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® The notion of quantum phase slips in a superconducting wire

® Fluxonium —a long 1D array of Josephson junctions,
closed in a loop by even a weaker junction

® Spectroscopy of the junctions array and observation of phase
slips interference



-vs. Phase of the Order Para-

U(7) = |¥(7) - ¥ E = [dFf(T,u*

Periodicity of energy w.r.t. phase: @(7) = ¢(7) + 27
does not affect £

Example 1: a single Josephson junction E = E; (1 — cos @)
2T
€—>

ANAANNAANANANT




- vS. Phase of the Order Pararr-
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-oring the Energy Periodicit-
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-toring the Energy Periodicit-
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- Enforcing Equilibrium -
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-Activation of Phase Slips -
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-T—>O,Tunneling of Phase sn-
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-—>O,Tunneling of Phase Slips |

Transport experiments with nanowires (R vs. T): extension of the
Macroscopic Quantum Tunneling (MQT), inconclusive

Giordano (PRL 1988) — not even 1D (Goldman, Liu, Haviland, LG 1992)

Bezryadin’s group, Markovic, Tinkham,
Bockrath, Lau — from 2000 and on
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-antum Phase Slips (QPS): -
“Gedankenexperiments”
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(1) quantum rounding
(possible to confuse with thermal effect)
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-S: “Gedankenexperiments” -

(3) gate modulation of the gap
due to phase slips interferencg
(Aharonov-Casher effect)
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1D arrays of Josephson junctions do show all 3 features



eriments with Josephson J
Arrays

(1) Quantum rounding in ground state (arrays of 6 junctions) —
Pop et al, Nat. Phys. 6, 589 (2010)
CNRS-Grenoble

(2,3) Anti-crossing and Aharonov-Casher effect in transition
frequency (long arrays, over 40 junctions) —

Manucharyan et al, Science 326, 113 (2009)+ Phys. Rev. B 85,
024521 (2012) Yale




-rray of Josephson Junction-
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-cs of a Josephson Junction-
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very long chain, N>>1 junctions
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-croedinger Equation for QP-
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Eja > Ecgq — rare quantum slips i s
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Phase slips (instantons): tunneling |m) « |m 4+ 1)

ﬁwm = EmyYm — Nv(Ypm—1 + wm+1)




I iuitiple Paths for Phase SlipSUNE
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Weak dependence of the ground state energy on phase difference at Nv > F;/N



I iuitiple Paths for Phase SlipSUNE

Nv> FEj;/N

Array becomes insulating [Bradley, Doniach (1984)]

[Matveev, Larkin, LG (2002)]



-m”: A Loop with One Weal_

9 turns, L=50 nH
first self-resonance
@ 10GHz
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- The“Sllly Putty” Inductor -
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Hopefully, mini-gaps are meffectlve at small Nv
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small
junction

capacitive
coupling
to resonator

Experimental realization from Qlab

20um
L

weak junction — large quant fluct

Ec/h = 2.5GHz
43 large

junctions

array of “strong junctions” — rare QPS
43 junctions, each with
Eja/h =22.5CGHz
Eca/h = 0.8 GHz

effective inductance
Er/h=052GHz L =310nH

IO b Vladimir Manucharyan



BTG ucncy Domain MeasuremeniSII

Spectroscopy frequency (GHz)
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B sovicoocr:
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Relaxation Times of Free Evolution




-ne-Domain Measurements, -

Relaxation (0-1transition, working point 7.8 GHz)
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-ne-Domain Measurements, -

Ramsey -- oscillations averaged over repetitions (0-1 transition, working point 7.8 GHz)

" \ “.‘ h\ T2=2ps _
— '| | 4 AF rh' :
@60 F | ,|' i\ }\ =
g E \ , . .'. ' .i"r
g f %
Lro | \ {,I i —

S r ‘ " s
o’ £ 'I 'I '. -

E | ' ] 1\ E
of || Y ! VA

: ! | i X -

E " ¥ tQ

30f f <<U+>> X B%(QOHGXIJ (" (T.*)Q)

E | \ | | | | | | | | | | | | | | | | | 12
0 500 1000 1500 2000
t (ns)

Vladimir Manucharyan



e-Domain Measurements,

Ramsey with echo (0-1 transition, working point 7.8 GHz)
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-erence Times — Flux Depenel-

w0—>1(q))

Dot = Py/2 is aflux “sweet spot”. Should have lead to a MAXIMUM in T2*(&)
if width comes from fluctuations in @

Fluctuations slow on
scale ~ 10 us

Coherence times (ns)




‘e—visit the evaluation of wo—:-

2

E P
Ejcosp+ — (@—27r—>
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Phase slips through the weak junction only

b ~ (I)Q/Z

Back to JJ array:

N
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-Re-visit the evaluation of E-

¢ ~ (I)Q/Q

m =20
m = —1

H¢m = Emy¥m — (vo + Z v;) (Ym—1 + wm—l—l)

T S

E_]_ — E{] OC (D — @ﬂ/z quO >> EqpsA

wo1 (@) = 1/ A(@ — ©0/2)? + (Eqpso %

Transition frequency is most sensitive to a QPS in array at
P ~ @@/2

What if £qpsa fluctuates in time ?



B Origin of T2 B
w01 (®) = 1/ A(® — ©0/2)? + (Eqpso + Eqpsa)?

P

If amplitudes of Quantum Phase Slips passing through the
junctions of array fluctuate in time, then

5(.001 ((I)) = 5&)01 ((1)0/2)w(23((p((()1)/)2) ] 5&)01 < 1/T2*

Parameter-free fit to data, excellentat @ =~ ®,/2

Why Eqpsa would fluctuate in time ?

Fluctuating charges in or around the array — Aharonov-Casher
phases



-ov-Casher effect and Phases -

e N0 iy

Cycling a phase slip brings in a phase

] q, 9, 4, j q
| - factor n

P—— Pn = Z d; charge = A-C phase

7777 j=1

Vv, =1v-e " Pn

random phases

O|F ~ vV N
[Ivanov et al (2002); Matveev et al (2002)] [Eqpsal ~ v

w01 (@) = \/A(® — @0/2)? + (Eqpeo + Eapes)?

Valid if all phase slips are “rare” (both v and vo small)



-nce of a “frequent” QPS with a* ra-

Phase slips in weak junction only (“frequent” slips)
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-tive evidence of the slips inte-

(1) Full functional form of dwgy (P)

dwo1(P) = dwo1(Po/2) i f d [Yo(@) ol — 2m) — P1(@)P1(p — 2m)]

2

d* by, )
dilni= —4Ecd_(‘02 T EJCOS(,D i 7 ((,O Tl 271'(}?0)

fits the measurements at (almost) all fluxes
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ndence of relaxation — expt

Excellent fit (red) at

) all flux values
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B concusions

® Spectroscopic observation of rare quantum phase slips
due to their interference with fast ones

v~ 10°Hz
ov ~ 10°Hz

7 v(172)
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® Remarkable coherence of phase slips in long arrays of
Josephson junctions

— Transition frequency




