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Diffusion and localization of muonium in Na-doped KCI
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Quantum diffusion of muonium has been studied in crystals of KCl doped with small amounts of Na using
the technique of muon spin relaxation. At low temperatures the crystal volume may be divided into two parts,
one where the muonium diffuses rapidly as in pure KCI and the other where the muonium is effectively
localized. These results are in accordance with recent theories on quantum diffusion in inhomogeneous media
which predict a volume around an impurity inside which localization occurs and outside which the particle
diffuses freely.

Quantum diffusion is an interesting phenomenon in cryswhereJ<T# is a renormalized tunneling matrix or the muo-
talline solids where light interstitial particles like protons andnium bandwidth £=1), \ is a factor determined by the
muons migrate by tunneling under the potential barrier becrystal structure)(T)« T is the damping rate due to cou-
tween adjacent sites. The tunneling matrix is determined byling to the environment, and and 3 are constants pre-
the overlap integral between the initial and final polaronicdominantly dependent on the nature of dissipation. Equation
states and therefore quite sensitive to the energy level shift) js valid in the incoherent hopping regimé=<®, (the

due to the presence of other crystalline defdatspurities, Debye temperatufeand Q(T)>J. Such a power law has
dislocations, etg. Such disorder may control the diffusion of been clearly observed both in metals  with

muonium(Mu, the muonic analog of hydrogen in which the 1-28~0.6 (@=1),° and in ionic crystals witha=3—

proton is substitu_ted by a positive myan nonmetallic crys- g (8=0) 4-9 where, the smaller power in the former case is

tals and muon diffusion in superconducting metdscause ' : . .
due to the electronic damping of the muon tunneling

the predominant two-phonon damping factor for the tunnel 1011 s : ; L A

ing decreases steeply with decreasing temperature and _atrng “*while parUcIe-phonoq interaction is explicit in the
cordingly the level shift plays a limiting role at low latter:” If there is an energy differencé=¢;—e; between
temperatured.However, there always remains some uncer-the initial (¢;) and final (;) Mu states due to static disorder
tainty about the effect of unintentional impurities/defects inin the potential surface, then E€L) must be modified?
nominally pure specimens because of the lack of quantitative

information on the concentration and type of defect/impurity. 2wkt 5

A study of quantum diffusion in well-characterized samples YTErO M 1-e T @
with known impurities is thus desirable.

In this paper we report on the diffusion of muonium cen-In insulators whergg=0, (}(T) shows a much steeper tem-
ters in KCI doped with Na substitutional impurities. KCl is Perature —dependence than the Gibbs factfire.,
one of the materials in which muonium diffusion is well &T(1—e~¥T)]. Consequently, Eq2) implies that the hop-
understood in terms of the current theory for quantum diffu-Ping frequency as a function of decreasihturns over at the
sion in homogeneous medigOur results indicate that the temperature wher€(T)=|¢| and at lowerT decreases as
crystal volume is split into two parts upon Na doping, one in
which the diffusion slows down with decreasing temperature AT Q
and the other in which the character of rapid quantum diffu- V= £ =THQ<é). )
sion is preserved. This is in qualitative agreement with recent
theoretical predictiorsand similar experiments in solid Such behavior has recently been reported in solid nitrogen
N,.% In addition, we report a decrease of the missing muorwhere a=7.* Note that when the energy differenc|) is
spin polarization with increasing Na concentration and prosmall compared with the tunneling matrix element the tun-
pose an explanation in terms of diffusion-controlled reactiomeling probability levels off at the value\d provided
of muonium centers with excitons produced by muon radi-J>{(T), i.e., the band motion limit?
olysis. We have recently shown that the longitudinal spin relax-

