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Superconducting guantum machines

® Components
® resonators
® Josephson junctions
® Qubits
® phase, charge, flux
® -um’s and —mon’s
® decoherence
® Quantum processors
® simple algorithms
® error correction
® simulators vs computers
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I Electromagnetic resonator
as a quantum system

® LC - resonator ® potential energy
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=) harmonic potential: equidistant energy levels
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=) way to get anharmonic potential is by
using a nonlinear inductor: a Josephson junction
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I Josephson junction

superconductor

x tunnel barrier

superconductor

}

superconducting phase difference: @ =6, -0,

r -
|, =1.SIng
Josephson
relations < v 7 do
 2e dt
-

¥, =¥, exp(i6,)

¥, = |¥,|exp (i6,)

Josephson inductance
diy, @,
dt 2z1.cose

J

Alexey Ustinov



IJosephsonjuncﬂon:
washboard potential

Dynamics of a small Josephson junction is equivalent

to the motion of a particle current
‘ mgb+migb+au(¢)=0 | X
f RC o
2
with mass m=C (%)
27

| O, (|
in a “washboard” potential U (@) =- C2 0 ( I¢ +COS¢]
T

c

energy U(o)

with small-amplitude oscillation frequency
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I Macroscopic quantum system

By reducing the
capacitance C
the "'mass’

\ / m:C(q)on

27
can be made small

_______ Theory:
A. J. Leggett, Prog. Theor. Phys. Suppl. 69, 80 (1980).

A. J. Leggett and A. Garg, Phys. Rev. Lett. 54, 857(1985).

energy U(o)

Experiment:
J.M. Martinis, M. H. Devoret, and J. Clarke,
> Phys. Rev. B 35, 4682 (1987).

phase @



I How low should be the temperature?

energy

Alexey Ustinov

ho

To see the energy levels we need 7w >> KT .

For the level separation frequency of

f =% _10GHz
27

the condition T :i—w correspondsto T =0.48K

B
.e. 1GHz ¢mm) ~50mK



I Josephson phase qubit

current

phase

J. M. Matrtinis et al., Phys. Rev. Lett. 89, 117901 (2002).
R. McDermott et al., Science 307, 1299 (2005)




| Flux and charge: Two extremes

Uncertainty relation for a superconductor: An-Ap>1

2
Charging energy E. _ Josephson energy E, = 1.2
2C, 27
charge . flux l
qubit —n=10°8 qubit
electrons
E. >>E, E. << E; ()
» Makhlin et al., e Friedman et al.,
Nature 398, 305 (1999) Nature 406, 43 (2000)
 Nakamura et al., » van der Wahl et al.,

Nature 398, 786 (1999) Science 290, 773 (2000)



I Prototypical nonlinear equivalent
circuit of a superconducting qubit

C

© |I. Siddiqi,
Supercond. Sci. Technol.
24, 091002 (2011)
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Inumber>

l

|phase>

The central element is a
Josephson tunnel

junction shunted by a
capacitor and an inductor.
The junction has a nonlinear
Josephson inductance L; and
a linear capacitance C; .

Qubit E J/ EC EL/ = J

charge <1 0
transmon ~ 100 0
flux ~ 100 ~ 0.5
phase ~ 104 ~0.2
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I Overview of superconducting qubits

charge qubit flux qubit phase qubit
1999 2000 2002
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ICharge gubit: NEC experiments

E

energy

charge of the box n.=qg/(2e)

Nakamura et al., Nature

398, 786 (1999)
Nakamura et al.,

PRL 87, 246601 (2001)
Nakamura et al.,

PRL 88, 047901 (2002)

Single
Cooper-pair
Tunnel tunneling Reservoir
junction ~ s ’
Ry ~ 10k2
SQUID
G loop
ate
V Box y Probe
© Y.Nakamura Ry ~ 30 M£)
R TR -
e gare - IR
box
1 pm
— pulse gate

12



I Charge qubit: NEC experiments

Pulse-induced current (pA)

o

L*)
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Nakamura, Pashkin and Tsai, Nature 398, 786 (1999)
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I Charge qubit: NEC experiments

Nakamura et al.,
Nature 398, 786 (1999)

Simulation

Measurement
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I Transmon qubit
J. Koch et al., Phys. Rev. A 76, 042319 (2007)

