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Introduction to μSR
From parity violation to modern techniques



Parity Violation
Prediction & Observation



Richard Garwin
1928-2025
• Student of Fermi (1949).


• First muon spin rotation experiment (1957).


• Designer of first hydrogen bomb.


• National Medal of Science


• National Academy of Sciences, Medicine, Engineering.


• Presidential Medal of Freedom.


• AAAS Award for Scientific Freedom and Responsibility.


• U.S. President’s Science Advisory Committee, JASON.


• “The most influential scientist you never heard of.”



Pion Production

• Bombard nucleons with other nucleons of 
sufficient K.E. to give C of M energy greater than 
140MeV/c2.


• Typically, lab frame single pion production 
threshold roughly 280 MeV.


• Pion production cross-section rises roughly 
linearly with energy to roughly 1000 MeV.


• At higher energies, pion produced in pairs 
(>1GeV).



Accelerators





Pion Decay
Parity violation

• 𝜋 has I=0


• Conservation of momentum, 𝜐 and 𝜇 
travel 180◦ to each other.


• only left-handed neutrinos.


• muon spin antiparallel to momentum.


• In 𝜋 rest frame, mono-energetic muon 
4.1 MeV, p=29.7877 MeV/c.



Surface vs. Decay Muons

• Surface beam mono-energetic (4.1 
MeV).


• small beam spot (high luminosity).


• Only positive surface muons.


• Higher energy muons from pions that 
decay in flight


• Negative muons


• high pressure experiments
“Backward muons”



Low Energy Muons

• Conventional 
surface muons 
have stopping 
range of 140 mg/
cm2 

• Thin film samples/
surfaces require 
reduced depth 
penetration.
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Muon Moderation



Low Energy Transport



Muon Trigger



Low Energy uSR- PSI



Initial Muon Spin Polarization
Surface vs. Decay muons

Wien filter, acts as 
spin rotator. Typically 
±400 kV for 90 
degree rotation. Off-axis tuning of decay beam can 

deliver transverse field polarization. 
TRIUMF M9H



Muon Decay
Weak interaction: parity violation
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µ+ → e+ + ωe + ω̄µ
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µ→ → e→ + ω̄e + ωµ

Max Ee+= 52.83 MeV.

<a>=1/3



μSR Technique
Continuous (dc) beam

𝜏𝜇 = 2.2 𝜇s

<latexit sha1_base64="UCp3rfmG1ospFzuzKlVRBy9zIyw="></latexit>

N(t) = N0

(
B + e→t/ωµ [1 +A0P(t)]

)



Experimental Geometry
TF-𝛍SR :  ZF/LF-𝛍SR 
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A(t) =
NA(t)→ ωNB(t)

NA(t) + ωNB(t)



GZ(t) =
Z

P ( ~H)�Zd ~H

ZF-µSR

σZ=cos2θ + sin2θcos(γμ|H|t)


cos2θ: average time-independent polarization along z

sin2θ: precessing signal


frequency: γμ|H| indep. of θ.
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•For isotropic polycrystal/powder/ceramic with well-defined local field:


GZ(t) = 1/3 +2/3cos(γμ|H|t)


•Measuring ωμ = γμ|H| vs. T gives order parameter

Fudamoto et al., Physica B 329-333, 717 (2003)



ZF-𝛍SR
Magnetic Order

Savici et al., PRB 66, 014524 (2002)
Luke et al., PRB 42, 07981 (1990)



ZF/LF-𝛍SR
Absence of magnetism QSL candidates

Yb+3
O-2

Ce2Zr2O7

Yb2Be2GeO7

Pula et al., PRB 110, 014412 (2024).

Beare et al., PRB 108, 174411 (2023).



ZF/LF-μSR
Field Distributions

Kubo Toyabe Theory for random moments.


Approximate field distribution for dense moments 
as Gaussian



Dynamics
Strong collision model
•If fields not constant in time: Strong Collision 
Model

•Model fluctuations by assuming local field jumps 
instantaneously at time t.     exp(-νt) is probability 
of no jump.

•Field after collision chosen randomly from static 
distribution, otherwise uncorrelated with original.



WTF- Wipeout

Goko et al., PRB 80, 024508 (2009).

Aczel et al., Phys. Rev. B 78, 214503 (2008)

Goko et al., PRB 80, 024508 
(2009).



TF-μSR
Knight shift, asymmetry, relaxation

Beare et al., Phys. Rev. B 108, 174411 (2023)

Yb+3
O-2



TF-μSR
Type II Superconductivity

• 2 lengthscales: λ, ξ

• Disorder: broadening of 

line shape features 
(convolute with 
Gaussian).

Sonier, Rep. Prog. Phys. 70, 1717 (2007).



Vortex Lattice Field Distribution

Yaouanc et al., Phys. Rev. B 55, 11107 (1997).

V3Si

λ

ξ



Superfluid density & Vortex Core Size

• Curve is ZF μ-wave result. 
(Hardy et al.)


• Linear T-dependence due to d-
wave pairing (gap nodes)


• High field flattening due to q.p.’s 
at gap nodes.

• Weak dependence of 𝝃 on T 
indicates absence of bound 
states in vortex cores.

Sonier et al.



Transverse Field SRμ

Sharma et al., PRB 108, 144510 (2023).

SOC

σ ∼
ns

m*

Ceramics - Gaussian
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