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MuSR
Electrical resistivity, magnetic 

resistivity, specific heat

Quantum spin liquidSuperconductivity

Exotic behaviors of 
quantum materials    

 Heavy fermion



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



Jian Zhang，PhD dissertation 2020



Advantages and uniqueness of MuSR

Obtain volume fraction of magnetic phase

Extreme sensitivity to small internal magnetic fields (0.1 G) 
-- able to detect fields of nuclear and electronic origin.

Can measure magnetic fluctuation rates in the range 104 to 
1012 Hz, depending on the size of the magnetic field at the 
muon site

Can be implanted into any material (gas, liquid or solid) 

Can be applied to single crystals, polycrystalline samples 
and thin films

A. D. 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

In a large variety of environments (e.g. any temperature, 
magnetic fields up to 8T, electric fields, high pressure, 
irradiated with light, applied RF pulses etc

More MuSR Facilities!!
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1970 1962

vs.

1977

History of quantum spin liquid

L. E. F. Neel L. D. Landau P. W. Anderson



P. W. Anderson, Mater. Res. Bull. 8, 153 (1973)

The concept of quantum spin liquid: RVB state



P. W. Anderson, Science 235, 1196 (1987)

QSL and high-Tc superconductors



1970 1962

vs.
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Xiaogang Wen
Buckley prize
Dirac medal

A. Kitaev
Buckley prize
Dirac medal

Real 
materials

History of quantum spin liquid

L. E. F. Neel L. D. Landau P. W. Anderson

Topological 
order

Topological 
quantum 

computation

Kitaev model



         Triangular                                      Kagomé                             Pyrochlore                

Frustration leads to the formation of fluid-like states of matter, i.e. spin 
liquids. Spins highly correlate but still fluctuate strongly when T→0.
Fractional magnetic excitations, i.e. spinons are expected.

L Balents, Nature 464, 199 (2010)
P. W. Anderson, Science 235, 1196 (1987)
P. W. Anderson, Mater. Res. Bull. 8, 153 (1973)

Searching for QSL materials



Searching for QSL materials

L. Balents, Nature 464, 199 (2010)



Quantum Spin Liquid

FM, AFM Quantum Spin Liquid

• No magnetic order at T = 0 K

• Highly entangled spins

• Beyond Landau’s symmetry breaking 
paradigm

• Fractionalized excitations & emergent 
gauge structure

• Exotic quantum magnetic ground state

• Important fundamental research

• Potential application on quantum computation



How to identify a quantum spin liquid?

Step I：Role out magnetic order、spin glass

μSR, magnetic susceptibility, specific heat, NMR, elastic neutron scattering…

Step II：Detect the spinon excitation

inelastic neutron 
scattering

specific heat
thermal 

conductivity
thermal Hall μSR

continuum
power law/linear 

term
linear term quantized

strong spin 
dynamics

Kagome 
ZnCu3(OH)6Cl2 

Nature 492, 406 
(2012)

triangular
κ-(BEDT-

TTF)2Cu2(CN)3

Nat. Phys. 4, 459 
(2008)

triangular
EtMe3Sb

[Pd(dmit)2]2

Science 328, 
1246 (2010)

honeycomb
α-RuCl3

Nature 559, 
227 (2018)

triangular
YbMgGaO4

PRL  117 097201 
(2016)



Quantum Spin liquid

• Absence of magnetic orders (long/short range, spin glass)

• Spin dynamics T1 

What can you measure with MuSR

• Absence of magnetic long range order down to zero temperature

• Highly entangled spin system



Magnetic order, volume fraction

• Long-range order leads to 
coherent oscillations

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

J. P. Carlo et al. Nature Materials 11, 323-328 (2012)

T



Magnetic Phase Transitions in NaxCoO2

P. Mendels et al. PRL 94 136403 (2005)

◆ Textbook MuSR signature of a phase transition to an ordered 
magnetic state

◆ Fitting function: ଴
ିఒ௧

ఓ௧

ZF



Spin Waves of Honeycomb Iridate Na2IrO3

S. K. Choi et al. PRL 108 127204 (2012)

◆Magnetic order at low T, TN = 15.3 K

◆Fitting function: ଵ
ିఒభ௧

ଵ ଵ ଶ
ିఒమ௧

ଶ ଶ ଷ
ିஃ௧

௕௚

A zigzag phase was suggested 
by powder INS



Spin glass behavior in Sr4Cu6O10

K. Kojima et al. PRL. (1995)

◆Fitting function: ఓ ୮ୟ୰ୟ ୮ୟ୰ୟ ୱ୲ୟ୲୧ୡ

◆A recovery of the polarization to 1/3 at low T, static magnetism, 

◆Absence of procession: magnetic order is a random freezing of moments.



