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Long-range quasiperiodic patterns are found in scanning tunneling microscopy �STM� images of double-
walled carbon nanotubes �DWNTs� on top of the atomic images of six-membered carbon rings of the outer
tubes. By comparing the results of first-principles calculations on model DWNTs, we conclude that they are
moiré patterns showing local modulations of electronic states due to the interlayer interactions between the
outer and inner tubes. We also demonstrate that these moiré patterns can be used to assign the chiral vector of
the inner tube of a DWNT which is usually inaccessible by STM.
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I. INTRODUCTION

Recent developments in the synthesis and purification
methods of carbon nanotubes �CNTs� �Ref. 1� have enabled
us to prepare high-quality double-walled carbon nanotubes
�DWNTs� �Ref. 2� with few defects. The DWNTs have
aroused great scientific interest as they can be compared with
bilayer graphene sheets having unusual quantum
properties.3,4 The typical diameter of DWNTs is slightly
larger than that of single-walled carbon nanotubes �SWNTs�
with a certain interlayer distance.5 Atomic images of SWNTs
have been observed by scanning tunneling microscopy
�STM�, and a unique relationship between their electronic
properties and geometries was reported.6–8 Various types of
CNTs such as fullerene- or metallofullerene-encapsulated
SWNTs9,10 �so-called nanopeapods� were also observed by
STM.

Electronic structures of SWNTs are categorized as semi-
conductive and pseudometallic depending on their chirality.
The band-gap energies of semiconductive SWNTs are in-
versely proportional to diameters;11 thereby, multiwalled car-
bon nanotubes �MWNTs� with large diameters are nearly
metallic. To investigate these characteristics of CNTs, STM
is one of the most powerful tools, which enables us to mea-
sure the electronic local density of states near the Fermi level
with an atomic resolution. In fact, moiré patterns due to the
modulations of the electronic states are obtained by STM12,13

when graphite surfaces are modified by defects or domain
boundaries. Very recently, STM images of DWNTs have
been reported,14 which are almost the same as atomic images
of SWNTs.

In this paper, we show STM images of DWNTs obtained
at certain bias voltages, exhibiting long-range quasiperiodici-
ties, i.e., moiré patterns, on top of atomic images of six-
membered carbon rings of the outer tubes. First-principles
calculations on model DWNTs show that these moiré pat-
terns can be understood as the result of interactions between

the inner and outer tubes of DWNTs. We can assign possible
candidates for chiral vectors of the inner and outer tubes
from these images and simulations. This kind of interlayer
interaction in DWNTs will be of great importance for dis-
cussing electron transport properties in devices made of
DWNTs such as high-performance DWNT field-effect
transistors.15

II. EXPERIMENTAL

The DWNTs used in this work were synthesized using the
pulse-arc discharge method enriched by thermal oxidation.2

Composite graphite rods with ytterbium and nickel �4.5 and
1.5 at. %, respectively� were first vaporized in an Ar atmo-
sphere by pulsed-arc discharge while maintaining the tem-
perature of the arc discharge area at 1323 K by an electric
furnace. Then, the CNT sample was purified by thermal oxi-
dation at 673 K for 90 min in the electric furnace, and the
by-product SWNTs were partially removed. The CNT
sample was further treated with concentrated hydrochloric
acid to remove the catalyst and was rinsed with sodium hy-
drogen carbonate and distilled water. After the sample was
dried in air, the dilute DWNT solutions were prepared by
dispersing them into chloroform with ultrasonication.

The Cu�111� surface was prepared by repeated annealing
and Ar sputtering processes in ultrahigh vacuum �UHV�. The
DWNTs were cast onto the Cu�111� substrate by using
pulsed-jet deposition16 at 10−6 Pa at 323 K. The shutter
opening time per pulse was set to 2 ms, and the correspond-
ing amount of the CNT solution injected per pulse was typi-
cally 2 �l. The pulsed-jet deposition was performed with
100 pulses in total. The substrate was cleaned from time to
time by heating at 780 K in UHV to prevent contamination
of the Cu surface. After the injection, the Cu�111� substrate
was heated at 780 K for 10 min in UHV. The W tips were
prepared by chemical etching and by checking the field ion
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microscope images in the UHV chamber to shape the tip
apex.17 All the STM measurements were performed in a
homemade UHV-STM at room temperature.

