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In recent years, a growing number of strongly correlated insulat-
ing electronic states have been discovered in low-dimensional sys-
tems. In carbon-based systems alone, for example, there are the 

Mott insulator1, the Wigner crystal2–4 and the proposed excitonic 
insulator5 in one dimension (carbon nanotubes), as well as sym-
metry-broken states6 and the magic-angle Mott insulating state7 in 
two dimensions (bilayer graphene). However, since these states are 
non-conducting, to study them one needs a tool that goes beyond 
transport, and is able to probe their internal charge and spin degrees 
of freedom on local scales. So far, capacitive-based techniques such 
as coupling to microwave cavities8 or to single-electron transistor 
charge detectors9 have proved instrumental in studying local elec-
tron dynamics in simple non-conducting systems on the single-
electron level.

Coupling to nanomechanics10 can provide an especially sensitive 
way for probing these insulating states. Indeed, many systems that 
exhibit non-trivial insulating behaviour can be made suspended, 
allowing their own mechanical motion to probe their local elec-
tronic degrees of freedom. Similar to coupling to a microwave cav-
ity, coupling to a mechanical cavity can probe the electronic degrees 
of freedom, with a few key features: mechanics couples to force 
rather than charge, and can thus probe both charge and spin degrees 
of freedom11. Nanomechanical resonators can have large quality fac-
tors12,13, resulting in extreme force sensitivity14. Since mechanical 
modes are determined by the speed of sound rather than the speed 
of light as in microwave cavities, they are more localized in space, 
yielding stronger couplings in smaller dimensions. Nanomechanical 
experiments have indeed been extremely successful in measur-
ing the interactions with single electrons in quantum dots12,13,15–27 
and with two-dimensional electronic systems6. However, to date, 
all these experiments have relied on electronic transport for their 
operation, and thus could not probe insulating electronic states, 
limiting their scope.

In this work, we introduce a new time-domain technique for 
measuring insulating electronic states via coupling to nanomechan-
ical motion. The technique, demonstrated on a carbon nanotube 
(NT), allows the measurment of frequency shifts and dissipation 

rates of the mechanical vibrations due to back action of the elec-
tronic degrees of freedom in the system, even when the system is 
not conducting overall. As an example, we use this technique to 
probe a double quantum dot in the regime where no current can 
flow through the device, and demonstrate the recently predicted28 
signature of mechanical coupling to an electron that coherently 
tunnels between the dots, going beyond existing experiments that 
could observe the back action due only to incoherent tunneling.

The device in this study consists of a single carbon NT, assem-
bled29 on source and drain contact electrodes and suspended above 
seven gates (suspension length L = 1.2 μ m), being free to vibrate  
(Fig. 1a). Individual DC voltages are applied on the seven gates, 
controlling the electrostatic potential landscape along the NT. An 
arbitrary wave generator is connected to the source electrode and 
the three central gates via wide-band bias-Ts (not shown), gener-
ating radiofrequency pulses for actuating and measuring the NT 
mechanical motion, as well as for applying fast gate voltage traverses. 
To measure the current through the NT, we use two methods. The 
first is a standard quasi-DC measurement, where the current at the 
drain is measured with a low-bandwidth current preamplifier. The 
second, adopted from shot noise experiments30, uses an LC tank cir-
cuit coupled to a high electron mobility transistor (HEMT) ampli-
fier at the cryogenic stage, which allows one to shift the readout to 
a higher frequency ( = .f 1 45 MHztank

) and increase the bandwidth 
(30 kHz full-width at half-maximum). At the room-temperature 
stage, the signal is amplified, down-converted using an IQ demodu-
lator, simultaneously with a phase reference signal, then sampled 
and processed using custom software (details in Supplementary 
Section 2).

