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Outline

Light-superconductor interaction in mesoscopic system
Introduction to Superconductivity

Introduction to Josephson Junction

Josephson Junction with light

SC-light interaction: optical regime

SR A A S

SC-light interaction: microwave regime
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Resistance [mOhm]

“Light” + “Superconductor”

1. Photon Detector

Transition Edge Sensor (TES) Array of TES
10 =
8
6
4 P
2 = .
o / | |
Qb 93 w0 102 104
Temperature [m K]
180 SN Fpocal mehiectnie
hi Gk daimzmn poce 23 - =
s it m-sum'“-
Superconducting s 5 > o
nanowire single photon N -3 m A\
detector (SNSPD) "= | ey

2. Qubit Control/Readout

Josephson junclion

Unequally spaced energy levels

4 Quardem two-level system
{quebit)

(b} LC-cireult wilh Josaphsosn junction

3. Non-equilibrium QM

transient high-Tc
Superconductivity [Science 331, 189-191 (2011)]

Floguet state

[Science 342, 453-457 (2013),
Nature 603, 421-426 (2022)]
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Energy Scale Comparison

N N vl i
Gammarsy  X-oay Radio Radiation Type
* Energy E = hf (= hw) = kgT W o Wavelengthfm
@ % % Approxdmate Scale
of Wavelength
¢ Wavelength A = C/f = hc/E AnmicNudel Aloms  Molecules Propzoans Needie Point Butierfles Humans  Bulldings
| |
107 bl 10 108 10 By 10* Frequency [Hz
Termperature of
- 1 ] | ) chjects atwhich
: || this radiation Is the
10,000,000 K 10000K 100K 1K | peskwemwgh
-10,000,000°C 8,726°C 173°C 272°C emitted
The surface of the sun |s approximately S000K.
g2 ol %| mha 2 eET
/
Optical photon ~1.0-3.0eV 0.4-1.2 um 10,000-30,000 K
(E > k.T) Infrared photon ~10-200 meV 6-120 um 100-2,000 K - (Ephoton > A) photons break Cooper pairs
photon B
> non-equilibrium without 2 THz photon ~1-10 meV 30-300 pum 10-100 K — good for photon sensor
thermal excitation Superconducting ~0.1-1 meV 1-10K
gap (Al, Nb, etc.)
M'croz’éa(‘;’er)hOtO” ~25 peV 5cm 0.3K }
- .
p— PP— - (Ephoton < A) no effect on SCitself
ilution refrigerator N . .
temperature 1 peVv 0.01K - good for qubit operation
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Mesoscopic System (SA]4)

*system size L, coherence length Ly

O] Al A (microscopic system) S Al Al (mesoscopic system) A A Al (macroscopic system)

L < Lg L> Ly

photon, atom, molecule, etc. graphene, 2DEG, nanowires, JJs human, cat

o

L~A L~um L~m

In @ mesoscopic system, even a single photon can trigger a nonequilibrium quantum response.
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Introduction to
Superconductivity



Superconductivity (1911)

Superconductivity of Mercury (1911)
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History of Superconductor

300 e s e R e e o e s e e e n n m e £ S B B S S S B N S e e e D T S 5 2 SRS S e = e £ 2 2 e S e e LA s 2 2 2 2 2 2 o e s o

i

10 -

CeCupSly
i =

I .. v

UpdpAl; : :
L ——QyFRu0s | ONT | | i i

- E— <-.i.-,,

e e
:PuCoGa; |

Li@336PaC

e —
CeColt;

«— Room T

o LaHm@17OGPaO

stﬁlsscpao

. | |t cry
— P ; HgBaCaCuo FeSe Im
o : ; : : : : ?ﬂTeAs — : é - Hg, N,
E T L L . T WOu o S SRR
m H H H H H ; E
et
E
g

CNT |/
Ga;ZSg

e
A LaoFer

m{nozﬁz_

lig. He

0 y ¥
1900 1940 i980 1985

1990

1985

Year

2000

2005 2010 2015 2020

POS TRy



Quantum Electronics

- Study of guantum mechanical behavior of electrons in solids

Fundamental Science

woUroe

)y | 2

Classical Mechanics

Electromagnetics

Quantum Mechanics

e.g.) quantum coherence,

superconductivity

i =

Applied Science

Z> Mechanical Engineering
Z> Electrical Engineering

Z> Quantum Engineering

ex.)
Quantum Computers
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BCS theory (1957)

Microscopic mechanism — BCS theory (1957)

Macroscopic quantum phenomena

@ O
e-O O
—

@....

il

lattice

in BCS superconductor

Spin-singlet (anti-sym.)

1
|S) =\/—§(I TN) = [41)

Orbital : s-wave (sym.)

