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OUTLINE

@ Early History of uSR (“science fietion?)

@ Development of Advanced Muon Beams

Q@ Research “Themes” in u*SR

@ uSR techniques (mostinvented at TRIUMF ;-)

@ uSR applications (interleaved among techniques...)
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PHYSICS'ASTRONOMY |UBC

Evolution of USR:
Fantasy =» Fiction =» Physics

Fantasy: violates the “known laws of physics”

Science Fiction: possible in principle, but

impractical with existing technology. (Clarke’s Law:
“Any sufficiently advanced technology is indistinguishable from magic.” )

Routine Physics: “We can do that . ..

Applied Science: “. .. and so can you!”

3-6 Nov 2023
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Before 1956: SR = Fantasy

(violates “known laws of physics”)

¢ 1930s: Mistaken ldentity

Yukawa’s “nuclear glue” mesons # cosmic rays

1937 Rabi: Nuclear Magnetic Resonance

e 1940s: “Who Ordered That?”

1944 Rasetti: 1st application of muons to condensed matter physics
1946 Bloch: Nuclear Induction (modern NMR with FID etc.)

1946 Various: “two-meson” -1/ hypothesis Brewer: born
1947 Richardson: produced 1t & i at Berkeley 184 in. Cyclotron

1949 Kuhn: “The Structure of Scientific Revolutions”
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1956-7: Revolution

1950s: “Particle Paradise”

culminating in weird results with strange particles:
1956 Cronin, Fitch, . . . . “T- 60 puzzle” (neutral kaons)

1956: Lee & Yang postulate
P-violation in weak interactions

1957: WU confirms P-violation in B decay;
Friedman & Telegdi confirm P-violation in 7-u-e decay;

sodo Garwin, Lederman & Weinrich,
using a prototype uSR technique.
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1958-1973: Science Fiction

@ 1960s: Fundamental Physics Fun! — 7ours de Force

Michel Parameters = Weak Interaction Laboratory

Heroic QED tests: Anr(Mu), pu, gu —2

All lead to refined uSR techniques.

Applications: Muonium Chemistry, Semiconductors, Magnetism

o 1972: Bowen & Pifer build first Arizona/surface muon beam

to search for for y+e- — py-et+ conversion

Q@ mid-1970s: Meson Factories — intensity Enables!

USA: LAMPF (now defunct) Switzerland: SIN (now PSI)
Canada: TRIUMF UK: RAL/ISIS
Japan: KEK/BOOM ( — J-PARC)
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MUON BEAMS

DECAY MUON CHANNEL (u* or u-)

m—u decay section pu analyzer
—_ =
\ “Forward” u

pr selector “Backward” u
~ 80% polarized
pu~ 65 MeV/c
Range: ~4+1 gm cm—2

PROTON
BEAM

3-6 Nov 2023 Invited Talk at CSNS - MELODY 2023 7



@TRIUMF

PHYSICS ASTRONOMY |UBC

Surface Muons

vl . | a.k.a. “Arizona muons”
nt: all energies & ang y (Bowen & Pifer, U. Ariz. 1973)

A /ﬂmﬂ-l_: 4. MeV,
mor 100% spin

>< polarized

. Range: 150+30 mg/cm2.

~1 cm

Bright, imageable source.

Proton Beam
/

Some pions stop in “skin” of
production target & decay at rest.
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ut Stopping Luminosity

BWD muon beams

3 0+
~10 S
b/ ~[100 g | 1965
~ 100 MeV/c
from low—current accel.
5 4
~10" 1 /s
BWD /f beams
from Meson ~ 50 MeV/C 1975
Factories : ~ 1 g SIN
~10° 1 /s
Surface Muon beams ~
from Meson Factories > 1985
28 MeV/c ~ 50 mg TRIUME
Moderated surface u'  ~10° 1’ /s :
~10 eV + re—accel. — % ~10 2005
,U,g PSI

for depth profiling
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RTRIUME o UNIF, 1972 ISIS site plan
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‘For newcomers . . .
How does it work?

S Bm’ef introduction to @




Pion Decay: =+ — u*+v,

A spinless pion stops in the “skin” of the primary production target.
It has zero linear momentum and zero angular momentum.

Conservation of Linear Momentum: The u* is emitted with momentum
equal and opposite to that of the v,,.

Conservation of Angular Momentum: u* & v, have equal & opposite spin.

+
: Tr
Weak Interaction: ’
N f'{
i T = BYRYS ¢ = - 5 - - —===
Only “left-handed” v 2 +
" Vi o

are created.

