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A practical approach to determine the handedness of chiral
carbon nanotubes by electron diffraction
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Abstract

A practical procedure has been proposed to determine the handedness of a carbon nanotube from its electron diffraction pat-

terns. When a nanotube is twisted, the diffraction layer line spacings change, although the intensity distribution on the layer lines

stays unchanged. The handedness can be assigned by observing the directions in which the principal layer lines shift under known

direction of twisting and the twisting angle can be derived directly from the ratio of the diffraction layer line spacings. Simulated

electron diffraction patterns of a carbon nanotube twisted both clockwise and counterclockwise are also presented as an example

to corroborate the theoretical analysis.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotubes are one of the most promising

building blocks of nanoelectronics due to their novel

electronic properties [1–3]. Depending on the chiral indi-

ces that define the perimeter of a carbon nanotube, the
nanotube can be either metallic or semiconducting

[4–6]. More interestingly, by twisting a normal carbon

nanotube along the tubule axis, the electrical properties

of the nanotube change noticeably [7].

For a complete determination of the atomic structure

of a carbon nanotube, we need to specify the diameter,

helicity, and handedness of the nanotube. Electron dif-

fraction technique is a powerful technique in character-
izing the atomic structure of both single-walled and

multiwalled carbon nanotubes [8–14]. Using electron

diffraction, we have been able to determine the diameter

and helicity accurately and most of the studies have been
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dealing with deformation-free cylindrical nanotubes.

Though there has been a rather large literature on the

determination of diameter and helicity of carbon nano-

tubes, little has been available on the determination of

the handedness of carbon nanotubes. A chiral carbon

nanotube (u,v) can be right-handed or left-handed
depending on the chiral indices. A carbon nanotube is

defined as right-handed if the chiral indices u and v sat-

isfy the condition of u > v P 0, whereas it is left-handed

under the condition of v > u P 0.

In this Letter, we explore the possibility of character-

izing the atomic structure of twisted carbon nanotubes

by electron diffraction. After developing the kinematical

theory of electron diffraction from twisted carbon nano-
tubes, we present a method to assign the handedness of

carbon nanotubes by observing the shifting direction of

the layer lines. In addition, the twisting angle can also be

measured from the ratio of the diffraction layer line

spacings. A series of simulated electron diffraction pat-

terns from a carbon nanotube (22,2) at different twisting

angles are also given to corroborate our theoretical

analysis.
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Fig. 1. (a) Schematic showing twisting a carbon nanotube about its

tubule axis in side-view. (b) Viewed end-on. The circles with arrows

around the tubule axis in (a) and (b) indicate a clockwise twisting

seeing top-down.

266 Z. Liu, L.-C. Qin / Chemical Physics Letters 405 (2005) 265–269
2. Theoretical considerations

Regardless if a carbon nanotube is twisted, the kine-

matical theory of electron diffraction can be applied to

interpret the electron diffraction patterns due to the

small atomic number of carbon atoms and the thin car-
bon layers in the nanotube [15,16]. The scattering ampli-

tude for a normal carbon nanotube (without twisting)

can be calculated by summing up all the contributions

of its constituting helices

F ðR;U; lÞ ¼
X
j

Xþ1

n;m¼�1
fJnðpdRÞ

� exp in Uþ p
2

� �h i
exp �inuj þ

2pilzj
c

� �
;

ð1Þ
where f is the atomic scattering amplitude of carbon for

electrons, d is the diameter of the carbon nanotube, c
is the axial periodicity of the nanotube, (R,U, l) are

the cylindrical coordinates in the reciprocal space,

(d/2,uj,zj) are the relative cylindrical coordinates of

the jth carbon helices revolving atom on the nanotube

surface in the real space, Jn(pdR) stands for the Bessel

function of order n, and n, l and m are correlated by

the selection rule [15]

l
c
¼ n

C
þ m

D
; ð2Þ

with C and D being the pitch length and the axial dis-

tance of neighboring carbon atom pairs on one helix

along the tubule axis, respectively.

Fig. 1a shows schematically the process of twisting a

carbon nanotube: with one end fixed, the other end is
twisted either clockwise or counter-clockwise about the

tubule axis. Although energetically it is equivalent to

twist an achiral (armchair or zigzag) nanotube in either

direction, twisting a helical carbon nanotube in the

direction of the helical lines is energetically easier than

twisting it in the direction against the helical lines.

