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Prologue: Fermion pairing

Condensed Matter Physics
— superconductivity & superfluidity (*He)

Nuclear Physics

— nucleon pairing (even-odd energy differences)
Astrophysics

— superfluidity in neutron stars

Atomics Physics

— BEC to BCS crossover in cold atomic gases

(see lectures by Christophe Salomon)



Prologue:
What we remember from quantum mechanics

Wavefunction for two identical fermions (Spin-Statistics Thm or Pauli Exclusion)

W(s037,8,)= =P (5, 5557, 5,)
A convenient basis:
W, 55%,5,) = @77 )x(s,,5,)
Two possibilities:
1. ©,(,7)=®,F.7) and Zals2.5)=—x,(s.s,)

2. CDA(772,171):—CDA(771,172) and ZS(Szasl):ZS(Ssz)



Prologue:

What we remember from quantum mechanics

Example: two electrons in free space: @,,(7.7%)=R,, (7)1 (6,¢) F=r—n

Spatial state is eigenstate of orbital L?:
event= @ (7,7)=0,(7.7)

odd = (DA(’”p’i):_(DA(’”larz)

Spin state is eigenstate of total spin S §=§ +5, ( \TT>
1
s=1 (triplet) = ZS(Szasl): )(S(SpSz) 2= )<J§QT¢>;¢T>)
W

s=0 (singlet) = %, (52,8)==x4(s1,5,) 2(s=0)= %QN>—‘”>)



Allowed Cooper pair symmetries

\P(’”vsl;”zasz):_T(rzasz;ﬁasl)

s=0 s=1
(=0 BCS X
(s-wave)
(=1 X superfluid 3He
(p-wave) Sr,RuO,
(=2 high-T, X

(d-wave)




Proposal by Berezinskii (1974):

New model of the anisotropic phase of superfluid He®
V. L. Berezinskii

(Submitted September 12, 1974)
ZhETF Pis. Red. 20, No. 9, 628-631 (November 5, 1974)

It is shown at a sufficiently large value of the exchange gain in He’, there exists a possibility of .
pairing in states with spin s =1 with even orbital angular ‘momenta. This does not contradict the
Pauli principle, since the average many-time wave functior@s of the pairs (the anomalous Green's
function) depends in odd manner on the difference between the temporal arguments.

F(r,,rsS,,8,t,t,) = “anomalous Green’s function” = pair correlation function

What does this mean?

Fermions require:  F(7 —7y;s,,8,5t —t,)=—F (7, —F;s,,55t, — 1))

Fisodd intime: F(i —7;s,8,5t —t,)=—F(F —7;5,,8,:t, —1,)

Fis even under
exchange of space  F(i —7;s,,8,5t, —t, ) =+F (7, —F:5,,5:t, — t,)
and spin:




Allowed Cooper pair symmetries

s=0 S=1

(=1 @ superfluid 3He
Sr,RuO,
(=2 high-T. @

O = allowed if correlation function is odd

under time-reversal (or odd in frequency)




Allowed Cooper pair symmetries

s=0 s=1

Berezinski model

¢=0 BCS for 3He (1974)

(=1 Balatsky & superfluid 3He
Abrahams (‘92) Sr,RuO,

(=2 high-T, @
O = allowed if correlation function is odd

under time-reversal (or odd in frequency)




Allowed Cooper pair symmetries

s=0 s=1
especially
(=0 BCS @ 4~ interesting
=1 S/F superfluid 3He
Sr,RuO,

Bergeret, Volkov & Efetov, PRL 90, 117006 (2003); RMP 77, 1321 (2005)



Outline

Proximity effect in S/N and S/F systems
Prediction: Spin-triplet pair correlations

Our search: S/F/S Josephson junctions
— PdNi — a weak ferromagnet
— Co/Ru/Co — a synthetic antiferromagnet

— Combining the best of both materials
Conclusions and Future Prospects



Andreev Reflection: N/S vs. F/S

N/F S/F
|
k. ' KK S KK
Coherence time between 71 N
electron and hole: ~ © =5~ kp—kp=0Q=2E, [hvg
th o -1 hVF . g
=V.7T = = = —
Sy = Vp 2 T ballistic cr =90 2E. ballistic

hD /hD
= D ’Z' —_— N H H — . . — F . .
S \ Py 27, T diffusive D = diffusion 93 E,. diffusive

constant



Proximity effect: S/N vs. S/F

F(x) F(x)

S
hD hD
Sy :W/Zﬂk;vT R few pm Ep ~ - I ~ fewnm

ex

W) =Fexp(-x/E) ()=, cos(x/E)exp(-x/ &)



How to detect the oscillating pair correlation function?

