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Outline

Lecture 1: Basics of superconducting qubits

1) Introduction: Hamiltonian of an electrical circuit
2) The Cooper-pair box
3) Decoherence of superconducting qubits

Lecture 2: Qubit readout and circuit guantum electrodynamics

1) Readout using a resonator
2) Amplification & Feedback
3) Quantum state engineering

Lecture 3: Multi-qubit gates and algorithms

1) Coupling schemes
2) Two-qubit gates and Grover algorithm
3) Elementary quantum error correction

Lecture 4: Introduction to Hybrid Quantum Devices
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These lectures : spins / superconducting circuits

Superconducting qubits Spins in crystals

- Macroscopic circuits (100s um) - Long coherence times (1s — 6hrs)
- Easily controlled, entangled, readout Optical transitions
- Ultimate microwave detectors

» Superconducting circuits to improve spin detection

» Superconducting circuits to mediate interaction between spins

* Spins to store quantum information from superconducting qubits
* Spins to convert superconducting qubit state into optical photons



Outline

L ecture 4: Introduction to Hybrid Quantum Devices

1) Spins for hybrid quantum devices
2) Circuit-QED-enabled high-sensitivity magnetic resonance
3) Spin-ensemble quantum memory for superconducting qubit



Spins for hybrid quantum devices

Desired features :

Which spin systems ?7??

e Long coherence times—> Nuclear-spin-free host crystal

Nuclear spin bath

l

]

Electro
spin

o

®.

2 Decoherence
=

Nuclear spins

« Carbon : 2C has no nuclear spins, 13C has spin ¥z but 1.1% nat. Abundance
« Silicon : 28Si has no nuclear spins, 2°Si has spin %2 but 4.7% nat. Abundance
» Both materials can be isotopically purified : magnetically silent crystals



Spins for hybrid quantum devices
Which spin systems ?7??
Desired features :

e Long coherence times—> Nuclear-spin-free host crystal

« Low dc magnetic field for compatibility with superconducting circuits

Need w¢(By) = wy
Superconducting
resonator / circuit w But large B, causes vortices
==}/licrowave losses ! (even w. parallel field)

Aluminum : B, < 100 Gs
Niobium : By, < 1T
NbTIN: By <5T
Spins wg(By)

Circuits with Josephson junctions ?
Probably B, < 100 Gs



Spins for hybrid quantum devices
Which spin systems ?7??
Desired features :

e Long coherence times—> Nuclear-spin-free host crystal

« Low dc magnetic field for compatibility with superconducting circuits

Nitrogen-vacancy centers Bismuth donors
in diamond in silicon




Nitrogen-Vacancy (NV°) centers in diamond

‘Conduction‘

NV excited-4x  Excite in green
% 637nm

NV ground Fluorescence in red (637nm)

‘ Valence ‘

= Detection at the single emitter level at 300K using confocal microscopy

Gruber et al., Science 276, 2012 (1997)




Spin-dependent photoluminescence

= Ground state is spin triplet, solid-state spin-qubit

SE

Dm=0

= Optical pumping leads to strong polarization in m.=0

=Spin-dependent photoluminescence : Optical detection of
magnetic resonance (ODMR)



Spin Hamiltonian : Notations

In all these lectures, we use dimensionless spin operators

$=8/h
Spin %2 Spin 1
1 0 0
~ 1,1 o0 1 A
SZ:E(O _1):‘02 SZ=<0 0 0)
0 0 -1
01 0
A 1.0 1 1 A 1<
S, == =24, Se=—[1 0 1
2(1 0) 2 vV2\g 1 o
0 —i 0
. 1,0 -y 1 s 1 (7
= — = —6 - — O —
=30 0)=3% g ﬁ((l) i ol>

Magnetization of a spin : M = yAS

Ve

—— 28 GHz/T for a free electro

GYROMAGNETIC RATIO rl




Spin Hamiltonian

H 2
% = DSZ — )/eBO . S
ZERO-FIELD ZEEMAN
SPLITTING SPLITTING
+1
mg=+1 ,.7 &
A -1 g 2.89r
1 Qo 0 T~ D/2n =2.878
_ B GHz
D/2n=2.878 GHiz S 287
8 +
_ 0)_ 0) . 1 . L . L .
mg=0 ! 0.8 0.4 0.0 0.4 0.8



