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The dc electrical resistance of carbon-black polymer composites has been studied over a wide temperature
range from 300 to 0.35 K and in high magnetic fields up to 20 T for different carbon concentrations above the
percolation threshold. The temperature dependence of the resistivity of all samples follows a Mott variable-
range-hopping dependence likeotAT " with n>1/2 over the whole temperature range. This temperature
dependence witim>1/2 may be understood on the basis of the superlocalization of electronic states in the
fractal structure of the carbon-black polymer. At high temperatures where the hopping distance is comparable
to the localization length, the magnetoresistance is small and negative, which may be accounted for by the
suppression of quantum interference effects. The large and positive magnetoresistance at low temperatures
where the hopping distance is larger than the localization length may be due to the shrinkage of impurity
orbitals in the magnetic fieldS0163-1827)01002-3

[. INTRODUCTION the transport phenomena in terms of the superlocalization of
the electronic states in the presumably fractal CB polymer,
For understanding of the electrical transport in disorderedind deduced that the wave function of the electronic states at
systems a large variety of phenomena, such as localizatioiie Fermi level decays with distankes exjp—(x/L)‘] where
effects, hopping transport, and percolation, play an importané=1.94 andL is the localization length, instead of purely
role1~3 The occurrence of a certain phenomenon depends o@xponentially ¢=1). However, Aharonyet al® described
the nature and strength of the disorder in the studied systerflese experimental data with the Mott VRH expression in-
Usually, disorder is introduced on a microscopic level eitheicluding a temperature-dependent prefactor and obtained a
by impurity doping or by disrupting the crystalline structure V€'Y large value off ; and a comparatively smaller value of
of the material. Another well-known technique is to make an- They claimed that the transport phenomena in CB poly-
intrinsically insulating material, such as a polymer, conductMers are not different from usual VRH conduction and sug-
ing by incorporating in its matrix a dispersion of macro- gested measurements at temperatures below 4.2 K where a

scopic conducting particles like carbon blat®B) or fine significant difference between the two interpretations would

metallic particleg. These composites show a drastic changebe expected. The smaller value Bf compared to the mea-

in electrical conductivity of many orders of magnitude with sured temperature range also prevents a decisive interpreta-

o . . o ... tion of the experimental f Ref. 6.
the variation of the conducting particle density in the V|C|n|tyto of the experimental data of Ref. 6

f the critical ion. This ai I In order to elucidate the transport mechanism in CB poly-
of the critical concentration. This gives an excellent 0ppor-y o s \ve have measured the resistance and magnetoresistance
tunity to study percolation phenomena in a binary system.

) : ] \ as a function of carbon concentration down to very low tem-
Recently, different groups have investigated the Va”ableperatures.

range-hoppindVRH) phenomenon in carbon-black polymer
composites:® In the conventional VRH theory® the tem-
perature dependence of the resistivity follows an expression
of the form p(T)~exp(y/T)". In three-dimensional3D)
systems such as ours=1/4 and the value of is usually Two batches of CB polymer composites were prepared
large compared to the measured temperature ratmgemany  with two different kinds of CB: Ketjenblack EC 300N and
systems where electron-electron correlation plays an imporf=C 300J from AKZO Chemie Company, Arnhem, The Neth-
tant role, a so-called Coulomb gap opens in the density oérlands. Hereafter, we refer to these two groups of CB poly-
states, anah=1/2 is observed at low temperaturegan der mers as batch | and batch Il, respectively. The conducting
Puttenet al® measured the temperature dependence of the dEB particles contain graphitelike layers of carbon atoms and
conductivity of CB polymers as a function of carbon concen-their radius is about 20—-25 nm. All the samples were pre-
tration in the temperature range 4—300 K and observed VRHpared by the solution technique. In this method, polystyrene
conduction withn~2/3 and a very small value df,~112 K s dissolved in a solver(xylene. A known amount of well-

for all the samples irrespective of carbon concentration andispersed CB is added to the solution and the mixture is
its conductivity. They interpreted this unusual behavior ofstirred by means of a magnetic agitator for more than 24 h in