Thus the emerging u* /
has its spin pointing
antiparallel to its S

momentum /

direction.
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L+
-~ _ E/e L |
__*___:_—: {3 o VN =
—— . B e—l_
1/ n
7

Neutrinos have negative helicity, antineutrinos positive.
An ultrarelativistic positron behaves like an antineutrino.

Thus the positron tends to be emitted along the u* spin

when v, and v, go off together (highest energy e*).
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Electronic clock

Weak Transverse Field

A (wWTF)-u*SR (CW)

H Positron

Spin-polarized g, detector et
muon beam

Muon
detector

Typical time spectrum
(histogram)

1000

Counts per nsec
500
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(ZF/LF)-u*SR
(pulsed)

TFE
A = (N8 — NF)/(Ns + NF)
Beam pipe All the muons arrive in one pulse,
requiring segmented detectors to
/’CCR avoid “pile-up” distortions.

Muon beam
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TRIUMF ISIS

PHYSIC

CW vsS. Pulsed uySR

J-PARC, MELODY

“Advantage factor” for pulsed muons:

Ap = [Og(Nin /Nout)

Advantage of CW muons: time resolution (<

s“AsTRONoMY |UBC

1 nsvs.>10ns)

Disadvantage of CW muons: rate (< 104 s-1 vs. “unlimited”)

3-6 Nov 2023 Invited Talk at CSNS - MELODY 2023
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Research “Themes” in y+SR

Muonium as light Hydrogen The Muon as a Probe

(Mu = uy*e) (H=p*e) , , .
® Probing Magnetism: unequalled sensitivity

* Mu vs. H atom Chemistry:
Y - Local fields: electronic structure; ordering

- gases, liquids & solids , . ,
- Dynamics: electronic, nuclear spins

- Best test of reaction rate theories.

- Study "unobservable” H atom rxns. . o
® Probing Superconductivity: (esp. HT_SC)
- Discover new radical species.
- Coexistence of SC & Magnetism

* Muvs. H in Semiconductors: - Magnetic Penetration Depth A
- Until recently, 1"SR — only dataon  _ Coherence Length ¢

metastable H states in semiconductors!

®* Quantum Diffusion: p*in metals (compare H*); Mu in nonmetals (compare H).
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And then there’s Y-SR ...

... but there’s not enough time
for all its methods &
applications.

~(
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Counts per nsec

Asymmetry
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MOtion Of Muon Spins — Expectation value of a
in Static Local Fields Su muon's spin direction

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

o, =2mny,|B for B L S, Larmor precession:
V.= 135.5 MHz/T

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

2/3 of S, precessesat 0,

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 (t) [Kubo & Toyabe, 1960's]



@TRl UMF PHYSICS ASTRONOMY |UBC

ZF/LF-uSR & Local Magnetic Fields

MnSi below 29 K: helimagnetic MnSi at 285 K: relaxation by

> 0.8 : static nuclear dipolar fields
T 0.6 | o :
E o014 I S (PM moments flip too fast)
S o @ |1 Hayano et al
t o
@ 01t O + ' = :
<L 0.08 L 3 /.L In MnS| (T 285 K) TRIUMF - 1979
B 006 | B
® g-g; i ; 30 Oe %
(.BJ 0 o 0 ’é\§~—§ %} - Decoupling
S by LF
0 0.1 0.2 0.3 0.4 0.5 — i
Time (microsec) 8)
SG U* T | L] | %
. = 4 S B
BT . 1 =
== -
~— 20 |- “a N c —
&4
5w | e | o Static Gaussian
T = Kubo-Toyabe:
- N E; 1] B G
F 10 F > . ¥ 2 9%z(1)
- Ty
L. S | % £ 1 1 1 1
y O 2 4 6 8 10
G : : ; : ' TIME (e sec)
0 ] 10 15 20 25 30
Temperature (K) 9%(D) = [1 +2(1 - A2t2) - exp(-A2t2/2)] /3
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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).

A N T l T l

\ Kehr’s recursion relation:
G(Atv) =g(At)e ™

t
- 1.// G(A, t—T7)g(A,7) e " dr
0

Sometimes solvable using Laplace transforms;
numerical methods usually work too.

FPolarization

Used to extract “hop” or fluctuation rate v.

