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1 Introduction  
Electron transport properties of conducting 

materials are the basic characteristics determining 
their application potential. Electron transport 
properties of multiwalled carbon nanotubes 
(MWNTs) depend on the electronic state of surface 
atoms representing an appreciable part of total 
number of atoms in nanomaterials. Thus, the 
interfaces between MWNTs and dielectric matrix 
can be crucial for the design of new tailor-made 
composite materials with specific electron transport 
properties. Here, we have studied the temperature 
σ(T) and magnetic field σ(B) dependences of 
conductivity of two sets of as-grown and annealed 
(2200-2800°C) MWNTs with fixed mean diameters 
of 8-10 and 20-22 nm as well as composites 
materials on the basis of MWNTs and polymer 
dielectric matrices. 

2 Experimental 
MWNTs of two types with average outer 

diameters of  8-10 and 20-22nm were produced via 

ethylene decomposition at 650–700°C in standard 
CVD oven setup using Fe-Co catalysts. As-grown 
MWNTs were first purified by boiling in 15% HCl 
and then washed with distilled water. Then, dried 
MWNTs were annealed in resistivity heated graphite 
oven using high purity argon flow (99.999%) at 
temperatures 2200, 2600 and 2800°C [1]. 

The composite materials containing MWNTs 
obtained were synthesized on the basis of various 
dielectric matrices like polymethylmetacrylate 
(PMMA) [2], polystyrene (PS), polypropylene (PP) 
and polyethylene (PE). 

The structure of MWNTs before and after 
annealing was investigated using transmission 
electron microscopy (TEM) (Fig. 1). The MWNTs 
after heating possessed the ppm level of impurities 
[1]. According to TEM data (Fig. 2 (b, c)) the 
synthesized samples consist of MWNTs with 
defective structure and have very low concentration 
of amorphous carbon. All samples show narrow 
distributions of average outer diameter of MWNTs 
mostly depending on the synthesis conditions. 
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Optical microscopy, scanning and transmission 
electron microscopy were also applied in order to 
characterize the homogeneity of MWNT distribution 
in polymer matrices.  

σ(T) and σ(B) of MWNTs and composite 
materials on their basis were measured by four 
point-probe technique. To carry out the electrical 
measurements of tubes the powder of MWNTs was 
pressed in a glass cylinder. The electrical contacts 
were made by 0.1 mm silver wires. σ(T) was 
measured in the temperature range of 4.2–300 K. 
σ(B) was measured in the field B range of 0–9 T. 
Our previous studies of powder carbon 
nanostructures carried out by this method showed 
the stability and reproducibility of electrophysical 
properties [1-11].  
 

 

 
 
Fig.1: Transmission electron microscopy images of 
pristine (top) and annealed (bottom) nanotubes. 
 
 
 

3 Results 
3.1 Conductivity of MWNTs and MWNT-
containing composites in different dielectric 
matrixes 

Figure 3 shows the typical curves of 
temperature dependence of normalized 
conductivity σ(Т)/σ293 (σ293-conductivity at room 
temperature) of MWNTs with fixed mean diameter 
d=20-22 nm and 8-10 nm. As one can see from 
Figure 3 the ratio between conductivity at room 
temperature and conductivity at temperature of 
liquid helium increases during the heating of 
samples, and is higher for nanotubes with smaller 
average diameters. This phenomenon relates to 
changes in the regular part of conductivity (in 
temperature interval 50-300 K) as a result of 
decreases of charge current concentration in 
MWNTs due to annealing of defects or decreasing 
of the average outer diameter of MWNTs. 
 

 
 
Fig.2: TEM micrographs of MWNTs (top) and histograms 
of distribution of average outer diameter d

¯
of these 

MWNTs (bottom). 
 

Fig. 4 reveals the dependences of σ at room 
(300 K) and liquid helium (4.2 K) temperature 
versus concentration of MWNT in PMMA and 
polystyrene matrices. Percolation threshold of the 
electrical conductance for composites lays in the 
range of MWNTs concentration lower than 0.5 wt.% 
for MWNT/PMMA (top curves in Fig. 4) and 10 wt. 
% for MWNT/PS (bottom curves in Fig. 4) 
materials. 

