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Abstract

Ceramic materials based on the ferroelectric com-
pound YMnOj3 have been prepared by solid state
reaction of the corresponding oxides to obtain sin-
terable powders, which were isostatically pressed and
sintered at temperatures ranging from 1350 to 1525°C.
The samples were characterised by X-ray diffraction,
(XRD), scanning electron microscopy, (SEM),
apparent density measurements, and their electrical
properties were established at several temperatures.
The ceramic materials showed a semiconducting
behaviour when they were subject to low electrical
fields. The activation energy of conductivity was cal-
culated for a narrow range of temperatures. Applying
higher electrical fields the ceramics showed non-ohmic
behaviour and switching phenomena from low-to-high
conductivity state with a threshold voltage which
depended on the testing temperature. Values of current
density as high as 80 A/cm? were measured in the high
conductivity state. The process is reversible and the
ceramics returned to low conductivity mode lowering
or leaving the applied field. Analysis of the I-char-
acteristic curves have allowed to advance a model
based on the Poole—Frenkel effect. © 1998 Elsevier
Science Limited. All rights reserved
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1 Introduction

Rare earth perovskites, LnZOs, (Z=Cr, Fe, Co, Mn)
have been studied as potential ceramic electrodes for
use in several applications, such as electrodes for
magnetohydrodynamic (MHD) generation! and
cathode material for solid oxide fuel cell (SOFC)
technologies.”* For this last application particular
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attention has been paid to the lanthanum manga-
nite modified by Sr?>* or Ca?* which exhibits high
electrical conductivity at room temperature. Very
recently great attention is being given to the giant
magnetoresistance effect, which is associated to the
ferromagnetic nature of some manganite per-
ovskites.> However, little has been done about the
effect of high electric fields on the electrical con-
ductivity behaviour of these compounds.

The heavy rare-earth manganites (Ln=Er, Tm,
YD, Lu, and also Y), crystallise with a hexagonal
structure,® show ferroelectric behaviour, with high
T.,” and are p-type semiconductors,® with very low
conductivity values at room temperature. In a pre-
vious work the non-ohmic behaviour of the Er and
Y hexagonal manganites was established on poorly
densified ceramic samples.” A possible mechanism
explaining the nature of the non-ohmic properties
was pointed out. The aim of the present work is to
confirm that hypothesis on well densified and cer-
amically characterised samples of YMnOs.

2 Experimental Procedure

Submicronic powders of the Y,03 and MnO oxides
were used as raw materials for synthesising the
manganite compounds. Stoichiometric amounts
for pure YMnO; were weighted and thoroughly
mixed by wet attrition milling, with isopropyl
alcohol, dried and calcined at 1000°C for 2h. The
calcined cake was remilled by wet attrition. The
YMnOj; powder was studied by DTA and TG for
establishing the O, evolution during the sub-
sequent sintering of the ceramic bodies. The XRD
was used for determining the crystalline structure.
The size of the powder was studied by BET. Iso-
pressed pellets were sintered from 1350 to 1525°C
for several times. The shrinkage behaviour was
followed by dilatometric measurement at CHR in a
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Nertsz relative dilatometer model 402 E/7 from 20
to 1550°C. Apparent densities are measured by
liquid displacement with water as medium. The
final structure was determined by XRD. The lattice
parameters were measured from the patterns. The
microstructure was observed by SEM on polished
and chemically etched surfaces.

From the sintered pellets thick discs were sliced,
the discs were electroded with silver paste which
was subsequently fired at 700°C. The I~V character-
istic curves were established at several temperatures
in an electrical furnace, by means of a shielded cell,
using a DC power source (600V, 5A).

