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Preamble

Muons are very sensitive probes which have a lasgeety of applications in con-
densed matter and chemistry. With a magnetic momaeger than any nuclear moment, the
muons are used to probe extremely small local ntagrields, including their spatial
distribution and temporal fluctuations, in any foofnmatter. In addition, the muon carries an
electric charge and can be considered as a ligitbpyr making it particularly useful for
studying electronic quantum effects in matter. thse studies are performed with the puSR
technique which utilizes the parity-violating decaly muons from a highly spin-polarized
beam.

The number and diversity of phenomena studied bR &8s seen a remarkable
growth over the last two decades. In Europe, thiéepecomplementarity between th®lS
Pulsed Muon Facility(Rutherford Appleton Laboratory, U.K.) and the tionous muon
beam PSI uSR Facilityushered in a new era of exponential growth in negkes and
applications of uSR.

At PSI, the uSR user community has establishedf iiseone of the principal user
communities. In 2005, about 80 research propodatgaups from PSI, Swiss universities
and from abroad are active, using roughly 50% efttital beam time allocated to approved
experiments at the target M and E beam lines. ARGt scientists from institutions in 22
countries are involved in the uSR proposals.

In the period 1995-2005, more than 550 articlesedaon pSR work performed at
PSI, have been published in internationally recogghjournals, of which 47 articles appeared
in prestigious journals d@hysical Review Letters, ScienbatureandJ. American Chemical
Society It is worth mentioning that this was achievedhwitthe relatively modest budget of
PSI uSR, reflecting a very high cost effectivergfsthe Laboratory for Muon Spin Spectros-
copy (LMU).

Since the year 2002, the PSI uSR Facilities takeipahe framework programs of
the European Commissiofransnational Access to Research InfrastructuMgthin this
program, the LMU proposal has receivted ranking by the EC experts who recognized the
unique position of the PSI uSR Facility within tBendensed Matter and Chemistry commu-
nities.

To maintain its leadership in the field and to elgsfollow the internal and external
user demands, the LMU is permanently enhancindgtred of its SR Facilities. Two aspects
can be considered:

* improvements of the muon beam lines.
* improvements and developments of the uSR instrusnent

For the first aspect, and in a recent past, twagusibeam facilities have been realized or
approved: i) theMluon On REquest — MORE&Ccility and ii) ahigh-intensity low-energy muon
beamto be installed in the former muE4 beam line.

Concerning the developments of the uSR instrumemtsh effort has been put re-

cently on technical aspects as the improvementhefsignal/background ratio, improved
electronics, automatisation and user-friendlingssgarallel, and to cope with the increasing
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demand of the users, the sample environment ptissiihave been widely extended. A
range of cryostats can be routinely used to coeerperatures between 0.02 to 900 K.
External pressure up to 15’000 bars can now alsappéied to the samples.

However, and partly due to the specificity of th8Rutechnique, the increasing
demand on high magnetic fields (i.e. >> 1 Tesldjiclv has been observed among the main
HSR users at PSI, could not be fulfilled due tol#to& of a dedicated facility.

The purpose of this proposal is to preseScentific Casen view of a realization of a high-
field uSR Facility at PSI. It will provide the saific motivation and future perspectives for
the use of pSR with high magnetic fields.

The organization of this Scientific Case is asdwHB: In the Introduction, after some
background information, the present and futureasiotn of High-Field pSR will be shortly
presented. Section 2 is devoted to the novel relsdaecoming possible with a High-Field
USR instrument, with examples from the CondensetievjaChemistry and QED.
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1 Introduction

1.1 Background

In order to gain more insight into the specific &ebr of materials, it is often neces-
sary to perform measurements as a function of réiffeexternal parameters. Despite its high
sensitivity to internal fields, this simple obsetfga also applies for the uSR technique.

The most common parameter which can be tuned darnngxperiment is the sample
temperature. By using a range of cryostats, tentypem between 0.02 and 900K can be
covered at the PSI pSR Facility. On the other hard] by using high-energy muons,
pressures as high as 10'000 bars can nowadaysitieeret during HSR experiments [1].

As will be demonstrated in the following Sectioti®e magnetic field is an additional
external parameter playing a fundamental role wdtedying the ground state properties of
materials in condensed matter physics and chemistowever, the availability of high
magnetic fields for uSR experiments is still ratheiited. Hence, if on one hand the high
value of the gyromagnetic ratio of the mugp % 2r135.5410° Rad §" Tesla®) provides the
high magnetic sensitivity of the method, on theeothand it can lead to very high muon-spin
precession frequencies when performing measuremangpplied fields (the muon-spin
precession frequency in a field of 1 Tesla is 138Hz). Consequently, the use of ultra-fast
detectors and electronics is mandatory when meggurimagnetic fields exceeding 1 Tesla.
If such fields are very intense when compared ¢ofthrth magnetic field (<10* Tesla), the
energy associated with them is still modest in vigwhe thermal energy. Hence, the Zeeman
energy splitting of a free electron in a magneiidf of 1 Tesla corresponds to a thermal
energy as low as 0.67 Kelvin. It is worth menti@nihat nowadays magnetic fields of the
order of 10 to 15 Tesla are quite common in conel@msatter laboratories and have opened
up vast new exciting experimental possibilities.

1.2 Present Situation of High-Field uSR

Among the uSR user community a rising demand téoparp SR studies under high
magnetic fields is clearly noticeable. This predoanitly applies for the two existing research
centers world-wide where continuous muon flux arailable anchigh-field transverse-field
USR experiments are feasible, TRIUMF (Canada) &id P

To cope with this increasing demand, a new pSRun=nt (“BELLE”) has recently
been installed at the TRIUMF pSR Facility [2]. Sagvprimarily the North-American (and
partially the Japanese) puSR community, this insemenwhich can be operated at 7 Tesla,
has established the technical practicability of if¥¢asurements under high magnetic fields.

At PSI, the highest magnetic field for uSR expenisdn transverse field configura-
tion is available at theow Temperature FacilityLTF). This facility is equipped, in addition
to a *He-*He dilution refrigerator, with a split-coil Helmaltsuperconducting magnet
reaching up to 3 Tesla. On the remaining PSI pSRuments transverse magnetic fields of
the order of 0.5 Tesla are routinely accessible.

Though the LTF facility should predominantly be waded to extremely low tem-
peratures (i.e. < 1K), its specific magnet confagiom has led to a growing and recurrent
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“misuse” of this facility, with solely its field gability being exploited. Moreover, the muon
and positron detectors installed in the LTF crybsta characterized by a relatively limited
time resolution (ca. 1 ns) which leads to a grathesd of the uSR signal with increasing field
and significantly hampers studies at magnetic f@ddve 2 Tesla (see Figure 1).
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The remaining USR centres (KEK, Japan and ISIS) @rk characterized by pulsed
muon beams providing very limited time resolutitm.such facilities, uSR transverse-field
studies are only possible with fields as low asual@o2 Tesla. On the other hand, and owing
to the very low background, such facilities areteshle to study the spin—lattice relaxation
phenomena, which are monitored by the muon-spiaxagion and consist of an energy
exchange between the spins of the investigate@msgsand the two muon Zeeman levels. In
such pulsed muon uSR facilities, higimgitudinal-fieldstudies can therefore be employed to
gain more insight into the temporal fluctuationstioé spins inside the investigated systems
(see also Section 2.4.2). However, no high-fieldlitees are currently available at pulsed
muon beams.

1.3 Future of High-Field uSR Outside of PSI

As shown in the following, it emerges clearly thia¢ magnetic field will be consid-
ered in the next future as a standard parameteindose during uSR studies. In addition to
the foreseen high-field uSR Facility at PSI, selvenjects world-wide are presently
considered to cope with the user demand.