1023 electrons in superconductor
form a single quantum state

e.x.) BEC
condensate
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Introduction to
Josephson Junction



Superconducting Electronic Device

Voltage, Current

drain
ate
g E S

source

collector

emitter

1

Voltage, Current

Voltage, Current

Voltage, Current

[Slide from Prof. & ¢ 2]
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Tunneling JOsephson Junction (JJ) Predicted by B. D. Josephson in 1962

. . A Y
Equation of motion for JJ iha_tl = U,¥, — K'Y,
Non-SC barrier _ _
Superconductor e.g.) insulator, normal metal, Ul Uz - C[V lh% — UZqJZ — KW¥
constriction q=2e ot 1
qV
We set 1122 . 2 =0, thenUl—— U2——7
6‘P1 1 i dn1 . 1 d(pl CIV i K 1
—_ Y1 1 lP1 —_ L1 LP2 -
3t zme + i\/nqe 2ihw/nle ihw/nze Eq. (1)
oW, _ _1 l€02 N i, 492 _ _ a4V ip, _ K ip1
' (1) X e711, (2) x e™1¥2
n: density of Cooper pair
@: phase of order parameter Phase difference: ¢ = ¢, — ¢,
K: Coupling parameter 1 dn |, . dgq .qV .K i(p,—
e hath o S I A - P2—P1) _ ’
2y dt + i/n4 1t l \/n +1 \/n e Eq. (1)

1 dan . —d¢> _ .4V K —i(p2—94) :
2¢n—2dt+l‘/n2 1 -I-l \/ + i w/ 1€ 2_ ¥1V-Eq. (2)
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DC & AC Josephson Relationship

by using e'? = cos @ + ising,

___________________________

. d 1 . qV . K ! L.
—— =Ny — =5+lZ—hw/n2 + lzw/nl(cos @ —:1S1n <p:) - Eq. (2)”

e Real part of Egs. (1) and (2)”

dn1 K .
a9t -2 Ew/m"z sin @

Supercurrent:
I o dn; dn,
dn K s -
d_t2 = +2 E\/nlnz sin @ dt dt

* Imaginary part of Egs. (1) and (2)”

do; qV+K n,
dt 2k R |n, ¢

|f ny = Ny,

DC Josephson relationship
I = I singp

dp
dg, _aV K m dt
dt 2k A |n, ¢

de; doy qV _ 2eV
dt dt h h

AC Josephson relationship
dp 2e

dt h

14
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Josephson Junction

¥, =pe” S ¥

| |
I Josephson relation
| .
|, =1_,sinp, V=—
: g T leoSINY 26
\ |
s~

Phase difference ;.
- Brian Josephson
— 19
¥, =\pe” S o \|I‘Pbulk| P=0;—0, Nobel prize in 1973

v

aVv
at _ _
Equation of motion of EET——— -
m¢# 0  the phase particle in " ¢:position of phase particle
7 * m, : mass of phase particle
------------------------ Ulp)=E(-cosp-yp)

kinetic  damping  potential

washboard potential current-voltage characteristic
. . . . . 300
NG NN _
V-
S trapped
T l, =0
D -10+ N
E,o :—
~15(m, = C (I
V= b /ICO ! ! ! ) | ) ) ) ) |
o 1 2 3 4 5 6 0TS 0 5
O/ [ (WA)
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Josephson Junction

[

—
Mk .
. Josephson relation
1 .
\ | [, =1,sinp, V===
===y 2e
I :
| ! Phase difference g, josephson
1P puc| P =Pg — Py Nobel prize in 1973

aVv
at _ _
Equation of motion of EET——— -
mgﬂ# 0  the phase particle in ¢: position of phase particle
7 m, . mass of phase particle
------------------------ Ulp)=E(-cosp-yp)

kinetic  damping  potential

washboard potential current-voltage characteristic

-————— K10]0]
D | e |
_ l, =0.51, _ -<V>:£“
w’ | trapped <
| E Yy <
=-10¢ > l
E,,=hl,/2e ; 0.5, 1
45lm_ =C(h/ 26y | - e e
B :fb I-"ll jc.:. Al 300 L | , . . . I
0 1 2 8 4 & 6 -5 0 >
Q/m L, (nA)
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Josephson Junction

[

—
Mk .
. Josephson relation
1 .
\ | [, =1,sinp, V===
===y 2e
I :
| ! Phase difference g, josephson
1 o] P =Pg — Py Nobel prize in 1973

dVv
at _ _
Equation of motion of EET——— -
m¢# 0  the phase particle in " ¢:position of phase particle
7 * m, : mass of phase particle
------------------------ Ulp)=E(-cosp-yp)

kinetic  damping  potential

washboard potential current-voltage characteristic
. . . . . 300
of gy
2 = I
S 5| escape :
W 5
>
2 3o -
> -10t+ ~ |
E — |
40 0.5, I,
-15Hm, =
V= b | _ , ] . . . A 1
o 1 2 3 4 5 6 0TS 0 5
O/ [ (WA)
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Josephson Junction

kinetic

damping  potential

washboard potential

Equation of motion of
the phase particle in

U(p)=E,;(-cosp—yp)

I, =151, 1

run faster

Josephson relation
|, =1_,sinp, V=—
g T leoSINY 26

Phase difference
QP =Pg — Py

Brian Josephson
Nobel prize in 1973

@ position of phase particle
m, . mass of phase particle

current-voltage characteristic

300
.ﬂ
(V)= %!'