(a)lE{/Elc‘ — L0 (b)l E-{/El“'-?‘ - 510 by increasing E,/E
1 i (e.g. by shunting the junction
with a capacitor)

the energy bands become

more flat
Cqg J— gate

: : 2 G/QD IT island

-2 -1 0 * 1 2 -2 1

() Es/Ec = 10.0 (d) E;/Ec = 50.0
T T T T T T T T T T T T I T
CANS NN PF =
f.;qs - . . i 2
—
S 1 there is a sweet spot
1 ! I ~RE, Ee - everywhere ! =0-
(et v but the anharmonicity
2 ! 2 1 1 2

0 . - 0
Tig Mg decreases. @

Transmon = TRANSMission-line shunted plasma oscillatiON qubit
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I Transmon qubit

charge qubit Hamiltonian: schematic of a transmon coupled to a resonator
H=E.(N-N,)" —E,cos¢ 3 ]
i 1B Cly
_ _ Cy, By
o for I_EJ >> Eg, ’Fhe eigenstates are in a LT§ £ Eﬂ
cosine potential: @ cD
1.5 -

J. Koch et al., Phys. Rev. A 76, 042319 (2007)
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I X-mon qubits for scalable quantum
Integrated circuits

R. Barends et al., Phys. Rev. Lett. 111, 080502 (2013)

readout line readout
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IA circuit analog for cavity QED (Yale)

2g = vacuum Rabi freq.
fa " « = cavity decay rate
o v = “transverse” decay rate
Y
transmission \*

ine “cavity” ’ )@

/_10‘1Tm { Cooper-pair box “atom”

_ © A.Wallraff
A. Wallraff, D. I. Schuster, A. Blais, et al., Nature 431, 162 (2004)
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I Charge qubit in a cavity (Yale)

Andreas Wallraff

Robert Schoelkopf

A. Wallraff, D. I. Schuster, A. Blais, et al., Nature 431, 162 (2004)
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| Dispersive qubit-field interaction

gate voltage, Vg [V ] 2008

~0.14 -0.12 -01 -0.08 -0.06 . —
607 Photon-qubit 12— 1——11)
anti-crossing: |y ?g— 0)
vacuum Rabi T
6.06 splitting 0y~ —
- +) 1)
z 0.1 [ | T
) ~No . — data b
— 6.05 '
4 ”E 0.08 | '
~ - 1
Z g 0% |
S 6.04 7 HE
5 v 0.04 (I
E‘- large shift = !
“ c 0.02 ! '
6.03 ©
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6.02 frequency, vgr [GHZ]

0.98 1. 1.02 1.04

gate charge, nq
A. Wallraff, D. I. Schuster, A. Blais, et al., Nature 431, 162 (2004)
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I Circuit QED with Transmon Qubits

L. DiCarlo et al., Nature 467, 574 (2010)

)
10
10\

()

a

b

e each qubit interacts with the resonator. This is described by the
Jaynes-Cummings Hamiltonian:

H =haw, (a+a+;j+h% %4—7’2 g (a+a‘ +aa+)

cavity (resonator) qubit coupling cavity-qubit

a” and a are photon creation / annihilation operators.
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I Flux qubit

quantum states: clockwise current counterclockwise current
o
%) =al0)+ A1) —
. .
0) 7
ol 07

degeneracy point at

Hans
Mooij

J.E. Mooij et al., Science 285, 1036 (1999)
C.H. van der Wal et al., Science 290, 773 (2000)




I Superconducting 3-junction flux qubit

ol
%
( 0, )
ICx(Pl ch(P2

"

flux quantization:

o
O+ @, +p,+2r—=27n
(DO

effective 2D potential: |\  effective 1D
U D | cross-section: |
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I Superconducting flux qubit as

a two-level system (artificial atom)

ol
SRR
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ch(Pl chq)z

"

magnetic flux bias ® ~ ®©/2
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(50‘Z + Aax)

persistent current states + |,

%

\_ J

J. Clarke and F. K. Wilhelm, Nature 453, 1031 (2008)
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QED readout of a flux qubit

Al/AIO,/Al Josephson junctions

qubit

readout
LC resonator
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I Anticrossings