III. RESULTS AND DISCUSSION

A. STM image of DWNTs

Figure 1�a� shows a STM image of a DWNT �Vsample
=−2.0 V and Itunnel=10 pA� on a Cu�111� surface. As can
be clearly seen, the diameter of the left edge, where the end
of the outer tube has been peeled off, is smaller than the rest
of the nanotube. Figure 1�b� shows a low-bias STM image of
the left end part of the DWNT in Fig. 1�a� �Vsample
=−0.3 V and Itunnel=20 pA�. The apparent heights of the
inner and outer tubes are approximately 1.22 and 1.66 nm
��0.05 nm�, respectively, which correspond to the interlayer
distance of approximately 0.4 nm �cf. Fig. 1�c��. These ap-
parent heights of inner and outer tubes of DWNTs vary up to
approximately 0.5 nm depending on the bias voltage and
tunneling current.7,18 The interlayer distance of the DWNTs
dio estimated from the STM image agrees well with the re-
ported range �0.35–0.45 nm� measured by high-resolution
transmission electron microscopy �TEM�.5 Furthermore,
electron-scattering patterns can be observed with atomic de-
fects in Fig. 1�b�. These patterns on the outer tube extend
approximately 2 nm from the end of the outer tube, which is
consistent with a previous report.6

Figure 2�a� shows a close-up image of the right part of the
DWNT in Fig. 1�b� with enhanced contrast. In this region,
the interference pattern due to the end of the tube and/or the
defects discussed above is smeared out, but another type of
long-range quasiperiodic pattern is observed. Moreover, this
pattern was dependent on the scan bias voltage. The wrap-
ping angle of the armchair direction to the tube axis direction
of this outer tube ���7 is measured as 2�1° from Fig. 2�a�.
Similar kinds of electronic modulations for a graphite
surface13 and overlayer growth on a graphite surface19 have
been observed by STM and are theoretically understood to
be moirélike modulations in the electronic densities of states
due to the interlayer interactions.20 The long-range periodic-
ity observed in the present DWNT can also be considered as
a similar type of moiré pattern due to the interaction between
the outer and inner tubes.

The obtained patterns have few relations to the charge
transfer �CT� because the position of STM observation is at
the top side of the DWNT, away from the back side that is in
contact with the substrate. The CT perturbations are localized
at the area close to the substrate and are much weaker at the
furthest carbon21 where STM measurements were performed.
Also, taking the difference in work function between Cu and
Au into account, the work function of Cu is similar to that of
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FIG. 1. �Color online� �a� STM image of a DWNT �Vsample

=−2.0 V and Itunnel=10 pA�. The left part ��4 nm� has a different
apparent height and is assigned as the peeled-off inner tube of the
DWNT. �b� Magnified image of �a� with a bias voltage tuned for
observing density of states modulation �Vsample=−0.3 V and Itunnel

=20 pA�. Near the left end of the outer tube and on the inner tube,
the interference patterns of the local density of states emerge. The
interference pattern on the outer tube extends approximately 2 nm
from the edge of the outer tube and is gradually suppressed. �c�
Cross-sectional views of height profiles measured for the inner and
outer tubes in �b�.
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FIG. 2. �Color online� Superstructures of the DWNT observed
with a low-bias STM image. �a� Magnified STM image of the right
part of the DWNT in Fig. 1�b� with enhanced contrast �Vsample

=−0.3 V�. A long-range quasiperiodic pattern is observed. The
atomic corrugation corresponds to six-membered carbon rings �dark
blue arrows�. The long-range periodicity �red arrows and red dashed
lines� is approximated by �−2,3� using a1 and a2 unit vectors
shown in �c�. The wrapping angle ��� corresponds to the angle
between the armchair direction �dotted orange line� and the tube
axis �dotted black line�. The inset shows a STM image using a
different bias voltage �Vsample= +0.3 V�, where the long-range pe-
riodicity cannot be observed. �b� Cross-sectional line profile of dot-
ted orange line in �a�. �c� Schematic expression of the moiré pat-
terns with long-range periodicity. The red circles indicate darkly
observed six-membered carbon rings in �a�.
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a CNT, and the amount of CT to the CNT from Cu is smaller
than that from Au; therefore, we can ignore the effects of CT.

