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Research

MuSR

Electrical resistivity, magnetic
resistivity, specific heat

Exotic behaviors of
quantum materials

Heavy fermion

Superconductivity

Quantum spin liquid




Principle of MuSR

Accelerator
——— o

i \\‘:v Lwl ! _*
: X J"/_—!”—_ - 1 i \

—> é"“'?:iv):":*"' 9 Q Positron
“ “:‘i_:& """ N, | detector

L @
Muon " S ¢Muons decay with
2.2ps average lifetime

uwr—et+v+v
e u

* 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



remanence

AC susceptibility

muons
I

Perturbed angular correlations

Mossbauer
E &

neutrons
rE &

—r " 3 Iql .~I4 sy ! = I‘i 5
107" 107 10 107 107 10" 107 107 10" 10" 10 T. ()

Kl 2.1-3 uSR SRS REA A4 2Rl mMBFE SN T H. B H A
Yaouanc ! P. Dalmas De Réotier =5 & Z08rp 28— & 1.5 #2210 .

Jian Zhang, PhD dissertation 2020



Advantages and uniqueness of MuSR

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

Obtain volume fraction of magnetic phase

Can measure magnetic fluctuation rates in the range 10% to
10'2 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

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

TRIUMF

Rd

J-PARC

More MuSR Facilities!!

A. D. Hillier...L. Shu...et. al., “Muon spin spectroscopy”’, Nature Reviews Methods Primers 2022

S8 IR W70 “MuSR BORFERRSYH B RN, P2 2021
Z. H. Zhu and L. Shu, “Muon Spin Relaxation Studies on Quantum Spin Liquid Candidates”, Progress in Physics 2020



pressure

Correlated/
Superconductivity magnetic
& .
Quantum phase topological
transitions o magnetically states
conductivity | rustrated
magnetic electric
field field
ma.gneto—
topological resistance
order
semiconductor
Novel ; Low- 1
quantum 1men510pa
tempera electronic
states

doping WIe  dimension states



History of quantum spin liquid
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The concept of quantum spin liquid: RV B state

RESONATING VALENCE BONDS: A NEW KIND OF INSULATOR ?*

P. W. Anderson
Bell Laboratories, Murray Hill, New Jersey 07974
and
Cavendish Laboratory, Cambridge, England

(Received December 5, 1972; Invited**)

ABSTRACT
The possibility of a new kind of electronic state is pointed out,

corresponding roughly to Pauling's idea of ""resonating valence
bonds' in metals. As observed by Pauling, a pure state of this
type would be insulating; it would represent an alternative state
to the Néel antiferromagnetic state for S = 1/2. An estimate of
its energy is made in one case.

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



QSL and high-T. superconductors

The Resonating Valence Bond State in La,CuQO,
and Superconductivity

P. W. ANDERSON

The oxide superconductors, particularly those recently discovered that are based on
La;CuQy, have a set of peculiarities that suggest a common, unique mechanism: they
tend in every case to occur near a metal-insulator transition into an odd-electron
insulator with peculiar magnetic properties. This insulating phase is proposed to be the
long-sought “resonating-valence-bond” state or “quantum spin liquid” hypothesized
in 1973. This insulating magnetic phase is favored by low spin, low dimensionality,
and magnetic frustration. The preexisting magnetic singlet pairs of the insulating state
become charged superconducting pairs when the insulator is doped sufficiently
strongly. The mechanism for superconductivity is hence predominantly electronic and
magnetic, although weak phonon interactions may favor the state. Many unusual
properties are predicted, especially of the insulating state.

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



History of quantum spin liquid

L. E. F. Neel L. D. Landau
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Searching for QSL materials

Triangular Kagomé Pyrochlore

Frustration leads to the formation of fluid-like states of matter, 1.e. spin
liquids. Spins highly correlate but still fluctuate strongly when 7—0.
Fractional magnetic excitations, 1.€. 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

Table 1| Some experimental materials studied in the search for QSLs

Material Lattice S Status or explanation
k-(BEDT-TTF),Cu,(CN); Triangulart Y2 Possible QSL
EtMe,Sb[Pd(dmit),], Triangularf Y5 Possible QSL
Cu;V,0,(0OH),*2H,0 (volborthite) Kagomét Ya Magnetic
ZnCuy(OH)CI, (herbertsmithite) Kagomé Y2 Possible QSL
BaCu;V,04(0OH), (vesignieite) Kagomeér ) Possible QSL

Na,lr;Og Hyperkagomé Ya Possible QSL

Cs,CuCl, Triangulary Ya Dimensional reduction
FeSc,S, Diamond 2 Quantum criticality
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L. Balents, Nature 464, 199 (2010)



Quantum Spin Liquid

Quantum Spin Liquid

QUANTUM MATERIALS
Quantum spin liquids
C. Broholm?, R. J. Cava? S. A. Kivelson®, D. G. Nocera®, M. R. Norman®*, T. Senthil®

Spin liquids are quantum phases of matter with a variety of unusual features arising from their
topological character, including “fractionalization”—elementary excitations that behave as fractions of an
electron. Although there is not yet universally accepted experimental evidence that establishes that
any single material has a spin liquid ground state, in the past few years a number of materials have been
shown to exhibit distinctive properties that are expected of a quantum spin liquid. Here, we review
theoretical and experimental progress in this area.

