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Preface on Dirac Materials

Dirac materials

* Materials whose low energy electronic
properties are a direct consequence of Dirac
spectrum E = vk

* How do we “design” Dirac Materials?

* Can be a collective state: 3He superfluid, heavy
fermion, organic, high Tc superconductors

* Band structure effect - graphene, Topological
states

T. Wehling, A Black-Schaffer and A. V. Balatsky,
Dirac Materials, Adv Phys 2014
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Dirac Fermions & Zero Energy Bound States

» Dirac Fermion coupled to a Scalar Bose Field
ihdi|y) = (—ihcat-V + g @) | yr)

_ (0 & 1 0
“:(& o) B:(O 71) |y) = col(y1,v2, v3, )
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Dirac Fermions & Zero Energy Bound States

» Dirac Fermion coupled to a Scalar Bose Field
ihdi|y) = (—ihcat-V + g @) | yr)

(0 & 10
“:(& ‘5) ﬁ:(o 71) |y) = col(y1,v2, v3, )

> Broken Symmetry State: & = dy ~» Mass: Mc? = gy ~ E1 = +1/c2|p|? + (Mc2)?
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Dirac Fermions & Zero Energy Bound States

» Dirac Fermion coupled to a Scalar Bose Field
ihdi|y) = (—ihcat-V + g @) | yr)

= 0 & 1 0
o= (3 o) B= (0 71) |y) = col(y1,v2, v3, )
> Broken Symmetry State: & = dy ~» Mass: Mc? = gy ~ E1 = +1/c2|p|? + (Mc2)?

> Degenerate Vacuum States: ®(x — +oo) = FPy:
» “Zero Mode" ~~ Fermion with E = 0 confined on the the Domain Wall :

i G

x

“Topologically Protected” Zero Mode
R. Jackiw and C. Rebbi, Phys. Rev. D 1976
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Nambu-Dirac Fermions in Superconductors
» Bogoliubov-Nambu Equations - particle-hole coherence :

)0 D0
0 EViip)\v AT 0 ) \V v
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Nambu-Dirac Fermions in Superconductors
» Bogoliubov-Nambu Equations - particle-hole coherence :

—%VZ—H 0 u 0 A u u
72 o2 + t =&
0 ¥V )\ A" 0 v v

> Separation of scales: fi/py < fvp/A < A: ~» u=UpeP™/

hy/
P, Py

!
Fw (\ p,
» Nambu-Dirac Spinors coupled to the (Bosonic) Cooper-Pair Field

¥ (4 + (o “67) () =2 ()
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Nambu-Dirac Fermions in Superconductors
» Bogoliubov-Nambu Equations - particle-hole coherence :

—%VZ—H 0 u 0 A u u
72 o2 + t =&
0 ¥V )\ A" 0 v v

> Separation of scales: fi/py < fvp/A < A: ~» u=UpeP™/

hy/
P, Py

!
Fw (\ p,
» Nambu-Dirac Spinors coupled to the (Bosonic) Cooper-Pair Field

¥ (4 + (o “67) () =2 ()

» Zero Modes if A(x=—e0)=—A(x=+o) along x=¥p-r
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Electron-Hole Coherence & Zero-Energy Interface Bound States
» Andreev's Equation for Coherent Electron-Hole States

Mo Vr (—UV> * <A*<(1)o,r> o

It

U
Vv

)

U
Vv

)
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Electron-Hole Coherence & Zero-Energy Interface Bound States
» Andreev's Equation for Coherent Electron-Hole States

Ve () (ao “67) () =2 ()

> A(p) =B~ ) P
- > ——
. , 2 N » Electron & Hole Bound State:
L\ —21a)|xl/mvy
V)~ VI (1) @

4.0

3.0

2.0

P %0 0.5 0.0 05 10
x\/ €/2nT,
» Tunneling into Surface States of HTC Superconductors, PRL 79:281-284 (1997), M. Fogelstrém, D. Rainer, & J. A. Sauls
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Josephson Tunneling in Superconductors

> B. Josephson, Phys. Lett. 1, 251 (1962).
> V. Ambegaokar & A. Baratoff, PRL (1963).

Aei® t/' - Aei®2

H=H,+H,+Hy Insulating barrier —



Josephson Tunneling in Superconductors

> B. Josephson, Phys. Lett. 1, 251 (1962).
> V. Ambegaokar & A. Baratoff, PRL (1963).