B. Origin of moiré patterns

The origin of the moiré patterns can be explained as fol-
lows: when a carbon atom of the inner tube is located close
to a carbon atom of the outer tube �for example, when the
inner carbon atom is located directly below the outer carbon
atom�, the overlap between the � orbitals of those atoms
becomes large. This can be contrasted with the case when
those two atoms are apart, for example, when the carbon
atom of the inner tube is located directly below the center of
the six-membered carbon ring of the outer tube. We hereafter
call these interlayer pairs of carbon atoms “vicinal carbon
pairs” and “distant carbon pairs,” respectively. Spatial distri-
bution of such interlayer carbon pairs depends on the com-
bination of chiral vectors of the outer and inner tubes.

Because the overlap of the � orbitals enlarges the local
band gap by forming bonding and antibonding states, energy

levels of the electronic states whose wave functions have
large amplitudes at vicinal carbon pairs are shifted signifi-
cantly due to this gap widening effect. On the other hand,
energy levels of the states with small amplitudes at those
pairs are not shifted substantially. As a result, there should be
a certain bias voltage near the band edge where STM fails to
pick up the electronic density of states whose energy levels
are affected by the overlap while it picks up the unaffected
states. At that particular bias voltage, STM obtains spatially
uneven images reflecting the distribution of vicinal and dis-
tant carbon pairs, i.e., moiré patterns. When the bias voltage
is increased, all those electronic states are picked up and
spatial unevenness is canceled.

TABLE I. Basic parameters of possible candidates of chiralities for DWNT �Fig. 4�.

Outer Inner

Diameter
do

�nm�

Chiral angle
�o

�deg�

Diameter
di

�nm�

Chiral angle
�i

�deg�

Interlayer distancea

dinter

�nm�

Misorientation
angle
�deg�

�20,1�@�19,17� 2.443 28.16 1.607 2.42 0.418 25.74

�24,2�@�21,19� 2.714 28.34 1.962 2.42 0.376 25.92

Apparent
heightb

�nm�

Chiral angle
�o

�deg�

Apparent
heightb

�nm�

Chiral angle
�i

�deg�

Interlayer distancea

dinter

�nm�

Misorientation
angle
�deg�

Experimental 1.66�0.05 28.0�1.0 c 1.22�0.05 - 0.44�0.1 24.60�1.43

aInterlayer distance is calculated by dinter= �do−di� /2, DWNTs have coaxial structures.
bExperimental apparent heights are modified by the substrate �Vsample=−0.3 V and Itunnel=20 pA; refer to Sec. III D�.
cChiral angle of outer tube is calculated by �o=30−�, where � is the wrapping angle with tube axis.
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FIG. 3. �Color online� Simulated STM image �gray scale� of the
�8,−4�@ �12,6� DWNT by first-principles calculations. �The minus
number here means that the tube is placed with the opposite direc-
tion of helicity.� Brighter and darker regions correspond to the areas
with larger and smaller densities of states, respectively. The density
of states modulation is analyzed based on the distance between a
carbon atom of the inner tube and a carbon atom of the outer tube.
The yellow filled circles indicate the distribution of carbon atom
pairs with longer atomic distance �distant carbon pairs�, which re-
produce the brighter area with a larger density of states.
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FIG. 4. �Color online� Simulated moiré patterns for possible
candidates of DWNTs. �a�,�b� Atomic alignment of six-membered
carbon rings of inner tubes �yellow lines� and outer tubes �gray
lines� for the possible candidates of chiral vectors of DWNTs,
�20,1�@�19,17� and �24,2�@�21,19� ��inner-tube chirality�@�outer
tube chirality��. Here, the diameters of the inner tubes are enlarged
to fit those of the outer tubes in order to show the inner-tube struc-
ture directly below the outer tube along the radial direction. �c�, �d�
Distribution of vicinal carbon pairs for DWNTs in Figs. 4�a� and
4�b�. The gray circles show the positions of carbon atoms of the
outer tube, and the dark circles indicate the vicinal carbon pairs.
The yellow dots show the location, i.e., the projective point, of the
carbon atoms of the inner tube, which correspond to the distant
carbon pairs. Red arrows, dashed lines, and circles in �a� through
�d� show the moiré patterns comparable to those in Fig. 2�a�.
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C. First-principles calculation