0

TimexDelta
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Time Scales

AC-Susceptibility

uSR

Neutron Scattering

10° 10% 10* 10° 10®° 10" 10'°
Fluctuation Rate (Hz)

1014
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Quantum Diffusion

PHYSICS'ASTRONOMY

— N e T T * Thermally
o E,Jq‘-’“"' " o° | f‘%"‘%h | activated over-
3 TP i barrier hopping
v i 1 (incoherent).
+ |
v OTF 10° ¢ 1 hot
o in Cu - Mo in GaAs Phonon
T o scattering
. sl L | T | O" L Y Lt L PR T S S I . “ . "
-2 1 | A 102 10 0> spoils
coherent
a8 [ | A delocalization of
T VE lattice polarons.
O Mu in CuCl .
T 3 | f warm
~; o - : Delocalized
w0 states find dilute
o 3L / defects and
T i trap.
'1 10 10° 4 cold
Temperature |[K| Temperature [K]
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uUSR Acronyms

PHYSICS'ASTRONOMY |UBC

——

)

Longitudinal

Transverse 4,114 Field
Field ‘ _
& . Zero Field
. e T ;_;,Ath:fR { Avoided
Fourier j j Lovel
i eve
Transform 2 I L RN T TR "]
Ap L oA | " WM Crossing $*
ISR ] :
j ] Resonance
. g .
N '
Muon B y § 1 Muon
: At A u‘ i+ H f ' :
Spin || ARRF-J—.:*:’-:M?%{H&#T }W« Spin
X e ' { ]
Resonance ¥ ‘ { W ’F 1 Echo
p— . t ———
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Avoided Level-Crossing Resonance

Nuclear
Quadrupolar
version

PHYSICS'ASTRONOMY

| 1 | | |

u+in Cu, LF, 20K

|

gn (t, wLF)

UBC

Yy
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Avoided Level-Crossing Resonance

————————————— —= e.g. CUC| semiconductor

Avoided 1.02
Level <110>//B
Crossing 100 *
Resonance 0.98l- W
Ry 0.961 i
" S 4 <> /B /
L 8 1.00f Mﬂ P"'““""”""\
f 2 098}l “\ J f.fh-
- 0o i [ _ \]{f
< s 0.96r 1 |{ i
% § 0.94 ﬁl 7
[4h] b
£ 092f | <100> /8 )
£ 1.00- A M ,W‘W ‘
-Tos W W
MAGNETIC FIELD B 0.96L- f/b
094} (SIN) -

Nuclear Hyperfine ool ooy
version
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Muonated Radicals

Fourier Power

0 50 100 150 200 250 300 350 400
Frequency / MHz

AT-A

10.4 10.6 10.8 11.0 1.2
Field / kG

Organic Free Radicals in Superheated Water

Paul W. Percival, Jean-Claude Brodovitch, Khashayar Ghandli,
Brett M. McCollum, and lain McKenzie

Apparatus has been developed to permit muon avoided level-
crossing spectroscopy (#LCR) of organic free radicals in water at
high temperatures and pressures. The combination of #LCR with
transverse-field muon spin rotation (TF-xSR) provides the means
to identify and characterize free radicals via their nuclear
hyperfine constants. Muon spin spectroscopy is currently the only
technique capable of studying transient free radicals under
hydrothermal conditions in an unambiguous manner, free from
interference from other reaction intermediates. We have utilized
the technique to investigate hydrothermal chemistry in two areas:
dehydration of alcohols, and the enolization of acetone. Spectra
have been recorded and hyperfine constants determined for the
following free radicals in superheated water (typically 350°C at
250 bar): 2-propyl, 2-methyl-2-propyl (tert-butyl), and 2-
hydroxy-2-propyl. The latter radical is the product of muonium
addition to the enol form of acetone and is the subject of an earlier
publication. The figure shows spectra for the 2-propyl radical
detected in an aqueous solution of 2-propanol at 350°C and 250
bar.
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PHYSICS ASTRONOMY UBC

RF-uSR: muon Spin Resonance

Resonance at wy shows fraction of
muons in diamagnetic states such as
Mu* (= “bare” u*), Mu- in various
lattice sites even if it began as a
paramagnetic state like Mu. Used to
study formation and dissociation.

