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Spin physics in out-of-
equilibrium superconductors

" Spinful excitations in | «staTICS
superconductors (intro)

" Quasiparticle spin resonance

= Spin-dependent recombination [ PYNAMICS
dynamics (ongoing work)




Excitations in Superconductors
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Quasiparticle Diffusion
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Quasiparticles ¢ Condensate

spinful qp distribution function
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Quasiparticle Charge
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SCs vs. ‘normal’ metals
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Charge imbalance experiments
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Charge imbalance experiments
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Mesoscopic samples
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Spin imbalance device
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Materials/fabrication details
S = superconductor (6-10nm Al + oxide)
F = ferromagnet (50nm Co/5nm Al) magnetic
N = normal (100nm Al, H. ~400G ) field
direction F

Typical junction restances:
5kQ for both junctions
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Zeeman effect gives spin imbalance
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Spin imbalance observation
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Spin imbalance observation
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Spin imbalance observation
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Spin imbalance observation
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Related work on spin imbalance

Spin imbalance length of almost 10um at 1.7T.

F. Hiibler ef o/, PRL 109 (20), 207001 (2012) / M. J. Wolf e# a/, PRB 87 (2), 024517 (2013)



Spin physics in out-of-
equilibrium superconductors

" Spinful excitations in | «staTICS
superconductors (intro)

" Quasiparticle spin resonance

= Spin-dependent recombination [ PYNAMICS
dynamics (ongoing work)
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QSR in superconductors: challenges
Inhomogeneous magnetic field

h A penetration depth
A= o  conductivity
A\ ,UOT[O-A A superconducting gap

In 6-8.5nm aluminium films

-> field homogeneous to < 1.5%
Sensitive powermetres required

=> on-chip power detection

Student putting a macroscopic sample
Into a macroscopic ESR cavity



QSR measurement

TWO ON-CHIP POWER
DETECTION SCHEMES

conductance across
tunnel barrier

<€ supercurrent

S = superconductor (6 or 8.5nm Al + oxide)
N = normal (100nm Al)

F = ferromagnet (40nm Co/3.5nm Al)
Typical junction resistances: 5kQ
Scale bar 1um

C. H. L. Quay ¢/ a/., Nature Communications, 6, 8660 (2015)



On-chip detection

conductance across
tunnel barrier
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On-chip detection
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Resonance in conduction
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Frequency dependence
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Landé g-factor and T,
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C. H. L. Quay ¢/ al., Nature Communications, 6, 8660 (2015)



Both methods compared

g=1.9510.2
T, =95t 20ps

measured T, same in both cases

10.56

C. H. L. Quay ¢/ al., Nature Communications, 6, 8660 (2015)



Thickness dependence

195I|I|I|I|I|I||||||||

| I
» es(10.56GHz)
g=1.95%0.2 | ¢
T, =95 * 20ps (8.5nm) |
70 £ 15ps (6nm) ar I
3
s |1l
[$]
g |l
£t
VDC = -288|JV — 8.96
— 10.56
Vre = VRFO 12.3
165 Lo 1 a1 II I I T N N N A I
0.0 0.2 0.4 0.6 0.8 1.0
Magnetic Field (T)
12 _I 1 I I I I 1 1 I I I I 1 1 I I I I 1 I I I
T, ~ 10ns, limited by " slope 27.2 0.7 GHzT .
. . . B (error from fit) 7
inelastic e-e scattering Tof ~
~ .. Tl 1
T, 100.ps, limited I:fy . . = | ]
Elliott-Yafet spin-orbit scattering &6 -
(o = -
ol SRy -D—.-—D—-_El_—..'.—'—'—-
s — — — @@ o @
B L4 fRF(Hres) -
L ® AHx27.2GHz/T 4
0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0.0 0.1 0.2 0.3 0.4

C. H. L. Quay ¢ al,, Nature Communications, 6, 8660 (2015) ~ "--onenMeenefe Feld (D



Spin physics in out-of-
equilibrium superconductors

" Spinful excitations in | «staTICS
superconductors (intro)

