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Abstract

The direct current (dc) resistance versus temperaR#€)(characteristics and the alternating current (ac) impedance of thick screen-printed
films made of ceramic NiMyO,.s thermistor material have been analysed. Electron transport in spinel NTCR thermistors is commonly
described by an Arrhenius hopping modRH¢ T exp(To/T)) for nearest neighbour hopping (NNH) or by different variable range hopping
(VRH) models R~ T exp(To/T)P). In screen-printed films dc conduction was well described by VRH witt0.5, indicating that the shape

of the density of states (DOS) was parabolic. Valuegohnged from 1.9& 10° K to 1.97x 10° K. Impedance spectroscopy was carried out

at a frequency range of 5 Hz—6 MHz betweerr6and 220C. For frequencies below2.7 MHz the complex impedance was well described

by a standard equivalent circuit, based on one parallel resistance—capadr@hetefnent. Plots on the complex plane of the imaginary
versus real parts of the impedan@&-Z’ loci) showed one regular semicircle at each temperature, from which the capacitance and resistance
of theRCelement were determined. The capacitance was found to be in the orderldf1? F at all temperatures, indicating a grain effect.

The ac resistance versus temperature characteristics were in very good agreement with the dc results and followed the same VRH model with
p~ 0.5. At frequencies above 2.7 MHz the impedance could not be described by a stafddednent.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction with decreasing temperature (NTCR) over a wide range of
temperature 150 K-450 K), which makes the compound

NiMn20O4+5 is a strongly correlated system, where the well suited for use as a thermistor material in temperature

crystal structure and the electrical properties are closely sensing applications.

linked! The material has a typical cubic spinel structure The material has been widely used in industry as a tem-

based on an oxygen fcc sublattice, where, in the case ofperature sensor in bulk material, but in this form there are

a regular spinel, the divalent cations are situated on tetra-often problems with poor stability, reproducibility and pores.

hedral and the trivalent cations on octahedral lattice inter- These difficulties can be minimised in polycrystalline films,

stices. NiMnpOg4.4;s is an intermediate type spinel where a which have been produced by screen-printing as described

fraction x of the NP* cations are displaced from the tetra- in a previous publication.In this paper, the temperature de-

hedral to the octahedral sites. A corresponding proportion pendent ac impedance characteristics of screen-printed films

2x of Mn3* cations disproportionate to Mhand Mrf*, and are compared to the dc resistance versus temperatuie (

the Mr?* cations move to the tetrahedral sites to compen- characteristics.

sate Nf* vacancie$. Electron transport is based on ther-

mally activated electron hopping between ¥rand Mrf*

and the resistivity exhibits an uniform exponential increase 2. Electron hopping

) ) ) Electrical conductivity in NiMROg4+; is dependent on the
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E-mail addressrs441@cam.ac.uk (R. Schmidt). percolation threshold parametgy, that includes both spatial

0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2005.03.180



3028 R. Schmidt, A.W. Brinkman / Journal of the European Ceramic Society 25 (2005) 3027-3031

and energy contributiofis Temperature in Kelvin
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whererj ande;j; are the separation in real and energy space LTR \ p=0.49+0.02
of thei andj electron states, respectively aaé a localisa- 28
tion length. The relative magnitudes of the two terms on the Xa\
right hand side of expressidid) determine whether or not 2.7 RV
hopping is constrained to nearest neighbours, and evidently% \
at sufficiently high temperatures it always is. The resistivity ~ 26 BN ia
o is given in the general case by: as p=0.59:0.03 \ .
p = poexpkc) () » \\
wherepg depends on particular physical and material proper- A
ties of the system. In NiM#O4+s a small polaron is associated 2.3 ———— ———
with the electron transfer due to the Jahn—Teller distortion of 500 525 5% 575 600 625 650
the unit cell originating from the M¥ cation and the resis- InT

tivity is then given b9' Fig. 1. InW) vs. In(T) plots, film sintered at 850C for 30 min, HTR and
B 36kg T7T3Dvs5]’_l48r28%a4 expéc) LTR, dc measurements.

®3)

BnE2rte;i . L . .
1hijeu the equivalent circuit is just the series connection ofRAll

components. Individud® andC values can be obtained from
thez’-Z' loci, where ideally a perfect semicircle appears for
eachRCelement. The dimensions of the semicircle allow the
determination oRandC.
We have previously shown that in screen-printed layers
o(T) = CT? exp (TO> P 4) thg grain size distribution was uniform and narr%md the
brick layer model was therefore assumed to be valid here.

nis the Mr#*concentrationE; the deformation energy of the
donor sitePy densitysthe velocity of sound ang x g the
permittivity of the material. Substitution &, rjj andsj; into
expressior(3) gives for variable-range hopping (VRH):

whereC comprises all constant parameters. The inglebe-
pends principally on the shape of the density of states (DOS):
for a uniform DOSp = 1/4, while for a parabolic distribution

of the DOS around the Fermi levgl= 1/2. In the latter case

4. Experimental methods

Tois given by NiMn2QO4+5 starting material for the screen printing was
prepared by co-precipitation of mixed precursor oxalates and
- ©)
0= 4mrereqakp Temperature in Kelvin
where the numerical constafit 3.99 for polaron hopping. ”n 0250K 4000K 2778K 2041K 103K
. 18 .
3. ac impedance spectroscopy
. . . 15 T,=1.9710°+4.510°K

