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Nuclear magnetic resonance study of Li implanted in a thin film of niobium
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We report results of beta-detected NMR of SLi* implanted in Nb at high magnetic field. We identify two
distinct sites for °Li in the body-centered lattice. At low temperature, the site is characterized by a well-defined
quadrupolar splitting. At about 50 K this site becomes unstable. Close to room temperature, Li occupies the
cubic substitutional site. Spin-lattice relaxation measurements are consistent with a site-dependent coupling to
the Nb conduction electrons and suggest that the site change proceeds in two steps. We report Knight shifts for
the two well-defined sites and perform a Korringa analysis.
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I. INTRODUCTION

Niobium is the highest transition-temperature elemental
superconductor (7-=9.3 K). Its structural simplicity and
many decades of detailed study make it one of the best un-
derstood conventional superconductors; however, important
refinements continue to be made.! The superconductivity of
Nb finds current application in, for example, radiofrequency
(RF) particle accelerators.? For the highest Q-factor cavities,
particular attention must be paid to the surface preparation,
and the occurrence of surface and interstitial oxides,? some
of which are also superconducting.* Additionally, Nb is
widely studied as a superconducting layer in thin film het-
erostructures involving normal metals® or semiconductors,®
which exhibit many fascinating properties.

In the context of thin films, it would be valuable to have a
local probe such as nuclear magnetic resonance (NMR) to
obtain a spatially resolved measurement of the electronic
structure. NMR in thin films is, however, hampered by the
small number of nuclei (and therefore small signal), and only
a few such studies have been undertaken.” Recently we have
developed instruments based on the related technique of
beta-detected NMR (B-NMR), using a low-energy beam of
radioactive probe ions introduced into solids in a depth-
controlled manner.®” In order to interpret measurements on
heterostructures'® and to establish the technique, we have
studied face-centered cubic (fcc) elemental metals.®!'-13 In
the current work we use the implanted hyperpolarized beam
of ®Li to study a thin film of body-centered cubic (bcc) Nb.
We present both resonance and spin-lattice relaxation (7))
data for ®Li in the normal state of Nb in two different
samples. From the resonance spectra, we find the stopping
site for Li changes below about 70 K. We measure the
Knight shift of the implanted Li as well as the temperature
dependence of 1/T;, which is not simply Korringa-like. We
discuss the results in terms of the lattice location of the im-
planted Li and compare with the fcc metals.

II. EXPERIMENT

We present data on a 15 micron foil of 99.9% Nb (Good-
fellow) and a 300 nm thick film. The film was deposited at
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1 A/s by RF sputtering onto an epitaxially polished sap-
phire (0001) substrate (Honeywell) at ~50 °C in 3 mTorr of
Argon (flowing at 25 SCCM) using a 99.9% Nb target
(Goodfellow). The base pressure of the sputtering chamber
was 2X 1077 Torr and the target was presputtered for an
hour before deposition. X-ray diffraction showed that the
film was very highly oriented in the (110) direction with a
typical rocking curve width of 1°. X-ray pole figure analysis
further reveals significant in plane orientation consistent with
another report of low-temperature Nb growth on c-plane
sapphire.'* This is in contrast to epitaxial growth of Nb at
higher temperature, where the (111) orientation is the most
stable.'*!3 Similar measurements on the foil showed no sig-
nificant orientation.

The experiments were conducted at the TRIUMF ISAC
facility, which provides a low energy (<30 keV) beam of
highly spin-polarized ®Li* with a flux of ~10° ions/s in a
beam spot ~3 mm in diameter. The spin polarization, typi-
cally =70%, is produced in-flight by optical pumping.'® By
selecting the sense of circular polarization (helicity) of the
pump laser, one selects the spin-polarization direction either
parallel or antiparallel to the applied magnetic field. Both
polarizations are collected alternately to reduce systematics
and to give an accurate baseline. The two helicities are usu-
ally combined before analysis, but sometimes it is useful to
consider them separately. The probe 8Li has nuclear spin /
=2, gyromagnetic ratio y=6.3015 MHz/T, lifetime 7
=1.21 s and quadrupole moment Q=+31.4(2) mb.'” From
simulations using SRIM2006.02,'3 the 30 keV implantation en-
ergy corresponds to a mean implantation depth of 94 nm
(with a distribution width of 44 nm) for the ®Li* ions in the
300 nm Nb/Al,O;, i.e., none of the SLi* will penetrate the
film to reach the substrate.

