TS

>

.

-

%

.
_

=

-

%@g

A

MUON SPIN ROTATION/RELAXATION/RESONANCE

Jess H. BREWER Canadian fustitute of Advanced Research and Department
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In the past few decades, muon spin rotation/relaxation/resonance (uSR) has
become an indispensible experimental too! of condensed matter physics,
chemistry and other material science as well as atomic, subatomic and other
fundamental physics disciplines. This article ontlines the history of uSR, the
hasic muon physics that makes it possible, the principal s8R techniques and
their main areas of application as of 1993.
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INTRODUCTION

The acronyn “puSR” was coinel
in 1974 (Newsletter, 1974); the
definition and explanation offered on
that occasion are still apt:

uSR  stands for Muon Spin
Relaxation, Rotation, Resonance,
Research or whai have yon. The
intenifon of the mnemonic acronym
is to draw attention to the analogy
with NMR and ESR, the range of
whose applications is well known.
Any study of the interactions of
the muon spin by virtue of the
asymmetric decay is considered SR,
but this definition is not intended
to exclude any peripherally related
phenomena, especially if relevant
to the use of the muon’s magnetic
moment as a delicate probe of
matter.

Althongh muons were used as
probes of magnetism in matter as
early as 1944 (Rasetti, 1044), the cs-
sential property of tbe weak interac-
tion that makes pSR possible - vio-
lation of parity (P) symmetry — was
posited by Lee and Yang in 1986 (Lee
and Yang, 1956} to explain anoma-
les in kaon decay experiments (Fitch,
1981; Crounin, 1981}. Of the famous
measurements (Garwin et al, 1957;
Friedman and Telegdi, 1957; Wn ef
al., 1957) confirming their hypothe-
sis {Lee and Yang, 1957), one also
suggested that P-nonconservation in
7 —+ p — e decay might furnish

A sensitive general-purpose probe of
niatter. The history of pSR began
with that experiment (Garwin ef al.,
1957}, which used an experimental
method similar to the most common
and familiar of modern uSR tech-
niques: transverse field (TF)-uSR.

Later sections will treat TF-uSR
and other pSR techniques in some de-
tail, but it is useful to begin with a
qualitative phenomenological deserip~
tion just to establish some terminol-
ogy. A crude apparatus for TF-u*SR
(SR nsing positive muons) is pic-
inred schematically in Fig. 1. The
pt arising from nt decay at rest is
perfectly spin-polarized as it enters
the sample; later, it decays asym-
metrically with the decay positron
emitted preferentially along the muon
spin direction. Afier stopping ~ 10°
muons in the target sample one ob-
tains a time spectrnm like that shown
in Fig. 2 (top), which ideally has the
following form:

N = B+ Noe ™ [1 4+ A@)] (1)

where Ny is an overall normalization,
B is a time-independent background,
Ty = 2.197 ps and A(t) is the corre-
sponding asymmetry spectrim shown
in Fig. 2 (bottom), which can be ex-
tracted numerically from N{(t) as'

A(l) = P@ﬁg} et/ _ 1 (2)

Except for an empirical multiplica-
tive constant, A(t) represents the

' order to cottvert N(t) to A(t) one must
know both B and Np; fortunately, both con-
stants can he extracted numerically from
N{f) in cases where the period of y* Lar-
muy precession i a negligible fraction of the
muon lifetime. Treating N(£) as a continu-
ons fanction (the actual discrete sums can
easily be deduced fromn the integrals below)

o\
£

Muon Spin Rotation/Relaxation/Resonance 3

FIG. 1. A simple transverse-field (TF)-
pYSR experiment: the ut beam enters
from the left with its polarization an-
tiparallel to its momentum. A magnetic
field H is applied vertically, causing the
ut spins to precess at the Larmor fre-
quency w, = Y H, where v,/2x =
0.01355342 MHz/Oe. An incoming ut
triggers the M counter, generating & start
pulse for a fast time digitizer {“clock™),
and an outgoing decay positron later stops
the clock with a pulse from the E counter;
for each such event the time interval is
digitized and the corresponding bin in a
discrete time spectrum is incremented.

time evolution of the muon polariza-
tion, much like a free induction decay

we gty write
_ SnE, ~RT
TR R T
o B — ST
BEE ST

B o=

where ) .
r 3
s;/ Ngde, RS/ N{t) exp(t/ )
b 1 7
Ly = & [exp(ikty/7,) — exp(ti/7,)]  ahd
E tp — 1, the time imerval over which
the integrals are evaluated. e

(FID) signal in NMR.

800

TTEsmas
=

800

400

Counts per rsec

o
~

Asyroumetry
o
e et

ML
IR E s .
6t 2z 3 4 5 6 7 8 9 ©
TIME (microsec)
FIG. 2. Tor:  "Raw” time spectrum

from a simple TF-u* SR experiment: the
overall expanential decay reflects the muon
fifetime and the precession of the u? spins
is manifest in the superimposed oscilla-
tions as the muon polarization sweeps past
the positron detector.

BOTTOM: TF-u*SR asymmetry spec-
trim obtained from the raw time spec-
trum by subtracting any time-independent
background and dividing out the exponen-
tial distribution of muon decay times.

For the next decade or so after
1957, SR was developed primarily in
the guise of a series of experiments
using muons to test the predictions
of quantum electrodynamics (QED)
with unprecedented accuracy (Comb-
ley et al., 1981; Hughes, 1988). Mean-
while the muon’s weak-interaction
properties were being precisely deter-
mined in an ongoing (Stoker el al,
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1985) sequence of measurements of
the Michel parametors (Michel, 1950)
of normal muon decay. Many of to-
day’s areas of application of uSR be-
gan as peripheral problems in those
fundamental physics experiments.
With the advent of the Meson Fac-
tories in the 1970's came a hundred-
to thousand-fold increase in the in-
tensity of muon beams, dramatically
accelerating the development of new
experimental techniques and the dis-
covery of new applications for uSR.
When the potential of SR became
apparent, most Meson Factories in-
vested in the upgrading of muon
beamlines and pSR facilities that
came on line in the carly 198¢’s. Since
then the techniques of uSR have been
discovered by the chemistry and solid
state physics communities and what
was once an esoteric addity has be-
come one of the fastest growing areas
of intermediate energy science.
Today’s pSR. is a standard mag-
netic resonance tool, almost exclu-
sively devoted to disciplines rarely as-
sociated witb subatomic physics
primarily chemistry and condensed
matter physics. A list of some of these
arcas of application will appear later
in this article, but first it is necessary
to deseribe the fundamental physics
that makes 1SR possible and to ex-
plain the basic techniques of its use.

1. BASIC MUON PHYSICS

1.1 Muon Production

Although muons are produced in a
variety of bigh-energy processes and
elementary particle decays such as
K — p+ v decay (Yamazaki, 1984),
1SR requires low energy muons in or-
der to stop the beam in samples of

convenient thickness (< 1 am) and
these are available in the required in-
tensitics enly from the ordinary two-
body decay of charged pions:

at s ptdy,  or oo
no+ Oy (3)

from which the muon emerges (in
the rest frame of the pion) with a
momentum of 20.79 McV/e and a
kinetic energy of 4.119 MeV. The
lifetime of a free charged pion is
Ty =26.03 ns. Because the neutrino
is only produced with negative helic-
ity (spin antiparallel to momentim)
and the antineutrino only with pos-
itive helicity — a succinct descrip-
tion of P-nonconservation adequate
for our purposes here - the simulta~
neous conservation of linear and an-
gular momentum forces the p* also
to have negative helicity (and the p~
positive helicity) in the rest frame
of the pion. Thus muons emitted
from pion decay at rest are also 100%
spin polarized opposite to (for p*) or
along (for 4~) the direction of their
momenta. This i3 the greatest ad-
vantage of nSR as a magnetic reso-
nance technigue: whereas NMR and
ESR rely upon a thermal equilibrium
spin polarization, usually achieved at
low temperatures in strong magnetic
fields, SR begins with a perfectly
polarized probe, regardless of condi-
tions in the medinm to be studied. It
also implies that mnon spin degrees
of freedom usually start their evolu-
tion as far from thermal equilibrium
as conceivable.

Most pt beams today are liter-
ally emitted from 7% decay at rest in
the surface layer of the primary tar-
get where the pions themselves are
produced by collisions of high energy
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protons with target nuclei -~ hence  decay positron [electron] to be emit-
the common mnemonic vame, surface  ted along [opposite to] the spin of the
muons (BOWQ&V;%&&&M&%% #t [ ). This second example of P
thisemGde 13 not available for negw% nonconservation in the weak interac-
#"Yive muons becanse a ¥ stopping in | tion 18 what allows us to read ont the
the production target ahnost al\vay5§ information encoded in the evolntion

undergoes npuclear captare from low-}

it has a chance to decay This prob-
I A5 actnally™s lung before
the surface mnon beam was invented,
when many fundamental physics ex-
periments with mnens were primarily
concerned with the “heavy electron”
behavionr of the u : in so-called
“conventional” muon channels, pions
are allowed to decay in Hight down a
relatively long straight section where
the decay muons are collected by ax-
ial or alternating-gradient magnetic
fields; the mnons emitted “backward”
in the pion rest frame have qnile
different momenta from those emit-
ted forward {or from the pions them-
selves), and can thus he selectively ex-
tracted by a hending magnet. The
disadvantages of such backward muon
beams are their relatively higher mo-
mentum (usually ~ 50-100 MeV /c),
their larger momemnm spread (and

herefore lower stopping density) and
their much larger phase space (and
therefore lower luminosity). Today
they are rarely used for utSR, but
e fOT 1~ SR there is no alternative.

g

" 1.2 Muon Decay

Books have been written on the
subject of this section (Primakoff,
1975); there follows only a svnopsis
of those aspects of normal muon de-
cay (u¥ — € + v, + v,,) that are
essential to a qualitative understand-
ing of pSR. The foremost of these is,
of eourse, the propensity of the muon

lying orbitals of pionic atoms-befors’

of an initially polarized muon spin en-
semble. The informalion is delivered
to the experimenter in the form of
rather high energy (up to 52 MeV)
positrons or electrons, which readily
penetrate sample holders, cryostats or
ovens and the detectors used to es-
tablish the time and direction of the
muyon decay.

The decay probability of the
muon, illustrated in Fig. 3, depends
npon the e* energy r = £./emax
(where zmpe = 52.83 MeV is the
maximum possible total relativistic
energy of the e%) and the angle #
between the muon spin direction and
the dircction of e* emission as

dP(z,0) =
E(x) [1 + a{z) cos 0} dx d{cos 9() )
4

The asymmetry factor a depends
upon the e* energy as
2z~ 1 "
32z @)

af{z) = +

and the normalized e* energy spec-
trum has the form

Ez) = 23 - 2z). (6)

Figure 4 shows the functions E(z)/2,
a(z) and their product. Note that
a changes sign at low energy; how-
ever, very few positrons are emitted
with such low energies (see above) and
those which are will usnally not be de-
tected (see below).

FIG. 3. Angular distribution of the et
from

ut b €t 41, + b, decay: the asymmetry
(anisotropy) of the distribution is 100% for
the highest e energy emax = 52.83 MeV
and zero (i.e., an isotropic distribution) for
fe = Emax/2: for £, —+ O {not shown) the
asymmetry is negative.

1.2.1 Asymmetry Calib-
ration. The theoretical average
asymmetry

@ = [o@B@i =+ @

is never realized in practice (except by
accident) for several reasons:

First, radiative corrections snbily
distort the low-energy end of the spec-
trum (Sachs et al, 1975).

