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ABSTRACT

The Ni-MgQ composites were prepared by coprecimtation of NiO-MgQO solid solutions and Lheir selective
reduction m a hydrogen atmosphere. We reporl on the measurements of both ac conduclivity o (w, [) and
dielectric constant x* (@, [) for the Ni-MgQ composites in the frequency range from 10 Hz to 10 MHz at room
temperature. The frequency exponents of conductivity and dielectric constant, ¥ and y, are found to be x=093%
0.05 and y=0.05+ 0.01. These resulls are in good agreement with a general scaling relation x+y=1, although
these values are different from the theoretical predictions. The dielectric constant exponent (kec | f—f.|7%)
is found 1o be s=0.62* 0.07 with estimated percolation thresheld £.=0.20% 0.0Z.
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1. Introduction

Since Broadbent and Hammersley” introduced the
term “percolation processes” to describe the flow of
a fluid through a random porous medium (in cantrast
to diffusion processes in which the randomness is as-
sociated with the particles of the flud), percolation
theory has been growing in importance in physics, che-
mustry, and material science. Percolation theory is wi-
dely used to describe a diversity of phenomena, espe-

cially in the field of inhomogeneous matenais. The
field of inhomogemous materials has heen an area of
extensive research in recent years®™” partly as a result
of the inirinsic interest in the subject, and also as the
result of possible technological applications for these
materials. An area of basic interest is the insulator-co-
nductor transition (percolation Lransition), which occurs
in these materials and which resembles a second-order
phase transition. A possible important application to
technology is materials for solar energy collectors.
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The formal resemblance between a percolation iran-
sihon and a second-order phase transition was recogni-
zed by Fortuin and Kasteleyn®. Many physicists® ™
have extended this sinilarity to incorporate the idea
of scaling. According to the scahng hypothesis, certam
properties of a percolaiing system should exhibil a po-
wer-law dependence on [ [—f. [, where f is the volume
fraction of melal in the matenal and f. is the critical
volumen fraction for percolation to occur. In mosi ca-
ses, each power-law is thought fo be universal in the
sense that its exponent depends primarily on the di-
menstonality of the system.

According to the scaling hypothesis, the de electrical
conductivity, ofwm=0, {>{), and the dc dielectric cons-
ltant, x'(w=0, f<[), of the inhomageneous material,

should exhibit a power-law dependence on | f—( |
In ether words
olw=0, {>f)=| -1 | above f, (1)
K'lw=0, t<f)o | f—f | ® below f. ()

The critical exponents (t and s) have been determi-
ned experimentally by many workers>*~ ' By measu-
rement of the electrical conductivity of two-dimensional
screens as sites were removed, Watson and Leath™
reported that the critical exponent t was 138% 0.12,
about a percolation threshold [=0.413% 0.005. In W-
Alz0y granular metal films made by cosputtering the
metal W with the mnsulator Al:(s, Abeles et @l could
show the crilical exponent 1= 1.9+ 0.2 and the percola-
tion threshold £.=047 005 Smith and Lobb' mea-
sured the conductivities of two-dimensional conductor-
insulalor networks generated photolhithographically
from laser speckle patterns. They found the critical
exponent t=1.30 and a percolanom threshold =041
By numerically selving the voltage distributions of la-
rge finite random resistor lattices, Straley™ estimated
the exponents for two- and three-dimensions. For a
two-dimensional gystem, these exponents are known
as 1=12+ 0.1 and s=110%0.15. For a threc-dimen-
sional system, the exponenis were t=175+0.05 and
s=0.6+01. In conducior-insulalor composites consis-
ting of carbon and teflon powder, Song ¢ a2.™ found
the exponents t=1.854+ 0.10 and s=0.68+ 0.05. Accor-
ding to these workers, the exponents for a three-dime-
nsional system are t=18%0.1 and s=0.7x0.1.

