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Relaxonomy

A Chrestomathy of
Muon Spin Relaxation
(and “Relaxation”)
Functions

“orrowed” from various sources by

_Jess H. Brewer

UBC| PHYSICS ASTRONOMY

chrestomathy relaxonomy
1. a collection of literary selections, especially in a foreign language, as an aid to learning. 0. Not a dictionary word. (yet)
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WM Brewer's List of uSR Acronyms

l 1 Longitudinal
Transverse : ' E ] Field

A
Field :
Zero Field

. Avoided
Fourier
i Level
Transform 2 .
i Crossing
ISR
Resonance
Muon 1 Muon
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@TRIUMF

Coordinate Conventions

o (Up)

bearmn

y (Right)

(Fwd)

(BF) A (UD)
P(0)
poy | j -
/ / TH
14 y
LF wLF,
(UDLR) (BFLR) )
JP(o)
. P(0)
/ H /i ?H
14 y
TF, “WTF,
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TENTATIVE OUTLINE

@ G,(1)=(P(0) P(1)) formalism @ "Dynamicization” methods
@ Basic TF G (1) forms @ Strong Collision model
@ Exponentials & Gaussians @ Spin Glass dynamics

@ Abragam's dynamic Gr(1oT) g “gtpetched Exponentials”

@ "Static" ZF/LF forms @ Legitimate Uses

@ Kubo-Toyabe functions @ Bogus Empiricism

¢ Gaussian g_(t,A., H)
@ Lorentzian gZZ(t, AL, HZ) Q Double RZIGXGTIOH
@ Generalized g_(7, A) [deferred] @ Exotic Forms

@ . . . .
QM correct forms @ Distributions of Exponentials

@ "FuF" in fluorides
@ Copper (O-site) @ Arrival-Time Distributions

@ More Bogus Empiricism
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D
QMTRIUMF

Time Correlation Functions

G (t) <P 0)P (t)> is the average correlation between the initial muon

polarization component in the [ direction
and the component in the J direction at time /.

Thus G_(1) = <PZ(O) PZ(t)> is the “relaxation function” for the polarization
component parallel to the applied field B (along z).  G_(?) is also known as

the “longitudinal”, “ZF” or “LF” relaxation function, G .(f).  This is valid only

as long as P(0) is along z and there are no local fields L to z; otherwise
transverse components may develop.

The situation is more complicated with the “transverse” or “TF” correlation
functions, which will be oscillatory due to precession of P about B:

G_(1)={P(0) P (1)) = G (1) cos(yuBt + p)

and G (1) =(P (0) P(1)) = G (¢) sin(y.Bt + ¢)
where ¢ is the angle between P(0) & X and G, () is the “TF relaxation function”,

usually assumed to be a simple, real “envelope” function, but sometimes it is not.
Sadly, it is customary to write G_(7) or G (7) to mean G (7). So I will, sometimes.
XX X TF
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@TRIUMF
Electronic clock Tra n Sve rSe F i e I d
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QwTRIUMF

Single-Histogram Asymmetry

Referring to formula for N(t), i .»'\7(7‘) B |
if we know Np and Bwe can A (1) = N et _
extract the asymmetry A(?). | No
How can we determine No and B - St,Ey — RT
numerically from a single histogram? No = 2F E _ T2
As long as any oscillations are fast L
enough to be averaged over times Rr,E_ — ST
short compared to the muon lifetime, b = 2F F  _ T2
we only need to make the following R
sums over the “raw” time spectrum y
from start (at t) to finish (at &): S - / N (Dt
gam-'lr Note: oscillations | R = / t) expl(t /l”) At
fsm_l are too slow! |
o8 I
gm-i Ei = £ |exp(£ts/1y) — exp(Eti/7.)]
% 20|
D i....... ITEt‘f—t,'
o 1 2_3 4 5 8 7 & 9 10

TIME (microsec) |
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@TRIUMF

MOtiOn Of MUOn SpinS === _ Expectation value of a

S muon's spin direction

in Static Local Fields :

(a) All muons "see" same field B: —==>——> for B|| S, nothing happens.