Second, the low energy e are eas-
ity stopped in even thir layers of ma-
terial such as the wrappings of scip-
tillation counters; indeed, since this
effect raises the average asymmetry,
it is common practice to insert de-
graders between the muon stopping
region and the e* detectors, when fea-
sible, up to an optimum range (e.g.
7 34 cm of graphite) that maxi-
mizes the product A*N, where A is
the empirical asymmetry {defined he-
low) and N is the ¥ rate reaching the

FIG. 4. Solid bnes: energy spectrum
E{(x)/2 (e* energy £, = z - 52.83 MeV)
of ¢* from normal pt decay and e,
dependence of u* decay asymmetry a(x)
[degree of carrelation between et momen-
tum and p* spin direction]. (For g~ ~+
# Dyvy, a has the opposite sign.} Dashed
line: weighted u* — ety asymme-
try spectrum, the product of E{z)/2 and
a{z).

detector. (One should generally use
low-Z materials for degraders in order
to mimimize bremsstrahlung and pair
production, which can greatly corfuse
the issne, unless one wishes to use
such effects to bypass strong magnetic
fields — see below.)

Third, a typical e* detector
intercepts a rather large solid angle
and thus averages cosf appreciably.
The optimal detector geometry for
general-purpose time-differential
(TD)-uSR is a cube centered on
the target where the muons stop,
with each of the 6 faces a single
detector. {Although in principle one
could gain hack some asymmetry
hy using position-sensitive detectors
and weighting individual events
according to the projections of the
e* track along different axes, the

=
L
@

Muon Spin Rotation/Relaxation/Resonance 7

complications of counting statistics
[not to mention the expense of
processing such information at very
high rates!] are not usually jnstified
hy the marginal improvement.)

Finally, because the decay e* will
follow a helical path in an applied
magnetic field H (which is an essen-
tial part of many SR experiments),
the curling up of e* orbits causes the
efficiency of their detection to be a
function of both their energy and the
applied field sirength; the apparent
direction of emission may also be afl-
fected. At p, = 30 MeV/c (a typical
¢* momentum) the radius of curva-
ture p, of an orbit perpendicular to
an applied magunetic field H =1 Tis
exactly 10 em, as given by the familiar
formnla

L pMeV/g .
ool = S RO ®

This effect becomes problematic at
high felds (H 2 5T == p < 2 cm)
in which case SR requires very small
samples and detectors. Another pos-
sible approach to this problem is to in-
tentinnally generate bremsstrahlung
photons from the decay e* nsing a
lead converter near the target and
then reconvert the photons in front of
the detector after they have traversed
the high-tield region.

Taken together, these systematic
effects make the empirical asymmetry
A in a given detector perplexingly de-
pendent upon the thickness, geometry
and material of target and detectors,
not to mention magnetic field. At-
tempts to correct analytically for e
energy ete. are usually only reliable
to within a few percent.

Fortnnately there are many mate-
rials (inchiding most metals) in which

the p* suffers negligible depolariza-
tion; thus the usual method for cali-
brating the asymmetry in p* SR is te
first measure a dummy sample of di-
mensions identical to those of the real
sample, but made from aluminum or
silver. If great care is taken to ar-
range the two samples in exactly the
same position, this will determine the
empirical maximum asymmetry Ag to
within a few percent of itself; typical
values are 0.2 to 0.3, However, ma-
terials of the same nominal thickness
(in g/cm?) will often exhibit different
dE/dx and mnliiple scattering of Lhe
e*, so that this calibration method
cannot generally be trusted to better
than ~ 1%.

In u~ SR, as we shall see, such cal-
ibrations are much more ditficult due
to the loss of u™ polarization in the
initial cascade to the gronnd state of
the muonic atom. To the author’s
knowledge there is no satisfactory so-
lution for the Ay calibration problem
in p~SR. The usual method is to cali-
brate on graphite, which gives a resid-
nal i~ polarization of ahout 17 £ 2%
of Lthe inilial mnon beam polarization
{Kuno et al., 1984).

1.3 The “Heavy Electron” us.
the “Light Proton”

Asymmetry calibratior is perhaps
the least of the qualitative differ-
ences between p*SR and p~8R, all
of which are consequences of the op-
posite charges of the p* and p. In
elementary particle physics, the muon
is often descrihed as a “heavy elec-
tron” in reference to its family re-
semhlance to other leptons; it is the
4~ that is so designated. Indeed,
the 1~ does jnst what one might ex-
pect of a heavy electron: it under-

8 Muon Spin Rotation/Relaxation/Resonance

goes Conlomb capture into atomic or-
bitals analogous to those of electrons
but 206.768 times closer to the mu-
cleus and unrestricted by the Pauli
exchusion principle; thus the muon
quickly (usually in ~ 107 s} cas-
cades to the 1s ground state, emitting
photons (known as muonic X-rays)
and/or Auger electrons {ejected from
low-lying orhitals in the same atom
hy muonic X-rays) on the way. Once
there, the significant overlap hetween
muon and nnclear wavefunctions [in
heavy nnclei the muon spends most
its time inside the mean nuclear ra-
dius| gives the weak interaction be-
tween the muon and the proton a
chance to act, resulting in nuclear
capture (4~ +p — n + u,) which
appreciably reduces the g~ lifetime
(and the fraction of muons decaying
1o electrons for = SR 10 iletect).

By contrast, thc positive muon
avoids positively charged nuclei and
will capture its own electron when it
can, to form the hydrogenlike atom
muonium (u*e”, usually abbreviated
Mu). In fact, the qualitative be-
havior of the 4 in matter resembles
shat of a light proton far more than
that of its closer antilepton relative,
the positron. The pt mass is 0.1126
times that of the proton hut 206.768
times that of the positron; its mag-
netic moment is 3.1832 times that of
the proton bnt only 0.48363% of the
positron’s. The Ma atom is almost
identical {except in mass) to the hy-
drogen atom, whereas the positron-
inm atom (e*e” or Ps) has no nu-
cleus and half the binding energy of
H. Positronium also annihilates very
quickly, whereas weak electron cap-
tnre in maonimn (g7 +e” > Dy + v)
only shortens the p! lifetime by ~ 1

part in 1049,
As a result, p~ SR differs qualita-
tively from u*SR:

Lifetime(s): The pt lifetime is inde~
pendent of its environment while that
of the u~ depends strongly npon the
Z of the nucleus it becomes attached
to; a sample containing several el
ements will have as many g~ life-
times, the ratios of whose prohahili-
ties cannot be reliably estimated from
the Fermi-Teller “Z law” (Fermi and
Teller, 1947) and therefore must be
determined by fitting the time distri-
bution of decay or capture products.

Muon Capture: A p~ that undergoes
muclear capture (u” +p — 1+ 1)
does not produce a decay electron for
detection in ;4~8R; the 18R event
rate per incident muon is thus pro-
portional to the g~ lifetime, which in
high-Z elements can be as little as 4%
of the free muon lifetime. This rate
loss can often be offset by increasing
the p~ beam intensity, except when
the sample cortains hoth heavy and
light nuclei.

Heterogeneous Signal: Whereas the
4% prodnces only positrons and unde~
tected neutrinos, a p~ enfering some
high-Z samples like #*U is Iikely to
cause emission of X-rays and Auger
electrons during the atomic cascade,
fission fragments and neutrons (on av-
erage several per muon) from either
nuclear muon captare or miclear in-
ternal conversion of muonie X-rays, as
well as the occasional decay electron.
The p~8R signal is therefore noisy
and heterogeneous. This does make
it rather interesting from the points
of view of atomic and nuclear physics,
but such complications are so far nn-
welcome in historieally typical p~ SR
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applications.

Lost Polarization:  Spin-orbit
coupling in the atomic ecascade
leaves the g~ in its ground state 1s
orbital with a dramatically reduced
spin polarization, typically < 20%.
Becanse  statistical  uncertainties
shrink as N~ one must acenmulate
25 times more events to achieve
the  same  siatistical  accuracy
in measuring a 5 times smaller
signal.  This seemingly irreducible
disadvantage is the main limitation
of p~SR applications and is the
reason why pSR is often treated as
synonymouns with p+tSR. However,
since p"SR offers complementary
and  unigue information, it will
always be an essential part of the
uSR. repertoire.  There iz also a
chance that new techniques such
as X-ray tagged p SR may help
overcome this disadvantage.

Hyperfine Effects: The hyperfine
coupling between the muon and
niclear spins in nonzero-spin nuclei
is enormous, often large enough
to cause Auger emission of K and
L electrons (Winston, 1963). The
two hyperfine states F* and F~ of
the 1s muonic atom (in which the
nmion spin s respectively parallel
and antiparallel to the nuclear
spin) therefore produce distinct
#° SR signals, each with its own
characteristic precession frequency,
in such systems. This was long
thought to Ilimit useful x4 SR to
spinless elements, but quite a few
nuclei with spin 7 > 1/2 have been
found to exhibit potentially useful
1 SR signals, albeit at rednced
amplitudes (Brewer, 1984a/b).
Taking into account the different

lifetines, cascade depalarizations and
spin states of negative nmons in dif+
ferent muonic atoms, we may gener-
alize Eq. {1} to obtain the most gen-
eral forin for electron-triggered p~ SR
in a sample composed of different el-
erments:

N{t) = B+ ZN}’e"”’ 1+ A:{t)]
' )

in which N? = Nyfi(r:/7,), where Ny
is an overall normalization, f; Is the
fraction of muons captured on the i*
type of nucleus and 7; is the y— life-
time in that species of muonic atom
and hyperfine state; Ai{8) = AgF(t),
where Ag is a common maximal asym-
metry factor and Fi(t) is the polariza~
tion of muons in the i type of muonic
atoms.  For TF-u~8R, this polar-
ization will have the form F(2) =
PAG,(t) cos(w,t + ¢;), where PP is the
polarization remaining in that atom's
given hyperfine slate affer Lhe cas-
cade, Gy(t) is the corresponding re-
laxation function (see below), uy isits
characteristic precession frequency in
the applied magnetic field and ¢; is
the initial phase.

In the interest of simplicity, fur-
ther discnssion of £~ SR will be ne-
glected in favour of p*SR, which oc-
cupies most of the attention of the

HSR community.
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2.1 Time-Differential pSR in
Transverse Field

The simplest and most familiar
time-differential {TD}.uSR technique
is the transverse feld (TF) muon spin
rotation experiment, in which an ex-
ternal magnetic field is applied per-
pendicular (transverse) Lo the muon
polarization, causing the muon spins
to precess (rotate) about the field.

2.1.1 The Basic Technique.
In transverse-field (TF)-uSR a mag-
netic field H is applied perpendic-
ular to the initial muon spin direc-
tion, causing Larmor precession of the
muon polarization about H. This ar-
rangement varies from the primitive
version depicted in Fig. 1 to the 4-
counter, spin-rotated *TF,-uSR ap-
paratus shown in Fig. 6 and the *TF,~
#SR arrangement in Fig. 7, each of
which illustrates quadraiure detec-
tion (two orthogonal pairs of opposing
counters in the plane perpendicular to
the applied field); but the time spec-
tra from individual counters all have
the qualitative appearance shown in
Fig. 2.

Frequency:  The most obvious ob-
servable in a TF-uSR spectrum is the
muon precession frequency wy = v, B,
which (thanks to our precise knowl
edge of ,) is equivalent to the local
magnetic field B at the muon. Since
B may be affected by diamagnetism,
paramagnetism and contact hyperfine
interactions with polarized electrons
(Knight shifts} in the medium, B is
generally different from the applied
field Hy; this difference is often the
main focus of the TF-pSR experi-
ment. An example is shown in Fig. &,

F1G. 6. Counter arrangements for TTF
#SR, in which the muon beam has been
passed through a Wien filter to rotate the
muon spins until they are perpendicular to
their momenta. The momentum B, is un-
defiected in the magnetic field H = H2 i
B but the polarization 13,, precesses in the
-y plane.

