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@ Quantum Effects in Superconducting Circuits



Josephson Junctions:

and elements at low T
Macroscopic many-particle condensate T(r,t) _ |T(r,t)|exp[i¢(r,t)]
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Josephson inductance — the inertia of Cooper pairs.
I = 10nA - 1uH, the inductance as of a 1-m-long wire!

N The Josephson junction is a non-dissipative (at T — 0)
_l:l_ nonlinear inductor shunted by a capacitor
L,” C => a non-linear non-dissipative oscillator. 3
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Characteristic Energies
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Quantum Fluctuations in Nano-Scale JJs

Charge and phase are quantum variables.

3 A2 B ~_ i Y n—thenumber
H = Ec (n no) EJO COS @ /|(0 4 O of Cooper pairs

current

- motion of a “particle” with coordinate ¢ and mass o« C,

2

o H(xp)=2—+V(x)

2m
A Sl The uncertainty relation . >
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(the Coulomb blockade regime). (the “classical” Josephson regime).



Conventional
superconducting
electronics:

classical behavior of
the collective
quantum variable ¢

Quantum
superconducting
electronics:

qguantum behavior
of the quantum
variables ¢ and n

QUANTUM MECHANICS

Google: quantum engineers



@ Superconducting Qubits



DiVincenzo Criteria

@ A scalable physical system with well-defined qubits.

@ The ability to initialize all qubits in a simple initial state,
e.g. |00000..).

@ Decoherence time >>> gate operation time.
@ A universal set of quantum gates.

@ Ability to measure qubits.



Quantum Bits

- two-level systems which behave quantum mechanically
(preserve coherence) for sufficiently long time.

Quantum states

Wavefunction
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In reality:

energy

logical levels
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anharmonicity 6 = Eq, — E¢q
- the stronger the better

0 determines the shortest

operation time of a qubit:
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Noises in Superconducting Qubits
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= Charge noise
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Crit. current
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Task: to build a solid-state (= scalable)

system with a “two-level” Hamiltonian

where undesirable couplings are kept
at ppm (!) level
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From Charge Qubit to Transmon (Yale 2007)

Transmon

junction§

{ b} CPW ground plane (Nb) (AI/ALO,

CPW ten.ter pin (Nb)
SC island 1 (Al

SCisland 2 (Al) L

Increase of E /E.:
- sensitivity to the charge
noise drops exponentially,

- the anharmonicity
decreases algebraically.

This eliminates the need for
tuning to a charge sweet spot.
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Quantum Manipulations
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Decoherence : Energy Relaxation + Dephasing

—

T, = Relaxation time
spontaneous decay,
coupling to high-
frequency noises

. 1+1‘1
o \2Ty T,

T,= Dephasing time

Coupling to low-
frequency noises
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1 i, t
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Measurements of T1 and T2

Energy Relaxation (T,)

MW “n" pulse
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M. Ansmann, Ph.D. thesis, ‘09

Rabi Oscillation (T,)
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Sufficiently Long Decoherence Time?

The error 7, T, -the decoherence time
E=—
rate : IF 7, - the time of longest operation
For implementation of error-correction
codes (with realistic redundancy)
T -
Rabi _ﬂﬂﬁﬂﬂﬁﬂ ( ) 1> T >100/w
flop: VYUY 0 = 01
“n” pulse 0)

Q = wy,T, > 10°
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State of the Art

“Moore’s Law”
for superconducting qubits
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State of the Art (cont’'d)

b Fault-tolerant quantum computation

Algorithms on multiple logical qubits

Operations on single logical qubits

f} Logical memory with longer lifetime than physical qubits

Complexity

QND measurements for error correction and control

Algorithms on multiple physical qubits

ANANANAANA

Operations on single physical qubits

v

Time

Devoret & Schoelkopf, Science 2013

The next step — logical (fault-tolerant) qubit.

Major bottleneck is the enormous overhead because

the accuracy of physical (faulty) qubits is too close

to (or even below?) the threshold. w0



QC —still in the early stages, but...

Martinis (UCSB — Google): “We’re somewhere between the

invention of the and the invention of the integrated
/ circuit.”

even this is not obvious yet

d the number of people working on the superconducting QC
in the industry is already a few hundred (“quantum

engineers”).

[ Funding — hundreds SM  (Google: $100M/five years)
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IBM'S $3 BILLION INVESTMENT IN SYNTHETIC BRAINS
AND QUANTUM COMPUTING

IBM THINKS THE FUTURE BELONGS TO COMPUTERS THAT MIMIC THE HUMAN BRAIN
AND USE QUANTUM PHYSICS..AND THEY'RE BETTING $3 BILLION ON IT.

BY NEAL UNGERLEIDER

IBM is unveiling a massive $3 billion research and development round on
Wednesday, investing in weird, science fiction-like technologies—and, in the process,
essentially staking Big Blue's long-term survival on big data and cognitive computing.

Over the next five years, IBM will invest a significant amount of their total revenue In
technologies like non-silicon computer chips, gquantum computing research, and
computers that mimic the human brain.
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@ Parity-Protected Josephson Circuits
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Parity-Protected Qubits

The goal: to engineer two (almost degenerate) quantum states
indistinguishable by the environment.

Gottesman, Kitaev & Preskill (2001) H=K (Xn 4 X_n) +V kz

||‘
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| |
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|

- parity protection

6420246 k

e Decay is suppressed if parity is protected. y T1 — 0

e Dephasing is suppressed if the envelope decays slowly
so that wave functions are not easily distinguishable.