Spin Hamiltonian

H
— 2 2 2
7 =DS; — veBo-S + E(SZ—S2)
ZERO-FIELD ZEEMAN STRAIN-INDUCED
SPLITTING SPLITTING SPLITTING
+1
me=21
) ‘o N 2.89
Y =
SQogst T~ D/2r =2.878
_ ™ GHz
D/27=2.878 GHiz g/ 2 87
3
_qn O ||O® : - - -
ms=0 " 0.8 -0.4 0.0 0.4 0.8



Spin Hamiltonian

=1 |
H 2 2 2 2
7=DS; = veBo-S + E(S2—-S2) + AS-I + QI
ZERO-FIELD ZEEMAN STRAIN-INDUCED HYPERFINE Quadrupole
SPLITTING SPLITTING SPLITTING INT. WITH 14N 14N
+1 J—
me=+1 ,-~ A ——
) ‘o ‘ N 2.89
Y
il 2 288 D/2n = 2.878
D/21=2.878 GHiz
m=0 -+




Hyperfine ODMR spectrum




Decoherence mechanisms in spins (1) : energy relaxa

Free-space | 1)

raciation
I =1/T;
| T)

rr _ I = l_‘1,rad + l_‘1,ph
Phonon relaxation



Decoherence mechanisms in spins (1) : energy relaxa

Free-space l
raciation 4
I, =1/T;
| T)
H/ _ [ = l_‘1,rad + l_‘1,ph
Phonon relaxation N
— 1_‘1,ph

In free space, and at X-band frequencies (7 — 9GHz), I ;44 ~ 10716571

For NV in diamond: @300K I1pn ~300s71ie. Ty = 3ms
@20mK Ty, < 1072571 i.e. T; > 100s

AT LOW TEMPERATURES, ENERGY RELAXATION IS IN GENERAL NEGLIC



Decoherence mechanisms in spins (2) : dephasing

By

SPIN-BATH : paramagnetic impurities or nuclear spins

® 1)
” BlOC wWs = —Ye(Bo+Bioc)

_____

‘ ’ - [ T)
Yoz g | A

* Due to spin bath, spins of same species have slightly different frequenc
(inhomogeneous broadening)

w



Decoherence mechanisms in spins (2) : dephasing

SPIN-BATH : paramagnetic impurities or nuclear spins

Q @ 1)
< "—» B,..(t) w5(6) = Yo (Bo+Bioe (1))

Bo e N
FLIP-FLO

p(w)
Blocz(é)‘ | /\

* Due to spin bath, spins of same species have slightly different frequenc
(inhomogeneous broadening)

w

* Dephasing is due to the slow evolution of the spin-bath under
flip-flop events



Various coherence times

Ramsey pulse sequence
Sensitive to inhomogeneous broadening -

/2 /2
I T IMEASURE(SZ) slow noise

(Sx) = e_(le)a

a~ 2

Hahn-echo pulse sequence

/2 T /2
Insensitive to static noise
T T || MEASURE (S,)
> = e T

B
(Sx) ) p~2-3

/2 T Dynamical decoupling pulse sequenc

T /2
Insensitive to low-frequency noise
T T T T || MEASURE (s,) quency
_( NT )”
(Sx) = €

T2pp/ <2 -3

Because spin-bath is slow, in general T, K T, < Typp



Hahn echo on NVs in isotopically purified diamond

G. Balasubramyan et al., Nature Materials (2008)

Ramsey fringe sequence

n2 .
90.70% 14(C .
Tz — 7”5
o 2 4 6 g 10 12

Free precession time (js)

Typical : T, /T, ~ 100

T

Hahn echo

T2 @

n

L T

-5 T2

b E =
b ' b 7\ b

Echo amplitude (a.u.)

