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Magnetic properties of ilmenite Mn2FeSbO6  

 

Abstract 

In the work presented the magnetic properties of the high pressure ilmenite phase 

Mn2FeSbO6 are investigated in detail. It is shown that Mn2FeSbO6 ilmenite is ferrimagnetic 

(TN ≈ 270 K) and exhibits a near-zero coercive field HC. Furthermore, the Mn
2+

-Mn
2+

, Fe
3+

-

Fe
3+

 and Mn
2+

-Fe
3+

 magnetic exchange interactions exhibit gradual and continuous 

variations with temperature and magnetic field. The ferrimagnetic moment is unsaturated 

even at 120 kOe below the theoretical value of 5 B per f.u.  
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Highlights 

- Discussion of the crystal and magnetic structure of ilmenite Mn2FeSbO6 

- Ferrimagnetic transition at TN = 270 K  

- Identical zero field and field cooled (ZFC-FC) M vs T curves 

- Significant changes in M vs T curves with H and T due to unsaturated moments  

- Near-zero coercive field in magnetization M vs applied magnetic field H curves 
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1. Introduction 

Multiferroic materials exhibit two or more ferroic properties for potential application in the 

electronics industry [1, 2]. This is particularly promising in materials where ferroelectricity 

and ferromagnetism coexist. In reality, only few materials are known where ferroelectricity 

and ferromagnetism occur in one single phase and it has been argued that the two properties 

are mutually exclusive in single oxide materials [3, 4].  

The few known single phase multiferroics are binary or more complex oxides that may be 

classified into two categories [5]: In type-I multiferroics, ferroelectricity and ferro-

magnetism arise from two independent mechanisms, whereas in type-II multiferroics 

ferroelectricity is a direct consequence of the magnetic order. Type-I multiferroicity occurs 

in materials like BiFeO3 [6-10], BiMnO3 [11-14] and related compounds [15-18] with 

relatively high ordering temperatures, which often come at the expense of small magneto-

electric coupling (MEC) effects. In type-II multiferroics the intrinsic connection of 

ferroelectric order to the magnetic one is expected to produce large MEC, but such ferroic 

properties tend to order at lower temperatures [19-21].  

Recently, significant progress has been reported of large MEC at ≈ 260 K in ilmenite 

Mn2FeSbO6 polycrystals [22]. The MEC effect is manifested by a large peak in the curves 

of the real part of the dielectric permittivity' vs temperature (T), where the peak appears at 

T ≈ 260 K under low applied magnetic field (H) just below the ferrimagnetic transition TN 

and is absent at H = 0. Furthermore, a relaxor-like ferroelectric transition was detected at T 

≈ 650 K in form of a large frequency dependent peak in ' vs T curves, and a satellite peak 

is displayed at lower T at ≈ 500 K reminiscent of a second ferroelectric transition [22]. 

Therefore, ilmenite Mn2FeSbO6 may be regarded a type-I multiferroic material with 
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independent (anti-)ferroelectric (TC ≈ 500 K / 650 K) and ferrimagnetic (TN ≈ 270 K) order 

exhibiting unusually strong MEC. Although a preliminary model for the MEC mechanism 

was proposed [22], clear experimental evidence is still lacking. Here in this work a detailed 

study of the magnetic properties in ilmenite Mn2FeSbO6 is presented, which may constitute 

a first step towards the development of a more detailed understanding of the MEC effect in 

this material.  

 

2. Ilmenite Mn2FeSbO6  

The ilmenite Mn2FeSbO6 phase is a high pressure mineral, which was first called 

melanostibian upon its discovery by L.J. Igelström in 1892 in the manganese ore mine of 

Sjögrufvan (Sweden) [23, 24]. The mineral was renamed to melanostibite in 1968 by P.B. 

Moore [25, 26] and produced first in its synthetic form under high pressure in 1996 [27]. 

