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We investigated temperature and magnetic field dependences of conductivity of multi-walled car-
bon nanotubes (MWNTs) with different average outer diameter. We separated out the quantum
corrections to magnetoconductivity for interaction electrons and determined the dependence of
constant of electron–electron interaction λ versus curvature of graphene layers in MWNTs.

Keywords : MWNTs; curvature; electron–electron interaction; conductivity; magnetocon-
ductivity.

1. Introduction

Owing to the small sizes of nanostructures, the
graphene layers forming there are always curved
with radius of curvature of the order of inter-
nuclear distance. Curvature of graphene layers
changes physical properties of a material and leads
to occurrence of the unique properties which are
not observed in plane structure. Physical prop-
erties of carbon nanotubes essentially depend on
graphene layers curvature. This influence was shown
on superconducting properties single-walled carbon
nanotubes (SWNTs). The temperature of super-
conducting transition Tc increases in process of
increase of graphene layers curvature (decreases of

radius of nanotubes). In SWNTs with diameter
d = 10 Å (radius of curvature r = 5 Å), Tc ≈
1K,1 with diameter d = 4 Å (radius of curvature
r = 2 Å), Tc ≈ 16 K2 are observed. In multi-walled
carbon nanotubes (MWNTs), similar researches
were not carried out. In this article, we present the
results of research of electron transport in MWNTs
with different curvature of graphene layers (with
different d̄).

2. Result and Discussion

MWNTs were synthesized by chemical vapor
deposition (CVD) methods via catalytic pyroly-
sis of ethylene at 950 K on FeCo-based catalysts

∗Corresponding author.
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supported on MgO or CaCO3 or Al2O3. The struc-
ture of MWNTs was investigated using transmission
electron microscopy (TEM, Fig. 1).

According to TEM investigation, the synthe-
sized nanotubes material consisted of MWNTs with
defective structure and did not contain amorphous
carbon. MWNTs have narrow distributions of aver-
age outer diameter d̄: 5.8 ± 0.8 nm; 7.5 ± 2.2 nm;
8.8 ± 3 nm; 11.5 ± 5.1 nm; 15.0 ± 8.6 nm; 17.0 ±
5.1 nm; 25.0 ± 11.1 nm and depended on synthesis
conditions. For electrical measurements, the pow-
der of MWNTs was pressed in a glass cylinder.
The electrical contacts were made by 0.1 mm sil-
ver wires. The temperature dependences of the con-
ductivity σ(T ) and magnetoconductivity σ(B) were
measured by four-point-probe technique. σ(T ) were
measured in the temperature range 4.2–300 K. σ(B)
were measured in the field range B from 0 to 6 T
at temperature 4.2 K. Our previous researches of
powder carbon nanostructures carried out by this

(a) (b)

(c) (d)

Fig. 1. TEM micrographs of MWNTs samples with narrow distributions of average outer diameter d̄: (a) 5.8 ± 0.8 nm;
(b) 7.5 ± 2.2 nm; (c) 15.0 ± 8.6 nm; and (d) 25.0 ± 2.2 nm.

method3–6 showed stability and reproducibility of
results of the conductivity measurements.

Temperature dependences of relative conduc-
tivity σ(T )/σ290 (σ290 — conductivity at room
temperature) of MWNTs with average outer dia-
meters d̄ from 5.8 to 25 nm are shown in Fig. 2.
Logarithmical dependence of σ(T )/σ290 takes place
for d from 8.7 to 25 nm (Fig. 3(a)) at temperature
below 50 K (Eq. (1))

σ(T ) = σ1 + A ln(T ) , (1)

where σ1 and A are constants. This dependence
is typical for quantum correction to conductivity
for interaction electrons (interaction effects (IE)) in
two-dimensional conductors with local disorder.7

Exponent dependence ln[σ(T )/σ290] from
T−1/4 takes place for d = 5.8 and 7.5 nm (Fig. 3(b)).
This type of dependence is typical for variable
range hopping conductivity (VRHC) σVRHC(T )
for three-dimensional conductor.8 The temperature
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Fig. 2. Temperature dependence of relative conductivity
σ(T )/σ290 of MWNTs with d̄ from 25 to 5.8 nm.

