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A. C. Hewson, The Kondo problem to heavy fermions
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® Historic development of Kondo

v (19th Century) Electron behavior @ T=>0
v Liquification & Resistance measurement
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Fig. 1. Albert Einstein, Paul Ehrenfest, Paul Langevin, Heike Kamerlingh Onnes, and Pierre Weiss
discussing superconductivity during the “Magnet-Woche” in Leiden in November 1920 (Photo:
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Smoking gun: Isotope effect
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v (19th Century) Electron behavior @ T->0 e
; H ; : E. Maxwell, Phys. Rev. (1950)
v Liquification & Resistance measurement C A, Reynolds Zt L. Phys. Rev. 78 (1950)
v 1911 Superconductivity in Hg
v 1957 BCS Theory of Superconductivity

PHYSICAL REVIEW VOLUME 108, NUMBER 5§ DECEMBER 1, 1957

Theory of Superconductivity*

J. BarpeeN, L. N. Coorer,} AND J. R. SCHRIEFFER}
Department of Physics, University of Illinois, Urbana, Illinois
(Received July 8, 1957)

A theory of superconductivity is presented, based on the fact one-to-one correspondence with those of the normal phase is
that the interaction between electrons resulting from virtual obtained by specifying occupation of certain Bloch states and by
exchange of phonons is attractive when the energy difference using the rest to form a linear combination of virtual pair con-
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@ Historic development of Kondo

v (19th Century) Electron behavior @ T->0
v Liquification & Resistance measurement

v 1911-1957 Superconductivity EXP->THEO
v 1934 Resistivity minima
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Fi 2.6 Resistance minima fo:(:‘)e in a series of Mo-Nb all (fro e . Re
o m
Sa,rg:;eﬁk et al, 1064). Compare the depths of the minima with Z’,’,’: corre- Figure 1.8. The magnetic moment in up of Fe in various Mo-Nb and
sponding moments in figure 1.8. Mo-Re alloys as a function of alloy composition (Clogston et al, 1962).

Smoking gun: Resistance minima i@ Magnetic impurity
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Journal of the Physical Society of Japan

Vol. 74, No. 1, January, 2005, pp. 4-7
©2005 The Physical Society of Japan SPECIAL TOPICS

Kondo Effect — 40 Years after the Discovery

Kondo Lattices and the Mott Metal-Insulator Transition
Ph. NOZIERES

Laboratoire d’Etude des Propriétés Electroniques des Solides, Centre National de la Recherche Scientifique,
BP166, 38042 Grenoble Cedex 9, France

(Received August 29, 2004)

In the Summer of 1964, I visited Urbana in order to work
with my thesis advisor David Pines. The first person I met
when entering the building was John Bardeen, just out of the
seminar room. He was beaming when he told me “the long

standing Euzzle of the resistance minimum in metals 1s gone:
we ]'ust heard a young JaEanese theorist who has a beautiful
exElanation that 1s obviouslx the good one”. The Kondo

effect was born—and John was right! But it was only the




® Historic development of Kondo

v (19th Century) Electron behavior @ T=>0
v Liquification & Resistance measurement

v 1911-1957 Superconductivity EXP=>THEO
v 1934 Resistivity minima

v 1964 Kondo effect (logarithmic resistivity)

Cohérent

Progress of Theoretical Physics, Vol. 32, No. 1, July 1964
Resistance Minimum in Dilute Magnetic Alloys
Jun KonNpo

Electro-technical Laboratory
Nagatacho, Chiyodaku, Tokyo

(Received March 19, 1964)

phonon contribution to
the resistance

magnetic impurity contribution
to the resistance
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J. Phys. C: Solid St. Phys., 1970, Vol. 3. Printed in Great Britain

A poor man’s derivation of scaling laws
for the Kondo problem

P. W. ANDERSON

Cavendish Laboratory,* Cambridge, England

and

Bell Telephone Laboratories, Murray Hill, New Jersey, USA

MS. received 28th April 1970

Abstract. The scaling laws derived by a complicated space-time approach for the Kondo
problem in previous work are rederived by a ‘cutoff renormalization’ technique used

previously in the theory of superconductivity. logarithmic divergence
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® Historic development of Kondo

v (19th Century) Electron behavior @ T=>0
v Liquification & Resistance measurement

v 1911-1957 Superconductivity EXP=>THEO
v 1934-1964 Kondo effect EXP>THEO

v Many approaches: EOM, NRG, QMC ...

The renormalization group: Critical phenomena and the ]
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v (19th Century) Electron behavior @ T=>0
v Liquification & Resistance measurement

v 1911-1957 Superconductivity EXP=>THEO
v 1934-1964 Kondo effect EXP=>THEO

v Many approaches: EOM, NRG, QMC ...

The renormalization group: Critical phenomena and the ]
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& mean-field approach
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Nanotechnology has rekindled interest in the Kondo effect,
one of the most widely studied phenomena in condensed-matter physics

evival of the Kondo effect

WHY would anyone scll want to study a
physical phenomenon that was discov-
ered in the 1930s, explained in the 1960s
and has been the subject of numerous
reviews since the 1870s? Although the
Kondo cficet is a well known and widely
studied phenomenon in condensed-
matter phiysics, U conlinués o capture
the imagination of experimentalists and
theorisrs alike.

The elfect arises from the interactions
between a single magnedc atom, such
as cobalr, and the many elecirons inan
otherwise han-magaenc metal, Suck an
inpurity Lypicakly has an inlAnsic angu-

lar momentum or “spin” that interacts |

with the electrons. As a result) the mathe-
matical desceiption of the systern s a dil-
Aeule many-body problem.

However, the Kondo problem is well
defined, making it an atractive resting

The theory that e-scnthe scettenngaf
electrons from a localized magnetic Impu rty was
iniialed by the work of Jun Kondo in 1962

Leo Kouwenhoven and Leonid Glazmran

i behave as a single eatily. Indeed, super-
conducvity is 4 prime example of a

""i many-clectron phenomenan,

Other melals, like copper and golc,
rcmain conducting and have a constant,
(inite resistance, even at the lowest ac-
cessible temperatures. 'Lhe value of the
low=temperature resistance depends on
the number of cefects in the material.
Adding defects increases the value of
this “saturation resistance” but the char-
acter of the temperature dependence
remains the same.

However, this behaviour changes dra-
raucally when magnele atoms, such as
cobalt, arc added. Rather than satur-
aling, the electrical resislance increascs
as the temperature is lowered further.
Although this behaviour does not involve
a phase mansition, the so-called Kondo
teraperature —roughly speaking the termn-



initial state

Quantum dots

virtual state

b

final state

—

=T RARFPIITERN

energy

density of states

STMIEY\REF

3 Single magnetic impurities under the microscope
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(a) By manipulating cobalt atoms on a copper surface, Don Eigler and colleagues at IBM have placed a
single cobalt atom at the focal point of an ellipse built from other cobalt atoms (bottom). The density of
states (top) measured at this focus reveals the Kondo resonance (left peak). However, elliptical
confinement also gives rise to a second smaller Kondo resonance at the other focal point (right) even
though there is no cobalt atom there. (b) Meanwhile, Mike Crommie and co-workers have measured two
Kondo resonances produced by two separate cobalt atoms on a gold surface (top). When two cobalt
atoms are moved close together using an STM, the mutual interaction between them causes the Kondo
effect to vanish (data not shown).
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P. Coeleman, Heavy Fermions: Electron at the Edge of Magnetism
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SPIN EXCHANGE IN SUPERCONDUCTORS

B. T. Matthias, H. Suhl, and E. Corenzwit
Bell Telephone Laboratories,
Murray Hill, New Jersey
(Received July 15, 1958)
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' FIG. 2. Superconducting transition temperatures of
FIG. 3. Ferromagnetic and superconducting tran- 1 at % rare earth solid solutions in lanthanum.

sition temperatures of solid solutions of gadolinium
in lanthanum,

(B. T. Matthias, et al, PRL 1, 92 (1958))
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» Magnetism and (conventional) SC are mutually exclusive.

