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Heavy Fermion Superconductors
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Heavy Fermions vs Cuprates
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Similarity Difference

Inhomogeneity (cuprates)

Pseudo gap (cuprates)

Rich variety in critical behaviors
Microscopic coexistence of AFM&SC

An antiferromagnetic parent state, AFM&SC closely related
A quantum critical point beneath the superconducting dome?
Non-Fermi liquid behavior in the normal state

Change of Fermi surface with pressure (doping)

Superconductivities are both mediated by spin fluctuations !



Basic Models for Cuprates
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It may therefore be possible to approximate the physics of doped system
as an effective spin system plus some additional hole excitations.



Nakano Scaling and the Reduced Exchange Coupling
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Nakano’s formula may be understood from a 2D Heisenberg lattice
with a reduced exchange coupling.

Barzykin & Pines, 2009.



Two-Fluid Scenario for Cuprates

A reduced effective coupling
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More Knight shift experiments argue against a single fluid picture.
In a two-fluid picture, the second component increases with increasing doping. Barzykin & Pines, 2009.



Theoretical Studies on Heavy Fermions
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Start from the Kondo Regime
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Start from the Magnetic Regime

Hirv = Zczacka + JZ Si-si + JRKKY Z Si - S;
ko i (i3)

No good solution to this model with
nonlocal RKKY correlations.

2. What is the role of the RKKY interaction?

T ~ Deapl=1/Jp

We may also start from the magnetic regime where the

may happen if we introduce the hybridization.

J — J = Jfi(T)

1. Is the Fermi liquid really described by Kondo singlets?

3. How can we determine these scales experimentally?

system can be well described by a spin lattice and see what



A Hybridized Spin Liquid

Curie-Weiss law
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Antiferromagnetism: Suppression of Ty
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Emergent Heavy Electrons: Knight Shift Anomaly
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Emergent Heavy Electrons: Knight Shift Anomaly
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Emergent Heavy Electrons:

Knight Shift Anomaly

Knight shift anomaly
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The Knight shift anomaly is therefore
a strong evidence for the universality
of an emergent state in heavy electron
materials. It shouldn’t be ascribed to
crystal field effect.
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Emergent Heavy Electrons:

Hall Anomaly

Hall coefficient
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Further Experiment:
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Agreement with LDA+DMFT calculation

LDA+DMFT for Celrins
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The two-fluid scenario reflects the gradual screening of the local f-moments,
by their surrounding conduction electrons and neighboring f-electrons.
How can it be?

Yang & Pines, PRL 100, 096404 (2008)



Tunneling into Heavy Electrons: The Fano Interference

A composite state of conduction and f-electrons
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Heavy Electron Condensation: Superconductivity
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Kondo liquid is responsible for superconductivity.

Yang et al, PRL 103, 197004 (2009)



Heavy Electron Condensation: Critical Fluctuations
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A Two-fluid Scenario

A hybridization effectiveness that varies with temperature and pressure

7\ 1° determines the properties of both normal and ground states
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This illustrates the whole idea of the two fluid model. Each physical property is determined by a
background contribution from the localized f-moments and a universal contribution from the Kondo liquid.

The two components are also responsible for the low temperature emergent ordered states.



Thermodynamics: Entropy and Specific Heat

S/RIn2

T T*)] Si(T,) = Rln227;f_ [2 + ln(%)]

e (24

S(T) = RIn2 f|(T) +fn(T)

I, w~ = om(1-57))
N

S(T.) =rnfi(Tn)[1 —a(T)|RIn2 +ryfu(Tn)Sh(Tw) T

e m Expt 04 |- R L
Theo .WE\‘r,
0.4 |- - < -
E 03 -
7 2e 2 '
S mn ¥ S g = ol
“ 0.2} M URu,SI -
T AFM L sc | - A
. 7 ’,
0.1 = »’ -
o -' mvén, WUNA,
0.0 1 I l
0.0 0.5 1.0 1.5 2.0 2.5 0g L L L L J
) . o . 4 0.5
P (GPa) Expt v, (J/mol K?)

Yang and Pines, PNAS 109, 18241 (2012)



Transport: Anomalous Hall Effect
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Anomalous Hall Effect:

Skew Scattering

Ordinary Hall coefficient
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(a)

Rpy = Ro + R,

Anomalous Hall coefficient

intrinsic
skew scatterin
side-jump

independent local f'moments

e v— -
\ 2 T T

: 2K 5 .