Quantum diffusion in the absence of disorder results in &@tion of the muon polarization is a sensitive measure of the
power-law temperature dependence of the particle hop ratéu diffusion rate? The connection between the diffusion

v Over a certain temperature range, i.e., rate and the muon spin relaxation rate originates with the
5 nuclear hyperfingnhf) interaction which produces an effec-
- 2\J - +28 1) tive magnetic field on the unpaired muonium electron which
Q) ' depends on the orientation of the nuclear spins. As the muo-
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nium diffuses the direction of this effective field fluctuates,
thereby inducing transitions between the muonium hyperfine
levels. From the resulting muon relaxation rate andTits
dependencéafter appropriate modeling of the spin dynamics
using the Redfield equations of motidrt® one can extract
an average electron-nuclear coupling constdtand the
correlation timer, (corresponding tar~ ) for the field fluc-
tuations. The general expression for the longitudinal muon
polarizationP,(t) is complicated, depending upah.y, 7.,

and the external longitudinal fielB; however, for the pur-
pose of illustrating the essential features of our data it is
sufficient to consider the idealized situation where' is
small with respect to all transition frequencies except the
smallest intratriplet transitionwq,. Ignoring all higher-
frequency transitions leads to single-exponential relaxation
of the muon spin polarization:

ASYMMETRY

P(1)~P2(x)exf — A (x)t], (4)

where

POx)=1—x/\V1+x2,

) —.028
OexTe

2 2
1+ wi,T;

KCI:[Na]=0.27%
0123456780910
: TIME (us)

Ay (x)=

r FIG. 1. LFuSR time spectra in KC[[Na]=0.27% at 0.02,

w=3w0| 1+ F;x— J1+X2], 0.05, and 0.15 T. Solid curves are fitted results by a model for
+ muonium diffusion with two componentsee text

where wg is the muonium hyperfine parametel,. = ] ) )

X(ye* v,) with . andy,, being the respective electron and Note that the field-dependent relaxation predicted by (Ey.

muon gyromagnetic ratios, and=2I",B/w,. Since both IS clearly observed. o _

Pg(x) and A (x) depend on the applied fiel (or x), the . The spectra als_o |mply that therg is little or no contribu-

other physical parameters lik&g, and 7. at a temperature are “9” from the d|ffu5|on-lllm|teq Frappm@DLT) Process asso-

uniquely determined by comparing a set of time spectra Obg!ated with the doped Impurities. The trapping rate under a

tained under different fields with the model function SIMPIe DLT modelis given by

P,(t)=P,(t; ey, 7¢,X). The parameteb,, can be related to

the nearest-neighbor halide nhf parametersand w, with n=4mreD, ©)
the result
_277
ni(1+1) =3PV (7)

o= (wf + wa)T, (5)
wherer, is the trapping radiuén units of the lattice constant

where the second term is the mean squared value of th&), c; is the concentration of trapping centerg (s the
component of total nuclear spin along the applied fieldrfor equivalent atomic concentratiprandD ,, (=a%v/6 for the
nearest-neighbor nuclei with spin’ interstitial Mu in KCI) is the diffusion coefficient of

The experiment was performed on the M13 and M15muonium?’ The spin depolarization in this model is given by
beamlines at TRIUMF, which provide beams of 100% spin- exd — (v;+ A,)t]. [Note that muons are depolarized during
polarized positive muons of momentum 28 MeVAKingle-  diffusion whereas no depolarization occurs in the stationary
crystal specimens of KCI with Na concentrations of (trapped state; this is opposite to the case discussed for the
2.7(3)x10°% and 2.7(3)x10 2 were obtained from the muon trapping in metaf¥] It has been inferred from the
University of Utah. At each temperature conventional muonprevious measurements in nondoped Cl that10° s~ 1,57
spin relaxation ¢SR) spectra were taken with an external and accordingly the trapping raig to the sodium impurity
field applied along the initial muon polarization direction and estimated from Eq(6) is greater than about $&~* for both
a [100] crystalline direction. This longitudinal fieldLF)- 0.27% and 2.7% samples. On the other hand, the observed
1SR technique, details of which can be found elsewhre, spin relaxation rate in the time spectra indicates
measures directly the time evolution of thee decay asym- (v,+A,)<10° s ! over the entire temperature range. Since
metry A(t) = Ayf P,(t) in the time scale of the average muon v, is independent of magnetic field, the strong field depen-
lifetime (2.2 us), where A, is the maximum experimental dence of the observed relaxation rate further evidences that
decay asymmetry anflis the fractional yield of muonium. »,<A,(x)~10° s~*. Thus, we are lead to conclude that the
Some typical examples of the time spectra are shown in FigOLT model is inappropriate for the interpretation of the cur-
1. rent data.
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FIG. 2. Muonium hopping rate
(= inverse correlation timeand
partial asymmetry in KC[{[Na] =
2.7x10°2% and 2.% 10 %) com-
pared with data in pure KQ[Na]
3 EE T — <1074, shown by diamondsTri-
b . angles areA; and 7. !, filled
SIE o, éf circles are A; and 7;', and

