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We have investigated muon diffusion in niobium with controlled amounts of interstitial
impurities. The polarization decay was interpreted in terms of a two-state model where
the muon is alternatively in a state of free diffusion or in traps., A good fit of all data was
obtained, yielding correlation times for the jump motion, as well as capture and release

rates of the traps. The muons are found to be mobile in Nb down to 14 K, .

In this work we investigate the diffusion of posi-
tive muons in samples of niobium with controlled
amounts of impurities and develop a model which
makes it possible to understand and analyze the
diffusion of muons in the presence of traps. The
influence of defects must be better understood
before the elementary diffusion processes in
ideal lattices can be discussed. This influence
is also a phenomenon of interest in itself, The
problem is especially interesting for group-Vb
bce metals, where extensive data on hydrogen
diffusion are available for comparison,! In these
metals the muon-spin-rotation (uSR) results of
different groups®® have so far been inconsistent,
probably because of differences in sample prepa-
ration and impurity content, It is known from dif-
fusion studies of H in Nb-N samples that immo-
bile interstitials (N) act as traps for the diffusing
species (H) such that the diffusion is strongly af-
fected.*®

When the diffusion of muons in solids is studied
by the uSR method,® the interesting quantity is
the decay of the average muon polarization P(¢)
during the observation of the muon spin preces-
sion, The decay is due to the dephasing of the
individual muon precession by the randomly di-
rected dipole fields from surrounding nuclei, and
the formula developed for T, in NMR should apply.
We have, in the case of diffusion in a homogene-
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ous crystal,”’
P,(t)=exp{-2021, *|exp(~t/T,) ~1+t/7.)}, (1)

where 0,2 is the second moment of the frequency
distribution due to the internal fields, and 7, is
the average time during which correlations be-
tween the frequencies exists; 7, is proportional

to the mean residence time 7 of the muons at
interstitial sites, For a frozen-in muon we have
0°7,2>1 and the damping is Gaussian, P ¢)
=exp(-07¢?), whereas for a diffusing muon with
0,21 2«1 we expect P(t) =exp(-20/27,¢) (Lorentz-
ian damping).

Here we will consider the depolarization for
muon diffusion in a crystal with randomly dis-
tributed traps. We treat this case by introducing
a two-state model which describes repeated cap-
ture and release processes.? A muon which dif-
fuses in the undisturbed lattice is caught by a
trap on the average after a time 7,; a muon in a
trap escapes after an average time 7, The two
states have different polarization decay. The
polarization decay of the free state P,(¢) is given
by Eq. (1) in the case of infinite lifetime of this
state, 7, -, The polarization decay of the
trapped state is governed by an analogous ex-
pression Py(¢), where o/ is replaced by 0,2, the
second moment of the frequency distribution in
the traps, and 7. is replaced by 7.,, the corre-
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lation time determined by the motion of the muon in the traps. If there is no internal motion of the mu-
on, 7. is limited by the lifetime of the state of trapping, 7, We postulate the following equations for
P\(t) and P(?):

B _ g0 p1, Jexpl-1/7,) = 11 P,(1) - = Py(1) + =2 (0),
T To (2)
L) — 2077, lewpl-1/7.) = 11P{1) = - R0 +3-P0).

If we let 7,, T, =, we have two uncoupled equa- |

tions for P,(t) and P,(¢) whose solutions are of completely precipitated.'® Measurements of re-

the type (1). The terms proportional to 7, and sidual resistivity and electron microscope inspec-
T,” ! describe the changes of P, or P, by transi- tion showed no substantial nitrogen clustering in
tions between the two states. The total polariza- the doped sample 1.
tion decay is given by the sum of both contribu- The damping parameters’! A were obtained
tions P(¢) = P,(t) + P,(t). We assume random from the experimental spectra as inverse times
stopping sites of the muons in the crystal and for decay of the polarization to 1/¢ of its initial
choose as initial conditions P,(#=0)=1 and P(¢ value. Here Eq. (1) was used, assuming a low-
=0)=0, This is a good approximation for small temperature linewidth 0,=0.33 usec™'. Figures
defect concentrations. The differential equations 1(a)-1(c) show the parameter A obtained for
have been solved using a Runge-Kutta-Merson samples I, II, and III as a function of tempera-
procedure. The results and the parameters used ture. There appears a characteristic dip in A(7)
will be discussed below, at about 18 K. A similar dip phenomenon has