Fit: ~exp[-(21/T,)¢]
T,=1821t016ms




Summary : NV centers for hybrid quantum devices

Single electron trapped in a diamond lattice

Can be operated in By ~ 0 — 10Gs because of zero-field splitting
Long coherence times possible in ultra-pure crystals

Can be optically reset in its ground state

Individual NVs / ensembles can be characterized at 300K with ODMR



Bismuth donors in silicon




Bismuth donors In silicon

Bi*
Same Hamiltonian as P:Si (cf M. Pioro lectures)

H
E=BO'(_VeS_VnI)+AI'S

ZEEMAN EFFECTHYPERFINE

Two differences : « Nuclear spin |=9/2
e Large hyperfine coupling % = 1.4754GHz

» Useful to introduce F = I + S the total angular momentum
 Note : [H, E,] = 0 so that energy eigenstates are always states with
well-defined my = mgs + m;



o H
Bi:Si energy levels — =By (—y.S—y,I) + AI-S

A
frequle(?cyGHz
| |10)
0 01 02 —03 04 05 06"
| | 19)
10



The low-field limit B B, (—y.S—y.D) + AI-S

h
frequle&cyGHz

5 =5 120)
11 states{ -

| 110)

0 01 02 —w03 04 o5 08"
o 2 —

BT \

10

LOW-FIELD y,B, < A
Eigenstates of ~ |F,mp)

Hybridized eletro-nuclear spin states
al—-1/2,m;)+ |+ 1/2,m; — 1)



The low-field limit B B, (—y.S—y.D) + AI-S

h
frequle(S\cyGHz L
7.55 —
N —
s pes 20 5 745] g
11 states{ %é ‘;
| |1o>§ O 7.35 —
o1 8 06"
F=4 19) > 7.25]
9 states <<Lt
IL@ D= 745 My
| 0 20 40 60 80 1005
L 1 - \
10 Magnetic Field (G) ——

10 « allowed » transitions at low field



Summary : Bismuth donors in Silicon for hybrid quantum device

Single electron trapped in a silicon lattice
Can be operated in B, ~ 0 — 10Gs because of large hyperfine interaction
Long coherence times in isotopically purified silicon

Rich level diagram (naturally occurring A transitions)



Spin-LC resonator coupling

wo = 1/VLC

El — 6B1(a + a+)



Spin-LC resonator coupling
Classical drive

wo = 1/VLC

B,(t) = 6B (ae @0t 4 g*el®@ol)
Pm

)

|a| — \/: —
PHOTON
NUMBER




Spin-LC resonator coupling

PR
/
/
I \
\ I
\ 7
~
8~ @

A~

Interaction Hamiltonian : H;,, = —M - B,




Spin-LC resonator coupling
/,/
/
I \
\ I
\ 7/
B, \‘

Interaction Hamiltonian : H;,, = —M - B,
= —yhS-8BL(a+a")




Spin-LC resonator coupling
/,/
/
I \
\ I
\ 7/
B, \‘

Interaction Hamiltonian : H;,, = —M - B,
= —yhS-8BL(a+a")

H int
h

= —)/631'"32(& + c’i+) — VaBl,J_gx(d + d+)



Spin-LC resonator coupling
/,/
/
I \
\ I
\ 7/
B, \,:

Interaction Hamiltonian : H;,, = —M - B,

H. ) )
;Z“ = —y6B. jS,(a+ a*) — y6B, S, (@ + a*)

Fast rotating term : neglected




Spin-LC resonator coupling

—_— Hipt R — A
T 7= ~YOByS(a+at) —y8By Sy(@+at)

o ' Projection on L u
° b {lo) 11y L= —y6B; (0S| 1)(0- + 0,)(@ + a*)




Spin-LC resonator coupling

T D

W i Projection on
° 1 {lo), 1)}

—10)]

Rotating-Wave
Approximation

= —yoB, AZ at) — V5Bl,l'§x(d +a")

L Hlnt _ A A A A A4
. —Y8B; 1 (0[S, |1)(6- + )@+ a™)

L

)

int

h

g (6_at+46,a)

g = _]/SBl,J_<O|§x|1>




Coupling constant estimate (1) : Magnetic field fluctuati

Ho s i | = /i — [T/
5Bl,l ~ pp— 510 with 610 = Wy 27, and ZO = L/C
CURRENT FLUCTUATIONS RESONATOR IMPEDANCE
—) For large coupling need | « High frequency w, (but fixed by the spins !)

resonators with  Low impedance i.e. low L and high C
In practice, for 2D resonators : 10Q < Z, < 300Q



Coupling constant estimate

oi
)
( ,
X

. , , n
\“ ;/$r with 6lo=a)0 Z_ZO
6B

=21

Bi:Si (9-10) : (0]S,|1) = 0.47

Ye _ G
P —28GHz/T g = _Ve5Bl,L<O|Sx|1> NV centers : (0]S,]|1) = 1/v2
NV centers == =
21
2.9GHz
Zy = 50Q,r = 1um J = 70Hz 9 = 120Hz
2T 2T
Zy = 15Q,r = 20nm . = 6kHz J = 11kHz

2T _ 2T



Coupling regimes

Overall, spin-resonator coupling constant 2‘% ~0.01 —1kHz
(up to 10kHz for extreme dimensions)

Comparison to resonator and spin damping rates ?

