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Electron localization in a percolating network: An ESR study
of carbon-black/polymer composites
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The electronic susceptibility, of conducting composites of carbon-black particles embedded in a noncon-
ducting polymer matrix has been measured over a wide concentration and temperature range by electron-spin
resonancéESR). The onset of an extra Curie contribution g below 1G K is seen as evidence for electron
localization, as is the narrowing of the ESR line below 50 K. We show that Coulomb interactions have to be
taken into account to explain these data and that the magnitude of the interaction is consistent with the value
found previously from dc-conductivity datg50163-18207)00515-9

In carbon-black/polymer composites a conducting carbonments flow cryostat. For accurate temperature readings, an
black (CB) filler is embedded in an insulating polymer extra thermocouple was mounted very close to the sample.
matrix? In such a material electronic transport proceeds viarhe ESR signal always had a single Lorentzian line shape,
variable range hopping of charge carriers between localizedown to the lowest temperatures. The susceptibility was
states>* Previously> we have studied the dc conductivity of calibrated® with a diphenylpicrylhydrazy{DPPH standard
a series of CB/polymer composites with an extremely lowwith a known number of free spins with pure Curie behavior,
percolation thresholg, of 0.03 vol %57 Up to the highest i.€., xc=C/T.

CB concentration of 33., the experimental data could be  In Fig. 1 the electronic susceptibility, is plotted versus
described by a generalized variable range hopping expresiemperaturel. For clarity we show the data of a representa-
sion, i.e., o(p, T)xexg —(To/T)*%]. To=112+15 K was tive selectl_on of samples covering the whole range of CB.
found to be independent of concentration and shown to pgoncentration. The room-temperature values of the suscepti-

inversely proportional to the localization length of about 100bi|ity, Iwhtehn normali_lz_ﬁ_d to the ztir:n?untl OtthB’ are tf.?)rl.?" f
nm? The value ofT, is of the order of the Coulomb energy samples the same. This proves that only the susceptibiiity o

. S . the carbon-black itself contributes significantly to the ESR
needed to create two charges with opposite sign on neigh-

boring CB particlegcharge disproportionation enengyBe-
cause Coulomb interactions between carriers and localization 20
of carriers are not only of importance in the transport behav-
ior but also in the susceptibility of composite materfaisye
performed electron-spin resonan@&SR measurements on
samples of the same batch as used in the dc measurements.
We show how the temperature dependence of the electron
spin susceptibilityy, and linewidth can be understood and
strgss the importance of localization due to Coulomb inter- E 10 L
actions.
Our experiments concern 15 composites consisting of dif- ¢ { ,
ferent concentrations of carbon-black as filler material in an 8 < 0 100 200 300
insulating thermoset polymer, which are numbered CB1 N 00-0\ T (K)
> o9

x.T (107" K m®/kg CB)

(p=33p,) through CB15 p=1.3p.) in order of decreasing

CB concentration. The CB patrticles are hollow semispherical

particles with a diameter of about 30 nm, composed of two

to four turbostratic graphitic layers. We measured the sus- 0 : )

ceptibility of CB1 with a superconducting quantum interfer- 0 100 200 300

ence device magnetometer and found that at high tempera- T (K)

tures the paramagnetic spin contribution is too small to be

resolved from the diamagnetic term. This made us use ESR giG. 1. T dependence of the normalized susceptibility of six

experiments to study the electronic susceptibility of the CBrepresentative CB sample®, 33p.; ®, 25.; ¢, 16p.; O,

composites. 12p.; A, 7.30., andV, 3.50;. In the insety,T is plotted versus
The ESR experiments were performed by means of & for three samples witp=16p, ; the dashed line is a straight line

JEOL X-band spectrometer equipped with an Oxford Instru-fit to the highT data(see the text

eefsdrNa T ®
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FIG. 2. xoT vs T for CB1 as a typical example shows the FIG. 3. T dependence of the linewidth of a representative set of
growth of a second Curie contribution between 100 K and 50 K; theCB samples ranging from 83 to 3.5 ; symbols are the same as
dashed line is the same as in Fig. 1. The inset withvs 1T in Fig. 1.
stresses the low- Curie tail (after subtraction of the first Curie
contribution. The solid line is a fit to the Kamimura modg@lee the

text approximately 100 Ksee Fig. 2 a second Curie-like contri-

bution becomes prominent, not present in the data above 125
K, while the slight change in the slope indicates an enhance-
ment of the Pauli contribution. Calibration by DPPH of the
number of spins shows that this new Curie part arises from
about 16" spins per kilogram of CB, averaged over all
amples. This value corresponds to about one spin per CB
article since there are approximately 50?° carbon atoms
per kilogram and X 10° carbon atoms per CB particle in the
samples.

