Nanomechanical and Nanothermodynamic Devices

NATO Advanced Research Workshop
“Coherent charge and spin transport on a nanoscale”
Chernogolovka, Russia

June 10, 2003

Andrew N. Cleland

Department of Physics /iQuest / CNID
University of California
Santa Barbara




Integration of Nanomechanics and Nanoelectronics

N l Mm WDZ

Combine mechanical devices with tunnel junctions
to enable new physics and new applications:

e thermal properties (static and dynamic)
e integrated displacement sensing

e quantum limited displacement

e quantum computation
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Surface nanomachining: integrated structures

1 single-crystal heterostructure 3 etch cantilever

2 pattern electronic device 4 suspend cantilever

1 um
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Principal Research Themes

Nanoscale Photons and Phonons

e Single THz photon detection using bolometry
e Energy relaxation in suspended nanostructures
e Thermodynamics of magnets, superconductors, nuclear spins

Displacement sensing

e Magnetometry

e Quantum-limited motion sensing

e Quantum control: feedback, squeezing

e Coupled coherent mechanical-electronic bistable system

cleland nanostructures group ucsb



Nanoscale bolometry

Nanoscale Suspended
thermistor platform

All absorbed radiant energy
ends up in the phonons
Trap phonons as long as possible
Measure as well as possible

Minimize heat capacity
Minimize phonon thermal conductance
Maximize temperature sensitivity

]

» Smallest possible structure
* Operate at low temperatures (~ 0.1 K)
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Nanoscale tunnel junctions

dan schmidt
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* 0.1 um geometries possible » Nanoscale thermometry
* Operates 10 mK - 1.5 K « 1-100 GHz phonon spectrometry
* SIS and NIS configurations « Single electron transistors
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Tunnel junction thermometry: SIN thermometer

superconductor-insulator-
normal metal tunnel junction:

... resistance gives T for normal
metal electrons
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Yung, Knobel, Cleland APL 81, 31 (2002)
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Nanoscale Bolometer/Calorimeter

log spiral antenna for
coupling radiation

SINIS: Thermistor & heater Cu (N) %
. Al (S)
SNS: Heater AIOX ()

= SIN i}
junctions GaAs L]

Yung, Knobel, Cleland APL 81, 31 (2002)
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Nanoscale Bolometer/Calorimeter

Electron-phonon coupling

Phonon thermal conductance
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Electron-FPhonon Coupling

Electrons in normal metal

-| heat up above phonons due
4| to weak coupling:
(Gantmakher 1974)
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Yung, Knobel, Cleland APL 81, 31 (2002)

... characterizes electron-phonon coupling
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Phonon Thermal Conductance of Supports
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At the lowest temperatures, G is scale- and material-independent

Schwab and Roukes, Nature (2000)
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Radiofrequency SIN

Nanosecond-scale time-resolved thermometry

Tuned circuit to read out thermometer:

SIN
R(T)

Pout-

S,
v

Reflected power yields R(T):

» Tuned circuit frequencies to 1 GHz
« Bandwidths to 100 MHz
« Measured temperature noise can reach 1 uK/Hz"?

Schmidt, Yung, Cleland to appear APL (2003)
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dan schmidt
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Dynamic measurement of electron-phonon cooling
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Calorimetry

This measurement:
Metal volume V= 1.5 um3® =% Heat capacity C = 200 aJ/K at 0.3 K

or, 1.5 x 107 kg

Normal metal geometry:

SIN

thermometer

Smallest volumes:
Normal metal volume ~ 10-° uym3

100nm _/'- Heat capacity C ~ 10 k; at 30 mK
Cu

... detect change from one degree of freedom
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Nanoscale Bolometer

Progress thus far:
* Thin = 200 MK ® v, . =12usec * NEP=2¥1078 W/Hz"?
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Nanoscale Bolometer

* Dipole antenna: 1-10 THz

» Impedance-matched absorber

* rf-SIN radiofrequency thermometer
» Operates at 300 mK

chris yung
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Doubly Clamped Flexural Resonator
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Simple Harmonic Osclillator

E 4 E A
E = (1/2) kx? E =(n+1/2) ho
n=2
1
0
> >
Classical X Quantum X

To measure transition:

s kyT<ho:
* (nearly) quantum limited detection:

cleland nanostructures group ucsb



Angle-Evaporated SETs

/SD

BEAS 33
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Capacitively-coupled SET

Beam motion Ax changes C:
DC Bias oC

T Beam Mofiiiom AC=—"—Ax
RF Drive 4 Ox

Voltage V changes Q:
AQ=AC-V

Charge AQ induces change Al:

ar=L a0

00
ol

oOx

=y
!

Sensitivities of 1016 m/Hz"?

at 1 GHz are possible

Blencowe and Wybourne (2000)
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Quantum hmited detection using an SET

Knobel, Cleland fo appear in Nature (2003)

High Q resonator:

* /21 ~ 115 MHz rf-coupled ST:
- Q~103 - operates to ® ~ 1 GHz
«T~0.03K | « bandwidth A ~ 20 kHz




Magnetomotive characterization

network . -13.1
107 = —~
analyzer -E-\ =
~ =
S -
S 1010132555
&
Y
ﬁ / S f.. =116.5 MHz
S Q= 1700
- 11 k=1530 N/m
S 10 m = 2.8 pg
Q.
I I
80 -60 -40 -20
magnetic Drive Power (dBm)
field ~ 8T

Knobel, Cleland to appear in Nature (2003)
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(one slide removed to preserve publication copyrights)



Quantum hmited requirements
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Conclusions

Nanoscale and nanosecond bolometry

Thermal conductance at the quantum limit
Electron-phonon coupling in a suspended structure
Dynamic electron-phonon coupling

Nanoscale displacement sensing

Integrated SET with resonators
Displacement noise 2 x 10-1> m/Hz2
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