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01 Introduction: Basic principles of muon spin rotation/relaxation




Production of muons
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» uUSR utilize surface muons & decay muons
T U+,

| Energy
| Polarization
p § v Pion “Forward’ muon
Q= -— e —-
g .
O A .
b, A" >
Parity violation Accelerator based
Surface muon 4.119 MeV Decay muon ~ 40 MeV Cosmic ray muon ~TeV
~100% polarized Page 3

https://musr.ca/intro/musr/muSRBrochure.pdf

R. Khasanov, J. Appl. Phys., 2022 https://cms.cern/content/muon-tomography



https://cms.cern/content/muon-tomography
https://cms.cern/content/muon-tomography
https://cms.cern/content/muon-tomography
https://musr.ca/intro/musr/muSRBrochure.pdf

DB 5k 2 5 5

Detection of muons

» e" angular distribution — " polarization P (7)

=B
4 Rotation / Relaxation P, (1)
iy 5 Decay with half period:
2.2 us
ety v
Slowing down...... i “ e
Stopping at certain sites P W(0)=1+acos(0)

C.Y. Jiang et. al., Phys. Rev. B, 2022 https://musr.ca/intro/musr/muSRBrochure.pdf Page 4


https://musr.ca/intro/musr/muSRBrochure.pdf

uSR experiment setup DR MBS L 5

» USR experiment focus on how P, (7) evolutes

y """ﬂUpward

~ detector

_Downward

Y. Wang et al., Acta Phys. Sin., 2024

detector

W (6) =1+ acos(0)

Ny () = Noe " (12 ab, (1))

NNy 2
NoO+N,(0)

At)

A(?) proportional to P (¢) !

Asymmetry parameter A(?) !

Page 5



uSR experiment setup

Magnetic order / Spin dynamics

Zero Field e* detector
(ZF-):

t, detector

mome

Longitudinal
Field (LF-): e detector
t detectorl —

CAD % 1 1B 5 4k 3 T 3¢ B

INSTITUTE OF NUCLEAR PHYSICS AND CHEMISTRY

Superconducting gap symmetry

Transverse Field (TF-),

NOIl-SpiIl e" detector
Rotate: N detectorl H
g [ P
#
moment sample
Spin Rotate: e* detector
ty detectorl —H>
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Typical relaxation function

» Gaussian distribution static local fields (e.g. Nuclear dipole moment)

ZF-pSR
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! Gaussian distribution A . - 1
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(Bioe )dBy,, (\/ZAG)eXp[ o } Joc P, = 3 + 3 A=y, Aqt")exp( ) P, () =exp( BT )cos(y ,B..t)

Kubo-Toyabe function

A. Yaouanc et al., Muon Spin Rotation, Relaxation, and Resonance, 2011
R. Kubo et al., Magnetic Resonance and Relaxation, 1967
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Typical polarization function

M
» LF-uSR — distinguish static / dynamic local fields @4-7?? —
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Static local fields, Decouple Dynamic local fields
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High pressure technique WHOBEME S LT RN

» Optimize muon momentum & beam size

Muons at PSI

S
10* r 3
r =
- 2
£ 3 &
S b s
= F  p-cellwall (2 - 20 mm) 5
Q100 F 15 =
g E Muon Stopping Distribution
g, r Decay muons 16
B 102f Low-Energy muons (~20 - 75 MeV)
5‘ r (~1 - 30 keV) Surface muons 5 7
n 4 MeV E
r @M — Copper E ol
10*f —— Nickel x
:r Titanium 5
—— Aluminum
10-6 sl aaasaul aaaanaul aaaaaul s asaul P ey rwvTn i _10
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Implantation Energy (MeV) B T T T

R. Khasanov, J. Appl. Phys., 2022 Page 9



High pressure technique

Piston pressure cells for uSR experiments

@GPD PSI

Locking nut
Spacer

Piston

Mushroom seal —
Outer cylinder

Piston
Sealing ring
o iushroom

Inner cylinder Teflon ring
Mushroom seal v’
Piston oG
Spacer

Locking nut

R. Khasanov et. al., High Pressure Research, 2016
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Application

» Unconventional gap in LaFeAsO, oF, ; (TF-uSR)
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R. Khasanov et al., Phys. Rev. Lett., 2007 H. Luetkens et al., Phys. Rev. Lett., 2008 Page 11
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» Coexisting state of CeFeAsO,_F,_(ZF-uSR)