T @

% ke g |

= =)

= Ry Jo%7

< ex | B

300 =

R,=2. 90K

C,=025m*Vs
1 T

00 os | 10 s

py (107 Qm

Paschen et al, Physica B 359-361, 44 (2005)

incoherent
skew scattering

by fluctuatio
about the
coherent

state

intrinsic _
skew scattering

------- t.mckground (ordinary Hall effect
+skew scattering by residual defects)

T
Fert & Levy, PRB 36, 1907 (1987)



Anomalous Hall Effect: Coherent Contribution

Ry = Ry + Rs ‘
B>

Ordinary Hall coefficient Anomalous Hall coefficient
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Anomalous Hall Effect: Coherent Contribution

Ry = Ry + R,

Ordinary Hall coefficient

Anomalous Hall coefficient
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Anomalous Hall Effect:

Scaling

Xh = min {X, X0 (1 —

3/2
3 ) (1 + In T
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Yang, arXiv:1207.0646 (2012).
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Anomalous Hall Effect: Scaling

CeColng, P=0 GPa, T*=53 K (Ref.6)(a)
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incoherent skew scattering from f-moments
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URu;Siz: Separation of Two Components

Bernal et al, Physica B, 281&282, 236 (2000)
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Anomalous Hall Effect: URu>Si,

p“y;, (arbitrary units)
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Anomalous Hall Effect: Ce»>Colng

If a separation is not available from other experiment,
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Anomalous Hall Effect: A New Scenario
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Universal Scaling vs Competing Scales

Knight shift anomaly T

Hall coefficient
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This universal scaling behavior seems to argue against
the scenario based on competing scales. It could be that

Kondo coupling shows up in a different way in lattice system.
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Unification of Scales
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Onset of magnetic correlation at T~

* Resistivity

* Susceptibility

e Knight shift anomaly

 Hall anomaly

e Optical conductivity

* Magnetic entropy

* Point contact spectroscopy
* Neutron/Raman scattering
* NMR spin-lattice relaxation

e T cannot be ascribed to the crystal field effect.

S (J/mole-Ce K)

CeCoIn5

T y T y T T
30 40 50 60

T (K) Nakatsuji et al

e T* cannot be the Kondo temperature since the entropy is RIn2/2 at Tk.

e At T=T", the magnetic entropy starts to be quenched. T* marks the onset of

magnetic correlation.

e Another possibility: T* originates from the spin-correlation between f-ions

Yang et al, Nature 454, 611 (2008).



Inter-site coupling origin of T°
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Inter-site coupling origin of T~
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Table 1| Experimental T*, Ty and y values for a variety of Kondo lattice

compounds
Compound T*(K) Te(K) y(mimol™2K®) Jp J(meV) c Reference
CeRhing 205 0.15 5.7 0.10 40 045 6,8, H-OL*
CeCug 355 35 8 0.15 43 0.49 9,10
CeCuySi; 7520 10 4 0.15 90 047 6,11,12
CePbs; 20%5 3 13 0.15 28 041 13,14
CeColns 5010 6.6 7.6 0.16 49 0.55 4,6,7
CePd,Si, 4010 9 7.8 0.17 51 041 15,16
CePd,Al3 3510 10 9.7 0.18 43 040 17,18,19
CeRu,Si, 6010 20 6.68 0.19 66 0.42 20,21
UxZny; 205 27 123 0.15 29 041 22,23
URuySi, 555 12 6.5 0.17 62 045 6,24,25
UBe;3 555 20 8 0.19 57 043 26,27
UPd,Al; 6010 25 9.7 0.21 51 0.48 19, 28
YbRh,Si, 7020 20 7.8 0.19 58 0.53 ZFt
YbNizB,C 505 20 11 0.21 44 0.47 29

A systematic analysis suggests that T* originates from the

conduction
electrons

.
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Figure 1| Confirmation of T* given by the intersite RKKY interaction for a
variety of Kondo lattice materials. The solid line shows T* (resistivity peak)
of CeRhIn; under pressure from 1 GPa (lower left) to 5 GPa (upper right).
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inter-ion RKKY coupling instead of the Kondo temperature.

Yang et al, Nature 454, 611 (2008).



NRG calculation for two impurities
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A New Framework
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transfer of spectral weight from localized f-moments to itinerant
f-electrons due to collective hybridization

Coherence, magnetic correlations, anomalies
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There may also exist AFM from the Kondo liquid (UNi2Al3 compared to UPd.Al3)

Yang and Pines, PNAS 109, 18241 (2012)



A New Framework

transfer of spectral weight from localized f-moments to itinerant
f-electrons due to collective hybridization

Coherence, magnetic correlations, anomalies
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More Experiments to be Done

Further examination of the emergent state in NMR, Hall etc

Comparing T* and Tx with pressure experiment like in La-doped CeRhins
Detecting two coexisting fluids. How? (Neutron, ESR ...)

Measurement of Fermi surface evolution at T_

Relation between Kondo liquid scaling and quantum critical scaling

vV v v v Vv
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More Experiments to be Done

Further examination of the emergent state in NMR, Hall etc

Comparing T* and Tx with pressure experiment like in La-doped CeRhins
Detecting two coexisting fluids. How? (Neutron, ESR ...)

Measurement of Fermi surface evolution at T_

Relation between Kondo liquid scaling and quantum critical scaling

vV v v v Vv

Strongly recommended!
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