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The quantum diffusion of interstitial muonium atoms in solid methanes (CH4 and CD4) has been
studied in the temperature range from 10 to 90 K using the technique of muonium spin relaxation in
transverse magnetic field. In the high temperature crystalline phase, which is characterized by rotating
molecules, muonium dynamics becomes bandlike with decreasingT . At low temperatures, slowing
down of molecular rotation and molecular freezing in the orientationally ordered phase render adjacent
tunneling sites inequivalent, resulting in strong particle localization. [S0031-9007(99)08729-3]

PACS numbers: 66.30.Jt, 66.35.+a, 67.80.Mg, 76.75.+ i
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Condensed matter physicists have a long-standing int
est in the tunneling dynamics of light particles, e.g., ele
trons, muons, impurity atoms, isotopic defects, etc. Th
basic issue in nonclassical transport is whether a wav
like or particlelike description is appropriate, i.e., whethe
the tunneling is coherent or incoherent. This depends
whether the interaction with the environment is such as
lead to spatial localization of the wave function or to band
like (Bloch wave) motion. One of the possible channe
for localization of a particle is through its interaction with
lattice excitations (phonons, librons, magnons, etc.). In
dissipative environment [1,2] the lattice excitations can b
represented as a bath of harmonic oscillators; interacti
with this environment causes a crossover from cohere
quantum tunneling to incoherent hopping dynamics whe
the particle “dressed” with the lattice excitations can be e
fectively thought of as apolaron.

At low temperatures, the environmental excitations a
frozen out. In this case, conventional understanding su
gests that the only possible channel for particle localiz
tion is the introduction of crystal disorder, which thus ma
dramatically change the transport properties of a solid.
well-known example is the spatial localization of elec
tron states near the Fermi level in a disordered metal
system, which leads to a transition into a dielectric sta
(the Anderson transition) [3]: coherent tunneling of a pa
ticle is possible only between levels with the same ener
(e.g., between equivalent sites in a crystalline lattice);
the case of strong randomness, states with the same
ergy may be too spatially separated for tunneling to b
effective. In this Letter we present experimental studie
of a novel and somewhat counterintuitive case, name
0031-9007y99y82(13)y2729(4)$15.00
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the situation in molecular crystals whereordering causes
localization of interstitial particles.

Although the concept of localization by disorder ha
been introduced primarily in order to describe the ele
tronic transport properties of solids, it may also be appli
to the quantum dynamics of heavier particles, wheth
charged or neutral [4–6]. Recent experimental resu
for positive muons (m1) in dilute metallic alloys [7], as
well as for muonium atoms (Mu m1 1 e2) in “dirty”
insulators [8,9], clearly indicated that crystal disorder i
troduced by impurities dramatically changes the nature
quantum diffusion for particles,200 times heavier than
the electron. In these experiments the environmental c
pling could be varied or switched on and off by chan
ing the temperature: for interstitial muons in aluminu
metal [7] the low energy couplings to conduction ele
trons are suppressed below the superconducting transi
as a BCS energy gap opens at the Fermi surface, w
for muonium in insulators [8,9] inelastic interactions wit
phonons are frozen out at low temperatures. Similar
guments apply for the well-known system of a dilute s
lution of heavy3He atoms in a4He crystal [10,11].

A common and crucial feature of all the above
mentioned experiments is that the particle tunneli
bandwidthD is small compared with all other relevan
energy parameters, especiallyU, the characteristic energy
level shift due to crystalline disorder. For example, fo
elastic strainsUsrd , sayrd23, where r is the distance
from a defect anda is the lattice constant, typical value
of Usad , 103 K exceed muon bandwidths in metals b
6–7 orders of magnitude; in insulators the difference
not so extreme but stillUsad ¿ D [4,12]. Under these
© 1999 The American Physical Society 2729
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circumstances, the influence of crystalline defects exten
over distancesR , afUsadyDg1y3 ¿ a. The quantum
diffusion of the interstitial particle is therefore dominate
in these cases bystrong, long-rangecrystal disorder. An
essential characteristic of particle transport under the
conditions is itsinhomogeneityat low temperatures [4,12]
where the particle dynamics cannot be described in ter
of a single correlation timetc. At temperatures low
enough that the particle’s energy level broadening due
coupling with lattice excitations,VsT d, is much less than
the difference(due to disorder) between energy levels
two adjacenttunneling sites,jsRd  afdUydrgrR, the
particle hop rate is predicted [4] to follow

