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Quantum Diffusion of the Positive Muon in Superconducting Tantalum
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The tunneling probability for a positive muon in high-purity tantalum is significantly enhanced by
the onset of superconductivity. This establishes the predominant influence of low energy infrared
couplings to the conduction electrons in the quantum tunneling motion of a charged interstitial atom in
metals. [S0031-9007(97)03507-2]

PACS numbers: 66.30.Jt, 61.72.3i, 76.75.+i

The diffusion of light interstitial atoms in a crystalline with decreasing temperature according to an approximate
solid is interesting because of the expected crossover bgower law(7T~%), where« is about 0.6. This behavior
tween classical incoherent hopping motion at high temhas been understood as a consequence of the electron-drag
peratures to coherent quantum tunneling with long rangeffect which leads to the small powet§ — 1(= —a)
coherence at low temperatures. Such a system is a modelth an electron-muon coupling constakitin the range
for studying the influence of dissipation on quantum me-etweer) and%] predicted by theory [10,11]. In addition,
chanical phenomena [1,2] since the lattice excitations cagtudies of muoniun{u e ™) diffusion in insulators [12]
be represented as a bath of harmonic oscillators which peghow thatx is considerably largei=3), also predicted by
turb the coherent tunneling. One of the most intriguingtheory in the absence of conduction electrons [13,14].
aspects of the diffusion in metals is the idea that the cloud However, the most direct test of the influence of in-
of normal conduction electrons around a charged particlérared couplings to the conduction electrons is to compare
cannot follow the tunneling motion of the particle imme- the diffusion rate in the normal and superconducting states
diately, as a result of the orthogonality catastrophe origiof a simple metal. The muon hopping rate diffusion
nating from divergent infrared couplings to the electronsrate) in superconducting metal is predicted to follow
[3]. This nonadiabatic electron-drag effect leads to two

competing consequences with decreasing temperature, i.e., v(T) =2 JAT) , 1)
(i) the reduction of tunneling matrix element which can be Q(T)
regarded as “friction” or “Ohmic damping” of the tunnel- A knT\K
ing motion [1,2], and (ii) an increase in the density of final J(T) = JO< B ) , (2)
states (and an associated increase of the transition proba-
bility) due to a narrowing of the impurity band. A KksT

The results reported in this paper provide proof that Q) = (3)

the low energy couplings to the conduction electrons play I+ expAs/ksT)
a dominant role in controlling théong-range quantum  whereJ, is the muon tunneling matrix element renormal-
diffusion of the muon at low temperatures, which isized by the phonon-polaron effect, is the energy to the
complementary to the caselotal tunnelingof H trapped  first excited state of a muon in the potential well, and
near O atoms iNnNb(OH), [4]. The key aspect of Ag is the superconducting energy gap [5]. The factor
the experiment is that the low energy couplings to the(mksT /wo)X comes from the further renormalization of
electrons are suppressed in the superconducting state die tunneling matrix due to Ohmic damping whily(T")
to a BCS energy gap at the Fermi surface. We findepresents the level broadening due to muon-electron in-
that the enhancement in the muon hopping rate in théeraction. It is clear from Eqgs. (1)—(3) that, in the nor-
superconducting state beloi. is close to that predicted mal state (wheré s = 0), »(T) is proportional tor>X 1,
by the theory of diffusion in a crystal after including some while in the superconducting state it would show a steep
small effects due to residual impurities [5-7]. increase with decreasing temperature just belwas
Recent experimental results on muon diffusion inv(T) « exp(As/kgT). [t is predicted that/(T) remains
Cu [8] and in Al [9] have demonstrated that below constant a/(T.) in the superconducting state.]
a temperatureT” (typically a small fraction of the The first attempts to observe such an effect were
Debye temperature) the muon diffusion rdtereases made in Al dilute alloys [15,16]. However, there were
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difficulties in the data due to the presence of impuritiesmuon is diffusing, the time dependent polarization is
which were introduced in order to monitor the diffusion given by an analytic function in a transverse magnetic
rate [17]. (In pure Al the diffusion rate is too fast to field [22]:

observe directly.) Their main effect is to introduce a static 5

energy asymmetry (i.e., a mismatch in the potential well G (1) = exp{—zi (e — 1+ ,,t)] 4
depth for the muon between adjacent sites), leading to v2

a muon hopping rate which depends énT7, and As  \yhere & is the static linewidth (in a frequency repre-

