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Quasiparticles in superconductors

conventional superconductors (e.g. Aluminium):
* spin-singlet ®
* S-wave

» fully gapped density of states

E-E. }
at low temperatures (T’ < A):
exponentially small
thermal concentration
of quasiparticles
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Experiment: Excess quasiparticles

residual quasiparticle concentration at low temperatures: ¢ > c,,

— saturation:
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observation:
excess quasiparticles in virtually all superconducting devices
which limits their performances

our work: generation-recombination model
— residual quasiparticle concentration

» for delocalized quasiparticles above the superconducting gap ¢ x VA

« for localized quasiparticles

1
at mesoscopic fluctuations of the gap edge ¢

In3(1/A)

= poor efficiency of shielding

where A4 generation rate due to non-equilibrium agent

» spontaneous polarization of residual quasiparticles
iIN mesoscopic systems



Non-equilibrium quasiparticles

E 19

A
* generation due to a non-equilibrium agent: /
—  EM and blackbody radiation
—  cosmic rays

— natural radioactivity \

Ap—S®  4e

» fast energy relaxation by emitting phonons
« slow annihilation of two quasiparticles \/\/'/L7

near the gap edge with rate e >
F34 = f’/drpg(r)p4(r)

balance between generation (rate A4) and annihilation
for delocalized quasiparticles near gap edge:

A=Tc* = c=+/A/T



Disordered superconductors

“Anderson theorem” (mean field):
A is unaffected by non-magnetic disorder

and remains spatially uniform
Abrikosov-Gorkov 1958
Anderson 1959

at larger disorder:

Sacépé et al.,
PRL 2008 STM study
of TiN films



Disordered superconductors

mesoscopic fluctuations of the gap:
Larkin and Ovchinnikov, JETP 1972

0A(r) = A(r) —
(6A(r)SA(r")) = (5A) 6(r —r') with correlation radius < &
A(P)A (coherence length)
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* reduced gap E,
due to overlapping bound states
» rounding of the BCS singularity . -
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Disordered superconductors

mesoscopic fluctuations of the gap:
Larkin and Ovchinnikov, JETP 1972

0A(r) = A(r) —
(6A(r)SA(r")) = (5A) 6(r —r') with correlation radius < &
A(P)A (coherence length)
£ A
A-f VA' - ““' ' “' o
> T
A-
* rare optimal fluctuations Eg'r
generate localized tail states
with energies £ <E, . >
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Bottleneck for relaxation

fast energy relaxation by emitting phonons does not stop at A:
quasiparticles relax into the localized tail states

relaxation stops when
no more overlapping states

with lower energy are available

(localization radius at E.: r, ~ few )
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Generation/recombination model for localized states

quasiparticles are generated at random points
with rate 4 per unit volume

- o5 - they keep their positions
Ry ;Z \/\/I/\_7 - they annihilate pairwise with the rate
(e > TR)=T / dr p.(r)p.(r + R)

most probable shape

_ o of the localized state
balance between generation and annihilation  atenergy E,

— typical distance r between quasiparticles:

« denselimit r<r; A=Tc¢* = c=4/A/T

: . I 1
e dilutelimit r>>r: Ard~ —e /" — ¢

3 T
] 3 1n°
C ] c 111 ( 47"6 )
& Grenoble €

4 Alpes 10




Simplified model: Bursting bubbles

r r
isti — ~1
characteristic length scale - n ( Arg)

annihilation rate varies very quickly

with distance d; between two quasiparticles:
— rapid annihilation, if dl.j <r
— slow annihilation, if d;>r

— describe quasiparticles as bubbles with radius /2
that cannot overlap
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Simplified model: Bursting bubbles

quasiparticle concentration: ¢ = (47/3)13

with packing coefficient C,

naive estimate: Cp =0.5 0.605

C —
- simulation: €, ~ 0.605 = 0.008 (47/3)r3 In”(T'/ArS)
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Full dynamical simulation: Results for Aluminium
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Cooper pair: ®