As already mentioned, the TRIUMF high-field instremt has clearly opened up a
vast area of new uSR research and has demonsthatéeasibility of the technique. Never-
theless, this instrument suffered from the fact thavas built around a recycled supercon-
ducting magnet which is missing the necessary bigbility for specific uSR studies. To
cope with this situation, a replacement of the neadpas been recently decided.

On the side of pulsed muon beam facilities, a Hagigitudinal-field instrument is
projected at the ISIS Pulsed Muon Facility. At {resent stage of the project, two field
configurations are investigated, i.e. 3 and 7 Tdsls planned that specific funding for this
new instrument will be requested from the Engimegrand Physical Sciences Research
Council (EPSRC, U.K.).
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It must be stressed that the foreseen PSI higt-faglility is perfectly complementary
to the U.K. project. As demonstrated in the follogiiSections, the foreseen research at PSI
will be focused on studies making primarily useta transverse-field uSR technique, which
arenot feasibleat the ISIS facility. In addition, the PSI higlelii facility is foreseen to be
equipped by a more intense magnet reaching alm®dtesla. In this vein, the PSI project
will not only preserve the scientific leadershiptbé PSI users community in the field of
HSR, but will also provide an important Europeadeativalue by establishing, together with
the U.K. project, a real and complementary Europe@R Facilities network. This aspect is
clearly recognized by both European uSR facilitidsch, together with different universi-
ties, have commonly seeked specific R&D funds dadit to high-field pSR within the 6th
framework program of the European CommissiBegearch and Technical Developments
Networks, within theNeutrons and Muongntegrate Infrastructure Initiative — “NMI3”)
which started in 2004.
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2 New Research Possible with a High-Field uSR Instr  ument

The present Section will focus on some exampldereseen research which could be
performed at a future high-field uSR facility atIP¥hese examples constitute a short and
incomplete summary of the Workshdpwards a High Magnetic Field uSR Facilityhich
was held at PSI on January 15-16, 2002 and whichattended by about 50 representatives
of different European research groups.

2.1 Condensed Matter
2.1.1 Superconductors

2.1.1.a Flux Line Lattice - Synergy uSR / SANS

When a high enough magnetic field is applied ttye-ll superconductor (one in
which the magnetic field penetration depth is largean the size of the Cooper pairs of
electrons), the field enters in the form of quaadizlux lines, each carrying2e of magnetic
flux. In the simplest case, these lines will paokether to form a lattice of triangular
symmetry. However in many cases this does not odbershape (triangular, square or
distorted) of the flux line lattice (FLL) contaimsformation about thehapeof the flux lines
themselves. This may reflect the interaction betwtte FLL and the crystal lattice, or even
more interestingly, may contain information abdwé hature of the pairing mechanism in the
superconducting state.

For instance, there is a tendency for a squaretBLdccur at high fields in d-wave
superconductor [3]. An unconventional superconduofothis type has the electrons in a
Cooper pair with antiparallel spins (as in a comnieral s-wavesuperconductor), but with 2
units of relative angular momentum. The energy ireguto break a Cooper pair in such a
superconductor varies around the Fermi surfacdy feiirfold symmetry. The nature of the
pairing in unconventional superconductors is res@aiot only by the FLL symmetry, but
even more strongly and characteristically in th&aitkd variation of the magnetic fiel\(r)
around the cores of the flux lines.

The microscopic properties of FLLs may be observeth by small-angle neutron
scattering (SANS) and by uSR. SANS gives a wesyalindication - as a diffraction pattern
- of the symmetry of the FLL, but cannot withoutther information providd®(r). The uSR
technique directly gives the distribution vdluesof magnetic field in the FLL and in many
cases this reflects the FLL symmetry and the valtighe magnetic penetration depth.
However, if insight fromboth measurements is combined, much more informationbea
obtained from either alone, and the explicit spagaiationB(r) may be obtained.

A (low field) demonstration of the possibilitiestime (probablyp-wave) superconduc-
tor SeERUQ, is given in Ref. 4. In this material, the FLL usire and in addition thehapeof
the flux lines, as revealed by the measurementsgidy unconventional. This is believed to
be a reflection of the underlying pairing, whichpibably not jusp-wave (parallel spins,
with one unit of relative angular momentum), bstoabreaks time-reversal symmetry!
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Many other unconventional superconductors hlavge values of the upper critical
field, above which superconductivity is destroy@thong these are organic, heavy fermion
and highT. superconductors. There are many other high-fieldesconductors of great
interest, even if their pairing is fairly conventad, such as the rare earth borocarbides and
MgB.. There is therefore a need to combine the insigbtained from high field SANS with
those from pSR at similar fields. At PSI there esvrbased a SANS magnet capable of 11
Tesla, which is far above the usual 0.6 Tesla m the GPS pSR instrument. A very
productive area of research would be opened upégyhergy between high field uSR and
SANS in the investigation of flux lines in superdomstors.

2.1.1.b Field Dependence of the Length Scales

As said, an external magnetic fidddy; such thaB; < Bex < Bz (wWhereB¢; and B,
represent the characteristic critical fields of superconducting material) will penetrate in a
superconductor dfype Ilin the form of flux tubes. Two length scales chéedze atype Il
superconductor: i) the radius of the flux tubes alihtan be associated to the Ginzburg
coherence lengttt) and ii) the London penetration leng#) (vhich gives the distance over
which the screening currents around a flux tubeislanFrom conventional theories, it is
expected that these two length scales are fielejpaddent.
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Figure 2 Field dependence of the Ginzburg-Landau coherérgth and London length extrapolated to|T
= 0K for YbaCuOs o5 from J.E. Sonier et al. [6].

USR is a unique technigue gmmultaneouslybtain information on both length scales,
and numerous studies were devoted to this topi [Ref. 5 for a review]. Generally speak-
ing, A can be ascertained by a measurement of the tnaesfield linewidth in the supercon-
ducting state. The coherence lendthis determined by a careful measurement of the
lineshape in transverse field, together with adia model of the internal field distribution
from the superfluid flux lattice. Experiments inethhigh temperature superconductor
YbaCusOs 95 UP t0Bext [18 T have found tha§ (or somewhat equivalently, the radius of the
fluxoid cores) shrinks in applied fields [5]. Theffect can be thought of as a reduction of lost
condensation energy due to an increasing normg& saslume as the number of vortices
increases with increasing applied field. MeasumsefA as a function of field < 10 T in
Yba,CusOs o5 Show that\ increases in field due to non-local effects, whadter the field near
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the vortex cores [6] (see Figure 3jmilar data were obtained for the system NbS¢ In
order to test the role of the crystallographic amm@py on these observations, uSR measure-
ments were performed on the cubic compoug8iVThey revealed that the London length is
independent of the field strength, but the Ginzbcoberence length was still found to be
field dependent [8]. These apparently contradict@syults have triggered different studies
with the aim to obtain a complete picture of thedidependence of these two length scales.
However, such studies will obtain quantitative isswnly when fields of the order of, at
least, a fraction 0B, will be used.In view of the large values @, observed in novel
superconductors (e.g. heavy-fermions, organic)-hiy such puSR studies will require the
use of fields of the order of 10 Tesla.

2.1.1.c Organics Superconductors

Layered organic superconductors based on the melécs(ethylenedithio)-tetrathia-
fulvalene, also known as BEDT-TTF, are currentlyeabrmous interest [9] because of their
low dimensionality, chemical tuneability, and besauhere is growing evidence that their

superconductivity isinconventional
{b}
()
o X

(a}

Pk o
L
i Fan )

Figure 3 An organic superconductor consists of alternatiagelrs of organic molecules and inorgan
anions. The figure showa) a side-view angb) a plan-view of x&-ET,Cu(SCN).

