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O Introduction: what is a quantum spin liquid, and the role of
MuSR

O QSL candidates hexaaluminates RE(Zn,Mg)Al,,Oq

O Proximity to a QSL in the Shastry-Sutherland magnet
Nd,Be,GeO,



Quantum Spin Liquids Introduction
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Quantum Spin Liquids Introduction
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Quantum Spin Liquids

Introduction
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Quantum Splll qullldS Introduction
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Quantum Spln qullldS Introduction

How to detect? Or what to exclude? specific heat
susceptibility

neutron diffraction

» no order parameters
exclude any long-range magnetic ordering, spin

freezing, valence bond solid , -
muon 1S very sensitive to

magnetic fields!
distinguish between static

» spinon fractional excitations :
and dynamic fields

—> excitation continua
(ordered magnets may show similar behavior)

inelastic neutron scattering
thermal transport




Hexaaluminates RE(Zn,Mg)Al,,Oq



general structural features Hexaa,uminate
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O well separated-> quasi-2D; minimize influence from
interlayer disorder P6,/mmc
O large differences in ionic radii=> no antisite disorder a=b = 5586026
between magnetic and nonmagnetic ions c =21.920176

O versatile rare earth ions (RE = La-Tb)



PFZHA111019 . Susceptibility Hexaa|uminate
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> Curie-Weiss fit (T < 15 K) » no spin ordering down to 50 mK
Ocyw ~ -10 K > strong AFM coupling » no frequency dependence = no spin
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» frustration index: f> 10/0.05 = 200
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PrZnAl;O,, : gapless excitations P Hexaaluminate
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/gapless AFM: o =3 A

gapless FM: o = 3/2

> o~ 2 (ZF) spinon Fermi surface: o = 2/3 or 1
Coulombic QSL: a =3

KDirac QSL: a =2 (ZF), o = 1 (fields) )

» C,, (T) x T* - gapless excitation
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PrZnAl;;O, : low-E excitations V" Hexaaluminate
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NdZnAl,;0O,,: low-E excitations V" Hexaaluminate
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instrument resolution broadening in PrZnAl,,O,q
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PrZnAl;;O,¢: enhanced nuclear magnetism Hexaaluminate
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PrZnAl;;O,¢: enhanced nuclear magnetism Hexaaluminate

(2) 0.3 , , , Two ingredients:

e geroficld T=027K 1. non-Kramers ion, singlet ground state = van Vleck paramagnetism
02\ 2. large hyperfine interaction

0.2} _ -

= nuclear spin electronic angular momentum
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(b) 03
' Singlet ground state for the electronic system

» intrinsic CEF ground state

A(t)

» local distortions induced by implanted muons

{4

verified by following ESR measurements
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PrMgAl,;0,,: Ising anisotropy
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Intrinsic transverse field Ising model Hexaa.uminate

[ 60 GH\
““"T 150F
Hi DPPH

fr— \L . 4

A~ 0.1 meV

3
&
£ In the frame work of intrinsic
o | ~ 100} .
-] IR - transverse-field Ising model
'é:(b) jgl‘: £= 105 GHz :f
o - ’
2| }[=E]555?—h§5.y
o s0} J '
% | 1] i
05,071 = S,; 05,071 = S,; 05,071 = -,
0.0 05 1.0 1.5 20 %.0 0.5 1.0 1.5 2.0 . 1
uoH (T) woH (T) S_: dipole

S,» S, multipole

17



CeMgAl,;O,y: U(1) Dirac QSL candidate V" Hexaaluminate
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CeMgAl,;O,y: U(1) Dirac QSL candidate P Hexaaluminate
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CeMgAl,,O,y: slow spin dynamics asr
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» out of the fast fluctuation limit for muSR

> less than canonical spin glass systems (10% Hz)
— slow collective fluctuations
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NdZnAl,,O,y: CEF ground state P Hexaaluminate

: : . 100
o 120 Ei = 160.6 meV
e T | b 234N -
o === g0 ol = 042K o7 100+
[=] o Py 0
Fo2 E 5t < 80}
S " 2
g L ) ; 60
< 01 hg=3.52puyNd  TK ] 40!}
OICQ\ =-63 K 20}
0.0 147
0 50 100 150 200 250 300 0 0 . .
T (K) 0 4 8 12 16 0 100 200 300
® [ en £tz QI (A™ T (K)
37 \. IR
?_. ® 79
z 'i A 539 (a) L 160; '\' I (C) 1.5
- 2r o . GO i = 6 meV S
8 > z QI=[2,4] A’ B _goeeenesaness
£ ’ 5 i = 1.0 48 0ok
::_‘i -e: 30 % D C 100 K
(aa]
of = 2 | P gy=142
1 1 1 .é 2 0 5 | D X}
0.1 1 10 Z 21 g =4.54
T(K) 2 J El oY
5 0—~ :. PDH":I__‘T_:F_:*-G.J._.
b 1 1 1 1 : 1 4 e .'_,_ﬁf_)—f"'-:‘”ﬂ" .
O AFM dominant T TR T 0.08 : - e
O no order down to 50 mK E (meV) W H (T)

Cao, Guo et al., PRB 112, 144409 (2025) O CEF fitting = Ising dominant anisotropy

21



NdZnAl,,O,y: CEF ground state P Hexaaluminate

TABLE 1. CEF eigenvectors and eigenvalues for NdZnAl,;O,¢ in the weak-coupling scheme (|/m;) basis). The CEF parameters are
B) = —0.20(4), B} = —0.0033(2), BY = 0.00056(2), and B = 0.0034(4) meV.

E (meV) -2) I-1) 1-3) I-3) -5 1) 12) 13) B 12)
0.000 0.0 0.9678 0.0 0.0 0.0 0.0 0.0 —0.2517 0.0 0.0
0.000 0.0 0.0 0.2517 0.0 0.0 0.0 0.0 0.0 —0.9678 0.0
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persistent spin fluctuations ? Hexaaluminate
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NdTa,O,
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ADR performance V' Hexaaluminate

Superior ADR performance than some Gd-based compounds
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Summary for hexaaluminates

» Using muSR, combined with other techniques (specific heat, susceptibility, neutron...),
we 1dentify several quantum spin liquid candidates

» The versatility of rare earth ions provides a fertile ground for studying different models
(intrinsic transverse field Ising model, Ising dominant XXZ model...)

» QSLs retain a large amount of magnetic entropy at low temperatures;
small exchange energy scale means a small magnetic field can easily polarize the spin
system — remove entropy at low T
—> excellent for magnetic cooling



Proximity to a QSL in the SSL Nd,,Be,GeO.



phase diagram Nd,Be,GeO,

Shastry-Sutherland lattice phase diagram based on the

Heisenberg model

77 ]| k '
m kh W : /- "
( 4 @ & B
fﬂ : Plaquette Spin AFM
' ' singlet liquid?
\/Q\y | iqu

0.68 0.79 0.82 g=7/]

SOC-induced anisotropy :> gfhlérsgjgoi?ci sl;}slzses?

28



CEF ground state Nd,Be,GeO,
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dimer model Nd,Be,GeO,

Electron spin resonance
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hidden order? Nd,Be,GeO,
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spin dynamics NdzBezGeO7
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unusual field-enhanced spectral weight Nd,Be,GeO,
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spin dynamics Nd,Be,GeO,
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Discussion and Conclusion Nd,Be,GeO,

» hidden-order-like transition
\ » the order parameter is revealed by neutron after

field training, but not in muon experiment
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moments fluctuate coherently in the 10 s time scale
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