Assuming that the cross-section of a twisted carbon

nanotube remains circular as shown in Fig. 1b, i.e.,
the twisting angle is smaller than the threshold angle be-

yond which buckling of the nanotube begins to take

place, the geometry of the twisted carbon nanotube in

radial projection is illustrated in Fig. 2, where the car-

bon hexagons have been uniformly deformed. By twist-

ing the carbon nanotube of chiral indices (u,v) an angle

of (u + 2v)D#/(uM) about the tubule axis where M is the

maximum common divisor of (2u + v) and (u + 2v), the
pitch length of the twisted helices becomes C* =

C/(1 + D#/2p), although the axial distance between

neighboring atoms along a helix stays the same, i.e.,

D* = a0 sin (60� � a), where a is the helical angle of the

untwisted nanotube and a0 = 0.246 nm is the magnitude

of the basis vector in the untwisted graphene. To make
the twisted carbon nanotube still a periodic structure

along the tubule axis, C* and D* have to satisfy the fol-

lowing condition:

C�

D� ¼
2ðu2 þ v2 þ uvÞ

ðuþ 2vÞ 1þ D#
2p

� � ¼ p
q
; ð3Þ

where p and q are integers, and we have expressed the

helicity a by the chiral indices (u,v) for this nanotube.

Eq. (3) requires that D#/2p = K1/K2, where K1 and K2

are all integers. The selection rule for the twisted carbon

nanotube can then be expressed as



Fig. 3. (a) High-resolution transmission electron microscopy

(HRTEM) image and (b) electron diffraction pattern of a single-

walled carbon nanotube of chiral indices (22,2) without twisting.

Fig. 2. Radial projection of a twisted carbon nanotube. The light-lined

rectangle and the dark-lined parallelpiped are the graphene cut before

and after twisting. The twisting angle is reflected as the displacement of

atoms such as Dx and Dy in graphene. Ch denotes the magnitude of the

perimeter vector of the nanotube which is independent of the twisting

angle and t = ua0 sina. C and C* are the pitch lengths of the

constituting carbon helices before and after twisting the carbon

nanotube, respectively.
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l ¼ ðuþ 2vÞðK1 þ K2Þnþ 2K2ðu2 þ v2 þ uvÞm; ð4Þ

where the periodicity of the twisted carbon nanotube

has been expressed by c* = uMK2c, which is not neces-

sarily the primary periodicity of the nanotube in the

axial direction.

The scattering amplitude for the twisted carbon

nanotube can be calculated by considering the geometric
relationships between the twisted helices in the nanotube

as shown in Fig. 2. Although the constituting hexagons

are deformed due to the twisting, the total surface area

of the nanotube remains unchanged if there is no buck-

ling ever occurred during the twisting process. There-

fore, a carbon nanotube (u,v) still consists of u pairs

of properly arranged helices as the untwisted nanotube.

Choosing one pair of helices as a reference, the rota-
tional and translational shifts of all the helix pairs can

be expressed (cf. Fig. 2) as

uj ¼
2pj
Ch

a0 cos a�
a0 sin a

tanð60o � aÞ
D#
2p

� �
;

zj ¼ �ja0 sin a;

8<
: ð5Þ

where the subscript j ranges from 0 to u � 1 covering all

the u pairs of helices constituting the nanotube. By

inserting Eq. (5) into Eq. (1) and expressing the helical
angle a by the chiral indices (u,v), we can obtain the

scattering amplitude for a twisted carbon nanotube as
F uvðR;U; lÞ ¼
X
n;m

f v�uvðn;mÞcuvðn;mÞ

� exp in Uþ p
2

� �h i
JnðpdRÞ; ð6Þ

where v�uvðn;mÞ is a function depending on the nanotube

helicity and the detailed bonding between neighboring

carbon atoms in the twisted hexagons, and

cuvðn;mÞ ¼
1� exp½�2piðnþ mvjÞ�

1� exp �2pi nþ mvj
� �

=uj
	 


¼
uj; if ðnþ mvjÞ=uj ¼ integer;

0; otherwise:

�
ð7Þ

Eq. (6) is very similar to the scattering amplitude of un-

twisted carbon nanotubes with the exception of

v�uvðn;mÞ, which only plays a minor role in determining

the electron diffraction patterns of a carbon nanotube.
3. Results and discussion

Fig. 3a shows a high-resolution transmission electron

microscopy image of an untwisted carbon nanotube.

The diameter of this nanotube is measured to be

1.81 nm from the two dark fringes corresponding to
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the projection of side walls in the image. The electron

diffraction pattern of this nanotube is shown in Fig.

3b, with the three principal layer lines l1, l2, and l3 indi-

cated in Fig. 4a. The chiral indices of this nanotube are

determined to be (22,2) and this nanotube is a semicon-

ducting nanotube.
Twisting the carbon nanotube of chiral indices (u,v)

about its tubule axis changes the atomic positions of

carbon atoms, although Eq. (7) dictates that the diffrac-

tion intensity distribution on the principal layer lines l1,

l2 and l3 for the twisted nanotube are modulated by the

same Bessel functions as those for the untwisted nano-

tube [14]. However, the axial periodicity in the electron

diffraction pattern of a twisted carbon nanotube (Eq.
(7)) is different from that of the corresponding un-

twisted carbon nanotube. As a result, the ratio of layer

line spacings between the principal layer lines changes.