Other physical properties of interest are the ac elec-
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trical canduclivity, o(w, ), and the ac dielectric cons-
tani, k'(e, [). It is well known that both the conductivity
and the dieleciric constanl exhibit a power-law beha-
vior near f such thal

alo, £« o near f. (K)]
k'(w, f)o @ ¥ near f. {4y

Bergman and Imry'™ also proved that the critical
exponents, x and y, should satisfy the general scaling
relation

x+y=1Ll {5)

In heterogeneous materials, the frequency depende-
nce of the conductivity and the dielectric conslant in-
volve important contributions from (a} interclusters po-
larization eHects between the metallic grains and (b)
anomalous diffusion processes of electron within each
metallic cluster. There have been extensive theoretical
studies® ™ to delermine the values of x and y [rom
each contributien; however, a unified theory that inclu-
des hath effects is not available.

Following these theoretical approaches, two groups
have measured the critical exponernis, x and y. Laiho-
witz and Gefen®? measured the ac conductivity and
dielectric constanl for thin geld films near f, for ihe
frequency range, 100 Hz<w<20 MHz. For these lwo-
dimensional samples, it was found that =x=0.95% 0.05
and y=013%0.05. These values are in good agree-
ment with the general scaling relation, Le., Equation
(5), but significantly different Irem presenl theoretical
predictions [in twe dimensions, x=y~0.5 from Lhe
intercluster plarization effecl, or x=>033 and y=0.67
{rom the anemalous diffusion proces]. Recently, Song
et al® investigated three-dimensional composites of
amorphous carbon and teflon in the frequency range
from 10 Hz to 13 MHz. The frequency exponents for
these materials were x=0.86x 0.06 and y=0.1240.04.
These values are closer to the predictions of the inter-
cluster polarization model [in three dimenstions, x=
0.72, v=0.28] than these of the anomajous diffusion
model [in three dimensions. x=0.58 and y=042].

In this paper, we report on a measurement of the
ac conductivity and the dielectric constant for Ni-MgO
composites for the frequency from 10 Hz to 10 MHz.
The Ni-MgQ granular metal composites were prepared
by coprecipitation of NiO-MgO solid solutions and their
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preferential reduction i a hydrogen atmosphere,
These composites have a different Lopology from that
of the convenlional granular composites prepared by
vacuumn deposition technigues, and they showed [=
0.20+ 0.02, which 18 much lower than thal of the con-
ventional granular system (f;=0.5). General behaviors
of ac conductivity and dielectric constant for Ni-MgO
camposiles follow qualitatively the predictions of the
present percolation theories. Especially, near the per-
colation threshald, the ac conductivity and the dielect-
ric constant vary as a power of frequency, such as
oo w* and ' w™¥. The values of x and v are eslima-
ted as x=0.98% 0.05 and y=0.00+ 0.01, 1n good agree-
memni with the scaling relation in Equation 5. We also
determined lhe dc dielectric constant exponeni, s, as
s=0.62+ 0.07.

2. Experimental Procedures

A series of Ni-MgQ composites was prepared by
preferential reduction of NiO-MgO solid solutions in
a hydrogen atmosphere. To prepare the NiO-MgO sohd
solutions, preweighed magnesium pitrate hexahydrate
and nickel nitrate hexahydrate were dissolved in dou-
bly distilled waler, By dropwise addition of Lhese mi-
xing nitrale solutions mto potassium carbonate solu-
tions, coprecipitates af magnesium carbonate and nickel
carbonate were obtained. The coprecipitate was then
dried and ground with acetone in a mortar. To remove
volatiles and to initiate solid state reactlon, the coprecr-
pitate was calcined. Phase 1dentification of this calaned
powder by an X-ray diffractometer verified that all
phases belonged ta NiO-MgO solid solutions.