3 Results

BET essays carried out on the attrition-milled syn-
thesised powders gave a value of 2.6m? g~!, which
corresponds to an average particle size of
~0-4 um. Figure 1 shows the results of the DTA
and TG essays on the synthesised powder. It can be
seen the existence of an endothermic peak at
1100°C which corresponds with a weight loss
which is extended until 1200°C, and is not rever-
sible on the cooling step. This weight loss probably
corresponds to the evolution of the O, excess
respect to the stoichiometric value, 3, which was
observed in the DTA analysis carried out on the
oxides mixture (not shown here). Figure 2 shows
the dilatometric curves corresponding to an iso-
pressed compact. It can be seen on the shrinkage
rate curve that the sintering mechanism is complex,
with probably two different steps. The maximum at
700°C is probably caused by elimination of smaller
pores of the green body, with a shrinkage of ~6%.
The maximum at 1200°C seems to be associated with
the oxygen loss, which could cause an increment in
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Fig. 1. DTA and TG curves obtainined on YMnO; powder
previously synthesised at 1000°C.
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Fig. 2. Shrinkage and shrinkage rate curves taken on iso-
pressed pellets from 20 to 1500°C.

the oxygen diffusion rate through the grain
boundary. The third maximum at 1400°C, with a
higher shrinkage rate can be attributed to a volume
diffusion mechanism. Figure 3 depicts the densifi-
cation curves as a function of temperature and
time. The maximum in density is attained at
1500°C during 8 h, in a good concordance with the
results of the dilatometric analysis. The attained
values are relatively high, >98 Dy. The XRD
patterns of the samples showed the existence of the
hexagonal symmetry structure for all the compacts
sintered at different temperatures. The XR-density
was calculated from the lattice parameters mea-
sured on the XRD patterns. The calculated value
was 5-15 gem™3. Figure 4 depicts the SEM micro-
graphs obtained on the polished surfaces. The
thermally etched surfaces showed the presence of
intra and intergranular cracks, whereas the chemi-
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Fig. 3. Relative density curves of samples sintered at different
temperatures and 2 h constant time, and at different times and
1500°C constant temperature.
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Fig. 4. SEM micrographs of (a) sample sintered at 1400°C; (b) at 1450°C; and (c) at 1500°C. The surfaces were chemically etched.
(d) Sample thermally etched showing large intragranular cracks.

cally etched surfaces are free of cracks or showed
only the presence of smaller cracks located pre-
ferentially in the grain boundaries. The grains have
an irregular shape, and the porosity is located both
in the grain boundaries and in the grain interior.
The spherical shape of these pores seems to indi-
cate that their are produced by a gas trapped in the
solid, probably the oxygen released from the O,-
rich YMnO, grains. The crack appearance on the
thermally etched samples, treated with cooling
rates as high as 30°Cmin~—! is probably caused by
the volume change (10%) which takes place during
the phase transition from paraelectric phase to the
ferroelectric one.!?

Figure 5 shows the I-V characteristic curves
taken on a sample sintered at 1450°C 8h, with a
apparent density value of 98% Dy,. The measures
were performed at several temperatures, from 20 to
210°C. It can be seen from the I~} characteristic
curves that for low voltage values the sample
shows a linear behaviour, which changes to a non-
ohmic feature for a voltage which is decreasing

when the temperature raises. Finally, it can be
appreciated a region for which the current rises
strongly whereas the applied voltage is keeping
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Fig. 5. -V characteristic curves taken at different tempera-
tures.
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constant or lowers slightly. It was possible to
determine a threshold voltage, for which the elec-
trical conductivity switches to a high conduction
state. When this high conductivity state is attained,
an incandescent filamentary conduction path is
clearly visible in superficial regions or inside the
ceramic sample (Fig. 6). The ceramic material is
strongly heated for Joule effect. Nevertheless, the
filamentary path formation is a reversible phe-
nomenon, and once that the sample is cooled and
attains the initial testing temperature recover the
same low conductivity behaviour such as that pre-
vious to the switching process. Therefore non per-
manent damage have been observed after a thermal
running caused by the Joule effect. Instantaneous
electrical current with values of current density as
high as 80 Acm~2 have been measured. Figure 7
shows the values of Ln o and Ln oT against 1000/
T. The values of conductivity were evaluated from
the linear region of the I~V curves, taken at low
values of V. From the Ln oT graph, activation
energy value for electrical conduction was calcu-
lated to be 0-36 eV, which is lower than that

A

Fig. 6. Photograph taken on a sample subjected to a high
electrical field, showing the filamentary conduction path.
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Fig. 7. Arrhenius plot of the low-field conductivity as a func-
tion of temperature.

reported by Rao et al® The o, value was
3:00x107® Scm~!. One has also been calculated
the B coefficient, defined from the relation
o(T)= pcexp(B/T),!" where p,, is the resistivity at
very high temperatures. The calculated value for
the YMnO; was B=4400 K.