The twisting angle D# can be expressed in terms of the
Fig. 4. (a) Simulated electron diffraction pattern of carbon nanotube (22,2)

twisting was applied to the nanotube. (b) Simulated electron diffraction patt

nm). (c) Twisted clockwise (D# = +1.20�/nm). The dark lines on the central l

and without twisting, respectively.
chiral indices (u,v) and the layer line spacings D1 and

D2 as shown in Fig. 4a

D#
2p

¼ 10 � 1
1þ v=u

; ð8Þ

where we have defined f0 = (2u + v)/(u + 2v) and 1 = D1/

D2 with D1 and D2 being measured from the electron dif-

fraction pattern of the twisted nanotube. Since the layer

line spacings can be measured very accurately, high

accuracy measurement of the twisting angle of a twisted

carbon nanotube can be achieved by using electron dif-

fraction technique.

To demonstrate the results discussed above, electron
diffraction patterns of a twisted carbon nanotube (22,2)

with right handedness has been performed. Fig. 4a

shows the simulated electron diffraction pattern from

the untwisted carbon nanotube (22,2), which is plotted
plotted on the experimental diffraction pattern shown in Fig. 3b. No

ern of carbon nanotube (22,2) twisted counterclockwise (D# = �1.20�/
ine mark the positions of the principal layer line of the nanotube with
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on the experimental electron diffraction pattern. Since

carbon nanotube (22,2) is a chiral nanotube, twisting

it about the tubule axis clockwise is different from twist-

ing it counterclockwise as seeing top-down against the

tubule axis as schematically illustrated in Fig. 1a. Fig.

4b,c are the simulated electron diffraction patterns of
the nanotube twisted counterclockwise (left) and clock-

wise (right), respectively. It is noticeable that in compar-

ison with the layer lines from untwisted carbon

nanotube, indicated by the horizontal lines in the respec-

tive figures, the ratio of the layer line spacings D1/D2 in

Fig. 4b increases due to the repulsive shifting of the layer

lines l1 and l2, whereas D1/D2 in Fig. 4c decreases

because of the attractive shifting of the layer lines l1
and l2. However, we can observe that the peak positions

in the diffraction intensities on all the layer lines remain

the same. This allows us to derive u and v by measuring

the ratio of the peak positions in the intensity distribu-

tions on layer line l1 and l2, respectively. With reference

to Eq. (8), we can then derive the twisting angles of the

twisted nanotube shown in Fig. 4b are �1.20�/nm and

+1.20�/nm for the twisted nanotube shown in Fig. 4c.
The positive sign denotes clockwise twisting.

For an enantiomorphic pair of nanotubes, i.e., (22,2)

and (2,22), the diffraction layer lines would shift in

opposite directions when they are twisted in the same

direction. Therefore, by twisting a chiral nanotube, we

are able to detect the handedness of the carbon nano-

tube. For example, we can assign the nanotube (22,2)

presented above as right-handed, because the layer lines
l1 and l2 in Fig. 4b shift away from each other when we

twist the nanotube counterclockwise. However, under

the same counterclockwise twisting, if the layer lines l1
and l2 shift towards each other as shown in Fig. 4c, we

can tell that the nanotube as left-handed.

In practical applications of this method, the twisting

angles are not necessarily as large as shown in the previ-

ous example (1.20�/nm), in which a large twisting was
chosen for the sake of computational convenience. Mea-

suring the twisting angle by using Eq. (8) is very accurate

and the uncertainty can be less than 0.1�/nm due to the

high accuracy in the measurement of the chiral indices

(u,v) and the layer line spacings in the electron diffrac-

tion pattern.

In comparison with other methods, the electron dif-

fraction technique presented here has the advantage of
measuring the atomic structures of both untwisted and

twisted carbon nanotubes all at one time and it is very

rapid and reliable. The method discussed in this Letter

can also be extended to determining the handedness of

each shell of multiwalled carbon nanotubes.

Some progress has been made in manipulating car-

bon nanotubes and engineering them as a key compo-

nent of the nanoelectromechanical system (NEMS)
[17–19]. These techniques could be used to twist carbon

nanotubes. Although there has been report on the obser-
vation and characterization of twisted carbon nanotubes

by using scanning tunneling microscopy (STM) tech-

nique [20], measuring the twisting angle with this

method is far from straightforward and reliable.
4. Conclusions

A practical approach has been established to mea-

sure the handedness of chiral carbon nanotubes by

using electron diffraction. Twisting a chiral carbon

nanotube results in a change of the layer line spacings

in the electron diffraction pattern, although the diffrac-

tion intensity distribution on the layer lines remains the
same. The handedness of a chiral carbon nanotube can

be assigned by observing the direction of the shifts of

the layer lines before and after twisting of the nano-

tube. All structural parameters (diameter, helicity,

and handedness) of a carbon nanotube can therefore

be now determined from one electron diffraction

pattern.
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