® Dispersive shift of the resonator due to the qubit in the ground state
® Evaluate qubit-resonator coupling, if gap A is known

theoretical gubit/resonator frequencies vs. flux bias resonator #3 frequency vs. flux bias
] L] I.. T 10;015
0-1 transition -
14 | resonator - 1 9.625
— 1 10.01
5 I g0
Ml L - (5 )
5 12 ] 10005 =
& e
% 4] 9.615
2 10 eeene-d 10 g
c - =
S S 9.61
g sl 1 9.995 g
. @ 9.605
) G°q 9.99
51 U 9.6
L L L 9.985
20 15 10 -5 0 5 10 15 20 20 -15 10 -5 0 5 10 15 20

difierence from half frustration [mPhi0] difference from half frustration [mPhi0]
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I Flux qubit vs , fluxonium*

flux qubit ‘ I fluxonium
2000 ‘ ) — 2008
O
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I Flux qubit vs , fluxonium*

flux qubit
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Decoherence
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I Microscopic defects in qubits

+ 7 strain

— —T applying mechanical strain tunes the energy splitting
piez/o of defects in qubits

G. Grabovskij, T. Peicl, J. Lisenfeld, G. Weiss, and A. V. Ustinov, Science 338, 232 (2012)
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I Progress of superconducting qubits

“Moore’s law” of superconducting qubits

107 [~ y
—o-T, 3D cavities
] —a-T, — 100,000
10 B Tcav
I e R S 10,000

@ 10° [ ~
£ CQED  Fluxonium o
o | Improved 11000 @
£ 104 — Quantronium 3D transmon o
® \ -
= —1100 ©
= 10° 3D transmon *é'
= O
5 Transmon - 10 a

102 O

— 1
10 Charge echo
109 | | I | |
2000 2004 2008 2012
Year

M. H. Devoret and R. J. Schoelkopf, Science 339, 1169 (2013)
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I The 3D — Transmon Qubit

Cqg J. gate

G/QD IT island

no inductance =» Minimized flux noise
large capacitance =% avoids charge noise
low field intensities ™ no excitation of defects
avoids dielectrics =+ low energy dissipation

KIT

Karlsruhe Institute of Technology

H=E.(N-N,)’ —E, cos¢

T,=70ps
T,*=95 s

Transmon basics:
J. Koch et al., Phys. Rev. A 76, 042319 (2007)

Pictures: R. Schoelkopf, Yale / IBM
Ch. Rigetti et al., arXiv: 1202.5533 (2012)

H. Paik et al., PRL 107, 240501 (2011)



I New development. gatemons

PRL 116, 150505 (2016)

PHYSICAL REVIEW LETTERS

Gatemon Benchmarking and Two-Qubit Operations

L. Caspa.ris,1 T. W. La.rsen,l M. S. Olsen,1 F. Kuernrneth,l P. Krogstrup,l J. Nygé?u’d,l’2

K. D. Petelrsson,1 and C. M. Marcus'

® ,gatemon” — transmon-like qubit
tunable by dc voltage gate

Nanowire

® single-qubit fidelity 99.3%
B two-qubit fidelity 91%

Alexey Ustinov

Q2

®¢ — 7T, ~53us
""" T2 .6cho~ 9.5US

week ending
15 APRIL 2016




Multiplexed Readout of
Superconducting Qubits

- L - - = - L - -

3 - s ; e L 'Y
. z = ..,n. - ==
[} 5 |
e |
F ]
1 R
B q
L F Il Al
¥ Wit - ———————F— g\ 3
= . — ¥ A
I LB
b _ . _ ¢
2 2 ;
=g - el
B b o . 155 i e vl
- i 4 4 P - A [ * ik [ [ ]

DOOU00D0U0 00000 g o 3 'EI
poopooanonoun|| ||2aos H SO e Sl ; T

M. Jerger et al., Europhys. Lett. 96, 40012 (2011)
M. Jerger et al., Appl. Phys. Lett. 101, 042604 (2012)
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I Demonstration of 2-Qubit Algorithms