?
=> Anomaly depression in Ce . Why?



SOVIET PHYSICS JETP VOLUME 12, NUMBER 6 JUNE, 1961

CONTRIBUTION TO THE THEORY OF SUPERCONDUCTING ALLOYS WITH
PARAMAGNETIC IMPURITIES

A. A. ABRIKOSOV and L. P. GOR’KOV
Institute for Physics Problems, Academy of Sciences, U.S.S.R.
Submitted to JETP editor July 25, 1960
J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 1781-1796 (December, 1960)

A. A. Abrikosov L. P. Gor’kov
(A. A. Abrikosov, L. P. Gor’kov, JETP, 12, 1243(1961))
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(M. B. Maple, Phys. Lett., 26A, 513(1968))




NORMALIZED TRANSITION SIGNAL

THE RE-ENTRANT SUPERCONDUCTING-NORMAL PHASE BOUNDARY
OF THE KONDO SYSTEM (La,Ce)Al*

Institute for Pure and Applied Physical Sciences, University of California,
San Diego, La Jolla, California 92037

(Received 5 July 1972 by A.A. Maradudin)

M.B. Maple, W.A. Fertig, A.C. Mota, L.E. DeLong, D. Wohlleben and R. Fitzgerald

Solid State Communications, Vol. 11, pp- 829834, 1972. Pergamon Press. Printed in Great Britain

M. B. Maple
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® Historic development of heavy fermions

vV CeAls @ 1975 @ y=1.62 J/mol K2

VoLuME 35, NUMBER 26 PHYSICAL REVIEW LETTERS 29 DECEMBER 1975

4 f-Virtual-Bound-State Formation in CeAl; at Low Temperatures

K. Andres and J. E. Graebner
Bell Labovatories, Muvrvay Hill, New Jevsey 07974

and

H. R. Ott
Labovatovium fiur Festkvpevphysik, Eidgend: he T
Honggerberg, Ziivich, Switzerland
(Received 25 August 1975)
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® Historic development of heavy fermions

vV CeAls @ 1975 @ y=1.62 J/mol K2
v Ce, Yb, U, ..., 4f/5f intermetallics
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PHYSICAL REVIEW B VOLUME 11, NUMBER 1 1 JANUARY 1975

Electronic properties of beryllides of the rare earth and some actinides

E. Bucher,*J. P. Maita, G. W. Hull, R. C. Fulton, and A. S. Cooper
Bell Laboratories, Murray Hill, New Jersey 07974
(Received 14 March 1974)

UBe13

We tried to detect any possible magnetic ordering
below 1 °K. Instead we found a sharp supercon-
ducting transition at 0.97 °K, which was reduced
by about 0.3 °K only in a field of 60 kOe. This
suggests that the superconductivity is not an in-
trinsic property of UBe;;, but probably linked with
precipitated filaments. Subsequent powdering did
not shift nor reduce the superconducting signal,
although calibration with a Pb cylinder showed that
the signal of UBe;; was only about 50% of the ex-
pected full signal. From the fact that none of the
other MBe;; phases showed superconductivity down
to 0.45 °K, one is tempted to conclude that the
superconductivity and perhaps also the suscepti-
bility tail at low temperature is due to precipitated
U filaments.

KRBT

Zeitschrift
far Physik B

© by Springer-Verlag 1978

Z. Physik B 31, 7—17 (1978)

Transport Properties of LaCu,Si, and CeCu,Si, Between 1.5K and 300 K* **

W. Franz, A. GrieBel, F. Steglich, and D. Wohlleben
11 Physikalisches Tnstitut der Universitat zu Koln, Koln, Fed. Rep. Germany

Received May 23, 1978

CeCu,Si,

* The resistivity measurement of W. Lieke below 1.5K showed a
continuous drop down to about 0.6 K and then a superconducting
transition. The superconductivity could be suppressed at 0.3K by
application of a magnetic field of 3T. At this field the resistivity
was 41 pQcm and it did not change upon further increase of the
field. We therefore consider 41 pQ cm as representative of the resid-
ual resistivity of this sample. In order to check whether the super-
conductivity was a bulk property of CeCu,Si, or due to a second
phase forming a petwork through grain boundaries the specific
heat_was measured down to 0.3K by C.D. Bredl and the static
Meissner effect (on bulk and powdered samples) in a SQUID
magnetometer by R.F. Hoyt and A.C. Mota down to 30 mK. Both
measurements _indicate the absence of bulk superconductivity. Ac-
cording to the static Meissner effect less than 0.1 % of the sample
volume is superconducting.

)

® Historic development of heavy fermions

v CeAls ¥=1.62 J/mol K2 @1975
v CeCuzSiz> Tc=0.5 K @1979

PHYSICAL REVIEW LETTERS

17 DECEMBER 1979

I, Physik hes Institul, Uni:

Eduavd-Zintl-Institut, Tech he H

H. Schifer

F. Steglich
Institut fiir Festkorperphysik, Technische Hochschule Davymstadt, D-6100 Darmstadt, West Germany

and

Ji Aarts, C. D, Bredl, W, Lieke, D, Meschede, and W, Franz
i vsitit zu Koln, D-5000 Koin 41, West Germany

and
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tivity in the Presence of Strong Pauli Paramagnetism: CeCu,Si,

dt, D-6100 Davmstadt, West Germany
(Received 10 August 1979; revised manuscript received 7 November 1979)

The size of the specific-heat jump at
CeCu,Siy T., in proportion to yT_, suggests that Cooper-
pair states are formed by these heavy fermions.