3 o2 squares are A;+A; in each
sample. Lines are merely intended
to guide eyes.
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The analysis of time spectra below 50 K reveals that therg¢his component seems to level off at 50 K and exhibits a
exist at least two distinct components with different correla-relatively steep decrease below 19$€e Fig. 2d)], indicat-
tion times; however, only a single component is necessary tihg that a certain fraction of the Mu becomes immobile at
reproduce spectra at higher temperatures. For simplicity wipw temperature.

assume just two components such that The effect of 2.7% sodium is more substantial. As evident
in Fig. 2(e) no fraction of the muonium shows the character-
A(t) = Ao fsP(t; 7o) + T1P(t; 71) 1= AsPsAt) + ArPy,(1), istic increase of hopping rate with decreasing temperature

L . _below 50 K seen in undoped KCI. The hopping rate of the
where 75 and ¢ der_10te.the cqrrelatlon tl-mes C(?rresm.mdmgfast-dif'fusing component tends to level off below 30—40 K,
to slow and fast diffusioné; (i =s,f) being their(partia) although there is some uncertainty due to its diminishing

asymmetry proportional to the fractional yields with . . . .
A,~0.2. Common values were adopted for the muoniumfracnonal yield. Also the fractional yieldor A;) shows a

; —omx _ steeper decrease with decreasing temperature compared with
?gg e;ﬂhr}e g:rrSQSEQ.}@%EX [iZwiZGEsoo(zl\)AHzM(Sze f(égf]‘ agﬁj that in the 0.27% sam'p[esee Fig. 2c)]. The slowly diffusir}g
throughout the following analysis: the nhf parameter is pre.COmMPOnent emerges in place of the fast component with de-
dominantly determined by the nearest-neighthiN) halo- ~ €'€asing temperature. The hopping rate clearly shows a
gen nuclei and therefore the substitution of potassium byower law given asg “ocT* with a=3.2. This behavior of
sodium has negligible effect on the value &,. The solid 75 - and leveling off ofr; * indicates that the increase of the
curves in Fig. 1 are the fitting results with this model. Thefractional yield for the slowly diffusing component is due to
temperature-dependent inverse correlation time and correexpansion of the crystal volumé; where muonium motion
sponding asymmetry are shown in Fig. 2 where the®daté  is being reduced, rather than trapping of fast-diffusing muo-
pure KCI (nominally 99.99%, obtained from Harshaw nium near impurities. This may not be true for the 0.27%
Chemical Co. are also included for comparison. It is evident sample, since the increase Af is in parallel with the in-
from Figs. 2d) and Ze) that the hop rate in both samples is crease of the hopping ratg *. It is therefore possible that
not affected by the presence of sodium impurities above Sehe \y js being trapped at a rate determined by its diffusion
K, except for a slight enhancement in the sample with 2'70/?ate [the Gibbs factor in Eq(2) also ensures such an irre-

tsodti_u:n. This imgliesdthbat ttr?e dizprder in th.? f.““fo"““m ﬁo'versible process However, the fractional yield of the slowly
tﬁn |athen?;gy n Iucet_ ty € sodium ggnp‘g)“ YIS .ardsrfna erdif“fusing component below 50 K is qualitatively proportional
an the thermal activation energy-({ required 1or-— 44 the sodium concentratidsee Figs. @)—2(c)] and thus it

honon-assisted tunneling in the highregion. . .
P In the sample with 0.2?% sodiurr?thegfast—diffusing com-an be regarded as the fractional volume itbedie Eq(14)].
The leveling off ofrf‘l below 30 K may be due to the re-

