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Abstract

MnFe;O, is a low cost and stable magnetic spinel ferrite. In this phase, the influence of the
inversion degree on the magnetic properties is still not well understood. To understand this
relationship, Mn-ferrite was synthesized by a chemical co-precipitation method modified in our
laboratory and studied by using the Neutron Powder Diffraction from 1.6 K to 1243 K. A full
refinement of both crystal and magnetic structures was performed in order to correlate the high-
temperature cation partitioning, the Curie transition and the structure changes of the Mn-ferrite.
In this work three main temperature intervals are detected, characterized by different Mn-ferrite

behaviors: the first one, ranging from 1.6 K to 573 K where MnFe,Q, is magnetic, the second
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one, from 573 K to 623 K, where MnFe,04 becomes paramagnetic without cation partitioning

and the last one, from 673 K to 1243K, where cation partitioning occurs.
Highlights

« Mn-ferrite was synthesized by a modified chemical co-precipitation method.

« The material was studied by Neutron Powder Diffraction.

« Diffraction experiments were performed at variable temperature from 1.6 K to 573 K.

« Three temperature intervals and related magnetic behavior were identified.
Keywords A. Magnetic Materials; B. Chemical Synthesis; C. Neutron Scattering and

Diffraction; D. Rietveld Analysis

1. Introduction

Spinel ferrites are important for their application as low cost stable magnetic phases in the
electrical and electronic industry. Spinel ferrites are double oxides with a cubic cell spinel-like
structure and general formula M?*Fe®*,0,4, where M?" is usually a transition cation or Mg?*. The
bivalent and trivalent cations occupy the two structural sites forming two different
configurations: direct spinel and inverse spinel. Between these two ideal configurations, there is
a continuous of intermediate configurations that are usually described by an order parameter
called inversion degree x. The inversion degree parameter corresponds to the quantity of Fe** in
the tetrahedral site [1] and it can vary between 0 and 1, direct and inverse spinel respectively.
Zn- and Cd-ferrites are the only ones having a normal or quasi-normal configuration [1, 2]; the
other ferrites have a partially inverted configuration. Magnetite, Fe?*Fe®*,0,, and
magnesoferrite, MgFe,0,, are ferrites with a completely inverted configuration [3, 4]. It has been
demonstrated that at high temperature, there is a cation partitioning in these phases [2-6]. In
general it has been established that both normal and inverse ferrites tend to the most disordered

configuration at high temperature [7].

A previous work on the structure of the magnetite (FesO,) at high temperature, [3] studied by
Neutron Powder Diffraction (NPD), demonstrated that the changes of the crystal structure at the

Curie temperature is due to cation partitioning.



The same procedure is proposed in this work for the analysis of the MnFe,O, spinel. This
composition is one of the most interesting because of its problematic magnetic properties. The
experimental magnetic moment at 4 K is reported to be about 4.6, smaller than that predicted
by theory (5.0ug [8]). So far, only one study investigated the cation partitioning at high-
temperature of a stoichiometric Mn-ferrite [9] on a quenched sample analyzed by neutron
diffraction. The authors report that the cation partitioning starts at about 600 K with a freezing of
the inversion degree parameter at about 873 K. Furthermore, they also collected three
diffractograms in situ at high temperature and they demonstrated that the cation partitioning
occurs up to 1050 K. Another study was performed on cation partitioning of MnFe,O,4 [10], but
the results reported are not comparable with the previous because the sample was a non-

stoichiometric nano-crystalline powder.

The aim of this work on Mn-ferrites is to study the effect of the temperature on cation
partitioning and to find out if is possible to establish a correlation between the Curie transition

and the crystal structure change of the Mn-ferrite by using NPD
2. Material and methods

2.1 Synthesis

The chemical co-precipitation method described by Zhang et al. [11] and Chen et al. [12] was
chosen as starting point to synthesize the MnFe,0y.

