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Abstract

The deviation from stoichiometry, �, in the spinel (Znx�y/4Mn1�x�3y/4Fe2+y)1��/3O4 with x=0.25 was measured thermo-

gravimetrically at 1200 �C as a function of the oxygen activity, aO2
and the cationic composition, y. Point defect thermodynamic

modeling of the oxygen activity dependence of � suggests that cation vacancies are the majority ionic defects at high oxygen activity
and that cation interstitials dominate at lower activities. For the spinel with x=0.25 and y=0.08 the deviation from stoichiometry

was measured also at 900, 1000 and 1100 �C. The variation of the majority defect population with temperature for the latter spinel
composition, which is typical for technical soft ferrites, is discussed and enthalpies for defect formation reactions are estimated. The
upper limit of the stability field of this ferrite at 1200 �C is determined. Implications of the variation of the phase stability field and

the deviation from stoichiometry, �, for the sintering regimes of soft ferrites are addressed.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Soft ferrites emerged as an important class of mag-
netic materials several decades ago.1,2 Mn–Zn ferrites
are the standard ferrite materials for many high fre-
quency applications, i.e. low loss power ferrites for
switch-mode power supplies (SMPS) or high perme-
ability ferrites for wide band and pulse transformers.
These ferrites are produced worldwide on a large scale.
The composition dependence of the magnetization of

Mn–Zn ferrites of the type ZnxMn1�xFe2O4 has been
studied by Gorter3 and it was found that the introduc-
tion of diamagnetic Zn ions increases the magnetization.
Typical soft ferrite compositions contain more than 50
mol% Fe2O3, i.e. the spinel composition can be descri-
bed by the formula (ZnxMn1�x)1�yFe2+yO4. The excess
iron oxide is added to optimize the magnetic properties
of the ferrites. Spinel compositions with excess iron
oxide possess zero magneto-crystalline anisotropy due
to the compensating effect of the Fe2+ ion’s anisotropy4

as well as a minimum magnetostriction. Both properties
are essential prerequisites to optimize the permeability
of the material.5,6

The usual manufacturing route for soft ferrites is a
typical ceramic process that includes premixing, calci-
nation, fine-milling, spray-drying, compaction and sin-
tering. Sintering of Mn–Zn ferrites is performed at high
temperatures in air at atmospheric pressure or at other
high oxygen activities (log aO2

��1.5 to �0.68); cooling
of the ceramics has to be accompanied by a reduction of
the oxygen activity in order to avoid decomposition of
the spinel. A classical study by Blank7 on quenched
samples established the phase boundary of the spinel
field. Blank also determined the concentration of Fe2+

ions in the samples by chemical titration and was the
first to suggest lines of constant ferrous ion content in a
log aO2

vs. temperature diagram. Oxygen partial pres-
sure diagrams of Mn–Zn-ferrites compiled on the basis
of results from thermogravimetric experiments show
that, for example, for a given temperature, the oxygen
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activity within the spinel phase field varies over several
orders of magnitude coupled with a non-stoichiometry
and a change in the Fe2+-concentration in the
samples.8�11 Based on these data sintering of soft fer-
rites is often referred to as Blank curves sintering, i.e.
the oxygen activity is varied with temperature according
to an equation of the type

log aO2
¼ A�

B

TðKÞ
ð1Þ

where A and B are system-specific constants. Therefore,
to better manipulate the electromagnetic properties of
Mn–Zn-ferrites it is essential to precisely control the
defect equilibria during sintering and cooling of these
soft ferrite magnets. Only a few studies on the defect
chemistry of Mn–Zn ferrites have been published so far.
In the early literature7�9 the non-stoichiometry of the
samples is discussed as being coupled to the Fe2+/Fe3+

ratio. The formation of cation vacancies was assumed in
the investigation of redox equilibria10 and in an early Fe
tracer diffusion study.12 The formation of oxygen
vacancies also has been speculated on.13

Recently, electrical conductivity and total cation
transference numbers have been measured as a func-
tion of temperature and oxygen activity for
Mn0.54Zn0.35Fe2.11O4,

