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Two greatest scientific discoveries in
20th century

Max Planck Albert Einstein
Quantum Theory Theory of Relativity
(1900) (1905, 1915)




Quantum mechanics:
~Pillar of modern physics and technologies

wEe

Energy quantization Transistor

1895 1900 1905 1945 1947 1960 1973 1987 1988

Photoelectric Giant magneto-

Atomic bomb NMR resistance
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Trends of quantum physics study

Top-down:

passive observation and

interpretation of quantum
phenomena

uantum uantum . .
N . Q ] Quantum simulation
communication computation

Break the limits of classical technologies




Spatial scale: cm Spatial scale: nm
Time scale: s Time scale: ns

Frequency: ~10 Hz Frequency: ~1079 Hz



Outlines

Quantum Computations
B History of computing hardware
B Basic principles of quantum computation

B Physical implementation of quantum
computation




Development of classical computing

Mechanical, Abacus
13t century, China

Electromechanical

Programmable,
20t century, USA




First electronic computer: 1946 ENIAC
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Moore's law

Moore‘s law 1s the observation that over the history of computing
hardware, the number of transistors on integrated circuits doubles
approximately every 18 months.

Integrated Circuit Complexity

Transistors
Per Die

1072 4G
¥ 1965 Actual Data 1G 2G

10° m MOS Arrays o MOS Logic 1975 Actual Data 256M 212M
128M

108 1975 Projection ltar}ium‘"
Memory Pentium® 4

107 : Pentium® Ill
A Microprocessor Pentium?®l|
106- Z Pentium®

105
104
103

Gordon E. Moore
(Intel 1965)

1960 1965 1970 1975 1980 1985 1930 1995 2000 2005 2010

11



Semicol
Associa 4"
S |

o
S
—
©
SN
~
g

Feature siz

Size of Atom }
| ' | ! [
2000 2020 2040

2019/10/11 Year




Cooler Computersk

Energy consumption
per cycle @

If this trend continues,

quantum eftects will
dominate very soon

today

KT - “Brownian Motion**
Switches become unstable

» Minimum dissipation for
boalean logic
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Electronics at the Quantum - Classical Bo-

o T U

LEd o=
- ﬂ_“

- L -q.d.u' e AT i
- L = a -
,:. ’ ‘rﬁ"i‘h*#“‘h‘- !-ﬁh,‘-:lf
* - -
R Py FT
& T s maag s ...F..1 3
hy L. S, e "
LI R R
NITEIL RN K Rl
o
'.'
P T T T L
Ao ™ B W W e
- ' TE LN I B ERE I||

I'
.
i
L

# v - — iy
-
4‘.
"
L)

-,
M s o w sl S

SNRYH TIVHIIN

W. Zurek, “Decoherence and the transition from quantum to classical,
Fhvsics Todayvy, October 1991



What is Quantum Computation?

Quantum computations performs
calculations based on the laws of quantum
mechanics, which is the behavior of
Quantum Computer Particles at the sub-atomic level.

INFORMATION ’

STORAGE

OUTPUT
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Quantum Computations

Study of information processing
tasks that can be accomplished using
quantum mechanical systems

16




Data representation

classical quantum mechanical
2 possible volta 2-level system T =g 6k
encode one bi%es encodes one bit Qubit
O E
or

1 -1
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Implementation of Qubits

Photon  Polarization encoding (|Horizontal> and |Vertical>)
Fock state (| Vacuum> and |Single photon>

Two-level atom le)

Spin ) $A¢‘ — /a,

= Etamal rotation | refativistic effect)
Superposition state » Fixed angular momentum
al0> + bj1> « Clockwise and anti-clockwise rotations
correspond 1o “1° and "0° states, raspectvely

18



Classical operation v.s. Quantum operation

Classical Boolean Logic
(irreversible)

Example 1: NOT

AND gate loses
Input Output information
0] - 1 |
=1 ¢
ho— . Minimal energy
Example 2: AND 5 dissipation :
Input Output kT In2
00 0
10 0 not available
11 1 in QIP

Quantum Logic
(reversible)

Logical operation :

q{out =U ‘I"in nﬁj

(Quantum register

[__J> O Quantum logical operations are
reversible; W, = U1 W,

O No dissipation

Time evolution driven by Hamiltonian

U=T feit0 gt = gifar

19



Quantum parallelism

input output
a, 00> a, F |00> b, 00>
+ + +
a, 01> F a,F|01> b, |01>
+ —> + = +
a,|10> a,F [10> b, 10>
+ + +
a,|11> a,F 11> b,|11>

¢ Superposition for input created by Hadamard gates

¢ Functions are represented by unitary operators

¢ Quantum state tomography — but how to get a “real” result?




Classical vs. Quantum

Rules on Data Classical Quantum
Representation 0 or 1 0 or 1 and inbetween
Operations Boolean logic Quantum logic
irreversible Unitary, reversible
Measurements Deterministic Undeterministic
Projection

measurement

21




Quantum computations: compute differently

New model of computation can be faster than its classical
counterpart.

Quantum

algorithms i

simulatio

Solve some Hard A medium-scale quantum simulation
classical problems with 30 to 100 qubits can exceed the
limitations of classical computing!

22



Time to Factor an L-bit Number

Classical algorithm v.s. Quantum algorithm

—1 billion years Shor, 1Hz, BCDP

—1 million years

—1 thousand years
—100 years q_:?
—10 years ‘9‘0

Shor, 1MHz, BCDP

NIST recommended RSA key length

Shor, 1MHz, alg. F, NTC arch.