Wafer-shaped pellets of the NiO-MgQO solid selutions
were formed by compressing at 20,000 ps1 in a l-cm
diameter die. These pellets were sintered at 1600%
for one hour to make dense NiO-MgO solid solutions.
To prepare the Ni-MgO composites, the pellets were
fired in a hydrogen atmosphere at 1200C for 2 hours.
The reduction in hydrogen occurs preferentially in the
mckel oxide to make nickel metallic particles. Pure
MgO pellets were also fired under the same conditions
to ensure that no reduction of MgQ cceured. The ex-
tent of NiO was determined by measuring Lhe weight
loss of each sample. The details of these processes
and related measurements will be published elsewhere
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2 The ac conductance and capacilance of the Ni-MgO
composiies were measured usmg a Hewlett-Packard
4192A LF Impedance Analyzer*. This impedance anla-
yzer is designed to measure a wide range of impeda-
nce parameters as well as phase, gain, and group delay.
The frequency range of the instrument is 5 Hz to 13
MHz. The ac conductance and capaciiance, which are
properiianal to the conductivity and dielectric constan,
respectively. were measured simultaneously in the fre-
quency range from 10 Hz to 10 MHz. Data acquislition
was controlled by an IBM personal computer through
the IEEE-488 interfacing system. Since the peak-lo-
peak voltage applied to the samples was small (0.1V),
no destructive elfects werc observed.

In order to obtan accurale measurements of the sa-
mples. both surfaces had 1o be smeoth and flal. The
pellel was ground flat with silicon carbide papers and
polished using 6 pm and 1 pm diamond pasies. In order
to obtain the conductivity and dielectric constant of
the Ni-MgQ composites from the measured data {con-
ductance and capacitance), the thickness and the area
of each sample are needed. These measurements were
made with a micrometer accurate to 0.0025 mm (0.0001
in.). Good electrical contact for the conductance and
capacitance measurements was established by coaling
the palished samples on both sides with a 10004 thick
gold laver. The coalings were made by evaporization
of gold in a belljar system operating at 107,

3. Resulis and Discussion

The microstructures of the Ni-MgQ composites
were examined with scanning electron microscope
(SEM) and with the lransmission electron micros-
cope (TEM). Because of the relatively large size
of the Ni particles in the Ni-MgO composites, SEM
piclures were usually good enough to provide ade-
quate microstructural information. Typical microst-
ructures of the Ni-Mg(O composiles are shown n
Fig. 1. The numbers in parentheses in Fig. 1 give
the extent of NiQ reduction. The size of Ni particles
increased slowly with the volume iraction of Ni
From these SEM micrographs, one surprising resull

*Hewlett Packard Co, Palo Allo, CA.
##Yeeco Instruments Inc, Plamview, NY.
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Fig. 1. Scanning electron nucrographs of fractured surfaces of the Ni-MgO composites at 1200C for 2 hours.
(@) 10v/o (§3.4%), (B) 20 v/o (101.8%), (c) 30v/o (103.7%), and {d) 40 v/o (104.0%).

1s that there is little apparent difference between
the fracture surface of the 40v/o Ni sample and
that of the 10v/o Ni sample. To understand this
result, the SEM photographs of polished surfaces,
shown in Fig. 2. were taken. The SEM photographs
of the polished surfaces clearly show that in the
10 v/o sample, the Ni particels are preferentially
located on the grain boundaries rather than in the
interiors of the MgQ grains. However, as the vo-
lume fraction of Ni increases, the number of Ni
particles on the grain boundaries does not increase
much. but the number of particles inside the grains
increases very sharply, This phenomenon occurs
because the original grains are laced with a fine
pore network caused by the volume change associa-
ted with reduction. The details of the microstruc-
ture of the Ni-MgO composites will be published.

As mentioned in Section II, ac electrical conduc-
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tivity, olm, £), and ac dielectric constant, x'(w, f,
of ihe conductor-insulator materials should exhibit
power-law dependencies on the frequency, w. near
ihe percolation: threshold such that o(w, f)=~ @* and
k(. £)= &Y. The critical exponents, x and v, sati-
sfy the general scaling relation x+v=1. The dc
electrical conductivity, olw=0, £>f.), and dc dielec-
tric constant, '(@=0, f<f), of a percelating system
also exhibit power-law behaviors. On the conducting
side of the transition (f>f), ¢ is proportional lo
| t—f. . On the insulating side (f<f.), x’ is propor-
tional to | {—f, |5 However. there is no general
scaling relation for ihe critical expenents t and s.

