sintering under a weaker magnetic field 
where   Cr  defects  will  be  highly  stable  and  sufficiently  capable  in  

Table 1. Magnetic moments are given in the unit of Bohr Magnetons, and defect formation energies are mentioned in eV, for the zero Kelvin temperature 
under an aluminum rich (lowest pO2) and oxygen rich (highest pO2) conditions. The third column refers to first two terms of Eq. 1, as calculated by DFT. 

Defect type Magnetic moment 
(µβ) 

Edef–Epure 
(eV) 

Formation energy 
Al-rich (eV) 

Formation energy 
O-rich (eV) 

Pure crystal 0.0008 N/A N/A N/A 

Vo 0.0016 11.67 1.75 6.74 

Cr 3.0000 -2.69 2.99 -0.08 

Cr-Vo 3.0000 8.31 4.07 5.99 

Mn 2.0000 -0.78 4.36 -3.06 

Mn-Vo 2.0000 9.66 4.88 2.45 

Cr-Mn 1.0000 -3.50 7.32 -3.17 

Cr-Mn-Vo 5.0000 6.97 7.87 2.37 
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Fig. 1. Total and partial density of states for a) Vo, b) Cr, c) Cr-Vo, d) Mn, e) Mn-Vo, f) Cr-Mn, and g) Cr-Mn-Vo defects. The Fermi level is set 
to 0 eV and alignment is done accordingly. Black line represents the DOS (right axis) and colored lines represent partial DOS (left axis). The 

inscribed numbers are energies associated with each state, correct to one decimal place. 
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inducing paramagnetism, making it possible to get one 
step closer to economical industrial scale production of 
transparent polycrystalline alumina.  

 Conclusions 4.

Our DFT calculations on manganese and chromium doped and co-
doped alumina have made the following points clear: 

Fig. 2. Magnetization density are shown with isosurfaces of a) 0.015 e/A, and b) 0.0015 e/A. Spin up and down electrons are shown by red and blue 
surfaces respectively. Yellowish green and red color solid spheres represent aluminum and oxygen atoms respectively. Oxygen vacancy and Cr-Mn-

Vo defects have the highest magnetization density. 
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• Oxygen vacancy cannot be the cause of gray coloration in as-
sintered transparent alumina.  

• Inducing oxygen vacancy is not always an effective strategy for 
increasing magnetic moment in alumina.  

• Solubility of manganese in alumina is dependent on oxygen partial 
pressure, and decreases with lowering pO2.  

• Co-doping manganese and chromium in alumina powder followed 
by neutron irradiation makes formation of Mn-Cr-Vo defect likely, 
substantially increasing the magnetic moment (5 μβ), thereby 
requiring a lower magnetic field strength during alignment of 
crystallographic orientations of grains in green body, resulting in 
increased optical quality of sintered transparent alumina.  

• Based on the calculated DOS, Mn-Cr co-doped alumina is expected 
to show absorption of light in infrared and visible wavelengths, 
causing coloration. Further calculations by hybrid functionals are 
necessary in this regard. 
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