1. Measure tunneling density of states in S/F/I/N structure, as function of d

Kontos, Aprili, Lesueur, Grison, PRL 86, 304 (2001)

Normalized conductance

Energy (meV)



How to detect the oscillating pair correlation function?

2. Measure critical current of S/F/S Josephson junction, as function of d

O-state:
n-state:

sin(¢,-04)
Sin(¢,-¢4+7)

Weak F: Cu,gNis, alloy

10000 ' T=4.2K
g 100 —
< _ |
o O-state . O-state
1
001 T ‘ T I ‘ T T T T T I T ‘.\ T
0O 4 12 16 20 24 28 32

Ryazanov et al., PRL 86, 2427 (2001);
96, 197003 (2006).
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Robinson, Piano, Burnell, Bell, Blamire,
PRL 97, 177003 (2005)



Prediction: long-range spin-triplet pair correlations
iInduced by noncollinear magnetization

—~ T }
S F . .
T Singlet Triplet
R s [MDs 21 [ 7D
0'5: : : Eex : 2ﬂkBTY
S S T
o gF << §F

Bergeret, Volkov & Efetov, Phys. Rev. B 64, 134506 (2001); PRL 90, 117006 (2003)
Kadrigrobov, Shekhter & Jonson, Europhys. Lett. 54, 394 (2001)



Features of odd-frequency, spin-triplet
pair correlations

S=0 S=1

= « s=1: pairs not subject to E_,
¢=0 BCS .
@ —> long-range penetration in F

=1 @ Sr,RuO,
(=2 high-T, @

e ¢(=0: insensitive to disorder

Bergeret, Volkov & Efetov, Rev. Mod. Phys. 77, 1321 (2005)



Possible observation of triplet:

CrO, 1s a “half metal”

Keizer, Goennenwein, Klapwijk, Miao, Xiao, Gupta,
Nature 439, 825 (2006)

0.3—1um
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2.0
16F
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Long-range propagation of supercurrent, :_(310 nm) 10 nm) |
g : 0.4
but large sample-to-sample variations in /..  Dev. &=—\,
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Our approach:
Systematic study of S/F/S junctions:

< >
d

F

Ep <<d, << &p <1,

.

suppress triplet limited by
singlet spin-flip scattering

S hDF T hDF
r | E.. or _\/ 27k, T




Log(/c)

Signature of spin-triplet:
2 B
A < 0 >

d
singlet: 1, «cexp| ——¢
_— singlet: . xow( -4

F

L triplet: 1, « eXp(—Z—?j

F

@ Inhomogeneous M

homogeneous M




Sample Fabrication

1. Sputter S/F/S
2. Pattern pillars with photolithography

Tri-layer photoresist

o\ .
Ny s

yd
/4

Nb bottom contact

T 0000 0000000000000+ Si Substrate

10 — 40 um




Sample Fabrication

3. lon mill
4. Deposit SiOx

Au
. Nb
510, ‘IIIIIIIIII\. F

»
_
<]

Nb bottom contact

/.« Si Substrate

10 — 40 um



Sample Fabrication

5. Liftoff
6. Deposit top Nb contact

SiO, A

Nb top contact
¢ _

<]

Nb bottom contact

/.« Si Substrate

10 — 40 um



Measurement

Low sample resistance (7 — 100 uQ)

— Measure with SQUID-based
current comparator circuit

51 supercurrent

|-V characteristic of overdamped
Josephson junctions -

_ , _ 02 01 00 01 02
Measure at T = 4.2 K in “quick-dipper” | (MA)
cryostat in helium storage dewar

I, = critical current



S/F/S junctions with a weak F: PdggNi,, alloy

N .

