MIOOHHa CniHOBA CNeKTPOoCcKoniA
Muon spin spectroscopy
MSR

Muon Spin Rotation/Relaxation



To read

1. S.J.Blundell (1999) Spin-polarized muons in condensed matter physics,
Contemporary Physics 40, 175-192 https://arxiv.org/abs/cond-mat/0207699v1

2. L. Nuccio et al. Muon spin spectroscopy: magnetism, soft matter and the bridge
between the two. J. Phys. D: Appl. Phys. 47, 473001 (2014) pdf

3. benoycos H0.M., Cmunra B.l1. YTo Takoe MIOOHHbIN MeToA UccneaoBaHUS
BellectBa. CopocoscKuli obpazosamesnbHbil #ypHaa Nel, c. 76-85 (1999) pdf

4. E.Morenzoni. Muon science with continuous beams at PSI (2014)
https://www.isis.stfc.ac.uk/Pages/2014-morenzoni-psi.pdf

5. J. E.Sonier et al. mSR studies of the vortex state in type-Il superconductors.
Reviews of Modern Physics 72, 769 (2000) pdf


https://arxiv.org/abs/cond-mat/0207699v1
https://eduportal.kau.org.ua/pluginfile.php/2518/mod_folder/content/0/2014 JoPD Nuccio.pdf?forcedownload=1
https://eduportal.kau.org.ua/pluginfile.php/2518/mod_folder/content/0/1999 %D0%A1%D0%9E%D0%96 %D0%91%D0%B5%D0%BB%D0%BE%D1%83%D1%81%D0%BE%D0%B2.pdf?forcedownload=1
https://www.isis.stfc.ac.uk/Pages/2014-morenzoni-psi.pdf
https://eduportal.kau.org.ua/pluginfile.php/2518/mod_folder/content/0/sonier2000.pdf?forcedownload=1

To watch

* MIOOHM — 4YaCTUHKM, AKI NiagTBEpAKYIOTb Teopito BiagHOCHOCTI [MinutePhysics]
https://youtu.be/nusyrYcoBiM

* Pacnap anemeHTapHbIX Yactuy, — Amntpuin Kasakos / MocTHayka
https://youtu.be/YXBMSwgw6cA

Analyzing uSR Spectra, Stephen Blundell (2018) https://youtu.be/T90ShkoyssQ
Muon-spin rotation - Hugo Keller https://youtu.be/mwcSp2PEcOw



https://youtu.be/nusyrYcoBjM
https://youtu.be/YXBMSwqw6cA
https://youtu.be/T90ShkoyssQ
https://youtu.be/mwcSp2PEcOw
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dW(e, 0) =

[1+a(e)cosB]n(e)dedcos o dr,

T,
where a(€) = (2¢ — 1)/(3 — 2¢), n(e) = 2¢*(3 — 2¢) and the
reduced positron energy € is defined as e = E /L, where
E ax 18 the maximum positron energy £« = 52.83 MeV.
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ZF and LF: Zero field
and Longitudinal Field
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Muon-spin precession

P.(t) = cos® 0 + sin” 0 cos(7, | B|t)

Blis the modulus of the local dipolar field

Yo = ge/2my

10° _
10% E -4 0.01
10" E 401
| g
0 E
10 3
S
107 § -4 10
107 | -4 100
0.1 1 10 100 1000 10* 10°

B/G

Blundell 1999



(a) 77 Schematic illustration of a uSR experiment. (a) A spin-polarized
n 7 F beam of muons is implanted in a sample S. Following decay,
7 / f/ positrons are detected in either a forward detector F or a
4 backward detector B. If a transverse magnetic field H is applied
é()_ g @ to the sample as shown then the muons will precess. (b) The
7 y number of positrons detected in the forward and backward
/ ® / detectors. A(t) - the asymmetry function.
2 o

(b)  Na(t) - Ne(t)
A = N TN
A(t)
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Figure 8: Zero-field muon spin rotation frequency in the
Blundell 1999 organic ferromagnet p-NPNN (Blundell et al. 1995).
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G(t) = A(t)/Amax




Kubo-Toyabe relaxation

G(t) = cos® # + sin® 0 cos (v, Bt)

If the direction of the local magnetic field is entirely
random then averaging over all directions would yield

1 2
G(t) = 5 + 5 cos(v,Bt)

3 3
If the strength of the local magnetic field is taken from
a Gaussian distribution of width A/, centred around
zero, then a straightforward averaging over this distri-
bution gives

1 2

G(t) = = 2 A2 1 — A242
()= 5+ 5 /3 )

Blundell 1999
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Abrikosov vortices

0 = 7u(B(r) — (B(r), )/ ~ 0.06097,8o/X°

Blundell 1999



Abrikosov vortices
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Muon decay
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How To Make MUONS https://voutu.be/zBr9YiSwdzM



https://youtu.be/zBr9YiSwdzM

uSR Facﬂltles around the World
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Jm Muon Instruments at PSI : SuS (Swiss Muon Source)