> -

> i
0.5/, I,

B —
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Josephson Junction

d
dt _ _
Equation of motion of
mgﬂ# 0 the phase particle in
%

U(p)=E,;(-cosp—yp)

kinetic  damping  potential

washboard potential

of I, =05/, 1

Josephson relation
|, =1_,sinp, V=—
g T leoSINY 26

Phase difference .., Josephson
QP =Pg — Py Nobel prize in 1973

@ position of phase particle
m, . mass of phase particle

current-voltage characteristic

K10]0]
v- g
(V)=
i SIS
2 o —
> i
0.5/, I,
B0

20




Josephson Junction

Equation of motion of
the phase particle in

U(p)=E,;(-cosp—yp)

kinetic  damping  potential

washboard potential

Josephson relation
|, =1_,sinp, V=—
g T leoSINY 26

Phase difference
QP =Pg — Py

Brian Josephson
Nobel prize in 1973

@ position of phase particle
m, . mass of phase particle

current-voltage characteristic

-

: : : : : 300
I aN N V)=
S retrapped
T [, =0 S
>
= = 0
D -10¢t >
EJO :—
_15m, = C (I
7=l [ : ' -300L——
0] 1 2 3 4 ) 6 -5
O/
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Josephson Junction

d
at _ _
Equation of motion of
mgﬂ# 0 the phase particle in
———————————————————— (q --- U(@):EJo(_COS¢_7/§D)

kinetic  damping  potential

Josephson relation
|, =1_,sinp, V=—
g T leoSINY 26

Phase difference .., Josephson
QP =Pg — Py Nobel prize in 1973

@ position of phase particle
m, . mass of phase particle

washboard potential current-voltage characteristic
. . . . . 300
o_/W\
S retrapped
TS I, =0 S
>
= Ea
D -10+ N
E,o :—
~15(m, = C (I
Yy =1y /IcO | | -300 L
o 1 2 3 4 5 6
O/
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Typical Current-Voltage Characteristics of JJ

Current 7 [pA]

700
500 ¢
300 ¢
100 |
-100
-300
-500
-700

0

=
r

___________

—

-4

]
=T

« -1,
2- 1 0 1 2
Voltage V [mV]

___________
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Angle Evaporation for Tunneling JJ

ZEP 520 Develop the two layers selectively
Top layer:
PMEIL SF7 Bottom Layer:
. [PMGI is developed by diluted PR developer)
SIOX PR= Qhotoremst
a Si

ZEP is an EBL resist

PMGI is an EBL resist AND liftoff layer

Device image I-V Characteristics
¥
- §0n¥Y "
. ; «—— Wwire
Irradiate with electron beam
Evaporate Al at an angle
T T \
+ i II"., lll'n L T
',I 1 '.II Il', \ !
\ e B \ |
Ill'l - Il” ll" \ - =* -
II‘l I“' I|II| kl' lll'
BV oy N
— Wire
b
d -
Oxidize the first layer Evaperate Al at opposite angle

T

Lift of f the resist and excess metal
| [ f f
fiofifi B I
@~ [ i Tunnel junctions
® ® g gl gl / )
@ & © o'. 1‘ c“l -'l i i‘l / \
— p— e p— — |

e iy, ey
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Various Types of Josephson Junction

Bty =ME& He oY IME e MEE =& et
(tunneling Josephson junction)  (proximity Josephson junction) (intrinsic Josephson junction)

) Double-angle -
Tri-layer process _g q.l
evaporation 1
Fdukaling &D? et siack

ﬁm, .
{ |

' P
! w, | [Doh et al., Science, 2005] 1 j.lTTI

|

Y :__,..ﬁ_._.ﬂ'- ? .
L -1y ! T
[G.-H. Lee et al.,
Nature Comm., 2015]

Y
I # In-/

thin AL,

- = Y AV

/ underdamped / overdamped multiple-branch

L
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Josephson Junction
with light



