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Outline

The materials: how are the 115 superconductors special?
How do spins form pairs?

— Magnetically mediated pairing

— Composite pairing
The tool: symplectic-N
[llustration: the two-channel Kondo-Heisenberg model
Experimental consequences

— Condensate quadrupole moment
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Outline

e The materials: how are the 115 superconductors special?

ICTP — Trieste August 10", 2010



Localization vs. Itineracy

In the cuprates, this competition is induced by doping
In heavy fermions, this competition is built into the atom

Magnetic Moments

Metallic
- >
Increasing itineracy Increasing localization

Kmetko and Smith, 1983
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Localization vs. Itineracy

In the cuprates, this competition is induced by doping
In heavy fermions, this competition is built into the atom

Magnetic Moments

Metallic
e Heavy Fermi liquids
e Magnetism
e Superconductivity

e Quantum criticality Kmetko and Smith, 1983
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A new family of unconventional superconductors

CeMIn5

&4f CeCoIn5
L 4

Celn, 2K 1998
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X

Sarrao and Thompson 2007
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A new family of unconventional superconductors
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A new family of unconventional superconductors
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“Conventional” heavy fermion superconductivity

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)
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“Conventional” heavy fermion superconductivity

/ 4V
-
w

How do we get from here to heavy Cooper pairs?

At lower temperatures:

T < T~

Heavy quasiparticles

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)
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“Conventional” heavy fermion superconductivity

At very low temperatures:

T'<Te

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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Outline

 How do spins form pairs?
— Magnetically mediated pairing

— Composite pairing
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Internal structure of a heavy Cooper pair
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Internal structure of a heavy quasiparticle

aLT = ukcLT + kagT

s ,4

Heavy Conduction Localized
quasiparticles electrons f-electrons

PGfJTT ™ C;r'lsﬁ

@®
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Internal structure of a heavy Cooper pair

a};T = ukci:T + 'kagT
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Internal structure of a heavy Cooper pair

a};T = ukcLT + 'kagT

Ak (ukczT + ’ka]iT) (ukCT_kl =+ ’kaikl)
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Internal structure of a heavy Cooper pair

T T T
Aka;f(TaﬂL_kl Ay = UkCrp + Uk iy

d C M
~ agerde el + AL (el flig + el ) + A AL L

Composite pairs Magnetic pairs
Both magnetic and composite components will always be present
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Internal structure of a heavy Cooper pair

T T T
AkaLTaT_kl Ay = UkCrp + Uk iy

Magnetic Pair Composite Pair
M C At
A f f Azj @’]‘f

Two components, both with d-wave symmetry
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Internal structure of a heavy Cooper pair

T T T
AkaLT“T—kl Ay = WkChy + Uk [y

a - -a
Magnetic Pair Composite Pair
M1 T cC .1/ «@.
A?lj (CuSH)(CjTSj—) Aijcz'T (CjTSJ—)
Favored by: Favored by:
spin fluctuations two channel Kondo physics
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Outline

 How do spins form pairs?
— Magnetically mediated pairing

— Composite pairing
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Composite Pairing

Copairing

Composite pair

The product of a conduction
electron pair and a spin flip

The composite pair is a singlet
— requiring a triplet pair of conduction electrons

— Antisymmetric spatially — two electrons, two orthogonal channels

Abrahams, Balatsky, Scalapino, Schrieffer 1995
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The Two Channel Kondo Model

H=Y excher+ 1Y Wl oGapthing - S5+ J2 Y 13, Gaptbons - S;
k 7 J

Wannier functions at site j:

I k- R,
Pl =) Prre® g,
k
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The Two Channel Kondo Model

H=Y excher+ 1Y Wl oGapthing - S5+ J2 Y 13, Gaptbons - S;
k 7 J

In

J=5/2

Ce’(41") in tetragonal In cage
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The Two Channel Kondo Model
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Wannier functions at site j:
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The Two Channel Kondo Model

Wannier functions at site j:
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The Two Channel Kondo Model

Wannier functions at site j:
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The Two Channel Kondo Model

The impurity has a quantum critical point for J. = J,

Singular composite pair fluctuations
— expect to be hidden 1n the lattice

FLI FL2

>

Ja/Jh

Emery and Kivelson 1992
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Coleman, Andrei, Tsvelik and Kee 1999

Jarrell, Pang, and Cox 1997
The Two Channel Kondo Model arrell Fang, and o

The impurity has a quantum critical point for J1 = J2

Ja/Jh
In the lattice, this QCP 1s thought to be avoided by composite pair
superconductivity — I will show this in the large N limit

ICTP — Trieste ~ August 10", 2010



The Two Channel Kondo Model

H=Y excher+ 1Y Wl oGapthing - S5+ J2 Y 13, Gaptbons - S;
k 7 J

How can we solve this model?
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Outline

e The tool: symplectic-N



How to solve a strongly correlated problem

The problem: no small parameters

Z = Ze_s[q’]

W(7, 1)

/

The action fluctuates wildly
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How to solve a strongly correlated problem

The problem: no small parameters

The solution: extend the spin group

1 1 —INS[W
N=2 O'E{—§,§ Z:Ze.[]

S|

Arbitrary N {—

|2 e—
-

N
"2

1/N becomes a

small parameter Saddle Point /¥ (%, t)

Path

1/N
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How to choose the right large N limit
How do we ensure the large N limit captures the essential physics?

