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Magnetoresistance �MR� and magnetothermoelectric power �MTEP� of iodine-doped single-walled carbon
nanotubes �I@SWNT� under magnetic fields up to 14 T are investigated from room temperature �300 K� down
to 1.6 K. Our results on resistivity and thermoelectricpower �TEP� in a zero magnetic field are similar to those
reported by Grigorian et al. �Phys. Rev. Lett. 80, 5560 �1998�� The positive sign of the TEP values indicates
that the majority of the carriers in the I@SWNT are holes. The broad enhancement of TEP at temperatures of
30–200 K shows quasilinear temperature dependence and is consistent with sharply varying density of states
near the Fermi level with additional contribution from the spin-orbit scattering in the normal metallic charac-
teristics of the I@SWNT. For T�7 K, MR is negative and it decreases with H2 followed by the
H1/2 dependence at around H=2 T which is characteristic for the weak localization. In the range
7 K�T�70 K, MR is positive at low magnetic field and becomes negative at higher magnetic field. The
negative MR in the high magnetic fields decreases linearly. At T� �100 K, MR is positive up to 14 T, which
could be the result of spin-orbit scattering in the I@SWNT. The MTEP decreases under magnetic field at
T�90 K. The reduction in MTEP is originated from the delocalization of electron wave functions under the
magnetic field. At T�90 K, the thermal fluctuation dominates the effect of magnetic fields resulting the
MTEP to be the same as the zero magnetic field TEP.
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I. INTRODUCTION

Chemical modification of carbon nanotubes �CNTs� is im-
portant for application to the electronic devices because such
chemical doping can shift the Fermi energy in the electronic
band structure and can change the electronic properties of the
host material.1 Among the various chemical modification
methods, manipulation through the combination of CNT and
other molecules or polymers has been studied widely be-
cause a CNT has a large surface area and hollow structure. In
particular, intercalation into the hollow space of CNT results
in stable doping, in contrast to interstitial doping which is not
stable. So far, many dopants such as iodine, boron, nitrogen,
bromine, FeCl3, Cs, K, C60, poly�N-vinyl carbazole�, poly-
pyrrole, and polyacetylene have been doped into multiwalled
nanotube �MWNT� and single-walled carbon nanotube
�SWNT�.2–13

Among the doped SWNT, iodine-doped SWNT
�I@SWNT� are particularly interesting. The iodine is inter-
calated into the hollow space of SWNT, depending on the
diameter of the SWNT, exists in the form of atomic chains or
polymorphic structures inside the SWNT.2,14 The I@SWNT
forms an air stable charge-transfer compound. Iodine is a
p-type dopant and when doped into SWNT forms an electron

acceptor in the form of �I3�− or �I5�−. Therefore, electron
transfers from SWNT to iodine can generate free hole carri-
ers. In previous studies of transport properties of
I@SWNT,3–5 Grigorian et al. reported a reduction by
�40-fold in direct current �dc� resistance and a reduction by
�fourfold in thermoelectric power at 300 K. However, the
studies of Grigorian et al. were performed under zero mag-
netic field conditions. In this paper, we focus on temperature-
dependent magnetoresistance �MR� and magnetothermoelec-
tric power �MTEP� under magnetic fields up to 14 T.

MR is a powerful indicator of the intrinsic properties of
CNT samples. To date, MR measurements of various types
of CNT have been performed and in SWNT networks, nega-
tive MR with positive upturns have been observed. Those
results have been explained by the variable range hopping
and weak localization theories.15 On the other hand, in
MWNT mats, positive MR at high temperature and negative
MR at low temperature have been reported, those results
being explained by the two band model and the two-
dimensional weak localization theory, repectively.16 MTEP
has been reported for SWNT mats. A reduction in TEP under
magnetic fields up to 6.5 T has been reported at low
temperatures.17 However, there have been no magnetotrans-
port studies for I@SWNT. In this paper, we present
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temperature-dependent MR and MTEP values for I@SWNT
mats under magnetic fields up to 14 T.