Il. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES
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FIG. 1. Logarithm of the room-temperature dc conductivitps FIG. 2. The temperature dependence of the resistivity of two
a function of the logarithm of the carbon particle concentration forsamples from batches | and Il, plotted in the formpli)/po] vs
batch | samples. T~ ". n=0.79 forp=0.02 andn=0.65 for p=0.03 samples.

order to obtain a homogeneous distribution of the CB insidéVherepo, To, andn are parameters. The exponenteter-
the polymer matrix. The solution is then deposited on glasénines the nature of the conduction mechanism in the
slides and the solvent is allowed to evaporate very slowly iryStent. In Fig. 2 we have plotted [p(T)/p] versusT " for
a saturated xylene atmosphere. Finally, the samples are cutiy0 samples from batches | and Il to illustrate the tempera-
rectangular form from the films that have a thickness of 0.2ure dependence of the resistivity of our samples. The values
— 0.3 mm. of the parameter$, andn obtained from the best fit using
For the resistance measurements we used samples wiEifl- (1) are presented in Table |. From Table | it is clear that
dimensions of~15x 10 mm?. Four electrical contacts were NneitherT, norn show any variation with the carbon concen-
made by f|X|ng copper wire by means of the Conductingtration. All the Samples of batch | may be fitted well with
carbon-paint Electrodag. Resistance measurements wefe=0.78 andT,=27 K, and for batch Il these values are 0.65
done in two steps: in the temperature range from 300 to 4.2nd 19 K, respectively. The large effective temperature range
K using a “He cryostat and below 4.2 K using 3de cry- (T ") and the resistivity variation over six to seven decades
ostat. We used the Keithley 196 and 642 dc electrometer® this range allow an accurate determinatiomof
and 220 current source. The very high input impedance of The above values ofi for CB polymers are too large
these meters allowed us to measure the resistances of batcRdmpared to the usual VRH theory, where-1/4 for a 3D
and batch Il samples down to 0.5 K and 0.35 K, respectivelysystem om=1/2 when taking into account a Coulomb gap in
the density of states. Moreover, in the conventional theory
the parameteiT, depends on the localization length and
would increase with disordét:*? Such behavior has not
A. Temperature dependence of the resistivity been observed in our CB composites. We did not see any
variation of Ty with carbon concentration. In the following
we will discuss several theoretical models to shed some light

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

In a percolation network, a finite value of the conductivity
will be observed when the concentratiprof the conducting
particles exceeds a threshold valpg. Above this critical
concentration conductivity follows a scaling behavior of the
form® o (p) = o[ (P— Pc)/pc]t, whereo, is a constant and
the exponent depends on the dimensionality and the kind of

TABLE I. The values of parameteiig, andn obtained from the
best-fit results using Ed1).

. . Batch p To(K) n

the percolation network of the system. In Fig. 1 we have
plotted the logarithm of the conductivity (@) versus I 0.0050 26 0.783
In[(p—p)/p.] for the first batch of our samples. From the fit 0.0100 28 0.777
we findt=2.2 andp.=0.002. The value of the critical expo- 0.0075 26 0.775
nent () is slightly larger than the theoretical vafufer a 3D 0.0125 27 0.780
system {=1.6—2.0 depending on the network geomgbwyt 0.0150 28 0.767
close to the values reported by othefs® The small value 0.0175 27 0.780
of p. suggests that the solution technique is useful to obtain 0.0200 25 0.792
a small percolation threshold. M 0.0250 20 0.66
The temperature dependence of the resistivity of all the 0.0300 23 0.65
samples has been analyzed using the Mott VRH expression 0.0350 17 0.64
of the form 0.0400 18 0.64
0.0500 16 0.65

p(T)=poexp(To/T)", )