14 and data for the phase stability
field of the spinel have been derived. It was shown that
ionic transference numbers vary with the oxygen activ-
ity with an exponent of +2/3 or �2/3, depending on the
oxygen activity range. This behavior is very similar to
that observed for cation diffusivities in substituted Fe-
spinels15�17 and is attributed to different majority point
defect regimes: cation vacancies at high oxygen activity
and cation interstitials at low oxygen activity govern the
cationic motion. Cation tracer diffusion experiments as
a function of oxygen activity at 1200 �C18 for
(ZnxMn1�x�yFe2+y)1��/3O4 have confirmed this inter-
pretation. However, an exact determination of the
deviation from stoichiometry, �, and an analysis of the
majority ionic point defects in Mn–Zn ferrites have not
yet been reported.
The deviation from stoichiometry, �, and the majority

defects in substituted Fe-spinels of the type
(Co,Fe,Mn)3O4 have been systematically studied.

15,19�21

It has been shown that, in general, the deviation from
stoichiometry, �, displays an S-shaped curvature as a
function of the logarithm of the oxygen activity and is
accommodated as cation vacancies at high and cation
interstitials at low oxygen activity with the stoichio-
metric spinel in between.
Recently, we have reported data for the deviation

from stoichiometry, �, and for the concentration of
majority defects in (ZnxMn1�xFe2)1��/3O4 for
04x40.5.22 It was found that the general evolution of �
with log aO2

is similar to other substituted ferrite spinels.
In this work, thermogravimetric measurements were
performed to determine values for the deviation from
stoichiometry, �, as a function of oxygen activity at
1200 �C in a series of spinel ferrites of the type
(Znx�y/4Mn1�x�3y/4Fe2+y)1��/3O4 with x=0.25 and
0<y<0.10, which are characterized by a composition
with more than 50 mol% Fe2O3. As mentioned above,
such compositions are typical for soft ferrites with
interesting magnetic properties. We have identified the
type of the majority defects by modelling the depen-
dence of the deviation from stoichiometry, �, from the
oxygen activity with defect thermodynamics. For the
spinel with x=0.25 and y=0.08 the deviation from
stoichiometry, �, was measured at 900, 1000, 1100 and
1200 �C and the enthalpies of defect formation reactions
were obtained from the temperature dependence of the
defect formation equilibrium constants. Moreover, the
limits of the stability field of that ferrite were re-exam-
ined with the goal to more precisely establish the spinel
stability limits.
2. Experiments

2.1. Sample preparation

Samples were prepared according to the standard
ceramic technique. Fe2O3, Mn3O4 and ZnO (analytical
grade) were wet homogenized. After drying, the pow-
ders were calcined at 1050 �C for 2 h. Next, the powders
were fine-milled on a planetary ball mill to a mean par-
ticle size of 2�3 mm. After drying, granulation and
addition of polyvinyl alcohol as a binder the powders
were compacted. The pellets were sintered at 1300 �C
for 20 h in air and quenched in water. Some of the pel-
lets were milled to fine powder and the presence of a
single spinel phase was confirmed by XRD. The grain
size of the polycrystalline samples used for the thermo-
gravimetric studies was about 20 mm.

2.2. Measurements of changes in the deviation from
stoichiometry

The approximate spinel phase stability region for
ZnxMn1�xFe2O4 at 1200 �C was estimated to be
between �0.5< log aO2

<�7 based on data reported in
Refs. 23 and 24 Changes in the deviation from stoi-
chiometry, �, were measured thermogravimetrically as a
function of the oxygen activity within the limits of the
spinel phase field for (Znx�y/4Mn1�x�3y/4Fe2+y)1��/3O4
with x=0.25 for 04y40.10 at 1200 �C. The variation
of the deviation from stoichiometry of the spinel with
y=0.08 was measured at 900, 1000, 1100 and 1200 �C.
Estimates for the limits of the phase field were taken
from Refs. 7, 8 and 14.
A high-resolution microbalance (symmetrical set-up,