ponent observed below 50 K is virtually unaffected by the " ) ) )
impurity: The temperature dependence of the hopping ra»[éld_ual disorder outsid€, or the_effect of smgle-phc_)non scat-
[Tf—l in Fig. 2d)] and the corresponding asymmefi; in tering, althoygh th.ere remains some uncertainty (_jue to
Fig. 2(b)] are very close to those observed in pure Kl smaller fracnonal yields at lower temperatures. The immo-
Fig. 2a)]. Moreover,r; levels off belov 5 K and stays con- bile Mu in the 2.7% sample at the lowest temperature is
stant down to 15 mK. This is also the case for purefurther demonstrated by the magnetic-field dependence of
KCI,%° and, therefore, leads us to conclude that impurities athe muon polarization under longitudinal field. Figure 3
a concentration of less than 19 have negligible effect on shows the quenching of the nhf field below 0.01 T and is in
the sizable fraction of muonium undergoing quantum diffu-good agreement with the theoretical prediction for stationary
sion. A second slowly diffusing component emerges belowMu.?! Because of rapid spin relaxation due to the fast muo-
50 K and increases with decreasing temperature as inferredum diffusion such field quenching of the nhf field is not
by A in Fig. 2(b). The hopping ratqul) associated with observable in pure KG°
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FIG. 3. Muon spin polarization at=0. P,(t=0) versus longi- _of
tudinal magnetic field at 15 mK in KCI with 2.7% sodium impurity. a1
Solid line is a theoretical prediction by Beek al. (Ref. 21).

The observed ®? dependence of the hopping rate below g, 4. (a) The solid curve is the energy difference between
50 K in the 2.7% sodium samplevhich is suggested also in  agjacent muonium sit€g. (12), in units of U] as a function of
the 0.27% sample below 20 K), together with the previous distancer (measured by the lattice constantfrom a single impu-
result in pure KCI[TeT~33 (Ref. ), is in line with the  rity atom at the origin. The dashed curves are those when the im-
theoretical prediction expressed in E¢$)—(3). Assuming purities are placed regularly with a mean distand&, 2 When
the same)(T)«(T/®p)* andJ in both samples, we have J/U,<1071, |¢| in the 2.7% sample may be larger thamt anyr

(i.e., Rg<Ry), so the fraction of slowly diffusing Mu may ap-
. N2/ T\« 4 T\ @ proach 100% at low temperaturgshich is actually observed in
Te = (®—> =79 <®— (8) Fig. 2(c)]. (b) Hopping ratev (Uy=h=1) vsr at two temperatures
Y b b such that()(T;)=102J and Q(T,)=J, respectively §/U,~ 1% is
assumell Note thatR; increases with decreasing temperature to
reachRy [i.e., Q(T)xT37.

for the muonium in pure KCI and

a4

2>\32( T
r

=Y oy

e Tll(l)a (9) adu(r)
Op Er)=—"—=-3U,

(12

for the slowly diffusing component in the sodium-doped
sample, where the values of* and r; ! are obtained ex-
perimentally from the data below 50 K in Fig.(e as
1.52(2)x10° and 2.1(1x10'° s, respectively. Taking
J=0.13 K (with A=4 for simple cubic symmetjydeduced
from pure KCI** we obtain

A boundary radiusR; may be defined by the equation
U(R;)=J, over which muonium is not allowed to penetrate
elastically® However, the tunneling matrix, and accordingly
R;, are not temperature dependent in insulatgs Q) and

this does not explain the observed temperature-dependent
fractional yields of slow- and fast-diffusing components. The
situation is the same for the radiuRy,. defined by the strict
|¢~16+1 K 10 |ocalization condition (R0 |=J.3

7% sodium. It must be stressed, Note that the'temperature dependence of thg hopping rate
Is almost opposite between the fast- and slow-diffusing com-
ponents as described either by EL. (| £|<Q) or by Eq.(3)

for the KCI samples with 2.
however, that the value df varies from site to site in most
cases where the energy differer(oe disordey is due to the ;

(|€]>Q), respectively. Clearly, the crossover between these

strain fields from impurities spatially distributed at random, X : >
P P y 0 extremes is determined by a conditigtR;)=Q(T).

and thereby the above value should be regarded as a mea’?‘l, 8 > WA ;
value (see below This is further justified by the steep dependence of

