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Magnetoconductance of carbon nanotubes (CNTs) is inves-

tigated. We clearly show that a semiconducting CNT can be

converted into a metallic one, or vice versa, with the application

of a large magnetic field parallel to the tube axis, providing a

consistent confirmation of the Aharonov–Bohm (AB) effect on

the band structure of CNTs. We also demonstrate that magnetic-

field values where the semiconductor-to-metal transition occurs

can be tuned by mechanical strain. Combined control of both

the strain and the AB effect may open up new possibilities for

CNT devices. In addition, we propose an idea to manipulate

spin-split subbands of CNTs, resulting from spin–orbit

interaction (SOI), by using the magnetic field to generate

sizeable spin-polarized currents.
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1 Introduction A magnetic fieldBjj parallel to the tube
axis provides an efficient tool to manipulate electronic
properties of carbon nanotubes (CNTs). The Aharonov–
Bohm (AB) phase, picked up by electrons encircling the
perimeter of the tube, tunes the periodic boundary condition
along the tube circumference and results in a f0-periodic
modulation of band gap [1–3], where f0¼ h/e is the flux
quantum. Recent experiments demonstrate that one can
convert a metallic CNT into a semiconducting one, or vice
versa, by engineering the band gap of the tube with Bjj [4–6].
These magnetically induced changes in the band structure are
manifested as large changes in conductance under the
magnetic field. On the other hand, perturbations such as
mechanical strain [7, 8] and spin–orbit interaction (SOI) [9],
which also affect the band structure of CNTs, can be
investigated by the conductance measurements in the
presence of Bjj [5, 6]. While the magnetoconductance (MC)
of CNTs is often strongly affected by disorder and other
quantum interference effects such as Altshuler-Aronov-
Spivak oscillations [10], here we deal with the MC in clean
CNTs, probed in parallel magnetic fields of up to 60 T.

2 Experiment The experiments have been performed
on devices made of individual CNTs, directly grown on
Si/SiO2/Si3N4 substrates. The heavily p-doped Si was used
as a back gate and the thickness of the insulating layer was
350 nm. The CNTs were grown by means of a chemical
vapour deposition method [11] and Pd (50 nm) electrodes
were defined on top of the tubes by e-beam lithography. The
dc two-probe MC was studied in pulsed magnetic fields of up
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to 60 T, applied parallel to the tube axis. The accuracy of the
alignment was ��58. The magnetic-field pulse was
generated from the discharge of a large capacitor bank and
lasted typically 9 500 ms.

3 Magnetoconductance of CNTs
3.1 f0-periodic modulation of band gap When a

magnetic flux f threads through a CNT, the energy gap of
metallic CNTs grows linearly with f for f � f0=2, then
shrinks back to zero forf0=2 � f � f0 (Fig. 1(a)) because of
the AB effect [2–5]. For semiconducting CNTs, the initial
energy gap closes atf¼f0/3 and then again atf¼ 2f0/3 due
to two distinct K and K0 Dirac points, before recovering its
original value at f¼f0 [1, 6]. Figure 1(b) shows an example
of the MC for a metallic single-walled CNT, measured at
charge neutrality point (CNP) at Vg¼ 4.2 V. The conduc-
tance G of the tube exponentially drops several orders of
magnitude at T¼ 4.2 K as the energy gap of the tube opens
linearly with Bjj. Since actual magnetic fields B0 equivalent
to f0 are about 5000 and 50 T for CNTs with diameters d of 1
and 10 nm, respectively, here we probe only a few percent of
f0 in the MC of the single-walled CNT (d� 1.5 nm).

3.2 Aharonov–Bohm beating effect Figure 1(c)
displays the MC of the metallic CNT at 4.2 K for various
values of gate voltages. The AB effect on the band structure
is pronounced only in the vicinity of the CNP. Turning our
attention to the MC away from the CNP, the MC trace at
Vg¼�6.1 V shows conductance oscillations with a period of
B0
0 � 8 T, much shorter than f0 (or B0� 2000 T). The G

modulations with B0
0 � B0 can be explained by AB beating

effect between two nondegenerate modes of spiraling
electrons which encircle the circumference multiple times
while traversing the tube length L. The beating modulation
period is approximated in Ref. [12] as
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where e is the energy and e0
g is the curvature-induced band

gap [13] of the metallic CNTs. The G modulations with
B0
0 � B0 result from d=L � 3 � 10�3 for our device.