The synthesis of the Mn-ferrite was run in a well-defined temperature range (353K-363 K). The
powder obtained was a pure nanosized spinel, according to the chemical reaction:

MnCl,+2FeCl;+8NaOH—MnFe,04+4H,0+8NaCl

In each synthesis, the starting concentrations of the MnCl,-4H,0 and FeClz-:6H,0 solutions were
chosen in order to obtain a MnFe,O, solution 3 10 M, corresponding to 3.46 g of product
supposing a reaction’s performance of 100%. The Mn?* and Fe** chloride solutions, 0.03 M and
0.06 M respectively, were prepared from analytical grade Sigma-Aldrich regents. This solution
was stirred thoroughly keeping the temperature constant at 358 K inside the reaction vessel for
the whole synthesis procedure to prevent jerk variations in the supersaturation. After few
minutes, a solution 1.5 M of NaOH (final concentration after mixing 0.24 M) was dripped into



the chlorides solution as reaction agent. A dripping procedure was chosen in order to slow down
the rise of the supersaturation value, avoiding a sudden nucleation of many small nuclei with
high surface area and high reactivity.

The nanosized powders obtained by this chemical co-precipitation were sintered in furnace with
an inert atmosphere at 1173 K and then slowly cooled to room temperature to obtain a pure
micro-crystalline sample.

The quality of the samples obtained in this way was very reproducible, so several synthesis runs
were done in order to collect about 10 g of Mn-ferrite (the minimum quantity of sample
necessary for NPD experiments).

2.2 NPD Experimental

The sample was studied by NPD at variable temperature. The angle dispersive diffraction
experiment was performed on the E6 powder diffractometer at the Helmoholtz-Zentrum, Berlin
(HZB, Germany) using the BERII neutron source. About 10 g of powdered sample were sealed
in a quartz tube holder and studied in situ first by cooling from room temperature to 150 K, 50 K
and 1.6 K using a standard helium cryostat and then by heating in situ by means of a furnace in
high vacuum. After cryogenic measurements, the sample was heated from room temperature to
373 K and then by steps of 100 K up to T =573 K, above this temperature by steps of 50 K up to
1223 K. The last experimental point was collected at 1243 K. The neutron wavelength used was
1=2.447 A. The data collection time for each temperature step was 3 hours. The collected
patterns are reported in Figure 1.

The NPD patterns were refined by using the Rietveld method [13] by means of the
GSAS/EXPGUI [14, 15] software. The starting structural parameters are: space group Fd3m, the

octahedral and tetrahedral sites in (1/2,1/2,1/2) and (1/8,1/8,1/8) respectively and the oxygen
(0.255,0.255,0.255) [16]. In order to describe the contribution of the magnetic diffraction to the
intensity of the peaks, a magnetic phase was added to the model as reported in our work on
magnetite [3].

To determine the grade of inversion of the manganese and iron cation, the occupancies at 573 K
(where no magnetic phase is present as explained hereafter) were firstly refined and then used in
the refinements of the diffractograms collected at lower temperature. In this way the correlation

between magnetic contribution and cation partitioning is avoided, allowing to formulate the



hypothesis that below 573 K there is no cation partitioning. A constrain was added to the
occupancy of the different atomic sites in order to maintain the full occupancy of the two site and
the stoichiometric ratio Mn/Fe=1/2. In order to check the stoichiometry of the sample, the

occupancy of the oxygen was refined at 573K. The refined value do not change appreciably from

the unit value of full occupancy | ~{ commento [dI1]: Commento 1
The Rietveld refinement of the neutron
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@linda va bene?

From an early analysis of the collected diffractograms (Figure 1), the magnetic peaks (220),
(222), (331) and (422), decrease in intensity with the temperature and disappear at 573 K
confirming the change in the magnetic properties of the phase that becomes paramagnetic
between 473 K and 573 K. The refined pattern at 50 K is reported in Figure 2. Refined structural
data are reported in Table 1 and their temperature dependent trend is shown in Figure 3.

From this figure, it is possible to highlight two different behaviors for each parameter:

- The cell edge dimension is constant below 50 K, then it increases with parabolic bias up
to 573K. Above this temperature the trend is quasi-linear

- The oxygen coordinates do not change for temperatures lower than 400 K. Between 573
and 623 K they increase. For higher temperatures they linearly decrease.

- The occupancy of Mn in the octahedral sites (inversion degree) was not refined for
temperatures below 573 K. For temperatures between 573 K and 623 K it is constant and
for higher temperatures it increases linearly.