- . . :
What defines a spin’ Continuous spin rotations

U -
\ RO N :
U=expi—- -0« Paul
) Matrices
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How to choose the right large N limit
How do we ensure the large N limit captures the essential physics?

- . . :
What defines a spin’ Continuous spin rotations

a
p UzepoE-J

Tgne reversal g i} B §
ymmetry
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How to choose the right large N limit
How do we ensure the large N limit captures the essential physics?

- . . :
What defines a spin’ Continuous spin rotations

—

&,
C U=expi—- -0
2
—
T1§ne reversal g 0. g
ymmetry
Neutrality g <. 4§
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How to choose the right large N limit

How do we ensure the large N limit captures the essential physics?

What defines a spin” Continuous spin rotations.
a
C U = exsz ¥oj

—

SU(N) misses these discrete symmetries



How to choose the right large N limit
How do we ensure the large N limit captures the essential physics?

Time reversal 1s essential : : :
Continuous spin rotations

to Cooper pairing: -
O 2N
. U=expi--0
P, 1) 2
Tgne reversal g 0 g
ymmetry
Neutrality g <. 4§

Symplectic-N includes these
discrete symmetries
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How to choose the right large N limit

How do we ensure the large N limit captures the essential physics?

Time reversal 1s essential
to Cooper pairing:

Continuous spin rotations

—

&,
U=expi—- -0
2
T1§ne reversal g 0. g
ymmetry
Neutrality g <. 4§

Symplectic-N includes these
discrete symmetries
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Discrete Symmetries and the Symplectic condition

Continuous spin rotations: Discrete time-reversal symmetry:
a 0 1
Uzexpza-a = cK é:igzz(_l O)
" Pauli x
Matrices Complex conjugation

A consistent definition of time reversal requires:

R
0
AN
This is the symplectic condition: [JeJ! = ¢ S 21 =5 P 2)
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Symmetries and Large N
The SU(N) spins can be written:

mn
Top = Yibg — Fw

T

a
U=¢expi—
Py

The symplectic spins are given by:

Sap = Vs — @Byl s,

a = sign(a)

ICTP — Trieste

1) can be either
fermionic or bosonic

Time Reversal Invert

Charge Conjugation Neutral
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The one channel Kondo model in Symplectic-N

Use symplectic spins to decouple:

S I teair -8 = =5 [(8£) (For) + (wlel 1) (s2vr)

“Hybridization” “Pairing”

Saﬁ — f;fﬁ — &Bfiﬁf—oz
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The one channel Kondo model in Symplectic-N

Use symplectic spins to decouple:

S I teair -8 = =5 [(8£) (For) + (wlel 1) (s2vr)

“Hybridization” “Pairing”

Does symplectic-N reproduce
the SU(N) one channel Kondo Lattice model?

ICTP — Trieste August 10", 2010



The one channel Kondo model in Symplectic-N

Again, two quartic terms:

) - J . A
J
2 2
> [(f1V +6f-alr) Yro +he] + N (IVrI +|Ar| )
Hubbard-Stratonovich I

by

“Hybridization” “Pairing”
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The one channel Kondo model in Symplectic-N

Again, two quartic terms:

. - J + R
S Tyhawe -85 = =5 [(whr) (Floe) + (ulel 1) (revr)]
7
[(f;rer -+ dﬂf—aAF) Yrao + h.c.] + N (|VF|2 };lAFlz)
\ & ~ J
Superconductivity?!
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The one channel Kondo model in Symplectic-N
Again, two quartic terms:

S Lylate - 5 = 5 [(0hf) (1) + (wfet 1) (feun)]

’ “Hybridizaion”  “Pairng”




The one channel Kondo model in Symplectic-N

Again, two quartic terms:

J . — J L R )
> S theovin 85 == [(Whr) (Fe) + (wlel 1) (rewn)|
J
Vr|? + |Ar|?
[(fIVe + af_aAr) Pra +hc] + N (I T2 + |Ar| )
3 J Jr
. ,_Y~ Fix SU(2) gauge
Superconductivity?! Vi f;ﬂ
No. Vo = VIVe? + AP
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The one channel Kondo model in Symplectic-N

