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Outline

- Magnetic quantum phase transitions

- Effect of dimensionality: CeCue-xAux

» Magnetism versus superconductivity:
Cd-dopded CeColns, CeCusSi>

» Unconventional superconductivity
in CeCu2Si2, magnetically

driven sc T A I NFL
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Continuous phase transitions

Continuous phase transitions:
- (critical) fluctuations of order parameter

» critical exponents in thermodynamic properties:
a, B, Y, ... (scaling laws)

M Qi AF: sublattice magnetization
Mq < (Tn-T)B
Critical behavior depends on
. dimensionality Mq# 0 Mg =0
 dimensionality/symmetry
of order parameter I Vo S e

* range of interactions/fluctuations
™n T

classification = universality classes

Can concept also be applied to QPTs?



Quantum phase transitions

Continuous phase transition Ma,
forT—0
— Quantum phase transition (QPT) Mq#0 Mg =0
with unusual low temperature properties:
| PHLtLE N\ e
¢« C/T « -InT; ™ -
Ap « To, a % 2 (NFL) T
. conductivit
superconductivity - NFL
o I
. = I
Origin? s :
» Magnetic order gE_,: ©SC
e
Interplay between AF(FM) and SC QPT %.p.0, B, ...

Neutrons ideal microscopic probe! [reviews:

.. e QPT: H. v. L6hneysen, RMP "07
Magnetic field easy to tune, no change in disorder SC: C. Pfleiderer, RMP '09]



Heavy fermions

T>>Tk: T < Tk: heavy electrons
o * ‘/ \<.
. ? \ e "’
Tk=5-50K

Tk oc 14

Kondo screening vs.
Trkky < J2 RKKY interaction:

Kondo effect
— nonmagnetic singlet

o g indirect RKKY interaction
QPT | — magnetic order




Magnetism in CeCus-xAux
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* Incommensurate antiferromagnetic order for x > x; = 0.1

* Magnetic instability, x =xc =0.1: C/T « -InT; Ap « T (NFL)
[x =0: C/T =const.; Ap « T2 (FL)]



Magnetism in CeCus-xAux
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* Incommensurate antiferromagnetic order for x > x; = 0.1

» Magnetic instability, x = xc = 0.1: C/T «-In T; Ap « T (NFL)
[x =0: C/T =const.; Ap « T2 (FL)]



Dynamic correlations in critical CeCus.9Auo.1
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Scaling of dynamic susceptibility in CeCus.9Auo.1
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E/T scaling with anomalous exponenta = 0.75, " =T g(E/T)
— local physics relevant

local scenario < 2D criticality



Magnetic field tuning in CeCus.sAuo.2

PM

QPT QPT °

« CeCussAup2: Tn =220 mK, B = 0.35 T Il ¢ to suppress AF order
B =Bc: C/T =vyo-aVT; Ap « T32 [v. Léhneysen, OS, ‘01]



Magnetic field tuning in CeCus.sAuo.2

CeCus gAuy,, Q=(1.3801.74),B=0.35T,Bllc
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[OS, '07]

« CeCussAup2: Tn =220 mK, B; = 0.35 T Il ¢ to suppress AF order
B =Bc: C/T =vyo-aVT; Ap « T32 [v. Léhneysen, OS, ‘01]
» E/T3/2 scaling — 3D critical behavior (SDW-, HMM-scenario)

field tuning distinctly different from concentration tuning
of the QPT in CeCuexAux



Quantum criticality in Celns
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[Monthoux, Nature '07; Ebihara, PRL '04]

* high pressures/magnetic fields needed to drive Celnz quantum critical
Celns = Ce(Rh,Co,lIr)Ins easier tunable



Cd-doped CeColns
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[L. Pham, '06]
CeColns:

* Ap x T, AC/T «xInT [C. Petrovic, '01]
- strong AF spin fluctuations, e.g. NMR/NQR [Y. Kohori, '01]
» Cd doping — AF order

= proximity to a QPT



Neutron scattering on Cd-doped CeColns
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- commensurate AF order with T = (1/2 1/2 1/2) below Tn = 2.5 K
- magnetic intensity: kink at Tc= 1.7 K (B = 0)
coexistence of antiferromagnetism and superconductivity



Neutron scattering on Cd-doped CeColns

Neutron intensity (counts/mon =31 min)
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Magnetism and superconductivity in CeCu2Sio
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QCP g (a. u.)

* Vicinity to quantum critical point at disappearance of antiferromagnetism:

- Ap o T1-15

- C/T =vyo - aVT (3D-AF instability)

[Gegenwart, PRL '98; Yuan, Science ’03]



Magnetism and superconductivity in CeCu2Siz

T )
1.5} IN 58 S PM
=2 O
< = 3
b >
1.0 < &
AF l
0.5}
0

QCP g (a. u.)

* Vicinity to quantum critical point at disappearance of antiferromagnetism:
- Ap oC T1...1.5
- C/T =yo - oVT (3D-AF instability)

[Gegenwart, PRL '98; Yuan, Science ’03]



Magnetism and superconductivity in A/S-CeCu2Siz
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- No coexistence of AF and SC on microscopic scale
« Confirmation of pSR and NQR [R. Feyerherm, '97; K. Ishida, ’99; OS, '06]



Normal state spin dynamics in S-CeCu2Sio
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Intensity (cts/mon = 12 min)
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 Quasielastic Lorentzian response
* Decrease in intensity and broadening with T



Normal state spin dynamics in S-CeCu2Sio
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[J. Arndt, OS,
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- Considerable slowing down of normal state spin dynamics
— close vicinity to QPT
- w/T3”2 scaling of magnetic response (3D critical behavior)



Normal state spin dynamics in S-CeCu2Sio
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- Considerable slowing down of normal state spin dynamics
— close vicinity to QPT
- w/T3”2 scaling of magnetic response (3D critical behavior)



Spin dynamics in superconducting CeCu2Siz

Neutron intensity S (counts/mon =12 min)
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* gapped in the sc state,
hﬂ)gap ~ 02 meV ( ~ 39 kBTc)

* Nwgap follows roughly BCS
order parameter
(in contrast to high-T¢ sc)
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|O.2|O.4|O.6|O.8 1 ki=1.15 A
hw (meV) AE =57 peV [0S, Nat. Phys., 2011]



Magnetic exchange energies in S-CeCu2Sio

Magnetic exchange energy gain AEx:
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|IAExI = 5.36 - 103 meV/Ce >> |AEcl = 2.27 - 104 meV/Ce



Magnetic exchange energies in S-CeCu2Sio

Magnetic exchange energy gain AEx:

AE =FE° - EY
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AP ®) -
— AF excitations primary driving force for SC lAF"”) :
zeable kinetic energy loss (Kondo effect)
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Conclusions

102] gpilis ;  CoCussAuo:
iy, B=035Tllc
CeCus-xAux: ERcl’ SR ]
* Importance of dimensionality P10k 3
for QCP behavior 107 [ ; ]
Tk A A ST T R
3 $  holksT)'S (meV-os)
. sk In 9 S PM
Cd-doped CeColns, CeCu:Si:: "
- Coexistence/Competition of AF and SC ' . T
0.5
CeCu2Sia: 0

» Almost critical slowing down of
normal state magnetic response,
— vicinity to QCP
» Spin excitation gap in sc state
 Analysis of magnetic exchange energy:
— evidence for magnetically driven sc




