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The temperature dependence of the depolarization rate for positive muons implanted into a pure niobium
crystal has been measured in an external field of 102 Oe. Depolarization is observed at temperatures below
100 K, with a pronounced minimum occurring in the vicinity of 20 K. A study of the magnetic-field
dependence at low temperature indicates that the muons occupy tetrahedral interstitial sites. The data are
interpreted in terms of the self-trapping of the muon at low temperature, and trap-limited diffusion at
temperatures above 65 K. Comparisons are made with the properties of hydrogen in niobium.

I. INTRODUCTION

With pu* particles one has the opportunity of
extending studies of hydrogenic impurities in met-
als by a factor of approximately 9 in isotopic
mass.! Since the niobium-hydrogen system has
been extensively studied by a variety of tech-
niques, we have investigated the diffusion of
muons in a pure niobium crystal. Niobium is an
advantageous material for study, as the isotopi-
cally pure °*Nb has a large nuclear moment and
relatively pure crystals are readily obtainable.

The diffusion of hydrogen in niobium shows sig-
nificant deviation from a simple ciassical Ar-
rhenius law at low temperatures.?™* Moreover,
it has been found that hydrogen can be trapped at
oxygen and nitrogen interstitial impurities, >°
and at vanadium and molybdenum substitutional
impurities.™® It has not been possible to observe
isolated hydrogen impurities in pure niobium at
low temperature due to H-H pair formation and
hydride precipitation. In the present investigation
we are interested in the nonclassical behavior at
low temperatures for individually implanted mu-

17

.observed an activated muon diffusion process.

ons. The present technique is especially sensi-
tive to slow relaxation, i.e., where the mean

time of stay of the muon at a particualr site is in
the range 0.1-10 u sec. Because of the transi-
tory nature of the probe, we expect that slow dif~-
fusion would be observable since the muon would
not be able to diffuse to trapping sites in its mean
lifetime of 2.2 usec. Theory predicts a self-trap-
ping local lattice distortion will localize light in-
terstitials, except for extraordinarily low temper-

- atures, with many similarities to the electronic

small polaron.® Previous studies indicate that the
tetrahedral sites in bec metals are favored for
both muons and hydrogen,°”**

The muon spin rotation (LSR) technique' used
here had earlier been applied to a study of copper
by Gurevich, Grebinnik, and co-workers, who had
14, 15
Recently, the method has been used to study a va-
riety of metals.672?

It is not expected that the diffusion of the muon
will be affected by the creation of lattice damage
by the introduction of the muon. Preliminary re-
sults for the computer simulations of Brice indi-
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cate that little damage is created in the final
stopping region.??

II. EXPERIMENTAL PROCEDURE

The niobium crystal we studied is a disk 2.5 cm
in diameter by 1.0 c¢m thick, cut in the (110)plane,
which had originally been a part of the sample
studied by Lankford ef al.”* A mosaic spread of
less than 0.2° was measured with neutron diffrac-
tion.?® The present crystal was given an oxygen
anneal at 3x 107® Torr and 2200 °C, to reduce
the carbon impurities, and then outgassed at
4 x 107*° Torr and 2300 °C. The dislocation densi-
ty is typically 10* cm™ for samples given this an-
nealing treatment. The crystal contains 200 ppm
Ta and about 10 ppm total of other impurities.
The Mo and V impurity levels are less than 0.1
and 0.03 ppm, respectively. The Ta impurity is
not effective as a trapping site for hydrogen,”
which is consistent with the small lattice pertur-
bation produced by substitutional Ta and with the
equal valences of Ta and Nb.

Spin-polarized muons of momentum 96 MeV/c
obtained at the Swiss Institute for Nuclear Re-
search cyclotron, were implanted into the cry-
stal with a transverse magnetic field applied.
Free precession of the muon spin introduces an
oscillatory factor in the muon decay spectrum as a
result of the asymmetric positron emission
(u'~e* +7, +1,). The oscillations are damped by
virtue of the static local-field inhomogeneity
created by the °*Nb nuclear dipole moments.!*
The quantity of interest here is the damping rate,
effectively a muon spin depolarization rate, which
is determined by the sites occupied by the mu-
ons, electric-field gradient perturbations on the
9Nb nuclei,?* and the diffusion of the muons.
Getting a quantitative display of our data neces-
sarily depends upon choosing a model function to
express the time dependence of the polarization
amplitude A(¢). Lacking an a priori knowledge of
the dynamics, we use the following time depen-
dence'* 1°

A(t) =expl=20272 (e = 1 +1/7)]. (1)

