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bstract

tructural, electric and magnetic properties of MgGa2−xMnxO4 based spinel type ceramic compounds have been studied. The samples, prepared by
solid state reaction method, were characterized by X-ray diffraction (XRD), temperature dependent resistivity measurements ρ(T) and magnetic
easurements M(T). Mono-phase solid solutions were obtained for all samples in which magnetic ions interact antiferromagnetically at low
emperature. For all samples NTC type behaviour is evidenced. The sensitivity range of these thermistors can be tuned by varying Mn content. The
alues of the effective magnetic momentum (μeff) seem to confirm the well-known electron “hopping” mechanism of electrical conduction, which
s believed to act in this kind of materials.

2007 Published by Elsevier Ltd.
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. Introduction

Ceramic materials showing thermistor type behaviour are
eing used over 15 years in many applications related to
he thermal control or fire detection (thermal sensors).1 For
hese materials the temperature dependence of the resistiv-
ty being characterized by a high thermistor constants β

β = Ea/kB = 2727–4227 ◦C (3000–4500 K), where Ea is the acti-
ation energy and kB is the Boltzmann constant).2

Electrical resistance dependence versus temperature is usu-
lly written as:

T = RTO exp

[
β(TO − T )

TOT

]
(1)

here (RT) is the resistance for an absolute temperature (T),

β) the “beta constant” or “thermistor constant” and RTO is the
esistance at a specified temperature, TO.3

Beside perovskite-type ceramics, as we pointed out
lsewhere,4 the most often used materials for thermistor appli-

∗ Corresponding author at: CRISMAT Laboratory/ENSICAEN, 6 Bd.
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roperties; Thermistors

ations are spinel-like ceramics. Materials from this last system
ay have very attractive B values, have good thermal stability,5

nd may be readily sintered in air atmosphere.6

The electrical conduction in these materials is of hopping
ype and occurs when electrons jump between neighbour ions
f the same type and having different valences.7 The most used
ons to play the described mechanism are the manganese ions.8

In this study, we substitute the gallium by manganese in
gGa2O4 compound, the resulted family of compounds being

enerally described using a formula like: MgGa2−xMnxO4.
The structural and morphological properties together with its

lectrical and magnetic behaviour were studied in order to better
nderstand the effect of the substitution and its consequences on
he electrical conduction mechanisms.

. Experimental

The ceramic phases of MgGa2−xMnxO4 (x = 0, 0.1, 0.25,
.50, 0.75 and 1) were synthesized in air in two steps. Intimate
ixtures of, MgO, Mn2O3 and Ga2O3 (purity > 99.9%), were
eighed in stoichiometric proportions and heated in alumina
rucibles at 1100 ◦C for 24 h. The powders were then manu-
lly ground again, pressed into cylindrical pellets and sintered
n air at 1500 ◦C for 2 h. In order to avoid as possible the man-
anese diffusion at high temperature, platinum supports were

mailto:attila.veres@ensicaen.fr
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We decided to calculate these values for each 100◦ in order
to avoid the effect of nonlinearity of the curves (Fig. 5). β100/200
denotes the thermistor constant calculated on the thermal range
from 100 to 200 ◦C, etc. On the sensitivity regions we have
ig. 1. The TMA analyses of Mg(Ga,Mn)2O4 samples, up 1500 ◦C in air atmo-
phere.

sed during the sintering process. The sintering temperature
as determined using the thermo mechanical analyses (TMA) –
etaram 92 – and it was chosen as the temperature above which
he speed of the shrinkage in the samples decreases (Fig. 1). The
amples were heated and cooled in air by 200 ◦C/h.

For all our analyses the sintered cylindrical pellets were pol-
shed on the opposite sides in order to remove a few microns
ayer of the surface material which may be affected during the
intering process.

The X-ray diffraction (XRD) data have been recorded with a
hilips X’Pert diffractometer (Cu K� radiation). The pellet were
nalysed in bulk format. The diffraction patterns were treated
y profile analysis, based on the Rietveld technique, using the
ANA-2000 refinement program.9

For electrical measurements the disc shaped samples were
ainted on both sides with Pt paste. The platinum painted pel-
ets were then fired for 1 h at 1000 ◦C under air, in order to fix the

etallic electrode to the surface of the discs. The thermistor char-
cteristics, resistance versus temperature [R(T)], were acquired
n the temperature range of room temperature (RT) to 800 ◦C
sing a Princeton Applied Research Potentiostat equipment.