The 3Li* is implanted into the sample which is held in a
static external field (H,) parallel to the beam (normal to the
sample surface). For these measurements, Hy> H,,, the up-
per critical field for superconductivity, so all the results are in
the normal state of Nb. The samples were mounted on a
helium cold finger cryostat in an ultrahigh vacuum chamber
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FIG. 1. (Color online). Representative B-NMR spectra with
Lorentzian fits of °Li in Nb (oriented film) with Hy=4.1 T. (a) At
room temperature a single resonance from the substitutional sites is
observed (H;=~10 uT). (b) The broadened resonance at 150 K
appears to contain an additional unresolved resonance. (c) For T
<70 K, a quadrupole split resonance due to the noncubic intersti-
tial site appears, becoming better resolved at lower temperature. For
(b)—(d), H =40 uT.

(~107° Torr). High energy beta electrons from the decay of
8Li are detected in two fast plastic scintillation detectors up-
stream (backward, B) and downstream (forward, F) of the
sample. The count rates are combined to generate the asym-
metry A=(F—-B)/(F+B) which through the properties of the
beta decay is proportional to the ®Li nuclear spin polarization
P=(X2,,mP,)/I, where m is the magnetic quantum number
and P,, is the population of the corresponding magnetic sub-
level with quantization axis defined by H,. To measure the
spin resonances, a small RF field H, is applied perpendicular
to the polarization. On resonance, the continuous wave RF
causes the SLi spins to precess rapidly compared to the inte-
gration time, effectively destroying the polarization, so that
the signal appears as a loss of asymmetry. Here we measure
the resonance with a continuous beam of 8Li and step the
frequency slowly compared to Av/ 7, where Av is the reso-
nance linewidth. In this regime, the signal is the intrinsic line
convoluted with a power broadening Lorentzian f(v)
=yH,/(V+VH}).

The spin-lattice relaxation rate A=1/T; is measured (in
the absence of H;) by pulsing the incident ion beam with an
electrostatic kicker and measuring the time dependence of A
after each pulse. We used a 500 ms beam pulse, followed by
a counting period of 10 s. Decay events were accumulated by
repeating this cycle for an average of 30 minutes per tem-
perature. For the case of a simple single exponential relax-
ation, the asymmetry after the beam pulse & follows:
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FIG. 2. (Color online) Resonances in the film for Li polarized
parallel and antiparallel to H,. (a) The spectrum at 290 K shows no
quadrupolar splitting. (b) At 150 K, the line is broader and one
helicity has a high-frequency shoulder. (c) At low temperature the
quadrupolar splitting of the interstitial site is clearly revealed as
satellites on opposite sides of the Larmor frequency for opposite
helicities. The solid vertical line marks the resonance position at
high temperature, while the dashed line is the center of mass of the
outer satellites.

A=Aze =N (1)

where A is the asymmetry at the trailing edge of the pulse.
For the spin relaxation in Nb, a single exponential provided a
good fit to the data.

III. RESULTS AND DISCUSSION

Frequency spectra were collected in the film over the tem-
perature range 3-300 K in a magnetic field of 4.1 T. Repre-
sentative data, fit with a sum of Lorentzians, are shown in
Fig. 1. At room temperature, a single line about 9 kHz broad
[full width at half maximum (FWHM)] is observed near the
Larmor frequency. This is similar to what is seen in Ag (Ref.
8) and Au;!l!" however, the line is substantially broader for
Nb. The absence of quadrupolar splitting of the line indicates
that Li is at a site of cubic symmetry with vanishing electric
field gradient (EFG). Further evidence for the absence of
quadrupolar effects comes from a comparison of the spectra
with opposite helicity, see Fig. 2 (top). If there were a distri-
bution of small (a few kHz) quadrupole splittings, one would
find resonances in the opposite helicity channels to be asym-
metric and skewed in the opposite direction. At room tem-
perature, this implies 8Li is located at the only cubic site in
the Nb lattice, i.e., the substitutional (S) site. As the tempera-
ture is reduced, however, the resonance broadens substan-
tially then, below 70 K, changes dramatically to include a set
of quadrupole satellites in addition to the original main line
[Figs. 1 and 2(c)]. Thus at low temperature, a fraction of the

Li stops in a site of less than cubic symmetry, most likely an
interstitial () site.