total pressure in the balance about 0.5 atm, noise level
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in flowing gases about 1 mg) was used to in-situ measure
the mass changes of samples with different composition,
y, after sudden changes of the oxygen activity. The
samples were placed in a special alumina sample holder
on alumina needles to minimize the contact area
between sample and sample holder. Oxygen activities
were established with gas-mixing pumps using N2/O2-
or CO/CO2/N2-mixtures and measured in-situ next to
the samples with zirconia-based electrochemical cells.
Changes in the deviation from stoichiometry, ��, that
are associated with an uptake or release of oxygen,
were measured by consecutive changes of the oxygen
activity from a selected reference activity to another
activity and back to the reference activity to check for
the reversibility of the accompanying mass change,
�m, before changing to the next oxygen activity.
From the recorded values of �m, changes in the
deviation from stoichiometry, ��, were calculated as
described later.
At high Zn-concentration and low oxygen activities,

the measurements were severely influenced by the fast
evaporation of Zn-species and at some conditions not
possible at all. In the latter cases, the experiments
were not continued towards lower oxygen activities
and the investigation of the low oxygen activity phase
boundary of the spinel stability field was then impos-
sible. It has been shown that Mn–Zn ferrites lose
ZnO at high temperature with a predominant vapor-
ization of Zn25 leading to a depletion of Zn ions in near-
surface regions. Observations on the influence of this
effect on the microstructure of sintered ferrites have
been reported in Ref. 26.
3. Results

The mass changes, �m, measured after oxygen
activity jumps, and the corresponding changes of the
deviation from stoichiometry, ��, at 1200 �C as a
function of oxygen activity for x=0.25 and y=0,
0.04, 0.06, 0.08 and 0.10, respectively, are reported in
Table 1. This table contains additional data for
y=0.08 at lower temperatures, 900, 1000 and 1100 �C.
The values listed for �� were calculated by using the
following equation
D� ¼ �� �o ¼
Dm
mo
�
9MMe

4MO
þ 3

� �
ð2Þ

where MMe=(1/3).[(x�y/4).MZn+(1�x�3y/4).MMn+
(2+y).MFe]. MZn, MMn and MFe are the molar masses
of zinc, manganese and iron, respectively, and mo is
the initial sample mass. Absolute values of the
deviation from stoichiometry, �, were obtained by fit-
ting Eq. (3) to the experimental data, ��, for different
oxygen activities and constant cationic composition.
This equation reads

D� ¼ �� �o ¼ ½V
0 � a2=3O2
� I½ 
0�a�2=3O2

� �o ð3Þ

where �o is the deviation from stoichiometry at the
reference oxygen activity. The theoretical background
of Eq. (3) will be discussed in Section 4.
The resulting values for the deviation from stoichio-

metry, �, in spinels of the type (Znx�y/4Mn1�x�3y/4
Fe2+y)1��/3O4 at 1200

�C are shown in Fig. 1 a–e. The
additional data obtained for � for the spinel denoted above
with x=0.25 and y=0.08, i.e. Zn0.23Mn0.69Fe2.08O4, at
900, 1000 and 1100 �C are displayed in Fig. 2a–c. The
solid curves in Figs. 1 and 2 were drawn by fitting Eq.
(3) to the experimental data; the fits were non-linear
least squares fits.
The values extracted for [V]o and [I]o by fitting Eq. (3)

to the experimental data for the variation of the oxygen
content are reported in Table 2. The composition
dependence of [V]o and [I]o at 1200 �C is shown in Fig. 3.
Fig. 4 gives the temperature dependence of [V]o and [I]o

for Zn0.23Mn0.69Fe2.08O4.
During our measurements we observed that the data

available from the literature for the stability limit of
Zn0.23Mn0.69Fe2.08O4 towards higher oxygen activities
seem to be incorrect to some extent. Therefore we
extended oxygen activity jumps in the direction of
higher oxygen activities until we observed suddenly very
large mass changes, indicating the formation of sesqui-
oxide. An example for the observed mass changes at
high oxygen activities including such outside of the spi-
nel stability range is shown in Fig. 5. The upper spinel
stability limit must be between the last oxygen activity
investigated within the stability field and the first oxygen
activity outside of the stability field where a very large
mass change occurred. These oxygen activities are
reported in Table 3 together with values estimated for
the stability limit. Fig. 6 shows the location of all mea-
sured data points within the spinel stability range in the
phase diagram for Fe-rich Mn–Zn ferrites in compar-
ison with data from the literature for stability limits and
the data derived for the upper stability limit.
4. Discussion