—°10°+

30 40 50 60 70 80 90 1
Oy (M)

00

(previous work on PdNi Josephson junctions had dpg; < 15 nm)

Each point represents average over 2 - 4 junctions on same substrate

T.S. Khaire, W.P. Pratt, and N.O. Birge, Phys. Rev. B 79, 094523 (2009)



S/F/S junctions with a weak F: PdggNi,, alloy

s] ¥
10 i .
o] 1 ; . .
—_ L N “on
= 10° I §

'3'0'4'0'5'0'6'0'7'0'8'0'90 100

PdN| (nm)

Periodic minima in J,

Each point represents average over 2 - 4 junctions on same substrate



S/F/S junctions with a weak F: PdggNi,, alloy

10°-
10'- . PdNi
z

o ] LT
5 10°- §
2210

10"

10°-

30 40 5 60 70 80 90 100
d_ .. (nm)

PdNi

I, ocexp(=x/&p)cos(x/Gp,)

& =7.7+0.5nm &, =4.4+0.1nm
T.S. Khaire, W.P. Pratt, and N.O. Birge, Phys. Rev. B 79, 094523 (2009)



S/F/S junctions with a weak F: PdggNi,, alloy

10°

10’ x T
~ L | |
N§ 10° § m
:‘3105

10*

10°

30 40 5 60 70 80 90 100
d... (nm)

PdNi

No sign of spin-triplet supercurrent!



Why don't we see spin-triplet supercurrent in
S/F/S Josephson junctions with PdNi?

* Not enough non-collinear magnetization
* Magnetic inhomogeneity on wrong length scale
« Too much spin-flip and/or spin-orbit scattering



How to measure the spin memory length
using Giant Magnetoresistance (GMR)

Albert Fert &
Peter Grunberg
2007 Nobel Prize

P state T T
Rp < Rap
AP State T l Jack Bass
& Bill Pratt
Pd, ssNij 1 Cu Permalloy =

Nig g4F €0 16




Dependence of GMR signal on dp

[ M Fixdevary douy

€«<—> €«
dpani dpy

If deNi < lePdNi AAR o< By, p;dNi d pay;
PdNi

sf s
If d PANi = [ pdNi AAR < B Ppani L

) \’
gL =P
o 1t




Raw GMR signal

IdpdNi= 1.2 m T l T

05| A 5 1 AP state
fA
%fik/ N
210.10— : -
v

/A A’A\A/A\A AA
10.054 RA\:S /ﬁ</‘\/‘1§A ﬁt\ /ﬁiﬁx -
P state B
P e T I
l l H (Oe)




GMR signal vs. dpyy

0.20
0.15-
EO.’IO— ¢ .
; ° P e
2 -
0.054 il
]
0.00 - .
0 3) 10 15 20




Fit to Valet-Fert theory

0.20 . . - .
7
7/
Ve
0.154 e \\ Fit with /5 55 = <
$ ] /
% ,
& 0.10- % i
/
2 1 P
0.05- ]
0.00 . . . .
0 5 10 15 20
dpgni (NM)

Result: 5= 2.8 £ 0.5 nm

H.Z. Arham, T.S. Khaire, R. Loloee, W. P. Pratt, Jr., and N.O.B., Phys. Rev. B 80, 174515 (2009)



Pd,_ Ni, magnetic characterization

B H out-of-plane

® Hin-plane

150

160- .
140__ 100+
120 —~
] “c 50-
mg 100+ é O.
S 80 T
% 60 % '
= °97 -504
= 4. -
201 -100-

0_ T T T T T T T T T T T T -150 T T T T T T T T T
0 50 100 150 200 250 300 -4000 -2000 0 2000 4000
Temperature (K) Field (Oe)

PdNi alloy has out-of-plane magnetic anisotropy!!

(violates assumptions about P and AP states in GMR experiment)



Alternate “spoliler” spin valve geometry

PdNi coupled to Py; Py coupled to FeMn Sl CU R relvin

S
Peani << Ppy ~ p=L L
p +p
«—>
deNi
2.0+ If dpgni << Flpgni
N’\1 5 1 Sample acts like Py/Cu/Py spin valve
é If dpani > ¥'pani
% 1.0+ Sample acts like Py/Cu/PdNi spin valve
0.5 S .
OO T T T T T T | ! I
0 5 0 15 20 Still very short!!



Why don't we see spin-triplet supercurrent in
S/F/S Josephson junctions with PdNi?