—one day

—one hour

Shor, 1MHz, alg. D, AC arch. -
—100 seconds

- - -

[ one second
— 1 ]
100 1000 10000 100000

L (bits)

23



Physical implementation of QC

DiVincenzo's 5 criteria
Well-defined qubits
Initialization to a pure state
Long coherence times

Universal set of quantum gates

Qubit-specific measurement

D

A DiVincenzo D.P., Fortschr. Physik, 48 (9-11), 771 — 783 (2000)

i = The Physical Implementation of Quantum Computation

¢
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Physical implementation of QC

DiVincenzo’s 5 criteria

® \Well-defined qubits

®
@
@
@
r\
L‘j"}\” DiVincenzo D.P., Fortschr. Physik, 48 (9-11), 771 — 783 (2000)

l

m" The Physical Implementation of Quantum Computation
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Nitrogen

o Carbon-12
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vacancy — >
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Gate Charge sensor Quantum dots

Depleted region
in 2DEG

Ohmic contact
to 2DEG
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Pictures from Nature 464, 45 (2010) and Science 344, 1135 (2014)



Spin-based gquantum computations

Fhotons * Nuclear spins have long decoherence time
Neutral
Others R
\ b e Electronic spins have the fast operation
Tr;pnp:d ?/:; Qi}‘&{, N::ilre‘a:r time
EI - * Spins can be easily manipulated by
g cotes | spins mature magnetic resonance techniques
e (NMR, EMR, ODMR, FMR)

Spin-based QC is one of most successful physical implementations, and
provides inspired technology for others solid systems, as an important testbed
for developing quantum control methods.

27



Manipulation of spins:
Various spin magnetic resonance techniques

Spin 1/2 particle in magnetic field Frequency Technique
A PHz (10'2) § ODMR
1>
Bo hv  Qubit GHz (10° | ESR

0> ’

MHz (106 NMR

kHz (103) FMR

28



Nuclear magnetic resonance (NMR)

Liquid state NMR 1s an excellent system for small quantum

registers. A

VvV Vv v v 'V

o NMR quantum
e[| (- rz_:‘i / - B =
i N N |
Ald N | ¢

TN
A | N o
=L RN
1 m Control:
T %; ! o il

| | . Radiofrequency pulses
e 1 R Spin-spin interactions
/1 N Initialization: Pseudo-pure state

™

Readout: Ensemble

29



Electron spin resonance (ESR)

Manipulation rate  Coherence time

ESR: manipulation of the electron spins and the

nuclear spins.

short

Fast

Electron spin

Long

Slow

Nuclear spin

30



Optically detected magnetic resonance
(ODMR)

NV center in diamond

Optics: (Quantum communication)
initialize and readout
Microwave: (Compatible with
manipulation superconducting qubits)
Electronic:
synchronization
m15 “10ns
- _@‘;F
0 A {Ins
A ; 'E
530m 637m 1042nm
: 200- 450ns
"+|1S ¢¢ 1A1
', Vovarg 2 =z




Force detected magnetic resonance (FMR)

Ultrasensitive

Interferometer cantilever

laser beam

Resonant slice
(B=2.70T)

\‘ «—— Nuclear spin
Current generate rf magnetic field

irf\" ‘ Magnetic tip

Single proton spin in a 10° T/m field gradient ~102° N

Van der Waals force between tip and sample ~108..10"° N
Two electrons 100 nm apart ~1014 N
Hydrogen atom in Earth‘s gravity field ~1026 N




Experimental instruments in our lab

33



Physical implementation of QC

DiVincenzo’s 5 criteria
®
@® Initialization to a pure state
@
@
@
r\
L‘j",ﬁ“ DiVincenzo D.P., Fortschr. Physik, 48 (9-11), 771 — 783 (2000)

l

m" The Physical Implementation of Quantum Computation

34



Initialing to the pure states

[1 Ensemble spin case L1 Single spin case
For NMR and ESR, we prepare the For NV center, optical pumping can
Pseudo pure states (PPS). prepare to the ground state |m_ = 0>.
(2)
thermal equilibrium state ‘ i } I ‘ i
= 3
(®) E
Pulse sequence for N O U
mnitializing (©)
(d)
Pseudo pure states state , = 3 A -
g ' 2

T T T
100 0 -100 [Hz]

35



Physical implementation of QC

DiVincenzo’s 5 criteria
®
®
® | ong coherence times
@
@
r\
L‘j",ﬁ“ DiVincenzo D.P., Fortschr. Physik, 48 (9-11), 771 — 783 (2000)

l

m" The Physical Implementation of Quantum Computation
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Coherence time

A robust and fully functional quantum computer needs to have a
long coherence time.

Decoherence — a major obstacle for QC

Decoherence causes errors

Main source : coupling to environment

Errors are difficult to correct in Quantum Computers

37



Decoherence due to the environment

Coupling to the environment

y - 7
a Environment
I()> v A Spin, Phonon, Photon, etc
* Electron Spin ﬁ

cos#]0)+e”sind|1)

Energy relaxation (T,): Dephasing (T,):
Spin system will 'relax’ towards the ground The phase information becomes spread
state given enough time. out / lost.
Relaxation A Dephasing -
Processes : Processces
. IC=) x =

Usually T, << T,

Graphic from http://qt.tn.tudelft.nl/~lieven/qip2007/QIP3 divincenzo criteria.pdf 3*



How to protect the quantum state

» Quantum error correcting codes

- - compute R
works best for errors uncorrelated in space and time. f encode =
P. W. Shor, Phys. Rev. A 52, R2493 (1995 POV demor 4
A.M. Steane, Phys. Rev. Lett. 77, 793 (1996). - syndrome
E. Knill and R. Laflamme, Phys. Rev. A 55, 900 (1997)
» Decoherence-free subspaces
assumes symmetry in H (strongly correlated errors).
L. M. Duan and G. C. Guo, Phys. Rev. Lett. 79, 1953 (1997). H
D. A. Lidar, I. L. Chuang, and K. B. Whaley, Phys. Rev. Lett. 81, 2594 (1998). OES

» Dynamical decoupling (DD)

very rapid, strong pulses
L. Violaand S. Lloyd, Phys. Rev. A58, 2733 (1998).

