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small V4. In Fig. 4, we consider small or absent
RF driving force and now apply a large Vy
across the quantum dot. Figure 4A shows a
standard Coulomb blockade measurement of the
quantum dot. Mechanical effects in Coulomb
diamonds have been studied before in the form
of phonon sidebands of electronic transitions
(25-28). Shown in the data of Fig. 4 are reproduc-
ible ridges of positive and negative spikes in the
differential conductance as indicated by arrows.
This instability has been seen in all 12 measured
devices with clean suspended nanotubes and
never in nonsuspended devices. Figure 4, B and
C, shows such ridges in a second device, visible
as both spikes in the differential conductance
(Fig. 4B) and discrete jumps in the current (Fig.
4C). The barriers in device two were highly
tunable: We found that the switch-ridge could be
suppressed by reducing the tunnel coupling to the
source-drain leads, thereby decreasing the cur-
rent. The instability disappears roughly when the
tunnel rate is decreased below the mechanical
resonance frequency (see SOM) (20).

In a model predicting such instabilities (29),
positive feedback from single-electron tunneling
excites the mechanical resonator into a large-
amplitude oscillation. The theory predicts a char-
acteristic shape of the switch-ridges and the
suppression of the ridges for I" ~ f;, in marked
agreement with our observations. Such feed-
back also requires a very high O, which may ex-
plain why it has not been observed in previous
suspended quantum-dot devices (26, 28). If the
required positive feedback is present, however, it
should also have a mechanical signature; such
a signature is demonstrated in Fig. 4E. The RF-

driven mechanical resonance experiences a dra-
matic perturbation triggered by the switch-ridge
discontinuities in the Coulomb peak current shown
in Fig. 4D. At the position of the switch, the
resonance peak shows a sudden departure from
the expected frequency dip (dashed line) and be-
comes strongly asymmetric and broad, as if driven
by a much higher RF power. This is indeed the
case, but the driving power is now provided by an
internal source: Because of the strong feedback, the
random fluctuating force from single-electron tun-
neling becomes a driving force coherent with the
mechanical oscillation. Remarkably, the dc current
through the quantum dot can be used both to
detect the high-frequency resonance and, in the
case of strong feedback, directly excite resonant
mechanical motion.
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Coupling Mechanics to Charge
Transport in Carbon Nanotube
Mechanical Resonators

Benjamin Lassagne,** Yury Tarakanov,? Jari Kinaret,? David Garcia-Sanchez,* Adrian Bachtold™t

Nanoelectromechanical resonators have potential applications in sensing, cooling, and mechanical
signal processing. An important parameter in these systems is the strength of coupling the resonator
motion to charge transport through the device. We investigated the mechanical oscillations of a
suspended single-walled carbon nanotube that also acts as a single-electron transistor. The coupling
of the mechanical and the charge degrees of freedom is strikingly strong as well as widely tunable
(the associated damping rate is ~3 x 10° Hz). In particular, the coupling is strong enough to drive

the oscillations in the nonlinear regime.

arbon nanotubes have been used to fab-
ricate mechanical resonators that can be
operated at ultrahigh frequencies, have
widely tunable resonance frequencies, and can
be used as ultrasensitive inertial mass sensors
(1-10). In addition, carbon nanotubes also have
exceptional electron transport properties, includ-
ing ballistic conduction over long distances or
multiple Coulomb blockade-related phenomena

that can be observed even up to room temper-
ature (/7). Coupling the mechanical motion of
nanotube resonators to electron transport is thus
highly appealing. In particular, we would like to
use such a coupling as a way to control the me-
chanical motion at the nanoscale. Recently, micro-
fabricated silicon resonators have been fabricated
whose mechanical vibrations are damped by cool-
ing from a nearby superconducting single-electron

transistor (/2). In the case of nanotube resonators,
however, the extent to which it is possible to
couple mechanical vibrations and charge trans-
port is not clear.

We studied the coupling between the me-
chanics and the electron transport of a single-
walled carbon nanotube (SWNT) resonator at
cryogenic temperature in which conducting elec-
trons enter the Coulomb-blockade regime. We
show that single electrons tunneling into and out
of the nanotube greatly affect the nanotube mo-
tion. The coupling can be made stronger than in
nanoelectromechanical systems (NEMS) resona-
tors studied so far, including those fabricated in
silicon by using top-down approaches. Moreover,

Centre d'Investigacié en Nanociéncia i Nanotecnologia
(Consejo Superior de Investigaciones Cientificas—Institut
Catala de Nanotecnologia), campus Universitat Autonoma
de Barcelona, E-08193 Barcelona, Spain. 2Department of
Applied Physics, Chalmers University of Technology, SE-
41296 Géteborg, Sweden.