H=H,+H,+ Hg
Hy =Y &oclocho+3 Y, (Akczccikfo +4; Cik—cckf’)
ko ko
H, = Zépcazca,,g + %Z (A,,a;f,caip,G +A;a1pfca,,g>
po po

i x
HtH: Z (l‘/).kap(,Ckg+l‘p,kaGapo->
pk,o

Aei® t/'

Insulating barrier —
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Josephson Tunneling in Superconductors

> B. Josephson, Phys. Lett. 1, 251 (1962). oy t Aits
e — ~ e
> V. Ambegaokar & A. Baratoff, PRL (1963).
~] //t*
H=H,+H,+Hy Insulating barrier —

Hy =Y &oclocho+3 Y, (Akczccikfo +4; Cik—cckf’)
ko ko

H = ngo‘a;capo‘ + %Z (Apaj,c(lip,(, +A;a1p,ca,,g>
po po

HtH = Z (l‘/).ka;GCkg +t;},\,czdapg>

pk,o

> (D) = e(Ny(1)) =2elm ; i (o (ers (1))
P.K,O
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Josephson Tunneling in Superconductors

> B. Josephson, Phys. Lett. 1, 251 (1962). oy t Aits
e — ~ e
> V. Ambegaokar & A. Baratoff, PRL (1963).
~] //t*
H=H,+H,+Hy Insulating barrier —

Hi =Y Sotiotho +5 L (Akczccikfo +4 Cik—cckf’)
ko ko

H = ngo‘a;capo‘ + %Z (Apaj,c(lip,(, +A;a1p,ca,,g>
po po

_ i LN
Hig = Z (tp.k ApcCho +tp,k Cm;“po‘)
pk,c

> (D) = e(Ny(1)) =2elm ; i (o (ers (1))
P.K,O

> () =1.(T) sin(A9)
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Josephson Tunneling in Superconductors

> B. Josephson, Phys. Lett. 1, 251 (1962). oy t Aits
e — ~ e
> V. Ambegaokar & A. Baratoff, PRL (1963).
z
~] //t*
H=H,+H,+Hy Insulating barrier —

Hi =Y Sotiotho +5 L (Akczccikfo +4 Cik—cckf’)
ko ko

H = ngo‘a;capo‘ + %Z (Apaj,c(lip,(, +A;a1p,ca,,g>
po po

_ i x
Hig = Z (tp.k ApcCho +tp,k Cm;“po‘)
pk,o

> (D) = e(Ny(1)) =2elm ; i (o (ers (1))
P.K,O

> (1) =I(T)sin(Ap)  I(T)=2e x (nZN(0)2\<\t|2>F5) x Atanh (%))

o<, ;<< 1 Transmission Amplitude




a.c. Josephson Effects

Ael®

Ae'®

©

Insulating barrier —

>~

NY

> Supercurrent: Iy = IC(T) sin((p,)
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a.c. Josephson Effects

Ael®

Ae'®

©

Insulating barrier —

>~

NY

> Supercurrent: Iy = IC(T) sin((p,)

2
> a.c. Josephson Equation: ¢, = {Vt
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a.c. Josephson Effects

Ael®

Ae'®

©

>~

Insulating barrier —

NY

> Supercurrent:

I;=1.(T) sin(¢y)

2
> a.c. Josephson Equation: ¢, = {Vt

> Dissipative Current: Iopme = (G() + O COS(@) ) A%

» Phase-sensitive dissipation ~» B. Josephson, Adv. Phys. (1965).
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a.c. Josephson Effects

Ael®

Ae'®

©

Insulating barrier —

NY

> Supercurrent: Iy = IC(T) sin((p,)

2
> a.c. Josephson Equation: ¢, = {Vt

> Dissipative Current: Iopme = (G() + O COS(@) ) A%

» Phase-sensitive dissipation ~» B. Josephson, Adv. Phys. (1965).