The room temperature ac conductivity of the com-
pletely reduced Ni-MgQ composites is plotted on
a logarithmic scale as a function of the applied fre-
quency in Fig. 3. The Ni melal volume fractions,
f, in this graph ranged from 0.07 to 0.26, and inclu-
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G

Fig. 2. Scanning electron micrographs of polished surfaces of the Ni-MgQ composiles at 1200T for 2 hours.
(a) 10v/o (93.4%), (b) 20v/c (101.8%), (c) 30+v/o (103.7%), and {(d) 40 v/c (1040%).

ded the percolation threshold f. The metal volume
fraction has been calculated by two methods for
these samples and both values are given in Figs. 3
and 5. The first value assumes that there is no
porosity in the composites. The second value (in
parentheses) is based upon the measured external
sample dimensions, the weight of the sample, and
the densities of Lhe pure phase. This value represe-
nts the true volume percent Ni in the composites
and takes porosity intc account. Strictly speaking,
the true volume fraction should ke used in conside-
rationg of percolation, However, if the material is
permeated by pores in such a way that parlicles
on the opposite sides of pores have no chance of
making contact and contributing to conductivity, the
pore volume can be omitted from consideration. It
is not clear {from the micrographs that the assump-
tion is valid. Consequently, both values of f are
given, and since the determination of critical expo-
nents does not require the assumgtion, the complex

A 28 7 Al 4 3(1991)
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impedance measurements are analyzed using the
true volume fraction of Ni. For samples with vo-
lume fractions of Ni below the percolation threshold
(ie., f<f), the conductivily was too small to he
measured at the lower freguencies. As shown in
Fig. 3, for these samples, the conductivity increases
linearly with frequency. On the other hand, when
f>f, the conductivity curves are no longer linear
on a log-log plot; however, at high frequencies the
curves become parallel to those for samples having
f<f.. By measuring the slopes at high frequency,
the critical exponent for conductivity was found to
be x=0.98-1 (.05,

The conductivity of Lhe Ni-MgO composites has
very low value even ahove percolation threshold
and increases much more slowly than would be
expected for a perolating system. The TEM microg-
raph, as shown in Fig. 4, indicates that poor contacts
exist hetween Ni particles; these poor contacls may
explain the low conductivity and its slow increase
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Fig, 3. AC conduchivity of the Ni-MgO composites as
a function ot frequency. Volume percentage of
Ni are given assuming zero porosity and taking
all porosity into account, The latler values are
in parentheses and represent irue volume per-
centage.

as f increases. By using the resulls of the ac anduc-
tvity and dielectric constant shown in Fig. 3 and
5 respectively, we estimated the percolation thre-
shold of =020+ 0.02. Since we didn't have data
of conductivity and dielectric constant between f=
0.17 and 0.21, we couldnt obtain accurate value
of f. However, according to other workers'™'®, the
value estimated for the percolation threshold f=
0.20 is reasonable.

The frequency dependence of the conductivity
can he explained in terms of intercluster polariza-
tion effects % and the anomalous diffusion of
electron wnthin the clusters®. The intercluster po-
larization effects can be understood by anailogy to
an equivalent circuit that has capacitance between
clusters of metal particles. If { is much larger than
f, the conductivity is mainly delermined by the
many connected paths through the percolating clus-
lers, and the effect of capacitance between clusters
is minor at low frequencies. Therefore, the coducta-
nce of the sample will not change significantly up
1o a certain frequency at which the contribuiion
of the capacitors hetween the clusters becomes im-
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Fig. 4. Transmission electron mucrograph of 30 v/o M
in 2 MgO sample.

portant. As frequency increases, the displacement
current passing through the capacitors increases,
resulting n increased conductivity of the sample.
Anomalous diffusion of electrons within the clusters
also contributes to the frequency dependence of
the conductivity. The conductivity of most conduc-
tors has a flat response over a wide range of fre-
quency, since eleclrons can move freely over an
arbitrarily large distance n an applied field. Howe-
ver, near the percclation threshold. only a few con-
ducting paths through the percolating clusters are
available, so thal the motion of electrons in the
finite clusters becomes important. Below the perco-
lation threshold, because of the lack of percolating
clusters, the molion of electrons is restricted within
the finite clusters and the polarization between the
clusters will determine the conductivity, Therefore,
the conductivity increases when the frequency inc-
reases.