The magnetism and the ferrimagnetic transition at TN ≈ 270 K were first investigated by R. 

Mathieu et al. in 2011 [28], whereas Hudl et al. discovered a magnetocaloric effect at TN 

[29]. More recently, the Ti-doped variants Mn3FeTiSbO9 and Mn4FeTi2SbO12 have been 

found to crystallize in the ilmenite structure without the application of high pressure [30, 

31]. 

The ABO3 ilmenite structure corresponds to a stacked corundum as demonstrated in Figure 

1a. The stacked A-site Mn
2+

 and B-site Sb
5+

/Fe
3+

 (001) c-planes are perpendicular to and 

align along the [001] c-crystal direction, where the Sb
5+

/Fe
3+

 cations are randomly 

distributed within one plane, i.e cation ordering is absent. Along the c-crystal direction the 

stacking sequence is Mn
2+ 

- Sb
5+

/Fe
3+ 

- □ - Sb
5+

/Fe
3+

 - Mn
2+

 - □ - Mn
2+

, i.e. with an 

occupancy of 2/3, where □ denotes a vacant site. The octahedral VI-coordinated A- and B- 

cationic sites are crystallographically similar but not identical due to different octahedral 
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tilting angles. The (001) Mn
2+

 and Sb
5+

/Fe
3+

 c-planes are indicated in Figure 1 by orange 

and green color respectively. The oxygen octahedra within one plane are edge shared, but 

alternatingly share a face with an octahedron from one of the neighboring planes and three 

corners with a total of six octahedra from the other opposite neighboring plane (Figure 1a).  

 

 

Fe/Sb Fe/Sb Fe/Sb Fe/Sb

Mn Mn
Mn

(a)

b

a
c
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Figure 1 Crystal structure of ilmenite Mn2FeSbO6 according to [25]: (a) Structural [110] 

projection. The stacking of Mn-Sb/Fe cation layers along the [001] c-direction is indicated. 

(b) Cations are slightly shifted from the octahedral centers as indicated by slightly different 

Mn-O and Fe/Sb – O bonding distances due to Coulomb repulsions between Mn
2+

 and 

Verde – Fe / Sb  (Las distancias están determinadas para Fe – O) 
Naranja – Mn
Rojo - O

(b)

c
b a

a

c

b

(c)
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Fe
3+

/Sb
5+

 cation pairs, indicated by blue dashed lines. (c) Hexagonal arrangement of the 

octahedra within the (001) c-planes demonstrating the vacant sites □. 

 

Due to Mn
2+

 and Sb
5+

/Fe
3+

 Coulomb repulsions in the face sharing octahedra (indicated by 

blue dashed lines in Figure 1 a & b) an off-centering and displacement of all cations from 

their central octahedral positions is indicated in Figure 1b by slightly different Mn-O and 

Fe/Sb – O bond length [25]. This gives rise to alternating displacements of the Mn
2+

 and 

Fe
3+

/Sb
5+

 cations above and below the (001) planes. The oxygen octahedra within one 

plane exhibit a hexagonal arrangement with an occupancy of 2/3 as depicted in Figure 1c 

and the structure can be represented by hexagonal sub-cells (Figure 2).  
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Figure 2 Hexagonal sub-cells of Mn2FeSbO6 ilmenite. The magnetic spin exchange 

interactions between isoelectronic Mn
2+

 cations (orange spheres) and Fe
3+

 (green) are 

depicted. Non-magnetic Sb
5+

 cations are shown in black, □ are vacant sites. Red arrows 

indicate possible spin orientations and black arrows show the cationic displacements due to 

Coulomb repulsions (blue dashed lines). 