9]

In these materials, BEDT-TTF molecules are stacieed to each other to ensure that
the molecular orbitals overlap. Generally, a numef BEDT-TTF molecules jointly donate
an electron to a second type of molecutg {0 form a compound (BEDT-TTEX; X is
known as the anion, while the BEDT-TTF moleculereferred to either as the donor or
cation. The transfer of charge serves to bind tmerge-transfer salt together (in a manner
analogous to ionic bonding) and also leaves behirtble, jointly shared between the
BEDT-TTF molecules [9]. This means that the baratsnéd by the overlap of the BEDT-
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TTF molecular orbitals will be partially filled, #&ling one to expect that the charge-transfer
salt will conduct electricity.

The low dimensionality of the resulting salts leédls large (but tuneable) degree of
anisotropy in the superconducting properties amlgees arextremely rich temperature—
magnetic field phase diagrann the following we enumerate some specific reseaopics
where a future high-field uSR instrument could pakey role.

In highly anisotropic systems the vortex latticenat a system of rigid rods (as in the
isotropic case) but should be considered as a weakipled stack of quasi-two-dimensional
(g2D) “pancake” vortices, each one confined to gesconducting plane. The phase diagram
is thus substantially altered to take accountetifand temperature dependent changes in the
vortex lattice itself. At low temperaturd)(and low magnetic fieldB) the stacks resemble
conventional vortex lines. Above a characterigimperaturd, but still below that at which
superconductivity is destroyed, the vortex latteceroken up by thermal fluctuations (vortex
lattice melting). At lowT, but this time increasinB, the energetic cost of interlayer deforma-
tions of the lattice (local tilting of the lines} iprogressively outweighed by the cost of
intralayer deformations within the superconductitane (shearing). Above a crossover field
B.r the vortex lattice enters a more two-dimensioegime. Thus in anisotropic systems we
may expecttemperature and field dependent transitioims which the vortex lattice is
destroyed and these can be effectively probed ys8ig. As an example, such studies-in
ET.Cu(SCN) demonstrate the existence of a flux-line latticé/ @t low fields [10], with a
transition to q2D order with reduced correlatiohsatex segments along the field direction.
In addition, the uSR results demonstrate that tberqparameter af-ET,Cu(SCN) contains
line nodes, thus ruling out a conventiogavave interpretation for this material [11].

The high purity and quality of ET based or- ° | BETS)Fe
ganic superconductors permits the measurement of 2
Fermi surface parameters using the de Haas—va
Alphen and Shubnikov—de Haas effects, and this
has led to many advances in experimental ‘fermiol-
ogy’ of organic metals [9]. Angle-dependent
magnetoresistance measurements have demon-
strated the coherence of the Fermi surface in the t
interlayer direction [12]. A high-field muon—
spectrometer could allow one to measure diamag- |
netic domains [see 13 and Section 2.1.2.d] for the |

first time in an organic superconductor. :
Al

The transition temperature of many ET su-
perconductors falls with applied pressure, so | | L
negative pressure can be applied chemically by’ 70 15 20 25 30 35 20 45
making the ET molecular larger. Partial substitutio B (T
of sulphur atoms by selenium produces the male- )
cule BEDT-TSF (abbreviated to BETS) and sol| Figure 4 A-phase of BETSeCL : the
superconductors using this molecule have b{ Jaccarino-Peter effect is at play [15].
found. BETS superconductors provide an oppol
nity to study the interplay of magnetism and supedtictivity; several salts of the form
BETSX are superconductors wheXels a magnetic anion. In particular, this is theecéor
thek phase withX = FeBg, and FeCJ. In the salt with FeBr the F&" is in a high-spin state
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(S =5/2) and the salt undergoes an antiferromagnetitsition afTy = 2.5K and a supercon-
ducting transition af, = 1K. For the FeGlsalt the two transitions are reduced in tempeeatur
by a factor of 5-10. It is predicted that the iatgion between localized and delocalized
states in th& phase salts leads to a commensurate spin-denaitg state in the molecular
layers in addition to the ordering of the Fe. Sitloe pSR technique provides microscopic
information on both the magnetic and the supercotdy states, measurements in high field
could be used to gain insight into the specifieiptay between both phenomena.

Another example of possible application of higHefistudies in organic superconduc-
tors is furnished by the-phase of BETZeCL. In zero magnetic fieldy-BETS,FeCl, shows
a metal-insulator transition around 8K associatét antiferromagnetic order. This insulat-
ing phase is destabilized in magnetic fields abb@elesla. When a large magnetic field is
applied exactly parallel to the conduction planesAiBETSFeCl, superconductivity is
induced above 17 Tesla below 1K (see Figure 4)Y1H]4which is believed to be associated
with a Jaccarino-Peter effect [16] in which the la@apfield cancels the exchange interaction
with localized Fe moments. Though the field to ioelsuperconductivity is large, it can be
reduced by forming alloys such as BEF§Ga;.,ClyBri.y [17].

2.1.1.d New Physics

The examples discussed so far concern studiesdbét have been undertaken at PSI
in the recent past if magnetic fields in the ranfd3 < 15 T had been available. We now
discuss a case in which new physics could be imgasd in the future in the field of
superconductivity.

Suppose we wish to study phenomena near the upgpealdield B.,. Using the BCS
estimate [18] foBco = qu /212, wheref = hve/TA is the coherence length,= 1.76T is
the energy gap parameter, amd= 2 10'GGn?, one can show th&.o O T/er, Wheregr is
the Fermi energy (corresponding to the Fermi v&Jogi). Ordinary metals have: = 10* K
andT, of a few K, leading to rather small critical fisld~or critical fields near 10 Tesla, one
requires small Fermi energies, and siege pF2/2/m*, wherem’ is the effective mass, one
wants to look at systems with large. This leads one to the study of heavy fermion niglte
[19]. For example, aluminum h&g,, = 0.01 Tesla, while the heavy fermion UBkasB.,o =
10 Tesla.

The B value discussed above is due to the occurrencebithbsupercurrents that
are formed around the penetrating magnetic-fiald fubes in aype Il superconductor [18].
Above B, the superconducting state is lost. Supercondiygtoan also be destroyed in a
magnetic field when the field is strong enough tealk the Cooper pairs. This pair-breaking
field is known as the paramagnetic critical fi@¢= A/2ug = 1.8 T Tesla, in a BCS model
[20]. Various novel superconducting states havenhemedicted in high applied magnetic
fields. Maki predicted [21] that the supercondugtiransition would go from™ order to f'
order if aw = Beod(V2 By) O 1, a weak orbital limit. Somewhat before this, an4uniform
superconducting state (FFLO) was predicted [2Z)cicur in a clean superconductor (electron
mean free path >&) with A >>&. The non-uniformity corresponds to the pairingelafctrons
with a finite net momenturk, as contrasted with th&| = 0 in the more typical BCS state.
This latter prediction was extended [23] to predictinitek, non-uniform state fooy =
1.1&\/eg > 1.8. The non-uniformity means that the orderapseter will depend on spatial
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position within the superconductor. Thus, in a $karse fielduSR experiment one would
expect to see a change of the inhomogeneous litlevaisi one raises the field across the
phase boundary. One can estimate that the scaltésahodulation should be 800 — 1600 A,
well within the measurement range gi®R experiment.

2.1.2 Magnetism

Magnetism, i.e. the physics of interacting spinsandensed matter, is one of the cen-
tral topics in solid states physics. The persisieterest in this field is triggered not only by
the vast range of technological applications of medig systems e.g. in electrical engineering
and information storage but also by actual topicdsindamental physics.

In the following Subsections, some examples of aede focused on magnetism
where a high-field uSR instrument could play anontgnt role are presented.

