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EXTRACTING MAXIMAL INFORMATION ON

POSITIVE MUON DIFFUSION IN METALS®

M.Leon

Los Alamos National Laboratofy
Los Alamos, NM 87545

ABSTRACT

We discuss how combining zero- and longitudinal-field uSR can
give more -information on the motion of the ut in the target than
zero-field studies alone.

INTRODUCTION

Transverse-field uSR has been wused for several vyears to
provide information of the mobility of the ut in various materials.
In nonmagnetic metals, depolérization of the u¥ is caused by the
nuclear magnetic moments surrounding the muon interstitial site;
when the muon is hopping from site to site, the depolarization rate
is reduced by motional narrowing. Furthermore, in many materials,
the depolarization rate is found to be a very complicated function
of temperature which has been interpreted in terms of capture and
release of the u¥ by traps. However, since the finding of traps
and the release from them can produce the same polarization fuction
for transverse-field uSR, significant ambiguity of interpretation
remains. Recently, Petzinger pointed out that zero-field uSR can
readily resolve these ambiguities, since a muon that is trapped and
therefore stationary at long times will have its polarization
return to one-third of its initial wvalue, while one that Iis
escaping from traps will have its polarization approach zero at
long times. : :

The purpose of the present paper is to point out how combining
zero~ and longitudinal-field data can yield more information about
the muon’s motion at some temperatures than can be extracted from
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H = 0 data only. One instance is where the muons are both finding
and escaping from a given type of trap, and the escape rate t¢ is
not smaller than 4, the Gaussian width of precession frequencies at
the trap site. In that case, a family of (e,v) values--v being the
trapping rate--all give the same zero-field polarization function.
A second instance is where the muons are escaping from one type of
trap and finding a second. Then there are families of (co,v )
values for which the zero-field polarization functions differ oniy
at long times, where the experimental information is poor because
of the muon decay. In each case, supplementing the H =0
measurement by an H, one can resolve the ambiguity and determine
the trapping and escape rates separately. We discuss these
situations in detail in the following.

TRAPPING AND ESCAPE FROM A SINGLE TYPE OF TRAP

The integral equation for the polarization function P(t) (for
H =0, H or H;) and its solution have been discussed in a recent
paper.2 ﬂe assume that depolarization occurs only when the muon is
trapped. Typical functions with € large enough to produce motional

L \ I
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Fig. 1. P(t) for H = 0 (solid curve), H| (dashed curve), and H
corresponding to muon precession angular frequency w« = 2
(dot-dashed_  curve). These curves were calculated for

A=0.5us"1, ves us'l, e = 1.45 us~1.
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Fig. 2. Points in the (v-l,e'l)-plane which give rise to P(t)
curves essentially identical to those of Fig. 1 (A,w fixed
at the values of Fig. 1). The H = 0 and H, curves nearly
coincide, while the airfoil-shaped area for H, intersects
them at a significant angle.

narrowing are shown in Fig. 1. Essentially identical P(t)’s (over
the entire 10 us range shown!) are generated by families of (e,v)
values in each case. The crucial point is that while the curves of
"degeneracy" (i.e., identical P(t)) practically coincide for the
H=0 and Hl cases, the area for H; intersects these at a

‘significant angle; this is shown in Fig. 2 (where for convenience

the reciprocals of € and v are plotted). Thus combining an H = 0
measurement with a properly chosen H; one will determine both ¢ and
v, while an H, experiment does not add information to an H = 0 one.
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ESCAPING FROM ONE TYPE OF TRAP AND FINDING A SECOND

Here we suppose that the escape rate € _ from trap 1 is not
extremely large so that the depolarization in the "free state"
(i.e., going from trap to trap of type 1) is not negligible. When
the muons are finding the second type of trap, P(t) can be
calculated by solving a "hierarchy of integral equations' as
discussed in ref. 2. A resulting P(t) for H = 0 is shown in Fig. 3
(s0lid curve). Also shown is the result neglecting depolarization
in the free state, i.e., taking € = =, with vy adjusted to make
the curves nearly coincide for time t < 5 us. These two cases
would be difficult to distinguish because they differ mainly for t
> 5 us where the data have large error bars.