Spin dynamics in YbMgGaO4

Y. Li et al. PRL 117 097201. 2016)

• No magnetic order

• Lack of a recovery of the polarization to 1/3 at low T, no spin glass

• T independent plateau of muon spin relaxation rate



• LF spectra change moderately when field increase from 0 to 0.18 T

Y. Li et al. PRL 117 097201 (2016)

Spin dynamics in YbMgGaO4



Searching for quantum spin liquid candidates
Tm3Sb3Zn2O14

Possible QSL ground state: a ℤ2 QSL

Z. F. Ding… L. Shu* PRB 2018        

Cu1

Cu2

Lu3Sb3Cu2O14

Intrinsic properties of spin-liquids due to 
very high purity

Y. X. Yang…L. Shu*, arXiv:2102.09271

NaYbSe2

Classic droplets in the quantum order

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 

Tm3SbO7

Y. X. Yang…L. Shu* PRB 2022 

Explained by a transverse field Ising 
model



Rare-earth Kagomê lattice magnet Tm3Sb3Zn2O14

Z. F. Ding… L. Shu* PRB 2018        

• The Tm kagomê layers, separated by non-magnetic Zn, Sb and O atoms

• The nearest Tm-Tm bond between two neighboring layers is 6.06 Å, while within the 
kagomê layers, the nearest Tm-Tm bond is 3.68 Å, quasi-2D

Geometrical frustration



Rare-earth Kagomê lattice magnet Tm3Sb3Zn2O14

Z. F. Ding… L. Shu* PRB 2018        

• Absence of magnetic order in susceptibility               

• Absence of spin freezing behaviors such as spin glass 

• Isothermal magnetization at 2 K: the low energy scale of the interaction between the low-
lying non-Kamers doublets of Tm3+, effective spin-1/2 moment



Rare-earth Kagomê lattice magnet Tm3 Sb3Zn2O14

Z. F. Ding… L. Shu* PRB 2018        

S. Yamashita et al. Nat. Phys. 4, 459 (2008)

 is gradually suppressed by 
field, which means that part of 

 could be induced by the 
(quenched) disorders

• The robust  (26.6(1) mJ mol 
Tm-1 K-2) : constant density of 
states at low energies 

• For higher magnetic field applied 

௣
ି୼/்

a spin liquid state?



Rare-earth Kagomê lattice magnet Tm3Sb3Zn2O14

Possible QSL ground state: a ℤ2 QSL

Z. F. Ding… L. Shu* PRB 2018        

• No magnetic order down to 20 mK

• The low temperature plateau of  indicates 
the persistent spin dynamics and large density 
of states at low energies.

• The observed stretched exponent , 
almost T independent: the absence of obvious 
disorder/impurity induced.

• The persistent spin dynamics is consistent 
with the large density of states from a QSL 
state, gapless.



Rare-earth Kagomê lattice magnet Tm3Sb3Zn2O14

Tm3Sb3Zn2O14

Tm3Sb3Mg2O14

Tm/Zn site-mixing disorder: 17%

Tm/Mg site-mixing disorder:   2%

Z. F. Ding… L. Shu* PRB 2018        Y. X. Yang… L. Shu* CPL 2022        

• Spin-liquid like behaviors are not observed in Tm3Sb3Mg2O14              

• Samples with perfect geometrical frustration are in urgent demand



2D triangular antiferromagnet YbMgGaO4

• Yb3+:  ୣ୤୤

• Triangular lattice

• No magnetic order down to 60 mK

• Mg-Ga site mixing

U(1) QSL? Random singlet 

Paddinson et al., NP (2017)

