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The cation distribution of manganese-zinc ferrite Mny ¢,Zn, ,sFe, 404 prepared by a ceramic route and
wet method was investigated by derivative thermogravimetry (DTG) and X-ray diffraction analyses.
Below about S00°C, these ferrites which are oxidized in cation deficient spinels show an incomplete
oxidation of tetrahedral Mn?* ions leading to a cation distribution (Znd}Mnd1sFedi) (FeiiMnil,
Oy.1450%~ . With increasing temperature further oxidation of Mn?* ions results in the appearance of
a thombohedral phase a-(Fe,_ Mn.)O, rich in iron accompanied by a spinel phase containing the

totality of zinc.  © 1993 Academic Press, Inc.

Introduction

Valence states of manganese and iron and
their distribution on both octahedral (B) and
tetrahedral (4) sites of the manganese zinc
ferrites with spinel structure have been the
subject of many studies because of their in-
teresting electromagnetic properties. How-
ever, to obtain accurate electromagnetic
properties such as high permeability and low
losses, the Mn—Zn ferrites microstructure
has to be strictly controlled (f, 2). It has
been recently established that among the
numerous factors acting upon microstruc-
ture, which is influenced by all steps in the
processing route, the control of the rise in
temperature is of fundamental importance,
i.e., the rise in temperature below 550°C (3).
Indeed, in this first zone of sintering, these
oxides that are subjected to oxidation-re-
duction reactions depending principally on
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cationic distribution (¢) could lead, because
the local densification relative to the chemi-
cal reactions are inhomogeneous in the
core, to elastic deformations, stresses, and
cracks which are in direct relation with
the availability for oxidation of manga-
nese ions.

The determination of the valence state
of the manganese ions in these compounds
is therefore of interest. However, de-
pending on the Zn concentration and prep-
aration methods (ceramic route and wet
process), confroversy surrounds the ques-
tion of the coexistence of rivalent manga-
nese with the presence of divalent iron as
indicated by neutron diffraction (5), Moss-
bauer spectroscopy (6), nuclear magnetic
resonance (7), and X-ray diffraction (8).

We have addressed the question of the
cation distribution in Mn-Zn ferrites pre-
pared by different routes with different grain
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TABLE 1
SAMPLE CHARACTERISTICS

Lattice
Specific Lattice parameter of
surface parameter of oxidized phases
area Crystallite initial phases at 450°C
Samples Global composition (m*/g) size (um) {nm) (nm)
A Mn, 5 Z.0 ¢5Fes 050, 4.6 3 0.8478 0.8407
B Mn, 7 uFes 04 8.2 0.7 0.8477 0.8404
C M, 5,Z g esFe 0504 25 0.05 0.8475 0.8413
D Mny ,Zn, s, Fe,0, 60 0.02 0.8443 0.8401

sizes by performing a quantitative analysis
of oxidizable cations using derivative ther-
mogravimetry. This method, which is
based on the discrepancy of reactivity to-
ward oxygen of iron and manganese ions
in relation to occupied sites, is especially
suited to this purpose due to the fact that
it is possible to make a systematic study
of the oxidation process in regard with the
nature, charge, and position of cation in
spinel lattice (4).

Experimental

Four samples having approximately the
saime manganese and zinc concentration
(Table 1) were prepared by different
methods:

—in the past (sample A), the Mn—Zn fer-
rite was prepared by presintering from a
mixture of Fe;05, Mn,0,, and ZnO follow-
ing a procedure previously reported (9). The
presintering was realized under nitrogen at
1200°C for a period of 3 hr and quenched.
The powders have been pounded in an attri-
tor to obtain a specific surface area of about
4.6 m*/g.

—In the second method (sample B), the
spinel was also prepared by the conven-
tional ceramic route according to Michalk
(10) where oxide raw materials MnCO,,
Zn0, and Fe,O; were mixed and fired for 2
hr at 800°C in a vacuum of 10~° Pa and then
quenched. This method produces Mn-Zn

ferrite with grain sizes smaller than 1 um
{Table I).

