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Coherent Propagation and Strain-Induced Localization of Muons in Al
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Positive muons implanted in single-crystal Al doped with Mn are localized below 20 K
in contrast to the case of pure Al, where the muon is completely delocalized down to 1 K.
Applying the Anderson theory of localization, we show consistently that a coherent tunnel-
ing state, which exists in pure Al, is destroyed under the influence of lattice strains gen-
erated by the Mn impurities. Our data suggest strongly that the rnuons are localized at
tetrahedral sites at 15 K.

The muon-spin-rotation method has shown that
it can be used to determine diffusion properties
of positive muons in various metals. The muons
have, for example, been found to be localized at
low temperatures in Cu, ' Nb, ' Ta, ' and V.' A re-
markable exception to the general behavior is Al,
where the muons appear to be mobile at all tem-
peratures down to 1 K." In this paper we report
measurements on AEMn alloys with 500 and 1300
ppm Mn. The muon-spin-rotation linewidth meas-
urements show clearly a localization of the muon
below 20 K. At 15 K the field dependence of line-
width for different crystal orientations indicates
strongly that the muons occupy tetrahedral inter-
stitial sites.

Following early reports on localization and dif-
fusion of positive muons in Cu and Nb,"it was
observed that the low-temperature behavior of the
linewidth often does not follow the flat curve to be
expected and indeed found for Cu. The appear-
ance of "dips" in the linewidth curves in V,' Bi,'
and Nb'' has been interpreted either in terms of
quantum diffusion or trapping of muons by impur-
ities. The question of trap-induced localization
is interesting especially for the case of Al, where
no evidence of self-trapping has been found. Our
present observation of a linewidth in Al doped
with Mn shows that a localization of the muon in
this material can be induced by impurity atoms.

The experiments have been performed at the
600-MeV synchrocyclotron at CERN. Background
corrections were made using data from runs on
dummy samples with known performance. The
Al single crystals were grown from the melt us-
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FIG. l. . The linewidth parameter A as a function of
temperature for AIMn„and pure Al.

ing the Bridgman method. As starting materials
6N Al and 4N Mn were used. At room tempera-
ture and below, Mn is practically not soluble in
Al. Diffuse neutron scattering experiments on
A1Mno Ooy3 however, show only a small deer eas e
((1) of the Laue scattering due to precipitation
of Mn atoms in going from 800 to 300K.'" Since
the Laue scattering is proportional to the number
of randomly distributed defects, this indicates
that the statistical high-temperature distribution
is frozen in at room temperature.

The temperature dependence of linewidth A ob-
served in the muon-spin-rotation measurements
on polycrystalline pure Al (6N) and on A1Mn„(3;
= 500 ppm, 1300 ppm) single crystals is shown in
Fig. 1. %bile A is zero within the experimental
accuracy for pure Al, both AlMn„crystals exhibit
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FIG. 2. Magnetic field dependence of linewidth 0..
(a) Data at T 15 K. Included are the theoretical curves
for tetrahedral positions (fu11 lines) and octahedral po-
sitions (broken lines) (Ref. 11) scaled by a factor of
O.S. (b) Data at T ~5 K. The theoretical curves were
obtained from a sum of 30@ octahedral and 70% tetra-
hedral occupation.

the same behavior showing localization up to about
20 K (Gaussian line shape). The linewidth param-
eter A is defined as the inverse time for the asym-
metry to decay to 1/e of the initial value. In eval-
uating A and the correlation time 7., from the ex-
perimental spectra, the usual Abragam formula

a(t)=a(0) exp I- 2o'~, '(exp(-t/~, )-1+t/T ))
(1)

was employed. ' Here the low-temperature v was
taken to be the value at 15 K.

The dependence of the low-temperature line-
width 0 on applied field strength was studied for
different crystal orientations at 5 and 15 K. The
data for the 500- and 1300-ppm samples appear
identical and are plotted in Figs. 2(a) and 2(b).
The dependence of cr on B, is due to the electric
field gradient (EFG) created by the muon, which
competes with the applied magnetic field in in-
fluencing the nuclear dipoles. Theoretical line-
widths for this situation have been calculated. "
The behavior at 15 K is strong evidence that the

450mJ F. (2T
) (

—SR,
), (2)

where eD is the Debye temperature, E, is relat-

muon occupies tetrahedral positions [Fig. 2(a)] in
agreement with channeling results on H and D in
Al." For octahedral sites the orientation depen-
dence would be reversed. The observed line-
widths at 5 K suggest a dominating tetrahedral
site, with a small admixture of octahedral sites
[Fig. 2(b)].

