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The magnetoresistance and electrical resistivity of nitrogen-
doped multi-walled carbon nanotubes (N-MWCNTs) were
studied in the temperature range of 1.6–100.3 and 1.6–286 K,

respectively, using a standard four-probe technique. The pos-
sible mechanisms of the observed effects are discussed in
detail.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Carbon nanotubes (CNTs) exhibit
unique chemical and physical properties that allow employ-
ing them in a variety of applications. In particular, CNTs
are chemically and thermally stable, characterized by high
mechanical strength, thermal and electrical conductivity, and
large specific surface area. Currently, CNTs are regarded
as the most attractive building blocks for nanoelectronics,
since they are able to form an almost perfect spin-transport
medium. Basically, the electron transport in them is one-
dimensional and ballistic with a long spin relaxation time and
weak spin–orbit effects. Also, even pristine CNTs, which are
non-magnetic materials, are characterized by a giant magne-
toresistance [1]. On the other hand, it is quite obvious that
modification of CNTs (intercalation and filling the internal
cavities with different elements) can lead to significant dif-
ferences in their electronic structure and physical properties
[2–5].

One of the possible types of CNT modification is sub-
stitution of the carbon atoms by atoms of other elements, in
particular by boron or nitrogen. The substitution of the car-
bon atoms can be realized using atoms of the same type or by
the atoms of different type simultaneously. Such substitution

gives the possibility to create new types of nanomaterials
with different properties and also opens up new opportunities
for application of CNTs to electronic devices. It is well
known that nitrogen (N) doping of CNTs creates an electron
donor state in the conduction band near the Fermi level [6].
At the same time, boron doping of CNTs led to the increase
of the density of acceptor states near the valence band edge.
As shown in the series of papers [7–12], the nitrogen doping
of CNTs provides significant changes in morphology, hard-
ness and chemical reactivity. The theoretical aspects of the
influence of doping on the electronic structure and kinetic
properties of CNT were studied in Refs. [13–15]. In Ref.
[13] the shift of the Fermi level in doped CNT was analyzed
as a function of the nitrogen or boron concentration. It was
shown (see Ref. [15] for details) that N-doped CNTs exhibit
metallic properties independently of their chirality. At the
same time, experimental investigations of the kinetic prop-
erties of doped CNTs do not provide a consistent view on
the origin of those properties. In Ref. [16], it was found that
the thermal electromotive force of N-doped multi-walled
carbon nanotubes (MWCNTs) is of an opposite sign. This
is evidence that the type of main carriers changes as a result
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of the modification of MWCNT by nitrogen. The thermal
electromotive force was analyzed in the framework of the
model of strong localization of charge carriers, which ade-
quately describes the charge transport in disordered carbon
systems and noncrystalline semiconductors. This model was
used to describe the conductivity of K-doped CNT fibers in
Ref. [17]. In Ref. [18], the magnetoresistance and thermal
electromotive force of I-doped CNT was analyzed in the
framework of the weak localization model for 3D systems.
The highest concentration of nitrogen has been obtained
when nitrogen was incorporated in MWCNTs, namely N
content >20% with respect to carbon [19]. However, despite
the great attention devoted to the doped systems in general,
and to N-MWCNTs in particular [20–25], the understanding
of the relationship between the structure and the kinetic
properties of this nanosystem is one of the most fundamental
problems in material science.

Thus, the goal of this work is to study the magnetoresis-
tance and electrical resistivity of N-doped MWCNT at low
temperatures, and to analyze in detail their possible mecha-
nisms.

2 Experimental Undoped and N-doped MWCNT
were grown on the walls of a quartz tube reactor using a spray
pyrolysis CVD method. Argon as a carrier gas was used under
a pressure of 20 kPa. Benzene (BZ) and acetonitrile (ACN)
containing FeCp2 (2%) were applied as feedstock materials
for the synthesis of undoped and N-doped MWCNT. The
experimental setup for CNT growth is described in detail in
Ref. [26].

