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The muon spin evolution in a static field



Outline

The muon spin evolution in a static field
A reminder about the Larmor equation
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The evolution of the muon spin S,,(t)

The Larmor equation

Basic principle of mechanics:
Time derivative of angular momentum is equal to the sum of the torques:

dhz!;(t) = mu(t) X Bloc(t)' (1)

Since
m,, = v,hS,, (2)

by definition of the gyromagnetic ratio, we have

ds(l;ft) =Yy S#(t) X Bloc(t)' (3)

Yu = 851.6 Mrads™1 T—1.
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Consequences and solution of the Larmor equation

aS,(1) _

From Yu Sp(t) X Bioe(t) we deduce:

» Bl 5 (1) = 0
S,(t) is a constant of the motion, i.e. S,(t) = S5,(0)

> dSM(t) Bloc(t) =0:

th|s implies dsé‘t(t) is perpendicular to Bjoc(t).

Assuming Bic(t) = By,
S.(t) = Sﬂ(O) u+ Sj(O)[cos(wut) v —sin(w,t)w], (4)
with w;, = 7, Bioc-

The precession frequency only depends on Bj,c, not on the
angle between S,, and B, !
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The muon spin evolution in a static field

Basic examples for the two SR geometries
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The transverse and longitudinal polarization functions
Definition
» S, initial muon beam polarization.

» P,(t): a polarization function, i.e. the evolution of the projection of
the muon ensemble polarization along axis a.

Transverse-field Longitudinal- or zero-field
geometry geometry

Our convention for the axes.
Bext is always parallel to Z.

> in transverse field experiment: S, || X — Px(t)or Py(t).
> in zero-field and longitudinal field experiment: S, || Z — PZ(E’””“



Transverse field experiment

Per definition, S, = S,(t = 0) || X.
From the solution of the Larmor equation,

S,i((t) = S,,[cos? 0 + sin? 0 cos(w,, t)].

Let D, (Bjoc) be the distribution of static fields probed by the muons,

P (t) = <5’)L;it)> = /[cos2 0 + sin? 0 cos(w,,t)] Dy (Bioc) *Bioc.  (6)

Example:
if all the muons are submitted to By, = Bg || Z, i.e. 8 = 7/2,
P (t) = cos(wot) 7

with wg = 7, Bo.



Zero or longitudinal field experiment

Per definition, S, =S,(t =0) || Z.
From the solution of the Larmor equation,

Sf(t) = S,,[cos? 0 + sin 0 cos(w,.t)]. (8) Su

Let D, (Boc) be the distribution of static fields probed by the muons,

z
P (t) = <52it) > = /[cos2 0 + sin? 0 cos(w, )] Dy (Bioc) *Bioc.  (9)

For isotropic Gaussian distributed B}}_ with rms Ag,

V22,2
2

(10) ]
which is the so-called Kubo-Toyabe function. R R —

) 1 2
PEtat(t) = Pxr(t) = §+§(1_75Aét2) exp <_

Polarisation function Pyr(t)
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Introduction to the dynamical polarization functions (1)

The Larmor equation

45u(t) _ s (t) x Boe(t). (3)

is still valid.
However it is difficult to solve it when By,.(t) is a stochastic variable.
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The muon spin evolution in a dynamical field
Stochastic approach: the weak and strong collision models
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Introduction to the dynamical polarization functions (2)

Stochastic account of dynamics

We compute P,(t) for two different models.

Hypothesis for both models:
Bjo.(t) follows a stationary Gaussian-Markovian process, i.e.

» independent of origin of time
» By .(t) belongs to a Gaussian distribution

» Bioc(t) evolves in jumps, with a hopping probability which does not
depend on the system state before the jump.

