Strong Cauplmg of Smgle Electron Tunnelmg to
Nanomechanical Motion in Clean Carbon Nanotubes {
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I. Introduction: Clean carbon nanotubes
« Whatis a clean carbon nanotube?

« Quantum dots in clean nanotubes: Klein
Tunnelling

ll. Nanomechanics
. High quality mechanical resonators

- Coupling single electrons to nanomechanical
motion

« The Future: Quantum Nanomechanics?



Clean Carbon Nanotubes



Whatis a “clean” carbon nanotube?

Conventional Nanotube Device

Metal Gates Dielectric Layer

\ /
Metal
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Nanotube first



Whatis a “clean” carbon nanotube?

“Clean” nanotube device

“flip device upside down”

Nanotube last \

Metal Layer
-1 _
Dielectric
Gate
1 - Layer
Dielectric

Backgate



Nanotube growth ...
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Fe
(nanotube catalyst)




The Solution: W/Pt and Silicon!




Then we need a nanotube...

Is it worth it?




The advantages of clean

Extremely Low Disorder Strong Interaction Exceptional
with Light mechancial properties

P

Clean CNT 1 um

v

Q ~ 150000




Clean nanotube quantum dots

Steele et al. Nature Nanotechnology (2009)



Whatis our motivation?

Spin Quantum Bit

Use spin states of a single electron as a quantum bit

Ty 1)

Weakly coupled to the
environment

GaAs Spin Qubits:
@/ \ @

Problems with %
nuclear spins...

Why Spins? ——»

12C Carbon Nanotubes:
No Nuclear spins



Nanotube quantum dots: The Device

1100 nm

v

W/Pt
.................. P
LPCVD SiO, |
Vv Si Gate —»
SG1 1 SG2
] 285 nm Thermal SiO,  sonm

Si Backgate %



A quantum dot with three gates

W/Pt

.............................................. y
CNT
| 200nm LPCVDSIO, |
VSGI Si Gate —» I VSGZ
] 285 nm Thermal SiO,  s0nm
Si Backgate Vee Tunnel Barrier

N\

Left Gate Back Gate Right Gate



Finding the last electron

(PP ! (Op) ! (np)

Right Gate




200

400

500

A double quantum dot
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That we can control
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Klein Tunneling: What is Klein Tunneling?

1 m/s

1 km

1021.999 keV

Tunneling in the Dirac equation

1 km

1021999 2V

Dirac

equation:

T~0.997

Shroedinger
equation:
T =0.00000...0001

c=3x108m/s

e

Particle

2mc?

Anti-particle

.

Dirac Sea



What does this have to do with nanotubes?

Dirac Fermions Electrons in a nanotube

c=3x10°m/s v, =0.9x10°m/s

e

Particle

\ Electron in

conduction
band

2
2mc Egap

Hole in

/ valance
band

Anti-particle

.

Dirac Sea Filled band



Klein Tunneling in a nanotube

Current decreases as barrier goes up Current increses as barrier goes up?

\A/\/\/
NVARAVAV

Klein
Tunneling

Normal
Tunneling



Nanotube Nanomechanics

Huettel et al. NanoLetters (2009)

Steele et al. Science (2009)



Nanomechanical Resonators

Why nano?

/ k
W = m If hw > kT’

“quantum limit of macroscopic
motion”

w—\/ b
-V m+dm

Mass sensing: if m is small, then
we can detect small changes dm
of the resonator

A SiN beam resonator
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Nanotubes:

Stiff High Q?

Light

Single crystal,
No etching defects

Large Young’s
Modulus

102"kg vs. 1078 kg



Tunable Nanotube Resonators

Source | -l

1 I I I

24 s 46 50 54 58 62
§ Frequency (MHz)

20
= Q=807 (2004)
:‘é 16
‘-_é’ (Recent results: Q ~ 1000 at
& 155 1.2K in 2008)

8 -

Where is the high Q?




Suspended nanotube quantum dot

F




Our measurement

) Ve

~2cm
drain

T=20mK I

source CNT

Apply RF

0.5 - Measure DC Current

4.4 -4.3 ‘-/4i\2f) 4.1 -4.0  Sweep Frequency



A resonance

-17.8 dBm

I (nA)

100 300 500
v (MH2z)



Very high Q-factor!