* Not enough non-collinear magnetization
* Magnetic inhomogeneity on wrong length scale
« Too much spin-flip and/or spin-orbit scattering

~ ~

Try a different approach:

Use a strong F with long spin-memory length: Co



Aside: Characterization of Josephson Junctions
by the Fraunhofer pattern

“I never believe anybody’s Josephson junction data unless they
show me a Fraunhofer pattern.” -- Dale van Harlingen

-5} M="London
20 +dy * VH penetration
————— | length

I(9) /L (0) —

7T D O/D,

Airy diffraction pattern for a circular junction

where ® = " (24, +d,, ) 2R



2A +d;

Large-area Nb/Co/NDb junctions

Nb/Co/Nb, d;, = 5 nm, 2R =40 um

S 0.064 f
~ ] /“\ . .
S | it ™~
e cou °\/~\ /’\ 1 A
oIl E | .0\. | \./\,\ ! . \...\._
— ~ 0.02- ../ \../ / "\// \/ \
) JECRE v \/ ¢ \/

0004 * _

-20 -10 0 10 20

Random Fraunhofer pattern due
to complex domain configuration



Trick: achieve flux cancellation with
Co/Ru/Co synthetic antiferromagnet

H.A.M. vandenBerg et al., J. Mag. Magn. Mat. 165, 524 (1997).



Co/Ru/Co synthetic antiferromagnet
restores Fraunhofer pattern!

with Ru

without Ru

dco =95 nm |

w =40 pm

10

o 10 20



S/F/S junction with a strong F: Co

107-; '.ﬂ.'
. ] L) . .
C% 106_% s *x
= 10°- -
10“—; .
0 5 10 15 20 25
dco (NM)

M.A. Khasawneh, W.P. Pratt, and N.O. Birge, Phys. Rev. B 80, 020506(R) (2009)



S/F/S junction with a strong F: Co

100~ " -
g n
: .ﬂ.
10" - = 3
E 10°. ]
< 5
N = | |
_SJ 10° - § <
] =
104-; -
0 5 10 15 20 25

dco (NM)

No oscillations of |.: phase shifts cancel in two F layers
Blanter & Hekking, PRB 69, 024525 (2004 ); Crouzy et al., PRB 75, 054503 (2007).



S/F/S junction with a strong F: Co

100~ "
é L |
: Iﬂ.
10" - =
E 10
x| .
N—" : n .
_331051
- n
10“—; N
o 5 10 15 20 25

dco (NM)
No sign of spin-triplet supercurrent!

M.A. Khasawneh, W.P. Pratt, and N.O. Birge, Phys. Rev. B 80, 020506(R) (2009)



Why don't we see spin-triplet supercurrent in
S/F/S Josephson junctions with Co/Ru/Co?

* Not enough non-collinear magnetization
* Magnetic inhomogeneity on wrong length scale

« ToOm =flig~—seatterinrgatCo/Ruinterface

Measure spin-flip scattering at Co/Ru interface using GMR



Co domain structure

Neighboring domains have mostly
anti-parallel magnetization

Not much non-collinear M

Domains are large ~ 3 um

5 @
o ,/
.

o  P(A¢) (arb. units)

g

Borchers et al., PRL 82, 2796 (1999).
50 100 150

Ab (°) SEMPA = scanning electron microscopy
with polarization analysis

e
<



Why haven't we seen spin-triplet
correlations?

* PdNi

— Spin memory length too short
— Bad for propagation of triplet
— Good for generation of triplet

« Co/Ru/Co

— Not enough magnetic inhomogeneity
— Bad for generation of triplet
— Good for propagation of triplet



New |ldea: combine best of two materials

o

Create triplet

I

(\
Propagate triplet

X = PdNi or CuNi alloy

(Cu buffer layers magnetically isolate X from Co)



Finally, the triplet appears!

T = T T T T T T T
1000 5 with X = PdNI,
dy =4 nm :
™ A P
=) 10: a i 1 -
0.1-
0 5 10 15 20 25 30

D, (nm)

Khaire, Khasawneh, Pratt, & Birge, Phys. Rev. Lett. 104, 137002 (2010)



Finally, the triplet appears!