Since the Debye temperature, O, is of the order
of 200 K,* we find T, <Tp<O with 7,/T¢>T:/0
=(,05. This suggests that CeCu,Si (i) behaves

as a “high-temperature superconductor” and

o] (ii) cannot be described by conventional theory of
superconductivity which assumes a typical phonon
frequency kg0/h <kT/h,
frequency of the fermions.

the characteristic
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VoLumE 50, NUMEER 20 PHYSICAL REVIEW LETTERS 16 May 1983
UBey;: AnU i Actinide S
H. R. Ott and H. Rudigier
Le ium fiir & ysik, & Technische

CH-8093 Ziivich, Swilzerland

and
Z. Fisk and J. L, Smith
Los Alamos National Laboratory, Los Alamos, New Mexico 87515
{(Received 14 March 1983)

c/enlt) U Bel3

S (HROt)
FIG.3. C/C,(T,) for superconducting UBcy.
Dashed line: weak-coupling ABM state; solid lines: BCS

and strong-coupling ABM state from Eq. (5). NUMBER 25
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RKKY interaction

(S. Doniach)

Physica 91B (1977) 231-234 © North-Holland
THE KONDO LATTICE AND WEAK ANTIFERROMAGNETISM

S. DONIACH*
Department of Applied Physics, Stanford University, California 94305, USA

q

By considering a one-dimensional analog of a system of c tion electrons exch pled to a localized spin in
each cell of a lattice, it is suggested that a second-order transition from an antiferromagnetic to a Kondo spin-
compensated ground state will occur as the exch ling J is increased to a critical value J.. For systems
in which J < J,, a very weak sublattice magnetization may occur as a result of nearly spin:

Ci

p

T ~ Dexp[—1/Jp]

Jrkky(x=X')

1 2 ’ ’
Hrxky = 5 ) =T x(x=x) S0 - S,

X, X/

RKKY

FIGURE 12. Tllustrating how the polarization of spin around a magnetic impurity gives rise to Friedel
oscillations and induces an RKKY interaction between the spins

“ ¥

\
A
>

’QM
LN

A AR R

i’

a2 %=
Temperature

NN

k

72,508 2kpr

¥ Tk <TrrkkYy

Jrxky(r) ~

HKL JHZS S ‘|'JK

(i7)

YR
&

'tk

ng\

AR '

Tk >Trrky

Tuning parameter

ZS’L S; ‘|‘Z€k¢ack Cko



|

IR F A
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v Lattice coherence @ T<T* l\ l\

™ mean-field approach
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® Mean-field theory & Hybridization l\ l\ l\

v Lattice coherence @ T<T*
v Hybridization & FS change
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® Mean-field theory & Hybridization

v Lattice coherence @ T<T*
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v Optical & Hybridization gap
v Kondo insulator

& 4 conduction
band
” -

k  hybridization
localized

f band

Unhybridized band

Heavy fermion metz

b 1/

U —_—

Kondo insulator




|

IR F A

® Mean-field theory & Hybridization l\ l\ l\

v Lattice coherence @ T<T*
v Hybridization & FS change l\ l\
v Optical & Hybridization gap ).\ l\
v Ground state: KI & SC & TKI & SL ... l\ l\
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® DMFT & Coherence/Duality

® Mean-field theory & Hybridization

v Lattice coherence @ T<T* v Dynamic fluctuations @ T>T*

v Hybridization & FS change v Local/ltinerant crossover @ T<T*

v Optical & Hybridization gap v Development of coherence @ T<T*
v Ground state: KI & SC & TKI & SL ... v Short range correlation (Extended)
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Localized f-moments

® BiEfEF @ highT

v Curie-Weiss susceptibility
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v mettalic behavior in resistivity
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Knight shift anomaly (scaled)
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Localized-itinerant crossover at T*

URu2Siz

* Resistivity
» Susceptibility

e Knight shift anomaly

* Hall anomaly

* Optical conductivity

* Magnetic entropy

* Point contact spectroscopy
e Neutron/Raman scattering
* NMR spin-lattice relaxation
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Table 1| Experimental T*, Ty and y values for a variety of Kondo lattice

AL 11 B 111 compounds
300 F 0,004 ('c‘[‘al x('”6 ) Compound T*(K) T«(K) y(mimol 'K Jp J(meV) ¢ Reference
~ x=0.00: X7~
" ) CeRhing 205 0.15 5.7 0.10 40 045 6,8 H-OL*
J 029 ~==-smn CeCus 35+5 35 8 015 43 049 9,10
= 200 F 05 CeCu,Si, 7520 10 4 0.15 90 047 6,11,12
5 CePb; 20*5 3 13 0.15 28 041 13,14
o 0.73 CeColns 5010 6.6 7.6 0.16 49 0.55 4,6,7
= CePd;Si, 40+10 9 7.8 0.17 51 041 15, 16
- 0.9 CePd,Alz 35+10 10 9.7 0.18 43 040 17,18,19
£ 100 CeRu,Si, 60 =10 20 6.68 019 66 042 20,21
o ([ e[V — -—
UsZn; 205 27 123 0.15 29 041 22,23
1.0 URu,Si, 55*5 12 6.5 0.17 62 045 6,24,25
Lo o o UBe;3 555 20 8 0.19 57 0.43 26,27
UPd,AlI; 60+10 25 9.7 0.21 51 0.48 19, 28
0 2M\13 '
001 o1 10| 100 (k) YbRh,Si, 7020 20 7.8 019 58 053  ZFf
FIGURE 15, Development of coherence in heavy fermion systems. Resistance in Ce,  LayCu, after YbNizB,C 50+5 20 11 021 44 0.47 29
Onuki and Komatsubara| 33
j;,‘f{ Fu ? Zs . -1 _—-1/J
27182 \é}b' Tk ~ p € /Trp

L E RS v~ mp/3
EE%*¥%2}KL JRKKY ~ CJ%(p




Supplementary Table I: Estimat

] - . i f heavy electron compounds. The unit of «
and that of T and all T"s is Kelvin. References for a urces are given in the text.

is mJ/mol-(La, Y,

Uml
(LT
1'n

FSEUPEE TR
éﬁ,—iﬂﬁ

Compoun Optical | Entropy | Resistivity | Susceptibility | Knight shift|Relaxation|Hall| Others >T‘ Ty ~
CeRhlng 15-20 50 20 10-20 20 20 eﬂO’ 205 | 0.15 5.7
CePbs >10 - — | 20£5 | 3 13
CeCus 40 30 15 35 40 40 | 30 35£5 | 35 8
CePd,Si; =30 40 40£10| 9 7.8
CePd;Al; =12 40 35+10 | 10 9.7
CeColny 50-75 50 50 50 50 65 53 | 60 | 50£10| 6.6 7.6
CeRu2Siz =30 50 60 70 70 | 60£10 | 20 6.68
CeCu2Siz =20 <100 75 75 7520 | 10 4
UzZn, 7 >6 =15 17-18 30 20£5 | 2.7 12.3
UBe i ety p— -0 o 555 | 20 8
URuaSia 40-90 50 70 55 55 60 59 9H£5H D12 6.5
UPd2Aly 0 e ek Lo 6010 | 25 9.7
YbNizB2C 50 45 50 50£5 | 20 11
YbRh,Si, 80 =40 100 70 90 T0£20 | 20 7.8
CeAls 17 20 20£5 |>0.36|5.46-9.55
CePtSio.sGeo. >12 20 15 2010
CePtSi >15 30 20 20 25£5
CeAly 10 =10 35-40 40 40 40 40 40£5 | »0.2 | 3.8-4.95
Celrlns =30 =15 <50 50 30 40+10
Cegs AlioCu20Cos =30 40 70 5010 3.44
CeP =20 80 70 65 80 T0+£10 | 1.7 0.8
CeAs <80 60 80 70 80 70£10 1.0
CesBisPty 80 85 100 100 | 90£10 10
CePd3 <150 130 130 130+20 0.28-3.48
CeSnj 150 140 145 1455 11.66
UPts 20 20 20 15 15 25 20 20£5
YbCuAl =20 70 40 30 40 35£5
YbAly 80-160 [ >110 120 >50 [120£10 3.8




RKKY (inter-site exchange coupling) origin of T*

* T* is given by the RKKY exchange interaction
* The RKKY interaction governs the emergence of heavy electrons

T* =cJ?p

02 T T P rd
== ==Jp ={In(Tp)]™" = (T*p/0.45)""2 .
UPd,Al, .’
YbRh,Si,
URu,Si
CeCoIn2 £ YbNi,B,C
TN = UBey,
& CeCu,Si, CeRu,Si
o CeCug - CePd,Al, l
CeRfing N cerqs,
\ ) CePb,
.’ { / UpZny;
_-~  CeRhin, (pressure 1-5 GPa)
0.0+ : . T
0.0 0.1 0.2

=[In(Tkp)I™

0.3

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).

