Electrical properties of Mn-Ni-Zn spinel
oxides alloys

D. Katerinopoulou, C. Papakonstantinopoulos, E. C. P. Smits, P.

Zalar, G. H. Gelinck, G. Kiriakidis and E. lliopoulos

(|
i)
0 - | N
({S A

ﬁ-l olst Centre
Open Innovation by imec and TNO




Outline

N
N I
i
e

¢ —TT

2
%EORTH WOCSDICE-EXMATEC, 14 — 17 June 2021 .




Type/Characteristics Active material T range (°C) Sensitivity Accuracy
Thermocouples Dissimilar metals -270 to +2300 ~1-80 pv/°C 0.5-5
RTDs Platinum -200 to +650 ~0.4%/°C 0.001-1
ICs Si/Ge -55 to +150 7.3%/°C (Si) 1
Thermistors Ceramic -50 to +1000 -2%/°C to -6%/°C 0.001-1

Source: J. Am. Ceram. Soc., 92 [5] 967-983 (2009)

Thermistor : Thermal + Resistor
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A complex spinel oxide system
> T (Mn1.71Ni0.45C00.15Cu0.45Zn0.2404)

Understand the transport mechanism of a quaternary system:

Mn—-Zn—-Ni-0O
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Presentation Notes
Taking the advantage of this characteristic and based on a previous project that we work with a complex spinel oxide system. Even though we had high sensitivity and the properties of the composite were similar to the bulk, it was difficult to understand the charge transport mechanism. For this reason we decided to work on a simplier system which consist of Mn-Zn-Ni-O 


2
What is Spinel oxide?

General formula: AB204

a) Normal spinels

e A% =divalent cation Types: (A2+)[B3+]204
e B3*=trivalent cation
b) Inverse spinels

(B3+) [A2+B3+] Oa
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Spinels are any of a class of minerals with general formula of AB2O4 with A and B have +2 and +3 oxidation states, other oxidation states are also possible. Spinels can be categorized into normal and inverse.  
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What is Spinel oxide?

General formula: AB204

a) Normal spinels

e A% =divalent cation Types: (A2+)[B3+]204
e B3*=trivalent cation
b) Inverse spinels

(B3+) [A2+B3+] Oa

Sub Unit Cell -1 Sub Unit Cell -2

0O? ions occupying FCC A?* jons at tetrahedral void B3* ions at octahedral void

lattice points
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They consist of 8 unit cells with two sub unit cells of tetrahedral and octahedral interstices. 
To the normal spinel, all divalent cations occupy the tetrahedral sites and all trivalent the octahedral.



2
What is Spinel oxide?

General formula: AB204

a) Normal spinels

e A% =divalent cation Types: (A2+)[B3+]204
e B3*=trivalent cation
b) Inverse spinels

Conduction is attributed to the mixed valence states of different 5 rena
+ +R3+

cations = electrical properties are affected by cation distribution in (B>*)[A**B>*]O4

tetrahedral & octahedral sites

Sub Unit Cell -1 Sub Unit Cell -2

0O? ions occupying FCC A?* jons at tetrahedral void B3* ions at octahedral void

lattice points
WOCSDICE-EXMATEC, 14 — 17 June 2021 !



Presenter
Presentation Notes
In this class of materials the…


e Crystal structure: Cubic / Tetragonal (Jahn-Teller distortion)

Cubic Tetragonal
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Spinels normally crystallizes in a cubic structure, but it is very often reported and the tetragonal phase…or a transformation from the one phase to the other.
The tetragonal phase is due to the Jahn – teller distortion. The distortion normally takes the form of elongating the bonds to the z-axis.


% Samples preparation

* Mn-based spinel oxides with different compositions.

X 0 0.25 0.5 0.75 1.0 1.25

e C(Classical solid state reaction method, as followed:

2 Sinteri ng >

Diameters: 5x 1 mm

‘ Contacts: Au (both sides)

Side view
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Proceeding to the experimental part, our samples are Mn…..
The fabrication was the classical solid state reaction method with the main steps being as follows: initially…with the last step being the sintering to T > than 1000°C .Two series with the same concentrations prepared and they differ to the cooling procedure. 


