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Temperature (in range 4.2-300 K) and magnetic field (in fields up to 10 kG at 4.2 K) dependences of
the conductivity of two sets of multiwall carbon nanotubes with different average diameters (8-10 nm and
20-22 nm) heated at various temperatures (1600, 2200, 2600, 2800 ° C) were investigated. Temperature
dependences for nanotubes with average diameter 20-22 nm is typical for quantum corrections to conduc-

tivity of the systems with interaction electrons in two dimensional conductors with local disorder. For
nanotubes with average diameter 8-10 nm temperature dependences corresponds to one-dimensional vari-
able range hopping conductivity (VRHC). The variation of annealing temperature of MWNTs influence
on the contribution of corrections to conductivity and parameters of VRHC. The magnetoconductivity of
MWNTs also depends on the annealing temperature and is less than that of highly oriented pyrographite.
Annealed MWNTs with average diameter 20-22 nm has a positive magnetoconductivity.

Keywords: conductivity, magnetoconductivity, annealed multiwall carbon nanotubes, one-dimensional
variable range hopping, quantum corrections to conductivity.

Introduction

Electron transport properties (conductivity and magnetoconductivity) in conducting materials
are the basic characteristics defining their fundamental and applied properties. In carbon mul-
tiwall nanotubes (MWNTs) these properties depend on a state of surface atoms because in
nanostructures materials the surface atoms are an appreciable part of full quantity of atoms in
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nanostructures. Investigation of the electrical characteristics of carbon nanotubes is interesting
both from a practical point of view and from the standpoint of studying the fundamental proper-
ties of solids. According to transmission electron microscopy (Fig. 1) the synthesized nanotubes
have defects in the outer layers. It was shown that high temperature annealing decrease num-
ber of defects on a surface of nanotubes, while increasing the annealing temperature nanotubes
tends to the ideal: fewer defects, straighten a tube, a surface becomes smoother. Outer layers of
nanotubes participate in conductivity, because layers contact with each other. We can assume
that the temperature processing affects electric properties of matter.

The goal of this study was to investigate influence of heat treatment on the conductivity and
magnetoconductivity. We investigated the electrical properties of nanotubes with different outer
diameters, as the initial, and after heat treatment up to 2800°C.

Fig. 1. The data from transmission electron microscopy. Initial nanotubes (left) and annealed
nanotubes (right)

1. Experimental

Multiwall carbon nanotubes of two types (with the average external diameter of 8-10 nm and
20-22 nm) were obtained by pyrolysis of ethylene in a flow reactor for highly Fe-Co catalysts at
temperatures of 650-750°C, obtained by the polymerization of complex predecessors. MWNTs
samples obtained at the first stage were purified by boiling in 15% hydrochloric acid solution with
subsequent washing with water. In the final product contained about 0.2-1.5 wt. % of metal
impurities. The structure of MWNTs was investigated using transmission electron microscopy
(TEM, Fig. 1). Ignition of the samples was carried out in a stream of high-purity argon at
1600-2800°C, resulting in a multilayer nanotubes with the content of metallic impurities less
than 1 ppm.

The samples had narrow distributions of average outer diameter of MWNTs with diameter
depends on synthesis conditions. For electrical measurements the powder of MWNTs was pressed
in a glass cylinder for as long as its resistive properties cease to depend on the degree of compres-
sion. The electrical contacts were made by 0.1 mm silver wires. The temperature dependences of
conductivity o(T") and magnetoconductivity o(B) were measured by four-point-probe technique.
o(T) was measured in the temperature range 4.2-300 K. o(B) was measured in the field B range
0-10 kG at temperature 4.2 K.
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2. Experimental Results and Discuss

Temperature dependences of normalized conductivity o(T")/o(Troom) — conductivity at room
temperature) of MWNTs with average outer diameters 20-22 nm are shown in Fig. 2. Logarith-
mical dependences take place at temperature below 100 K:

o(T) =01+ Aln(T), (1)
where o1 and A are constants. This dependence is typical for quantum corrections to conductivity

of the systems with interaction electrons in two dimensional conductors with local disorder [1].
Similar dependence has a Coulomb gap.
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Fig. 2. Temperature dependences of relative conductivity o/0r0om (Troom — conductivity at
room temperature) of multiwall carbon nanotubes with average diameters 20-22 nm (initial and
with different annealing temperature) in the o/0.00m — In(T) axes. Numbers on the figure are
showing annealing temperature in °C

Angle of approximation line depends on annealing temperature of initial samples of nan-
otubes. Slope increases with increasing annealing temperature. This suggests that the contribu-
tion of quantum corrections change in temperature annealing.