We study both single and double quantum dot configurations, 
formed on the suspended part of the NT. Since the assembled NT 
has negligible electronic disorder (Supplementary Section 1), these 
configurations can be readily formed by tuning the gate voltages. 
In a single quantum dot configuration (Fig. 1b, top), the central 
part of the NT is gated to be p-doped (red), while the workfunc-
tion difference (~250 meV) between the NT and Au contacts creates 
n-doped regions of the NT above the contacts (blue). Due to the 
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small but sizeable bandgap of the NT (~60 meV), pn junctions are 
formed between the central island and the leads, acting as tunnel-
ling barriers. A common voltage VG on three central gates controls 
the occupation of the resulting quantum dot. The tunnelling barri-
ers between the dot and the leads are tuned using the two pairs of 
rightmost and leftmost gates V V,BL BR (Fig. 1b, top). The measured 
conductance, GSD at =T 2 K, shows regular Coulomb blockade 
oscillations (Fig. 1b, bottom). To form a double dot, we create an 
additional central barrier by tuning VM so that the section of the 
NT above the central gate is in the gap (Fig. 1c, top). Gate voltages 
VR and VL control the occupation of the two dots. Measurement of 
GSD, as a function of VL and VR at = .T 4 2 K (Fig. 1c, bottom), shows 
the standard double-dot charge stability diagram31, where conduc-
tance appears only at triple points in which the electronic transi-
tions across the right, centre and left barriers (dashed white lines) 
are energetically available simultaneously. In all other regions of the 
charge stability diagram, a double quantum dot is not conducting 
(that is, =G 0SD ). In these regions, it is thus impossible to detect any 
behaviour of the electronic system using transport or steady-state 
nanomechanical measurements.

Continuous-wave and pump–probe measurement
To explain our measurement scheme, we start with the simpler 
case of a single quantum dot coupled to the mechanical motion 
of the NT (lowest mechanical mode). This system has been stud-
ied extensively in the past, mostly via the ‘mixing technique’32, 

which uses the transport through the NT under continuous-
wave (CW) excitations to probe its mechanical motion. Figure 2a  
shows such a measurement for our device. We apply CW  
voltage tones on the gate ω=V A t( cos( ))pump

CW
pump pump  and on the 

source ω=V A t( cos( ))probe
CW

probe probe . When the pump frequency 
hits a mechanical resonance of the NT, it drives it into mechani-
cal oscillations, which modulate the capacitance of the quantum 
dot to the gate, acting effectively as an oscillating gate voltage. 
The sharp dependence of the dot’s conductance on the gate 
voltage near a Coulomb blockade peak leads to a mixed-down 
signal, Iout, measured at the drain at the beat tone, ω ω−pump probe 
(colour map, Fig. 2a). Tracking the gate dependence of the first 
mechanical mode frequency, we find electromechanical soften-
ing around Coulomb blockade peaks, as observed previously24,25. 
From the frequency dependence of the two quadratures of Iout 
(Fig. 2b), taken along the dashed line in Fig. 2a, we extract the 
first mechanical mode frequency, ω π= × .2 185 18 MHz1 , and its 
quality factor = . ×Q 1 1 104. The dependence of −Q 1 on the actu-
ating amplitude (Fig. 2c) establishes that, at the measurement 
amplitude used throughout this figure ( = .A 0 3 mVpump , red 
dashed line), the motion is in the linear regime (Supplementary 
Section 4).

We now introduce a pump–probe variant of the above technique. 
Instead of using continuous waves, we spilt the pump (gate) and 
probe (source) signals in time. The measurement consists of four 
consecutive steps (Fig. 2d). First, the mechanical motion is actuated 
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Fig. 1 | Measurement set-up and transport characterization of carbon Nt devices. a, Illustration of the measurement set-up: the device consists of a 
single carbon NT, suspended over a length L =  1.2 μ m between two contacts (source S, drain D) and over seven gates. Independent d.c. voltage sources 
are applied to the gates. Four channels of an arbitrary wave generator (AWG) are connected to the three central gates and the source. We alternate 
between two methods for measuring the current through the NT: a standard quasi-d.c. measurement with a current preamplifier connected at the drain 
(not shown), or a measurement at a higher carrier frequency using a cryogenic tank circuit connected at the drain, after which the signal is amplified by a 
cryogenic HEMT and a room-temperature amplifier. The resulting signal is demodulated and sampled simultaneously with a phase synchronization signal 
(ϕref

