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Crystal structures and phenomena

ferroelectricity

S

N N

iJ

-
il

charge density wave

Wan-<

b

LR

4l
ar”

—
&<
=

(] e

=

quantum Hall effect 1985, 98

-
B A 1&
1%

4
Eb

P
_'" —_

Y]
AT
4

QO conductivity in polymers 2000 (C)

Egg superfluidity 1996, 2003
,

A % i 1913, 72, 73,
Mmh{“ superconductivity (SC) e

4
Ta

'y O

high-T, SC in cuprates 1987
colossal magnetoresistance
heavy fermions

quantum phase transitions



Outline

Heavy-fermion (HF) metals
Superconductivity
Quantum criticality

Outlook



resistivity (arb. units)

Superconductivity in CeCu,SlI,

VOLUME 43, NUMBER 25

PHYS

SICAL REVIEW LETTERS

17 DECEMBER 1979

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

F. Steglich

Institut fiiv Festkovperphysik, Technische Hochschule Darmstadt, D-6100 Darmstadt, West Germany

II, Physikalisches Institut, Univevsitit zu Koln,

and

J: Aarts, C. D, Bredl, W. Lieke, D, Meschede, and W, Franz

and

H. Schifer

D-5000 Koln 41, West Germany

Eduavd-Zintl-Institut, Technische Hochschule Davmstadt, D-6100 Daymstadt, West Geymany
(Received 10 August 1979; revised manuscript received 7 November 1979)

0% 06 07 08 09 1 i

B (Tesla)
« 0

05 TfK‘i 1

a 01

Xqe larb. units)

7! 2L hoo

temperature (K)

o A

2'0 _II 1
~
X7
@
(@]
E -
5
=
(&)
100 at% Ce3* ions necessary 1gt
for superconductivity
(LaCu,Si, is not a superconductor)
5\'1/'1 |
0.4

T(K)

06



Superconductivity of Heavy Fermions

e & - TS
J/K?mole . a@~m'
o ‘ ) CeCu,Si,
12 |- 1 Tc=15K
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« Normal state « Superconducting phase transition
(B, = 3 Tesla) (B=0)
& > 1 J/K2mole (Cu: 0.7 - 10-3 J/K2mole) AC/T = @(T))
Heavy Electrons Cooper pairs formed by "Heavy
("Heavy Fermions") FEIlIEILE

Anisotropic order parameter



Heavy-Fermion metals

T>>T, (10... 100 K) ' o, ./
vp ~ 106 7 - -
>0 \ "
T << Ty: Heavy electrons ("composite \/ ®
fermions")

m
VF* ~ 103 ; b‘

— m* = 1000 m,: "strongly correlated electron system"

Groundstate properties - Heavy Landau Fermi liquid (LFL) : CeCu,
- Non-Fermi liquid (NFL) : YbRh,S1,
- Magnetic order : NpBe;
- Superconductivity : UPd,Al,



Heavy-Fermion Superconductors

Ce-based
TC(K)

CeCu,Si, 0.7 ('79 DA/K)
[p=29GPa: 2.3 ('84 GE/GR)]
CeNi,Ge, 0.2 ('97 DA,

'98 CA/GR)
Celrlng 0.4 ('00 LANL)
CeColng 2.3 ('00 LANL)
Ce,Colng 0.4 ('02 NA)
CePt,Si 0.7 ('03 VI)
p>0
CeCu,Ge, 0.6 ('92 GE)
CeRh,Si, 0.4 ('95 LANL)
CePd,Si, 0.4 ('94 CA)
Celn, 0.2 ('98 CA)
CeRhlng 2.1 ('00 LANL)
Ce,Rhing 1.1 (‘03 LANL)

U-based
T.(K)
UBe,; 0.9 (‘83 Z/LANL)

UPt, 0.5 ('84 LANL)
URu,Si, 1.4 ('84 K)
UNi,Al, 1.2 ('91 DA)
UPd,Al; 2.0 ('91 DA)
Pr-based
PrOs,Sb,, 1.85 (‘01 UCSD)
Pu-based

PuCoGa; 18.5 (02 LANL)
PuRhGa, 8.7 (03 KA)
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Non-Fermi-Liquid Superconductor: CePd,SI,
IN.D. Mathur et al., Nature 394, 39 (1998)]
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Magnetic Cooper pairing in UPd,Al,

Th ~ 0.85 pg

Y ~ 140 mJ/K?mol

T, ~ 2K

2A/kgT. = 6 (Kyougaku
et al., 1993)
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Quasiparticle tunneling
[M. Jourdan et. al., Nature 398, 47 (1999)]
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Ine|ast|c neutron scattering

[N.K. Sato et al., Nature 410, 340 (2001)]
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Moriya, Hertz,
Millis,

Continentino,
Lonzarich, ...