For measurements of electrical resistivity and magne-
toresistance of CNT, the compacted samples were prepared
by cold pressing using a polyvinyl acetate adhesive (85 wt%
pristine or N-MWCNT, 15 wt% polyvinyl acetate). The den-
sity of obtained compacted samples was 1.38 g cm−3 for
nondoped CNTs and 1.40 g cm−3 for doped CNTs. Mag-
netoresistance and resistivity of samples were investigated
in the temperature ranges 1.6–100.3 and 1.6–286 K, respec-
tively, using a standard four-probe technique. The magnetic
field induction up to 5 T was applied perpendicular to the
direction of the electric current.

3 Results and discussion The detailed structure
characterization of the obtained materials by scanning elec-
tron microscopy (SEM; FEI XL30 LaB6) in Fig. 1a from
Ref. [24], high-resolution transmission electron microscopy
(HRTEM) in Fig. 1b from Ref. [24], X-ray diffraction spec-
troscopy (XRD), in Fig. 2 from Ref. [24], are presented in
Refs. [24, 26]. SEM images obtained from the deposited
films exhibit essential differences in the morphology of
undoped and N-doped MWCNT [24, 26]. N-doped MWC-
NTs are smoother than pure MWCNTs. According to the
high-resolution electron microscopic images the obtained N-
MWCNT show bamboo-like structure of nanotubes result
from nitrogen doping, since nitrogen plays a key role in gen-
erating compartment layers inside the nanotubes. The inner
diameter of N-MWCNT is between 30 and 40 nm, whereas

the outer diameter ranges from 50 to 100 nm and the length
is up to 15 �m. The structure of undoped MWCNTs differs
notably. The nanotubes have an outer average diameter of
about 30 nm and are usually composed of concentric cylin-
ders rather than bamboo-like segments. The diameter of the
central channel varies from 5 to 20 nm. The XRD pattern
of N-MWCNT grown with decomposition of ACN exhibits
weak peaks that could be ascribed to the hexagonal C3N4

(201) and (004) reflections [26]. These features prove the
quite homogeneous distribution of N atoms in the CNT grown
with decomposition of ACN [24, 26]. Incorporation of nitro-
gen into CNT is also confirmed by Raman spectra investiga-
tions. A slight up-shifting of the G-band position, the change
of ID/IG ratio in the N-doped CNTs in comparison with n-
doped CNT, and the decreasing of the D∗ band relative inten-
sity indicate that nitrogen is incorporated in the tubule walls
[26]. The chemical composition of the NTs arrays determined
with an energy dispersive X-ray spectrometer is 92.6 at.% of
carbon, 7 at.% of nitrogen and 0.4 at.% of iron [26].

Figure 1 shows the temperature dependence of the resis-
tivity ρ(T ) for the pure MWCNT and N-MWCNT samples
in the temperature range of 1.6–286 K. A decrease in resis-
tance with increasing temperature took place for both pure
MWCNT and N-MWCNT samples. However, in the entire
temperature range the resistance of nitrated MWCNT is about
six times less than the resistance of pure MWCNT. This
indicates the increase of the number of free charge carriers
in MWCNT in a nitrogen-doping process. At temperatures
>40 K for the pure MWCNT (Fig. 1a) and >20 K for the
nitrated MWCNT (Fig. 1b) a weak monotonic decrease of
the specific electric resistance is observed. Such a weak tem-
perature dependence of the electric resistance was explained
by features of the charge-carrier scattering in graphite-based
materials and particularly in MWCNT [27]. As is known,
the electronic structure of MWCNT with a large number of
graphite layers similar to the electronic structure of the fine-
crystalline graphites. Therefore, the analysis of the conduc-
tivity of such MWCNT can be carried out in the framework of
Wallace’s model [28], which is used to describe the conduc-
tivity of slightly ordered fine-crystalline graphites. Taking
into account the classic mechanisms of charge-carrier scatter-
ing within this model the electric resistance can be written as:

ρ = π
√

3 γ0 a0 d002 �

�EF e2Lef

, (1)

where γ0 is the overlap integral of electron wave functions in
a graphite layer, a0 is the lattice constant, d002 is the distance
between graphite layers, � is the Plank’s constant, Lef is
the effective mean free path of charge carriers, EF is the
Fermi energy, e is the electron charge. In the approximation
of independence of all scattering mechanisms the effective
mean free path of charge carriers takes the form

1

Lef

= 1

Lph

+ 1

Lb

+ 1

Ldef

+ 1

Limp

, (2)
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Figure 1 Temperature dependence of resistance for the pure MWCNT (a) and N-MWCNT samples (b).

where Lph, Lb, Ldef , and Limp are the mean fee paths for the
scattering of charge carries by phonons, crystalline bound-
aries, defects, and impurities, respectively. The temperature
dependence of the specific electric resistance is determined
by the temperature dependence of the charge-carrier density
and of their mean free path. For MWCNT, as well as for other
fine-crystalline graphite materials, for which a very small
overlapping of the valence and conduction bands occurs, the
density of free charge carriers practically does not change
at temperatures up to 50 K. With regard to the temperature
dependence of charge-carrier mean free path, it is deter-
mined by the temperature dependences of mean free paths for
different scattering mechanisms. Apparently, among all the
considered scattering mechanisms for MWCNT, in the first
approximation the scattering by defects, crystallite bound-
aries and impurities are expected to be temperature indepen-
dent. The scattering of charge carriers by phonons obviously
depends on temperature. Furthermore, the effective mean
free path of charge carriers is determined by the scattering
mechanism, for which the mean free path is minimal. Let us
assume that the mean free path for the scattering by phonons
in MWCNT is of the same order as for the crystalline graphite
(Lph ∼200 nm at T = 273 K [29]). Then, for the temperature-
independent scattering mechanisms, the mean free paths are
approximately equal to the size of crystallites in MWCNT.
According to estimations from X-ray diffraction, the mean
crystallite sizes are about 20 nm for pure MWCNT and about
18 nm for nitrated MWCNT. Hereby, the mean free path for
the scattering by phonons is much larger than the correspond-
ing values for the scattering by crystallite boundaries, defects
and impurities. Thus, the main mechanism of the scattering of
charge carriers in MWCNT is the temperature-independent
scattering by crystallite boundaries. Both a small increase
of the charge-carrier density with the growing temperature
and a weak dependence of charge-carrier mobility upon tem-
perature cause a small decrease of electric resistance with
temperature, which in fact is observed experimentally at high
temperatures. According to classical scattering mechanisms,
at low temperatures the electrical resistance either does not
depend on temperature or increases negligibly with tempera-
ture decreasing. However, the experimental dependence ρ(T )

shows an anomalous resistance increase with decreasing tem-
perature that cannot be explained in the framework of the
classical theory of electrical conductivity. Such an anoma-
lous temperature dependence of the WNT conductivity may
be related with manifestation of the effects of weak local-
ization and electron–electron interactions, which take place
in weakly disordered systems. For the reason that transport
properties of nanotubes are similar to the properties of tur-
bostratic graphite, the formulas for two-dimensional systems
were used to describe quantum interference phenomena in
MWCNT.