] ™3 T T T T T T ] ! I
1000 5 with X = PdNi,
dx =4 nm
A1oo-§ \ PR
S s ;9
£ 10_- i. A A
< .
R © with X =|CuN;,
é : dy = 3 nm
without X —
0.1- |
o 5 10 15 20 25 30
D, (nm)

Fix Dc, =20 nm and vary dy

Khaire, Khasawneh, Pratt, & Birge, Phys. Rev. Lett. 104, 137002 (2010)



Control amplitude of triplet with dy

100 5

10+

R, (V)

0.1+

d, (nm)

Khaire, Khasawneh, Pratt, & Birge, Phys. Rev. Lett. 104, 137002 (2010)



What happens with thicker Co layers?

D, (nm)

poor Fraunhofer
patterns —
(Co/Ru/Co AF
coupling not as

effective)
A

Khasawneh, Khaire, Klose, Pratt, & Birge, Supercon. Sci. & Tech. 24, 024005 (2011).



Mechanism for generating triplet

A. Cooper pairs feel
non-collinear M between
X-layer domains

B. Cooper pairs feel non-
collinear M between X
and Co layers.

Cu | Co Nb | Cul X

— Y
— -

- ~ - ~~
’

Co

fi/




Pure Ni works well for X layer
(no need for inhomogeneous X layer)

- . H
o NI 2
] m

|

014 © §

dy (nm)
Khasawneh, Khaire, Klose, Pratt, & Birge, Supercon. Sci. & Tech. 24, 024005 (2011).



Mechanism for generating triplet

A, Cooper pairs feel B. Cooper pairs feel non-
noNR-collinear M betweey collinear M between X
X-layer domains and Co layers.

Nb NCu|XACu | Co Nb | Cu|X|Cu| Co
Re \ ’ \\

\ , \\/ //




Mechanism for generating triplet

M. Houzet and A. 1. Buzdin, PRB 76, 060504R 2007

' 5
'il]._. Lz
§ I!E d I:i N
I', Ji X ..'. I

X = PdNi, CuNi, or Ni

F'and F” are not required to be inhomogeneous



Microscopic mechanism for triplet generation
(from discussion with M. Eschrig)

E
i
=[00), == (14)-[\1)
= (e 1)) cEgpST L
:%[q )= |4YJeos(o)+i( 1) + |41 sin(ox)] 0=ki ~k;
:‘ 0> (Qx)+‘10> sm(Qx)
T short-range triplet
component

‘11 9 = T \
B q ¢> long-range triplet
f g U > / components

1,0). —1|1,0),




Optimization of triplet generation

M. Houzet and A. 1. Buzdin, PRB 76, 060504R 2007

Lo/ mGACT 4T

0.5 | .5 2 25 3
dué=dpé

Triplet contribution to the critical current

is observed only for dy = (0.5-2.5)¢s

100 4

0.1+

d, (nm)
Ni PdNi CuNi
Eex > Eex > Eex

Ni PdNi CuNi
F < F < F



Does triplet disappear after we

magnetize the samples?
(makes M more homogeneous)

A

Log(/;)
— singlet:

@ — triplet:
@ iInhomogeneous M

>
de

homogeneous M




Does triplet disappear after we
magnetize the samples?

1000—_ _—
_ unpublished - .
o X = Ni
. dy =1 nm
0 | 1OIOO | 20|00 | 3OIOO | 40|00
Happlied (Oe)

Why does | increase?



Co/Ru/Co undergoes “spin-flop” transition

M tilted by 0

H —)

Nb

Cu

Ni

Cu

Co
Co

Cu

Ni

Cu

Nb

1,0) —<

P

MNi 1 MCO

sin(@)‘TT >e
cos()(| T )+ 1)
- sin(@)‘ii >e

spin-triplets
— maximized for
0 =90°




Future Experiments

Cu

° Tunneling oxide tunnel barrier—

— Energy dependence of triplet pair correlations
— Independent signature of odd-frequency triplet
« Lateral geometry

— No need for Ru layer
— Longer distances in F

— Measure proximity effect & Josephson effect




Summary

New type of Fermion pairing occurs in S/F systems: odd-
frequency, spin-triplet, s-wave.

— Triplet = long-range penetration in F

— S-wave = insensitive to disorder

S/F/S Josephson junctions with PdNi and Co: clear
signature of spin-triplet supercurrent
— Separately optimize generation and propagation

Stay tuned for future results!
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