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Our	  mo1va1on	  
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Goal/dream	  
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Bring	  the	  quantum	  
control	  of	  atomic	  physics	  

to	  the	  vibra1ons	  of	  
mechanical	  objects	  	  



Mechanical	  Cat	  State	  
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quantum	  superposi1on	  of	  bouncing	  “up”	  and	  bouncing	  “down”	  at	  the	  same	  1me	  



Mechanics	  as	  a	  Quantum	  PlaHorm	  

Mechanical	  resonators:	  
Very	  coherent	  objects	  

Q-‐factor:	  
128	  million	  (20	  mK)	  

Thermal	  decoherence	  
rate	  for	  20	  mK	  (nth	  κ):	  	  

7	  Hz	  (140	  ms)	  

Mo=on	  is	  also	  easy	  to	  
translate	  into	  a	  force:	  	  
Useful	  for	  quantum	  

transduc1on?	  

Need	  to	  go	  beyond	  linear	  
optomechanics	  

Can	  we	  exploit	  these	  in	  a	  
new	  quantum	  plaHorm?	  



(Mechanics)	  Projects	  in	  the	  group	  
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Microwave	  Optomechanics	  in	  the	  SteeleLab	  

Graphene	  Microwave	  Optomechanics	  

Optomechanics	  with	  SQUIDS	  
and	  Nanostrings	  

Mechanics	  with	  3D	  Cavi1es	  

Mechanical	  Transmons	  and	  
	  Metal	  Drums	  

Optomechanics	  with	  2D	  crystals	  

Large	  single-‐photon	  coupling	  

Macroscopic	  objects	  in	  the	  ground	  state	  

Deep	  /	  ultra	  strong	  coupling	  regime	  



Why	  graphene	  for	  optomechanics?	  

Light	  Mass	  =	  Stronger	  Coupling	   High	  Q	  with	  low	  stress	  

Smaller	  spring	  constant	  
Lower	  frequency	  
Larger	  coupling	  

Light,	  Conduc1ve	  
material	  that	  shakes	  

with	  high	  Q	  

Mul1layer	  =	  much	  higher	  
conduc1vity	  	  

(Graphite:	  Mobility	  107)	  

What	  do	  we	  want	  	  
out	  of	  graphene?	  



Graphene	  Microwave	  Optomechanics	  



Optomechanics	  with	  “decent”	  C	  	  



SQUID	  Optomechanics	  

Tunable	  and	  strong	  coupling	  
mediated	  by	  flux	  

	  
100	  micron	  nanowire	  +	  	  

10	  mT:	  
	  

g0	  =	  6	  MHz?	  



Flux	  Tunable	  Cavi5es	  



Silicon	  Nitride	  Nanowires	  

Microwave	  optomechanics	  
with	  electrosta;c	  driving	  



Decent	  Mechanical	  Q	  

Despite	  some	  redeposi1on	  	  
problems?	  



Gate	  Tunable	  Frequency	  

fr
eq
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nc
y	  

gate	  voltage	   1.476	  MHz	  

1.482	  MHz	  

-‐0.5V	   0.5V	  



Electrosta5c	  Parametric	  Driving	  

A B 
C 

D 

E 

DC	  Voltage	  Enhanced	  Parametric	  Coupling:	  



Thermal	  Noise	  Squeezing	  

3	  dB	  squeezing	  of	  thermal	  noise	   Red:	  	  
Amplifier	  Noise	  

Blue:	  	  
Thermomechanical	  Noise	  

Green:	  
Squeezed	  Thermal	  

Noise	  



“Mechanical	  Transmon”	  

Qubit	  

VDC	   Qubit	  is	  charge	  sensi1ve	  

Large	  and	  	  tunable	  coupling	  to	  phonons	  

Should	  reach	  Phonon	  Number	  Resolu=on	  Limit!!!	  



Our	  Implementa5on	  

Cavity	   Drum	  =	  	  
Only	  Transmon	  Island	  

SQUID	  loop	  
to	  ground	  

Ultra-‐strong	  coupling	  regime	  	  
of	  transmon	  to	  microwave	  	  
cavity	  

DC	  Voltage:	  
USC	  to	  phonons?	  



3D	  optomechanics	  
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Mingyun	  Yuan	  

Large	  coopera5vity	  and	  microkelvin	  cooling	  	  
with	  a	  3D	  optomechanical	  cavity	  

Nature	  Communica=ons	  6,	  8491	  (2015)	  



Ingredient	  #1:	  mm-‐sized	  SiN	  Membrane	  

Si	  Chip	  

SiN	  Membrane	  

High	  Q	  

Big	  

Low	  	  
Frequency	  

100	  kHz	  

107	  	  

High	  Stress	  

Easy	  to	  
handle	  

0.1	  µg	  



Ingredient	  #2:	  3D	  Microwave	  cavity	  

Big	  impact	  on	  the	  Qubit	  Community	  

Pioneered	  by	  Schoelkopf	  Lab	  for	  cQED	  



Coupling	  3D	  fields	  to	  the	  membrane	  mo5on	  

Same	  trick	  as	  with	  	  
qubits:	  antennas!	  