Structural characterization

Mn2.5-xZn0.5NixO4

Space
group

X Lattice parameters

1.25 |a=b=c=8.34A Fd-3m
1.0 |a=b=c=8.34A Fd-3m
0.75 |a=b=c=8.35A Fd-3m

0.5 | Mixed phase -
0.25 | Mixed phase -

a=b=5.72A
c=9.26A

0 141/amd

Ref. code: 00-036-0083 (cubic)
Ref. code: 00-024-1133 (tetragonal)

10 20 30 40 50 60 70
2Theta (°)
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Begging with the structural characterization, here is presenting the XRD pattern for the air cooled series. As you can see, for the concentration …..
The calculated lattice parameters are in line with the reported literature.


Electrical characterization

Mn1.5Zn0.5Ni1.004
1.0E-01 1
8.0E-02
6.0E-02

Current (A)

-15
Voltage (V)

Measurements settings:

Set up: oil bath (home made)
Vrange: + 1.2V

T range: RT up to 240°C

15

Mn1.5Zn0.5Ni1.004

R (kQ)
[ 7]

0.1+ 9

0.01 5

300 350 400 450 500
T (Kelvin)

No hysteresis back and front at applied voltages.
Scale with the T.

No deviations upon heating and cooling.
As the T I the Ry, = NTC behavior.
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Moving on to the electrical characterization, here on the top left graph are the I – V characteristics from which we can mention that there is No hysteresis…
From these curves we can plot the R as a function of T and it is apparent that there is a drop of R of about 3 orders of magnitude while increasing T, at the T range of RT up to 240°C indicating an NTC behavior.


Electrical characterization

Mn1.5Zn0.5Ni1.004 Mn1.5Zn0.5Ni1.004

1.0E-Ol- Q?
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9 Mn1.5Zn0.5Ni1.004
8-
Temperature dependence of resistance: ]
Eq |
R = Roe( /kBT) @6
E =5
k—“ = B - material constant .
a i
) Ea =(0.366 + 0.003)eV
For bulk NTCs ceramics: 2000 K < B < 5000 K 34
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2
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Using the classical Arrhenius equation for the Temperature dependence of resistance and by plotting the log scale of R as a function of the reciprocal Temp in absolute values, the bottom right figure, we can extract the activation energy for the conduction.



Electrical characterization

Mn1.5Zn0.5Ni1.004
1.0E-01 -
8.0E-02 -
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Current (A)
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Mn2.5-xZn0.5NixO04
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Consequently the activation energies calculated for all samples and here are the obtained values. It is apparent that for both series, air cooled and quenched there is the same trend with a characteristic drop at concentration 0.5  and a slight increase after that point.


Electrical characterization

Mn1.75Zn0.5Ni0.7504

Non Arrhenius behavior

0.0018 0.0021 0.0024 0.0027 0.0030 0.0033
UT (K™

Small polaron hopping

T

= VRH>0.25<p<0.5
= NNH2>p=a=1

(%)
p(T) = CT%xp| ——
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But if we have a closer look in our data, there are some cases, like the one showing here for Ni=0.75, a deviation from linearity occurs meaning that we have a non-Arrhenius behavior. According to the reported literature, the main transport mechanism for these kind of materials is a polaron hopping which is referred to Variable Range Hopping and Nearest Neighbor Hopping. And here is a general expression for resistivity for both cases. Regarding the p values we can distinguish which type we have each time.


Electrical characterization

Mn1.75Zn0.5Ni0.7504

8 Shklovskii - Efros
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According to Shklovskii and Efros, the p value can be obtained by using this equation. Hence, one can elucidate the hopping motion of the system. Here are our data regarding this equation. As it can be noticed, both air cooled and quenched samples again follow the same trend.


Conclusions

v Ni = 0 tetragonal, Ni 2 1.0 cubic, 0 < Ni < 1.0 mixed phase
v" NTC behavior

v" No hysteresis
v High B Coefficient = high sensitivity

v" Air cooled and quenched same trend

Future plans

e Separation bulk & grain boundaries contribution to the conduction
e Theoretical study (electrons configuration etc.)
e Optical properties (Raman spectroscopy)

* Print on flexible substrates
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