Doob'’s theorem (1942):

(Bfac(t0) Biao(to + 1)) = ((Be)*) exp (—vet]) (11)

1

where v, * = 7 is the field correlation time.
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Dynamical polarization functions
Computation of Px(t) in an external field Bext: the weak collision model (1)

Recall, for a single static field By,
P (t) = cos(wot) (7)

with wo = 7, Bp.
For BZ (t), the phase at time t is

t
B (1) (11 = 0) + o+ 3B (t0-1) (80— tooa) = [ 7 BE(E)d

(12)
After averaging over the muon ensemble

Px(t) = Re {<exp {i/otwggc(t’)dt'} >} . (13)
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Dynamical polarization functions

Computation of Px(t) in an external field Bext: the weak collision model (2)

Now, for a stationary Gaussian process,
t t t

<exp [1/ 7M68&(t’)dt’}> = exp [—/ dt’/ V2 (0BESBE (8 —t"))dt" |,
0 0 0

(14)
where 6BZ (t') = BE.(t') — (BZ.). Using Doob's theorem and the relation

/Otdt’/ot F(¢ — £)de" = 2/0t(t ~D)f(r)dr (15)

where f(t) is an even function, we get

VEA%; z
Px(t) = exp {_yz [exp(—vet) — 1+ Vct]} cos (yu(BEo)t),  (16)

C

with AZ = ((B&.)?).
Equation 16 is the so-called Abragam formula (Anderson, 1954). B p-



Dynamical polarization functions
The Abragam function

2A2
Px(t):exp{ S lexp(—v )—1+Vct]}cos(*yu<Blzoc>t> (16)

C
PFOI’I/C<<’}’MAG, 10_I‘.'"l""l""l""l""l_
Px(t) = exp(—yﬁAét2/2> 'g 0.55— ]

V4 8
X Cos (P)/ﬂ<BlOC>t> . 5 0.0

» For Ve > ’}/MAG, :g 05 - 4
Px(t) = exp(-Axt) T IR
% COS<7u<B£C>t>, 0 1 2 3 4 5

Time 7 (us)

Examples of Abragam function

with Ax = '72A2 Ve = 'V;LAGTC
This is the so-called motional _

.wmmm
narrowing limit (NMR language). B2 s



Dynamical polarization functions
Computation of Pz(t): the strong collision model (1)

> Let ¢ be the number of changes for Bj,.(t) during the muon life time,

+oo
Pz(t) = Ri(t), (17)
=0

where Ry(t) is the contribution to Pz(t) of muons which have
experienced ¢ field changes between 0 and t.

» Now,
Ro(t) = PZ*(t) exp(—wct), (18)
since the probability for Bj,.(t) to be unchanged between 0 and ¢ is
exp(—rct).
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Dynamical polarization functions
Computation of Pz(t): the strong collision model (2)

» For ¢ =1 field change and since the process is Gaussian-Markovian,

t GZ (+ _ 4/ Z (¢
Ri(t) = < /O Su’J(gﬂt)exp[—Vc(t—t’)]VCSHgI(Lt)exp(—VCt')dt'>

Z/C/tRo(t— ¢)Ro(t)dE. (19)

» Recursion relation:
t
Reva(t) = ve / Re(t — t')Ro(t')dt'. (20)
0

» From Eq. 20 and the definition Pz(t) = >, 5% Ru(t),

3 Rens(t) = uc/t P2t — )Ro(£)dE = P(t) — Rot),  (21)
(=0 0



Dynamical polarization functions

Computation of Pz(t): the strong collision model (3)

which can be rewritten as the integral equation
t
Pz(t) = P (t) exp(—vet) + I/C/ Pz(t — tPSF (t" ) exp(—vet)dt,  (22)
0

or in terms of Laplace transforms (f(s) = [y f(t)exp(—st)dt),

P}tat(s + )

Ps(s) = .
z(s) 1 — v PY (s + 1)

(23)
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Dynamical polarization functions

Pz(t) in zero external field for an isotropic Gaussian distribution of field
Recall

N

cin 1 ’)/2A2 t2
P (1) = Pr(t) = 3 + 3(1 = A exp (—“ZG . (10)

» For v. < v,Ag,

Pz(t) ~ 3P (3%1‘) + g(l - 'yiAéR) exp <#2G ) (24)

High sensitivity to slow dynamics. ok’ ‘ ' ‘ "]
> For ve > v,Aq, ? 08 - 7
Pz(t) =exp(—Azt),  (25) : Zi I ]

with g 0:2;
Az =220 /ve.  (26) g I 1

(motional narrowing limit). o 2 4 6 s
Time  (YAaze) ™)



Dynamical polarization functions

Pz(t) in a longitudinal field for an isotropic Gaussian distribution of field

» For ve > v, Aq, _10f 4
QE 08 - T
Prt)=ep(-Azt), (1)  E.| ,
with % 041 ]
% 02+ b
242 A2,y e ot =
z= 72“ G2C (28) oor | | | ! L]
ve T Wi o 2 4 6 s
Time 1 ((y,A6)™)
(Redfield formula) and P2 (t) for Bext = 3A¢.

