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• Introduction of MuSR


• The application in studying quantum materials
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Two important principals of surface muon

• Nearly 100% spin polarized muon


• Muon decay positron is preferentially emitted to muon spin 
direction




Principle of MuSR

Accelerator

Muon

µ+ → e+ + ν
e
+ ν

µ
  

• Measuring the anisotropic distribution of the decay positrons from a bunch of muons 
deposited at the same condition


• Statistical average direction of the spin polarization (P) of the muon ensemble 


• P(t) depends on the spatial distribution and dynamical fluctuations of the muon magnetic 
environment



  Zero Field   Transverse Field 



Crucial Technique on studying Magnetism and Superconductivity 

Magnetic order, volume fraction

Extreme sensitivity to small internal magnetic 
fields (0.1 G) 

Can measure magnetic fluctuation rates in the 
range 104 to 1012 Hz, complementary to NMR, 
neutron scattering…

Muon can be implanted into any material (gas, 
liquid or solid), a large variety of 
environments (low temperature, high 
magnetic field, electric fields, high pressure, 
irradiated with light, applied RF pulses …)

Single crystals, polycrystalline samples and 
thin films

AD. Hillier…L. Shu…et. al., “Muon spin spectroscopy”, Nature Reviews Methods Primers 2022

⽎蕾、倪晓杰、潘⼦⽂，“MuSR 技术在凝聚态物理中的应⽤”，物理 2021

Z. H. Zhu and L. Shu, “Muon Spin Relaxation Studies on Quantum Spin Liquid Candidates”, Progress in Physics 2020

   Muon Source and beam lines are going to 
be built at CSNS!

Advantage, Uniqueness, Irreplaceability



 Superconductivity



MuSR on Superconductors

Number	of	literatures	on	superconductivity	studied	
by	MuSR

•  Magnetic penetration depth
（superfluid density）

•  Magnetic order? Volume fraction

•  Detect extremely small 
magnetic field (0.1 G)

•  Knight shift
Superconducting gap symmetry

Time-reversal symmetry

The relation between 
superconductivity & magnetism

Superconducting 
mechanism
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after hopping, precess back again. As the hop rate in-
creases the oscillations are progressively destroyed un-
til eventually no relaxation is possible (Keren et al.
1993). This effect has been observed experimentally
in the cuprate compound Ca0.86Sr0.14CuO2 (Keren et
al. 1993).

7 Muons and superconductivity

One of the most fruitful areas of recent research with
muons has been in the area of superconductivity. The
last couple of decades have witnessed a renaissance in
this field following the discovery of high-temperature
superconductors, organic superconductors, borocarbide
superconductors, and even superconductors based on
C60 buckyballs. To understand the usefulness of muons,
recall that the two important lengthscales in supercon-
ductors are the penetration depth, λ, which controls the
ability of the superconductor to screen magnetic fields,
and the coherence length, ξ, which controls the length-
scale over which the order parameter can vary without
undue energy cost. If the former is sufficiently greater
than the latter (the condition is that λ > ξ/

√
2) the

material is a type II superconductor which if cooled
through its transition temperature, Tc, in an applied
magnetic field remains superconducting everywhere ex-
cept in the cores of the superconducting vortices which
usually are arranged in a triangular lattice. Each vor-
tex is associated with a magnetic flux equal to one flux
quantum Φ0 = h/2e. The distance between vortices,
d, is such that the number of vortices per unit area
2/

√
3d2 equals the number of flux quanta per unit area

B/Φ0. Thus d ∝ B−1/2. In general the vortex lattice
will be incommensurate with the crystal lattice and, ex-
cept at very high magnetic field, the vortex cores will be
separated by a much larger distance than the unit-cell
dimensions. Implanted muons will sit at certain crys-
tallographic sites and thus will randomly sample the
field distribution of the vortex lattice.

In the normal state (T > Tc) with a transverse field
B, all muons precess with frequency ω = γµB (Fig-
ure 16(a)). In the superconducting state however the
muons implanted close to the vortex cores experience
a larger magnetic field than those implanted between
vortices. Consequently there is a spread in precession
frequency, resulting in a progressive dephasing of the
observed precession signal (Figure 16(b)). The larger
the penetration depth, the smaller the magnetic field
variation and the less pronounced the dephasing (com-
pare Figure 16(b) and (c)). It turns out that this idea
can be quantified (see Aegerter and Lee 1997) and that
the relaxation rate σ of the observed precession signal

Figure 16: The field distribution inside a supercon-
ductor as a function of position and the corresponding
muon-spin relaxation function for three cases: (a) the
normal state, (b) the superconducting state, (c) as (b)
but with a shorter penetration depth.

is related to the penetration depth using

σ = γµ〈B(r) − 〈B(r)〉
r
〉1/2
r

≈ 0.0609γµΦ0/λ2, (5)

where B(r) is the field at position r and the averages
are taken over all positions. Thus the relaxation rate of
the observed precession signal can be used to directly
obtain the magnetic penetration depth. An advantage
is that data are obtained from the bulk of the supercon-
ductor, in contrast to techniques involving microwaves
which are only sensitive to effects at the surface.

This principle has been applied to many different su-
perconductors to extract both the penetration depth
and its temperature dependence. This latter quantity
is of great interest because it is a measure of the tem-
perature dependence of the order parameter and can
yield information concerning the symmetry of super-
conducting gap and hence the symmetry of the pairing
mechanism. For example this approach has revealed
unconventional pairing in a sample of the high tem-
perature superconductor YBa2Cu3O6.95 (Sonier et al.
1994). It is also possible to extract the vortex-core ra-
dius from a detailed analysis of the data (Yaouanc et
al. 1997, Sonier et al. 1997).