Mn2+

Mn2+

Mn2+

Mn2+

Fe3+/Sb5+

Fe3+/Sb5+

Fe3+/Sb5+
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In previous research, the magnetic interactions of the cations within and between the c-

planes were predicted from comparison with ilmenite NiMnO3 and from theoretical 

considerations: (a) ferromagnetic Mn
2+

 - Mn
2+

, (b) ferromagnetic Fe
3+

-Fe
3+

, which are 

interrupted by non-magnetic Sb
5+

 [28, 32], and (c) antiferromagnetic Mn
2+

 - Fe
3+

 (Figure 

2). It should be noted though that the predicted ferromagnetic Mn
2+

 - Mn
2+

 interactions in 

Mn2FeSbO6 contradict the case of MnTiO3 ilmenite, which is one of the most studied A-

site Mn
2+

 ilmenites [33-36] showing antiferromagnetic A-site ordering of Mn
2+

 - Mn
2+

 

cations. Also in ilmenite NiTiO3, A-site antiferromagnetic order had been reported [33, 37]. 

The prediction of ferromagnetic B-site ordering of Fe
3+

-Fe
3+

 is in agreement though with 

the case of corundum -Fe2O3 ferrite, where Fe
3+

 cations on the B-sites show in-plane 

ferromagnetism [38, 39], as well as on the A-sites, and the Fe
3+

 - Fe
3+

 interactions between 

different A-site/B-site planes are antiferromagnetic. Therefore, it may be plausible that in 

ilmenite Mn2FeSbO6, the B-site Fe
3+

 - Fe
3+

 interactions are ferromagnetic, and A-site/B-site 

interactions between isoelectronic Mn
2+

 - Fe
3+

 antiferromagnetic (Figure 2). The predicted 

ferrimagnetic moment is 5 B per formula unit f.u. (Mn2FeSbO6).  

Interestingly, the Fe
3+

 - Fe
3+

 spins at different A-site/B-site planes in -Fe2O3 are not 

perfectly aligned antiferromagnetically and give rise to a small net magnetic moment above 

the well-known Morin transition at TM = 260 K [40, 41]. By cooling below TM the net 

magnetic moment disappears, the spins reorient from lying within the c-plane to an 

orientation along the c-crystal direction and are perfectly compensated 

antiferromagnetically. On the other hand, for smaller particle sizes TM decreases, the spins 

fluctuate within the c-plane below TM and superparamagnetism occurs [41, 42].  
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To predict the strength of different magnetic interactions in Mn2FeSbO6 it is convenient 

that iso-electronic Mn
2+

 and Fe
3+

 cations possess exclusively half-filled d-orbitals leading 

to antiferromagnetic super-exchange according to the Goodenough-Kanamori rules, and 

Sb
5+

 are non-magnetic. On the other hand, due to the Mn
2+

 - O
2-

 - Fe
3+

 bonding angles 

being near 90°, direct ferromagnetic exchange interactions may occur in addition to super-

exchange and the two mechanisms may compete with each other. In fact, the different B-

site/B-site (ferromagnetic) and A-site/B-site (antiferromagnetic) interactions may be 

understood by dominating direct exchange or super-exchange interactions respectively.  

The strongest overall exchange interactions on a local level may be between Mn
2+

 - Fe
3+

 in 

face-sharing octahedra with the smallest atomic distance (≈ 3.01 Å) of all cationic pairs 

(see blue dashed lines in Figure 1 a & b). On the other hand, all long-range magnetic 

interactions involving B-site Fe
3+

 cations are diluted by Sb
5+

 on a macroscopic level and the 

strongest long-range magnetic order may occur between Mn
2+

 - Mn
2+

 A-site cations with a 

distance of ≈ 3.14 Å.  

 

3. Experimental 

In this work the same ilmenite Mn2FeSbO6 polycrystals of the R-3 space group were 

analyzed that had been used previously for dielectric measurements in reference [22]. The 

synthesis had been carried out in a platinum pressure cell within a Conac-type press at high 

pressure (3 GPa) at 1200 °C for 12 min using Mn2O3, Fe2O3 and Sb2O3 precursors [22]. A 

Quantum Design SQUID MPMS was used to measure the magnetic susceptibility vs T at 

5 K - 320 K during heating under ZFC and FC conditions under various applied magnetic 

fields H (20 Oe - 10 kOe). Before applying low H of 20 Oe, the MPMS magnetic coil was 
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carefully demagnetized by cycling H around zero several times at T = 300 K above TN. 