The experiments were performed at the 600- first been observed in Bi by Grebinnik et al,?
MeV synchrocyclotron at CERN. The tempera- and it was attributed to quantum diffusion. Our
tures were kept constant within 0.1 K. Separate results, however, show that the dip in Nb is re-
runs on dummy samples of known performance lated to the purity of the sample. The dip is most
were done to obtain the corrections for the back- pronounced for sample III with the lowest content
ground. ' of interstitials such as N, O, and C, whereas the

The samples were originally prepared for dip is almost absent for the impure sample I, For
hydrogen diffusion studies; they consisted of a this sample, the drop after the broad maximum
bundle of wires (1.6 mm diam) and their prepara- at 40-50 K is also shifted to higher temperatures
tion is described in detail elsewhere.® From the by about 10 K, and is steeper.
resistivity ratios, a maximum content of O, N, In a preliminary qualitative interpretation, we
or C of 60 ppm for the starting material of sam- assume that the muon is frozen in at 10 K, where
ples I and II, and of 10-20 ppm for sample III, the observed line shape is close to a Gaussian,
could be estimated (Table I). Mass spectroscopy Then the first drop can be ascribed to the onset
measurements showed an overall concentration of free diffusion, i.e.,, not influenced by the nitro-
of substitutional impurities (mainly Fe, Cr, and gen traps. The increase of damping above 18 K
Ta) of less than a total of 100 ppm. Sample I is then due to capture by the traps. In the broad
(3700 ppm N) was doped with nitrogen and sample maximum the muons experience the dipolar fields
III (1000 ppm H) with hydrogen, In the tempera- in the traps for most of their lifetime, The sharp
ture region of interest, the hydrogen atoms are drop above about 50 K indicates the beginning of

TABLE I, Sample characteristics and fitted parameters, The following fitted param-
eters were assumed equal for all samples: To= (7.5%1.3)x10'! s™!; E,=E =237+3 K;
Tp=(8.7£0.,5)x 108 s™1; E = 552+ 4 K.

N, O, C content Ty (o
(ppm) (s™h 7Y
Sample I 3700 (5.5 £ 5) x 10! (8.3 £0,1) X 10°
Sample II < 60 (4.8 £1.7) X 1010 (2.7%0,1) X 10°
Sample III 10-20 (1,0 £0,1) x 10%° (2,2 £0,1) X 103
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FIG. 1. The damping parameter A as a function of
temperature for samples I-III, The temperature scale
has an uncertainty of + 1 K in the 10~30-K range.

release processes from the traps and resulting
motional narrowing, because of repeated capture
and release processes. In at least one of the
samples there are indications of a still deeper
type of trap at ~150 K. In the fits of Egs. (2) to
the experimental A values, we have assumed
Arrhenius laws, 7,7'=T,exp(-E,/T), for the
times 7., 7,, and 7,. The fit was performed
simultaneously for the different samples. The
parameters E,, I, E,, and I, which represent
local properties of the jump processes and hence
should not depend on the impurity concentration,
were taken equal for all samples, E, was taken
equal to E, since the trapping process should be
diffusion controlled. I’ and o, were allowed to
vary independently for each sample. The values
obtained are given in Table I and plotted in Figs.
1(a) to 1(c). A good overall fit of the three sam-
ples has been achieved.