Asymmetry: The second obvious
parameter characterizing muion pre-
cession in a transverse field is the am-
plitnde or asymmetry of the preces-
sion signal. As mentioned earlier, the
absolute calibration of this amplitude
is tricky but one can usually convert
the initial amplitude into a residual
polarization with an accuracy of a
few percent. In metallic samples the
initial polarization is generally con-
sistent with 100%, but in insulators
or semiconductors, liquids or gases,
some fraction of the muons {ranging
from 0 to 100%) either form muonium
(Mu) or experience some other form
of depolarization in the early (< 1 ns)
stages of thermalization in the sam-

ple.
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FIG. 5. Coordinate system and labelling conventions for surface muon uSR exper-
iments. Note that the superscript on the left indicates the direction of the incoming
muon polarization while the subscript on the right indicates the direction of the applied
field (i any); for longitudinal field (LF) and by continuation for zero field (ZF) both will
always be the same, but for TF there are in principle two possible arrangements for each
choice of super(sub)script. (For instance, *wTF, vs. TwTF,}) "Weak" (w) field means
“not strong enough to deflect the muon beam appreciably.”

2. pSR TECHNIQUES

Ideally (and often in reality) the
#SR experiinenter has control over
the orientation of the detectors, the
applied magnetic field and {within
some range) the muons’ spin polar-
ization. The beam momentum can be
deflected as well, but this is rarely de-
sirable. In order to consistently des-
ignate different orientation choices,
the labelling conventions defined in
Fig. 5 have been devised specifically
for p*SR experiments nsing surface
muons, which are originally polar
ized opposite to their momentum but
whose spins can be rotated 90° by a
Wien filter in the beamline (Brewer,
1981). [Such flexibility is not avail-

able for conventional or “backward”
p* beams, which will be neglected
here partly for that reason] The
standard detector array consists of six
counters aligned with the positive and
negative coordinate axes and labelled
F (forward), B (backward), U (up),
D (down), L (left) and R (right} ac-
cording to a “beam’s-cye view” nam-
ing convention. Note that the un-
rotated muon polarization points to-
ward the I3 counter and in the spin-
rotated mode toward the {/ counter;
the latter depends, of course, on the
orientation of the fields in the Wien
filter.
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FIG. 7. Counter arrangements
for *wTF,-ut SR, in which the u! beam
still has its polarization antiparaltel to its
momentum. The field must therefore be
perpendicular to both B, and P, which
restricts use with surface muon beams to
weak fields H < 100 Oe.

The effect of Mu formation in
wTF is to cause the muon polariza~
tion to precess in the opposite sense
to that of muons in diamagnetic en-
vironments, ronghly 103 times faster;
this results in dramatic “dephasing”
if the M atoms subsequently react
at exponentially distributed times to
enter diamagnetic states. If all this
takes place within a few ns, all one can
observe is the net effect on the subse-
quent diamagnetic u* precession sig-
nal, namely a reduction of asymmetry
and a simultaneons shift of the appar-
ent initial phase of precession. If the
magnetic field is in the 2 direction and
the initial p* polarization is in the 7
direction, we may define the complex
muon polarization P(t) = P.(t) +
iFy(t), in terms of which the overall
polarization of an ensemnble of muons
starting as Mu atoms and reacting at

14
4
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% 138 »§ $
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‘g 134 4
5
é 132 4
~ T .

w

0 2 4 6 B W W W IE B 20
Temperdlure {K]

FIG. 8. Positive muon Knight shift
Ky, = (B, ~ Hy)/Hy {where Hp is the
applied magnetic field and B, is the field
at the muon) as a function of temperature
in a single crystal of antimony with the &
axis parallel to the applied field (1.5 T).
The precision (approximately 50 ppm)
is typical of what can easily be achieved
with routine methods in modest TF-uSR
experiments; much higher precision is pos-
sible with refined techniques (see the later
section on strobo-uSR).

a rate A to form some diamagnetic
species is given in the low-field Limit
(averaging over high-frequency hyper-
fine oscillations) by

Py m LY i
2 wyy +wy -

1 iA A?
o

b o | s
2 1A = (wy + W) + A2+ i

where the diamagnetic precession fre-
quency is w, and the muonium pre-
cession frequency is wyy = 103w, in
the opposite sense. This sort of simple
residual polarizatiop picture also de-
scribes many other delayed formation
scenarios.

Initial Phase of precession: A more

subtle aspect of the residnal polariza~
tion picture is the shift of the appar-
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enl initial phase of the u' precession
due to (e.g.) the formation of short-
lived Mu atoms precessing in the op-
posite sense.  Measurement of such
phase shifts has often proved valnable
in sorting ont “fast chemistry” effects
(Brewer et al., 1974},

“Relaxation:” Following thermal-
ization of transtatianal degrees of frec-
dom, which may take as little as
100 ps in solids, the muon precession
signal may still decrease in amplitude
due to “dephasing” (7, effects) or
trie irreversible relaxation processes
(T} effects). The latter are more of-
ten studied in longitudinal field (LF)
where the distinction between Ty and
T; is not subject to so much seman-
tic debate. (See later section on “re-
laxation” in LF-pSR.) Depolariza-
tion due to inhomogeneous magnetic
fields often takes the form of a gans-
sian relaxation function exp(—§07t?)
as shown in Fig. 9.

Muonium Precession: All the fea-
tures just described for muon preces-
sion at the diamagnetic Larmor fre-
quency w, = v, H are also often seen
for muoninm precession in wTF-uSR.
experiments. The main differences
are that wy, = yyaH is roughly 103
times larger than w, in the same field
H [dne to the huge magnetic mo-
ment of the electron locked to the
mnon spin by the hyperfine inter-
action], thal the sense of wTF Mn
precession is opposite to that of the
free p* [due to the opposite sign of
the dominating e~ moment}, that half
the muon polarization appears lost
in most experiments [due to the fast
(4463 MHz for Mn in vacuum) hy-
perfine oscillations between the | 1))
and | 1) states, where § refers to the
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FIG. 9. Depolarization of muons in
a sintered powder of superconducting
La1.85SR0.15Cu0y at 10 K in an applied
magnetic field of 150 Oe. The relax-
ation is due to local field inhomogeneities
caused by flux exclusion and a vortex lat-
tice in this type H superconductor; it is
adequately described by a gaussian relax-
ation function in which & oc A % where A
is the London penetration depth. This has
been much used for initial estimates of A.

electron spin and | refers to that of
the muon] and that wy, splits into
two frequencies for H > 20 Oe be-
canse the hyperfine interaction is fi-
nite. This phenomenan will be dis-
cussed in more detail below.

2.1.2 High Field. Since
the period of muon precession is
7.38 ns in a field of 1 T and is
inversely proportional to H, it is
not difficult to achieve a magnetic
field strong enongh to challenge
the time resolution of most uSR
spectrometers, Moreover, the
radius of decay positron orbits
shrinks with increasing field until
experiments in H 2 5 T require
small detectors within 1-2 cm of the
sample. Nevertheless, the effort of
miniaturization and state-of-the-art
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subject to suppression withont limit
(except for the finite patience of the
experimenter) by sitnply taking more
statistics; although the finite muon
lifetime is responsible, it does not fix
any absolute limits on precision -
only practical ones.

Third, because experimenters’ pa-
tience is indeed finite, most pSR time
spectra only extend to 10-20 us; thus
the FFT is eut off abruptly at some
time lmit, introducing the “ring-
ing” effect evident on the left side of
Fig. 10. This can be suppressed by
apodization — multiplying the “raw”
time spectrum by an envelope func-
tion that causes the product to go
to zero gently before the abrupt end
of the time range. As evident from
Fig. 10, well-chosen apodization re-
moves the ringing caused by FFT on
a finite time interval but introdnces
a line-broadening effect that must be
taken into account in the interpreta-
tion.

In general, there are no time space
+ frequency space interconversions
or interpretations Lhat make every-
one happy; hence the earlier refer-
enice to such devices as “art.” How-
ever, like other art forms the FFT
can produce some very pleasing re-
sults; for example, Fig. 11 shows the
frequency (and thus internal magnetic
field) spectrum from p*SR in super-
condneting YBagCOnaOggp.

Rotating Reference Frames:  For TF-
#SR in high inagunetic field (HTF-
pSR), another essential tool is the ro-
tating reference frame (RRF) trans-
formation, an example of which is
shown in Fig. 12. ‘'The following
description will omit the details of
transforming discrete spectra and give
only a simplified treatment in terms

Reat Armmiitude

200 701 202 203 704 205 206 707
Freguency {MHz]

FIG. 11. Real part of frequency spec-
trum taken at a temperature of 6 K for
positive muons in a single {3 mm x 3 mm
% 0.2 mm) crystal of superconducting
YBagCuzOg.95 (a type 1l superconductor
with T, = 82 K) cooled in a fisld of
1.489 T applied along the crystalline ¢
axis. The sharp peak at 202 MHz is due
to muons missing the superconductor and
stopping in a normal region where the field
distribution is not broadened by the vortex
lattice.

of an idealized continnous time spec-
trnm. In fact, the RRF transforma-
tion works best on orthogonal pairs
of spectra — as for instance when the
magnetic field acts in the 2 direction
and detectors are situated in the 4
and +j directions defining the plane
of precession of the muon polariza-
tion — where a complex asymmetry
spectrnm A{t) can be defined as (e.g.)
Alt) = A (1) +iA4, (). In this case the
RRF transformation is simply

Annr(t) = A(t) e ™ (11

where (1 is the RRF frequency - cho-
sen arbitrarily to produce a trans-
formed Arnr{t) with the desired char-
acteristics. For instance, if the muons
precess at a high frequency w,, one
wnay select Q slightly sinaller than w,
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time resclution is oftes justified by
the improved resolution for Kuight
shifts and/or access tu intrinsically
high-field phenomena. In high felds
a standard TD-pSR time spectrum
consists of a large number of small
time bins, each of which may have
a rather low number of connis and
a correspondingly large istical
uncertainty; this circuinstance makes
the usual lab frame asymmetry plot
rather uninformative to the eye and
expensive to fit by x* minimization,
motivating new methods of data
analysis.

Fourier Transforms: Often, espe-
cially when high frequencies are in-
volved, one would rather see a fre-
quency spectrum than a time spec-
trum. The art of converting the latter
into the former is subject to contin-
ning evolution and perpetual debate,
but virtually all uSR facilities include
the fast fourier transform (FFT) in
their standard data analysis tosls. A
complete account of the merits and
hazards of such treatments is beyond
the scope of this article, but it is use-
ful to point ont several nbiguitons fea-
tures that are ignored at one’s peril.
First, as show in Fig. 10, the fact
that the time range of a puSR spec-
trum necessarily starts at ¢ = ( means
that the imaginary (odd in ¢) part of
the resnltant frequency spectrum is
dramatically broadened by the tacit
presence of the Heaviside function;
this has nothing to do with either the
muon lifetime or the finite range of
positive time. Thus the real part of
the amplitude (the proper objective
of our FFT) may be quite narrow but
the square root of the power spec-
trum (the sum of the squares of the
real and inaginary parts) will still be

(o)

(8) )

s (o) (3)

Reat AmaRude  Fourisr Ampitud  Fourisr Sower
LI
§s

w w

o o {o f
g0 .
s

L T R R R
Frequency (M) Frequency (M)

g Ampltude

FIG. 10. Results of complex FFT of a
quadrature 't SR time spectrum with a
slow relaxation rate: (a) through (d) show
the power, the amplitude {square root of
the power), the real and the imaginary
parts of the frequency spectrum resulting
from FFT of the "raw” complex time spec-
tum over 10.24 us at a field of 1.48S T, (e)
through (h) show the same quantities for
the same data apodized by a gaussian en-
velope function with a 4 us time constant.

very broad. Varions tricks are avail-
able for ynmixing the real and imagi-
nary parts.

