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Muonium spin relaxation in zero, longitudinal, and transverse magnetic fields has been studied in solid and
liquid krypton in the temperature range of 2 to 120 K. In the solid at low temperatures, the spin dynamics
exhibit features characteristic of a magnetically dilute crystal, permitting measurements of exceptionally low
muonium diffusion rates. At the lowest temperatures, the static Kubo-Toyabe relaxation function is found to
describe muon spin relaxation in taeomicmuonium state, indicating strong interstitial localization in the Kr
lattice; muonium is determined to be localized at the tetrahedral interstitial position. At high temperatures,
muonium diffusion in solid Kr exhibits a nonclassical behavior.

Rare-gas solidéRGS form a group of cryocrystals char- low temperatures. However, muonium localization at low
acterized by very weak van der Waals interatomic interactemperatures has most recently been revealed in studies of
tions. These substances are among the simplest solids and tlid xenorf. This result is intriguing, in view of the absence
most amenable to theoretical modeling. They have similabf any rotational or structural crystal transitions, and has yet
phonon spectra with very low Debye temperatiré#.RGS  to be understood. The question arises as to whether localiza-
with the exception of helium crystallize in a face-centered-ion of particles in this mass range at low temperatures is a
cubic structure. The extremely low potential barriers for neuyeneral feature of “soft” cryocrystal lattices.
tral interstitial particles in these materials make them ideal” Ap, understanding of the possible mechanisms of particle
Iﬁttlces for studylnk? quantum transpor; Ehenon%ﬁii.:or localization at low temperatures is also very important for
these p“rR/(l)SES’f € Psgudr?ls%tople k? . y?rogeglﬁ NOWN d3atrix isolation spectroscopy, as the manner in which RGS
mu?nllumb( tf?gﬂ '+t_e )flstt I? rl1tea ¢ O'C? orta ' uzlng fare easily doped with guest atoms and molecules by codepo-
particle, both Dy VIrtue of 1S ight mass—aimost an order Ol o5 '3 cold substrate forms the basis for this widely used
magnitude smaller than that of hydrog&rotium) itself— ; 10 )

. ) o - technique’!°The advantage of RGS as hosts is that the char-
and by virtue of the ease with which its mobility can be acteristic electronic and vibrational states of the guest are
measuredvia the muon spin relaxation{SR technique’ | ¢ turbed by the host matrix. The ab 9 p ¢
Although the bandwidth characterizing this motion may pediMost unperturbed by the Nost matrix. The absence of gues

diffusion at low temperatures could rule out the possibility of

extremely smalkit must be larger than about 10 K to be ot ; ) :
detectable by:SR), particle delocalization should inevitably pairwise interactions which could perturb the isolated guest

take place in perfect crystals at low temperatures, as a cosiate. Of courseuSRmeasurements can only detect motion
sequence of translational symmetry. This has been confirme® @ time scale up to about 1Gis, so we can only speculate
experimentally for muonium diffusion in alkali halides and @bout muoniummotion over many seconds; however, the
compound semiconductofs. heavier atoms or molecules used in such experiments are
On the other hand, strong localization of interstitial muo-unlikely to diffuse as rapidly as muonium.

nium at low temperatures has been observed in cryocrystals There are two most important effects governing interac-
of solid nitrogen’ This contrasting behavior could be asso-tions of the diffusing particle with the medium. The first of
ciated with the rotational ordering of this molecular crystal atthese is theolaron effectPE), which may lead to complete
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localization of the tunneling particle in a crystal despite theKr has a natural abundance of isotopes with nonzero nuclear
presence of the translational symmetry, but which turns oumagnetic moments that is about four times less than that of
to be much weaker for neutral interstitial atoms in insulators Xe, one might expect an even smaller ratio ®fto A in

