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(Thanks to Francis Pratt for a few of the later slides on muonium-like states.)
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Lecture plan

Static distributions - what is a Kubo-Toyabe?
Gaussian or Lorentzian”

Dynamic relaxation functions - what happens when
the muons get a bit jumpy?

Stretched exponentials - dangerous evil or answer
to all problems?

When quantum mechanics shines on the
experiment!

Where is your muon?



Response to a Static Field

Muon spin precession

P.(t) = cos® 0 + sin® 0 cos(v, | B|t)

B

1s the modulus of the local dipolar field



Response to a Static Field
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Response to a Static Field
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Distribution of Static Fields

Assume that the B,, B, and B, components are
each distributed according to a Gaussian
distribution, e.g.
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Distribution of Static Fields
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Static Kubo-Toyabe Function
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Static Kubo-Toyabe Function
G()=1/3 + 2/3 (1=A%t) RIS
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Kubo-Toyabe in Field
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Kubo-Toyabe in Longitudinal Field
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LF Kubo-Toyabe Function
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Gaussian or Lorentzian Field Distribution?
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Gaussian or Lorentzian Field Distribution?

Dilute Spins: = Lofenbzian dishbution
Fall(By) = M & L=X,y,2
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Lorentzian Kubo-Toyabe (LKT)
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The ‘Dilute’ Spin Condition

A broad range of couplings from the muon to the nearest spin is the key here
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e.g. metallic random alloy spin glasses e.g. complex molecular magnets



All these functions available in Wimda
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Introduce Dynamics

One can
interpolate
between
statics

and

dynamics =
using a
dynamical
Kubo-Toyabe
function




Introduce Dynamics
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Introduce Dynamics
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Introduce Dynamics
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Introduce Dynamics
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Dynamical Kubo-Toyabe (DKT)
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Dynamical Kubo-Toyabe (DKT)
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Slow Hopping
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Fast Hopping

Fast flucruarion Umdke RELARATION
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G,(t)

Effect of Longitudinal Field
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Effect of Dynamics
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The Keren Function

Perturbation expansion for P,(f) gives an analytical result valid for v>A
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Stretched Exponential Functions

STRETCHED EXPONENTIALS FIT EVERY THING



Stretched Exponential Functions

MAt) Gaussian 3=2
C T Lorentzian 3=1
lineshape parameter Stretched p<l

Stretched exponentials generally arise from:
1) Distribution of relaxation times

2) Distribution of couplings



Distribution of Relaxation Time
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Distribution of Relaxation Times: Diffusion
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Risch-Kehr function
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B-dependent Relaxation and Spectral Density

Correlation function for field fluctuations:

B () B(0) £ e-@' vk
<[Bl)T*>

Fourier transform of ®(t) gives the spectral density S(w)

d(t) =

S(w) =v / (v + w?)

A is proportional to S(w, )

Complex relaxation processes such as those based on
diffusion typically give power laws for ®(+) and S(w)



B-dependent Relaxation and Spectral Density
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Distribution of Couplings

Spin Glasses

Muons that stop closer
to magnetic ions

“see” a wider local field
distribution (which
extends to higher
fields) than muons
which stop at a greater
distance

Y.J. Uemura et al,
PRB 31, 546 (1985)

Au Fe
C ® O
© P(H) O © C
+
#%\
® oH O
O O O o)

FIG. 3. Schematic view of different variable ranges of ran-
dom local fields at different muon sites in dilute-alloy spin
glasses. When Fe (or Mn) moments fluctuate, the local field at
muon sites closer to the magnetic ions will be modulated in a

wider range.



Distribution of Couplings

The correct relaxation function must therefore
be an average over distribution widths A.

This leads to a root-exponential relaxation
function: G(t) = G(0) exp(-(At)Y/?)

where the relaxation rate A is inversely
proportional to the fluctuation rate wv.



Distribution of Couplings

Non-magnetic host
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Distribution of Couplings

Spin glass

Muon stops close to magnetic ion
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Distribution of Couplings

Spin glass

Muon stops well away from magnetic ion

@ Magnetic
O Non-magnetic
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Distribution of Couplings

Spin Glasses

Muons that stop closer Au F.e - o

to magnetic ions
“see” a wider local field
distribution (which

p(H),
extends to higher ﬁ%\

fields) than muons

. ® ORLENNG O
which stop at a greater
distance » \
O O O oM

FIG. 3. Schematic view of different variable ranges of ran-

dom local fields at different muon sites in dilute-alloy spin

Y.J. Uemura et a|’ glasses.‘ When Fe (or Mn) moments fluc-t.\fatc, the local ﬁe.l.d at
muon sites closer to the magnetic ions will be modulated in a

PRB 31, 546 (1 985) wider range.