7. ! should be proportional to the jump rate of
a muon in an ideal niobium crystal. Since the
muons are light compared to all other intersti-
tials they are good candidates for the quantum-

mechanical hopping theory.'® Since free diffusion
is prominent only in a small temperature region
no attempt was made to analyze the experiments
with this theory.

The time 7, decreases as expected with increas-
ing impurity concentration. The disappearance
of the dip at larger impurity concentrations is
directly related to the shorter lifetime of the
state of free diffusion, A serious problem, how-
ever, is the explanation of the values for the ra-
tio 7,/7, found by the fit. The value of 7,/7, at
18 K is only about 75 for sample III, In this sam-
ple the average distance between two impurities
(interstitial defects and substitutional defects,
except Ta) can be estimated to be about 18 lattice
constants, If the capture process is diffusion
controlled, one expects a ratio 7,/7, =(18)%1?,
where v is the number of steps within a unit cell,
An estimate for the correlation time is 7,= 712,
since it can be assumed that local correlations do
not exist for distances larger than a lattice con-
stant. Similar factors have been found in other
situations.'* Taking this factor into account we
still have a discrepancy of a factor of 4 between
the observed and expected values. One tentative
explanation is drift motion, where the muons per-
form a more or less directed motion towards the
traps.

The shift of the drop of A(T) above 50 K | Figs.
1(a)-1(c)] is also explained in our model, since
at high impurity concentration a muon is trapped
almost immediately after a release process in-
stead of propagating for some time in the free
state,

The activation energy E, of about 552 K for the
escape process is smaller than that of hydrogen
in Nb-N,® which has been found to be about 1940 K
(E, is the sum of binding and migration energy).
The difference in the binding energy can possibly
be attributed to differences in the zero-point en-
ergies, The small prefactor T, of the escape
rate may be due either to small tunneling matrix
elements for this escape process or to drift mo-
tion towards the traps.

Wé finally comment on the linewidths observed
at low temperatures (12-14 K) for the polycrys-
talline samples. The observed value at 400 G is
0=0,33 usec™!, and at 2.6 kG we obtain 0=0,24
usec™!, A single-crystal experiment at 25 K3
indicated that the electric quadrupole field domi-
nated the interaction of the neighbor nucleil® at
400 G, whereas the magnetic decoupling limit was
approached at 2.5 kG, New experiments have
shown that this situation is also valid at 11 K,
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The relative change for the polycrystalline o
values is therefore in agreement with theory (a
30% decrease expected from the low- to the high-
field limit). The absolute value 0=0.33 usec™!
is, however, much lower than expected for te-
trahedral or octahedral positions in an undis-
turbed Nb lattice (even if a realistic lattice dis-
tortion of 3% is taken into account in the theory).
One possible explanation is that the muon is in
an extended state containing four tetrahedral and
four triangular sites as suggested for hydrogen
by Birnbaum and Flynn,’® A small decrease of o
below 15 K is also evident [Fig, 1(c)]; it might
either reflect a shift of muon density towards
sites with lower dipole fields or the onset of a
coherent quantum propagation.

To summarize, the work presented in this Let-
ter has shown that muon depolarization data may
produce detailed microscopic information on dif-
fusion processes, Capture and release phenomena
associated with trapping centers can be well de-
scribed by the model developed, In particular,
the dip in the depolarization rate at 18 K, which
depends on the concentration of interstitials, can
be related to the capture probability. The de-
crease above 50 K and its concnentration depen-
dence can be understood as motional narrowing
due to the repeated release processes. One pos-
sible extension of the model is the inclusion of
several kinds of traps.

The low-temperature region is particularly in-
teresting, Muons have been found to be mobile
down to 14 K and, below that, indications of de-
localization have been observed. An extension
of the experiments to lower temperatures would
help to clarify whether at these temperatures the
muon changes from a “self-trapped” localized
state to an extended “band” state. Furthermore,
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the role played by the substitutional impurities
should be investigated,
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