(DM=YM‘B‘ for B SM Larmor precession: |——>
V2= 135.5 MHz/T o

(b) All muons "see" |Bo| = random AB in the same direction :

|f' T | Different SM precess at different
- 1 — U)Ml - |

Wy, —> get out of phase ("dephasing”).

(c) But Su's can “refocus” after a “m pulse” of RF!

=> S, “order” is not lost, just hidden.  Dephasing is not true relaxation!
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TF “Relaxation”

(:‘-3 J | T T T
> .
5 02 G...(f) “envelope” function -
- ;
= 0 1
A 'y
) F. N, : N
I ST A
Q
5 =0.1 "\u _
L
= 0.2 Actual G_ (1) |
O includes oscﬂlatlons
03 | | | [ [
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G TR Fluctuations in TF:

Abragam’s envelope function: G._.(¢)=¢e™®
where O = (c2/v2){e ™! — 1+ v.t},

o = static Gaussian width, v. = 1/tc = fluctuation rate

1.0 ! { T T | I |
0.1
0.6 -
0.2 |
0.4} - =
021 \\\\\ 0.5 —
o0
0N 1
00 | 2 : . , : P
0 1 2 3 4 3 6 7 8
C!
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@TRlUMF

Complex TF Asymmetry

+y
Re A(t) = Adt) = [A(t) - Ac ()2
ey ImAO=AWM=[A0-AO)2
Bl z A(t) = Ax(t) + i AfD)
-y . .
For High Transverse Field (HTF),
. } transform into the
*:‘} Rotating Reference Frame

(RRF):

TIMNE I(microsec)

<
Rea} Q ! 2 .3 2% . v . o
W Rsy Retry 3 / ((—) {-\) — —a_l'th / (1-\)
ARRF mby ) = € ALAB <
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,@TRNMF

G _(?) includes oscillations.

Anisotropic Lineshapes

‘
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G..() “envelope” function is complex

(also includes oscillations).
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SR TRIUMF
MOtiOn Of MUOn SpinS ? — Expectation value of a
in Static Local Fields ¢ Mmuoms spindirection

(a) All muons "see" same field B: —==>——> for B|| S, nothing happens.

(DM=YM‘B‘ for B_L S, Larmor precession: |——>
Yo /2= 135.5 MHzIT o

(b) All muons "see" same |B| but random direction:

2/3 of S, precesses at W,

1/3 of S, stays constant

(¢) Local field B random in both magnitude and direction:
All / do not return to the same orientation at the same time
(dephasing) = SM "relaxes" as Gzz () [Kubo & Toyabe, 1960's]
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R TRIUMF

Electronic clock

Spin-polarized
muon beam
ut Muon
detector

Backward

015

Corrected Asymmetry
0.1
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Zero Field
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Typical asymmetry spectrum

] Ll L] Ll 1 I
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P |
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R TRIUMF
Two-Histogram Asymmetry

How do we formally extract the

asymmetry A(t) from the histograms N (1) = Brp + Nocop[1 = Ap p P (1)]
of two opposing detectors, e.q.

“U” (up) and “D” (down), if the time

dependence of A(f) is slow relative

to the muon lifetime?

;.\-""(; I:/ ) — By ] '_.»\? D |:/ ) - D I_JJ
Ny (t) — By + [Np(t) — Bp]

The “raw” asymmetry a(7) is formed a(t) =
as the ratio of the difference to the |
sum of the “background-subtracted”

raw histograms.

The “corrected” asymmetry 4, P(¢) Ap P (1) = (o 1)+ (o + 1)a(l)
is formed using the empirical ratios Y (@8 +1) + (a8 — 1)a(l)
of the positron detection efficiencies ( |

and intrinsic asymmetries of the a=— g=22

two detectors. (These ratios are usually ‘v Ay

determined by fitting WTF spectra in the same
apparatus.)

