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Abstract Monophase cubic spinel-type oxides of
Mn; 5Co 925+ x)Ni(1.25.x)04 ( 0=X<1) were prepared
through the oxidation of specimens sintered at
1400 °C. The oxides with 0<X<0.75 composition are
focused on in this study, as the oxides with 0.75<X<1
composition did not convert into a monophase cubic
spinel structure. The electrical conductivity of the
sintered bodies was confirmed to increase exponen-
tially with increasing temperature. In the composition
range of 0<X<0.75, both the electrical conductivity
and the Seebeck coefficient increased with increasing
X. The oxides with composition between 0<X <0.57
were n-type semiconductors, whereas those with
0.57<X=0.75 were p-type. It was concluded that
electrical conduction in the specimens is controlled
by small polaron hopping.

Introduction

Complex oxides composed of transition metals such as
Mn, Fe, Co, and Ni are widely used as negative
temperature coefficient (NTC) thermistors for temper-
ature measurement and control. In recent years, there

T. Yokoyama (BX<) - T. Meguro - Y. Shimada -

J. Tatami - K. Komeya

Yokohama National University, 79-5 Tokiwadai,
Hodogaya-ku, Yokohama-shi 240-8501, Japan
e-mail: t-yoko@ynu.ac.jp

Y. Abe

Technol Seven Co. Ltd., 25-6 Tobehonmachi, Nishi-ku,
Yokohama-shi 226-0041, Japan

@ Springer

has been extensive research regarding these materials
for the purposes of producing cheap, high quality
thermistors [1-8].

Our laboratory has focused on preparation methods
specific to the Mn—Co-Ni ternary oxide system and
their electrical properties [1, 2, 4, 7-11]. In particular,
the specific composition of the ternary system that
allows for the practical preparation of sintered bodies
with a monophase cubic spinel structure is of particular
interest because of the electrical conduction properties
associated with this structure. The principle in manu-
facturing sintered bodies with a monophase cubic
spinel structure is to oxidize the initial oxides, which
are sintered at 1400 °C in an inert gas. This oxidation
must be conducted in air at temperatures below
1000 °C, where the cubic spinel phase is stable. The
stable phase of the ternary system was previously
examined at temperatures from 700 to 1100 °C to
establish the composition range of the monophase
cubic spinel-type crystals [12]. Using the phase diagram
of 800 °C, the authors have investigated the manufac-
turing of monophase sintered bodies. The region of
cubic spinel-type monophase is enclosed with points of
Mn:Co = 1.25:1.75, Mn:Co = 0:1, Mn:Ni = 2:1, and
Mn:Ni = 1.75:1.25, as is shown in Fig. 1.

So for the sintered bodies composed of Mn(_x,
CorxNi1.x)O4 ( 0=X=1) [2], Mn@5.05xC0oa105x)-
Nin_504 (0§X§1) [4, 7], and Mn(1_5_0'25x)
CoNi(5:025x)04 ( 0=X=1) [8] were fabricated and
their respective electrical properties were examined.
These lines are included in Fig. 1. A series of studies
suggested that the composition dependence of the
electrical properties was based on the ratio of Mn®" to
Mn** ions in the octahedral sites of the spinel structure,
and that the electrical conduction of the oxides was
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Fig. 1 Phase relation in Mn-Co-Ni oxides fired at 800 °C for
3 h. m: Cubic spinel monophase region, ®: Mn ;. x,CoxNi(;-x)04
(0=X<1) [2], @: Mng 5-05x)Cog1+05x)NigsO4 (0SX1) [4, 7],
®: Mn(1.5-0,25X)C0Ni(0.5+0.25,\’)04 (0=X=1) [8], @ Mnys
Co.25+x)Ni(125.304 (0=X=1) (This study)

controlled by a small polaron hopping mechanism. In
the studies on the Mn¢ 5_05x)Co@1405x)NigsO4 [4, 7]
and Mn; 59 25x)CoNi(g5:025x)O4 [8] systems, the elec-
trical conductivity (o) was found to decrease with
increasing X. The current goal of our research is to
map semiconductor properties such as electrical con-
duction, carrier concentration, mobility, activation
energy, the Seebeck coefficient, and so on. These maps
will be of assistance in designing new thermistor
materials corresponding to various needs.