As can be seen in that figure, there exist a linear
relation between Ln o7 and 1000/T. This relation
is indicating that the YMnO; compound is a nar-
row band semiconductor, whose conduction
mechanism is a thermally activated hopping of
small polarons between localised sites, Mn®*—
Mn**, such as was also indicated by Rao et al.®

The curves representing Ln (I-V'/?) against V1/2,
corresponding to the I and V values taken on the
intermediate non-linear range of the /- curves of
Fig. 5 are represented in Fig. 8. It can be seen that
these curves are straight lines whose slopes have
been calculated. Figure 9 depicts the slopes of the
curves represented in Fig. 8 against to the inverse
of the absolute temperature. It can be seen that a
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Fig. 8. Ix V12 versus V''/? curves for values taken on the non-
ohmic interval of the I~V curves shown in Fig. 5.
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Fig. 10. Threshold voltage (Vy,)'/? against 1/T.

linear relation exists, which allowed to calculate a
new slope value. Finally one must mention that it
have also been possible to observe a decrease of the
threshold voltage when the temperature rises. Fig-
ure 10 depicts the values of thlfz against the inverse
of the absolute temperature. The function is linear
in the measured temperature interval.

4 Discussion

There are some differences been the electrical
parameters, previously established by Rao et al. ®
and the now presented (0200 =8-107> ohm~! cm~!,
E,=0-63 eV, against pyo=7-100% ohm~! cm™!
and E,=0-36 eV, respectively), i.e. the electrical
conductivity is higher and the activation energy is
lower. Electrical parameters given for Rao er al.®
were taken on polycrystalline samples sintered at
1250°C. Ceramic data were no done. During the
present work it was observed very low values of
apparent density for samples sintered below
1350°C. It is possible to assume that the better
semiconducting behaviour here established is con-
sequence of the higher ceramic quality.

The thermistor effect is a phenomenon appearing
in semiconducting materials with NTC behaviour,
(Negative Temperature Coeflicient of the resistivity),
which consists in the occurrence of non-linearity in
the /-V characteristics, as a direct consequence of
sample self heating by Joule effect. The tempera-
ture of the sample is increasing and therefore the
resistivity lowers, inducing a higher value of 7 and
further temperature raising.!' This mechanism
could be the responsible of the observed non-ohmic
behaviour of the YMnO; ceramic samples.

Nevertheless, some features of this behaviour
seem have not explanation only by means of the
single thermistor model. The start of the non-

linearity regime is at a very low current value,
(6-5x10~* A at 60°C). The associated thermal
energy, P(cal)=IxV'x0-24 is also very small (~1072
cal) and probably it cannot induce a temperature
rise in the sample. On the other hand, if is taken
into account the equation which correlates the
maximum voltage before the start of a thermal run
to the geometrical and electrical parameters of a
NTC material:'?

Vinax = A(TO/(B - 2T0))1/2R¥>2

exp{B(B — 2T9)/2To(B — To)} .

where A is a geometrical constant, B the NTC
coefficient and 7 the equilibrium temperature, a
value of 3400V is obtained for 60°C, which is very
higher than the measured value of 64 V (Fig. 5).
Besides that, the non-linear region of the -V
curves can be fitted to an equation which is not
supported for the thermistor model.

There is a wide literature about the switching
phenomena in single oxides of transition metals
from low to high conductivity state. In many cases
that behaviour is associated to the existence of a
metal-semiconductor transition. The switching
mechanisms which govern the transition of low to
high conductivity state in oxide systems are basi-
cally two:

e Release of charge carrier trapped by Schottky-
type potential barrier, which are located
normally in the grain boundaries of semi-
conducting or isolating polycrystalline solids.

e Release of charge carrier trapped on potential
barrier associated to structural Frenkel-type
defects, charged with an opposite sign of that
ones.

