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Low-Temperature Mobility of Positive Muons in Copper
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The spin relaxation of the positive muon in copper has been measured below 5 K in zero
applied magnetic field. The results are well described by the theory of Kubo and Toyabe
with a temperature-independent dipolar width. It is concluded that neither trapping nor
changes in the muon site with temperature explain the increased mobility below 5 K.

PACS numbers: 66.30.Jt, 76.60.Jx, 76.90.+d

The positive-muon spin-relaxation (tt 'SR)
technique has been used for over ten years to
study the diffusion of the p

' in metals and alloys
through the motional narrowing effect on the
muon spin precession signal. ' At high enough
temperatures the p

'
spin relaxation rate yields

a diffusivity which follows the Arrhenius-law tem-
perature dependence expected for a thermally
activated diffusion process. ' As the temperature,
is reduced, the linewidth increases as the slower
hopping of the p' is less efficient at averaging the
random local magnetic fields in the metal. But
at low enough temperatures complicated structure
often appears, ' with regions where the linewidth
dee&ea+es with decreasing temperature, an effect
which is believed to be associated with diffusion
of muons into impurity traps. '

There remains an interesting possibility that
for the p' in metals there exists a diffusion
process with a diffusivity decreasing with increas-
ing temperature, which could arise from tunnel-
ing of the p,

' at low temperatures. In this Letter
we present experimental evidence for such a
process in high-purity copper below 5 K, using
the unique ability of zero-field p, 'SR (Ref. 4) to
study the single-impurity mobility. Such a mech-
anism would help explain the results on some
pure metals —most notably aluminum, where
there is little evidence for p localization in the
pure material even at temperatures as low as 30
mK, ' and where dilute alloy studies' indicate a
diffusivity proportional to & "below 1 K. Be-
cause the muon is i:ntermediate in mass between

the electron and the proton, it may be able to of-
fer insights into the onset of quantum behavior in
dif fusion.

Early transverse-field studies' of p' diffusion
in copper have yielded results which are consis-
tent with a thermally activated diffusion process
whereby the ~' tunnels between octahedral inter-
stitial sites with weak lattice activation. ' The
linewidth increases monotonically as the temper-
ature is lowered from 300 K and reaches a
plateau below about 80 K, indicating that the p'
is stationary below that temperature. However,
later work' showed a decrease of the linewidth by
about 30% as the temperature was reduced from

5 K to 0.7 K, with a plateau below 0.7 K down
to the lowest temperature (50 mK) studied.

In the transverse-field geometry' a magnetic
field Ho is applied perpendicular to the initial LL(

spin. Nuclear dipole fields H„create random
shifts in the Larmor frequency; for a stationary
p' this results in a Gaussian damping of the pre-
cession described by the transverse relaxation
function G„(t) =exp(- v't '). Diffusion of the tt'
with a mean time between hops T =- &

' will cause
a reduction in the effective width of the random
field distribution and, for v» o, a change from
Gaussian to Lorentzian of the precession line
shape.

In the present work we use the zero-field p SR
technique. The p spin relaxes solely under the
influence of H„and the line shape for a stationary
p' is no longer simply an image of the dipolar
field distribution. For a time-independent Gaus-
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sian. field distribution, the relaxation function is'

G,(t) =(cos'9+ sin'& cos(y„H, t))
= p +-', (1-&'t') exp( —~i a' t' ),

where y„=2& x13.55 kHz/Oe is the p' gyromag-
netic ratio, &jy„ is the width of a single compo-
nent of H„and ~ is the angle between H„and the
muon spin. This function initially decays as
exp(-& &'), reaches a minimum at t
and recovers to ~ as t —~. The polycrystalline
averages of the zero-field width & and the high-
transverse-field width ~2v are related by' 6 =~5o.
or, including the quadrupole effect appropriate
for copper, " 4 =2o.

The important aspect of this work is the effect
of p motion on G,(t). The theory was worked
out initially by Kubo and Toyabe, ' and subsequent-
ly applied to p 'SB by Hayano et a/. 4 For slow
enough hopping (t/«) the initial decay remains
as exp(- &'t'), while the asymptotic value G,(t- ~) =

& is rapidly suppressed as the hopping rate
increases to a value v= ~. Only for v& & is there
a narrowing and a change from Gaussian to I o-
rentzian line shape similar to that in the trans-
verse-field case. If the long-time polarization
can be determined, the zero-field method is
much more sensitive to slow hopping of the p'
than is the transverse-field method.

Apart from the sensitivity per se the parame-
ters v and & are, for v&&, uncoupled" in that
b governs the behavior of G,(t) for t ~ t~;, ,

0.42—

= 040—

038—

while v determines the later behavior for t & t
Thus the static (&) and dynamic (v) aspects of
the relaxation are clearly separated. This is in
strong contrast to slow hopping in the transverse-
field case, where there occurs only a small
change in the width which can be attributed to a
change in either ~ or o.

