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Thermally-induced electronic relaxation in structurally-modified Cug;NiggCog2Mn; 904 spinel ceramics
is shown to be adequately described by stretched exponential function on time. This kinetics is defined
by microsctructure perfectness of the relaxing media, showing obvious onset to stretched exponential
behaviour with non-exponentionality index attaining close to 0.43 values for high-monolith ceramics
and smaller ones in fine-grained ceramics. Percolation threshold in relaxation-degradation kinetics is
detected for ceramics with 10% of NiO extractions, showing the smallest but most prolonged single-path
degradation effect. This finding is treated in terms of Phillips’ axiomatic diffusion-to-trap model, where
only one of two relaxation channels (caused by operative short-range forces) occurs to be effective, while
additional non-operative channels contribute to electronic relaxation in fine-grained ceramics.

© 2014 Published by Elsevier B.V.

1. Introduction

Structural-relaxation effects in disordered solids are known to
obey character stretched exponential kinetics in the form of ~exp
[—(t/T)ﬁ] with dimensionless stretching exponent or non-ex-
ponentionality index 0 < f# < 1. Such stretched exponential relaxa-
tion (SER) is under tight attention of materials scientists for a long
time, since 1854, the time when Rudolf Hermann Arndt Kohl-
rausch first observed this law in discharging of Leiden jar [1,2].
Further, in 1863, Friedrich Wilhelm Georg Kohlrausch (the son of
Rudolf Kohlrausch) shown that mechanical relaxation is also
governed by this kinetics [3]. The SER was rediscovered nearly a
century ago, in 1970, by Williams and Watts [4], who used this
functional dependence to describe the relaxation kinetics in
polymers. So sometimes this type of kinetics is named as Wil-
liams-Watts (WW) or Kohlrausch-Williams-Watts (KWW) func-
tion. In 1984, Chamberlin et al. [5] were the first who introduced
the term “SER” for the Kohlrausch law, which has been remaining
valid for now.

During last decades there were numerous attempts to explain
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possible microscopic origin of SER in different disordered media.
One of the first detailed analyses of such microscopic models was
given by Klafter et al. in 1986 [6]. In general, these models can be
divided on three groups including defect-transfer, hierarchically
constrained dynamics and defect-diffusion models.

Defect-transfer model originates from known work of Forster
on excitation transfer from donor to static defects [7]. The SER
decay in this model was explained as a result of parallel relaxa-
tions and hierarchy of distances or, equivalently, the hierarchy of
transition rates, leading finally to the weight factor for defect po-
sitions and transition rates. This model allowed also the transfer to
fractal self-similar structures by introducing fractal dimension
instead of a Cartesian one [8].

In 1984, Palmer et al. [9] put forward the model of hier-
archically constrained dynamics to explain serial arrangement of
elementary relaxation events. The relaxation was imagined to
occur in stages with subordinated time scales, the hierarchy of
relaxation times being introduced due to constraint imposed by
faster degree of freedom before slower can relax (this led in final
to the weight factor for relaxation times).

Defect-diffusion model was introduced as an extension on the
concept that migrating defects may trigger the relaxation of frozen
dipoles in amorphous solids as it was first stated by Glarum in
1960 [10]. By introducing the mean number of distinct sites S(t)
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visited by random walker on a lattice, it was shown that this
parameter for regular lattices is proportional to t'/? in D=1 di-
mension, to t/Int in D=2 dimensions and to t in D=3 dimensions
[6]. So in the case of D=2, the relaxation occurs to be stretched
exponential with non-exponentionality index f=1/2. Further,
Shlesinger and Montroll generalized this approach in 1984 [11],
showing that full range of non-exponentially indexes 0 </ <1 in
the resulting decay function appears owing to the hierarchy of
waiting times for defects hopping in a random environment. Thus,
in fact, the defect-diffusion model contains parallel decay channels
each of them is inherently sequential. This model also allows
transition to fractal self-similar structures owing to corresponding
replacing of D by spectral or fractal dimension d.