HAL-9500

High Field and Low Temperature

95T
< 20 mK

LEM

Low-energy muon beam
and instrument , tunable
energy (0.5-30 keV, 1),
4 | thin-film, near-surface
and multi-layer studies

BN (1-300 nm)

Injektor 2
72 MeV

| Cockeroft-Walton
870 keV v o

GPS

General Purpose Surface
Muon Instrument

8 03T

25K
DOLLY

General Purpose
Surface Muon Instrument
H* energy: 4.2 MeV

Muon energy: 4.2 MeV (u*) ‘  j 05T
06T,16K 250 mK
GPD
Shared Beam Surface Muon Facility gsnerallllz’ur;oose D;ecay
(Muon On REquest) o ;r‘wsfzﬁe g;sug;rg;en

LTF

Low Temperature Facility

Muon energy: 5 - 60 MeV

Muon energy: 4.2 MeV (u*) ' (M*or )
3T, 05T,
20 mK- 4 K R min

2.8 GPa

Morenzoni 2014



Surface Muon Instruments — GPS/LTF/Dolly

nM3 beam line: shared by: General Purpose Spectrometer and Low Temperature Facility

Muons on Request (MORE):
Kicker Septum Magnet

B Spin
| Rotator *

_; !
il
* 4 MeV p, 100% polarized
. . n. Veto system for low
B GRS SU0 background and small
Dolly: 0-06T samples:
LTF:  0-3T .
Sample size:

T GPS: 1.8-1200 K

Dolly: 0.3-300K  ~ 2 mm DIA
LTF(DR): 0.02-42K or~30mg

Paul Scherrer Institut « 5232 Villigen PSI

Muon Spectroscopy TC, I1SIS, 15.5.2014, E. Morenzoni

1"

Morenzoni 2014



HAL-9500: High field And Low temperature uySR (9.5 T, < 20 mK)

Instrument Beam line with 90° spin rotator

Faul Scherrer Institut = 5232 Villigen P35I Muon Spectroscopy TC, 1515, 15.5.2014, E. Marenzoni

Morenzoni 2014



Horizontal dilution refrigerator, high field homogeneity (10~4 T)
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Option with He-Flow Cryostat 2K- 320 K

Paul Scherrer Institut « 5232 Villigen PSI Muon Spectroscopy TC, 1SIS, 15.5.2014, E. Morenzoni 16

R. Scheuermann et al.

Morenzoni 2014




A compact and fast uySR spectrometer

L ENY5 SYSIEM (4 ChONOES)

BlueFors

4% cryoceENics

; 2 mm

1
Veto counter (4 segments).
Muen Veto + Positron validation,

Sample d7x1

Need spectrometer which is:
- very compact (spiraling radius of 30 MeV

decay positron: 1 cmin 10 T)

- very fast Larmor precession frequency at 10 T
v, ~1.35 GHz (remember A(v,))

- field insensitive

- Solid state detectors: Avalanche Photo Diodes (APDs)

Paul Scherrer Institut = 5232 Villigen PSI Muon Spectroscopy TC, I1SIS, 15.5.2014, E. Morenzoni 17

Morenzoni 2014



Raman spectroscopy



To read

1. Modern Raman spectroscopy : a practical approach / Ewen Smith, Geoff Dent
http://www.chemistry.uoc.gr/lapkin/Modern Raman Spectroscopy A Practi
cal Approach.pdf

2. M. Cardona. Raman scattering in high-Tc superconductors. Physica C 185-189,
65 (1991) pdf

3. B. Moritz et al. An investigation of particle-hole asymmetry in the cuprates via
electronic raman scattering. Physical Review B 84, 235114 (2011)
https://arxiv.org/pdf/1106.5798.pdf



http://www.chemistry.uoc.gr/lapkin/Modern_Raman_Spectroscopy__A_Practical_Approach.pdf
https://eduportal.kau.org.ua/pluginfile.php/2518/mod_folder/content/0/cardona1991.pdf?forcedownload=1
https://arxiv.org/pdf/1106.5798.pdf

Raman spectroscopy
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Raman spectroscopy
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Raman spectroscopy
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Intensity
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Bi 2212
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(a, b) Normal and superconducting spectra (raw data) of

Bi2212 for B1g and B2g symmetry. (c, d) Superconducting
spectra after subtraction of the phonons.

D. Einzel and R. Hack (1996)



Resonant inelastic X-ray scattering
RIXS

= Resonant X-ray Raman



To read

1. L.J.P. Ament et al. Resonant Inelastic X-ray Scattering Studies of Elementary
Excitations. Rev. Mod. Phys. 83, 705 (2011) https://arxiv.org/pdf/1009.3630.pdf



https://arxiv.org/pdf/1009.3630.pdf
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https://arpes.stanford.edu/research/tool-development/resonant-x-ray-scattering



https://arpes.stanford.edu/research/tool-development/resonant-x-ray-scattering

2p3d RIXS In cuprates

S CuC; CaCuOs

*RIXS data
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