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Introduction 

In this work, the electron magnetic resonance 
(EMR) spectra of the mullites powders were mea-
sured for different grain sizes (0.07 and 0.12 mm). 
We have used EMR spectroscopy at X-band, com-
bined with superposition model (SPM) calculations 
to reveal electronic structure and establish correla-
tions between structure, and surroundings of these 
complexes. The main purpose of this work was to 
investigate the possible relationships between EMR 
spectra and the size of powder grains, as well as the 
identifi cation of EMR spectra in view of the potential 
application of EMR technique as a fi ngerprinting 
method [1, 2]. The motivation for this study comes 
from the need to solve the problem of fractures of 
shape and ceramic cores. 

Mullite is the only stable intermediate phase in 
the alumina-silica system at atmospheric pressure. 
The chemical formula for mullite is deceptively 
simple: 3Al2O3·2SiO2. However, the phase stability, 
crystallography, and stoichiometry of this material 
remain controversial. The structural variants are de-
rived from the average structure considering crystal-
-chemical rules for bond lengths, atomic distances, 
and coordination number (Fig. 1) [3]. 

Considering these rules and different occupations 
of the Oc and Oc* sites, 34 structural variants result 
from the decomposition of the mullite average struc-
ture. Each four variants exhibit an oxygen vacancy 
on the same cell edge and different occupations of 
the Oc and Oc* sites on the remaining three edges. 
Structural variants 17 to 32 are vacancy free, but 
with a variation on the Oc/Oc* sites. Variants 33 and 
34 represent the silica free i-Al2O3 modifi cation [3]. 
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The occupation of the tetrahedral Si/Al and Al* 
sites depends on the position of oxygen atoms or 
vacancies. If the Oc site is occupied, the two adja-
cent Si/Al sites are occupied too. However, next to a 
vacancy, the adjacent Al* sites are occupied instead 
of the Si/Al sites, and the coordinating oxygen 
atoms shift from the Oc to the Oc* position (Fig. 1). 
Structural variants with two vacancies building the 
correlation vector <110> are not allowed, because 
an Al or Si atom would only be threefold coordinated. 
Si/Al-Oe* bond lengths of 0.173 and 0.178 nm lead 
to a tetrahedral occupation by Al, whereas 0.167 nm 
for the Si/Al-Oc bond gives Si occupation of the T 
position. EMR studies by Rager et al. [4] and us [1, 
2] provided further information on the structural dis-
tribution of chromium in mullite. Chromium-doped 
mullites exhibit two rather sharp EMR signals near 
geff = 5, and a broad signal near geff = 2.2. The peaks 
near geff = 5 were assigned to Cr3+ in slightly dis-
torted octahedral M(1) positions in mullite, whereas 
the broad slightly asymmetric signal near geff = 2.2 
may indicate coupling between localized magnetic 
moments. Rager et al. [4] explained the signal at 
geff = 2.2 in terms of interstitial Cr3+ incorporation 
in mullite. According to the EMR peak intensities, 
the entry of Cr3+ into the regular M(1)O6 octahedra 
is favored at low bulk-Cr2O3 contents of mullite, 
whereas interstitial incorporation with formation 
of chromium clusters becomes more important at 
higher Cr2O3 contents [3, 4]. 

Experimental details 

The EMR spectra of the mullites powders were 
measured for different grain sizes 0.07 mm (Al2O3 

– 76.86%; SiO2 – 22.8%) and 0.12 mm (Al2O3 – 
75.04%; SiO2 – 24.5%). 

The EMR spectra were investigated in a wide range 
of temperatures from 120 to 380 K using an EPR 
X-band spectrometer (Bruker multifrequency and 
multiresonance FT-EPR ELEXSYS E580). Crystal-
lographic data for mullite are: a = 7.5785(6) Å, b = 
7.6817(7) Å, c = 2.8864(3) Å, space group: Pbam, 
whereas structural parameters are listed in Table 1 
[3, 4]. 

Spin Hamiltonian and SPM analysis of EMR spectra 

Analysis of EMR spectra was performed using spin 
Hamiltonian (SH) suitable for transition ions [5]. 
For arbitrary low (triclinic) symmetry, SH [6, 7] 
is best expressed in terms of the extended Stevens 
operators (ESO) Ok

q [8, 9]: 

(1)

where g represents the Zeeman electronic tensor, 
B is the external magnetic fi eld, Si are the spin 
operators, and Bk

q (bk
q) are the zero-fi eld splitting 

parameters (ZFSPs). The ‘scaling’ factors fk in 
Eq. (1) are most commonly defi ned as [6, 7]: f2 = 
1/3; f4 = 1/60; f6 = 1/1260. For proper relations 
between the conventional ZFSPs and Bk

q (bk
q) in 

Eq. (1), see [6, 7, 10]. For Cr3+ (S = 3/2) ions only 
the ZFSPs with k = 2 are required, whereas for Fe3+ 
(S = 5/2) ions with k = 2 and 4. 

