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Two-Phonon Quantum Diffusion of Muonium in Solid Nitrogen
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The spin dynamics of the muonium (p+e or Mu) atom diffusing in solid nitrogen (' N2) has been
studied using the techniques of muonium spin rotation and relaxation. The temperature dependence
of the Mu hop rate v, reveals that Mu difFusion in solid nitrogen is a quantum tunneling process
governed by the two-phonon interaction. At low temperatures the Mu atom is strongly localized by
suppression of band motion due to interaction with defects.

PACS numbers: 66.30.Jt, 67.80.Mg, 76.75.+i

When positive muons are implanted into insulators
they often form muonium (p+e or Mu) atoms, anal-

ogous to hydrogen atoms but nearly an order of magni-
tude lighter [1]. The dynamics of such light atoms, being
intrinsically quantum mechanical in nature, is of special
interest because it provides critical tests of quantum dif-

fusion theories [2—6].
Studies of the difFusion of hydrogen atoms [7] and p+

[8] in metals, as well as Mu difFusion in insulators [9—11],
have convincingly shown the quantum mechanical char-
acter of the phenomenon, most clearly seen at low tem-
peratures where the particle hop rate 7; i increases with
decreasing temperature T according to the power law

~, ~ (x T, thus manifesting the onset of the coher-
ent process. In metals, coupling to conduction electrons
is the dominant scattering mechanism [12] and causes
a & 1. In insulators, where phonon scattering processes
prevail, a is predicted [2,6] to be 7 or 9 at low temper-
atures where the absorption of single phonons shifts the
energy of the difFusing particle too much for tunneling
to occur and so two-phonon diagrams (which can leave

the energy almost unchanged) are expected to dominate.
Surprisingly, the experimental results on Mu diffusion in

ionic insulators [9,10] indicate that cr is generally close
to 3; this "universal" power-law behavior with cr = 3
prompted the authors of Ref. [5] to conclude that muo-

nium diffusion is governed by one-phonon scattering. On
the other hand, in Ref. [13] it was shown that a 3 can
also be obtained from two-phonon scattering processes if

the actual phonon spectrum of the ionic crystal is taken
into account; unfortunately, that procedure requires in-

troduction of adjustable parameters. The phonon spec-
trum of solid nitrogen is consistent with the Debye ap-
proximation assumed in more ab initio theories, which

may thus be tested more directly by experiment. In this
Letter we present the Erst unambiguous evidence for two-

phonon quantum diffusion of muonium.
In addition, we present here the Erst observation of

gradual muonium localization as T —+ 0 in an imperfect
crystal due to suppression of Mu band motion by static
disorder. Previous studies of Mu diffusion have focused
on nearly perfect crystals, in which bandlike propagation

of Mu persists as T ~ 0. At temperatures T & To [where

To is determined by the interplay between the phonon
width A(T) and the typical difference ( between energy
levels at adjacent tunneling sites due to static disorder]
the observed average transverse field relaxation rate Tz
of muonium characterizes mainly quasistatic Mu atoms
in the vicinity of defects or impurities [14]. Another frac-
tion of Mu atoms located far from impurities or defects
moves more rapidly and relaxes slowly in transverse Geld

due to motional narrowing. This inhomogeneous diff'u-

sion is a universal feature of Mu diffusion in imperfect

(real) crystals whenever static level shifts ( exceed A(T).
In contrast to Tz, the relaxation rate Ti of the muo-

nium spin in longitudinal field is determined mainly by
the moving Mu atoms far from impurities or defects, and
thus provides information about the undisturbed host
crystal. In the experiment described here, both Tz and

Ti were measured as functions of temperature in order
to clearly identify and distinguish the efFects of localiza-

tion by defects and diffusion in the intrinsic host lattice.
The efFective spin Hamiltonian for static Mu in solid

nitrogen in an external field H, assuming an isotropic
nuclear hyperfine interaction, has the form [15]

hAS, S„—g,pb S, H —g„is„S„H

+h) 6S, S„—) gis S

where A is the muonium hyperfine parameter, 6 is the
nuclear hyperfine parameter, and S, g, and p, are the

spins, g factors, and magnetic moments of the respective
particles. The summations are over all participating nu-

clei. Nuclear quadrupole interactions are known to be
small and have been neglected [16]. Qualitatively, the
nuclear hyperfine interaction results in relaxation of the
Mu electron spin, which in turn leads to depolarization
of the p+ via the hyperfine interaction. The muonium

hyperfine frequency in solid nitrogen A =4494(5) MHz

has been found [17] to be very close to the vacuum value

A, = 4463 MHz. Thus the muonium spin relaxation
rate is determined by the nuclear hyperfine interaction

6 (( A. In transverse Beld the muonium relaxation rate
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FIG. 2. Muonium relaxation rates in ultrahigh purity solid

N2 in weak transverse field (circles, triangles, diamonds, and
inverted triangles correspond to different samples) and several
longitudinal fields (stars: 12 G; squares: 8 G; crosses: 4 G).

dition thus produces an absolute calibration of the hop
rate. Equation (5) allowed us to determine the pa-
rameter 6 independently for each longitudinal field; all
three values are consistent with the combined result,
6=14.9(0.8) MHz, which in turn is within 7'Pe of the value
obtained from transverse field measurements [17] at low

T [see Eq. (3) and Fig. 2].
Figure 3 presents the temperature dependence of the

muonium hop rate 7; in solid nitrogen derived from

Eq. (4) and complemented by the transverse field data
for T ) 12 K, where motional narrowing leads to Eq. (6).