In the framework of the theory of weak localization and
interaction of charge carriers, the electrical conductivity of
the system can be written as [30–33]

σ (T ) = σcl (T ) + �σq (T ) ,

�σq (T ) = �σloc (T ) + �σel−el (T ) , (3)

where σcl is the classical conductivity, �σq is the contribution
to the conductivity related to quantum effects, being the sum
of contribution due to the weak localization effect, �σloc, and
the contribution due to the effect of charge-carrier interaction,
�σel−el. In the two-dimensional case the contribution to the
conductivity resulting from weak localization has the form
[34]

�σ2loc (T ) = e2

2π2�
α ln

(
τ0

τϕ

)
,

where

τϕ = A∗T −p, (4)

and the contribution to conductivity resulting from the effect
of charge carriers interaction �σ2el−el is:

�σ2el−el (T ) = e2

2π2�
γ ln

(
kBTτ0

�

)
. (5)

Here, τ0 is the charge-carrier relaxation time for different
scattering mechanisms, τϕ is the phase relaxation time, A∗
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Figure 2 Dependence of �σ versus ln (T ) for pure MWCNT (a) and N-MWCNT (b) samples.

and p are coefficients, a is a numerical coefficient, which
depends on the relation between τ0 and τϕ; γ is the numeri-
cal coefficient characterizing the screening of charge carriers
[35, 36].

By taking into account Eqs. (3)–(5) for the correction for
two-dimensional conductivity, we obtain

�σ2q(T ) = �σ2loc(T ) + �σ2el−el(T )

= e2

2π2�

[
(ap + γ) ln (T )

+ γ ln

(
2πkBTτ0

�

)
+ a ln

( τ0

A∗

)]
, (6)

or in the simplified form

�σ2q(T ) = K ln (T ) + E (7)

where

K = e2

2π2�
(ap + γ) ;

E = e2

2π2�

[
γ ln

(
2πkBTτ0

�

)
+ a ln

( τ0

A∗

)]
.

Thus, for the two-dimensional system the contributions
to conductivity, which are related to the effects of weak
localization and charge-carrier interaction, are proportional
to ln(T ).

In Fig. 2, the dependence �σ(T ) = (σ(T )/σ0 − 1) versus
ln (T ) is shown, where σ0 is the conductivity at the tempera-
ture for which the dependence �σ(T ) deviates from the linear
one. As can be seen in Fig. 2, the linear dependence �σ ver-
sus ln (T ) is observed for both the pure and nitrated MWCNT.
Note that for the nitrated MWCNT the slope coefficient of
the straight line is half that for the MWCNT before nitrogen
doping. Thereby, the obtained linear dependencies �σ ver-
sus ln (T ) indicate a possible manifestation in MWCNT the
effects of weak localization and electron–electron interaction
for the two-dimensional case.

In Fig. 3, the experimental dependences of electrical
conductivity on the magnetic field are shown for the pure
MWCNTs (Fig. 3a) and N-doped MWCNT (Fig. 3b) sam-
ples. As can be seen in Fig. 3a, the magnetoresistance is
negative for pure MWCNT over the entire range of tem-
peratures 1.6–100.3 K and magnetic fields, and the value
of �ρ/ρ changes from –4.3 to –2.8% at the maximum
value of magnetic induction. Figure 3b shows the experi-
mentally obtained dependence of the magnetoresistance for
the N-doped MWCNT samples in the temperature range
1.6–70.2 K. At 1.6 K, the magnetoresistance for N-doped
MWCNT is –2.7% at the maximum value of magnetic
induction, whereas with increasing temperature the magne-
toresistance is reduced at the maximum value of magnetic
induction. Moreover, the magnitude of magnetoresistance
decreases under the modification of MWCNT with nitrogen
(see Fig. 3b).

Let us analyze the obtained experimental data on the
resistance changes in magnetic field in the framework of
the theories of weak localization and electron–electron inter-
actions for the two-dimensional case. Taking into account
the quantum effects, the contribution to conductivity in the
magnetic field can be written in the form [30, 36]

�σq(B) = �σloc(B) + �σel−el(B), (8)

where �σloc(B) is the contribution to conductivity in mag-
netic field due to the weak localization, �σel−el(B) is the
contribution to conductivity due to the interaction of elec-
trons.