Topological development on microscopic origin of SER was
performed at the basis of further extension of above defect-dif-
fusion model as it was done by Lifshitz within his diffusion-to-trap
model [12]. This model describes the density of states of electron
inserted in a large box of constant potential containing randomly
distributed impurities interacting with electron through short-
range repulsive potential [13]. Mathematically, such problem is
equivalent to the Brownian motion of a particle in the same box
with traps or sinks of fixed radius. It is of high importance that
both tasks can be solved exactly via typical stretched exponential
function having non-exponentionality index f=d/(d+2) as in-
herent topologically-dependent parameter defined by the di-
mensionality d of configuration space where the relaxation occurs
[14,15]. By separating intrinsic effects from extrinsic ones (pro-
duced, in part, by different types of surface contacts and structural
inhomogeneities such as aggregated clusters, microscopic and
submicroscopic crystallites, etc.), Phillips concluded that the for-
mer are dominated by two “magic” numbers, ffsg=3/5=0.60 for
relaxation via short-range pathways and fx=3/7=0.43 for re-
laxation via long-range Coulomb forces only [13,16-18].

In the further course, this explanation of the Kohlrausch law
was something confused in part that only short-range arrangement
pathways were shown to be effective in structural relaxation
[6,19]. So the first number of fszr=0.60 simply derived from to-
pological expression f=d[(d+2) by assuming that all relaxation
paths were equivalently effective in d=3 space was ascribed ex-
ceptionally to short-range relaxation channel, while the second
Pr=0.43 was given in terms of fractal interpretation for systems
having both short- and long-range relaxation inputs, but only a
half of which (produced by short-range forces) was efficient in the
target relaxing process [19]. The latter approach seems to be more
comprehensive with respect to eventual origin of relaxation effects
in disordered media. It also remains some possibilities to explain
deviations from above “magic” f values owing to external influ-
ences and microscopic inhomogeneities in glassy systems in the
form of random walks on fractals [20]. Nevertheless the bifurca-
tion of non-exponentionality fractional index f through only one
type of forces which can be effective in relaxation, either long-
(f=0.43) or short-range (/=0.6) ones, are often explored further
to explain kinetics behaviour of structural and stress relaxation in
oxide glasses [21,22].

The assertion on topological origin of stretched exponential
relaxation allows to accept that non-exponentionality index f
cannot be presented only as simple fitting parameter in the re-
laxation kinetics obeying the Kohlrausch low, but rather as
meaningful physical value defining topological specifics of re-
laxation with respect to microscopic channels of relaxation-acting
forces involved [23]. It is of high importance that structural-mi-
croscopic homogeneity of relaxing media is a necessary condition
to observe the bifurcation of stretching exponent /3 between two
“magic” values (0.60 and 0.43). With respect to Phillips's condition
for configuration space in disordered systems where relaxation
occurs [17], it means separation between extrinsic and intrinsic

structural effects, since only the latter are subjected in a strong
sense to relaxation through above magic stretching exponents.
Moreover, sometimes this bifurcation can be detectable experi-
mentally even in the same homogeneous substance such as fu-
sion-drawn oxide glass affected by stress (/=0.60) or structural
(=0.43) relaxation [21]. Nevertheless, the effect of intrinsic and
external inhomogneities on SER behaviour is not studied com-
prehensively up to now. Nothing is known on structural im-
perfections which can deviate the final relaxation kinetics tending
it towards high non-exponentionality (small f values such as 0.1-
0.2) or, otherwise, towards single-exponential kinetics (f=1).

Typically, these microscopically homogeneous disordered
media obeying 0.60-0.43 bifurcation in non-exponentionality in-
dex f# are atomic-continuous electronic and molecular systems like
network glasses, where only few kinds of structural imperfections
such as coordination defects (or local deviations from full satura-
tion of covalent bonding in the form of oppositely-charged atoms)
are possible. The fine-grained ceramics form principally other
group of disordered materials, which possess different types of
atomic filling under the same chemical composition. Being com-
posed from crystalline grains, more or less developed intergranual
boundaries between them and structurally intrinsic pores [24],
these solid media stabilized from high-temperature sintering
evidently demonstrate wide range of atomic packing from loose to
dense one. Such type of ceramics can be well exemplified, in part,
by spinel oxymanganites (Cu,Ni,Co,Mn)30,4 [25-27], which show
unique monolithization tendency in dependence on the amount of
thermal energy transferred to this system during high-tempera-
ture sintering [28]. With this in mind, we shall try to clarify in this
work the role of microstructure-chemical perfectness in the elec-
tronic relaxation kinetics in these ceramics.