Ions implanted into solids typically occupy high-
symmetry sites in the host lattice which represent a local
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FIG. 3. (Color online) The bcc unit cell of Nb, indicating the
high-symmetry interstitial sites and the substitutional (S) site. The
face center and edge center are equivalent and are at the center of a
distorted octahedron (O). A representative 7 site is the center of the
dashed quasitetrahedron at (i,%,O) In the right panel a trigonal
interstitial site (A) is shown. It is equidistant from three near neigh-
bors at the vertices of the isosceles triangle at (% ,%,O). The lattice
constant a=3.30 A, so the near neighbor distances are 1.65 A (0),
286 A (S), 1.84 A (7), and 1.75 A (A).

electrostatic potential minimum. The value of the quadrupo-
lar splitting in high magnetic field is determined by the prod-
uct of the EFG at the nucleus g and the nuclear electric
quadrupole moment Q. ®Li’s small Q yields small quadru-
pole splittings typically in the range of 10-100 kHz in
insulators.?%2! Interestingly, the splitting in Nb (~50 kHz)
is also on this order. This measurement of the EFG will
provide an important test for modern calculations of hyper-
fine interactions in metals.??

In bee Nb, there are several candidate I sites (see Fig.
3).23 The face center and edge center of the conventional
cubic unit cell are equivalent sites of quasioctahedral coordi-
nation (denoteg O hereafter), with two near neighbors at a/2
and four at y2a/2. Midway between each face center and
each edge center is a quasitetrahedral (7) site with four
neighbors at V5a/4. In addition, there is a trigonal (A) site
equidistant from an isosceles triangle of three near neighbors
at 3v2a/8. While the first two sites have been considered for
light implanted ions in bce metals,?*? the latter has not. The
A site is, however, known to be an important Ag* site in the
superionic conductor a-Agl.?® This is in contrast to the fcc
metals Ag and Au,3'""!% where both the interstitial and sub-
stitutional sites are cubic, and the resonances are only distin-
guished by their Knight shifts. Previous studies?’?® involving
cubic metals and second period impurity atoms (e.g., '*B and
12N), have concluded that the larger octahedral interstitial
sites are favored over the tetrahedral ones. For the bec lattice,
the near neighbor distance in the 7 site is larger than the O
site and A is intermediate. Consistent with the more spacious
T site, B-NMR studies of '?B in bce vanadium conclude a
significant fraction of implanted '>B occupies a substantially
expanded 7 site,>* based primarily on a static dipolar line
broadening interpretation. Later cross-relaxation measure-
ments of '”B in V agreed broadly but revised this site assign-
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FIG. 4. (Color online) (a) Resonance frequencies as a function
of temperature: main line (filled triangles); outer quadrupole satel-
lites (filled squares); inner satellites (open circles). (b) Main line-
width (FWHM) and (c) normalized amplitudes, of the main line. In
(b) the stars are data taken at lower power H; =10 uT (less power
broadened) and indicate the narrowing trend continues to room tem-
perature. Lines are guides to the eye.

ment to the O site.? In neither case was the site occupation
investigated systematically as a function of temperature.

One contribution to the resonance broadening is the host
lattice nuclear magnetic dipoles. For Nb, the moments
(100% **Nb with y=10.45 MHz/T) are much larger than
Ag or Au. The dipolar linewidth depends on both the direc-
tion of the applied field in the crystal lattice and the probe
site. Calculations of the dipolar width (FWHM) for the Nb
lattice and the candidate sites yield values for Hl{110) of
4.1 kHz (S), 5.3 kHz (0), 10.2 kHz (7), and 6.8 kHz (A).
We note these values are substantially smaller than the ob-
served width; which is, moreover, significantly temperature
dependent, implying another source of broadening is impor-
tant. It is, thus, not possible to infer the site on the basis of
the linewidth.

The temperature dependence of the resonance spectra of
8Li in Nb is summarized in Fig. 4. The resonance positions
are independent of temperature, both for the S and I lines.
With increasing 7, the interstitial lines first broaden [see Fig.
1(c)], then disappear above about 70 K, where the S line
broadens substantially. From Fig. 4(c), there is a substantial
increase in the amplitude of the § line from 50 to 100 K,
which is qualitatively consistent with the loss of amplitude in
the 7 lines. However, a small shoulder at higher frequency
[Figs. 1(b) and 2(b)] may be an unresolved remnant of the I
resonance.

