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Anomalous electrical properties of MnxFe3_X04 
v. A. M. Brabers 
Department of Physics, Eindhoven Universi~)I of Technology, Eindhoven, The Netherlands 

Y. G. Proykova, N. Salerno, and T. E. Whall 
Department of Physics, Portsmouth Polytechnic, Portsmouth, United Kingdom 

Two anomalies are observed in the temperature dependencies of the electrical conductivity and 
the thermoelectric power of ferrimagnetic manganese ferrites: a magnetic anomaly at the Nee! 
temperature which can be explained with a model proposed previously and a second anomaly 
at 620 K which is due to a cation redistribution process. 

The electrical properties of manganese ferrites 
(Mnx Fe1 _ x 0 4) were investigated by a number of authors 
but the basic concept of the conduction process has been 
proposed by Lotgering. j For manganese concentrations low
er than x = 1.0 the conduction is due to the electron ex
change between ferrous and ferric ions on the octahedral 
sites and above x = 1.0 due to the electron exchange between 
Mn2+ and Fe3 + ions on octahedral sites. At temperatures 
between 500 and 1000 K additional nonlinearities are re
ported in the log u-l/Tplot for which no unanimous expla
nation is found in literature. Belov, Popava, and Talalaeva2 

have assumed a band conduction mechanism and attributed 
the anomaly to the magnetic ordering. Rosenberg, Nicholas, 
and Bunget,3 however, have proposed a polaron hopping 
process and have explained the decrease in the activation 
energy in terms of splitting of the energy levels by an ex
change interaction in the ferrimagnetic region. One of the 
present authors4 has suggested that the higher activation en
ergy above the Neel temperature might be due to the cation 
migration between the tetrahedral and octahedral subIat
tices of the spinel. Such a migration has indeed been proved 
to occur at temperatures of 620 K and higher5 and is respon
sible for a thermally activated concentration of octahedral 
Mn2+ ions. These ions act as donor levels for the conductiv
ity in the case of Mn concentrations x> 1.0. Since the Neel 
temperatures of the manganese ferrites are within the same 
temperature range where the ionic migration between the 
spinel sublattices can occur, previous data on the electrical 
conductivity and thermopower do not enable us to decide 
whether there is a magnetic anomaly in the electrical proper
ties or not. In this paper we present additional evidence 
which offers a possible solution to this problem. 

Thermoelectric power and resistivity measurements 
have been carried out on single crystals Mnx Fe3 _ x 0 4 with 
compositions O<x< 1.2. Details of the experimental proce
dures and specimens can be found in Refs. 4-8. 

Previous measurements of resistivity and the thermo
electric power ofnicke1 ferrites NixF3 _x04 have yielded re
sults which are not complicated by cation exchange between 
the sublattices, at least in the temperature range between 300 
and 1000 K, and have therefore enabled ns to conclude that 
the anomalies in p and e are of magnetic origin. We have 
explained these magnetic anomalies in terms of a mean-field 
"two-band" model, in which the electron energy levels are 
split by the internal exchange field below the Nee! tempera
ture. 7 The conductivity can be analyzed using the empirical 

formulau = rT- 3
/

2 exp( - W /kT), where Wisanactiva
tion energy and r a constant. The positive cusp in the 
G(ffT3/2) = d In aT3/2/d( liT) vs Tcurve and the step in 
the (j vs T curve are clear indications of the onset of the 
magnetic disorder in the nickel ferrites. It is also very reveal
ing to analyze the present conductivity data for the manga
nese system in terms of the quantity G(UT3i2) which can be 
calculated from the experimental conductivity data as de
scribed in Ref. 7. In Fig. 1 the quantity G is plotted versus T 
for two compositions Mno.5Fez.504 and Mno.gFez.204 and 
in Fig. 2 the Seebeck coefficient (J is plotted against tempera
ture for various manganese concentrations. The indicated 
Nee1 temperatures T,,, have been determined independently 
by magnetization measurements. For manganese ferrites 
with an excess offerrous ions, x < 1.0, the cation distribution 
can be presented by the formula 

M 2+ F 3 + [M 2 + F 2 + F 3 -+ ] 0 Th n x _ .. y ej._x.!.y ny e1 _ x e l + x y 4' e ex-
change of electrons between octahedral sites is the dominant 
conduction process. 1 For low enough concentration x the 
[Mnl +] donor centers will have little influence on the popu
lation of the conduction electrons, which should be simply 
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FIG. 1. G(OT3/2) = din aT J
/