2.1.2.a Molecular Magnets — High Spin Molecules

Computers save files in a “read/write”
format by using magnetic memory. Due to raf
technological advances, the size of tf
magnetic memory unit decreases every ye
Even so, the smallest memory unit to date u:
as much as 100 billion atoms to hold one bite
information. This vast number considerab ,
limits the memory capabilities, and a glob g™
effort is currently under way to reduce the si !
of this unit.

One possible solution is to use molecul*
clusters containing only 10 to 100 atoms. The
systems arédnigh spin moleculescomprising a
small network of magnetic ions in such a wi
that the net spin of the cluste, is large (e.g.
10, 27/2 or 39/2). The clusters contain bc
magnetic ions and organic ligands which bii
the magnetic ions into a well-defined geomet
These clusters crystallise in a lattice and the
intercluster interactions can largely be ignord Figure 5 A disc-like molecular cluster, abou
However, there is a major obstacle in tH a nanometer across, containing 19 iron atoms
option, which has so far hindered its wiq linked by oxygen atoms with organi
spread use: at this small size such molecu| Melecules tacked around the edge [24].
adhering to the rules of quantum mechanics,
could spontaneously reverse the direction of theignetization and therefore “lose” their
memory via quantum tunneling of the magnetizatiocRQTN). Consequently much
experimental effort is applied to study the QTMhese molecules.
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Various chemically prepared magnetic clusters haeently attracted great interest
for studying macroscopic quantum effects [25]. WHba temperature is lower than an
anisotropy barrier (which lifts theSx*+ 1 degeneracy of the sp#), the only possible spin-
relaxation mechanism is quantum mechanical andgrhena such as quantum tunneling of
magnetization can be observed.

Experimental studies [26,27,28] show that the msjoin-relaxation is thermally acti-
vated at high temperature, but this saturateseasample is cooled and the resulting tempera-
ture-independent muon-spin relaxation at low terajpee is indicative of quantum fluctua-
tions. The field dependence of this relaxation va#iothe quantum tunneling rate to be
extracted via the magnetic field dependence ofréeexation. Large magnetic fields would
allow this tunneling rate to be extracted more sataly, but will also allow tunneling
between levels close to level crossings to be pr¢bee Figure 6).

This is illustrated by preliminary
measurements performed on the high

spin molecule [Fg(OH)12(CsH1sN3)e]- =
Br7(H,0)Br8H,O, also known for short g

as Fg. The Fg has a ground state of spin /,,7,7”

S = 10 and the most important terms in, ° =EEEEEEZ 7

the Hamiltonian are given by = - DS* < :::z“"

— qsSH whereD = 0.275K ancH isthe 2 RSS2

external magnetic field. When the field= b"’

is applied along the easy axislirection, >

the energy levels of this Hamiltonian are

given byE(n) = — Drf— gusnH, wheren

is an integer running from —10to 10. In 0T T T T T T T Ty T 0
zero field, the ground state is given by Field (T)

= +10. At certain “matching” magnetic-
field valuesHy, = 0; +0.21; +0.42Tesla

etc., states with differemt’'s (e.9.n = | Figure 6 Energy levels in an S = 10 molecule, Mn
+10 andn = -9) can have identica| acetate, as a function of magnetic field. Note the
energies. crossing of different energy levels at differerglds

allowing tunneling between different states.

Using a multi-step magnetic field cycl
(which is indicated in the different panels of Figur) it was demonstrated by uSR that
specific energy levels can be populated, and bHepopulation can be maintaineder many
hours eventhough the field was reduced to nearly zerth@ end of the cycle. This is
demonstrated by small differences of the uSR speetithough all measurements were
performed under theame final magnetic conditions other words, it was possible to create
a multi-bit magnetic memory out of high spin mollesu At this point it could be possible to
directly explore the QTM phenomenon between difieenergy states. However, at present
the quality of the data is rather limited by th&ateely small magnetic field available at the
PSI uSR instruments, with which the different statan be prepared. A significantly higher
magnetic field will allow a better differentiatidretween the different energy levels and field
cycles.
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2.1.2.b Spin Ladder Systems

Since the advent of high temperature supercondtyctive low dimensional quantum
magnets, i.e. systems having localized magnetic emtsnof low effective spin angular
momentum $ = 1/2 orS = 1) that interact antiferromagnetically in leban three dimen-
sions, became an intense field of study in magmetis

Under these specific circumstances quantum fluictogtplay an important role and
both the ground state properties and fundamentitagions are completely different from
the classical picture of long range Curie or Nédkeo and spin wave propagation. Often non-
magnetic spin singlet states with excitation gapof several degrees Kelvin are formed. The
spin singlet ground state can be caused byructural dimerizationof the spin interaction.
This is the case in local “zero dimensional” spairpcompounds or 1-dimensional chain
systems with aspin-Peierlstransition like CuGe@ On the other hand collective non-
magnetic states like the Haldane stateéSin 1 chain systems or resonating valence bond
liquids in frustrated two-dimension8l= 1/2 lattices can be found [29].

It is mandatory to study the response of theseesysin high magnetic fields to iden-
tify the actual ground state and to determine dieall exchange constants which can be very

High-Field uSR Intrument — Scientific Caseél5



strongly renormalized in zero and low magneticd$etue to quantum effects. The main
purpose of the high field is to close the excitatgap to the magnetic (triplet) state. In this
case quantum phase transitions accompanied by wquaatitical behavior of the order
parameter and the dynamic correlation functioneapected at low temperatures.

In the following, a few examples of low dimensiomgiantum magnets will be pre-
sented to illustrate the rich physics found in ¢heystems and to outline the potential
applications of high field pSR. Since the maximuigmetic field strength anticipated for the
future USR instrument is of the order of 15 Tet#la, actual examples are mostly chosen so
that this field range is sufficient to access thgoal regime in the magnetic phase diagram.

The term h-leg spin ladders” refers to parallel chains of magnetic ions where the
magnetic interchain coupling along thengsis comparable to the couplings along the chains
(legsof the ladder). In the absence of charge cartlergvenleg ladders have a spin gap in
the energy spectrum above the singlet ground siHterefore these systems show an
analogous behavior to the underdoped 2-dimensibighi-T. compounds where a pseudo
spin gap with a low density of low-energy excitagds observed. Since also superconductiv-
ity is observed in a 2-leg ladder material [30] hess been predicted by theory [31], the
analogy is even stronger.

ForS= 1/2 systems the critical field strend@hin Tesla to close the spin gap is of the
order of the excitation gap in Kelvin. For isotropic coupling (i.€ung =Jeg) in spin ladders
A = 0.51. Therefore systems which can be studied in highl fu SR must have a magnetic
couplingJ in the 20-30 Kelvin range or below.

An example in this category is the organic two4pin ladder Cu(€H12N)2Brs [see
for example 32]. In this system localiz&= 1/2 spins of the Cii ions interact via Br
superexchangel{ng = 13 K, Jeg = 4 K) resulting in an spin gap & = 9.5 K. In low
temperature magnetization measurements a gaplassibe of a 1-dimensional Heisenberg
antiferromagnet is recovered between 6.6 and 1dsfaT A universal scaling of the magneti-
zation indicates quantum critical behavior whichn d@e understood in terms of a Bose
condensation of singlets or triplets out of a disoed Luttinger liquid phase.

A similar material discussed as a two-f&g 1/2 spin ladder is G(CsH12N2)>Cl4 [33]
which has been extensively studied recently. Twantum critical points atl,; = 7.5 andHc,
= 13.2 Tesla have been derived. They correspondetd fialues where the ground state
changes from gappedspin liquid phase to magnetic phaswith a gapless ground state and
finally to afully polarized magnetic gapped ph434,35].