The quadrupolar splitting also contains site information.
The scale of the quadrupolar interaction is the quadrupole
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frequency Vo, which for ®Li is e2qQ/4h, where ¢ is the EFG
at the nucleus, e the electron charge, and & Planck’s constant.
vy sets the scale for the splitting, i.e., a few 10s of kHz, thus
vo/ vy~ 0.002, and the quadrupolar interaction can be treated
as a first-order perturbation on the Zeeman interaction. For
both the O and 7 sites, the EFG is axially symmetric, and the
transition frequencies are

v[m<—>m—l]=v0—%(m—%)[3 cos’ 9-1], (2)

where m=—1---2, and @ is the angle between the applied
magnetic field and the symmetry axis of the EFG tensor.”’
Due to the high polarization of the 8Li nuclei, predominantly
the m=2 (-2 for the opposite helicity) state is populated
initially, so we expect only the outermost satellite transition
2+ 1(-2+«>—1) to be evident in the spectrum as was seen in,
e.g., SrTi0;.2!

By symmetry, for both O and 7 sites, the principal z axis
of the EFG is along a (100) direction.”> The applied field in
the (110) direction breaks the symmetry, yielding two angles
6=45° and 90° in a 2:1 intensity ratio. Thus the factor
[3 cos? 6—1]=+0.5 and —1, implying that there should be
satellites on both sides of vy in each helicity. In contrast, the
data [Fig. 2(c)] show satellites only on one side of v, in each
helicity. This is also in contrast to the S-NMR spectrum of
2B in V, which shows large outer satellite transitions on
both sides of vy, consistent with the O-site assignment.”> The
spectrum in Fig. 2(c) thus rules out these sites for 8Li in Nb,
and we must consider other possibilities.

For the A site, the EFG is nonaxial, i.e., the EFG asym-
metry parameter 7 is nonzero.”’ However, because it lies at
the intersection of two orthogonal mirror planes of the crys-

tal, the principal axes are directed along (110), (110), and
(001). For any choice of these as the EFG’s z axis, the non-
axial analog®® of Eq. (2) yields three distinct combinations of
angles corresponding to three distinct lines for the 2«1 (or
-2+« —1) transition, with 2 on one side of ¥, and 1 on the
other. This is inconsistent with the observed spectrum, and so
we also rule out this site.

The quadrupole satellites are, however, quite well defined.
For the 3 K spectrum the linewidth of the resolved satellite is
~20 kHz, while the central line is ~15 kHz wide
(FWHM). The small excess broadening of the satellite has
some contribution from a distribution of angles, since the
film is not perfectly oriented. The well-resolved spectrum
implies a well-defined local environment for the interstitial;
although none of the interstitial sites considered so far can
account for it. In many metals, channeling studies®' find that
solute atoms form mixed (split) interstitial “dumbell” con-
figurations, where a bound solute-atom—host-atom pair
straddle a lattice site, with the solute atom consequently dis-
placed significantly from the high-symmetry site. This inter-
stitial complex has been discussed theoretically*> and in-
voked to explain high interstitial mobility in bcc lattices.®
Although we have not observed the corresponding quadru-
polar splitting of the analogous configuration in the fcc met-
als, it must be considered a possibility here. The axis of
mixed dumbells in a bec lattice generally lies along a (110)
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FIG. 5. (Color online). A composite spectrum of Nb and the
cubic insulator MgO at 6.55 T and room temperature fit to two
Lorentzians yielding the Knight shift of 8Li at the S site.

direction, i.e., it corresponds to a distorted A site. Alterna-
tively, the site could represent the heteroatom analogue of the
(111) “crowdion” configuration of the self-interstitial,>* as
suggested for undersized solutes in Nb.? In pure bec hosts,
the crowdion configuration results in distinct defect dynam-
ics, such as the low-energy barrier for long-range, one-
dimensional diffusion of the self-interstitial.>*37 Detailed cal-
culations of the EFG for such configurations are required to
determine whether they are consistent with the observed
spectra. We return to a discussion of the ®Li sites below.

