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Heavy Fermion Metals: Extreme Limit of Mass Renormalization.
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Ce4f1 Yb4f13 U:5f2

S=1/2 =3 S=1/2 L=3 S=1 L=3+2
Spin Orbit : J=|L-S}=5/2 SO :J=[LS[=7/2 SO :J=[L-S|=4

Crystal Electric Field effects split the big moments and compete with Hunds rules

—— Ferromagnetic fluctuations
—— valence fluctuations Entropic considerations
—— multiple stage screening ?

«

Kondo screening ’ |

AF singlets
 xa) Spin Liquid
Nakatsuji 03

Cooper pairs
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Two scenarios

Spin Density Wave Kondo Breakdown
E,.=J, Ep=zJg
Ty T ,
CeN12Ge2 YbRh2Si2
CeColn5 B
HF
AF
:X X
SDW scenario:
big Fermi surface at the QCP QCP with fractionalization
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Breakdown of the Kondo effect associated
with a Mott transition on the f-electrons

P. Coleman (Schroder 2000)
deconfinement,
fractionalization

Burdin, Grempel, Georges
(98)

breakdown by
exhaustion

B. Jones (2010)

RG on Kondo
Breakdown

Continentino (09) Vekhter +
Seo+ CP (10) Paul ,Norman
(10)

SC quantum critical
point

Zhu, Martin, PNP (09)

modulations in Kondo

breakdown

THE

IG TEN

CP, Norman ,Paul (07)
selective Mott
transition, z=3 regime of
fluctuations

Q. Si, Nature (02-)
S. Kirchner (06,08)
locally quantum
critical

Pines, Yang, Fisk (08)
two fluids model

Senthil, Sachdev ,Vojta (04)
model for
fractionalization, spin
liquid
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Doping plays the role of pressure

Yb(Rh, M) Si,

[ Ir, x=0.06

B (T)

Dresden group (10)

0.3

Is there a spin liquid on the left of T* ?

Differentiate the scenarios where the
KB i1s tight to AFM transition (Si et al.)
from the ones where the KB 1s alone

T* related to a Lifchitz transition

Vojta, Benlagra (’12)
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Pressure induced SC and Fermi surface reconfiguration in 115
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I~

Quantum criticality

\ T - ONLY ENERGY SCALE

\ High Tc: QCP may play
a vital role in setting the

normal state properties.

Spin Gap
Pair fluctuations?

Fermi Liquid ?

[

N

QCP ?

Do we understand QCPs

where the order parameter is uncontraversial?
Y
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Theoretical approaches
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Low energy properties Universality

Universality

High energy physics — microscopic hamiltonian

/ Integrate out the “fast”
degrees of freedom

UV

IR ~

Low energy, slow, universal part
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Low energy properties Universality
Universality
uv High energy physics — microscopic hamiltonian
/ Integrate out the “fast”
degrees of freedom
IR ~

Low energy, slow, universal part

What is observed around some QCP

: _ Landau Fermi liquid theory verified by
in heavy fermions

“*all ¢’ conductors above 1D

o(T)~T Universal ATy ~T",
Too! .
W(T) ~T~% , with a <1 AT SRRy Universal
exponents
e O s e i . y . Cp  k%x?
A'h(’) = 'T ~ T .owith 3<1 . ",'p(’) s ilff 2 __71}3,#’)(‘ Y.
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Can we integrate the fermions out of the partition function?

4 . .
(P effective bosonic theory

Y
k
For example z=2 fermions are mass-less but fast fermions
compared to bosons?
| Q| (12 bosons
D~ 1(q, ) =—+
@) =Ftiz
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Can we integrate the fermions out of the partition function?