The formation of magnetization plateaus is not gusgsible at zero or full polariza-
tion. Several systems show plateaus at fractiorzgmatization values. Oshikawa et al. [36]
have developed a criterion for fractional magnéiraplateaus in quantum systems on the
base of classical arguments. To check the theatqiiedictions more experimental work is
necessary. A system accessible with high field IsSRH,CuCk [37]. This ladder material
exhibits 1-dimensional behavior with a finite systdality at low temperature and low
magnetic field strength. Between 5 to 12 and 1Z5d esla magnetization plateaus with 1/4
and 3/4 full polarization are found (see Figure™)e isostructural system TICu@xhibits
a spin gap of 7 K in low field [38]. At a criticdield of 6 Tesla an increase of the low
temperature magnetization is interpreted as a @awnal condensation of thermally
occupied triplets.
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Figure 9 Low temperature magnetization in NEUCk [37] and TICuC} [38].

In the examples presented above, there are magy gpestions which can be ad-
dressed with high field uSR. Static properties like local order parameter and its spatial
homogeneity can be derived from muon Knight shé&asurements, for which high fields are
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required (see Section 2.4.1). On the other haral,ntiion spin relaxation, and its field

dependence, can be used to measure the correfatiotion of the spins in the investigated

systems. Moreover, the time window accessible bR pfasurements is complementary to
other techniques like ESR, NMR and neutron scaigeri

2.1.2.c Frustrated 2-Dimensional Systems

In two-dimensional systems the conditions for therfation of nonmagnetic ground
states are currently studied very intensively. Quanphases are observed in the case of
competing interactions, i.e. a high degree of faigin and a small coordination number. In
this case the magnetic phase diagram can exhiiefgtic metamagnetic transitions and
magnetic plateaus at zero and at rational valugeeofmagnetization as well as complicated
magnetically ordered phases like chiral or incomsoeate order.

An example for a topologically frustrated systenthe triangular lattice with anti-
ferromagnetic interactions. Experimentally thisuation is found in G€uCl, which is a
spin-1/2 Heisenberg antiferromagnet on a two-dinoerad anisotropic triangular lattice with
exchangeJ along b-axis chains and “interchain” zig-zag couplidg = J/3 along thec-
direction (see Figure 10) [39]. Neutron scatterxgeriments reveal a rich magnetic phase
diagram very different for magnetic field orientais parallel and perpendicular to the planes
[40]. In zero-applied field and due to the frustchicouplings, spins show incommensurate
correlations that are stabilized by the finite iFieyer couplings)” into a true 3-dimensional
long-range ordered structure at temperatures b&lpow0.62K: spins rotate in spirals that are
nearly contained in thécplane by a small anisotropy. Strong quantum flattuns are
directly manifested in large renormalizations (byaator ca. 2 from classical values) of
properties such as the ordering wavevector andribegy scale of the excitations.

0.8 Figure 10 Triangular
magnetic lattice and ma-
9 -0.6 gnetic phase diagram o
c J = F | cscuc (from [40]).
3 X
Fl—< Ke; -0.4 <
£\ J| Cone —
ol | = -0.2
< > S|O
b ) 0
1

87 21 0246 8
B(MI|lc B(M]la

For magnetic fields perpendicular to the triangulnes a transition to a ferromag-
netic ordered phase occurs at 8 Tesla without amantym disordered intermediate phase.
Applying the field in plane along theaxis leads to a disordered spin liquid phase betvae
and 8 Tesla. Obviously the in-plane magnetic fisddds to suppress the 3-dimensional
magnetic order and the low dimensional physiceeevered. This is further supported by the
observation of a broad spinon-like excitation speutin inelastic neutron scattering typical
for a dominantly one-dimensional Heisenberg anti@magnet.
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The nature of spin correlations in this essentiallyo-temperature quantum ground
state is a very important question for current tlesoof quantum phases in two dimensions
and could be probed using uSR if higher fields veatailable.

2.1.2.d Landau Orbital Magnetism in 2D and 3D Metals

Condon Domains: (@) i
While quantum (de Haas — van Al- 20700} Be.» 0-5 K
phen) oscillations due to successive filling 50l Tmme
of Landau levels in metallic systems have _
long been known and used as standards for> 208601 M
20640

mapping Fermi surfaces (FS) [41], a new i
chapter in this field has been opened by the 3 50520l o
discovery of theinstability of the oscilla- I M
. . . .. . 20600
tions in certain conditions and the resulting .
domain structure [42]. For Condon domains, ~ 2%°%9
e ) : A
high-field uSR is the_ on_Iy generally appll- 0880 5083050880 50900
cable tool of investigation. The domains field H (Oe)
arise periodically, provided the oscillatory

magnetic susceptibilityy =dM/dB has an (b)

induction

amplitude x, >1/4n. It can be shown that ' ?

X, On‘g(T/B,T,/B), where the filing % 1of ~=fes®  #wRT - o
number n=#ncA/2neB depends on the % %8 _ e T 5T
extremal cross sectiof of the FS, and the £ 06 ¢ £ i
“damping factor” p<1 is a decreasing é 041 gm :‘“m 5 g
function of its arguments (the Dingle ° 92[ o T
temperature Tp characterizes crystal %0580 20620 20660 20700
perfection). The exponent ks= 2 or 3/2 for flela Hi(0e)

2-dimensional or 3-dimensional syste
respectively, and domains are formed in ¢ Figure 11 (a) Domains with opposite magnetiza
field range wheren=10° but whereB is tions In B? make the diagram B(H) periodically

two-valued;(b) the line intensities (proportional tq
large enough (for the givell and Tp) t0 | the volume fractions of the two kinds of domains)
satisfy 1-<<1. Previous studies wer¢ vary linearly with the applied field H [43].
limited to H = 2-3 Tesla, but optima
resolution with uSR is expected in general at higipplied fields, namely at 34 < 8 Tesla
for Be [43], 8 <H < 30 Tesla for noble metals [44], and FH<< 6 Tesla for the quasi-2-
dimensional intercalated graphite [45]. There isoah hint for domain formation in the
organic conductoBy-(ET).l3 [46] at about 11 Tesla. In spite of recent, prongsu SR results
(see Figure 11), giving direct evidence for Condlmmains in Be and in the polyvalent
metals Sn, Al, Pb [43] for fieldB < 3 Tesla, the experimental information on thedfiel
structure near domain boundaries, the order argtikgof the diamagnetic transition and the
phase diagrams [47,43,44] is still scanty or comepfelacking. Considering that this
fundamental subject is attracting strong theoretinterest, the need for a spectrometer
working in theB > 3 Tesla and < 1 Kelvin regime would be highly desirable.

Internal field in the quantum limit:
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In the other limit of low filling numbers (regiorf the Integer Quantum Hall Effert
the cyclotron radius. is comparable to the “radius for one electrop™= (3/4Trp)”3 and a
localization of the orbitals is expected [48] (Wher is the electron density). This should be
observable by uSR, via the increased muon depataiz rate o 0 B> due to spatial
fluctuation of the internal field [49]. Experiments Bi [50] indeed showed a systematic
increase ofo with B, inexplicable through the nuclear dipole fieldsgddhe same was found
subsequently [51] in different samples upBte 3 Tesla (see Figure 12). In Bi the quantum
limit is attained aB = 1.2, 13 or 18 Tesla depending on the field dio&¢ thus possibly on
the scale of a future high-field spectrometer.

=

_ | | Figure 12 Measured field dependence (
' : the muon depolarization rateo for Bi,
with B||a-axis at 3K. The arrows indicat¢
maxima of the magnetic susceptibility.
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For this research field, the need for high-fieldRulsere is clear since tmaicroscopic
study of the quantum limit state, with predomingnid¢icalized cyclotron orbitals, is possible
in general only by uSR, due to the disturbing sfiect and the quadrupolar interactions e.g.
for NMR.