—In the third method (sample C), the
Mn-Zn ferrite was made in continuation of
our studies on the low-temperature prepara-
tion of substituted magnetites using oxalate
precursors (//). The thermal decomposition
of mixed manganese-zinc iron oxalates
leads, through appropriate thermal treat-
ments at low temperature (<<500°C), to the
spinel with the desired composition. The
sample consists of almost spherical grains
of average 0.05 pm (Table 1),

—PFor the fourth sample (sample D),
we have adopted the thermal decompo-
sition of the hydrazine precursors,
(N,H);Mn, Zn, _ Fe,(N,H,CQQ), - 3H,0,
where x = 0.50, as described by Suresh et
al. (12). The precursors decompose in single
step at about 200°C and produce average
crystallite size below 0.02 um.

The XRD analysis performed with an au-
tomatic Siemens diffractometer using Cura-
diation, allowed us to verify purity and 1o
measure the lattice parameter of the pre-
pared ferrites before and after oxidation at
420°C (Table I). The formed phases during
oxidation were also analyzed by X-ray dif-
fraction of samples cooled from various
temperatures in the TG apparatus. Electron
microprobe analysis was used to determine
the composition of the rhombohedral pre-
cipitated phase. The oxidation was per-
formed on a microbalance Setaram MTB 10-
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8 with 6 mg of powder with a linear rate of
2.5°C min~',

Results and Discussion

We have previously determined the cat-
ionic distribution of Mn—Zn ferrites of for-
mula Mn,Zn Fe, 450, with0 < x + y < 0.95
prepared by a‘standard ceramic route {(sam-
ple A) in considering that the Zn’*, Mn?*
ions are located on A sites and that the
Mn*+, Fe’* ions are on B sites when only
the Fe*' ions are distributed among both
sites, X-ray diffraction analysis and thermo-
gravimetric data indicate a cation distribu-
tion according to the formuta:

2+ 72t Tadt
(Mn().S.rzny FejZgg. —y)A

3+ 2+ 3+ 2-
(Fe|+0.6x+yFel—o.apyMnn.zx)B O;™.

(D

It was demonstrated that Fei™, Mnit,
and Mn3" are successively oxidized to five
distinct oxidation reactions:

3Fe?* — 2Fe** + O complete at 280°C
4Mn** — 3Mn*" + O complete at 330°C
3Mn’* — 2Mn*t + O partial at 360°C

O + 3Mn** — 4Mn**  complete at 420°C
3Mn?* — 2Mn’* + O complete at 600°C.

Figure 1 compares the mass variation,

mass gain (%}

region Il

T ¥ ¥ r R E—
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T
200

F1G. 1. TG curves for Mn—-Zn ferrites prepared by
various methods and heated in air at 2,5°C min~".
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Am, when the different manganese-zinc fer-
rites with x = 0.5 were heated in air at a
constant rate of 2.5 min~'. As already re-
ported for manganese-substituted magne-
tites {4), three regions can be distinguished.
In region I the mass gain is due to total
oxidation of Fe?* ions and Mn** ions on B
sites and a partial oxidation of Mn** ions
into Mn** ions on A sites. Above about
430°C (region 11} the spinel starts to lose
mass which corresponds to the reduction of
Mn** to Mn** ions. In region 11, we again
have a mass gain due to the oxidation of
Mn?* ions not being completely oxidized in
region 1. Although the particle size differs
appreciably for samples prepared for ce-
ramic method (samples A and B) and
samples obtained by wet chemical proc-
ess (samples C and D), the observed oxida-
tion—reduction phenomena are similar. The
major difference referred to crystallite size
originates in beginning of oxidation temper-
ature in region I which strongly decreases
with temperature preparation. For [ and I1
regions, X-ray diffraction shows a single
phase of spinel structure whereas a spinel
phase and a phase of corundum structure
containing both Fe and Mn together were
present in region 1.

