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Superconductivity: A Very Short Introduction
S. J. Blundell, OUP (2008)

Stephen Blundell, University of Oxford The forgotten brothers
Kénigstein, April 2014 S. J. Blundell Physics World 24(April), 26 (2011)
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What the technique is not!

Outline (mistakes to avoid)
1. Introduction to muons A A
2. Low energy muons and the penetration depth

“

3. Vortex lattices . M— no, the muons stop in the
, . sample and they do not scatter!
4. Magnetism and superconductivity P Y

. M - no, unlike NMR and ESR you do
not need to use resonant techniques (though you can).

5. Superfluid stiffness and T,

Electron Muon spin rotation (uSR)

mass m,, charge —e, spin 1/2 . Muo_r.l_s producfd via pion decay:
O VR ol 2
moment —1.001pg, v,=28024.2 MHz/T PION MUON  NEUTRINO
lifetime > 4x1023 years ¢ Muons 100% spin polarized, speed~c/4, K.E.~4 MeV.

* Muon decays into a positron:

Muon _
@ pt—et 4 v+,
MUON POSITRON NEUTRINOS

mass 206.8m,, charge +e, spin 1/2

moment 0.00484i5, V,=135.53 MHz/T . quitron qeca_y is asymmetric wi‘th rgspe_ct to the in_itial muon-
spin polarization because of parity violation (weak interaction)

lifetime = 2.19903x10¢ s
(see S.J. Blundell, Contemp. Phys. 40, 175 (1999))
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“l cannot believe
God is a weak left-
hander”

Wolfgang Pauli
(1900-1958)

Every single uySR experiment....

...looks like this
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Experiments at the PSI
muon facility __

.

TRIUMF ®

e o S LE-uSR Apparatus
outline _d?—/_'—,\,l—ﬂgg—{ \:.7:,_@ j (E=4MeV)

310" w'/s

* Moderator

<= Muon momentum

1. Introduction to muons i = Muonspin 75 -20kevitt : MeVu
. ( START) T N <
2. Low energy muons and the penetration depth ® m Low eneray -«—
muon beam <+—
. 0-30 keV <+—
3. Vortex lattices —
UHV ~10"" mbar

4. Magnetism and superconductivity

5. Superfluid stiffness and T,

Coils ; | 700 w'/s @ sample

Positron counters
(STOP)

Sample or
MCP2 detector

Cryostat




Depth-Resolved Profile of the Magnetic Field beneath the Surface of a
Superconductor with a Few nm Resolution

Experiment: YBCO
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T. J. Jackson et al. Phys. Rev. Lett. 84, 4958 (2000)
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Meissner state in a Superconductor

B(z)
Superconductor
Normal state
= -6
Time [us]

Meissner state in a Superconductor

B
@ superconductor
2
5 -§- <@

1 2
4 Time [us]

R. F. Kiefl et al. Phys. Rev. B 81, 180502 (2010)

Anisotropy of London penetration depth in the ab plane

Mean Depth (nm)
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T T

Lo ] A, =128.9(1.2) nm
N f1| a-axis “
: 1 A, =108.4(1.0) nm

Average Local Field (mT)

) Tilbrasis A “dead-layer” near the
hl }:\\ 1 surface
o . =1 d=10.3(5)nm
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R. F. Kiefl et al. Phys. Rev. B 81, 180502 (2010)

What about muon stopping profile?

B(z)

superconductor

B(z)=BOe 2 (T)

50 100 150
z [nm]

A()=[ n(E,z)cos(y B(z)i+)dz

R.F. Kiefl et al. Phys. Rev. B 81, 180502 (2010)
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1. Introduction to muons

2. Low energy muons and the penetration depth
3. Vortex lattices

4. Magnetism and superconductivity

5. Superfluid stiffness and T,
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Single superconducting vortex
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Vortex lattice
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Muons and penetration depth
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Muons and the flux lattice
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« Scale of p(B) gives information about penetration depth
« Shape of p(B) allows the study of vortex lattice melting and decoupling.

t
r
S.J. Blundell, Contemp. Phys. 40, 175 (1999))
VoLum 64, Numper 11 PHYSICAL REVIEW LETTERS 12 MarcH 1990
Magnetic Penetration Depth in the Organic Superconductor x-IBEDT-TTFI,CulNCSI,
VOLUME 68, NUMBER 12 PHYSICAL REVIEW LETTERS 23 MARCH 1992

Muon-Spin-Relaxation Measurements of Magnetic Penetration Depth in Organic
Superconductors (BEDT-TTF),-X: X =Cu(NCS) and CalN(CN),IBr
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D.R. Harshman et al. 1990 L.P. Le et al. 1992

VoLUME 79, NUMBER 8 PHYSICAL REVIEW LETTERS 25 Avaust 1997

Investigation of Vortex Behavior in the Organic Superconductor x-(BEDT-TTF),Cu(SCN);
Using Muon Spin Rotation

Blundell,? C. M. Aegerter,’ P. A. Pattenden,” K. H. Chow,?