Second, because of the finite muon
lifetime there are less statistics in the
bins at late times and consequently
the “error bars” in the asymme-
try spectrum grow expornentially with
time as exp(+t/2r,). (See Fig. 2.)
This introduces noise in an annoy-
ingly non-uniform way, which may
in principle be corrected for using
not-so-fast fourier transform meth-
ods. These noise effects are always
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to produce a Apgp(t) which varies rel-
atively slowly with time; the result-
ing complex spectrum can be packed
(ny, original time bins — one coarser
time bin) in which case the statisti-
cal uncertainties of individual bins are
reduced by a factor roughly equal to

.
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FIG. 12. The first 4.5 s of a u* SR

time spectrum taken at roughly 0.2 T in the lab frame where the data are recorded
and in the rotating reference frame (RRF) to which it has been transformed numericatly
for display and fitting. The RRF frequency of 21.2 MHz is chosen to produce a slow
precession signal for visual clarity. Because the original spectrum is real (no orthogonal
detector arrays) the maximum amplitude in each of the complex RRF spectra (real part:
circles; imaginary part: triangles) is actually a factor of two smaller than in the lab frame.
The solid line in the RRF spectra is a fit to three frequencies; a single frequency (or even
two) would result in a much poorer fit to the data.

There are several advantages to
such a transformation: first and most
obvious is the reduction (by a factor of
ny) of the number of bins to be fitted
in analysis programs, a straightfor-
ward improvement of efficiency; sec-
ond and probably more important is
the transformation of a large number
of narrow time bins (with statistical
uncertainties often larger than the sig-
nals under scrutiny) into a small num-
ber of well-defined bins representing
the signal tn a form that allows con-
venient display and visual inspection.

In the event that a single spectrum
contains several signals at drastically
different frequencies w;, separate RRF
transformations at frequencies ; =~
w; can be used to isolate each signal
for easy fitting.

It is also possible to perform a
RRF transformation on a pure real

specirum (i.e., one without orthogo-
nal detector axes) if care is taken to
select 2 and n, s0 as to “bin out” the
spurious signal at the RRF frequency
(Riseman and Brewer, 1990).

2.1.3 Paramagnetic States.
The wse of faucier transforms to
reveal lineshapes is actually a recent
application in pSR; the oldest and
still most widespread use of FFT in
#SR i3 for extracting the frequency
spectrum of muons in paramagnetic
states such as muonium or radicals
{molecules containing one or more
unpaired clectrons) in which the
muon spin is strongly coupled to
electron spins (or, in principle,
orbital moments) by hyperfine
interactions. The behaviour of
the simplest case, lwo spin-1/2
particles coupled by a scalar contact
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FIG. 15. Frequency power spectrum for
positive muons in powdered buckminster-
fullerite (crystalline Cgo) at room temper-
ature and 108 Oe (Kieft el al, 1992b),
showing simultaneously the signals from
muons in the CsoMu- radical (Ryg and Ryq)
and the endohedral muonium (Mu@Cgg)
atom (Muiz and Muss). In paramagnetic
molecutes with nuclear moments, such
radical signals cannot be seen in low field
due 1o nuclear hyperfine broadening.

longitudinal geometry cannot be con-
verted to asymmetry specira nsing
Eq. (2) because neither Ny nor B
can be extracted numerieally from the
data without some model of the time
dependence of the longitudinal polar-
ization. Instead one combines the
tiine spectra from two detectors on
site sides of the sanple, such as
*and “D” in Fig. 17, in the {olow-
ing way. First define the paraineters

cyn = efficiency of U or D e detector
By pn = backgound in said e detector
(measured nsing *t < 0 bins")

FIG. 16. Longitudinal-field uSR counter
arrangement for LF,-u? SR, in which the
ut beam is polarized antiparallel to its mo-
mentum. As H = Hi || B | By oany
magnetic field strength may be utilized,

P,(t) = muon polarization along axis.

Thus

Nyplt) =
Byp + Neeu n{l & Aup P ()]

where N, is a common normalization.
The Experimental Asymmetry a(t) is
then obtained from either
)= [Nu(t) — Be] - [Nu(t) ~ Bp]
T [Ny(t) - By] + [Np(t) — Bp]
at) = (1~ a)+ (1 +af)ApP(t)
(1+a)+ (1 —aB)ApP.(t)

A
where a= & and B= 22
e A

(13)
Thus (L — @)/(1 + @) is the “base-
line” asymmetry for totally unpolar-
ized muons.

Agp = intrinsic asymmetry of e detectod he “Corrected” Asymmetry: I ad-

[Count rate ~ (1 £ Ay ;) for my

ditsion to the obvious “baseline shift”
Mere is also a more subtle distortion

tnlly polarized along (opposite) at) for af # 1: a plot of a(t) looks

detector symnetry axis,]

as if it las a nonlinear scale for the

or

(12)
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FIG. 13. Breit-Rab; diagram showing
the energy levels of a system of two spin-
1/2 particles of opposite sign and dif-
ferent magnetic moments — e.g., muo-
nium — as functions of the reduced field
© = H/Hy where Hy {1585 Oe for Mu
in vacuum) is a characteristic hyperfine
field. For the purpose of itlustration, un-
physical values of moments and coupling
constants have been used, The hyper-
fine frequency vg = w /27 has the value
4463 MHz for muonium in vacuum. In
zero field the three triplet (J = 1) eigen-
states |1}, |2) and |3) are degenerate and
the singlet (J = 0) ground state [4) is
iy lower in energy. At high reduced field
{w — oc) the eigenstates are |1} — [#1),
[2) = 11:4). 13) = 1$4) and [4) — [ §1).
{§ refers to the electron spin and 3 refers
to that of the muon.) Note that state
|1} is lower energy than state |2) above
He = wole — 14}/ (27e7y) [16.386 T for
Mu in vacuum].

interaction in an applied magnetic
field, is pictured in Fig. 13. Sunch
couplings cause the ple”  spin
system (for example) to respond as
a whole to applied magnetic fields,
often producing rich and informative
structure in the frequency spectrum
(Patterson, 1988). A classic example
is shown in Fig. 14 and a more recent
case in Fig. 15.
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e 20 40 & 80 W0 1O
Frequency (MHz)

FIG. 14. Frequency power spectrum of
positive muons in a pure sificon crystal at
10 K and 75 Oe transverse field showing
the diamagnetic (D) signal, the rapidly-
diffusing muonium (Mu} signals and the
signals from so-called “anomalous” muo-
nium (Mu*} which has been shown to be
a muonium atom localized on a Si-St bond
center. Note vertical scale change at 60
MHz. After (Brewer et al,, 1973).

2.2 Time-Differential pSR in
Longitudinal and Zero Field

Referring again to Fig. 5, con-
sider now the Lime evolution of the
muon polarization in a magnetic field
paralled to its initial direction (lon-
gitudinal field or L¥F). If the muon
polarization initially has no compo-
nents perpendicular to the local field
then none will develop and only the
polarization along the initial direc-
tion needs to be measured. Fignre
16 illustrates the most common con-
figuration and Fig. 17 shows an al
ternate scheme sometimes nsed with
spin-rotated beams.

2.2.1 Two-Counter Asymme-
try. The perceptive reader will have
noticed several figures with vertical
axes labelled, “Corrected Asymme-
try.” This is in reference 10 the fact
that uSR time spectra taken in a
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Pl e =
=l

LF,~u' SR ¢

FIG. 17. Longitudinal-field uSR counter
arrangement for LF.-uSR, in which the
muon beam arrives spin-rotated by a Wien
filter. Since the field is now perpendicular
to Py, use with surface muon beams is
restricted to weak fields H < 100 Oe.

54

. To completely remove these
oriions one must somehow inde-
pendently determine o and 8 (usually
by fitting data taken in wT'F with the
same geometry) and then apply the
correction

ApP{t) =
(o = 1) + (o + Valt)
(a8 + 1)+ (a8 — La(t)’

These corrections apply cqually to
TF-uSR asymmetry spectra formed
from opposing pairs of detectors; in
fact these are usually used to fit for
«. However, § must be determined
from simnltaneons fits to the nppos-
ing “raw" spectra Nyp(t) in TF. It
is not unnsual to assume § = 1, al-
thongh in principle one should always
determine this empirical parameter as
accurately as possible.

(14)

2.2.2 Zero Field. By exten-
sion, the field may be zero {ZF-uSR)
in whick case all the same arguments

hold as for LF-uSR and one measnres
the time evolution of the muon polar-
ization along its original direction. In
4#SR this is just a routine extension
of LF, but it bears emphasis since ZF
is not so simple (though not impossi-
ble) in other magnetic resonance tech-
niques.

2.2.3 “Relaxation.” One
consequence of the ease with which
one can reduce the field to zero in a
LF-uSR experiment is that conven-
tional notions of longitudinal (Ty) vs
transverse {T3) relaxation processes
often become confused and subject
to bitter semantic arguments. In
NMR, longitudinal relaxation gener-
ally occurs in a strong LF so that a
change of polarization requires unam-
biguous transitions between Zeeman
energy eigenstates of the probe spin.
Il is then easy to define the longitu-
dinal relaxation rate Ty in termns of
such spin-lattice relaxation processes.
Moreover, in strong transverse fields
where the Zeeman energies are much
greater than any local couplings (such
as dipole-dipole interactions between
the probe spin and nearby magnetic
moments) it, is easy to define a trans-
verse relaxation rate 73! in terms of
the dephasing of probe spins precess-
ing at slightly different frequencies
due to small differences in the local
field strength at different sites.

As noted by (Kubo and Toyabe,
1966), these distinctions are blurred
and the terminology becornes less use-
ful as the applied field becomes com-
parable to the local fields and even-
tually goes to zero. Basically, if the
components of local fields transverse
to the applied field are non-negligible
in the vector snm forming the to-
tal Beld at the probe, then even in
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vlis classical picture the relaxation
phenamena become quite complicated
and are still being worked out today
(Dalmas-de-Reotier ef al., 1992). A
broad review of this subject is impos-
sible here, but a few examples can
help to illustrate the potential of ZF-
and LF-uSR.

Nuclear Dipolar Relaxation:  In the
presence of strong electric field gradi-
ents, nuclei with electric quadrupole
moments (such as Cu) exert an ef-
fective classical dipolar field on the
muon:
Buip = hyaJy[3(7 - )7 ~ g/r*  (15)
where 7, is the nuelear gyromagnetic
ratio, J; is the component of nuclear
spin along the electric field gradient
direction § and 7 = ¥/r where T is the
vector of length r from the muon to
the nucleus. The muon usually has
several near neighbor nuclei generat-
ing a broad and nearly isotropic dis-
tribution of nuclear dipolar felds. As-
suming a gaussian distribution of in-
ternal fields with random orientation
leads to a muon polarization function
(Hayano et al., 1979)
12 22
KT (1) = 3+3 (1= a%2) 38
(16)

which at early times (¢ <« A™")
approaches a simple gaussian form
G.o(t) ~ exp[—A%t?]. The interpre-
tation of A is defined by

A = () an

thus A is v, times half the mean
squared internal field in the plane per-
pendicular to the initial muon polar-
ization (taken in this notation to be
along the Z direction).