Magnetization (M) vs H curves were measured by cycling H between + 50 kOe and - 50 

kOe at 5 K - 300 K. Since the M vs H curves showed no saturation even at 50 kOe, 

additional M vs H curves were collected by cycling H between +120 kOe and -120 kOe at 

50 K - 250 K.  

 

4. Results and discussion  

Figure 3 shows the T-dependence of the susceptibility  (emu mol
-1

 Oe
-1

) for different 

applied H (Oe), measured under ZFC and FC conditions as indicated. The highest values of 

 measured are all in the range of 8 – 10 emu mol
-1

Oe
-1

 for small H up to 1 kOe, which 

implies that the sample magnetization is not saturated and increases approximately linear 

with H. At higher H the maximum  values decrease rapidly, indicative of a saturation 

effect, where this saturation effect is also obvious at the low-T end of the curves for H = 5 

kOe and 10 kOe.  

The local maxima or peaks in the  vs T curves shown in Figure 3 move towards lower T 

for applied H of 20 Oe,100 Oe, 500 Oe and 1 kOe from ≈ 260 K to ≈ 255 K to 175 K and 

115 K, respectively. At 5 kOe and 10 kOe no peaks in  vs T are displayed and the 

saturation effect mentioned above is evident at low T. The peak in  vs T for lower H 

indicates a gradual loss or weakening of the ferrimagnetic order towards lower T, which 

may be reminiscent of a spin glass behavior. However, the approximately identical 

behavior of  vs T under ZFC and FC conditions would exclude a typical spin glass 

scenario, because ZFC and FC curves would be expected to deviate from each other near 

the spin glass transition and FC curves would be expected to exhibit no peak at all [28]. 
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Therefore, the magnetic behavior observed here may alternatively be interpreted by H- and 

T-dependent variations in the different Mn
2+

-Mn
2+

, Fe
3+

-Fe
3+

 and Mn
2+

-Fe
3+

 magnetic 

exchange interactions, possibly involving a varying degree of spin canting and competition 

between direct- and super-exchange. Similar magnetic behavior had been detected before in 

systems with at least 3 competing magnetic exchange interactions such as rare-earth (RE)-

doped chromites [43-47]. The balance between the competing interactions may be subtle, 

and external stimuli like varying H and T may lead to variations in the spin orientations. 
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Figure 3 Magnetic susceptibility  (emu mol
-1

 Oe
-1

) vs T (K) curves for different applied H 

(Oe), measured under ZFC and FC conditions as indicated. ZFC and FC curves are 

approximately identical. 

In this context it should be noted that an abrupt spin-reorientation at 50 K had been claimed 

previously in ilmenite Mn2FeSbO6 [22], whereas the data shown here suggest a scenario of 

more gradual and continuous variations that depend on H and T. It should be further noted 

that variations in the  vs T curves in different ilmenite Mn2FeSbO6 samples have been 

previously associated with the crystal quality and phase purity [28], whereas these 

variations are suggested here to be intrinsic and the competition between different magnetic 

exchange interactions may play the determining role. In previous research a deviation of 

ZFC and FC curves had been observed at low H = 20 Oe [28, 32], which cannot be 

confirmed here.  

The magnetization data are summarized in Figure 4 in terms of M (B) vs T (K). The figure 

inset shows differentiated curves of dM/dT (B/K), where the peak associated with the 

ferrimagnetic transition is visible consistently at TN ≈ 270 K and no clear changes with H 

are obvious. The mean peak temperature is 272 K, which can be associated with the precise 

H-independent TN value. The zero crossings of the differentiated curves in the Figure 4 

inset correspond to the maxima in M vs T and  vs T curves.  