Fig. 3 shows the temperature dependence (normalized at room temperature) of loga-
rithm of conductivity of the samples of nanotubes with average diameter of 8-10 nm in the
In[o(T) /o (Tyoom)] — T~/ axes in temperature range 4.2-300 K. In these axes the dependence
of conductivity is linear. In temperature range 4.2-50 K the electrical conductivity can be de-
scribed by one-dimensional variable range hopping conductivity with variable length of hops
between localized states located in a narrow energy range close to the Fermi level. This is
proven by the experimental observation of relation (2) (Mott’s law) [2]. In [3] experimentally
demonstrated that the carbon structure can be described by the theory of one-dimensional hop-
ping conductivity with variable hopping length. Conductivity in this case is described by the

following formula:
1
To\ ¢
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Fig. 3. Temperature dependences of relative conductivity ¢/creom (0room — conductivity at
room temperature) of multiwall carbon nanotubes with average diameters 8-10 nm (initial and
with different annealing temperature) in the In[o /o oom| — T~ '/? axes. Numbers on the figure
are showing annealing temperature in °C

p
CL?OCIGBN(EF)
radius of electron wave function, d is the movement dimension of the current carriers, kg is the
Boltzmann constant, N(EF) is the density of states at the Fermi level. The experimental data
are well described by the formula (2) with d = 1.

The physical meaning of hopping conduction — electron tunneling between localized states,
accompanied by energy exchange with phonons. Variable hopping length means tunneling over
long distances with small change in energy or a small distance with a large change in energy. In
other words, when the temperature becomes energetically favorable tunneling over long distances.

Fig.4 shows normalized magnetoconductivity of samples (initial and annealed) and magne-
toconductivity of pyrolytic graphite in the do;,:(B?)/0¢ — B? axes for MWNTs at T = 4.2 K,
where 00int = 00czp — 00, 00cap are the experimental results of measurement of conductivity in
magnetic field B.

Quantum corrections for weak localization effects [4] dow 1 (T) are not observed, but quantum
corrections for interaction electrons (QCIE) to magnetoconductivity [5] doyn.(T) take place.
Magnetic field B suppresses this QCIE [5]. Low field asymptotic behavior for do;,:(B):

80int(B) B\* B
T N 70—29(T) Bint ’ Bint<<17 (3)

where o is the conductivity at B = 0, o3 is constant, Bj,: = ncT/2eD ~ 6 T at T = 4.2 K,
D =~ 20 cm? /s for MWNTs (diffusion coefficient) [6]. The interaction constant g(7T') is given by

where Ty = , B is a constant depending on the dimension, a;,. is a localization

R ] ()

where A is the constant of electron-electron interaction (at attraction of electron the temperature
of superconducting transition T, = 6p exp [1/)], n = EF at repulsion and 1 = 6p at attraction of
electrons, fp /kp is the Debye temperature. As can see from eq. (3) the do;,,:(B) is positive when
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Fig. 4. Dependences of relative conductivity doin:/c(0) (where 60ins = 00cap — 0(0), d0eap —
the experimental data of conductivity measurements, o(0) — conductivity of samples without
field) of the samples in magnetic field: multiwall carbon nanotubes with average diameters 20—
22 nm in the §o,:(B?)/0(0) — B? axes. Also magnetoconductivity of pyrolytic graphite is shown.
Numbers on the figure are showing annealing temperature in °C

g(T) is negative. Fig. 4 shows that the dependence of magnetoconductivity at low fields is linear
in the 60,1 (B?)/0g — B? axes. At the field B,,;, magnetoconductivity behaves logarithmically
depending on the external field [5]. For samples annealed at high temperatures requires less
external fields for entering the logarithmic behavior of dependence. You can see that with
increasing annealing temperature, angle of magnetoconductivity increases and the dependence
tends to characteristic dependence of pyrolytic graphite.

