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The resistance versus temperatfe-T) characteristics of NiMsO,,s thermistors have been
analyzed. In the literature, electron transport in manganate spinels is commonly described by a
small-polaron model for nearest neighbor hopping, but variable range hoptd) has not been
considered so far. In this study differentiated T data were analyzed, allowing a clear distinction
between different modes of hopping. In pressed pellets and thick screen printed films conduction
was well described by a VRH model for a parabolic density of states, which was confirmed by
scanning tunneling spectroscopy.2005 American Institute of Physid®OI: 10.1063/1.1866643

- In NiMn 5,0, electron trans_port is thought to be accom- _ 2ry L B 1
plished by small polaron hopping between ¥mand Mrf* éc= a  kgT’ 1)
cations-? where the mixed valence of manganese arises be- o
cause the spinel is not regular but partially inverted. A frac-Wherer;; ande;; are the separation in real and energy space

tion x of the NP* cations are displaced from tetrahedral to ©f thei andj electron states respectiveky is the Boltzmann

octahedral interstices of the oxygen fcc sublattice, a correSOnstant, ana is a localization length that scales the accep-

sponding proportion 2 of Mn®* cations on octahedral sites tor and donor wave functions. The relative magnitudes of the

disproportonate to Mt and rf*, and the MA" cations 0 (ST T8 [ TR T o e ahbors
move to the tetrahedral sites to compensate Macancies. pping g '

. . . " and evidently at sufficiently high temperatures it always is. A
Electrical conductivity in NiMRQOy,, is sensitive to the con- y y g P y

_ general expression for the resistiviiyor all type of hopping
3+ 4+
centration of donor(Mn®*) and acceptoMn**) electron transport can be formulatd@=p, exp(&c)}, wherep, andée

states and therefore also to the inversion parametehich  gepend on particular physical and material properties of the
in turn is dependent on the sintering history of the samplesystem. This can be elaborated for polaron nearest neighbor
Sintering history also affects the oxygen stoichiomefy hopping(NNH) and variable range hoppiry RH) models,
which again changes the MIiiMn** ratio” Such sensitivity ~ which leads to the generalized expression for both cases

to sample history has led to a great variety of resistance

versus temperaturéR—T) characteristics and an equally p(T) = CT ex p(E)p 2
diverse set of modefs® including some that are purely T
empirical. whereC is a constant. In the case of NNkH=p=1 and the

The Jahn—Teller distortion of the Mncations leads t0  characteristic temperatufi is proportional tae;; only, asr;;
the formation of polarons, whereby electrons are thought t§s constant. For VRHx=2p and together withl, depends
be localized(small polaronsdue to the strong ionic charac- principally on the shape of the density of statB©9).2 For
ter of the bonding in spinel crystals. The strong electron yniform DOS(i.e., Mott hopping p:i, for a parabolic

phonon coupling results in highly temperature dependengistribution of the DOS around the Fermi |e\493*%-
phonon assisted Mi/Mn** small polaron hopping, which

also occurs in CMR manganite perovskites although in that screen printed
case supported by double exchange interactions mediated by 1008
the oxygen anion$.This does not occur in the spinel man- ]
ganates and conduction may be understood from a simple Ny
real space picture of localized electrons bound to®Mn i i

Pressed Pellets

states, in contrast to conventional semiconductors where de- @ T
. . . =T

localized electrons are described in momentum spadac- = I

roscopically, Mi*/Mn** hopping of strongly localized elec- 2 ]

trons is a percolation problem with a percolation threshold 0.254 1

parameter ¢ that includes both spatial and energy i

contributiong 0.00 I
with  without 800°C 1000°C 1200'C
glass phase sintering temperature in °C

dauthor to whom correspondence should be addressed; present address:

University of Cambridge, Department of Materials Science and Metal-FIG. 1. Summary diagram gb values for screen-printed films with and
lurgy, Pembroke Street, Cambridge CB2 3QZ, United Kingdom; electronicwithout an added glass phase and pressed pellets sintered at different
mail rs441@cam.ac.uk temperatures.
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Temperature in Kelvin film included an additional glass phase, another set of
})48.8 K 181.3K 2214K 270.4K 330.3K

- T samples was printed without glass. Sample preparation meth-
S ods and structural characterization are described
' p=0632002 elsewheré:®® Results from the differential analysis of the
2.84 R—T data are summarized in Fig. 1 and representatii@/)n
3 ,, | Seemeined vs In(T) plots for each type of sample are shown in Fig. 2. In
£ thick screen-printed filmg values were close to 0.5, imply-
264 ing that conduction was by VRH with a parabolic DOS.
o5 pro4s002 N, Similar, though slightly highep values were found for the
pressed pellets. Figure 3 shows represent®ivé data of a
24+ & o o s pellet sintered at 800 °C and a screen-printed film including

a glass phase, plotted on two different axes.