2. Experimental

Bulk samples of oxymanganite spinel-type ceramics of nominal
Cug 1Nig gCop>Mn; 904 composition possessing principally differ-
ent microstructural perfectness owing to modified step-wise sin-
tering route as it was described in more details elsewhere [28]
were examined. Five batches of these ceramics were prepared by
varying sintering temperature (from 1040 °C to 1300°C) and
duration (from 60 to 480 min) at nearly the same cooling rate
(~8°C/min). This technological route allows modification of
thermal energy transferred during sintering, which results in a
wide diversity of ceramics perfectness. The latter was evaluated by
amounts of extracted NiO phase (additional to main oxymanganite
phase), which was subjected (under the above sintering condi-
tions) to changes from 1% to 12% [28].

Microstructure of the ceramics along with amount of extracted
additional NiO phase were controlled by X-ray diffraction patterns
recorded at room temperature using HZG-4a powder dif-
fractometer (CuK, and FeK, radiation) [27]. Morphological struc-
ture of the ceramics chips were probed using electron microscope
JSM-6700F (Japan), cross-sections morphology being tested near
surface (0-70 pm depth) and deeply in the ceramics bulk.

The prepared ceramics were subjected to degradation tests
under prolonged storage (aging) at the elevated temperature of
170 °C lasting defined time intervals (within 10 time domains from
24 to 500 h). Thus, only 10 experimental points were detected for
each sample to determine the character of final relaxation kinetics.
The results of aging tests were controlled by relative resistance
drift (RRD) defined as changes in electrical resistance AR/Rg
measured in the normal conditions (near 25 °C and 35% of relative
humidity) using a digital multimeter. The confidence interval in
the RRD measuring error-bar restricted by equipment inaccuracy
was no worse than +0.2%. Additional deviations in some
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experimental points were possible due to faults in exact re-
production of degradation cycles in multiple sample-to-sample
measurements (cooling regime from the temperature of aging
down to the temperature of electrical measurement, influence of
environmental atmosphere and humidity, etc.). Statistical analysis
testified that above factors introduced additional error of about
+0.2% in the measured AR/Ry values. Therefore, the maximal
overall uncertainties in the electrical measurements did not ex-
ceed approximately +(0.4—0.5)%.

With a purpose of adequate mathematical description of the
observed thermally-induced degradation kinetics, the RRD de-
termined by AR/R, values were simulated by SER function:

RRD = a(1 — exp[ - (t/t)"]) (1)

where a stands for amplitude of degradation effect, 7 is effec-
tive time constant and /3 is non-exponentionality fractional index.

The numerical values of different fitting parameters (a, 7 and /)
in this SER function (1) were calculated in such a way to minimize
the mean-square deviations err (goodness of fitting) of experi-
mentally measured AR/R, points from modelling curve. As a re-
sult, under accepted uncertainties in AR/Ry measurements, the
final accuracy in the value of non-exponentionality index f was
+0.05.

3. Result and discussion

Oxymanganospinel Cug;NiggC09>Mn90,4 ceramics are known
to be one of the most perspective materials for device application
as negative temperature coefficient thermistors, temperature
sensors, in-rush current limiters, etc. [25]. That is why the problem
of their functional stability and exploitation reliability is of high
importance.

As a rule, to eliminate parasitic influence of externally-induced
degradation effects in such ceramics, the methods of their che-
mical modification by metallic additives at the initial stages of
technological preparation (sintering) has been widely employed
[29,30]. Acting as unsaturated gates for induced defects, such
metallic additives located near intergranular regions diminish ef-
fects of thermally-activated aging due to more stabilized cationic
distribution within separate ceramics grains. As a result, the che-
mically-modified spinel ceramics show higher stability in com-
parison with non-modified ones.