{ AF ord%”
0
Hange Long & 40 50
0.2 100
2015 80 =2
[ — - O
< E 4 60 f—'§<
0.05
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0 420
0
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x(F)

T. Shiroka ef al., Phys. Rev. B, 2011 S. Sanna et al., Phys. Rev. B, 2010 Page 12



Application ONDZ W B 5 1k 5 Bt 5 Fh

INSTITUTE OF NUCLEAR PHYSICS AND CHEMISTRY

» Magnetic order in FeSe, . (High pressure ZF-pSR)
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M. Bendele ef al., Phys. Rev. Lett., 2010 Pag e 13



» Advantage of uSR
‘High sensitivity to magnetism (0.1 G) \ S
R
® Zero-field measurements NMR
B .
® Special time window
pSR
® I ocal probe (volume of magnetic phase) 3
Moéssbauer
® In-si ' : Field. P h =
\ n-situ environments: Field, ressure.....) R s
T
10-610-410-2 10° 102 10° 10° 10° 10 107 104 f/Hz

=
1]

=

Superconduct
ivity

Magnetism

Page 14

Y. Wang et.al, Acta Phys. Sin., 2024
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“2 Intrinsic order of CeRu,
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CeRu, introduction

» “Conventional” superconductor with unconventional properties

Abnormal T,(x) relation: initial increase Abnormal magnetization near H, —“Peak effect”
6
———— — 8000 B, @)
— B, (@)
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Heeee _éfeuxLax)RuZ & | 6000 BN
4B (R-T)
b (CerGd )Ry, @ | o0 4t —v B o)
x|
— 4 ‘: = 'E 2000
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L Ce (Ruy.Cox), -2000 2 v
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A ‘0.b5. 1111 Of1 0 ? 4 8 L s 10 -4000 .
Impurity content x : B %
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— I N “’ i 1 1 1
Cel-xRxRuz (R - Gda La) Lal_dexRuZ 20 30 40 50 12 3 45 6 7

B. Hillenbrand et al., Phys. Lett., 1972 K. Kadowaki ef al., Phys. Rev. B, 1996 Page 16
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CeRu, introduction

» 3D Pyrochlore lattice with Ce & Ru flat bands

a CeRu, (SOC) e
1.0 O A 1
%‘ 0.0
EL D,
wo &
104,
20 c; 2 4 6 8
DOS / site
f Without SOC With SOC f
H H g i H _ H 4.5 FB—>
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Pyrochlore Ru Lattice (Tight-bonding model): ARPES: Ce flat band (Kondo) & Ru flat band (geometry)

Flat bands, 3D Dirac points, Van Hove singularities

J. Huang ef al., npj quantum materials, 2024 age 17



Motivation

» Low temperature magnetic transition near 7, ?

C/T(md/sg atom o)

Anomaly from f-Ce or Ce,Ru, impurities ?
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R. R. Joseph et al., Phys. Rev. B, 1972
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CeRu, sample growth
» High quality single crystals by Czochralski method

Pulling shaft [,

Electrodes

< % Power supply

/
/
.,
3% s 3
o S

Tetra-arc furnace Single-crystal growing Laue pattern

Page 19
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» Intrinsic magnetic order & energy gap in high-field normal states

SC state: po <6 T normal state: p,/f>6T
r - r - r - 1 - T T T T 50 —TT 77T — T T T T
s WO ' O 7TzFC o0 | X ]
g [ o 1oerc ] gz"" 9 TTFC 1 }40 1 ©wf /Tf'w . 0T
% ® 100eZFC 3 e "nn = 30 _ S 40 | ..,0" @ 7T 4
o-ox- < 519- a“n - E E -///}i\j_‘—._ﬂ_'
z T 2w oot EYLL T o S
<k = " B - 1T 1 é;zo—/.,.»’ ! ]
g . s le- " S * 2T 1 Uom-—/ : -
ge bk .———3 i : o 4T - i !
0 ; :1 ; ; 10 0 . 2 ' 4 . 6 ] 8 . 10 ’ 0 2 4 6 8 10 ’ 0 I 2 . 4 6 I 8 I 10
Temperature (K) Temperature (K) Temperature (K) Temperature (K)
@1 mT: Superconductivity @7 T: AFM like Order ® Superconducting state Residual:
T.=6K T, ~6K yn = 25 mJ mol-! K-2
: : _ .. o '
® High quality sample: sharp transition, 100% volume ® Normal state Residual @ 0.6 K 6 T
. — -1 -2 22N0
® AFM like order near 6 K when SC suppressed Yo = 7.4 mJ mol” K Vol YN ~30%