). ADC, analogue to digital converter; I, in-phase; Q, quadrature. b, Simulated band bending diagram of a single quantum dot configuration in our 
experiment, created by tuning the gate voltages to obtain a p-doped island (red) separated by pn junctions from n-doped leads (blue). Voltage VG, applied 
on the three central gates, controls the occupation of the dot, while V V,BL1,2 BR1,2 can be used to tune the barriers. Bottom: measured device conductance, 
GSD, as a function of VG. c, Simulated band bending diagram of the double quantum dot configuration in our experiment. Here a third barrier is formed by 
tuning VM so that the NT segment above it is in the gap. Voltages VL and VR control the occupation of the two dots. Bottom: device conductance measured 
as a function of VL and V .R

NAture NANoteChNology | VOL 14 | FEBRUARY 2019 | 161–167 | www.nature.com/naturenanotechnology162

http://www.nature.com/naturenanotechnology


ArticlesNATure NANoTecHNology

with a radiofrequency pulse on the gate, resonant with one of the 
NT’s mechanical resonances (pump step). Next, the NT is allowed 
to oscillate freely for a time τprop (free propagation step). During this 
step the oscillation decays with characteristic time ω∕Q n (where Q 
is the quality factor of the mechanical resonance). Then, we inter-
rogate the amplitude and phase of the residual mechanical motion 
using a probe pulse at a frequency close to the resonance frequency 
(shifted by ftank

 if radiofrequency readout is used), applied on the 
source electrode (probe step). Similar to the CW mixing tech-
nique, the residual mechanical motion will act as an oscillating 
gate voltage at the mechanical mode frequency, and will mix down 
with the probe pulse to produce a current pulse at the drain, Iout, 
whose amplitude is proportional to the amplitude of the mechani-
cal motion. Crucially, since both the probe and pump pulses start 
from zero phase, the phase difference between the probe pulse and 
the mechanical motion is deterministic for each repetition of the 
experiment, and thus the measured Iout will oscillate as a function 
of τprop, tracking the phase of the mechanical motion. In the last 
segment (relaxation step) the NT mechanical motion is left to relax 
for a time τrelax, and the sequence is repeated in a periodic manner. 
In the actual experiments, we use lock-in variants of this protocol, 

detailed in Supplementary Section 2, substantially improving the 
detection sensitivity.

Figure 2e shows the measured Iout as a function of τprop for a NT 
with a single quantum dot driven at its first mechanical resonance 
frequency, revealing its mechanical ringdown. This measurement 
is done at the same VG as in the CW measurements in Fig. 2b. The 
timing parameters are chosen so that τ = 4pump  μ s, τ = 8probe  μ s are 
both comparable to ω∕Q 1. The full measurement cycle is chosen 
to be on a longer timescale to reduce interference between repeti-
tions: τ τ τ τ+ + + = 56pump probe prop relax  μ s. The pump amplitude is 
chosen as to avoid nonlinear driving (see Supplementary Section 2)  
and the probe amplitude is chosen to be smaller than the width 
of the Coulomb blockade peak. The measured signal exhibits 
an exponentially decaying envelope that reflects the dissipation 
of the mechanical motion. The quality factor of this ringdown, 

= . ×Q 1 2 104, matches nicely the one measured by CW methods. 
Zooming in to a short time interval (Fig. 2e, inset) reveals fast 
oscillations at the frequency of the mechanical mode. Figure 2f 
shows the measured ringdown as a function of Apump, demonstrat-
ing that at weak driving (red) the decay follows a simple exponen-
tial, and deviates from that only at strong driving (green), allowing 
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Fig. 2 | Nanomechanical measurements of conducting states in a single quantum dot configuration. a, Standard ‘mixing technique’ measurement 
scheme32: CW radiofrequency signals are applied on the gate and the source, ω=V A tcos( )pump

CW
pump pump  and ω=V A tcos( ) ,probe

CW
probe probe  and the current at 

their beat frequency, ω −ωI t~ cos(( ) )out pump probe , is measured at the drain. (Bottom) Measured out-of-phase quadrature of Iout as a function of VG and ωpump
CW .  