II. EXPERIMENT

The pristine SWNTs were produced by arc-discharge
method. The anode was a graphite rod filled with a powder
mixture of YNi2 alloy and graphite with weight ratio of 1:10.
The cathode was a pure graphite rod. The arc discharge was
ignited between the graphite electrodes in 720 Torr He atmo-
sphere. The SWNTs were generated in the discharge process
and subsequently purified.18 The I@SWNT samples were
prepared by heating a mixture of SWNT bulk powder and
iodine in an evacuated glass tube at 150 °C for 24 h. The
excess iodine remaining on the SWNT surface was removed
by washing with ethanol until the solvent became colorless.
The structural characterization of the iodine-doped SWNT
has been detailed in Ref. 2. In this paper, the intercalated
iodine was confirmed by Raman measurement. Raman spec-
tra were measured at room temperature in a back scattering
geometry with a JY LabRam HR fitted with a liquid-
nitrogen-cooled charge-coupled-device detector. The spectra
were collected under ambient conditions using the 514.5 nm
line of an Ar-ion laser.

Temperature-dependent resistivity was measured using
platinum wire pressure contacts in a four-probe configura-
tion. The samples were cut into 2 mm�1 mm�0.03 mm
�I@SWNT� and 1 mm�1 mm�0.015 mm �pristine
SWNT� rectangular bars. For measurement of resistivity, a
programmable current source �Model 220A; Keithley Instru-
ments, Cleveland, OH, USA� and a nanovoltmeter �Model
2182A; Keithley Instruments� were used. Temperature was
controlled by a Neocera LTC-21 cryogenic temperature con-
troller �Neocera, Front Royal, VA, USA�. MR was measured
by sweeping the magnetic fields up to 14 T at a rate of 0.466
T/min using an Oxford 14 T superconducting magnet �Ox-
ford Instruments, Abingdon, UK�. The magnetic field was
applied perpendicular to the bias current. The TEP was mea-
sured using a dc method with pressure contact applied at
fixed temperatures by a differential technique over a thermal
gradient �typically �T=1 K�.19 As a heat source, a 220 �
chip resistor was used to produce temperature differences in
the dc method. We used a programmable current source
�Model 220A; Keithley Instruments� and a digital voltmeter
�Model 182; Keithley Instruments� for voltage measurement.
Temperature variation was measured using a Lake Shore
DRC-91CA temperature controller �Lake Shore Cryotronics,
Westerville, OH, USA�. The TEP data were corrected to ac-
count for the TEP provided by the copper leads. The MTEP
was measured by applying an external magnetic field parallel
to the temperature gradient using a Janis 7 T superconducting
magnet �Janis Research Co. Wilmington, MA, USA�.

III. RESULTS AND DISCUSSION

A. Raman scattering

Figure 1 shows the Raman spectra of pristine SWNT and
I@SWNT taken by the 514.5 nm line of Ar-ion laser at 300
K. The spectra were normalized with G-band �tangential

mode� peak intensities at 1597 cm−1 �I@SWNT� and
1594 cm−1 �pristine SWNT�, respectively. Similar to the pre-
vious reports,4,20 there are upshift of peaks to the high-
frequency Raman modes, as a result of polyiodide chain in-
tercalation in the SWNT. We did not observe any Raman
peaks around 215 cm−1 which would be expected if iodine
molecules were present in the samples.21 It indicates that no
excessive iodine exists in the sample. The new Raman peaks
of I@SWNT were observed at 109 and 348 cm−1, which
were not detected in pristine SWNT. The Raman peak of
I@SWNT near 172 cm−1 was stronger than that of pristine
SWNT which could be contributed from �I5�− polyiodide
chain.4 Also, since D-band �1358 cm−1� peak corresponds to
the defects mode and G-band �1597 cm−1� peak corresponds
to the graphite mode, the increase in the intensity ratio ID / IG
of I@SWNT indicates that higher disorders are induced upon
iodine doping.