Point defect equilibria in magnetite, Fe3��O4,
27,28

and in hausmannite, Mn3��O4,
29 have been studied in

great detail. The basic findings were that the majority
defects are cation vacancies at high oxygen activities
and cation interstitials at low oxygen activities. Oxy-
gen vacancies and oxygen interstitials, if present in
any significant concentration, are minority defects
only. These conclusions have been shown to be valid also
J. Töpfer, R. Dieckmann / Journal of the European Ceramic Society 24 (2004) 603–612 605



(Znx�y/4 Mn1�x�3y/4Fe2+y)1-3/�O4
log aO2

�m (mg)
 ��103
(a)a x=0.25, y=0, mo=482.4 mg, T=1200 �C
�0.27
 676
 15.321
�0.58
 460
 10.426
�0.98
 262
 5.938
�1.28
 148
 3.354
�1.41
 120
 2.719
�1.58
 80
 1.813
�1.80
 40
 0.907
�2.24
 0
 0
�2.56
 �21
 �0.476
�2.77
 �28
 �0.635
�3.10
 �40
 �0.907
�3.16
 �43
 �0.974
�4.26
 �45
 �1.020
�5.05
 �64
 �1.450
(b)b x=0.25, y=0.04, mo=460.4 mg, T=1200 �C
�0.27
 776
 18.423
�0.51
 554
 13.152
�0.98
 326
 7.739
�1.28
 198
 4.700
�1.58
 107
 2.540
�1.80
 70
 1.662
�1.74
 64
 1.519
�2.24
 0
 0
�2.59
 �35
 �0.830
�2.81
 �38
 �0.902
�3.58
 �71
 �1.685
�4.07
 �67
 �1.590
�4.54
 �100
 �2.374
�5.74
 �170
 �4.036
(c)c x=0.25, y=0.06, mo=466.6 mg, T=1200 �C
�0.22
 788
 18.456
�0.52
 569
 13.327
�0.92
 339
 7.940
�1.22
 212
 4.965
�1.75
 66
 1.546
�2.22
 0
 0
�2.84
 �40
 �0.937
�3.64
 �69
 �1.616
�4.11
 �67
 �1.569
�4.91
 �108
 �2.529
�5.69
 �140
 �3.279
(d)d x=0.25, y=0.08, mo=475.0 mg, T=1200 �C
�0.22
 987
 22.705
�0.53
 685
 15.758
�0.92
 394
 9.064
�1.22
 242
 5.567
�1.75
 75
 1.725
�2.22
 0
 0
�2.86
 �56
 �1.288
�3.60
 �78
 �1.794
�3.67
 �67
 �1.541
�4.35
 �88
 �2.024
�5.49
 �138
 �3.174
Table 1
a From fitting: �o=(7.45�0.91)�10�4.
b From fitting: �o=(9.03�1.49)�10�4.
c From fitting: �o=(8.70�2.13)�10�4.
d From fitting: �o=(10.93�1.99)�10�4.
e From fitting: �o=(10.71�2.35)�10�4.
f From fitting: �o=(13.69�2.48)�10�4.
g from fitting: �o=(54.04�2.21)�10�4.
h From fitting: �o=(12.36�2.89)�10�4.
log aO2