2/d liT (a-in'o'-' em - I) for Mn,Fc3 ,04 

plotted against temperature, 
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FIG. 2. Thermoelectric power e (flV IKJ forMu,Fe J _, 04 plotted against 
temperature. 

proportionai to (1 - x). This suggests that the anomalies in 
the G( T) and ()( T) curves at T,v are not caused by a tem
perature dependent cation distribution but are directly relat
ed to the magnetic transition. The anomalies in G and () for 
MnxFe3 x04 with x<O.5 are similar to those observed in 
the nickel ferrous ferrite system, i.e., there is a positive cusp 
in G and a step in e. Referring to Fig. 1, we observe that the 
positive cusp in G is quite small and almost suppressed in the 
x = 0.5 sample. This small cusp is superimposed on an over
aU increase in G occurring between, say, 400 and 1000 K, 
which is believed to be due to an increase in disorder due to 
cation (Mn) redistribution and is also due to the percolative 
and polaronic properties of the hopping process. 7 In a recent 
paper7 the magnetic anomalies in nickel ferrite have been 
discussed in terms of a "two-band" model associated with 
magnetically ordered spin up and spin down states. We be
lieve that this model provides a satisfactory description of 
the Mn ferrites with x < 0.5. 

For higher Mn concentrations x > 0.8 the divergences of 
G(uT3/2 ) observed at TN turn out to be negative, in contrast 
to the positive cusp observed in the equivalent concentra
tions of NixFe3x04.7,8 The negative divergence in G for 
MnFez0 4 has been explained8 in terms ofa mean-field model 
which is consistent with a previously proposed "two-band" 
model of the magnetic anomalies in nickel ferrous ferrite and 
in which the [Mn2l 1 donor binding energy is influenced by 
magnetic ordering. Therefore, the presence of a negative di
vergence in G for x = 0.8 (Fig. 2) and x = 0.9 (observed, 
but not shown) suggests that the conduction electrons origi
nating from the donor levels playa surprisingly important 
role in samples of the composition range 0.5 <x < 1.0. 

For manganese concentrations x;;;. 1.0, the electrical 
properties are dominated by the octahedral Mn2 + ions, 
which do not contribute directly to the conduction, but 
which act as donor centers and which provide the electrons 

4391 J. Appl. Phys., Vol. 61, No.8, 15 April 1987 

FIGo 3. Dimensionless thermoelectricpowere8 /k andlnpIT 3i2 , wherepis 
the resistivity in n em of Mn!.o75 Fc!.." 0., plotted against reciprocal tem
perature. 

for the conduction over the Fe levels. \ Since at temperatures 
above 620 K a redistribution of Mn ions among the two 
sublattices in the spinel structure can occur, additional 
anomalous effects are expected to be seen in the temperature 
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FIG. 4. G( aT"12) and elk de IdTplotted against temperature for the speci
men Mn!.o75 Fe!.9"O •. (a) and (b) are the results of the heating run, after 
the quenching of the specimen. (c) and (d) of the cooling run and the fol
lowing cycles. 
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dependence of the electrical properties. To separate the mag
netic anomaly and the effect of the cation redistribution, de
tailed measurements were carried out on a single crystal 
Mnl.075 Fe1.925 0 4 • which was quenched from 800·C to room 
temperature. In Fig. 3 the results are plotted against the reci
procal temperature, and it can be seen that below 620 K 
there is a difference between the heating and cooling run. 
The data of the first cooling run can be reproduced by heat
ing a second time. 

In Fig. 4, plots ofG(aT 3/2
) and (elk)d8 Idtvs Treveal 

the presence of two minima in G and in the d8 I dT curve: one 
at the Nee! temperature and another at a temperature T"d' 
which has to be associated with the cation redistribution. 
The appearence of the second minimum at Ted in the first 
heating run indicates that cation redistribution is the cause 
of this anomaly. In the quenched specimen, an excess of 
manganese ions is frozen on the octahedral sites; these ions 
remigrate partially to the tetrahedral sites when the speci
men is heated near Ted' 5 where the diffusion rate is fast 
enough to achieve thermal equilibrium. During the subse
quent cooling run and the second cycle, the departures from 
the thermal equilibrium are much smaller than those ob
tained during the initial quenching run and therefore the 
minima at T cd will disappear. The small minima at 1~ re-
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main, which proofs that we are dealing with the magnetic 
anomaly. The negative divergence at TN although small 
compared with the cation diffusion anomaly, is consistent 
with the negative cusp found for manganese ferrite with 
O.8<x< 1.0 and can also be described by the previously pro
posed mean-field model for the magnetic anomalies. 7
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