2.1.2.e Heavy-Fermion Systems

In a simple minded model, a heavy-fermion metallmathought of as a usual metal
such as aluminum but with strongly renormalized effective mafs its conduction elec-
trons. This renormalization, which arises from #&leaic correlations between the conduction
electrons and the localizég:lectrons, can be so large that the effectivetelrenassn’ is of
the order o200 timesthe mass of the free electron, i.e. about the nmass (for a review
see [52]). A fascinating aspect of this class ahpounds is the observation that, within the
heavy-fermion regime, a wealth of ground states @ecur. For example, unconventional
superconductivity is observed in a few systems @suhlly coexists and couples with static
magnetism. Also among the heavy-fermion systemesniagnetically ordered states appear
rather anomalous and are often characterized bgoran incommensurate, or extremely
short-range order, sometimes associated with v@llsstatic moments. Due to its specific
characteristics the pSR technique has been ex&dyaiNilized to investigate the peculiar
magnetic properties of these systems (for a regesv[53]). In the following we report some
examples where the use of a high-magnetic fielddcovamatically improve the specific
information extracted from pSR studies on heavyafen compounds.

The interplay of magnetism and superconductivity been a topic of great interest
for many decades. This interplay is nicely dispthye several heavy-fermion superconduct-
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ing systems, in which magnetic and superconduatiniggr parameters compete, coexist or
couple to one another [19]. One such system is i which displays clear evidence of
the competition between these two ground statgserdBng on the stoichiometry and the
applied magnetic field [54]. At zero field this s is superconducting below about 0.6K.
However in an applied magnetic field the systenpldigs at least two novel magnetic states:
the so-called A state, which exists betw®&mn 7 T at zero Kelvin an8 =0 T at 0.6 K, and
the B state which is found at fields B > 7 T belabout 0.6K. The exact nature of these states
is yet to be determined. TheSR Knight shift could be used to probe the locakcsptibility

of these phases and to more carefully map out itdd-temperature phase diagram as a
function of stoichiometry, for example. A similahgse diagram has also been found in the
heavy fermion superconductor UfAdis, which is superconducting below about 1.8K and
possesses magnetic phases below 12-14K in fizklebout 5 T (phase 1) ari8l< about 18

T (phase 1l) [55].

1.2 u T u T u T u T y T

M (1/Ce)

H(T)

Figure 13Magnetization versus the applied field recorded at
1.5 K for CeRyShb; from J.X. Boucherle et al. [56].

Another model heavy-fermion system is the tetragantermetallic CeRgSip,
which does not display any signature of a phagesitian in bulk measurements. However, a
metamagnetitransition is observed at low temperature at aBolit This transition manifests
itself by a clear non-linear magnetization as afiom of the applied magnetic field as shown
in Figure 13. Interestingly, no change of the étaseutron cross-section could be observed
as a function of field [56]. Therefore it appednattthe localizedif electron density is not
directly at the origin of the metamagnetic behavi@vailable uSR data on this system
indicate the occurrence of a magnetic signal at lew temperature, which can be attributed
to long wavelength itinerant magnetic excitatiob%][ Since this uSR signal can also be

High-Field uSR Intrument — Scientific Case21



observed in transverse field measurements [58]gla fmagnetic field study should provide
more insight in the microscopic origin of the olv&at metamagnetic transition.

2.1.2.f Colossal Magnetoresistive (CMR) Systems

There is a strong and continuing interest in theRCManganites [59] which derives
from the great variety of competing ground statdsteted by these materials. This unusual
variety, which includes ferromagnetic (FM), antiftenagnetic (AFM), insulating, conduct-
ing, charge- and orbitally-ordered ground stateisea from the strong interaction between
spin, charge and lattice degrees of freedom [6@F $eries of LaCaMnO; compounds
displays all of the ground states mentioned abava single crystal structure [61]. When
Ca " is substituted for L, Mn** ions are produced in place of the ¥found in LaMnQ.
Competing AFM super-exchange and FM double-exchafigegween MA" and MA")
interactions, strong electron-phonon coupling amdil@mb repulsion mediate these transi-
tions [60]. For example, for 0.2& x < 0.50, the system undergoes an insulator-to-metal
transition at the ferromagnetic transition tempeeaflc . A large change in magnetoresis-
tance also occurs at. Of particular recent interest is that the 0, 1/2 and 2/3 compounds
exhibit both charge and orbital ordering of the Bhstates. The PyCaMnO3z materials also
exhibit charge ordering [62] which is particularigsistant to applied magnetic fields.
Pro.sCa sMnOs, for example, remains in a charge-ordered staterfich M+ and Mrf* ions
sit on alternate sites) below about 150 K in fielglsto 20 Tesla, depending on whether the
field is decreasing or increasing. Whegr= 0.4, however, the charge ordered state is de-
stroyed by fields of the order of 10 Tesla. Thisuldobe an ideal system to study the spin
dynamics and local magnetic susceptibility uguER if fields of 10-15 Tesla were available.

2.1.3 Semiconductors / Semimetals

2.1.3.a Korringa Relaxation in Semimetals

The seemingly diamagnetic uSR signals in matesiath as Sb and Bi — and even in
graphite, which is still used as a reference sarfgslenuon polarization and decay asymme-
try — belie complex issues of local electronic stmwe and dynamics. The electron density in
these semimetals is too low to screen the muorgehand suppress muonium formation, as
occurs in normal metals. It is spin or charge ergeawith the conduction electrons which
precludes the observation of long-lived paramagn&tttes. Shifts of the Larmor frequency
in transverse field are known for these elemenitkey are loosely known as Knight shifts
[see also Section 2.4.1], but in fact are largantim simple metals and significantly tempera-
ture dependent). Careful measurements reveal thelt &requency shifts correlate with
longitudinal muon spin relaxation which, althougkak, is by no means negligible in these
materials [63]. A new theoretical formulation ofetiKorringa relation (the original was
intended to apply only to simple metals at low tenapure) promises to provide a framework
for interpreting such data, and to relate it to muepolarization in magnetic metals [64].
The case of graphite further relates it to the cdspin-exchange on organic radicals [65].

Whereas Korringa relaxation for the host nuclesimple electrons is independent of
applied magnetic field, the same is unlikely tothee in semimetals (where the density of

High-Field uSR Intrument — Scientific Case22



states is minimal and varying strongly at the Feemérgy). None of the preliminary uSR
studies have yet been taken above a few hundredsm@&xploration to much higher fields —
both of the transverse-field frequency shifts amel flongitudinal-field relaxation rates is a
high priority. The high-field variation will reveahnd characterize the slower electron
encounter or exchange rate.

The point here is that screening theory has focosed static description of the local
charge build up. (The theory has also been somendglected of late, perhaps for lack of
data.) High-field uSR data in materials with a widege of conduction electron densities
promise to link the static aspects of defect-chageeening to the dynamical aspects of
electron exchange and temperature dependence.

The effects of Landau levels and cyclotron orbitssemimetals also require high-field
studies. These are dealt with in the Section 21.&ee also Section 2.1.3.d below, for a
particular case in semiconductors.)

2.1.3.b Electrical Activity of Hydrogen Impurity in Semiconductors

Much of the current understanding of hydrogen intgun semiconductors comes
directly from the use of positive muons to mimiceirstitial protons and of muonium to
mimic isolated hydrogen defect centres. This ie tsath of the cystallographic sites involved
— notably the unexpected metastability betweere-camtre and bond-centre in Si, Ge, GaAs
etc. — and of the associated electronic structufesse are all deduced more easily and
unambiguously from uSR hyperfine and quadrupoletspscopy than by any conventional
technique and now even extend to the negativelygelshcentre, mimicking the elusive
interstitial hydride ion.