An analogous pair of curves for H, is shown in Fig. 4. Again
the value of v, has been adjusted to make the curves nearly
coincide for short times, but now they differ significantly for t >
2 us. The asymptotic value of P(t), which reflects the static
environment of the muon once it 1is caught in trap 2, is reduced by
the depolarization in the free state before it finds trap 2. The
presence of H, makes this change of asymptotic value easier to
observe by moving it to smaller t. Thus here again combining H= 0
and H, measurements will allow the experimenter to determine two
diffusion parameters, now €, and vj.

P(T)

— —

e.2 | §§§a>—“”’;/,

.o | T A J A ¥

[
T(nS)

Fig. 3. P(t) for R =0 and b, = 4y = 0.5 us"l. Solid curve:
€ = 2, vy = 1; dashed curve: €0 = ®y V] = 1.5.
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Fig. 4. P(t) for Hy such that w = 1.5, b, = &) = 0.5 us~l. Solid

curve: e = 2, v} = 1; dashed curve: g, = =, v] = 2.

SUMMARY

We have shown how combining longitudinal-field with zero-field
WSR  experiments «can significantly increase the ‘amount of
information that can be extracted on the motion of the p¥ in the
target.
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POSITIVE PI-MESONS AND POSITIVE MUONS AS LIGHT ISOTOPES OF HYDROGEN

K. Maier ahd A. Séeger-

- Max-Plenck-Institut filir Metallforschung, Institut fir
Physik, and Universitdt Stuttgart, Institut fiir theore-
tische und angewandte Physik, Postfach 800665,

‘D-T000 Stuttgart 80, Germany

1. INTRODUCTION

It must be considered as & fortunate coincidence that in s
period of great scientific and technological interest in the behaviour
of hydrogen in metals and alloys it has become possible to perform
experiments on short-lived elementary particles of the same "nuclear
charge" as hydrogen. Of these particles positrons (et) have been
employed longest in solid-state physics and chemistry. However, since
the positron mass equals the electron mass mg, the dynamic behaviour
of a positron in a crystal may be quite different from that of a
proton or of a heavier hydrogen nuclide. Therefore, it is often dlffl—
cult to relate the behaviour of positrons in metals quantitatively '
to that of protons, particularly when the gap of a factor of 1836
between the proton mass'mP and m, exists.

In recent years this gap has been partially bridged by investi-
gations u51ng positive muons (u", of mass m = 20Tm, = /9, lifetime

= 2.2+107%s) and pos1t1ve pions (m*, of mass my =2 mp/ T,
llfetlme Tyt = 2, 6°1O‘8s) On the one hand, these two radlo—lsotopes
of hydrogen are much lighter than the hydrogen nuclides and should
therefore exhibit quantum effects more clearly than the latter. On:
the other hand, they are still heavy compared with the electrons, so
that the theoretical treatment of their behaviour in condensed matter
may take advantage of the same simplification as that of hydrogen..

Some of the areas in which experimental information useful for
the understanding of hydrogen in condensed matter may be obtained
with the help of ut and wt are the following:

(J.)Quantunxthecry of diffusion, extension of diffusion measurements.

A
~&
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to very low temperatures and isotope effects.

(ii) Lattice sites and vibration amplitudes.

(iii) Interaction with foreign atoms or intrinsic defects.
(iv) Materials with low hydrogen solubility.

By now the use of positive muons as "light isotopesof hydrogen" by
means of a variety of so-called ™SR (muon spin rotation) techniques
may be considered as well established [1,2]. In thé present review

we confine ourselves to what is presumably the most powerful uSR
technique for studying muon diffusion in crystals, namely the measure-
ment of the longitudinal spin relaxation of muons in ferromagnetic
single crystals to which a large magnetic field has been applied. In
Sect. 3 we shall report on such experiments in progress on o-Fe and

on their interpretation.