t21
c sRd ~ D̃2

0
VsT d
j2sRd

, (1)

where D̃0 is the tunneling amplitude. Equation (1) de
scribes the dynamics of particles in the vicinity of defect
Another fraction of particles initially located so far from
impurities or defects that̃D0 exceedsjsRd [as well as
VsT d] undergoes bandlike propagation. This picture
spatially inhomogeneous dynamics manifests itself in t
appearance of two distinct components in the muon pol
ization functionPstd [7–9].

In contrast to the above picture, the evidence presen
in this Letter illustrates the dramatic effect ofweak, short-
rangedisorder on muonium dynamics in thehomogeneous
regime. In the harmonic approximation, the transpo
properties of a neutral particle in a simple crystalline ins
lator (e.g., a monatomic or ionic crystal) depend only o
the phonon modes of the lattice. For crystals compos
of molecules, two additional contributions enter from th
internal vibrational and rotational degrees of freedom
the molecules. Internal vibrations of molecules scarce
change the particle dynamics because of their extrem
high frequencies. Molecular rotation, however, is a d
ferent matter. Two extremes are possible: the molecu
may rotate almost freely in the crystal, or the rotation
motion may be severely restricted and hence transform
into torsional excitations (librons). Since typical rotational
frequencies are still much higher than the particle ban
width, in the first extreme the energy levels in differen
unit cells are degenerate and therefore particle dynam
remain unperturbed. In the second extreme the anisotro
interaction between molecules (which causes orientatio
ordering in the first place) changes the crystalline pote
tial so that this degeneracy is lifted. As far as the pa
ticle dynamics are concerned, this splitting of the ener
levels of adjacent sites acts as an effective disorder, cre
ing the biasj. To demonstrate this, a suitable molecul
lattice must be found where (a) this disorder is essentia
weak andshort rangeand (b) both extremes can be reache
in the accessible temperature range. The simplest mole
lar solids are the cryocrystals formed by the small ligh
weight molecules, namely, solid H2, D2, CH4, CD4, N2,
N2O, CO2, etc. In solid N2O and CO2 the anisotropic
part of intermolecular interaction is so strong that the la
2730
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tice keeps its orientational order in the entire solid pha
In solid para-H2 and ortho-D2, by contrast, this interac-
tion is so weak that orientational order cannot be reac
even at the lowest temperatures. Here we report our st
of muonium dynamics in solid methanes (CH4 and CD4)
which undergo orientational ordering in the solid pha
In solid CH4 this transition takes place atT  20.4 K
while in solid CD4 partial orientational ordering occurs a
T  27 K with a further transition to complete molecula
ordering atT  22.1 K [13,14].

The experiments were performed on the M13 beam l
at TRIUMF and on the EMu beam line of the ISIS Puls
Muon Facility at the Rutherford Appleton Laboratory. A
ISIS, ultrahigh purity methanes (less than1025 impurity
content) were condensed from the gas phase int
liquid and then frozen into a disk-shaped cell (20 m
in diameter and 5 mm deep). At TRIUMF, methan
crystals (18 mm in diameter and 4 mm thick) we
carefully grown from the liquid phase at typical speeds
about 5 mmyh by applying a vertical temperature gradie
of about 5 K across the cell. At both laboratorie
positive muons of28 MeVyc momentum and 100% spin
polarization were stopped in the samples andm1SR time
spectra were recorded at various different temperatu
and applied magnetic fields. Positrons from the mu
decay are emitted preferentially along the direction
the muon polarization so that the time differentialm1SR
technique, details of which can be found elsewhere [1
produces direct measurements of the time dependenc
the muon decay asymmetryAstd, which is proportional to
the muon polarization functionPstd.

