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Introduction 

Spinels are compounds that have the general formula 
A2+B2

3+O4 where A and B are metallic cations. The 
formal charges of A and B are strictly specifi ed and 
they are a criterion of the spinel type. There are three 
types of spinel compounds, the so-called 2-3, 4-2 and 
6-1 spinels, where the numbers indicate the formal 
charges of the cations. The fi rst cation of each pair 
occupies a tetrahedral site (Td), while the second 
one is located in the octahedral position (Oh) [1]. 

Hercynite (Fe2+Al2O4) is a 2-3-type spinel with 
a normal cation distribution, which means that all 
of the divalent ferrous ions occupy tetrahedral (Td) 
positions, whereas the Al3+ cations occupy octahe-
dral (Oh) sites. Nevertheless, this order in the cation 
arrangement is impaired at temperatures above abso-
lute zero causing cation exchange in the real spinel-
-type compounds between Td and Oh sites [1–3]. This 
disorder is described by the inversion parameter i, 
which stands for the fraction of trivalent ions in the 
Td interstices. The formula of such a mixed spinel can 
be expressed as (Fe1–xAlx)(FexAl2–x)O4. The inversion 
parameter ranges from 0 (normal spinel) to 1 (inverse 
spinel). Typical representatives of inverse spinels are 
magnetite (Fe3O4) [4] and jacobsite (MnFe2O4) [5].

As a typical normal spinel compound, FeAl2O4 
exhibits a cubic structure Fd-3m (space group 227) 
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symmetry with an O atom at the u,u,u fractional 
coordinates and Fe ions at fi xed positions. Fe atoms 
occupy the 8a Wyckoff’s positions (1/8, 1/8, 1/8), Al3+ 
ions are located at 16d positions (½, ½, ½) and O2– 
ions are at the 32e positions (¼, ¼, ¼). The param-
eter u (the so-called oxygen positional parameter) 
together with the lattice parameter a change along 
with the bond distances Td-O and Oh-O in order to 
accommodate the various chemical substitutions in 
the spinel structure [1]. 

It is common that spinels exist as solid solutions 
due to the similar cation radii in the corresponding 
positions. This phenomenon occurs especially in spi-
nels with identical cation arrangement. For example, 
hercynite and the spinel sensu stricto (MgAl2O4), 
as two normal spinels with similar cationic radii 
(rFe2+(IV) = 0.063 nm, rMg2+(IV) = 0.057 nm [6]), form 
a complete solid solution [7]. On the other hand, 
there is a large miscibility gap between hercynite 
and magnetite at temperatures below 900°C [8–10]. 

The spinel structure may be maintained when it is 
occupied by ions with limited ionic radii. Hercynite 
is a unique spinel that contains the smallest trivalent 
ion (rAl3+(VI) = 0.054 nm [6]) and a ferrous ion, which 
is one of the largest divalent ions that can create a 
spinel structure [1]. Divalent manganese (Mn2+) is 
another ion with a radius within the suitable cationic 
size range appropriate for a spinel structure (rMn2+(IV) 

= 0.066 nm [6]), and galaxite, Mn2+Al2O4, is the 
corresponding end-member mineral [11]. 

Hercynite (FeAl2O4)-galaxite (MnAl2O4) series 
are interesting from the point of view of their refrac-
tory properties since they are characterized by high 
melting points – TFeAl2O4 = 1780°C [12] and TMnAl2O4 
= 1835°C [13], respectively. Additionally, they have 
low thermal expansion coeffi cients that improve the 
thermal shock resistance of the basic refractories 
that are applied in cement rotary kilns. It is worth 
emphasizing that their ability to interdiffuse with a 
magnesia matrix [14] makes the material more fl ex-
ible through the local formation of secondary spinels. 
Therefore, the material is able to withstand thermal as 
well as mechanical strains that are constantly present 
in a rotating kiln [15]. The exchange of ions between 
hercynite and magnesia is of great interest because the 
transitional spinel solid solutions or hybrid spinels 
that are created [15, 16] contribute to healing the 
cracks that tend to be generated during operation 
of the kiln. Hence, those two spinel end-members 
are called active spinels. Moreover, their potential 
application as indicators of the oxygen fugacity (fO2) 
conditions within rocks, geothermometer/geobarom-
eter are also considered in geology [17, 18]. 