The magnetic properties were investigated using a SQUID
agnetometer (QUANTUM DESIGN) in the temperature range

f −268 ◦C to +77 ◦C (5–350 K). The measurements were per-
ormed in field cooled mode (FC), under a DC magnetic field of
.1 T.

. Results and discussion

After studying the shrinkage versus temperature evolution for
he MMGO family of compounds we decided to sinter all the
amples at 1500 ◦C in order to achieve the maximum densifica-
ion for all our samples (Fig. 1).

The XRD studies confirm the structural similarity between
ll the family members (Fig. 2). The unit cell parameters and
he space group are consistent with the MgGa2O4 spinel type10

ubic structure (Fd-3m-S.G.—No. 227).11 Small shifts in 2θ
aused by the different sizes of the Ga and Mn cations can
e remarked (VIR3+

Ga = 0.62 Å , VIR3+
Mn = 0.65 Å ).12 Thus, the

nit cell parameter, a, evolutes quasi linearly versus substitu-
ion level x, increasing from a = 8.2780(2) to 8.3645(3) Å by the

F
s

Fig. 2. The XRD patterns for MgGa2−xMnxO4 family of compounds.

ncrease of manganese content (Fig. 3). This fact confirms the
olubility of MgMn2O4 in MgGa2O4, the resulting mixture gen-
rating solid solutions up to x = 1. Nevertheless, at this highest
ubstitution level (x = 1), a secondary phase appears (2θ about
3◦) which seems to be MgO—unreacted raw material.

Electrical measurements versus temperature were performed
n the range of room temperature (RT) to 800 ◦C. The DC elec-
rical resistance R was measured and the values were used to
alculate the material resistivity using the formula

= ρl

S
, (2)

here ρ is the resistivity, l and S being the thickness and the side
urface of the pellet, respectively.

Thermistor type behaviour, with negative temperature coef-
cient (NTC), can be clearly remarked for all studied samples
Fig. 4). The value of the resistivity is strongly influenced by the
anganese content.
The thermistor constants, β, were calculated using the for-

ula (1) on different thermal ranges:

= ln RT − ln RTO

1/T − 1/TO
(3)
ig. 3. The lattice parameter, a, evolution vs. Mn content in MgGa2−xMnxO4

olid solutions.
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Fig. 6. The reciprocal magnetic molar susceptibility dependence vs. tempera-
ture for MgGa2−xMnxO4 samples, measured in field cooled mode, under a DC
applied field 1000 Oe. The lines above −173 ◦C (100 K) show the fitted points
using � (T).

Table 1
Some magnetic properties of MgGa2−xMnxO4 samples, measured in 1000 Oe
DC magnetic field

x CM [emu/mol] μeff [�B] ±0.02 Θ [◦C]

0.10 0.34 5.20 −293.0
0.25 0.76 4.92 −308.2
0.50 1.33 4.61 −324.6
0
1

t
e
t
i
e
t
p

ig. 4. Resistivity vs. temperature plots for MgGa2−xMnxO4 samples at differ-
nt levels of substitution by manganese.

btained values of β higher than 5727 ◦C (6000 K) for a wide
ange of temperature, making these materials to be extremely
romising for thermal detection applications.

From molar magnetic susceptibility, χM, versus temperature
lots the effective magnetic moments, μeff, were calculated by
tting the measured data on the paramagnetic region (for tem-
eratures higher than −173 ◦C (100 K)) using a Curie–Weiss
unction like:

M = χO + C

T − Θ
(4)

here χO is the offset due to the sample holder, Θ the Weiss
emperature and C is the Curie constant which was approximate
ith C ≈ 0.1254 × μ2

eff, μeff being the total effective magnetic
omentum per nominal formula.
For a better visual comparison we have plotted the measured

ata and the fitted points of the molar magnetic susceptibility of
ach sample using the inverse values of this versus temperature
Fig. 6).
The calculated values of the effective magnetic moments and
he corresponding Curie molar constants together with the val-
es of the Weiss negative temperatures are shown in Table 1.
he negative values of the Weiss constants allow supposing

ig. 5. The evolution of β parameter (the thermistor constant) calculated on
ifferent thermal ranges for MgGa2−xMnxO4, according to different values of
. RT/100 denotes the thermal range from room temperature to 100 ◦C, etc.
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.75 1.67 4.21 −350.6