In discussing the magnitude and field depen-
dence of linewidth, vie can first exclude the pos-
sibility of an electronic moment at the Mn atoms
which would affect the linewidth. If A1Mn can be
regarded as a Kondo system, then its Kondo tem-
perature would be 700 K,"giving spin fluctua-
tions of the order of 10 ' s. Even if a muon sits
at the nearest interstitial site (1.7 A) to a Mn

atom, the depolarization rate would be less than
0.001 ps '. As in the case of copper' and niobi-
um, ' the observed low-temperature 0 values are
lower than the theoretical values, which for the
(1, 1, 1) direction in Al is 0.32 ps ' compared with
0.24 p.s ' observed at 15 K. In addition to the ten-
dency for octahedral site occupancy as the tem-
perature is reduced to 5 K, we observe a drop in
linewidth to 0.17 p.s '. While the difference be-
tween theory and experiment at 15 K may be at-
tributed to a local lattice expansion of -10%, the
smaller value at 5 K indicates a somewhat ex-
tended wave function.

From the field dependence of 0 at 15 K an esti-
mate for the strength of the EFG created by the
muon can be deduced. The result, 0.18 A ' at
nearest neighbors, i.e. , 0.12 A ' at a distance of
half a lattice constant, agrees well with the theo-
retical value of 0.13 A ' predicted by Jena et al."
The observed EFG at the Al nuclei is an order of
magnitude smaller than that created by the Mn at
nearest Al neighbors. " The orientational depen-
dence is in agreement with a radial EFG created
by the muon. Both results indicate a localized
muon surrounded by Al host atoms.

To discuss the dynamics of the muon in A1Mn„
we recall that the muon is completely delocalized
in pure Al down to 1 K, corresponding to muon
correlation times below 10 ' sec at this tempera-
ture. It is very unlikely that this behavior could
be explained by a classical jump process or by a
tunneling hopping mechanism as developed by
Flynn and Stoneham. " In the low-temperature
regime this theory predicts a T' dependence of
1/v, tn the framework of a Debye model we have
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ed to the self-energy of the muon in the lattice,
and Z is the tunneling matrix element between ad-
jacent sites. By insertion of eDAl 428 K, Eq.
(2) yields unphysically large values for J [J)0.4
eV for any value of E, in Eq. (2)]. As an alterna-
tive mechanism, we consider therefore a coher-
ent tunneling propagation. "

The observation of a localized muon in AlMn„
up to 20 K must be related to the influence of the
Mn impurities. Apart from the fact that there is
no incoherent hopping process known to provide
fast enough transport to the impurities, the ac-
tivation energy E, =94+ 12 K derived from ln(1/
~,) vs 1/T above 20 K is too small to be inter-
preted as the binding energy at the traps. For
thermodynamical reasons, a binding energy of
the order of 90 K would prevent large occupation
numbers of the traps in the region between 10
and 20 K and is, therefore, inconsistent with the
observed localization up to 20 K.

If coherent quantum propagation is assumed in
pure Al, the localization of the muon in AlMn„
would be induced by the lattice strains introduced
by the Mn impurities. The elastic interaction be-
tween the strain, generated by the Mn atoms, and
the muon gives rise to static shifts hE of the en-
ergy levels at interstitial sites. Anderson" has
treated the localization problem for a lattice with
random energy shifts AF. with a distribution func-
tion of width I . He calculated a critical value
I, above which localization occurs. It is given
essentially by the tunneling matrix element J be-
tween adjacent sites. If J is smaller than I"„a
coherent quantum state cannot further develop
and localization occurs. Anderson's arguments
agree qualitatively with those of Kagan and Kling-
er." As a prerequisite for coherent transport
they demand crystal regions where the mean en-
ergy difference LE between adjacent sites is
smaller than the tunneling matrix element J be-
tween those sites.

