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Outline

‣ Kondo physics versus Kondo lattice physics
‣ Empirical laws: RKKY energy scale and universal behavior
‣ Hybridization effectiveness and a generalized two-fluid model
‣ Application to CeRhIn5 and others and a new phase diagram
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Crossover to the low temperature singlet defines
➡ Kondo temperature TK and universal scaling

➡ Kondo screening and collective Kondo clouds
➡ Large Fermi surface containing local spin

➡ Is there a characteristic temperature T*?
➡ Is there universality related to T*?

Kondo physics vs. Kondo lattice physics

TK = ρ−1e−1/Jρ

• Extensively used in the literature
• No temperature evolution
• No experimental determination

• Determine temperature scales
• Describe temperature evolution
• Connect high and low-T states

T>>TK :

T<TK :

Loram et al.

Jρ

Tρ TK

TRKKY

AFM FL

J
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Determination of T*

Curro et al.

Yokoyama et al.

Yokoyama et al.

Kohori et al. Schlabitz et al.

Crystal field effect may play a role, but not essential.

•Resistivity
•Susceptibility
•Knight shift anomaly
•Hall anomaly
•Optical conductivity
•Magnetic entropy
• Point contact spectroscopy
•Neutron/Raman scattering
•NMR spin-lattice relaxation

URu2Si2
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Coherence Temperature

Singley et al.  

The coherence temperature marks the onset of f-electron band.
However, its value was not taken seriously and was often regarded 
as the Kondo temperature based on the Doniach picture. In many 
literatures, the coherence temperature also refers to the Fermi 
liquid temperature.

Malinowski et al.
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Knight Shift and Hall Anomalies

Often explained as due to crystal field effect.

However, the anomaly takes place also at T*.

Curro et al.

Hall measurements point to an emergent component.

Hundley et al.
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Fano Line-shape in the Point Contact Spectroscopy

entations are crucial to ensure their intrinsic and spectro-
scopic nature.

Normalized conductance spectra for the (001) and (110)
junctions are displayed in Figs. 1(a) and 1(b), respectively.
At high temperatures, the conductance curves of the (001)
junction are symmetric and flat, characteristic of simple
metallic junctions. As the temperature is reduced, they
become asymmetric and curved. This conductance
asymmetry begins at the HF coherence temperature T!

( " 45 K) [16] and increases with decreasing temperature
down to Tc (2.3 K), below which it remains constant. The
same behavior is observed in the (110) junction and the
data near and below Tc are shown in Fig. 1(b). A plot of the
ratio of the conductance values at #2 and $2 mV quanti-
fies this asymmetry [Fig. 1(c)]. According to the two-fluid
model proposed by Nakatsuji, Pines, and Fisk [16], the
spectral weight for the emerging HF liquid grows below T!

and saturates below Tc [16], and our conductance data
track this behavior.

The conductance near zero bias begins to be enhanced as
Tc is crossed and increases with decreasing temperature,
indicating its origin is AR. Conductance data at two tem-

peratures are compared for all three orientations in
Figs. 1(d) and 1(e). Three consistent and reproducible
characteristics are observed at low temperature, indicating
we are sampling intrinsic spectroscopic properties. First,
all spectra are asymmetric with the positive-bias side
(electrons flowing into CeCoIn5) always lower than the
negative-bias branch. We have seen similar conductance
asymmetry from more than 200 junctions on pure and Cd-
doped CeCoIn5 along all three directions. This is in strong
contrast with the symmetric conductance data we obtained
from junctions on non-HFS such as Nb, MgB2 [12], and
LuNi2B2C. All these observations strongly indicate that
the conductance asymmetry arises from intrinsic properties
in CeCoIn5. Second, the conductance enhancement occurs
over similar voltage ranges, "% &1–1:5' mV. Third, the
normalized zero-bias conductance (ZBC) ranges 1.10–
1.13, showing that our observed Andreev signal is much
smaller than the theoretical prediction of 100% [10]. We
reported [6] that it is too small to fully account for the
conductance spectra using the existing BTK models even
considering the mismatch in Fermi surface parameters,
nonzero Zeff , and large quasiparticle lifetime broadening
factor (!). Our model proposed below enables us to quan-
tify it successfully and elucidates properties of the HFS
state.

Conductance spectra for in-plane junctions are plotted in
Figs. 2(a) and 2(b). While both spectra exhibit similar
background asymmetry, differences in the subgap region
are striking. The (100) data appear rather flat, similar to the
(001) junction, whereas the (110) data are cusplike. This
shape difference persists even to higher temperature de-
spite an enhanced thermal population effect, indicating it is
intrinsic. We compare these data with calculated conduc-
tance curves using the d-wave BTK model [17], as shown
in Figs. 2(c) and 2(d) for antinodal and nodal junctions,
respectively. Both curves are identical at Zeff ( 0 but
quickly evolve in dramatically different manners with in-
creasing Zeff . For an antinodal junction, the ZBC is gradu-
ally suppressed and a double-peak structure develops for
Zeff " 0:3. For a nodal junction, the ZBC increases and the
subgap conductance narrows into a sharp peak. This is the
signature of Andreev bound states (ABS) which arise
directly from the sign change of the OP around the Fermi
surface [18]. We stress that the flat conductance shape
observed in the (100) junction can only occur for an anti-
nodal junction with Zeff ( 0:25–0:30 but cannot occur in a
nodal junction at any Zeff value. Meanwhile, the cusplike
feature in the (110) junction cannot occur in an antinodal
junction unless Zeff is small enough ( " 0:1), an unlikely
condition in N/HFS junctions; it can only be explained by a
sign change of the OP, ruling out anisotropic s wave. We
therefore assign the (100) and (110) orientations as the
antinodal and nodal directions, respectively, providing evi-
dences for dx2#y2-wave symmetry and resolving the con-
troversy on the locations of the line nodes [2–4]. Note this