In order to estimate the amount of each
oxidized cation, a quantitative analysis from
the DTG peaks (Figs. 2 and 3) was effected
to separate the overlapping weight changes,
This was made following the procedure indi-
cated in (/3) by calculating the S,/S, ratio,
where S; represents the arca of ecach peak
and S, the area corresponding to pure mag-
netite (x = 0, y = 0). The S;/S, ratios are
listed in Tables 11 and IIl. For samples A,
B, and C, it can be seen that the §/5, ratio
of the fourth peak corresponds closely to
5,18, ratio of the second peak. Thus, it is
possible to assume that the amount of Mn**
ions created by oxidation of Mn’* ions in
region | must be totally reduced to lower
valency, i.e. Mn** ions during the reduction
process in region II,

The amount of divalent manganese pres-
ent in the site A can be calculated by differ-
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FiG. 2. DTG curves d{am/dr) = f(T) (—) in region
I and desummation spectra (---) of oxidation processes
for Fe?* and Mn®* ions on B sites and Mn®* ions on
A sites.

ence with total manganese content. The S/
S, value corresponding to third peak does
not agree with the concentration of Mn?*
ions and is always lower than that calculated
indicating an incomplete oxidation of Mn?*
ions in region I. The reoxidized amount in
region 111 was thus explained by comparing
the $./5, ratio of the fifth peak with that of
third peak. Total amount of oxidized Mn?*
ions is comparable to the concentration of
Mn?* jons deduced from global composi-
tion. These results for the iron and manga-
nese concentration, assuming that manga-
nese trivalent are preferentially located in
B-sites, indicate a cation distribution ac-
cording to the formulae
—Sample A:

(Mn3 % Znd%s Feglis)a
(Fe}3sFejis M
—Sample B:

(Mng3s Zn§ 7, Fegaia

ni0s05i". (2)
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(Feiy Fegsi Mgz 05 (3)
—Sample C:
(M3, Zngls Fegi))a
(Feity Fed i Mng ), 05 . (4)

For sample D prepared at lower tempera-
ture it appeared that the area ratio of the
first and second peak (Table II) has dimin-
ished an appreciable degree suggesting a
partial oxidation of Fe’* ions and total oxi-
dation of Mn’* ions whereas the S,/S, ratio
of the third peak remains unchanged. This
is probably due to a larger specific surface
area that induces an oxidation in air at room
temperature of cations located in B sites
{I13). The formula for sample D is best de-
scribed by:

(Mnj %, Zng % Fegla
(Mng } Fed 534 Feitos Oooe)z 05~ . (5)

The lattice parameter was found to be
0.8443 nm and is significantly smaller that
the 0.8477 nm value obtained for other sam-
ples (Table 1) according to the partial oxida-
tion of this sample.

,__
4J.;A 1 1
Mn2t
S 4
= | [-+-B
®
g 2 M n4+
§ .tc ] il I 1
Eo
k=1
T T L T T T
400 450 500 550 600 8650
TEMPERATURE (°C}
FiG. 3. DTG curves d{Am/dr) = f(T} in regions Ii
and III.
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TABLE 1l

DEPENDENCE OF §;/8; RaTIO AND OXIDATION TEMPERATURE OF EACH PEAK IN REGION | FOR VARIOUS
METHODS OF PREPARATION

Region I

First peak (Fe!*)

Second peak (Mn®*)

Third peak (MN?*)

Samples 518, T, °C) 5/, T, (°C) S48, 7., °C)
A 0.15 290 0.10 325 0.24 363
B 0.21 302 0.14 338 0.21 385
C 0.10 243 0.06 278 0.22 330
D 0.00 180 — 0.3 300