This paper is a part of this investigative program and
focuses on the oxides located on line @ in Fig. 1
expressed as Mn; sCo(o.25.x)Ni(1.25-x)O4 ( 02X =1).

Experimental

Starting materials with the compositions shown in
Table 1 were prepared by mixing Mn, Co, and Ni
nitrates followed by evaporating to dryness. The
mixtures were molded into disks 25 mm in diameter
and 5 mm thick. To prepare sintered bodies with

Table 1 Compositions of specimens

X Mn:Co:Ni

0.00 1.50:0.25:1.25
0.22 1.50:0.47:1.03
0.25 1.50:0.50:1.00
0.28 1.50:0.53:0.97
0.50 1.50:0.75:0.75
0.54 1.50:0.79:0.71
0.57 1.50:0.82:0.68
0.60 1.50:0.85:0.65
0.72 1.50:0.97:0.53
0.75 1.50:1.00:0.50
1.00 1.50:1.25:0.25

monophase cubic spinel structures, these pellets were
heated from room temperature to 1000 °C over 1 h,
further heated to 1400 °C over 1 h, and then held at
this temperature to sinter for 3 h, all in an argon
atmosphere. The sintered specimens were then cooled
to 800 °C, and then exposed to air to oxidize the rock
salt-type oxides. The phases present in the specimens
oxidized at 800 °C for 0, 0.5, 1, 3, 48, and 144 h were
analyzed by X-ray diffraction after quenching in water.
o and the Seebeck potential (Qe) were measured in
argon using a rectangular specimen (3 x 3 x 15 mm)
cut from a sintered pellet consisting of monophase
cubic spinel-type oxides. ¢ was determined by the DC
four-probe method at temperatures ranging from 100
to 300 °C. Qe was measured with a difference of
around 5 °C between the ends of the rectangular
specimen at temperatures from 100 to 300 °C.

Results and discussion
Preparation of monophase cubic spinel oxides

Figures 2a and b show the X-ray diffraction patterns of
specimens with X = 0.75 and X = 1, which were both
oxidized at 800 °C for 48 and 144 h. In the X = 0.75
specimen, the 48 h oxidation profile indicated a
monophase cubic spinel-type structure, as shown in
Fig. 2a. Other specimens with between X = 0 and 0.72
were also confirmed to have perfectly converted into
cubic spinel structure during the 48 h oxidation.

® o .
2000cps O : Cubic spinel
X=0.75 A : Tetragonal spinel
800°C, 48h
o) T o o ©
2 @]
= @) J o)
2l )L U1 %) joo%
2| m z
1000cps
X =1.00 O\
800°C, 144h § A N
2,0 A A e
A o oA A
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LA A9 8 0%
20 40 60 80

260 (Cu, Kov) / degree

Fig. 2 X-ray diffraction patterns of specimens with X = 0.75 and
X =1 which were oxidized at 800 °C after firing at 1400 °C. (a)
X=075,b)X=1
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However, the profile of the specimen with X =1
showed peaks based on a tetragonal spinel structure in
addition to a cubic spinel structure. The extension of
the heating from 48 h to 144 h had no effect on the
tetragonal spinel peaks, as is clear in Fig. 2b. Although
Fig. 1 shows that the composition of X =1 is in cubic
spinel region, the sintered specimen is out of the
monophase. The reason for this difference may be due
to the difference in heating history. The experiment
was performed under condition that starting oxides
obtained by the thermal decomposition of starting
materials were heated directly to 800 °C and then
quenched after 3 h through soaking. Thus the speci-
men with X =1 was omitted in this experiments
without follow-up research. Since the sintered bodies
had more or less cracks when they were quenched into
water, the specimens gradually cooled to room tem-
perature after oxidizing at 800 °C for oxidation were
used for measurements of lattice constants and elec-
trical properties. These specimens were confirmed to
have monophase cubic spinel structure as well as those
specimens quenched into water.