We turn now to the shift of the resonance. For this mea-
surement, the Nb foil was wrapped around a crystal of the
cubic insulator MgO. 3Li implanted in MgO exhibits a nar-
row resonance near the Larmor frequency, and we use this
signal as an in situ field reference. Since the foil was much
too thick for the SLi* beam to penetrate, it was pierced with
a pinhole onto which the beam was centered, allowing a
composite spectrum to be recorded. Figure 5 shows the reso-
nance obtained at 290 K and Hy=6.55 T. The asymmetric,
partially resolved line was fit with two Lorentzians, the
smaller one having a width typical of MgO and small ampli-
tude consistent with the pinhole being a small fraction of the
beam spot area. The larger resonance, due to Li in the S site
in the Nb foil, is shifted positively by a few kHz. From this
fit, the shift of 811 in the S site at 290 K is

T Vel _ 4 85(5) ppm, 3)

Vref

KS=

where v is the resonance frequency in Nb, and v, is the
frequency in MgO. The value is similar to the shifts of Li in
other metals.!! To obtain the Knight shift, we must correct K
for macroscopic demagnetization. To an excellent approxi-
mation, the thin film in perpendicular field has a geometric
demagnetization factor N=41r, and the corrected shift is thus
K=K+ 8?7 x> where y is the dimensionless magnetic suscep-
tibility in the cgs system.?® Using a room temperature value®
of x=20X10"° (cgs), we obtain K$=+253(5) ppm. We
note x is slightly temperature dependent below room
temperature,® changing by about 3% of the room-
temperature value. This would yield an approximately 8 ppm
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FIG. 6. (Color online) Fits of the spin relaxation in the Nb film
at Hy=4.1 T for several temperatures. The dashed vertical line is
the trailing edge of the beam pulse. Solid lines are fits to a single
exponential relaxation.

increase in K upon cooling, which is too small to be re-
solved in the data, e.g., see Fig. 4.

K from the foil may be used to infer the shift of the
interstitial 8Li, K, in the film. We use the center of mass of
the satellite lines as the resonance frequency for the intersti-
tial. As is apparent in Fig. 4(a), the interstitial line is shifted
higher in frequency than the S line, see the dashed lines in
Fig. 2. We find a total shift K;=+320(20) ppm, for a cor-
rected value of Kj=+488(20) ppm at 3 K.

Measurements of the spin relaxation in the Nb film are
shown in Fig. 6. The relaxation is strongly temperature de-
pendent and well fit to a single exponential [Eq. (1)], yield-
ing the relaxation rates \ plotted as a function of temperature
in Fig. 7 and as a function of magnetic field at 10 K in Fig.
8.

In metals A is usually dominated by the magnetic field-
independent, 7-linear Korringa relaxation due to the conduc-

0 100 200 300
Temperature (K)

FIG. 7. (Color online) Spin-lattice relaxation rates as a function
of temperature in the Nb film at Hy=4.1 T. The light curve is a
guide to the eye. The linear fits are 0.01271(39) (sK)~' X T below
20 K (dotted), 0.00554 (sK)~!' X T-0.138 s~! from 60 to 220 K
(dot dash), and 0.0028 (sK)~' X T (solid line), an upper limit for the
slope above 300 K. The dark solid curve is a fit to the temperature
dependence below 150 K using the activated site change model
described in the text.
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FIG. 8. (Color online) The magnetic field dependence of (a) the
relaxing amplitude and (b) the spin-lattice relaxation rate from
single exponential fits to relaxation data in the film at 10 K. The
curve in (b) is a Lorentzian centered at zero of width 0.2 T.

tion electrons.*® However, the observed \(7) is not simply
linear, but exhibits linear regimes below ~20 K and be-
tween 60 and 220 K. The dependence of A on magnetic field
at 10 K is shown in Fig. 8 and indicates that, at Hy=4.1 T,
the relaxation is field independent. There is an upturn in A\
below 1 T, suggesting another relaxation mechanism at low
field [as found in Au (Ref. 11) and NbSe, (Ref. 41)]. This is
likely due to interaction between the Li and the dynamic
host nuclear spins, but here the upturn occurs at much higher
fields (about 100 times that in NbSe, at 8 K and 300 times
that in Au at 290 K), implying a much stronger coupling to
the host lattice spin bath.