than for charged particles in metafs(In any case, although krypton. If muonium and hydrogen occupy equivalent lattice
the “bare” particle may be unable to tunnel due to the PE,sites, the NHI frequency for Kr nuclei adjacent to muonium
the polaron itself—a quasiparticle consisting of the originalin solid krypton is expected to be only slightly differefiue
particle plus an accompanying lattice distortion—may have 40 Zero point motiop from the value for those adjacent to
small tunneling bandwidth of its ownThe second is the interstitial hydrogen(protium itself, which has been mea-
effect offluctuational preparation of the barrig® which can ~ Sured by electron-spin resonafit® be about 15 MHz. Itis
decrease the effective barrier for the optimal particle pathtNis interaction which sets the time scale for muon spin re-

This effect causes an increase in the tunneling bandwidth ar{axatlon_. . . L
can become dominant in the case of phonon coupling in Qualitatively, modulation of the nuclear hyperfine interac-
{

insulators® whereas in the presence of coupling to conduc- oh> results in relaxation of the muonium electron spin,
. ' ) . presence ot coupling ) which in turn leads to depolarization of the muon spimthe
tion electrons this barrier reduction is insignificArfthe first

. . A . muonium hyperfine interaction.
measurements of muonium tunneling kinetics in solid x&non In transverse field, the relaxation rafg® of the muo-
showed that b_oth effects could be important at temperatures; precession sign,al has a simple form in two limits: if
comparabledwnh (tjhe Debye temr?erature of tr;]e crysial, muonium “hops” from site to site at a ratec—l which is
An unprecedented variation of the muonium hop rate ovel ch | S
i . rger than the NHI fr ney (fast hoppinglimit
four decades in solid Xe clearly demonstrated the tendenc uch farger than the equenay (fast hopping )

. : then the transverse relaxation rate is given Igyl’ ~ 827,
of muonium atoms to become localized at low temperatures 9 c

However, interpretation of the longitudinal field data at IOWWhiCh is proportional to the effective width of the local-field

temperatures in solid Xé.e., the regime of muonium local- distribution due to nuclear hyperfine interactions, motionally

ization) is hampered by a rather complicated muItiexponen-averaged(hence narrowed) by fast muonium diffusion

tial form of the muonium spin relaxation function. A strong with 70_1> a. For veryslow d|ff_u5|on (7c "= 6) muon spin
hyperfine interaction between the muonium electron and théel?xatlon takes place on a time scale shorter thaand
xenon nuclei(almost half of which have nonzero magnetic 12 = &- (For this reason, the paramet@iis sometimes re-
moment$ hinders transverse fiefl(TF) and zero-fieldzF)  ferred to as the “static width” due to NHI.Slow muonium
«SR measurements at low temperatures. In consequenc@}’”am'cs cannot, therefore, be studied by transverse field
muonium localization and slow tunneling have not previ-measurements. o _

ously been studied experimentally in RGS. The interpretation of _Iongltudlpal f|elc£|EF). measure-

In this paper we describe an experimental study of muoMents of the muonium spin relaxation raf, () is based on
nium localization at low temperature in a rare-gas crystalthe notion that the nuclear hyperfine interactions may be
presenting data for solid krypton. This study is made possibléreated as an effective magnetic field acting on the muonium
by the low natural abundance of the sole isot¢pir) to  electron. Muonium diffusion causes fluctuations of this ef-
carry a magnetic moment: distinctive ZF and weak |Ongitu_feCtive field which induce transitions between the COUpIEd
dinal field (LF) wSRspectra characterize the extremely slowSPin states of the electron and muon. The resultant muon

muonium dynamics in the Kr lattice. depolarization is revealed in the forward-backward asymme-
The effective-spin Hamiltonian of muonium in solid kryp- try of the muon decay. Such measurements allow values of
ton is taken to be of the form 7.+ and 6 to be determined independentf/A general ex-
pression involves various transitions between the coupled
H=hASs- S, —geppSe-H—0,u, S, H spin state¥’ but a reasonable approximation is obtained by
assuming dominance of the lowest frequency transition
+hY, S Sy— 2 gninSy-H, (1)  (within the muonium triplet spin statgsleading to the ex-
n n pression
whereA is the muonium hyperfinéHF) frequencyH is the 28%7,
external magnetic field and tH® g, and u terms are, re- Tl_l=m, 2
u’c