4 . .
(P effective bosonic theory

For example z=2 fermions are mass-less but fast
compared to bosons?
Do) =24
. Er k%

transverse modes are slow!
(controlled by boson fluctuations)

0

Y
17

k-ke ~ T
radial modes are fast

fermions

€k

bosons

Qradial ™ i
dtransverse ™~ V J 5
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Eliashberg theory around itinerant
ferromagnetism, or U(1) gauge
theory coupled to matter

H5f= E ekc;i,ack,a + E X;’%)(Q)SQS_Q
k,a q

+8 E CZ,aO'aﬁCkw,ﬂ' S,
k’q’a’lg

X0
E2+ 7+ A0+ 0(¢*, QY

Xs,O(q’Q) =
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Eliashberg theory around itinerant
ferromagnetism, or U(1) gauge
theory coupled to matter

H5f= E ekc;i,ack,a + E X;’%)(Q)SQS_Q
k,a q

+8 E Cz,ao-aﬁclﬁq,ﬂ ) Sq’
k’q’a’lg

X0
E2+ 7+ A0+ 0(¢*, QY

Xs.0(q, ) =

d=2
I we! W23
wo\ 1/3
L)
ﬁ,i%:* w(2)/3 Wl/3

Rech, CP, Chubukov (06)

The bare power counting diverges in d < 3
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Eliashberg theory around itinerant
ferromagnetism, or U(1) gauge
theory coupled to matter

H5f= E ekc;i,ack,a + 2 X;})(Q)qu_q
k,a q

T
+8 2 Cr,aT apCk+q.B" Sq’
k’q’a’ﬁ

X0
E2+ 7+ A0+ 0(¢*, QY

Xs,O(q’Q) =

* neglect vertex corrections
e dressed propagators (self-energy)

9 g mg _ mp

3  NEp Yyop  Nm

<1 B~ ~ < 1.

d=2

I we! W23

L)

2
u)0/ 3 ,1/3
Rech, CP, Chubukov (06)

The bare power counting diverges in d < 3
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Eliashberg theory around itinerant
ferromagnetism, or U(1) gauge
theory coupled to matter

H5f= E ekc;i,ack,a + 2 X;})(Q)qu_q
k,a q

T
+8 E Cr,aT apCk+q.B" Sq’
k’q’a’ﬁ

X0
E2+ 7+ A0+ 0(¢*, QY

Xs,O(q’Q) =

* neglect vertex corrections
e dressed propagators (self-energy)

9 g mg _ mp

3  NEp Yyop  Nm

<1 B~ ~ < 1.

d=2

I

]{:, w

/
L)
k,w ; S w§/3 w1/3

Rech, CP, Chubukov (06)

The bare power counting diverges in d < 3

lg| = d=2
¢logqg— d=3

Belitz, Vojta, Kirkpatrick(03), Chubukov, Maslov (07)
Green, ben Simon(11)
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And the culprit is ...
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2k - scattering processes
the back -scattering

affecting AFM, nematic, and Ferro

e 'S deformed at the hot spots
e anomalous exponents
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2k - scattering processes
the back -scattering

affecting AFM, nematic, and Ferro

e 'S deformed at the hot spots
e anomalous exponents

Forward

Backward

Fermi liquid
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2k - scattering processes
the back -scattering

affecting AFM, nematic, and Ferro

e 'S deformed at the hot spots
e anomalous exponents

Forward

Backward

Fermi liquid

SS Lee (2010)

p+q
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2k - scattering processes
the back -scattering

affecting AFM, nematic, and Ferro

e 'S deformed at the hot spots
e anomalous exponents

Forward

Backward

Fermi liquid

SS Lee (2010)

Metlitski, Sachdev (2010)

p+q
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Pseudo-gap from quantum criticality

K.B.Efetov, H.Meier, C.P.

AFM QCP in d=2

dimanche 11 novembre 12




Pseudo-gap from quantum criticality

K.B.Efetov, H.Meier, C.P.

Cp <(’1}02)a5 ¢a,p¢6,—p> - Cgh (aptapth—p)

+:++|+|+

(@)

AFM QCP in d=2
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Pseudo-gap from quantum criticality

K.B.Efetov, H.Meier, C.P.

Cgp <(i02)a6 ¢a,p¢5,—p> * Cgh <5O‘B¢a’p¢'z§’_p> 7

+:++|+|+

(a)

AFM QCP in d=2
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Pseudo-Gap equations around the QCP are universal

(e =Ty 2L

=4 Ty e
0 (@) :27rTZsin( 5+“’2) @(€)>
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Pseudo-Gap equations around the QCP are universal

= _ _ cos O (&) (@) =0 -
b(e)=T _ :
( ) ; \/m E 0.4
s _ — Sln@ é’ 0.2 —
fEe)=e+TY Q(g( 2/), I i L E
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Q (w) = 27T Z sin? (@ (8 + w2) © (€)> T026¢ o4 b 7
© 2019 |g|”2:+ 0.23¢ "t )