The contribution to conductivity in the magnetic field,
which is related to the two-dimensional effect of weak local-
ization, is determined as [30]

�σloc(B) = e2

2π2�
Y

(
4eDBτϕ

�

)
, (9)

Y (x) �
{

x2/24, for x � 1

ln(x), for x � 1
(10)

www.pss-b.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Magnetic field dependence of resistance for pure MWCNT (a) and N-MWCNT (b) samples.

where �σloc(B) = σloc(B) − σloc(B = 0), D is a diffusion
coefficient. The characteristic field is determined by the for-
mula:

Bloc ∼ �

4eDτϕ

. (11)

The contribution to the two-dimensional conductivity in
magnetic field is caused by the effect of the electron–electron
interaction and appears as:

�σel−el(B) = e2

2π2�
g (T, B) f2

(
2eDB

πkBT

)
, (12)

f2(x) �
{

0.3x2, for x � 1

ln(x), for x � 1
(13)

where g(T, B) is the parameter of electron–electron interac-
tion. The characteristic field for this case is determined by
the relation:

Bel−el ∼ πkBT

2eD
. (14)

Thus, for the two-dimensional system in case of small
magnetic fields (which are lower than the characteristic
field) both contributions to conductivity are proportional
to the square of magnetic field, whereas at high fields the
dependences of both contributions on magnetic field have a
logarithmic character.

The reconstructed experimental dependences of mag-
netoresistance on magnetic field at low temperatures,
�σq(B) = (σ(B)/σ − 1) versus B are given in Fig. 4 for
the samples of pure and N-doped MWCNT. As is seen in

Figure 4 Magnetic field dependencies of �σq(B) for pure MWCNT (a) and N-MWCNT (b) samples at 1.6 K. Dashed line is dependence
y1 ∼ a1B

2, solid line is dependence y2 = b + a2 ln(B).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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Table 1 Calculated values of some parameters for the investigated
samples.

MWCNT N-MWCNT

LT (nm) 20 18
D (m2 s−1) 2.27 × 10−4 2.02 × 10−4

Bel−el (T) 2.5 3
p 0.98 1.2
EF (eV) 0.006 0.1

Fig. 4, the experimental dependence �σq versus B for all
given samples at low magnetic fields can be approximated by
a square field dependence of y1 ∼ a1B

2 type, and at high mag-
netic fields by logarithmic dependence of y2 = b + a2 ln(B)
type. Therefore, for the obtained experimental dependences
of magnetoresistance, both for pure and N-doped MWCNT,
the following relations take place: at low fields the contribu-
tion to conductivity in magnetic field is proportional to the
square of the magnetic field, and at high magnetic fields it is
proportional to a logarithm of the magnetic field.

The diffusion coefficient of charge carriers D for pure
and N-doped MWCNT samples can be defined as:

D = L2
T
kBT

�
, (15)

where LT is the coherence length in conductor (i.e., the
mean-free path of charge carriers for inelastic processes).
The temperature dependence of D(T ) is determined by a
temperature dependence of LT . For the dominating phonon
mechanism of charge-carrier scattering, LT decreases with
temperature, and obviously D(T ) decreases with increas-
ing temperature. However, as is shown above, the special
situation is observed for the studied MWCNT: the main
mechanism of scattering of charge carriers is the scattering at
boundaries of crystallites. In this case, LT is determined by
the sizes of the crystallites in the investigated MWCNT, and
obviously the LT does not depend on temperature. According
to Eq. (15), this provides a growth of the diffusion coefficient
with temperature. Taking into account the sizes of crystal-
lites, which were estimated by X-ray diffraction for pure
and N-doped MWCNT, the values of the diffusion coeffi-
cients at temperature of 1.6 K amount to 2.269 × 10−4 and
2.020 × 10−4 m2 s−1 for pure and N-doped MWCNT sam-
ples, respectively (see Table 1).