�m (mg)
 ��103
(e)e x=0.25, a=0.08, mo=475.0 mg, T=1100 �C
�0.92
 1011
 23.257
�1.23
 715
 16.448
�1.36
 610
 14.032
�1.53
 482
 11.088
�1.65
 370
 8.511
�1.75
 346
 7.959
�1.93
 260
 5.981
�1.99
 231
 5.314
�2.33
 140
 3.220
�2.88
 0
 0
�3.41
 �51
 �1.173
�3.77
 �65
 �1.495
�5.28
 �100
 �2.300
�6.43
 �120
 �2.760
�6.95
 �110
 �2.530
(f)f x=0.25, y=0.08, mo=475.0 mg, T=1000 �C
�1.63
 1057
 24.315
�1.93
 748
 17.207
�2.23
 511
 11.755
�2.48
 368
 8.465
�2.61
 273
 6.280
�2.89
 152
 3.496
�3.33
 24
 0.552
�3.47
 0
 0
�3.63
 �32
 �0.276
�3.88
 �62
 �0.966
�5.47
 �120
 �1.840
�7.24
 �125
 �2.415
�8.29
 �137
 �3.151
(g)g x=0.25, y=0.08, mo=475.0 mg, T=900 �C
�3.23
 344
 7.913
�3.45
 212
 4.877
�3.89
 0
 0
�4.08
 �88
 �2.024
�4.34
 �148
 �3.405
�4.64
 �193
 �3.979
�6.70
 �255
 �5.866
�9.23
 �253
 �5.820
(h)h x=0.25, y=0.10, mo=455.2 mg, T=1200 �C
�0.22
 1019
 24.457
�0.52
 727
 17.449
�0.92
 430
 10.320
�1.23
 271
 6.504
�1.75
 86
 2.064
�2.22
 0
 0
�2.85
 �56
 �1.344
�3.66
 �108
 �2.592
�4.09
 �108
 �2.592
�4.95
 �138
 �3.312
�5.72
 �168
 �4.032
Measured mass changes, �m, and corresponding changes of the deviation from stoichiometry, ��, as a function of the oxygen activity in
606 J. Töpfer, R. Dieckmann / Journal of the European Ceramic Society 24 (2004) 603–612



for magnetite-based solid solutions, see, for example,
Refs. 15 and 17, as well as for Mn–Zn-ferrites with y=0
Ref. 22.
Cation vacancies are formed by the following reaction:

3Me2þMe þ
2

3
O2ðgÞ�! �2Me3þMe þ VMe þ

1

3
Me3O4ðsrgÞ ð4Þ

The notations used in this equation deviate from
standard Kröger–Vink notations, see Ref. 30, because it
is in spinels at high temperatures impossible to associ-
ate a distinct charge with a distinct cation site. The
reason for this is the temperature-dependent cation
distribution in spinels. Me2þMe denotes a metal ion with
the charge 2+ on a cation site and Me3þMe such an ion
with the charge 3+. VMe is a vacancy on a cation site
and Me3O4(srg) is a molecular spinel building unit at a
site of repeatable growth. Assuming that the concen-
tration of Me3+ ions, [Me3þMe] is about 2 and that
Fig. 1. Deviation from stoichiometry, �, in (Znx�y/4xMn1�x�3y/4Fe2+y)1��/3O4 with x=0.25 and 04y40.10 at 1200 �C as a function of the oxygen

activity: (a) y=0, (b) y=0.04, (c) y=0.06, (d) y=0.08, and (e) y=0.10.
J. Töpfer, R. Dieckmann / Journal of the European Ceramic Society 24 (2004) 603–612 607



[Me2þMe] is about 1, the cation vacancy concentration
can be expressed as:

VMe½ 
 ¼ V½ 
o� a2=3O2
ð5Þ

Cation interstitials are formed via a Frenkel equilibrium
reaction:

MenþMe þ VI
�! � MenþI þ VMe ð6Þ

Replacing the cation vacancy concentration in the mass
action law of this reaction by Eq. (4) leads to the fol-
lowing oxygen activity dependence of the concentration
of cation interstitials:

MenþI
� �

¼ I½ 
o � a2=3O2
ð7Þ

Assuming that both defect types are the majority point
defects (neglecting anionic defects) the deviation from
stoichiometry, �, can be expressed:

� ¼ VMe½ 
 � MenþI
� �

ð8Þ

Replacement of the concentrations of cation vacancies
and interstitials by expressions containing the oxygen
Fig. 2. Deviation from stoichiometry, �, in (Znx�y/4Mn1�x�3y/4Fe2+y)1��/3O with x=0.25 and y=0.08, i.e., in (Zn0.23Mn0.69Fe2.08)1��/3O4, at

different temperatures as a function of the oxygen activity: (a) 900 �C, (b) 1000 �C, and (c) 1100 �C. Note: Fig. 1(d) gives the deviation from

stoichiometry of (Zn0.23Mn0.69Fe2.08)1��/3O4 at 1200
�C.
Table 2

Defect constants for cation vacancies, [V]o, and cation interstitials,

[I]o, for (Znx�y/4Mn1�x�3y/4Fe2+y)1�3/�O4 with x=0.25
y
 T (�C)
 log [V]o
 log [I]o
0.00
 1200
 �1.59+0.01
 �6.47+0.21
0.04
 1200
 �1.51�0.01
 �6.30�0.08
0.06
 1200
 �1.53�0.01
 �6.35�0.12
0.08
 1200
 �1.45+0.01
 �6.30+0.15
0.08
 1100
 �0.95�0.01
 �7.35�0.21
0.08
 1000
 �0.47�0.01
 �8.24�0.22
0.08
 900
 0.30�0.02
 �9.52�0.49
0.10
 1200
 �1.41�0.02
 �6.30�0.14
Table 3

Measured oxygen activities and estimation of the upper spinel stability

field phase boundary for (Zn0.23Mn0.69Fe2.08)1�3/�O4. nm=notmeasured
900 �C
 1000 �C
 1100 �C
 1200 �C
Highest measured log aO2

within the spinel field
�3.23
 �1.63
 �0.92
 �0.22
Lowest measured log aO2

above the spinel field
�3.08
 �1.45
 �0.18
 Nm
Estimated log aO2
of upper

boundary of spinel field
�3.15
 �1.55
 �0.5
 0
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activity dependences of the concentrations of these
defects, Eqs. (5) and (7), gives an oxygen activity
dependence of � of the form:

� ¼ V½ 
0 � a2=3O2
� I½ 
0� a�2=3O2

ð9Þ

with [V]o and [I]o as defect constants denoting the con-
centrations of cation vacancies and cation interstitials,
respectively, normalized to aO2

=1.
Eq. (9), rewritten as shown in Eq. (3), was fitted to the

obtained data for �� as a function of the oxygen activ-
ity. From a non-linear least-squares fit, values for �o and
for the defect constants [V]o and [I]o were extracted. The
values obtained for �o were then used to calculate abso-
lute deviations from stoichiometry, �, which are shown
in Figs. 1 and 2. In addition, S-shaped curves for � as a
function of log aO2

were derived by using Eq. (9) and the
values determined for [V]o and [I]o. At higher oxygen
activities the first term of Eq. (9) and thus cation vacan-
cies dominate the deviation from stoichiometry. At lower
oxygen activities, cation interstitials prevail and the con-
centration of cation vacancies becomes negligible. At the
inflection points of the � vs. log aO2

curves, the spinel has a
stoichiometric composition, i.e. �=0.
For the series (ZnxMn1�xFe2)1��/3O4 the defect con-

stants [V]o and [I]o were shown to vary as a function of
composition, x (Ref. 22); [V]o slightly decreases and [I]o

increases by about two orders of magnitude with
increasing x. This result was surprising since one would
expect that both constants should be independent on x
if Zn2+ substitutes for Mn2+ without changing the
charge state of ions. The observed variations of the
defect constants with x were therefore attributed to
changes in the valence state of ions due to the reaction

Fe2þMe þMn3þMe
�! � Fe3þMe þMn2þMe ð10Þ

which is also coupled to changes in the cation distribution.
In-situ Mössbauer studies on (Mn0.2Fe0.8)3O4 (Ref. 31)
and on quenched samples of MnFe2O4 (Ref. 32) had
shown that the equilibrium reaction (10) is shifted to the
right, suggesting that the majority of the Fe is in the
Fe3+ state and most of the Mn is Mn2+.
Fig. 3. Defect constants as a function of the cationic composition, y, in (Znx�y/4Mn1�x�3y/4Fe2+y)1��/3O4 with x=0.25 at 1200 �C: (a) for cation

vacancies, [V]o, and (b) for cation interstitials [I]o.
Fig. 4. Temperature dependence of defect constants for (Zn0.23Mn0.69Fe2.08)1��/3O4: (a) for cation vacancies, [V]
o, and (b) for cation interstitials, [I]o.
J. Töpfer, R. Dieckmann / Journal of the European Ceramic Society 24 (2004) 603–612 609