Compared with muons, the application of positive pions in
solid state physics is very young [3,4]. Nevertheless, a number of
very promising and encouraging results have been obtained, and a short
review of these will be given in Sect. 2. Since pions possess zero
spin and are thus without magnetic moments, techniques analogous to
U¥TSR are not available. It has recently been realized [3], however,
that the behaviour of 7t in crystals can be studied very efficiently
by means of the lattice steering (channelling) of the positive muons
resulting from the decay (vu = muon neutrino) :

LHESENE T : (1)

In a sense, positive pions allow us to perform virtually "ideal"
channelling experiments, since the decay of muons 1s monoenergetic
with a kinetic energy Exip = U4.12MeV that is convenient for lattice-
steering, since the "source" 77 decays without leaving any impurities
in the crystal, and since the number of implanted Tt needed in a
given experiment is usually small enough for the accompanying radia-
tion damage to be negligible.Similar experiments can be done on the
pt/et pair, making use of the muon decay (ve = electron neutrino)

+ + -
u e +\)u+\)e (2)

and the lattice steering of the relativistic positrons (with energies
up to 53 MeV). The feasibility of such experiments has been demonstra-
ted [5]. However, as discussed elsewhere [5], the u*/e* experiments
are much more difficult to perform than the mt/u" lattice-steering
experiments, and we shall not consider them further in the present
paper.

For a long-range perspective of the-application of n" and u+ to
solid-state problems the reader is referred to a recent conference
report [6], for further background information on lattice steering
to the review literature [7,8].
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o. CRYSTAL PHYSICS USING 7' /u* LATTICE STEERING

2.1. Introductory Remarks

Fast 7t and pt 1n3ected into erystals are slowed down to thermal
energy ("thermalized") within about 10~12s,i.e., in times that are
very short compared with their lifetimes. Subsequently they either
occupy interstitial sites in the crystal or, in the presence of impu-
rities or other crystal defects, special trapping sites. Information
on the implanted particles is obtained through the charged particles
(u* or €) in the decays (1) or (2). The emission probability of u*
in the decay (1) is isotropic,but the probablllty for the muons to
leave the crystal is not (Flg 1). This is due to the fact that the
trajectories of ut emitted in directions close to one of the major
crystallographic directions are subject to lattice-steering effects.
Lindhard's critical angle ¥ [ 9] for the existence of lattice-
steering phenomena depends on the atomic number Z and the lattice
spacing d in the crystallographic direction. For muons with
Efi, = 4.12 MeV we obtain

- \1/2 . .
wcr = 0.15(z/4) (wcr in degrees, d in R) . (3)

5

The are of the order of magnitude of a few tenth of a degree

(Ta <1?€> : 0.89; Ge <110> : 0.40). The muon flux distributions around
the lattice-steering directions contain detailed information on the
behaviour of pions in the crystal.

On the material side the only requirement is the need for fairly
large and perfect single crystals with a mosaic spread that is small
compared with the critical angles. The growth of such crystals does not
present serious problems for valence crystals and for the majority
of the metals. With the help of carefully aligning small crystals to
a reasonable large 'quasi-single crystal', a technique which has been
developed for neutron scattering experiments, m*/if measurements on

T

Fig. 1.

0 0O O o 0000 o0,
n'e=—"71 Lattice steering of
O OO 'O O O OO O P decay muons (I) from

- K a pion located on a ™
O l 0O 0O 0 OO /() lattice site and (II)

’ from a pion located A
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nearly all crystalline solids are possible.

2.1. Experimental [10]

The experimental set-up has to satisfy the following require-
ments: :

(i) In order to resolve the muon intensity profiles the angular reso-
lution of the detecting apparatus_has to be better than about 0.2°.
For & crystal size of about 2x2cm® this implies a minimum distance
crystgl—detectOr of D = 6m. A crystal size of not less than about
2x2cm“ is highly desirable for intensity reasons, since at the Swiss
Institute of Nuclear Research (SIN), at which all experiments discussed
in this review have been carried out, the incident p* flux of about
108n*s~1 is distributed over a cross-section of about that magni-
tude.

(ii) In order to reduce the counting time and to eliminate the effects
of fluctuations in the primary ut intensity, the entire angular
distribution of the emitted muons has to be measured at the same time
and cannot be determined by angular scans as is commonly done in
channelling experiments. Thus a two-dimensional position-sensitive
detector capable of accepting an angular range of about hwcr is
required.

(iii) The channelled decay muons undergo dechannelling when penetrating
the crystal. According to an estimate by Van Vliet [11] the mean
multiple-scattering angle AY after a penetration length of 10um at

room temperature amounts to 0.18° (Ta) or 0.12° (Au) for best-
channelled muons in a <100> channel, and to 0.58° (Ta) or 0.53° (Au)
for muons with high transverse energy (directional straggling). A
comparison with the expected critical angles shows that only muons
coming from depths of not more than 20um should be counted. In order
to deposit as many 7 as possible within a layer of this thickness

from the entrance surface, the pion beam (typically with a kinetic
energy of 65 MeV, corresponding to a momentum p = 150 MeV/c) has to

be moderated (Fig. 2).