« Resonators : Highest quality factor reported @1photon level is Q=10°
l.e. energy damping rate k = % >3-10%s"1>» g

e Spins : in isotopically pure crystals, possible to obtain T, = 100 — 500us
l.e. dephasing rate ~ or even lower than g

=) g < KkOreven g < k :«bad cavity » REGIME (# circuit QED)



Outline

L ecture 4: Introduction to Hybrid Quantum Devices

1) Spins for hybrid quantum devices
2) Circuit-QED-enabled high-sensitivity magnetic resonance
3) Spin-ensemble quantum memory for superconducting qubit



Spins in a « bad cavity »: the model

drlve

H  ws N N
E——7az+a)0a a+g(ato_+aoy)

+ drive at o, H(t) = ih/kf(—e '@olq + et@otg™)

: H
In rotating frame at o, : 7= —60,+ gla*o_+ao,) +B(—a+a")

Damping terms (taken into account in Lindblad form) :
- energy in cavity at rate k = w,/Q
- Spin dephasing at rate y;

A. Blais et al., PRA 69, 062320 (2004)
J. Gambetta et al., PRA 77, 012112
(2008)



Spins in a « bad cavity »: the model
(@) = = (@) + VB — ig(o-)

(0_) = —(i6 + y3){0_) + ig{(o,a)

(U.+> = —(—id + V§)<0'+> — ig(aza)

' (0,) = —2ig((0,a) — (0_a*))

Approximations : « bad cavity limit » g < k

mmmd) Field-spin correlations are neglected

(ora) = (o4 )(a) (0,a) = (o, Xa) (0_a) = (0_Xa)

To find spin steady-state operators :

1) Solve for field <a> without spin

2) Take stationary values of spin operators for spin driven by cavity field
(classical Rabi oscillation in field <a> in the cavity),

with additional decay channel provided by the cavity yp

Adiabatic elimination of the cavity field, see B. Julsgaard et al., PRA 85, 032327 (2012)
C. Hutchison et al., Canadian Journ of Phys. 87, 225 (2009)



| T)

% hwq

| 1)

The Purcell effect

Yp

K 1+ [2(a)SK_ a)o)r

B. Julsgaard et al., PRA 85, 032327 (2012)
C. Hutchison et al., Canadian Journ of Phys. 87, 225
(2009)

New way to initialize spins in ground state ?
Can be tuned by changing spin/resonator detuning wg — w,



Field radiated by the spins

Steady-state value of the cavity field

(@) = Ji 129 0.)

Cavity field |Field radiated
w/o spin  |by spin in cav

Spin signal proportional to (o_)
Output signal from N identical spins

_ .2Ng
(@ our = lﬁ<0—)



Conventional Pulsed “Inductive Detection” Electron Spin
Resonance (ESR)

EXxcite spins
Echo emission

Sensitivity
Minimal number
of spins N,
detected with
aSNR =1
n a single echo ?




Sensitivity of an inductive detection spectrometer

esonator

Wy, Q

T;Ng
VK

T e Noise = \/f (Anoise, ) dt = /Ty

Number of noise photons
in the detected quadrature bandwidth

_ Si(w)
! hw

Signal = [ {a,,.)dt =




Sensitivity of an inductive detection spectrometer

esonator

Wy, Q

N VL
min / A.Bienfait et al.,
p C Nature Nano (2015)
Moyl
Spin polarization Number of noise photons Single-spin signal
ForspinlzatT in the detected quadrature bandwidth Cooperativity
hwg 51(w) g°T,
= tanh —— ny = — 2
P = ok " hw ¢

K



Neg,1

Sensitivity of an inductive detection spectrometer

0.0

T/(hwo/k)

Ny = Negr + Namp,1

Using a « noiseless »
Josephson Parametric Amplifier

Namp,1 = 0

l

Quantum limit for magnetic resonance



EPR spectroscopy : state-of-the-art

1000 Commercial ESR /
; g spectrometer :'I 2 :'I o i o
PR (300K) i ;:/ S IS
[ 8 / gs / § /I8
& I g NS
lOO % ,’ % I’I % II %
1 ,I
!