— 2 quasiparticle can only annihilate, if they are in a singlet state

first attempt: bursting bubbles model with classical spin

« without spin-flip: C, ~ 2.19 £ 0.05

but large fluctuations ...
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Classical Spin

Cooper pair: ®

— 2 quasiparticles can only annihilate, if they are in a singlet state

first attempt: bursting bubbles model with classical spin

» with spin-flip rate ,:
( = 4rAriTy /3

spinless result
recovered
in the limit T —0
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Cooper pair: ®

— 2 quasiparticles can only annihilate, if they are in a singlet state

second attempt: bursting bubbles model with quantum spin

» cluster = bubbles connected through a chain of overlapping bubbles

* no decay, if each pair of bubbles is in a spin-triplet state
— cluster of N particles in maximal-spin state with S = N/2
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Quantum Spin (in progress)

* add a particle to an existing cluster:

if parallel spin
— cluster with N+ 1 particles
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Quantum Spin (in progress)

* add a particle to an existing cluster:

if parallel spin
— cluster with N+ 1 particles

if antiparallel spin:

either

annihilation with a partner

— cluster with N —1 particles
or

new cluster with N+ 1 particles
polarized along a tilted axis
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Quantum Spin (in progress)

Py+1 > 1/2 — growth of cluster !

limited by interaction with other clusters ...

BUT :
stabilization of a single spin-polarized cluster possible in small systems
— spontaneous polarization of excess quasiparticles !

(confirmed by simulations)
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Quantum Spin: General toy model

more general toy model:

» use fully polarized state as a starting point
N number of particles
m number of flipped spins: S=N/2-m

possible processes:
iIncoming quasiparticles
N—=N+1,m—=m
N—=N+1,m—=m+1
singlet annihilation
N—=N-2,m—=m-1
spin flip
N—=Nm—=m+1
triplet annihilation
N—-N-2.m—=m

with rate AV(1 + 1/N)/2
with rate AV(1 — 1/N)/2

with rate TmN/V

with rate N/t

with rate T, N2/(2V)
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Quantum Spin: General toy model

more general toy model:
» use fully polarized state as a starting point

N number of particles
m number of flipped spins
dN _ N _ N-?
— Dbalance equation: — = AV —2I'm— — I'r—
. di my Ty
dm AV 1 _ N
=" (1—-=)=-Tm=+ N1}
it~ 2 ( N) My N s
stationary solution:
if spin relaxation dominates:
AV 1y AV? _
— _ V < T'r,
N 5 >1, m ST < N  for Ar; <V < I'rgy

— polarized state with a large number of particles
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Quantum Spin: General toy model

more general toy model:
» use fully polarized state as a starting point

N number of particles
m number of flipped spins
dN _ N _ N?
— bpalance equation: — = AV —2I'm— — I'r—
. g AV oAmy —lry
dm AV 1 _ N
=" (1—-=)=-Tm=+ N1}
it~ 2 ( N) My N s

stationary solution:
if triplet annihilation dominates:

AV2\ P AV? [Ty 1'3/2
N=|—= 1 = — N for \| — <V K =
( Tr ) > h M= ofN A TrVA

— polarized state with a large number of particles
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Quantum spin: Phase diagram
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Quantum spin: Phase diagram
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large fluctuations: ((N?)) ~ (N)
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Conclusion

extremely slow annihilation of quasiparticles trapped in localized states

— |large concentration of excess quasiparticles
in moderately disordered superconductors
 strategies to reduce their concentration

 shielding of the relevant non-equilibrium source
 cleaner superconductors
» excite quasiparticles to delocalized states ?

» physical observables ?

« EM absorption ...
 role of large space and time fluctuations ?

 role of spin: polarized state in small islands (in progress)

* non-equilibrium / mesoscopic scenario

for spontaneous spin polarization
* more excess quasiparticles in small islands than in the bulk
* low-frequency flux noise ?

THANK YOU ! e