Wy = YuBext-
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The muon spin evolution in a dynamical field

Quantum approach
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The polarization functions from a quantum approach

A flavor for zero and longitudinal field experiments

ut: spin 1/2.
Longitudinal- or zero-field
MMM - MM
hw, E—
L — —_—
=0 thermodynamical
equilibrium

At thermodynamical equilibrium, the populations of the two states are
equal since hw, < kpT.
Indeed, for Bijoe =1 T, hw, = 0.56 peV ( = kgT for T = 6.5 mK).
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The polarization functions from a quantum approach
Derivation of Pz(t) (1)

Pz(t) = 2Tr[psS/ S7 (1)) (29)
with

Sf(t) = exp (/T) 55 exp (—i,}-;it) (30)

where pg is the density operator and H is the Hamiltonian for the
muon-system ensemble.
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The polarization functions from a quantum approach
Derivation of Pz(t) (2)

After some computation,
Pz(t) ~ exp[—1z(t)] (31)
with

vz(t) = 27wi /Ot(t — T)cos (wyT) [q>XX(7.) + q)yy(T)] ar. (32)

where & (r) = L [(3Bg,(r)0BL, ) + (0B,

T loc

0Bf.(7))] s the field
correlation function and w, = 7, Bext-

[
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The polarization functions from a quantum approach
Derivation of Pz(t) (3)

Assuming ®°(7) to decay rapidly on the uSR time t scale, we get
lbz(t) = Azt with

Az =772 [0 (w,) + 07V (w,)] - (33)
®*%(w,,) is the time Fourier transform of ®*4(7).
If d(7) = L ((6B2.)?) exp (—vc|7]) and Bexi = 0,
Az =2 (OB + (0B [ves (34)
which can be identified to

Az =27,/ ve. (26)

[
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Outline

The muon spin evolution in a dynamical field

Spin correlation functions
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The magnetic field at the muon site
The dipolar field arising from localized spins J; with Landé factors g is

Ho Ji ()
Baip = — -2 BT S AN 35
dip =~ _8HB Ej [ rj_3+ r;—, (35)

r; is the vector distance from the spin to the muon.

When a Polaris ed electron density is present at the muon, an additional
contribution is present, the hyperfine field:

Biyp = —2gup > Hidj. (36)
AT SN

Only the muon nearest neighbors (NN) usually contribute to Bpyy,.

When both Bgjp and Byy, contribute to By (i.e. in metals) they generally
have the same order of magnitude.

Altogether

Bloc - @g'uB Z Gij‘ (37)
j

4T v,

I
G is the muon-system coupling tensor. E*



Spin-lattice relaxation rate Az and spin-correlation function

From
Az =y [ (wu) + 07 (wu)] (33)
introducing the space Fourier transform,
1
Ja)=—=>_Jjexp(—iq-j), (38)
Ve %
we get
D d3q
Az == oB(q)A*P :
z=5 S A ) (39)

N (a) = 5 [(00°(@ )8 (—a)) + (7 (-a)i s @))]  (40)

is the spin correlation tensor,
A% (q) = G**(q)G*’(a) + G *(a)G""(a) (41)

is the muon-system coupling factor, and D = (2‘—7‘;)275(5@)2/%. E’yﬁm



Spin-lattice relaxation rate Az and spin-correlation function

Recall e
D / q
} : af af
>\Z - 2 / ~ A (q)/\ (qawu) (271')3. (39)

Az is an integral of the spin-correlation function taken near 0 energy (neV
range) over the Brillouin zone with a weighting factor depending on the
muon site.
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The muon spin evolution in a dynamical field

Dynamical range of uSR
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Comparison of dynamical ranges accessible to different
techniques

remanence
&8

ac susceptibility
D ——

muons
——

perturbed angular correlations
I

MoGssbauer
E 3

neutrons
e &

10°1¢10-4 10-21071° 10-® 10¢ 10 102 10° 10* 10* T.(s)
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A flavor of dynamical phenomena probed by SR
Phase transitions, magnetic fluctuations and excitations
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Spin dynamics in magnets

Case of an anisotropic magnet
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Gubbens et al., Hyp. Int. 85, 245 (1994).
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» Spontaneous field parallel to c-axis.