Formation of atomic muonium (Mu) in solid methane
was detected by observing the precession signal at
characteristic muonium frequencyvMu  gMuH, where
gMuy2p  1.4012 MHzyG, in a weak transverse mag
netic field H. The effective spin Hamiltonian of stati
isotropic muonium in a crystal has the form [12]

H  hA $Se ? $Sm 2 gemb
$Se ? $H 2 gmmm

$Sm ? $H

1 h
X
n

dn
$Se ? $Sn 2

X
n

gnmn
$Sn ? $H , (2)

whereA is the muonium hyperfine (HF) parameter [me
sured to be 4474(220) MHz in solid CH4, consistent with
the vacuum-state valueAvac  4463 MHz for isotropic
Mu], dn is nuclear hyperfine (NHF) coupling with thenth
neighbor nucleus, and$S, g, and m are the spins,g fac-
tors, and magnetic moments of the respective partic
The NHF parameterd, which sets the time scale for muo
nium spin relaxation, is a measure of the combined eff
of all the dn. Qualitatively, modulation of the NHF in-
teractions results in relaxation of the muonium electr
spin, which in turn leads to the observed muon depo
ization via the muonium HF interaction. In a transvers
magnetic fieldH high enough to make the conditio
gMuH ¿ d valid, the muonium polarization function
which represents the envelope of the precession sig
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is usually well approximated by a single exponenti
function Pstd , exps2tyT2d, whereT2 is the transverse
relaxation time of the muonium spin. The muonium re
laxation rateT21

2 has a simple form in two limits: if muo-
nium “hops” from site to site at a ratet21

c ¿ d ( fast
hoppinglimit), then the transverse relaxation rate is give
by T21

2 ø d2tc. For veryslowdiffusion (t21
c & d) muo-

nium spin relaxation takes place on a time scale shor
thantc andT21

2 ø d. [In this casePstd is better approxi-
mated by a Gaussian relaxation function.]

Figure 1 presents the temperature dependences of
muonium transverse relaxation rateT21

2 in solid CH4
and CD4, extracted from the spectra by fitting single
exponential relaxation functions. Such fits were qui
good in the entire measured temperature range, which
taken as evidence that the muonium dynamics in so
methanes can be described in terms of diffusion mod
using asingle tc approximation. This in turn suggest
that muonium dynamics in methanes arehomogeneous
in nature. The strong temperature dependence ofT21

2
abruptly levels off between about 45 and 55 K in CH4
and between about 32 and 40 K in CD4. Such behavior in
the fast hopping regime indicates that the Mu correlati
time tc stays constant in the indicated temperature rang
in both crystals. At the lowest measured temperatu
(below about 20 K),T21

2 again levels off in both crystals
due to Mu localization, givingd1 ø 5 3 107 s21 for
CH4 and d2 ø 8 3 106 s21 for CD4. The ratio d1yd2
is about twice as large as the ratio of proton to deuter
magnetic moments; further scaling by

p
SnsSn 1 1d just

increases the apparent discrepancy. Evidently the N
interaction governing muonium relaxation does not sca
simply with the gyromagnetic ratio of the nucleus in th
case. Other candidates for the muonium spin relaxat
mechanism, such as spin-exchange reactions with poss
paramagnetic impurities (e.g., O2) or electrons from
the muon track, were ruled out by measurements
longitudinal magnetic and electric fields [16–19].

Figure 2 shows the temperature dependences of
muonium hop ratet21

c in the solid methanes, extracte

FIG. 1. Temperature dependence of muonium relaxation r
in solid methanes in weak transverse fieldH  5 G (circles:
CH4; triangles: CD4).
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in the regime of dynamical averaging using the values o
d obtained above. At high temperatures—above 55
for CH4 and above 40 K for CD4 —the hop rate in both
crystalsincreaseswith decreasingtemperature. This is an
unambiguous manifestation of quantum diffusion whic
has also been recognized for muonium in KCl [20] an
solid nitrogen [21]. In the appropriate temperature range
in both KCl and nitrogen, the muonium hop rate exhibit
an empirical temperature dependencet21

c ~ T2a with
a ø 3 in KCl and a ø 7 in nitrogen. In solid CD4
similar fits yield a between 5 and 6, while in CH4 a is
between 7 and 11 depending on the temperature range.