For temperatures T (( e (the Debye temperature)
quantum diffusion is believed [6] to be governed by two-
phonon processes, for which l; is given by

4Z Aoz A(T)
3 0'(T)+(2' (7)

where Z is the number of the equivalent wells in the
nearest coordination sphere and As is the renormalized
bandwidth for Mu diffusion. The main feature of Eq. (7)
is the minimum of le(T) at ( A(T). When ( ( 0,

l; ' oc b,OZ/O(T), (8)

but if ( )) 0, then

l; '
oc LOB(T)/(2,

The tvro additional powers of T appear only in the case of
muonium tunneling between absolutely equivalent sites.

In the temperature range 30 & T & 50 K, the mea-

givirlg the opposite temperature dependence so that Mu
atoms are localized as T ~ 0.

The only efFect of the one-phonon interaction is an
exponential renormalization of the tunneling amplitude.
The two-phonon width A(T) is determined by the phonon
spectrum of the lattice. In the T —+ 0 limit only acoustic
phonons are important and

T (K)

FIG, 3, Temperature dependence of the muonium hop rate
in ultrahigh purity solid Nz. Stars correspond to the com-
bined longitudinal field measurements; circles, triangles, dia-
monds, and inverted triangles correspond to transverse field
measurements in different samples.

sured Mu hop rate exhibits an empirical temperature
dependence 7, i oc T with cr = 7.3(2); since, from
Eq. (8), l; oc 0 (T), we have A(T) oc T7 as expected
[Eq. (10)]. This is the first experimental confirmation of
the T 7 dependence of l; predicted by the two-phonon
theory of quantum diffusion [6].

Below about 30 K the Mu hop rate levels off, presum-
ably due to band motion with an estimated [13] renor-
rnalized bandwidth of 60 10 K, in agreement with
the value deduced from the high-temperature data where
one-phonon interactions lead to an enhanced fluctua-
tional preparation of the barrier (FPB) effect [17]. Al-

ternative explanations of the T independence of 7; ' be-
tween 18 and 30 K might include interaction of Mu with
residual impurities [17] or the effect of delocalization on
Mu relaxation [23].

Muonium motion slows down again below about
18 K, probably due to the orientational ordering of N2

molecules. Heat capacity, [24] thermal expansion [25],
and NMR [26] data in solid nitrogen all show peculiari-
ties at about 20 K which are attributed to "orientational
defects" caused by an anisotropic interaction between N2

molecules. Above about 20 K, large-angle librations of
the host molecules average the Mu-Nz interaction energy
to a well-defined, site-independent value; below this tem-
perature, Mu energy levels at neighboring sites differ by
a typical static shift ( which impedes Mu diffusion ac-
cording to Eq. (7). For H atoms in solid nitrogen these
energy shifts are 1 K [27]; ( for Mu in solid nitrogen
appears to be of comparable magnitude Since 7; . (T)
below 18 K is unaffected by doping with up to 0.01% im-

purities [17], this retarding of Mu diffusion at low tem-
perature is believed to be an intrinsic property of solid

nitrogen.
For T ( 18 K the data in Fig. 3 obey
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with 8 = 83 K (the Debye temperature of nitrogen) [16],
——3.6(8) x 10~s s ~ and n = 6.7(1).

The change in the temperature dependence of the Mu
hop rate from a T to a T lair reBects a crossover
from Eq. (8) to Eq. (9). According to theory [6], 7e
104ehez/(2. Using the experimental value of 7o and

( 1 K [27], we get Ap ~ 10 z K, in agreement with
the values obtained from the bandlike motion regime and
the high-temperature one-phonon regime. This value for
the Mu bandwidth in solid nitrogen should be compared
with the bandwidth scale b, 10 4 K obtained for the
quantum difFusion of sHe atoms in 4He crystals [28]. Al-

though the former is much larger, the qualitative similar-
ity of these results suggests a common dynamical behav-
ior for light particles in insulators, as opposed to metals,
where different scattering mechanisms lead to quite dif-
ferent impurity dynamics.

To summarize, we have used a combination of longitu-
dinal and transverse muonium relaxation rate measure-
ments in solid nitrogen to obtain the first observation
of the T+7 temperature dependence of the Mu hop rate
predicted by the theory of two-phonon scattering pro-
cesses [6]. We have also presented the first observation
of low temperature localization of quantum mechanically
diffusing Mu due to interaction with lattice defects.
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