The principles of ac impedance spectroscopy applied to T ]
polycrystalline ceramic materials have been described by —
Irvine et al.% who used a brick layer model to discriminate E 12 /LTR .
and quantify grain, grain boundaries and electrode contribu- £ -’;,
tions to the overall impedance. This model assumes a sim- ¢ | HTR/ i
plified cubic shape of the grains separated by grain bound-
ary areas,_ and thgt the components of t_he_overall |mpeda_nce o T.21.90 10°+ 7.0 10° K ]
due to grains, grain boundaries are qualitatively and quantita-
tively different. If the material is uniform with a sufficiently

3 . —

narrow grain size distribution, and grain, grain boundary and
electrode behave consistently throughout the sample, then
the macroscopic impedance can be interpreted as an aver-
age of the microscopic effectsEach element may be repre- Fig. 2. INR/T) vs. 1T plots, film sintered at 850C for 30 min, HTR and
sented by a single resistance—capacitafg €lement and  LTR, dc measurements.
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Fig. 3. (@)—2Z" vs. Z complex plane locus, 6@C-100°C. (b) —Z” vs. Z' complex plane locus, 12@-160°C. (c) —Z” vs. Z' complex plane locus,
180°C-220°C, ac measurements.

their subsequent firing. A glass phase, organic dispersing Two circular Al contacts were evaporated onto the film
agent and common organic binder and solvents were addedsurfaces and were covered with quick drying silver paint
and thick films ¢~20u.m) printed onto A$O3 substrates fol-  to prevent oxidation. Copper wires were attached with sol-
lowed by sintering for 30 min at 85@. Sample preparation  der and the Ohmic behaviour of the contacts was confirmed.
methods and structural characterisation of the films have beerfTwo point” dc measurements were performed with different
described more fully elsewhefe. systems. For high temperature regime (HTR) measurements
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Fig. 4. RCelement capacitance vs. temperature.
Fig. 5. In(W) vs. In(T) plot for ac data.

(300 K-530K) the samples were placed in a purpose built  For dc measurements the HTR and LTR plots of\hyer-
insulated furnace equipped with a temperature controller sus In{) are given inFig. 1and show thap ~ 0.5, indicating
linked to a thermocouple inside the furnace. Low tem- that transport was by VRH with a parabolic distribution of
perature regime (LTR) characteristics (180 K-300 K) were the DOS. The correspondify-T data was plotted as IR(T)
measured in a standard cryostat connected to an electromversus 17%-° in Fig. 2, appropriate for a VRH model with a
eter and temperature controller. Data was recorded usingparabolic DOS, and th&, values were determined from the
an automated data acquisition system, which ensured com-lopes. _Using Eq(5), the products; x a was calculated to
plete temperature and resistance stability before takRixigy be 3.180-3.53A. Upper limits for the effective Bohr radi,
readings. based on ahard sphere model, have been published by O’'Neill
For ac impedance spectroscopy again two circular AI/Ag and Navrotsky: 0.72A and 0.67A for Mn3* and Mrf*, re-
contacts were used and the samples placed in a PTFEspectively, and imply that the lower limit of the dielectric
purpose-built sample holder equipped with two spring loaded constant should bg > 4.4.
drop-down contacts, designed to minimise the electrode- The ac impedanc&’-Z loci are shown inFig. 3a—c.
sample interface effecfslmpedance spectroscopy was car- Clearly one semicircle occurred at each temperature, but the
ried out in the HTR system over the temperature range of loci were regular only below a frequency limit 62.7 MHz
60°C-220°C in 20°C intervals. Impedance spectra were and have been plotted only in these regions. At higher fre-
taken using a Hewlett/Packard 4192A LF Impedance Anal- quencies th&’—Z’ loci were not consistent anymore with the
yser with computer controlled automated data collection (“In- behaviour expected forRC element.
tegrated Impedance Analyser Programme”, Version #2.6, For the regular semicircles, the capacita@cand resis-
1991), which increased the frequency logarithmically be- tanceRwere calculated from the semicircle dimensions. The
tween 5 Hz and 6 MHz. The alternating test signal (amplitude capacitance was found to be in the range af10-12F at all
3V) was superimposed on a 30 V dc bias voltage in order to temperatures (sefig. 4), which, according to Irvine et &f.,
reduce noise. Parasitic contributions were eliminated by cor- may be associated with a bulk grain effect.
recting the spectra against a previous open circuit calibration  The acR-T characteristics were analysed in the same
measurement. way as the dc, and the correspondingWh(versus In)
plot is shown inFig. 5 Sincep~ 0.5, it is indicated that
the conduction mechanism was VRH with a parabolic DOS,
5. Results and the dc measurements agreed well with the ac data. The
R-T data was again plotted as RIT) versus 1T%-° and the
The dc and aB-T data were analysed following the proce-  slope of the graph lead to a characteristic temperalfyiief
dure described by Shklovskii and Efrb& which the index ~ 1.88x 10°K, which is in excellent agreement with the dc
parametep in (4) is given by the slope of a plot of ) value of 1.90x 10°K.
versus InT) where

W =

1d(np) _ To\? 5 6. Conclusions
Tdr) (T) ©
It was concluded that conduction was uniform across
This is a powerful technique to elucidate the character of the sample, because only one semicircle occurred in the
hopping motion. Z"-Z loci, and the correspondingC element showe®-T
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characteristics identical to the dc variable-range hopping2.
model. The dc characteristics were simply the low frequency

limit of the ac data, and gave a lower limit on the dielectric
constant ok, > 4.4. The VRH model witlp ~ 0.5 suggested

thatin NiMnO4+5 the DOS may be of parabolic shape around 4.

the Fermi-level.
Generally, in terms of their applicability for use as ther-

mistors, screen-printed films seem to offer significant advan- >
tages; conduction appears to be well controlled while the o

technology is suited to low cost volume production.
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