454 MANDAL, NEUMANN, JANSEN, WYDER, AND DELTOUR 55

on the anomalous behavior @f and the value oh in view  percolation lengtr€, the regions accessible to the electrons
of variable-range-hopping transport. are fractal* This implies that both the localization length
A temperature dependence of the resistivity with 1/2  and hopping distance should be smaller tjgn The precise
and a small value of ; above 4.2 K have been reported by determination of¢, is very difficult, but if we assumé,~
others for CB systen® The authors of Ref. 6 interpreted size of a CB particle in the expression of the scaling théory,
their results by assuming superlocalization of the electroni&,=&,(p—p.;) 7 with y~ 0.9, then¢, is at least one order
states in the fractal CB polymer. Levy and Souilfdrdre-  of magnitude larger thaR,, and L for all the samples. As
dicted that on a fractal network the wave function of bothR,, increases with the decrease of temperaftie (3)], it is
vibrational and electronic states at the Fermi level decays axpected that at low temperatures whige- &p the electron
a distancex as exp—(x/L)‘], whereL is the localization does not “feel” any longer that the medium is fractal. In
length and;>1, instead of purely exponentially €1) asin  such cases the wave function will decay exponentially as
the case of Anderson localization. Based on this predictionysual and a crossover to conventional Mott VRH conductiv-
Deutscher, Levy and Souillaftl extended Mott's VRH ity with n=<1/2 will be seen. Even for the sample with the
model to a fractal network to explain the temperature depenhighest carbon concentration we did not observe any cross-
dence of the hopping conductivity with close to 1/2 in the over to a smaller value afi at low temperatures. This also
absence of a Coulomb interaction angl independent op. supports the contention thgg remains larger thaR;,, down
Assuming the general form for the density of statesto the lowest temperature we have used.
N(E)=BEX, van der Putteret al® derived expressions for We now discuss the observed valueroin view of the
the different energy and length scales and a more generégteoretical predictions for superlocalized electronic states.
form for the exponenn for hopping conduction between Using the value of in Eg. (1), the ratioD/{ can be deter-
superlocalized electronic states: mined. In this way, the different values of for the two
different kinds of CB particles can be related to the fractal
keTo=[(k+1)c/(BV)]"  Pn"H (21— (2)  dimensionD and the superlocalization exponeitwhich
will depend on the particle structure and distribution. Differ-

(Rh/L)*=(1=n)(To/T)", (3)  ent values fom have also been found for different prepara-

tion methods of the polymer compositeslowever, accord-

and ing to the Alexander-Orbach conjectifeD/;=4/3 for a
n=[1+D/¢(k+1)]" 2, 4) percolation network in all dimensions. Using the limiting

values G<k=<1, we obtain, from the values of,
whereB, ¢ andk are constantd) is the fractal dimension of 0.28<D/{<0.56 for batch | samples and 0&8D/{<1.1
the systemy, is the volume of a localized state, aRy| is  for batch Il samples. Only the limiting=1 value for batch
the typical hopping distance. The Mott and Efros-Shklovskiill approaches the theoretical conjecture. From the estimation
expressions for hopping conductivity may be recovered fronof the Coulomb energy due to the interaction between
these equations in special cases. Below 4.2/, /()¢ for ~ charged particles van der Puttehal. suggested a possible
our samples is in the range 1-5. This implies that the Motrossover from hopping dominated by the density of states
criterion for VRH conduction is satisfied at low tempera- (k=1) to Coulomb-dominated hopping at low temperatures.
tures. At low temperatures where the Coulomb effect is dominant
For temperatures above 4.2 K the value & (L)¢ is and a pseudogap is induced at the density of states, a unique
smaller than 1, implying that a hopping mechanism is norelationn=¢/({+1) is determined;® which is a generaliza-
longer applicable. Such small a hopping distance has alston of the Efros-Shklovskii expression for a fractal network.
been found at higher temperatures for other studies ofror a Coulomb gap;=1.34 which yieldsn=0.57° Though
carbon-black polymer composifésand even for systems this value ofn is close to the observed exponent for batch Il
showing classical VRH behavior like Cd$&In the region samples, it is certainly smaller than the one we obtained for
R,/L=1 one could expect a change in the temperature dethe other samples.
pendence of the resistivity with, e.g., a metallic type of tem- Aharonyet al® suggested an inclusion of a temperature-
perature dependenced/dT>0) or (weakjlocalization be- dependent prefactor in the VRH expression, i.e.,
havior (dp/dT<0). For our data we did not observe a p(T)=po(T/To)exp(To/T)". They claimed that the resistiv-
change in the temperature dependence in the whole temperidy data of Ref. 6 and others where a very small value of
ture range from 400 mK until 300 K. The variation with Ty has been obtained can be analyzed using this expression
temperature by orders of magnitude excludes also a descrigith a very large value oy and a relatively smaller value
tion in terms of weak-localization theory using power-law of n. We also tried to fit our resistivity data with this expres-
dependences reflecting the temperature-dependent inelassion and observed that is very close to zero with a very
scattering. Although the VRH criterion does not hold for thesmall change i, andn compared with those suggested by
whole temperature region, it is surprising that the whole temAharony et al® The fits become progressively worse and
perature region studied can be described with an exponentitgdkes an unphysically large value when we try to analyze our

temperature dependence related to the VRH theory. data with a fixed and lower value of. A strong deviation
The localization lengths estimated from K@) using our  between experimental data and the above expression in the
experimental values offy and n, and with k=1, c=1, low-temperature region as suggested in Ref. 9 is also ob-