L. DiCarlo et al., Nature 460, 240 (2009)

Grover algorithm ~ State tomography -

0w/ 2,m
: “R.-n:,a.r"Ia Joint
c O dn L[ eloo Dispersive
_RU,’EIQ,W_REEGGUI
€LY

d

o the Grover algorithm for searching an unsorted database is demonstrated with a fidelity of 85 %.
(b) starting state (00)
(c) equal superposition of all 4 states
(d) rotation of the phase of the searched state (10)
(g) maximal amplitude of the searched state.
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I 3 coupled Transmon Qubits
L. DiCarlo et al., Nature 467, 574 (2010)

o Spectroscopy:

o demonstration of GHZ (Greenberger, Horne,
10 +

i and Zeilinger) state of 3 entangled qubits:
= s ' ¥ | 1
e cavity Yoz = 2 q000> + ‘111>)

—— .
N = - algorithm for pre- ﬁ» _
< 2 paration of GHZ:
5 T " |0y =]
£ 0y —R:

i % result: density matrix

6 - fa,

' 02 | -0 0.0

Flux bias on Q, (®,)

fidelity of GHZ preparation : 88%
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2014: Reaching the surface code threshold
for fault tolerance of > 99.4% fidelity

L e, T il -

Readout line e

“““ N JLTTE sl SETT R f— =
( F ( ¥ ( ¥ ( F ( I Readout
) ) ) ) ) =
Resonator ( : ( : ( . ( € :
r't"_xl—%—” a—i'tji{ﬁ “—“_%';_""-I
£k ¥ % I &H
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John Martinis’ UCSB team hired by

o A%F.'L -EtV 2T

= 3l
i

8

‘o
[ —

September 2014 st oo e =
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I Kitaev's surface code implementation

IBM TU Delft ~ UCSB/Google In 2015 three teams have
' | demonstrated the basic parts

of the Kitaev's surface code

S. Benjamin and J. Kelly,

: : , Nature Materials 14, 561 (2015)
Parity checker (Z basis) Data qubit

Parity checker (X basis)
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I Quantum simulators

Heterodyne
\detector

THH (2744

§1 T T T XX:HH):}_ © Houck lab, Princenton

Main idea: Measure the result of interaction of a
superconducting qubit with an environment
composed of an array of spectrally tailored
microwave resonators

Alexey Ustinov



I Superconducting guantum metamaterial:
the simplest quantum simulator

20 flux qubits

P. Macha, G. Oelsner, J.-M. Reiner, M. Marthaler, S. André, G. Schon, U. Huebner, H.-G. Meyer,
E. Il'ichev, and A. V. Ustinov, Nature Commun. 5, 5146 (2014)
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D-Wave quantum computer:
adiabatic quantum annealer-simulator
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I D-Wave Quantum Computer controversy

My Shlnte
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I State of the art for superconducting qubits

44

Superconducting qubits are currently the most advanced
technology for building scalable quantum circuits

Gates and simple algorithms have been reported with up
to 19 qubits (charge, flux, phase, and transmon qubits)

Quantum gates take time 10-50 ns

Coherence times T,, T, are currently in the range 10-50 pus
(2D) and up to several 100 us (3D)

D-Wave is marketing superconducting guantum annealer
(simulator)

Google, IBM, Microsoft enter the race towards building a
scalable quantum computer



I KBAHTOBBIN ITPOLIECCOP GOOGLE

9 kybuToB
Google
(2015)

Google

John
Martinis

Google nnaHnpoBan K KoHuy 2017 roga NnpoAeMOHCTPMPOBaThL KBAHTOBbLIW NPOLIECCOP Ha
49 kybutax. Llenb - npoaoeMoHcTpupoBaTth ,quantum supremacy".
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I npaKTI/I‘-IeCKI/Ie 3agayiun Ansd KBaHTOBbIX KOMIMbHOTEpPOB

YHuBepcanbHble KBAHTOBbIE KOMMNbLIOTEPbI
dakTopusauyus (anroputm Lopa)
nouck B 6a3e gaHHbIX (anropntm [(poBepa n ap.)
KBAaHTOBAs XUMWUS
pacyeT HOBbIX MaTepunanos

AaunabaTtnyeckme KOMNbLIOTEPbI, YCTPOMCTBA KBAHTOBOIO OTXKUra
3aga4yv onTumMmn3saumm
MalunHHoe obydeHune (combinatorial optimization problems)
NCKYCCTBEHHbIW NHTENNEKT

AHanoroBble KBaHTOBblI€ KOMMbITEPbI (CUMYNATOPLI)
MOOENMMPOBAHUE KBAHTOBbLIX CUCTEM
dOTOCUHTES3 N NeKapcTBa
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