Figure 3 illustrates the change in the lattice constant
as a function of X. In the region 0<X<0.25, the lattice
constant decreases with increasing X. In the region
0.255X<=0.75, it increases gradually with increasing X.
The slope changes at the point X = 0.25, indicating a
transformation of the substitution mode in the cation
distribution. The cation distribution of Mn; sCoNiy 504
(X =0.75) was estimated using Eq. 1 in our previous

paper [2].

(COéEgMH%fQ) [Niég COS.EZMHS%MHB‘E] 0421_ (1)
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Fig. 3 Lattice constants as a function of X in Mn;sCo2s.x)
Ni(25.x)04
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Here, ( ) represents a tetrahedral site, and [ ] an
octahedral site. Equation 1 shows that Mn*" and Co**
occupy the tetrahedral sites and that Ni**, Mn**
Mn**, and Co®* occupy the octahedral sites. However,
the distribution of the compositions, with the excep-
tion of X = 0.75, are not yet understood. Therefore,
we cannot discuss at present the relationship between
the change in lattice constant and the substitution
mode.

Composition dependence of electrical conductivity
and Seebeck coefficient

Figure 4 shows the relationship between ¢ and tem-
perature. ¢ increases exponentially with increasing
temperature, which indicates that these oxides have
intrinsic NTC thermistor characteristics. Figure 5 is a
plot of ¢ as a function of X, which clearly shows that ¢
increases with increasing X.

To investigate the composition dependence of o, the
B values, which are used to evaluate the characteristics
of a thermistor, were calculated from the results of &
using Eq. 2:

O'gZGleXp{(l/Tl—l/Tg)} (2)

Here, ¢; and o, are ¢ values at temperatures of 7}
and 75, respectively, and B is called the thermistor
constant (apparent activation energy of ¢) [13, 14]. In
this calculation, 7, and T, were selected as 473.15 K
and 573.15 K. Figure 6 demonstrates the composition
dependence of the B value. It is found that the B
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Fig. 4 Temperature dependence of electrical conductivity of
specimens with various compositions
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Fig. 5 Electrical conductivity as a function of X in Mn; s
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Fig. 6 Changes in thermistor constant, B value, as a function of
X in Mny 5C0o(025:x)Ni(1.25.x)O4

value decreases with increasing X, as shown by the
three straight lines with two turning points at
X =025 and 0.57. These turning points will be
discussed later.

Figure 7 demonstrates the composition dependence
of the Seebeck coefficient (QOs) of each sintered body,
which was estimated at various temperatures. Qs is
recognized to be independent of temperature, and
increases with increasing X in the region
0.25£X<0.75, whereas the composition dependence
is small in the region 0<X<0.25. The composition at
X =0.25 agrees well with the composition at the

Mn**<Mn**
n-type

Mn**>Mn**
p-type

50

o
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h
(e}

1 1
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Xin Mnl.5C0(0.25+X)Ni(l.25—X)O4

Fig. 7 Seebeck coefficient as a function of X in Mn; 5Coo25.x)
Ni(j25.x)O4 at various temperatures

turning point shown in Fig. 3 and Fig. 6. The change
at X = 0.25 is related to the substitution mode of
cations in the octahedral sites. The specimens in the
region of 0<X<0.57 are considered to be n-type
semiconductors based on negative (s values, com-
pared with positive Qs p-type semiconductors in other
regions.