For both systems, we can estimate the values of char-
acteristic fields. In the case of electron–electron interaction
of charge carriers, a value of the characteristic field can be
determined by Eq. (14) taking into account Eq. (15):

B∗
el−el = πkBT

2eD
= πkBT�

2eL2
T
kBT

= π�

2eL2
T

. (16)

By this means the characteristic field Bel−el does not
depend on temperature, and is determined only by the sizes

of the crystallites in the investigated material. The values of
characteristic field Bel−el amount to ∼2.5 T for pure MWCNT
and ∼3.0 T for N-doped MWCNT. Apparently from Fig. 4,
for both pure and N-doped MWCNT the magnetic fields,
where a deviation from square dependence of y1 ∼ a1B

2 was
observed, are significantly smaller. Obviously, this is related
to that the characteristic fields of localization are smaller,
than that of interaction.

According to Eq. (11), the temperature dependence of the
characteristic field of localization Bloc is determined by the
temperature dependences of two parameters: the diffusion
coefficient, which linearly grows with temperature, Eq. (15),
and the time of the phase breaking τϕ (time of phase relax-
ation), which decreases with temperature growth, in line with
Eq. (4). For the two-dimensional system, the exponent p can
gain values from 0.5 to 2 [37]. Let us take the logarithm of
the expression for characteristic field in the case of weak
localization, taking into account Eqs. (4) and (15):

ln (Bloc) = ln

(
�

2

4eL2
T
kBA∗

)
+ (p − 1) ln(T ). (17)

We can estimate the values of characteristic fields of
localization Bloc from experimental data in Fig. 4 as magnetic
fields at which the dependence �σq(B) = (σ(B)/σ0 − 1) ver-
sus B deviates from the squared one.

In Fig. 5, the temperature dependences of the charac-
teristic fields of localization Bloc versus T , as determined
from experimental data, are given in logarithmic coordinates.
From these dependences, with use of Eq. (17), the values p

and A∗ for pure and N-doped MWCNT are estimated and
given in Table 1.

As appears from Table 1, for pure MWCNT the value of
p amounts to 0.98. Therefore, in good approximation, it is
possible to consider that for pure MWCNT the dependence
τϕ = A∗/T occurs. For N-doped MWCNT p = 1.20, that is,
the dependence of the phase-relaxation time on temperature
is more pronounced. As for the A∗ factor, its values for pure
and N-doped MWCNT do not differ substantially. Thus, from
the experimental data on the behavior of conductivity in a
magnetic field, the temperature dependences of the phase-
relaxation time for the wave functions of charge carriers τϕ

were obtained for pure and N-doped MWCNT samples.
The relative contribution to the two-dimensional conduc-

tivity resulting from the manifestation of weak localization
effects and interaction in magnetic field, which is less than a
characteristic field of localization, can be written as:

�σ = 2
√

3e2D2γ0a0

πEFLT

(
τ2

ϕ

6�
+ 0.3G

π2k2
BT

2

)
B2. (18)

Let us consider in detail the coefficient a at B2 which
we will designate as a1CNT for pure MWCNT and a1N for N-
doped MWCNT. In the expression for the coefficient at B2,
we substitute in an explicit form the diffusion coefficient D

and the relaxation time τϕ for the wave function. For the pure

www.pss-b.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 Dependence of ln(Bloc) versus ln(T ): (1) pure MWCNT;
(2) N-MWCNT.

MWCNT, this expression takes the form:

a1CNT = 2
√

3e2L3
T
k2

Bγ0a0

πEF�
2

(
(A∗)2

6�2
+ 0.3G

π2k2
B

)
. (19)

This means that the coefficient of B2 in Eq. (18) does not
depend on temperature. From the analysis of experimental
data in Fig. 6, it follows that in the range of temperatures
1.6–22.3 K the temperature dependence of the coefficient at
B2 in Eq. (18) is very weak indeed. In expression (19) for the
case of pure MWCNT there are two unknown parameters: the
energy of the Fermi level EF and a constant G, which is much
less than 1 in the case of small magnetic fields, as was shown
in Ref. [35]. According to our calculations, with reduction
of parameter G, the energy EF asymptotically comes to the
value of about 0.01 eV, which can be taken for pure MWCNT.

