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INntroduction

® In a very large number of processes in biology, chemistry, solid state physics,
soft matter physics, nuclear physics..... one has to deal with diffusion
phenomena and particle dynamics

e |Invariably these are limited by potential barriers.

e |f the diffusion process alters the magnetic environment of the muon, then the
muon can measure it.

Tuesday, 20 March 12



Hyperfine coupling in muonium
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Muonium

\

|solated isotropic muonium serves as a simple example to demonstrate the interaction
between the electron spin, Se, and the muon spin, Sy, in an external magnetic field.

Interaction of
muon spin with B

Interaction between
both spins

Interaction of
muon spin with B Isotropic HF coupling constant.
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Muonium
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Se and Su are defined by the four-dimensional Pauli spin matrices, which are used to
calculate the energy levels of the coupled two-spin system:
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Muonium

One can define the eigenvectors of this coupled spin system:

[ W) =TuTe) Where
C = L 1 — B
| W) = ¢ [Tule) + €2 Ly Te) 2\ (BB
| W3) = [Lule)
| W) = ¢ [Tule) = €1 1y Te)s U S O
V2 JB+ B

By using the spin density matrix formalism, it is possible to show that the polarisation
of the muon’s spin oscillates with respect to time:

2
A2 +2B? Ye + 7Y A2
P.(t) = e ) n c0s (wan )

2A% +2B? (% + )/M)2 2A% +2B? ()/e + yu)z

e

N NV

Non-oscillatory part Oscillatory part

B. Patterson, Reviews of Modern Physics, 60(1):69, 1988.
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Muonium
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TIPS-Pentacene
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Tangent..... Beware of protons.....

Hy = _Vuéu - §+7e§e : §+A§u : §e

Hy s = %AM (818, +8:87) - Dy (1-300s6) 8.5,

e “u

— % (1 — 3 cos’ 9) (SQS; + S_S+)

_ % (sin 6 cos @ exp(—i¢)) (SeSJ + 8 S“)

- % (sin @ cos B exp(+ig)) (SCS; +S; S“)

_ % (sin2 Hexp(—2i¢)) (S«: SJ)
-3 (sin” bexp(+2i0) (S S5 |

n

Hnuclei = Z _')/klk ) Bz +% ; Ak (Sglﬁ + Se_llj)

k=1

Zeeman term

— Zn: Dk,Ll(l — 3 cos? 0) Se k
k=1

—i(l —300s29)(S§Ik_+Se_l;)

_ % (sin 6 cos @ exp(—ig)) (Sell;F +S; lk)
- % (sin O cos O exp(+ig)) (Se b+ Sc /k)
— % (sin2 0 exp(—2i¢)) (S;“ Il:)

— % (sin2 0 exp(+2i¢)) (Se_ Ilz) ]

AM

AM =1

AM =1

AM

AM

AM =0

AM =1

AM =1

AM =2

AM =2

The addition of a single extra spin
(muon-electron-proton) makes the
maths considerably harder....

Anything more complicated needs to
be solved numerically (or by a
theoretician).
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Tangent..... Beware of protons.....

IHyperfine Interactions 32 (1986) 727-731 727

AVOIDED LEVEL CROSSING uSR OF ORGANIC FREE
RADICALS

M. HEMING and E. RODUNER

Physikalisch-Chemisches Institut der Universitdt Ziirich, Winterthurerstrasse 190,
('H-8057 Ziirich, Switzerland

3.D. PATTERSON
Physik-Institut der Universitdt Ziirich, Schonberggasse 9, CH-8001 Ziirich, Switzerland

2.2. T§-processes

ence of elctron spin flips 1in muonated organic
extending the phenomenologicgl theory
=0lids to a three-spin-1/2

The relaxing influ
radicals may be accounted for by : :
of Ivanter and Smilga /12/for Muonium 1n

system. :
e e?‘ollowing /15/ we define a|63-dimensional polarization vector:
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Tangent..... Beware of protons.....

P(t) = (Pi(t),Pi(t),PE(t),Pij(t),PLj y) Phd(t),PEIE(L)) (13)
where the polarizations are defined via:
PLIK(t) = Tr(poltiyk) (14)

and related expre381ons p is the density matrix of the system and o,
T,Y are Paull spln matrlces Via the e =

P u Tc Wb, . 12 4. 58 (15)

:
_ !e!axatll on processes, w!1‘ c! !ea! !o an e!ec!ron sp!n !l!ip.

can be accounted for by introducing a phenomenological electron spin
flip rate A 4

Pé& = ... = 2Aexpé o péak = .7: - ZAeXPézk - . (1?)
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Charge carrier dynamics probed with muonium
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Relaxation effects

e [f the muonium electron is mobile, the it results in a modulation of the HFC

H Mu
+ Mu
H Mu mobile
- . s X 7Y N Ve NV Y Y Y T

e Qualitatively, the modulation of HF interactions result in a relaxation of the
muon’s spin. How?