In order to see how the interlayer interaction affects STM
images, we have performed first-principles calculations of
several DWNTs with small chiral vectors, such as
�8,−4�@ �12,6�, �4,2�@�10,5�, �8,4�@�14,7�, etc. Although
they are smaller than that of the observed DWNTs, they are
scarce calculable examples of DWNTs without edges of the
graphene sheet owing to periodic boundary conditions. In
most cases, a pair of CNTs with arbitrary chiral indexes has
no common multiple of the unit lattice lengths along the tube
axis, i.e., most DWNTs are incommensurate. Among a few
exceptional commensurate DWNTs, we had to choose one
whose unit lattice length and diameters were small enough
for first-principles calculation �about 300 carbon atoms in the
unit cell at most�. We avoided treating models of DWNTs
with edges of the graphene sheet because they would have
strongly affected the STM images.

Figure 3 shows a simulated STM image �Vsample
=−0.5 V� of a DWNT with �8,−4�@ �12,6� chirality. Elec-
tronic states are calculated using generalized gradient
approximation22 with ultrasoft pseudopotentials.23,24 The en-
ergy cutoff of the plane wave basis is taken to be 20.25 Ry.
Figure 3 is created according to the height of the isosurface
of the STM current density.25 Here, the height due to a cy-
lindrical shape of the nanotube is compensated in order to
enhance surface patterns. The same correction was also ap-
plied to the experimental STM images such as in Fig. 2�a�.

Here, it should be noted that the DWNT used for calcu-
lating Fig. 3 has an interlayer distance of 0.21 nm, which is
small compared to the typical values for DWNTs. We did not
find moiré patterns in the simulation for the DWNTs with
dio=0.32 nm �such as �4,2�@�10,5� and �8,4�@�14,7�� and
0.42 nm �such as �6,3�@�14,7��. There are no calculable
models of DWNTs with an interlayer distance between 0.21
and 0.32 nm. The reason we have not found moiré patterns in
the DWNTs with dio� =0.32 nm is the limit of the calcula-
tion accuracy. Because the moiré pattern comes from the
small fluctuations of the electronic states, highly accurate
calculation is required to reproduce it. The interlayer inter-
action for dio=0.32 nm is so small that the present calcula-
tion could not achieve the necessary accuracy, and thus the
small modulation of the electronic states is lost in noise.
Because the interlayer interaction is large enough in DWNTs
with dio=0.21 nm, we can simulate the moiré patterns. By
this calculation, we illustrated that the spatial fluctuation of
interlayer interaction due to uneven distribution of vicinal
carbon pairs can cause moiré patterns. Although the inter-
layer interaction of the present model is very large, the elec-
tronic states of each tube do not essentially change. We do
not discuss here whether the interlayer interaction of the ob-
served DWNTs is strong enough to make moiré patterns that
are detectable in the STM experiment.