» Divergence of Az(S, L c) at the
magnetic transition ( Ty = 57 K):
Ve \( i.e. slowing down of magnetic
fluctuations (|| €); critical dynamics.

» Large anisotropy of Az(T).

=



Spin dynamics in magnets

Case of a weakly anisotropic magnet

—~ T T T T T

T5F ]

=S 13 15 T
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» Magnetic transition at T¢ >~ 32 K.
» A\z(T) nearly isotropic.

» Dipolar interaction between the spins responsible for Az(T) saturation
close to Tc.

Yaouanc et al., PRB 53 350 (1996); see also Yaouanc et al., PRB 47 796 (1993).
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Muon spin relaxation induced by excitations
Recall 3
D d>q
_P B (g)\B
Az =3 /%;A (q)A (q,wu)(zﬂ)3. (39)

» Az probes /\aﬂ(q,wu) at an energy fw,, in the neV range.

» Since any gap in the excitation spectrum is normally much larger, a
process involving a single excitation cannot relax the muon spin.

» If an excitation at q is, say, annihilated while a second one at q’ is
created satisfying wq — wq — w,, = 0, the energy conservation is

ensured and a two excitation (Raman) process can relax the muon spin.
hoq

h10q
VM +T — l+ VW
Su Su
» Example: for a ferromagnet with hwg = Dmq? + Agap,
T2 ke T

Az(T) o s In (Af;p) for kT > Agap.
> No relaxation at low temperature is expected for a “large” spin gap

(Agap > kg T).

E’%ﬁ"@w

Dalmas de Réotier and Yaouanc, PRB 52, 9155 (1995).




Muon spin relaxation induced by excitations
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No relaxation at low temperature due to large anisotropy.
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A flavor of dynamical phenomena probed by SR

Spin glasses

ol VNVERSTE



Spin dynamics in spin glasses (1)

» Spin glass: dilute magnetic impurities in a non magnetic matrix.
» Physical characteristics:

» cusp in the low field susceptibility at T,

> broad peak in the specific heat around Ty,

» important dynamical effects.
» 1SR in usual paramagnets (motional narrowing limit):

> Pz(t) = exp(—Azt) with

2viAé Ve
V2 +92B%

ext

(28)

which follows from A(7) o exp(—v.|T|).

> Pz(t, Bext) = PZ(t/ngt) if v Bext > ve.

» 1SR in spin glass above Ty (motional narrowing limit):

> Pz(t) = (exp(=Azt))p,,-

> if A(7) oc exp[—(¢]7])7],
PZ(t’ BEXt) = Pz(t/ngt) with Y= 1 +ﬁ if ’YuBext > C

> i A7) o 7 expl—(¢[ 7)), |
Pz(t, Bext) = Pz(t/Bl;) with y =1 — «a if {|7| < 1, E’W%m



Spin dynamics in spin glasses (2)

Asymmetry: a, P3*® (1)

0.20

0.15

0.10

0.05

0.00

L B S B s e B e B 1

[ 04T
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uSR spectra for different Bext.

Asymmetry: a, P$® (1)

0.20
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0.10

T T 7

© 01T
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o 25mT

e 125mT

T T T

AgMn(0.5 at. per cent)

Ll P

0.01

0.1 1
£/ B (us / mTO79)

The same spectra plotted as a function of
t/B, withy = 0.76(5).

The data are only consistent with the cut-off power law:
A(T) o< 7% exp[—(¢|7])®] with a = 0.24(5) and ¢|7| < 1.

Keren et al., PRL 77, 1386 (1996).
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A flavor of dynamical phenomena probed by SR

Complementarity with other techniques
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Complementarity with other techniques
Méssbauer spectroscopy, YboTioO7 (1)

» Pyrochlore crystal structure.
» Current interest in highly frustrated magnetism:

» Spin ice and quantum spin ice ground states.
» Emergent magnetic monopoles.