In mean-field theory or DMFT, the onset
of coherence is given by the Kondo scale!

Hence Kondo lattice physics is different
from the single-ion Kondo physics!

A new scaling different from Kondo scaling !!!

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

This demonstrates that the heavy electron emergence is collective
and originates in the coupling between neighboring f-electrons.



= FHRES5=FIm5 A0

Antiferromagnet Quantum critical Heavy fermion metal
matter

A

® Quantum criticality @ low T - Power-law scaling in resistivity, specific heat, susceptibility
i - Peak at finite wave vector in dynamic susceptibility
v RKKY & Magnetism

¢ No w/T scaling ...
v SDW scenario (Hertz/Millis/Moriya)

12
L —_ Tc -
0.8 L
10 . ° TN é ’i/ |
204 24 0 kbar L
. a
i 0
® 0 04 08 12
- T (K)
e e
é Ez ° . ~
2 E ...... ., ° p(T) X T3/2
E s L =t e i
2 27 kbar L]
iL 06 i 14 * 1 %% 1 2
5. :
9 (T(K)) ‘ . B(M Pressure (GPa)
10T,
Superconductivity ¢
- . . . s .
>y Consistent with SDW The SDW predictions are violated
quantum critical theory
0 1 1 1 1 1 1
0 10 20 30

Pressure (kbar)

Long-wavelength Spin density wave (SDW) fluctuations



1'(K)

£ FHEESE=FIn5TAYE)E

Antiferromagnet Quantum critical Heavy fermion metal

$ e . AFM quantum phase transition
e %@ R A?%/k accompanied with
e-«\/i/‘g suppression of Kondo screening
WP .
¢ s (Fermi surface change)
0.5

® Quantum criticality @ low T o4

v RKKY & Magnetism 0.3
v SDW scenario (Hertz/Millis/Moriya) <
v Kondo breakdown @2001

YbRh,Si, -

T

0 01 02 03 04 05 06
B(T)

— P

SC

1 2 0 T T T
0 1 2 3 4 5

B(T) Pressure (GPa)

The SDW predictions are violated



1'(K)

= FHRES5=FIm5 A0

Antiferromagnet Quantum critical Heavy fermion metal
matter

2 B
] A/;j/'iﬁ 1 ’@ § Fractionalized excitations near QCP
TP 5;55 g spinon/spinon SDW ...
P
e T
® Quantum criticality @ low T
v RKKY & Magnetism . Quantum
» critical

v SDW scenario (Hertz/Millis/Moriya) \
v Kondo breakdown @2001 U(1) FL*

v Fractionalization @2004 FL

U(1) SDW* &
SDW Jy

) 1 2
B(T) Pressure (GPa)

The SDW predictions are violated



1'(K)

= FHRES5=FIm5 A0

Antiferromagnet Quantum critical Heavy fermion metal
matter

%@

55 ¢ ’ f Valence transition & abrupt FS change
with hybridization on both sides
® Quantum criticality @ low T g @ ., O ., 1 ©,,
¢ Y7
v RKKY & Magnetism K ’ /
v SDW scenario (Hertz/Millis/Moriya) y N N iy /]
.
v Kondo breakdown @2001 ] ' ’
Vv Fractionalization @2004 - — T a—" 1 -
v Critical valence fluctuations @2010 . v

1 2

0 1 2 3 4 5
B(T) Pressure (GPa)

The SDW predictions are violated

R, (mQ)

Pressure (GPa)



1'(K)

= FHRES5=FIm5 A0

Antiferromagnet Quantum critical Heavy fermion metal
matter

A

® Quantum criticality @ low T

v RKKY & Magnetism

v SDW scenario (Hertz/Millis/Moriya)
v Kondo breakdown @2001

v Fractionalization @2004

v Critical valence fluctuations @2010
v Critical quasiparticle @2011

1 2

0 1 2 3
B(T) Pressure (GPa)

The SDW predictions are violated

4

Heavy quasiparticles still exist
but become critical: N(E) ~ IEI”

10.00
5.001

1.00F

0.50f

0.10r
0.05

0.01f

lattice Kondo effect

2d
Gaussian




1(K)

= FHRES5=FIm5 A0

Antiferromagnet QuanrtT:J;:t é:rritical Heavy fermion metal Interplay of two types of
quantum critical fluctuations

? -
B ~ e
94/\/"?/%”@ N

Temperature

® Quantum criticality @ low T

v RKKY & Magnetism

v SDW scenario (Hertz/Millis/Moriya)

v Kondo breakdown @2001

v Fractionalization @2004

v Critical valence fluctuations @2010
v Critical quasiparticle @2011

v Magnetic & hybridization fluc. @2017

Temperature

Temperature

] 0.0
O Gotoetal. 10 |
® po(p) - 20

o 1 2

B(T) Pressure (GPa)

The SDW predictions are violated 00 05




Antiferromagnet Quantum critical Heavy fermion metal
matter

P -

6 ¢ LV

¢ Sﬁf

® Quantum criticality @ low T

v  RKKY & Magnetism

v SDW scenario (Hertz/Millis/Moriya)

v Kondo breakdown @2001

v Fractionalization @2004

v Critical valence fluctuations @2010
v Critical quasiparticle @2011

v Magnetic & hybridization fluc. @2017

T(K)

B(T)

fEEFHI R — Wi

Spin liquid Heavy
electron

® Non-Fermi liquid @ high T

v Onset of coherence (What is T*?)

v Local/ltinerant crossover (Two fluids?)
v New scaling (Different from Kondo?)
v Two types of quantum fluctuations?

New Quantum Critical Matter ?

)
SC, Hidden order, TI ... >

1 T 1
0 1 2 3 4 5
Pressure (GPa)



Hmli

=]

7

S

Hmli

gv—AnIg/K

SHIRR SHE
HATEBESRFF

(1N

- BFEARTFHBEIIESEG0)

Hmli

i



0

SV 73 xr

T T T
S (@.-4.05)
UGe, u H[[[100)
L -
- - NORMAL PHASE
< sl
) - F et <
< < emomagnetism o |
2 ]
& [ CLT N
2 g .
5 £ o b
= ® 20f .
Metamagnetic *s_ Superconductivity “
transition " \ MAIN SUPERCONDUCTING <
0 10 20 30 40 I i L
Pressure (kbar) 04 06 08 10

normal phase

I o Hinerant
S Hu[ocn]y ped f-electron

UPt,

10 1 N
= Hidden -]
T PrOs,Sb Order Phase 2
I S450, 5
= 8

% * Confinuous (2 order) anomaly g 1
5 NN fcsae i g

N+ H110] Ty magnetc moment — 0.03
\ 2 HIM11] 0.5

0 01 02 03 04 05 06
Temperature (K)