spectively, the sping factors, and magnetic moments of the
various particles. The summations are over all nearby nucleivherewy,= yy,H is the muonium intratriplet transition fre-
The nuclear hyperfine interactiotNHI) between the muo- quency in the magnetic fieldy,/27=1.4012 MHz/G.

nium electron and neighboring nuclear dipoles is characterfhis approach is restricted to the limit of relatively high
ized by the frequencys. The NHI term is represented as longitudinal fields, however, since the effective magnetic
isotropic in Eq.(1) and so may represent either an averageield approximation is valid only ify;H> &, wherey, is the
magnetic dipole interaction, in a local-field approximation, electron gyromagnetic ratio. Moreover, in the limit of slow
or a contact interaction, in the event that the muonium elecmuonium hopping and high magnetic fiel‘fi,;l is generally
tron’s wavefunction overlaps with the surrounding nuclei.too slow[see Eq.(2)] to be measured by the standar&R

The muonium HF frequency in solid Kr has been reported taechnique. Thus high LF measurements, which are very sen-
beA = 4462.93.7) MHz,** which is virtually identical to the  sitive to muonium dynamics in the fast fluctuation regime,
vacuum-state valué,,.=4463 MHz. The NHI frequency  are rather ineffective for the study of very slow dynamics.

for interstitial muonium in solid krypton has not previously  Zero-field (ZF) and weak longitudinal fieldwLF) mea-
been measured. In solid xenon this parameter wasurements turn out to be much more sensitive to slow muo-
determinefl to be about 1% ofA. Considering that natural nium dynamics, at least in the case where the spin response
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is determined by dipolar interactions with neighboring nu-

clei. This is due primarily to the fact that these techniques ' ' ' ' '
involve thefull dipolar Hamiltonian rather than just tisecu-
. . . 0.06
lar part(as is adequate for the transverse field technique; see,
for example, Ref. 1B A classical treatmeft gives an ana-
lytical expression for the time evolution of the muon polar- 0.04
ization function in zero field, known as the Kubo-Toyabe
function: for a Gaussian distribution of static local fields, 0.02
with second momeng A?, 2
2 1 o O [
1
P(t):—+—(1—A2t2)exp<——A2t2). ©) =
An important feature of Eq(3) is the “1/3 tail” which, <C b it 4 } b d
roughly stated, reflects the fact that 1/3 of the muon polar- _  0.02 |-} PR .
ization is, on average, aligned parallel to the local field while ©
2/3 is transverse to the local field and thus precesses. Al- 8 oL ]
though this functiof was adopted and experimentally con- O
firmed for u* spin relaxatiorfC it is equally applicable for c
the triplet state of muonium, which can be treated in low o ©0.06 1
magnetic field as one particle with spB=1. Very slow 23
diffusion, in which the muonium atom jumps between sites 0.04 1
with uncorrelated arrangements of neighboring nuclear spins,
is manifest in an observable relaxation of this “1/3 taif:2° 0.02 ]
A “strong-collision” treatment>?° gives a relaxation func-
tion in this regime which may be writter{for times 0 _
t>A"1) as
1 ] 1 1 1
~ L ;{ 2t 0 1 2 3
P(t)~ 3ex 37 (4)

TIME [us]