*Present address: Université de Toulouse, Université Paul
Sabatier, Institut National des Sciences Appliquées, UMR
5215 Laboratoire de Physique et Chimie de Nano-Objets
CNRS, F-31077 Toulouse, France.

1To whom correspondence should be addressed. E-mail:
adrian.bachtold@cin2.es

www.sciencemag.org SCIENCE VOL 325 28 AUGUST 2009

Downloaded from www.sciencemag.org on September 9, 2009

1107


http://www.sciencemag.org

I REPORTS

1108

the coupling allows us to modify the motion of
the SWNT in an unprecedented manner. The res-
onance frequency, the quality factor, and the non-
linear dynamic can be tuned by using an external
electric means (voltage applied on a gate), which
is convenient for practical use.

We fabricated devices using standard nano-
fabrication techniques (Fig. 1A). SWNTs were
grown by means of chemical-vapor deposition
on a highly doped Si substrate coated with a 1-um-
thick SiO, layer. SWNTs were connected to two
Cr/Au electrodes (5Snm/100nm) by use of electron-
beam lithography. We performed wet etching in
buffered hydrofluoric acid so as to suspend the
nanotube. An annealing treatment at 400 C during
1 hour in a flow of Ar and H, was carried out in
order to remove impurities (polymethyl methacrylate
residues and other contaminants) from the SWNTs.

The SWNT motion was driven by applying
an oscillating voltage V;/“cos(2nft) on the gate
(Fig. 1A), which generates an electrostatic force
Fane o V¢“cos(2nfi) on the SWNT. The induced
motion was detected via a mixing technique (7).
For this, we applied a second voltage on the source
electrode V&S cos[2n(f + 8f)]. The SWNT acted
as a frequency mixer, and we measured the mixing
current 7, at the frequency component 8f from the
drain electrode (Fig. 1A). The line shape of 7, as a
function of f'(Fig. 1B) allows us to extract the res-
onance frequency f and the quality factor Q (13).

Figure 2A shows the electron transport prop-
erties of the device; the SWNT differential con-
ductance G at 4 K is plotted as a function of the
constant voltage ’PC applied on the gate and the
constant voltage V2 applied on the source. G
oscillated with P’2C in a way that is typical of the
Coulomb-blockade regime. As for the mechan-
ical properties, Fig. 2B shows that some features
of Iix oscillate with 7€ with the same period as
for G (such as the shape of the red lobes). The
correlation between the electrical conductance and
the mechanical motion becomes clearer in Fig. 3,
A, C, and E, where we plot G at zero-bias, fo,
and Q as functions of VgDC. Indeed, G is the
maximum, whereas f, and Q are low. This cor-
relation suggests that the mechanical motion is
influenced by Coulomb blockade.

Charge transport through SWNTs in the
Coulomb-blockade regime is a well-studied phe-
nomenon. When sweeping Véjc, the conductance
oscillates, whereas the charge ¢4 residing on the
nanotube dot increases stepwise (Fig. 1, C and
D). In our experiment, the nanotube is also be-
having as a mechanical resonator (with resonance
frequency fy, effective spring constant &, and ef-
fective mass m). The capacitance C, between the
SWNT and the gate oscillates as 6C, = C,'dz
(where 8z is the SWNT deflection and C," the
derivative of C, with respect to 8z). As a result,
the SWNT is repeatedly charging and discharg-
ing by the amount 8¢y

This charge oscillation causes damping of
the mechanical motion because 8¢4. has to flow
through the tunnel resistances at the SWNT-
electrode interfaces (Fig. 3B) and the energy

dissipated by the current is supplied from the
mechanical resonator. This dissipation is equiv-
alent to an out-of-phase force acting on the SWNT
(13-15). Consequently, the oscillating motion is
delayed (by a phase oc1/Q) as compared with
when no electrons are tunnelling onto the SWNT.

The oscillating charge on the SWNT also results
in a shift of the resonance frequency of the resonator.
The reason is that the flow of the charge modifies
the electrostatic force 7, = 1C,’ (VgDC — Vi)
between the gate and the nanotube (Vy, is the
nanotube potential and depends on 8¢y.). In-
deed, it can be shown that F, oscillates as a spring
force (13). This modifies the spring constant of
the SWNT resonator by 84. The resonator softens
or hardens, and the resonance frequency changes
by the amount &y = fo/2 - dk/k.