In the series (Znx�y/4Mn1�x�3y/4Fe2+y)1��/3O4 with
x=0.25 [V]o slightly increases with increasing y, while
[I]o remains practically constant, see Fig. 3. The first
observation is in agreement with the fact that upon
increasing y the concentration of Fe2+ is increased too.
Thus, the formation of cation vacancies based on the
oxidation of Fe2+ ions, see Eq. (4), is facilitated com-
pared with the situation at y=0.
The sample with y=0.08 was studied in more detail

because its composition is representative for technical
soft ferrite formulations. The variation of the deviation
from stoichiometry � as a function of oxygen activity for
various temperatures is shown in Fig. 2. The basic find-
ings are (i) the maximum oxygen activity at which the
spinel is thermodynamically stable decreases as the
temperature is reduced, (ii) the value of the defect con-
stant for the formation of cation vacancies increases
with decreasing temperature, see Fig. 4a, and (iii) the
value of the defect constant for the formation of cation
interstitials is reduced with decreasing temperature, see
Fig. 4b.
The stability limits of the ferrite with x=0.25 and

y=0.08 are considered in the phase diagram shown in
Fig. 6. Included are the upper and lower stability limits
of the similar ferrite composition Zn0.35Mn0.54Fe2.11O4

14

as well as the upper stability limits determined by Blank
for Zn0.31Mn0.57Fe2.12O4

7 and by Morineau and Paulus8

for Zn0.33Mn0.59Fe2.08O4. The location of the upper
stability limit for Zn0.23Mn0.69Fe2.08O4 was detected in
our thermogravimetric experiments by a large mass
change observed when crossing the oxygen activity of
the phase boundary; this mass change is much larger
than the mass changes (in the mg range) associated with
the change in the deviation from stoichiometry � in the
spinel phase, see Table 1. As an example, for T=1000 �C
and y=0.08, this mass change is plotted in Fig. 5. The
oxygen activities of the upper phase boundary deter-
mined in our experiments are somewhat higher than
those reported in Refs. 7, 8 and 14.
The variation of the defect constants [V]o and [I]o with

temperature, see Fig. 4, corresponds to an Arrhenius-
type temperature dependence. From the slopes in Fig. 4
a and b, the enthalpies of the formation of cation
vacancies and interstitials, respectively, were calculated.
For the formation of cation vacancies an enthalpy
�Hcv=�190�8 kJ/mol results (assuming for the pur-
pose of data fitting a random error of 0.05 in the loga-
rithms of the defect constants in addition to those listed
in Table 2), which is comparable with values of �198
kJ/mol for Fe3��O4 (Ref. 27) and �158�25 kJ/mol for
(Mg0.66Mn0.21Fe2.13)1��/3O4 (Ref. 33). The formation of
cation vacancies is an exothermic process and therefore
is more and more suppressed with increasing tempera-
ture. On the other hand, the enthalpy of cation inter-
stitial formation is �Hci=352�39 kJ/mol. For the
formation of cation interstitials in Fe3��O4 an activa-
Fig. 5. Mass changes observed upon oxygen activity jumps towards

higher oxygen activities for a sample of Zn0.23Mn0.69Fe2.08O4 (sample

mass=475.0 mg). The large step at very high oxygen activities indi-

cates the formation of sesquioxide.
Fig. 6. Stability range of the spinel Zn0.23Mn0.69Fe2.08O4 as a function

