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Kondo effect

e 1930s a resistance minimum was observed in metals with dilute
magnetic impurities

e 1960s Anderson and Kondo formulated theories of local moments
antiferromagnetically coupling with the conduction e~ below Tk

Free local moment
«

T T]\‘ ~ 1

Fermi
Liquid

Conduction e Fermi sea

G. Koutroulakis, Plutonium Futures (2012) P. Coleman, Handbook of magnetism and
advanced magnetic materials (2007)

e A free magnetic ion, with a Curie susceptibility, becomes
screened by conduction electrons and becomes a spin-less
scattering center at low T and H



Kondo Iattice

G. Koutroulakis, Plutonium Futures (2012)
® | attice of 4f or 5f electrons

e Effective electron mass up to 1000me

e Two distinct temperature ranges:
1. High temperature - local moment, Curie suscept.
2. Low temperature T* - itinerant, Pauli suscept.

Nd Pm Sm Eu Gd Tb Dy Ho Er Yb

Np Pu Am Cm Bk Cf Es Fm No




Local moments and superconductivity

® Traditionally, magnetism and superconductivity thought to be mutually
exclusive

® Ce (Kondo) Impurities in LaAlz (conventional superconductor) rapidly
suppress superconductivity  Maple et al. SSC (1972)
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® Many materials issues with supposed superconducting Kondo metal
CeCu2Si2 - some samples non-SC, even magnetic



HF SC coming around

® 1975 local moment metal UBe13 was shown to be SC but dismissed as
filamentary Bsutcheretal. PRB (1985)

® 1976 CeCu2Si2 also SC. 1f per unit cell. Also disbelieved! Coined the term
heavy fermion superconductor Steiglich etal. PRL (1986)

VoLume 43, Numeer 2% PHYSICAL REVIEW LETTERS

17 Decempsr 197

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

F. Steglich

Mxtitut v Festhdvpevphysik, Technische Nochschule Devwstoad?

D-£100 Darmstadt, West Cermany
and

J. Aarts, C. D. Bredi, W. Licke, D. Meschede, and W, Franz
. Mysibalisches Mestitul, Usiversitit ow A = D500 K5I 41, West Gevrweansy
Aand

H, Schifer
Edwawd ~-Zint] ~Mstitut, Technitche Nochschule Davywstodt. D 100 Darwmetodr, West

Covwan

Well below T*=10 K, a large y7
term predominates the specific heat., We inter-
pret this term as being due to very heavy fermion
quasiparticles with degeneracy temperature T,
=T

The size of the specific-heat jump at
/ Ce Cu,Si, T., in proportion to y7_, suggests that Cooper-
/ pair states are formed by these heavy fermions.

o
' temperature, O, is of the
/ C — f 200 & we find T. <1 <0 with 7 | J
-
y ) *0.09. ‘his suggests that CeCu.S1 (1) behave
vy =1J/molK?4 ' : .
a8 “ngh-temperature supercondaucior and
= m*=1000m,, _ _
- ‘ nnot be described by convention !
. superconductivity which assumes a typical pi
LQCU:S!: . . J . ‘
- /| i, the characteristi
fermions.




Further evidence and unconventional SC

® 1983 UB13 revisited and C, showed large discontinuity i.e. bulk
superconductivity  ottetal PRL (1983)

® 1988 dHva (measures cyclotron frequency of electrons) CeCus and UPt3
were found to have heavy electron mass Taillefer et al PRL (1988)

0 _— . ———— , - - DA er—————————

UPt,H// c _

C/CnlTe)

0.5

00 “—u-—Ll L L | :
0 100 200 300 400 500 600
Temperature (mkK)

Ott et al. PRL (1984) Fischer et al. PRL (1989)

® Specific heat, thermal conductivity, and NMR show power laws
® H: in UPt3 shows multiple phases