3.3 Semiconductor-to-metal transition and the
effect of mechanical strain Figure 2(a) shows the MC
trace of an initially semiconducting multi-walled CNT
(d� 8 nm), measured at CNP (Vg¼ 4 V). With the appli-
cation ofBjj,G(Bjj) exponentially increases by several orders
of magnitude to recover the order of one conductance
quantum (e2/h) until it reaches a peak at B1¼ 22 T. The
conductance then drops back to a minimum around
Bmin¼ 37 T, before increasing towards the second peak.
The large consecutive change in G agrees in general with
the band-gap modulation due to the AB effect (Fig. 1(a)).
The conductance peak at B1¼ 22 T and the minimum at
Bmin¼ 37 T can be attributed to the band-gap closure at
f¼f0/3 and a local Eg maximum at f¼f0/2, respectively.
However, d¼ 8� 0.5 nm, determined from atomic force
microscope, rather suggests 24:5T � f0=3 � 31:5T [see
the bar in Fig. 2(a)]. Also, if B1¼ 22 T corresponds to
the band-gap closure at f¼f0/3, then the second peak
should already appear atB2¼ 44 T. Recently, we have shown
that the shifted positions of the MC peaks can be explained
by the effect of mechanical strain in CNTs [6]. In the
presence of an axial strain, the semiconductor-to-metal
transition occurs earlier (p¼�1) or later (p¼þ1) than at
f¼f0/3 depending on the type p of the semiconducting
CNT, as shown in Fig. 2(b). Here, p¼�1 such that the chiral
indices (n,m) satisfy n�m ¼ 3qþ p, with q being an integer.
The shift of the MC peak is sensitive to the axial strain
especially for larger diameter tubes (Fig. 3(a)), and a small
axial strain of s� 0.2% can explain the shift of the MC peaks
observed in our data, supposing the type of our tube as
p¼�1. The small strain is likely to be present in the device,
as this tube was slightly bent during the growth on the SiO2

substrates. Also, different thermal-expansion coefficients
between Si and CNT can play a role, as our tube is fixed to
electrodes on the substrate.
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Figure 2 (online colour at: www.pss-b.com) (a) MC of a semi-
conducting CNT device near the CNP, measured at 3.1 K. (b) Shift of
MC peaks under strain s> 0. Solid and dashed lines are with and
without the strain, respectively. The two peaks at f¼f0/3 and at
f¼ 2f0/3 move either closer (for p¼þ1) or away from each other
(for p¼�1).
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Figure 3 (a) Magnetic fields where semiconductor-to-metal
transitions occur for zigzag tubes with p¼� 1 under axial strain.
(b)Field values where the transitionoccurs for a10 nmdiameter tube
under axial strain and its chiral angle dependence.

Figure 4 (online colour at: www.pss-b.com) Spin-polarization by
SOI. (a)Diracconesnear theK-points, intersectedbylinesofallowed
While previous researchers have been mostly focusing
on either the parallel magnetic field or the axial strain to tune
the band structure of CNTs, our findings suggest that the
combined control of both may open up new possibilities for
magneto-electronic and magneto-optical CNT devices. For
example, the semiconductor-to-metal transition would occur
at 17 T (actual field equivalent to f0/3) for a 10 nm diameter
tube, but we can make, in principle, the transition occur at
any smaller value by controlling the axial strain in the tube,
except nearly armchair CNTs (Fig. 3(b)).

3.3.1 Effect of torsional strain Not only the axial
strain s but also torsional strain g can affect the MC of the
CNTs in a similar manner. The shift of the K-points, which
leads to the shifted positions of MC peaks, depends on s, g ,
and the chiral angle u, and is given by Ref. [7]
k? values for a small-bandgap CNT with SOI. 1D dispersion curves
are determined by the cut of Dirac cones with vertical planes of
allowed k?. Spin-up and spin-down bands (marked by arrows)
are separated due to the SOI. (b) With increasing Bjj, spin-split

� 20
Dk? ¼ ta�1
0 ½ð1 þ nÞs cosð3uÞ þ g sinð3uÞ�;

Dkk ¼ ta�1
0 ½�ð1 þ nÞs sinð3uÞ þ g cosð3uÞ�;

(2)
sub-bands shift due to the AB effect and cross theK point atBjj ¼B1,
possibly leading to a complete spin polarization of transmitted
channels in CNTs.
where t¼�1 for the K and K0 Dirac points, a0 is the C–C
bond length, and n is the Poisson ratio. As a result, the two
11 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
MC peaks at f¼f0/3 and at f¼ 2f0/3 move either closer
(for p¼þ1) or away from each other (for p¼�1) under
both torsional and axial strain, but with different chiral angle
dependence. While the effect of axial strain is largest for
zigzag CNTs (u¼ 08), the effect of torsional strain is largest
for armchair CNTs (u¼ 308).

