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of surface probes, especially when defects are
associated with the surface region. An interest-
ing possibility is in the study of two-dimensional
melting where defects are predicted to play an
important role.
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Muon spin precession in iron has been observed from 300 K down to 3 K. The relaxa-
tion rate ~ shows a pronounced temperature dependence with minima at 15 and 90 K. A
fit with an Arrhenius function yields &~ = 0.3 meV below 10 K, 14 meV between 35 and
90 K, and 86 meV between 150 and 300 K. The data indicate that coherent tunneling be-
comes important below 35 K. The temperature region between 35 and 90 K is dominated
by incoherent tunneling while above 150 K the over-barrier hopping process sets in.

PACS numbers: 66.30.Jt, 76.90.+d

In many respects, the positive muon can be
considered as a light isotope of hydrogen; in par-
ticular, its diffusion behavior should follow that
of hydrogen, the main difference arising from a
much smaller mass (rn„= ~m~). This difference
is rather unimportant at high temperatures where
only moderate isotope dependences are expected
but becomes crucial at low temperatures when

tunneling plays the dominant role in the diffusion
process. In the present Letter, detailed experi-
mental data are presented which provide evi-
dence for coherent as well as incoherent tunnel-
ing at low temperatures. The transition between
the two mechanisms is around 35 K.

Muon diffusion can be measured by the motion-
al-narrowing effect in a muon-spin-rotation (MSR)
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experiment. In spite of several publications on
muon diffusion in iron, ' ' the experimental situa-
tion is unsatisfactory, in particular in the low-
temperature region where the occurrence of the
most interesting effects is expected. Because of
the fast relaxation of the MSR signal no results
exist below 7 K and the data between 7 and 50 K
have rather poor accuracy. By using a fairly
clean and perfect crystal we were able to extend
the experimental data range down to 3 K and to
improve the accuracy for the points at higher
temperatures.

The MSR experiment was performed at the su-
perconducting muon channel at Schweizerisches
Institut fur Nuklearforschung (SIN) in zero mag-
netic field with a coincidence counting rate of
about 3 kHz. The iron target consisted of seven
pieces of single-crystal iron plates, each with an
area of 1 cm' and 1.8 mm thickness. The plates
were assembled to a compact target with the sur-
face [(100) plane] perpendicular to the muon
beam. The main impurities in the sample were
6.5 ppm (wt. ) Si, 8.5 ppm (wt. ) Al and less than
6 ppm (wt. ) Ni, all other contaminations being
& 1 ppm (wt. ). The targets of the present experi-
ments were prepared under the same conditions
as those used in Ref. 4.

If the muon is slowed down in the target, it will
finally come to rest at a tetrahedral or octahe-
dral interstitial site in the bcc lattice of iron.
Seeger' and Nishida et al. ' have pointed out that
the sign of the experimental hyperfine field fa-
vors the assumption of tetrahedral occupancy.
Therefore, in the following only the tetrahedral
positions will be considered.

In zero external field, the local magnetic field
at the muon site is given by B„=B„+Bhf+Bdi
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where B„, Bhfp and Bdlp are the Iorentz, hyper-
fine, and dipolar field, respectively. The dipolar
field at the tetrahedral interstitial sites has dif-
ferent values depending on the relative orienta-
tion of the tetragonal axis with respect to the
magnetization direction. The calculated values
for parallel and perpendicular orientations are
—0.52 and +0.26 T, respectively. The weighted
average of the dipolar fields is zero. In spite of
two different dipolar fields at the tetrahedral
sites, only one precession signal is observed in
the MSR experiment. This result is interpreted
as evidence for diffusional averaging of the muon
over the dipolar fields.

The measured frequency v„(Fig. 1) shows a
smooth decrease between 15 and 300 K, the rela-
tive temperature dependence being somewhat
larger than that of the macroscopic magnetiza-
tion. Below 15 K the frequency increases faster
than expected from an extrapolation from higher
temperatures. At present, no explanation can be
given for this deviation.
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FIG. 1. Temperature dependence of the muon-spin-
rotation frequency in zero external field.

FIG. 2. Relaxation rate ~ of the muon spin polariza-
tion as a function of temperature. The correlation
time ~, (right-hand scale) is calculated under the as-
sumption that &= o h'p &dip ~ Tc and &dip = 0 52 T.
In the inset the low-temperature results are shown
on an extended temperature scale. There additional
data points are included.
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The relaxation rate g as a function of tempera-
ture (Fig. 2) exhibits a pronounced structure with
minima at 15 and 90 K and three regions of
strong decrease of x with temperature. In the
earlier experiments on muon diffusion in iron, ' '
the structure of x was not recognized with this
clarity and therefore the deduced activation en-
ergies and the interpretation of the data differ
considerably from the present results. The ab-
solute values of x in the present experiment are
smaller than in most of the earlier publications, ' '
but similar low relaxation rates were reported
in Ref. 4 and 5. Small relaxation rates are ob-
tained only if clean and perfect crystals are used.

The relaxation rate ~ is connected with the cor-
relation time r, by the relation (motional-narrow-
ing limit)

x =y„'&Bd,. ')7, ,

with

yp =8.52' 10 s T ', (2)

&~d p'& = 3&dip
'+ ~&d.p". (3)

The scale on the right-hand side of Fig. 2 is cal-
culated on the basis of this formula.