(a)

(b)

Fig. 3. (a) Logarithmical dependence of relative conductiv-
ity σ(T )/σ290 of MWNTs with average outer diameter d̄ from

8.7 to 25 nm. (b) σ(T )/σ290 in the ln[σ(T )/σ290]−T−1/4 axis
of MWNTs with d̄ = 5.8 and 7.5 nm.

dependence of conductivity σ(T ) may be described
by Eq. (2) for such systems.

σVRHC(T ) = C exp

[
−

(
T0

T

)1/n
]

, (2)

where C is constant, the value of n is determined
by dimensionality d of the motion of current carriers
as n = 1 + d,8 T0 = CTa−3/kBN(EF), CT = 24/π

for three-dimentional VRHC,8 a is the length on
which the amplitude of wave function fall down (a ≈
10 Å), N(EF) is the density of localized states at the
Fermi level, kB is the Boltzmann constant.

We discovered the absence of amorphous car-
bon in MWNTs produced via CVD method. As a
result, only quantum correction to magnetoconduc-
tivity δσ(B) for interaction electrons δσint(B) takes
place,9 and quantum corrections for weak localiza-
tion effects δσWL(B) is not observed.10 Magnetic
field B suppresses this quantum correction for inter-
action electrons.9 As a result, the magnetoconduc-
tivity δσint(B) takes place. Low-field asymptotic
behavior for δσint(B) is

δσint(B)
σ0

= −σ2g(T )
(

B

Bint

)2

,
B

Bint
<< 1 , (3)

where σ0 is the conductivity at B = 0, σ2 is con-
stant, Bint = πcT/2eD ≈ 6T at T = 4.2 K,
D ≈ 1 cm2/c for MWNTs (diffusion coefficient).11

The interaction constant g(T ) is given by

g(T )−1 =
1
λ

+ ln
(

γη

πkBT

)
, (4)

where λ is the seed constant of electron–
electron interaction (at attraction of electron the
temperature of superconducting transition Tc =
θD exp(1/λ)), η = EF at repulsion and η = θD at
attraction of electrons, EF is the Fermi energy,
θD/kB is the Debye temperature and kB is the
Boltzmann constant. As can be seen from Eq. (3),
the δσint(B) is positive when g(T ) is nega-
tive. Figure 4 shows relative magnetoconductivity
δσint(B)/σ0 as a function of the magnetic field B
for MWNTs at 4.2 K. The inset of Fig. 4 shows
relative magnetoconductivity of MWNTs in the

Fig. 4. Relative magnetoconductivity σint(B)/σ0 of
MWNTs with average outer diameter d̄ = 17.4 nm which is
typical for MWNTs with d from 8.7 to 25 nm.
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Fig. 5. Relative interaction constant g(d̄)/g(17.4 nm) which
was estimated from magnetoconductivity σ(B).

δσint(B)/σ0 − B2 axes. In these axes, dependence is
quadratically approximated in the magnetic range
from 0 to 1 T (the straight line in the inset of Fig. 4).
The quadratic increasing of magnetoconductivity
shows that g(T ) is negative. Taking into account
the value of ln(γη/πkBT ) ≈ 6 at T = 4.2 K and
η = θD/kB = 1860 K for MWNTs like graphite12 we
may conclude that the constant of electron–electron
interaction λ is negative (attraction of electrons)
and λ ≥ −0.18 (Eq. (4)).

From the data of quantum corrections to
magnetoconductivity for interaction electrons,
we estimated the relative interaction constant
g(d̄)/g(17.4 nm) (Fig. 5). This constant is nega-
tive and monotonically decreases with decrease of
MWNTs d̄ (increase of curvature of graphene layers,
Fig. 4).

This dependence takes place only for MWNTs
with d ≥ 8 nm. For MWNTs with d̄ = 5.8 and
7.5 nm, the quantum correction to conductivity
is not observed. We observed three-dimensional
VRHC for these samples (Fig. 3(b)). As a result,
we observed the square magnetic field dependence
of magnetoconductivity (inset in Fig. 4) only for
MWNTs with d̄ ≥ 8 nm. Correspondingly, we may
estimate g(d̄)/g(17.4 nm) only for MWNTs with
d ≥ 8 nm (Fig. 5).