of temperature and oxygen activity. Data points from Ref. 14 for the

upper and lower stability limits of Zn0.35Mn0.54Fe2.11O4: open trian-

gles, data points from Ref. 7 for the upper stability limit of

Zn0.31Mn0.57Fe2.12O4: filled stars, data point from Ref. 8 for the upper

stability limit of Zn0.33Mn0.59Fe2.08O4: filled square, �� measured in
this study at 900, 1000, 1100 and 1200 �C and at different oxygen

activities: vertical dotted lines and open circles, oxygen activities

determined in this study for the upper stability limit of the spinel

Zn0.23Mn0.69Fe2.08O4: filled circles, and oxygen activities at which

�=0, i.e. where the composition is exactly Zn0.23Mn0.69Fe2.08O4, cal-

culated with Eq. (11): open stars.
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tion enthalpy of 522 kJ/mol was found27 and for the
(Mg,Mn)-substituted ferrite denoted above a value of
�Hci=416�6 kJ/mol.33 The cation interstitial forma-
tion is endothermic, and therefore the concentration of
interstitials increases with increasing temperature.
Interestingly, for the high temperature phase of haus-
mannite, b-Mn3��O4, the formation of cation vacancies
and of cation interstitials are both endothermic
(�Hcv=114 kJ/mol and �Hci=427 kJ/mol).29 The sign
of the enthalpy of cation vacancy formation seems to be
related to the energetics of the oxidation of Me2+

cations to Me3+ cations. The fact that the cation
vacancy formation in the Mn–Zn ferrite studied here is
exothermic as in the case of magnetite suggests that the
prevailing cation vacancy formation reaction is coupled
to the oxidation of Fe2+ ions to Fe3+ ions.
With the data obtained for [V]o and [I]o as a function

of temperature, the concentration of both majority
defects in (Zn0.23Mn0.69Fe2.08)1��/3O4 can be calculated
as a function of temperature and oxygen activity. This is
especially simple for the stoichiometric composition,
i.e., for �=0. From Eq. (9) it follows for the stoichio-
metric spinel

aO2
ð� ¼ 0Þ ¼

I½ 
o

V½ 
o

� �3=4
ð11Þ

The values calculated for log aO2
(�=0) for the four

temperatures studied are included in the phase diagram
shown in Fig. 6 to distinguish between regions in which
cation vacancies are the predominant defects, i.e. at
aO2

> aO2
(�=0), and regions where cation interstitials

prevail, i.e. at aO2
<aO2

(�=0). From Fig. 6 it follows
that the oxygen activity of the stoichiometric spinel
composition is shifted to lower values if the temperature
is reduced. The oxygen activity at which the spinel is
stoichiometric is given by the equation

log aO2
ð� ¼ 0Þ

¼
�2:09� 0:07ð Þ � 10; 000

T=ðKÞ
þ 10:5� 0:5ð Þ ð12Þ

According to Eq. (12) the stoichiometric spinel
(Zn0.23Mn0.69Fe2.08)O4 is stable at log aO2

=�3.64 at
T=1200 �C. This oxygen activity is considerably smal-
ler than that reported by Tanaka34 for the stoichio-
metric condition at 1200 �C.
The knowledge of the phase stability field of

(Zn0.23Mn0.69Fe2.08)1��/3O4 and of the data for the
deviation from stoichiometry, �, can be used to tailor
routines for the sintering and cooling of such ferrites.
Thus a control of the concentration of majority
defects as well as of the concentration of Fe2+ is pos-
sible. The effect of � and the ferrous iron content on
the magnetic properties of Mn–Zn ferrites will be fur-
ther investigated.
5. Conclusions

The deviation from stoichiometry, �, was measured as
a function of oxygen activity and cationic composition
(x=0.25, y=0–0.10) in (Znx�y/4Mn1�x�3y/yFe2+y)1��/3 O4
at 1200 �C and for y=0.08 at 900 to 1200 �C. S-shaped
curves were observed in plots of � vs. log aO2

. Cation
vacancies were identified as the majority defects at high
oxygen activities, while cation interstitials dominate at
low oxygen activities. The defect constant for cation
vacancies, [V]o, was found to increase with an increasing
excess of iron, y, while the defect constant for cation
interstitials, [I]o, is practically independent of y.
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