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Notes:

"Many Body Physics: an infroduction”, Ch 8,15-16", PC, CUP to be published (2014).
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General reading:

A. Hewson, "Kondo effect to heavy fermions”, CUP, (1993).
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Heavy Fermion Systems: Why Supersymmetric Spins?

C/T~logT
0 ~ T(a<2)

Bosonic
SR — bj).r(\;fbg'i
W) = Pe|¥p)

Fermionic
SI" — flr(\'.‘ifﬁ
(W) = Pg|¥F)

How to describe the generic HF phase diagram In its entirety?

-----------------------------------------------------------------------------------------------------------------

Supersymmetric Spin
S = f ct'raﬂ. B ] bLI‘a,B b3

‘\I’> T PG \IJB> ® ‘\IJF> Gan, Coleman and Andrei, 1992

ettt ettt e e ettt e e Co|eman’ Pepln’ TSVe“k, 2000




Symmetries of the SUSY-SP(N) Spin

S =f l];aﬂf B T bLFm’ibﬁa

o
SP(N) generators

“Super-Algebra”: SU(2I1)

Spin commutes with the following
operator bilinears:

\

e ) [\IJ U ] e \ Even
v, = ¥3, pmSals | SR T SREERE | suE)
¥, — ""L}""C i = &fia.fg i, 5,k ={1,2,3)} ) y

N\

Uy =n;—N/2, n;=flf, ; .
1Xs, X;} = 2(Wods; + V3ay;),

X1 = 9+77, 0= bzxfa- {Xl Xj} — O i,j = {1,2}
X, =0—n, N = &fab_q




Results

Within a static mean field solution the free energy have the following closed form:

7TJH
Tk

F = —2sin(mny) (90 — m5) (g0 — 5 + 1)

nf+ Ny = qo

The energy will be minimized by
different representations in different
areas of the phase diagram

4+ F+B Phase = Coexistence;
+ 2nd order transition F = F+B;

+ Fermionic modes go soft;

1st order

+ Unusual critical behavior; 2nd order

0.25 0.5 0.75
nf + nb




Open Challenges.

» QCPs: Explanation of universality of
C/T ~ Log(To/T), p ~ T™a?

» Co-existence heavy fermions & LM AFM =
Two fluid behavior? [Supersymmetry? B/F]



Heavy Fermion Superconductivity
The Nature of Magnetic Pairing.
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A solvable model of composite pairing.

PC, Tsvelik, Kee, Andrei PRB 60, 3605 (1999).
Flint, Dzero, PC, Nature  Physics 4, 643 (2008).
Flint, PC, PRL, 105, 246404 (2010).
Flint, Nevidomskyy, PC, PRB 84, 064514 (2011).
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Wild quantum fluctuations!
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How can we tame the wild
Quantum fluctuations? 1Sl
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Large N expansion.
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Large N expansion.
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PC: why don’t you ever use the group SP(N)?
Scott: “Simple, no Baryons.” T X
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Scott Thomas,
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Impurity: quantum critical point for J, = J, Nozieres and Blandin 1980
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Impurity: quantum critical point for J, = J, Nozieres and Blandin 1980

Singular composite pair fluctuations
Emery and Kivelson 1992
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Impurity: quantum critical point for J, = J, Nozieres and Blandin 1980

Singular composite pair fluctuations
Emery and Kivelson 1992
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Real-space structure of pair

Ce



Real-space structure of pair

Magnetic pair: intercell

Tl = Ad(1—2)f (1) f](2)




Real-space structure of pair

Magnetic pair: intercell

Tl = Ad(1—2)f (1) f](2)

Strong pair breaking



Real-space structure of pair

Magnetic pair: intercell

Tl = Ad(1—2)f (1) f](2)



Real-space structure of pair

Magnetic pair: intercell

Tl = Ad(1—2)f (1) f](2)

Composr[e palr

Abrahams, Balatsky, Scalapino, Schrieffer 1995

Andrei, Coleman, Kee & Tsvelik PRB (1998)
Flint, Dzero, Coleman , Nat. Phys, (2008)



Real-space structure of pair

Magnetic pair: intercell

Tl = Ad(1—2)f (1) f](2)

Comp08|te palr mtra cell boson

Abrahams, Balatsky, Scalapino, Schrieffer 1995

Andrei, Coleman, Kee & Tsvelik PRB (1998)
Flint, Dzero, Coleman , Nat. Phys, (2008)



Real-space structure of pair Extreme Resilience
to doping on Ce

Magnetic pair: intercell site.

Tl = Ad(1—2)f (1) f](2)

s0}1Ce._ Yb Coln_ (@)

~ o | ] - ) |
e
|\8 . ' o Iq
ol | l _
0) :
(b)
2 |
<
~ 1
0 . .
Composite pair intra cell boson 0 02 04 06 08 1
‘I’C — CllCQlSJr Lei Shu et al, PRL, (2011)

Abrahams, Balatsky, Scalapino, Schrieffer 1995

Andrei, Coleman, Kee & Tsvelik PRB (1998)
Flint, Dzero, Coleman , Nat. Phys, (2008)



Real-space structure of pair Extreme Resilience
to doping on Ce

Magnetic pair: intercell site.