The maximum stopping density in the surface layer is obtained
if the thickness of the moderator approximately corresponds to the
pion range. However, on account of the fluctuations of the energy
there is a fluctuation in the range of the individual pions ('"range
straggling"). The width of this range-straggling distribution is too
large for the directional straggling of the majority of the muons
reaching the surface to be tolerated. Since for a given small-angle
scattering mechanism the square of the scattering angle is propor-
tional to the energy loss, we may eliminate undesirable muons by
monitoring their energy loss. This requires the detector to resolve
the muon energy with a resolution - better than 400 keV (correspon-
ding to a depth of about 15um in Ta). By a proper choice of the
detector thickness, the large flux of background positrons (mainly
from the p*-decays in the crystal) can be discriminated by using
the detector in an dE/&x arrangement for positrons.
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moderator

M* to position and
energy sensitive detector

Fig. 2. Range straggling of 150 MeV/c 7 in the moderator and the cry-
stal. The full lines and the dots represent the density of de-
posited pions. Only about 1% of the mt are stopped within the
volume on which the measurements are performed (hatched area);
the decay muons coming from this volume are identified by mea-

- suring their kinetic energy.

The crystal is mounted on a goniometer allowing angular tilts
in two directions by about 3° and rotations by about 45°. The samples
are preorientéd by standard X-ray techniques and mounted in such a
way that the crystallographic direction to be investigated points
(within 0.1°) in the direction of the detector. Because of the rela-
tively low kinetic energy of the muons of about 4 MeV theentiremuon path
(from crystal to detector) of about 8m length has to be in vacuum,
since even a helium-gas atmosphere would lead to considerable small-
angle scattering of the muons. The scattering chamber is shielded in
such a way that only muons from the crystal can reach the detector.
Rutherford scattering of the pions gives only a small uniform back-
ground. The majority of the scattered pions decay in flight within
the first two meters; therefore their "blocking structure" is complete-
ly averaged out.

The muon intensity profiles are measured with a windowless

vposition-sensitive scintillation detector (1.5mm thick) with a coun-
ting area of 300mm in diameter divided into four sectors. About T0%
of the scintillation light is collected in four photomultiplier tubes.

The coordinates X, Y of an event are determined by

X = X1'/(§(1+X2) ’ Y = Y1/(y1+y2) s ' (h)

whepe-xi, X535 ¥1s and Yo denote the pulse heights of the four tubes.
The division according to'(4) is done on-line with analogue dividers.
The spatial resolution of the detector is better than 2cm, its energy
resolution for 4 MeV muons dbrresponds to FWHM = 300 keV. In front
of and behind the scintillators are anti-counter tubes in order to
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reduce the background due to high-energy positrons crossing

the detector under small angles (thus having a prolonged path length
and giving rise to scintillation light similar to that of L MeV
muons). For a pion momentum of 150 MeV/c and a sample area of lcm

a signal-to-background ratio of 15 : 1 has been obtained.

2.3. Results

There are many potential applications of the technique. We give
here a number of examples; further results are expected in near
future. The results to be desribed below were obtained with a crystal—
detector distance of 8.15m.

a) Pion sites

The pion lifetime is short enough for pions in "pure" materials
not to be affected by the impurities present, so that, disregarding
the isotope effect for the time being, we can gain information on the
hydrospn sites, lrrespectlve of the hydrogen solublllty Fig. 3 shows
the Y 1ntens1ty profiles along <100> and <111> directions of a
tantalum crystal. Heights and widths of the two profiles are compatible
with tetrdiedral interstices, in agreement with the determination of
deuteron sites [12]. The muon flux distribution is sensitive to the
vibrations (thermal or quantum mechanical) of the pions. This allows
us to study the potential in the neighbourhood of the pion sites and
thus to gain further information relevant for the understanding of
hydrogen in condensed matter.

From the measured profiles in Fig. 3 we may conclude that in
Ta the vibration amplitudes of the pion are rather small (< 0.2 &
at 200 K).