(b)
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(@)
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bare QCP
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Recent susy-bosonization in high dimensions : application to Fermi

liquid theory
Hendrik Meier,CP, Efetov

() galr) = —==

—Kn K+Qng - e Re-summation of the BS processes
(b) Sa

— e Curvature effects : charge and spin channels are coupled
— K,n K—-Q nf%
B KromsdL . e Re-summation of all non analyticities for the FL theory

VI = Ve — 3s
YIT :fYc+st

2 L2 L2

VR

50— C(B)T3{ln2( t L) |, il +7HL)}

* K.B. Efetov, C. Pepin, H. Meier,
Exact bosonization for an interacting Fermi gas in arbitrary dimensions

Phys. Rev. Lett. 103,186403 (2009); PRB 82,235120 (2010), preprint 2011
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http://xxx.lanl.gov/find/cond-mat/1/au:+Efetov_K/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Pepin_C/0/1/0/all/0/1
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http://xxx.lanl.gov/find/cond-mat/1/au:+Meier_H/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Meier_H/0/1/0/all/0/1
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Organic superconductors

H. Meier, P. Auban-Senzier, D. Jerome, C.P.

8 = . . 30 Py /b
* (TMTSF),PF,
'T b
¥ z
e 4" p—
o SDW -
s 110 —
o T
ro., o
0 N L I SC .".]’- 2 0
0 10 20 30
P [ kbar ]
HW,q _
Im %7 (e)

B 93\61¢|

An2y

254%_)2
w2 _|_€2

|

In (p"p + €%/¢F)

~ 7T

In (2 /%)

dimanche 11 novembre 12




Organic superconductors
H. Meier, P. Auban-Senzier, D. Jerome, C.P.

30

i+ (TMTSF) PF,
?
_ -zooc
X a4} .
— PN
{10~
‘ C ‘ . g .
00 300

P[kbar]

* * * X TO ]
NM10 ]
~ [
o
2
<
2 ! Espw -—
e I
=
Q
+~
0.1
5 10 15 20 25

pressure / kbar

\Py/ D!

2b 4\2
g el {2l)")

412

B Vp, n 1 —uwy
Po + Phot (T) Po + Pcold (T)

dimanche 11 novembre 12




Two types of fermions and anomalous hybridization fluctuations

I. Paul, M. Norman, C.P.

/ kra k+U
\q,f,v > U : Umklapp
% N kt+qtU
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Two types of fermions and anomalous hybridization fluctuations

I. Paul, M. Norman, C.P.

/ kra k+U
\ N U : Umklapp
c’ k \k—FCH—U
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Two types of fermions and anomalous hybridization fluctuations

I. Paul, M. Norman, C.P.

O=K,-K =0 ...Quasi-linear in Temperature above E*
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e e @ e 8.0 B0
® ° o o } reservoir ’§7-5-
- G
K, \ < 70
./ K ° 6.5}
ce “B5 o7 Ge, 05 08 10
S kta k+U
\ Yl U : Umklapp
c* k \k—FCH—U
Tlog(T/E*) E*<T<aEp 1
T) - =0p(T) — ox IMm2_,
p(T) = p(0) = 6p(T) T2 T < B =

dimanche 11 novembre 12




The Modulated Spin Liquid = Hidden Order in URu2S12

MSL valence bound

Bourdarot et al, PRB (2011) +| -

AFM Order

12

2
Mean-field amplitude (K) 0 l-a/ay
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Conclusions

e Strong experimental evidence for anomalous quantum
criticality in HF compounds

* Breakdown of the conventional techniques which integrate out
the fermions for (almost all?) models below d=3.

* Many mysteries remain : linear in T resistivity, pseudo-gap
regimes.

* Three insights
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quasi 1d QCP 1n organics has linear in T
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Conclusions

e Strong experimental evidence for anomalous quantum
criticality in HF compounds

* Breakdown of the conventional techniques which integrate out
the fermions for (almost all?) models below d=3.

* Many mysteries remain : linear in T resistivity, pseudo-gap
regimes.

AFM QCP 1n d=2 generates a pseudo-gap

* Three insights . . . _ .
quasi 1d QCP in organics has linear in T

regime

multiple species in heavy fermions : key to
anomalous resistivity
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