Shapiro step (1963)

with same microwave frequency
V(t) =V, coswt do(t) _ 2eV (t)
dt h 3 . D=.1 !:slh.x:nﬂ 25; a=ﬂ_¢g_ ux=.lj.45. t_a-;=-il 5.1'5 . . b=1.60, ~:.=r,\ 26, a=f m .m;=lc| 56, ,:.,F.;. BT
Microwave @(t) « sinwt
(= AC biasing) I; = I sin(@(t)) « sin(sin wt) 2 _ _ y
o supercanductor Resonance of Josephson - - -
-:a.ij.;'.:j.}_;ia [\/W\'vwv\, junction with microwave 40 : 0}
ArAnt] W\[\ svve hw' ‘I 1,/1. = 0.45 | “ /1= 0.55
Superconductor iy VTL — n_ze (n=|nteger) 8 0F 1 18 2 328 3 38 & 45 8 s 1 18 =z 28 3

x

b=1 60, w=ih.25, a=0.00, ic=0 84, lac=0875

I'C
“AC>DC  § ) : Al .
converter” 3 = 3 ||||f|||| I

Ib/IC — 065

L LG 15 2 23 3 .'-h:\ 4‘- -ll:\ ‘.\
Voltage

x

Voltage

[from 2} &1, X[ & 1]

) —
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Voltage Standard (8 & £F), “AC—DC”

n=integer)  Standard voltage generation
using Shapiro steps

h/7|%§ Z=(Fundamental constant)
,' ‘(1)/

7T ~2,07 pV/GHz

10V voltage standard I-V curve

. Load
44— Qutput voltage ——9

~70,000 Josephson Junctions in Series

Voltage /| V. ——

!

Current / mA —_—

[F. Mueller et al. (2009)]
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Voltage Pulse Generation

~1 ps-short voltage pulse generation

A voltage pulse generated when the phase
particle crosses a potential barrier.

/
' T dg
Washboard I I _
potential V° H'/ () 2 dt /F/ux quantum
o 0 ‘

j V(di =—=d =2.07mV -ps

\/ /ﬂ
/ﬂ\ 2np . R A fan
o\ pulse height ~ V=1 R ~A_[e~kgT,
o AFOI X} 0 pulse width~ @ /V,

(Phase particle)

Phase (¢)

Potential

10 time (1)
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JAWS & RSFQ

Josephson Arbitrary Waveform Synthesizer (JAWS) - Cigisio-hasiog Commsrson

LW T T AUy
le-t
Semiconductor digital code generators: Josephson Pulse Quantizer: W
Yoltass Maise i nEsi Vanable -|'t"54'f[1'|_159|1 Quantized AT T T UL U
w2 Bopicall 0w Nans Current  Junctiong,  Voltage Pulse NIRRT
2.5% typics (Pattern Jitter) V-S- Input {rdelr = > Output UWT T T A NG
I W ldenbicnl
—p| | —||— T Lren hile W
,/ X ‘ \
—— IV--/__ !
l m.mm.m

Accurate pulse generator lP‘uIzu:-.'s ! 4 l us
1me /’

\\x r

IVt g

Rapid single flux quantum (RSFQ) Example of RFSQ device

shifi regises s

* Adigital logic device using Josephson pulses instead of 0/5V voltages

* Data encoding, processing, and transmission are performed with ultra-short pulses (~1 ps)
— enabling high-speed operations (100 GHz clock speed).
* Voltage pulses travel through superconducting wires

— preventing heat generation and eliminating overheating issues.

[I. V. Vernik et al., 2014]

T pm
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Terahertz Generation

* The development of THz-band generation devices is still under progress.

Application of THz for security

—

Terahertz gap
Transisior

T i T
300 MHz 3 GHz 30 GHz 300 GHz 3THz 30 THz 300 THz
im 10cm 1cm 1 mm 100 pm 10 pm 1pm
- :

Radiowaves

Mesa with
gold contact \

. ;_'or-j‘J P

1.53 nm

]
—

it
¢
-
|e
!
il
2

¢
5
ﬁ;

do(t) Z2e
it~ 7 /¢ DCvoltage
2e
¢(t) == Vpct g

h

2e AC current
[; = I sin <— VDCt)

Josephson-vortex-flow THz emssion
(a)

oscillator stack detector stack TRV J

=

. l:li'l eclon .'/

,_.
o
-

s

[M.-H. Bae et al.,

dlj/d Vs (mS})

P 1 PRL (2007)]
fy it d(p 2eV . [U. Welp et al., 2013] o
Safer to human body than X-ray T 2e/h~ 0.4836 THz/mV
10 mV DC voltage generates ~¥4.8THz wave
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SC-light interaction:
optical regime
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SC - Many-body interacting QM system

il

lattice

1023 Cooper pairs are coherent. Similar to “Coherent state” in
guantum optics (e.g., Laser)

|a)~e®@"|0)
Particle number — t
guantum phase

tainty: T
uncertainty |l.IJBCS)~62k akPk |O)

Cooper pair

| ANAp~ 1
i ir creati pt = f
| Cooper pair creation operator: P, = Cr1C kL
2 b
in BCS superconductor i ® ~ O 5\(, \
. . | NI Cooper pairs form
Spln-smlglet (anti-sym.) | 5, a condensate at zero energy.
| iy c
|S) = ﬁ(l )= [11) i ; n . _ : @}—/’ @ - @ N2
| i K A q @ - 8 o @ “Electron” and “hole” are similar in SC.
: ™ o - | e < /6 : ~
Orbital : s-wave (sym.) : iy N @ SCL P o o> “ @
| % @ @
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Mean-field BCS Hamiltonian*

* Optional slide

. . : C_ c
Electron-electron interaction via phonon exchange . k1
Cc_qL phonon C

BCS took mean-field approach, where k state depends only on the average of k'#k states.