We have performed a zero-field experiment in
copper"'" on the positron-free M9-W3 surface
muon beam line at TRIUMF. Two high-purity
samples were used, a slice of the same polycrys-
tal sample used in Ref. 5 and an oxygen-annealed
single crystal. Within the uncertainties, no differ-
ences are seen between them, and so we do not
discriminate between them here. Further infor-
mation about the samples and experimental
techniques can be found in Refs. 5, 10, and 12.

Positron spectra were taken in the forward and
backward directions at each temperature, and
were each analyzed by a least-squares fit by the
theory of Ref. 4 for G,(v, &,t). No background
corrections were made except for the subtraction
of a small time-independent term due to acciden-
tal events. The data were analyzed in two passes.
First, & and ~ were both allowed to vary inde-
pendently, giving the result for &(&) shown in
Fig. 1(a). From this we conclude & =0.389+ 0.003
p s ', independent of temperature. Then & was
fixed to this value, and the fits mere done with
only ~ varying, mith the results shown in Fig.
1(b). On one axis of Fig. 1(b) is indicated the dif-

fusivity for octahedral occupancy, D = (~)ct,'v,
where e, = 3.61 A is the cubic lattice constant of

Cu. A measurement at 21.9 K yielded essential-
ly the same results as the 5.15-K data.

In Fig. 2 we show the experimental points for
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FlG. 1. Temperature dependence of (a) zero-field
dipolar width and (b) hopping rate anR diffusivity. 'The

lines are drawn only to guide the eye.
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FIG. 2. Experimental data for C, (t) at three repre-
sentative temperatures, The lines are the theory of
Ref. 4 fitted to the data.
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G,(t) derived from the raw data using fitted values
for the normalization and background. The decay
and recovery of the polarization is clearly seen
at 5 K while the recovery is completely sup-
pressed at 2.35 K. At 0.6 K the motional narrow-
ing is visible. The solid curves are the theoreti-
cal fits to the data.

The good agreement of our data with the Kubo-
Toyabe model is evidence against trapping as the
cause of the anomalous temperature dependence
in this temperature region, as has recently been
suggested by Chappert et al." The zero-field
relaxation function for motion with trapping has
been calculated by Petzinger, "who assumed that
the relaxation occurs only when the p' is trapped
and that the temperature is low enough such that
no detrapping occurs. These assumptions are
valid in the temperature regime where o(T) is in-
creasing due to the muons diffusing into the traps,
which, if one invokes trapping to explain the re-
sults, is just the regime of our experiment.

Rather than a hopping rate, this model is pa-
rametrized by a trapping rate governing the ap-
proach of the p' distribution to the traps. Be-
cause all relaxation is due to static fields, a re-
covery to ~ is always expected in this model.
Furthermore, the initial decay is not Gaussian
and shows large changes with the trapping rate.
This model has been shown to describe the zero-
field p 'SR experiments for Nb,"where the trans-
verse-field work' had already established the in-
fluence of impurities.

Our data cannot be fitted by Petzinger's model—they clearly show that the relaxation is de-
scribed by a local field distribution having a con-
stant width, with a hopping rate that decreases
with increasing temperature. The initial Gaussian
decay is unchanged until sufficient motion is tak-
ing place that the recovery to ~ is completely sup-
pressed. However, we cannot rule out the possi-
bility that a more complicated trapping mechanism
may give the observed type of relaxation. If there
existed a distribution of trap energies and con-
centrations, the muons could reach successively
deeper traps as the temperature is raised. Be-
cause all traps would need to exhibit closely simi-
lar dipolar widths in order to have &(&) remain
constant we consider this unlikely.

Another explanation which can be eliminated
is that of Seeger,"who has proposed a metastable
state at the tetrahedral site with a thermally
activated transition to the octahedral site begin-
ning at 0.7 K. This model cannot be correct as
it predicts a temperature-dependent & and a sta-

tionary p below 0.7 K. Both of these implica-
tions are contrary to our data. Instead, we sug-
gest that the p

' site does not vary with tempera-
ture between 0.7 and 5 K, but that a diffusion
process occurs which is limited by static disor-
der (e.g. , Anderson localization by impurity
strains") below 0.7 K, and by thermal disorder
above 5 K. An extension of the present experi-
ment to temperatures below 0.5 K would be very
valuable to show whether the p

' does in fact re-
main mobile at the lowest temperatures, as is in-
dicated by the transverse-field studies. '

We comment briefly on the magnitude of &.
From the known lattice expansion' about the p

'
of 4.9% we can calculate the expected value" &

=0.350 p s ', independent of crystal orientation.
The deviation of 10% from the measured value
may indicate that the lattice expansion is not per-
fectly symmetric, or that the simple way in
which the quadrupole interaction was treated"
was inadequate.

In summary, we have shown with zero-field
p SR that the low-temperature spin relaxation in
copper is well described by the Kubo-Toyabe
model with a temperature-independent static di-
polar width and a hopping rate which decreases
as the temperature is increased from 0.7 to 5 K.
We have concluded that neither the conventional
model for trap-limited diffusion nor models
based on a change in trapping site with tempera-
ture are capable of explaining our results. Fur-
ther theoretical work to clarify the diffusion
mechanism would complement the present under-
standing' of the behavior at higher temperatures.
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