This expression foP(t), being independent ok, may be
used fordirect measurements of very slow muonium hop
rates. o _ FIG. 1. Temperature dependenceud Rspectra in a transverse
In weak longitudinal fieldwLF), the “tail” of the relax-  magnetic fieldH=2 G in solid krypton.
ation function which is sensitive to slow dynamics is shifted
to earlier times and has an amplitude several times higheoy,= yy,H in a transverse magnetic field. Typical TF-
than the “1/3 tail” of the zero-field functio”? This makes SR spectra in solid Kr are shown in Fig. 1.
the wLF technique even more sensitive than ZF for measure- The diamagnetic fraction—that is, the proportion of
ments of extremely slow muonium hop rates. muons which reach a state where they experience no contact
In this paper we present the first observation of Kubo-hyperfine interaction from unpaired electron spin density—
Toyabe relaxation for a paramagnetic atom. The use of bothccounted for about 25% of the total polarization. In con-
ZF and wLF techniques allows the determination of particledensed Kr this fraction is believed to correspond to the mo-
hop rates two orders of magnitude slower than the inverséecular ion KrMu", since formation of the analogous species
u” lifetime, in a regime previously inaccessible. NeMu" has been suggested in gaseous Atamd direct
The experiments were performed on #gu beamline of  experimental evidence for formation of the molecular ion
the ISIS Pulsed Muon Facility at the Rutherford AppletonN,Mu™ has recently been obtairfédn solid nitrogen. How-
Laboratory and on the M20 beamline at TRIUMF. At ISIS, ever, some part of the diamagnetic fraction could also be due
ultrahigh-purity krypton(less than 10° impurity content  to muons stopped in the metallic sample célhis explana-
was condensed from the gas phase into a liquid and thetion is consistent with the very small diamagnetic fraction
frozen into a disc-shaped c€R0 mm in diameter and 5 mm  reported by Kieflet al1%)
deep The same krypton, recovered after the ISIS experi- Figure 2 presents the temperature dependence of the muo-
ments, was used subsequently at TRIUMF, where an abs@ium transverse relaxation rafg * in solid and liquid kryp-
lutely transparent crysta(22x22x6 mm) was carefully ton, extracted from the data by fitting single-exponential re-
grown by applying a vertical temperature gradient of about Saxation functions. Such fits were for the most part
K across the cell for about 6 h. At both laboratories, positivesatisfactory, although it should be noted that at 100 K the
muons of 28 MeW momentum and 100% spin polarization relaxation was better described by a two-component function
were stopped in the solid Kr andSR spectra recorded at (see Fig. 1 The limit on timing resolution imposed by a
various different temperatures and applied magnetic fields. pulsed muon source does imply that a fast initial component
Formation of atomic muonium in solid and liquid Kr could be overlooked in the ISIS data. Two-component muo-
(melting point 115.95 Kwas detected by observing the pre- nium relaxation has also been reported by Kietflal'* in
cession signal at the characteristic muonium frequencgolid Kr at 90 K (the only temperature investigated in that
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FIG. 2. Temperature dependence of the muonium relaxation rate
T, ' in solid Kr in a transverse magnetic fiekti=2 G.

work) and attributed by those authors to inhomogeneous FIG. 3. Time dependence of the muonium polarization in solid
muonium diffusion. An alternative explanation could be pro-Kr at T=20.3 K in zero magnetic fieldcircles and in a weak
posed involving interactions of Mu atoms with paramagnetidongitudinal magnetic field1 =5 G (stars. Note the Kubo-Toyabe
species liberated in the incoming muon’s ionization trévek. form of the muon polarization function in zero magnetic field.