& long T,

* (Some) fault tolerant rotations — protected from noise
in the control pulses.



Parity Protection

Charge Pairing

E;"cos(2¢)
A

[ |
Zm
Dp= D2 YK D= /2

2N

Correlated tunneling of TWO
Cooper pairs

cos(¢@) term is suppressed
by destructive interference
(Aharonov-Bohm phase)

Flux Pairing

2E;cos( ¢/2)

superinduitor ( | Cooper pair box

n flux quanta

Correlated tunneling of TWO
flux quanta

cos(¢@) term is suppressed
by destructive interference
(Aharonov-Casher phase)

The parity is protected by SYMMETRY
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» Charge-pairing devices



Josephson cos(2¢) element (*Josephson “rhombus”)

L2 Y. Aharonov &
q : D. Bohm,
LAY PR 115, 485
: K (1959)

o‘.
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Aharonov-Bohm phase: the wave
function of a charge g moving
around a magnetic flux @
acquires a topological phase shift

A‘PAB:%SﬁA'dl z%eq)B

loffe, Doucot,
Feigel’'man et. al.
(2002 — present)

2N

Parity protection (k 4 k + 1)
due to destructive interference.

Correlated tunneling of TWO
Cooper pairs

S. Gladchenko, D. Olaya, E. Dupont-Ferrier,
B. Doucot, L.B. loffe, and MEG.
Nat. Phys. 5, 48 (2009).

27



Device and Readout

Two experimental “knobs”:

- the gate voltage controls n, on the central island;

- the flux in the “phase” loop controls ¢ across the chain.
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Microwave Measurements

ELO{ RF
w*l M, > wl
— e w2 &
—F—X IF Amp -
a1]

RF Amp
™S
I/
60 d

s 8
HOR 1O HO-
|

2 = 4K ﬁg%% """
@0 o *
& g L =
O 0 sxu """"""" ; the device is coupled to
3 5 the read-out LC resonator
. Opsoq
- s 20mK | | |
e - |Ops0q;
A RF Box -L — I

e o e e e o o e e e o o e e o e = = =

Multiplexing: several
~2 devices with systematically
varied parameters.
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Spectroscopy
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. . O /O
Time-Domain Measurements 50 R_° 051

Optimal regime: maxE,,min E; -
@ =nm (minkEyq)

1.0
£ 17
c At Meas.
S 05} !
© -
3 ng-1/2
8 T1 =30 us

0.0

100 150
At (us)

Q = wo1T4 Improvement by 2 orders of magnitude

~1-10° (compared to a similar unprotected circuit)

M. Bell, J. Paramanandam, L. loffe, and MEG. PRL 112, 167001 (2014).
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Dephasing Time

12

o log(E;/Qy) (2E;
o= [ (1)

Digitizer Voltage (mV)

7. =19pus §E; - fluctuations of E; caused by the 1/f flux noise

g L I I 1 1
g0 05 1.0 16 20 25 30
Pulse Width At (us)

Primary source of dephasing: flux noise in the rhombi
loops that causes fluctuations of E,
(E; # 0, relatively small g).

Next e eliminate the asymmetry

steps: * increase E,/E,



» Fluxon-pairing devices



Flux-Pairing Qubit [ Josephson cos(¢/2) element |

loffe, Doucot 2012

superinductor (%:;Q Cooper pair box

\

k flux quanta

Discrete variable: 21tk

Parity protection (k /A k + 1)
due to destructive
interference.

Correlated tunneling of TWO
fluxons
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Aharonov-Casher phase: the
wave function of a magnetic
dipole pu moving around a line
charge acquires a topological
phase shift proportional to the
line charge density
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Large quantum fluctuations of phase ((n?) > 1): Edps >> 47T2EL

Implementation of the fault tolerant flux-pairing qubit: _
Fluxonium:

1. Superinductance (~3 — 10 pH) L = 0.3uH
2. High rate of double phase slips ( < 0.2)
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Superinductor

h
(2e)?
No dissipation and dephasing

Impedance Z >> R = ~ 6.5k}

Chain of junctions Wlth >> 1: L=0.3uH

V. E. Manucharyan J. Koch, L. Glazman, M. H. Devoret. Science 326, 113 (2009).

Chain of asymmetric SQUIDs : L(® = ®y/2) = 3uH

M. Bell, I. Sadovskyy, L. loffe, A. Kitaev, and MEG. PRL 109, 137003 (2012).
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Specific to our design: tunable inductance and non-linearity. 37



CPB + Superinductor
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Spectroscopic Evidence of Aharonov-Casher Effect
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Linear dependence E,,(®) at n, = 0.5 (complete suppression of
single and double phase slips):

- identical small junctions

- clear spectroscopic evidence of Aharonov-Casher effect 0



Marcus’ Lab (Copenhagen)

/ \

Fine tuning of E;: Fast (1 ns)
symmetry protection switching:

fault-tolerant
operations .,



e Charge- (flux-) pairing qubits offer the possibility of
coherence protection and fault-tolerant operations.

e Observed:
- suppression of energy relaxation in a minimalistic

rhombi chain;
- spectroscopic evidence of Aharonov-Casher effect in

flux-pairing devices.

e Current work:
- improvement of coherence in rhombi chains (larger E,/E.) ;

- optimization of the parameters of the flux-pairing qubits
(smaller E, and larger E ;).
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