Principally novel approach to resolve the reliability problem in
spinel-type ceramics was outlined in [31]. In part, the additional
rock-salt NiO phase, which was not introduced as ingredients at
the initial stages of ceramics processing, but only segregated from
Cug1NiggCop>Mn; 904 ceramics during high-temperature sintering
serves as an effective barrier to inhibit further degradation. The
amount of extracted NiO phase occurs a decisive influence on
electronic degradation tendencies in the RRD of these ceramics
[31], caused by thermal storage at the elevated temperatures such
as 170 °C. Thus, chemical inhomogeneities due to extracted NiO
phase allow stabilization effect on electrical resistance, provided

this trend is significantly coupled with optimized inner morphol-
ogy of the ceramics.

It is important to note that different types of these spinel
ceramics including CugNiggCog>Mn; 904 always demonstrate the
SER degradation behaviour obeying kinetics under natural aging or
other external stimuli in strong respect to Eq. (1), which cannot be
substituted by simple single-exponential or bimolecular relaxation
kinetics [32].

The morphological specificity of the studied Cug;NiggCog2
Mn; 904 ceramics showing significant evolution in their grain-pore
microstructure as growing monolithization tendency is well
illustrated in Fig. 1.

Typical samples of spinel ceramics from batch no. 1 (Fig. 1a)
sintetred at 1040 °C are characterized by ultrafine 1-3 pm grains.
Numerous intergranual pores in ceramics body are small enough,
their sizes not exceeding 1-2 pm. White spots attributed in re-
spect to the XRD analysis [27,31] to extractions of rock-salt NiO
phase (about 1%) appear mainly near intergranual boundaries.
Such mictrostructure is known to be caused by minimal level of
thermal energy transferred into ceramics body during sintering
route arranged above characteristic temperature of monophase
CU0V1N10V8C00_2MH1V904 ceramics (920 OC) [28]

The samples of batch no. 2 ceramics (Fig. 1b) sintered at
1200 °C and more than 1.5 times higher thermally-transferred
energy (as compared with batch no. 1 ceramics) have larger se-
parate grains with character ~5-7 pm sizes, some of them
reaching ~10 pm. White NiO film (about 8%) appears in these
ceramics near intergranual boundaries and inner pore surfaces.

In contrast, the grain-pore microstructure of the ceramics from
batch no. 3 (Fig. 1c) sintered at the same maximal temperature
(1200 °C), but under nearly 2.7 times higher thermally-transferred
energy due to more prolonged stages of thermal treatment (with
respect to batch no. 1 ceramics), differs gradually attaining a
character highly-monolithized form. The corresponding chip
structure of these ceramics is more uniform, being characterized
only by some separate ~1-3 pm pores. White NiO film (about 10%
with respect to the amount of main CugNiggCop>Mn;904 phase)
appears as bright layer of approximately ~10 pm in thickness on
the surface of these samples. Reduction in the value of thermally-
transferred energy owing to more shortened stages of thermal
treatment leads to batch no. 4 ceramics, where some relatively
larger pores (near ~3-5 pm) are observed and NiO phase extrac-
tions appear as a uniform layer on a whole ceramics surface (about
12% in a total amount). At the same time, with increased sintering
temperature (1300 °C) and nearly the same duration of thermal
treatment cycles, which is followed by thermally-transferred en-
ergy like in case of batch no. 3 ceramics, the prepared ceramics
(batch no. 5 in Fig. 1e) are distinguished by complete absence of a
characteristic grain structure, these ceramics being intrinsically
monolith with only several pores of ~1-3 pm in sizes and surface-
extracted NiO film in the amount of 12%.

Thus, the grain-pore microstructure of the studied
Cug 1NiggCop>Mn; 904 ceramics demonstrate an obviously chan-
ged monolithization behaviour in the row of sample batches from
fine-grained ceramics (batch nos. 1 and 2) to highly-monolith

Fig. 1. Morphological structure of CugNipgCog,Mn; 904 ceramics of different perfectness defined by amount of extracted NiO phase in the samples from batch no. 1—a (1%

NiO), 2—b (8% NiO), 3—c (10% NiO), 4—d (12% NiO) and 5—e (12% NiO).
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Fig. 2. The RRD (AR/Ro) in Cug1NiggCop2Mn; 904 ceramics of different batches. (a—
batches nos. 1, 5 and b—batches nos. 2, 3, 4) caused by prolonged storage at 170 °C
(the symbols are stand for experimental data and the line represents the SER
modelling curve).

ceramics (batch no. 3) and further to most-monolith ceramics
(batch no. 5), the batch no. 4 ceramics being considered as partial
recovery from monolith towards fine-grained ceramics. In fact, this
microstructure homogenization trend owing to inner ceramics
monolithization is concomitant with chemical inhomogeneity
caused by amount of extracted NiO phase, which grows essentially
from 1% to 12% in the same row of ceramics.