It should also be noted here that the moiré pattern in Fig.
3 is obtained for the structure without geometry optimiza-
tion. When the geometry optimization is performed, either
the outer or inner tube is shifted by a few tenths of nanom-
eters along the tube axis. We could not find a moiré pattern
after that. This fact indicates two things. One is that the
existence of crowded regions and empty regions with vicinal

or distant carbon pairs is important. In Fig. 3, the yellow
filled circles indicate distribution of distant carbon pairs. Due
to the shift of the nanotube, the distribution of such regions
changed, and the moiré pattern disappeared. The second is
that the structure causing the moiré pattern is not energeti-
cally favorable. This fact does not necessarily mean that
DWNTs exhibiting moiré patterns rarely exist. Because the
DWNTs we have calculated are commensurate and their unit
lattice lengths are small, they can relax by a relative shift of
the inner or outer tube along the tube axis. On the other
hand, most existing DWNTs are incommensurate, and thus
they cannot relax by such a shift, i.e., even though the elec-
tronic energy due to the interlayer interaction is lowered by a
shift at some regions, it is always raised at some other re-
gions. Therefore, the moiré pattern we found in our experi-
ment is not a rare example. Many existing DWNTs are ex-
pected to have such patterns.

D. Assignment of DWNTs

Next, we discuss periodicity of the moiré pattern observed
in Fig. 2�a�. Based on a previous report of the graphite case,
the periodicity of the moiré pattern D is expressed as D
=d / �2 sin�� /2��, where d and � represent the lattice constant
of graphene sheets and the misorientation angle of the two
graphene sheets,26 respectively. In the case of graphite, the
moiré pattern shows isotropic threefold symmetry. For the
DWNTs, the interaction between carbon atoms of the inner
and outer tubes needs to be considered, particularly along the
radial direction. The unit distance of six-membered carbon
rings is, however, common to both tubes along the circular
direction, and thus there always exists a gradual mismatch
between the positions of carbon atoms in the inner and outer
tubes. There is no such gradual mismatch along the axial
direction because the two layers are parallel along that direc-
tion.

We are now able to choose the probable candidates for
chiral vectors of the inner and outer tubes of a DWNT. The
candidates for the outer tube are selected from nanotubes that
have diameters larger than 1.66 nm and have wrapping
angles within the range of 2�1°. To narrow down the can-
didates, we used the fact that the number of visible six-
membered rings arranged in the width direction of the outer
tube in Fig. 2�a� is about 16. This fact roughly limits the
diameters within the range of 2.6�0.3 nm. Although this is
fairly larger than that estimated from the apparent height
�1.66 nm�, it is not surprising because apparent heights of
CNTs are known to be underestimated frequently due to the
difference between the tip-sample interaction and tip-
substrate interaction.7,8 The candidates for the inner tube are
selected so that the interlayer distance is approximately 0.4
nm. The difference of the apparent height between the outer
tube and inner tube �0.4 nm� is reliable because of the same
tip-sample interactions. Finally, the combinations of inner
and outer tubes are considered taking account of the moiré
pattern. The most probable candidates for the DWNT in Fig.
2�a� are �20,1�@�19,17� or �24,2�@�21,19�. The structural
models and parameters of the two candidates are shown in
Fig. 4 and Table I, respectively.
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The DWNTs in the present work and previous reports5,14

have larger interlayer distances ��0.4 nm or more� than that
of graphite �0.34 nm� and those of typical MWNTs. This
suggests that electronic interactions in DWNTs by the curva-
ture effects of � electrons27 are also important. A long-range
modulation of electronic local density of states in a MWNT
was also reported.28 This can be understood if we recall that
the long-range wave functions of electrons have longer decay
length and propagate through multigraphene layers.20

IV. CONCLUSION

In summary, we have observed bias-dependent STM im-
ages of DWNTs. The DWNTs show two periodic structures:

an ordinary pattern formed by six-membered carbon rings
and a moiré pattern with long-range periodicity that is in-
duced by the interlayer interaction between the outer and
inner tubes of DWNTs. Analysis using first-principles calcu-
lations has revealed that the modulation of the electronic
local density of states can be explained by the distribution of
vicinal and distant carbon pairs. The present technique using
STM observations can be widely used to obtain chiral vec-
tors of outer and inner tubes of DWNTs.
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