" Quasiparticle spin resonance

= Spin-dependent recombination [ PYNAMICS
dynamics (ongoing work)




Recombination dynamics (no spin yet)

TOP VIEW SIDE
VIEW

T, = 10ns — 1pus, depending ...
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Devices for recombination dynamics

@A) injection Ipm
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Injector-Detector distances S
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Materials/fabrication details pc L

= magnetic field
S = superconductor (6nm Al + oxide layer) direction

S’ = superconductor (8.5nm Al)

N = normal metal (100nm Al, normal at ~50mT)

Typical S’IS junction resistance: 30kQ
Typical NIS junction resistance: 12kQ



S’IS Detector Signal
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A + A’ (field, injection, space)

detector-injector

500 detector-injector: 250nm
T=70mK
All traces offset
for clarity
< 450 1.2T
=2 0.17T
<
< 400 3
rough location of
350 second Zeeman peak
0 50 100 150 200
Injection Current (nA)
70mK
0 50 100 150 200

M. Kuzmanovic et al., iz preparation. Injection Current (nA)



A+ A’ (uV)

A + A’ : acloser look in field
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Spin-dependent recombination
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Quasiparticles ¢ Condensate

assuming
— >
¢ pu =0, =
%o/ ps finite S
S
© i
) —
S %. >
Q % =
w0 0.8 o -
© <
£ +
o) <
=
< T=70mK
Magnetic Field
128mT
0.6 2.04T7 —
0 4% 8% 12% 16% 0 0.5 1 1.5
Quasiparticles / Total Condensed Lyiateau (NA) X H#qps

No or minimal direct spin effect on the gap A

S Bhattacharjee & M Sardar, PRB 62, R6139 (2000)



500

A+ A’ (uV)
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NQPT

leely A(.X'), NQP (x)

injector detector

Andreev processes also have to be taken into account.

=<V



Focus on f(E, x = detector)

T*, effective
temperature

-------- Q OR
N ERRRE R bbb C TN : 0
Ea . : :
chemical

potential
shift

J(E) (E)
s e
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f(E) from deconvolution & fits

» Deconvolution of detector G (V)
= Spinful fit

fr(E) = arfrp(Th, 1ir)
fLlE) = ayfrp(Ty, 1) E>0

= Spinless fit
f(E) = ayfrp(T1, 1) + azfrp (T2, Uz)
" Effective temperature fit

f(E) — fFD(T*,O)
Assumptions: Ag = Ageq, fs(E) = fgec(E)

D. R. Heslinga & T. M. Klapwijk, PRB, 47, 5157 (1993)



f(E) from deconvolution & fits
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Problems with f(E) determination

= Strong assumptions
" Does not work for all samples

Samples in preparation

" Thicker injector to keep injector at
equilibrium

= Al/Pt/Al detector to remove Zeeman
splitting in detector, spinless/spinful fit
ambiguity

" More resistive detector barrier



Likely spatial dependence of f(E)

increasing distance from injector
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+ trapping effects + ...



SPIN & CHARGE
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Perspectives

Excitation by injection
constrainted by
I(V) of junction!
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Perspectives

spin injection by acoustically excited ferromagnetic resonances

injection Ipm
N
| S
S’ “ detection
VDCI ﬁ
= magnetic field

direction
= Low-energy spin injection
= Spin current determined by RF drive power

M Weiler et al., PRI, 106, 117601 (2011) / M Weiler et al., PRI1. 108, 176601 (2012)



Perspectives

spin injection by acoustically excited ferromagnetic resonances

Collaboration with
Peter Leek (Oxford)

F Ben Chaabane internship report



Questions?



Normalised

Effects of magnetic field
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= Both present in parallel field (due to finite sample thickness)
= Diffusion dependence on energy in orbital field unknown
» Perpendicular (purely orbital) field can disentangle effects



A+ A’ (uV)

Parallel field
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Iplateau (nA)
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Parallel vs perpendicular field
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Iplateau (nA)
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Parallel vs perpendicular field
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A+ A’ (uV)
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