Based on an examination of the refined parameters, we can state that the cation partitioning
begins between 573 K and 623 K.

Since the neutron powder data for a cubic phase are insensitive to the magnetic moment

directions [17], hhe magnetic moments in the tetrahedral and octahedral sites of the structure

were calculated by the module of the three components of the magnetic vector. The module { Commento [dI2]: What s the direction J
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as reported by Zhang et al. [10] very close to the result of this work, 1.4(2) ug .The differences
between these values are probably due to a different degree of inversion, crystal dimension
and/or stoichiometry between the different samples. As seen above, the diffractogram at 573 K
does not present any magnetic contribution to the peak intensities. To test the magnetic

contribution, the magnetic moment was refined also at this temperature. The refined magnetic

moment b/alueﬁ at 573 K are comparable with the calculated error smallerthan-(<2c), showing /{COmmento [15]: Variations?

that the Curie transition already occurred (Table 1).

The coordinate of the oxygen begins to increase above 400K, when the magnetic moment
approaches to zero, as can be highlighted in Figure 3. This effect can also be observed in the
cation-oxygen bond length for tetrahedral site, as plotted in Figure 4. In this plot, the tetrahedral
bond length increases between 400 and 623 K. In the same temperature range, the octahedral site
does not substantially change dimension.

Above 623 K, when the cation partitioning begins, the cation-oxygen bond length changes
dramatically with the octahedron expansion and the tetrahedron shrinkage. This effect is
correlated to the dimension of the cations in the different coordination: the Mn?* radius in
coordination 4 is 0.63 A and in coordination 6 is 0.83A, while the radius of Fe** in the two
coordination numbers is 0.49 A and 0.645A respectively [19]. So, when a Mn®* cation moves
from the tetrahedral site to the octahedral one, the former increases and the last decreases. Since
the difference in the dimensions of cations is larger, the tetrahedron shrinkage due to cation
partitioning prevails on the thermal expansion of this site. As shown in Figure 3, the cation
partitioning starts at 623K and continue monotonically up to 1247 K. The MnFe,O,4 phase at
room temperature has a configuration 12.6% inverted, that at 1247 K becomes 40.6% inverted.
Similar results are reported in the previous study on the behavior of the cation partitioning of
MnFe,O4 [9] by using the Neutron Diffraction. As in the aforementioned article, here the cation
partitioning begins at the same temperature, as highlighted in Figure 5. Moreover, the cation
partitionings are quite similar up to 873 K. As stated by the authors three more measurements
were collected at high temperature in situ and the results are reported as white circles in Figure 5.
These values are in good agreement with the ones determined in this work.

From a thermodynamic point of view, the chemical formula describing the cation partitioning in
MnFe;0y is:

Mnr(11)+ Feo(I11)& Mno(I1)+ Fer(111)



where the indexes T and O are referred to the cation in the tetrahedral and octahedral sites

respectively. Using this formula the equilibrium constant K¢p is defined as [1]:
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where A is inversion degree, T the temperature in Kelvin, R the perfect gas constant and AG, AS
and AH are the Gibbs energy, entropy and enthalpy respectively.

Confirming the thermodynamic model, the behavior of the experimental LnKcp vs 1/T is linear
as seen in Figure 6. The refined value of entropy and enthalpy for temperatures between 623 K
and 1246 K are AH=30.4(2) kimol™ and AS"=9.7(2) JK*mol™. This values are smaller than the
entropy and enthalpy of ZnFe,O,, the other ferrite spinel with a direct configuration that have
been studied at high temperature [2]. The calculated values from the order degree reported in the
text are AH’=66(2) kimol™ and AS°=24(2) JK *mol™.