T (2) (b)
c Single muonium
g° 4 Ensemble
o
° 0 | | | ‘ S(IJO = | | | 1000 0 — 5001 — .1000 1500
Time (nS) Time (nS)
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Relaxation mechanism....

From Fermi’s Golden Rule, the transition probability between two spin states is

2
W = (%LB) f(wu) X A Typically, it is proportional to the
relaxation rate of the muon

Spectral density function of the field fluctuation - contains full information about
dimensionality of charge carrier motion

How to calculate for charge carrier diffusion?

For an anisotropic random walk,

it can be shown that: f(x) = e27(P1+D2+D 3)@-10(2026-/0@
/ Bessel functions

. . , , ] (x -> 0)
Diffusion rates along 3 dimensions 1 : xc0s0 do oX
Io(x)-nJc 5 {\/_ .
2mX
—27(D1+D2+D3)

In other words A\ (X exXpP

Pratt et al., Hyp. Int. 106, 33 (1997); Pratt et al,, Phys. Rev. Lett. 96, 247203 (2006); Mizoguchi, Makr. Chem. Macr. Symp. 37,53 (1990)

Tuesday, 20 March 12



=Xponential relaxation

F(t) contains all the information about the mechanisms and dimensionality of the diffusion and could in
principle include such additional factors as interchain hopping, reflection at chain ends and trapping sites
or the presence of an initial activation barrier at the muon site.

For uniaxial anisotropic muonium, the actual relaxation 3p f(w) = £(0) — Aw'
rate is: 2D fw)=B-Clh(w)
Fractal dimension d(d < 2) fw) =D + Ew™'+4/?
1D flw) = Fo—17?
A(B) = 1/20[3D*f(w ) + (5A% + 1D?)f(w,)] w > D (above diffusive limit)  f(w) = Gw

A bit of a mess... only solved via numerical method (difficult to write a fit function)

However, can empirically fit to the following:

() = 1 1+ 1+ (w/2D()*\"
Je)= ( 201 + (w/2D, ] )

Pratt et al., Hyp. Int. 106, 33 (1997); Pratt et al., Phys. Rev. Lett. 96,247203 (2006)
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1D relaxation function

] 1 A\/1+\[1+(w/204.)2
((D)QID = \J4D//D_L 1"'((’)/20.1.)2

For ID motion (on
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Good review: FL Pratt J. Phys.: Condens. Matter 16 (2004) S4779-S4796
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Sut.....

Fundamental assumption of the standard relaxation theory:

Assumes the existence of a correlation time of the fluctuations that produce the
relaxation.... in other words, they always return to origin.

For a 1D process, this correlation time diverges

l.e the electron can escape the muon, never returning to its origin.
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Risch-Kehr model

25
Increase field: W“_ﬁ TTL
- - & g, T
1. Repolarise nuclear spins W i 1
and impurities: reduced 30mT * f [
electron spin flip = reduced z 15'M, 4 1 Hl
. £ $t +H Il
relaxation rate S - bt
= 107 bt b *I . }
2. Repolarise muon’s spin (i.e | © |3 L ﬁ Tt
quench muon-electron s i T
hyperfine coupling) ety Wit
0 | | | * 0| |
2 4 6 8 ) 10
At t=0, larger signal on Time (123)

At higher times, signal reduces:

Front dete_ctor: no time more counts on Back detector
Relxatlon rate flt fu nCtlon: for relaxation because of relaxation
Risch-Kerr model - Stochastic 1D model for charge carrier diffusion.
Parameters: 1. Hyperfine coupling constant

2. Electron hopping rate 8
3. Electron spin flip rate A(t) X GZ(t) =e ‘er fL(Pt>

4. Electron precession
R. Risch & W. Kehr, Phys. Rev. B 46, 5246 (1992)
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Risch-Kehr model

LU Al A
¥ 1 The field dependence of the RK relaxation rate in the
o' L 1 fast diffusion limit (Y > wg), where a broad region of
- 1D behaviour is apparent. A high field cut-off is seen
o | when 0. > and at high fields follows a B law.
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R. Risch & W. Kehr, Phys. Rev. B 46, 5246 (1992), FL Pratt J. Phys.: Condens. Matter 16 (2004) S4779-54796
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Muon diffusion
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Thermalisation of muons

Interaction .
Process Type lonisation witr:ilzc;tt&ns Thermalisation
muon-electron scattering muons capture and remaining as free muon or muonium
Process e thermalised after collisions
— jonisation of atoms lose electrons .
with atoms and molecules
~ 50 MeV ~ 2-3 keV ~ 200 eV ~1-2eV
Energy Scale > > >
~0.1-1ns ~0.1-1 ps ~1ps
Time Scale > P - P -

lal

ge Bt
ERBeIE

BaEP:
VWAV VANV WV

There 1s a local accumulation of charge density which screens the muon potential, and a small elastic
distortion of the lattice.

