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Ping Koy Lab

Quantum Information Gradient Echo Memory
Random Number Generator -
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Quantum System Candidates

10GHz
T =0.5K

T
Superconducting ¥ Good coherence
: : v Advanced control

v’ Precise measurement
v" Integration
(Requires Fridge)

P
Sal

NV centers

v Long distance
Communication
(Room T operation)

1pum = 300THz
T =14,000K



Eopt — hwopt

Eopt _ (1.5 pm
EMW 3cm

—1
) = 20,000

How to fill the big gap in energy?




Hybrid Quantum Systems

10GHz
T =0.5K

NV centers

1pum = 300THz
T =14,000K
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Superconducting qubit
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| Flux qubit

Charge qubit
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Chiorescu, Nakamura, Harmans, Mooij, Science (2003)

V) = al0) + 5|1)

Superposition between |0) and |1)

Nakamura, Pashkin, Tsai, Nature (1999)



Atom and artificial atom

LC resonator Superconducting qubit
= artificial atom
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* Low dissipation

 Strong nonlinearity
* Large dipole moment
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Package with 3D wiring
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Macroscopic quantum tunneling
IN Spin systems

VOLUME 68, NUMBER 20 PHYSICAL REVIEW LETTERS 18 MAY 1992  as mineral

inside ferritin

Macroscopic Quantum Tunneling in Magnetic Proteins

D. D. Awschalom," J. F. Smyth," G. Grinstein,?’ D. P. DiVincenzo,? and D. Loss?

"’Deparrmem of Physics, University of California, Santa Barbara, California 93106
“2IBM Research Division, IBM T. J. Watson Research Center, P.O. Box 218, Yorkiown Heights, New York 10598
(Received 13 February 1992)

VOLUME 72, NUMBER 5 PHYSICAL REVIEW LETTERS 31 JANUARY 1994
Macroscopic Quantum Tunneling of a Domain Wall in a Ferromagnetic Metal (@) {‘
Gen Tatara and Hidetoshi Fukuyama (b) =2
Department of Physics, University of Tokyo, 7-8-1 Hongo, Tokyo 113, Japan (c) \ B, = T"' Tt -
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Quantum Phase Interference
and Parity Effects in Magnetic
Molecular Clusters

W. Wernsdorfer' and R. Sessoli?
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Surface acoustic waves

~% s Filters, sensors, etc.

N\ Interdigitated transducer (IDT)

w“mﬂ_ﬁ el

* Piezoelectric strong coupling with E-field
* Photoelastic coupling possible strong coupling with light



SAW Transducer Proj

Tripple resonance
SAW-optical coupling
C=63x10"*
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Initial Motivation of Project

Quantum Optics Mechanics
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. Measurement | |
Communi- .
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Operations
Readout | S.upe.rconducting
Measurement (S circuits  ~GHz ‘
| ) NIST Nature 475, 359 (2011)
O Room temperature ¥ Needs cooling
X Nonlinearity O Nonlinearity

Towards novel photonic quantum industry



Dissipations In Oscillators

Due to surface to volume ratio Q « A%

Intrinsic
Extrinsic SurfaxLosses

Circuit C]E lél 8
Damping Material Defects
Two Level

Systems

Thermoelastic
Dissipation

Viscous
Medium

Electrode

Losses .
Physic Reports 534, 89 (2014)

b 4

Levitation allows gas damping limited mechanical oscillators



<+'“.1ce Towards High Q-factor
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Optomechanics
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Levitation and Physics

Biology Quantum Spintronics Gravic;ca:ior;.al
Eg. Drug delivery optomechanics —— wave detection
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Science 284, 133 (1999 -
( ) Suspended

tortional pendulum  Sci. Adv. 4, 1701519 (2018)



Types of Levitation

Macroscopic > um Microscopic < um

Radiation pressure Optical tweezers
-

Tokyo Tech

I!’ HWS Lab

\J 7
Levitated
‘/ mirror

PRL 111, 183001 (2013) Op. Exp. 25,
13799 (2017)

Bell Laboratories

M e g MK Nat. Phys. 9, 806 (2013)
X Heating O Room temperature
Meissner, flux pinning Paul trap

l‘\\\\‘\!@ =

o Stable, no heating ¥ Micro motion
X Cryogenic O Room temperature



evitations Around the World
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Levitations Around the World

Optical tweezers / Paul traps
for macroscopic quantum mechanics

Paul trap levitation
for rotational
optomechanics

Optical tweezers for rotors
= Fast rotating particles

Meissner levitation
for accelerometers

Meissner levitation
for magnetometer,
accelerometers,
gyroscopes

Flux pinning
WESHES)
levitation for
magnetometers




Magnonics with YIGs

Yttrium iron garnet (YIG) Y3Fe<04,

- Fed*

v Electron spins affect ferromagnetism
v High spin density for insulator
2.1 X 10% ug/cm3 >» 101 — 10185z /cm?3
v Long spin coherence time: 1 MHz
v'High quality crystals commercially
available;