M. Ban, J. Mod. Opt. 45, 2315 (1998).

39



Dynamical Decoupling

PHYSICAL REVIEW VOLUME 80, NUMBLER 1 NOVEMBER 15, 1950

Spin Echoes*}

E. L. Hanng
Physics Depariment, Universily of lllinods, Urbana, Ilinois
(Received May 22, 1950)

|O>_|_e ibrl 1> |0>‘|‘6 -ibr| 1> |O>+€ —ibr+z‘brll>

10>

40



Multi-Pulse Dynamical Decoupling

T[x/2 TTx T[x/z

Hahn Echo l /2 - t/2 l
/2 T, Ty Ty /2

cPMG-N P2l <« B ...... B < -'t/2l
/2 Tl T, TU /2
XY4 B2l < B < W - I /2l
T, /2 T T, T, TG T, TG T4 /2

XY8 /2l < l l (B3 BN B B9 B2

Example: CPMG on N@C60

Magnetisation

w2, TT, T, T,

41



Keep a qubit alive by dynamical decoupling

Sample: irradiated malonic acid WS CHETRY EVels O} CIoeion
spin are encoded as a qubit
a Carbon plane b Hyperfine
C-H radic A Zeeman e
P ,. '—“
\ 8 By 73 if
ﬁ‘
¢H @C @O ----Hydrogen bond ‘\‘ "\i
—~
.
Broadening of the linewidth b A A
indicates that the electronic qubit | i i
interacts with the nuclear spin bath. RN ”j”' \\”
; L el 0 Ssties
Related coherence time: 40 ns O ime -

3340 3450 3460 3470 3480 3490
Field (Gauss)

J. Du et al., Nature 461, 1265 (2009) =



Keep a qubit alive by dynamical decoupling

Apply DD on the electronic qubit ¢ N
= B 20 40 BUpsec|
/2 TT echo 2 :
ubpD1 | | A =
ubD2 | ] 1 1
ubD3 | | | i A 1 .
uDD4 L__1 I [ | S R
uoDs5 L1 i i i I SR S N R
Uubbs L_A | | [ | [ | I_l g: 0.57 "0 20 40 60psed|
ubb7 LA B 8 [ [ P 1l
PDD7 L_1 | | | [l | B A = | < R
0 tl £2 t3 £4 !‘3 !6 l? [ 0 20 40 80 8 0 20 40 60 80
Time (usec) Time {usec)
* — —
T,*=40ns One pi Pulse T,=6.2 ps 7 - pi Pulses 30 us
O 1 > © > @

An improvement of near three orders of magnitude on the spin coherence time was
observed in the experiment.

J. Du et al., Nature 461, 1265 (2009)

43



Keep entanglement alive

RF1

1
1
! 1 /
a1 : 4
RF2 [] :

pure state entangled dynamical TPPI| detection
state decoupling

= = c = Life time of
—— j , | i . i TH o  entanglement
T i,,,z i = With DD: 30 LS

No DD: 0.4 ps

Preparation of entanglement states Protection of entanglement
g 0.6 0.4p (b)
06 0s 5 0.4 o =~
0s 0s ! . g 0.2 o o°°°
04 04 ! s 02 2
03 03 | (&) 500
02 02 l - e ” 0.0 0.04
i = - e - s g 00 £ 0.4p%]
o T o - e m g 0.4 °
™o o= & " " 1 4 i g o2 0.2 )
g 1 M w t S oo i | 0.0 =
00 01 02 03 04 05 0O 5 10 15 20 25 30 35

Time (ns) Time (ps)

Y. Wang et al., Phys. Rev. Lett. 106, 040501 (2011) =



Physical implementation of QC

DiVincenzo's 5 criteria
®
®
o
e ® Universal set of quantum gates
o
r\
R DiVincenzo D.P., Fortschr. Physik, 48 (9-11), 771 — 783 (2000)

a5

m" The Physical Implementation of Quantum Computation
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Universal set of guantum gates

[1 Single-qubit gates

Rotations around any two

non-parallel rotation axis.

F')X(Q) — e—iB/Z-X
Ry(@) _ e—i9/2-Y

1 Two-qubit gates

CNOT =

ap il o= I e g en
o T e T

(o 1NN enw 1R e RN
(o TN o TN A e

b

Rotation around y axis

SWAP =

|=1=

Rotation around x axis

Z£110>

i |-—l>

I s (Y o

= | e S

-

& 10 f
&
é 05 - ®m = x = - n - ]
£
§-0-0 [~ L = i b - b b -
=~ 0 fis 2w 3m 4 Sm
Rotating angle &
A
S0
E
k=
s os I
k=
2
200
o m 2w 3m 4w 5w
Rotating angle 8
1 0 0 O
01 0 O
Cphase = :
& 0 0 e 0
00 0 ¢

CNOTs and unitary single Qbit operations form an universal set of QC

46




Characterize guantum gates

[1 Quantum Process Tomography (QPT)

pr= Z ApiAl = Z X1 Prpi Py
k kl

For single-qubit,

PREPARATION MEASUREMENT
0y — x(10))
i - x(11))
R [ |
ﬁ(yowm) — \<ﬁ(|0>+|1>)>
1 L [
E(\0)—1|1>) = \(E(I(D—f“)))

Figure from http://aspuru.chem.harvard.edu/excitonics/
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Measuring fidelities of quantum gates

[l Randomized benchmarking

single-qubit case

State

Measure

Prcparation_ PHGHPHG R R R P
lpl Pauli Gates: n gate around the *+x, Ty,
or =z axes and I identity gate oss
| g | Clifford Gates: n/2 gate around the £x, :%'
iy, ot iz axcs %0.94-
1 r | Recovery Gates: a final Clifford gate =i
chosen to make the final state |0)

0.9
0

/il
;//

m
t/f

y

1
20

1
40

1
60

1 1 1 1 1 1
80 100 120 140 160 180 200

Number of Computational Gates

C. A. Ryan etal., NJP 11, 013034 (2009)
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Quantum gates under noises

-——
" 'ﬁ~

~ -
‘‘‘‘‘‘

HOwW 10 Su
HOwW 10 Su
HOwW 10 Su

single-qubit case

H =§]Sz + (1 ®; SX
B N

|

Noise from the
control field

Dephasing effect

D

D

nress the dephasing effect ?
oress the noise from the control field ?

oress both simultaneously ?

49



Challenge of Protecting Quantum Gates

E]Ser(l ®; SX

ontrol field

» How to suppress the dephasing effect ?