5. Conclusions

In this work, a modified chemical co-precipitation method for Mn-ferrite synthesis was
proposed. Following this procedure a well crystallized MgFe,O, sample was obtained. The
traditional chemical co-precipitation followed by the furnace recrystallization in nitrogen
atmosphere was demonstrated to be effective for the production of large quantities of
homogenous sample for its high reproducibility.
The NPD characterization of MnFe,O, covers a wide temperature range from 1.6 K to 1243 K.
Essentially, three main temperature intervals can be defined to describe the magnetic behavior of
MnFe;QOy:

1- From 1.6 K to 473 K, the phase is magnetic,

2- From 573 K to 623 K, the phase is paramagnetic without cation partitioning,

3- From 673 K to 1243 K, cation partitioning occurs.
The first interval is characterized by a progressive loss of magnetic ordering. The magnetism
either does not influence the crystal structure, or the influence is so small that the resulting bond

relaxation is hidden by the thermal expansion.



In the second interval, the structure changes are only due to the thermal expansion, as shown in
Figure 4. The thermal expansion coefficient increases linearly following the same trend as in the
previous interval.

In the third interval, above 623 K the structure is influenced by the cation partitioning. The huge
difference between the dimensions of the cations in the two sites causes a sharp decrease of
thermal expansion coefficient, mainly due to the increasing of iron quantity in tetrahedral site.

The cation partitioning occurs at lower temperature with respect to other ferrites [2].
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T(K) |x 1.D. A VA [Moat(e) | Met(ts) [ Miow(us) |
1.6 |0.2602(1) | 0.126 8.5060(3) | 615.43(7) | 3.95(4) | 4.54(4) | 3.35(8)
50 0.2595(1) [ 0.126 | 8.5052(3) | 615.25(7) | 4.07(9) | 4.74(9) |3.4(2)
150 | 0.2597(1) | 0.126 8.5076(3) | 615.78(7) | 3.65(8) | 4.28(9) | 3.0(2)
296 [0.2596(2) [ 0.126 | 8.5152(9) | 617.4(2) |2.8(1) [4.2(1) |1.4(2
373 [0.2598(1) | 0.126 | 8.5228(6) | 619.1(1)0 | 2.47(8) |3.8(9) |1.1(2)
473 [0.2602(1) | 0.126 | 8.5350(5) | 621.7(1) |1.68(9) |3.07(9) |0.3(2)
573 | 0.2606(1) | 0.126(2) | 8.5498(7) | 625.0(1) | 0.2(3)* | 0.6(3)* |-0.2(3)*
623 | 0.2611(1) | 0.126(2) | 8.5543(6) | 626.0(1)

673 | 0.2610(1) | 0.148(2) | 8.5583(7) | 626.9(1)

723 | 0.2607(1) | 0.174(2) | 8.5622(6) | 627.7(1)

773 | 0.2606(1) | 0.200(2) | 8.5658(6) | 628.5(1)

823 | 0.2602(1) | 0.226(2) | 8.5689(6) | 629.2(1)

873 | 0.2602(1) | 0.249(1) | 8.5723(7) | 629.9(2)

923 | 0.2599(1) | 0.278(1) | 8.5753(7) | 630.6(2)

973 |0.2598(1) | 0.301(1) | 8.5786(7) | 631.3(2)

1023 | 0.2596(1) | 0.323(1) | 8.5821(7) | 632.1(2)

1073 | 0.2595(1) | 0.344(1) | 8.5860(8) | 633.0(2)

1123 | 0.2595(1) | 0.359(1) | 8.5907(8) | 634.0(2)

1173 |0.2592(1) | 0.379(1) | 8.5938(8) | 634.7(2)

1223 |0.2592(1) | 0.398(1) | 8.5971(8) | 635.4(2)

1243 | 0.2591(1) | 0.406(1) | 8.5992(8) | 635.9(2)

Table 1- Refined structural data table: T temperature, x coordinate of the oxygen atom, 1.D.

inversion degree, a cell edge, V volume, Mg Mt Mot magnetic moment of octahedral and
tetrahedral site and total of the cell (1g=9.27400949(80)x10-25 J/T). *The values of

magnetization at 573 K have been reported only to show that the refined value are smaller than

20.






Figures




Figure 1- Neutron Powder Diffractograms collected at variable temperature. The temperature
ranges between 1.6 K and 1243 K. The strong change of the intensity of the peaks 220, 222, 331
and 422 according to the increase of temperature is related to the change in the magnetic

properties of the phase (from magnetic to paramagnetic)
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Figure 2- example of Rietveld refinement achieved at 50 K.
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