B=3.7x10" cm 2 eV~ 2 (as mentioned in Ref. 6 for car- served. Moreover, this expression predicts a minimum in
bon black, are about 100 and 120 nm for batches | and Il,p(T) at T=Ty(n/s)*™ which has not been observed in our
respectively. It is known that at length scales smaller than theamples. The suggested fitith n=0.57 for a Coulomb gap
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is somewhat surprising because at high temperatures it is 12 —
very hard to realize that the Coulomb interaction will be ]
dominant. 1.0} e 145K
Sheng and Klaftéf deduced the temperature dependence 08l verss 235K
of the conductivity for high-resistivity granular-disordered L ’ ]
systems based on the critical path method introduced by Am- & 06} assseintt 30K
begaokaet al® near the percolation threshold in conducting = . Lananast Loooeoo® 38K
composites. In this model, the density of states is not con- \Ia 041 ’ °°°°°::v."vvv"" 42K ]
stant but obeys a power laN(E)=Ny+ «E?, where the < 02k " i
constantsy and 8 are determined by the size distribution of
the particles in the composites. It has been shown by Sheng 0.0 S eeeeseerascceas 80K 7
and Klaftet that this energy-dependent average density of 02 P T S T
states leads to a well-defined value for the exponent in the 0 5 10 15 20
temperature-dependent resistivity with- (1+ 8)/(2+ B) at H(T)

high temperatures. According to this theaory 1/2 is obeyed

over a large temperature range with a possible crossover to FIG. 3. The magnetoresistance opa0.01 samplebatch ) as
n=1/4 at low temperatures and H¥Ah<1 at high tempera- a function ofH at various temperatures.