How will these microstructure-chemical homogenization
trends be reflected (if any) in the electronic relaxation caused by
ceramics exposure under elevated temperature of 170 °C?

Kinetic curves illustrating the RRD defined by AR/Ry values in
Cug1Nig gCopMn; 904 ceramics are shown in Fig. 2. The samples of
batch no. 1 having a typical fine-grained inner structure with
minimal amount of extracted NiO phase (near 1%) is characterized
by the greatest value of RRD achieving more than 30%. With in-
crease in the amount of NiO phase and sizes of ceramics grains
(samples of batch no. 2), the saturated RRD value decreased almost
to 4.3%. Further decrease in the RRD can be achieved in highly-
monolith ceramics. Thus, extremely small value of RRD near 2.5%
is character for samples of batch no. 4 (sintered at 1200 °C) having
12% of NiO phase. At the same time, the ceramics of batch no.
5 with the same amount of NiO phase but sintered at higher
1300 °C temperature and, consequently, having more perfect

Table 1
Fitting parameters of SER function (1) describing thermally-induced electronic
degradation kinetics in Cug;NipgCog>Mn;904 ceramics.

Ceramics (NiO content)  (AR/Ro)max (%) err a B T
Batch no. 1 (1% NiO) 325 0123 325 023 05-10
Batch no. 2 (8% NiO) 4.3 0.018 65 039 4414
Batch no. 3 (10% NiO) 4.2 0.001 9.6 043 1766.5
Batch no. 4 (12% NiO) 2.4 0.016 31 046 189.2
Batch no. 5 (12% NiO) 18.9 0232 208 046 655

monolith structure, show sharp increase in the RRD up to 18%. The
analogous effect is character for ceramics of batch no. 3 having
smaller amount of NiO phase (10%) at nearly the same level of
monolithization, where the RRD drops to 4.2%. Thus, chemical in-
homogeneities of the ceramics revealed with extracted NiO phase
will cause a blocking effect on the RRD. In other words, we can
speculated that an optimal ratio of extracted NiO phase and mi-
crostructure monolithization creates an effective channel for
electronic relaxation, which effectively suppress degradation ef-
fects in the ceramics [28,31].

As to kinetics of these relaxation transformations, all they can
be well described by SER function in the form of Eq. (1) with
magnitude a defined mainly by amount of extracted NiO phase
and non-exponentionality index / dependent strongly on grain-
pore morphology of the ceramics (microstructure homogeniza-
tion). The numerical values of fitting parameters and goodness of
fitting (err defined as mean-square deviations between experi-
mental points and the modelling curve) for the studied
Cug 1Nig gCop>Mn; 904 ceramics are gathered in Table 1. A number
of very important correlations is obvious from careful inspection of
these data. Thus, the effective time constant 7 in the SER function
(1) occurs to be inversely related to the RRD magnitude a, so the
quicker relaxation kinetics causes more pronounced degradation
in the electrical resistance. Therefore, both processes (increase in
the degradation magnitude a and reduction in the 7 value) occur to
be governed mainly by amount of NiO extractions in the ceramics.
Some deviations are proper only to batch no. 4 samples, which do
not demonstrate further increase in time constant 7 despite a
decrease. So phase composition of the ceramics is responsible for
rate and magnitude of thermally-induced electronic SER with re-
spect to Eq. (1). At the same time, the fractional exponent /3 did not
reveal any changes, which are in harmony with chemical homo-
geneity of the ceramics. In fine-grained ceramics of batch no. 1,
this parameter was minimal (f/=0.23). Further, it reaches $=0.39
in the batch no. 2 ceramics with increased grain sizes, approaching
the “magic” 0.43 value character for highly-monolith batch no.
3 ceramics. However, it further grows to the same level of 5=0.46
in both most-monolith ceramics from batch no. 5, as well as par-
tially-demonolithized caramics of batch no. 4.