Ridges of enhanced signal trace the gate voltage dependence of the first mechanical mode of the NT, T =  2 K. b, In-phase (blue) and out-of-phase (red) 
quadratures of Iout, measured as a function of ωpump

CW  along the dashed line in a. From Lorentzian fits (solid line), the frequency of the mechanical mode, 
ω π∕ =2 185.18 MHz and its quality factor, = ×Q 1.1 104, are extracted. c, Inverse quality factor, −Q 1, measured as a function of Apump. Solid line is a parabolic 
fit. The measurements in a are done at =A 0.3 mVpump  (red dashed line), to remain in the linear response regime. d, Pump–probe measurements of the 
nanomechanical response of a conducting state (same VG as in b). The measurement sequence has four steps. First, an AC voltage pulse resonant with 
the mechanical mode frequency is applied on one of the gates (Vpump, blue), causing the instantaneous amplitude of the NT motion (z t( ), green) to ramp 
up. Then, the resonator is allowed to propagate freely for τprop. Next, an a.c. probe tone (red) is applied on the source, mixing down with the gating due 
to the residual mechanical motion, to produce a current pulse, Iout (purple) measured at the drain. Finally, the system is left to relax for time τrelax. e, Iout 
measured as a function of τprop, showing exponential decay with = ×Q 1.2 104 of the mechanical motion amplitude (black fit line). (Inset) Zoom-in to short 
timescales, revealing rapid oscillations of Iout (blue dots) due to the phase difference between the mechanical motion and the probe pulse, with a frequency 
ω π∕ =2 185.18 MHz (red line), identical to that measured by CW mehods in b. f, Amplitude decay as a function of τprop for Apump above (green) and below 
(red) the nonlinearity threshold. Exponential decay (blue) is obtained in the linear regime.
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us to determine the linear driving regime and limit our measure-
ments to it.

time-domain scheme for probing insulating states
Similar to the conventional mixing technique, the time-domain 
variant described above has a major limitation—it relies on trans-
port through the NT for detecting its motion, and thus it cannot 
work when the NT is electronically insulating. We alleviate this 
limitation by realizing that the above scheme actually measures the 
electromechanical interactions that occur during the free propaga-
tion stage, and during this stage the system can be in an insulating 
state. Transport is needed only for reading out the oscillator state 
at the final (probe) step. Thus, if we can rapidly gate the system 
between an insulating state for the experiment and a conducting 
state for the readout, we should be able to measure the mechani-
cal back action within the insulating state. The corresponding 
measurement protocol is shown in Fig. 3a: the mechanical motion 
is first pumped at a conducting point on the Coulomb blockade. 
Then, the voltage VG is rapidly ramped into an insulating point in 
the Coulomb valley, followed by the free propagation stage. Finally, 
VG is rapidly ramped back to the initial conducting point, where 
the oscillator amplitude and phase are measured by mixing with a 
probe pulse as before.

Probing electron dynamics in a single quantum dot
Figure 3b shows three ringdown traces, measured with the time-
domain scheme described above. All three are pumped and probed 
at the conducting point as in Fig. 2b, but differ in their gate traverse, 
ΔVG, during the free propagation stage, taking them to three dif-
ferent points with respect to the Coulomb blockade peak (dashed 
lines, Fig. 3c,d). The blue trace has zero traverse (Δ =V 0G ) and is 

thus identical to the trace in Fig. 2e. The purple trace corresponds 
to traverse close to the top of the Coulomb blockade peak, show-
ing much faster decay of the ringdown ( =Q 430). Conversely, when 
the gate is traversed to the Coulomb valley (orange curve) a much 
slower decay of the ringdown is observed ( = ×Q 4 104). The mea-
sured ringdown envelope amplitudes, τA( )prop , are described well 
by an exponential decay, whereas measured phase shifts, ϕ τΔ ( )prop , 
increase linearly with τprop (Fig. 3b, inset), demonstrating that each 
ringdown has a well-defined frequency and dissipation that are 
independent of τprop. From the measured ϕΔ  and A after a single 
τprop, we can thus determine the frequency shift and the dissipa-
tion of the mechanical mode during the free propagation period: 

ω ϕ τΔ = Δ ∕ prop, τΓ = − ∕ ∕A Alog( )0 prop, where A0 is the measured 
amplitude for intrinsic mechanical dissipation.