3.4 Spin-polarization by SOI Whereas in flat gra-
phene the SOI is very weak, the geometric curvature in CNTs
enhances the effective strength of the SOI by several orders
of magnitude. A recent experiment has demonstrated the
effect of SOI in clean CNT quantum dots [9]. As shown in
Fig. 4(a), the spin-orbit coupling splits the commonly
assumed fourfold degeneracy (2 spin� 2 orbital) into two
pairs of spin and orbital orientations; an effective flux fSO

corresponding to the spin–orbit splitting was estimated to
be fSO � 10�3f0 in agreement with theoretical predictions
[14, 15]. Considering that the actual Bjj equivalent to f0 is
about 5000 T for a CNT with d� 1 nm, the effect of the spin-
orbit splitting should then appear in the MC on a scale of a
few T for single-walled CNT devices. Indeed, we observed a
peculiar splitting of the MC peak (DB¼ 8 T) for a chiral
metallic CNT (see the abstract figure), which can be
explained in terms of spin-split conduction bands, separated
by the SOI [5]. With increasing Bjj, the spin-split sub-bands
shift due to the AB effect and cross the K-point, successively
closing the energy gap at B1 and B2. As illustrated in
Fig. 4(b), the current in the MC peaks at B1 and B2 can be
highly spin polarized (in principle up to 100%). The
measured MC is of the order of the conductance quantum,
which in our experiment corresponds to sizeable polarized
currents, up to a micro-Ampere. Thus, we demonstrate the
possibility of using CNTs as highly efficient ballistic spin
filters.
www.pss-b.com
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Figure 5 (online colour at: www.pss-b.com) (a) Spin-resolved
energy spectrum for a (12,9) CNT with a length of 518 nm. The
dashed lines in the analytical calculationcorrespond tospin-upstates
and the solid lines to spin down. The parameters for the calculations
are given in Ref. [19]. The superimposed gray lines indicate the edge
of thebands in thecaseofaninfiniteCNT.(b)Integratedconductance
for the same CNT. The points aroundVb¼ 0 have been suppressed in
order to avoid a division by zero.
3.4.1 Interplay between the SOI and Zeeman
effect The Zeeman effect splits antiparallel spin states and
reduces the band gap by DEZ � 0:1 meV=T	 Bjj, affecting
thef0-periodic modulation of the band gap [16]. On the other
hand, spin-orbit splitting in energy is inversely proportional
to the diameter, and given by DSO � 1:9=d meV nm. For
semiconducting CNTs, the MC peak at f¼f0/3 does not
split into two, as the Zeeman contribution at f¼f0/3
(DEZ � 200=d2 meVnm2) is much larger than the DSO. For
the tube with d of 8 nm, DEZ � 3 meV and DSO � 0:2 meV
at f¼f0/3. For the same reason, the split MC peak is found
in metallic tubes close to the armchair configuration [5],
where the curvature-induced band gap is small.

3.4.2 Effect of finite size of the CNT It is
theoretically shown that in finite zigzag and chiral CNTs
extended states become localized in an applied parallel
magnetic field [17, 18]. This localization occurs at the
ends of the CNT and causes a gradual suppression of
the conductance. Since this phenomenon takes place in the
vicinity of the Fermi energy, it is relevant in transport
properties at low energies.

Figure 5 presents conductance calculations performed
for a chiral metallic CNT with a length similar to our
measured device. The SOI and Zeeman effect cause a
separation of the spin species and an electron–hole
asymmetry, and localized states cross the Fermi energy at
different magnetic fields for spin up and down. The MC
shows the double-peak feature as experimentally observed in
our CNT, and each peak corresponds to a highly polarized
current [19]. The separation in magnetic flux of these peaks
is determined by several factors, such as tube chirality,
diameter and length. A longer CNT will show a larger
separation of the MC peaks.

4 Summary We have investigated the MC of CNTs up
to very high magnetic fields. In addition to the confirmation
www.pss-b.com
of the AB effect on the band structure of CNTs, we show the
important influence of mechanical strain on the MC of the
CNTs. We also demonstrate the possibility of using CNTs as
ballistic spin filters by exploiting the SOI.
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