Moving from spectroscopy to dynamical studies, shecalled charge-exchange re-
gime is especially important. It models the eleetriactivity of hydrogen impurity in terms of
rapid capture and loss of electrons [66]. Reped&beshation and ionization of muonium
provides a powerful relaxation mechanism. It islgsia of the form of the field and tempera-
ture dependences which identifies the particulterplay of site and charge state involved.
Figure 14 shows TRIUMF data for GaAs [67] where tleéaxation rate is still varying
strongly at 7 Tesla, maximum field currently avhi&a Higher fields are manifestly required
to pursue the studies to faster cycle rates, exgjdrigher temperatures or higher levels of
doping.

The illumination of semiconductors begun at PS| #relmuonium response to pho-

togenerated carriers is another major area — scddly under-explored — which would
likewise benefit from the highest possible appfietts.
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data for GaAs, still unquenched
and varying strongly towards 5
Tesla [67].
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In all such studies, intermittent hyperfine cougliue to muonium spin or charge
exchange may be expressed as fluctuations abet#tia average. The fluctuations cause
spin relaxation, both longitudinal (as in Figure) &4d transverse. The static average, which
is non-zero in the presence of some electronic gpiarization, in addition produces a
paramagnetic shift of the (seemingly diamagnetiagpmLarmor precession signal. One goal
here is to demonstrate some generalized Korringgionship between relaxation rate and
frequency shift. Measurements well above room teatpee in silicon have revealed serious
shortcomings of our present understanding, howekiyure 15 shows PSI data for the
frequency shift, which is large enough to be meatslereven at temperatures where charge-
exchange relaxation is fastest. Nevertheless astensset of parameters for electron capture
and loss, site change etc., cannot be found taibedooth the shift and relaxation data [68].
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Figure 15 PSI data showing a huge shift of the muon Larmenqdiency in silicon, as a function ¢
temperature [17] and field [18]. The field dependenshows that the assymptotic limit required for
reliable analysis has not been reached.
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It has recently become clear from field depended §69] that the frequency shift is
not a function of electronic polarization aloaéthough it must become so at very high fields
Analytical expressions at low and intermediatedeprove impossible to derive: different
mathematical approaches even lead to shifts of Sifgeign [70]! The most reliable resolu-
tion is to extend the measurements to fields wikeemathematical expressions become
assymptotically correct, probably between 5 and TH3la, i.e. towards 100 times the
hyperfine field for normal muonium in silicon.

The importance of such a study is to see whetleeebictrical activity of hydrogen
impurity at high temperature involves interplaytbé same sites and electronic structures as
identified by low temperature SR spectroscopywbether new states or processes come
into play.

2.1.3.c Shallow Donor Muonium States: Implications for Hydrogen as a Dopant

The characteristic of these low temperature stédesthe Group IVelements Si and
Ge and for several of the Ill-V compounds exenmgifby GaAs, is that the muonium
electron is strongly bound. The corresponding ©0ad level and —/0 acceptor level both lie
deep in the energy gap. As a result, interstityarbgen is a compensating defect, trapping
electrons in n-type material and releasing themp-tgpe. That is, it counteracts the conduc-
tivity of deliberate dopants. A very exciting nev8R discovery (see Figure 16) is that of
very weakly bound states, notably in the II-VI carapds [71, 72]. By implication, hydrogen
may then be used as a deliberate dopant to creatntrol conductivity. This has become a
highly topical issue, with first uSR and then ESRIEDOR data confirming a theoretical
prediction for ZnO [73, 74, 75].
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Figure 16 PSI Muon On REquest (MORE) spectrum for the shadlomor muonium state in CdS [71].

This new branch of muonium spectroscopy has bealitdted by the weakness of
the nuclear magnetism in the [I-VI compounds. Asilsir shallow states are discovered in
semiconductors with abundant dipolar nuclei, el [76], high transverse fields would be
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beneficial in decoupling the adjacent nuclei. Higd spectra would clarify measurement of
the spin density on the central muon; the decoggehaviour would characterize the broad
distribution of spin density on surrounding nuclei.

2.1.3.d Modelling Astronomically High Fields

The primary characteristics of these shallow dastates are their low binding en-
ergy and correspondingly extended hydrogenic wanafon — the result of low electron
effective mass and high dielectric constant. Timelinig energies are tens of meV in place of
the normal hydrogen Rydberg constant of 13.6 eV iantcbnsequence no longer dominate
electron Zeeman energies, even in quite modest etiagiields. The same is shown by the
dilated size of the orbits, around 100 times tlemal Bohr radius, which is no longer
negligible compared with the cyclotron radius. Tisisanother situation in which analytical
solutions to the Hamiltonian cannot be found, namniel the precise energy levels when
these are intermediate between atomic-like and &asite. (Landau levels and cyclotron
orbits forunboundelectrons in semimetals are considered in the@e2t1.2.d). Far Infrared
Spectroscopy on shallow-donor impurities in GaAlsisirated in Figure 17, have already
given unique data [77].

Figure 17 FIR spectrum of the
donor in n-GaAs at 4.2 K [77].
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This inspires the notion that equivalent spectralc¢de obtained for the new
weakly bound muonium states, using trigger detactd laser excitation via the PSR
response. Immediate aims here would be to sequ#manuonium energy levels and
determine their principal quantum numbers. This ialistinguish Rydberg from shallow
donor states and also permit direct observatiorthef quadratic Zeeman effect — all highly
topical issues [78]. For the donor in GaAs (Figd®, the magnetic interaction already
outweighs the Coulomb interaction in 10 Tesla. Fee hydrogen (or muonium) this
condition is only reached near®Desla [79]. Laboratory data on these shallow datates
would therefore provide a test of the latest matit@ral models of these high-field effects,
that are otherwise only encountered in the hydragdminteriors of white dwarfs or neutron
stars!
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2.2 Chemistry
2.2.1 Muonium Adducts to Organometallics

2.2.1.a Motivation

The study of muonium adducts to organic compousdsell developed [80]. Re-
cently, a lot of interest has been devoted to theéysof the muonium adducts to organometal-
lics, mainly for the reasons given below.

The dynamics of organic ligands attached to medatres are of importance for ca-
talysis. For example, metallocene catalysts are m@lacing Ziegler-Natta catalysts, making
it possible to engineer the properties of polynmgyrsdesign at a molecular level [81]. The
importance of metallocene ring dynamics to polyreagineering has been illustrated by
Waymouth and Coates [82]. The rates of metallocemgereorientation at the temperatures of
interest happen to fall within the 1@o 10™ s time-window, which straddles the accessible
timescales of nuclear magnetic resonance (NMR) godsielastic neutron scattering
(QENS). Of the techniques applicable to this timmdew, Mossbauer spectroscopy is
limited to a very few metals and EPR depends ompthsence of stable radicals or molecules
with unpaired electrons, and some of the latter befz PR-silent. The lower end of this time
window could be accessed using deuterium NMR, wioCleourse needs the synthesis of
fully deuterated samples. uSR has the potentibktavery versatiletechnique for this time
window, being applicable to all unsaturated systdiris the open shell radical species that is
studied in uSR, not the closed shell parent. Howe\e appears that there are situations
where the extra electron does not change the dyisamhithe molecule.

Consider heterogeneous catalysis where metal ssfa@ involved. It is not possi-
ble to use NMR to study the dynamics of groups aaghenzene rings due to the conducting
nature of the substrate. Similar problems are emeoed in using NMR to study the dynam-
ics of polymer composites containing conductingerats such as graphite. QENS experi-
ments require samples with large surface areasdardo have sufficient material on the
surface, and this is not often possible. With tteeat of theslow muon beamst is already
possible to study thin films, and surfaces may beessible in the future. Therefore the
development of uSR as a method to probe the dysaphispecies on metal surfaces is likely
to produce uniquely important information on he¢gnoeous catalysis.