Q ~ 150000

293.58 293.61 f(MH2z)
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How do we detect mechanical motion?

CNT 1
VSd —
<
£
v 5 :] -
g (O] R S Aot AU SZ A0 /AR S0 O AR S AR AT - 700 Pk TSR O AT R 4
— A
<C
£

A 4

Y

gate gate

Oscillating nanotube:

Move nanotube
Change DC Current

= Effective Change in Gate Voltage



Detection Mechanism: Rectification

I (nA)

1.5 T 0.6

T DI
|‘ ‘

0 1 1 0 I
285 305

v (MHz)

285 305
v (Mhz)

Resonance Signal can
have either positive or
negative sign
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-5.22 521 -52 -5.19
V. (V)



Quantum dot detector

Ut

Quantum dot: detects mechanical motion

Canit also influence it?



Zoomin

300 |

f (MHz)

100
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Tuning a Resonator with a Quantum Dot
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Quantized charge Steps in resonance
on quantum dot frequency



Tuning a Resonator with a Quantum Dot

1400 F Vi e B g% ,
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Dips are strange: go the wrong way?



Dips: Dynamic Force from Charge Fluctuations

| A et EsEEE Charge fluctuations:
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Changes electrostatic part of spring

— >
Wmech < 1/7- constant (“overscreening” by QD)



Single Electron Damping

258

f (MH2z)

256}

— Fit WM Q ~ 57000
0o .,..MM./\«-«M..\ 20000

o]

Al_,

2900

Q WMMMM 90000

200

~200 f-f (kH2)

Electrostatic energy gain
during tunnelling



Higher driving power

80 | Hysteresis?

Asymmetric
Lineshape?

>

236.5 Frequency (MHz) *’



Line shape at higher power

|
=%
S

350

o —(k + az®)z

300f

Vibration amplitude [nm]

- e =-Simulation
Analytical

Nonconvergent
solutions

-200 -100 0 100 200 300

/-1y [Hz]

a <0

“softening spring”

a >0

“hardening spring”




Sign of azchanges?

256 f (MHz) 258
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Frequency

Quantum Dot Induced Non-Linearity

Gate Voltage
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256 f (MHz) 258

Quantum dot causes the non-linearity



Higher powers...

258

257

f (MHZ2)

256

-4.345 -4.340 -4.335
v, (V)

-4.345 -4.340 -4.335
V_(V)

g

Synchronous pumping of electrical current by mechanical motion?



Turn off the RF driving

Turn off RF
_ but

Apply a DC bias
across the dot...




A normal quantum dot

Coulomb Diamonds
Differential conductance
(di/dV)

:"‘N.-‘rt::‘.'.t anatr®

{
/.v.
d
2F.
k,
E

v "r?r“.;

' Energy levels in

the quantum dot

Quantized level
spacing, Zeeman
energy, Orbital
energies, ...

Sou

Gate Voltage



What does our quantum dot look like?

10 dvdvs) s o d/dvus) s
‘ [




What s this? Could it be mechanical?




Positive feedback mechanism

PHYSICAL REVIEW B 75, 195312 (2007)

Strong feedback and current noise in nanoelectromechanical systems

O. Usmani, Ya. M. Blanter, and Yu. V. Nazarov
Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands
(Received 8 March 2006; revised manuscript received 16 February 2007; published 10 May 2007)

eV}, (units of W)

W (units of W)

Need: I'>w and @ >1



Mechanical Signature

2845 =

Isd

|, (NA)

-4.935 -4.93 -4.935 vV (V) -4.93
9

“Spontaneous driving of mechanical resonator by single electrons”



A Quantum Nanomechanical Resonator

Q 150,000 80,000
Mass 102 kg 102'kg
Frequency 500 MHz 2.8 GHz
n @ 100 mK 9.5 ~0
AXpp ~5 pm

Try to do something quantum...



Clean carbon nanotubes: a new pature | e
nanotechnology’
breed

Double first for quaptum dots
A /
Y Thre y
RISK //
do?,
f  Proteins sho fi F
&

A cool platform for making
quantum dot devices

High Q-factor mechanical
resonators

Single electrons coupling to
nanomechanical motion

A quantum future?