Since there has been no systematic study of the 
hercynite-galaxite series, this work aims to inves-

tigate the existence of solid solutions among those 
synthetically obtained compounds with a special fo-
cus on the Fe intracrystalline distributions between 
Td and Oh sites using Mössbauer spectroscopy (MS). 

Materials and methods 

The spinel series with a general formula (Fe1–xMnx)
Al2O4, where x is equal to 0 (hereafter He0); 0.3 
(HeMn3); 0.5 (HeMn5); and 0.7 (HeMn7) were syn-
thesized from analytical grade, crystalline powders 
of Al2O3, Fe2O3 and MnO, which were mixed in 
stoichiometric proportions (Table 1). Subsequently, 
the mixtures were pressed into 20 mm diameter 
pellets and synthesized by applying arc plasma. The 
arc plasma synthesis [19, 20] was carried out in a 
SpekoArc 300 arc furnace (Spaw-Projekt, Kraków) 
that was equipped with a water-cooled copper 
crucible and a tungsten electrode. The synthesis 
was conducted in an inert argon gas environment 
(99.996% Ar). 

The powdered products were tested using X-ray 
diffraction (XRD). The XRD measurements were 
performed at room temperature using a PANalytical 
X’Pert PRO multipurpose diffractometer (MPD) 
in Bragg-Brentano geometry with CuK radiation 
(= 1.54056 Å). The patterns were collected over 
a 2 range from 10° to 90°. The qualitative analy-
ses were performed using X’Pert HighScore Plus 
software [21]. The structural parameters including 
lattice parameters (a) and oxygen positional param-
eters (u) were determined from the Rietveld refi ne-
ments using MAUD software [22]. The refi nements 
were based on the collected XRD data while taking 
into account information related to the intersite 
distribution of Fe atoms in spinels collected from 
the analysis of MS results. 

The 57Fe Mössbauer spectroscopy studies were 
performed in transmission geometry at room tem-
perature. The Mössbauer source was 50 mCi 57Co(Rh) 
and mounted in a FAST ComTec Mössbauer drive 
unit working in a constant acceleration mode. Möss-
bauer transmission spectra with 512 channels before 
folding were collected using a scintillation counter 
in the velocity range of ±4 mm/s. The spectrometer 
was calibrated using a standard -Fe foil at room 
temperature and the isomer shift values were given 
with respect to this standard. The analysis of the MS 
spectra was conducted using WMOSS software [23]. 

Finally, the fracture surfaces of the investigated 
materials were observed under the ultra-high reso-
lution scanning electron microscope (SEM) Nova 
NanoSEM 200, equipped with energy dispersive 
spectrometer (EDS). 

Table 1. Crystal structure parameters for the investigated spinel series 

Sample Theoretical chemical 
formula 

Lattice parameter, a 
[Å]

Oxygen positional 
parameter, u [-]

He0 FeAl2O4 8.1321(2) 0.254(1)
HeMn3 Fe0.7Mn0.3Al2O4 8.1500(2) 0.254(1)
HeMn5 Fe0.5Mn0.5Al2O4 8.1813(2) 0.263(1)
HeMn7 Fe0.3Mn0.7Al2O4 8.2054(2) 0.264(1)
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Results and discussion 

X-ray diffractometry 

The XRD patterns for the synthesized series of spinel 
materials (HeMn3, HeMn5 and HeMn7) with the cor-
responding Miller indices are presented in Fig. 1. All of 
the registered refl exes could be ascribed to the spinel 
phases of cubic symmetry with the space group Fd-3m 
(space group number 227). This shows the effective-
ness of the arc plasma synthesis in obtaining single 
phase spinel compounds [19]. The Rietveld refi ne-
ments were performed based on the structural model 
(ICSD database) for hercynite [24] supplemented by 
the information gained from the MS for manganese-
-substituted hercynite samples. The obtained crystal 
structure parameters of the solid solutions are sum-
marized in Table 1. The XRD pattern of He0 can be 
found in a previous work [20]. 