2 .““ \\\ A
0»/,4, /A\ ‘\\L“:;
" 9.4“‘\%?,“«»' TR

NCY /

Fig. 3. Normalized intensity of decay muons from positive pions
stopped in a Ta single crystal at 200 K along <100> and
<111> directions.
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" Similar u+ profiles were found in Au <110>, Ge <110>, and Mo
<100>. Here measurements in other directions have yet to be performed
in order to determine the occupied sites with certainty.

b) Temperature dependence of energy loss

The dependence of the flux distribution on the energy of the
emerging muons (i.e., on the energy loss during the channelling) gives
us information on the dechannelling by phonon scattering.

Fig. 4 shows the temperature dependence of the number of muons
within the half-width of the <100> channelling peak of Ta (norma-
lized with respect to the same solid angle in a random direction) for
the first or second energy window of the detector. In the first ener-
gy window there is very little interference of phonon scattering up
to 350 K. This suggests that if the measurements are limited to muons
with very small energy losses we can carry out the m+/ut lattice
steering experiments even at very high temperatures.

¢) Trapping of n at oxygen dissolved in tantalum

From u SR experiments we know that in many crystals positive
muons are highly mobile even down to very low temperatures. We may
expect a qualitatively similar behaviour for gositive pions. This
means that in spite of their short lifetime T may be used to "deco-
rate" lattice defects present in sufficiently high concentrations.
In most cases the trapping affects the channelling pattern rather
strongly, so that pions constitute probes for studying defects in
crystals in much the same way as has been demonstrated for positive
muons [13,1k4,15].

Fig. 5 shows that at room temperature the muon profile of a tan-
talum crystal containing 0.17 at % oxygen is very similar to that of
a pure crystal,but at lower temperatures the width of the profile
increases and the height decreases. These experiments indicate that

Q U1/ Tl
12}

1r

1.05¢ § § §

1 i —
100 200 300 TIK)

,

Fig. 4. Normalized muon intensity (within FWHM) in Ta <100> as a
function of temperature. X: Muons with 0-0.5 MeV energy loss.
0: Muons with 0.5-1 MeV energy loss. With larger energy losses
channelling profiles could not be observed.
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the pions may get trapped at the oxygen atoms at sites that are dis-
placed from the pion sites in a perfect environment. The free
enthalpy of binding between pions and oxygen atoms is such that at
low temperatures the pions stay most of their lifetime in the traps,
whereas at room temperature they are virtually free and thus spend
most of the time at their "normal" sites.

d) Germanium

From the u*SR studies on Si and Ge it is known that in these
materials at low temperatures muonium atoms (Mu) are formed [16]. In
spite of intensive research the mechanism of muonium formation and
the lattice sites involved have remained unclear [17]. In ultra-high-
purity Ge crystals & maximum of the muon intensity has been observed
in the <110> directions. Below 80 K this channelling peak .
broadens markedly over a quite narrow temperature 1nterval (Flg 6 ).
We suspect that this is a consequence of pionium Pi = (77e”) for-
mation and the establishment of a Pi—Ge bond which draws the pion
closer to one of the lattice rows forming the channel. If this inter-
pretation is confirmed these experiments constitute the first obser-
vation of the new "element" pionium Pi.

2.4. Time-differential lattice steering

Making use of the time structure of the SIN pion beam it is
possible to measure the lattice-steering pattern as a function of the
"pion age" (i.e., the time a pion has spent in the crystal before
decaying), prov1ded the cyclotron is operated in the 17 MHz mode or,
even better, in a 10 MHz mode.

ghe pulse widths of the beams SIN/ME1 and SIN/TE3 are about
1.10 “s. The time of flight of the decay muons between the crystal
and the muon detector is known from the muon energy. The time reso-=
lution of the scintillation detector employed is better than 2¢1077s
its energy resolution better than 8%. This means that we are able to
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measure the time the pion stays in the crystal with a precision of
at least 5+1079s.

The application of the technique to time-differential lattice
steering is planned for the near future. It should be possible to
detect the kinetics of trapping of W' at crystal defects or of
pionium formatiog (e.g., in valence crystals) on the time scale
5¢1079s to 6+107 % (for the 17 MHz mode of SIN).