The experimental evolutions of the lattice
parameter recorded at various levels of oxi-
dation (Fig. 4) between 100 and 700°C show
that for all samples the lattice parameters
strongly decrease inregion I whichis consis-
tent with the incorporation of vacancies in
the spinel lattice. In region II the spinel
structure was also maintained but the lattice
parameter slightly increases according to a
reduction process in this temperature range
which decreases the cation vacancy con-
tent. At higher temperatures (region III),
the lattice parameter increases more rapidly
(Fig. 4, curve a) that can be correlated with
the curve b which shows the percentage of
rhombohedral phase a-(Fe, ,Mn,}, O, pre-
cipitated and accompanying the spinel
phase containing the totality of zinc. It
should be emphasized that for this Mn con-

tent, a low solubility of Mn,O, in a-Fe,O,
has been advanced (/4) although the pres-
ence of Mn does not greatly modify the lat-
tice parameter of a-Fe,0;.

These results clearly indicate that the
phase change above 530°C is associated with
the oxidation of Mn?* ions that were not
completely oxidized at a lower temperature,
In these conditions and for 60% of Mn?*
ions oxidized in region 1, the ion distribution
for samples oxidized in region 1l (i.e., sam-
ples C) without phase transformation is
given by the formula:

2+ 2+ 3
(Znf jsMn§ 75, Feq §10)4
3 3 2-
(Feq 536Mng s (g 13005 O3~ (6)

with an experimental parameter of 0.8413
nm.

TABLE II1

DEPENDENCE OF 5;/Sy RaTio AND OX1DATION TEMPERATURE OF FOURTH AND FIFTH PEAKS
iN REGIoNS II aND 111

Region II Region 111
fourth peak (Mn?¥) fifth peak (Mn?*) % Mn?* jons
oxidized
Samples 55, T, (°C) AAT T (°C) in region [
A 10 493 16 545 60
B 15 480 14 579 60
C 0.06 465 22 574 55
D 17 475 16 577 53
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Fi1G. 4. Evolution of latlice parameters {curve a) as
a function of oxidation temperature. The curve b shows
the percentage of a-{Fe;__Mn_O; precipitated in region
I for sample A.

It is informative at this stage to compare
the results obtained in this work with those
reported previously and that for the same
Mn content (15, 16). The striking discrep-
ancy concerns the vacancy content which
was found to have a significant occupancy
in the original study and consequential af-
fect on the phase change. It is argued that
the phase change to proceed primarily after
total oxidation of all oxidizable cations and
results from the cation deficient spinel:

0 5';‘9 A (Mn{) MOFC?E?I’:DO.IB?)B Og_
7

leading to the formation of two clusters:

(Zng, F

clusterT  (Fedty g )4
(MngiFeityOo2)s 07 (8)
cluster Il (Znj} Fedfs)s
(Mng70Feit) 0: (9

with lattice parameters of 0.8383 and 0.8439
nm, respectively.

It is possible to calculate by the Poix
method (/7) the theoretical lattice par-
ameter for the two distributions. This
method consists of calculating the crystal
lattice parameter from cation—-anion bond
lengths. The cation-oxygen distance of
Mn?t, Fe’*, Zn**, and vacancy on A sites
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as well as the cation-oxygen distance of
Mn?**, Fe**, and vacancy on B sites are
listed in Table 1V. The theoretical lattice
parameters calculated for 1 and 1I clusters
are given in Table V (columns 5 and 6). For
cluster II, one obtains a similar value to
that determined in (/3) but for cluster I, the
caiculated value appears lower whatever the
location of vacancies in the spinel lattice
(0.8363 nm for the distribution § (] on B sites
and ¥ O on A sites and 0.8360 nm with the
totality of vacancies on B sites).