B. Resistivity at zero magnetic field

Figure 2�a� shows the temperature-dependent normalized
resistivity of I@SWNT mats from room temperature �300 K�
down to 1.6 K. The room temperature resistances were 0.5
and 3.2 � for I@SWNT and pristine SWNT, respectively
�inset in Fig. 2�a��. At high temperatures �T�180 K�, the
temperature dependence of resistivity exhibits metallic be-
havior �d� /dT�0� while below 180 K, nonmetallic behavior
�d� /dT�0� was observed �Fig. 2�a��. This crossover pattern
has been reported in doped CNT �Refs. 4 and 8� and doped
polymers,22,23 and can be explained by a heterogeneous
model involving metallic resistivity and tunneling through
small electrical barriers.24,25 In a heterogeneous model, the
general expression for resistivity can be written as

��T� = �m exp�−
Tm

T
� + �t exp� Tt

T + Ts
� , �1�

where the first term indicates a highly anisotropic metallic
state and the second term corresponds to fluctuation-induced

FIG. 1. �Color online� Raman spectra of pristine SWNT �black
dashed line� and I@SWNT �red solid line� �T=300 K, 514.5 nm
excitation�.
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tunneling between metallic regions separated by small
barriers.24–27 The parameter Tm gives the energy �kBTm� of
phonons with wave vector 2kF that can backscatter carriers.
The parameter Tt is the temperature at which the amplitude
of fluctuations is comparable to the barrier height. The pa-
rameter Ts is the temperature above which the thermally ac-
tivated conduction over the potential barrier begins to occur.
Therefore, the ratio Tt /Ts reflects the barrier size and the
zero-temperature conductivity.25,28 Resistivity versus tem-
perature data are shown in Fig. 2�a�: we note that the experi-
mental curve is in good agreement with numerical fit by Eq.
�1� with the following values of tunneling parameters,
Tt=6.87 and Ts=13 K, which indicates that I@SWNT have
large metallic regions separated by a thin tunneling barrier.
The Tm value was 1253 K and the metallic term contribution
at 180 K is only 0.4%, however, for T�180 K, the metallic
contribution increases rapidly leading to d� /dT�0.

Thus, for T�180 K, metallic conduction along the
I@SWNT is dominant. However, for T�180 K, intertube
junctions or intratube defects can form small barriers and
fluctuation-induced tunneling through the tubes becomes the
dominant transport mechanism.

C. Magnetoresistance

Figure 2�b� shows the MR data in magnetic fields up to 14
T at different temperatures. For T�7 K, the MR was nega-
tive and decreased with H2 following the H1/2 dependence at
around H=2 T which is characteristic for weak localization.
In the range 7 K�T�70 K, the MR data were positive and
exhibited a broad peak at low magnetic field and became
negative at higher field. As temperature increases, the peak
position of positive MR at low magnetic field is shifted to
higher field and became broader �Fig. 2�b� inset�. Further-
more, the negative MR at high magnetic field decreases lin-
early. For T� �100 K, the MR was positive in magnetic
fields up to 14 T. The MR increased linearly in a lower
magnetic field and showed a broad peak in a high magnetic
field �Fig. 2�b��.

The negative MR �i.e., positive magnetoconductance
�MC�� at T�70 K is related to a weak localization effect.
Weak localization predicts H2-dependent MC for weak fields
and H1/2-dependent MC for strong field in a three-
dimensional �3D� system.29–33 In the case of I@SWNT, the
MC has H2 dependence for H�2 T below 12 K �Fig. 3�a��.
For small fields, ��L,3D�H ,T� in a 3D system is given by34

��L,3D�H,T� =
e2

96	2

�4DeH


c
�0�3/2� eH


c
�1/2

� H2, �2�

where �0 is the phase coherence time and D is the diffusion
coefficient that can be related to conductivity � via the Ein-