An additional fast-relaxing component has also been obgomparison of the muonium fraction which remains observ-
served at high temperatures in the muonium relaxation funcgple at low temperaturé8.9% with the probability of find-
tion for a number of other substances, such as solid x@non'mg sites of different symmetry having spinless nearest neigh-
solid argor?,® ice” etc. bors. Assuming a uniform random distribution &Kr, the
The main mechanism of muonium relaxation in solid Kr probability that a tetrahedral site should have all four near
undoubtedly involves dipolar or hyperfine interactions be-neighbors spinless is 61.2%, while the probability that an
tween the Mu spin and®™Kr nuclei (natural abundance octahedral site should have all six nearest neighbors spinless
11.55%). The increase iﬁ'gl upon lowering the temperature is 47.9%. It seems most likely, therefore, that muonium oc-
from 100 to 40 K may be explained by a slowing down of cupies the tetrahedral interstitial position in the Kr lattice. A
the muonium diffusion in solid Kr. It would be tempting to Substitutional position can reasonably be discounted, in view
explain the characteristic maximum and abrupt drogjit ~ ©f the very low probability that all 12 nearest neighbors
at about 40 K in terms of motional averaging of these inter-ShOUId be spinless(This contrasts with the situation for

actions due to fast muonium diffusion, which would imply a codeposited hydrogen atoms, which do apparently take up

! the substitutional positidi—the NHI frequencies in the vi-
rather abrupt onset of quantum tunneling at low tempera-

t This d h ; ied by a d ! thcinity of muonium and hydrogen atoms in solid krypton
ures. 1his drop, however, 1S accompanied by a drop In e, 4 therefore be considerably different, as our LF measure-
amplitude of the TF precession signal from 0.0&jlto ments reveal; see below.

0.03955), corresponding to a reduction of the apparent muo- | grder to confirm the hypothesis of muonium localiza-

nium fraction to 58.9% of its value at higher temperaturesyion at low temperatures, we undertook zero-field measure-
This behavior cannot be explained by the onset of a fasfyents aff=20.3 K. Figure 3 presents the time evolution of
diffusion regime. It can, on the other hand, be explained inhe muon polarizatioricircles and shows that it exhibits a
terms of the isotopic composition of krypton and the conserelaxation function of the static Kubo-Toyabe tyfsee Eq.
quent fact that not all crystallographically equivalent sites(3)]. The same relaxation function was observed in solid Kr
have equivalent local nuclear magnetism. Those muoniunat temperatures below 20 K down to the lowest measured
atoms which localize at sites having nearest-neightilr  temperatures. This can only be attributed to essentially static
nuclei experience strong nuclear hyperfine interactions anghterstitial muonium. The line drawn through the experimen-
are rapidly and completely depolarized, whereas those whicty| points represents a best fit to a “dynamicized” verdiii
localize at sites with spinless nearest neighlterperiencing  of Eq. (3), taking into account both sites with nearest neigh-
much smaller, and predominantly dipolar, local fields frompgor 8r nuclear spins and those without. The former con-
remote ®Kr nuclei) exhibit a relatively slowly damped pre- tribute a Kubo-Toyabe function with its characteristic mini-
cession signal. An abrupt decreaseTgf" with decreasing mum shifted to very early time@nvisible in the dead time of
temperature, accompanied by a simultaneous reduction in thee SR spectrometer the “1/3 tail” of this component
precession amplitude, can therefore be explaineldtsiiza-  constitutes a baseline to the Kubo-Toyabe function actually
tion of the whole muonium fraction in solid Kr at low tem-  observed, which is characteristic of the local-field distribu-
peratures. Above about 35 K, the muonium atoms becomgon from more distant dipolar nuclei at the latter type of sites
delocalized and the entire Mu ensemble experiences closgrhose immediate neighbors are spinless. The rather long cor-
range interactions witfi*Kr nuclei in the course of diffusion relation timer, is assumed to be the same for both types of
through the lattice, leading to the stepwise increase irsites, since they are electrostatically identical. For compari-
T, }(T). If this explanation is correct, the nature of the muo-son, Fig. 3 also shows the muonium polarization function in
nium localization site in the Kr lattice can be determined bysolid Kr for a longitudinal field of 5 Gstars.
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FIG. 6. Temperature dependence of the muonium hop rate de-
FIG. 4. Muonium polarization time spectra in solid Kr in a very rived from simultaneous fits to ZF and wLF datsiangles, 1SIS
weak longitudinal magnetic fielt =0.22 G at different tempera-  datg and high LF datdcircles, ISIS data; stars, TRIUMF data
tures: 25 K(squarey 28 K (circles and 30 K(triangles.
states, resulting in muon spin depolarization. The m§del
Very slow muonium diffusion rates were measured bothtakes into account all four allowed transitions between
in zero field and in avery weak longitudinal field0.2 G.  muon-electron states in high LF. Since the muon polarization
Typical wLF time spectra are shown in Fig. 4. Both the hopfunctlon turns out to be a sensitive function of app_lled flelo_l,
rate Tgl and the NHI frequencys, ., (with next-nearest one can easily draw conclusions about the validity of this

