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;) & Beginning the era of quantum technology

Quantum Mechanics

» Duality

» Uncertainty |:>

» Superposition
» Entanglement
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Quantum Technology

» Quantum computation

» Quantum communication
» Quantum simulation

» Quantum sensing
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Quantum sensing ?
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'J & Quantum sensing and quantum limit
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Min. detectable signal
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N : # of measurements or # of sensors
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classical sensor
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d e Example : Gravitational Wave Detection

LIGO (Laser Interferometer Gravitational-Wave Observatory), Nobel prize at 2017

50 % improvement with quantum squeezed light
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) & Nitrogen-vacancy (NV) defect centers in diamond

Quantum Point Defects (QPDs)

i

“trapped ions” in solids

long coherence time

atomic size

optically addressable

room temperature operation

~N

defects in semiconductors

e fast manipulation

* nano fabrication

e scalable

e integrated, devices on-chip

Quantum computation

Bath of weakly
coupled 3C spins

Nucleus 1 §
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Quantum communication
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Quantum sensing
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l' NV defect centers in diamond

— e S=1groundstatesi.e. mgy= 0, mg = +1
‘g& "2 w * Spin levels are very sensitive to external magnetic field
= " ? * Magnetic signal is optically detected (ODMR)
Diamond conduction band
Excited
states
Shelving
states
+1
Ground
states
0

Diamond valence band




NV defect centers in diamond

e S=1groundstatesi.e. mg= 0, my= 1
* Spin levels are very sensitive to external magnetic field

* Magnetic signal is optically detected (ODMR)

Diamond conduction band

A

Excited =
states

Shelving
states

' ¥
Ground =
states '
0

Diamond valence band




:,J 4 Nitrogen-vacancy (NV) defect centers in diamond

NV defect centers in diamond

* S=1groundstatesi.e. mg= 0, mg = %1
* Spin levels are very sensitive to external magnetic field

* Magnetic signal is optically detected (ODMR)

Diamond conduction band

A
Excited =
states
Shelving
states
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;\J &// Nitrogen-vacancy (NV) defect centers in diamond

NV defect centers in diamond

Optically-detected ESR e S=1ground states i.e. me = 0, ms = +1
S * Spin levels are very sensitive to external magnetic field
<
N * Magnetic signal is optically detected (ODMR)
T
£ Diamond conduction band
2. . . .
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Frequency (MHz) Excited =
states _|
Shelving
states
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———_ . __________________ Ground —
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0
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;\J 2 Nitrogen-vacancy (NV) defect centers in diamond

NV defect centers in diamond

Optically-detected ESR e S=1ground states i.e. me = 0, ms = +1
S * Spin levels are very sensitive to external magnetic field
<
N * Magnetic signal is optically detected (ODMR)
T
£ Diamond conduction band
2. . . .
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Frequency (MHz) Excited = \
states _| N\
\
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B= B %0 2
|
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_ L /
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0
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Experimental confocal optics setup
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.\d e/ Sensitivitiy of diamond NV center

<1 nT/HzY2(single NV) J. Taylor et al., Nat. Phys. 2008

Magnetic field Temperature <ImK/HZY2 1 \yoifetal, PRY 2015
<1 pT/HzY/2 (ensemble) '

F. Dolde et al., PRL 2014
K. Lee et al., PR Applied 2016

Electric field < 100 Vem/Hz'/> Rotation <1mdeg /Hz/2 & Kusckoetal, Nature 2013
A. Ajoy et al., PRA 2012
M. Doherty et al., PRL 2014
R. Schirhagl et al., Ann. Rev. Phys.
Strain field <107/Hz2 Pressure <0.1 MPa/Hz'/2  chem.2014
Operating
Spat|a| resolution ~ 10 nm Detection bandwidth DC— GHz temperature Sub K to RT

* chemically stable, non-toxic and bio-friendly
Other

advantages * optically stable (free from photobleaching)

* suitable for devices (nano fabrication)
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) & Quantum sensing examples

Static magnetism Magnetic excitations
Domain wall Spin wave MNoise currents

-- y o o

Skyrmnon :\\\t{

ANy )
S ‘/

F. Casola et al., Nat. Rev. Mater. (2018)

T1 relaxometry

Dressed states (off resonant)
|
Dressed states
|

Multlpulse
Hahn echo |
Ramsey
\ | .
I [ I [ >
DC 1 kHz 1 MHz 1 GHz

C. Degen et al., Rev. of Mod. Phys. (2017)



Normalized IFFTI?