T T T
ol 1 025 |- Yb,Ti,0; ]

s

T . 2 B =2mT
g o8l - N g 020 ]
o i 3

S o6k - . ] 3

206 i Yb,Ti,0, & o5k ]
@ . E

L o4 1} B E

° : b E
£ st B 0.10

S it <

Qo

1]

02 | 3 e
}w
00| - B 0.05 [

0.200 K

1 Il 1 1 1 1 Il 1 Il 1 Il 1
00 05 10 15 20 25 0 2 4 6 8 10
Temperature (K) Time ¢ (us)

T > 0.275 K, Pz(t) = exp(—Azt).

T < 0.200 K, depolarization by nearly static

electronic moments: v, ~ 1 MHz. E’E‘“‘"“
foSIURER

Specific heat: transition at 0.25 K.

Hodges et al., PRL 88, 077204 (2002).



Complementarity with other techniques
Méssbauer spectroscopy, YboTioO7 (2)
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%

! I
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T
3 szTiZOW ]
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oV,
o vy

0.1 1
Temperature (K)

5

Comparison of the Yb3* spin fluctuation rates as
determined from Méssbauer (1) and SR (v,,)
spectroscopies using the formula

Az = ZVEAE}/V#'

— Good agreement found for Ag = 80 mT.

(26)

Transmission

100

99r | | |.0361{
-2 -1 0 1 2
velocity (cm/s)

170yp Méssbauer spectra.

Conclusion: first order transition in the spin dynamics.

Hodges et al., PRL 88, 077204 (2002), Yaouanc et al., Physica B 326, 456 (2003).
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Complementarity with other techniques
Neutron scattering, Tbh2Sn,0O7 (1)

= T T T T T T T T T T o
X = -
8 Th,Sn,0, g om0 g
£ :A. & ~
2 6 i b 5 come | <4
g i = Q
< H @ &
g 4r H \. B g s — s
S \_ < 2
3 2
3,0 - T 2o ] x
o g <
B = z
=S 0 o LA T ]
L0 ) ) ] P LA A 2
0.5 10 15 20 L L L I 3
20 (deg.) [
Temperature (K) s

= T T T T
10 x . 125
X ] E — :\ Tb,Sn,0, P
= 08 E ot o 1208
£ et L TJ 4 zero-fiel 5
o6t g ® . Ir.h Jis 5
2
£ 1 s ek Pl 5
g 04r 5 A . 410 @
] 20 30 40 S0 60 70 80 %4* \ ) &
5 02F Scatt le 20 (de ) . —
s 02 ik cattering angle 26 (degrees 2, ' Jos ﬁ
00 ©0.17K 3 % *% cesee =
zero-field szSH207 g Y ‘I ) ) ) - 0.0
L Il 1 Il 1 Il 1
00 05 10 15 20 25 30 0.1 1 10 100
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All SR spectra are exponential, no signature for a transition.

Dalmas de Réotier et al., PRL 96, 127202 (2006).




Complementarity with other techniques
Neutron scattering, Tbh2Sn,07 (2)

Spontaneous field at muon site is the Th3* dipolar field.
No signature of it because, either

» it cancels for symmetry reason:

unlikely because of

> low symmetry expected for the muon site
> relatively complicated magnetic structure with ferromagnetic and
antiferromagnetic components,

» or it is dynamical.

[
’ OSEPH FOURIER



Complementarity with other techniques
Neutron scattering, Tbh2Sn,07 (2)

Spontaneous field at muon site is the Tb3* dipolar field.
No signature of it because, either

» it cancels for symmetry reason:

unlikely because of

> low symmetry expected for the muon site
> relatively complicated magnetic structure with ferromagnetic and
antiferromagnetic components,

» or it is dynamical.

Let's apply the result of the strong collision model:

Pstat S—I-I/C
Pz(S)_ Z ( )

= . 23
1 — v PY (s + 1) (23)

[
’ OSEPH FOURIER



Complementarity with other techniques
Neutron scattering, Tbh2Sn,07 (3)
Assumption: By, takes two values £Bg: P32 (t) = cos(y,Bat).