It was concluded in a previous paper [2] that the
electrical conduction of Mn; sCoNiysO4 (X = 0.75) is
due to small polaron hopping. The cation distribution
in Eq. 1 shows that hopping occurs between Mn** and
Mn** [2, 15], assuming the valence numbers of the
other cations in the octahedral sites such as Ni** and
Co’* are fixed [2]. The cation distributions of other
specimens were not estimated. However, it is specu-
lated that the conduction of these other specimens is
the same as that of the specimen with X = 0.75. In the
region 0<X <0.57, Qs is negative, indicating that the
carriers in the oxides are electrons, as the amount of
Mn?* is less than that of Mn*" in the octahedral sites.
In the region 0.57 <X<0.75, Qs is positive, indicating
that the carriers of the oxides are holes because Mn>* is
larger than Mn*" in the octahedral sites. The compo-
sition at X = 0.57 agrees well with the composition at
the turning point shown in Fig. 6. A change in the
substitution mode can be ruled out because the change
in the lattice constant is continuous in the region
0.25£X<0.75. The turning point at X = 0.57 seen in
Fig. 6 is thought to correspond to the carrier Mn**
changing to Mn**.
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Composition dependence of carrier concentration
and mobility

The carrier concentration (n) can be calculated using
Egs. 3 and 4.

| Os| = (kle){ In(Nv/n) + o} (3)

Nv = 16/a® (4)

Here, k is Boltzmann’s constant, e is the electric
charge, Nv is the density of states in the valence band,
o is a constant depending on the dominant scattering
mechanism (« was neglected for this calculation), a is
the lattice constant, and 16 is the number of octahe-
dral sites in a unit cell. The composition dependence
of n measured at various temperatures is shown in
Fig. 8. n seems to be independent of temperature,
indicating that the electrical conduction is due to small
polaron hopping. n appears to be almost constant in
the region 0<X<=0.25, and increases rapidly with
increasing X in the region 0.255X<0.57. In the
region 0.57<X<=Z0.75, n decreases suddenly with
increasing X. The point at X = 0.57 is the maximum
in the specimens, which implies that the ratio Mn>*/
Mn** is near unity.
The mobility (u) was calculated from Eq. 5.

g = nep (5)
Figure 9 illustrates the temperature dependence of p.

It increases exponentially with increasing temperature.
The composition dependence of p was examined base

Carrier concentration / 102m™

1 1
0.00 0.25 0.50 0.75
Xin Mn, 5C0g 25, Ni(1.25.%04

Fig. 8 Carrier concentration as a function of X in

Mn; 5Co0.25+x)Ni(1.25-x)O04
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Fig. 9 Temperature dependence of mobility of specimens

on the data in Fig. 9. As shown in Fig. 10, u of the
specimen with X = 0.25 is slightly higher compared
with X = 0, decreases in the direction of X = 0.57, and
increases with increasing X beyond X = 0.57.

To investigate the composition dependence of o
shown in Fig. 5, the relationship between n and u at
300 °C was plotted. The results are shown in Fig. 11.
Comparing Fig. 5 with Fig. 11 reveals that the increase
in ¢ is small, as the values of n and p of specimens in
the range 0<X<0.25 are also small. In the region
0.255X<0.57, o increases with increasing n under the
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Fig. 10 Mobility as a function of X in Mn; 5C0(0.25+x)Ni(1.25-x)O4
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Fig. 11 Relationship between carrier concentration and mobility
evaluated at 300 °C

condition where almost no change of y occurs. In the
region 0.57<X<0.75, ¢ increases with increasing p.

In general, it is known that the conduction is due to
a small polaron hopping mechanism in the case where
u, having less than 10°m?s! V!, tends to increase
with increasing temperature [16-21]. Given that the
specimens fabricated in this study also satisfy these
conditions, it is concluded that the electrical conduc-
tion observed in this study is the result of this hopping
mechanism as well.