Outline

NMR of Heavy Fermion Superconductors
eHeavy fermion materials

eSuperconductivity

Nuclear Magnetic Resonance

B AT R e v o &
A | N € - 3 s -l 4 -
P B o R DLy S e BT e eI




Superconductivity - zero resistivity/perf. diamag.

gBaC: uO @ 30 GPa

TlBaCaCuO‘ / ¢ HaTiBaCaCuO
BiSfcanﬁ) HgBaCaCuO

YBaCuO

Cs,C,,
@14GPa MgB,
/A [+)
Rbc::/
LaBaCuO °
Nb.Ge BKBO
¢ e PuCoG
Nb,Sn A YbPd,B,C -u oGa,
- (o]
Si K,Ceo Li @ 33 GPa ‘m‘;‘cm
PuRNGa
o ‘Cac‘
YbC Liquid
Ay ____CeColng /A rioh T it
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eDiscovered in 1911- Onnes

eExplained in 1957 - conventional BCS theory

eNew mysteries - 1976 heavy fermion and 1986 high T¢
*No microscopic theory to describe newer

“‘unconventional” superconductors



Conventional superconductivity

*Electrons (fermions) form a Bose Einstein condensate
*To achieve integer spin electrons must pair
*Described by BCS theory

-¥ = [ xS must be even (boson)
-L = 0 (s-wave energy gap) T oo
-S =0 (singlet) 132 |1 1)-|4 1D

*Electrons are attractive due to coupling to phonons
*Elemental S.C.s MgB: etc.

Fermi surface Sl
wikimedia.org



Unconventional superconductivity
Heavy fermion (1978), cuprate (1986), iron pnictide (20006)
*Non-phonon mediated superconductivity
eHigh T (up to ~150 K)

More complicated spin/orbital wavefunction

[

Fermi surface
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Classification of superconductivity

Total wave function ¥ = LxS must be a boson (even)
Orbital (L) Spin (S) Classification

SHiR=40) 1N2 |11 Singlet
Elemental S.C., Iron Pnictides
d(L=2) TN2 |11 D-]ID) Singlet

° (D)
o

-



Heavy Fermion Superconductors

40

e Number and quality rapidly increasing

30

3 20

e U and Ce at the beginning
e 2002 - Pu
’ 1980 1990 2000 2010 ® Np, Pr

year

10

Pfleiderer, RMP (2009)
Low T¢

® Ce Temax~ 2.3 Kin CeColns
® Pu Temax ~ 18.5 K in PuCoGas (quite incredible)

Variety of SC-preempting and coexisting phases
e Antiferromagnetism - UNi2Als, UPd2Al3, UPt3, URuU2SI?
® Ferromagnetism - UGe2, UCoGe, URhGe, Ulr

SC can even precede magnetism
® SC -> Antiferromagnetism - CeColns, CeRhlins (pressure)
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NMR uses
eQOriginally discovered by physicists 1946

6 Nobel prizes

3C CP/MAS of Caffeine

CH3
N N0
N e,
l ’ of [
2117 -
MJ\L Lm A
|

e|nternal magnetic fields - spectrum/shift
Magnetic fluctuations - T+

-Hyperfine interaction

-Magnetism

-Superconductivity



Nuclear resonance conditions

Field
NeRil=1le

NGy = () — h’yH()
I Am/ Spin state

degeneracy lifted

m — 1

Magnetic field e




Tool box: shift/spectrum
HZ — h’}/f FI()
’HZ:h”y(i—l—K)f-I-fO

)

Magnetic “shift” due to internal magnetic fields

Spin shift: TGl =g Al
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Tool box: spin lattice relaxation T+

Perturb the equilibrium spin population and find the time scale in
which it relaxes (T+) by giving energy up to the “lattice” including

electrons
Z TR ~>2X "(, wo)
wo—0

N BRI

low frequency limit g dependent g;sjlaaatxic;%?fgqieb%t
hyperfine field y P y

. - - r o . . ¥
3 i o ) y it o 3 - i A - i P >
fona xconstant @ LocalMoment =@
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Tool box: AC - susceptibility