» What is the origin of phase-dependent dissipation?
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Heat Transport through a Phase-Biased Josephson Junction

Linear Response to a Thermal Bias
» Maki & Griffin, PRL (1965); Guttman et al. PRB 57, 2717 (1998)

Ae' — Ae'®

T T+0T

N Y

~—

Insulating barrier —




Heat Transport through a Phase-Biased Josephson Junction

Linear Response to a Thermal Bias
» Maki & Griffin, PRL (1965); Guttman et al. PRB 57, 2717 (1998)

Ae' — Ae'®

T T+0T

N Y

~—

Insulating barrier —

Heat Current: Tunneling Hamiltonian

> lp=—i Z {l‘p_k (é,ma;oam _Apa;acfkfo') _h-C-}
pk.c



Heat Transport through a Phase-Biased Josephson Junction

Linear Response to a Thermal Bias
» Maki & Griffin, PRL (1965); Guttman et al. PRB 57, 2717 (1998)

Aeldl e

Ae'®

T

~—

Insulating barrier —

N Y

Heat Current: Tunneling Hamiltonian
> Ip=—i Z {tp_k (él,ga;(ycka —A,,a;mc,k,a) —h.c.}
pk.c

af
> o) =aTx4mvO) s a2 (-51)

<Dy
thermal excitations

T+6T
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Heat Transport through a Phase-Biased Josephson Junction

Linear Response to a Thermal Bias
» Maki & Griffin, PRL (1965); Guttman et al. PRB 57, 2717 (1998)

Ae' 1~ Ae'®

T T+0T

N Y

~—

Insulating barrier —

Heat Current: Tunneling Hamiltonian

> lp=—i Z {l‘p_k (é,ma;oam _Apa;mcfkfo') _h-C-}
pk.c

) . of g2 — A% cos(9)

<Dy

thermal excitations



Heat Transport through a Phase-Biased Josephson Junction

Linear Response to a Thermal Bias
» Maki & Griffin, PRL (1965); Guttman et al. PRB 57, 2717 (1998)

Aei® t A Ae'®
T > T+06T
~ /tﬁ:
Insulating barrier —
Heat Current: Tunneling Hamiltonian
> lp=—i Z {l‘p_k (gpﬁa;cckG_A[?a;Gc*k*O') _h-C-}
pk.c
2 _ A2
af €”— A= cos(9)
> (Ip) = 8T x 4N (0)(|¢|? /de ——— oo
o) =37 x4 (uPyes [ de (~35) e

<Dy

thermal excitations
Trouble!!

~> Failure of Linear Response Theory?



Heat Transport through a Phase-Biased Josephson Junction

Linear Response to a Thermal Bias
» Maki & Griffin, PRL (1965); Guttman et al. PRB 57, 2717 (1998)

Aei® t A Ae'®
T > T+06T
~ /tﬁ:
Insulating barrier —
Heat Current: Tunneling Hamiltonian
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2 _ A2
af €”— A= cos(9)
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thermal excitations
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Non-Perturbative Theory of Transport in Phase-Biased Josephson Junctions

> Phase Bias: ¢ = ¢, — ¢ » Barrier Transmission: 0 <D <1

» Thermal Bias: 6T =T, — T > Mesoscopic Junction: ii/py < a <&
~

Aeti®,

NY
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Non-Perturbative Theory of Transport in Phase-Biased Josephson Junctions

> Phase Bias: ¢ = ¢, — ¢ » Barrier Transmission: 0 <D <1

» Thermal Bias: 6T =T, — T > Mesoscopic Junction: ii/py < a <&

W

NY

Josephson Phase ~~ New Electronic States Confined to the Interface !
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Non-Perturbative Theory of Transport in Phase-Biased Josephson Junctions

> Phase Bias: ¢ = ¢, — ¢ » Barrier Transmission: 0 <D <1

» Thermal Bias: 6T =T, — T > Mesoscopic Junction: ii/py < a <&

W

NY

Josephson Phase ~~ New Electronic States Confined to the Interface !