P = g P2 o o o
Two cases
> Ve < 27v,Bxq:
Pz(t) = exp(—yct)w
> ve > 27, Bq

cosh(vesrt — )

Pz(t) = exp(—vct) cosh

In the extreme motional narrowing limit: v > 27,By
232
FYuBﬁ

VC 'I‘NI\‘ERSWE
’.EEEE!BPJS‘J}E

Pz(t) = eXp(—Azt) with Az =



Complementarity with other techniques
Neutron scattering, Tbh2Sn,0O7 (4)

B2 .
PY“V—CH and the estlmate By =
010

» From Ay =

v iy Th,Sn,0; |

| r‘.‘ sero-ficld

02T, wegetr.~1
<Bloc(t) ' Bloc> (08 f’c( ) (Q, t)Q2dQ.

» Neutron spin echo data:
spin correlations are static for @ — 0 and
- 0.0
o . L s dynamical (5 x 1010 s71) for Q >0.3 A—1.

Temperature (K)

Dalmas de Réotier et al., PRL 96, 127202

—
(;-s1l) 2y e1e1 UOIEXE]OY

Magnetic specific heat (J mol-'K)
o v & o e
o
L I
P
[P

(2006). 1.0 T T T T T T T
£ Tb,Sn,O ]
. ‘ . ‘ 08 22T 3
—~ F | T=30mK ]
4 8 06 Q=(03:0.1)A" ]
= o Ft I v @=(07:02)A" ]
i 1 = 04‘_¢ %H T Q=(15:03)A" ]
3 ZF ' 1y v Q=(23:04)A"
= | e} = * B
2 & 02F tre + { * t\ 3
3 ] r ' e
- ] 00 | + ' il* - %J‘?L
R ETIN R RN
| T 0.01 0.1 1

o.01 0.1 1 10 Fourier Time (10° s)

Time ¢ (ns)

Rule et al., JPCM 21, 486005 (2009).
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Mixed phase of superconductors
Type Il superconductors submitted to a magnetic field:

%) N
S =]
T T
1 I

[
=]
T
1

Distribution (A}/0o)

Field (mT)
5
T
1

o

1 Il 1 Il Il
—005 000 005 010 015
Field deviation (§o/A2)

Associated field distribution.
Field (deviation) profile in the flux-line lattice

phase.
» mixed phase: B.i < Bext < Bea,
» characteristic length scales
» London penetration depth,
» vortex core radius, _
: ; E’F?@gﬁ"ﬁ'ﬁw
> coherence lengths of the flux line lattice.




Mixed phase of superconductors

Flux-line lattice melting in Bi2.155r1.85CaCu20g.+5
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Field distribution at different
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Skewness and second moment

of the distribution.
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Phase diagram and comparison
with a.c. susceptibility data.

First evidence from microscopic measurement of the vortex lattice melting

in a superconductor.

Lee et al., PRL 71, 3862 (1993); see also Cubitt et al., Nature 365, 407 (1993).
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Mixed phase of superconductors

Vortex motion driven by an electrical current
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00.1340.1360.138 0.14.014201440.146 0148 Velocity of flux line flow vs applied current.

Effect of a current on the field distribution
measured in a Pb-In alloy.

» Measure of vortex velocity.
» Influence of sample boundaries on the amount of disorder in the vortex

lattice. E’ ‘

Charalambous et al., PRB 73, 105414 (2006).
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Diffusion of Li™

Principle of operation of a Li-ion battery

Reversible exchange of LiT ions between electrode materials.

The process involves the diffusion of Li™ ions in, e.g. the positive electrode

material. @’E»”ﬁ“



Diffusion of Li™

Diffusion coefficient D of Li* in the electrode material: macroscopic level

» Fick's laws

2
D% and @—Da¢

J=-D5, ot ox2

in 1-dimension.

(J is the Li™ ion flux and ¢ the Li* concentration).
» Experimental determination through electrochemistry.

Need for a functional battery with

» a material for the second electrode,

> an electrolyte,

» coating for enhanced electron conductivity,
>

[
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Diffusion of Li™

Diffusion coefficient D of Li" in the electrode material: microscopic level

» Random walk of Li* ions between lattice or o
interstitial sites = ﬁraﬁ
. "

T “t ‘-,‘,_ }' & 4
¢ = distance between Li™ sites -
T = mean residence time : %
» Since D ~ 1079 - 10712 cm?s™! at RT and o
£~0.2-03nm, 7~ 0.01-10 us.
» Microscopic techniques:

» Neutron scattering: 1 ns- 1 ps

» Nuclear magnetic resonance: 1 ms? ]
Line broadening associated to i
paramagnetism of 3d element ik

» Muon spin relaxation




Diffusion of Li™

[LSR study of LixMn1.96Li0.0404
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Kaiser et al., PRB 62, R9236 (2000).
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Field distribution width A (mT)
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Sensitivity to nuclear and electronic
fields:

Pz(t) = Pxr(t, A, v)exp(—Azt)
ut static from shape of Pz(t) at early
times: v, ~ 0.1 pus— L.