The structure parameters that were determined 
show a steady increase of the edge of the spinel cell 
with an increase in the content of manganese ions. 
However, this is not surprising since the smaller fer-
rous ions (rFe2+ = 0.063 nm, [6]) were substituted by 
the larger manganese ones (rMn2+ = 0.066 nm, [6]). 
This tendency correlated with the increase of the 
oxygen positional parameter u as Mn content rose. 
This suggests that Mn ions have a strong preference 
for tetrahedral coordination since a larger value of 
u indicates an increase in the tetrahedral volume 
[1]. The tendency of Mn ions to occupy tetrahedron 
positions in a spinel structure was also observed by 
Bromiley et al. [18] and Lucchesi et al. [25] and was 
proven by the electrostatic lattice energy calculation 
of O’Neill and Navrotsky [26]. 

Mössbauer spectroscopy 

The Mössbauer patterns measured for both pure her-
cynite (He0) and manganese-substituted hercynites 
(HeMn3, HeMn5 and HeMn7) are presented in 
Fig. 2. All of the experimental spectra were decom-
posed into four quadrupole split doublets (QD1, 
QD2, QD3 and QD4) that had different hyperfi ne 
parameters (isomer shift (IS) and quadrupole split-
ting (QS)). The decompositions were performed 
using Lorentzian line shapes. The obtained hyperfi ne 
parameters, together with the relative areas under 
each individual doublet component and iron position 
assignments, are presented in Table 2. 

The obtained subspectra were ascribed to ferrous 
Fe2+ (QD1, QD2, and QD3) and ferric Fe3+ (QD4) ions 
according to the values of IS, all of which were pres-
ent in the crystal structure of the hercynite spinel 
series. Similar values of the isomer shifts for diva-
lent iron (IS  0.95 mm/s) at tetrahedral sites (Td) 
in hercynite were obtained by Dézsi [27]. Ferrous 
ions (Fe2+) that were incorporated in the hercynites 

Fig. 1. XRD patterns for the spinel series Fe1–xMnxAl2O4, 
where x = 0.3 (HeMn3), x = 0.5 (HeMn5) and x = 0.7 
(HeMn7). An arrow indicates the direction of the refl exes 
shift with the increase of Mn content in a spinel sample. 

Table 2. The hyperfi ne parameters for spinel series (Fe1–xMnx)Al2O4, where x = 0.3, 0.5, 0.7 

Sample Component IS 
[mm/s]

QS 
[mm/s]

 
[mm/s]

Area 
[%] Fe2+/Fe3+ Position 

assignment

He0

QD1 0.945(2) 2.241(9) 0.183(7) 17.9(2)

8.265 ± 0.08

Fe2+ (Td1), H1

QD2 0.941(2) 1.680(9) 0.235(2) 32.0(4) Fe2+ (Td2), H
QD3 0.920(2) 1.032(2) 0.311(7) 39.3(3) Fe2+ (Td3), H
QD4 0.345(4) 0.758(7) 0.190(5) 10.8(2) Fe3+ (Oh), H

HeMn3

QD1 1.010(7)   2.112(17)   0.169(14) 21.7(3) 

2.11 ± 0.03

Fe2+ (Td1), H
QD2 0.960(4)   1.662(25)   0.205(31) 26.7(7) Fe2+ (Td2), H
QD3 0.934(7)   1.088(46)   0.242(22) 19.4(3) Fe2+ (Td3), H
QD4 0.284(4) 0.968(7) 0.200(3) 32.2(8) Fe3+ (Td4), H

HeMn5

QD1   1.023(11)   2.141(25)   0.147(23) 12.6(4)

1.54 ± 0.03

Fe2+ (Td1), H
QD2 0.970(6)   1.717(34)   0.210(40) 27.9(8) Fe2+ (Td2), H
QD3   0.938(12)   1.152(63)   0.241(31) 20.1(6) Fe2+ (Td3), H
QD4 0.306(4) 0.994(8) 0.203(6) 39.4(4) Fe3+ (Oh), H

HeMn7

QD1   0.997(13)   2.073(62)   0.174(45) 15.8(4)

1.04 ± 0.01

Fe2+ (Td1), H
QD2 0.990(1)   1.533(52) 0.203(8) 30.0(1) Fe2+ (Td2), H
QD3   0.932(22)   0.970(46)   0.186(52)   5.2(3) Fe2+ (Td3), H
QD4 0.332(6)   1.019(11)   0.215(47) 49.0(2) Fe3+ (Oh), H

1 hercynite.   Abbreviations: IS – isomer shift, QS – nuclear quadrupole splitting,  – full width at half maximum. 
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obtained in this study were distributed among the 
tetrahedral sites that exhibited three different sym-
metries, which is confi rmed by the different values 
of QS with the QD1 component of the highest tet-
rahedron deformation.