1
] / Sigillito et al., :
/ / APL 2014

/ (1.7K)

1
1

1E-6 1E-4 0.01
p\/ C

0.1
1E-12 1E-10 1E-8



Quantum limited ESR with Parametric Amplifier

2D lumped element

Superconducting Al —_— 9 = 55Hz
resonator n



Quantum limited ESR with Parametric Amplifier

_________________________

————————————————————————

0.0 dus=
100 -50 0 50 100

(0-0,)/21 (kHz)
wy/2n = 7.24 GHz
Q=310°

2D lumped element
Superconducting Al
resonator Copper box




Quantum limited ESR with Parametric Amplifier

Josephson Parametric Amplifier

® 23dB @7.2 GHz
® 3MHz BW (freq. tunable)
Zhou et al. PRB 89, 214517 (2014).

RPY | | | "‘?ﬁ"
-20-10 0 10 20
(0-0,)/21 (MHz)



Quantum limited ESR with Parametric Amplifier
20mK plate

| '"L

Attenuators

Circulators

2-axis coill
w. sample



The Spins: Bi donors in 28Si

*Me=4->mr=5, @~50G
eMr=3->mr=4, @~70 GS

10 allowed ESR-like transitions @ low B B, 283

¥
o .45
= |
§§ 7.35
% 7 o5l — | Implanted Bi
o Resonator ~10
H- =
715 ' ' O
0 20 40 60 80 100 e 5|
Magnetic Field (G) —
—

0 150 300
depth (nm)



Spin echo detection

D

Amplitude (V)

L L T TR I g v T M Y

o o
- o0

60 0.64 068
Time (ms)

1 7T echo

"J'l-" :._I-'l-"'l._-_ o

B L

13 = o
. i) - L [Pl o B
e ol DG R ST

04 05 O
Time (ms)

A. Bienfait et al., Nature Nano (2015)



Coherence time

10°

T2 =9.3mMs

N

A A . -1k
/2 T 3. 10

T —T—>

1 B L<102-

2.5us Sus

-3 1 | | !
10°==0 20 30 40
T,=9ms : typical for Bi:28Si Time, 21 (ms)

A. Bienfait et al., Nature Nano
(2015)



—

Amplitude (V)

Spectrometer single-shot sensitivity

pe 0.1
= s ﬂa,c; >
: 0.60 0.64 0.68 £
| Time (ms) >
] =
L 12, 4 3 T, echo o
B S esn otboomdad]  ee@a oty otron saeany g
GIJ : C1 02 03 04 05 06 07
— -
T'Te (ms) A. Bienfait et al.,
(ASZ) = 1.2 10 Nature Nano (2015)

Sensitivity : Ny, = 1.2 -10%*/7 = 1.7 103 spins per echo

« Gain ~ 10* comp. to state-of-the-art (Sigillito et al., APL , 2014)

« Consistent with expectations from formula Nmm~% /%é
E



EPR sensitivity : summary

Nmin ~ 1013 BOB
1000 ’ Commercial ESR / I
) & spectrometer = ! o [
/S (300K) AN RS ;S
;! I ! Il / Il I
/ 1.8 I L TR
I 8 I I3 1 g

e 10* improvement

over state-of-the-art

nl 10 I ’I .
g ! Sigillito et al.,

' / APL2014
, ; (1.7K)

A.Bienfait et al.,
ature Nano (2015)

QUAN-["UM LIMIT I:' Npin = 2-103
AT T S
: / S. Probst (2017)

0.1
1E-12 1E-10 1E-8 1E-6 1E4 0.01

p\/C




Absolute sensitivity and spin relaxation time T;

Repetition rate ?? Limited by time T; needed for spins to reach thermal equilibt

Inversion Readout

L v g A
Tr T2 T “echo
(mp .
1.0
R 1.0 5%
< 0or S 05h_ 0 %
o S o
% O'O[ttl = Tl — 035 S % o_gc)oocp Qo
g_ -0.5 + > 05 Q
e g
1.0 I . ' 1.0 :
0O 20 40 60 3 0 20 40 60
Time (us)