Fig. 5 shows the dependences of ∆σ(Т)/σ293 for 
MWNTs with average diameter d=20-22 nm and 
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MWNT/PMMA composite, where σ293 is 
conductivity at room temperature, ∆σ(Т) = σ(Т)exp-
σ(T)reg, σ(Т)exp is experimental data, and σ(T)reg is 
regular part of conductivity obtained by 
extrapolation of σ(Т)exp in interval 50-300 K with 
supposition that it is constant at 4.2 K. 

Figure 6 shows the dependences of  ∆σ(Т)/σ293 
for MWNTs with average diameter d=20-22 nm and 
MWNT/PS composite. The dependences of 
∆σ(Т)/σ293 for MWNTs with average diameter d=8-
10 nm and MWNT-containing composite in PMMA, 
PP, and PE matrices are shown on Figure 7. 

 

 

 
 

Fig.3. Temperature dependences of normalized 
conductivity σ(T)/σ293 for MWNTs with average outer 

diameter d~20-22 nm (top) and d~8-10 nm (bottom): o – 
initial sample; o, o, o - after annealing at 2200°C, 2600°C, 

and 2800°C, correspondingly. 
 

Logarithmical dependences of ∆σ(Т)/σ293 take 
place for all samples (see fig. 5) at temperatures 
below 50 K (Eq (1)): 

 

                    ∆σ(T) = σ1 + Aln(T ),          (1) 
 

where σ1 and A are the constants. This dependence 
is typical for quantum corrections to conductivity in 
two dimensional conductors with local disorder [12]. 
The contribution of quantum corrections to 
normalized conductivity increases after annealing of 
samples. Logarithmical dependences of ∆σ(Т)/σ293 
take place for initial samples (see figures 6 and 7) at 
temperatures below 50 K. The deviation from the 
dependence (1) takes place in MWNT-containing 
composites with different dielectric matrices. 

 

 

 
Fig.4. Dependences of conductivity σ of composite 

materials versus MWNT concentration in PMMA (top 
figure) and PS (bottom figure) matrices.  

○ - σ at room temperature (300 K), ●- σ at temperature of 
liquid helium (4.2 K) 



 
 

Fig. 5. Temperature dependences of normalized 
conductivity ∆σ(T)/σ293 in ∆σ(T)/σ293 - ln(T) axes for 
MWNTs with average outer diameters d~20-22 nm (two 
top curves - o and •) and composite in PMMA matrix 
with MWNT concentration 10 wt.% (two middle curves - 
o and •) and 5 wt.% (two bottom curves - o and •). Open 
points – MWNTs annealed at 2200°C, full points – at 
2800°C. 
 

 
 
Fig. 6. Temperature dependences of normalized 
conductivity ∆σ(T)/σ293 in ∆σ(T)/σ293 - ln(T) axes for 
composite in PS matrix with MWNTs concentration: o - 
100 wt.% (initial sample);  • - 40 wt.%; o - 30 wt.%; o - 
20 wt.%. 
 
 
 

3.2 Magnetoconductivity of MWNTs and MWNT-
containing composites with different dielectric 
matrices 

Magnetic field B suppresses quantum 
corrections (Eq. 1) to conductivity [13]. The 
magnetoconductivity in the case of domination of 
quantum corrections of interaction of electrons to 
magnetoconductivity δσint(B) shows the asymptotic 
behaviour at low B [13]: 
 

 
 
Fig. 7. Temperature dependences of normalized 
conductivity ∆σ(T)/σ293 in ∆σ(T)/σ293 - ln(T) axes for 
MWNTs with average outer diameters d~8-10 nm (o) and 
composites with PMMA matrix (o-5 wt.% of MWNTs, •-
2.5 wt.%), with PP matrix (o-8 wt.%, •-4 wt.%), with PE 
matrix (o-8 wt.%, •-20 wt.%). 
 