[5-7]. A further Monte-Carlo simulation .h_as revealed gontation of the spectrum) and is the muon hopping
that the observed effect of superconductivity seen onlysia in the normal stateof the specimen. Note that

belowT = 0.3T,, which is largely different from Eq. (1), Eq. (4) is a simple Gaussian function éxpr2s2) at the
may be attributed primarily to thelowing downof muon  giasic Jimit (v — 0), and reduces it to an exponential
diffusion caused by large energy asymmetry [18]. ThuSgyy_5(;2/5)s] for large ». The linewidth in the limit
while these results in Al led to the development of auf fast diffusion is reduced due to motional narrowing (an
theory for quantum diffusion in the presence of impurities,qtfect well known in NMR). In ZF the muon depolariza-

there is still need to test the effect of superconductivitysion function for static muons is given by a Kubo-Toyabe
in a system where the muon diffusion can be studiednction

below T, without gross effect due to impurities. Tantalum
(T. = 448 K) is a candidate for such a study since 12 2.2 1 5,
previous reports suggest that the muon hopping rate is 8::(1) = 3 + 5(1 — A% )exr(—EA ! ) (5)

much slower than that in Al and can be measured directly . Lo ) i )
by conventionalzSR techniques [19,20]. whereA is the static linewidth under zero field. There is

A high purity polycrystalline Ta specimen was pre- N° analytic expression for finite but the function can be

pared for the present experiment following the steps of€nerated numerically by an integral equation [23]

successive annealing: (1) 2700 °C in ultrahigh vac- '

uum (30 min), (2) at1900°C with 2 X 10°¢ hPa O, Gz (1) = g.()e™ " + Vf 8::(7)e” "G (t — T)dT,

gas (30 min), (3) a750°C under a vacuum oB X 0 (6)

10~° hPa, and (4) the formation of a protective oxide layer

during cooling down. The residual resistivity ratio after where» corresponds to the hopping rate in thepercon-

:Eese Pfocesgzingl steps _‘;VaSTﬁ?Ogl%/Vith (NEO Ppm)t as  ducting stateof the specimen below,. The linewidth is
e main residual impurity. Th@SR measurement was . [ = R

performed on the M20 beam line at TRIUMF which pro- estimated to bey,, <|H’|2>,~ 10 PusTh(y =27 X

vides a beam of nearly 100% spin polarized positive muond3>-> MHz/T) with a relationshipA /o = V2 [Z:E]l- The

of momentur28.6 MeV/c. Muons were implanted into actual linewidtho in Ta is mdleed close t0.1 us™' [19],

the specimen (measuri mm X 22 mm with 0.5 mm  and the recovery o6 (1) to 5 for z > 1.5/A =10 us

thickness) after passing through a 9 mm diameter colli{S€€ EQ. (5)] is not observed in the current time range of

mator. The specimen was placed in the cold He gas-floineasurement0 ~ 10 us]. In this case, the initial part

cryostat, and the temperature was varied between 1.6 ati E9- (5) showszazGaus&gn-hke decay which is approxi-

200 K. Positrons from muon decay are emitted prefermated by exp—A%%), showing a dependence similar to

entially along the direction of muon polarization [21] at EG- (4) upon muon diffusion [23].

the time of decay so that the time differentjabR spec- In order to compare the temperature depe_ndence of the
trum yields a direct measurement&f,, (1), whereA is _'“SR spzctr? in ZF and TF in a manner which is ImO(:_eI
an experimental asymmetry parameter determined by th e{)_en Gen ’ W_e use_a Acon’;monthmur?nhiﬁln f.rte axation
properties of muon decay and,,(¢) is the spin relax- unction Gy, (1) = exi —(A,1)”] with which the fit was

; ; Iy ; ite satisfactory for both ZFp = z) and TF(p = x)
ation function describing the decay of the muon poIanza-qu' ; g
tion. TheuSR spectra in zero external field (ZF,.(7), data. The obtained parameters,(andy) are shown in

: : . ig. 1. Since the parametér, may be interpreted as an
were measured by cooling the sample in a small readuaﬁ ST . P
magnetic field of less thart0.01 mT. Transverse field effective linewidth, the reduction ok, both above 50 K