The highest overall value in the of M (B) vs T curve in the main Figure 4 at 10 kOe is ≈ 

4.5 B, which is still below the theoretical maximum of 5 B. Despite the saturation effect 

demonstrated at higher H, the magnetization may still not be completely saturated even at 

10 kOe. 

 



  

14 

 

 

Figure 4 Magnetization M (B) vs T (K) for all applied H (Oe), measured under FC 

conditions. The inset shows differentiated M vs T curves, i.e. dM/dT (B /K) vs T (K). 

 

Figure 5 shows plots of magnetization M (B) vs applied magnetic field H (Oe) at several 

selected T, where M never shows full saturation. This is quite clear at T = 200 K and above, 

but also at the lowest T = 5 K, M still slightly increases up to the highest H = 50 kOe and 

never reaches the maximum possible moment of 5 B per f.u. This trend was confirmed on 

M vs H measurements at 50 K, 100 K and 250 K up to H = ±120 kOe (data not shown). 

These data show exactly the same qualitative features with the same trends but extended to 

higher H, and the magnetic moments still do not reach the full saturation of 5 B per f.u.  
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It can be concluded that the saturation of the magnetic moments quite strongly increases 

with decreasing T, but only slightly increases with H. However, full saturation cannot be 

achieved even at H = 120 kOe and T = 5 K.  

 

 

Figure 5 Magnetization M (B) vs applied H (Oe) curves at different T (K) as indicated. M 

was measured by cycling H from +50 kOe to -50 kOe and back to + 50 kOe. A near-zero 

coercive field HC is indicated.  
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Figure 5 also demonstrates that the coercive field HC appears to be always approximately 

zero or near-zero within the resolution limits of the measurements of ≈ 20 Oe and the 

magnetization curves measured upon increasing and decreasing H are approximately 

identical.  

The low or zero HC indicates a very soft ferrimagnetic moment, but the experimental 

resolution however may not be sufficient to safely confirm the occurrence of 

superparamagnetism where the coercive fields would be expected to be zero or near-zero. 

Still, superparamagnetism may be likely to occur, since it has been observed previously in 

nano-sized -Fe2O3 [48] and it is in fact exclusively reported in ferrites [49] and related 

binary ferrite compounds [50, 51]. In -Fe2O3 ferrite the Fe
3+

 cations are situated at 

equivalent B-lattice sites as is the case in Mn2FeSbO6, whereas the A-sites in Mn2FeSbO6 

are occupied by Mn
2+

 and in corundum -Fe2O3 by isoelectronic Fe
3+

 cations. Thus, the 

two cases may be somewhat comparable. However, there is the clear difference of the B-

site Fe
3+

 magnetism in Mn2FeSbO6 being diluted by Sb, which should be taken into 

account, and indeed the magnetic ordering temperature in Mn2FeSbO6 (TN ≈ 270 K) is 

considerably lower as compared to bulk -Fe2O3 (TN ≈ 955 K).  

The alternative explanation of a very soft magnetic component without the occurrence of 

superparamagnetism may be less likely, because very soft magnetism is usually observed in 

ferromagnetic perovskite manganites, but not in ferrimagnetic ilmenites. Therefore, further 

investigations may be useful to confirm the indications for superparamagnetism 

encountered here. It should also be noted the possibility that the ferrimagnetic transition at 

TN ≈ 270 K and the strong ME coupling effect at ≈ 260 K [22] in ilmenite Mn2FeSbO6 
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could be related with the spin-reorientation at the Morin temperature TM = 260 K in -

Fe2O3 [40, 41, 48].  