Quantum sensing examples

Static magnetism
Domain wall

11
--

Skyrmlon

T T T
80 100 120 140 160
Chemical shift (ppm)

N. Aslam et al. Science 2017

Magnetic excitations

Spin wave Noise currents

Le Sage et al. Nature 2013

|
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(9) uonosfoid pjaly onaube|y

F. Casola et al., Nat. Rev. Mater. (2018)

0.8 1 12

Normalized iso-B signal

I. Gross et al. Nature 2017
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,ﬁ.) 4 Sensing static (DC) B field
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Normalized PL (A.U.)

Optically-detected ESR
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,,\,\J Y Sensing static (DC) B field

1) —i—
~ GH
o ’ < > Probe _Ii ‘
|0) ==— (laser) nitialization Readout
Initialization
|0) 10)

I 1)



/ i

7/

| &/ Sensing static (DC) B field

Rabi oscillation
A 1
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,:\J 4 Sensing static (DC) B field
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,,\,\J Y Sensing static (DC) B field

Ramsey Interferometry
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,,\,\J Y Sensing static (DC) B field

Ramsey Interferometry
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;) Y Sensing static (DC) B field

Ramsey Interferometry
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,::) 4 Sensing static (DC) B field
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,,\:J &// Sensing dynamics (AC) B field

spin Hahn echo
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,:,) Q// Sensing dynamics (AC) B field

|0) —

spin Hahn echo
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,:,) Q// Sensing dynamics (AC) B field

) | AE
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,:,) Q// Sensing dynamics (AC) B field

Readout (a.u.)

) | AE
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Dyvnamical decoupling
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Hahn echo
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Evolution time 7 (us)



;\J ﬁ J Sensing dynamics (AC) B field

T
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T T
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Frequency (MHz)

T
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1 (00]
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— 00
signal filter function
Filter function vs frequency
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E Free induction decay
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,\:,J &// Sensing dynamics (AC) B field
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General quantum sensing methods <

noise
wo~ GHz source

&// Sensing dynamics (AC) B field

e DC (dc ~ kHz) : Ramsey
AC (kHz ~ 100 kHz) : Echo
AC ( ~ MHz) : CPMG, XY4, XY8

\. AC (~ GHz) : T; relaxometry

Pump Probe
T
H—N

No microwaves

> Time
| | | |
10 — No Gd3+ |
— With Gd3+
0.9

0 20 40 60 80 100
Time (ps)

R. Schirhagl et al., Annu. Rev. Phys. Chem. (2014)
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;J &/ Quantum sensing protocol

1. Initialize
’

|0)

2. Transform

Y

[o) = Ual0)

3. Evolve for time t

[ () =

U (0,8)|10)

due to signal

Qubit
|1)
AQcos(wt) \W\» E=tw
|0)
10) 10)
y X y
|1) |1)
) = —=(10) + 1))

V2

A 4

4. Transform

la) =T

b1 ()

i 5. Project, Readout

“0” with probability |{0]a)|?
“1” with probability |{1|a)|?

| 6. Repeat and average

p=1—[(0]a)?
| 7. Estimate signal
o= V()

C. L. Degen et al., Rev. of Mod. Phys. (2017)
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,\) e/ Advanced quantum sensing with multi-qubits

L L 1 L
1 1.5 2 25 3 3.5 4
)

0 0.5

54.6 £12.0

-46.2 +11.8

55.1+29

A, (kHz) 99.65 + 6.9 148.8 + 2.4

CPMG based C.NOT, operation

® =041 ps||

N (# of 7 pulse)