neighborg were determined by simultaneously fitting ZF and model from the experlmgnta! results. Above about 55 K, it
. . : appears that the relaxation is no longer governed by local
WLF data to corresponding dynamical Gaussian Kubo-

) . : I h fine interactions; imil h f regi
Toyabe relaxation functioR&2 with A=s,, [recall Eq. nuclear hyperfine interactions; a similar change of regime

has also been observed in solid natural xenon and solid
3] 136y 8

At temperatures above about 30 K, the high LF technique Cléar T;1 maxima (or, in NMR parlancd® “T,

was applied to measure the faster hop rates. The temperattwﬁniman) are seen around 55 K, representing the condition
dependence 011'1_1 in different values of applied field is o fastest relaxationt- 1= .. . wherew:: are the muonium
. . c ijs i
shown in Fig. 5. Between about 30 and 55 K, the LF relax-yperfine transition frequencies. For lower LF fhgminima
ation data can safely be interpreted in terms of muoniumyre shifted to lower temperatures, indicating a gradual de-
diffusion, as the variation of; * with magnetic field is con- crease of muonium mobility with decreasing temperature,
sistent with a diffusion modef This model describes the which is consistent with the increasing localization seen in
time evolution of the muon polarization in a diffusing muo- the ZF and wLF data. The motional correlation timeand
nium atom under the influence of nuclear hyperfine interacNHI frequencys,, (with nearest neighboysvere determined
tions [see Eq.(1)]. The basic idea of this model is that the by simultaneous fitting of the LizSR spectra taken at sev-
nuclear hyperfine interaction is treated as an effective mageral fields to a general expressihThe positions of the
netic field acting on the muonium electron. The modulationT; minima for several fields provided an absolute calibration
of this field as muonium diffuses through the lattice producegor both parametert’
transitions between different coupled muon-electron spin  Muonium NHI frequencies with nearest and next-nearest
neighbors were determined to bg, = 55(5) MHz (from LF
datg and 6,,,, = 0.676) MHz (from ZF and wLF datg

©

“:: E x K E respectively. This difference of almost two orders of magni-
3 g F ** ° * * 1 tude between nearest and next-nearest neighbor interactions
T - * 0 2\; g 8* § with 8Kr nuclear moments suggests that these interactions
: 1k * N & | are, respectively, contact and dipolar in character. The large
S 06 F *0 A E value for the nearest neighbors is at the upper limit of values
C'C‘ 03 F 4 ® ] encountered for purely dipolar interactions; we therefore sus-
kel - A . pect that the muonium wave function actually overlaps onto
RN - *o & . neighboring krypton nuclei to give a contact term. Apart
< 006 F & ] from this somewhat surprising result, treatment of the zero-
D; 003 ¥ @ | . . | . | | ] field data with the Kubo-Toyabe relaxation function is almost
=

