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we lave rmoacured ciffucion-jirduced muon depolarization ir
dilute Arfd and Astr in the (emperature ranpge I770=700 K oand have
ity ditermired the ruen diffusion para=cters in  Ap. T
Aiffudian para=dters for Voin Cu, Ag, and Au are corpardd with
t' e of Yoedrapen. For Ay and Au, the ut raramcters are si=ilar to
thVrsee o0 Yydrapen, whereas for Cu, the ut rarameters arc  Tuct
v=atlers Lattice=activatoed tunneling and over-harricr hopping are
imreetieatod with computational models.,

INTRODUCTION

Tie similarity of the positive muon (v*) to a light proton (p)
in o material makes the study of muon diffusfon and trapping an
{deal complement to the i{nvestigation of hydrogen in metals.
Because the muon {s so much lighter than the proton (m“ T m./9) and
because the muon ditfusion can bhe studied at lower temperatures
than hvdroper diffusion, the possibility of studving different
diffusfon mechanisms {8 enhanced.



Muon diffusion paramcters can be derived from the terperature
dependence of the muon depolarization rate, A, in a transvers.-
magnetic field. The muon spin rotation (LSR) technioue  is
described in several review articles. In nonmagnctic metals,
derolarization of the diffusing muon is caused by the inhomngenenus
magnetic fields of the host nuclear dipole moments. As the ruon
hops more rapidly with increasine temperature, motional narrowing
of the line width results-~i.e., L5 is reduced. Obviouelw, thic
rcthiod does not applvy to mctals having negligible nuclear moments,
such as Ac and Au.

Another methnd for studving muon diffusion, reportdd (-nrli(r,2
ovircones this limitation by dopinp the metal with small armounts of
paramarnetic impurities and measuring A, resulting fror a murn'c
interaction with the electronic moments of the impurity ions. This
meochanism is effective only if a muon moves to the vicinity of an
ircurity within its lifetime, and thus provides a measure of the U7
kepping time 7. These mcasurements are alsu sersitive tn the
i=purity jon spin dvnamics and tn theé muon-inn interaction: the
cdiffusion paramc-ters thus determined, however, arce not scensitive to
the nagure nf thr interaction, pr.-iced that it is reassnarly short
riINfe .

Ve report  on measurcements aof  wmuon  diffusfon in Ap, A
continuation of our previous studies in Au.s Diffusion parancters
for ~unrs and "vdropen in Cu, Ap, and Au are then compared. A
div-ueeinn of poseible ditfusien mechanisms and how they relate to
e ohaorved parameters {ollows,

RESULTS

Measurements were made on polycrystalline samples of Ag doped
uiah ¢ither the S-state lon Gd¥* or the crystal-field-split fon
fr and were carried out at the Clinton P. Anderson Meson Phveics
Facility (LAﬁPF) at lLos Alamos. The reader is referred to our
carlirr work? for the detalls of the exneriment. Figure 1 shows
tte data for AZ as a function of temperature, T, for Agcd and Apkr,
taven in a transverse applied magnetic ficld of 80 QOc. In each
case, the higher concentration data are scaled by the concentratior
ratin, showing that the concentration dependence of Ay s linear.
Thr ohscrved peaks are clearly identified with muon-impurity fon
interactions by comparinon with data taken in the pure host, where
A,(T) is nepligible. The data bepin to rise out of the backgroond
(f ~ 200 K) at the temperature at which the muons are hopping fast
enoupgh te reach a magnetic impurity within a muon lMfetime. Since
the rising pnrtions of the data are almost ldentical, muon
diffusfon in the host 18 not affected by the nature of the

fmpurity.



The curves shown in Fig. 1 are model fits to the data. A
description of the model used has been given elsewhere2'3; we give
only a brief outline here. The muon i8 assumed to hop between
adjacent octahedral interstitial sites which are arranged in shells
surrounding an impurity out o a radius corresponding to the mean
volume per impurity. The muon-ion interaction is assumed to have
two components—--dipolar and contact, whick apply only to sites
adjoining the impurity. The spin-lattice relarvation rate 1is
assumed to have the Korringa form. The muoa hopping rate 1is
assumed to have an Arrhenius form, Th-l = v_ exp(-e/T). Thus there
are four adjustable parameters; (1) muon-?on contact 1interaction
strength: (2) impurity ion spin-lattice relaxation coefficient; (3)
the activation energy c¢; and (4) the pre—-exponential factor Vo©

While the muon-ion interaction and the impurity spin dvrarics
arc certainly  interesting toplcs, we shall discuss only the
diffusion paramcters here.  Any arbiguity in the determinatinn cf
Vo and ¢ is substantially reduced by the fact that in the rising
rartion of the data, r and Vo arg not very sensitive to the values
of the other two parameters.= The muon diffusion para- ters
extracted from the model fits to the Ae data are listed in Table 1
along with thase fer Au and Cu.  Also included for comparison in
Table 1 are the bvdropen diffusion paramctzrs for all three octale.
We also list the Dedrve temperature, fD' and the temperature range
studied, AT, for cach casc.
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Fip. 1. Tenperature dep.endence of muon depolarization rate in (a)
AsGd and (b) ApFr at B0 Oe¢ transverie applied fic'd. The
hipher-concentration  data has  hecn  scaled by the
concentration raties.  Curves are woedel fits as discussed
in text.