7’/////%

number operator :| Hka = f:gfika 7

BCS Hamiltonian : # = Zﬁkﬂka e Z Viicy € - [ =

lattice
aveiaqe flucttiation
. i ‘ : « TH JEi= WEE T Ha-T'E{coherent) many-body THEES
C_k|Ck = bk + (c. k| CkT — bk) N
j\ /0‘\ |BCS) -H[u.u, B J.g_fki. k]“
(e kiCur)y

- Z Viaby =
[

=2 Vale

cyc)

Mean-field approximation

Mean-field BCS Hamiltonian :

Hy = ék{kﬁrfkﬂ' - (&kf::f‘*_h t &;f'—kifﬂ &kbi]
' l
k

« O DFEEME 22 k0 Of8) S5t fEdoE ga0] ZYE

= = WE| AHT HAPSE e HMAHY CiS coherent expectation value® 7HE
(e xiens) = b £ 0

— 0|7 #HZ superconducting order parameter2| H2|H of &

Ay o ¥ g o)

Now, particle number is not conserved.
(Grand canonical ensemble)
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Diagonalizing H,, *

Mean-field BCS Hamiltonian :

émeCcka,

Cmﬂ@@?{-jj ' of H l:

Hm= &clytho— Z([&gc:?f”_ : 1]+[a;c-_k1{-ﬂ]_ Ayby)
ke k

Choose a smart unitary transformation to have diagonal form of H,,

\

Ck = UKo + ViV

l l—;r-ewwbﬂ-a. ‘(&E&W‘TW

c,vwr'm.a_‘li‘_ .

AL

= Qe £ 41D

E = (AL +&)'” [ Surrmdoctag POy 1S TR dechan ord hole |

2 €k
. . . where [t =1 |ul = 2 (] _E_)
€ k| = — Vo + Uk k
Bogoliubov(-Valatin) transformation (1958).
& Bogoliub
A= (&~ Ex+ Db+ > Eclrgmo + 7 mi) ogoliubons
k k
\ \ Tko = UCiky — Y€kl
Yo =W Cy + ViCk
Constant Excitation of new-quasi-particles, kl k™ -k| k=K
(condensation energy) called Bogoliubons

Vacuum : BCS ground state

Bogoliubon is a mixture of electron and hole.

40
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Introduction to BCS

Excitation in superconductor (Bogoliubov quasiparticles or ‘Bogoliubon’ ) = mixture of electron and hole in SC

E E
* Bogoliubon for usual s-wave SC N N ANAg~ 1
{ V;L = Ug C}IT — UZC_ki : create k and spin T
)/]j_ = Vy Cpp T Ug Cikl : create -k and spin | ) } ,,,,,,,,,,,,,,,,,,,,, No energy cost
— A
,with excitation energy E = /&2 + A2 0 N.(E) O Cooper pair Condensate
e ¢:the normalsingle-particle energy above B B LT — )
* A:superconducting gap ‘ ‘
* 1-to-1btw. Ng(E) and Ny, (&) : Ns(E)dE = N,(§)d¢ AN<1, Ag>1 ANST, A<l
IEI
If N,(EF) = N,(0), N.(E) =N, (0 =N,(0
n(E) = Na(0), Ns(E) = Ny )dE/ds‘ (0 e Normal metal Superconductor
* For a spinless case, in a special condition,
¥ ¥ Majorana!
Vi=ct+c=y =c+ct
41 o & = =



Tunneling Spectroscopy

Vacuum tunnaling of suparconducting guasiparticles from siomically
sharp scanning unneling microscope tips

7. H P E W el el J L Cesr™
N T i

NG"‘M‘(& 'T\‘\'e"'(.‘(;\ = TV\%W\UC’CW - KN\QB\'u‘:& o ““— — ——T 18K

‘ \ A

/ WMT%“J&LE'“M -'cc.vgi\d& 4 4 -JL R Ghey T TR - | 18K
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/ I
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i

Diferorisd Condutiance (ERFH]

=
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H
|
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L C
5
12

> = S {77
T syl 7 oo = e |
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¢ ¢ ') '] i 3 [ ] "

[} i x
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Superconducting Gap
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e T 7
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Photons Break Cooper Pairs

E] %

=
c N(E)
a)
MKID D £
®°'\9:o-o R
Substrate

Single photon hits superconductor.

N
Two quasiparticles(qps)
with high energy are created.