In this model the parameter o2 is proportional to
the second moment of the host nuclear dipole
field and 7 is an effective correlation time asso-
ciated with the muon motion. Possible effects
such as the diffusion to impurity or lattice defect
traps are not taken into account explicitly in this
analysis.'®?%25 The form of Eq. (1) has the advan-
tage of spanning the limiting forms of a Gaussian,
exp(-o%t?), expected in the absence of diffusion,
and exponential, exp(~2027¢), expected for rapid
diffusion. Data were taken as a function of tem-

perature with a. transverse 102-Oe field applied
in'the [100] crystallographic direction. The fast-
est depolarization was found at our lowest tem-
perature T =10K. We have made the assumption
that 77! is sufficiently small at 10 K that A(f) ~exp
(=02t?) and have used a Gaussian fit to determine
0, =0.321x 0.008 psec™. The implications of

this assumption are discussed below. These data
were fitted using Eq. (1) by treating 77! as an ad-
justable parameter that varies with temperature.

The results for our sample, designated Nb-2 ,
are shown in Fig. 1, where we have plotted a de-
polarization rate that satisfies the relation
A(A?Y)=e"!. The qualitative shape of the temper-
ature dependence is not changed when either an
exponential or a Gaussian model function is sub-
stituted for A(¢). The temperature dependence of
the correlation rate 77! is given in Fig. 2. For
comparison, the previous results of Lankford
et al.*® (denoted by Nb-1), analyzed in the same
fashion, are also givenin Figs.1and 2. The Nb-1
sample has an interstitial impurity concentration
of 170 ppm.

We find it most remarkable that the overall tem-
perature dependence is not monotonic. It appears
that although the muon motion is sensitive to tem-
perature, slow jump processes are observed over
an extended range of temperature, from 10 to
100 K. Our statistical analysis of the fits deter-
mined that the diffusion formula provides better
fits than either an exponential or a Gaussian, with
probabilities that range from 0.5 to 0.9. There is
a good 'indication of a plateau at low temperatures,
below 15 K. The minimum in A that occurs near
20 K is more pronounced in our purer sample;
the depolarization rate at 20 K is smaller and the
minimum region extends to a higher temperature.
The depolarization rates at 10 K are about the
same for the two samples. The depolarization
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FIG. 1. Depolarization rate for muons implanted into
niobium. Nb-2 refers to the present work and Nb-1 to
the measurements of Lankford et al. (Ref 12.) The low-
est temperature point for Nb-1 was corrected by a factor
V2 as the measurement had been taken in zero field. The
orientations of the external field of 102 Oe are given.
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FIG. 2. Log-log plot of the temperature dependence
of the correlation rates obtained in the analysis of the
data according to Eq. (1) with o, =0.321 psec™ !,

rate exhibits a broad maximum region from 35 to
65 K, in which A is about 17% larger for the less
pure Nb -1.

Before going on to discuss our interpretation of
these results, it is important to mention the sys-
" tematic effects of the uncertainty in the parame-
ter o,. For a given set of data the parameter 77
is strongly correlated with o, i.e., 77! increases
with o,. This was investigated by testing another
fitting procedure whereby both o, and 77! are
treated as adjustable parameters. We find that
the x? has a broad shallow minimum in the g, —77*
plane. Making global fits over all the temperature
points with a unique value for the parameter o
gives 0.353+0.012 psec™ for Nb-1 and 0.394
+£0.012 psec™! for Nb-2. The values of o, ob-
tained in this manner are influenced by parasitic
systematic errors which are difficult to-estimate
accurately. These include a small contribution to
the uSR signal from muons stopping in the cryo-
stat as well as accidental background events.

That different o, values are obtained for the two
sets of data is possibly indicative of this system-
atic uncertainty. The value 0.321 ysec™! obtained
from the 10 K data and used in the analysis pre-
sented in Figs. 1-3 is judged to be a lower limit
for o,. The systematic uncertainty in g; appears
to be about 20%. A second independent considera-
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FIG. 3. Arrhenius plot of the temperature dependence
of the correlation rate obtained from fits to data taken

at 112 Qe. Nb-2, present work. Nb-1, Ref. 12. Least-
squares fits are given by the lines.

tion is that a more sophisticated formula than that
given in Eq. (1) could possibly give a better fit to
the data.?®

The temperature region between 70 and 100 K is
interesting in that a thermally activated process
77t=y, exp(~U/kT) provides a good representa-
tion of the temperature dependence of the 7™ data.
We show an Arrhenius plot of the data together
with least-squares fits in Fig. 3. The re-
sults are vy, =10%°%*%3 gec™! and U =73+ 4 meV
for Nb-1 and y, =10°%*%2 gec™! and U =50+ 2 meV
for Nb-2. The indicated error bars are the sta-
tisticaleerrors. The o,—7 ' parameter correla-
tion are such that both 1, and U decrease with in-
creasing g,. In the Nb-2 data a 20% increase in
o, produces a 40% decrease in y, and a 12% de-
crease in U. We find larger effects for the Nb-1
data—a factor of 6 decrease in y, and a 21% de-
crease in U.