It can be observed from Fig. 2 that the experi-
mental spectrum for pure hercynite clearly differs 
from the ones for the Mn-substituted hercynite. This 
is a result of the greater contribution of the QD4 
component, which is related to the ferric ions pres-
ent in the crystal lattice of (Fe1–xMnx)Al2O4 samples 
with x > 0. Fe3+ ions were previously reported in 
hercynite spinels [27, 28] with an average IS = 
0.47 mm/s [28] and 0.30(2) mm/s [27]. Moreover, 
it was reported that a limited amount of Fe3+ may 
dissolve in the hercynite spinel structure [29]. 
According to the decomposition of experimental 

spectra using Lorentzian line shapes, the amount 
of Fe3+ in hercynite that was obtained in this study, 
was only about 11%. This value describes the degree 
of spinel inversion. However, the relative area for 
QD4 increased as Mn content increased and reached 
a maximum of 49% for the HeMn7 sample. This in-
crease in the content of ferric ions in spinels referred 
to a decrease in the Fe2+ to Fe3+ ratio from 8.75 to 
1.04 (Table 2) for He0 and HeMn7, respectively. 

Interestingly, the Fe3+ ions were assigned to oc-
tahedral sites (Oh) in all of the investigated samples 
except for HeMn3 in which they were ascribed to 
Td positions due to a signifi cantly lower value of 
IS = 0.284(4) mm/s. This phenomenon explains 
the lower oxygen positional parameter u = 0.254(1) 
that was obtained for this sample in which smaller 
ferric ions (rFe3+ = 0.049 nm, [6]) are located in the 

Table 2. The hyperfi ne parameters for spinel series (Fe1–xMnx)Al2O4, where x = 0.3, 0.5, 0.7 

Sample Component IS 
[mm/s]

QS 
[mm/s]

 
[mm/s]

Area 
[%] Fe2+/Fe3+ Position 

assignment

He0

QD1 0.945(2) 2.241(9) 0.183(7) 17.9(2)

8.265 ± 0.08

Fe2+ (Td1), H1

QD2 0.941(2) 1.680(9) 0.235(2) 32.0(4) Fe2+ (Td2), H
QD3 0.920(2) 1.032(2) 0.311(7) 39.3(3) Fe2+ (Td3), H
QD4 0.345(4) 0.758(7) 0.190(5) 10.8(2) Fe3+ (Oh), H

HeMn3

QD1 1.010(7)   2.112(17)   0.169(14) 21.7(3) 

2.11 ± 0.03

Fe2+ (Td1), H
QD2 0.960(4)   1.662(25)   0.205(31) 26.7(7) Fe2+ (Td2), H
QD3 0.934(7)   1.088(46)   0.242(22) 19.4(3) Fe2+ (Td3), H
QD4 0.284(4) 0.968(7) 0.200(3) 32.2(8) Fe3+ (Td4), H

HeMn5

QD1   1.023(11)   2.141(25)   0.147(23) 12.6(4)

1.54 ± 0.03

Fe2+ (Td1), H
QD2 0.970(6)   1.717(34)   0.210(40) 27.9(8) Fe2+ (Td2), H
QD3   0.938(12)   1.152(63)   0.241(31) 20.1(6) Fe2+ (Td3), H
QD4 0.306(4) 0.994(8) 0.203(6) 39.4(4) Fe3+ (Oh), H

HeMn7

QD1   0.997(13)   2.073(62)   0.174(45) 15.8(4)

1.04 ± 0.01

Fe2+ (Td1), H
QD2 0.990(1)   1.533(52) 0.203(8) 30.0(1) Fe2+ (Td2), H
QD3   0.932(22)   0.970(46)   0.186(52)   5.2(3) Fe2+ (Td3), H
QD4 0.332(6)   1.019(11)   0.215(47) 49.0(2) Fe3+ (Oh), H

1 hercynite.   Abbreviations: IS – isomer shift, QS – nuclear quadrupole splitting,  – full width at half maximum.  