NFL

Itinerant (SDW) scenario

T o\ N )

A —> < ,//, - TK

———— 5’——,’

TN
& NFL >
S LFL
- g
0 d.

local moments screened

heavy QPs formed ("itinerant f-electrons")
weak coupling: SDW phase

QPs scattered off critical spin fluctuations

in wide regions of phase diagram (T, Ig-g )
thermal excitation of quantum critical modes
coupling of statics and dynamics: .~ &* (AF:z=2); ds=d +z



0.35}

P300k |

0.25 -

0.2

CeCu,SI,: "A-S" transition at p < 0.7 GPa

[G. Sparn et al., Rev. High Press. Sci. Technol. 7, 431 (1998)]
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Observation of two distinct superconducting

phases in CeCu,SlI,
[H. Q. Yuan et al., Science 302, 2104 (2003)]
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Locally critical (local moment) scenario

T
A — TK

Schrdder,
Coleman,

Si,

Pépin,
Ingersent,
Ramazashvili

0 Jde
AFM - PM
LFL - NFL
New quantum criticality dominating: local spin fluctuations
At QCP: Kondo resonance not fully developed
NFL: fluctuations between small and large Fermi surface

Two QCPs coinciding:

experimental techniques: T-dependence (atg=g,)
g (p or B) -dependence (at T = 0)



YBRN,(Si595G€¢ 05)2
[P. Gegenwart et al., Acta Pol. Phys. B 34, 323 (2003)]
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dP/dB (arb. units)

Yb3* ESR in YbRh,Si,
[J.Sichelschmidt et al., PRL 91, 156401 (2003)]

g, = 3.561 + 0.006
g,=0.17 £ 0.07

0.12 0.18 0.24 0.30
Blc (T)

linewidth  AB,, = 0.02T << ABy = kgTy /g =37 T (Tx =25K)
intensity |~ ¥(w=0,q9=0)
anisotropy

' 4 large local Yb3* moments exist well below T, =25 K



Kondo temperature T, from thermodynamics
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p (uQ2 cm)

Kondo temperature T, from transport
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C/T (Jmol'K?)

N

Disparity between C_/T and p in YbRh,SI,
[J. Custers et. al., Nature 524, 424 (2003)]
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Ay, -2
C /T(Imol K7)

Scaling behavior in C(T,b)/T; b =B -B,
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Characteristic energy scale T,(b) ~ b vanishes at QCP

=T/T, scaling for ®(T,b) with ®(T,b) = b"3-C(T,b)/T

10 100

(KT)

= S(T,b)=b%? S(T/T,;) >0 at QCP = no residual entropy at QCP



Field dependence of y,(b), bL c (B, =0.027 T)

Yy~ (-logb)forb>03T
L ) B S S S AR h-1/3 (b - 0)

I YbRh,(Si g5Ge 45), = contradiction to 2D-SDW scenario
| — b-dependence at T=0 similar to

T-dependence at b=0
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Scaling behavior in p(T,b), b =B - B,
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Gruneisen ratio
[R. Kuchler et al., PRL 91, 066405 (2003)]

T

Specific heat: C/T ~0S/ oT ?

Thermal expansion: B ~ (— 0S/ op)

(B =1/VdV/dT) A l -
.'.‘

L. Zhu, M. Garst, A. Rosch, Q. Si, PRL 91, 066404 (2003).
Grineisen ratio I, = B, /C,, diverges at any QCP, I',, ~ T
Critical exponent x —— nature of QCP
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Outlook

Importance of local f-degrees of freedom, e.g.,
UPd,Al, - Cooper pairing via (propagating) local 5f-excitation

YbRh,(Si, Ge), - suggestive of local QCP

non-Kondo-screened fluctuating Yb3* moments

break-up of heavy ("composite") quasiparticles
fractional exponent for Gruneisen ratio

- no superconductor

However:
CeCu,Si, - compatible with (3D) SDW scenario, superconductors
CeNi,Ge,

Is local QCP unfavorable for superconductivity?






Superconductivity vs. magnetism

1
H
1008 | HHA
3
Li
6.941
11 12
Na ([ Mg
22.99 24.31
19 20
K Ca
39.10 40.08
37 38
Rb || Sr
85.47 87.62
55 56
Cs |[Ba
132.9 137.3
87 88 106
Fr || Ra f g
(223) (226) (227) (261) (262) (266) (264) (269) (268)

- Pairbreaking by magnetic
Impurities (X, < 1 at%)

LaAl,

Teo = 33K

Gd-doping: x. = 0.6 at%
Ce-doping: x.=0.9 at%

T,=05K
(Riblet, Winzer 1971)

VIIHA
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chemical (C. Geibel et al., 1995)
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CeCu,SI,: Phase diagrams
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NMR , -1,,-1
(AT T, (s K™

0.1t

29Si NMR

[K. Ishida et al., PRL 89, 107202 (2002)]
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