Note: “baseline” [for P«(7) = 0]is (1 «a)/(1+a)
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R TRIUMF Static Gaussian Kubo-Toyabe functions

o ( 286 : (Ag t)?
ger (A twp) =1 — —¢ {1 — cos(wy, t) exp [_ =
WL )
2AL rt (Ag 7)2
+ .3(’ / sin(wy, t) exp | ————— d
Wy Jo )

/“L+ in MnSi (T =285 K)

O
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'®TR'UMF Static Lorentzian Kubo-Toyabe functions
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QTRIUMF 1983-1985: uSR discovers Quantum Mechanics

@ BEFORE 1983: Classical kugo- Toyage Yheory of Muon
relaxation: Each /u"’ “sees” SQTATIC gb« fvom v\earky
digsles: 5 x , ~  for isotropic D(E,), CREATA

N vy Gy = SR = g+ B <cos ayt)

1

} = Vv &
Ré?u]ar (aMvce of o(\'p"es
= Gaussian F(8y,)

Z ER? EXTERNAL

2z

. J
x?,-xv‘.rkfmw,; 64.1'.'».4.‘{. o9 e moments

Y

- \ —

.\ "Wy ‘ E
:; ’Vﬁ\’ﬁh.‘,?’rl\(.k ,“7 -lﬁ,,.', ]

® 1983: Celio ¢ Meier point out (o) actua| lathte
Sum nevew 9ives true Gaussyom or Lorentziom 09(81,‘);
(b) Host SPINS also “see” £reld frvm/u*' moment
= “STATIC" appweximation js poor. Expect

ELIP- FLOP" OSCILLATIONS iw g () — small for sy SPS,)

i

Ditleult to defect
“Meiov wiggles” 4
(e:g) Cw - W

5?\\" 35 :VC‘-Y
MESSY SPIN HAM TN AN |

0

Corrected Asymmetry

.16
14
.12

.08 F
.06 [
04
02

ZF—u"SR in LiF ot 89°K: "Flip—Flop Relaxation"

-18 L 3 ) T T 1] T T T

'1 “H-bond”

e it s e e i —
. B

TIME (microsec)

ZERO APPLIED MAGNETIC FIELD:

.
&
1:?'1 Sy:'/q_ I:'/l

PURE mMmAGNETIC DiIPoLE - DIPOLE INTE RACTIONS

LEAD To CoNHERENT OQSCILLATIONS,

- G, ®) -le"wfs v cos Gt +(1-L) os[32ut]
® 19%4-5: “ F/*F“ osciuATIonS found at TRIWMF . a e E 1;‘;
—- ideal, siwmplest case ! +(“*)“S[th]}
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@TRIUMF

Dynamic Gaussian Kubo-Toyabe
vs. actual Gz(t) in Cu

5602: Cu ZF <110>|lz 50.0(2)K [1 vs 2] ASY
T | 1 1 1 1 | |

- 0.2
el 0.18 18 G
4 8 't +
Q .}3 0.16 + \ ¢ - A
S 2 :
c & 0.14 N
> S o2 f
0 ,
< 0.1 < 01F . 7 G ¢ '
> 3 0.08 -
BT QO
Q o 0.06 r
t =
= o 0.04 . Iy - —
Q © ZF i
O g 0.02 .
0 I ] | i I | ] 1
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Quadrupolar pALCR
in Cu <100>11 B

Celio’s calculation of static “relaxation” function

Gaz (b, 0y

decoupling

21
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QQ!TRIUMF ) ) )
Motion of y+ Spins in

Fluctuating Local Fields

“Strong Collision™ model: local field is reselected at random from the same
distribution each time a fluctuation takes place, either from muon hopping (plausible)
or from reorientation of nearby moments (unlikely to change so completely).