How	  to	  couple	  1	  mm	  membrane	  
to	  30	  mm	  cavity?	  



Pu\ng	  it	  together	  

Al	  Coated	  SiN	  Membrane	  

SiN	  Spacer	  

Antennas	  to	  3D	  fields	  



What	  it	  looks	  like	  



3	  micron	  gap	  over	  1	  mm	  distance	  



Experimental	  setup	  



Cavity	  Resonance	  

Prehy	  Good	  
	  
	  

But	  can	  	  be	  much	  be"er:	  
	  	  

Q	  =	  500	  x	  106	  (Al)	  
	  

Q	  =	  1011	  (Nb)	  
	  
	  



Mechanical	  Thermal	  Noise	  

Thermomechanical	  
noise	  measured	  
with	  the	  cavity	  



Q	  up	  to	  128	  Million	  

Yuan,	  Cohen,	  Steele,	  Appl.	  Phys.	  Leh.	  107,	  263501	  

Q	  keeps	  increasing	  far	  below	  
thermal	  mode	  temperature	  



Clamping	  losses	  in	  the	  (2,1)	  mode?	  

(1,2)	  is	  “dark”	  to	  
substrate	  radia;on	  
	  
(tuning	  fork)	  



How	  high	  can	  you	  get	  at	  mK?	  Q	  =	  1	  billion?	  

Richard	  A.	  Norte,	  Joao	  P.	  Moura,	  Simon	  
Gröblacher,	  arxiv:1511.06235	  

Q	  =	  98	  Million	  at	  RT	  Q	  =	  40	  Million	  at	  RT	  

Christoph	  Reinhardt,	  Tina	  Müller,	  Alexandre	  
Bourassa,	  Jack	  C.	  Sankey,	  arxiv:1511.01769	  

Copenhagen:	  Q	  =	  200	  million	  at	  RT	  using	  phononic	  sheild	  for	  “so/”	  clamping	  



Coupling	  strength:	  OMIT	  



How	  far	  can	  we	  cool?	  

If	  mode	  is	  at	  13	  mK:	  

What	  is	  star;ng	  mode	  temperature?	  	  

What	  is	  thermal	  occupa;on	  during	  cooling?	  	  

nf = 0.013 ?

T	  =	  87	  nK?	  



What	  is	  our	  star5ng	  mode	  temperature?	  

High	  ini1al	  mode	  temperature:	  Mechanical	  vibra1ons?	  (Pulse	  tube	  is	  off...)	  



Sideband	  cooling	  
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Sideband	  cooling	  
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What	  is	  happening	  
here?	  



Shaking	  drum	  with	  Cavity	  Photon	  Noise	  

Noise	  of	  cooling	  tone	  
	  “shaking”	  the	  resonator	  (like	  OMIT)	  

	  
Role	  of	  probe	  tone	  now	  played	  by	  	  

sideband	  noise	  



Sideband	  cooling	  &	  cavity	  noise	  
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Where	  is	  cavity	  noise	  coming	  from?	  	  



Sideband	  cooling	  &	  cavity	  noise	  
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Sideband	  noise	  power	  	  
from	  spectral	  impurity	  	  

of	  generator...	  

-‐128	  dBc/Hz	  



Exci5ng	  future?	  

Beder	  3D	  Cavity:	  

Single	  Photon	  Coopera1vity:	   Mul1	  Photon	  Coopera1vity:	  

Shrink	  3	  micron	  gap	  +	  trampolines?:	  	  	  	  g0	  ~	  30	  Hz?	  

Single	  photon	  strong	  coupling?	  



Mechanical	  Dissipa1on:	  
Phenomenology	  

43	  



Temperature	  Dependent	  Q:	  SiN	  



Temperature	  Dependent	  Q:	  Metal	  



Temperature	  Dependent	  Q:	  Graphene	  

Room	  temperature:	  Q	  =	  50	  



“Nega5ve”	  nonlinear	  damping:	  Graphene	  



“Nega5ve”	  nonlinear	  damping:	  Metal	  



“Nega5ve”	  nonlinear	  damping:	  SiN	  



Mechanical	  Dissipa1on:	  	  
TLS	  physics?	  
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Mechanical	  (strain	  coupled)	  TLSs	  

via thermal activation. Possible defect configurations are schematically shown in 
Fig. 4 The oxygen atoms can move either perpendicular /13/ or parallel /14/ to the 
bond direction. Another possibility is the rotation of Si04 tetrahedrons by a small 
angle in a double-well potential /15/. These models are equally plausible for other 
tetrahedrically-bonded materials and similar ideas can also be developed for glasses 
of different structure or even for polymers. 