1.0

DE

),

0.6 -

RF AMPLITLU

0.2

0.0

T

High Purity Si

| |
' p,,. +te > MuT
/_,;-0 Mu, %#

—

I |
100 200

1
300 400 500

TEMPERATURE (K)

s 0.03 ' . 1

’g 0 0o " p-type Si | Vi Mu ]

pa | 10 K \ i

B 001 127 MHz Ww :

Eﬂ 0.00 - I mnM M ]
70 80 90 100 110

Magnetic Field (G)

Muonium resonance at wjj shows
fraction of muons in paramagnetic
states such as Mu itself or a radical
(paramagnetic molecule). In the
above case the field-sweep shows
broad w72 and w23 resonances as
well as a sharp two-photon
resonance at their average.
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Moderated Muons

Degrader <
T T K NE L AMeV
- e — e ——pp
jiiei!emte i_;"\ l g “1 = u‘hrj (spin)
- . S' ' Ei:;el lens
Einzellens  [7§ (LN, cooled) \
~10 eV muons jl Moderator
TRIUMF: % i PSI:
D.R. Harshman et al., PRL 56, . -~ E.Morenzoni et al.,
2850 (1986). =% N~ PRL 72, 2793 (1994).
4 [ = v
G.D. Morris, M.Sc. thesis (1989). LEM facility now
1 ~ delivers ~4500 p+/s to
Unfortunately, yield of 1.75(4) L, samplesat 520 ke,
epithermal p+ per 108 incident SR Helmholtz Coils
surface muons (for a solid Ar =<JJ| SampleorMer

moderator) was too low to be

practical at TRIUMF intensities. = study thin films!

Sample Cryostat /f /
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Laser-lonize Thermal Muonium

RIKEN-RAL (UK):

section A-A

Sample chamber vacuum level

1x10 ~ 8x10"° hPa Surface
Cryostat BS “+ beam
N L =fT } :_,1 212.5nm + 820 nm
\\ A hir—k J;‘_‘,_ -:_._-— H_,—,'-rj;‘_] ==/
o} 2521 S1
lJ =il fI-S3
. Magnetometers —1 1 SWVacuum level
"5 Lm3x10° hPa (typ.)
— Sample g
Solenoid magnet = [

osntron counters
8 telescope pairs)

PHYSICS ASTRONOMY UBC

J-PARC (Japan):

ULTRASLOW fF
MUON I
MICROSCOPEN

Advantage for Pulsed beams:
re-accelerated pulse is short
= improved time resolution!

< Lead shielding ,--==-- a Low emittance = ver I
o y sma
e 7’ b\ . = bb)
\({ ;%@‘;@ final focus! (“Microscope”)
Lﬁéf—l_J :_: //
Electrostatic QG 7 Q View port
defleCtOI’ |'-,"Retractab|e 9 Improved muon g_2
MCP
| 1 m 1
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High Field pSR

Fields of up to 10 T are now available, requiring a “business end” of the
spectrometer < 3 cm in diameter (so that 30-50 MeV decay positron orbits don’t
“curl up” and miss the detectors) and a time resolution of ~ 150 ps. Muonium

precession frequencies of over 2 GHz have been studied.

3-6 Nov 2023 Invited Talk at CSNS - MELODY 2023 35



@ TRIUMF PHYSICSASTRONOMY |UBC

ExB velocity selector z :
_ WlFy—u SR
& Spin Rotator N ~
("DC Separator" or Wien filter) P \B B, HB .
for surface muons: W A
"R
2,2.8 MQ.V/C
S M*
e+ U
i ﬁ" L
2 Removes beam positrons WA= S
! B
@ Allows TF-u*SR in high field SR P
(otherwise B deflects beam) TE SR
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J/\\L — 0 0.0Y
AN 008 - 5,5 | solid: NbSe,, 2.4K
=N I\WV| 1 v 007 |- r -
s | S\ N o . | -
£ E 14 3 g é 0.06 - | dashed: x=6.60, 5K _
f Y \\x\ 8 T 2_005 i [' l1 dotted: x=6.95, 5K |
o 12 O < o4 b YBa,Cus0,
E | - 2 i E 0.03 F
_r ol PN ) —
8 J \ R 0.02 I
o S 0.01 -
20 22 24 26 28 S T —— N S
Freguency (MHz) Hine
N Vanadium at 0.16 T - |
| itting must always
o
0.2 . ] YBa,Cu.O
= be done in the time AT
> . | o
£ domain, because of
£ 01 the “noise” from late | <
2 times (low statistics). =
s O &g
£ Extract magnetic
G .
C o penetration depth Aab

o 05 1 15 2 25 3 (Aab™2 & 1) vy 20 401 0§ 60 80 100
2 > Temperature (K)
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Spin Freezing Temp. T, (K)
{n
-

- 500
5 -300 ’ | ’ | )
" - >
— -: 0'16 YBOZCUSOG.O 25K ZF

3 31002 ® o4
- 160 = c 0.12
i 130 — i? 0.1
I | 4 e = 0,08
3 s o Lo00s
- . N o 0.04
i 19 C 0.02