Time (ps) Delay T (s)

« Spectrometer absolute sensitivity : 1700 spin/vVHz
 « Short» T, due to spontaneous emission in the cavity (Purcell effect)



Observing the Purcell effect for spins

\ ¢ wO;Q
ﬁ*(/ 10° |
g Yp
102 }
w
—
10 }
4Qg2 1
Yp =
Wy 1+4Q2[(1)S—(1)O]2 1 i | | | . | | | |
0 4 2 0 2 4

021 (MHz)

A. Bienfait et al., Nature (2016)
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L ecture 4: Introduction to Hybrid Quantum Devices

1) Spins for hybrid quantum devices
2) Circuit-QED-enabled high-sensitivity magnetic resonance
3) Spin-ensemble quantum memory for superconducting qubit



Hybrid guantum processor

Few-qubit quantum processor

147 Bl

o )

g _‘ ..\, .:1

N-qubit memory

1 Yy

QUANTUM MEMORY

1Y)

Few-qubit processor + N-qubit memory : N-qubit computer

Interest :

1) Long coherence time

2) Economical in processing qubits
3) Intrinsic low-crosstalk in gates and qubit

readout




Memory operations

QUANTUM MEMORY

10)| 110} -~ {10} -~ []0)| |]0)




Memory operations

QUANTUM MEMORY

0] [19) - [ - [19)] [10)
/

v /

1) ) [on)

WRITE




Memory operations

QUANTUM MEMORY

[ha) ) - ()| 9%

WRITE




Memory operations

QUANTUM MEMORY

1729, I 177, I (2 B YN

/

/
1Y)

WRITE
READ




Memory operations

QUANTUM MEMORY

10)| 110} -~ {10} -~ []0)| |]0)

WRITE

READ
RESET

2
3




Memory operations

QUANTUM MEMORY

lY) = Z Ciy.ipll1 o In)

il"' lN = 0,1

WRITE

READ

2
3

RESET

Entangled states



Sketch of hybrid quantum processor

Quantum bus
Superconducting microwave resonator

Processor
Superconducting qubits

N-qubit memory

Spin ensemble in crystal

Long coherence time (>3)

NV Active reset
Bi:Si ] possible




Spin ensemble — resonator system

Yens — ’z gkz X \/N
k

N
H/h = z grato_, + hc = gens(a™ + abT)
k

Bright mode b»t =Y Z& o+ (1 excitation shared by N spins)

dens

Coupling of the resonator to one collective spin mode




WRITE step : Single-photon transfer




WRITE step : Single-photon transfer

2.95 - -
T 2.90 /
o A 'I J
T 285 - ]
- Waubi
1 L1y I Qubit
28070 05 0



WRITE step : Single-photon transfer

2.95 §
%‘ 2.90 | 4
~ \ f A ws .
; T 8| = Spins
S | - )
T 285 » ]
L W
F I L 1 Qubit
2.80 /3005 0



WRITE step : Single-photon transfer

Qubit drive

2.95 §
%‘ 2.90 | 4
~ \ f A ws .
; T 8| = Spins
S | - )
T 285 » ]
L W
F I L 1 Qubit
2.80 /3005 0



WRITE step : Single-photon transfer

Qubit drive

o,/ 21 (GHz)

2.95

ot

©

o
1

Frequency-tuning by flux

- wSp/'ns

wQubit



WRITE step : Single-photon transfer
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Transmon and quantum bus interaction : the SWAP gate
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Transmon and quantum bus interaction : the SWAP gate
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WRITE step : Single-photon transfer
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WRITE step : Single-photon transfer
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WRITE step : Single-photon transfer
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WRITE step : Single-photon transfer

Qubit readout
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WRITE: storage of |1)
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Spin-photon entanglement
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Lecture Conclusions

Fruitful marriage of circuit Quantum Electrodynamics and Magnetic Resonance

» Magnetic resonance detection reaching the quantum limit of sensitivity
* Quantum fluctuations of the field affect spin dynamics (Purcell effect)
« Use squeezing as a resouce to improve sensitivity even further

* Quantum memory applications within reach

Perspectives

* Reach single-spin detection sensitivity

« Build a platform for spin-based quantum computation
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