Corrected Asymmetry

TIE (microsec)

FIG. 18. Zero-field (ZF) and weak (7
and 18 Qe) longitudinal field {(wlF}ut SR
in a single crystat of pure copper at 45 K
with the muon polarization initially along
the (111) axis of the crystal. At this tem-
perature the muons are almost static in
the Cu lattice (hop rate < 0.1 ps '), The
solid lines show fits to the exact spin hamil-
tonian between the muon in an octahedral
interstitial site and its six nearest neighbor
Cu spins; the dashed line shows a fit to
a simple gaussian Kubo-Toyabe function
(16).

Motional Narrowing: Figure 18
shows a famous example of nuclear
dipolar relaxation of muons in
copper metal for ZF and wLF. At
the temperature of 45 K the muons
are almost perfectly static in the
Cu lattice; at higher temperatures
they diffuse by thermally activated
“hopping” between adjacent
octahedral interstitial sites, cansing a
reduction of the relaxation rate and
a change of its shape toward a slow
exponential decay (often referred to
as “motional narrowing” in reference
to  the analogous phenomena
in NMR where one observes a
resonance lineshape whose width is
proportional to the relaxation rate).
Considerable literature is devoted to
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by
Lo
= 1+ wir? ()

which leads to a “77 minimum”
Ty{min) = w, /6% at w,7, = 1.

0.6
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FIG. 20. Longitudinal relaxation of muo-
nium atoms in solid nitrogen at 10 K (dis-
monds), 9 K {triangles), 8 K (circles) and
6 K {squares) for an applied LF of 8 Qe.

Longitudinal-Field Muonium
Relaxation: In very low field, the
triplet. component of the muonium
atorn spin system can be treated
as a single spin-1 particle with
approximately the magnetic moment
of an electron. In this case Eq. (18)
applies as well for Mu as for the
diamagnetic u¥ (with wy, = 103w,
substituted for w,) and we may see

the behavior shown in Fig. 20 as 4

' changes with

the Mu hop rate 7,
temperature.

In higher fields the Mu spin sys-
tem has 4 eigenstates and transitions
among levels hecome more compli-
cated. Nevertheless an analogous sys-
tem of rate equations {Yen, 1988)
ean be nsed to extract the Mn hop
rate as a function of Lemperature, as

2.3 Time-

shown in Fig. 21. This has allowed
precise measurements of the quan-
tum diffusion of muonium in insula-
tors (Kadono, 1860), an important
test ground for theories of quantum
dissipation (see above).

FIG. 21. (a) Longitudinal relaxation rate
Ty! of muonium atoms in a pure GaAs
crystal as a function of field and tempera-
ture. (b} The deduced Mu hop rate 7.7}
as a function of temperature. (Schneider
et al., 1992)
Integral pSR
et =SSR one
simply scales the total ¢ count rate
in some direction with no regard for
the time of arrival of the muons. As
a result, there is no rate limitation:
any number of muons may be in the
sample at once. As for TD-uSR
there are both TF- and LF- versions

of I-uSR.
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the mathematics of “dynamicizing”
static relaxation functions  (Kehr,
1978; llayano et al. 1979 Celio,
1987). At Jower temperatures
the muons again begin to hop as
quantum  mechanical  tunneling
becomes important; this phenomenon
(and others like it) is an important
illustration of quanturn diffusion in
the presence of dissipation (Luke
et al, 1991), a major area of
application of uSR, which provides
a light interstitial probe ideally
suited to testing theories of quantum
dissipation {Kagan and Klinger,
1974; Kondo, 1986; Yamada, 1986;
Kagan and Prokof’ev, 1990; Kagan
and Prokof'ev, 1991; Kagan and
Prokof'ev, 1992).

Nuclear Dipolar Oscillations: In
Fig. 18 we also see a slight difference
between the simple Kubo-Toyabe
function (16) and the exact quantum
mechanical solution of the coupled
equations of motion of the muon
and its six nearest neighbor Cu
spins (Celio, 1986). This reflects the
fact that the nuclear moments are
not simply static dipoles producing
a field at the muon site, but also
precess in the dipolar field due to
the muon. Such a classical picture
quickly becomes useless in picturing
the actual evolution of such spin
systems, particularly when the nuclei
are few in number and have no
electric quadrupole interactions, as
in the case of the FuF~ ion formed
when positive muons are iinplanted
into any ionic fluoride compound
such as LiF (shown in Fig. 19).

2.2.4 True Relaxation. In a
strong longitudinal field the muon’s
spin up and spin down states are good

FIG. 19. Zero-field u*SR asymmetry
spectrum in LiF at B9 K, showing the os-
cillatory behavior of the FuF~ ion as a
nearly-isolated system of 3 spin-1/2 mo-
ments coupled by dipole-dipole interac~
tions. Inset:the rock sait crystal struc-
ture showing the u™ site (black dot) be-
tween two F~ ions {large spheres), which
are actually puiled in slightly toward the
ut (Brewer et al., 1986).

eigenstates of the Zeeman hamilto-
nian and so the muon polarization will
remain static (“locked” by the applied
field H) nnless some magnetic per-
turbation drives them in resonance at
their Larmor frequency w, = ~,H.
Such perturbations with finite spec-
tral density at the mmon’s Larmor
frequency can cause its spin to flip
as in magnetic resonance and lead to
true relaxation {involving irreversible
transitions between energy levels) at a
rate Ty For a simple spin-lattice re-
laxation process with a characteristic
correlation time 7, for fluctuations of
local fields of strength &/+, (whether
caused by fluctuations of the fields
themselves or by hopping of the muon
between sites with different fields) the
longitudinal relaxation rate is given
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2.3.1 Transverse Field
EuSRotation. At CW cyclotron
accelerators the beam arrives at the
production target in few-ns pulses
separated by the cyclotron’s RF
period (1/vgp ~ 20-50 ns), which
must be stable to high precision.
As a result, the muon beam also
arrives with the sarme RF siructure,
though somewhat smeared out by
the pion decay lifetime. If each
muon stops in a magnetic field H
of just the right strength to match
an integer number n of muon spin
Larmor precession periods {n/v,) to
the RF period, then the polarization
of muons arriving in subsequent
RF “buckets” will be in phase with
those arriving previously. Usually
n is limited to 1-3 because of the
finite width of the muon buckets.
The RF period is broken up into
a small number of timing gates
during which non decays in a given
direction (determined by a counter)
are accumulated in different scalers.
As illustrated in Fig. 22, the rate
in a given gate as a function of
magnetic field exhibits a resonance
as the RF period matches an integer
number of Larmor periods. In
the absence of spin relaxation ihe
resonance lineshape is Lorentzian
with a width of 1/r, due to the
finite muon lifetime; as relaxation is
included the lineshape becomes more
complicated but may be filted to a
model function. Al siuch resonance
lines for the various gates are fitted
simultaneously to determine the
position and width of the line.

This stroboscopic pSR technique
was developed to make a precise
measirement of the muon's mag-
netiec moment (Camani et al, 1978)

FIG. 22. Resonance signals in a strobo-
p#SR experiment {Camani et al., 1978).

and has since been adapted to muon
Knight shift measurements (Gygax et
al, 1984), where its unlimited rate
gives it an advantage over TD-uSR
methods.  “Strobo-uSR,” as it is
called, is best suited to situations
where the muon precesses at a sin-
gle well-defined frequency and where
any relaxation is either unipterest-
ing or fast enough (2 0.454 us'!)
to be easily unfolded from the “nat-
ural linewidth.”  Splittings of less
than this linewidth cannot be up-
ambignously resolved by strobo-p:SR.
However, single frequencies (and thus,
e.g., muon Knight shifis) can be rou-
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vinely measured with a preeision of where by = B, ¢ i P a “flip-flop” of sping in which the provements (Luke et al, 1991) al-
< & ppm by this method. Re, muon and the nucleus simultancously  lowed a precise determination of the
“ A change levels with no change in total  electric field gradient produced by

2.3.2 Longitudinal Field
I-puSRelaxation. In Al and
LF the -uSR technique is much
simpler, consisting of simply scaling
decay counts in the forward (+)
and  backward  {~)  directions
separately and  measuring  the
resultant asymmetry as a function of
independent variables like magnetic
field or temperature. The relevant
terms are defined below.

R = rate of arrival of muons

e Ay
Approximations: By, =~ 0, Ay =~ A
and €4 e,

giving am Bl by g
0 and

e 2 .
A= (] + mA+£(Gu)
(23)

where (1 — a}/{1 + o} is the “base-
line” asymmetry for totally unpolar-

€ = efficiency of ¢ detector along(+}#ed muons.

or opposite(—) p polarization

2.3.3 Avvided Level Crossing

By = backgound rate in said e detectBesonance. The LF I-uSR method
Ay = intrinsic asymmetry of e detectdiscards all details of the time depen-
[Count rate ~ (1 & Ay) for mudifiee of the muon polarization, pre-

fully polarized along (opposite)

detectar axis of symmetry.)

serving only the Laplace transform of
G..{t); thus it may appear to be a ret~
rogressive stefr.  Indeed, at a pulsed

G..(t) = longitudinal relaxation functionuSR facility, where all the muons ar-

The number of counts in time T 2> 7,
is

Ny = ByT+RTey+ RUe2 AL L(G.,),
(19)

o0 dt
= g
where L(G,,) = /0 € " Gzt(t),r“
(20)
is the Laplace Transform of G,,(t).

Experimental Asymmetry:

b+ (1- ) + (1 + aB)A LG,

A
A
b+ (14 a)+ (1~ af)A, LG,

i

rive at once {within some §t}, there is
little motive for ignoring the time de~
pendence. However, most muon chan-
nels at Meson Factories are able to
produce at least an order of magni-
tude more muons than can be acco-
modated in a conventional TD-uSR
experiment because of the pile-up am-
biguity alluded to in an earlier sec-
tion. Thus I-uSR trades off detailed
information far higher sensitivity by
accepting the full muon stop rate.
This is particularly useful when
one is looking for conditions of en-
hanced relaxation, the most common
being those values of the applied mag-

between energy levels of the nuclear
spins, leading to the possibility of

energy.

Such conditions are referred to
as either “level crossing resonance”
(LCR) or “avoided level crossing”
(ALC) depending mainly upon
one’s laboratory affiliation; the
two acronyms refer to the same
ph but one hasizes the
fact that levels never actnally cross
in quantim mechanics.

Nuclear Quadrupolar gALCR:  The
first such resonance studied in SR
was actially observed with TD-puSR.
methads following a siggestion by
A. Abragam (Abragam, 1984). In
that experiment (Kreitaman el al,
1986), the p' Zeeman splitting at
81 Oe matches the (mostly) electric
quadrupolar splitting between m; =
£3/2 and m; = £1/2 levels of the
spin-3/2 On wmiclei, causing the res-
onant. relaxation shown in Fig. 23.
This measurement and its later im-

0 20 40 60 8 %0 120
Longitudinal Field (Oe)

FIG. 23. Longitudinal relaxation rate of
muons in a single crystal of copper with the

the ut at the Cu sites; similar ex-
periments have since revealed nuclear
quadrupolar 2ALCR’s in solids con-
taining 170, MN and other nuclei.
The main application is in determin-
ing the muon site in crystals.

“Muonated” Radicals: Shortly af-
ter the discovery of nuclear quadrupo-
lar pALCR it was realized that a
much stronger resonance could occur
through the hyperfine interactions of
unpaired electrons with both the u*
and the nnclear spins. The quan-
tum mechanics of this system is con-
siderably more complicated, but the
vague notion of level-matching is still
applicable: when the energy differ-
ence between two states in which
both the muon and the miclear spins
have flipped approaches zero, reso-
nant muon depolarization can occur.