Broholm et al., Science 367, eaay0668 (2020)

* No magnetic orderat 7=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 identity a quantum spin liquid?

Step I: Role out magnetic order. spin glass

USSR, magnetic susceptibility, specific heat, NMR, elastic neutron scattering...

Step I1: Detect the spinon excitation

inelastic nfeutron specific heat therm.al. thermal Hall uSR
scattering conductivity
continuum power law/linear linear term quantized strong S.p 1n
term dynamics
Kagome triangular triangular honeycomb | triangular
ZnCu,(OH)/Cl, k-(BEDT- EtMe,Sb a-RuCl; | YbMgGaOu
TTF),Cu,(CN); | [Pd(dmit),], 117 097201
Nature 492, 406 | Nat. Phys. 4, 459 | Science 328, | Nature 559, | P&t 07
(2012) (2008) 1246 (2010) | 227(2018)




Quantum Spin liquid

» Absence of magnetic long range order down to zero temperature

» Highly entangled spin system

What can you measure with MuSR
* Absence of magnetic orders (long/short range, spin glass)

* Spin dynamics 71



Magnetic order, volume fraction

* Long-range order leads to
coherent oscillations

* Measuring op = yu|B| vs. T
gives order parameter
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New magnetic phase diagram of (Sr,Ca),RuQ,

J. P. Carlo"2, T. Goko"?, I. M. Gat-Malureanu?, P. L. Russo', A. T. Savici', A. A. Aczel®,
G. J. MacDougall®, J. A. Rodriguez®, T. J. Williams®, G. M. Luke®, C. R. Wiebe'?, Y. Yoshida®,
S. Nakatsuji”®, Y. Maeno’, T. Taniguchi® and Y. J. Uemura'*
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J. P. Carlo et al. Nature Materials 11, 323-328 (2012)



Magnetic Phase Transitions in NaxCoO2
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€ Textbook MuSR signature of a phase transition to an ordered
magnetic state

® Fitting function: A(t) = Age *cos(w, + P)

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



Spin Waves of Honeycomb Iridate NazlrOs
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FIG. 2 (color online). (a) ZF u "SR spectra on a polycrystal- Al
line sample of Na,IrO; above and below T,. Solid lines are (top) Q (A™)

a guide to the eye and (bottom) a fit described in the text. (b),(c)
Fitted parameters as a function of temperature.

A zigzag phase was suggested
by powder INS

€ Magnetic order at low 7, Tn=15.3 K

@ Fitting function: A(t) = Aje™"1fcos(2mvyt + ¢1) + Aze " 2bcos(2mv,t + ¢,) + Aze™ + Ay

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



Spin glass behavior in Sr4CusO1o

Sr,CugO, (3—leg ladder)
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FIG. 2. (a) Zero-field uSR spectra in the 3-leg ladder system.
The solid lines are the fit with the model function, Eq. (1).
(b) Temperature dependence of the Gaussian field-distribution
width (A) and the paramagnetic volume fraction ( fpaa). The
broken line is a guide to the eye.

@ Fitting function: P, = fpara + (1 — fpara) Gstatic (6, A)
@ A recovery of the polarization to 1/3 at low 7, static magnetism,

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

K. Kojima et al. PRL. (1995)



Spin dynamics in YoMgGaOa

Critical phase
or crossover ?
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FIG. 2. Selected background-subtracted ZF-uSR signals with
the incident beam (a) perpendicular (L) and (b) parallel (]|) to the
¢ axis. The colored lines are the corresponding fits to the data
using Eq. (1). The insets show relevant experimental geometries.

® No magnetic order
® Lack of arecovery of the polarization to 1/3 at lo

® T independent plateau of muon spin relaxation rat

Y. Lietal PRL 117 097201. 2016)
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Spin dynamics in YoMgGaOa
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The insets show the experimental geometries.