The hyperfine coupling between the implanted ®Li and the
host conduction band depends on the site as evident in the
shifts. The corresponding Korringa slope of \(T) depends on
the square of the coupling, so it will also be site dependent.
The “peak” at about 30 K, which coincides with the onset of
the disappearance of the quadrupole satellites in the reso-
nance data, is thus a crossover from the high slope of the
low-temperature metastable [ site to the lower slope of the S
site, as in Ag.42 There are, however, some difficulties with
this interpretation. First is the downturn in N above 220 K
which has no obvious coinciding change in the resonance
(other than some narrowing). The second is that the upper
linear region clearly extrapolates to a negative value at T
=0 inconsistent with Korringa relaxation.

To make the analysis of A(7) more quantitative, we adopt
a simple activated site change model and restrict ourselves to
the region below 150 K, where changes are apparent in both
the resonance and relaxation data. We assume two sites with
distinct exponential spin relaxation rates A\ and A\, and a site
change frequency for 1 —2 of v,=v, exp(-E,/T) where E,
is the energy barrier (in K) and v, is an attempt frequency.
Solving a simple system of linear differential equations, we
find biexponential relaxation with two rates \;+v,. and \,.
The data are, however, not significantly biexponential. So,
we assume the single exponential fits represent the weighted
average relaxation rate of the model, i.e., N, p=f(\|+7v,.)
+(1=f)\,, where the weighting factor f is a complicated
function of the variables of the model. Lastly we assume
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simple temperature dependences to each relaxation rate
Ni(T)=c|T, i.e., a Korringa dependence. For \,(T), however,
we adopt an effective temperature dependence that is linear
with a negative intercept (dot-dashed line in Fig. 7). The
results of a least-squares fit to this model is shown as the
dark solid curve in Fig. 7, where v, ~ 10'? yields a barrier of
about 900 K. The main drawback of this model (which
works well for a similar site change in Ag)** is that the
activated dependence is much sharper in temperature than
the data. This suggests that, rather than a single barrier for
the transition, there may be a broad distribution of barriers
(and possibly attempt frequencies), though the situation is
likely more complex as we discuss below.

The Knight shift arises from the hyperfine interaction
which, for the implanted 8Li*, is a measure of the hybridiza-
tion of the unoccupied 2s orbital with the conduction band.
The hyperfine coupling constant A is defined by

A /N,
K¢ n hf(XP ») )
EMB

where n is the coordination of the Li site; xp is the Pauli
paramagnetic spin susceptibility per Nb atom, and up the
Bohr magneton. Taking =109 % 10 emu/mol from the
Sommerfeld coefficient,*> one obtains A,fle.62(3) kG/ ug
for n=8. For the interstitial site, we do not have a definitive
coordination n, so the total hyperfine coupling to the n near
neighbors is Aflfn=25(l) KG/ up. These A, values provide a
stringent test of detailed calculations of the electronic struc-
ture of the isolated ®Li* in Nb.

The Korringa law relates the relaxation rate due to the
conduction electrons to the square of the Knight shift; there-
fore, the Korringa ratio,

K = (KT, TS, (5)

where the constant S, for ®Li, is 1.20X 1075 sK. K is a di-
mensionless quantity which, for noninteracting electrons,
equals 1. IC is thus often used as a phenomenological mea-
sure of correlations, but even for rather weakly interacting
electrons, it often exceeds unity,*>*} and disorder may also
play an important role.** Using the slope of \ below 20 K,
we estimate K;=1.5(2). For the substitutional site, we do not
have a well determined Korringa slope, but we can still make
some rough estimates of [Cg as follows. Using the value of \
at 300 K, we can estimate an upper limit for the slope above
room temperature (solid line in Fig. 7), which yields Kg
=1.9. Alternatively, using the slope in the intermediate lin-
ear regime (despite the negative intercept) gives Kg=1. One
can compare these values with K=6.3 from conventional
NMR of bulk Nb.*3 As in the group 11 fcc metals, K from
8Li B-NMR is much closer to unity than the corresponding
value from NMR of the pure host.!!