NI T T T T

\ Kehr’s recursion relation:

_ \ Gaussian ZF Gz(f), | B o
- "\ fast fluctuation limit G(A,t,v) =g(At)e™
,E; I E K?\m‘ — t
= R RN - + v / G(A,t—T7)g(A, 7)e " dr
,Tiﬂ fi o o 'x ??\\ _ J0
= VRN - Sometimes solvable using Laplace transforms;
al i Y \«\,_ —— numerical methods usually work too.

L | ‘/ \ . *:‘\\\ %i;-i L —_

i W% 0% e %

o L J — ""“"‘“i"*""" Used to extract “hop” or fluctuation rate v.
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®TRIUMF STRONG COLLISION MODEL MOtion Of"# Spins

in Fluctuating
NN Local Field
G,(1) | RN O@é é S
Z
06 1
Gaussian ZF Gz(?),
fast fluctuation limit:
0.2 1 “motional narrowing”.
0. 5
|.O"’; /A =0.| (Cartoons from Y.J. Uemura’s PhD thesis, 1981)
”i SLOW MODULATION
'1
G,() 41!
|
0.6 |
| Gyit) ~ Leexp(- £91) |
i ‘.' Gaussian ZF Gzz(t),
| f"*\ : slow fluctuation limit:
el iy T only the “1/3 tail” relaxes.
O. ~ \J 1 \' 1 ‘~-.l*:/-"_1-"’“‘,f:_€- B
* 0 10 20 30

2011 Aug 08-19
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@TRIUMF

Envelope of Py (1)

Relaxation in Fluctuating Fields

< 10+

"\\ I

= 0.8

2 06 |

S 04 -

Z 02

£ 00+ |

0 2 4 6 8
Time t ((Y;lAG.TF) ]) Time ¢ ((YLtA(i.[l‘)—l)

(From new book by Yaouanc & Dalmas de Reotier)
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R TRIUMF
Dynamic Gaussian Kubo-Toyabe

Ga:(t) in Cu: ZF vs. LF

o
%

*

[+ ]

< )
/
e
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U hop rate
in “pure” Cu crystal

Muonium hop rate
in “pure” N2 crystal
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with different static widths Ag:

Dilute Spin Glass Gz:(t):

O & O O Sub-ensembles of muons at similar distances
from Fe spins see Gaussian distributions of H

2
- ) , i ={z.y, 2}
(-;

731[2) |7 H?
2AZ )

O O O O u v H
P(H) - - De(H;) = - l\]) ( e
, 3 :
v H — ~ .. Yu
& C) () () D(.(l«lll) - ( -f"_) CXp (
A(;‘ V2w \
/ﬁ - B - A2 :—LI+1 ;~~§)
) ) () O

(from Y.J. Uemura’s PhD thesis, 1981)

(5/2 times larger than Van Vleck limit in HTF)

Gaussian distribution of static Gaussian But. ..
widths Ag gives an overall Lorentzian: overall field distribution in static limit is Lorentzian:
A °? Ay A2 CTT Tu AL
Dsc:(Ag) =1/ —-—=exp | —- = D (H;) = — A2 | ~2772°
. ( & \4" w g} I ( .Z.Aé) " ‘A L _l_ ! H i
: - ""3: AN
Di(H;) = / Da(H;)Dsa(Ag)dAg <—— D, | |H| = —
J) )—:—2 ‘AZ + ,},ﬁHu
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) - .
™ Spin Glass Dynamics:

For a given fluctuation rate v,

(+ ]\( |7L Ap,V) / G (/ ! \ . GV IVsglAg ) . (5

JU
—_—
]

But below the “glass temperature™ 7§, local fields have a static part A, — \‘|,.""('_) Ay

L

and a dynamic part A, — l — () - A, , where (Jis a sort of “spin glass order parameter”.
\ ¢

Since these two parts are statistically independent, they produce an overall relaxation function
that is the product of the static and dynamic functions:

) “ Vl' f / Y\ 7 \ a _-).’;-‘(.Vl' / \
G229t AL, v, Q) = gt (t,A,) - GEP2Y (¢, Ay, v)

In his 1981 PhD thesis, Y.J. Uemura solved the above equations for the overall ZF SG G=(?):

Gt AL Q) = —exp (— [4A5 T/ z./) ‘ -
2 & ./ 3 I oV @ /" Note the famous “root exponential
o 2 (l B A time dependence as O — 0
‘) A 9 f A D 45 ]
3\ VAAZ /v + A2 t2 (i.e. above Tg). Below Ty the
— -0 behavior of Gz:(t) is “volatile” . . . .
exp —\/4Ag t/v + AL t° )
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R TRIUMF ) o
Stretched Exponentials

Legitimate Uses : Spin Glass Dynamics

I 1 T [ o 4 T T T III' | B | T I] Y
w !—v l ‘ o 0 m'l
0.20 e 0.20 RSP 2 200 mT A

= | 5 f 0y > 100 mT
2 0.15 ] 0181 T, S0mT ]
S | <t : 25 m’T |
> 0.10) R il + 12.5mT]
T 3 0.14 / .
= ’ - ‘ b 1
= 0.05 t = 012 o T,
.j" ;/;. | -52 l\ “T '
< 0 < 010+ | Lo
000 - . Agl\'ll] (0.5 at. %) |
0 2 4 6 8 10 001 01 1
Time 1 (us) t/ B2 (us / mT"70)

Bogus Empiricism : Everything Else
(It will fit anything, but it means nothing!)

. . _ ZF(A 3y — = 2 |1 _¢ Bl e [ )
Generalized static ZF g,,(t):  Jen(B:1) =35+ 3 [l (At) ] exp [ 3 }
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Time Scales

AC-Susceptibility

uSR

Neutron Scattering

T T 1 1T " T " T " T " T T T ™
10* 10% 10° 10% 10* 10° 10°® 10" 10" 10™

Fluctuation Rate (Hz)
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QTrUMF  “Amazing Manganese Silicide”

LF —ﬂ."'s n MnSi -— H 7/ S, QUENCHES relara e
| Lt in M S-( 700 © 7 ?J-'*’Elkl?
! * in MnSi (H,= i .. : . :
e £ = e Ao o MnSi is emphatically magnetic; nevertheless, it was
. S . 36.2K e the first substance in which the static gaussian Kubo-
Hayano 805 ” e Toyabe relaxation function was ever observed. This is
k%’\\ ] i because the paramagnetic spin density fluctuates so
1, 143 U978), . NS { [ fast at room temperature that it is effectively
| N 307k ‘rtwEewt decoupled from the muon and the *>Mn nuclei, leaving
=1\ \ - ZL..... thelatter to generate random static dipolar fields that
W=y s produce a gaussian distribution at the muon in ZF.
7 \ St e At lower T the muon is strongly relaxed by the large
- ‘\.;,NL,{J fluctuating fields of the paramagnetic conduction
B electron spin density.
| e i e d FAST FLUCTURTING
0 e {1%:] € - PARAMACNETIL
it S$PINS
Q. J TEMPERATURE T (K)
( elaad 40 38 L L 32 30

Y RELAXATION I ]

"L [y T
(NK \ =% o) A-\A S
Lok by aQ- in MnSi ‘
(]
;‘:_." -'-‘N'«LV‘- - 30~ | py N
NMR ate \l A)Tci-r\

{rL 5€C)

»
|

: ; _ = 20 3 - Where >>Mn NMR had failed to get within 100K of the
Uy 7 shem, z °\6\ critical temperature, uSR was able to follow the critical
; R 52.6(1-222) / - Q\::\o 295K slowing down of spin density fluctuations down to
ol _— - within half a degree of T. and confirm Moriya's self-
o P ] 3 consistent renormalization (SCR) theory.
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@yTRIUMF

