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• Both probes are bulk, local probes: integrate over q, same
formalism

• Difference through (i) the coupling to the environment

(ii) the time window, the field range

(iii) sample details



µSR and NMR: milestones (1)

Bloch & Purcell, 
Nobel Physique 1952

Ernst, 
Nobel Chimie 1991

Wuthrich, 
Nobel Chimie 2002

Lauterbur & Mansfeld, 
Nobel Medecine 2003



µSR and NMR: milestones (2)



µSR and NMR: milestones (3)

Lee & Yang
Nobel Prize Physics 1953

J. Brewer
Brockhouse Medal, 2008 

Y. Uemura
Yamazaki Prize, 2005 

E. Morenzoni
Yamazaki Prize, 2008 



µSR: some key features
- Sµ = 1/2. No quadrupolar effect

- LIFETIME τμ = 2.2 µs

- Implantation in all materials.

- Material and temperature independent sensitivity.

- Bulk probe (200 µm penetration, 150 mg/cm2)… LEM!

- Implantation in one well-defined (or several) site(s):
Oµ-, 0.1 nm bond in oxides

- 100% spin polarized probe

- Diluted probe

- mµ = 1/9 mp: Possible diffusion of the muon: T > 150-200 K
- µµ = 3.2 µp; γμ = 13.55 MHz/kG
- Beam spot: 7 to 30 mm. Reduced in background free  setups

- H < 7 Teslas



From NMR basics (1)
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From NMR basics (2)

µ+ is a very sensitive probe

γμ = 135.5 MHz/T



From NMR basics (3)

Many resident nuclei but… sensitivity, detection pbs…



From NMR basics (4)

A very involved Hamiltonian…quite rewarding



Interaction noyau-électrons
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NMR basics (5): nucleus-electron coupling



The equations are the same!

Ak, h: coupling to the neighbourhood is what matters!



Electron-nucleus interaction

)1(
2

,,
onpolarizaticorecontact

i
dip

i
orb

zyxi KKKK ++++==

π
γν

Gyromagnetic ratio Orbital or 
chemical shift

« Knight shifts »

Nb of nuclei

reference
ν0=γH0/2π

ν

0

0

ν
νν −

=K



From NMR basics (6)

A very involved Hamiltonian…quite rewarding
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If I>1/2, nuclear spin I is sensitive to any Electric Field Gradient from
the lattice

From NMR basics: quadrupole interaction (7)



Quadrupolar nuclei: rich but involved on powders

νNMR = γ/2π H0

~ νQ f(θ)

νNMR = γ/2π H0

νNMR = γ/2π H0

From NMR basics: quadrupole interaction (8)



If I>1/2, nuclear spin I is sensitive to any Electric Field Gradient from
the lattice

From NMR basics: quadrupole interaction (9)
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An NMR lab
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From NMR technique: time window

Time window: 10 µs … mn



Orders of magnitude NMR vs µSR

µ+: smaller couplings, shorter times

• Local field 10 – 100 times larger in NMR

• γ 10 times smaller in NMR

• Time window start 1000 time larger in NMR

• Time window end infty in NMR

One example: fast fluctuations

1/T1 = (γB)2 τ

Accurate measurement of χ

Sometimes too broad lines
when frozen moments



NMR/µSR: a comparative summary

Think and select the best: µSR, a front tool but…

µSR NMR
Which sample? All, easy Many…needs time

Time window Few ns…20 µs 10 µs…mn

Location/coupling Interstitial, where???
0.1 T/ µB

At. Site, hyperfine
0.1 T – 10 T/ µB

Sensitivity Magnetic transitions
Small moments

Background

Magnetic
susceptibilities
Whole sample?

Temperature range 10 mK – 800 K 10 mK – 1000 K

Field range 0 – 6 T 1 – 45 T

Dynamics Fast dynamics Slow dynamics

Intrinsic drawback Additional charge 
and moment

r.f. field needed, 
field needed

Tuning of the probe



ZF Phase diagrams in a family of samples

µSR: direct comparison, easiness to track transitions, ZF

Science, perspectives sept 2008

?



