Electronic properties of nanoentities revealed
by electrically driven rotation
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uasi 1D entities, such as carbon nanotubes and various
nanowires (e.g., metallic Au, ferromagnetic Co, semiconducting ZnO, and insulating SiO2 ), have been intensely explored
in recent years owing to their remarkable properties. Particularly
fascinating are carbon nanotubes (CNTs), which may be multiwall carbon nanotubes (MWCNTs) and single-wall carbon nanotubes (SWCNTs) with greatly different properties. Even among
SWCNTs, they can be metallic or semiconducting depending on
the manner with which the graphene sheet rolls into the cylindrical shape (1). In fact, during synthesis of CNTs, both MWCNTs
and SWCNTs, either metallic or semiconducting, are indiscriminately produced (2). To access the electronic properties of 1D
entities, one usually resorts to direct electrical measurements of
a single entity via metallic contact pads painstakingly patterned
by lithography (1). The task becomes daunting when there are a
variety of entities.
Freestanding nanoentities are typically suspended in a liquid
to avoid adhesion to dry surfaces via the van der Waals forces.
However, driven motion of suspended nanoentities is well known
to be challenging because of the extremely low Reynolds number
of 10 −5 where viscous force overwhelms. Nevertheless, it has recently been shown in a scheme termed “electric tweezers” that
suspended quasi-1D objects, including CNTs and nanowires, can
be compelled to execute translational and rotational motion with
precision by DC and AC electric fields applied to patterned electrodes (3–6). In particular, a suitably administered AC electric
field can rotate the suspended 1D entities (7), where the rotation
speed, chirality and rotation angle can be precisely controlled by
the strength and duration of the applied electric fields.
In this work, we show that such electrically driven rotational
motion can also reveal the electronic properties of the nanoentities. The chirality of the resultant rotation unambiguously reveals
whether the nanoentities are metal, semiconductor, or insulator
due to the dependence of the Clausius–Mossotti factor on the
material conductivity and frequency. From the rotational characteristics, the imaginary part of the Clausius–Mossotti factor ImðKÞ,
a key electronic property of the nanoentities, can be determined
solely from their rotational motion. We have thus demonstrated
contactless probing of the electronic properties of 1D entities, providing a rapid, parallel, and nondestructive measurement of their
electrical properties without any direct electrical contacts.
www.pnas.org/cgi/doi/10.1073/pnas.1200342109

Results and Discussion
We illustrate this method using a variety of 1D entities from
metallic to insulating, including MWCNTs, Au nanowires, ZnO
nanowires, and SiO2 nanotubes. All 1D entities except the
MWCNTs (Alfar Aesar) have been synthesized by us with radii
(r) in the 150 nm range, whereas MWCNTs have a small r of
approximately 15 nm. All 1D entities have lengths (l) in the range
of 3 to 10 μm, chosen for the ease of observation of their rotational motion by an optical microscope. These nanoentities
were first suspended in deionized (DI) water, sonicated vigorously for 30 s before diluted to a solution of concentration of
about 10 7 ∕mL. A droplet (2 to approximately 10 μL in volume)
was placed at the center of a quadruple electrode (consisting of
two sets of parallel electrodes) and settled for 20 s before applying four 90° phase-shifted AC voltages (Fig. 1A). This arrangement provides a uniform rotating electric field with a specific
magnitude and a frequency that can be controlled from 5 kHz
to 1 MHz.
A quasi-1D entity suspended in a liquid of permittivity εm
rotates due to the torque T e as a result of a rotating electric field
E with a magnitude of (8)
jT e j ¼ jp × Ej ¼