Fig. 4: Schematic two-di- 
mensional representation 
of the structure of cris- 
tobalite and of vitreous 
silica (from /lo/). Full 
circles represent silicon 
atoms and open circles 
oxygen atoms. Three possi- 
ble types of defects are 
indicated by arrows. 

CRISTOBALITE 

2. Sound Velocity in Vitreous Silica. - Absorption processes always cause a varia- 
tion of the velocity o_f sound v that can be calculated via the Kramers-Kronig rela- 
tion. In contrast to the weak negative temperature coefficient in pure crystals 
which is mainly due to anharmonicities, much stronger variations, both positive and 
negative , are found in glasses. In Fig. 5 the variation in vitreous silica is 
plotted for temperatures up to 1300K. This measurement was carried out at 35 GHz 
using Brillouin scattering /7,16/. At the lowest temperatures shown in this plot, 
the velocity decreases linearly with temperature. Qualitatively this variation can 
be understood as a consequence of the absorption process taking place in this tem- 
perature range. It is, however, worth mentioning that the linearity of the decrease 
cannot be explained by current theories. Around 50K a minimum in v is observed and 
up to 500K v rises linearly again. Above this temperature the increase becomes less 

@ : :  -8 > ,: . 

VITREOUS SILICA 

Fig. 5: Velocity of longitudinal 
sound waves of 35 GHz in vitreous 
silica measured by Brillouin 
scattering (from /7,16/). 

0 500 m 150: 
TEMPERATURE [Kl 

and less steep and goes through a maximum at around 1500K /IT/. The increase of v 
with temperature is not yet understood although several mechanisms have been pro- 
posed. At present it seems that it is a pecularity of tetrahedrically coordinated 
glasses /la/. The magnitude of the temperature coefficient is expected to increase 
with the bond angle at the oxygen atom (or other bridging atom). 



Types	  of	  coupling	  to	  TLS	  

Mechanics:	  	  
	  

Resonant	  Coupling	  is	  irrelevant	  	  

(Superconduc;ng	  Cavi;es:	  dominated	  
by	  resonant	  coupling.	  Q	  goes	  up	  with	  	  

increasing	  T...)	  	  	  



How	  does	  dispersive	  coupling	  dissipate	  energy?	  

-‐  Mechanical	  Displacements	  dispersively	  shi8	  energy	  splisng.	  	  
-‐  If	  mechanical	  displacements	  are	  slow,	  the	  TLS	  ensemble	  re-‐equilibrates	  with	  bath	  
-‐  Lag	  between	  displacement	  and	  re-‐equilibra1on	  gives	  dissipa1on	  
-‐  Lowering	  T:	  TLS	  popula1on	  shi8s	  to	  ground	  state	  and	  decouples	  
-‐  Open	  ques1on:	  satura1on	  effects	  are	  not	  expected	  for	  non-‐resonant	  coupling?	  



Summary	  

Microwave	  optomechanics	  with	  a	  
	  mm-‐sized	  membrane	  and	  a	  3D	  	  

superconduc=ng	  cavity	  

Cooling	  close	  to	  the	  quantum	  	  
ground	  state	  	  

(limited	  by	  generator	  noise...)	  

Scaling	  to	  Single-‐Photon	  Coupling	  
	  and	  C	  =	  1012?	  

Trends	  in	  mechanical	  dissipa=on?	  

Trends	  in	  mechanical	  dissipa;on:	  
	  

Temperature	  Dependence	  
Satura;on?	  

TLS?	  
	  



Microwave	  Optomechanics	  in	  the	  SteeleLab	  

Graphene	  Microwave	  Optomechanics	  

Optomechanics	  with	  SQUIDS	  
and	  Nanostrings	  

Mechanics	  with	  3D	  Cavi1es	  

Mechanical	  Transmons	  and	  
	  Metal	  Drums	  

Optomechanics	  with	  2D	  crystals	  

Large	  single-‐photon	  coupling	  

Macroscopic	  objects	  in	  the	  ground	  state	  

Deep	  /	  ultra	  strong	  coupling	  regime	  



Sound	  interes5ng?	  	  

PhD	  +	  Postdoc	  Posi5ons	  available	  	  
	  

Contact	  me	  if	  you	  are	  interested!	  

hhp://steelelab.tudel8.nl	  