40
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,i) e// Advanced quantum sensing with multi-qubits

Electron spin |0¢)

H
1
? T{lO 0c) + |1e) ® (COS (d)) |OC) + Sln(g) I 1C>)}
Nuclear spin | 0¢) RY ——
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03 04
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. 0.2F
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0.4

1
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Quantum sensing below standard quantum limit

Advanced quantum sensing with multi-qubits

Repeated number

T. Xie et al. Science Advances (2021)
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,::) e/ Quantum imaging based on diamond NV centers

-

nm scale imaging

Scanning probe

/
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& NV

magnetic sample

~

-

um scale imaging

magnetic sample
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ensemble NV

~

-

mm scale imaging \

magnetic sample




/i
,:\J &/ Imaging with single spin scanning magnetometer

(e Dichroic beam splitter

Steering

. Fiber port
Mirror

Confocal
Optics
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;\J &/ Imaging with single spin scanning magnetometer

tuning fork AFM probe

.. &1 1 8
multi-axis co positioners
i» a‘ie |
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,,\:,) &/ Imaging with single spin scanning magnetometer

tuning fork AFM probe
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;\J & Imaglng with smgle spin scanning magnetometer

tuning fork AFM probe

g . 24 1 | P8
multi-axis co positioners
i» a‘lﬂe | '

single spin (i.e. NV center)
at the tip apex
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'\9 e'/ Imaging example with current device

* Optical image of Pt wire * Magnetic field image of the dashed area

¥ 4mA
o current N




* Optical image of Pt wire

T

Imaging example with current device

4 mA
Current

Experimental Image

Simulation Image

£

[01 1]

Experimental Image

2
1
‘ 0
-1
2

Simulation Image
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By (©)
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,::) Q// Imaging example with graphene device

electrodes

Source

Graphene sample (Prof. Gil-Ho Lee, POSTECH)

Current Simulation

By Simulation

300

-

CE i = 50 I P
~ oo -
£ SRR A |::> Q2 - -
< - - - - - s 0 K
SO bt @

0 . a o B — g-SO P P
=

Is a single component of magnetic field enough to reconstruct current profile ?  Yes!




,:J &// Imaging example with graphene device

Reconstructed current density By Experiment
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1

Magnetic Field (uT)
o

Is a single component of magnetic field enough to reconstruct current profile ?  Yes!
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Imaging example with graphene device

Current : left - right Current : left « right

Magnetic field
(experiment)
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-50
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current density




Domain wall

Superconducting vortices in BaFe,(As,,P,3), Superconducting vortex in YBCO

AFM image NV-image
- —_ — - 5.9 G contour 8.8 G contour
e N 3 : 098 1.2
5 z
- 10
% 0.8
° 0.6
0.88
1.00 -
. :
5 0.2
= 0 2 1 1 g v
Height (nm) Signal (a. u.) 0.88 philei T 02
J. P. Tetienne et al., Science (2014) M. Pelliccione et al., Nat. Nano. (2016) L. Thiel et al., Nat. Nano. (2016)
2D ferromagnetism Anti-ferromagnetic order
s, g, BB
\ Nk S U 0.35 Microscope objectiv
L} \ A 1
g
3
g 0
g
— 2
w;a“;: O =t -1
NV spin

L. Thiel et al., Scien

ce (2019) I. Gross et al. Nature (2017)
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Imaging viscous flow in graphene Imaging magnetic domains in twisted CrIi

Ohmic Hydrodynamic

Diamond probe

M. J. H. Ku et al. Nature (2020) T. Song et al. Science (2021)
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% Imaging with wide-field quantum microscope
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Le Sage et al. Nature (2013)

Fluorescence image Magnetlc image

EGFR

Chen et. al. PNAS (2022)
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McCoey et. al. Small (2020)
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2 2| (e.g. Ramsey, echo, dyanimcal decoupling, etc.)
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