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Introduction to Yu-Shiba-Rusinov state

Anderson Theorem: Superconductivity in conventional
superconductor is robust with respect to disorder in the host
material preserving time reversal symmetry.
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Introduction to Yu-Shiba-Rusinov state

Anderson Theorem: Superconductivity in conventional
superconductor is robust with respect to disorder in the host
material preserving time reversal symmetry.

What happens when the impurity is magnetic?

Proposed by Yu (1965), Shiba (1968), and Rusinov (1969).
Observed by A. Yazdani et. al. in Science 275, 1767 (1997)
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G. Menard et. al., Nature’Physics (2015
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Single static magnetic impurity

Htot = HO + Hirnp
Hy = e, + ATy
—JS - od(r)
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Localized spin polarized in-gap states emerging as a result of the
exchange coupling:

a = wpdS

YSR states
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Why YSR state is interesting

Array of magnetic impurities on SC — setup to realize TS hosting
Majorana Fermion — Topological quantum computation

STM -
tip * S PIPIP PP

Superconductor

Nadj-Perge et al, PRB (2013)
Vazifeh et al, PRL (2013)
Klinovaja et al, PRL (2013)
(2013)

Braunecker et al, PRL (2013
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Majorana zero modes at the end of the chain

S. Nadj-Perge et. al., Science (2014)
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Atom by atom fabrication of magnetic chain on SC

Kim et. al. Science Advances (2018)



The challenges for YSR based qubit

@ No coherent quantum degree of freedom yet identified

@ Need for methods to scrutinize Majorana Fermions apart from
conductance

An intermediate (conventional) qubit:

Single YSR state —YSR qubit ------------ > TQC
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Building Yu-Shiba-Rusinov Qubit

Precessing magnetic
impurity

Josephson Junction

-+ substrate | Xi4€ 5
SC substrate SC island

sulating oxide layer —

N\ swave'SC

1D transmission line resonator

antibonding state
|A) = I|L) - r|R)
YSR state YSR state

o bonding state °
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Dynamics proposal

Crux of YSR qubit
proposal:
@ Dynamics of the spin
biases the double well
potential

@ Frequency shift (back
action on the spin):
occupation of in-gap
states

Hpac(t) =Ho + Himp(t),
Ho =€p7, + ATy,
Himp(t) =4 S1(t) - o 6(r) + L S:(t) - o0(r — R)
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Qubit Hamiltonian

Energy Spectrum
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Qubit Hamiltonian

Energy Spectrum
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da > tp, qubit basis — left, right states
da < tp, qubit basis — symmetric and
antisymmetric superposition
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Read Out of YSR Qubit via impurity dynamics

Single circularly precessing impurity
S(t) = S(sinfcosQt, sinfsinQt, cosh):

H. = —JS(t) - od(r)

imp

1\ Q
Dynamic reactive torque 7r(t) = JSn x (o) = (ns _ 2> 5,, X z

Resonance frequency shift due to the Shiba state:

Qo
1\ 1
1+(n5—§>g

Mishra et. al., PRB 103, L121401 (2021)
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Qubit Read out via impurity dynamics

@ Read out at the target spin
@ Key player: Torque acting on the target spin

Torque

Static Torque (7s) Dynamic Torque (74)
(Misalignment of spins )
( RKKY interaction)
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“Good" qubit regime:

@ insensitive to fluctuations

@ resolving the resonant frequencies, 6Q > 0.1GHz (Yang et.
al., Science (2019))

@ measurement via STM-ESR technique
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Coherent Manipulation:

e Time Evolution operator: U(t, tp) =

° (t) =

U(t,0)|0)

spiral pulse

Archana Mishra
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Some estimates

YSR Qubit Andreev Qubit
0=m d=m
@ Qubit splitting, ~ 9.5GHz, @ Qubit splitting, ~ 8GHz
@ Rabi time period: =~ 8.55ns @ Rabi time period: =~ 20ns
@ Relaxation time ~ 7us. @ Relaxation time ~ 4us

Janvier et.al. Science 349,1199 (2015)

Issue: Building multiqubit gates
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cQED proposal

Experimentally feasible: Already implemented in Andreev qubits
(Ref: Zazunov et. al. PRL 90, 087003 (2003), Chtchelkatchev et. al.
PRL 90, 226806 (2003))

Josephson Junction

oxide
s e [ 208850

. \ - s-wave SC

1D transmission line resonator

antibonding state
|A) =I|L) —7|R)
YSR state L YSR state

o bonding state °
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Hamiltonian

H=Hsc+ H/ + Hr

\J \ \
SC Island tunneling

Hsc =exm, + A+ Y JiSo.6(r — R'),
R'=0,R

M) =exT, + A(7ccos® + 7, sin D), Hy = t.7,,
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Low energy Hamiltonian

Haim = Z 6id,'Tdi + tipdidy + hypdid] + hec.
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Manipulation

Driving the microwave resonator: Hyo + £(ae’" + aTe_"*’t)
Transmon Resonator

YSR it

€
Hes :quz - (gq"72 + g:;?(a + aT)) B-X+ &aTa

Rabi time period 4 ns
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Two qubit gates

Transmon 1~ Resonator ~ Transmon 2
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@ J ~ 40ns, less than both decoherence time (4 us) and
linewidth (50 us)
@ VSWAP gate



@ Novel YSR qubits encoded in Shiba dimers

@ Read out and control of qubit via dynamics of the impurities
or cQED

@ Good coherence times, robust for a wide range of
experimental parameters.
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Future Prospects

Resonator

/I\

H&&&& HMH HMM HLHS

@ Microscopics of the hybrid qubit: coupling of YSR qubit to
Majorana qubit.

@ Including SOC and scalar scattering

@ Manipulation and detection of Majorana edge modes via
magnetization dynamics — fingerprint in the STM-ESR
signals.

@ Similar framework for manipulating Majorana qubits using
cQED
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