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ABSTRACT

The spin relaxation of'the positive muon in copper has been measured
below 5 K in zero applied magnetic ﬁéld. The results are well described by
the theory of Kubo and Toyabe with a temperature-independent dipolar
width. We conclude that neither trépping nor changes in the muon site with

temperature explairi the increased mobility below 5 K.

PACS numbers: 76.90.+d, 76.60.Jx, 66.30.Jt
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LOW-TEMPERATURE MOBILITY OF POSITIVE MUONS IN COPPER

The positive muon spin relaxation (y,+SR) technique 5as been used for
over 10 years to study the diffusion of the /,4,+ in metals and alléys th;‘ough
the rno.tional nafrowing effect on the muon spih preéeésion signal.! At high
enoﬁgh: ‘temperatures the p',+ spin relaxation rate yiellds a diﬁusi‘}ity which
follows the' Arrhenius law temperature dependence expéc’éed for a thermally
activated diffusion process.! As the temperature is reduced, the lineﬁidth
incfeases as the slower hopping of the ,u,+ is less efficient at averagiﬁg the
random local magnetic fields in the rnelntal. But at low enough temperaturés
compliéated:structure' often appears,!? with regions where the linewidth
decreases with decreasing tempefature, an effect which is beli.eAve.dA to be
asSbCiaﬁed With> diffusion of muons into impurity traps.3

.Ther"e remains an interesting possibility that for the ,u+ ih metals}»thére
exists a diffusion process with a diffusivity decreasing vv;ith increasing telm-
perature, which could arise from tunneling of the y,+ at low tefi.lp.ei-:;itures.
In this Lefter we present experimental evidence for such a préceés.iﬁlhij.gfl-
purity copper below 5 K, using the unique ability of zero-field ;J,+SR4 -to stﬁa(':iy
the single impurity mobility. Such a méchanism would help gxplain tﬂe
results on some pure metals, most notably aluminum, where there is little
evidence for u+ localizétion even at temperatures as low as 30 mK.® Because
the muon is intermediate in mass between the electron and the proton, it

may be able to offer insights into the onset of quantum behavior in diffusion.

Early transverse-field studies® of ,u+ diﬁusion in copper have yielded

results which are consistent with a thermally activated diffusion process



whereby the u+ tunnels between octahedral ill'_iterstitial sites with weak lat-
tice activation.” The linewidth increases inonotonically as the temberaﬁure is
lowered from 300 K and reaches a plateau below abouf. 80 K, indicating that
the y,+ is stationary below that temperature. Hiowever, later work® showed a
de.crease of the linewidth by about 30% as th.‘e ferﬁperature wasvreduced
from ~ 5 K to ~ 0.7 K, with a plateau béiow 0.7 K down to the lowest tempera-

ture (50 mK) studied.

In the transverse-field geometry! a magnetic field Ho is applied perpen-

dicular to the initial p,+ spin. Nuclear dipole fields 'I?d create random shifts
in the Larmor frequency; for a stationary p,+ this results in a Gaussian
damping of the precession described by the transverse relaxation function

G.(t) = exp(—0®t?). Diffusion of the ,u,+ with a mean time between hops

7 = v™! will cause a reduction in the efféctive width of the random field dis-
tribution and, for v > 0, a change from Gaussian to Lorentzian of the pre-

cession line shape.

In the present work .we use the zero-field /.L+SR techniq_ue.‘_ The p,+_ spin

- relaxes solely under the influence of f?d. and the line shape for a stationary

y,+b'1‘s no longer simply an image of the dipolar field vdistri‘bution. For a

time-independenit Gaussian field distribution, the relaxation lfuriction ise‘

G,(t) = <cos®8 + sin®Scos(y,| Ay [t)> = (1/3) + (2/3)(1 — A%t®)exp(—¥%A%t2),
where 7y, =2m X 13.55 kHz / Oe is the p,+ gyromagnetic ratio, A/ Yy is .t.he
width Of, a single component of ﬁd, and ¥ is the angle between A; and the
muonl spin. Note that the zero-field width A is generally not equal to the

transverse-field width .4

The important aspect of this work is the effect of ,u,+ motion on G, (t).

The theory was worked out initially by Kubo and Toyabe,® and subsequently.
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applied to uf-SRv-by Hayano et al.* For slow enough hopping (v < A) the:initial .
decay remains as.exp(—A%t?), .while the asymptotic value: G,(t-e)=1/3 is

rapidly suppressed a'sithe hopping rate increases to a value v ~A. Only for.

v 2 Ais there a narrowing and a change from Gaussian to Lorentzian of the

line shape. similar to those in the transverse-field case. If the long-time
polarization can be determined, the zero-field method is much more sensi-

tive to slow hopping of the p+ than is the transverse-field method.

Apart from the sensitivity per se the parameters v and A are, for v <A,

“uncoupled” in that A governs the behavior of G,(t) for t g tmmn = V3A™!

while v determines the later behavior for ¢ 3 fmi,. Thus the statie (A) and - -

dynamic (v) aspects of the relaxation are élearly separated. This is in -
strong contrast to slow hopping in the transvefse-ﬁeld case, where only a
small change in the width occurs which can be attributed to a change in

either v or ¢.