® LF spectra change moderately when field increase from 0 t

Y. Lietal PRL 117 097201 (2016)



Searching for quantum spin liquid candidates

Tms3Sb3Zn2014 YngGaO4 Lu3Sb3Cu2014

SR
Possible QSL ground state: a Z, QSL Persistent spin dynamics and absence Intrinsic properties of spin-liquids due to
of spin freezing very high purity
Z.F.Ding... L. Shu” PRB 2018 Z.F.Ding... L. Shu" PRB 2020 Y. X. Yang...L. Shu*, arXiv:2102.09271

Yb(BaBO3)O3 Tms3SbO~ NaYbSe2

Quantum magnet, dipole-dipole Explained by a transverse field Ising

. . : Classic droplets in the quantum order
interaction dominant model

C. Y. Jiang...L. Shu* PRB 2022 Y. X. Yang...L. Shu* PRB 2022 Z.H. Zhu...L. Shu”, the Innovation 2023



Rare-earth Kagome lattice magnet TmsSb3Zn2014

RE,Sb,Zn,0,,

Geometrical frustration

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

« The nearest Tm-Tm bond between two neighboring layers is 6.06 A, while within the
kagomé layers, the nearest Tm-Tm bond is 3.68 A, quasi-2D

Z.F.Ding... L. Shu® PRB 2018



Rare-earth Kagome lattice magnet TmsSb3Zn2014
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* 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 Tm?3*, effective spin-1/2 moment

Z.F. Ding... L. Shu" PRB 2018



Rare-earth Kagome lattice magnet Tms Sb3Zn2014

__ 60
z 50( e y(0) is gradually suppressed by
40} field, which means that part of
E a0l ’ ¥(0) could be induced by the
/ v .
fzo ;/:fo:v’;"/ o7 (quenched) disorders
2100 e v 2T
S Ooﬁ""‘ LS LN . The robust y(0) (26.6(1) mJ mol
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.
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a spin liquid state?

T2(K2)

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

Z.F. Ding... L. Shu* PRB 2018



Rare-earth Kagome lattice magnet TmsSb3Zn2014

» No magnetic order down to 20 mK

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

18 [ 20 » The observed stretched exponent § ~ 1,
~ 14 - i i . .
" 13 ETEL A ! almost 7 independent: the absence of obvious
5‘ Tt 1 10 ~u "nS mgnm L o . o o
< 12f ] ﬂo | - disorder/impurity induced.

1.1F S ST 7

1.0 Lw 0.0 Lw . . o .

0010 1T(K)1 100010 1T(K)1 10  The persistent spin dynamics is consistent

with the large density of states from a QSL
state, gapless.

Possible QSL ground state: a Z, QSL

Z.F. Ding... L. Shu* PRB 2018



Rare-earth Kagome lattice magnet TmsSb3Zn2014

Tm3sSb3Zn2014 Tm/Zn site-mixing disorder: 17%

Tm3SbsMg2014 Tm/Mg site-mixing disorder: 2%

* Spin-liquid like behaviors are not observed in Tm3SbsMg2014

« Samples with perfect geometrical frustration are in urgent demand

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



2D triangular antiferromagnet YbMgGaOQO4

© YB3 Jeir = 1/2

* Triangular lattice

» No magnetic order down to 60 mK

Paddinson et al., NP (2017)

« Mg-Ga site mixing
U(1) QSL? Random singlet

>
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2D triangular antiferromagnet YbMgGaOQO4
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« “Persistent” spin dynamics and absence of spin freezing
« apower-law fit to the 7= 22 mK data for 25 Oe < HL.< 2 kOe, slow spin dynamics

Random singlet

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



Quantum dipolar magnet Yb(BaBOs3)3
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C. Y. Jiang...L. Shu* PRB 2022



Quantum dipolar magnet Yb(BaBOs3)3

P(t)
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Quantum magnet, dipole-dipole interaction dominant

C.Y. Jiang...L. Shu* PRB 2022



Triangular antiferromagnet NaYbSe:
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NaYbSe,
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 Single crystal 1 onat ; . .
e NaCl-flux a clear signature of magnetic excitation

continuum extending from 0.1 to 2.5 meV

* No magnetic order

: .  aspinon Fermi surface.
* No spin freezing

Z.H. Zhu...L. Shu*, the Innovation 2023
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NMR & Thermal conductivity

NMR
> Two groups of peaks
> Two step relaxation

> 1/T; — Persistent spin dynamics

Thermal conductivity
> Negligible residual linear term

> No iterant excitations c
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Comparison of all results: QSL or not?

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

vy VY YV

\

A majority dynamic spins
> Possible spinon Fermi surface

40
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Quantum Spin liquid

What can you measure with MuSR

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

No oscillation
No initial asymmetry loss

No KT-term due to electrical spin

* Spin dynamics 71
Persistent spin dynamics

remanence

AC susceptibility
muons
- &}

Perturbed angular correlations

Mossbauer

neutrons
k. 3

10" 10" 10" 10" 10° 10° 10 107 10" 10° 10°

AV



MuSR facilities

Power of 1.4 MW 70 kW 144 kW 1 MW 20 kW
proton
Surfacemuon o, o 2 x106 107 -10% 1.5x107 105~106
intensity (/s)
Polarizati
OlalIZAton > 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
~ 100 (EMU)
(Mevents/h on 25 15 1400 (Super-MuSR) 55 40
I cmx1 cm
sample)
C* A2 2.25 1.176 JLen (B 3.43 2.048

109.76 (Super-MuSR)



Sample environment

e Temperature: 2 K-300 K (PSI-GPS. TRIUMF-LAMPF)
DR/He?* (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)
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