N

Phonons are emitted

—> some phonons escapes to substrate

while gp energy decreases.

N

More gps with lower energy are created.
N
N
Total # of qps: Ny, = 1+ hvp /A
n: gp generation efficiency

NG

Lower 11 below 1
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Kinetic Inductance in Superconductor

X= S AlZH0] L2t B2l M S
7t&E & AlZ{0Fot=0| o HX| 2R
% l{(&l Ell EI_-lﬁnO.” -6” [:o|-

[ChatGPT]

1. Drude 2 2& 4d4

may = eE(t) —m¥ (2.5)
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o E(t): AlZt0] et gste o Ho|F

o 78T AF AL (scattering or relaxation time)

o v(t): ERY B &

4, 4 HeE HO

oM FolE 54 FEEE

ne’r .
a(w) = m = O'l{w} — ZG’Q(W)
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aptT
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Falota:
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3. MR Lot £29| &

J(w) = nev(w) = J(w) = ne E(w)

m(1l/7 + iw)

2
TRETT

J(w) = WE(»U} =o(w)E(w) (2.6)

2

ne’tr wrt
» o2(@) = m 1+ w?t?
ne? W

m 1/12 + w?

T — 00
n — ng : SC electrons

2
oy (w) = %
J(w) =10(w)E(w)
- iwLy E(w)
1
92 = iwLy

2

SC Kinetic inductance:

L, =
k
nge?
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Microwave Kinetic Inductance Detector (MKID)

nature
Coplanar WavegUIde (CPW) Explore comtent = About the journal ~  Publish with us «
e * lgten ¥ astide
Resonance frequency:
1 giter | Piabilibsd “tnlr 2007
W, = — A broadband superconducting detector suitable for
VLC useinlargearrays
Beter . Day ™ Henry G ie0oc fenjamin & Magn Anasiesios Vemnekis & ionas Fmidrings
Hghrg 4238, 417827 (2000) | Cit= thiz article
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>>Fe source, which emits 5.9-keV X-rays
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1,550-nm NIR Single Photon Detection

LIGHT 15 A

\%I{\ infrared

WAUE] cmmmn e

p(n4) =10

h-BN quasiparticles _— - o e o
I, =10.90 uA .
graphene ; \ ' 0.2 _ [Tark
\ I, direction 0.1111 '
LELA Hg 0.2 100 pW a
e > E
Ir IS 01 E
0 o]
0 4 8
Time (s) a5 10 5 20
10 0 10 ounis in 1-8 bin
(1A) : o SR RR
1. Poisson distribution ] .
2. Mean count < Laser power Single photon detection
[Science 372, 409-412 (2021)] . Y
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Superconducting Nanowire Single Photon Detector (SNSPD)

Research trends in single-photon detectors based
on superconducting wires

Cibe aac APL Photon. 10 DAODS U8 die (1106508 Sl ana i ,!,
] Faz - 33 Wiarch; 2005 + ik

Fublivhed Onsne 15 April l\;ﬂ‘l
|ﬂ:’isnﬂtr typical architecture

Francmoo P. Yania® wnd Mg Colangelo

{b} SNSPD detection process

(1) current-biased
nanowire

3 : . - Vv
o e -,

. {iii) hotspot generation
- .
SE k\\\:&\“ﬁ

- S i,
NS K%x?“-‘:}gf} vorlex dynamics
\ M‘“—k&ﬁh
. l“a::‘.«

FIG. 1. Overview of the superconducting nanowire single-photon detector, (a) Typ-
ical architecture of the SNSPD. This skelch omits elemenis of the oplical cavity
and electrical readout. A light spot is focused on a 10 = 10 um? active area mean-
der, leading to an output electrical pulse. (b) SNSPD detection process outlook.

Subfigure (b) is adapted from Ref. 32,

{v) hotspot
expansio

[Single Quantum]

Superceo 1duc
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Thermal Detector

* No need to collect electron

* No threshold

* Robust against impurities

* More freedom to choose material

PHoION sy,

Energy E, Thermometer

Temperature

Time

* E.:Photon energy
* (: Heat capacity
e G :Thermal conductance

Eesiatance [mOhm]

10

el

Transition Edge Sensor (TES) Array of TES

/

D6

98 w0 102 104

Temperature [mE]

Smaller C

N

Higher temperature rise @
N

Faster cooldown
(shorter deadtime) @
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Graphene for Absorber

Small Electronic Heat Capacity

10
no = 1.7 x 10° crfF/
e 10° ®
_% n=2x10"1 cm=2
£ [PRX 2012)]
& 10'
C, = AyT
0
10 -
102 10" 10° 10
Ty (K)

1

Niode
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Graphene JJ MW bolometer

e graghens

Antingds
'

MNode

» - i
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Specific heat capacity of
monolayer graphene:

o

C.~ 10k;/um? (@ 7=0.1K, %
n=1.7x10'? cm2) =

49

Lij

=

half-wavelength

1 mm

Connections lo
Josaphsaon

[unetian

=
o

Fundamental limit
of NEP is reached.