For spin S = 5/2, the ZFS Hamiltonian in Eq. (1) 
includes the following terms for given symmetry cases: 
(1) tetragonal type II (groups: C4, S4, C4h), for k = 2: 
q = 0; k = 4: q = 0, 4, –4; (2) orthorhombic (groups: 
D2, C2v, D2h), for k = 2: q = 0, 2; k = 4: q = 0, 2, 4; 
(3) monoclinic (groups: C2, C1h(Cs), C2h) – assuming 
the monoclinic C2 axis is parallel to the z axis, for 
k = 2: q = 0, 2, –2; k = 4: q = 0, 2, 2, 4, 4. Two 
other equivalent forms of monoclinic ZFS Hamilto-
nian should be considered if the magnetic axis x or y 
is chosen as parallel to the monoclinic C2 axis [11]. 
For triclinic symmetry, all q components are included 
in Eq. (1). This paper is preliminary, whereas distinc-
tion between the actual low symmetry aspects and 
the apparent ones will be discussed in a full article. 

Fig. 1. Structure of mullite: (a) average structure and, 
(b) atomic displacements around an oxygen vacancy [3]. 

Table. 1. Structural parameters for mullite (occupancy – occ.) 

Al T T* Oab Oc Oc* Od

x 0.0   0.14901(2)   0.26247(9)   0.3590(1)     0.5   0.4498(4)   0.1273(1)
y 0.0   0.34026(2)   0.20529(9)   0.4218(1)     0.0   0.0505(4)   0.2186(1)
z 0.0   0.5   0.5   0.5     0.5   0.5   0.0

occ. 1.0   0.56(2) Al   0.13(2) Al   1.0     0.39(1)   0.190(1)   1.0
  0.25(2) Si   0.06(2) Si
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Results and discussion

The selected obtained EMR spectra are presented 
in Fig. 2. Despite the similar chemical compositions 
of materials, differences between EMR spectra were 
detected. 

The analysis of the line positions suggests that 
the lines with geff = 4.28 and geff  2.00 may be at-
tributed to Fe3+(S = 5/2) ions, because they present 
a typical spectrum for so-called disordered systems 
[12] that present a glassy host [13]. The line inten-
sities decrease progressively showing the evolution 
of the relative line shapes and the intensities at geff 
= 4.3 from isolated ions in local tetrahedral (and 
eventually octahedral) sites [13]. The line with geff 
= 1.98 may be attributed to Cr3+ (S = 3/2) ions in 
the slightly distorted octahedral sites [14]. 

In this paper, we present an extension of the 
computer program superposition model-Monte 
Carlo (SPM-MC) designed for modeling of the 
spectroscopic and structural properties of transition 
ions at low symmetry sites in crystals. This program 
is based on the SPM and the MC method [15–18], 
and uses the crystallographic and EMR data. 

The fi rst capability of the program SPM-MC is 
prediction of the structure of MLn complexes around 
paramagnetic transition ions at low symmetry sites 
in crystals, that is, the ‘feasible ligands’ positions 
distorted by an impurity. This is achieved by fi tting 

the theoretical estimates to the experimental ZFSPs 
obtained from EMR spectra. The second capability 
is estimation of the ZFSPs based on the structural 
data and a suitable choice of the SPM parameters, 
that is, the intrinsic parameters: b–k(R0), power-law 
exponents: tk. 

(2)

with b–2(R0) = (–A + B) in [cm–1] and m > n > 0 
[17]. 

Using SPM and crystallographic data, ZFSPs b2
q 

and b4
q are calculated for Cr3+ and Fe3+ ions at the 

Al2O3 and Cr2O3-site (with local tetrahedral and 
octahedral sites) [17–20]. Our SPM analysis of 
ZFSPs indicates that satisfactory agreement can be 
achieved between the theoretical and experimental 
results. Additional structural information about Cr3+ 
and Fe3+ impurity centers is also obtained. 

For Cr3+ ions, which replace Al3+ in Al2O3, the 
constants A, B, n, m, tk, (Eq. (1)) and the reference 
distance R0 depend on the kind of impurity ions 
and their valence (defi nition in [15, 16, 21]) were 
obtained from the data in [22], and the crystallo-
graphic data from [4]. 