Li et al., Sci. Rep. (2015)
Li et al., PRL (2016)
Shen et al., Nature (2016)

Xu et al., PRL (2016)
Ma et al., PRL (2018)
Kimchi et al., PRX (2018)



• “Persistent” spin dynamics and absence of spin freezing
• a power-law fit to the T = 22 mK data for 25 Oe < HL< 2 kOe, slow spin dynamics

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

2D triangular antiferromagnet YbMgGaO4

Random singlet 



Quantum dipolar magnet Yb(BaBO3)3

C. Y. Jiang…L. Shu* PRB 2022 

Free of disorder

• Degeneration of ground state doublet be affected (ZF and 
low magnetic fields)

• Ground state doublet well opened (higher magnetic fields)



Quantum dipolar magnet Yb(BaBO3)3

Quantum magnet, dipole-dipole interaction dominant 

C. Y. Jiang…L. Shu* PRB 2022 

Field-induced increase of the density of spin excitations



Triangular antiferromagnet NaYbSe2

• Yb3+ triangular lattice

Pressure induced SC

Jia et al., CPL (2020)
Zhang et al., arXiv:2020.11479

• No site-mixing• ~10% site-mixing (Na-Yb)



NaYbSe2

• Single crystal
• NaCl-flux

• No magnetic order
• No spin freezing

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

• a clear signature of magnetic excitation 
continuum extending from 0.1 to 2.5 meV

• a spinon Fermi surface.



ZF-μSR 

No magnetic order

୏୘  

𝐺୏୘(𝜎, 𝑡) =
1

3
+
2

3
(1 − 𝜎ଶ𝑡ଶ)exp ൬−

1

2
𝜎ଶ𝑡ଶ൰

• Coexistence of quasi-static and dynamic 

spins

• 23% quasi-static spins

ஜ

• T-independent → Persistent spin dynamics
Z. H. Zhu…L. Shu*, the Innovation 2023



NMR & Thermal conductivity

39

NMR

➢ Two groups of peaks

➢ Two step relaxation

➢ ଵ → Persistent spin dynamics

Thermal conductivity

➢ Negligible residual linear term

➢ No iterant excitations

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



Comparison of all results: QSL or not?

40

Proposed picture

➢ Fluctuating magnetic droplets immersed in a sea of QSL

➢ 23% quasi-static spins with short-range correlation

➢ Not spin glass by susceptibility

➢ Slow fluctuation by NMR

➢ Droplets with “up-up-down” structure

➢ A majority dynamic spins

➢ Possible spinon Fermi surface

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



Quantum Spin liquid

•Absence of magnetic orders (long/short range, spin glass)
No oscillation

No initial asymmetry loss

No KT-term due to electrical spin

• Spin dynamics T1 
Persistent spin dynamics

What can you measure with MuSR



 MuSR facilities

PSI Triumf ISIS JPARC CSNS

Power of 
proton  1.4 MW 70 kW 144 kW 1 MW 20 kW

Surface muon 
intensity（/s） 107 ~ 109 2 ×106 107 ~108 1.5×107 105~106

Polarization
（%） > 95  > 90 > 90 > 95 95

Positron（%） < 1 < 1 < 1 < 1 < 1

Frequency CW CW 40 Hz 25 Hz 1 Hz 

 Asy 0.3 0.28 0.28 0.25 0.32

Counting 
rate

(Mevents/h on 
1 cm×1 cm 

sample)

~ 25 ~ 15 
~ 100 (EMU)

~1400 (Super-MuSR)
~ 55 ~ 40

C* A2 2.25 1.176
7.84 (EMU)

109.76 (Super-MuSR)
3.43 2.048



 Sample environment 

• Temperature：2 K-300 K  (PSI-GPS、TRIUMF-LAMPF)

            DR/He3   (PSI-Dolly、FLAME、TRIUMF-DR)

• Pressure: PSI-GPD (0-0.65 T, 0.23-500 K, 2.8 GPa)

• Low-energy: PSI-LEM (0-0.3 T, 2.5-325 K)



http://www.physics.fudan.edu.cn/tps/people/leishu/GroupHomepage.html

Thank you!