(TF) wSR spectraG,,(¢) in the normal state were taken apd b.e'OV.V 20 K strongly evidences _the presence of muon
under an external figlf}l — 0.1 T which was larger than diffusion in these temperature regions. The associated
0 — .

the critical fieldH.(0) (= 83 mT) and perpendicular to the reductl(_)n ofy in Fig. 1(b) is al_so in line with the c_hange
S . o : of the line shape from Gaussian to an exponential decay
initial muon spin polarization. Note that any residual Strays | nction as seen in Eq. (4) with increasing Moreover

field is automgtically excluded in a type-I superconductora steep decrease of. is observed just belowr, in
due to the I\_/Ielssner-O.chs.enfe_Id effect. . ._accordance with the onset of superconductivity, whereas
. Muon spin depolarization n nonmagnetic metals o such tendency is found in, around7.. Thus, the
induced by the random local field; from nuclear mag- e qyction ofA, belowT, is strong evidence that the muon

netic moments (typically (H)12y ~107* T. If the diffusion rate is enhanced in the superconducting state.
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1 23468 20305080 200 spectra in zero field with no hopping motion, which fails to
TEMPERATURE (K) reproduce those at finite fields.

FIG. 1. (a)uSR linewidth parameter\, and (b) the power . . . . . .
y obtained by fitting data with a stretched exponential functioninterstitial sites which change their orientation upon each

exf—(Ar)”] in the normal and superconducting states of Tajump. Assuming that the energy asymmegrinduced by
A, is a measure of the time averaged nuclear dipolar field$mpurities takes different values among different muon-

seen by the muon. defect orientations, we approximate the muon hopping
rate as
The muon hopping rate can be deduced by analyzing ; ;
TF data with Eq. (4) and ZF data with the “dynamical” o) =S w() =S 27 I'i(T) @
Kubo-Toyabe (KT) function [23], respectively. In par- = &= T+ THTY

ticular, a stringent test for the presence of motional ef- . . . . .
fects is providgd by comparing Ft)heSR time spectra in whereJ; is the effective tunneling matrix anid; () is the

a low-longitudinal field with the corresponding dynami- damping factor for the jump to the sifewith an energy
cal KT function. Figure 2 shows an example at 5 K,3SYMmetys;. The steep temperature dependence’ of

where the spectra at 0, 0.5, and 1 mT are fitted by thaear the peak indicates the remaining contribution of two-
dynamical KT function for SL,JCh fields with common pa- phonon scattering to the level broadening, which can be

rameter values foA andv. No such consistency is pos- taken into account by assuming

sible without including this motional effect. This shows T \™

that the reduction of%he effective linewidth below 20 K (1) = Q1) + Ci(@—D> ’ (8)

is due to muon diffusion. The static linewidths in TF

and ZF were deduced from the dat20-50 K to be

o = 0.0978(5) us~! and A = 0.1433(5) us~!, respec-

tively. The most reliable value of the hopping rate is de-

duced by fitting all the spectra widh andA fixed to these 4

values. The final results below 30 K are show in Fig. 3. 35

The hopping rate deduced from TF data shows excellent

agreement with that from ZF data abo%g, providing o

confirmation of the current model of motional narrowing. ',

Note the clear enhancement of the hopping rate bdlpw 5 2+
hN

where ¢; is the coupling constant®, is the Debye
temperature, andn; is the power which may depend

which agrees with the theoretical prediction.
However, there are two features in the data shown

in Fig. 3 which are not readily understood by Eq. (1),

namely, (i) the peaks in the hopping rateabout 10 and 05 - 1
19 K, and (ii) leveling off of v in the superconducting o) M preese oottt Al N R R LW
state (ZF) below~3 K. Taking into account that the 1 2 3 456 81 20
temperature dependencefn this temperature region is TEMPERATURE (K)

considerably different from the previous result in less pure. ~ o \1uon hopping rate in pure Ta deduced fratF-
Ta (99.997%, untreated) [20], we interpret these feature§nd.TF.-,uSR spectra below 30 K. Solid curves are calculated

in terms of residual impurities. In bcc metals, muonsyith a model described in the text, in which the contribution
are anisotropic defects both at tetrahedral and octahedrptedominant above 5 K is shown by dashed curves.
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assumed. Trianglar distributiop(&;) = (& — |&3])/€3 was
assumed fog; (see text).
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