1 I
6 6.1 6.3 6.5 5.7 6.9 7 C 02 04 06 08 1 12

Oxygen Formula Content "x" Time (us)
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USI: Muon Spin Imaging

“u” cut from Al h Magnetic field gradients applied in
many directions; each spectrum
Fourier transformed to translate
frequency into spatial coordinates;
all combined to form image:

on depolarizing
substrate:

Deemed impractical at TRIUMF;
but with RF & gradient pulse
sequences at a high intensity

pulsed facility, who knows...?
N. Kaplan et al., Hyperfine Int. 85, 271 (1994)
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RF-uSE: muon Spin Echo

¢ Direct pSE in LaF3: muons enter with

spins along Bo. A 11/2 RF pulse at wy “flips
them up” and they precess and “dephase”; a

%‘ I1 pulse at time r makes them “refocus”.
£ ] L
£ Indirect uSE: muon spins initially L Bo
< } ] are refocused by a /7 pulse on the 9F
i ]‘ nuclei at frequency Wwr. 3
: 0 R‘HﬁH 12
¥
-.02 ** ++*+ 1 i*
_ **# H& } *H**
04 * 08 | %
- [ | | | , L ¥
06 L L 06 |- K H#ﬁ#{r# # }H- 4~z

(=]
N

Y RRF Asymmetry
c
N o
| &
L : {
3
-l-
't-o—
-3
1};."
“31-
i
_..1—_'—
_,:i:'—
|

X RRF Asymmetry

02

TIMEI(Mlcrosec) : . _ f///z////;%l

TIME (Microsec)

1

3-6 Nov 2023 Invited Talk at CSNS - MELODY 2023 40



@TRIUMF

Coordinate Conventions

o (Up)

PHYSICS ASTRONOMY

(BF) II\ (UD)
P(0)
5(0) | H J e
J / TH
14 4
LF wlLF,
(UDLR) (BFLR) §
jfzw) |
P(0) ’
/  H / TH
14
TF, “WTF,
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Rotating Reference Frame

Muon spin precession in high transverse field (HTF-uSR)
requires progressively smaller time bins to record the
oscillations. These smaller bins capture fewer counts
(lower statistics) and require more calculations for fitting.
Worse yet, the essential characteristics of the data are
not readily observed “by eye”.

Fortunately, it is easy to convert the asymmetry spectrum
into a Rotating Reference Frame (RRF) after the fact.

™

> — T T T
*083 2 31: ,M{{. . LabFrameat0.2T- RRF (21.2 MHz)
! h
%‘ ! P’& * +,+‘H4,1 ﬁit i}’ * i S
< 0 ,’_'"_'ywi,'&ﬂ s I t;{i it ‘u' u " 'W ! \!} “1! ;{' B ’ g ' & > 3 R g f. —
t 11 s b ),

E -1 4""’*9“ f ﬁ;j}%it K ‘ L
O L ! ,:i’ A
() 0'0 ‘f* i*
t -2 _QQ’zi“m
O *“0‘0
O _ 3 1 1 1 1 1 I ! ) 1 ! } 1 ] 1 ! 1

0 1 2 3 4 0 1 2 3 4

TIME (microsec) TIME (microsec)

Complex Asymmetry (RRF) Real Asymmetry (LAB)

ALss(t) = Ax(t) +i4,(2)

ARRF(Q: t) — E_iﬂt ALAB(t)

Lab Frame at 0.3668 T

Time (microsec)
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StrObOSCOPic ySR Schenck et al. - SIN

>
-
>
o~
—_—
g sag

T STROBOSCOPIC SIGNALS

’t L}
RE sTRUCTURE *
e e 20 NG PULEE SEPARATION

” Bem = M ;‘i | ™ i
spm,, 85
/u (oPT.) Y ' \w_
= -
. ; qate 1
wen 1 PRECESCION PERIOD) (8 |
WHE /V { . ._
e .
4 x INTERVAL BETWEEN NUON PULSES o L 3
n : 2 = / ‘gcte 2
tinteger@‘tw‘l) X 55 e e e, .