Figure 3c,d shows the frequency and inverse quality factor  
of the first mechanical mode as a function of ΔVG. The red dots 
correspond to the CW measurements (fit to Fig.2a), whereas the 
blue traces are obtained using the time-domain technique. Clearly, 
the time-domain technique allows measurement of these quanti-
ties for configurations with zero conductance (Coulomb valley) 
or when the conductance is not gate dependent (Coulomb peak), 
where the CW mixing techniques are ineffective. Note that dur-
ing the traverse to the free propagation point, the system often 
goes through gate voltages for which it has strong interactions 
with the electronic degrees of freedom. However, the ramp time 
in our experiment is short enough (~20 ns), as compared to the 
dissipation rates and frequency shifts at the points with strongest 
back action ω∕ ~ −Q( (300 ns) )1 , that the expected influence is 
negligible, as is apparent from the good correspondence between 
the quantities measured by the CW and time-domain techniques, 
when both are available.
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Probing electron dynamics in a double quantum dot
Having established our technique on single quantum dot mea-
surements, we now proceed to probe a double quantum dot. We 
use a similar pulse sequence as in single dot case, only that here 
two gate voltages VL and VR are rapidly ramped to take the double 
quantum dot from a conducting triple point to an arbitrary point 
in the two-dimensional voltage space (Fig. 4a). Figure 4b shows the 
double quantum dot conductance in the region of interest, mea-
sured as a function of ΔVL and ΔVR, the voltage offsets from the 
pumping/probing point. The frequency shifts of the first and second 
mechanical modes (ω π ω π≈ × . ≈ × .2 161 95 MHz, 2 327 95 MHz1 2 ) 
measured with the time-domain technique as a function of ΔVR and 
ΔVL are shown in Fig. 4c,d. Specifically, we observe negative fre-
quency shifts along three sets of lines (dashed), which correspond 
to the three electronic transitions in the double quantum dot (illus-
trated by red, green and blue arrows in the upper diagrams), result-
ing from the dot occupations responding to the mechanical motion. 
Whereas transport through the device requires all three transitions 
to be in resonance, the mechanical motion couples to each of them 
independently and can thus reveal the transitions even when the 
system is insulating. A clear difference is observed in the coupling 
to the two mechanical modes: the first mode is primarily softened 
along the two transitions which change the total charge in the sys-
tem (external transitions, red and blue arrows), whereas the second 
mode is softened primarily along the transition that sloshes an elec-
tron between the dots (internal transition, green arrow).

Zooming in on the internal transition, we plot in Fig. 5a the mea-
sured frequency shift, ωΔ , and the dissipation rate, Γ, as a function 
of ΔVR and ΔVL. On the external transition lines, we observe a peak 
in both ω∣Δ ∣  and Γ, similar to the mechanical back action observed 
in experiments with single dots24,25. From the ratio between the 
softening and the dissipation rates we can determine separately the 
tunnelling rates between the right (left) dot and its corresponding 
lead15: πΓ ∼ Γ ∼ × .2 1 2 GHzL R . Notably, the behaviour around the 
internal transition line is markedly different: whereas the softening, 

ω δ∣Δ ∣V( ) , has a peak at δV  =  0 (detuning δV  is the distance from 
the internal transition line), the mechanical dissipation, δΓ V( ) , 

shows a local minimum at δ =V 0, with two symmetric peaks around 
it. This observed detuning dependence of the frequency shifts and 
dissipation is at odds with theoretical models that consider the back 
action due to incoherent tunnelling in single33,34 and double15 quan-
tum dots. Simulating our system using such a model (Fig. 5b) yields 
a singly peaked ω δΔ V( ) and δΓ V( ).

theoretical model
To explain the observation, coherent tunnelling between the dots 
needs to be included. The observed result was predicted28 in a sim-
ple model treating the two states connected by internal transition as 
a two-level system defined by detuning δV  and the coherent tunnel-
ling amplitude tc. Although the physical system has additional spin 
and valley degrees of freedom, strong electron–electron interactions 
in suspended carbon NTs push the electrons away from each other 
into a Wigner molecule state3, reducing the exchange interaction, 
and making the charge sector behave independently of the spin and 
valley degrees of freedom. Consequently, the simplified two-level 
model suffices to describe the observed behaviour (Supplementary 
Section 3).