Tl = Ad(1—2)f (1) f](2)
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ol | .. |
(b)
3
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Composite palr intra-cell boson 0 02 04 06 08 1
‘I’C — CllCQlSJr Lei Shu et al, PRL, (2011)
Abrahams. Balatsky. Sealabine. Schriafior 1695 M. Tanatar et al (unpublished)
ranams, Balaisiy, Sealpine, Sennener Erten and PC arXiv1402.7361

Andrei, Coleman, Kee & Tsvelik PRB (1998)
Flint, Dzero, Coleman , Nat. Phys, (2008)
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Open Challenges.

HFSC: how is the spin incorporated into
the condensate?

Composite pairs?

Possibility of molecular pairing. (see Onur
Erten and Coleman, arXiv1402.7361



URu2SIo:
The Hidden Order Mystery



Hidden Order in URuU2Si»
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Large entropy of condensation.

What is the nature of the
hidden order?
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High pressures, high fields
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High pressures, high fields
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Ising order, present in LMAF, vanishes in the
hidden order state. (NMR,MuSR).



Local

Landau Theory

ltinerant

25 Years of Theoretical Proposals

Barzykin & Gorkov, 93 (three-spin correlation)
Santini & Amoretti, ‘94, Santini (’98) (Quadrupole order)

Amitsuka & Sakihabara (['s, Quadrupolar doublet, ‘94)
Kasuya, '97 (U dimerization)

Kiss and Fazekas ’04, (octupolar order)

Haule and Kotliar 09 (hexa-decapolar)

Shah et al. (C00) “Hidden Order”,

Ramirez et al, ’92 (quadrupolar SDW)

lkeda and Ohashi 98 (d-density wave)

Okuno and Miyake 98 (composite)

Tripathi, Chandra, PC and Mydosh, ’02 (orbital afm)
Dori and Maki, ’03 (unconventional SDW)

Mineev and Zhitomirsky, ‘04 (SDW)

Varma and Zhu, ’05 (spin-nematic)

Ezgar et al ’06 (Dynamic symmetry breaking)

Pepin et al ’10 (Spin liquid/Kondo Lattice)

Dubi and Balatsky, 10 (Hybridization density wave)
Fujimoto, 2011 (spin-nematic)

Rau and Kee 2012 (Rank 5 pseudo-spin vector)
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The Giant Ising Anisotropy.
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Strange electron spin of URu2SIi2 6

No splitting in transverse direction
M = gupgcosd = M,

Magnetic moment only along z-axis
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Strange electron spin of URu2SIi2 6

No splitting in transverse direction
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electron spin

Strange electron spin of URu2SIi2 6

No splitting in transverse direction
M = gupgcosd = M,
Magnetic moment only along z-axis
“I[sing moment”
S~integer?
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Quantum Oscillations: Giant Ising Anisotropy
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Quantum Oscillations: Giant Ising Anisotropy

3
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M o cos |2 20
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Me

Spin Zero condition
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LI DL
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17 spin zeros!
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Quantum Oscillations: Giant Ising Anisotropy
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17 spin zeros!

Ising quasiparticle with giant Ising anisotropy > 30.
Pauli susceptibility anisotropy > 900
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m

—g(0) =2n +1
Me Ising quasiparticle with giant Ising anisotropy > 30.
Pauli susceptibility anisotropy > 900

Spm ZerO COﬂditiOﬂ Confirmed from upper critical field measurements
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Quantum Oscillations: Giant Ising Anisotropy

Zeeman

M. M. Altarawneh, N. Harrison, S. E. Sebastian, et al., PRL (2011).

CYClOt ron ) H. Ohkuni et al., Phil. Mag. B 79, 1045 (1999).
17 spin zeros!

m

—g(0) =2n +1
Me Ising quasiparticle with giant Ising anisotropy > 30.
Pauli susceptibility anisotropy > 900

Spm ZerO ConditiOﬂ Confirmed from upper critical field measurements

Electrons hybridize with Ising 5f state to form
Heavy Ising quasiparticles.
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URu>Si>: Electronic Polaroid

Light

V)

Order parameter carries
Electron half-integer spin

“Spinor”



URu>Si»: Electronic Polaroid

] _doi;10.1038/nature11820
Hastatic order in the heavy-fermion

compound URu,Si,

Premala Chandra', Piers Coleman®? & Rebecca Flint®

V)

Order parameter carries
half-integer spin

“Spinor”



URu>Si>: Electronic Polaroid

Uranium ion

Spinor

Mobile electron ——

] _doi;10.1038/nature11820
Hastatic order in the heavy-fermion

compound URu,Si,

Premala Chandra', Piers Coleman®? & Rebecca Flint®

Hasta: Spear (Latin) W

Order parameter carries
half-integer spin

“Spinor”



Open Challenges.

3

QCPs: Origin of C/T ~ Log(To/T)? p ~ T?

» Co-existence heavy fermions & LM AFM =
Two fluid behavior? [Supersymmetry? B/F]

HFSC: how is the spin incorporated into
the condensate? [Composite pairs?]

» Hidden order (HO). Origin of ISING gps”?
[1/2 integer spinor OP]

» HO: complex MDW (multipolar density
wave) vs Fractional spinor order.

2



Thank you!
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