Of course 7! also increases with temperature in
the region T<20 K. Since we do not have suffi-
cient data points in this region, we are unable to
establish the form of the temperature dependence.
Parameters characterizing the diffusion in this
temperature region are discussed in Sec. IIL.

Information on the symmetry of the sites occu-
pied by the muons can be inferred from data taken
in strong external magnetic fields, which quench
the electric-field gradient perturbation of the host
nuclei.?* Crystalline anisotropy in o, is expected
to be most pronounced at strong fields, as has
been seen experimentally by Camani ef al'*" in a
study of muons in copper, and theoretically by
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Hartmann.?* A preliminary survey of the field
dependence of the depolarization rate was carried
out in the low-temperature region, 7 =15 K,
where 77! is small, for applied fields up to 5 kG
and for the crystal orientations [100] and [110] par-
allel to the external field direction. Gaussian de-
polarization, with the model function A(f) =exp
(-0%t?), gives a better fit to these data than does
an exponential, as expected when the muon jump
rate is small. Fitted values of o are plotted in
Fig. 4. Over this field region the depolarization
rate decreases by about 15% for the external field
applied along the [100] orientation and by about
37% for the [110] orientation. These changes are
in the same direction as predicted by theory for
the tetrahedral site assignment: 149 for the [100]
and 22% for the [110] orientations, respectively.
For the octahedral site, the theory predicts a 12%
increase and a 33% decrease, respectively, for
the [100] and [110] orientations. ‘
Although this field dependence is qualitatively
consistent with a tetrahedral site assignment, the
depolarization rates we observe at high field are
substantially smaller than the calculated values
for muons occupying tetrahedral sites in an undis-
torted lattice. The calculated values of o, are
0.407 psec~! for a strong field in the [100] direc-
tion, and 0.350 psec™! for the [110] direction.
The values shown in Fig. 4 for the Gaussian fit
are 0.25 psec™! for [100] and 0.20 psec™ for [110].
Qur temperature dependence results of Fig. 2
show that diffusion is not negligible at 15 K, where
771=0.3 psec™’. Using the empirical formula of
Eq. (1) with a fixed 77! and adjustable o,, we ob-
tain corrected experimental values at 5 kG of
0.30 pusec~! for the [100] and 0.24 psec™* for the
[110]. The statistical precision obtained for the
above values of o, is +0.01 ysec™. Therefore,
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FIG. 4. Magnetic-field dependence of the depolariza-
tion rate, obtained from fits using a Gaussian function
of time.

diffusion does not account for all of the decreasé
and we find that a model assigning the muon to a
single tetrahedral site would have to postulate a
local outward displacement of the Nb neighbors by
11%-13%, in order to agree with the corrected
measurements at 5 kG. By way of comparison, it
was found that the lattice is dilated by 5.8% for hy-
drogen in niobium,?®

Previous measurements of depolarization rates
in Nb-1 at 7=10 K, also smaller than the predic-
tion for single sites, were taken as evidence that
the muon wave function is spread over a manifold
of sites.”® A tunneling-state model has been pro-
posed as an explanation for a variety of anoma-
lous data on hydrogen in niobium.?? There is evi-
dence that protons occupy the tetrahedral sites in
niobium, ! but it is not known whether tunneling
states exist for isolated, as opposed to trapped,
protons. Recent studies of oxygen- and nitrogen-
doped samples have provided evidence for the
tunneling of hydrogen which is trapped at sites
adjacent to the impurities.?*3! Thus, it is inter-
esting to consider the T, model of Lankford et al.,'?
in which it is assumed that the muon rapidly tun-
nels among four tetrahedral sites forming a square
ring arrangement in a {100} plane. We find that-
by taking a more modest 3% dilation of the lattice,
this calculation gives depolarization rates of 0.30
usec™! for a strong field in the [100] direction, and
0.23 psec™* for [110], values that are in good
agreement with the observed rates.