50



Protect gates by continuous dynamical

decoupling

]

a _ (d) }3 |e> i) 1j-
——

(f) (b —
w =
;:I"G 7.0 | dg| é ]
= 3
S s
Lt 6.8 4 o iE;p‘ (Undriven) |
--&- Exp. (CWDD)
-'1 6 1 -1 é 1 . T T T T T T T T T — T
b (Gauss) b (Gauss) 0 10 20 30 40 50
Time (us)
Sensitive Robust Blue : without CWDD
Red : with CWDD
51

X. Xu et al., Phys. Rev. Lett. 109, 070502 (2012)




Dynamically corrected gates

H=03z+ w; SX
e R R S B L
Sequence Infidelity A
= plain 0.5(0 /wi)* + O(6 fwy)?
&
= 3-piece 11.1(8/w1)* + O(d /w1)°
5-piece 64.1(6/w1)® + O(d /wy )®
e SLT27(6 ) + O(6 )

We adopted this proposal to overcome the deterioration of quantum
gates by the fluctuation of the static magnetic field.

Xin Wang et al., Nat. Commun. 3, 997 (2012) =



Experimental dynamically corrected gates

Suppressing the noise up to 6 order

theo. plain
theo. 3-piece
theo. 5-piece

v exp.plain

B exp. 3-piece

® exp. 5-piece
uncertainty level

o
i

0.01 [

State Infidelity

1E-3 |

Fidelity of the gate reaches 0.996

Experimental |deal

1 ‘
3 On

<

X. Rong et al., Phys. Rev. Lett. 112, 050503 (2014)



Challenge of protecting guantum gates

H =[8,/Sz + (1

Dephasing effect

®; SX

How to suppress the noise from the control field ?

54



Noise from the control field

T2’=17 us

/ " 004
- |_1> 0 20000 / : 40000 \_ 60000 80000

Time (ns)

10

— N AN
H=(1+29) o, SX ANV

V=—=V==V

00 o500 41000 42000

55

J. Zhou et al., Phys. Rev. Lett. 112, 010503 (2014)



Theoretical proposal

ANI2F

—A/2F¥

Hamuiltonian

Hiz = (1 4+ 6)AS, + (g9 + Acos wt)S,
Energy gap A; Amplitude of the freq. sweeping A

.. lr.rll .iﬂ.l rrf1 "A'.l H..HL :"’,' :-'1; :.:"..‘ '|"f.'\I :'.. ;..‘ ilni
Fl [ - { i - h | \ f ! Ii S .I 1
i
,rt

5 “n
H1 ﬂ ﬂl ‘ P 1
J L hr '

4{]Dﬂ BUUU

v=3.12 MHz/ns

After carefully setting these parameters, multiple LZ
transitions can produce period Rabi oscillations.

J. Zhou et al., Phys. Rev. Lett. 112, 010503 (2014) =



Suppressing the noise from the control Field

Theoretical calculations shows that  T'; ;700 =T 5 /|Jn(A/W)]

where n = g,/w , since |/, (A/w)| <1 LZRO’s T," can be greatly prolonged

sz,LZRO = 58 us

e
[2°=17 us
1.0 1.0 =
-
(21 - *a : -
- - =
- - a r
- I b - i iy 3
- - i * e i
0.5 i i - = il - = -
— - i 'l Iy H
o - e Y - 2
= . byi - - - 3 =
- o - - ikky by pe - &
piflfie 1l it it (R :
- - » s
g
| - £ - -
- - -7 -
.
0.0 -
L " T T T
20000 40000 60000 80000 T v T T T
. o 5000 10000 %, 15000 20000
Time (ns) Time (ns)
o
"} / o /r\ / ‘ -
X = /N
\ .
\ / X/ ./ o.s
Z N/ 7 A
40000 00 0.0
10000 10250 10500

J. Zhou et al., Phys. Rev. Lett. 112, 010503 (2014)
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Challenge of protecting quantum gates

H =[8,/Sz + (1

®; SX

» How to suppress both simultaneously ?

58



Composite pulse for high-fidelity gates

0.251 =
B 0.9999
_ — - 2 0,999
suppressin
SCheme pp g =0.25 . . —0.2508 0.99
8 8 0.25 0 023 025
0 1 025 0.25 09
1. rectangle ® ® = '
2. SUPCODE © ® = o
3.BB1 © — =
4. BB1inC © © 023 5 1o |
1.00
Exp. results
scheme Fidelity
1. rectangle 0.99968 ¥ . naive
2. SUPCODE 0.99916 | | e
¢ BB1inC
3. BBl- 0 ’ 9 9 9 9 4 0'92 E B naive SUPCODE BBl BB1inC
4. BB1inC 0.99995 - - —— : :
0 100 200 300 400
]

X. Rong et al., arXiv:1506.08627 (2015) =



Protecting two-qubit gates

Quantum optimal control can Original quantum optimal Modified quantum optimal
help us to design pulse control method [1] control method [2]

sequence, which are robust a
igOOl lgg%
=] 0.7 |
i< 0.0 0.4 | i

against noises in multi-qubit

Cascs.

CNOT
e
n
[1] N. Khaneja et al., J. Magn. Reson. 172, 296 (2005) 60

[2] X. Rong et al., Nat. Commun. 6, 8748 (2015)



Qualify the performance of CNOT

CNOT Before CNOT After CNOT
e n

e
|0> 11> 11> 11>
n o> o>
o L initial state: [01> = before CNOT - = (i

0.0 0.5

1.0
time (us)

3
frequency (MHz)

| initial state: [00>

= before CNOT -

LAVAVAVAVAVL S

0

“0.0 0.5

1.0

time (us)

3
frequency (MHz)

Measuring the fidelity of CNOT

R 'm'XN "
= I = A
1= (5)0 = (E)“
Experimental results:

0 50 100 150 200
N (number of gates)

Theoretical fidelity  Experimental fidelity
0.9927 0.9920(1)

X. Rong et al., Nat. Commun.

6, 8748 (2015) o



Two questions

L1 Since control can be performed with high fidelities, can we
operate the quantum gates as fast as possible (in a time-optimal
way) ?

L1 If the gate is carried out in a time-optimal way, does the high
fidelity still hold?

