Muon Spin

Rotation/Relaxation/Resonance

USR

®* magnetic systems
* superconductors
* semiconductors

* chemistry
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* Principles
and technigues

°* Muon spin relaxation  N(t)=B+Ne"*[1+At)] =}

* Muon spin rotation

20
4

* Examples and analysis

kb Sr,RuQ,
£ C .
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Resources and thanks to

* \Websites
ISIS
PSI
TRIUMF

* Part of the pictures and course material is taken from the
ISIS site, see:

* Special thanks to J.E. Sonnier, S.J. Blundell, B. Cywinsky

and many others
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1. Principles and techniques
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USR faclilities

ISIS

Ps|
i+ == E3

KEK

uSR facilities of the world.

X
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Production of muon beams
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Muon implantation

®* muons (u*) are implanted

In the sample and
stop at interstitial site

* rapid and without loss

of polarization

Muon
Production

surface of sample 4-100 MeV

\

lonisation of atoms and At=10"

scattering with electrons
+ 2-30keV
-

Muonium formation 13
through successive At=10""s
electron capture and loss

50eV
= .12
Muonium-atom A=10""s
collisions |
thermalized
muonium
Dissociation of
thermalized muonium. thermalized
Free thermal muon muons
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Muon precession

®* peam of spin polarized muons u* with
polarization P, (0)

®* u* precesses around the local field
with Larmor frequency @,

. . - o+ +
Larmor precession ine , x and p

™ 107 001 0.1

10 100 1000 10* 10°

magnetic

@, =7,Be

v

(us) |
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How to detect the muon spin?

Detector
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Muon decay

®* muon decays B . o
life time 1,=2.19714 us Ho—=E TVetV,

® positrons are emitted
preferentially in direction
muon spin ) x

energy averaged

a=1

* decay asymmetry »

W(6)=1+ Acosé
?

A=aP (0);a~1/3 most energetically e*
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Detection of positrons

backward

detector . ’

exponential

decay ////'*“

N Oet/ Ty
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_ NB(t) B NF (t)

 Ng(0)+ N (t)
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w* depolarization function

® positron distribution, time histogram

N(t)=B+N,e " “[1+ At)]
NE (1) =B, 5+ N2 g™ [1F A ,G(1)]  G(t)=A(t)/ A

* G(1): normalized u* spin autocorrelation function or
ut depolarization function

(S(t)-S(0))
S(0)°

~ P(t) P,(t)-P,(0)
~P(0)  P/(0)

G(t)= G(t)

P.(0) = |P,(0)| ~ 1 = beam polarization
P,(t) = time evolution polarization implanted muons

Master CMS: Lecture Nanoprobes 13



Example ferromagnet

* u* depolarization function G(t)

G(t)~ e_%a2t2 cos( at ) Curie temperature
I T.=0.7 K

physics

1 700 mK

= 650 mK
1 600 mK

% 500 mK
| 300 mK

45 mK

t / us

Master CMS: Lecture Nanoprobes 14



Real spectrometers

LAMPF at Triumf

GPS at PSI

X
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transverse field setup
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Muon as magnetic probe in different materials

ferro antiferro dilute
(a) (b) © - nuclear moments

| cceoocccooo - electronic moments

| ecsescose ’ - static moments

|
|
|
|
|
| .
Lt emesseeeee - fluctuating moments

N | i
N B | |
N B | f
N I I ) l' coo§ooo0o0oo0
A T ! f
bt | |
bt | f

(d) )
GQQQDVOVLD 90090909 helical

(e)
OOO0OOEEOGEO00ND0E spiral

- various spin structures _
- Spin glasses (randomness) dedicated G(f)
- variety of field distributions for each problem
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USR compared to other techniques

neutron scattering

B - susceptivilty
- remanence

0 2 4 6 8 10 12
log (fluctuation rate), s

X
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2. Muon spin relaxation

* Zero or longitudinal field

Electronic clock
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Gaussian and Lorentzian distributions

* gstatic Gaussian field distribution,width 4

example: nuclear dipole fields ul s
2p 2 ?oa s % ]
1 B = o |
FO(B)=|— “exg — L1
2T A 2N ]
AZ / 7/ﬂ2 _ <Bz> Internal field, H, i=xy,z (mT)
S a0
* Lorentzian field distribution, width A ol 5%
example: dilute magnetic alloy =L Tl |
a —~ o2l "0 o1 oz }74 05
f (B )— > = ' Internal field [H|, mT
T a’ +7, BI ol

0.0
264202486 8
a= YMA Internal field B, i=x.y,z
x
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Relaxation function

® z-component of the muon spin

sin<e

s,(t)=cos’§+sin*@cos(y,Bt) )

. o ; \
* relaxation function is given > _1\'~ >
by the statistical average of s,(t) cos

Z

Gz(t):”jsz(t)f(Bx)f(By)f(Bz)dBXdByde
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Static relaxation, Gauss, ZF

* Larmor equation, o function distribution, single domain,

G(t)=cos*#+sin“gcos(y,Bt)

* polycrystalline average  G(t)=3+3cos(y,Bt)