The fact that the muon occupies tetrahedral
sites suggests a basic similarity to the properties
of protons. Further measurements probing in de-
tail the crystalline anisotropy at high field will
need to be carried out at lower temperatures be-
fore the symmetry of the muon wave function and
the local lattice distortion can be firmly estab-
lished.

The small depolarization rates at 20 K shown in
Fig. 4 extend to high field, so that the minimum
anomaly found in A is apparently not an artifact of
the magnitude of the applied field. We conclude
that the muon becomes more highly mobile as
temperatures increase towards 20 K,

III. DISCUSSION

It is clear that understanding the origin of the
minimum in A near 20 K is central to interpre-
ting this experiment. . Recently, a similar mini-
mum phenomenon was reported by Grebinnik
et al. for a polycrystalline sample of pure Bi.'®
It was suggested that coherent diffusion of the
muon in band-like states was observed at low
temperature, where theory predicts that the dif-
fusion rate of light interstitial particles decreases
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with increasing temperature, owing to phonon
scattering.*3* A low-temperature plateau in the
depolarization rate was identified with defect
trapped states.

The interpretation we are proposing for the pre-
sent experiment on niobium is different, and as-
sumes that the muon diffusion rate increases
monotonically with temperature in the range cov-
ered by the experiment. The low-temperature
plateau in the depolarization rate near 10 K is at-
tributed to the self-trapping of the muon on a set
of tetrahedral interstitial sites, such as assumed
in the T, model.”* The minimum in A near 20 K
is explained in terms of diffusion and impurity
trapping. On the low-temperature side of the
mimimum, the muon motion between rings occurs
and the increase in diffusion rate with temperature
causes A to decrease. In this temperature region
the jump frequency is low enough so the muon re-
mains untrapped during its lifetime. On the high-
temperature side the time for diffusion to traps
becomes small and the trapped muon lifetime
large on the time scale of the experiment, and the
depolarization rate increases with temperature.

The depolarization observed at temperatures
‘between 35 and 65 K is attributed to muons trap-
ped at impurities. The present work does not
identify the impurities which are the effective
traps. Thermal detrapping of muons is not ob-
served until the temperature is raised to about
65 K. Above this temperature the muon jump rate
increases and the depolarization rate decreases.
The details of the muon’s environment are prob-

ably not much different for either self-trapped or )

impurity trapped states, as the depolarization
rate measured in the two regions T'< 15 K and 35
< T< 65 K differ by 20% or less. The most likely
trapping sites are expected to have little effect
on the depolarization rates as both natural %0 and
12C have zero nuclear moments, and the moment
of N is small. The contribution to the dipolar
field near these impurities is therefore small.
We anticipate that further studies of the broad
maximum region at high field, for various crys-
tal orientations, will shed light on the nature of
the trapped states and on possible ringlike tun-
neling states for the trapped and diffusing muons.
For niobium we believe there is good reason
for expecting that the muon diffusion rate is large
enough in the temperature region between 35 and
65 K to allow the p* particles to diffuse to resid-
ual impurities. We refer to previous studies of
the magnetic bcc metals, Fe and Cr, where evi-
dence was found that muons move rapidly at low
temperature.’®*® In Fe and Cr the local dipolar
field is electronic in origin, owing to the ferro-
magnetic, or antiferromagnetic state, and is

three orders of magnitude larger than the nuclear
dipolar fields in niobium. Thus, the measure-
ments of the depolarization rate are sensitive to
correspondingly more rapid jump rates. A damp-
ed uSR signal was observed at 23 K in Fe by
Nishida et al.'®and at 77 Kin Cr by Kossler et al .3

It has been argued that the muon jumps between
tetrahedral interstitial sites in Fe.!' The
correlation rate indicated by the data on pure
Fe is on the order of 3 X10° sec™ at 23 K.
Also, the absence of observable uSR signals at
liquid-helium temperatures was taken as evidence
that slow jump processes occur at the lowest tem-
peratures measured. Measurements in less pure
Fe samples have found a temperature interval
where the uSR signal disappears, and has been
explained in terms of fast depolarization of muons
trapped at impurities.3*

Because of the similarities among Nb, Fe, and
Cr as bcc metals, we expect that the jump rate
for muons in these metals to be of the same order
of magnitude. In order for the muons to diffuse
to the impurities in 2.2 ysec, the muon lifetime,
the jump rate would have to be on the order of
5x 10° sec™?, for trap concentrations of 10 ppm.
This jump rate, which is reasonable to expect, is
about equal to the jump rate for hydrogen, mea-
sured at higher temperatures and extrapolated to
100 K.