62



gkt

gif from https://giphy.com/
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Experimental time optimal quantum control

1 Can we drive the quantum system as fast as possible?

Classical version Quantum version

shortest time

?O

Zermelo Navigation

=

[re—

I

Brachistochrone ~

o 22 ! 4
Wi

/" State to state

UtoU
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Previous experimental work

T

10

15

single qubit case

state to state

PRL 104, 083001 (2010)
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Nature Phys 8

— L]

Pulse times [2n/Q_ ]
L]

-

Dn:mmax .n=0 Dn:ﬂmu

unitary operations

T T

npulses

s

Ir [ [ 2 pulses
|
|

— T

05

025 £
B’
N
w
1]
E
-

05 B
3
o

0.25

40 60 80 100 120 140 160 180

Pulse axis angle [deg]

FIG. 1. (Color online) Time-optimal pulse sequences for gener-
ating /2 and m rotations (top and bottom panels, respectively),
for Q. =4w,. Colors represent different types of pulses: posi-
tive/negative bangs and drift. Black arrows mark the globally optimal

 rotations, corresponding to pure bang-bang controls.

, 147-152 (2012) PRB 89, 245311 (2014)



Time-optimal control beyond one-qubit

‘i Gy LR

I(t=0)

One can find solutions
for time-optimal control
(TOC) in multi-qubit
U (t=T) cases.

X. Wang, et al., Phys. Rev. Lett. 114, 170501 (2015) =



One-gubit case: TOC v.s. Euler Rotation

[1 Target operation: R(z,0)

[J Control field is restricted in x / y axis with a finite strength (5 MHz).
C

200f 0.5F
150 //
100f A 126.8 ns|
——TOC & 0.0 120
507 Euler rotation v . |
0 1 1 . o TOC experimental data '
0 /4 3n/4 T _ : .
T rotation angle (rad) 051 TOC theort?tlcal predmtnon i
| ¢ Euler-rotation experimental data il
051 Euler-rotation theoretical prediction |
200 mm TOC !
I Fuler rotation |
N 00 '
v |
|
|
055 ' : ' — L
0 40 80 120 160 200
R(z,7/8) R(z,7/4) R(z,7/2) Rz, 7) time (ns)
target operator
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J. Geng et al., Phys. Rev. Lett. 117, 170501(2016)



Two-qubit case: CNOT gate

Quantum system: NV center Before CNOT After CNOT
CNOT
e n e n

}ﬁ\, j © ‘ o> o> }1> [0
LH@ ” n |0> |1> |0> 11>

Electron spin is flipped, when |0>,

Electron spin unchanged, when |1>_

1.0 1.0
§ 5 b Po,o
}_Q E 0.5 B - P
= = -1,0
=3 =8
2. 2.

0-0 =l 1 1 1 1 0.0 1 1 1 1 i

0 100 200 300 400 (0] 100 200 300 400
time (ns)

time (ns)
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J. Geng et al., Phys. Rev. Lett. 117, 170501(2016)



Two-qubit case: CNOT gate
O Fidelity : 0.99(1)

Experiment result Ideal case
Re(y) Im(y) Re(y) Im(y)
EE . “EE NN : “E N
IX X X X 0.25
v Iy v Iy
1 il | 1z H B zill | 1z | Il |
X1 X1 X1 X1
XX XX XX XX
XY XY XY XY
VI Il ] vl [ v H vill | ’
X ¥X ¥x ¥X
YY Yy Y YY
Yz || 4 HE | Yz H B 1 Bl |
21 z1 7l 7
X zX| zX X
Y ZY ZY ZY .02
zz 72| 7z 2z
I X IV 12 XIXXXYXZ YIYXYY YZ 21 ZX 2 72 I IX IV IZ XIXXXYXZ YIYXYYYZ 21 ZXZY 7Z 1 IX 1Y 12 XIXXXY XZ YI VXYY YZ Z1 ZX2Y 72 Il IX 1Y 12 XIXXXYXZ YI YXYY YZ ZI ZXZY 77
Max Strength of the control field Fidelity Gate time
Ref[1] 20.0 MHz 0.9920(1) 696 ns
This work [2] 2.5 MHz 0.99(1) 446 ns

[1] X. Rong et al., Nature Communications 6, 8748 (2015) 69
[2] J. Geng et al., Phys. Rev. Lett. 117, 170501(2016)



Quantum control beyond Hermitian Hamiltonian

[0 The previous results are based on Hermitian
Hamiltonian.

[0 Now we will show how to realize quantum control
with non-Hermitian Hamiltonian.

[0 An example:
i1
Hs = { L —ar }

[1 Hs is a parity-time symmetric Hamiltonian rather
than a Hermitian one.
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VOLUME 80, NUMBER 24 PHYSICAL REVIEW LETTERS 15 JUNE 1998

Real Spectra in Non-Hermitian Hamiltonians Having PT Symmetry

Carl M. Bender! and Stefan Boettcher™
' Department of Physics, Washington University, St. Louis, Missouri 63130
 Center for Nonlinear Studies, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
*CTSPS, Clark Atlanta University, Atlanta, Georgia 30314
(Received | December 1997; revised manuscript received 9 April 1998)

In 1998, Bender et al. proposed that a class of non-Hermit Hamiltonian satisfying PT
-symmetry can still exhibit real eigenenergies.