ZZ Xk
, WX g EEXFBESZFEF, MEFR 64, 217401 (2015



1979, CeCu,Si (1t HF SC)

VoLume 43, NUMBER 25 PHYSICAL REVIEW LETTERS 17 DECEMBER 1979

Superconductivity in the Presence of Strong Pauli Paramagnetism: CeCu,Si,

F. Steglich
Institut fiir FestkBvpevphysik, Technische Hochschule Darmstadt, D-6100 Daymstadt, West Germany

and

J. Aarts, C. D, Bredl, W, Lieke, D, Meschede, and W, Franz
II. Phystkalisches Institut, Univevsitil zu Koln, D-5000 Kbin 41, West Germany

and

H. Schifer
Eduayd-Zintl-Istitut, Technische Hochschule Davmstadt, D-6100 Darmstadt, West Germany

(Received 10 August 1979; revigsed manuscript received 7 November 1979)

The size of the specific-heat jump at

ra

7’ T |'

201 Cecusi,| T, in proportion to y7,, suggests that Cooper-
30 pair states are formed by these heavy fermions.
z § L 4 Since the Debye temperature, ©, is of the order
: 3 of 200 K,® we find T, <Tp<O with 7, /T = T5/0
i Bllesia) T | ] S =(),05. This suggests that CeCu,Si (i) behaves
5 - 0 : ofer. of 1 10} 4 as a ‘“high-temperature superconductor” and
: {io ig:;ﬁJréX' ] (ii) cannot be described by conventional theory of
L i _.- I i )i superconductivity which assumes a typical phonon
N I v ) 05 frequency kgO©/h <kyT/h, the characteristic

frequency of the fermions.



PHYSICAL REVIEW B

Passed the HF SC by!

(1975, UBe,,) (1978, CeCu,Si.)

VOLUME 11, NUMBER 1

Electronic properties of beryllides of the rare earth and some actinides

E. Bucher,*J. P. Maita, G. W. Hull, R. C. Fulton, and A. S. Cooper
Bell Laboratories, Murray Hill, New Jersey 07974
(Received 14 March 1974)

UBBB

We tried to detect any possible magnetic ordering
below 1 °K. Instead we found a sharp supercon-
ducting transition at 0.97 °K, which was reduced
by about 0.3 °K only in a field of 60 kOe. This
suggests that the superconductivity is not an in-
trinsic property of UBe;;, but probably linked with
precipitated filaments. Subsequent powdering did
not shift nor reduce the superconducting signal,
although calibration with a Pb cylinder showed that
the signal of UBe;; was only about 50% of the ex-
pected full signal. From the fact that none of the
other MBe,; phases showed superconductivity down
to 0.45 °K, one is tempted to conclude that the
superconductivity and perhaps also the suscepti-
bility tail at low temperature is due to precipitated
U filaments.

1 JANUARY 1975

Zeitschrift
far PhysikB

© by Springer-Verlag 1978

7. Physik B 31, 7—17 (1978)

Transport Properties of LaCu,Si, and CeCu,Si, Between 1.5K and 300 K* **

W. Franz, A. Griefiel, F. Steglich, and D. Wohlleben
II. Physikalisches Tnstitut der Universitdt zu Koln, KdIn, Fed. Rep. Germany

Received May 23, 1978

CeCu,Si,

* The resistivity measurement of W. Lieke below 1.5K showed a
continuous drop down to about 0.6 K and then a superconducting
transition. The superconductivity could be suppressed at 0.3 K by
application of a magnetic field of 3T. At this field the resistivity
was 41 uQcm and it did not change vpon further increase of the
field. We therefore consider 41 nQ) cm as representative of the resid-
val resistivity of this sample. In order to check whether the super-
conductivity was a bulk property of CeCu,Si, or due to a second
phase forming a network through grain boundaries the sEecif%
heat was measured down to 0.3K by C.D. Bredl and the static
Meissner effect (on bulk and powdered samples) in a SQUID
magnetometer by R.F. Hoyt and A.C. Mota down to 30mX. Both
measurements indicate the absence of bulk superconductivity. Ac-
cording to the static Meissner effect less than 0.1 %, of the sample
volume is superconducting.




1983, UBe

VoLUME 50, NUMBER 20 PHYSICAL REVIEW LETTERS 16 May 1983
s L‘ﬁ NN B — T T UBey;: An Unconventional Actinide Superconductor
ac .
[arb. u|ni1s} H, R. Ott and H, Rudigier

Laborvatovium fur Festkovpevphysik, Eidgenodssische Technische Hochschule—Honggerberg,
CH-8093 Zirich, Switzeviand

-2 L -
. and
3T . a %. Fisk and J. L, Smith
a . Tos Alamos National Labovatory, Los Alamos, New Mexico 87545

Tl 7 / (Received 14 March 1983)

T~ 0.9K
-5r ,-' 7 10 g L

1 1 1 PR O R | C/Cn(Te)
. UBe,;

[J/mole K] ' 10°

y=[.1J/mol K?2 N

.« T

T
“*\- -
8CS TTABM (s.0) [ /

",/-"' o2 ! | ] ! 1 ! ' : ]
— T e (H.R.Ot) (2 Fisk)
L A R S R R S FIG.3. C,/C,(T.) for superconducting UBeis. )
G 0.5 1.0 Dashed line: weak-coupling ABM state; solid lines: BCS
T [K] and strong-coupling ABM state from Eq. (5).

(H. R. Oftt, et al, PRL 52, 1915(1984))

« CyxT3 below T, and analogy to He3, UBe,; is the 15t p-wave SC. (H. R. Ott, et al, PRL(1984))

(But it's incorrect due to inherent symmetry of crystal lattice and strong spin-orbit
coupling) (Thompson, PPT, 2007)



1984, UPt,

VOLUME 52, NUMBER 8 PHYSICAL REVIEW LETTERS 20 FEBRUARY 1984

Possibility of Coexistence of Bulk Superconductivity and Spin Fluctuations in UPt;

G. R. Stewart, 7. Fisk, J. O. Willis, and J. L. Smith
Los Alamos National Labovatory, Los Alamos, New Mexico 87545
(Received 24 October 1983)
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Discovery of HF Superconductors
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Varieties of phase diagram in HF SC
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Ce M X, ., basic properties

i

Compound  Ground State Ty, T. (K)

CeColns SC 2.3

CeRhlns AFM/SC (P) 3.8/2.4 (2.3 GPa)
Celrlns SC 0.4

CePtln;  AFM/SC(P)  55/23(3.1GPa) £
Ce,Colng SC 0.4 )
Ce,;Rhlng AFM/SC (P) 2.8/2.0 (2.3 GPa) *E
CegPdIng SC 0.7 cé-
Ces;PdIn; AFM+SC 16+15+04(SC) [
PuColns SC 2.5

PuRhlIns SC 1.6

PuCoGas SC 18.5

PuRhGas SC 8.7

Control parameter, 0 04 0,

(White, Thompson, Maple, Physica C(2015)) (T. Park et al, nature 440, 65(2006))



CeM,X,: at the border of Antiferromagnetism

Temperature (K)