ZF Phase diagrams in a family of samples

µSR: direct comparison, easiness to track transitions, ZF
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Detection of small frozen moments

µ+: small nuclear fields (~G) in the paramagnetic state
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Spin glasses (1): statics

µ+: smaller couplings, shorter times           broad lines

MnSi



Spin glasses (2): dynamics

µ+: smaller couplings, shorter times. NMR wipe-out       

D.E.MacLaughlin and H. Alloul, PRL 1976 A. Keren, P. Mendels et al., PRL 1996

Also study of critical exponents at magnetic transitions
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Measurement of local susceptibility (1)

µ+: smaller coupling, located differently…but where?

0 100 200 300
0

1

2

0

10

20

 

17
O

  l
in

es
hi

ft 
(%

)

T (K)

χ SQ
U

ID
 (1

0-4
 c

m
3 /m

ol
 C

u)
 

O
Cu

Zn

Cl
doping

Antiferro
Supra

T

Anti
Ferro



Measurement of local susceptibility (2)

Perturb to reveal: selectivity of the coupling in NMR
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Superconductivity: penetration depth

µ+: absolute value of λ but hard to probe vortex cores;
So easy that early materials are an issue with respect to quality

J. Sonier et al., PRL 1994, 1999
Review of Modern Physics,(2000)

Y.J. Uemura et al., PRL1991



Superconductivity: vortex lattice

NMR: relaxation from vortex cores

Need of a sizeable transverse field, Hc1 < H < Hc2
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Frustrated magnets: spin liquid like states

NMR: wipe-out when slowing down of fluctuations

Persistent relaxation!
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NMR in High Magnetic Fields

Large scale facilities … users friendly?

T=25mK
H=27 Tesla

Kodama, Science 2002



µSR in Thin Films (Z. Salman’s course)

E. Morenzoni: 2nd Yamazaki Prize



NMR in ferromagnetic multilayers

Marginal as compared to the world of thin films

Work from Panissod
Co/Cu mutilayers (1992)



Do µ+ impact the physics?

A marginal case, then physically interesting!

µ+ is an added moment
…

Or an added charge which changes J



Do µ+ impact the physics?

A marginal case, then physically interesting!

µ+ is an added moment

Chakhalian, PRL 2003



Do µ+ impact the physics?

A marginal case, then physically interesting!

More with High Tc’s vs orbital currents
(Varma)



Do µ+ impact the physics?

With RE elements, depending on CEF, χμSR is modified!

µ+ is an added charge!

Crystal field levels in rare earth
compound PrNi5

Feyerherm, 1995
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• Nuclear magnetic resonance of C60 and fulleride superconductors, Charles H. 
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• On the web :
• « the basics of NMR » http://www.cis.rit.edu/htbooks/nmr/inside.htm
• Spectroscopy site : http://www.spectroscopynow.com/coi/cda/home.cda?chId=0
• See also the very complementary examples from P. Carretta at the previous school

http://www.spectroscopynow.com/coi/cda/home.cda?chId=0

	Complementarity between NMR and µSR�(for solid- state physics)��P. Mendels �Lab. Physique des solides�Univ. Paris-Sud Orsay
	µSR and NMR: milestones (1)
	µSR and NMR: milestones (2)
	µSR and NMR: milestones (3)
	µSR: some key features
	From NMR basics (1)
	From NMR basics (2)
	From NMR basics (3)
	From NMR basics (4)
	The equations are the same!
	From NMR basics (6)
	An NMR lab
	 From NMR technique: time window
	Orders of magnitude NMR vs µSR
	NMR/µSR: a comparative summary
	ZF Phase diagrams in a family of samples
	ZF Phase diagrams in a family of samples
	Detection of small frozen moments
	Spin glasses (1): statics
	Spin glasses (2): dynamics
	NaCrO2: original dynamics
	Measurement of local susceptibility (1)
	Measurement of local susceptibility (2)
	Superconductivity: penetration depth
	Superconductivity: vortex lattice
	Frustrated magnets: spin liquid like states
	NMR in High Magnetic Fields
	µSR in Thin Films (Z. Salman’s course)
	NMR in ferromagnetic multilayers
	Do µ+ impact the physics?
	Do µ+ impact the physics?
	Do µ+ impact the physics?
	Do µ+ impact the physics?
	References