Figure 5 further indicates a small magnetic anomaly near zero field at 5 K, 10 K, 25 K, 50 

K and 100 K, which suggests the presence of an additional magnetic component. This may 

be associated with a magnetic impurity like MnO, which had been detected previously from 

neutron diffraction data below 120 K [22]. The Figure 5 insets for 100 K and 200 K 

indicate that the anomaly is visible at 100 K but not at 200K, and it may therefore be 

compatible with a MnO impurity. Furthermore, the paramagnetic M vs H curve above TN at 

300 K (Figure 5) shows indications for another magnetic anomaly near zero field, which 

could be associated with additional magnetic impurities like the potential secondary phase 

of spinel MnFe2O4 with TN ≈ 570 K, depending on particl  e size [52-54]. However, the 

magnetic signals of this phase were reported to be absent in neutron diffraction data [22], 

and an alternative explanation may be a residual magnetic moment. This residual magnetic 

moment would also show near-zero coercive field HC (see Figure 5 inset of the 300 K 

curve) and disappears near the satellite peak of the ferroelectric transition in ' vs T at T ≈ 

500 K [22]. On a rather speculative note this residual moment could be associated with 

local B-site Fe
3+

 - Fe
3+

 interactions, considering the following arguments: (i) Fe
3+

 and Sb
5+

 

cations are randomly distributed on the ilmenite B-sites and thus, (ii) local Fe
3+

 clusters 

may form. (iii) Fe
3+

 - Fe
3+

 interactions on the B-sites may persist at higher T at least on a 

local level as is the case in -Fe2O3 (TN ≈ 955 K).  

 

5. Conclusions 
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The synthetic melanostibite Mn2FeSbO6 with ilmenite structure displays a very soft 

magnetic component below the ferrimagnetic transition at TN ≈ 270 K, possibly related with 

superparamagnetism. The curves of magnetic susceptibility  vs T display clear signs of 

weakly H- and strongly T-dependent spin reorientations, which occur gradually and 

continuously over wide H- and T-ranges. No signs were detected of an abrupt spin 

reorientation at 50 K as reported previously [22]. The determination of the exact MEC 

mechanism in ilmenite Mn2FeSbO6 may require further investigation, but the fact that a low 

magnetic field H is sufficient to trigger the MEC [22] may well be related with the near-

zero coercive field HC detected here.  
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Figure captions 

 

Figure 1 Crystal structure of ilmenite Mn2FeSbO6 according to [25]: (a) Structural [110] 

projection. The stacking of Mn-Sb/Fe cation layers along the [001] c-direction is indicated. 

(b) Cations are slightly shifted from the octahedral centers as indicated by slightly different 

Mn-O and Fe/Sb – O bonding distances due to Coulomb repulsions between Mn
2+

 and 

Fe
3+

/Sb
5+

 cation pairs, indicated by blue dashed lines. (c) Hexagonal arrangement of the 

octahedra within the (001) c-planes demonstrating the vacant sites □.  

 

Figure 2 Hexagonal sub-cells of Mn2FeSbO6 ilmenite. The magnetic spin exchange 

interactions between isoelectronic Mn
2+

 cations (orange spheres) and Fe
3+

 (green) are 

depicted. Non-magnetic Sb
5+

 cations are shown in black, □ are vacant sites. Red arrows 

indicate possible spin orientations and black arrows show the cationic displacements due to 

Coulomb repulsions (blue dashed lines). 

 

Figure 3 Magnetic susceptibility  (emu mol
-1

 Oe
-1

) vs T (K) curves for different applied H 

(Oe), measured under ZFC and FC conditions as indicated. ZFC and FC curves are 

approximately identical. 

 

Figure 4 Magnetization M (B) vs T (K) for all applied H (Oe), measured under FC 

conditions. The inset shows differentiated M vs T curves, i.e. dM/dT (B /K) vs T (K). 
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Figure 5 Magnetization M (B) vs applied H (Oe) curves at different T (K) as indicated. M 

was measured by cycling H from +50 kOe to -50 kOe and back to + 50 kOe. A near-zero 

coercive field HC is indicated. 

 