CECHZSiZ CBCUZGEZ Cepdzsiz CeRhQSiZ CeNizGEZ CeNi663 CezNi3G85 CePd5A12
State AF. SC AF, SC AF, 5C AF, 8C 1SC AF. SC  AF SC AF, $C
Ty (K) 0.8 4.15 10 36, 25 5.5 5.1, 4.5 39,29
. | [ [ ]
Valence transition
-2 0 2 4 6 8
2-5 T T T L] : T T T T
Pd,Si . CeCu/Si, Ge), |
Ce dzs 2 40 28 kbar : 2( 1-x X)E
? ; : < 29 | '
S
° e ,L S
o = 1.5 -
N % 0 20 40 | o
. T2 (K2 L
. e E 10: .
5 3 1 = _
% .........
anti- hJ 0.5 -
ferromagnetic ¢ ) |
state superconducting |
. state i :
. 0.0 ' '
* . -2 0 2 4 6 8
e “n St
0 1 1 ‘ |‘ I Ap' (GPa)
0 10 20 30 40

Pressure (kbar)

(N. D. Mathur et al, Nature 394, 39(1998))

(H. Yuan et al, Science, 302, 2104(2003))
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Temperature (K)

Ferromagnetism
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Transition

2w

Supercon-
) Metamagnetic *._ ductivity

Pressure (kbar)

(A. Huxley et al, JPCM 15, S1945(2003))

20

e 2 distinct ferromagnetic phases.
e SC well below the Curie temperature.

* SC and FM do not merely coexist, but

also implying the emergence of SC
depend on the presence of FM.

2" order

T (K) TT7 1% order
' plane

(D. Aoki et al, JPS) 83, 061011(2014))



UPt;: time-reversal symmetry breaking(Kerr effect)

Magnetic field (T)
A6, (urad)

x' (arb. units)

02— - ~ : ' :
0 01 (#2 03 04 05 06 035 04 045 05 055 06
emperature (K) Temperature (K)

(E. R. Schemm et al, Science 345, 190(2014))

(A. Huxley et al, Nature 406, 160(2000))

B phase: complex-two component order parameter and time-reversal symmetry
breaking (nonzero polar Kerr effect as T<0.45K(E. R. Schemm et al, Science 345, 190(2014)))
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PrT,X,, compounds: Quadrupolar

PrT,X,,: 15t discovered in 2010

* Pr: non-Kramer ground state, nonmagnetic, but quadrupolar.

PrT,X,, (X=Al and Zn) family is appropriate for revealing
characteristics of the quadrupoles such as quadrupole order,

multi-channel Kondo effect, exotic superconductivity.

PrT,X,, (T: Transition metal, X: Al, Zn)

Lattice Structural | CEF ground | Quadrupole SC
parameter (A) | transition state order transition
_ Singlet _ —
PrRu,Zn,, | 14.3467(4) Ts=138 K (T<Ty) (>0.04 K)
T=170 I, doublet (T) AFQ _
PrRh,Zn,, | 14.2702(3) ~470 K (T< T T,=0.06 K T.=0.06 K
PrOs,Zn,, | 14.365(5) Ts=87 K ? (504 K) (504 K)
Prir,Zn 14.2729(2) — I, doublet AL T.0.05 K
= ' 3 T4=0.11 K Ce
FQ 7.=0.2K (a. p.)
AFQ _
PrVAl, | 14.591(2) - fodoublet | 273, | TS005K
PrNb,Al,, | 14.7730(3) — I, doublet - —




PrT,X,o: Quadrupole quantum criticality

12
[ s PrV,Al,
< 1 -
= 1, B=0T

& 8-E
X |3
S |~
E 5
= O L /
~
\4_
0.5
IS 5 i

PrTi,Aly,

Tq——quadrupole ordering;
T*——octapole ordering

Quadrupole fluctuation mediated superconductivity? Quadrupole

Kondo effect? Orbital quantum

criticality?

(M. Tsujimoto et al, PRL 113, 267001(2014))



SUPERCONDUCTIVITY

Emergence of superconductivity
in the canonical heavy-electron

metal YbRh,Si,

Erwin Schuberth,”?* Mare Tippmann,? Lucia Steinke,"? Stefan Lausberg,>

SCIENCE

Alexander Steppke,> Manuel Brando,> Cornelius Krellner,>* Christoph Geibel,>
Rong Yu,”® Qimiao Si,”* Frank Steglich®%%*

4901 YbRh,Si,
200 = 05F |
100 P % PO*
tﬂ______ A +SC ;
T B S 0 o)
40 ;"“QQ\ 1.8 2
20 | i T(mK)
10 ? o . "-.
4 B
2%
i By
1 A +SC !. ~~~~~~~~~~~~~~~~~~~~~ Blc

E. Schuberth et al, Science 351, 485 (2016)

90

M/B(10°® m3/mol)

——the
formation of a singlet state between
the nuclear and conduction electron
spins.

—> responsible for Cooper pairing ?



Spin-fluctuation theory

VOLUME 54, NUMBER 12 PHYSICAL REVIEW LETTERS 25 MARCH 1985

Ferromagnetic spin

fluctuation theory

1 985 J. E. Hirsch
on 3 H E( 1 9 705) Department of Physics, University of California, San Diego, La Jolla, California 92093
(Received 19 November 1984)

Antiferromagnetic interaction could provide the
/ driving force for anisotropic singlet pairing.

' Attractive Interaction and Pairing in Fermion Systems with Strong On-Site Repulsion

RAPID COMMUNICATIONS 1986

PHYSICAL REVIEW B VOLUME 34, NUMBER 9 1 NOVEMBER. 1986

Spin-fluctuation-mediated even-parity pairing in heavy-fermion superconductors

K. Miyake,* S. Schmitt-Rink, and C. M. - i 1 1
o Migakes' S, Sehmit-Rink, and C. M. Varma MSV  t-J model with AFM interaction

(Received 27 June 1986; revised manuscript received 11 August 1986)
PHYSICAL REVIEW B VOLUME 34, NUMBER 11 | DECEMBER 1986

Possible superconductivity in nearly antiferromagnetic itinerant fermion systems

M. T. Béal-Monod and C. Bourbonnais \
Laboratoire de Physique des Solides, Batiment 510, Université Paris-Sud, 91405 Orsay, France

V.1 Emery BBE Hubbard model with a contact
Physics Department, Brookhaven National Laboratory, Upton, New York 11973 > . .
interaction(close to AFM QCP)

and Laboratoire de Physique des Solides, Université Paris-Sud, 91405 Orsay, France
(Received 12 May 1986)
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d -wave pairing near a spin-density-wave instability
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Spin-fluctuation scenario

VOLUME 67, NUMBER 24

PHYSICAL REVIEW B VOLUME 42, NUMBER 1

Phenomenological model of nuclear relaxation in the normal state of YBa,Cu;0,

A. J. Millis
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

Hartmut Monien and David Pines
Physics Department, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801
9 DECEMBER 1991 §

-
PHYSICAL REVIEW LETTERS

Toward a Theory of High-Temperature Superconductivity in the Antiferromagnetically
Correlated Cuprate Oxides

P. Monthoux, " A. V. Balatsky, 1@ and D. Pines "
DDepartment of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801

® Landau Institute for Theoretical Physics, Moscow, U.S.S.R. 5
1 Vol 450|20/27 December 2007|d0i:10.1038/nature06480 nature
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Superconductivity without phonons
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Spin-fluctuation scenario

Vol 450/20/27 December 2007|doi:10.1038/nature06480 nature

REVIEWS

Superconductivity without phonons

P. Monthoux'?, D. Pines™ & G. G. Lonzarich’
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e »
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Border of ferromagnetism Border of antiferromagnetism

. Monthoux, D. Pines, G. G. Lonzarich, Nature 450, 1177(2007))
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Pairing mechanism

* The majority of HF compounds: heavy quasiparticle pairing due
to the exchange of spin-fluctuation(‘paramagnon’)

* Ge-doped CeCu,Si,(2"¥ SC domain): valence fluctuation of
Ce(density fluctuation) induced SC pairing

* U-based HF compounds: pairing due to the exchange of weakly
damped propagating magnetic excitons

* Pr-skutterudite : quadrupolar degrees of freedom is crucial.