FIG. 1 (color online). Normalized conductance spectra of
CeCoIn5=Au junctions (a) along (001) (after Ref. [6]) and
(b) along (110) orientations. Data are shifted vertically for
clarity. Note the temperature evolution of the background con-
ductance, whose asymmetry is quantified in (c) by the ratio
between conductance values at #2 mV and at $2 mV in (a).
The inset is a semilogarithmic plot (T! is the HF coherence
temperature). Junctions along three orientations are compared
in (d) at "400 mK and in (e) at "1:5 K.

PRL 100, 177001 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
2 MAY 2008

177001-2

Yi-feng Yang, PRB 79, 241107 (2009).

First theoretical explanation of the Fano line-shape in a Kondo lattice material
observed in PCS and later also in STM/STS measurements.

Park et al.

Yang 09
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Susceptibility and Raman Shift

Plateau in the magnetic susceptibility 
and deviation from Curie-Weiss law

Raman suggests emergent heavy electrons

These phenomena were often attributed to different origins.
However, the fact that they all take place at ~T* suggests a common origin.

This is in contrast to single impurity Kondo physics, where even though we 
can define a temperature scale TK, it starts to take effect at very different 
temperature ranges in different physical quantities.

Petrovic et al.
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Entropy Quench Below T*

Entropy also starts to be quenched at T*, different from conventional idea 
of f-electron band formation from local Kondo resonances. 

For single impurity, Kondo screening occurs above TK with S(TK)=Rln2/2.

T* sets the temperature scale for coherence, magnetic correlations and 
various anomalies.

Hundely et al.

Heggert et al.
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RKKY origin of T*

T* has a form of RKKY coupling for all heavy electron 
materials with AFM/SC ground state or near QCP.

Contradiction with conventional scenario suggesting 
competition with Kondo screening.

Yi-feng Yang et al, Nature 454, 611 (2008).
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Scaling behavior below T*

Curro et al.
Hundley et al

N.J. Curro et al., PRB 70, 235117 (2004)
Yi-feng Yang and David Pines, PRL 100, 096404 (2008)
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• A characteristic temperature T* given by RKKY coupling
• A novel scaling law below T* in various anomalous properties

Just like in Kondo physics, this empirical laws should also 
guide our research in understanding heavy electron physics.
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A two-fluid model

• A phenomenological two-fluid description below T*

• Gradual emergence of heavy electrons quantified by fh(T)
• An emergent Kondo liquid exhibiting universal scaling behavior
• A residual localized component with a reduced strength fl(T)=1-fh(T)

χh = fhχKL

fh(T ) = f0

�
1− T

T ∗

�1.5

χKL(T ) ∝ 1 + ln
T ∗

T

Ka = K −K0 −Aχ = (B −A)χkl

χ = χsl + χkl

K = K0 +Aχsl +Bχkl

T < T ∗ :

χ = χslT > T ∗ :
K = K0 +Aχsl

S. Nakatsuji et al., PRL 92, 016401 (2004)
N. J. Curro  et al., PRB 70, 235117 (2004)
Yi-feng Yang and David Pines, PRL 100, 096404 (2008)
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A new phase diagram: high temperature part

A temperature scale unifies emergence of coherence, 
magnetic correlations and all anomalies.

Superconductors cluster around Jρ~0.15, 
much smaller than the “critical” coupling.

Yang 08 Yang 11

Yi-feng Yang et al., JPCS 273, 012066 (2011)

15Monday, January 16, 2012



CeCoIn5: superconductivity

CeCoIn5

Kondo liquid is responsible for superconductivity.

Yi-feng Yang et al., PRL 103, 197004 (2009)
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Kondo liquid exhibits critical fluctuations.

Yang 09

CeCoIn5: superconductivity
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A New Framework

‣ A characteristic temperature T* given by RKKY
‣ A unified explanation of many anomalies at T*

‣ A novel scaling law and a two-fluid description

• Empirical laws:

‣ Antiferromagnetism from a hybridized quantum spin liquid
‣ Superconductivity from the Kondo liquid

• Hybridization effectiveness and a new phase diagram
• Understanding AFM and SC

Yi-feng Yang and David Pines, PRL 100, 096404 (2008).
Yi-feng Yang et al, Nature 454, 611 (2008).
Yi-feng Yang, PRB 79, 241107(R) (2009).
Yi-feng Yang et al., PRL 103, 197004 (2009).
Yi-feng Yang et al., JPCS 273, 012066 (2011).
apRoberts-Warren et al., PRB 83, 060408(R) (2011).
Yi-feng Yang and David Pines, in preparation.
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