FAST NUCLEAR SPIN RELRXATION
MEASURED vio “FLUCTUATIONAL NARROWING of MUON

Gt):
ZF—uSR in MnSi near T, = 29.5 K
'3 =2 I | | T T
My NUCLEAR MOMENTS qgive
25 ‘\45 K: STATIC GAUSSIAN g'zil‘f:A:O‘,‘. il
E\ 2 B +RE'0\(“ v BY Mn NUCLE\ 1S il
© ¥ £ NARRAVED" DuE To THEIR(D)
= 39 - RELRYATION BY ITINEZANT €
g\ ! G’“» A 1/ﬁ.Mn
n e _J
-8 1]
03 FSPm EXCH &
" ITINE '_'t.'c,'
0 o i /r"'
> e (a5 K
| | 1 [ |

TIME (microsec)

STATIS NIcALLY INDEPENDENT  RELAXATION MECHANISMS

= G = 7. 9( (33T, )

EXPECT T;" o< T,M"

“Double Relaxation”

FAST FLUCTURNING
PARAMACNETIL

SPINS

NUCLEAR
SPINS

DIP.
A,TET

Now consider what happens when the paramagnetic
spin density fluctuates at an intermediate rate,
causing the **Mn nuclear moments to fluctuate
(relax) faster, while at the same time beginning to
have a direct effect on the muon spins. ... The
unmistakeable characteristic signature of “double
relaxation” of this type is when the muon
polarization function falls below the (high
temperature) static gaussian ZF g-,(t) at early times
but rises above same at late times. This clearly
cannot be due to a simple multiplication of Gz(f) by
an additional exponential relaxation function
representing the direct effect of the paramagnetic
moments. Excellent fits are possible over the entire
temperature range in ZF, using a constant value for
Ac (due to Mn nuclear moments) and allowing the
“Mn and y* relaxation rates to vary independently.
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I/T1 e el) Introduces yet another relaxation mechanism . . . .
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Quadrupolar pALCR in MnSi

In manganese silicide at any temperature above T. = 29.5K, the muon Zeeman splitting matches the Mn
nuclear quadrupole splitting at two longitudinal magnetic fields (since °°Mn is spin 5/2). The values of these
fields are, perhaps surprisingly, strongly temperature dependent. This is attributed [R. Kadono et al., Phys.
Rev. B 48, 16803 (1993)] to critical behaviour of the electric field gradient in MnSi, due to the coupling
between charge density and spin density fluctuations in this itinerant electron helimagnet.
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See Moriya's self-consistent renormalization
(SCR) theory [T. Moriya and A. Kawabata, J.
Phys. Soc. Jpn. 34, 639 (1973); 35, 669 (1973);
or T. Moriya, Spin Fluctuations in Itinerant
Electron Magnetism (Springer, New York, 1985)].
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“Exotic Forms”

Distributions of Exponentials
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Exotic Forms: Arrival-Time Distributions

Suppose the muons are initially in an environment where their polarization evolves in
one way, but at random times (usually governed by Markovian processes and
therefore exponentially distributed in time) they enter a second environment with a
different polarization time dependence.

A typical example would be when the muon is initially in @ muonium atom that later
reacts chemically to form a diamagnetic compound. In this case the diamagnetic
signal amplitude depends on whether the Mu react faster than its precession period,
which is 1/103 of that of the free muon (and the precession is in the opposite
direction). The resultant diamagnetic amplitude is called the residual polarization.

Another example would be where the muon diffuses through a crystal to a defect
where the local magnetic field is significantly different from that in the pure host. This
gives a similar result except that the criterion is that the average trapping time
should be short compared with the difference between the two frequencies. In some
cases both frequencies can be observed in the same spectrum.

Both (and many others) can be treated with Laplace transforms . . . but this can get
complicated, and | have run out of time by now. :-)
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Exotic Forms: More Bogus Empiricism

Oh, never mind.

There is more than enough bogus empiricism already.
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