» Energy & Phase-dependent Transmission: D~ Z(g,¢)
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Fermion Bound States of a Josephson Weak Link or 27 Vortex

m AeH®
M’z Sharvin Contact 1 ﬁ 0

el s S

AV €1(9) = =£|A]|cos(¢/2)] B

9

1.00 T

/A

i
0.50
0.00 pa Fermi Level
-0.50

€ /A
1.00 L=

0.5 1 15 2

o/n



Andreev — Riccati Equations: Electron-Hole Branch Conversion

» Andreev's Equation for Coherent Electron-Hole States

e () (wao “57) () =2 (V)
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Andreev — Riccati Equations: Electron-Hole Branch Conversion

» Andreev's Equation for Coherent Electron-Hole States

U 0 Alp,r)\ (U\ (U
th-Vr <—V>+<AT(I),I’) 0 % =€ %
» Electron-Hole Coherence Amplitudes:
Y(p,r;€)=U/V  ¥(p,r;€) =V/U
» Riccati Equation:

hvp - Vy+2ey+A+AY =0
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Andreev — Riccati Equations: Electron-Hole Branch Conversion
» Andreev's Equation for Coherent Electron-Hole States

Ve () (wao “57) () =2 (V)

» Electron-Hole Coherence Amplitudes:
Y(p,r;€)=U/V  ¥(p,r;€) =V/U
» Riccati Equation:
hvp - Vy+2ey+A+AY =0
» Nonequilibrium: y(p,r;€,1)
T~V =) HAR) TS TV =) 9AR)
—e,+vy +e, tvy
Amplitude: y(p,r;é€,t) Amplitude: ¥(p,r;é€,t)

"h-e and e-h branch conversion scattering”
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Multiple-scattering of Coherent e-h excitations at a Boundary

Multiple Scattering from a Potential + Branch conversion scattering

12/26



Multiple-scattering of Coherent e-h excitations at a Boundary

Multiple Scattering from a Potential + Branch conversion scattering

> Interface Potential Scattering:

S-matrix
<511 512>
So1 S»
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Multiple-scattering of Coherent e-h excitations at a Boundary

Multiple Scattering from a Potential + Branch conversion scattering

> Interface Potential Scattering:

S-matrix
<511 512>
So1 S»

» Andreev Scattering: Riccati

+e,—vy 4_/—) 8A(R)
—e,+vy T =
—€, Uy —oo0=CT ) aA(R)
+e,+vy =

y(p,r;e,t)  ¥(p,rigt)
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Multiple-scattering of Coherent e-h excitations at a Boundary

Multiple Scattering from a Potential + Branch conversion scattering

> Interface Potential Scattering:

S-matrix
(Sn 512>
So1 S»

» Andreev Scattering: Riccati

+e,—vy 4/) 8A(R)
—e,+vy T =
—e, = =) GA(R)
+e,+vy =

y(p,r;e,t)  ¥(p,rigt)
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Multiple-scattering of Coherent e-h excitations at a Boundary

Multiple Scattering from a Potential + Branch conversion scattering

> Interface Potential Scattering:

S-matrix
<511 512>
So1 S»

» Andreev Scattering: Riccati

+e,—vy 4/) 8A(R)
—e,+vy T =
—€,—Vf - ) aA(R)
+(3,+?Jf =

y(p,r;e,t)  ¥(p,rigt)

» Bound-States ~~ Poles of the re-normalized S-matrix amplitudes

» Nonequilibrium Superconductivity Near Spin-Active Interfaces, PRB 70:134510 (2004), E. Zhao, T. Léfwander & J. A. Sauls
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Fermion Bound States of a Josephson Junction

¢_ (VR D
~\ivD VR
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Fermion Bound States of a Josephson Junction

P VR VD e+( R ,9) ==£A\/cos?(9/2)+ R sin’(¢/2)
“\ivD VR

0<D<1

Potential + Andreev Scattering ~» Gap in the Bound-State Dispersion
1.00

£/A 7
0.50
0.00 - Fermi Level
AN, D=1.0 ——
0.8 ——
0.4
0.50 0.2 ——
€A o R
-1.00 Lomeaz
0 1 1.5 2
o/m
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Heat Transport through a Phase-Biased Josephson Junction

Superconductor 1 Superconductor 2

» Heat Current jo = —x6T

» Carriers = bulk quasiparticles

14 /26



Heat Transport through a Phase-Biased Josephson Junction

Superconductor 1 Superconductor 2

» Heat Current jo = —x6T

» Carriers = bulk quasiparticles

> Nou(€) =N(0) \/828_7

14 /26



Heat Transport through a Phase-Biased Josephson Junction

Superconductor 1 Superconductor 2

v

Heat Current jo = —x 67T

v

Carriers = bulk quasiparticles

Nour(€) = N(0)

v

14 /26



Heat Transport through a Phase-Biased Josephson Junction

Superconductor 1 Superconductor 2

v

Heat Current jo = —x 67T

» Carriers = bulk quasiparticles
£
P Ml N0 T

Lo Vg(g) =Vs €

Thermal Conductance
°° d
€(0.7)=A | deNn(e) evi(e)] 7(e.0) (- 55 )