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 polycrystal sample used in Ref. 5, and an
oxygen-annealed single crystal. Within the uncertainties, .no differences are -
éeen betweeri them, so we do not discriminate between them here. Further
information about the samples and experimental techniques can be found in

Refs. 5, 9, and 10.

Positron spectra were taken in the forward and backward directions at
each temperature, and were each analyzed by a least-squares fit to the
theory of Ref. 4 for G,(v.At). No background corrections were made except
for the subtraction of .a:small time-independent term due to accidental

events. The data were.analyzed in two passes. First, A and v were both
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-allowed to vary independently, giving the result for A( T) shown in Fig. la.
From this we conclude A = 0.389‘1: 0.003 y,s‘l, independent of temperature.
" Then A was fixed to this value, and the fits were done with only 1}va’ryin"g.r’
‘with the results shown in Fig. 1b. Alse shown is the diﬁuéivify for octahedral
occupancy, D= (1/ 12)agv where a4 = 3.614 is the cubic lattice consf.ant of

Cu. " A measurement at 21.9 K yielded essentially the same results as the
5.15 K data. |

In Fig. 2 we show the experimeﬁtdl points for-‘Gz (t) deri/ved from t...h:e raw-
data usiﬁg fitted values for .the normalization and background. The decey: '
and reco?er;y of'tt_ie polarization is elearly seen at 5 K while the recovery is
complef;ely suppress'e_d at'2.35 K. At 0.6 K the motienal na’rrowing’ isVisiBle’.

The solid curves are the theoretical fits to the data.

.'The good agreement of our data with the Kubo-Toyabe model is evi:-“:iu
dehce against trapping as the cause of the anomalous temperature depen-
'elence: in :--f.hi_s tempe'ratur"e region. The z.ero-ﬁeld relaxation function for
motion with trapping has been calculated by Pet':zin'ger;ll who aSsemed that
the relaxation occurs only when the y,+ is trapped and that the temperature

is low ehough 'such that no detrapping occurs. Rather than a hopping rate,

this model is parametrized by a trapping rate governing the approach of the .

,u,+ distribution to the traps. Because all relaxation is due to static fields, a. -
recovery to 1/3 is always expected in this model. Furtherrn'ore, the initial
decay rate shows large changes with the tr»avpping rate. This model has been
shown. to describe the zero-field ;1.+SR experiments for Nb,‘gj Where the

transverse-field work® had already established the influence of impurities.

Our data cannot be fitted to Petzinger’'s model—they clearly show that

the relaxation is described by a local field distribution having a constant



width, with a hopping rate that decreases with increésing- temperature... The

initial decay rate is unchanged until sufficient motion is taking place .that

‘the recovery to 1/3 is completely suppressed. However, we can not rule out

the possibility that a more complicated trapping mechanism may :give the .

.observed type of relaxation. If there existed a distribution of tx:ap energies -

and concentrations, the muons could reach successively deeper traps as'the
temperature is raised. Because all traps would need to exhibit closely simi-

lar dipolar widths in order to have A(T) remain constant we consider this

.unlikely.

The plateau® in the transverse-field relaxation rate below 0.7 K must
also be explained, as tunneling in a perfect lattice should yield a diffusivity . |
that diverges!® as T-0. Seeger!* 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 fails to éxplain our

observations that: (1) A(T) = constant, and (2) ¥(7) increases monotonically
as T is lowered to 0.7 X, showing no sign of decreasing to near zero as

Seeger's model requires. Instead, we suggest that the u+ site does not vary

~ with temperature between 0.7 K and 5 K, but that a diffusion process occurs

which is limited by static disorder (e.g. Anderson localization) below 0.7 K,
and by thermal disorder above 5 K. An extension of the present experiment
to temperatures be‘ldw 0.5 K would be very valuable to show whether the ,u+
does in fact remain mobile at the lowest temperatures, as is indicated by the

transverse-field studies.®

In summary, we have shown with zero-field y+SR that the low-
témperature spin relaxation in copper is well described by the Kubo-Toyabe

model with a temperature-independent static dipolar width and a hopping



, r'éte which decreases as the.temperature is increased fr.o}m 0.7Kto 5K. We
have concluded that neither the conventional model. for trap-limited
| -difmsi_»‘on nor models based oﬁ a éha!nge- in trapping site wi.th' temperature.
| are capable of explaining our results." Further theoretical work to clarify .
: thev diffusion mechanisrﬁ would cbmplement the present understan,dip»g"!of: )
' the behavior at hig.her temperatures..
We thank the authors of Ref. 5 for the copper polycrystal, F. Fickett for
the copper crystal, and A. Portis for interesting discussions. Y.-Uer'm.Jraipro-
vided the numerical'fesults for the zero-field relaxation function. .This work: .
was supported in part by the U.S. Department of Energy under contracts

DE-AC03-76SF00098, W-7405-ENG-36, and AT03-81ER4004.
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Figure Captions

Fig. 1 — Temperature dependence of a) zero-field .dipolar width, and b) hop-
ping rate and diffusivity.

Fig. 2 — Experimental data for G,(t) at three representative temperatures.
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Fig. 2
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