In both cases the release of trapped charges is
caused by the lowering of the barrier height
induced by the action of an externally applied
electrical field. Both mechanisms show some simili-
tudes, and the differences are subtle. Thus, the
Schottky potential barrier lowering takes place in
all the possible spatial directions, as determined by
the geometrical semihemisphere centred in the
trapped carrier, and driving for the applied field.
Therefore the probability of escape is the same for
any spatial direction. This is the case of the well-
known ZnO-based ceramic varistors.!3

On the other hand, the barrier lowering on a
Frenkel defect is maximum in a preferential direc-
tion of the surrounding space, whereas in the other
directions the barrier height is being raised, so the
escape probability of a trapped charge carrier is the
maximum one in a preferred direction.
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For a given electrical field E, and assuming the
following conditions: the charge carrier is trapped
newly for the nearest neighbour centre, it exist
donors located in a deeper energy level, and finally,
taking into account the non-extrinsic semi-
conductor nature of the YMnO3; compound, the
Poole-Frenkel model gives a current intensity
value represented by the equation:'#

1=1,(C/2E"?) exp{(1/C)-E'*} (2)

where C = KT/eBpr and Bpr is the Poole—Frenkel
coefficient. Figure 8 shows that there is a good lin-
ear fit on the experimental curves Ln (I-V'/?) ver-
sus V72 for the values taken from the non-linear
interval. On the other hand, the slope of the
straight lines which can be derived of eqn (2) is
1/C = eBpr/KT. Such as it can be observed in
Fig. 9, this relation is accomplished. As a con-
sequence a value of the Poole—Frenkel coefficient
has been calculated, giving to a 3-84x1072 V12
value. The linear relation existing between (Vy,)'/?)
and 1/T is indicating that there is an exponential
dependence of the threshold field and the tempera-
ture. The appearance of a filamentary current path
when the ceramic sample is subjected to a voltage
higher than the threshold one, which is indicating
that there is a certain preferred directions inside the
grains for running the electrical current. That
directions are communicated through the grain
boundaries. Taking into account these facts, along
with the recovery of the low conductivity state
when the electrical field is released, without appar-
ent damage in the ceramic body, (even after several
on—off cycles), one can be assumed that the non-
ohmic region could be governed by a Poole—Fren-
kel mechanism. The trapping centres probably are
caused by the presence at different energy levels of
small amounts of Mn2?" cations, which are located
in lattice sites and associated to negatively charged
oxygen vacancies. These sites could act as potential
wells for the hole carrier of the YMnO; compound.

On the other hand, the very high conductivity
region, far to the threshold voltage cannot be
explained exclusively for that model because of the
carrier concentration attains a very high value.
According to Shin ez al.,' the thermal running
associated to the strong increase of the current
density, along with the semiconductor NTC nature
of the ceramic could contribute, by a feed-back
mechanism to the continuous increase of the cur-
rent intensity.

Nevertheless the above evidences it is necessary a
lot of work for establishing more precisely the
nature of mechanism governing the non-ohmic
behaviour of this compound. At the present time, a
series of essays on samples with different grain sizes

will allow to know if there is some type of con-
tribution corresponding to the grain-boundary-
associated Schoktty barriers to the electronic con-
duction. Besides that, dynamic measurements with
voltage pulses of different time amplitudes are
being conducted for limiting the heating time
caused by the increase of the current through the
non-linear interval of the I~V characteristic curves.

5 Conclusions

The YMnO; compound is a narrow band semi-
conductor with shows a higher electrical con-
ductivity and a lower activation energy for
conduction than those previously reported. For
low electrical fields shows a NTC behaviour with a
high B coefficient, and a good conductivity for
temperatures above the room one.

At high electrical fields it shows a non-linear
behaviour which is no supported exclusively by its
NTC nature. The observed switching phenomena
could be explained by a Poole—Frenkel mechanism
assisted by thermal running current increase in the
field region far to the threshold voltage of switching.
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