O ¥ <
ALL muwone  ARRIVE V[N PRASE®  AND 5.0—‘__,.,.»/'\\ gate 3 i

w

GATED CounNT RATE [AT APPROPRINIE TIME RELATNE é z.s—" . - .\mw_a____ ]

To DULSE ARRIVAL | IS MmXIMIZED. b o L

® No RATE LyMIT! sar | iR

W | (MANY MUONS (N TARGET) B.j )

§ Gives kmenT SHETS t v 1ppm A—h\o\\ I/ cate 5

o —a—" ® PROGULEM : /NTANSIC WIDTH >3 1
5 — A T 7;: = 0‘454{/“5— 31.65 31'.70 311.75 3?1.80- 311.85 311795 31.85 3200
s N ~ PROTON NMR FREQUENCY (MHz)
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Muonium (Mu=u+e-) and FFT Spectroscopy

In a uSR experiment one measures

a time spectrum at a given field and

extracts all frequencies via FFT.
Breit-Rabi diagram

10

(0]

Muonium in vacuum

[+ +> - Muonium in vacuum v

|+->

N

Energy Levels (GHz)
o
°
™
EV
Transition Frequencies (GHz)
\}

0 ‘ Oi1 . 0i2
Magnetic Field (T) Magnetic Field (T)
“Signature” of Mu (or other hyperfine-coupled u*e- spin states)

in high transverse field: two frequencies centred on v,
and separated by the hyperfine splitting Aoxr -3,
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Avoided Level-Crossing Resonance
Nuclear Quadrupolar version: MnSi
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Radiolysis &
“Delayed” Muonium Formation

...... e o - - - - Charge exchange

o K leaves behind cations
+ z ))'e “_z'_'----~\ & e along track.
e
M — : . e last e~ +

(still “forward")

D e S [y oy’

Coulomb attraction to Coulomb attraction
''geminate' recombination to form muonium

Possible exceptions: = "forward" direction (u* beam)

—

solids with extremely (-) E (+)

high electron mobilities. Applied electric field
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A closer look af the final charge exchange:

(Actual path is probably less straight, but still "forward”.)

e” pickup

+ ‘ llllllllllllllll !

7+ (Mu)

Distribution of “initial” e” positions

may overlap position where u* stops
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@mw Muonium Formation Z
in an Electric Field

p-e-E geometry: Viscous flow
model:
e~ constantly loses momentum

to the medium, and so follows
"lines of E" at constant speed.

e” capture boundaries

Tra| i =1 :
R eciuries Tor € = 1 k¥/cm for E = 1/16 to 16 kV/cm:
]80 _.|/16l I 1 ] 1 : | L] | Ll
160 i |
140 .
= 120 - V8
= i
=, 100 1/4
= 80 i 1/
60 /2
40 -
2Q | 3
Q r
—600 —400 —200 O 100 a00 =00
Z [nm]
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@TRIUMF
Delayed Mu Formation in

Cryocrystals (e.g. s-N>)

0.0g | I I | I T T T T
0 -- |
%] 0.08 | | Muonium |
= fraction
Q)
C 007 ?@ ) |
- | ®®®®ﬁ
> 0.06 | g :
=T | 7
_ 005 . ]
= | %
el % Diamagnetic
g 0.03 F : fraction (u*) |
] | | 1 | | 1 1 |

-0 -5 0 5 10
Clectric Field [kV/cm]
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"Ordinary” Solids: Insulators & Semiconductors

Note different horizontal & vertical scales!
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Diamagnetic Asymmetry
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Weakly Bound Mu States in
High-Mobility Semiconductors
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Initial states Muwo
have electron
orbitals “out in the
lattice” with different
effective masses;
those with higher m*
are more strongly
bound and harder to
lonize with an
applied E field.

V.G. Storchak et al., Phys. Rev. B 67, 121201 (2003).
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Weakly Bound Muonium States in GaAs & GaP

V.G. Storchak, D.G. Eshchenko, R.L. Lichti and J.H. Brewer

Lighter effective mass & higher mobility e- = Muonium formation via electron

easier to prevent Mu formation by applied E. transport to a positive muon implanted
into semi-insulating GaP has been

studied using muon spin rotation/
* 1 relaxation with alternating electric fields
. | aw . " ] upto 160 kV/cm. Formation of the
" GaP 1 muonium ground state is prohibited by

| a characteristic electric field of about
. 1 50 kV/cm in GaP compared to 5 kV/cm
. T 1 in GaAs, implying that formation of the
. i less Mu 1 Mu ground state may proceed through
al more Mu | a weakly-bound intermediate state with
% i | abinding energy of about 23 meV in

GaP or 7 meV in GaAs. These results
are discussed and justified within the
effective mass model.
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See /SR Literature Entry # 2437

Phys. Rev. B 67, 121201 (2003).
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