For illustration, we adopt the following values: 
R0 = 0.195 nm, n = 10, m = 13, A = –10.6 cm–1, 
and B = –8.2 cm–1. Using the ZFSPs and the perti-
nent conversion relations provided in [10, 21], the 
program SPM-MC [15, 16] computes the feasible 
positions of the oxygen ligands in a given unit cell 
volume that yield the SPM-predicted ZFSPs consis-
tent with the experimental ZFSPs. 

Figure 3 presents the occupation of the octahedral 
sites (Oc*), whereas Fig. 4 shows the tetrahedral 
sites (T*). The numerical calculations and analysis 
were carried out for the complex Cr(Al)O6 in Al2O3. 
These values were used to construct the Cr(Al)O6 
octahedron in Al2O3. ZFSPs b2

q and b4
q are calcu-

lated for Cr3+ and Fe3+ ions at the mullite with local 
tetrahedral and octahedral sites (see Table 2) from 
crystallographic data for T*, Oc* sites (see Fig. 1 
and Table 1). 

The SPM-calculated ZFSPs in Table 2 appear 
to be highly nonstandard. Standardization of 
orthorhombic and monoclinic ZFS (as well as crystal 
fi eld) parameters [23, 24] will be considered in a full 
paper. Preliminary results for the impurity Cr3+ and 

Fig. 2. EMR spectra in X-band for mullites samples from 
different part of materials commercially available with the 
same grain sizes. 
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Fig. 3. The selected Cr(Al)O6 (left) and Fe(Al)O6 (right) octahedral for the obtained data. 
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Fe3+ ions in mullite are presented. SPM analysis con-
fi rms the most probable model of distortions around 
Cr3+ and Fe3+ ions occupying the Al positions. 

Figure 2 presents different concentrations of Cr3+ 
and Fe3+ ions in different occupations. Due to corre-
lation between cracking ceramic forms and materials 
from various suppliers, it may be assumed that direct 
cause is distortion sizes related to occupation Cr3+ 
and Fe3+ ions. We are still working to confi rm this 
correlation, details will be given elsewhere. 

Calculations using SPM program were made 
based on structural data (see [3, 4]), which are 
related with the crystallographic axes (x, y, z). 

Correlation of spectroscopic properties of Cr3+ 
with structural data in aluminosilicates were per-
formed in [25, 26] based on calculations for the local 
occupations of Cr3+ ions for monoclinic (C2, Cs, C2h) 
and triclinic (C1, Ci) symmetry. Our calculations, 
which are based on the works [25, 26] (see also 
[27]), use directly the crystallographic data for two 
different occupations: octahedral and tetrahedral, 
without the assumed symmetry (complete lack 
of symmetry), in the axis system compatible with 
crystallographic data [3, 4]. 

The main goal of this work is to demonstrate, 
based on the identifi ed EPR lines, the correlation 
between EMR spectra of mullites and the distor-
tions around the Cr3+ and Fe3+ ions calculated by 
the SPM program. From the information obtained 
from industrial facilities within the framework of the 
project “Modern material technologies in aerospace 
industry”. We conclude that changes in the composi-
tions of the starting materials act as a multiple source 
of cracking. We still carry out detailed investigation 
of the direct link between the observed spectra and 
mechanical properties of ceramic forms and cores. 

Our calculations indicate the expected difference 
between the predicted ZFSPs of Cr3+ and Fe3+ ions. 
The second order SPM parameters: R0 = 0.195 nm, 
n = 10, m = 13, A = –10. 6 cm–1, and B = 8.2 cm–1 
employed in calculations were used for octahedral 
occupations in many work, e.g., [15, 16, 22]. The 

rank four SPM parameters were obtained with the 
unchanged second-order ones as: intrinsic param-
eter b–

4 [cm–1] and power-law exponent t4 = 8.6, 
which is dimensionless. This work confi rms correla-
tion between the ZFSPs obtained from experimental 
EMR spectra and structural data. 

Conclusions 

Using SPM and crystallographic data, the ZFS 
parameters b2

q and b4
q are calculated for Cr3+ and 

Fe3+ ions at the Al2O3 and Cr2O3 site (with local 
tetrahedral and octahedral sites). SPM analysis con-
fi rms the most probable model of distortions around 
Cr3+ and Fe3+ ions occupying the Al positions. The 
EMR spectra for these samples differ considerably 
concerning the shape, the intensity of individual 
components of the line, the width and the resolu-
tion, and the signal-to-noise ratio, even though they 
were obtained using the same spectrometer EPR 
during the same conditions. The predicted ZFSPs 
obtained based on SPM confi rm correlation between 
the ZFSPs obtained from experimental EMR spec-
tra and structural data. Detailed investigations are 
still carried out to confi rm the direct link between 
the obtained spectra and mechanical properties of 
ceramic forms and cores. 
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