There is also the possibility of making novel organetallic hydride analogues and
studying their properties in a rather convenienywafound to have interesting and useful
properties, the hydrides corresponding to thesei@ddnight then be synthesised by suitably
designed syntheses. An example of the importance loydride adduct to catalysis is the
suspected hydride addition which is presently dattd to be responsible for the termination
of catalytic activity in the metallocene catalysfpolypropylene formation [83].
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2.2.1.b Need of Higher Magnetic Field

Spin-lattice relaxation that is monitored by theamspin relaxation is in its simplest
form due to transitions between the levels 2 andf 4he Breit-Rabi diagram [84]. The
frequency of this energy gap sets the limits far dgnamic processes that are observable by
this method. The transition frequenays = 2mAV(1 + x%), wherex is the reduced field in
units of hyperfine field and is the hyperfine frequency (see Figure 18).
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Up to now, when studying for example ferroceneydhk low frequency modes,
such as the ring rotations, were accessible anddad chemically significant information.
Access to shorter time scales will make it possibleise other higher frequency modes that
are coupled to the muon relaxation process to Ipdoesd. A number of uSR studies are
reported for example, on organic molecules of gttakelevance encapsulated in zeolites
[85], liquid crystalline phases [86] and dynamiogesses that couple to conduction proc-
esses [87]. An extension to the time window of raolar dynamics accessible i8R should
benefit most of these studies.

2.3 Quantum Electrodynamics

2.3.1 Determination of the Negative Muon g-Factor in a Bound State

In Dirac quantum theory thgfactors of the free negative muon and electroreasetlyg,, =

0e = 2. Due to self-interaction with the radiationldiethe free muon (electron) possesses an
anomalous magnetic moment. Presently, the availaiglasurements aj, (ge) provide an
outstanding agreement, at the level of*4@.0"), between theory and experiment.

The corrections to thg-factor of the muon (electron) bound in an atongioate not only
from interactions with the radiation field, but @lffom the interactions with the Coulomb
field of the nucleus [88, 89, 90, 91]:

1s _ free QED rel
Oue) =2 A+aye  *+ae° +ag )
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whereaye)™ is the radiative correction to tigefactor of the free muon (electrorg;e =" is

an additional radiative (Qquantum-electrodynamicalyection for the bound muon (electron);

aue® is the relativistic correction for the particletire k-state.

Precise measurements of the anomatpualue of a Dirac particle in a bound state proside
a sensitive test for the predictions of quantunctedelynamics on the radiative corrections
which originate in the Coulomb field. From this pbbf view the measurements of the
factor of a bound muon may appear to be more @bkeithan measurements of tréactor

of a bound electron. Since the Bohr radius of themin the %-state is 206 times smaller
than the Bohr radius of thes-glectron, the Coulomb field on the muon is stroandes an
example, the Coulomb field on the muon in tisestate of the carbon atom is comparable
with the Coulomb field on the 1s-electron in Pb.

According to theoretical calculations [88, 89] Wedues ofa“re' (a“QED) for carbon, silicon,
zinc and lead are, respectively610* (8110°), =3.210° (4110°), =1.110% (1.510*) and
=3.210? (6[10%). But presently, the experimental accuracy (seekample [92]) of the-
factor of the bound negative muon appears notaeifii to prove the theoretical predictions
made on they, %" value. The present experimental accuracy,btis10*, 10° and=102 for
the light (C, O, Mg, Si, S), intermediate (Zn) drehvy atoms, respectively.

The existing experimental data guls have been obtained by conventional uSR measure-
ments of the muon-spin precession frequenayif a transverse magnetic fielBe() less
than 1 Tesla. As the accuracy of the measuremept®portional tBeyi~, Measurements in a
magnetic field of 10 Tesla will allow one to detéms the magnetic moment of the negative
muon in a bound state abomtenty times more precisetiian presently known. This will
make it possible to observe experimentally the c¢ffef the quantum-electrodynamical
correctiona,*=° to the magnetic moment of a bound muon.
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2.4 General Comments on the Technique

In this Subsection we very shortly discuss the ifigeadvantages provided by the
availability of high magnetic fields regarding ttletermination of the principal parameters of
a USR experiment.

2.4.1 Knight-shift

When an external magnetic fielB«) is applied perpendicular to the initial muon-
polarizationP, (0), the polarization of a free muon in a metaldres time-dependent and
precesses around the total fidl at the muon site. By correcting the observed muon-
frequency shift

ext

- B
K =L H et
u

exi

for the contribution of the demagnetization anddmir field [93] the muon Knight-shift is
obtained. This quantity, similar to the NMR Kniggtiift, is directly dependent on the local
magnetic suceptibility at the muon site and, tremesfthe muon can probe the magnetization
distribution inside a sample (for recent studies see Ref. [H4]®e accuracy of the Knight-
shift determination is of course directly dependamthe available magnetic field value, and
values of the order of 15 Tesla will particularly belpful by allowing a systematic determi-
nation of the muon localization in crystallograpkittice. This determination is mandatory to
extract quantitative information from the uSR data.

2.4.2 Fluctuations and Correlations

The manner in which field scans of the muon relaxatate display the power spec-
trum of the responsible fluctuations is well knovitnfollows phenomenology developed in
the early days of magnetic resonance [95, 96].him ¢ase where magnetic or motional
perturbations have a Lorentzian spectral densitgtfan and induce a simple spin-flip of the
muon probe, the field dependence of the relaxatibm is a one-to-one map of this function.
The faster the magnetic fluctuations or motiongb mate, the higher the field required to
suppress the relaxation and to define the reles@melation time, as shown in Figure 19.

As a rule, fields up to 15 Tesla would extend thiedow on correlation time down
toT = 1k, = 110* s,
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Figure 19 Variation of the BPP [95] relaxation rate with (&uctuation rate and (b) magnetic field. The scal
are logarithmic, marked in decades. The peaks @ shoulders in (b) correspond to the conditigyr = 1.
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2.4.3 Molecular Dynamics

When the probe is atomic muonium, or one of itsva¢ive defect centres or mo-
lecular radicals, the greater magnetic moment ef @lectron spin which comes into play
generally means that fields up to 15 Tesla willlesg correlation times down to= 1/ux =
0.1 ps. However, the field dependence invariablyobees more complex, since the number
of transitions contributing to the observed relaatnow proliferates. Different selection
rules apply to different relaxation mechanisms, difjusion, inter or intra molecular motion,
hindered rotation or reorientation, spin or chamehange. The contribution of each
transition is weighted by a squared matrix elemhich is specific to the perturbation in
question and often itself field-dependent, as veall by the appropriate spectral density
function [98, 99]. As a consequence, field scandaupt least 10-15 Tesla would be enor-
mously helpful to identify or distinguish dynamigabcesses as illustrated in Figure 20.
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Figure 20 Field dependences o
the longitudinal relaxation rate
for muonium or muoniated
radicals [97], distinguishing
fluctuation of (a) the contact
interaction, (b) anisotropic com-
ponents of the muon-electro
hyperfine interaction and (c) 4
local field. Respectively, thes
mechanisms apply to (a) intra
molecular dynamics, (b) radica
reorientation or hindered rota-
tion and (c) muonium diffusion
and radical intermolecular
motion. This latter case gives th
solid line when the effective fiel
interacts equally with the
electron and muon, as for th
spin-rotation interaction in radi-
cals, or the dotted line when i
interacts only with the electron
as for nuclear superhyperfing
couplings.
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