3. Conclusion

We discovered the absence of amorphous carbon in
MWNTs produced via CVD method. As a result
in quantum corrections (QC) to σ(B) take place
only QC for interaction electrons δσint(B). From the
data of QC to σ(B) for interaction electrons we esti-
mated the constant of electron–electron interaction
λ ≥ −0.18. This constant is negative (attraction

between electrons) and monotonically decreases on
the absolute value with decrease of average diameter
of MWNTs (increase of curvature of graphene lay-
ers). This result is in opposite with experimen-
tal observation of superconducting state in SWNTs
with diameter 1 nm at Tc ≈ 1 K1 and with diameter
0.4 nm at Tc ≈ 20 K2 but in agreement with data
for MWNTs Tc ≈ 16 K.13

Acknowledgment

The work was supported by Ministry of Educa-
tion and Science of Russian Federation (Grant Nos.
PHΠ.2.1.1/410 and PHΠ.2.1.2/2115).

References

1. M. Kociak, A. Yu. Kasumov, S. Guron, B. Reulet,
I. I. Khodos, Yu. B. Gorbatov, V. T. Volkov, L. Vac-
carini and H. Bouchiat, Phys. Rev. Lett. 86, 2416
(2001).

2. Z. K. Tang, L. Y. Zhang, N. Wang, X. X. Zhang,
J. N. Wang, G. D. Li, Z. M. Li, G. H. Wen, C. T.
Chan and P. Sheng, Syn. Metals 133 & 134, 689
(2003).

3. V. L. Kuznetsov, Yu. V. Butenko, A. L. Chuvilin,
A. I. Romanenko and A. V. Okotrub, Chem. Phys.
Lett. 336, 397 (2001).

4. A. I. Romanenko, A. V. Okotrub, V. L. Kuznetsov,
A. S. Kotosonov and A. N. Obrastsov, Phys. Usp.
48, 958 (2005).

5. A. I. Romanenko, O. B. Anikeeva, V. L. Kuznetsov,
T. I. Buryakov, E. N. Tkachev and A. N. Usoltseva,
Sensors Actuators A: Phys. 138, 350 (2007).

6. E. N. Tkachev, A. I. Romanenko, O. B. Anikeeva,
T. I. Buryakov, V. E. Fedorov, A. S. Nazarov, V. G.
Makotchenko, V. L. Kuznetsov and A. N. Usol’tseva,
JETP 105, 223 (2007).

7. B. L. Altshuler, A. G. Aronov and P. A. Lee, Phys.
Rev. Lett. 44, 1288 (1980).

8. N. F. Mott and E. A. Davis, Electron Processes
in Noncrystalline Materials, 2nd edn. (Clarendon
Press, Oxford, 1979).

9. B. L. Altshuler, A. G. Aronov, A. I. Larkin and D. E.
Khmel’nitskii, Sov. Phys. JETP 54, 411 (1981).

10. A. J. Kavabata, Solid State Commun. 34, 431
(1980).

11. M. Baxendale, V. Z. Mordkovich, S. Yoshimura and
R. P. H. Chang, Phys. Rev. B 56, 2161 (1997).

12. A. Mizel, L. X. Benedict, M. L. Cohen, S. G. Louie,
A. Zettl, N. K. Budraa and W. P. Beyermann, Phys.
Rev. B 60, 3264 (1999).

13. I. Takesue, J. Haruyama, N. Kobayashi, S. Chiashi,
S. Maruyama, T. Sugai and H. Shinohara, Phys.
Rev. Lett. 96, 057001 (2006).

https://www.researchgate.net/publication/235600920_Magnetotransport_in_bundles_of_intercalated_carbon_nanotubes?el=1_x_8&enrichId=rgreq-dddcbe0481c6f106c174c85587904c8d-XXX&enrichSource=Y292ZXJQYWdlOzIzMTMwODI2NztBUzoxMjY3NDg2NDE0Njg0MjhAMTQwNzIzMDYzOTY3OA==
https://www.researchgate.net/publication/235600920_Magnetotransport_in_bundles_of_intercalated_carbon_nanotubes?el=1_x_8&enrichId=rgreq-dddcbe0481c6f106c174c85587904c8d-XXX&enrichSource=Y292ZXJQYWdlOzIzMTMwODI2NztBUzoxMjY3NDg2NDE0Njg0MjhAMTQwNzIzMDYzOTY3OA==