> 7(e,¢) = Quasiparticle Transmission Probability

14 /26



Transmission Probability for a Phase-Biased Josephson Junction

@(87¢) = 96—>e(87¢) = 9@%/1(87¢)

Superconductor 1 Superconductor 2

T
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Transmission Probability for a Phase-Biased Josephson Junction

@(87¢) = 96—>e(87¢) = 9@%/1(87¢)

Excitations: € > A

Superconductor 1 Superconductor 2

» Direct Transmission:
(€2 — A?) (&% — A% cos*(¢/2)

De—e(€,0) =D [€2 —A2(1 —Dsin2(¢/2)]2
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Transmission Probability for a Phase-Biased Josephson Junction

@(87¢) = 96—>e(87¢) = 9@%/1(87¢)

Excitations: € > A

Superconductor 1 Superconductor 2

» Direct Transmission:
(€2 — A?) (&% — A% cos*(¢/2)

De—e(€,0) =D [€2 —A2(1 —Dsin2(¢/2)]2

» Branch Conversion Transmission:
(€2 — A?%) A sin®(¢/2)
[€2 — A2 (1 — Dsin*(¢/2)]?

geah(qu)) = DR
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Transmission Probability for a Phase-Biased Josephson Junction
@(87¢) = 96—>e(87¢) = 9@%/1(87¢)

Excitations: € > A

Superconductor 1 Superconductor 2

» Direct Transmission:

Don(e.6) =D (€2 — A?) (&% — A% cos*(¢/2)

[€2— A2 (1 —Dsin*(¢/2)]?
» Branch Conversion Transmission:
(€2 — A?%) A sin®(¢/2)

geah(qu)) = DR X
Thermal Conductance Limits: (€2 —A2(1 —D51n2(¢/2)]2

» =0  Z(e,¢ =0) =D ~» BCS Thermal Conductivity
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Transmission Probability for a Phase-Biased Josephson Junction
@(87¢) = 96—>e(87¢) = 9@%/1(87¢)

Excitations: € > A

Superconductor 1 Superconductor 2

» Direct Transmission:

Don(e.6) =D (€2 — A?) (&% — A% cos*(¢/2)

[€2— A2 (1 —Dsin*(¢/2)]?
» Branch Conversion Transmission:
(€2 — A?%) A sin®(¢/2)

geah(qu)) = DR

Thermal Conductance Limits: [e2 — A2 (1 —Dsin’(¢/2)]?
» =0  Z(e,¢ =0) =D ~» BCS Thermal Conductivity
82 —A2
» D=1 9(g,0)= ~> Sharvin Limit

€2 — A% cos?(¢/2)
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Transmission Probability for a Phase-Biased Josephson Junction
@(87(?) = -@e—>e(87¢) = A@e%h(qu))

Excitations: € > A

Superconductor 2

Superconductor 1

» Direct Transmission:
(€2 — A?) (&% — A% cos*(¢/2)

De—e(€,0) =D [€2 —A2(1 —Dsin2(¢/2)]2

» Branch Conversion Transmission:
(€2 — A?%) A sin®(¢/2)

gg*}/i(z;)(P) = DR

Thermal Conductance Limits: 2 — A2 (1 — Dsin*(¢/2)]?
» 0=0 2(e,¢ =0) =D ~» BCS Thermal Conductivity
82 —A2
» D=1 P(g,9) = ~~ Sharvin Limit

€2 — A% cos?(¢/2)

2 A2 2
s 9(e,0)=pE LS OD) | neling Limit
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Transmission Probability for a Phase-Biased Josephson Junction
@(87(?) = A@e—>e(87¢) = ‘@6%/1(845)

Excitations: € > A

Superconductor 2

Superconductor 1

» Direct Transmission:
(€2 — A?) (&% — A% cos*(¢/2)

Dese(€,9) =D [€2 — A2 (1 — Dsin?(¢/2)]2

» Branch Conversion Transmission:
(€2 — A?) A% sin’(¢/2)