One of the first applications of this
principle to paramagnetic systems
was in the case of the CgFgMu- radi-
cal, a paramagnetic molecule formed
by addition of a Mu atom to a donble
bond in the hexafluorobenzene ring
(Kiefl et al, 1986). In these mea-
surements a time-integral method is
always used, whick is sometimes sub-
ject to “noise” as beam conditions
shift without notice; to combat this
problem and produce the smooth res-
onance patterns shown in Fig. 24,
a field-differential tcchnigue is often
employed: the experimental asymme-
try A defined in Eq. (22) is measured
for short time intervals (seconds) with

Ny - N_ . h . applied field (and the muon polarization} !
= MN: TR or (21} netic ﬁel}:l for which the muon _Lgea along the {111 crystaltine axis (Kreitzman 2 “toggle field” +4H apphed alter-
man splitting matches a transition et al., 1986). nately along (+) or opposite () the

main longitudinal field H; and the dif-
ference between these two asymme-
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FIG. 24. Field-differential gALCR in the
CgFgMu- radicat (Kieft et al., 1986).

tries (A" — A"} recorded as a func-
tion of Iy This produces a signal
analogous to a true differential reso-
nance (dA/dH,) except that the fi-
nite difference (£6H) can actually be
larger than the natural width of the
resonance in soimne cases, producing a
“bump” followed by a mirror-image
“dip” 24H later.

Many such radicals have now been
studied using this method, resulting
in much detailed information about
both the structure and the dynamics
of these molecules, whose difference
from the analogons radicals formed by
H atom addition is often insignificant.
Several new species never ohserved in
any other way have been discovered
using pALCR spectroscopty.

Muonium in Semiconductors: An-
other par; tic system a bl

information about, its electronic wave-
fuction. This has been used to ohitain
most, of what is known about isolated
atomic hydrogen in Si, GaAs, GaP
and CuCl (Kiefl ef al,, 1992a).

F1G. 25. Muonium-nuclear ALCR spec-
tra in 3 single crystal of CuCl (Schneider
et al., 1990). The Mu’ (low temperature)
and Mu (high temperature) muonium
states have the same hyperfine interactions
with neighbouring nuclei but slightly differ-
ent wy values.

2.4 Muon Spin Resonance

Traditional magnetic resonance
techni involve intentional

to study by these methods is the
muonium-like center in semiconduc-
tors, where the unpaired electron may
have hyperfine interactions not only
with the p* but also with neighbar-
ing nuclei of the lattice. The result-
ing spectroscopy can be very rich, as
illistrated in Fig. 25, and reveals the
muonium site as well as a great deal of

irradiation of the probe spin system
with photons of energies equal to
transitions between its eigenstates.
None of the uSR techniques so
far described have involved such
irradiation, but true resonance
techniques are also nsed in uSR,
as outlined below. As in NMR,
ESR, ENDOR elc., the varieiy of
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irradiation schemes is huge and
constantly growing; only a few simple
generalizations are possible in limited
space.

2.4.1 RF F-puSResonance.
The first and most familiar form of
muon spin resonance uses an RF
field in the frequency range of about
5-500 MHz to drive the polarization
of muons in diamagnetic states (i.e.,
“bare” muons) in resonance at fields
of 300 Oe to 4 T. The RF field may
be generated in a simple coil at
the lower frequencies or a cavity at
the higher. In some cases the RF
frequency can be swept through
resonance, but most often the main
field I1; is swept, as in NMR. A good
recent survey of these techniques
and applications may be found in
(Nishiyama. et al., 1992).

For the higher frequencies the
same apparatus may be nsed at lower
fields to study paramagnetic species
such as muonated radicals. An in-
teresting variation of this is seen in
Fig. 26.

onance is restricted by the muon life-
time; to be observed, a resonance el
fect mmst affect the muon polariza-
tion in 10 us, implying an RF field
H, 2 2 Oe, which is not difficult to
achieve but represents fairly high RF
power. Becanse of power supply lim-
itations and Ohmic heating, such ir-
radiations are less efficient at CW fa-
cilities than at pulsed-bear facilities
(Nishiyama ef al., 1992), where all the
muons can be irradiated simultane-
ously with timed hursts of RF power;
nevertheless, RF-uSR is gnite feasi-
ble at CW facilities (Kreitzman et al.,
1990} and has enjoyed a rapid growth
of applications virtnally everywhere.
One advantage of RF-uSR is that
it can identify final states of muons in
situations where stochastic processes
render impossible the usual means of
identification of these states by their
distinctive time spectra. A typical ex-
ample is the delayed formation of dia-
magnetic molecules following initial
formation of Mu atoms: in TF-uSR
the early Mu precession quickly de-
phases the muon polarization so that
no signal can be seen from the dia-
magnetic final state unless the reac-
tion times are short compared to the
Mu frequency; in strong LF, however,

not only is the Mu polarization “held”
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FIG. 26. Muonium resonance in mildly
p-type Siat 10 K in a 127 MHz RF field,
showing power-broadened resonances st
the two muonium transition frequencies
viz and v (see Fig. 13} as well as a
sharp two-photon resonance at the i3
frequency.

The time seale for snwon spin res-

by the applied field hut the popula-
ion of the final state as a function of
time can be determined by delaying
the RF pulse (at the diamagnetic res-
onance frequency) relative to the time
of arrival of the muons.

Perhaps the most exciting feature
of RF-uSR is its ability to reveal
the time evolution of the mnon po-
larization during the RF irradiation,
a capability denied 1o conventional
magnetic resonance techniques which
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detect, the same sort of electrooag-
netic signal as they use to drive the
probe spins. This is a consequence of
the fact that u*SR detects high en-
ergy positrons whose registration by
the counters is unaffected by the RF
fields.

2.42 Muon Spin Echoes.
Many modern NMR technigues
involve pulses of RF power designed
to rotate the probe’s polarization
through various angles in  the
rotating reference frame. This is
more difficult for muons because of
their short lifetime — to be useful in
SR a 7 /2 pulse must be no more
than 5 1 ps long, which means an
RF magnetie field of H; 2 75 Oe.
This is barely possible with today’s
RF technigues. It is particularly
difficult at CW facilities, where the
RF pulse must be asynchronously
triggered by the arrival of individual
muons, in order to occur at the
same time (relative to “4 = 0” when
the muon arrives in the sample} for
each. Nevertheless, such spin echo
techniques (nicknamed uSE) were
first successfully demonstrated at
TRIUMF, a CW facility (Kreitzman
et al., 1988).

As mentioned earlier, SR detec-
tion techniques allow observation of
the time evolution of the muon po-
larization during the R¥F irradiation.
This can be especially informative in
the case of uSE pulse sequences. An
example is shown in Fig. 27.

A bonus of RF-uSR at pulsed fa-
cilities is the chance to overcome the
time resolution limitations of pulsed
beams (muons arrive in bunches 2
50 ns long) by stopping the muons in
a strong LF and then using a high-

FIG. 27. Muon spin echo in the rotat-
ing reference frame during a (11/2),r-
I, pulse sequence (shaded regions) where
the muons arrive imtially polarized along
Hy = He# and the detectors are in the
% and § directions. The small signal ob-
served along the ¢ axis indicates that the
RF was slightly off resonance. The inset
shows the geometry of the positron detec-
tors and the polarization during the 11/2
pulse. {Kreitzman et al., 1988).

power phase-locked #/2 pulse to ro-
tate them all in phase into the plane
perpendicular to ﬁo, after which they
will exhibit HTF-1SR precession with
all the same observables as enjoyed at
CW facilities.

3. s8R APPLICATIONS

Examples of selected experimental
results having been shown above, this
section will focus mainly on the “sci-
entific demography™ of uSR.
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many compatisons between the !
and the proton, insofar as their be-
haviours in matter differ only by
virtue of the muon’s lighter mass;
however, there are perhaps a greater
variety of applications that might be
titled, “The Muon as a Magnetic
Probe.” Both types will be surveyed
briefly below.

3.2.1 Hydrogen in
Semiconductors. Closely
related to the muonium chemistry
applications discussed above are the
nses of yt*SR to learn the lacation,
electronic stracture and dynamical
behavior of Mu and/or H atoms in
semiconductors, where H is known
to be an ubiquitous impurity but
where far more is known about
isolated H atoms from pSR than
from any method thal observes
H itself (Patterson, 1988, Kiefl et
al, 1988). Since H is known to
affect the electronic properties of
St and GaAs and i3 now being
used specifically for the purpose
of passivation of electrically active
impurities, this knowledge is vital
to  the semiconductor industry;
consequently, pYSR  spectroscopy
in semiconductors is one of the
most important applications of
pSR in solids.  Figure 28 shows
the temperature dependence of
the probability of finding the
muon in an jonized state (either
1t or Mu7) at times comparable
to the muon lifetime (long after
any initial formation or reaction
of paramagnetic states), obtained
by RF-uSR at the diamagnetic
frequency. Comparison of these
results with those for highly doped p-
or n-type Si reveals the interactions
between H-like species and impurities

1.0

High Purity S

W i
post Wy 3"

@
13

g
S

R¥ AMPLITUDE
e
>

02

0 100 00 500

200 300 4
TEMPERATURE (K)
FIG. 28. The RF-u*SR diamagnetic
resonance amplitude in pure silicon, show-
ing evidence for thermally activated tran-
sitions between various charge states and
lattice sites of the u*: Muge = “anoma-
lous” muonium {also called Mu*) local-
ized at a Si-Si bond-centred site; Muy =
quasi-free Mu atom diffusing rapidly be-
tween tetrahedral sites; pifie and pf in-
dicate freshly-ionized muons at the corre-
sponding sites (Hitti ef al, 1994).

(Hitti et al,, 1994).

3.2.2 Quantum Diffusion.
As mentioned earlier, the theory
of quantum dissipation (quantum
tunneling or bandlike propagation in
the presence of stochastic or other
interactions with the host medium)
is currently a very important field of
condensed matter physics, having
implications for the electronic and
diffusive transport properties of
all types of materials (Stamp and
Zhang, 1991; Kagan and Prokof’ev,
1992). Because of its light roass,
its affinity for electrons and its
repulsion from nuclei, the p* (and
iis neutral version, Mu) is an
apt probe of such behavior, the
ideal “light interstitial.” (Flynn
and Stoneham, 1970; Kagan and
Klinger, 1974; Potzinger, 1982)

3U  Muon Spin Hotation/ Kelaxation/Kesonance

3.1 Muonium Chemistry

One of the main themes of uSR
could be characterized as “The
Chemistry of a Light Isotope of
Hydrogen.”  The muonium atom
and the H atomn have the same
size, almost the same reduced
mass and ionization potential, and
both obey the Bora-Oppenheimer
approximation (the electron
wavelunctions adiabatically adjnst to
the slow motions of the nuclei) that
allows relatively simple calculations
of chemical reaction processes and
molecular structure.

3.1.1 Chemical Kinetics.
This strong similarity, combined with
the unprecedented isotopic difference
(a ratio of ~ 18 in mass between Mu
and D) and the enhanced quantum
behaviour of the light Ma atom,
make muonium chemistry a very
important testing ground for the few
ab inilio theories of chemical reaction
kinetics (Fleming ef al., 1992).

Once the differences between Mu
and H chemistry are well understood
(as is now the case for many types of
reactions), measurements of Mu reac-
tivity (which are often easy) can be
used to relably predict the reactiv.
ity of H under eircumstances where H
atoms cannot even be detected. This
is now entirely feasible but has not
yet attracted much attention from the
“practical” side of the chemistry com-
munity.

3.1.2 Radicals. Following
chemical reaction, Mu is often
incorporated into radicals (molecules
with unpaired electrons) where
a weakened hyperfine interaction
persists between the electron and
muon spins (and also between the

electronr and any other nuclel with
magnetic momnents). These molecules
resemble their hydrogenic analogues
(where the p* is replaced by a
proton} so closely that most of their
reaction kinetics are nearly identical.
This allows use of the “muonated”
version to learn the chemical
behaviour of the “protonated”
version even when information on
the latter is unavailable by other
methods. in some cases, uSR
has confirmed the very existence
of radicals that have never been
ohserved by any other means.