_
m
©
S
C-
2
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©
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=
<-

0 20 40 60 80 100
Frequency (MHz)

eSample (inside coil) begins to expel magnetic field upon
transition to the superconducting state
eCharacteristic impedance of the circuit changes altering
-Resonance frequency
-Quality factor
-Attenuation
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UoPtC> intermediate U material

*For f electron systems physics largely determined by
inter f atom spacing dr

U2PtCo

Y = 75 mJ/molK?

UPt3

v = 450 mJ/molK?

UsFe
v = 25 mJ/molK?

x
°
'__U
o
o
Wz
t

4.0 o 4.
U-U SPACING (A)

Small d Large ds
of wave function overlap of wave function separate
-ltinerant electrons -Localized electrons

-Conventional S.C. -Unconventional S.C.



NMR Periodic Table

*U,PtC2: two (reasonable) isotopes
*Only one 9Pt with high natural abundance
*Spin 1/2, no NQR, only NMR

/8
Spin
y/2e(MHZ/T)

Q (barns)
N. A.

Sens.
K (%)
T, T(sK)

Sm Eu Cd

Pu Am Cm



U2PtC2 physical properties

* No magnetic order
T.=147 K

*RRR = 30
Powdered and
mixed with stycast
1266 1:1

*Oriented in 9 T for
24 h




199Pt spectrum

Hyl| ahgnment

Hy L ahgnment

e For an aligned powder we

=W atgnmont Holab expect sharp peaks for Hj|c
o and H||ab

e For a full powder we expect a
maximum for H||ab and
minimum at Hi|c

e (Conclusion: alignment along
ab - plane i.e. magnetic easy
axis

Norm Intensity (A.U.)




Temperature dependence of K normal state

H || ab (alignment)
H || ac (perp alignment)

¥ (emu/mol)

Anfc << Anrab VeEry anisotropic
electronic interactions
o Ksabv(Tc) ~8% (quite large)

¥ (emu/mol)



NMR determination of superconductivity: S

S determined by spectral shift
Singlet (L =s & d) Triplet (L =p & 1)

S=1N2 1= S =1, 1L, TN2 1T+
T-dep. shift below T¢ T-indep. shift below T¢

100 150 200 250 300
Temperature (K)

A. M. Mounce, thesis (2013) K. Ishida Nature 396, 658 (1998)



NMR probe of spin pairing in U2PtC»

Temperature (K)

e Shift is iIndependent of temperature down to 50 mK
* J-independent in both field directions

eEqual spin pairings state [11) free to rotate with field



AC-susceptibility

NMR tank circuit Network analyzer

Attenuation (dB)

(a8)]
©
S
c
S
©
=
c
Q
£
<

20 40 60 80 100
Frequency (MHz) 10
Magnetic Field (T)

eSample (inside colil) begins to expel magnetic field upon
transition to the superconducting state
eCharacteristic impedance of the circuit changes altering
-Resonance frequency
-Quiality factor
-Attenuation




Upper critical field

ePauli limiting field : the field
that rips singlet electrons apart . Hic

m Hllab
A Resistivity (Ni Ni)

T e l : Normal

02 Pauli ~ 1. 8T = 2.6

*Measured H:; greatly
exceeds Pauli limit
*Novel pairing symmetry
necessary



Spin lattice relaxation: normal state

40 60
Temperature (K)

 1/T7 < T for T <40 K, heavy Fermi liquid
e 1/T7 — constant? for T> 100 K

eSignal to noise not sufficient for Hl|c



NMR determination of superconductivity: L

L determined by spin lattice relaxation

—A/ksT fully

Jappac S-wave conv.
T gapless metal
1 /T T3 i :
S Rl inet:

-
o—A

) Fermi surface
Fermi surface /e

1/T, (sec”")

<

Single Crystal
/ ° T( = 1.48K
H. Kotegawa et al, |

Phys. Rev. Lett. 87,
127001 (2001).