A conventional type II superconductor exhibits 3
well-defined phases for T < Tc: (1) a Meissner phase
for B < Bc1, (2) a mixed or Shubnikov phase for
Bc1 < B < Bc2 (in which the magnetic field enters the
superconductor in the form of well defined flux lines or
vortices arranged in a lattice) and (3) the normal metal-

Normal state

Superconducting 
state

Superconducting 
state with smaller 
penetration depth

J. E. Sonier et al., 

Review of Modern Physics 72, 769 (2000) • Absolute value of penetration depth 


• Superfluid density 


• Superconducting pairing symmetry 

λ

ρ ∼ 1/λ2

ρ(T )

Only MuSR can directly measure the magnetic penetration depth



Symmetry of the Superconducting gap

J. Zhang..L. Shu* PRB 2016 C. Tan..L. Shu* PRB 2018 Z. H. Zhu…L. Shu* NJP 2022

Q. Wu…L. Shu* PRB 2023

LaO0.5F0.5BiS FeS PbTaSe2s+s Ss+d

s+d

K. W. Chen…L. Shu* PRB 2024

BaNi2As2La2(Cu1-xNix)5As3O2 s+s

C. S. Chen…L. Shu* npj QM 2024

Pr3Cr10-xN11 p?
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Time-reversal symmetry superconductivity

G. M. Luke et al., Nature 394, 558 (2000)
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Time-reversal symmetry superconductivity
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• The temperature-dependent superfluid density is consistent with a p-wave pairing 
symmetry. 


• A time-reversal symmetry broken superconducting transition, 

• A candidate of p-wave superconductor which breaks time-reversal symmetry.

C. S. Chen…L. Shu* npj QM 2024

Pr3Cr10-xN11



Pseudogap in cuprate YBa2Cu3Oy
Te
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Hole Concentration p (per Cu)

oxygen content y TRSB: left in skepticism


Local magnetic fields expected for 
such an order


not observed in MuSR or NMR 
experiments


Previous experiments show (at T*):

Broken time-reversal symmetry


Broken spatial-rotation and inversion symmetries



张建，博⼠学位论⽂ 2020


•MuSR, NMR: longer time scales (~10-5 s) >> 
other technique (~10-10 s)


•The local magnetic fields may be motionally 
narrowed by fluctuations (finite-size domains of 
ordered phase with different field orientations)


• New MuSR experiment: to test the possibility of 
dynamic relaxation, to obtain the fluctuation time 
scale and value of local magnetic fields.




Pseudogap in cuprate YBa2Cu3Oy

J. Zhang…L. Shu*, Science Advances 4 eaao5235 (2018)

Z. H. Zhu…L. Shu*, Phys. Rev. B 103 134426 (2021)

• A magnetic field with rms width of larger than 1 mT fluctuating about 108 Hz has been 
discovered, setting in consistently at 


• Critical slowing down of fluctuations at Tmag expected near time-reversal symmetry 
breaking transitions.


Tmag = T*



 Quantum Spin Liquid



Quantum Spin Liquid

FM, AFM Quantum Spin Liquid

Absence of magnetic long range order down to zero 
temperature；Highly entangled spin system

• Magnetic orders (long/short range, spin glass, weak magnetism) 


• Spin dynamics T1 

What can you measure with µSR



Tm3Sb3Zn2O14

Possible QSL ground state: a ℤ2 QSL

Z. F. Ding… L. Shu* PRB 2018        

CS

LC

Lu3Sb3Cu2O14

Intrinsic properties of spin-liquids due to 
very high purity

Y. X. Yang…L. Shu*, arXiv:2102.09271

NaYbSe2

Fluctuating magnetic droplets immersed 
in a sea of quantum spin liquid

Z. H. Zhu…L. Shu*, the Innovation 2023

YbMgGaO4

Persistent spin dynamics and absence 
of spin freezing

Z. F. Ding… L. Shu* PRB 2020            

Yb(BaBO3)O3

Quantum magnet, dipole-dipole interaction dominant 

C. Y. Jiang…L. Shu* PRB 2022 



Heavy fermion



CeCoIn5


Very clean system:

l0  >> ξ

SC：d wave

Normal：non-Fermi liquid！







Lei Shu* et. al. Phys. Rev. Lett. 113 166401 
(2014)         


         

Fs
0 = 1.2 ± 0.3, Fs

1 = 36 ± 1
Fs

0 ≫ Fs
1

Renormalization of superfluid density in a heavy fermion

London Magnetic penetration depth

F. and H. London  1935 


Landau Fermi liquid theory

Lev D. Landau 1956


Leggett  Superfluid Fermi liquid

Physical Review 140 A1869  1965 


Varma  modified Leggett theory for heavy 
fermion

Physical Review Letters 57 626  1986 

Ce1-xYbxCoIn5


NFL—> FL


Same temperature 
dependence of Landau 
parameter


Z. F. Ding…Lei Shu*

Phys. Rev. B 99 035136 (2019)

• The first determination of Landau parameters in a heavy-fermion 
compound, tests the basic assumption of the theory of heavy 
fermions

• Non-Fermi liquid in the normal state, Landau Fermi liquid still 
applies to the thermal dynamical and transport behaviors in the 
superconducting state

Miyake and Varma theory for 
unconventional superconductivity with 
non-Fermi liquid normal state

Physical Review B 174501  2018



Topological 
order

MuSR

Novel 
quantum 

states

Low-
dimensional 
electronic 

states

Correlated, 
magnetic 

topological 
states
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Thank you!