3.1.3 Molecular  Structure.
By using pALCR techniques one
can use ;SR to measure not only
the hyperfine coupling of the muon
to the nnpaired electron but also
the couplings of that electron to the
other nuclel; thus the muon can
be used to read out the molecular
structure of regions of the molecule
quite far from the muon’s site,
much as in a conventional ENDOR
experiment. (Percival et ol, 1987).
The details of the structure of
muoniur- and hydrogen-substituted
versions of radicals are sometimes
influenced by the lighter mass of the
muon: bond lengths to Mu tend to
be slightly longer and bond angles
are often changed by the larger
zero-point. motions of Mu.  This,
combined with the fact that the
nuclear hyperfine couplings can often
be measured more accurately by uSR
than by ENDOR, makes pALCR a
very important probe of molecular
structure {Roduner, 1988).

3.2 Condensed Matter Physics

The applications of SR in con-
densed matter physics also include
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Study of the quantnm diffusion of
p* and Mu in solids has therefore
comprised a significant fraction of
the SR community’s experimental
effort over the last two decades
(Kadono, 1992) and the results of
such experiments have attracted
considerable  theoretical  interest
(Kagan aud Prokof'ev, 1992).

Motion of the u* in Metals: In im-
pure or imperfect metallic crystals,
the ut tends to trap at defects or
at least be localized in their vicin-
ity; Lhe resultant temperature depen-
dence of motional narrowing effects,
used to measure p' mobility, can
be quite complicated (Moslang et al,
1983, Petzinger, 1982). In pure, well-
annealed crystals, however, one often
observes the intrinsic interactions be-
tween the pu* and the lattice. The
hopping of positive muons in vari-
ous pure metals has been studied ex-
tensively by means of ZF- and wLF-
#* SR measurements such as those
shown in Fig. 18 (Luke ef al, 1991)
as well as by TF-u* SR motional nar-
rowing experiments. These studies
have revealed a qnalitatively consis-
tent lemperature dependence typi-
fied by the classic example shown in
Fig. 29: at high temperatures (above
about 80 K in the case of Cu} the
muon exhibits semiclassical thermally
activated hopping over the energy
barriers between adjacent interstitial
sites; at lower temperatures (below
about 20 K for Cu) the p* actually
hops faster as T decreases, due to
the increasing probability of quantum
tunneling between sites, as the dis-
order due to lattice vibrations is re-
duced. The power law 7! o T
is predicted hy theory (Kondo, 1992)
to have a much smaller exponent «

for screened positive mnons in met~
als than in insulators, due to the ad-
ditional dissipation in electronic de-
grees of freedom (often referred to as
“electron drag” effects). At still lower
T the intrinsic disorder of even pure
high quality crystals begins to inhibit
tunneling once again. Similar results
have been observed in aluminum us-
ing indirect niethods involving trap-
ping of the u* at impurities.
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FIG. 29. Temperature dependence of
the p* hop rate 7,71 in pure copper crys-
tals {Luke et al, 1991).

Muonium Diffusion in Nonmetals: In
ionic crystals, the u' tends to form
a hydrogen bond with the most neg-
ative species in the lattice, such as
F~ or O~ ions. Muon diffusion is
thus suppressed until quite high tem-
peratures, typically —sim200 K (Kiefl
et al., 1990). 1 the muon forms
muonibw, however, the Mu atom is
more or less decoupled from local elec-
tric flelds and usually diffuses freely
through the lattice; interestingly, Mu
diffusion is quite similar in both cova-
lent and ionic nonmetals. An example
of Mu diffusion in the semiconductor
GaAs was shown earlier in 21 (Schnei-
der et al., 1992); a startlingly similar
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result was obtained (Kiefl ef al., 1989}
in an jonic insnfator (KCI), as shown
in Fig. 30. Somewhat different Mu

FIG. 30. Temperature dependence of
Mu hop rate in KCt {Kieft ef al., 1989).

hopping behavionr is observed in the
Van der Waals insulator s-N; formed
by crystallization of solid nitrogen, as
shown in Fig. 31, Such so-calied cry-
ocrystals have very low Debye tem-
peratures and quile weak conplings
between the neutral Mu atom and the
host lattice; they are therefore inter-
esting systems in which to test theo-
retical predictions of the temperature
dependence of Mu quantum ditfusion
(Storchak et al, 1994). An interest-
ing effect has been observed in su-
percondnciing alaminumn, which can
be driven normal by an applied mag-
netic field: at the same 7', muon dif-
fusion is considerably faster in the su-
perconducting {SC) state than in the
normal state, becanse the opening of
a 5C gap at the Fermi surface ef-
fectively gnenches the dissipation dne
to screening electrons (Kondo, 1992).
Thus SC Al acts like an insulator with
respect to muon guantun diffusion.

3.2.3 Magnetism. Perhaps
because it so easily generates rich and
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FIG. 31. Temperature dependence of
the muonium hopping rate in solid nitro-
gen cryocrystals (Storchak et al, 1994).

precise data, magnetismi is currently
the largest area of applicatian of

In magnetically ordered materials
the muon {u* or 47) generally sam-
ples the local magnetic field at some
preferred site or sites and reveals that
field through its characteristic Lar-
mor precession frequency (Seeger and
Schimmele, 1992). The local field B,
is composed of several contributions:

B,=Ho+BL+ By, + Br ()

where Hy is the externally applied
field {if any), B, is the Lorentz field
produced by magnetic “charges” in-
duced on the interior of a hypothetical
spherical cavity aronnd the mmon site
dite to the average bulk magnetiza-
tion of the medium, ﬁd;p is the dipofar
field due to all the microscopic mo-
ments within the Lorentz cavity and
Bap is a hyperfine field transmitted
to the muon by its Fermi contact in-
teractions with conduction electrons.
The last two components are nsually
the focus of experiments on magnet-
ically ordered systems, where ﬁy is
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FIG. 33. Comparision of neutron spin echo (NSE), ZF-
#SR and ac-susceptibility measurements on the spin glass CuMn(5 at.%), showing the
time dependence of the static order parameter ¢ (related to the fraction of Mn moments
that have not yet moved appreciably) at several temperatures below the nominal glass
transition at T, = 27.4 K (Uemura et al., 1984).

3.2.4 Superconductivity.
Because muon decay provides a
non-electromagnetic  “signal,” uSR
is able to probe magnetic fields
inside  superconductors  without
distortian. This gives 2SR a unigue
window on the magnetic behaviour
of superconductors. Since 1987
the pSR community has exploited
this advantage in the study of
high temperature superconductors
(nrsc).

Phase Diagrams:  All of the copper
oxide superconductors show either an-
tiferromagnetic (AFM) or spin glass-
like (SGL) order very close to {(and
sometitnes overlapping) the snpercon-
ducting (SC} phase, as first demon-
strated for YBagCusO, by uSR ox-
periments in 1988. Since then the
temperature »s. doping phase dia~
grams of most HTSC materials have
been mapped out nsing uSR.

Magnetic Penetration Depth: The
first application of uSR to HTSC was
in measuring the magnetic penetra-
tion depth A by fitting the high trans-
verse field (HTF)-pSR time spec-
trum to a simple ganssian relaxation
function and thus cstimating the sec-

ond moment of the frequency distri-
bution due to the vortex lattice of
magnetic flux penetrating a type 11
superconductor in the mixed state.
Figure 35 shows the earliest resnlts,
obtained in January 1987 (Aepph ot
al., 1987). Since then an enormous
body of data has been accumulated by
this method, which is stil the most re-
liable way to estimating X in sintered,
random powders. However, as evi-
dent in Fig. 11, for well-characterized
single crystals one finds & lineshape
much less symmetric than a gaus-
sian, as predicted by London and later
Gorkov models of the vortex lattice.
The ability to make such measure-
ments and interpret them correctly in
terms of A and £ is a recent achieve-
ment of uSR, which is now poised
to exploit these capabilities to legit-
mize (or, in some cases, debunk) the
many published pSR results world-
wide interpreting the gaussian-fitted
linewidths (for sintered powder or
aligned #TSC samples) in terms of A

Universal Correlations between 7. and
n,: A collection of such results has
been assembled by Y.J. Uemura to
produce the plot shown in Fig. 36,
commonly knows as an "Uewnura
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nsually measured with Hy = 0, as well
as measuremtents of the anon Knight
shift K, = (8, ~ g}/ 11y in param-
agnets.

Interpretation of these fields re-
quires a knowludge of the wmon site,
including zero-point motion and any
tunneling between ncarby sites, and
can be quite difficult; nevertheless, in
many cases it is easier than trying to
sort out the “core polarization” effects
of varions interacting atomic electrons
that transmit the hyperfine field to
the nucleus in (e.0.) NMR.

One attractive feature of uSR in
magnetism studies is that measure-
ments of infernal magnetic fields can
be performed on unaligned polyerys-
talline or powdered samples almost as
easily as on perfect single erystals. In
zero applied field, if all the local fields
have the same magnitude, the only ef-
fect of random directions is to reduce
the muon precession amnplitnde to 2/3
of the valite that wonld be observed if
the fields were all perpendicalar to the
muon polarization. Thus ZF-uSR,
which requires & minimum of appara-
tus, is often adequate for very detailed
investigations of the temperature de-
pendence of magnetic order and dy-
namics. Moreover, using ZF- uSR one
can measure B, in crystals exhibiting
antiferrotnagnetisin or even more ex-
otic forms of magnetic order as eas-
ily as in simple ferromagnets. A
classic example is shown in Fig. 32
for the intermetallic componnd MaSi,
where the magnetic field due to itin-
erant electron moments forms a long-
wavelength spiral with a small com-
ponent along the axis of the spiral —
so-called helimagnetic order.

Disordered  inagnetic  systems
(such as spin glasses) can also be

30

NN
S &

Frequency (MHz)
&

© cor t .
5
o PR

Temperature (K)

FIG. 32. Temperature dependence of
the magnitudes of the internal fields at two
different ut sites in a single crystal of the
itinerant helimagnet MnSi.

studied rather easily by uSR, leading
to a strong pSR presence in the
currently popular area of frustrated
and low-dimensional magnetism. A
classic example is shown in Fig. 33
and a more recent case in Fig. 34.
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FIG. 34. Muon spin relaxation rate
7! due to fluctuating local fields in
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FIG. 35. First TF-utSR measurement
of the temperature dependence of the u'

the antifer ically fr d two-
dinensional Kagomé latiice (shown inset)
of SrCrgGayQy9 (Uemura et al., 1994).
The increase of T} ! with decreasing T is a
manifestation of the gradual slowing down
of Cr spin fluctuations; the saturation of
this effect below 7, shows that the Cr mo-
ments never freeze even as T —+ 0. This
is in marked contrast with the situation
in dilute spin-glasses like CuMn, where afl
fluctuations cease as T —+ 0.

plot.”  {Uemura et al, 1989) The
“gniversal” linear dependence of T,
on 7, in the underdoped (less than
optimal n,) regime gives way to a
“turnover” and eventual linear de-
crease of T, with increasing n, in
the overdoped regime (Nicdermayer
et al, 1993).