At large detuning (δ ≫V tc), the back action on mechanics 
is similar to that observed in previous incoherent experiments, 
due to changes in charge occupation that lag after the mechani-
cal motion. However, for small detuning, the coherent tunnelling 
will dominate, giving a finite frequency shift without dissipation. 
In this limit, the electronic back action results from adiabatic 
modulation of the electronic wavefunction, rather than from the 
changes in the occupations of the dots. The former is not retarded 
with respect to the mechanical motion, and thus does not produce 
dissipation (Supplementary Section 8). When coherent tunnelling 
is added to our simulations (Fig. 5c) we indeed observe that they 
reproduce the measurement over the full voltage range (fit details in 
Supplementary Section 6).

Figure 5d shows traces of ωΔ  and Γ measured as a function δV  
along the dashed line in Fig. 5a, for varying voltages on the central 
gate that change tc. With increasing tc we can see that the width of 
the dip in dissipation increases. From a fit to the theory (solid lines) 
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the experiments in the next panels. c, Frequency shift, ωΔ , measured using the time-domain scheme as a function of ΔVL and ΔVR when the NT motion is 
pumped at the first mechanical mode frequency (top illustration). Frequency softening (blue) is seen along the lines that correspond to the different local 
electronic transitions in the system (red, green and blue arrows in top illustration). d, Similar measurement to c, but when the NT is driven in the second 
mechanical mode (top illustration).
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we can extract the incoherent tunnelling rate, π∕ ≈ .−T 2 0 5 GHz1
1 ,  

the bare coupling π∕ ≈g 2 320 MHz0
, and the values of coherent  

tunnelling ranging from π∕ =t 2 49 GHzc  to π∕ =t 2 96 GHzc  for the 
four traces. These numbers verify that coherent tunnelling domi-
nates over the incoherent one in our measurements.

Discussion and conclusions
The technique demonstrated above can be used for studying vari-
ous insulating states that are challenging to probe via transport. A 
particularly interesting example, which is well-suited for studying  
by our technique, is the electronic Wigner crystal in carbon NTs.  

The smoking gun signature of this crystal is its periodic charge 
ordering in real space. Our method should allow probing the 
response of this crystal to periodic perturbation commensurate with 
its period, formed by a corresponding mechanical mode, a direct 
generalization of the probing of the single electron response to the 
second mechanical mode, performed here. This method holds key 
advantages for probing such a fragile insulating state: it minimally 
perturbs the measured state as compared to scanning probes, can 
reach high spatial resolution, limited only by the frequency of the 
accessible phononic modes, and may resolve the dynamics on rela-
tively short timescales. The charge sensitivity demonstrated in the 
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experiments above is ∕− q10 Hze
4  (qe is the electron charge) pro-

jected on the mechanical motion mode (Supplementary Section 5),  
which compares favourably with local charge probes, and with 
the expected charge displacement in this system. This sensitivity 
can improve substantially by decreasing the temperature (×100 
improvement in Q-factor) and applying stronger electric fields 
(×100), which will make it even more advantageous for measuring 
fine features of insulating states. Other potential applications of the 
technique in carbon NTs include expected charge reordering signa-
tures of insulating states, such as the dielectric response of a Mott 
insulator1,7, the appearance of a ferroelectric dipole moment, which 
is the hallmark of the excitonic insulator5, and possible charge sig-
natures at the topological transitions in one dimension35,36. More 
broadly, the method can be used in other suspended one- and two-
dimensional systems6,37, to probe similar charge reordering phe-
nomena in overall insulating states, such as Wigner crystallization 
in suspended graphene38, opening a new experimental window for 
exploring a growing number of unconventional insulating states 
that are being discovered in low-dimensional materials.
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ion etching. The device consisted of a NT assembled over a pair of 1.5-μ m-wide 
contacts and suspended 1.2 μ m between them at a height of 60 nm above seven 
gates with 150 nm periodicity.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon request.

Methods
Device fabrication. Devices were fabricated using our nano-assembling technique, 
presented in detail in ref. 29. Specifically, the nanotubes were grown from catalyst 
using chemical vapour deposition following a standard recipe for single-walled 
nanotubes, with argon hydrogen and ethylene gases. The circuits were patterned 
on a Si/SiO2 wafer using electron-beam lithography, followed by the evaporation of 
contacts (5 nm/85 nm Cr/PdAu), gates (4 nm/25 nm Cr/PdAu) and deep reactive 
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