3. LONGITUDINAL MUON-SPIN RELAXATION IN o-IRON IN HIGH MAGNETIC
FIELDS

3.1. Introductory Remarks

The ideal method to study diffusion and localization of positive
muons in metals is the measurement of the decay of muon-spin polari-
zation in longitudinal magnetic fields (i.e. fields parallel or anti-
parallel to the direction of initial polarization of the muon beam).
The longitudinal relaxation rates I'; are far less sensitive to impu-
rities or lattice imperfections than the spin-phase relaxation rates
I's obtained from transverse-field experiments. This is due to the
fact that as long as no exterior alternating fields act on the muon
magnetic moments, ‘only mobile muons give rise to a longitudinal
relaxation rate. By contrast, immobilized muons (e.g., muons trapped
by impurities) do contribute to the spin relaxation rate I, in trans-
verse fields. -

Due to the strong variation of local magnetic fields between
interstitial sites in ferromagnetic a-iron the longitudinal relaxa-
tion rates may be measured over a very wide temperature range
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extending from about room temperature down to well below liquid-
helium temperature. This offers the possibility to study quantum-
mechanical effects on the diffusion of light positively charged
particles in metals. ‘

3.2. Theory.

The magnetic field acting on the muon magnetic moments is given by

B‘J = §u+§dip s (S)

where

B=28 (5a)

ol —applfgLorentzngermi
comprises the applied_fieldigappl, the demagnetizing field
Bie a? the Lorentz field By,..nt5> 8nd the Fermi field Bpeypis
which®is due to the contact interaction of the muon spins with the
spin polarization of the conduction electrons at the muon sites.

Via the last term B depends on the type of muon site (octahedral
or tetrahedral); it is,uhowever, independent of the tetragonality
axes of these sites. The last-mentioned property of B, is not shared
by the dipolar field_gdi ,which depends on both the interstitial site
and on the direction of Lts tetragonality axis with respect to the
magnetization. We characterize Bs. by the field Bj. at interstitial
sites with tetragonal axes paralleg to the magnetizagion direction
<100>. By symmetry Edi must be parallel or antiparallel to the
magnetization directioh. The field at the interstices with tetra-
gonality axes pqrpﬁndicular to the <100> magnetization direction

are given by - 5 B3ip- The longitudinal relaxation rate I'y depends
strongly on the crysgallographic directions of B,, [1,18]. (Since we
shall consider only gap 1 large enough to saturate the samp%g magne-
tically we need not to Blstinguish between the direction of By and
of the magnetization). If we confine ourselves to B, lying in (0171)
planes and characterize the direction of B,, by the angle 8§ with
respect to <100>, we have for muon sites with tetragonal symmetry

rge) = E’ 5in20 (1+3 cosee)rj‘m- (6)

For B ?arallel to <100> it follows from elementary considerations
that I'§100> =0,

I'iassumes its maximum value for B, parallel to<111>since in
this case the dipolar fields at the interstitial site lie in <211>
directions perpendicular to the magnetization direction and thus
exert the maximum torque on the muon moment in a longitudinal-
polarization arrangement. Under the assumption that the muon motion
may be described by a correlation time T, we find [1]
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<111> _ 1 Il \2 Te

1+wu T,
where vy, = 8.'52-108T_1s-71 denotes the gyromagnetic ratio of the muons
and w, = Y, B, the precession frequency of the muon spins. According
to (7), Ty exhibits a maximum at @ fc = 1. From the dependence of this

- . - +
maximum on B we may determine B . and hence the site of the u'.

—appl o .

The temperaturg dependence of I'y at xed Bg,py provides us with the
temperature dependence of the muon mobilitx.'ﬁost transverse rela-
xation measurements in iron have been carried out in zero applied
fields. In this case By =-§Lorentzt§Fergi is parallel to <100> and
the transverse relaxation rate 1s-given by

<100> _ i )2

1
I‘2 - E(Yquip Te ' (8)

which coincides with the longitudinal relaxation rate <> for
‘W T, << 1.) In the present model the muon diffusion coefficient is
gyven by
_ 2
D= aao/Tc . (9)

where a_ = edge length of the elementary cube and a = 1/36 for octa-
hedral interstices and a = 1/72 for tetrahedral interstices.

3.3. Experiment [19]

A schematic view of the apparatus designed for the use of surface
muons is shown in Fig. 7. The superconducting magnet for fields up

i X light guides to PM
superconducting coils i

Fig. 7.