9@*}/1(87¢> = DR

Thermal Conductance Limits: 2 — A2 (1 — Dsin*(¢/2)]?
» 0=0 2(e,¢ =0) =D ~» BCS Thermal Conductivity
82 —A2
» D=1 P(g,9) = ~~ Sharvin Limit

€2 — A% cos?(¢/2)

2 A2 2
- B 9(e0) =0t -
e —A

Essential Singularity
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Heat Transport through a Phase-Biased Josephson Junction

Linear Response to a Thermal Bias
» Maki & Griffin, PRL (1965); Guttman et al. PRB 57, 2717 (1998)

Aeld t . Ae'®
T - T+ oT
~ /t“:
Insulating barrier —
Heat Current: Tunneling Hamiltonian
> lp=—i Z {l‘p_k (é,ma;oam _Apa;acfkfo') _h-C-}
pk.c
2 2
af &% — A= cos(9)
> (Ip) = 8T x 4mN(0)(|t|? / de — o
(o) Ot [Tde(-3) | —op

<Dy

thermal excitations
Trouble!!

~> Failure of Linear Response Theory?
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Andreev's Demon & Resonant Transmission

Direct Transmission Branch Conversion

(2= A%)(e2 — A% cos?(¢/2) B
@eﬂe(quj) =D [82 7A2 (1 stin2(¢/2)}2 —@eﬂh(&q)) =DR

(€2 — A%)A? sin’ (¢ /2)
[€2— A2 (1 —Dsin?(¢/2)]?
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Andreev's Demon & Resonant Transmission

Direct Transmission

@eﬂe(sy(p) =

(e2 —a%)(e

— A% cos?(/2)

€2

A2 (1—

Dsin? (¢/2)]

Branch Conversion

-@(’*)}l(87 ¢) =

DR (€2 — A%)A? sin’ (¢ /2)

[€2— A2 (1 —Dsin?(¢/2)]?

6.0

5.0

4.0
3.0
2.0

1.0

0g.

D(e, ¢ = m)/D

D =0.2 |

17 /26



Andreev's Demon & Resonant Transmission

Direct Transmission

@eﬂe(sy(p) =D

(€2 — A?) (e — A% cos?(¢/2)

[€2 — A2 (1 —Dsin?(¢/2)]2

Branch Conversion

-@(’*)}l(87 ¢) =DR

(€2 — A%)A? sin’ (¢ /2)

[€2— A2 (1 —Dsin?(¢/2)]?

6.0

5.0

4.0
3.0
20

1.0

Die,¢=)/D

"D=02]

S
1
>

05

Hp===
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Andreev's Demon & Resonant Transmission

Direct Transmission

@e%e(sy(p) =D

(€2 — A?) (e — A% cos?(¢/2)
[€2 — A2 (1 —Dsin?(¢/2)]2

Branch Conversion

D, 1(6.0) = DR (€% — A%)A? sin® (¢ /2)

[€2— A2 (1 —Dsin?(¢/2)]?

6.0
50
4.0

3.0

20

1.0

D(e,¢ =m)/D

D=02.

08005 10
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Andreev's Demon & Resonant Transmission

Direct Transmission

@e%e(sy(p) =D

(€2 — A?) (e — A% cos?(¢/2)

Branch Conversion
(€2 — A%)A? sin’ (¢ /2)

[€2— A2 (1 —Dsin?(¢/2)]?

[€2 — A2 (1 —Dsin?(¢/2)]2 De-sn(€,9) = DR
6.GIIII|I--- ....l....b'éé
_D 6 = T D = 0.2 |
5.0 ( ’¢ )—/><— dep = (D/2) A |
1 Resonance |
Al
490 De—)h + ,De_)é
3.01-
201 Bound State
I Eb%A(lfD/Q) |
08005 10 15 20
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Transmission Resonance for Heat Transport

1(0,T) = — k(9,T) 6T, with 8T =T —Ti
- P
K(9,T) :4/4/A de ¥ (€) [eve()] 2(e,0) a—;

resonant transmission

— >
€~ €
777777777777 l €y

shallow bound state
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Non-analyticity of the Thermal Conductance
» Tunneling Hamiltonian: k™ =, + xsin’(¢/2) ... But k' — oo
» Self-Consistent S-matrix for D < 1:

K = Kacs — K1 sin*(9/2) In (sin*(¢/2)) + K, sin*(¢ /2) |
> Ki2 ;—0—>DlnD = Finite, but Non-Analytic and Non-perturbative
*>

VA S
_ 002 T
[ V’L '
1.0 = | T=05T, |
\ 2% D=0.01
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Phase-Tuneable Resonant Enhancement of the Heat Current
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Phase-Tuneable Resonant Enhancement of the Heat Current
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Andreev's Demon ~» Fermion Bound States “control” thermal transport

> 0=0: x| forT<T,.
> o =m: D<0.5 «(T) 1 below Tg.
> D2>0.5: x(¢) < x(0)
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Phase-Tuneable Resonant Enhancement of the Heat Current
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Andreev's Demon ~» Fermion Bound States “control” thermal transport

> 0=0: x| forT<T,.
> ¢ =n: D<0.5 k(T) 1 below T.
> D2>0.5: x(¢) <x(0)

Northwestern LT Group: Z. Jiang et al., PRB 72, 020502 (2005)
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The Josephson heat interferometer - Giazotto et al. Nature 492, 401 (2012)

Thermometer

Thermometer

e

—

Qsquip (@)
2 um

O/dy —0 —1/2 o Experiment --- Theory

et d )
200
s f 3 ::
EO z AR
SRR LML IR Y
< 100rdp dp
b 13
’ i i
=400 [(:A) 400 3 ¥ 0.25 050 075
o % 5 Toatn ()
1
wld,

21/26



The Josephson heat interferometer - Giazotto et al. Nature 492, 401 (2012)
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Superconducting-Ferromagnetic-Superconducting Junctions

Magnetic control of Charge Voltage control of Spin
> Tuneable superconducting transition > Spin valves - Spin supercurrents
> Spin-triplet pairing correlations > SC Spin-Transfer Torque
> 7 junctions > Spin manipulation

Nonequilibrium quantum transport theory in S/F heterostructures

Spin-Polarized Supercurrents for Spintronics, Physics Today, Jan. 2011, M. Eschrig
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Ferromagnetic Point Contacts

Spin Filtering

TR Y
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Spin-dependent Transmission: Dy # D

Spin Faraday Rotation Angle: &
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Ferromagnetic Point Contacts

Spin Filtering

b 1 44 Hal

e -

Spin Faraday Rotation Angle: &

Spin-dependent Transmission: Dy # D

> Sj1=8Sn= (' TO \/Rjeﬂ'ﬂ/z

iv/2 .
> S=Su=i (V’TTO i /2> > |1) = cos(8/2)] 1) +sin(8/2)] 1)

> First principles theory of magnetically active interfaces ~» S(D,¥,...)

> Ry =1-Dyyy

» Nonequilibrium Superconductivity near Spin-Active Interfaces, PRB 70, 134510 (2004), Zhao, Lofwander, JAS
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Multiple Andreev reflection -

Quantum Transport Theory of Spin and Charge in SFS Junctions:
spin filtering + spin mixing +

5 RN
Tl e g €
A . / I
ey
h $ ””””””””
eV
- 9
“"/J/
Sl ; N SZ
i |

> e/h’s scatter inelastically: €+ €+ maw; (mth order MAR).
> e/h’s can escape into leads for € > A

> mth order MAR: transports charge = m X 2e, spin h/2

24/
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Long-range spin-transfer torque in SFNFS contacts (L ~ 0.1 —1.0um)

o, N; v; AGR/2]

Spin-Transfer Torques:

#P(1) = 7-(’)’ + Z [?‘,ﬁccos(kwjz)—o—?,ﬁs sin(kawyt)

k=1

ng =< Np(ve)V, eV > A

MAR + spin-mixing + [, X f; = sin(y)X ~ Té’x
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Directions and Challenges

» Nano-scale SFS JJs with CNT and Single Molecular Magnets
» Circuit QED with Spin-Triplet Superconductors (SroRuQOy4, UPt3, ?)
> Interacting Classical or Quantum Magnets mediated via Long-Range Josephson Spin-Transfer Torques

> Arrays of SEFNFS JJs for Voltage-Controlled Spin Transport (L ~ 0.1 —1.0um)
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