[Nature 586, 42—-46 (2020)]

A

TBG bolometer

A= 1550 nm

Vo (P

Probability

3 i} 15 20
Counts par 1-5 bin

[Sci. Adv. 10, eadp3725 (2024)]
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SC-light interaction:
microwave regime
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Quantum Computer (¥XIE FE)

A computation device based on quantum mechanics.

Using superposition of 1 | ) 4 l >
quantum mechanics vz 18/ T7Z e

Quantum parallelism (X}

» Classical computer: f:00 _>f(00)
f:01-f(01)
f:10 »f(10)
f 111011

» Quantum computer:

1 |00+ [01)+[10)+[11})

U; ﬁ(
IS %(Ur |00::;:-+ U, |01:::- +U, |1 0:::-+ u. |1 1]

Many groups working on QC

Google - superconduc’nng QC

JJ[P{ ;_li
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Quantum Bit, Qubit (7F4!)

Bit v.s. Qubit

Bloch Sphere (1 qubit)

(@) + )1}

———n

¥

Ji} + |1}

3

¥e

y= =10} @i =11}
cos=|U)+ e r"sin—=|
|'I,|.II - -

“traditional” quantum systems

“artificial” quantum systems

luy |d)

nuclear
spins T ¢
V> [HD
photons
T *
Trapped l e>
ions

- Do o |g>

Blatt et al, Nature (2008)

Long quantum coherence time
Poor scalability, hard to control

Semiconductor-based qubit

1pum

Electron spins in
quantum dots of

GaAs/AlGaAs
/?\ heterostructure
9s [J. R. Petta et al., Science (2005)]

Superconductor-based qubit

Macroscopic quantum
coherence of
superconductor

High scalability and flexibility in design

Difficult to remove decoherence
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Quantum LC Resonator

Electrode 1
L)

Electrode 2
(reference)

M. Devoret, Les Houches Session LXIIl (1995)

The quantized LC oscillator

Hamiltonian:

¥ i B
W ae Yoy
F ad o

Capacitive term Inductive term

Canonically conjugate variables:

(f) = Flux through the inductor. f—}' ™ — i + g
® 2L 2 e =
Q = Charge on capacitor plate. ["-[J',Q] = ift
[&),Q]ﬂh b Lot
Correspondence: " - ko w
Q i P f_' -* N

Solve using ladder operators:

i = (@ & | P = Janz
) UL
{'_" b (O, =22

i = ¢ +i = ./‘--.-'.I'-L- =
Q.un 1IJ'._rI fi o l'iI

- gk
H,= -FHU( alde—
.

[4.4,']=1

M. Devoret, Les Houches Session LXII [1995)

Correspondence with simple harmonic oscillator

_ IUE-; F}:
Hepo = T"’E
[\:F] = ift S
e :J -
1 = |-.l:, = =
Jic Ym
2 :
\ /1
|6)
\ -
\ S
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Josephson Inductance

Inductance describes voltage drop, V, induced by the change of current, di /dt,

V =Lx(dl/dt).
For Josephson junction,
I changes in time

— @ changes in time (DC Josephson relationship)
— V appears (AC Josephson relationship)

ol

— = I.cosp,
By or _ordp . o, - B o1 ol

> = = iy 5 N — 5 — — —_ -
op _2m,, ot Op ot 7, 2T, cosp O Lot
at By

@ﬂ. LJ lI'{I
i L = = R F— _—
Josephson inductance | L(¥) TRl o Ly = L(0)

2nl,

Josephson junction is a ‘quantum’ nonlinear inductor.
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Anharmonic LC resonator

(a)

______

=
45\
>
g ? Y
i £ &
C 0
o| QHO VS
-T2 0 w2 i T -T2 0 ™2 ™
Superconducting phase.qﬁ Superconducting phase.q’)

Transmon energy spectrum

' Pw-h‘.a“
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Shunting Capacitor

(ne)?

Energy storedin C: E = o
To minimize effect charge noise, E. was decreased by adding big capacitor.

= Ecnz

Two-junction transmon

Energy diagram as a function of charging Superconductor-Insulator-Superconductor junction
AlOx
" I|::1:lI f_'.__.: I.'"f_':lr- — I.IU : 3 I[h:ll f:..l f Eer = .":u;i_l .
5 ’/\/\/\/\
~ : Si substrate
:_.f i B M e .-
a - —
5 -2 -1 0 1 2
(¢) Ey/E¢r = 100 (d} E;/Ee = 50.0
T I LJ I T T B I L] 1 T
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Coplanar Waveguide (CPW) coupled to Transmon

s e -
- - ~ -
- - - -
& - LY #
b L -

| |
== —— {— - : l “Cooper pair box :
| ] T |
%, I |
Pl LG eSS
S —_ T Cy, Ey I |
e — !
Lt == == W DE 8
Air Column Resonance GD: | | ¢ l:_ _____ |
| :
(717&3) | L | Controlling E,
| | A |
_________ | |
LC resonator b _ ]

C-shunted JJ
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Flux control of Transmon Frequency

Qubit transition frequency (GHz)

625

605 |---

G600

|
3 i
t‘ ..:
- v
- -
& I
- !
-

- i e -
- '
- |
& |
.
-

....... ‘H........_
I '

Flux bias (a.u.)