* Yb-doped CeColn.: may be captured by the Composite pairing
mechanism
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A phenomenological model for HF SC

Given the complexity of the phase diagram and pairing mechanism, one may ask if
there exists a general framework for heavy fermion superconductivity.

& Pairing Electrons
The f-electrons may be itinerant, or both itinerant and localized

& Pairing Force
Quantum critical fluctuations: spin, valence, orbital, ...

& Realistic Fermi Surfaces
Multiple Fermi surfaces: inter- and intra-band scatterings

Our Proposal
Realistic band structures + quantum critical pairing interactions

Li, Yang, et al., PRL 120, 217001 (2018)



Multiband Eliashberg theory

Fermi velocityr(LDA+U)

35 intraband pair-hopping interband pair-hopping
2. 3 A ky A ky
_ 1 2.5
S
L 0 2
X 1)
1.5 b
2.
1 I
0 1
0.5
Kylrlal Ex [x/a]
Multiband Linear'ized Eliashberg equations VEV o g% yHv
=T e :
g L 3 “?»"(*'"]‘ (k =K' iw, —iw,). ==p Renormalization (Z>>1)

v.n

\()‘.(k '-Aru) o _( IZf ‘) > lH k

(C=1 for singlet-pairing, while C=

‘.;u' ‘k - k" iw‘,, — I.A,,"J k
wmZy (K i) (K] ==p Gap equations at T,

/3 for triplet-pairing.)

uv
Vg

V,LIV (q,Vn) =

Fermi surface topology QC pairing interactions v o

1+§2(q—Q)2+




Possible nodeless s*-wave superconductivity
in CeCu2Si2

Y. Li & YY et al., PRL 120, 217001 (2018)



Experiments
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Steglich et al., PRL 1979
® First unconventional superconductor

vV Tc/Tr ~TF/© ~ 0.05
v High temperature superconductivity
v Beyond conventional BCS theory

For a long time, it was thought to have a d-wave nodal gap,
and many experiments seem also to support it!
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Experiments What is missing in theory?
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Experiments What is missing in theory?

e v Band structures _
o ~T 1% . Gap equation

_ I v Pairing glues
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For a long time, it was thought to have a d-wave nodal gap,
and many experiments seem also to support it!
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Steglich et al., PRL 1979

® First unconventional superconductor

vV Tc/Tr ~TF/© ~ 0.05
v High temperature superconductivity
v Beyond conventional BCS theory

For a long time, it was thought to have a d-wave nodal gap,

and many experiments seem also to support it!
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Kittaka et al., PRL 2014 & many others (penetration depth, STM, ...)

What is missing in theory?

v Band structures
v Pairing glues

* Gap equation

Zwicknagl & Stockert et al., PRL 2004, 2008 ...

Nested heavy band + QC magnetic fluctuations

* d-wave gap symmetry
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Steglich et al., PRL 1979
® First unconventional superconductor

vV Tc/Tr ~TF/© ~ 0.05
v High temperature superconductivity
v Beyond conventional BCS theory

For a long time, it was thought to have a d-wave nodal gap,
and many experiments seem also to support it!
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Kittaka et al., PRL 2014 & many others (penetration depth, STM, ...)

What is missing in theory?

v Band structures
* Gap equation
v Pairing glues P equat

Zwicknagl & Stockert et al., PRL 2004, 2008 ...

Nested heavy band + QC magnetic fluctuations

* d-wave gap symmetry

Vi (108 m/s)

lkeda et al., PRL 2015

Multi-bands + magnetic octupole fluctuations

* loop-nodal s-wave gap




kz [w/c]

How to reconcile the conflict ?
multi-bands + intra/inter-band pair interactions

Fermi velocity (LDA+U) . i . . . .
35 intraband pair-hopping interband pair-hopping
Ak, A ky ,
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Y. Li & YY et al., PRL 120, 217001 (2018)



How to reconcile the conflict ?
multi-bands + intra/inter-band pair interactions

Fermi velocity (LDA+U)

35 intraband pair-hopping interband pair-hopping
Ak, Ak,

(k. iy, (1) K 1)
25 )
z XN (]
4 |
15 N [’ RSN 4 k
SEGURRTNE Sk
T i

‘ y 1 and-2 band-1
. X - k', hand-2
ky [r/a] A EX[WIa] ” (k. 4) (e t) ( pand-2
EIiashberg Equations A phenomenological form of
h iring force
Z, (kyiwy, WTZ?{ (27r bgn(w 2 Gep X! (ke — K iy, — iwn,) the pa 9

Xoy
1+82(q— Q)2+

Hv .
; ] (209
gz'ffX“V (k - k,,‘l,wn - lwn'l) X (q’ l)

dk:”TrT ) :
W) = T2 R dwom)

Aoy (kyiwy) Z}{

v Ignore inter-band pairing (momentum mismatch)
v Phenomenological MMP susceptibility (Millis et al., PRB 1990)
v Intra & inter-band scattering strength as free parameters

Y.Li & YY et al., PRL 120, 217001 (2018)



The theoretical phase diagram
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Y. Li & YY et al., PRL 120, 217001 (2018)



DMFT Fermi surface

The theoretical phase diagram

0.5

~ 0.2

I S \
02 04 06 08 1

6(r) [

The gap symmetry depends on relative strength

Fermi-surface nesting
on the single-heavy
band (single-band RPA)

of the inter- and intra-band pair interactions . Eremin et al, PRL
loop nodal s*-wave 101, 187001 (2008)
Vv Inter-band scattering favors nodeless gap (multi-orbital RPA)
v Parameters to be extracted H. Tkeda et al, PRL 114,

147003 (2015)
Similar to pnictides

superconductivity 1!
Y.Li & YY et al., PRL 120, 217001 (2018)




Nearly degenerate dxz.y2 and px+ipy pairing
in YbRh2Si2

0

Y. Li & YY et al., arXiv:1901.09196 (2019)



YbRh:Si2: ultralow-temperature superconductivity

Lae (10
(m?/mol)
10+

5 .

P. Gegenwart et al, Phys. Rev. Lett. 89, 056402 (2002)

 ThCr,Si, structure: I4/mmm space group (D ).

« Crystal constants: a=4.010 A, c=9.841A.
« Ty=25K, T*=70+20K, Ty=70mK.

* Field-induced QCP: B, .=60mT, B, .=0.7T.
» Above Ty: Apx7 —— Non-Fermi liquid.
 Ultra-low SC: T.=2mK.