FIG. 2. �Color online� �a� Temperature dependence of resistivity
of I@SWNT and curve fitted to a heterogeneous model. The
parameters extracted from the fit and applied to Eq. �1� are
�m=0.013 � cm, �t=0.0028 � cm, Tm=1253 K, Tt=6.87 K, and
Ts=13 K; �inset� temperature dependence of resistance in
pristine SWNT and I@SWNT. �b� MR of I@SWNT for
1.6 K�T�200 K; �inset� temperature dependence of positive MR
peak position �red line added as a visual aid�.

FIG. 3. �Color online� �a� ���H� /��0� versus H2 plots in the
low-field region �H�2 T� at 1.6, 4.2, 7, and 12 K. �b� ���H� /��0�
versus H1/2 plots in the high-field region at temperatures from 1.6 to
70 K. �c� Temperature dependence of the slope of the linear por-
tions plotted in �a� �black dot� and �b� �empty dot�.
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stein relation, �=e2N�EF�D in which N�EF� is the density of
states at the Fermi level. On the other hand, in the high-field
region, the MC data have H1/2 dependence �Fig. 3�b��. The
H1/2 dependence of the MC can be also related to localiza-
tion effects. For large fields, ��L,3D�H ,T� in a 3D system is
given by29

��L,3D�H,T� � 0.605
e2

2	2

� eH


c
�1/2

� H1/2. �3�

As temperature increases, H1/2 dependence is weakened
and becomes linear with H. Such linear H dependence could
be the result of a nanojunction effect, which has been dis-
cussed for the linear MR observed in heavily doped
polyacetylene.33 In the mesh of I@SWNT, the nanojunction
areas are formed by intertubular contact barriers.

The positive MR observed at high temperature is unusual
and it can be the result of the spin-orbit scattering in the
I@SWNT.29,31,35 Iodine is generally known to have large
spin-orbit coupling effect in various iodine intercalated
compounds.36,37 The spin-orbit scattering in I@SWNT could
induce phase incoherence in the system leading to a positive
MR. The positive peak at low magnetic field on top of the
negative MR at 7 K�T�70 K could be from the positive
MR contribution of the spin-orbit coupling added to the
negative MR from the weak localization effect. The observed
positive MR in the entire magnetic field regime at
T� �100 K confirms that the negative MR contribution
originated from the weak localization is no longer important
at this high temperature. As a result, the positive MR contri-
bution of the spin-orbit coupling could be persisted to the
high magnetic field regime at the high temperature.

D. Thermoelectric power and magnetothermoelectric power

Figure 4�a� shows the temperature dependence of TEP at
zero magnetic field in pristine SWNT and I@SWNT for
2.5 K�T�300 K. The TEP is positive over the entire tem-
perature range with +16 V /K and +38 V /K at room
temperature for I@SWNT and pristine SWNT, respectively.
The positive TEP indicates that the majority of the carriers in
I@SWNT are holes. In previous reports3,4 the TEP of CNT
was observed to decrease following iodine doping, which
suggested that iodine doping created free hole carriers. The
broad enhancement of TEP at 30 K�T�200 K with qua-
silinear temperature dependence, as shown in Fig. 4�a�, sug-
gests sharply varying densities of states near the Fermi level
in normal metallic diffusion thermoelectric power. The non-
linear temperature dependence of TEP may be explained by
the effect of density-of-states peaks. The standard expression
for TEP is given by6,38,39

S =
1

eT�
	 ��E��E − ��

df

dE
dE , �4�

where � is the conductivity, � is the chemical potential �as-
sumed to be constant with temperature�, e is the electronic
charge, and f is the Fermi function. For the partial conduc-
tivity function, ��E�, we use ��E��N�E��E�, as for a
simple metallic system, where N�E� is the density of states

and �E� is the energy-dependent carrier mobility. We as-
sume that �E� is only weakly energy dependent within the
width of the Fermi-energy window, as expected for elastic
disorder scattering so that ��E��N�E� and we can focus on
the role that the density of states might play in affecting
TEP.40 There are sharply varying densities of states near the
Fermi level and if the partial conductivity function is ap-
proximated to a delta function the TEP becomes nonlinear.
The expression for nonlinear TEP may be given by6,38