Next, we will analyze the temperature dependence of
a1N(T ) for N-doped MWCNT. As shown above, for these
MWCNT the temperature dependence of the phase relaxation
time τϕ can be written as τϕ = A∗/T 1/2 . If we substitute this
for the phase-relaxation time in Eq. (17), we will obtain the
following expression:

a1N(T ) = 2
√

3e2L3
T
k2

Bγ0a0

πEF�
2

[
(A∗)2

6�2T 0.4
+ 0.3G

π2k2
B

]

= K1T
−0.4 + K2, (20)

where

K1 = 2
√

3e2L3
T
k2

Bγ0a0 (A∗)2

6πEF�
4

,

K2 = 2
√

3e2L3
T
γ0a00.3G

π3EF�
2

.

Therefore, in the case of N-doped MWCNT, the exper-
imentally obtained coefficients a1N(T ) at B2 have to depend
linearly on T −0.4. Apparently, the linear dependence of a1N(T )
versus T −0.4 can be clearly seen in Fig. 6. The values K1

and K2 were determined from the experimental dependence

Figure 6 Temperature dependences of coefficient a1N(T ) for pure
MWCNT and N-MWCNT (inset).

a1N(T ) versus T −0.4 and allowed to estimate the energy of
Fermi level and the constant G, which appeared to be: EF =
0.1 eV, G = 2.0 × 10−2. Thus, nitrogen doping of MWCNT
leads to EF growth by 10 times in comparison with pure
MWCNT. This change of EF is presumably related with a
growth of charge-carrier density under nitrogen doping of
MWCNT. This is also in agreement with observed reduction
of the specific resistance of nitrated MWCNT.

The relative contribution to two-dimensional conductiv-
ity in the case of strong magnetic fields, that is B > Bel−el,
takes the form:

�σ =
√

3γ0a0

2πEFLT

[
ln

(
4eDBτϕ

�

)

+ G ln

(
2eD

πkBT

)
+ (1 + G) ln (B)

]
. (21)

At a constant temperature the dependence Eq. (21) can be
written in the form of �σ = b + a (1 + G(B)) ln (B). Appar-
ently from Fig. 4, at high magnetic fields such a dependence
of �σ(B) is really observed experimentally. However, it is
rather difficult to obtain any quantitative estimates in this
interval of magnetic fields, since for strong magnetic fields
the constant G depends in a complicated way on temperature
and magnetic field:

1

G
= 1

λ
+ ln

( cη

eBD

)
,

1

G
= 1

λ
+ ln

(
γη

πKBT

)
,

where the numerical values of the constants λ and η are
basically unknown.

4 Conclusions The investigations of resistance and
magnetoresistance of pure MWCNT and N-doped MWCNT
samples have revealed the influence of nitrogen doping on the
electronic structure of MWCNT. It is established that nitro-
gen doping of MWCNT leads to growth of the density of
delocalized charge carriers in MWCNT, which in turn leads

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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to a reduction of the specific resistance of N-doped MWCNT.
This is also confirmed by our estimations of the change of the
Fermi-level energy under nitrogen doping. As shown by the
calculations, under nitrogen doping the Fermi level is shifted
into the valence band, and the value of the Fermi-level energy
increases by 10 times. The estimations of the diffusion coef-
ficient are carried out for pure and nitrated MWCNT. It is
revealed that for pure and N-doped MWCNT the manifesta-
tion of the effects of weak localization and electron–electron
interactions takes place in the kinetic properties of charge
carriers at low temperatures. This results in abnormal tem-
perature and field dependences of resistance, in particular,
in the manifestation of a negative magnetoresistance. On the
basis of the conducted investigations, the explicit type of tem-
perature dependence of the phase relaxation time of the wave
function is established for the pure and nitrated MWCNT.
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