T(mK)

Ap(T) = [p(T) — po] < T°
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0 I 0 | |
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J. Custer et al, nature 424, 524 (2003)
490 YbRh,Si, Q,&" I
200 | 1
PM o .Rh
100 B
& —————————————————————— . Y Sie - )
40 T8 S
0 ...\‘\& Q‘ ‘Yb

AF

Blc

% 40 50 60 70 8 %
B(mT)
E. Schuberth et al, Science 351, 485 (2016)

How shall we understand its superconductivity?



Band structures: first-principles calculations

DFT+U LDA+ Renormalized band
(G. Zwicknagl’s group)
© A, "
"
]
EN 0 9
N 1
2 . 7
. K ()

k, (w/a) -1

0 50000 100000
Fermi velocity irmﬂs)

G. Zwicknagl, Rep. Prog. Phys.
79, 124501 (2016).

Near the Fermi level, there are strong hybridization between Yb-4f electrons and Rh-4d electrons.

The obtained ‘jungle-gym’ and ‘donut’ Fermi surfaces are qualitatively consistent with previous calculations.

Y. Li, Q. Wang, Y. Xu, W. Xie, Y. -f. Yang (in preparation)



Quantum criticality under debate

SDW
(Hertz-Millis-Moriya)

Temperature

..
~.. Quantum Critical .~
. Region -

Spin-density-wave !

Paramagnetic
Ordered Phase

Fermi liquid

i .
5 Disordered Region

acp Control Parameter

« Itinerant AFM order
parameter fluctuations.

« Supported by the neutron
scattering experiment.
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Critical quasiparticle
(P. Wolfle, E. Abrahams)
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Extending quasiparticles into the
quantum critical region.

Can explain various quantities,
such as: y(T), p(T), M(T), x(T), ...

N
T+ - Q) - ik (@)

x(q, ) =

where A, (0) ~ Z7H(w) = Cw™ V4.
Xo

T+ E(q - Q)% + lwy /Ol

X(qr l(‘)n)

Local quantum criticality
(Q. Si, et al)

small Fermi surface QCP large Fermi surface 6‘

« Local AFM QCP.

a small-to-large FS jump is
predicted when across the QCP.

» Supported by the anomalous
hall evolution,...
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q
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Neutron scattering experiment on Q-vector
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C. Stock et al, Phys. Rev. Lett. 109, 127201 (2012)
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With lowering T to 0.1K, FM fluctuations
evolved into a incommensurate AFM

correlations located at q,=(0.14+0.04,
0.14+0.04,0).
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w/T-scaling is observed for Tx” from FM
to AFM fluctuations within 0.1~30K.

But the characteristic wave vectors below T,g,(70mK) is still unknown.



Phenomenological pairing interactions

PHYSICAL REVIEW B VOLUME 42, NUMBER 1 1 JULY 199(x

Phenomenological model of nuclear relaxation in the normal state of YBa,Cu,0, s . .
Spin fluctuation mechanism
A. J. Millis
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MY o 2.,uv
o Static susceptibility v g X
(q,w) = X0 We choose this phenomenological
XD 1+ &2 (q — Q)? — iw [ wg fj interaction to describe the

quantum critical fluctuations.

Magnetic correlation Magnetic characteristic Characteristic frequency for
length wave vectors spin fluctuations

We take Q and a both as tuning parameters !

A general phenomenological quantum critical interactions

Spin-density wave scenario: a =1

vy
1+ &2 (q—Q)2 +

V,UV (q, Vn) =

— 1 Local quantum criticality: a = 0.75

vV /@ . o .
”/ st Critical quasiparticle scenario: a = 0.5

(However, in our calculations, pairing symmetry is nearly unchanged with choosing different a.)



A theoretical phase diagram
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== Nearly degenerate d,, ., and p,+ip, wave pairing



Updated H-T phase diagram

Recent experiments (J. Saunders’s group)
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[Macroscopic superconducting phase coherence in YbRh;Si; + Al — Nb + NbTi loop]
TC= 6mK The field-induced phase is an intrinsic
electronic property of YbRh2Siy>,
Multiple superconducting phase? not induced by nuclear order

J. Saunders, Talks on Advanced School and Workshop on Correlations in Electron Systems: from Quantum Criticality to Topology (2018).
J. Saunders, Talks on 12t International Conference on Materials and Mechanisms of Superconductivity and High Temperature Superconductors (2018).



Hints from the updated H-T phase diagram

Schematic H-T phase diagram ~ R
(low-T) for YbRh,Si, Pauli-limiting field: H,,p(0)~ 1.84T,
T 1; (Clogston-Chandrasekhar relation)

A. M. Clogston, Phys. Rev. Lett. 9, 266 (1962).
B. S. Chandrasekhar, Appl. Phys. Lett. 1, 2 (1962).

Orbital-limiting field: H,; o,(0)~ 0.7 2| T,
H TC
(Werthamer-Helfand-Hohenberg relation)
\‘\
] SC-11I N. R. Werthamer, E. Helfand, and P. C. Hohenberg,
} . Phys. Rev. 147, 295 (1966).
> - /
H
d g
SCphase T, - :;2 |7, H., Hp(0)  Heporn(0) Conclusion

SC-1 6mK =64T/K ~4mT 11.0mT 26.9mT  H_<Hp(0)<H o1(0): singlet pairing

SC-II 2mK ~=25T/K 30-50mT 3.7mT 35mT H., p(0) <<H_,~H_, ,,(0): triplet pairing

SC-1 small magnetic field SC-1I
spin-singlet spin-triplet
dy, yo-Wave (py+ip,)-wave



Summary

& A general framework for quantum critical SC

Realistic band structures from first-principles calculations
+ phenomenological quantum critical pairing interactions

“€c

Possible nodeless s* superconductivity in CeCu2Si2

Possibly induced by inter-band orbital fluctuations
Multiband may be important for HF SC

“€c

Nearly-degenerate dxz.y2 or px+ipy-wave in YbRh2Si2

Sensitively depending on the Q-vector of the pairing force
Easily tuned by weak external magnetic field

Unusual richness of
heavy fermion
superconductivity !!! /@
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s-wave d-wave *-wave » topological ?




Summary

[ The Kondo problem

Incoherence Kondo scattering (-InT) above Tk
vs. Kondo singlet formation (resonance) below Tk

[/ The heavy fermion problem

Localized-itinerant transition (Coherence)
Hybridization picture (mean-field approach)
Two-fluid theory (scaling and T%)

Quantum criticality (magnetic+fermionic excitations)

[Z The heavy fermion superconductivity
Pairing glues + multiband scattering + dual nature of f-electrons

http://hf.iphy.ac.cn
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Future directions of heavy fermion research

& Explore the basic nature of heavy fermion physics

We are approaching the final answer of the questions:
local/itinerant duality & interplay of various QC fluctuations

& Find new frontiers: “Heavy fermion +”

Topological, Weyl, frustration, new exotic phases ...
Thin film, superstructure, cold atoms, d-electron systems ...

f states

& Implement state-of-the-art techniques tunable

probe

delay

sample

DMFT/CTQMC, tensor network, dual approach ...
ARPES, STM, MBE, pump probe, ultrasound ...

Ap—

10 ps microscope

calcite calcite filter

pump

http://hf.iphy.ac.cn
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