78 - .
In order to make a more intuitive understanding of the(*" ) in the denominator of Eq2). Thus we have

effect of energy disorder we resort to a specific model in 3U. | 14
which the disorder is induced by a strain field from the so- | 2= T4
nich ! T acT (13
dium impurity: Q(T)
a3 and a fractional yield
U(r):Uo<_) : (13) 4 R-\3
' x(|§|>Q)z§c(§T) T34 (14)

wherer is the distance from the impurity atom aads the
lattice constant. Then the energy difference between neigHer the slowly diffusing component, whereis the number
boring sites is given as density of the impurity atom. As illustrated in Fig. &;
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increases with decreasin@(T) until it reaches the maxi- order of magnitude. Thus this model provides a qualitatively
mum valueR,.. Muonium diffusion in the rest of the crystal consistent understanding of all the features observed in the
volume(where|¢|< Q) is faster than in the above region and current data in Fig. 2.
its fractional yield(except the missing fractions given as Finally, we discuss the observed recovery of the missing
1-x. Thus the temperature-dependent yields in Figb) 2 fraction due to the sodium impurity. As in the case of pure
and 4c) are qualitatively explained by the above model with KCI, there is a missing fraction in the asymmefsee Fig.
fs/(fs+fi)~x and fi/(fs+f)~1—x. Moreover, if 2(a)] ie., the observed asymmetry is smaller than the maxi-
Ro=ac™ "2 (half the mean separatiptis larger thanRo.  mum experimental valud, (i.e., f<1). Note from Figs.
there always remains a fraction—XRyc/Ro)®> where the 5z _o(c) that the net missing fraction=(1—f,— f;) de-
muonium hopping rate is virtually unaffected by impurities ¢reases with sodium concentration such that it virtually dis-
(although the diffusion constant might be affected by thezppears in the 2.7% sample. An important feature of the
mean free path between elastic collisipns missing muon polarization in alkali halides is that it strongly
. The model .also pro.wdeslg mechanism to hinder the trapdepends on the temperateg., see Fig. @)]. The above
ping of muonium by impurities at temperatures as low aact indicates that the fast depolarization process ocaites
((T)<¢. The probability of hopping to sites closer to the the thermalization of implanted muons. Moreover, the miss-
impurity (e.g., fromr=na to [n—1]a) is far smaller than ing fraction is commonly found at lower temperatures where
that in the opposite directioke.g., tor=[n+1]a); from  haramagnetic self-trapped excitai®TE’S induced by muon
Egs.(3) and(11) we have radiolysis are present. This correlation has been evidenced
2 6 by the luminescence from muon-induced triplet STE’s, upon
v(na—[n—1]a) _|&na—[n+1]a)| :( n-1 which a model is proposed to attribute the missing fraction to
v(na—[n+1]a) [é(na—[n—1]a)|® (n+1 the fast depolarization induced by some unknown dynamical
process within the Mu-STE compléX.%®
(n>1). (15 It is evident from Figs. @)—2(c) that the recovery of the
Moreover,& may be much smaller for the tangential direc- Missing fraction is correlated with the increase of the slowly
tion and thereby a much larger hopping probability may bediffusing  component. This, together with the above-
expected. Thus the tunneling process in disordered systenfdentioned model, suggests that the depolarization is caused

has a tendency to be contained in the region of S@\éﬂ by the diffusion-controlled Mu-STE “reaction,“ which is
The mean value of experienced by muonium in the Suppressed by the decrease of Mu mobility due to the sodium
region of slow diffusion may be defined as impurity. _
In summary, we have shown that a KCl crystal doped with
_ 1 Ry Ry 1/2 Na appears to split into two distinct regions with regard to
f=—r=== &(r)"?redr /f rzdr} muonium diffusion. A specific model in which the boundary
W& [Jas a3 between these two regions is determined by a condition
J33 a4 |£|=Q(T) provides a satisfactory account of the current
~—Uy| = | «T*, (16)  data. In particular, in the sample with 0.27% sodium the
° Ry quantum diffusion in the regiohé|<( is virtually unaf-

which is also temperature dependent. However, slowly diffécted by the impurity down to 15 mK. This is further con-
concentration, and therefor®; may be replaced by the doped KCl are characteristic of pure KCI.
mean halfway distance between impuritisee the curve of

for c=2.7% in Fig. 4 to obtain . .
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