Range

Distribution of Couplings
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Distribution of Couplings
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Distribution of Couplings

Monte-Carlo calculation | ]
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Distribution of Couplings

The pSR function can be obtained 10
from p(A) using '
G(t) :/ exp(—2A%/v)p(A) dA. 0.8
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late the effect of the slowing &
lown of the remaining spins 0.5
down of the remaining spins 001
as ¢ decreases. 0.4 0.05
: : 0.1
e If « — 1, simple exponential 0.9
relaxation results. 0. L
e If « < 1, the relaxation is
similar to the observed root
. Ny \','. . 0.0 PR NN T ST AT N ST N MR SR
exponential behaviour. 0 1 2 3 4 5 6 7 8 9 10

t (arb. units)

S.J.Blundell, T. Lancaster, F. L. Pratt, C. A. Steer, M. L. Brooks and J. F. Letard, J. Phys. IV France 114, 601 (2004)



Some Huinae to REMEMBER .

1. The sterdard £ fuachons (ParhaAof\q e
Max) “aork! — bub whek does X mean

aa@)

2. Fladuakhions ¢ magnels are of—Gﬂ CoRRELATE]D -
[*e \r\o\’ Markov ! See Keru\ eyal.
PR L4 0SH4e3 0]

3. Bowne e hinks ¢ quankum tslhunnio: |
(see work o Colio & Meler. ) (beuhu wu)



A(t) (V)
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Hints of Quantum Coherence
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The F-u-F State
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The F-u-F State
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The F-u-F State

L |u>+|u> { ‘ |
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<[ 0% Y | coherent
5 oscillations arisin
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O L 'O dipolar interaction

P,(t) = ! <3+COS\/§wt+ (
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The F-u-F State

Anion | Abundance Spin Ionic radius (pm) Magnetic moment (ux)

OF 100% 1/2 119 2.6

_ _ (I ~ 5% 3/2 167 0.82
Fluorine: small, high Ta | ~2%% 32 167 0.68
’ 9By ~50%  3/2 182 2.1

nuclear moment 31y ~50%  3/2 182 2.3
. 127] 100% 5/2 206 2.8

abundant species 170 004%  5/2 126 1.9
33g 0.76% 3/2 170 0.64

Se 76% 1/2 184 0.53

1 0.89% 1/2 207 -0.73

1257 7.1% 1/2 207 -0.89

Muon Polarisation for variable «

a=0.257

very sensitive to r,/r, \W“M"
and a W(FOA"
a=0475r

+ (0] g a=0.925r

R VANANAAN

0 2 4 6 8§ 10 12 14 16 18 20
Time (/A )

a=0.55m

®

~N

a=0.6257

a=0.Tr
a=0.775r
oa=0.85r




Asymmetry (%)

The F-u-F State

'-: CdF,
state found in many 2
ionic fluorides, and also "
teflon (PTFE)
0
4?20? |
QL
&
<
0 | | | | | | |
. SnkF,
2 F.
ol £ .
RS -5#!*”5%'&@1%
0 ) 6 8 Ooézllééllo 1|2 1|4 16

Time (ps) ! ([.IIS)



The F-u-F State

A(1) (arb. units)
ef:‘ ,‘:""‘(:-"'“ R

e

R g e ot S ":-.'-'-'f:"'[ ] 2.() K

it St Sy e B s By S

i) _ g e TR 1 3 K

l [ 30 1 T T T T
. (a) IE> (b)

e _ CSZA9F4

!
20 —i |E3> —
E |E5>

Ry 14.0 K
Bftimpeas | 3.9 K
iy [ 3.8 K
g 3.7 K

R 3 6 K
Wt 3.4 K
Wit 13.0 K

A1) (%)

0y = 21 x 0.211(1) MHz
F-u separation 1.19(1) A.

T,=13.95(3) K

i [ 2 3 K

sy 7 9 K

esmcscsestinid O K
39K

A(t) (%)

T. Lancaster, S. J. Blundell, et al.

Phys. Rev. B 75, R220408

0.0

(2007)




The F-u-F State

CuF,(H,0).(pyz)

1. Interaction
with a single
fluorine ion

(ITLy=111H -

H

Y]

| 173

0
Phys. Rev. Lett. 99, 267601 (2007) t (us)



The F-u-F State

[CuNO;(py=z),]PF,

2. Crooked FuF
bond close to a
PF, ion

Phys. Rev. Lett. 99, 267601 (2007)



[Cu(HF,)(pyz),]1X

3. Interaction
with a HF,~ ion

0 2
Phys. Rev. Lett. 99, 267601 (2007) f (us)



Analysing Asymmetry : Magnets

l -

Polycrystalline samples

1/3

Relative Asymmetry

0 .
0 |
T/T,

LF decoupling below T,

1 (b? — 1)2

+ — log
8h3 =

3
A,(b) = -

b+ 1 213 |
4 4b?