As a rough estimate of the elastic muon-man-
ganese interaction we employ the first term of a
series expansion for the interaction of isotropic
defects within an anisotropic cubic crystal given
by I eibfried":

1 15 c»+ 2c» '

where d =c» cy c4, is the anisotropy of the lat-
tice, c»=c»+5d and c» =c»+2C44+ —',d are the
averaged elastic constants, AV" and ~V "(see

Ref. 10) are the volume expansion induced by the
defects, and p,. are the direction cosines with re-
spect to the cubic axes. If we neglect the angular
dependence which enlarges E~, slightly and in-
sert the elastic data of Al together with volume
changes calculated from the lattice expansion—for the muon we use the hydrogen value of 2.8
A' found in a variety of fcc metals" —we obtain
E,„,= —. 0.39/r' eV. The energy change between
adjacent sites in a distance Az is given by

(dE ,/dr)Dr. = 3x 0.39br/r' eV. (4)

Taking into account the impurity concentration
and assuming for ~x the distance between tetra-
hedral sites, we find as an order of magnitude
estimate for the region between the defects 4E
= 70 peV. This value decreases to about 10 '
peV for 6N Al. In order to decide whether the
conception of strain-induced localization is cor-
rect, we estimate the value of J from the dynam-
ical behavior of the muon above 20 K, where the
decrease of linewidth indicates the onset of dif-
fusion.

In the T & 20-K range we assume phonon-assist-
ed tunneling processes" as the main mechanism.
The theory of Flynn and Stoneham predicts a
change between a T' law and an exponential tem-
perature dependence in the temperature region
under consideration. Since our data can by no
means be fitted by a T' behavior, we apply tenta-
tively the exponential law which is a reasonable
description of the observed temperature depen-
dence of 7, '. We have

1 r,E Z' exp(- E./u, T). (5)

Taking for F., the value of 94 K given by the slope
of ln(1/T, ) vs T ', we find that Eq. (5) yields J= 5

peV. The resulting tunneling matrix element is
large enough to allow coherent transport in pure
Al, whereas in AlMn„ the lattice disturbance as
estimated before is sufficient to suppress a co-
herent state.

We conclude now that we have here the first
clear experimental evidence for the existence of
coherent tunneling diffusion in pure Al and its
destruction by impurities. While in pure Al co-
herent propagation of the muon occurs, the co-
herent state is destroyed in the samples contain-
ing 500-1300 ppm Mn and the muon is localized
in the Al lattice up to 20 K (without being trapped
at Mn atoms). .Our conclusion is based on the fol-
lowing:
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(1) The application of conventional tunneling
hopping theories, " in order to explain the large
jump rate at 1 K in pure Al, results in unrealis-
tically large values of J.

(2) The very small activation energy derived
from the 7, data above 20 K rules out the trapping
at impurities below 20 K.

(3) The relation between the strain-induced en-
ergy shift 4F. and the tunneling matrix element J
of the muon fulfills consistently the requirements
of the Anderson theory. " For the case of pure
Al we find J»aI:.

The above interpretation is also supported by
the fact that the EFG at the Al is characteristic
for an interstitial muon acting on the Al rather
than for a neighboring Mn atom. The absolute
value of the EFG derived from the same data is
close to the theoretical prediction given for pure
Al metal. .' The strain-induced self -trapping
mechanism in Al is supposed to occur even at
much lower concentrations of Mn than used here.
In order to observe the transition between both
regimes, experiments with lower Mn content are
under way.
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Thermal conductivity measurements have been performed in nematic and smectic liquid
crystalline phases by the forced Rayleigh light-scattering technique. Results show clear-
ly that the thermal transport anisotropy is governed by the molecular shape anisotropy
and by the molecular orientation but is independent of the smectic layer ordering.

Most of the past work on thermal transport has
been devoted to thermal conductivity measure-
ments in nematic phases. Despite some initial
controversies, it is now accepted that the con-
ductivity is anisotropic, being maximum (mini-
mum) parallel (perpendicular) to the direction
of the local optical axis. ' Recently we have been
able to extend the measurement down into the
smectic-A phases. The preliminary results
have indicated that thermal transport properties
are not influenced by the regular layered struc-
ture. ' This behavior is rather unexpected since
it has been demonstrated that the smectic layers

act as strong barriers to molecular motion in
other transport properties as mass diffusion and
ionic conductivity. '

In this Letter, we clearly ascertain that heat
transport is primarily governed by the individual
molecular properties and the orientational order-
ing but not by the long-range position ordering.
Thermal conductivity data are presented on ne-
matic compounds with different molecular lengths,
in an attempt to vary the molecular geometrical
shape anisotropy. The angular dependence of the
thermal diffusivity is also investigated on both
sides of a smectic-C to nematic phase transition.
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