Parity operator: P2 =1. Time reversal operator: T AT = A*

PT symmetric Hamiltonian Hor:  |[Hp7, PT| = 0

71



Realization of PT—symmetric Hamiltonian in an
NV center

m=+1m =0 m, =-1

Mg = +1
Mg = i1{f’x; |
@ B N 2We '"""‘""‘D‘b; ““““
A DDy, O
D mS = _1 N -
oo~ mwial
. | ono.
m5=0 m5=0 |0—>E|1—>n | >e| >n
State preparation Evolution Readout

(sysetlérn) 0% :
: Hs,a

(a?wléﬁllé) D, —{ Y(8) HX(m/2)-

populations




State dynamics H. =
under PT-Hamiltonian

o i o
o- 0.5 theo. o 0.5 — theo.
o | — exp. | | ol | | - exp.l
0 2 4 6 8 0 2 4 6 8
- Time (Us) - Time (us)
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Yang Wu et al., Science 364.878 (2019)



Observing the breaking of PT symmetry

B
| |
10l D=<r=<1 : F=1 10l O<lF <1 I = 1
I — I
I + I
| L |
0.5¢ | ~ 0.5} |
| £ I
0.0 —-—-—-—-—r 0.0 = = = = I,
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
I I
E = +v1 —7r2

* |r|[<1: unbroken PT symmetry

* |r|>1: broken PT symmetry

« r=1:. Exceptional point

Yang Wu et al., Science 364.878 (2019)
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Quantum Sensing:
» Background
>
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Ensemble magnetic resonance spectrometer

Spins
NMR 1010
ESR 10’

Volume of sample is cm ~ mm B

Conversional NMR or ESR spectrometers
collect the signal from spin ensembles
(more than billions). This technology has
been used on physics, chemistry, biology,
medicine and so on.

ssa\ledicine




Trend of science and technology

O | ©
— O
CU 1
2 SCIENCEPNOTOLIBRAR ¢ il 2
Human’s brain Red blood cell HIV DNA
10 mm 10 um 10 nm 1 nm

B Nanoscale magnetic resonance enables detection of
elements, structure and dynamics behavior on nanoscale
even single molecule.
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Single electron had been detected
under ultra-low temperature

VOLUME 62, NUMBER 21 PHYSICAL REVIEW LETTERS 22 MAY 1989

Direct Observation of the Precession of Individual Paramagnetic Spins
on Oxidized Silicon Surfaces

STM-ESR
PRL, 1989
APL, 2002 Cantilever -
10 nm Magnetic tip
30 s
£
= MRFM
& Nature
; ; \ : 2004
-60 i i TS
58 585 586 587 588 589

Frequency (MHz) g



MR: ensemble to single molecule
under ambient conditions

s 5 e 3R by
1 Quantum control on NV gﬁf;‘% 5 ;?,.#.,ga\




Outlines

Quantum Sensing:
>
» NV sensor — setups and detecting method
>
>
>
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Samples

Large ensembles

il u L1 u\ |
: Nanoscale *# 7
Even single spin
volumn cm ~ mm nm

Spins 1016~10%° 10°>~10°
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Detection methods

Sample tube

IIIII

Probe Colil/cavity NV
Signal Current Phase of qubit
Technology Electronic Quantum control
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)

R 4
— N
NV center In diamond ~\\- /f,
"‘"“.—v% 'B
C

Consist of a substitutional Nitrogen
atom and an adjacent Vacancy.
(named NV defect center)

One of outstanding defects in diamond.

Amazing features:

« Optical detection of the spin state

« Optical spin polarisation of the
ground state («Laser cooling »

 Narrow lines, T, >1 ms @ RT
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The working principle of NV sensor

Using single-spin quantum interferometer to convert the weak
magnetic signal to the measurable spin quantum phase

] I
@ 2 ® @ B

i ————

I3>><I3> [ /2 ei¢/2I3>; Cos(:))|$>

Interact with i
sample spin _ &> probe spin
9> - & | > & sample spin
:-[ -d/2 ]:
{h Ji
(@ Initial state preparation D o 7 -1
(2 Generate quantum superposition 77 the strength of coupling

3 Accumulate quantum phases t
@ Interfere of the quantum states
® Readout

the detecting time, limited by the quantum
coherence time of probe spin






Outlines

Quantum Sensing:
>
>
» Progresses in nanoscale NMR
>
>
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NMR: millimeters to nanometers

A proton
~onm [T Gt
‘3;,‘{-};'0 g 2 ‘Sl 89“%
spectrum |o.. o F¥7 S
Sensor M I~5"m ”
Microwave ! v . \.\C
R B i i
.
L e T T
| [+ 13C dimer
Conventional MR : : ,9\‘ © i
(102~10' Spins) ~ atomic-scale;™ % -mm ;
structure analysis; o |




1. Nano-NMR spectrum

We demonstrated detection of NMR signals from a (5-nanometer)? voxel of
various fluid and solid organic sazples under ambient conditions. 10000

protons were included.

A 45 |

] ’ s .-:!-.

p ; b . Q R b

‘ -‘.\’" T Hydrocarbon % - f e 4 :
Cad S 30|

% 83? b‘ ,4/ . ‘, R - .
Sample )‘ﬁg Q ¥ Deteft:g: r\r/](.'))3|ume h :i
Sensor ™
~5nm
\/W 1.5 F
Microwave NV center \”C
4

Fluorescence I I
spin readout U.D 0.25 D.S 'D?5 1 '[] 1 .25
Frequency v (MHz)

[+1) e

'”T strong contribution a weaker component of *H
_1_ of 13C nuclei inside nuclei of the sample of
|0) o~ ; s . . . . .
the diamond ~microscopy immersion oil
(CPMG6) (XY8-160)

T. Staudacher, F. Shi et al., Science 339, 561 (2013)



2. Structure analysis of single nuclear spin dimer

P S

Individual proton spins Interact carbon-13 spins
e 23 .!?\ . ©
g, o ) ‘
3’ * Hydrocarbon , W J @ /\@'
o } P sid Do 5{6’ *KQ 9
3L
Sample ‘t

Microwave NV center \13(:

Detection volume
~ (5nm)? Q
Sensor 1 ﬂ
M A

Directly measuring interactions within single
nuclear spin clusters are used for structure analysis.
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2. Structure analysis of single nuclear spin dimer

d .
< [oay, — NoorPuses 2] a °C-'°C dimer was detected.
S | e, under CPMG-N 4
E e 1.0 Yoo e o | © CPMG-18 Exp. |
ol c 08
S| o -
et 0] ——X=0.685kH " Qo
21 S 0.64----x=2.1 kHzZ
8 o [ X = 0.23 kHz
£t 0 © 1000 2000
w : Total Precession Time Nz(us)
= 1 v T \) ¥ T 90°
Z 0 1000 2000
Total Precession Time Nt (us)
| Green Laser |
Read out | | | |
IVIlcrowave
T[X/ZF'[/Z. ...... . T l‘[/zqnx/z
eff
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F. Shi et al., Nature Physics 10, 21 (2014)