(1) The In(p) vs 1/T curves are bended uniformly for
FIG. 2. Representative (W) vs In(T) plots for a pressed pellet and a screen- hoth types of sample as confirmed by the good linearity of
pri_nted film. F(_)r clarity, the pellet graph has been displaced up th&)In the differentiated data graphs in Fig. 2. A linear fit was per-
axis by 0.1 units. formed to determine the average characteristic temperature

o T, as shown in Fig. 3, but these values were corrected by

_ The (do) R-T characteristics for pressed pellets andaking into account that the pre-exponential factor is tem-
thick screen printed films were compared by analysis of thgyerature dependent according to E2). Plotting In(p/T) vs
index parameterp. Data were taken in the range of 17 gave 3233 K for the pellet and 3454 K for the film, the
150-500 K using Al contacts, which were evaporated on the, iy ation energies(Ex=kgT,) were 0.28 and 0.30 eV
samples surface and were covered with a silver layer to preréspectively. ATTRIO
vent oxidation. The data were analyzed following a proce- (2) The data were much better described by a plot of
dure described by Shklovskii and Efrdshere it is possible In(p/T) vs 1/T%5 appropriate for VRH with a parabolic

to determinep from the slope of a plot of (W) vs In(T): shape of the DOS. By assuming a DOS of the fagte)
1d(In p) To\P =go-£2, and using the M /Mn** catlion radii from a hard
“Tary - P\T (3)  sphere model as an upper limit far** a lower limit for g,
can be obtained fronT, according to Mansfield.But evi-
This is a powerful technique to elucidate the character oflence from impedance spectroscgpysuggested thata
hopping motion, but it is a differentiation method and is=~0.3 A and an estimated value fg, was obtained. The
therefore sensitive to scatter in the origifd T data. values ofgy, the resistivitypgt at 20 °C andT, for pellets
Source powder from a conventional precursor oxideand films are summarized in Table I.
method was pressed into pellets; starting material used for P values below 1 indicate a change of activation energy
screen printing was prepared by coprecipitation of precursowith temperature, but only if the hopping distancehanges
mixed oxalates and their subsequent firing. Thick filmsas well the situation can be described as VRH. In conven-
(25—30um) were printed onto AIO; substrates; one type of tional semiconductorp values<<1 can be associated with a
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FIG. 3. Plot of In(resistivity) vs 1/T and In(resistivity/T) vs 1/T%®,
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TABLE I. Ty, p, andg, for pellets sintered at different temperatures and films printed with and without glass.

Pressed pellets Printed films
800 °C 900 °C 1000 °C 1100 °C 1200 °C With Without
To/K 2.18x10° 2.25x10° 2.28x10° 2.28x10° 2.20x10° 1.98x10° 2.10x10°
p/Qcm 1.5x10* 1.5x10* 7.0x10° 6.63x10° 3.7x10° 1.6x10° 0.86x10°

goinevi3cm® 35x107 3.2x107° 3.1x107° 3.1x10%° 34x10% 4.7x10%°  4.0x 107

sole change in activation energy, if localized electrons in thevith Hubbard type bands below and above the Fermi level at
band gap are activated from charge carrier traps or dono+0.1 eV within the broad gap, corresponding to ¥and
states of varying energy into the delocalized conductiorMn®* cations, respectively. Thg(e) values determined from
band. This is not a valid approach in NiMD,,; where g, (Table ) at 0.1eV are in the order of~4
electrons are always strongly localized due to the ionic typex 107! eV-1/cm 3, which is two orders of magnitude lower
of crystal bonding, and the variations in activation energythan for crystalline Ge at the conduction band edge. The
lead to a change in the maximum hopping distance as wellubbard bands evolve more clearly at higher temperatures,
and to VRH. The parabolic shape of the DOS in NiMR®  which it is believed to be an artifact of the measurement. The
may arise from electron—electron interactions, but nonuniMn3*/Mn** charge transfer rate rather than the gap between
form crystal strain due to inhomogeneous electron-phonoBample and tip may be limiting the tunneling current at lower
interactions or grain boundary effects may lead to deviationgemperatures as the films exhibited a high dc resistance of
from a strict parabolic relationship and explain the deviations-10° () at room temperature.

of pin the peII_ets. _ o In conclusion, VRH associated with a parabolic DOS
In order to investigate the energy distribution of the DOSappears to be the dominant electron transport process. STS

in NiMnOy,, 5, STS measurements were carried out on thinsuggested that the parabolic shape may arise from Hubbard
(~200 nm films, sputter deposited af100 oriented Si sub-  type bands.

strates. Sample preparation methods and the STS apparatus

setup are described in detail elsewh&& It had been A.B. acknowledges financial support from the Overseas
shown there that the shape of the DOS is parabolic with &esearch Scholarshi©RS scheme and the University of
broad gap, but here more detailed low energy STS results afdurham.

shown in Fig. 4 as a plot of the DOS versus electron energy.
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