Again, two quartic terms:

Z %%ﬁjﬁwﬂ S = N [(wif) (fTap1) + (wiiéTfT) (féwl)]

J
i ftors e+ (0]

J1

Recover the SU(N) one-channel Kondo model

Newns and Read 1983
Auerbach and Levin 1986

ICTP — Trieste August 10", 2010



The two channel Kondo model in Symplectic-N

Now include both channels:

Syt g8, == Y058 [(vhf) (ur) + (vhét 1Y) (reve)
Tj r

- |1“'/1|2
1

+ (020 Va + (@F2a0a) s + hc) + N (
Neglect

Va|? + [Agl?
J2

ICTP — Trieste August 10", 2010



The two channel Kondo model in Symplectic-N

Now include both channels:
: . J . .
S lave 5 = =305 [(whe) (fer) + (vhelsT) (revn)]
'y r

——- [(f;rc’gbga) Vo + (df_albga) Ao + h.C.:| + N (l%g a |A2|2)

+ + :

Hybridization Pairing
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The two channel Kondo model in Symplectic-N

Now include both channels:
S Iyt g8 == 3008 [(0hs) (rur) + (vhet 1) (reve)
I'j

r
Vil2 AP
J1 J2

— [(F110) Vi + (@f —ath20) Ao+ hc] + N (

.

Hybridization Pairing

Superconductivity requires both channels:

SU(2) gauge invariant order parameter

ViAs — A1V,

ICTP — Trieste August 10", 2010



The two channel Kondo model in Symplectic-N

Now include both channels:

Syt g8, == Y058 [(vhf) (ur) + (vhét 1Y) (reve)
I'j

r

; V2 | [Agf?
— [(f;iwm) Vi+ (af-athan) Ao+ h.c.] + N ( + )
* Jl JQ

Hybridization Pairing

Kondo scattering 1s an intra-channel effect:

> ®--——1-90 >
\% \Z

k, a

1

> ®--——-9 >
A A

2 2
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The two channel Kondo model in Symplectic-N
Now include both channels:
> %w}rawﬂ S == % [(w{if) (fTr) + (w}é‘*ﬂ) (fé‘wr)}

T r
Vil2 | |Asf
J1 J2

— [(flt10) Vi + (@f-at2a) Az +hc] + N (

*

Hybridization Pairing

Superconductivity is inter-channel:

> ®--—--@ «
A

k,a -k,-a
V, 5

Arises from resonant Andreev scattering

ICTP — Trieste August 10", 2010



The two channel Kondo model in Symplectic-N

Now include both channels:

3 %wjra’wjp S ==Y % [(w{?f) (fTyr) + (wﬁé*ﬂ) (fé‘wr)]
I'j

r

f 5 Vi]? | |Ag)?
——— [(f1%10) Vi + (@f—at20) Ao+ hc] + N + )
* Jl JQ

Hybridization Pairing

Superconductivity is inter-channel:

> ®--—--@ «
A

k,
! \Y%

Y11 f] fribay
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The two channel Kondo model in Symplectic-N

Now include both channels:

3 ﬁwjra’wjp S ==Y % [(w{?f) (Fiyr) + (wl‘:é‘*ﬁ) (fé‘wr)}

r'j N r
i - Vi[* | |Aqf?
—_— [(fawla)vl+(Oéf_$7,b2a)ﬁg—l—h.c.:|—I—N Tt
2
Hybridization Pairing

Superconductivity is inter-channel:

> ®-——--@ p
A

k,? -k, 1
V, 2
Annihilating a (O T f TT f ! sz
composite pair: —
S,
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The two channel Kondo model in Symplectic-N
Now include both channels:
3 %wjra’wjp 5 ==> % (whf) (Frer) + (wletrt) (fevr)]

T r
Vil2 | |Asf
J1 J2

—> [(flt1a) Vi + (@f—atb20) A2+ hc] + N (

*

Hybridization Pairing

Superconductivity is inter-channel:

> ®--—--@ «
A

k,
! \Y%

2

1
Annihilating a Y10 - S
composite pair:

SU(2) invariant form
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Angular momentum and Composite pairing

k,c

> o -——---90
\Y4 A

1 2

d-wave gap originates
from the crystal fields
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The two channel Kondo model in Symplectic-N
Now include both channels:
> %w}rawﬂ S == % [(w{if) (fTr) + (wl‘?é‘*ﬂ) (fé‘wr)}
I'j

r
Vil2 | |Asf
J1 J2

— [(flt10) Vi + (@f-at2a) Az +hc] + N (

Solving the model:
Diagonalize (analytically)

Minimize the free energy (numerically)

Vi,Ag A - .
\__—> Lagrange multiplier enforcing n .= 1

ICTP — Trieste August 10", 2010



The Phase Diagram
A

0 2 I YT
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The Phase Diagram
b e