S = aT +
bTp

eT�

exp�Tp/T�
�exp�Tp/T� + 1�2 , �5�

where aT is the linear metallic term, b is a constant, and
Tp= �Ep−�� /kB in which Ep is the energy at which the peak
occurs and kB is Boltzmann’s constant. Equation �5� provides
a good fit for the TEP data for I@SWNT with a narrow peak
��22 meV below the Fermi level� and is consistent with a
previous analysis38 of TEP data from I@SWNT reported by
Grigorian et al.4

The MTEP was measured at H=3 and 7 T at T�100 K
�Fig. 4�b��. After the magnetic field was applied, the MTEP
became smaller than the zero-field TEP. At T�90 K, the
MTEP was approximately 0.6 V /K smaller than the zero-
field TEP value and it was the same as the zero-field TEP
value at T�100 K. �The MTEP data at T�5 K were diffi-

FIG. 4. �Color online� �a� Temperature dependence of TEP at
zero magnetic field in pristine SWNT and I@SWNT. The red line
shows the fit to the heterogeneous model. The parameters extracted
from the fit and applied to Eq. �5� are a=0.047, b=5.27�106, and
Tp=259.2 K. �b� Temperature dependence of MTEP; �inset�
�S�H�=S�H�−S�0� versus T.
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cult to discriminate from the TEP data values since the ab-
solute magnitude of both MTEP and TEP at this low tem-
perature approaches zero.� Similar reductions in TEP have
been reported in undoped SWNT at T�250 K.17 If the mag-
netic scattering of charge carriers were important for the TEP
at T�90 K, it can be reduced in the MTEP since spins are
ordered under magnetic field resulting smaller entropy of the
system. On the other hand, weakly localized electron wave
functions can be delocalized under an applied magnetic field.
Accordingly, in a disordered I@SWNT system under a mag-
netic field, the number of delocalized charge carriers in-
creases resulting in smaller entropy, i.e., a reduction in TEP
under magnetic field conditions. The delocalization model of
localized electron wave functions under a magnetic field for
the MTEP is consistent with the analysis of the MR results
shown in Fig. 2�b�. For T�90 K, the thermal fluctuation
dominates the effect of magnetic fields and the MTEP value
approaches the TEP value. The nonlinear term in TEP at the
high temperature could be partially contributed by the spin-
orbit scattering consistent with the observed positive MR in
the delocalized metallic conduction regime at the high tem-
perature.

IV. CONCLUSION

In summary, the resistivity of I@SWNT shows a cross-
over pattern from metallic to nonmetallic temperature depen-
dence as temperature decreases. This pattern agrees with the

heterogeneous model involving metallic resistivity and tun-
neling through small electrical contact barriers. The TEP
measurement results show that I@SWNT has a metallic
property and that the majority of the carriers are holes. The
broad enhancement of TEP suggests the marked variation in
the densities of states peaks near the Fermi level and the
spin-orbit scattering effect due to iodine doping. The MR,
measured in magnetic fields up to 14 T, was a function of
temperature. The negative MR at T�70 K is consistent with
the weak localization model while the positive MR observed
at T�7 K is discussed as spin-orbit scattering effect in the
I@SWNT. Furthermore, we observed a reduction in MTEP
in the presence of a magnetic field, which suggests that an
increase in delocalized charge carriers originates from delo-
calization of electron wave functions under the magnetic
field. At T�90 K, the thermal fluctuation dominated the ef-
fect of magnetic fields resulting the MTEP to the same as the
zero magnetic field TEP.
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