b — 1

1/3

b=B8/ B,

() L | 1
0.1 0.3 1 3 10

F. L. Pratt J. Phys.: Condens. Matter 19 (2007) 456207 b



Analysing Asymmetry : Muonium-like States

, /| (500,20,1) MHz
LF decoupling A

\ . . /
or Trepolarisation g
<
ERGE
o
Al DZ
Hyperfine tensor (AD;,D,) | b,
O 1 1 1 1
F L. Pratt Phil. Mag. Lett. 75, 371 (1997) 001 0.1 1 10 100 1000
B
1o F— i\Io nucllei |
"""""""" 2 nuclei
08 = 5 nucleti
. ot
Nuclear couplings Ay 2
B 0.6 +
Z. Phys. B 22, 109 (1975) S el
Y
(A, Ay) = (500, 20) MHz
0.0 : : : : :
0.01 0.1 1 10 100 1000

B



Analysing Asymmetry : Muonium-like States

Avoided level-crossing resonances:

ll T T T T T T T T T T T 1.]
A, muon fli ‘ A, muon-nuclear flip-flop:
1 0
. 1.0 _
0.9 F
(! =
= ke
= =
= =
L £
07 F
0.6 - (A, Dy, D,) =(500, 20, 1) MHz i, 0.6 | (A, Ay) =(500, 150) MHz
0.5 1 . L X 1 X | N | X 1 0.5 - 1 . 1 L . 1 1
16000 17000 18000 19000 20000 21000 16000 17000 18000 19000 20000 21000
LF (G) LF (G)

F. L. Pratt



All these functions available in Wimda

PIot Parameters o || @ | =]
Plot Data Group Plot Mode Plot Style Muon Type
Data Group Paint Style Polarity
. Al grouns C " Line (" Cross & Plus
C Y group ‘ol ¢ Dot Dotslinel |  Minus o | N . Search wimda
B Analyse \\VBOXSVR\data\1103musr\ o= | = w
Group to Fit Asymmetr Comnonent 4= » P @
FB Asym i’ Initial | 16.002 [~ Relaxing | 2939 |~ Fix  Baseline|13.063 | Fix 5] WiMDA Plot
Time Range Compo;entl'l ) Compo.zent|2d Componentd  Print Save Cursor
itude mplitude oN
From [0 To[a3s3 | | ON [ “TEL ON !
v | 27 R TR R £ Aspromely
[~ exclude range 16 T T T T T T
Dscillation Dscillation
Ratation Freq j’ Ratation Freq ill
. . %
Fix Fix
Freq |1.31083E [ Freq |1.084257 [~ A
3
Phase |18.86583 I Phase |19.3D43? [~ y
m
m
Dependent Asymmetry Relaxation Relaxation f
@ |niti a . =
s :g::::‘ing Lorentzian j Lorentzian j L
" Baseline — i
Dependent Amplitude— Fix Fix
& 3 Lambda |0.75899£ [~ Lambda |-U.12894 [~
o cz2 . Total 1 1 1 1 1 1
™ Use fractions ‘ 0 1 e 3 4 5 &
Count Loss Time in microseconds
mlll Baseline / t0)
Lambda Ty T
73=772.867 (1.3583) _ . .
R e Bachfit| [ FT | Load | BGetcsGp | SetBG || Beta  [1000 W Other packages are available
Quality of fit = 0.000 MutiFic | PLOT | Revert| AddtoFittable| Lincetpr|| 10 offsetins) 000000 2
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F.L. Pratt, F

hysica B 289-290, 710 (2000)
w.nd.rl.ac.uk/wimda/




DFT+u
DFT+p = (density functional theory +u )

« numerically solve (lattice) structures
« determine muon site
 quantify perturbations

DFT+pu began with two papers (Oxford + Parma groups) studying fluorides:
J.S. Mdller et al., Phys. Rev. B 87, 121108(R) (2013).
F. Bernadini, et al., Phys. Rev. B 87, 115148 (2013).

This work has been extended to many other systems, see e.¢*
S.J. Blundell et al, Phys. Rev. B 88, 064423 (2013).
J.S. Mdller et al., Phys. Scr. 88, 068510 (2013).

F. Xiao et al., Phys. Rev. B 91, 144417 (2015).

P. Bonfa et al., J. Phys. Chem. C 119, 4278 (2015).
F. Lang et al., Phys. Rev. B 94, 020407(R) (2016).

P. Bonfa et al., J. Phys. Soc. Jpn. 85, 091014 (2016)




DFT+u
DFT+u = (density functional theory +p )

« numerically solve (lattice) structures
* determine muon site
 quantify perturbations

DFT+u can not only assess the muon site, but also any muon-
induced distortion. A worst-case scenario is where magnetism
arises from a non-Kramers ground state. This leads to our study

of quantum spin ice.
F. R. Foronda et al., Phys. Rev. Lett. 114, 017602 (2015).

Challenges for pyrochlores:

» 88 atoms per unit cell

» 4f valence electrons

» ~102-104 cpu hours per calculation

Results:

- typical O-H like bond with length 1 A
« 4f electrons influence negligible

* Iy = 2%rg = 5%(Pr-p distance)




After all those
relaxation
functions.....

...It's now time for some relaxation! & =

2N — - -