The decrease in A for temperatures above 65 K :
is attributed to trap-limited diffusion of the muon.
The small depolarization rates observed at tem-
peratures above 100 K are associated with com-
paratively short times of stay at impurities. The
temperature dependence of this process should
be described by the quantum tunneling process of
Flynn and Stoneham which has a high-temperature
asymptotic behavior of the form®

77 = (1/4KPE, RT) |J P exp(= E, /kT), @)

where |J]| is the tunneling energy in the unrelaxed
lattice and E, the lattice activation energy. Devi-
ations from Eq. (2) are expected to occur for

T =©p,, where ©, is the Debye temperature. Such
deviations from the Arrhenius temperature depen-
dence have been observed for hydrogen relaxa-
tions in Nb and Ta.?*3® While the data presented
in Fig. 3 appear to fit Eq. (2), they extend over a
limited temperature range, so that it is not pos-
sible to detect curvature. It is therefore not pos-
sible to establish whether the data are obtained in
a temperature range suitable for the high-temper-
ature asymptotic limit. Values of y, are found in
the Arrhenius fits which are up to four orders of
magnitude smaller than for hydrogen. This is in
the direction predicted by quantum theory but may
also result from the use of the Arrhenius relation
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in a region of positive curvature. To check this
possibility, we have used ©,=275 K obtained from
specific-heat measurements®® in evaluating the in-
tegral expressions for the jump rate calculated
for the Debye model by Stoneham.®® The 7! rate
near 85 K can then be fitted with E, = 66 meV and
|7] =0.22+ 0.05 meV. The |J| value is much
lower than the theoretically expected value, which
is about 0.1 eV. .

We assume trap-limited diffusion takes place,
where E, is the enthalpy for escape from impuri-
ties and is given by the sum of the impurity bind-
ing and migration enthalpies. The activation en-
thalpy is enhanced at a trapping site by the inter-
action of the lattice dilation around the muon with
that around the impurity. Thus, trapping causes
E, to be larger than the migration enthalpy of dif-
fusion between interstitial sites. Experiments on
the trapping of hydrogen by oxygen and nitrogen
impurities find binding enthalpies of about 0.1 eV, ®
larger than the migration enthalpy: 0.061 eV, mea-
sured at low temperature.? Richter ef al. recent-
ly reported an activation enthalpy of 166 meV for
the detrapping of hydrogen from nitrogen impuri-
ties in niobium, for neutron diffraction measure-
ments taken at temperatures. above 250 K.3" Sub-
stantially larger binding and migration enthalpies
are observed for deuterium, 0.13 and 0.12 eV, re-
spectively.*® Thus, the muon results fit the trends
of finding migration enthalpies that increase with
the mass of the interstitial. '

The increase in depolarization rate at 720 K
has been ascribed to motion of untrapped muons.
The temperature dependence of 77! should be de-
scribed by the low-temperature asymptotic form
of the Flynn-Stoneham theory

771 =4.,5x 10%7|J|2E2
x[(2T /0,)" /1(kO,)] exp (<5, /kOp).  (3)

The data are not sufficient to test the T7 behavior,
and the parameters E, and [J| obtained above are

K. BIRNBAUM et al. 17

not expected to apply to the motion of untrapped
u* at T =20 K. However, we can get an approxi-
mate value of E, =161 meV, as E, isdetermined
by a slowly varying logarithmic function of the
magnitude of |J| and the 77! rate at T ~20 K.

Apart from the weaker depolarization near 20 K
shown by the Nb-2 data, which we have associ-
ated with a smaller trapping rate at impurities,
the depolarization near 50 K is also weaker.
Since the depolarization rate remains nearly con-
stant over a factor of 2 in temperature, it appears
that in this temperature range trapping takes place
quickly on the time scale of the experiment.
Further work on crystals with controlled amounts
of impurities would be required in order to estab-
lish any significance to the differences observed
between the Nb-1 and Nb-2 data at temperatures
near 50 K and higher.

Note added in proof. A uSR investigation of ni-
trogen-doped niobium with a description in terms
of a two-state trapping model has been given by
M. Borghini, O. Hartmann, E. Karlsson, K. W.
Kehr, T. O. Niinikoski, L. O. Norlin, K. Perne-
stdl, D. Richter, J. C. Soulié, and E. Walker,
CERN (to be published). The results of the pres-
ent experiment on niobium have been fitted with
a theory for muon diffusion in the presence of
traps by K. G. Petzinger and R. L. Munjal, Bull.
Am. Phys. Soc. 23, 360 (1978), and independently
by E. Zaremba and T. McMullen, ibid. 23, 361
(1978). o
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