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The Physics of Heavy Fermion
Superconductivity

1. Introduction: Heavy Fermions and the Kondo Lattice.

2. BCS meets Kondo: mean-field approach to the Kondo Lattice.

3. Glue vs Fabric: Good, Bad and Ugly Heavy Fermion Superconductors.
4. Composite vs AFM induced pairing. Hastatic Order.
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Fabric: spins make the pairs
Anderson: RVB (1987); Coleman Andrei (1989)

Emery & Kivelson: composite pairs (1993) O\o (5)
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T C,
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0 A

“Hilbert Space Spectroscopy”
SPIN Hilbert space BUILDS the pairs. How?



Magnetic pairing appears ubiquitous

Cuprates lron-based superconductors

Heavy fermions

SC SC



“FM”:
“AFM”:

Strange:

Non centrosymmetric:

“Quadrupolar’:

Ulr, UGe2,URhGe, UCoGe

CeCu2Si2, UPt3, Celn3, CePd2Si2, CeRhlIn5,
CeColn5,CeRhIn5,UPd2AI3

UBe13, PuCoGa5,NpPd5AI2, URu2Si2
CePtSi, CelrSi3, CeRhSi3

PrOs4Sb2



Heavy Fermion SC: The Good.



Conventional Heavy Fermion Superconductivity

Example: UPt,
T* ~ 100K, T, = .96K
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Example: UPt, Stage one: QP formation
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Example: UPt, Stage one: QP formation
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UP1t3: Classic HFSC

Joynt and Talllefer,
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AFM -> d-wave pairing.
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AFM -> d-wave pairing.

Beal-Monod, Bourbonnais and Emery (1986)
Scalapino, Loh and Hirsch (1986)
Miyake, Schmitt-Rink and Varma (1986)
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At high temperatures:
Local moments

Conduction electrons

How do we get from here to heavy Cooper pairs?

Beal-Monod, Bourbonnais and Emery (1986)
Scalapino, Loh and Hirsch (1986)
Miyake, Schmitt-Rink and Varma (1986)



“Conventional” heavy fermion
superconductivity

At lower temperatures:

T < T

Heavy quasiparticles

How do we get from here to heavy Cooper pairs?

1. The local moments quench [via the Kondo effect],
forming heavy quasiparticles

Beal-Monod, Bourbonnais and Emery (1986)
Scalapino, Loh and Hirsch (1986)
Miyake, Schmitt-Rink and Varma (1986)



“Conventional” heavy fermion
superconductivity

At very low temperatures:

' <Ic Heavy Cooper Pairs

How do we get from here to heavy Cooper pairs?

1. The local moments quench [via the Kondo effect],
forming heavy quasiparticles

2. The heavy quasiparticles pair [via residual spin fluctuations]

These two stages are well separated.

Beal-Monod, Bourbonnais and Emery (1986)
Scalapino, Loh and Hirsch (1986)
Miyake, Schmitt-Rink and Varma (1986)
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Frustrated magnetism: pairing of spinons SP(N).
Read and Sachdev, PRL, 66, 1773 (1991)

Scott Thomas,
Rutgers NHETC.

PC: why don’t you ever use the group SP(N)?
Scott: “Simple, no Baryons.”

SU(N): Mesons Baryons

qq q2 - .. gN
Cooper pairs

SP(N) qq q—a



But what about Superconductivity?

Frustrated magnetism: pairing of spinons SP(N).
Read and Sachdev, PRL, 66, 1773 (1991)

“Symplectic Large N” & fiintand pc 08

S = £} fo — sgn(a)sgn(b)f1, fa

SU(N): Mesons Baryons

qq q2 - --4N
Cooper pairs

SP(N) qq q—a
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Antiunitary

operator

. T .
{ UiooU" =109 SYMPLECTIC CONDITION J




N-component Symplectic spin operator:
generator of SP(N)

Saﬁ — f;fﬂ i &Bfiﬁf—a

nf :N/2




N-component Symplectic spin operator:
generator of SP(N)

Saﬁ — f;fﬂ i &Bfiﬁf—a

nf :N/2

Singlet pair commutes with symplectic spin

S, G faf o] =0



N-component Symplectic spin operator:
generator of SP(N)

Saﬁ — f;fﬂ i &Bfiﬁf—a

nf :N/2

~ : Singlet pair commutes with symplectic spin
S afaf-al =0

—>  Local SU(2) gauge symmetry.