3. NMR with single proton spin sensitivity

NMR of four 2°Si nuclear spins; - Y S

<100 Hz&”

e

Effective single proton spin sensitivity.

a) +-Experimental NMR signal
0.54| ---Unbroadened linewidth
—Fit (basis pursuit)

‘© 0.52
c
2
92]
5]
o
c
Q
L&)
g a) 1 -@-10s acquisition
B 100s acquisition
35 0.8} —Single nuclear spin
T =
©
5 0620 I M . [ TR S ———
w
o o
=
- o =
. - . S — — 2 o
1.725 1.73 1.735 1.74 1.745 =
Frequency (MHz) R} = \
w \ .‘: o @ f
f A\ \ L}
0.2/ \/ ®
— . ‘ 8
—0.4! I e
. 1.718 1.72 1.722 1.724 1.726 1.728 1.73

Larmor Frequency (MHz)

C. Mueller, X. Kong, et al., Nature Communications 4, 3704 (2014)
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Quantum Sensing:
>
>
>
» ESR spectroscopy of single protein
>
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Single protein ESR:
Experimental setup and detecting method

&
ﬁ"a
= Poly-Lysine layer
ﬁ& MAD2
- ~ . '\‘\
~10 nm '
NV center
A l\\’center ,
Diamond /
@
Z- Fazhan Shi et al., Science 347, 1135 (2015).
%2
2 M M M Ty om oW, Ty T (M2
i 2 EBES EINEERES EANE .’ro/l
DEER + DD ’_‘L‘Lﬁliﬁl’f
RF B

sensor initialization readout




Controls on NV sensor and label spin

‘ NY sensor (M e _
¢ Diamond
X

Fazhan Shi et al., Science 347, 1135 (2015). 94



Controls on NV sensor and label spin

freeze-dried on the surface

Poly-Lysine.layer fo?“‘v

\“
V, . / - w
NY sensor $

Fazhan Shi et al., Science 347, 1135 (2015).
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Controls on NV sensor and label spin

DEER + DD
RF

sensor initialization readout




Single protein ESR:
CW spectrum of nitroxide spin labels

Liquid ESR
~ 10 protein molecules
water solution @ 300K.

300 K
Liquid

- O
1

Intensity (arb. unit)

o

i T=127 K
-_/Q

3400 3450 3500
Magnetic Field B, (G)
Solid ESR
~ 10% protein molecules

water solution (ice) @ 127K.

Fluor. Contrast (%, arb. unit)

Single molecule spectrum

with/without protein on surface

I

o

— With protein
o Acid cleaned

m|=-1

m|=0

oL

%o
T

mJ= +1

o o | %

°-oﬁ--°-9ﬂ--°3-°8-8-
o o

o0 o

o

400

500

Frequency (MHz)

Fazhan Shi et al., Science 347, 1135 (2015).
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Single protein ESR:
g-factor from CW spectrum

f =B, " (2.809 + 0.011) MHz

4] o Exporiment 13 < 400
= lB,=1530G 3
5 < = 300-
g 0- ——
© 4 S "
> % é 200+
@ = 8 9 120 150
= put Magnetic Fields B_ (G)
é 0- 05
. o f,.=v.B,= B
5 4. 63 0~ Ye Do~ 8 U Dy
= o
- Y. = 2.809 £0.011 MHz/G
0+ 0
— ——— —og=v_ /
150 300 450 g~ Yo/ Hp
Frequency (MHz) = 2.008 = 0.006

Fazhan Shi et al., Science 347, 1135 (2015). 98



Protein Motions

Spin-label
motion
(internal)

| timescale
Protein ~ nanosecond
motion
(overall) Biophysics
timescale ~ 88, 4351 (2005)

~ millisecond

ESR spectroscopy in membrane biophysics,
pp 133-134, 2007

Fazhan Shi et al., Science 347, 1135 (2015).



Target spin motion

The shape of spectra
depends on the overall motion,
1.E., (O, AD)

4 > B 1so! ; |
\\\\ N = l
"\ i/
. ~ %k 7
Protein g 90+ : 0
motion © e Ry <
(overall) &; T
\ o
i \
0- i |

300 400 500
Peak position (MHz)

AD=0°

AD=5°

AD=15°

AD=25°

Fazhan Shi et al., Science 347, 1135 (2015).

200 300 400
Frequency (MHz)

500




Quantum manipulation on protein spin

—_ — ® o, #32%, 61 dBm
= 0.3 < :
g-O 93 % W‘w—m dBm
. \\ With protein Nl v

£ ; ; @ hd
s A o
e Q L
@ g ) o . 2¢.12.1 dBm
= @-0.4- o 00,0 o °. o oo00 AGld Cleaned
(@] s} o 0g® © © oﬂ L P Co
O = °
0-0.56- . 50 100 150 200 250
= acid cleaned RF duration 1 (ns)
L ; ; ;

——————— 251 ;

100 200 300 < = Middle peak ;
RF duration 1 (ns) 0. Left poak t .8
Rabi oscillation with/without proteins f £ %
- = o’

on the diamond surface. g1 P
The Rabi frequency linearly depends on T
Square root of microwave powet.  power YmwW)

Fazhan Shi et al., Science 347, 1135 (2015). 101



relaxation time of

_ _ ensemble protein
single protein

o
2

° -0 With SL 1T
v ...e-.- WOSLT

Population of |0>

ot
o

60

Relaxation time is roughly 4 us.