Schematic view of the
apparatus for the
measurement of longi-
tudinal muon-spin re-
laxation in high mag-
netic fiels.

muon

— to pum
channe| _pf_.p .

scintllators. M muon counter (02 mm thick for surface muons)
B1,82. F1,F2 positron telescopes
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Fig. 8. Muon decay spectra of an Fig. 9. Dependence of the longi-
a-iron single crystal at 52 K. tudinal relaxation rate I', of
Applied magnetic field 2 T parsl- o-Fe on the angle 6 between<100>
lel to the muon polarization and and an applied field in a (001)
to a <111> crystallographic direc- plane at 52 K [21]. Bapp =2 T.
tion. Solid curve: prediction %6) for
muon sites of tetragonal symmetry.

to 5 T consists of a pair of coils in Helmholtz geometry (homogeneity
AB&ppl/Ba 1 < 10—h within a sphere of 3cm diameter). The helium-
evaporatlgg cryostat with 25um thick titanium windows allows measure-
ments between 3 K and 300 K. The target, a single crystal of a-iron
9mm in dismeter [20], was mounted on a rotatable holder with a <110>
direction parallel to the rotation axis in order to measure the
dependence of Ty on the crystallographic direction of gappl'
Timing signals are given by the scintillators M (0. 2mm thick)
for incoming muons and F1 or Bl (5mm) for: "forward" or "vackward"
decay positrons. The degrades (1lcm of Cu) between the positron tele-
scopes F1F2 and B1B2 absorb low energy positrons in order to enhance
the analyzing power for the measurement of the forward-backward
asymmetry of the pt decay. Fig. 8 shows (on a semilogarithmic scale)
spectra measured at 72 K with Ba =2 T. At times > 2-10'65theyare
entirely determined by the muon Rg%etime‘ql= 2.2+10 7s; the deviation
from a straight line at shorter times is due to the longitudinal
relaxation of the p*-spin polarization.

3.L4. Results

Fig. 9 gives an example of the dependence of I'y on the crystallo-
graphic direction ofgap 1 [21]. The agreement between experiment and
theory (cf. (6) andsolid Xine) is good. This was confirmed at aifferent
temperatures and different applied fields. From these results we
conclude that the muons in a-iron occupy sites of tetragonal symmetry
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i.e., tetrahedral or/and octahedral interstices .

Fig. 10 shows an Arrhenius plot of F1

< > .
m as a function of

te?gerature. The comparison with zero-applied-field relaxation rates
r5100> [22] demonstrates the sensitivity of transverse-field uSR to
impurities and the sugeriority of longitudinal field experiments:

the deviation of I'S10
~T0 K is due to lattice imperfections.

> from the longitudinal relaxation rate Ty above

At temperatures asbove 20 K the longitudinal relaxation rates

show no significant dependence on the strength of B

» indicating

that we are 1n the regime wyTe << 1. Therefore, the Eg§1mum in T, at
40 K cannot be the maximum at wyT, = 1 predicted by (7) but has to
be explained in terms of a change in the intrinsic diffusion mechanism.

Yagi et al. [21] have suggested that at low temperatures (below
about 20 K) positive muons in a-Fe occupy preferentially tetrahedral
interstices, whereas at higher temperatures there is an equipartition
between octahedral and tetrahedral interstices (which both possess
tetragonal symmetry and, therefore, give both rise to the orientation

dependence

(6)

supported this hypothesis.

Fig. 10 shows that below 20 K
the longitudinal relaxation rate T';
field but that not even at the largest applied fields

). All the experiments carried out since have

<WQq§e is a definite dependence of

on the strength of the applied
a maximum in

the temperature dependence of the relaxation rate has been found down
to 4 K, the lowest temperature employed so far. Measurements down to
0.3 K with the help of a 3He—cryostat are being prepared and should

clarify the situation.
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Fig. 10.

Temperatures dependence of
the 10n%i%udinal relaxation
rate TST11 gt applied fields
B, p ranging frog 1.2 to

h.B %. For comparison, recent
zero-applied-field relaxation
measurements [22] are inclu-
ded. The deviation of these
data from I', at temperatures
> 70 K demonstrates the
sensitivity of transverse
relaxation rates to impu-
rities.
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If more than one type of interstices is occupied the theory out-
lined in Sect. 3.2. does no longer suffice. See