Non-s-Wave Pairing? Whether it
be crudely characterized in terms of
a gaussian relaxation rate o or wmore
aceurately represented by the second
moment of a lineshape, the muon de-
phasing rate due to the vortex lat-
tice in a type Il superconductor is
proportional to the inverse square of
the London penetration depth, A~2,
which in turn is proportional to the

dephasing rate o (proportional to A™%, the
inverse square of the magnetic penetration
depth, which is in turn proportional to the
superconducting carrier density n,)} in a
high-T, cuprate superconductor — in this
case an unafigned sintered powder sample
of La) gsSR4.15Cu0; in an applied field of
04 T (Aeppli et al., 1987).

superconducting carrier density n,.
Thus a measurement of the tem-
perature dependence of ¢ is (apart
from a normalization) also a mea-
surement of the excitation of nor-
mal carriers across the superconduct-
ing energy gap which characterizes
the pairing mechanism. A conven-
tional BCS “s-wave” superconductor
has a prescribed 7-dependence of n,,
variations from which are taken as
evidence for unconventional pairing
mechanisms, While all this shonld, in
the anthor’s opinion, be taken with
a grain of salt, stil SR has been
an important contributor to the de-
bate over the still-mysterious mecha-
nism for nrsc. While the uSR data
for the 18 K superconductor K3Cgp
are consistent with s-wave BCS su-
perconductivity, the 1SR results on
certain erganic and heavy-fermion su-



. 4

SFLUUIE QP ROLALIUL) REIAAALIVIL IEDULIALLE 3

50— g

s, T, ad

” v Y e

X, 0 -

" O3 fe wey \o 22

w

5 100 b "B om ow

1 ot} -

£ e

a %

g 14

= &

50 7

2 X mzu

‘G

RAE] .

= m‘tzc % Chwvrat a

a F

a 1 2 3 4 4o

Relaxotion Rate a(T-0) {us™]

FIG. 36. Correlations between the su-
perconducting carrier density n, {as mea-
sured by the u* dephasing rate o) and the
superconducting transition temperature 7,
for a wide varisty of “exotic” superconduc-
tors including many HTSC; conventional
BCS superconductors have higher n, with
lower 7.

perconductors show a 7-dependence
strongly suggestive of nodes in the
gap [momentnm-space directions in
which the superconducting gap van-
ishes] (Uemura et al, 1992). A
very similar T-dependence has been
observed for n, in various samples
of YBayCnuzOges — most notably
in high-quality single crystals - as
shown in Fig. 37.

4. pSR FACILITIES

No practical guide to pSR would
be complete without some discussion
of the Jogistica of pSR experiments
and the facilities required for its pur-
suit.
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FIG. 37. Temperature dependence of
the u' dephasing rate o {proportional to
the superconducting carrier density n,) in
single crystals of YBayCuzOggs in 2 TF-
pt SR experiment at 0.5 T (triangles) and
15 T (squares). An “s-wave” BCS super-
conductor is expected to show very weak
T-dependence near T = §), in contrast,
these data indicate an almost linear de-
crease from T = 0.

4.1 Logistics of Accelerator
Experiments

Because pSR  requires muons,
which must be produced by large,
high-intensity  accelerators, SR
beaw time will probably always
be a searce commodily for which
users will compete fiercely.  Such
competition has a beneficial effect on
the gnality of the resulting research,
but the scarcity of muons does
regulate the growth of the field. It
will probably always be the case that
BSR experimnents will be screened in
advance by peer review committees
and allocated heam time every few
months for periods ranging from a
few days to several weeks. While this
sort of schednle may often hamper
sponlaneity, it is well matched to the
eycle of experimental conception,
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another and matching the onigoing
positrons to the nuons from which
they arise, one may overcome the pile-
up rate limitation normally imposed
by allowing only one muon in the sam-
ple at a time; this technique has been
demonstrated but never widely ap-
plied.

Potentially promising alternatives
include modern proportional counters
and solid-state barrier detectors, but
neither of these have the required
time resolution in their standard con-
figurations; more development work is
needed.

4.2.2 Electronics. Raw
counter pulses are fed to fast
discriminators - nsually constant
fraction discriminators (CFDs) —
which generate uniform timing logic
pulses if the raw pulse height is
above a set threshold. The logic
pulses are processed by a simple
“fast  electronics”  circuit  shown
schematically in Fig. 38.

DU VIUUL DPLHE DULALIUIL NCIAXGLIVLL, IEsULalLE

design, execution, data analysis and
publication, as evidenced by the high
output of most uSR facilities.

Furthermore, becanse a typical
SR experiment involves so many
diverse iechnologies (from magnetic
beam optics to charged particle de-
tectors to magnets and cryostats to
fast electronics and extensive on-line
computer software) it makes an ex-
cellent training ground for students,
who, once having mastered the tech-
nigues of 1SR, can apply them almost
unaltered to a wide variety of scien-
tific topics.

4.2 Standard ;SR Hardware

Most accelerator laboratories with
1SR programs also maintain some
sort of pSR user facility providing
standard pSR spectrometers, elec-
tronics and data acquisition comput-
ers; it is now rare for individual ex-
perimental groups to provide their
own equipment except for specialized
eryostats, ovens, sample cells or data
analysis software. Some of the stan-
dard components to be found at most
#SR user facilities are listed below.

4.2.1 Detectors. The
workhorse of uSR is the plastic
scintillation counter, in which a
flash of light (generated as an
ionizing particle passes through the
scintillating plastic} is transmitted
down clear plastic light gnides
by total internal reflection io a
photomnultiplier tube that in turn
emits an electrical pulse which is
transmitted down a coaxial cable to
a fast timing discriminator module
in the counting room ontside the
experimental area (from  which
experimenters are excluded while the

beam is on, due 1o the appreciable
radiation levels in the muon heam
itself). The result is a logical timing
pulse whose arrival time corresponds
within ~ 1 ns (and a fixed delay)
to the time the particle passed
through the detector. The M and F
detectors in Fig. 1 wounld normally
be plastic scintillation counters for
the incoming muon and outgoing
positron, respectively, and would
normally provide a resolution of
0.5-2 ns on the corresponding time
interval. With careful design of the
counters, special photomultiplier
tubes, cables and fast electronics it is
possible to achieve time resolutions
~ 100 ps (llolzschuh, 1983; Keller
et al., 1987), but this is not yet
common.

While scintillation counters are
simple, reliahle, versatile and have ex-
cellent performance in the time do-
main, they have a rmnber of frustrat-
ing features: First, even if the scin-
tillator itself is small the light guides
are bulky and inflexible (flexible fi-
bre optics can be used but so far
only at the expense of timing degrada-
tion and/or loss of light collection effi-
ciency); this becomes increasingly in-
convenient as increasing stopping lu-
minosity reduces the scale of uSR
samples and experiments. Second,
most photomultiplier tubes are very
sensitive to magnetic fields and must
be magnetically shielded and/or re-
moved to field-free regions by long
light guides which again reduce time
resolution. Third, scintillation coun-
ters have only crude position sensi-
tivity, which is generally of secondary
importance to SR experiments, but
could be useful. For example, by dis-
tinguishing one incoming muon from
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FIG. 38.

Schematic electronics fogic diagram for two “channels” of a typical time-differential

{TD}-;1SR experiment (see Fig. 1).

The incoming mnon generates
a pulse in the M counter which
ultimately sends a start pulse to a
fast time digitizer (“clock”); later
the muon decays, triggering a stop
pulse in the E counter, which
stops the clock; the iime interval is
digitized and the corresponding bin
in a time histogram is incremented.

The additional logic modules
ensure that events with “second
muons” are rejected with uniform
efficiency throughout the gate T, lest
rate-dependent. distortions spoil the
resultant time spectra (histograms)
which are the final output of the
experiment.

Similar care must be taken {o re-



VLU OPLE NOLRLIOHS DEIAXALIVH) NESOLANCE 41

ject “second E7 events in which a
(possibly accidentaly count in an E
counter renders the identity of the
stop pulse ambiguous. This fune-
tion is handled internally in the LRS
4204 TDC, which is now the stan-
dard pSR clock primarily because it
provides this function along with ex-
cellent time resolution and the abil-
ity to directly increment time bins
in a CAMAC Histogramming Mem-
ory, thus relieving the data acquisi-
tion computer of all event-processing
duties except periodic histogram and
scaler readont.

There are unmerous improve
ments and adaptations of this basic
TD-u8R  arrangement, of course,
as well as several entirely different
electronics setnps for time-integral
(I}-pSR technignes.

4.2.3 uSR Spectrometers.
The local facility almost always
supplies a choice of several uSR
spectrometers, whose function is to
control the magnetic field at the
sample (usnally by means of three
orthogonal sets of Helmholtz coils,
one of which can geperate a large
main field) and to provide mounting
brackets for counters, cryostats
or other paraphernalia. Often a
standard set of counters are an
integral part of the spectrometer as
well. There is such a huge variety
of such spectromelers that it wonld
be pointless to try to describe a
“ypical” version in any detail.

4.2.4 Target Vessels and Cry-
ostats. Since the muon's initial po-
larization is independent of the state
of its environment, uSR samples may
be gases, liquids or solids at any
temperature, pressure, magnetic or

electric field. This versatility is re-
flected in the variety of samnple envie
ronments (target vessels) nsed in SR
experiments, ranging from large “gas
cans” (for studying hydrogen gas at
low pressure and high temperatire)
to miniaturized cryostats (for study-
ing small crystals at low tempera-
ture and high magnetic field). The
most common use of uSR is currently
in low-temperature condensed matter
physics, so that most xSR spectrom-
eters have general-purpose cryostats
built in (but removable). However, in
general the user is responsible for the
sample environment.

4.3 pSR Software

Because pSR data is always in-
timately connected with computers
(indeed, one needs computer graph-
ics just to see what one is measur-
ing) and because there is such a pre-
mium on efficient use of beam time,
which in turn demands that one know
what one has learned from one run be-
fore setting the independent variables
for the next (it is not unusual for a
#SR experimenter to generate, while
a spectrim is still accunulating, the
figures that will be published later to
describe it}, one of the most impor-
tant components of any uSR user fa-
cility is a suite of process control, data
presentation and analysis software to
provide the nser with all the math-
ematical tools deseribed in this arti-
cle, and more. Since implementation
of such utilities is nontrivial, some ef-
fort is now being made to define in-
ternational standards (data formats,
process control, data analysis efc.) so
that the uSR community can cooper-
ate on such software development and
share the benefits thereof.
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5. SPECULATIONS

The felicitons history of uSR
has reached a point of crisis in
the 1990°s:  accelerator facilities
rarely capture the fascination of
the subatomic physicists who baild
them for more than about two
decades, and the Meson Factories
have reached that difficalt age.
While pSR facilities require only
modest investments for qualitative
improvements using existing
accelerators, the big machines
themselves need expensive upgrades
to maintain world-class status as
subatomic facilities. Thus the future
of pSR remains inextricably linked
to that of subatomic physics — more
specifically, to that of high intensity,
intermediate energy, fixed-target
hadron accelerators. This has always
been the case and will remain so until
someone invents a tabletop device
capable of generating mnon beams.
In spite of the implied mutual
liability, the author has always
considered this unlikely symbiosis
to be one of the grealest charms of
H#SR.
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Further Reading

Several excellent reviews of
the applications of pSR  have
been written in recent years; I
recommend the book Muon Spin
Rotation Spectroscopy:  Principles
and  Applications in  Solid State
Physics by A. Schenck {Adam Hilger,
Bristol 1986) and the review article
entitled “Implanted Muon Studies
in Condensed Matter Science” by
S.F.J. Cox in J. Phys. C: Solid State
Phys. Vol. 20, pp. 3187-3319 (1987).

The Proceedings of all six In-
ternational Conferences on pSR to
date have been published in Hyper-
fine Interactions as special Volumes
6 (1979), 8 (1981), 17-19 (1984),
31 (1986), 63-65 (1990) and 85-87
(1994). These (and any subsequent
Proceedings) are the ideal sources for
state-of-the-art developments in uSR.