What happened across 7, ~6 K ? Page 20



CeRu, ZF-pSR NDE MR 5tk £ 55

> No transition across 6 K

I o I > I

03| T
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FLAME

= e — 7K 5
® 5K
Ll B W/ (110) 7
DOLLY
0.0 : : : : : L 0.0 . 1 . 1 . 1
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Time (us)
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» Field induced anomaly near 10 mT
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CeRu, TF-pSR
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® B. (7) slop change near 6 K

® Bulk magnetism >80 % volume
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o 05T
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éﬁ 501.70 | o g
CQE
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CeRu, intrinsic order

» Impurity magnetism or intrinsic ?

Pros Cons
® Small residual C(T)/T: 3,/ yx = 30.8% ® Sample dependence
® High field TF-uSR: Slop change in B,,(7) (May be explained by Ru site defect)
» Field induced or exists @ 0 T? e ——
o o Eé 4 _;E.A o
Pros (Field induced): s |5/ . o
g o ()I T—IDAIT ° o
® [F-uSR: anomaly at for p,/ 4> 10 mT 2,5l wean, O 4
® ZF-uSR: absent magnetism below 6 K b; o °
SoL }o T=04K
® Transition in C(H)/T o ©
0.0 0.2 0.4

Field (T) Page 24
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03 Superconducting properties of CeRu,




TF-pSR vs Specific heat
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o,.(T): 1sotropic s-wave

o..(T): single band

@, (1-b)
8, =0.172-2 [1 1.21(1— \/_)}

® Specific heat: Multigap/Anisotropic

s-wave superconductivity?

Page 26



CeRu, Fermi surface Q® LI e NG o R

Hole (DFT): Electron (DFT) : - ARPES:

k(A

M. Hedo, J. Phys. Soc. Jpn., 1995 S. Sangphet, PRB, 2026. Page 27



Inter-band correlation N W B 5 k. = B 55 B
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V. Grinenko, Nat. Phys. 2021
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: i ® Field induced magnetism
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CeRu, latest research

Uniaxial
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CD % 11 2 5 b 5 5 5% B
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Tunable ground
States !

O. Gerguri, Commun. Phys. 2026
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» Redistribution of electron entropy between superconductivity and intrinsic order

150 — T
—o— 0T :
< [—o—1T 3
£ 100 - =Ll : .
- Yol ;
E ;
2 ;
2 50 . i
= i
= ;
= ;
0 ,.......~.-.-.-.'.':.'.'.‘£.'JS.'VI: ::::: i
0 2 4 6 8
Temperature (K)

® [nvariant entropy between pure SC and SC + magnetism state

® Redistribution of electron entropy turned by magnetic fields
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04 Summary & Outlook




Summary & Outlook XD %W B 5 1 = B 5% B

® uSR is a powerful technique for investigation of SC & magnetism

Specific heat ZF/LF-uSR ?

® Intrinsic order induced by external fields

® Possible multigap SC from distinct active/passive bands

® SC & intrinsic order competing a total electron entropy

Looking forward to muon spectrometer (@ HIAF & CiADS & CSNS

Page 32



Thank for attention !
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CeRu, TF-pSR
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Phonon substruction

3 T = 1 ° & & 1 T
30 — —T —T— . T v T r T . o I Observed
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Phonon contribution: C(T)/T =y + BT’
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Inter-band scattering DORBMB S LR

O 15-20 GPa n and T, change simultaneously (R = R +AT")

O Superconductivity in CeRu, affected by interband scattering
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Normal state (8-50K) R-T T, (left) andn (right) vs P Page 35
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O LF-muSR — 10 mT

LF-muSR Asymmetry
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