The muon’s are effectively “self trapped” - they cause a lattice distortion, which creates a potential to

“bind” the muon in place.
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Kubo Toyabe

For a Gaussian distribution of static local fields, the polarisation is:

I 2 1
P(t) = = - A 242 _ S DD
(t) 3+3(1 At)exp( QAt).

1/3 tail reflects that 1/3 of the muon polarisation is, on average, parallel to the local
field (see Youanc & De Routier’s book for more details)

0.08 T . . T l
KT function has an LF-field dependence
o E L L L 1'0 ]
i 5
0.8 - -
- 2 o
—~ 0.6 - _
04 0.5 H
_ =
0.08 0.2 1 7
0 2 4 6 8 10 12 . 007 & 0o L i
TIME (microsec) *é 0.06 \ o (I)' - é - :; — é — é
. . E 005 [ L e Time (A™)
Slow dynamics leads to the function @ _, |
being “relaxed”. One is able to £ 003
measure muonium hopping rates 5 " | 3
(analogous to hydrogen hopping). gl
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Muon diffusion - how?

However, they can be mobile, depending on temperature.... Of interest 1s how hydrogen diffuses
so rapidly from one interstitial site to the next.

C.C.C.:.:.C.C.C C.0.0.@.:.O.@.@

@ O
:o@%,.@eca@t@o@

At high temperatures, muons move between sites via phonon-assisted hopping.

Hopping rate proportional to Tl/ 2 eXp_E“ /KT
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Temperature dependent muon hopping

10 | | | |
Lol KCl
GaAs . e
R As sample 1s cooled, diffusion drops due to phonon-
10 ey : :
0 assisted hopping.
" 10° ,
o Al A minima 1s reached
e 8
@ 10
o
o 7
T 10
Then diffusion rate increases, due to tunnelling between
6
10 states.
10° Cu
4 L1 IIIIIII L1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII L1 1.1
10 - :
10° 100 10° 100 10°

Temperature / K

S. Blundell, Contemp. Phys. (2001)
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Dynamic Kubo- Toyabe

D&nam'c relaxakion funckion
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So not going into the details
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Dynamic Kubo Toyabe

For a Gaussian distribution of static local fields, the polarisation is:

1 2 1
P(t) = = - A 242 249
() 3+3(1 At)exp(——QAt).

When the muon move, 1t averages over differences of the local field at different sites and a
reduction of the linewidth 1s apparent (motional narrowing).

Equivalently, the lineshape goes over from Gaussian, when the muon 1s static in the lattice, to
lorentzian, when the muon 1s diffusing rapidly.

1.0 2
This results in a dynamic Kubo-Toyabe function i
and must be numerically solved.... 0.8 - 7
0.08 - T .
.. 0.07 & = 0.6 —
é 0.06 | E
E 0.05 04 - u
< 0.04 | -
8 003 | 0.2 L .
° 0.02 |
S 001} 00 —
0 1 | L | | | 1 I W R (N SR WA SN N SR WO SO NN T SR R |
0 2 4 6 8 10 12 14 0 2 4 6 8

TIME [ws] Time (A7)
S. Cox, J. Phys. C: Solid State Phys. 20, 3187 (1987); Yaouanc & De Reotier textbook
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LI diffusion
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Li diffusion in LixCoO»

. Llo 73Coo at 100 |
0.2 g paiiaiil T
&
< 0.1+ i
. LF=100g| = = ™1 : 6
j§E=5 Oe (a) " 1000/T (K 1000/T (K
0  per . .
LI diffusion constant determined from the fluctuation rate
R L g
3 ] z,;l i)
< 0.1+ :
| -+ LF=10Oe
> LF=50
Lo ee (b)
O I I I I } I 1 1 1 ] 1 1 1 1
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TIME (us)
Fit to a dynamic Gaussian KT function

DOKT | [0 300K, uSR; @ 400K, NMR T
Ao PLF(t) = Ax7G (AaVvthLF) + Apc 107002 04 06 08 1

xin Li CoO,

J. Sugiyama, Phys. Rev. Lett. 103, 147601 (2009)
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(Good references

e Muon spin rotation, relaxation and resonance. By Alain Yaouanc and Pierre
Dalmas De Routier, Oxford University Press, 2011

e Muon science: muons in physics, chemistry and materials. Edited by S. L.
Lee, S. H. Kilcoyne and R. Cywinski, NATO advanced study institute, 1998

e For muonium calculations/modelling, QUANTUM (written by James Lord,
1SIS)
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