We return now to discuss the implantation sites. The tran-
sition between the two well-defined sites, the low-
temperature interstitial and high-temperature substitutional,
is gradual in contrast to the fcc metals.!! The quadrupolar
satellites broaden, but do not shift as temperature is in-
creased, while the main line broadens substantially. Above
70 K, an unresolved remnant of the / resonance may contrib-
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ute to the broad main line resonance [Fig. 4(a)]; Moreover,
the transition in the spin-lattice relaxation appears to proceed
by two steps, the first coinciding with the disappearance of
the quadrupole satellites, and the second at ~230 K, which
may be related to the narrowing of the main line. Taken
together, this strongly suggests a two-step site transition. For
example, before it has sufficient thermal energy to make the
transition to the S site, the interstitial ®Li may undergo ther-
mally activated local dynamics, such as reorientation or part-
ner exchange of a mixed interstitial configuration that nearly
averages out the static quadrupolar splitting above about 70
K. At higher temperature, the (dynamic) interstitial makes
the transition, as evident in A(7). Perhaps not coincidentally,
this occurs at about the temperature of the onset of long-
range vacancy diffusion in Nb (annealing stage III, 220 K).*
In this scenario, the transition at 230 K is Vyy,+Li; — Liyp,
where Vi, denotes the host vacancy, and Li; indicates the
locally dynamic interstitial. We note that, at all temperatures,
some of the implanted ®Li becomes substitutional immedi-
ately. There is evidence for local defect dynamics preceding
long-range diffusivity in metals.*® For instance, motional av-
eraging of the quadrupole splitting has been attributed to
local jumping of implanted Fe atoms in the octahedral inter-
stitial cage of an a-Zr host.***” A similar phenomenon has
been found for the implanted B-NMR probe '*B in Si,*8
though there the impurity-host bonding is very different. In
this dynamic interstitial model, the barrier obtained from the
above two-site fit to N\(T) of 900 K for a v, of 10'?/s corre-
sponds to an activation energy for interstitial motion
~0.08 eV, similar to the activation energy for the local mo-
tion of Fe interstitials in a-Zr (0.07 eV) for an equivalent
attempt frequency.*’” However, as previously stated, it is
more realistic to expect a distribution of Ej, (and possibly v,,).

The spin-lattice relaxation of the dynamic interstitial con-
tains a Korringa component, modified by dynamic averaging
of the hyperfine coupling (yielding the lower slope at inter-
mediate temperatures), as well as other relaxation mecha-
nisms (magnetic or quadrupolar) connected with the motion
itself, that would lead to the non-Korringa behavior, such as
the negative intercept in the intermediate temperature region
in Fig. 7. For example this is seen by S-NMR at the melting
transition of bcc Li metal and its alloys, where a relaxation
peak centered at T, is superposed on the Korringa slope.*
The peak in N(7) at about 220 K cannot be accounted for
simply in this way, as it appears highly asymmetric with a
long low-temperature tail. Further experiments at different
fields and to higher temperatures are required to confirm the
origin of the non-Korringa relaxation at intermediate tem-
peratures. However, the data of Fig. 7 demonstrate the diffi-
culty in making conclusions about metallicity based on non-
Korringa behavior in N(T) over a restricted range of
temperature.”’

IV. SUMMARY

To summarize, we have studied the properties of im-
planted 8Li in bee Niobium to establish the behavior of the
B-NMR probe as a prerequisite to study superconductivity in
Nb films and heterostructures. We identified Li in two sites in
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the lattice. At low temperature, the site is characterized by a
well-defined quadrupolar splitting, but at relatively low-
temperature Li in this site becomes unstable. Close to room
temperature, "Li makes a transition to the cubic substitu-
tional site. The spin-lattice relaxation measurements are con-
sistent with a site-dependent coupling to the Nb conduction
electrons, but seem to include relaxation from another
mechanism above 30 K. This picture of Li as an implanted
interstitial at low temperature making the transition to sub-
stitutional at higher temperature is similar to fcc metals, such
as Ag, Au, and Cu, but with the difference that the interstitial
is distinguished by its quadrupolar splitting. Unlike the fcc
metals, the site change seems to be a two-step process in Nb,
reflecting the distinct defect properties of the bec lattice.
This information may also be important in the interpreta-
tion of hyperfine fields in ferromagnetic bcc Fe.’! A clear
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pattern is thus emerging for implanted ®Li in metals: where
8Li forms a defect with a weak, site-dependent coupling to
the conduction band. Generally the interstitial site is meta-
stable and more strongly coupled, having a higher Knight
shift and a faster Korringa relaxation rate. The detailed site
information may also be of interest in the application of Nb
in proposed nuclear fusion reactors, where energetic Li im-
plantation is expected.’”->
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