The diffusion coefficient for muons jumping be-
tween tetrahedral interstitial sites, D =a'/72~,
(a being the lattice constant) is plotted in Fig. 3
versus reciprocal temperature. For comparison
the hydrogen diffusion data are included (solid
line), thereby taking the average value' of the
widely scattered experimental data.

It is obvious from Fig. 2 and 3 that the temper-
ature dependence of the relaxation rate (or equiv-
alent of the diffusion coefficient) cannot be fitted
by a single Arrhenius law. However, there are
three regions with a strong decrease of x, to
which such a fit may be applied separately. The
values D,= (4.7+ 0.9)x 10 4 cm'/s and E, = 86+ 3
meV obtained in region III agree remarkably well
with those of hydrogen diffusion above 300 K
[D,(H) = 7.Sx 10 ' cm'/s and E,(H) =105 meV'].
The close correspondence of the diffusion data
(see also Fig. 3) suggests a common diffusion
mechanism for the two particles. Since this
mechanism apparently governs the high-temper-
ature region, it may be identified with the over-
barrier hopping process.

In contrast to region GI, the muon data below
150 K are completely different from the expect-
ed behavior. The measured relaxation rates in-
dicate an overall strong enhancement and a pro-
nounced structure in the diffusion coefficient at
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FIG. 3. Diffusion coefficient D for positive muons
(p+) in iron vs the reciprocal temperature. D is de-
rived from the relaxation rate ~, for diffusion over
tetrahedral sites. Temperature regions II and III
mentioned in the text are indicated. For comparison,
the average hydrogen diffusion data (Ref. 7) are given
(solid line).

low temperatures. In particular, the fact that
only one frequency is observed (indicating mo-
tional averaging over dipolar fields) demonstrates
that the muon is still highly mobile down to 3 K.
The extrapolated correlation time v, below 15 K
would be years, if the parameters from region
III are used to calculate ~„while the present da-
ta require ~, in the order of 10 "s. This very
strong enhancement of the muon diffusion is a
clear evidence of an efficient tunneling process
at low temperatures. At present the most inter-
esting question is whether tunneling occurs via a
coherent or incoherent process. In this respect
it is of particular interest that the complex be-
havior of X (Fig. 2) below 150 K cannot be ex-
plained by a single process but rather requires
at least two different mechanism. This aspect
will be stressed in the following discussion.

The data are first discussed in the framework
of the incoherent small-polaron hopping model. ' "
The basic idea of this model is that the muon is
self-trapped because of lattice relaxations with
the consequence that the ground-state levels of
an occupied and unoccupied interstitial site are
at different energies. In this situation the tunnel-
ing process requires the assistance of phonons
to equalize the levels of the neighboring sites.
Considering realistic self-trapping energies, "it
is obvious that only region II (35-90 K) can be
identified with the small-polaron hopping process.
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The experimental activation energy in this re-
gion of 14+ 1 meV is close to the expected val-
ues, "whereas E, = 0.3+ 0.03 meV from region I
(3-10 K) is clearly outside of realistic estimates.

The experimentally observed decrease of X be-
low 35 K (Fig. 2) is not understandable in the
framework of the small-polaron hopping model
but is expected if coherent tunneling is assumed.
The formation of band states depends very crit-
ically on the periodicity of the lattice and there-
fore can be observed only in rather pure and per-
fect crystals. A rough estimate"'" of whether
coherent tunneling is possible in principle can be
obtained from a comparison of the tunneling ma-
trix element t with the static energy shift ~ of
adjacent sites due to impurities or defects. A
calculation similar to that of Ref. 5 yields bE
of the order of 0.1 peV for positions midway be-
tween the impurities whereas an estimate of the
tunneling matrix element from the decrease of x
in region II yields J= 1 meV. Thus, coherent tun-
neling should at least in principle be possible in
large portions of the crystal.

Experimental evidence for coherent tunneling
is provided by the decrease of & between 35 and
20 K. This behavior, which corresponds to an
increase of the diffusion coefficient with decreas-
ing temperature, is a strong indication for co-
herent tunneling.

The new increase of ~ with decreasing temper-
ature below 15 K (Fig. 2) can be explained by an
effect recently pointed out by Fujii'~: In magnet-
ic systems like Fe, the dipolar fields follow the
periodicity of the lattice. This implies that each
tunneling state sees a distinct but in general dif-
ferent average dipolar field. This results in a
field distribution which causes a depolarization
of the muon spin. In order to understand the
structure in the temperature dependence of X be-
low 35 K it must be assumed that motional nar-
rowing between tunneling states plays a role too.
Again, in view of relation (1), the decrease of x
between 35 and 20 K is caused by the strong re-
duction of (Bd, ') when tunneling states develop.
However, at even lower temperatures the in-
crease of the correlation time becomes larger
than the reduction of (Bd,. '), resulting in an in-
crease of z.

In the present experiment muon diffusion in
iron was measured over a large dynamical range
from 3 to 300 K. The data indicate that probably
all basic diffusion processes, coherent tunneling
(3-35 K), incoherent tunneling (35-90 K) and
over-barrier hopping (above 150 K) were ob-
served. The diffusion parameters (J, E„D,) ob-
tained have reasonable values and are consistent
with theoretical estimates of these quantities.
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