A ‘TS

S .
Mad 2 MTSSL

Signal (arb. unit)

0 500 1000 1500 2000
Time (ps)

70 80 90 100 110 120
Temperature (K)

15 mrssn ~ 0.29 s

Fazhan Shi et al., Science 347, 1135 (2015).
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Reproduce the spectra on other NV sensors

>

Fluor. Contrast (arb. unit)

Fluor. Contrast (arb. unit)

C 002
NV 21 =
.. I| :
0.054 376.6 Gauss 1 &
|I E
] II| E
i ,'I I| E
y \ \ & 0.00
0.00- N VYA ~J"j1 5
WA i
L
900 1000 1100 1200
Frequency (MHz)
| ' D
NV 32 b = 01
= 0.
0.02- 110.6 Gauss |} >
| o
| K 5
V | o
A ' =
V AR\ ;
0.00- ]||.4. :.nAI M hl'r (]
AR T 5 00
>
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200 300 400

Frequency (MHz)

NV 33 n
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/)

v

_\wl\f Vf\%[

300 400

Frequency (MHz)

200

NV 38
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.'I !
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300 400
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200
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Outlines

Quantum Sensing:
>
>
>
>
» Dark Matter Searching
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LEPTONS

HRE =
ScienceZ: & 125/\1& J}JL‘B& iﬂ#’l“ﬂ 15 = AR

Standard Model of Elementary Particles

5% visibl
three generations of matter 0 V1S1 e matter
(fermions)
| Il 1l
mass | =2.2 MeV/c =1.28 GeV/c =173.1 GeV/c? 0 .09 GeV/c?
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@I @I-@I|I @| @
up charmJ top J gluon Higgs 27(y
| | S\ . 0
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Y L \
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FRABBIRERBHNE: ZF (L) HTF

(X)) #HF X R THRE A THREATAERAE L EBEENER
FlAL, AR ETEREEE, HF () B TFTEARAETHE
0T KA B o

kﬂ{xﬂgm: LHC ii—?%/ﬂd CAST R
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A RAAF— N REBRE

Probing the frontiers of particle physics 2017 (Fr57) A Sfxat e, =T AIA
with tabletop-scale experiments VR B AWK FERE, TR %

g RE “RX@X” KK ERFLATE
HEA VASI 6 37 40 32

David DeMille,'* John M. Doyle,2* Alexander O. Sushkov™>**

DeMille et al., Science 357, 990-994 (2017)

Methods of pro:i::m » e _ 73& Zli /,?\ ﬁt_]. .
| . %ﬁ%%éﬁ%?ﬂﬁ%m
o BRAKARKRTOIRBEMN K AR

Measurement co:::;:ztes I A ( E] 7]’,7{2‘3& T "‘/\ =i })1(/622 i}] )
Y. e FIREE, W, REFHEBEZENZH
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(F) B B 745 58 ) &)
o KRB ARFHETE91E L

Field of unknown particles
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Spin-dependent macroscopic forces from new particle
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Ve, 7 =

exchange v
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q
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New macroscopic forces?
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Searching for exotic spin-dependent interactions with NVs

O spin-mass interaction

Xing Rong et al., Nature Communications 9, 739 (2018)

O exotic dipole-dipole interaction

]- — —
Vo ==0-6"y(r) .
.]n

Xing Rong et al., Phys. Rev. Lett. 121, 080402 (2018)
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Constraints on spin-mass interaction

a-. B §' N i B B M B I B IR IR IRl I L I L | "“;
" 1 1o r\ \ |
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10285 \ 2 \’\l+ ;
y o o r 3 1
E— Ry BL NN NENE
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= h _ﬂ _i ~ - é‘ \X\K
Beﬁ=l gsg‘”ple Al-e )y 1034% 47

Yy 2m

Lol 5

10-36F
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A [m]

One of the limitations: The size of the sensor!
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Limitation of the sensor (an example)

Mass (eV)
107 107

B

laser

3He cell
4

Loglgeg"pl

pickup coil A
pickup coil B

-
- -
S e s e s s e m—--

s

-~

-

Helmholtz coil

|

The thickness of the cell (the sensor) is 250 The investigated force range is above
pum. It is very challenging to make it much ~100 pym
thinner.

PHYSICAL REVIEW D 87, 011105(R) (2013)
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Constrain spin-mass interaction within ym scale

b m(sio,)
R
o ! |2A
Objective ‘ ’ —
S (NV)
— v Atomic scale
e— Shorter force range
v" Near surface
advantages -
v" Precise quantum control — Good sensitivity

_ v NV+AFM e— Cancel unwanted signals



Encoding the hypothetical magnetic field in the state of NV

a T . T T=1/W, b \m (5i0,)

d .

/_\/\/ : ; R
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B \—/\/\ t A

b t % do
= Ir']f;e r (/2), (1), (1/2)y,,




Voltage (V)

Voltage (V)
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rOROOO

Experimental time sequence
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Experimental result

Changing the phase of last
microwave pulse: ¢y

0.95

~ 0.90}
1'5: 0.85}
~ 080}

0.75L,

0.95

~ 0.90}
1'5: 0.85}
~ 0.0}

0.75}

W/OM  hy =l +Acos(p,, +0) @ =000010.013

. XD,

— fit

o 3 6 9 D
¢ (rad)

With Ml =k, +A,C0s(g,, +9,) @, =0.000£0.012

. eXp.
— fit

0 3 6 9 12
statistical errors: ~ 0.018 rad
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Constraints

by our experiment
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Constraint on exotic interaction between electrons

Magnetic dipole-dipole coupling
€ E‘f_g — A~ — ~ —_ —_
, r I VR 1357 ) )~ (67 53).
—_— —
04 0,

Exotic dipole-dipole coupling U]

gagahe, . . =
4?rhr'?(01.02)ﬁ s

We now experimentally search for this type of exotic dipole-dipole coupling 2 3.

[1] B. A. Dobrescu and I.Mocioiu, J. High Energy Phys. 11, 005 (2006)
[2] Xing Rong et al., Phys. Rev. Lett. 121, 080402 (2018)



Experiment method
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Experimental pulse sequence
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Xing Rong et al., Phys. Rev. Lett. 121, 080402 (2018)
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New constraint on exotic interaction between electrons
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Xing Rong et al., Phys. Rev. Lett. 121, 080402 (2018)

We established upper limits
on this type of exotic spin-
dependent interaction in the
force range 10 to 900 pm.
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summary

Life

Seflariae » Spin is among the most

promising physical systems
for quantum control.

Information

Science '

Quantum » Spin holds the promise of
Control realizing various novel
Material quantum applications.

A particular application in the foreseeable future:
Single-molecule MR Spectroscopy and Imaging
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