tures. However, in our CB polymers we did not see the

above temperature dependenced(T) and the crossoveras  Jjanget al.?° and Iwasakit al?* have reported magneto-
predicted by Sheng and Klafter for granular systems. Furresistance measurements on insulating. ¥r,Ba,Cus0-
thermore, in this theoryT is strongly concentration depen- single crystals and thin films in which 3D VRHE 1/4) is
dent in contrast to our findings. The fluctuation-induced tunppserved. At low temperatures they observed a large positive
neling model specifically proposed for CB polymers by magnetoresistance but a small negative magnetoresistance at
Shenget al'® is also not able to explain the temperature higher temperatures. Both the temperature and magnetic-
dependence Of the reSiStiVity Of our Samples. In th|S modelf|e|d dependence Qf(H)/p(O) Of their Samp'es is Very Simi_
the resistivity is given byp(T)=poexfd To/(T1+T)]. Thus  |ar to our results. The magnitude @f(H)/p(0) of our
the resistivity is almost temperature independent at low temsamples are also comparable to the magnetoresistance of the
peratures below the characteristic temperafliye(~1 K) Pr-doped YBaCuzO5 samples.
and behaves as predicted by thermal activation in the high- The effect of the magnetic field on the carrier transport in
temperature regionTT,). the VRH regime where the electrons are strongly localized is
not yet fully developed. The simplest picture is that the ap-
plication of a magnetic field causes the impurity orbitals to
shrink, leading to a decrease in the tunneling probability, and
We  have measured the  magnetoresistances a consequence a large positive magnetoresistance is ex-
(Ap(H)/p(0)=[p(H)—p(0)]/p(0)) for magnetic fields up pected. This has been observed in many semiconductors
to 20 T for the samples of batch I. At temperatures above §vhere a resistivity increase of several decades with magnetic
K the magnetoresistance is very small and negative while ifield is seer? At low temperatures, where the hop distance is
is large and positive below 4.2 K. Also, at a given temperamuch larger than the average separation between the impu-
ture, both magnitude and field variation &p(H)/p(0) are rities the electron can be scattered by several impurities be-
the same for all the samples and independent of the relativigre arriving at the destination impurity site. The overall tun-
direction of current and magnetic field. Thus the magnetoreneling amplitude which determines the conductivity is then
sistance is independent of the density of conducting particlesbtained from the sum over all possible trajectories between
as areT, andn. the initial and final sites. Since the contribution of each such
In Fig. 3 we show the magnetoresistance data fpra  trajectory decays exponentially with distance, the shortest or
0.01 sample. At 20 T the magnetoresistance increases frofarward scattering will dominate the sum. In such cases, the
38% to 102% as the temperature decreases from 4.2 teontribution from backscattering paths may be neglected.
1.45 K. From the magnetoresistance vs magnetic field curvebhe quadratic dependence of the magnetoresistant¢ ion
we define three regions of low, intermediate, and high magthe weak-field region is consistent with this picture as has
netic field. At low fields, liip(H)/p(0)] is proportional to  been shown in Ref. 3 and 22 in the strongly localized regime
H2. In the intermediate-field range, the magnetoresistance ighere R,>L. In contrast, at high temperatures where the
approximately linear irH. The dependence of the magne- hopping length is comparable to the localization length the
toresistance o in the high-field region is much weaker system may not be considered to be deep in the strongly
(sublineay and reaches saturation at the highest fields antbcalized region. In such cases, backscattering phenomena
the lowest temperatures. The field range of these regions Isecome important and the weak-localization regime sets
very sensitive to temperature and decreases as the tempeia??® The observed small negative magnetoresistance at
ture decreases. At 4.2 K we observed Hrebehavior up to  high temperatures in our samples where Ry, is consistent
H~6 T, while at 1.45 K it is seen only below 2 T. At 4.2 K with the weak-localization picture.
the crossover from thél? to the H dependence occurs at ~ We now analyze the positive magnetoresistance at low
about 7 T and the linear behavior remains up to fields as higkemperatures. The shrinkage of impurity orbitals in a mag-
as 16 T. The intermediate-field range also gets narrower withetic field means a decrease of the localization length. This
decreasing temperature. may be estimated from the variation @f, with magnetic

B. Magnetoresistance
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FIG. 4. The plot of Ip vs T~ %8 for a p=0.01 samplébatch )

at different magnetic fields. The solid line is the best linear fit for

H=0. The inset shows the decrease of localization lenfg)hwith
magnetic field.
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of the localization lengti.(H) using Eq.(2) with k=1. The
variation of the localization lengtpL (H)/L(0)] with mag-
netic field is shown in the inset to Fig. 4. From the figure it
is clear that. (H) decreases very slowly with increasing field
and then saturates at high fields. Even though the resistivity
increases by more than a factor of 2 at 20 T, the localization
length decreases by 5% only. The effect of a magnetic field
on the localization length is much weaker in CB polymers in
comparison to that of doped semiconductdfsHowever,

the variation ofL with H in CB polymers is very similar to
Pr-doped YBgaCu;0, systems where a small decrease in
L is observed?

IV. CONCLUSION

In conclusion, we have observed that the temperature de-
pendence of the resistivity of CB polymers follows the
variable-range-hopping expression with a large value of the
exponent and a small value of ; which is independent of
the concentration. This large value of and the constant
Ty value are explained assuming superlocalization of elec-
tronic states in the percolation network of the carbon-black

field. We find thafp vs T continues to fit approximately the polymer. We observed that the magnetoresistance is small

VRH expressiorfEq. (1)] with the same value af for dif-
ferent magnetic fields up to the highest magnetic fieli T)

and negative at high temperatures while it is large and posi-
tive at low temperatures. Lik&, andn, the magnetoresis-

which is shown in Fig. 4. Itis worth mentioning that we have tances of the different samples are also concentration inde-

not seen more than a 2% change in the prefagigy (p to
20 T. The slope of In vs T™" increases very slowly with

magnetic field and becomes insensitive at high fields. This
increase ofTy with field indicates a decrease of the localiza-

tion length[Eq. (2)] provided the density of stateN(E), is

field independent. Assumirig in the expression for the den-

pendent.
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