Conclusion

In this paper we studied the electrical characteristics of multiwall carbon nanotubes annealed at
different temperatures. It was shown that the conductivity of nanotubes with different average
diameters has different mechanism of the conductivity. Dependence of conductivity for nanotubes
with average diameter 20—22 nm is typical for quantum corrections to conductivity of the systems
with interaction electrons in two dimensional conductors with local disorder. For nanotubes
with an average outer diameter 8-10 nm temperature dependence of conductivity corresponds
to one-dimensional variable range hopping conductivity. It was shown that annealing changes
the contribution of quantum corrections to conductivity and parameters of VRHC. At the same
diameter of MNWTs and different annealing temperature type of characteristic dependences does
not change.

It was shown that magnetoconductivity of annealing nanotubes is positive. Asymptotic ap-
proximation of the magnetoconductivity in weak fields is square, in strong is logarithmically
dependent on the magnetic field. While increasing the annealing temperature dependence of
magnetoconductivity of the nanotubes tends to dependence of magnetoconductivity of pyrolytic
graphite. Perhaps this is due to the fact that during the annealing defects in nanotubes decreases
and the behavior of carriers of MNW'Ts tend to the ideal crystalline state.
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TeMHepaTyprIe 3aBACUMOCTHU IIPOBOJAMMOCTH A
Mar"geToipoBONMOCTDb OTO2K2KEHHDbIX MHOTI'OCJIOMHBIX
yriiepoaHblX Ha.HOTp}/'6OK

Cepreit 1.Boponanosn
Amnaronnii I.PomaneHko
Ouabra B.AHukeeBa
Baagunmup JI.Ky3HeroB
Kapuna B.EaxymeeBa
Cepreii I.MoceeHKOB

IIpedcmasaenv, memnepamyphbie 3a6uUcuUMocmy nposodumocmu (6 duanadone 4.2-300 K) u maenemo-
nposodumocmo (6 noasxr do 10 kI’ npu 4.2 K) MH020CA0UHE Y2AePOOHBIT HAHOMPYOOK CO CPeOHUM
erewnum duamempom 8—10 u 20-22 nm, omoscorcenHur npu padsuunox memnepamypazr (1600, 2200,
2600, 2800 ° C). Ilokasaro, 4mo 3a8UCUMOCTIb NPOSOOUMOCTNY 0N HAHOMPYOOK CO CPEOHUM OUAMEMPOM
20-22 nm xapaxmepna 0Af K8AGHMOBHIT NONPABOK K NPOBOIUMOCTNY 63AUMOIETUCMEYIOWUTL IAEKMPOHOE
8 J8YMEPHBIT MPOBOOHUKAT C AO0KAAbHBIM Oecnopadkom. s nanompybok co cpednum duamempom 8—
10 Hm umeem mecmo 00HOMEPHAA NPHIACKOBAA NPOBOIUMOCTNL € Nepemernots daunot npwvorcka. Tokasa-
HO, YMO NPU MeMnepamyprol 06pabomre MHO20CAOUHBIT Y2AePOOHDBIT HAHOMPYOOK USMEHAELMCA 6KAQOD
KBAMMOBIT MONPABOK 6 NPOBOOUMOCTNDG, G TAKIICE NAPAMEMPLL NPHLIACKOBOT NPOBOIUMOCTU, “IMNO OM-
otcuz 06pa3y06 6AUAEM HA MAZHEMONPOBOJUMOCTVE. Mirozociotinbie Yeaepodrvie HanompPyodKu co cpedrum
duamempom 20-22 Hm UMEIOM NOAOHCUMENDHYIO MAZHEMONPOBOOUMOCTD.

Karoueswie cao6a: nposodumocms, mMazHemonposoouMoCms, OTONCHCEHHBIE MHO20CAOTHBIE Y2AePOOHbLE
HAHOMPYOKU, OOHOMEPHAA NPBIAHCKOBAA NPOBOOUMOCTNG C NEPEMEHHOT OAUHOT NPLIIICKE, KEAHMOBVLE NOo-
npasKy ¥ nposoduMocmu.
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