Hence, we conclude that topological appearance of SER with
respect to Phillips' axiomatic diffusion-to-trap model [13,16-18] is
determined mainly by grain-pore morphology of the studied spi-
nel CugNiggCog>Mn; 904 ceramics. The highly-monolith ceramics
reveal strong tendency to SER with #=0.43, which is caused by
competitive input of two channels of short- and long-range re-
laxation-driven forces with an efficient only one of them (the
short-range forces). Such forces can be realized only in dense-
packed atomic networks proper to ceramics affected by strong
space-filling tendencies, when neighbouring separate grains coa-
lescence resulting in disappearing of intergranual pores. In case of
extended pore structure and great enough content of fine grains in
the ceramics, the structural solidity is significantly destroyed,
competitive relaxation channels appearing due to inner multi-
fractal structures. Correspondingly, the non-exponentionality in-
dex S decreases in the high-dispersed ceramics of batches nos.
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1 and 2, as it was in case of similar processes caused by random
walks on fractals [20]. This specificity seems to be responsible for
quite small S values observed in the degradation-relaxation pro-
cesses in other types of fine-grained functional ceramics [30-33].
Therefore, the process of microstructure evolution of the
Cug1NiggCop2Mn; 904 spinel ceramics is governed technologically
through amount of thermal energy transferred during sintering
from high-dispersed porous ceramics revealing small fractional
exponents #=0.1-0.3 to low-dispersed monolith ceramics show-
ing two paths for relaxation with an effective only one of them
caused by short-range forces only (which tends the overall kinetics
to /=0.43). Single path for relaxation through effective short-
range forces is realized due to NiO extraction accompanied by
microstructure monolithization, the percolation threshold being
quite close to ceramics with 10% of NiO. These ceramics sample
demonstrates the minimal RRD under more prolonged relaxation
kinetics with characteristic time constant tending to 7=1766.5 h
(Table 1). Structural inhomogeneities are enhanced in both sides
with respect to this sample. Below the threshold (in fine-grained
ceramics), the competitive relaxation channels are realized due to
inner multi-fractal structures, which decrease relaxation times on
the costs of RRD magnitude. In over-threshold domain (in most-
monolith ceramics), the microstructure perfectness of ceramics is
distorted by inhomogeneities in NiO extractions, which act as
unsaturated drains for defects also reducing relaxation time con-
stants 7 and enhancing magnitude of degradation a. Correspond-
ingly, the err in the fitting procedure attains similar deviations,
being minimal in case of alone path activated for thermally-in-
duced electronic relaxation in batch no. 3 ceramics (Table 1).
Recently, the successful percolation study in a like manner
were performed on many material systems, such as giant metallic
domain evolution in VO, films on TiO, substrate [34], isolated
ferromagnetic domain growth in manganite films upon cooling
[35], or electrical properties of amorphous (Co4sFessZrig)x
(Al;03); _x granular nanocomposites [36]. Direct observation of
percolation threshold in the degradation-relaxation kinetics of
spinel ceramics in this study was possible due to additional
channel, which eliminate structural inhomogeneity of relaxing
media. Without this channel of ceramics monolithization, the ex-
periments on electric relaxation where only NiO variations were
involved would not be so successful. This situation is like to per-
colation threshold in the transition temperature of high-tem-
perature superconductors, the effect which was essentially more
hidden in its occurrence due to sample inhomogeneities [37-40].

4. Conclusions

The character of thermally-induced electronic degradation in
structurally-modified spinel Cug;NiggC0g,Mn 904 ceramics is
defined by microsctructure perfectness of the relaxing media,
showing obvious onset to stretched exponential behaviour with
non-exponentionality index attaining close to 3/7=0.43 values for
high-monolith ceramics. This tendency is explained within Phil-
lips' axiomatic diffusion-to-trap model as activation of only one of
two operative channels effective for relaxation. The percolation
threshold in the observed relaxation-degradation kinetics is de-
tected to be in the ceramics with 10% of NiO extractions, showing
the smallest but most prolonged single-path degradation effect.
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