04
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Cavity QED with wires

Josephson-junction
qubits

...........
TR e o Wl
................

Transmission-line resonators

- mediate interaction between qubits
- allow qubit readout

Blais et al, Phys. Rev. A (2004)



Qubit-Resonator Interaction

Qubit and resonator are capacitively coupled.

Color: absorption
through readout line

FESOHIEtOF

Transmonﬁ‘r:lbit

C

100 ym

Frequency (GHz)

Houck et al, Nature (2007)

0 02 04 06 08
Qubit flux bias (arbitrary units)

)

Transmission-line resonator

_ -_— Decrease qubit state

H, =hg (aﬁ,, & q,.‘r(ff_) Jaynes-Cummings interaction

. ...._....r____._._._ [ | '{
; : Increase resonator state

Short-circuited end e ——— Open-circuited end 2§
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Qubit Measurement (Dispersive regime)

2o A o
- g n=2)
5.6 , |’]VI = A
X ubit ] it n=1) Photon
gsg w |”= g A |adder
s ' w
& 5 4 L
i A=w -w
)= @ £t |n=0)
4.8
46 s |{}>
0 0.2 0.4 0.6 08
Qubit flux bias (arbitrary units)
" . . 2 "E‘
Dispersive regime: |A| = |::uq —w|>>g 2
]
8
c
A Q
H =-hyo,a'a 8
int LTy E
v \ E
= - o
i Resonator state : ()]
Qubit state R TN
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Single Qubit Operation

Electric field

[Rabi oscillation]

— rotation around axis in x-y plane

M

| = Envelope
= Pulse

=5

0
Time (ns)

Rotation angle
= speed X duration
= area of pulse envelope

[Flux-bias control]
- Rotation around z-axis

Time evolution give ‘dynamic’
phase accumulation as,

) — e ).

Then, energy difference gives phase
difference between |0) and |1) as,

0) + |1) - eEot/R|0) +

Flux-bias control can change the
qubit frequency: hw, = E; — Ej
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Qubit-Qubit Coupling

Dispersive qubit-qubit interactions

1 right qubit
9.5-/_\
9.0 k-
T -
3 8.5 -}'\;-.
2 8.0 left qubit AT
m =
S
g
™ 7.5 Cavity-qubit resonant interaction
Vacuum Rabi splitting
7.01 cavity pyr e e e
_“‘-h,__'__J.ZQ |
6.5- IT T -[If L T l- |-
-1.0 0.0 1.0 20

DiCarlo et al., Nature (2009)

Flux bias on right transmon (a.u.)
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Two-Qubit Processor

l J M2 | Bus resonator l J

. | | = __
Readout -1 “ | ‘ = Readout
- resonator

resopator J L A MY (

B 0

1 mm

Different resonators for qubit-qubit coupling and for readout of each qubit

Groen et al, Phys. Rev. Lett. (2013)



Packaging / Development Trend

Connections to- external circuitry

.-"

letime ips) 5 E N _
‘WﬂummmM| P8R R
101 | [ Bosonic encaded qubit i EE EE _E_g
« Error cormected qubit = ;5- s = E EE
s ' ;
10° 5 2y SR3 K7 RS
s ENF R
oo s i 8 E S B “K
glﬂ“ 2 = §8 & olbg &§ L
= =
— £ 3 g i ¢! &l
a : - — E = li j -
10! &= = M
o _E = = £ Gaternar
ey 1 = 1 LS E 'E' E [somiconductar)
- 2 « g 5 &
Ak E £ ] E =
10 E P £ 5 8
%) [ (s
-3 l,.fu'u ; b & T £ Gatermon
L P t L ] é (yrapshers;
L™
1{_3 i | i | | ; | | | i = 4 r - .
2000 3004 2008 2012 3016 year |
-
@
a9
104 ° ‘ll

“."!D

@ W& 20

Number of quints mac

= 1 v I v T T T -
2000 2005 2010 2015 2020
Year

The performance of qubits is tripling every year.

c.f.) Moore's Law: semiconductor integration density doubles every two years.
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Hybrid system using coplanar waveguide

(a)
Trapped atoms

Quantum dot
in a nanowire

(b) o
Impurity spins

"l

7

Electrostatically-
defined quantum dot
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