To explain this observation, we incorporate the effect of
Coulomb interactions in the electronic susceptibility as done

data. Only in CB15 withp very close top. (omitted does
the additional contribution from the matrix become of impor-
tance. At high temperatureg, is T independen{Pauli-like),
which is typical for delocalized electrons, while a Curie-like
contribution, characteristic for localized states, dominates at
low temperatures. In the inset we show the data for thre
samples withp=16p. in a xT vs T plot. A Pauli suscepti-
bility (xp) will give a straight line through the origin, a
Curie term (c) a horizontal line. The dashed line is a

straight line fit to the hight data. In Fig. 2 the data set of by Kamimura® In the model the total number of carriers is
CB1 (p=33p.), which due to the highest CB-concentration y X : :
taken to be conserved and the sites can be empty or singly or

has the best signal-to-noise ratio, is presented in the san) oubly occupied. Three characteristics of the carriers are pre-

m?gé B)étprlno;trlg geri? ehg;? ﬁ;slésrﬂ(:]nl?ﬁg' i|SO\;V t:\eenc])tr):t:gél fitsumed:(i) electronic states are Anderson localiz&d, there
9 P ; ﬁg(ists a random distributiof?(E)=1MW of the electronic

discussed below. Figure 3 illustrates the temperature depeSlte energies, with bandwidtt, and (iii) the on-site Cou-

dence of the peak-to-peak linewidB,,. The data clearly : X . . .
: . : lomb interactionU is taken into account for the occupation
show a maximum inAB,, around 50 K of about 1.5 times :
TOf the electronic states.

the room-temperature and low-temperature value of 2.5 mT: At temperaturek.T< U sinalv occunied states give rise
ESR results ony, in carbons, like in graphite, show at b B » SINgly P > 9 .
%o a prominent Curie contribution to the electronic suscepti-

low temperatures a Curie-like behavior due to localized spins .. . ;
. %) g ility. As the temperature rises aboldkg, also states with
(dangling bond¥ 3 of about 188 spins per gram of carbon. - - ’ .
excitation energy can be occupied. Thus there is a coex-

At high temperatures charge carriers give a Pauli-like contri-istence of sinalv and doublv occupied states. whose contri-
bution. At room temperature the ratio of the susceptibilitiesbutions o agrg different: y P k
due to delocalized and localized spins is about 2:1 for well- Xe :
pyrolyzed samples. The localized spins interact by exchange
with the conduction electrons, mixing tlievalues and the 22
ESR widthsl,z'l"'lea(_ji”g to a single Lorentzian line. xeo(T)= k_TB 2 {2+exd B(u—e€—U))]

Also the CB patrticles in the CB/polymer composites con- Bl i
tain, apart from the delocalized Pauli spins, localized Curie _ _ 1
spins. To visualizer_ we show in Fig. 2y, T=(C+x,T) vs rexg—plu—e)li @)
T for CB1. Above 125 K the Curie consta@tis T indepen-
dent (the normalized Curie contribution is similar for all in which 8=1/kgT, U; is the average on-site Coulomb in-
p's). The Pauli contribution to y, amounts to teraction, and the summation is taken over all states in the
(1.0£0.1)x10°° m® per kilogram of CB for all energy bandV. At low temperatures the spin susceptibility,
samples®> 1" This value is also cited by MrozowsktBelow  given by Eq.(1), obeys the Curie lawe~ u3Ns/kgT. Fur-
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thermore, the ratio of the number of singly occupied statesf the line and a singlg.;. At the lowest temperatures the

N to the total number of carrierdl is proportional to ESR signal is dominated by localized spins. In the transition

W/U. regime between these two extremes line narrowing becomes
The Curie part gives the number of singly occupied statesess effective (viewed from the high-temperature sjde

to be Ng=~10?! per kilogram of CB. Furthermore, from the Viewed from the low-temperature side lifetime broadening

temperature at which the Curie contribution becomes promiAB~ 1/yT,, with y the gyromagnetic ratio, becomes more

nent(see Fig. 2 the on-site Coulomb repulsion is estimated important. In the model of Movaghaat al?t T, arises from

to beU/kg~10% K. The final susceptibility fit by Eq(1) is  a spin-flip accompanying an electron hopT it Fal%.

shown in the inset of Fig. 2 and gives a value Wof about  Note that we used,. to stress that the conductivity has to be