This damping and the resonance frequency
are expected to oscillate with V'€ because the
amplitude of the 3gq. oscillation depends on
VPC (the amplitude is large when g4, increases
sharply with V;’C and low when g4 increases

Fig. 1. (A) Schematic of V.cos(2nft+2rsft)
the mechanical resona- i
tor. The moveable part is
a SWNT (oscillations indi- A
cated by a red arrow). The

weakly with V) (Fig. 1C, green segment). O
and df; can be expressed as (/3)

" 2
10 = 2 S 2P (o) 6 )

2 k

) VDC 2
5 = NG (g)(zG 70 @)
Cdot Cdotr

where T' is the tunnelling rate through the
nanotube-electrode interface and Cy, is the total
dot capacitance. Equation 1 and 2 are valid for
fo << TI' and in the so-called quantum regime of
Coulomb blockade, in which the thermal energy
kT (where kg is Boltzmann’s constant and 7' is
the temperature) is lower than the level spacing
(the energy separation due to quantum confine-
ment). Equations 1 and 2 show that Q and f; os-
cillate as a function of ’P€ with the same period
as for G, which is in agreement with the experi-
ments. We compared the measurements to Egs. 1
and 2 using the measured G in Fig. 3A and taking

Imll[af} 2 : . ; : ' : \
1

SWNT length is 1 um and
the diameter is ~1.1 nm.

The motion is capacitively
driven by the application
of an oscillating voltage
on the gate. The nanotube
position is detected by ap-
plying an oscillating volt-

1..(PA)

age on the source electrode
and measuring the current
from the drain electrode.
8f =10 kHz. (B) Measured

49 50

f(MHz)

51 52
qle (=-c,v,”/e)

mechanical resonance (mixing current as a function of driving frequency). The red curve is a fit of the resonance. (C
and D) Schematic of the charge on the SWNT and its conductance as a function of the control charge (g, = —C; V;’C )
in the Coulomb-blockade regime. Vibrations cause the charge on the SWNT to oscillate (3Gg0: and Aggey)-

Fig. 2. Electronic and
mechanical properties 4
of the device at 4 K.

(A) The SWNT differen- = 0
tial conductance as a E
function of source-drain :,3 4

voltage and gate voltage.
The measurements are
consistent with Coulomb
blockade. Blue corresponds
to low conductance, and
red corresponds to high
conductance. (B) Mixing
current from the drain as
a function of driving fre-
quency and gate voltage.
The frequency of the red
lobes (related to the me-

-6.40 -6.38

g =

-6.36 -6.34 -6.30

-6.32
V()

-6.28 -6.24

chanical resonance) goes up and down when increasing V2 with the same period as for the SWNT con-
ductance. This shows that the mechanics and the charge transport in the device are correlated. In addition,
the frequency of the red lobes shifts continuously over the full V;’C sweep caused by mechanical tension (the
static electrostatic force bends the nanotube). V'g“c is 0.5 mV and V25 is 0.1 mV (f, and Q remain the same
when decreasing V;‘C to 0.15 mV at 4K). Blue corresponds to low current, and red corresponds to high current.
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C,"*/k and T as fitting parameters (/6). Figure 3,
D and F, shows that the agreement is rather good.
The values obtained for C,”/k and T were in
quite reasonable agreement with theory (7).
These results show that the coupling between
mechanical oscillations and the charge transport
is the main dissipation mechanism at low tem-
perature in the SWNT resonator (/8). Our work
shows that an obvious fabrication strategy in the
future in order to obtain higher O at low tem-

perature is to reduce the resistance at the SWNT-
electrode interfaces (Q o I'). Other dissipation
mechanisms such as thermoelastic damping dom-
inate 1/Q at higher temperatures. Indeed, 1/Q
associated to the coupling between the mechanics
and the electron transport is expected to be about
1077 (13), whereas the measured 1/Q is 1/40.
We considered measurements in which the
large driving force applied to the SWNT accesses
the nonlinear dynamic of the motion. Figure 4, A

Fig. 3. Electronic and
mechanical properties
of the device at 4 K.
(A) Conductance of the
SWNT as a function of
gate voltage. (B) Sche-
matic of the dissipation

A

G(uS)

B Bl

dsnsnsp

process. The mechanical
oscillation charges and
discharges the SWNT by 'g

the amount 8ggo, which = 49.5
results in a current 8lgy  wo

flowing through the re-
sistance at the nanotube-

8
6
4l
2
0
.8

electrode interface. (C and 600 g :
D) Measured and calcu- :P
lated resonance frequency 400 + | [ ]
as a function of gate volt- o '
age. (E and F) Measured 200 F ‘

and calculated quality fac- 0

tor as a function of gate 0 L L

. |
U\a"-: i |

i
.

voltage. -6.30

Vv, (V)

-6.20-6.35 -6.30 -6.25
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-6.25 -6.20

Fig. 4. Nonlinear dy- 0.4
namic of the SWNT mo- 0.3
tion at 1.5 K. (A and B) .
Mixing current as a func- 0.2
0.1

tion of driving frequency
voltages. A second peak 0.0

Imix (nA)

V.