Since the presence of vacancies decreases
the unit cell [18], we can think that the va-
cancy concentration is lower than that re-
ported, i.e., 0.14 per “‘molecule’ instead of
0.187. In this respect we can speculate on
the phase change in region 111 and the uncer-
tainties regarding the elimination of vacan-
cies resulting of the simuitaneous formation
of a spinel and rhombohedral phases during
the oxidation of remaining Mn®" ions. Just
before the phase transformation, the calcu-
lated and theoretical lattice parameters have
the same value (Table V, column 3) but
slightly differs within the temperature range
550-620°C corresponding to region II1.

On the basis of results obtained by elec-
tron microprobe analysis at 620°C which
give the at.% of different metallic elements,
the formula of the rhombohedral precipi-
tated phase may be considered to be:

- (Fel'.'o 030) 0,4 (10)

TABLE IV

CATION-QXYGEN DisTANCES USED FOR LATTICE
PARAMETER CALCULATIONS

Cation—oxygen distance in nin

Tetrahedral Octahedral
Cations coordination coordination

Mn?* 0.2041 —
Zn?t 0.1981 —
Fe’* 0.1858 0.2020
Mn'+ — 0.2045

] 0.2078 0.2245
Fel* 0.2012 0.2138
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TABLE V

LATTICE PARAMETER VALUES OF THE SPINEL PHASE FOR DIFFERENT STAGES OF OXIDATION

After total After partial
oxidation oxidation
After total and formation (regions I + ID
After partial oxidation of two cluster precipitation in

oxidation in without phase Ref. (I5) region LI
Initial region II with transf. with

Sample C sample O on B-sites O on B-sites 1 11 550°C 575°C 620°C
Experimental  0.8475 0.8413 — 0.8383  0.8439 0.8421 0.8431 0.8437

parameter

(nm)
Theeretical 0.8465 0.8412 0.8394 0.8360 0.8434  0.8415 0.8427 0.8438

parameter

{nm)

and the cationic distribution of the spinel
phase containing the totality of zinc may be
formulated as follows:

(Zn?*),(Fei iM (b

The fact that the phase transformation oc-
curs from a cation deficient spinel with the
presence of unoxidized Mn** ions (Eq. 6)
suggests that above 450°C the following re-
action take place:

2_
052 HO

(Zno ToMng | 152Fep) e3hio)a (Fei stHo 325 o 13v)p

., 0 B4+ 35
0; + ZOZ—> S
1 - A (an.:ruu Mngg 152-5) Fe?:ss—q.ms)
t t t A

t f t

[% A (Fe?_wna;)] o (1)

In this formula ¢t = (1 — A)@8 + &), where
& and A were the oxidation and precipitation
content, respectively.

The valence change of manganese ions
and cation vacancy elimination occur within
the spinel phase when the rhombohedral
phase is segregated. This is consistent with

3+ I+ 03"
(Fe4.28886 Mnigg 325 1 8 D3t—6.838) ] 4
B

B+d

—t
8

the evolution of lattice parameter in region
IIT and with one constant cell parameter for
the precipitated phase a— (Fel3Mni3),
03-.

Conclusion

Our DTG measurements supported by
X-ray analysis show that at heating tempera-
tures in air below about 500°C, a cation de-
ficient spinel represented by Eq. (6) is pro-
duced independently of preparation
method. It is established that the percentage
of oxidized manganese slightly depends on
crystallite size and an approximately con-
stant value 60% was found for all samples.
In manganese substituted magnetites (13),
the percentage of oxidized Mn®* ions was
also found to be about 60% for all concentra-
tions of Mn. Because of the close resem-
blance between the lattice structure of this
defect spinel and y-Fe,O; we expect that
similar to y-Fe,0,, the vacancies associated
with the missing metal atoms are located in
B-sites. After cation deficient spinels have
been formed as intermediate phases, a phase
transformation during heating above 500°C
still occurs and means to the formation of
a spinel phase containing the totality of zinc
with progressive elimination of vacancies
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oxidation of remaining Mn** ions that

competes with the presence of a rhombohe-
dral phase.
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