2π 2
r lεm ImðKÞE 2
3

[1]

where p is the induced dipole moment of a nanowire of radius r,
length l, and ImðKÞ is the imaginary part of the Clausius–Mossotti factor K.
We rotated nanotubes from low speeds to higher speeds by
increasing the applied voltage V, using a CCD camera of
30 frames∕s to capture the rotational motion. At low rotation
speeds, the orientation of the nanoentities as well as the rotational characteristics can be readily and accurately determined.
The rotation of a MWCNT by the AC E field is shown as the
overlapped snapshots (Fig. 1G) every 1∕15 s (Fig. 1 B–F) and
in Movie S1. The rotation angle increases linearly with time for
a fixed voltage (Fig. 1H), due to the well-known consequence of
motion in the extremely low Reynolds regime, where the viscous
torque T η from the drag force instantly balances the electric torque T e7 . In particular, with increasing voltages, the rotational
speed ω increases with V 2 as shown in Fig. 1I, which agrees
with previous report (7). The linear dependence of ω versus
V 2 observed in this work also agrees with Eq. 1. Therefore, using
our method and CCD camera, we can accurately characterize
rotation of nanotubes/nanowires. Note that, to avoid possible
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Direct electric measurement via small contacting pads on individual
quasi-one-dimensional nanoentities, such as nanowires and carbon
nanotubes, are usually required to access its electronic properties.
We show in this work that 1D nanoentities in suspension can be
driven to rotation by AC electric fields. The chirality of the resultantrotation unambiguously reveals whether the nanoentities are
metal, semiconductor, or insulator due to the dependence of the
Clausius–Mossotti factor on the material conductivity and frequency. This contactless method provides rapid and parallel identification of the electrical characteristics of 1D nanoentities.
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Fig. 1. (A) Schematic shows the rotation of multiwall carbon nanotubes (MWCNT) at the center of a quadruple electrode where four AC voltages applied to
four electrodes with sequential 90° phase shift. (B–F) Snapshots of a rotating MWCNT every 1∕15 s with the overlapped images shown in G. MWCNT can be
rotated following or counter the E field. (H) In both cases, the rotation speeds are uniform at a fixed voltage, whereas the angle increases linearly with time,
and (I) and the speed increases with V 2 .

ambiguity in imaging analysis, we only analyze the rotation with
speeds of less than 900 rpm, above which we use a high-speed
CCD camera operating at 2;000 frames∕s. The observation of
rotation is free of stroboscopic artifacts.
For quasi-1D nanoentities, the viscous torque T η can be approximated as (9)
π
T η ≈ l 3 ηΩC;
3

[2]

where Ω is the rotation speed of the entity, η the viscosity, and
C is approximately a constant for a rod shaped entities of a fixed
length. The value of ImðKÞ can be readily obtained from
T E þ T η ¼ 0,
ImðKÞ ¼ −

1 ηl 2 ΩC
;
2 εm r 2 E 2

[3]

showing that the Clausius–Mossotti factor ImðKÞ, which is an
intrinsic electronic characteristic of the quasi-1D entity, can be

measured from its rotation speed Ω as a result of the rotating
electric field. Furthermore, the rotation chirality is the same or
opposite to the rotation direction of the E field, if ImðKÞ should
be negative and positive respectively. These characteristics have
indeed been experimentally observed.
We have measured the rotation speed (expressed as Ω∕V 2 ) of
the MWCNT in E field at a frequency ω from 20 kHz to 1 MHz
as plotted in Fig. 2A. For a 9.5 μm long MWCNT, rotation direction initially has the same chirality as that of the AC E field,
and rotation speed increases with the AC frequency to about
200 kHz. Then rotation starts to slow down upon at higher frequency and eventually stops (Ω ¼ 0) at 544 kHz. Above 544 kHz,
MWCNT rotates with an opposite chirality. We have observed
similar results for MWCNTs with other lengths from 3.5 to
7.2 μm. We define the frequency with no rotation as the crossover frequency, which evidently depends also on the length of
the MWCNT (Fig. 2A).
Using Eq. 3, we have calculated the values of ImðKÞ and
plotted in Fig. 2B as a function of AC frequency. The results
in Fig. 2 A and B, apart from a minus sign, are similar in shape.