Tahle I. Diffusion paramcters for muons and proton in noble

metals
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DIECUSsIon

The oRvious oFservation to be made freom Table 1T is that thu
di“fucion praramcters for suons in Ay and Au arce < =jilar to the
bedroven parameters, while both v, and + for u+ in Cu arc vervy rmuch
wv=allers This souppests sipniticant fncoherent tunnclinge for WToin
Ca,® but  all  of the other parameters  dre consister U witl
over=barricr  hoppine. Indeed, Teichler® has  shown  that g
teaneline model pives pood apreement with the ot data for Cu.
examine  the remadning cases {n the context of the over-bharricr
hopning model.

Wee have caleulated the potontial of a point unit claree ae o
function of position within the unit ce!l of cach metal *Hllowing
the calculation of Ta'ich]rr,q to which the reader is rooerred tor
detalls.  Electron sereening densities around the point charve vere
ohtained from the sclf-consistently calculated curves ot Jepa and
Sinpwi. a The  host  {on-conduction clectron pscudopotentials  of
Gubanov and Ni{kulin vere used, but their encrpy parameter, a1, wias
varfed as described below, Twyr pencral features of all ot the
potentials studied are: (1) orly the octahedral () well is deep
cnouph for the nt pround stote=-the tetrahedral (T) well is too
shallow: and (2) the 0=0 bharrier s higher than the =T barrfier.
Fxperimental evidence indicates that vt ds doealfzed at the U site

fn Cu'* and Au, g0 woe assume {t I8 In Ap also,



The pseudopotential energy parameter, a, was varied in order
to adjust the difference, A, (or A ), between the (-T barrier
height and the ut (p) ground state. The over-barrier activation
enerpy is then gpiven by €, =4 + B, where B, (B)) is thc wto(p)
s¢1f-trapping cnergyv. In the harrmonic approxima?ion. the ratio
would be given tv B /B = 6mP/—m_U ~ 3; however, we¢ shall use the
ratio calculated by Teichler®-Lviz., B /B = 90740 = 2.25. The two
unknown quantities, a and B |, are deternined from the two measurcd
activation enerpgies, €_ and €, . In Table 11, we list the valucs of
a, B_, and Bu topether with t“o value, a,, which viclds the correct
host’ atom nearest-ncichhor scparation in lowest order perturbation
theorv witbin the pscudopotential scheme.)* We note that the a's
are within ~ 5% of the a_‘s. The scif-trapping encrgics required
to fit the data in Au ang Ap are 2 to 4 times grecater than thosc
calenlated” for Cu. To actuallv calculate Bu (B.) is difficult
berause the result depends very sensitively on h“JL the host~-host
patential and the host-u? (p) potential. Better potentials arc
clearly need~d for this task.

11 tunndeling wore the  donminant mechanism  rather than

aver=harricr hopping, a much smaller pre-exponential factor, Yo

would result unlees the transfer intepral, J, is largc. For 7
Tt tunmelineg, we o caleulate J ovalues for Ag and Au that arce similar
t that far Cu--on the order of 10 LoV, Since onlvy w7 in Cu
cxtinits oo osmall we eonclude that incoherent tunnoling is not

. + 0
irvertart for L i Ae and Au.

Tabkle T1. Self-trappine enerpics and peecudopotential
rarameters detormined from the diffusion data.

Cu Ap Au
'l“"l'\. 14,22 12.19 12.21%
a=e\ 13.25 11.73 * .03 11.72 ¢+ .02
'-u"l‘h-\' an? a4 0 24 177 ¢ 11
Boem U and 1%y ¢ 12 796

TThese are computed values trom ref. 9,



SIMMARY

We have presented muon diffusinon parameters in Ag determined
from measurements  of the  muon depolarization rate versus
temperature  In samples doped with dilute mapnetic impuritices.
Comparison of the diffusion paramcters for muons and hvdrogen in
the noble metals leads to the conclusion that only for utoin Cu s

incoherent  tunneling a dominant mechanism. Mode]l  srwaies ot
over=barricr hoppine indicate that this mechanism can explain the

re=aining data if the self-trapping energies for Au and Ay are 2 .,

4 ti=ew preater than those (‘.‘l]t‘lll-‘]t('dq far Cu.
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