The plateausin t21
c sT d around 45–55 K in CH4 and

32–40 K in CD4 must represent the onset of muonium
band motion [4,12], which occurs if the coherence i
preserved (V ø D̃0 but still T . D̃0) and the disorder
is weak (j ø D̃0). In this case the “hop rate” is
independent of temperature and is given [22] byt21

c 
2
p

2 D̃0. From this relation the muonium bandwidth is
determined to be about3 3 1022 K in CH4 and about
1023 K in CD4. These values may be compared with
muonium bandwidths in KCl and solid nitrogen (0.16 K
and1022 K, respectively) [12].

The band motion does not extend, however, to the low
est temperatures: the correlation time begins to increa
with decreasing temperature below about 45 K in CH4
and about 30 K in CD4. These data indicate that in-
terstitial muonium atoms undergo gradual localization i
methanes at low temperatures whereV ø j and that the
particle dynamics follow Eq. (1). Here, the temperatur
dependence of the muonium hop rate obeys the pow
law t21

c , 104QD̃
2
0yj2sTyQda [4] with a  6.8s4d and

j lying between1021 and1022 K in both crystals. In this
temperature range the observed power law is believed
be due to two-phonon dissipation in the regime of stat
destruction of the band [23]. This phenomenon can b
explained in terms of the slowing down of molecular rota
tions in the crystal. At high temperatures, when the cha
acteristic time of molecular reorientationtr ø tc, the
anisotropic molecular interactions are averaged out so th
j ø D̃0 and muonium undergoes unperturbed bandlik

FIG. 2. Temperature dependence of muonium hop rate
solid methanes (circles: CH4; triangles: CD4).
2731
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propagation. Slowing down of the molecular rotation
may lead to the opposite condition whentr ¿ tc well
above the temperature of orientational ordering due
incomplete averaging of the anisotropic interactions: me
surements of infrared absorption [24] and neutron sc
tering [25] as well as thermodynamic experiments [1
clearly show that the molecular rotation in CH4 and CD4
is not free even at the highest temperatures in the dis
dered phases; rather, all these experiments reveal pro
ties of a system of hindered rotators whose dynamics sl
down as the temperature drops.

The orientational dynamics of the host molecules m
well be the cause of the distinctive isotope effect o
the muonium correlation time in solid methanes. It
not really the host moleculemasswhich determines the
tunneling matrix element for a diffusing particle bu
rather theinteraction potential[4,6]. The anisotropic part
amounts to about 25% of the molecular interaction whi
determines the potential relief for a diffusing particle i
the van der Waals cryocrystals [26]. Neutron scatteri
studies of the rotational excitations show that in a giv
rotational potential CD4 molecules exhibit a stronger
effective octupole moment than CH4 and thus increase
the molecular field [27]. One might be surprised th
the muonium correlation time is more than an order
magnitude shorter in CH4 than in CD4. However, the
potential barrier for muonium diffusion appears in th
exponent of the tunneling matrix element. A well-know
example is the3He-4He system, where the correlation
time of 3He atoms increases by almost 2 orders
magnitude when the molar volume of the crystal
reduced by only 3% [28]. In the same manner one c
explain the fact that the plateau of the muoniumt21

c
shifts to lower temperatures in CD4 than in CH4 by noting
the higher value ofD̃0 in CH4: t21

c levels off whenD̃0
becomes greater thanVsT d. Unfortunately, the existing
data do not allow us to make any definite statement ab
the relative values of the energy level broadening in C4
and CD4 nor about the possible muonium sites in the
crystals; therefore, other explanations of the observ
effects cannot be ruled out.

In conclusion, we have presented an observation of
destruction of bandlike motion of light interstitial particle
in molecular crystals at low temperatures in the regim
of homogeneousdiffusion. We suggest that the particle
localization is due to slowing down of molecular rotation
and subsequent orientational ordering in these cryst
This study complements our knowledge of the nature
neutral particle localization due tolong-rangedisorder in
the inhomogeneousregime.
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