K. Ishida et al,
Phys. Rev. Lett. 84,
5387 (2000).




NMR probe of orbital wave function

fully

—A
e~ kBT gapped,

T' gapless ,

1/T,«< {T? line zeros ,

T> point zeros .

—
2
~~
~

p

-—
I_
=~
~

°1/T1ocT?

-Unusual power law

Temperature (K)

-No Coherence peak

*Predicted for a spin triplet superconducting state

T. Ohmi and K. Machida, Phys. Rev. Lett. 71, 625 (1993)



U2PtC2 summary

*Evidence for an equal spin pairing triplet state
e [-indep. Shift
e AC-susceptibility T A%V T
T2 relaxation

eFuture: 3C NMR to verify results

Hopefully, work will inspire theoretical work

Temperature (K)




The story Is not over...
e|sotopically enrich 13C from ~1% to 99.9%)!

13C 195Pt
Larger signal Smaller signal
2p electrons o5d electrons
Small Anr Larger Anr
Smaller K Larger K
Longer T+ Shorter T

13T1 oS 195T1 ~ .01s

w
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N
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The normal state K

H || ab (akgnment)
H || ac (perp alignment)
Hllc

©
=
-—
)
=
L)
b

100 150 200

100 150 200 250 300
Temperature (K)

Temperature (K)

«13C allows for full temperature
dependence of measurement
«3C Kap is quite large due to

large magnetic field of U-5f e
'Ahf,c"' 0]

% (emu/mol)



The normal state T+

——
w
~
~—
S
—
™
-~
~
.o

[ e

® Hjlab
Local m Hlc

moment 195 Pt
H || ab

0
150 200 250 300
Temperature (K)

e1/T1 further confirms Kondo coherence picture in the normal state
e 1/T o constant for T >100 K (local magnetic f moment)

e 1/T1 o< T' heavy Fermi liquid



U2PtC2 summary

eEvidence for an equal spin pairing triplet state from 19°Pt
* AC-susceptibility
e T-indep. shift T Az T
T2 relaxation

«13C NMR demonstrates Kondo Physics

*|nspire theoretical work on superconductivity”?

Temperature (K)
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There are two aspects to the harmful effects of plutonium: the radioactivity and the heavy metal poison effects. Isotopes and compounds of
plutonium are radioactive and accumulate in bone marrow. Contamination by plutonium oxide has resulted from nuclear disasters and radioa

A commonly cited quote by Ralph Nader states that a pound of plutonium dust spread into the atmosphere would be enough to kill 8 billion people.l'23] However, calculations show that

one pound of plutonium could kill no more than 2 million people by inhalation. This makes the toxicity of plutonium roughly equivalent with that of nerve gas.!'#%) Nader's views were

Plutonium has a metallic taste.[1%7]




Pu115’s

Tc
Pu PuRhlns 1.6 K
Ga (2), In (2) PuColns 2.5K
Co. Rh PuRhGas 8.7 K
| PuCoGas 18.5 K

69 71 115
Ga Ga In

Spin | 3/2 3/2 9/2
y2n(MHz/T) 10.219 12.985 9.3295
Q (barns) 0.178 @ 0.112 0.83

N. A. 60 40 95.7

Sens. 0.04158 0.05596 0.33158
K(%) 0.155 @ 0.155 0.82
T,T(sK) 0.46 - 0.079

High spin nuclei with [ > 1/2
NQR possible!



Pul15’s T+

o Pucou‘s
@ PuCoGa,

© PuRhin,
© PuRhGa,

10 12 14 16 18 20

TiT,

e Strong AF
fluctuations in the
normal state

e For PURhA:s
fluctuations
soften near T;

® | ine notes from
T3 relaxation

e Unconventional

superconductivity