Fig. 2. The 57Fe Mössbauer spectra of the investigated spinel series at room temperature. 
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tetrahedral sites, thus shrinking them. This sug-
gests that for the substitutions of lower manganese 
contents, Mn atoms prefer to occupy the Oh posi-
tions in the spinel structure. 

Table 3 presents the actual chemical formulas 
of the investigated compositions that were synthe-
sized using arc plasma synthesis. These formulas 
were established based on the results obtained from 
the analysis of Mössbauer effect measurements. It 
should be mentioned that the manganese ions were 
assumed to be fi xed in Td sites, as was shown by the 
theoretical (Table 1) and actual (Table 3) chemical 
formulas of the obtained spinel series. This result is 
also supported by the previous studies [18]. 

Due to the excess of the charge at Td sites, vacan-
cies had to be introduced. It was previously reported 
[30–32] that the vacancies in the spinel structure 
prefer to occupy Oh sites. A decrease in the number 
of vacancies as manganese content increased could 
be observed. This was followed by a drop in the value 
of the spinel inversion parameter from i = 23% to 
i = 15% for HeMn3 and HeMn7, respectively. 

Scanning electron microscopy observations 

Figure 3 presents an SEM image of the microstruc-
ture of the arc plasma-melted Mn-substituted herc-
ynite for the HeMn3 composition. The sample had 
a form of a fracture surface. It can be observed from 
this microphotograph that the material is dense and 
compact. The fracture surface revealed numerous 
crystals, most of which were about 20 m in diam-
eter. A few of them exhibited a completely octahedral 
habit while the rest were not well-developed. The 
octahedral habit of the crystals with a spinel struc-

ture is preferred since almost fl at crystallographically 
equivalent surfaces {111} exhibit a privileged growth 
direction. These planes are energetically favourable 
habit planes (sets of planes on which crystals tend 
to grow) in the case of spinels, according to the 
Bravais-Friedel-Donnay-Harker (BFDH) rule since 
they posses the largest interplanar distances d111. 
Therefore, they constitute one of the most impor-
tant factors that infl uence the evolution of spinel 
morphology [33, 34]. 

Conclusions 

In this work, a series of Mn-substituted hercynite 
spinels were synthesized using arc plasma. The mi-
crostructural characterization of the obtained materi-
als showed that the single phase materials of spinel 
structures with compositions from pure hercynite 
to Mn-substituted hercynite and molar fractions of 
x = 0.3, 0.5 and 0.7 of Mn can be obtained using 
arc plasma. 

By increasing the amount of Mn2+ ions in herc-
ynite, the Fe2+ to Fe3+ ratios decreased, along with 
reductions in the inversion parameters and decreases 
in the amounts of the octahedrally coordinated 
vacancies. 

In addition, the microstructure of the obtained 
spinel materials was compact with sparsely occur-
ring voids and crystals of the octahedral habits. 

Acknowledgments. The work was supported by the 
statutory funds of the Faculty of Materials Science 
and Ceramics at the AGH University of Science and 
Technology in Cracow. 

Table 3. Chemical formulas of the obtained materials together with their spinel inversion parameters 

Sample Chemical formula of the obtained 
compound

Inversion parameter, i 
[%]

He0 (Fe2+
0.89Al0.11)[Fe3+

0.11Al1.8550.04]O 4 11 ± 1
HeMn3 (Fe2+

0.47Mn0.3Fe3+
0.23)[Al1.7750.23]O 4 23 ± 1

HeMn5 (Fe2+
0.3Mn0.5Al0.2)[Fe3+

0.39Al1.5450.07]O 4 20 ± 1
HeMn7 (Fe2+

0.15Mn0.7Al0.15)[Fe3+
0.49Al1.4650.05]O 4 15 ± 1

Fig. 3. SEM images of the HeMn3 sample and a fracture image at 300× (left image) and 2000× (right image) mag-
nifi cations. 
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