50 0 10° i
AVgDC(mV 1st

]

for two different gate
appears in (A) that is
very narrow. The inset
shows the nanotube con-

485

50.5

49.5
f(MHz)

495 505

f(MHz)

505 485

ductance as a function
of gate voltage. AV,” is
measured from the max- T
imum of the Coulomb- = 49-5 |
blockade peak. (C and 490 |
D) Measured and calcu- “le

~50.0
N

o 1

%, model e l n
15‘ \l 2nd" 2d-

D

lated resonance frequen- 48.5
¢y as a function of gate -15 -10
voltage for the two peaks.

AV (mV)

-5 0-15 -10 -5 0
AV S/(mV)
1000

The second peak disap- 10000
pears at the AVPC value E
indicated by an arrow.
In (0, V;‘C is 0.5 mV, and
VAS is 0.1 mV. In (D), V¢
is 0.255 mV, and Vég is
0.02 mV. (E and F)

S 1000

/'/_. F

100

Measured and calculated 0.2 0.6

effective quality factor
as a function of V¢ for

1.0 1.4
2 (111))

1
00 0.10 0.15 0.20 0.25
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the second peak at the Coulomb-blockade conductance peak. VS is 0.1 mV in (E) and 0.02 mV in (F). Other
parameters used in the calculations are given in (13). The inset shows the calculated vibration amplitude
and mixing current as functions of the driving frequency.

REPORTS I

and B, shows two resonance peaks at 1.5 K (mix-
ing current as a function of driving frequency). The
resonance in Fig. 4A has a surprising shape; it splits
in two peaks, a broad and a narrow one. The nar-
row peak appears only at gate voltages near the
Coulomb blockade conductance peaks (Fig. 4B,
inset, and Fig. 4C). The most striking feature is
that its width becomes narrower when increasing
the driving force. The (effective) quality factor
can increase up to about 5100 (Fig. 4E).

The coupling between the mechanics and the
charge transport plays a central role in this non-
linear dynamic, as illustrated in Fig. 1C and by
considering large mechanical oscillation amplitude
(large oscillations of C,). During one oscillation
cycle, the charging and discharging of the dot is
highly nontrivial because of the stepwise depen-
dence of gao on V¢ (Fig. 1C, red trace Aqa).
As aresult, F, depends nonlinearly on 8z in con-
trast to the linear dependence at low oscillation
amplitude. We have carried out numerical simu-
lations to quantify this force and its effect on the
motion. Specifically, the nanotube displacement
and the force F, have been calculated iteratively
as a function of time in a self-consistent manner.
The oscillating voltages applied on the gate and
the source at frequencies f'and f+ &f, respectively,
have been included in order to obtain the current
from the drain as a function of time. A limit cycle
in the simulation is obtained. Full details of our
simulations are provided in (/3). The calculations
predict the appearance of an extra peak at gate
voltages close to the Coulomb-blockade conduct-
ance peaks as well as a V¢ dependence of the
resonance frequency that are in agreement with
the experiments (Fig. 4, C and D). In addition, the
simulations show that the width of the extra peak
becomes narrower when increasing V4€, but the
effect is somewhat smaller than observed in the
experiment (Fig. 4, E and F). Overall, it is re-
markable that the calculations can capture the main
experimental findings, especially when consider-
ing the simplicity of the model. The model may
be improved by the incorporation of additional
effects, such as mechanical-related nonlinearities
that are expected to be important in SWNTSs (/9).