Fig. 2. (A) Normalized rotation speed versus AC frequency for MWCNT with length of 3.5 (squares), 5.6 (triangles), 7.2 (pentagons), and 9.5 μm (circles). The
rotation is in the same (at low frequency) and opposite (at high frequency) direction with E field. The peak frequency shifts lower with increasing aspect ratio of
MWCNT. (B) Derived ImðKÞ of MWCNT with close relation with rotation shown in A. The peak value jImðKÞmax j decreases with decreasing aspect ratio.
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K¼


εp − εm
 þ Lðε  − ε  Þ ;
εm
p
m

[4]

 ¼ ε − iσ ∕ω are the complex
where εp ¼ εp − iσp ∕ω and εm
m
m
permittivity of the particle and medium respectively involving
the permittivity (εp and εm ) and the conductivity (σp and σm )
of the nanoentity and the medium, and the frequency ω of the
rotating AC electric field. Since the applied AC E field has a
much higher frequency than that of the mechanical rotation,
the depolarization factor L is effectively a constant dictated by
the aspect ratio of the 1D entity (11). Then the imaginary part
of the Clausius–Mossotti factor K can be obtained from Eq. 4
in a straightforward manner as

ImðKÞ ¼

εp σm − εm σp
: [5]
ω½ðεm þ Lεp − Lεm Þ 2 þ ω12 ðσm þ Lσp − Lσm Þ 2 

Because the denominator is always positive, the numerator
εp σm − εm σp dictates the sign of ImðKÞ. Since σε is the charge relaxation time τ, thus ImðKÞ ∝ ðτp − τm Þ, i.e., the sign of ImðKÞ as
well as the chirality of the rotation depends on the relative values
of τp and τm . This is illustrated experimentally in Fig. 3A for a
MWCNT of 9.5 μm length at a frequency below and above the
frequency 544 kHz when the charge relaxation time of MWCNT
is respectively shorter and longer than that of DI water. At
544 kHz, τp ¼ τm , ImðKÞ ¼ 0, the MWCNT ceases to rotate.
ε
As a result, from τp ¼ τm ¼ σpp ¼ σεmm at 544 kHz, the value of
the ratio εp ∕σp of the MWCNT has the same value of εm ∕σm
of the medium.
We next address the peak position, which increases to higher
frequencies with the decrease of the length of the MWCNTs as
shown in Fig. 2B. From Eq. 5, the peak position of ImðKÞ occurs
at ωp with the value of
ωp ¼

σm þ Lσp − Lσm
:
εm þ Lεp − Lεm

[6]

The effective depolarization factor L can be approximated as
(12) L ≈ ðln rl − 1Þ∕ð2rl Þ 2 . Since l ≫ r and hence L ≪ 1 and for
conducting entities σp ≫ σm , we have σp ≈ ðωp εm − σm Þ∕L from

A

tCNT>tH O

Eq. 6. Thus, with the values of σm and εm of the medium, the
frequency ωp at which ImðKÞ peaks, the value of L dictated
by the dimensions l and r of the 1D entities, the rotational motion
allows one to determine the conductivity σp of the 1D entities
via σp ≈ ðωp εm − σm Þ∕L, for any actual electrical measurements.
In Fig. 3B, we show the conductivity σp so determined as a function of length l of the MWCNT. Very interestingly, we have
found σp to increase linearly with the length l, i.e.,σp ∝ l. For
MWCNT of approximately the same cross-section, this means
that the MWCNT has a constant resistance of 8.7 × 10 8 Ω,
regardless of length. This is the hallmark of ballistic electron
transport, which has been theoretically predicted (13–15). Our
work is one of the few that indicate ballistic nature of electron
transport in MWCNT (16–18).
We note that the resistance of 8.7 × 10 8 Ω is higher than most
values reported from electrical contact measurements in the
range of 10 5 to 10 7 Ω (19–21). This may be the result of both
theoretical simplifications and experimental differences. The
theoretical expression of ImðKÞ as described in Eq. 5 assumes
a MWCNT as a solid ellipsoid with a constant effective depolarization factor L. In reality, the nature of materials inside the
tubular structure of a MWCNT is more complex. Experimentally,
only the outermost shell of the MWCNT is electrically contacted
and measured (15–19). The materials inside the shell also contribute significantly but in a poorly specified manner. In contrast,
our method determines the electronic properties of a MWCNT
from its mechanical motion in an E field without using electrical
contacts. The electrical resistance so obtained is not mainly
from the outermost shell but the response of the entire MWCNT
to the external electric field. Theoretical calculations shows that
the MWCNTs of larger diameters (>10 nm) are more metallic
(lower resistance) than those of smaller diameters (higher resistance) (22) and in SWCNT the resistance reaches the range of
10 8 –10 9 Ω (21).Therefore, it can be reasonably understood that
the measured resistance using our electromechanical approach is
higher due to the overall response from all the shells in the
MWCNTs than those by the electrical-contact method.
In addition to MWCNT, we have also used the same method
to successfully rotate metallic nanowires such as Au (radius
r ≈ 150 nm, length l ¼ 3.5  0.3 μm), Pt (r ≈ 150 nm, l ¼ 3.3
0.2 μm), semiconducting nanowires of ZnO (r ≈ 150 nm, l ≈ 3.3
and 3.8 μm), and insulating SiO2 nanotubes (r inner ≈ 150 nm, shell
thickness 300 nm, l ≈ 8.7 μm). For metallic nanowires, the nanowires rotate with the same chirality with E field from 5 kHz to
1 MHz as in Fig. 4A because the charge relaxation time (τp ) is
much shorter than τm of the DI water due to the high conductivity
of the metallic nanowires (Movie S2). For the semiconducting
nanowires, the behavior is different. The nanowires rotate with
the same chirality as that of the E field at low frequencies, but
with opposite chirality at high frequencies. At low frequencies,
similar to metallic nanowires, the charge relaxation times (τp )