The room temperature ac dielectric constant of
the Ni-MgQO composties is plotted on a logarithmic
scale as a function of the applied frequency in Fig.
8. Al low frequencies, the dieleclric constant of the
samples above { is high value and decreases as
the applied frequency increases. The high dielectric
constant at low frequencies is due fo the sumn of
the various polarizahility contributions. The beha-
vior decreasing the dielectric constant is due in
part 1o the distribution of relaxation times arising
from the irregular struclure of the Ni-MgO compo-
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Fig. 5. AC dielectric constant of the Ni-Mg0 composi-
tes as a function of frequency. True volume
percent Ni in parentheses.

sites. In the high-frequency region (>10kHz), the
responses of different samples to the input signals
hecome parallel, indicating that they obey the same
power-law hehavior. The critical exponent vy is
found to be 0.05x 0.01 from the slopes of the curves
for samples helow percolation. Fig. 6 showed the
variation of the dielectric constant as a function
of the reduced volume fraclion for five samples be-
low the percolation threshold. The dielectric cons-
tant al 100 Hz was used rather than the dc dielect-
ric constant, since the latter was not available from
these experunents. According to Efros and Shklovs-
kii*®, the ac dielectric constant will follow the same
power-law behavior as the dc dielecirnic constant,
if the applied frequency is low enough. Therefore,
our exponent of dielectric constant, s=0.62+ 0.07
(oMained from the slope of Fig. 6), should he the
same as the critical exponent of the dec dielectric
constant. This value of the exponent is in good ag-
reement with experimental values obtained by Gra-
unan ef ol® (s=0.7310.07), and by Song et al.™®
(s=0.68% 0.05).

Recent percolation studies®™® predict that the
percolation threshold of 2 three-dimensional ran-
dom composite is between 0.15 and 0,20, The value
of the percolation threshold for our samples, f.=
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Fig. 6. Dielectric constant of Ni-Mg( compasites as a
function of | f—£ |

0.20£ 0.02 is in good agreement with such generally
accepted values. Our value is much lower than the
experimental value (f,~ 0.47) for granular metal {i-
Ims studied by Abeles ef @' This lower value
may be due to effecls occurring during preparation
of the films, which produce a higher Ni particle
density in the grain boundaries than inside the
MgO gramns. Qur estimated percolation threshold
13 in excellent agreement with the experimental va-
lue found by Song ef @™, for compacted mixiure
of teflon and carbon powders.

Our experimental values of the critical exponents,
x and y, are now compared with the theoretical
predicitions presently available. Theoretical predic-
tions, hased on the intercluster polarization model,
give x=0.72 and y= 0.28. However, recent calcula-
tions® based on the anaomalous diffusion model
give the valuese x=0.58 and vy~ (042, Our values
x=098+ 0.05 and v=0.05x= 001 are in good agree-
ment with the scaling relation x+v=1(see Egua-
tion 9), although they are significantly different
from either of the theoretical predictions mentioned
above. Our measured values are closer ot those
predicted by the inlercluster polarization model
than those predicted by the anomalous diffusion
model,
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4. Sammary

The ac conductivity and dielectric constant of the
Ni-MgO composites are qualilatively in good apree-
ment with the percolation behavior expected of condu-
ctor-insulator composites. The frequency exponents of
conductivity and dielectric constant, x and y, are found
to be x=0.98+ 0.05 and y=0.05% 0.01. Although each
value is different from the theoretical predictions,
there 1s good agreement with the general scaling rela-
tion x+y=1. The critical exponent in the relationghip
= | f—f 7% {s fond to bee s=0.62+ 007, and the
estimated percolahon threshold is f.=0.20+ 0.02. This
value of the percolation threshold is in good agreement
with that estimated from ihe optical measurements.
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