[&fozf—ow S =0



Magnetic Pairing:
the Kondo-Heisenberg model

il'l
Spin Liquid Heavy 1’1
Fermi Liquid
* Andrei and Coleman 1989

M2S 2012



Heavy Fermion SC: Bad and Ugly



UBe,;



Local

o, Yo,

oments




g
%
d

Local

<

RSN N

o
/
g

oments

UBe,; —
£ g‘ISOr— -
Ott’ FISk, Smlth (1 98 | 00 5|o 1olo 15% 2(|)o zlso 300
T (K)
1 r I 1 T I ] ; r 1 I
240 - =
o - N
[p2em] ¢
200 - -
eco- el _
F— : . j ................. N
120 200} ? . -
i | UBe
150 | | . 13
80 |- |
100 ; =
40 L SO :-: . |
- o -t I2 3 -
O i i | l ] | 1 | l | I J i
O 40 80 120 160 200 240 280

T [K]



g 58
ey
Py

Local

oments

UBe,, o
g E 150}
Ott, FISk’ Smlth (1 98 | 00 50 700 50 700 20 300

240 -

[y.ﬂcm] v
200

Incoherent Metal

1510]

120
UBe,; |

80

40

N 1
O | 2 3

O | i [ l ] | | |

| 1 | i

|
0 40 80 20 160 200 240 280
T [K]




g 58
ey
Py

Local

oments

UBe,, o
g E 150}
Ott, FISk’ Smlth (1 98 | 00 50 700 50 700 20 300

240 -

[y.ﬂcm] v
200

Incoherent Metal

1510]

120
UBe,; |

80

40

N 1
O | 2 3

O | i [ l ] | | |

| 1 | i

|
0 40 80 20 160 200 240 280
T [K]




“115” Family

1K
Celn3

0.1K




“115” Family

1K
Celn3

10K AFM
) y ) 1

! A | 01K

Temperature (K)

10@

(@)



“115” Family

10@
1K — %
Celn3 *§
L 5t
10K AFM

T¢¢T

| A | 01K O'

Pressure (kbar)



“115” Family

Mathur, Lonzarich et al (1998)

1.2

[
L — TC _
- 508/ I
10@ N e ]
\ 204 . 24.0 kbar |
(o
i \ 0 .

0 04 08 1.2
T (K) 1

»,

Celn3 \
10K AFM | .

by \

Temperature (K)

a1

i l 0.1K 0 . . . . . .
T 0 10 20 30
Pressure (kbar)



“115” Family

Mathur, Lonzarich et al (1998)

1.2

[
L — TC _
- 508/ I
10@ N e ]
\ 204 . 24.0 kbar |
(o
i \ 0 .

0 04 08 1.2
T (K) 1

»,

Celn3 \
10K AFM | .

PV

Temperature (K)

a1

l T + Celn3 (0.2K)

Superconductivity AA c
\

i l 0.1K 0 . . . . . .
T 0 10 20 30
Pressure (kbar)



“115” Family

Mathur, Lonzarich et al (1998)

1.2

T, .
0.8 ] i
T, v |
0.4 ] 24.0 kbar |
\ 0 .

0 04 08 1.2

o
. D .
p (L cm)

T (K)
] <
" 5 | e? LY
© [
Celn3 g : \
:\1 ...... . | .
1OK AFM ol g i 27 kbar Q
| 70 06 1 14
l T - log | (T(K)) \
T i ™ Celn3  (0.2K) .
Superconductivity AA c
~a

0.1K ) Y Y
i T l ° 10Pressure (kbar)20 QE P



“115” Family

Mathur, Lonzarich et al (1998)

1.2

TC .
0.8 | ¢ i

T
N _
L \ O | | .

0 04 0.8 1.2
- T (K) .
?2D

o
D .
p (L cm)

1K T Monthoux & % .
Lonzarich 1999 % Ez _
Celn3 g §1 .. \
1OK AFM 2 5+ é@ | _ .q
| 70 06 1 14
l T - log | (T(K)) \

f ! T Celn3  (0.2K) .
Superconductivity AA c

~a

0.1K ) Y Y
i T l ° 10Pressure (kbar)20 QE P



“1 1 5!! Famlly Petrovic et al 2001

10K —
Mathur, Lonzarich et al (1998)
1.2
ol
0.8]
Ty G
a
B \ 204 24.0 kbar |
- \ O | | -
0 04 08 1.2
- T K -
* 22D Q )
1K Monthoux & = , »
Lonzarich 1999 = = '
g = \
E e | /\0\_1 L el “_ .
4 27 kbar _ Q
sol. . .
0.6 1 1.4
_ log,_ (T(K)) \
=1 Celn3 (0.2K)
I 10T
Superconductivity ¢
0.1K 0 . . . . . .
0 10 20 30

Pressure (kbar)



“115” Family

10K

1K

0.1K

f ?2D

] Monthoux &
Lonzarich 1999

- Celn3  (0.2K)