S.L. Lee,! F.L. Pratt,**
EM n,5 T. Sasaki,® W. Hayes,” and H. Keller*
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3. Vortex lattices

4. Magnetism and superconductivity

5. Superfluid stiffness and T,

New iron-based superconductors
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Nature Mat. 8, 305 (2009); 8, 310 (2009); PRB 80, 052503 (2009); 79, 144523 (2009); JPS) 79, 113702 (2010)

J. Am. Chem. Soc. 132, 10467 (2010); PRL 104, 057007 (2010); PRB 85 054503 (2012), |
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D. Wright et al. Phys. Rev. B 85, 054503 (2012)

0.004

0.003
s

structural distortion S o002
I
<

0.001

00
S
) jani
precession frequency =
N

0

SC VF(%)

J. D. Wright et al. Phys. Rev. B 85, 054503 (2012)

111 iron-based superconductors
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J. D. Wright et al. Phys. Rev. B 85, 054503 (2012)
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‘Quantum states of muons in fluorides

1. S. Mller, " D. Ceresoli,? T. Lancaster,’ N. Marzari,* and S. J. Blundell
(@) " in LiF/NaF (b) Muonium in LiF/NaF

TABLEL Calculated (DFT) and experimental (exp) properties of
the diamagnetic F-yu-F states in solid and vacuum, and of the (FHF)~
‘molecular ion in vacuum. r (A) is the muon-fluoride bond length, v
is the frequency (cm") of the symmetric stretch (SS), asymmetric
stretch (AS), and bending (B) mode, and ZPE is the zero-point energy
(V). “Our calculation. *Experimental data (Ref. 19). ‘Ref. 20 reports
1377 em™.

()¢ in CaFy/BaF,

(d) Muonium in CaFy/BaF; L vss v vy vas  ZPE

0 (FHP™ 236 228 S81 1289 1289 1611 030
® (FHF)™ 228 583 1286 1286 1331° 028
P (F-u-F)” 236 S81 3797 3797 4748 080
e LiF 234 236()2 2825 4603 4881 076

K NaF 235 238(1)2 3071 4363 4813 076
° CaF, 231 234Q2)2 649 2737 4481 5446 083
BaF, 233 2377 613 3033 4130 4974 079

CoF; 236 243(2) 585 3076 3473 4570 073
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4. Magnetism and superconductivity
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(©) 1 in CoF, () Muonium in CoFy
&
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L
Phys. Rev. B 87, 121108(R) (2013)
‘Uemura Plot’ for cuprates and other superconductors
VOLUME 62, NUMBER 19 PHYSICAL REVIEW LETTERS 8 Mav 1989
Universal Correlations between T and n,/m * (Carrier Density over Effective Mass)
in High-T, Cuprate Superconductors
Y. J. Uemura,"” G. M. Luke,"” B. J. Sternlieb, " J. H. Brewer,™ J. F. Carolan,” W. N. Hardy,
R. Kadono,"”” J. R. Kempton,”’ R, F. Kiefl,” S. R, Kreitzman,™ P. Mulhern,” T. M. Riseman, ®’
D. LL Williams,” B. X. Yang,”” S. Uchida, "’ H. Takagi,”’ J. Gopalakrishnan, "’ A. W. Slcight, "
M. A. Subramanian,"’ C. L. Chien,’ M. Z. Cieplak,"”” Gang Xiao,"”’ V. Y. Lee, B. W. Statt,”
C.E. Stronach. ") W. I. Kossler.”’ and X. H. Yu®®
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‘Uemura Plot’ for cuprates and other superconductors

VOLUME 62, NUMBER 19

PHYSICAL REVIEW LETTERS 8 May 1989

Universal Correlations between T, and n,/m * (Carrier Density over Effective Mass)
in High-T, Cuprate Superconductors
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M. Burrard-Lucas, D. G. Free, S. J. Sedimaier, J. D. Wright, S. J. Cassidy, Y. Hara, A. J. Corkett,

T. Lancaster, P. J. Baker, S. J. Blundell and S. J. Clarke, Nature Materials 12, 15 (2013)
J. D. Wright et al. Phys. Rev. B 85, 054503 (2012)
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