B

2

E

tCNT<tH O
2

Fig. 3. (A) Depending on the charge relaxation time τCNT of the MWCNT relative to τwater of DI water, MWCNT rotates following the E field when τCNT < τwater
and ImðKÞ < 0, opposite to the E field when τCNT > τwater and ImðKÞ > 0, and will not rotate when τCNT ¼ τwater and ImðKÞ ¼ 0. (B) The conductivity of MWCNT
calculated from ImðKÞ increases linearly with the length, indicating the ballistic transport characteristic of MWCNT.
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However, the larger peak in rotation speed Ω occurs at the shorter MWCNT, whereas the larger peak in jImðKÞmax j occurs at the
longer MWCNT. These experimental results are consistent to
Eq. 3, which prescribes that ImðKÞ be proportional to −l 2 Ω.
Consequently, the rotation speed Ω reveals both the electronic
factor ImðKÞ and the physical length l of the 1D entities.
To quantitatively extract the values of the electronic properties
of 1D entities, we have modeled the 1D entities as elongated
ellipsoids, for which the Clausius–Mossotti factor K can be expressed by (8, 10)

Fig. 4. (A) Rotation of metallic (Au, Pt), semiconducting (ZnO) nanowires, insulating (SiO2 ) nanotubes, and MWCNT. The rotation of metallic nanowires follows same chirality as E field from 0.05 to approximately 1 MHz, whereas semiconducting nanowires switch chirality at high frequencies. Insulating nanotubes
always rotate counter to the E field in the same frequency range. It demonstrates a contactless and nondestructive method to determine the metallicity of
nanowires. (B) The ImðKÞ as function of frequency of metallic (Au, Pt), semiconducting nanowires (ZnO), and insulating (SiO2 ) nanotubes.