Temperature (K)

Petrovic' et al 2001

PM (c) CeRhing

<
o P.(H=0)
-
5
= 2 AF
|_
A_\FF SC
SC
O L | |
0 1 2 3
Pressure (GPa)
Mathur, Lonzarich et al (1998)
1.2
ol
0.8 ]
Ty S
g
B \ 204 24.0 kbar |
\ 0 . .
0 04 08 1.2
T (K)
S \.\
e .
4 27 kbar Q
sol. . .
0.6 1 1.4
log,, (T(K)) \
10T
Superconductivity ¢
0 1 1 1 1
0 10 20 30

Pressure (kbar)




“115” Family

10K

1K

0.1K

CeRhIn5  (2K)

?2D

] Monthoux &

Lonzarich 1999

- Celn3  (0.2K)

Temperature (K)

Petrovic' et al 2001

PM (c) CeRhing

<
o P.(H=0)
-
5
= 2 AF
|_
A_\FF SC
SC
O L | |
0 1 2 3
Pressure (GPa)
Mathur, Lonzarich et al (1998)
1.2
ol
0.8 ]
Ty S
g
B \ 204 24.0 kbar |
\ 0 . .
0 04 08 1.2
T (K)
S \.\
e .
4 27 kbar Q
sol. . .
0.6 1 1.4
log,, (T(K)) \
10T
Superconductivity ¢
0 1 1 1 1
0 10 20 30

Pressure (kbar)




“115” Family

4 PM (c) CeRhins
2 |
° Po(H=0)
:
S 2-  AF
G
A_|\_F SC
10K T 0 . | SCl |
0) 1 2 3
Pressure (GPa)
=1 CeRhIn5 (2K)
1K —
= Celn3 (0.2K)
0.1K




“115” Family

10K

1K

0.1K

~ PuCoGas (18.5K)
~ PuRhGa5 (9K)

| NpAI2Pd5 (4.5K)

-‘CeCoInS 52.5K)
= CeRhIn5 (2K)

- Celn3  (0.2K)

Temperature (K)

PM

AF

(c) CeRhins

P.(H=0)

A
+
=5

T

1

2 3

Pressure (GPa)



“115” Family —

4 PM (c) CeRhins
C |
o P(H=0)
~ PuCoGas5 (18.5K) el
= AF
" AF|  sc
10K o 0 . | SC| .
~ PuRhGa5 (9K) 0 1 2 3
Pressure (GPa)
= NpAI2Pd5 (4.5K)
-| GeColn5 52.5K)
=1 CeRhIn5 (2K)
()
1K ] T CeColn;
5
C>}320-
=1 Celn3 (0.2K) 0
0
Temperature (K)
0.1K




The 115 Family. Magnetism appears ubiquitous.
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Magnetic pairing appears ubiquitous

But...
* Two domes in CeMIn.

* Superconductivity without magnetism
(PuMIn., PuMGa., NpPd:Al,)

* Extreme robustness to

disorder
° Many Ce su perCOndUCtOfS, Sarrao and Thompson JPSJ (2007)

one (weak) Yb superconductor 3

Are there other possible
mechanisms?

Ce,, Yb,Colng

x (Yb)
L. Shu et al PRL 2011
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The Mystery of NpPdsAl

NpPdAl, T, = 4.5K N 7/

~1/3R In(2)

e

/ \

How does the spin form the condensate?  4°kHeaw Fermion S.C

NpAloPds
Aoki et al 2007
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Large first order jump in magnetization at Hco.
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Large first order jump in magnetization at Hco.
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Large first order jump in magnetization at Hco.
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Large first order jump in magnetization at Hco.
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Paradox:

How can a neutral magnetic
moments form a charged
superconducting condensate?
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H { +] } ® Charge = Condensate Hilbert Space
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Composite pairing Hypothesis.



Coherence and composite fermions




Coherence and composite fermions

¢




Coherence and composite fermions

¢




Coherence and composite fermions

¢

Singlet formation

>




Coherence and composite fermions

¢

ff — cJ{S_

Singlet formation
>

' /

Heavy electron = (electron x spinflip)



Coherence and composite fermions

¢

ff — cJ{S_

Singlet formation
)

4 /

Heavy electron = (electron x spinflip)

¢ Taillefer & Lonzarich (1985)
UPts (m*/me=120)
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NpPd.Al, T, = 4.5K PP
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Composite pairing

NpPd AL, T, = 4.5K 97

“Composite pairing”
>

S /

Heavy Cooper pair = (pair x spinflip)

Abrahams, Balatsky, Scalapino, Schrieffer 1995









