Cooling Mechanical Resonators
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Achieve ultimate force resolution
Approach the quantum regime

Measure mechanical superpositions and
coherences



Superposition & Coherence?

L

Two-level
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Figure 4. Quantum superpositions may be possible with a quantum two-level sys-
tem (TLS) coupled to a nanomechanical resonator. In this schematic, the flexure of
the cantilever depends on whether the TLS is in the down state |l) (red) or the up
state |1) (blue). The plot shows the probability P of finding the resonator center-of-
mass at a given position x for different times after coupling the resonator to the TLS.
If the TLS is prepared in a superposition state, an entangled state is formed and the
resonator will be in both locations.



Strategies for Cooling Resonators
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“Brute force”: High resonance frequencies &
low reservoir temperatures

Damping mechanical motion
Cavity cooling
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“Brute Force”
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Figure 2. Quantum limits. (a) The occupation factor N, (black curves) of various mechan-
ical resonator frequencies is a function of resonant frequency and temperature T. Shown
in red is the lifetime 7 of a given number state for a 10-MHz resonator with quality factor
Q = 200 000 (recently demonstrated at the Laboratory for Physical Sciences)." Also in
red is the expected decoherence time 7, for a superposition of two coherent states in that
resonator displaced by 100 fm. (b) The measured noise-power spectrum of the thermal
motion (black line, with a Lorentzian fit in red) atop the white noise (blue baseline) of the
position detector. The curve corresponds to the green point in panel a, with T =73 mK
and N,, = 75. These data show the closest approach to date to the uncertainty-principle
limit: The detector noise gives a displacement sensitivity a factor of 5.8 from the quantum
mechanical limit.
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Real Numbers (T = 1 K)

Top-down doubly clamped
beams (Schwab)

e m=10"kg
* W=21x 10 MHz

. xth=2x10'12m
e x =3x10%m
zp




Real Numbers (T = 1 K)

Bottom-up doubly clamped
“clean” nanotubes (Steele/Delft)

e m=10%'kg
e W=21Tx 500 MHz

* X, =4X 10 m
e x =4x10"m
zp




Real Numbers (T = 1 K)

Top-down doubly clamped Bottom-up doubly clamped
beams (Schwab) “clean” nanotubes (Steele/Delft)
e m=10"kg « m=10%kg
* W=21Tx10 MHz * W=21Tx500 MHz
° — -12 - - -11

xth—2x10 m xth—4x10 m

e x =3x10"m e x =4x10"m
zp 4y




Real Numbers (T = 10 mK)

Top-down doubly clamped Si Bottom-up doubly clamped
beams (Schwab) “clean” nanotubes (Steele/Delft)
e m=10"kg « m=10%kg
* W=21Tx10 MHz * W=21Tx500 MHz
° — -13 - - -12

xth—2x10 m xth—4x10 m

e x =3x10"m e x =4x10"m
zp 4y




Technical Challenges

Resonator Fabrication (high frequency, low
dissipation, low mass)

Displacement sensing (low measurement
imprecision, i.e. low noise floor)

Refrigeration (mK temperatures)
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Approaching the Quantum Limit

of a Nanomechanical Resonator
M. D. LaHaye,"? O. Buu,2 B. Camarota,’? K. C. Schwab*

By coupling a single-electron transistor to a high—quality factor, 19.7-mega-
hertz nanomechanical resonator, we demonstrate position detection approach-

ing that set by the Heisenberg uncertainty principle limit. At millikelvin tem-
peratures, position resolution a factor of 4.3 above the quantum limit is
achieved and demonstrates the near-ideal performance of the single-electron
transistor as a linear amplifier. We have observed the resonator’s thermal motion
at temperatures as low as 56 millikelvin, with quantum occupation factors of N, =
58. The implications of this experiment reach from the ultimate limits of force
microscopy to qubit readout for quantum information devices.
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Expectation vs. Reality
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Strategies for Cooling Resonators
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“Brute force”: High resonance frequencies &
low reservoir temperatures

Damping mechanical motion
Cavity cooling