  δσint(B)/σ0 = −σ2g(T)(B/Bint)
2 
, B/Bint << 1    (2) 

 
where σ0 -conductivity at B = 0, σ2 is 

constant, Bint = πcT/2eD ≈ 6  T at T=4.2 K, D ≈ 20 
cm

2
/s for MWNTs [14] (diffusion coefficient), 

g(T)
−1 

= 1/λ+ln(γη/πkBT) is interaction constant, λ - 
the constant of electron-electron interaction (at 
attraction of electrons the temperature of 
superconducting transition is Tc = θDexp(1/λ)), η = 
EF at repulsion and η = θD at attraction of electrons, 
θD/kB is Debye temperature. As one can see from Eq. 
(2) the δσint(B)/σ(0)= -δρint(B)/ρ(0) is positive when 
g(T) is negative. Fig. 8 shows the magnetic field B 
dependences of normalized magnetoresistivity 
ρ(B)/ρ(0), where ρ(B)=1/σ(B) is the experimental 
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results of measurement of magnetoresistivity of 
MWNTs and MWNT/PMMA composites with 
MWNT concentration 5 wt.%. We have found that 
the MWNTs under investigation do not contain the 
amorphous carbon. Thus, only quantum corrections 
for interaction electrons to magnetoconductivity [9] 
δσint(B)=1/δρint(B) take place. Fig. 8 (bottom) shows 
the relative magnetoresistivity of MWNTs in the 
ρ(B)/ρ(0) − B

2 
axes. In these axes the ρ(B)/ρ(0) has a 

parabolic approximation in the magnetic field range 
of 0-1 T (the straight line on bottom curves in the 
Fig. 8). 
 

 
 
Fig.8. Magnetic field B dependences of normalized 
magnetoresistivity ρ(B)/ρ(0) (ρ(0) – the 
magnetoresistivity at B=0) of MWNTs (full points) and 
MWNT/PMMA composites with MWNT concentration 5 
wt.% (open points) Two top curves are for MWNTs with 
average outer diameters d~8-10 nm and two bottom 
curves are for MWNTs with d~20-22 nm.  

4. Discussion 
The logarithmic dependences of ∆σ(T)/σ293 

indicate that at T ≤ 50 K two dimensional quantum 
correction to conductivity take place for as-grown as 
well as annealed MWNTs with average mean 
diameters d

¯
 ~8-10 and 20-22 nm. The contribution 

of quantum corrections to normalized conductivity 
∆σ(T)/σ293 increases after thermal annealing of 
samples. Similar increases take place for MWNT-
containing composite in PMMA matrix. The 
deviation from dependence (1) takes place for 
MWNT-containing composites with PS, PP and PE 
dielectric matrices. The increase of slopes for 
δσ(T)/σ293 curve for composites demonstrates that 
interaction of surface atoms of nanotubes with 
material of dielectric matrixes leads to increase of 
quantum correction to δσ(T)/σ293. These results are 
in good agreement with data on magnetoresistivity. 
The decrease of normalized magnetoresistivity 
ρ(B)/ρ(0) with decreasinf concentration of MWNT 
in composites demonstrates that interaction of 
dielectric matrix with surface layer of multiwalled 
carbon nanotubes leads to decrease of quantum 
corrections contribution for interaction of electrons 
[12-13] to magnetoresistivity of composites 
materials.  

The difference in the conductivity behaviour of 
composites on the basis of PMMA on the one hand 
and composites on the basis of PS, PP and PE on the 
other hand can be explained in terms of different 
wetting of the CNT surface with these polymers. 
HR TEM and SEM data (not presented here) 
demonstrate that polymer molecules have different 
ability of wetting MWNT surface. PS shows the 
best wetting ability of MWNTs in comparison with 
somewhat less wetting ability of PE and PP. PMMA 
has the lowest wetting ability among the 
investigated polymers. High wetting ability of 
polymers results in limiting contacts between 
MWNTs which finally influences the composite 
conductivity. 
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