B A E 85 (2019) Spintronics

Microwave oscillators  Optical isolators

CANDOX Corporation FDK Corporation Kajiwara et al.
Nature 2010



Levitation of YIG Soft Ferromagnets

(p) = proposal

PURDUE

Wgq

Yo

YIG nanoparticle
[quant-ph] arXiv:1910.05371

2019 Optical tweezer levitation

oao\mrvs?%\ . . .
{\ IRepuIswe Casimir force
%%los“)j

O / Gold plate/

Journal of Applied Physics 111, 074304 (2012)

2012 Long lasting MEMS (p)

M universitat
innsbruck

Levitated
YIG

[quant-ph] arXiv:1907.04039

2019 Ground state cooling (p)

' Magnetic field gradient ‘§0~20 nm
U Paul trap
| RF O RF 1
S LT
m | | NG
.
A uCL
b

New J. Phys. 21:r 113011 (2019)

2019 Cat state generation (p)
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Overview of Our Project

“Pseudo—pinning” effect of flux
m Stable vertically

Ferromagnet (YIG)

Type I superconductor with hole

Repulsion from Meissner effect

“\ m Stable horizontally

Magnetic dipole field

. 4

First levitation of high Q insulating soft magnet
N

Goal: Utilize conservation of angular momentum, spins
Rotational optomechanics, Magnetometers, Accelerometers



Magnetic Trap Simulations

Dipole trap from 2 magnets

Magnetic flux diverges

Faster spread when aspect
ratio close to 1:1

etic flux density [mT]

Mag.n

%]
w
'I_\
=
w
Ul

Position [mm]

1.0 mm - 1.0 mm

<€ > € >
Nd magnets 380 mT
. . @ = 3.0 mm, h = 3.0 mm




Magnetic Trap Simulations

Dipole trap from 2 magnets + superconducting disk w,/ hole

350
- ‘ Thole large
c 300
>
= 250 _—
: e Thole = 0.35 mm
e) "*A .'0. Ah
X -~ - R - No superconductor
= < fee,
B v o
3
c e
o 50 e, :
= *Magnetic flux squeezed

-2 -1 0 1 2
Position [mm]

~Nd magnets 380 mT
@ = 3.0mm,h = 3.0 mm

Nb Critical magnetic field

g 1 Hcl: 170 mT

)

N

- /WI magnetic field
& .

§ HCl Hc2



Accessing Internal Degrees of Freedom

Insert single coil from slit to read FMR
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Einstein de Hass Effect

1915 Einstein & de Haas using Fe Torsional pendulum

“Experimental proof of the existence of Ampere’s molecular currents”
P
S \\

GO gle Einstein de haas effect E

etk > Nl i
L8081 11/{';&1’
N & th t
PNt — Vterht
:/11";' 1T1HI1
e e
s 1
Front. Phys. 3:54 (2015)
Ferromagnet

AC magnetic field

MEMS for spintronics!

https://www.youtube.com/watch?v=5554yz7r-3w



Einstein de Hass Effect

1915 Einstein & de Haas using Fe Torsional pendulum

“Experimental proof of the existence of Ampere’s molecular currents”
4 "{'\\

GO gle Einstein de haas effect

Ferromagnet
AC magnetic field

Youtube videos are not
https://www.youtube.com/watch?v=5554yz7r-3w EinStEin de HaaS effeCtS!



How Much Rotation?

Equation of motion in ideal case

I&d = Nh/T

N magnhons continuous excitation

. . Nh _
Uniform acceleration w(t) = th x Nr—°t?

-~

S 2 8
Sphere moment of inertia [ = Emr2 = 1—7;,07"5@

Rod moment of inertia [ = 1—12m(3r2 +14) = %paz(&xz + 1)1°

) CZ=7"/l2 ;

réa_ >

=) Q. Quantization of rotation (N=1)?
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Coupling of Internal and External

[quant-ph] arXiv:1907.04039

H=w,b'h + 0,313 + wyata

Center Magnon  Acoustic
of mass Y

+g(§+éi + &Jr§) Resonant | =
Magneto—elastic ~ ~ Le\$’;gted \\\\ /
+G, cos wgt (8T + ) (BT + b) Bo

Center of mass motion coupled to Static field \
magnons through acoustic modes

Cooling and control of motion through magnons

Insert electrodes through slit to create quadrupole ﬂeld

YIG Kittle mode

EIectrode Superconductor

P

a1 )L

- S

Vcos wy,t



Problems and Future Prospects

Summary 1st Generation 2nd Generation

Apply magnetic field Magnet = Coll
Shape of superconductor Disk with hole == Add slit

Problems to solve

v Build 2" generation setup

Q. Other interesting future goals with levitation?

Q. Good readout scheme? Currently light will be used
Q. How to shape Nb without degrading Hc1?

Q. How to obtain smaller um sized YIG spheres?

Future goal: Control of external motion through internal magnons
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