certainly justified, sincé\= §,,, surely has a dipolar origin.
S0 35 40 45 50 55 €0 65 V0 The temperature dependence of the muonium hop rate in
Temperature [K] solid Kr derived from simultaneous fits to ZF and wLF data
(triangles and high LF datdcircles, measured at ISIS, and
FIG. 5. Temperature dependence of the muonium relaxation ratgtars, measured at TRIUMFre shown in Fig. 6. The hop
T; tin solid Kr in several longitudinal magnetic fields: 40(@arg, ~ rate values obtained show very good agreement between
60 G (circles, 120 G(triangles, and 180 G(diamond$. Note the  high LF data and ZF and wLF data around 30 K. The low-
T, minima (T; ! maxima around 50 K. temperature results represent the slowest interstitial hop rates
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ever measured by SR either for u™ or for neutral muo- diffusion in KCI,* solid xenorf and solid nitrogeri* Unfor-
nium. Below about 25 K, the muonium, is some two orders tunately, the muonium relaxation mechanism governed by
of magnitude longer than the muon lifetime. Above 25 K, thenuclear hyperfine interactions is masked in solid Kr by the
muonium hop rate shows an increase of almost 4 orders ajnset of additional relaxation mechanisms at temperatures
magnitude with rising temperature. The nature of the muocomparable to and above the Debye temperature of the crys-
nium diffusion in the temperature range 25<K <55 K is  tal. This circumstance hampers a quantitative separation of
discussed below. the polaron effect from the effect of fluctuational preparation
It is known that the transition from the classical diffusion of the barrier, the latter of which should dominate in the
regime to the quantum regime takes place at a temperatutemperature regime near and ab&ePrecise determination
T* ~ vy, Whereu, is the vibrational frequency of the particle of the parameters for one-phonon muonium diffusion in solid
in its potential wel?® For muonium atoms in crystal§*  krypton therefore requires more detailed measurements in
can be estimated to be on the order of several hundredigh longitudinal fields.
Kelvin. It is also known that one-phonon quantum diffuion In conclusion, our data provide direct evidence for the
takes over from the low-temperature two-phonon quantumocalization of atomic muonium in solid krypton at low tem-
diffusion” above a few tenths of the Debye temperaflds.  peraturegbelow 25 K). The site adopted is identified as the
the Debye temperature for solid Kr & = 72 K,! muonium  tetrahedral interstice. At higher temperatu(@s—55 K), dy-
diffusion in the above-mentioned temperature range in solichamic relaxation of the muon spin proceeds by modulation
Kr is expected to be governed by the one-phonon quanturof nuclear hyperfine interactions, as the muonium begins to
mechanism. The alternative possibility of classical overbardiffuse through the lattice; the diffusion mechanism is sup-
rier hopping, with the Arrhenius dependence posed to be one-phonon assisted quantum hopping. In the
temperature range above about 55 K, another process of
muon spin relaxation comes into play which is as yet uni-
dentified.

o t=1,"1 exp—EIT) (5)

requires the pre-exponential facteg ! to be comparable
with vg. Fitting the experimentat; *(T) dependence for 25 This work was supported by the Engineering and Physical
K<T<55 K to Eq. (5) gave a pre-exponential factor Sciences Research Council of the United Kingdom, the
7-61:1.6(3)>< 10'ts™1, which is at least two orders of mag- Royal Society, the Canadian Institute for Advanced Re-
nitude less thanvy. Classical diffusion may therefore be search, the Natural Sciences and Engineering Research
eliminated as a possible mechanism of muonium diffusion inCouncil of Canada, the National Research Council of Canada
solid Kr at temperatures below 55 K. Analysis of the diffu- (through TRIUMB and the International Science Foundation

sion rate in this region showed that both the “polaron effect” (through Grant No. N9D0QO We would like to thank C.
and “fluctuational preparation of the barrier” should be Ballard, M. Good, and S.R. Kreitzman for technical assis-
taken into account in this material, in the framework of thetance. One of u§V.S.) is grateful to A. Isakov, M. Korsun,
one-phonon guantum diffusion mechanism. These effectand the Moscow firm “Intercomservice(Hewlett Packard
have previously been shown to be important for muoniunfor help and support.
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