The relationship between u and the absolute tem-
perature (7)) was examined to investigate the conduc-
tion mechanism in Mn; sCo(25.x)Ni(125.x)0s (0=X
<0.75). Generally, it is expressed by Eq. 6 [16].

uT = (ed*vy/K)exp(—Eu/kT) (6)

Here, d is the jump distance for charge carriers, v, is
the charge carrier jump frequency, and Eu is the
activation energy of p. Equation 6 indicates that the
plots of logarithmic u7 against reciprocal T present a
linear relationship with a slope equal to the value of
Ep. These plots are shown in Fig. 12. The calculated
values of Ey were found to be in the range from 0.33 to
0.36 eV. These values support the above argument, as
past research has indicated Ep is in the range of 0.1 to
0.5 eV [22].

To clarify the composition dependence of p, the
relationships between p with d and v, as evaluated
using Eq. 6 were examined. d* values in the specimens
with  0SX<0.75 were calculated to be between
8.70 x 10° nm? and 8.73 x 10% nm? suggesting that

ln(/.l T/mz- Ke.s! .V-I)

-16 1 1 1 1 1
1.8 2.0 22 24 2.6

T-1/10°K!

Fig. 12 Plots of In(u7) as a function of reciprocal T

0.00 0.25 0.50 0.75
Xin Mnl.SCO(O.25+X)Ni(1.25-X)O4

Fig. 13 Charge carrier jump frequency as a function of X in
Mn; 5Co(0.25+x)Ni(1.25-x)04

they are almost constant. Figure 13 illustrates the
composition dependence of v, calculated using Eq. 6.
Jonker and Houten discussed on the semiconductor
characteristics of several oxides and reported that v, is
in the range from 10'" to 10" s™ [16]. In this study, the
values of v, are found to be in the order of 10?5,
which is in agreement with their values. In the region
0<X<0.57, v, decreases gradually with increasing X,
and increases rapidly with increasing X in the region
0.57<X<=0.75. The composition at X = 0.57 is in good
agreement with the composition at the turning points
seen in Figs. 6, 8, 10, and 11. It is believed that the
increase in vo corresponds to the increase in p.
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The 3d orbitals of Mn** have four electrons. The
three electrons occupy the energy level of t,, and one
electron occupies e,. The 3d orbitals of Mn** have
three electrons, and these electrons occupy only the
energy level of t,,. The e, electron of Mn’" is easy to
be excited and more mobile than the t,, electrons of
Mn**. When the concentration of Mn>" in the octahe-
dral sites is high, v, is expected to be also high.
Practically v, increases above X =0.57, which is
compatible to the estimated cation distribution (Eq. 1)
implying that the content of Mn>* is higher than that of
Mn** for the composition of X = 0.75. Here X is
supposed to be expanded to the region of
0.57<X<0.75, because the Qs values are positive.
However, the reason why v, steeply increases toward
0.75 is obscure. To clarify this phenomenon, informa-
tion of exact cation distributions and further discussion
are required.

Conclusion

In this paper, the preparation and electrical properties of
sintered bodies consisting of a monophase cubic spinel-
type oxide, Mn1_5Co(0,25+X)Ni(1A25_X)O4 ( 0§X§1), were
investigated. The conclusions of this study can be
summarized as follows.

1. In the region 0=<X<=0.75, the sintered bodies
manufactured at 1400 °C were completely con-
verted to monophase cubic spinel-type oxides by
heat treatment at 800 °C for 48 h in air. However,
the conversion of the oxides with 0.75 <X <1 was
incomplete even though they were heat-treated for
more than 144 h.

2. The electrical conductivity (¢) increased exponen-
tially with increasing temperature, indicating that
these oxides have intrinsic NTC thermistor char-
acteristics. ¢ increased with increasing Co concen-
tration with a constant Mn concentration.

3. The oxides with 0<X <0.57 were n-type semicon-
ductors, whereas those with 0.57 <X<0.75 were

@ Springer

p-type. This change is likely associated with the

ratio of Mn** to Mn** ions in the octahedral sites.
4. The electrical conduction of the oxides is con-

trolled by the small polaron hopping mechanism.
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