® Gaussian distribution of static moments

nuclear moments, weak magnetic order

Ger (t)=1+2(1- A% )exp(- 1 A%2) &
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Static relaxation, Gauss, LF

2 2,2 AL o ]
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“decoupling”
muon spin from
Internal fields
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Static relaxation, Lorentzian

° LF

a . .
G (to )=1-—|(ot)e t

L

a i at
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Dynamic relaxation

* internal field dynamics
muon hopping, fluctuating fields

* dynamical Kubo-Toyabe function G, (t)
— limit Gaussian fast fluctuations, ZF

G(t ) _ e—ZAZt/V — e—/it

— Gaussian slow fluctuations, ZF

v fluctuation rate
A damping factor
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3. Muon spin rotation

1 P,(0)
— determine muon stopping site

* Transversal field: B

ext

Pasitron
Spin-polarized
muon beam
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Local field at the muon site

* field at interstitial site

—

Bﬂ =B, + B, + By, + B,

> Bcon — Aton X Be | contact field

hyperfine | 5 = =
field Bl“‘

_,é

dip = AHipZCW Bext dipolar field

B =_NM/| demagnetization Aj.p@ i) = 2[13” ”j

dem field

=, = |
BL___ILlOM Lorentz field

F=r -1, =0.nn)=0XY2 ; r=[
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w* Knight shift

* u* frequency shift

_ Y 4

Wy Do =74 B

ext

_B.l-

K

U

ext

* neglect demagnetization + Lorentz

= f(T) = 1(T)

* Knight shift < susceptibility K, = A" ,
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Example determination u* stopping site

e, UPd,A
5160 L Het=38k0e N |
Y’ | 1 frequency hexagonal
T / ~ | — 1 stopping site  structure
5145 / Knight shift N
Wl ac-plane .
e
&)
A Lo Tk
A
T K@) | K = A, - Ov on e
! Lo - M comparison exp. and calculated
R nen e dipolar tensor |
She A el — stopping site: (0,0,%2), b-site
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4. Examples and analysis

superconductors - e S
« polaron motion

jonic conductors

Reloouorion Reve (ps)
g 8

Temperaturs (K)

son raben (WHZ)

Fhutial

Master CMS: Lecture Nanoprobes

molecular dynamics

= S0aT

& 450 mT

30



x(% x

HOMEWORK Study one of the following papers

* Time reversal symmetry-breaking superconductivity in Sr,RuO,
G.M. Luke et al., Nature 394 (1998) 558.

* Anomalous weak magnetism in superconducting YBa,Cu;Oq,,
J.E. Sonnier et al., Science 292 (2001)1692.

* Muon spin relaxation and isotropic pairing in superconducting

PrOs,Sb,,
D.E. MacLaughlin et al., Phys. Rev. Lett. 89 (2002) 157001.

On the following 3 slides case study “Emerging magnetism in U(Pt,Pd),”
A. de Visser et al., Phys. Rev. Lett. 85 (2000) 3005.
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Emerging magnetism in U(Pt,Pd), slide 1

7F U(Pt_Pd), |
604 - ¥

— 5| SMAF

<

= 4

S 3 LMAF

I—Z 2

order? Pd concentration (at.%)

TFUSR B, ,=0.01T

Implanted u* precesses with
frequency V=Y Bioc

By, — dephasing and damping
T dependence of damping rate

— Information about emerging
sources of magnetism

experiments in LTF T > 0.05 K
M3 beam line PSI
polycrystalline U(Pt,_,Pd,),
0.007 < x <0.009
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Emerging magnetism in U(Pt,Pd), slide 2

* u* depolarization function
damped Gauss

Poo(t)= A, cos(at )exp(—A.t —A°t* [ 2)

— A=0.06 ustdueto
Pt nuclear moments

* fit exponential damping
Ae = ﬂBG + AL var

— Amae ~ - In(T/T,) for T<T
— Aimag = 0 for T>T
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Emerging magnetism in U(Pt,Pd), slide 3

U(Pt,_Pd), |-

T, orT, (K)
o = N w N g ()] ~ (0]

Pd concentration (at.%)

0 2 4 6 8 10

* T, drops with

decreasing X

X Ty
0.009 1.23 K
0.008 0.78 K

0.007 0.45K

antiferromagnetic
guantum critical point at
Xc o = 0.006
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Data analysis

* dedicated programs, e.qg.

FErint  Save Cursor

F-B Asymmetny

— Mufit for PSI data o
(© Fred Gygax)

S

— WIMDA for ISIS data L
(© Francis Pratt) = A

ccsmer [ o _ams
<crom o0

<ccomn| come | comnsn
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T
emice 2]

o
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O

Baie

Time in microseconds
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Final recap

* implanted muon precesses in local field
decay positrons emitted
In preferred direction (asymmetry)

* extremely sensitive probe for measuring '
internal fields B,,.~ 0.1 Oe ’

;

* local probe — determine volume fractions
* physics: u* depolarization function G(t)=P,,(t)/P,(0)
* static and dynamical processes

* broad spectrum of fluctuations 104-1011 Hz
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