.00 2.31 4.29 −352.4

hat magnetic ions (manganese) interact at low temperature by
xchange mechanisms of antiferromagnetic nature. Regarding
he μeff values one can observe a decreasing tendency with the
ncrease of manganese content, x. For the sample with the low-
st Mn content μeff = 5.20 �B. This value seems to be close to
hat corresponding to Mn3+ ions (μ3+

eff Mn = 5.9 �B) however the
resence of Mn2+ ions (μ2+

eff Mn = 5.9 �B) should be supposed.
or the sample with higher content of manganese theμeff tends to
ecrease towards the value corresponding to Mn4+ ions, suggest-
ng an increase of their proportions. This fact allows supposing
he higher the manganese content the higher the Mn3+–Mn4+

umber of pairs. Thus, magnetic measurements seem to confirm
lectrical conduction behaviour of this ceramics.

. Conclusion

NTC type behaviour was revealed for this family of com-
ounds with tunable values of the resistivity for a given
emperature by varying the manganese content.

The high values of the thermistor constant, β, on a wide range
f temperatures make these compounds very promising for NTC
ype, high temperature thermistor applications, with tuneable
ange of sensitivity.
cknowledgement

Authors would like to thank the THERMOCOAX Company
or supporting this research project.



3 an Ce

R

1

876 A. Veres et al. / Journal of the Europe

eferences

1. Feltz, A., Topfer, J. and Schirrmeister, F., Conductivity data and prepara-
tion routes for NiMn2O4 thermistor ceramics. J. Eur. Ceram. Soc., 1992, 9,
187–191.

2. Houivet, D., Bernard, J. and Haussonne, J.-M., High temperature NTC
ceramic resistors (ambient–1000 ◦C). J. Eur. Ceram. Soc., 2004, 24,
1237–1241.

3. Dipika Saha, Das Sharma, A., Sen, A. and Maiti, H. S., Preparation of
bixbyite phase (MnxFe1−x)2O3 for NTC thermistor applications. Mater.
Lett., 2002, 55, 403–406.
4. Veres, A., Noudem, J. G., Fourrez, S. and Bailleul, G., The influence of iron
substitution to manganese on the physical properties of YMnO3. Solid State
Sci., 2006, 8, 137–141.

5. Newnham, R. E., Electroceramics. Rep. Prog. Phys., 1989, 52, 123–
156.

1

1

ramic Society 27 (2007) 3873–3876

6. Keer, H. V., Bodas, M. G., Bhadurit, A. and Biswas, A. B., Electrical and
magnetic properties of the MgMn2O4–MgA12O4 system. J. Phys. D: Appl.
Phys., 1974, 7, 2058–2062.

7. Schmidt, R., Basu, A. and Brinkman, A. W., Production of NTCR thermistor
devices based on NiMn2O4+δ. J. Eur. Ceram. Soc., 2004, 24, 1233–1236.

8. Drouet, C., Alphonse, P. and Rousset, A., Synthesis and characterization
of non-stoichiometric nickel–copper manganites. Solid State Ionics, 1999,
123, 25–37.

9. Petricek, V., Dusek, M. and Palatinus, L., JANA 2000. The Crystallographic
Computing System. Institute of Physics, Praha, Czech Republic, 2000.

0. Kittel, C., Introduction to Solid State Physics. John Wiley & Sons, New

York, 1976.

1. Aren, C. O. and Trobajo-Fernandez, M. C., Cation distribution in
MgxNi1−xGa2O4 oxide spinels. Phys. Status Solidi, 1985, 92, 443–447.

2. Shannon, R. D. and Prewitt, C. T., Effective ionic radii in oxides and fluo-
rides. Acta Cryst., 1969, B25, 925–945.


	The effect of manganese substitution to gallium on the physical properties of MgGa2-xMnxO4 spinel type ceramic thermistors
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgement
	References