Heavy Fermi Liquid One | Heavy Fermi Liquid Two

V. £0 A, %0
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Outline

e Illustration: the two-channel Kondo-Heisenberg model

e
iy, .
bt -
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The Two channel Kondo-Heisenberg Model

Two channel Kondo Model

H=> excher+ 1)l 0Gaptbrjs - Si+ 12 Y i Gapthejs - Si+Ju Y S+ 5,
k J J

(i7)

-

Heisenberg Model

"y
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The Two channel Kondo-Heisenberg Model

H = ZE’“CLC"’ + Ji Z wlja&aﬁwljﬁ - Sj + Jo Z¢;ja5a5¢2j5 . Sj + e ZS@ . Sj
k J J

(i5)

Form valence bonds J4 S, - 5’} — AHf;r € f} +h.c.

4 PY N 4

Spin liquid state

ICTP -

N 4 N
® =
A Am
J N /

d-wave

Anderson 1973
Baskaran, Zou and Anderson 1987
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The Two channel Kondo-Heisenberg Model

H =3 "excpcr +h Y PliaGapthrjs - Si + J2 Y ¥l Gopthrjs - S; +Ju (Z; S; - S;
k a J ]

Valence bonds become
charged, mobile
Cooper pairs

Inherit their d-wave
nature from the
antiferromagnetism

Two band ygsmn Anderson 1987
of RVB pairing Andrei and Coleman 1989

Miyake, Schmitt-Rink, Varma 1986
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The Two channel Kondo-Heisenberg Model

8 'lj’La&@"J’lJﬁ : §J + Jo Z Q/’; ja@ap¥2;p - gj +Jn S; -

1.5

Heavy
S Fermi Liquid

0.5

0.
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The Phase Diagram

Magnetic pairing

1.5 VA, #0
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The Phase Diagram

Composite pairing

VA #0
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The Phase Diagram

Decoupled magnetic
and composite pairing

VAV A #0
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The Phase Diagram

“Tandem” pairing

1.5 VAA #0
1. 1
ITx1 0.5
0. 1.2
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Comparision to the Ce 115s

Chemical pressure traces
a path through phase space

CeCoIn5

Celrln, CeRhln,

Sarrao and Thompson 2007
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Comparision to the Ce 1135s

Chemical pressure traces
a path through phase space

Sarrao and Thompson 2007
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Comparision to the Ce 1135s

Chemical pressure traces
a path through phase space

- !
--------

"CO" "Rh" "Ir" "CO"
Chemical doping
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Outline

e Experimental consequences

— Condensate quadrupole moment

ICTP — Trieste ~ August 10", 2010



Electrostatically active tandem condensate

rr I's

Hole Kondo effect Electron Kondo effect
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Electrostatically active tandem condensate

Transfer electrons
—

_|_
F? FG
Composite pairing redistributes the f-electron charge 0.. x 02
the condensate acquires a quadrupole moment 22 ¢

Ap(x) o< Vi pry(x) — ASps(x)

ICTP — Trieste ~ August 10", 2010



Electrostatically active tandem condensate

.
F+

7 2
sz X \IJC

The quadrupole moment couples
to tetragonal strain ~ c/a

AF ox _szf
a

I's

F = as {T—(Tc+)\§) 02,

ICTP — Trieste

cla

" 1.594 1,596 1.598 1.600 1.602 1.604 1.6{)2%
| -—l CEMlF‘:E l'.han(:mln5 "
- 18
20 PuCnGas
PuCo, Rh Ga, 116
g 15+ CeCo, Rh_ In, 144
o - PuCoo_1l'\’thGas S
chegl 1) +412
| Celrin, CeRhﬂ_EI rMIns
sl "I ™ CBCDH_SIFMIHS 410
. | t‘.}ce.-ﬂh':'_ulrlmlns |
PuRhGa, PUMGE5T_’ 48
DU 1 1 L L 1 L 1 n | L 1 1
1610 1.615 1.620 1.625 1.630 1.635 1.640

cla

T increases linearly with c/a

August 10", 2010

Bauer et al. PRL 93, 147005 (2004)



Electrostatically active tandem condensate
Avnor ~ 5kHz/K x (T, — T)
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Summary
* Spins quench as they pair in the 115s

— Must be incorporated directly into the condensate

e Composite and magnetic pairing work in tandem to
drive superconductivity

e Composite pairing redistributes charge
— Observable as a sharp NQR shift at T

— Or as a sharp shift in the f-electron valence, n(T) at T

Magnetic Pai

ICTP — Trieste ~ August 10", 2010



Open questions

 How does disorder affect different pairing
mechanisms?

e Quantum criticality?

e Can the 1dea of tandem pairing be extended to other
families of superconductors?
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