The double-peak structure in the simulations
arises from the interplay between two nonlinear
phenomena: one associated with the nonlinear
dynamic of the motion (discussed above) and the
other with the nonlinear detection mechanism.
The latter nonlinearity becomes relevant when the
amplitude of the mechanical motion is sufficient to
drive G through the Coulomb blockade peak (Fig.
1D, red trace AG). The simulations, in that case,
show that the induced current is lowered. This re-
duction of the current occurs only for large 8z so
that a resonance in position (8z as a function of 1)
is detected in /,,,;,(f) as a double peak structure. If
the shape of the resonance in 8z was a Lorentzian,
the two peaks in /,,;x would have the same shape.
However, the resonance in position has a sharkfin
shape [Duffing-like resonance (20)] because of the
nonlinearity of g4, on 8z so that one peak in /,,;, is
narrower (Fig. 4F, inset). Because the second peak
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only appears when looking at the 7, signal, its high
Q is only an effective quality factor, but it is useful
for applications that, for instance, rely on precise
measurements of the resonance frequency (27).
These results show that the coupling between
the mechanics and the electron transport can be
very strong in SWNTs. In comparison, exper-
iments on microfabricated semiconductor reso-
nators, which are coupled to metal single-electron
transistors, have not shown any oscillations of fy
and Q (22). This difference probably arises from
the much greater mass of these resonators as
compared with those of SWNTSs, so that they are
much less sensitive to the motion of individual
tunneling electrons. A way to quantify the
coupling is by looking at the damping rate caused
by the interaction between the mechanics and the
electron transport, Y, = 2nfy/Q. Damping
rate can be useful for the evaluation of quantum
electromechanics phenomena in analogy to laser
cooling of, for example, trapped ions (23). We
have v, as high as 3 x 10® Hz for nanotubes,
which compares with vy, ,;, ~ 0.7 Hz for mac-
roscopic atomic force microscopy cantilevers
(24). As for single-electron transistors that are
superconducting, Y, is expected to be enhanced
(15). In this case, however, ¥, ,;, measured on
microfabricated resonators is below 5 x 10* Hz (12).
The strong coupling in nanotubes holds prom-
ise for various applications. We have shown that it
allows for a widely tunable nonlinearity of the res-
onator dynamic. Nonlinearity of the motion is useful
for sensitivity improvement of mass and force sens-
ing (25), mechanical signal amplification (26, 27),
noise squeezing (28), study of quantum behaviors of
macroscopic systems (29), mechanical microwave
computing (30), or energy harvesting via vibration-
to-electricity conversion (37). We emphasize that
the nonlinearity in nanotubes can be tuned by an
electronic means (by changing V), which is con-
venient for practical use. In comparison, the non-

linearity in previously studied nanoresonators comes
from purely mechanical effects (which can be de-
scribed by the Duffing equation). There, the non-
linearity can be modified by using strain, but this is
complicated to do experimentally. The strong cou-
pling in nanotubes could also be used for cooling
mechanical oscillations to the ground state (32),
which would open the possibility to study non-
classical states at a mesoscopic scale. The ability
to electrically tune the coupling (with VgDC) would
then be very useful for quantum manipulation.
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The Chemical Structure of a Molecule
Resolved by Atomic Force Microscopy

Leo Gross,™* Fabian Mohn,* Nikolaj Moll, Peter Liljeroth,? Gerhard Meyer*

Resolving individual atoms has always been the ultimate goal of surface microscopy. The scanning
tunneling microscope images atomic-scale features on surfaces, but resolving single atoms

within an adsorbed molecule remains a great challenge because the tunneling current is primarily
sensitive to the local electron density of states close to the Fermi level. We demonstrate imaging
of molecules with unprecedented atomic resolution by probing the short-range chemical forces
with use of noncontact atomic force microscopy. The key step is functionalizing the microscope’s tip
apex with suitable, atomically well-defined terminations, such as CO molecules. Our experimental
findings are corroborated by ab initio density functional theory calculations. Comparison with
theory shows that Pauli repulsion is the source of the atomic resolution, whereas van der Waals and
electrostatic forces only add a diffuse attractive background.

oncontact atomic force microscopy
(NC-AFM), usually operated in frequency-
modulation mode (/), has become an
important tool in the characterization of nano-

structures on the atomic scale. Recently, impres-
sive progress has been made, including atomic
resolution with chemical identification (2) and
measurement of the magnetic exchange force

with atomic resolution (3). Moreover, lateral (4)
and vertical (5) manipulation of atoms and the
determination of the vertical and lateral forces
during such manipulations (6) have been dem-
onstrated. Striking results have also been ob-
tained in AFM investigations of single molecules.
For example, atomic resolution was achieved on
single-walled carbon nanotubes (SWNTs) (7, 8),
and the force needed to switch a molecular
conformation was measured (9).

However, the complete chemical structure of
an individual molecule has so far not been im-
aged with atomic resolution. The reasons that
make AFM investigations on single molecules so
challenging are the strong influence of the exact
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