40U. The parametetd ~ 10° K is the on-site Coulomb repul- measured at frequencies where the spin flips can affect the
sion. This energy equals the ionization energy of a particlginewidth. As a consequence,

minus its electron affinity® resulting ine*/47«R, with R
the mean radius of the particle ard=4 the dielectric con-
stant of the composite. The calculated value for a 30-nm-
diam particle is indeed £OK. The singly occupied states
(localized spinsin the CB system might be linked to ionized
grains, expected to be present in the ground state of, e.
granular metald®1° At temperatures much lower thadr the
value ofU will be a measure for the Coulomb repulsion in a
region of the size of a CB particle. Far>T, hopping will
become much faster ardi will become negligible by screen-
ing. So, for T<(Ty,U/kg), xe Will be Curie-like; for
T>(Ty,U/kg) the role of Coulomb energies can be ne-
glected andy. will be Pauli-like.

The Coulomb interaction will also lead to a Stoner
enhancemeft of the Pauli susceptibility. The slight change
in slope in Fig. 2 at low temperatures can be explained in thi
way.

Let us compare the ESR linewidth plotted in Fig. 3 to the
data for graphite and carbons. Highly oriented graphite ha
an intrinsic linewidth of a few millitesla; thg value is an-

ABpp=AB(0) +AB,(T)~AB,,(0) + FolT). (2)

We will use the difference in linewidth between 50 K and 5

of 1 mT as a measure for the lifetime broadening and
obtainT;~10 8 s at 50 K. Because the spin-orbit coupling
in carbon is 0.X 10 * eV, * the correlation time for hopping
as estimated fronT, (Ref. 21) is a factor 1¢ shorter than
T,. The final value of 102 s for a typical hop is in agree-
ment with the correlation time for a hop between nearest-
neigbor CB particles as measured in the ac conductivity
around 1 THZ:?3

Above 50 K theT dependence of the linewidth can be
represented byl ¢, with «~0.25, which is a factor 2
gmaller than the value usually found in carbdh©ur data
3hown in Fig. 1 resemble the results of Chaueeal?* on
the susceptibility and linewidth in carbon nanotubes. At low
gemperatures the linewidthB,, and the conductivityoy.
Show a qualitatively similar temperature dependence. The
high value for the spin-orbit coupling suggested in their ex-

. . . 3,16
isotropic andg is found to beT dependen’c. In 'po_vvders glanation arises from the use of the dc conductivity instead
such a temperature-dependent anisotropy can in itself cau & ; s

of the high-frequency conductivity as done above.

the linewidth to be temperature dependent. Note that this In summary, the electronic susceptibilities of the investi-
cause of line broadening is proportional to the applied static Y, P

magnetic field. In the carbon data discussed by Mrozotski gated CB composites normalized to the CB content are the
and Delhaes .and Carmdfiahe anisotropy ing values is same. An intraparticle Coulomb interactibhof about 16 K
averaged away. The conduction electron makes a large nuntqqgether with c;haracteristic hopping energies 'betwe'en well-
ber of hops between spin flips leading to motional narrOW_connected regions of the same order of magnitude is shown
ing. The final line becomes symmetric. The width found ex-to be responsible for the Curie behavior of the electronic
per.imentally typically goes withr~ 12 'To determine the susceptibility at low temperatures and the Pauli-like suscep-
importance of tha-value anisotropy in our CB samples, an tibility above 100 K. Also the linewidth can be related to
ESR experiment has been performed at 35 GHz at ,roo electron hopping. The characteristic hopping energy of 10

temperature. The obtained linewidth of 28.2 mT is "R is found to be consistent with the value ©f previously

within the experimental error identical to that at 10 GHz.deduced from the conductivity data.
Apparently,g-value anisotropy is not dominant in the broad-  Discussions with Professor L.J. de Jongh and Dr. D. van
ening. der Putten are gratefully acknowledged. We also like to
The T dependence of the linewidth with its maximum thank G.A. van Albada and R.J. Hulsebosch for their support
AB,, around 50 K is different from that of graphite, but is in the X- and Q-band experiments, respectively. This re-
also seen in various types of carbon blatkQualitatively ~ search project is supported by the Stichting voor Fundamen-
the data can be understood as follows. At high temperatureeel Onderzoek der Materig=OM), which is sponsored by
there is a continuous exchange between localized and delthe Nederlandse Organisatie voor Wetenschappelijk Onder-
calized spins. This process results in an exchange narrowirgpek (NWO).
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