Nuclear field originating from 5°Mn, 6Li
and “Li.

Change in Ag due to Li™ motion:

7 < 0.1 us. E’




Diffusion of Li™

Li*™ diffusion coefficient in LixCoO, determined from uSR

~ [0 300K, uSR; ® 400K, NMR| 1

0 02 04 06 038 1
xin Li,CoO,

Experimental and theoretical values (ab initio computation) of the diffusion coefficient.

UNIVERSITE
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Sugiyama et al., PRL 103, 147601 (2009)
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Summary

» Basic models for Px z(t) in dynamical fields.

» Examples of the use of the muon techniques for the study of dynamics
in condensed matter:

>

>

>

fluctuations and excitations in magnets, critical slowing down,
dynamical effects in superconductors,
atomic diffusion.

» Not treated

>

onset of correlation involving small and dynamical spins in heavy
fermions systems,

» dynamics in thin films,
» diffusion of muonium centers, electrons in chain polymers, or light

interstitials,

» use of muons as a spin label for information on chemical reactions,

UNVERSTE
*kmuﬁmm



Bibliography

» Books
e A. Yaouanc and P. Dalmas de Réotier, Muon Spin Rotation, Relaxation and Resonance:
Applications to Condensed Matter, (Oxford University Press, Oxford, 2011)
e S.L. Lee, S.H. Kilcoyne, and R. Cywinski eds, Muon Science: Muons in Physics,
Chemistry, and Materials, (IOP Publishing, Bristol and Philadelphia, 1999)
e E. Karlsson, Solid State Phenomena, As Seen by Muons, Protons, And Excited Nuclei,
(Clarendon, Oxford 1995)
e A. Schenck, Muon Spin Rotation Spectroscopy, (Adam Hilger, Bristol, 1985)

» Introductory articles
e /1SR brochure by J.E. Sonier (2002), http://musr.ca/intro/musr/muSRBrochure.pdf
e S.J. Blundell, Spin-Polarized Muons in Condensed Matter Physics, Contemporary Physics
40, 175 (1999)

> Relevant review articles
e G.M. Kalvius, D.R. Noakes, and O. Hartmann, uSR Studies of Rare Earth and Actinide
Magnetic Materials, in Handbook on the Physics and Chemistry of Rare Earths, edited by
K.A. Gschneider, Jr., L. Eyring, and G.H. Lander, Vol. 32, p. 55 (Elsevier, Amsterdam
2001)
o A. Amato, Heavy-Fermion Systems Studied by uSR Techniques, Rev. Mod. Phys. 69,
1119 (1997)
e P. Dalmas de Réotier and A. Yaouanc, Muon Spin Rotation and Relaxation in Magnetic
Materials, J. Phys.: Condens. Matter 9 9113 (1997)
e A. Schenck and F.N. Gygax, Magnetic Materials Studied by Muon Spin Rotation
Spectroscopy, in Handbook of Magnetic Materials, edited by K.H.J. Buschow, \mgﬁg@@
52 (Elsevier, Amsterdam 1995)



TNTERNATTONAL SERTES OF MONOGRAPHS ON PHYSICS « 147

Muon Spin Rotation,
Relaxation, and
Resonance

Applications to Condensed Matter

ALAIN YAOUANC AND
PIERRE DALMAS DE REOTIER

OXFORD SCIENCE PUBLICATIONS @ o



	The muon spin evolution in a static field
	A reminder about the Larmor equation
	Basic examples for the two SR geometries

	The muon spin evolution in a dynamical field
	Stochastic approach: the weak and strong collision models
	Quantum approach
	Spin correlation functions
	Dynamical range of SR

	A flavor of dynamical phenomena probed by SR 
	Phase transitions, magnetic fluctuations and excitations
	Spin glasses
	Complementarity with other techniques
	Superconductors
	Diffusion of Li+

	Summary