of the semiconducting nanowires are shorter than that of DI water.
At high frequencies, however, due to the lower conductivity of
semiconducting nanowires, the charge relaxation time is longer
than that of DI water and hence rotation chirality reverses. These
features have been observed in ZnO nanowires, where the rotation
reverses chirality at 300 kHz for ZnO as shown in Fig. 4A.
Movie S3 shows the switching of the rotation chirality of ZnO
nanowires when the AC frequency changed from 50 to 700 kHz.
For insulating nanowires/nanotubes such as SiO2 , the rotation
always counter to the E field direction, because the charge relaxation time (τp ) is much longer than τm of the DI water due to
the low conductivity of the insulating nanowires/nanotubes as
shown in Movie S4. As a result, the rotation of mixed Au nanowires
and SiO2 nanotubes, is always opposite to each other at both
low and high frequencies. We can therefore distinguish between
metallic, semiconducting, and even insulating nanoentities by their
rotation chirality.
From the rotation characteristics, we can calculate ImðKÞ as a
function of frequency as shown in Fig. 4B. ImðKÞ of Au and Pt
nanowires are negative from 20 KHz to 1 MHz, with peak values
at around 100 kHz; Au exhibits a higher peak than Pt due to its
higher conductivity. On the other hand, ImðKÞ of SiO2 nanotubes
are always positive in the same frequency range. ImðKÞ of wide
band-gap semiconducting ZnO nanowires exhibits a negative
peak, changes signs and becomes positive at high frequencies
(Fig. 4B). We also noticed that the ImðKÞ MWCNTs in Fig. 2B
shows similarity with semiconducting nanowires where ImðKÞ
changes sign at a few hundred kHz. This again can be understood
by the fact that our method is a result of the overall electrical
properties of MWCNTs. Even though, most electric-contact
measurement on the outermost shells of MWCNTs shows that
MWCNTs with large diameters are metallic (e.g., 30 nm in diameter) (21), the inner shells, especially those with small diameters (<10 nm), prone to be semiconducting, and their
electric properties have been reflected in our measurements.
These results show that by rotating quasi-1D entities in suspension by AC electric field, we can readily identify them as being
metallic, semiconducting, or insulating. From the dependence of
rotation speed on frequency, we can measure the frequency dependence of ImðKÞ, and the cross-over frequency measures the
relaxation time of the entities, relative to the medium in which
the 1D entities are suspended. This contactless and nondestructive method can be performed in parallel involving many 1D entities.

In summary, we have demonstrated a contactless, nondestructive, and parallel method to determine the electronic properties
of 1D entities from their electrically driven rotational motion.
These entities include MWCNT, nanowires, and nanotubes, with
electrical characteristics that are metallic, semiconducting or
insulating. We found evidences that MWCNTs are ballistic conductors with a constant length-independent resistance.
Materials and Methods
Various metallic nanowires such as Au, Pt, and Ag nanowires were fabricated
by using electrodeposition in nanoporous templates as shown in Fig. S1A (6).
In a three-electrode setup, a sputtered Cu layer at the back of the nanoporous template serves as a working electrode, a Pt mesh serves as a counter
electrode, and a Ag/AgCl electrode serves as the reference electrode. Au
and Ag nanowires were electrodeposited from commercial electrolytes of
434 HS RTU and 1006 Silver (Technic, Inc.), respectively, at a voltage of −1
to −0.09 V (Ag/AgCl reference). Pt was electrodeposited from a solution
of at −0.45 V (Ag/AgCl reference). The growth of the nanowires commences
at the bottom of nanopores at the working electrode. The amount of electric
charge passing through the circuit controls the length of the nanowires
(or of the segments of a nanowire). The pore sizes of the template control
the diameters of the nanowires from 20 to 400 nm. The nanowires deposited
inside the nanoporous templates were released in suspension by dissolution
of the template in 2 M sodium hydroxide, followed by centrifuging and dispersion in deionized water and ethanol, each for two times, before resuspended in DI water.
SiO2 nanotubes were synthesized by using electrodeposited Ag nanowires
as templates. We first coated amorphous silicon dioxide (SiO2 ) on the surface
of the Ag nanowires. The reaction took place in tetraethyl orthosilicate
(TEOS) solution for 2–5 h via which the thickness of the SiO2 can be precisely
controlled from a few nanometers to 1 μm. When the SiO2 nanoshells have
been successfully formed around the Ag nanowires, we selectively etched the
Ag to obtain the SiO2 nanotubes with a mixture (4∶1∶1) of methanol (99%):
hydrogen peroxide (30%):ammonia hydroxide (28% to approximately 30%
as NH3 ), as shown in Fig. S1B.
ZnO nanowires were fabricated by a well established hydrothermal method as shown in Fig. S1C (3). Fourteen milliliters of 10 mM ZnðNO3 Þ2 •6H2 O
(Zinc Nitrate Hexahydrate, Aldrich, 98%) and 14 mL of 10 mM C6 H12 N4 (Hexamethylenetetramine, Aldrich, 99%) were mixed at room temperature
and transferred to a 50 mL glass bottle and incubated at 90° C for 16 h before
ZnO nanowires were collected from the bottom of the bottle, dispersed, and
centrifuged by DI water for two times, and redispersed in DI water.
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