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High resolution S-NMR study of SLit implanted in gold
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We report the behavior of low energy SLit implanted into gold as revealed by beta-detected NMR. At an
external magnetic field of 3 T, two narrow resonances are observed, which are attributed to Li in the octahedral
interstitial and the substitutional lattice sites. The Knight shifts for these two resonances are found to be
temperature independent with values of +141(4) and +73(5) ppm, respectively. The spin-lattice relaxation rate
in high magnetic fields at 290 K is slow, consistent with the Korringa relation; however, the rate increases
dramatically for magnetic fields below about 2 mT. We attribute this to interaction of the SLi spin with the host

lattice nuclear spins.
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I. INTRODUCTION

With the recent application of low energy beta-detected
nuclear magnetic resonance (8-NMR) as a local probe of the
electromagnetic properties of thin films, heterostructures,
and near the surfaces of crystals,'” it has become important
to establish the detailed behavior of the probe nuclei (°Li) in
a variety of simple materials. In particular, in this work, we
focus on the face-centered cubic (fcc) metal gold. Au is par-
ticularly interesting for its chemical inertness,® which is the
basis of its common use as a capping layer in many thin film
heterostructures, protecting sensitive underlayers from oxi-
dation. Its high density is especially significant here since
low energy ions can be implanted in very thin Au
overlayers.” For instance, it may be possible to study the
magnetization of a buried interface by implanting the probe
ions into a thin Au overlayer and perform the investigation
proximally.® In such an experiment, the magnetization of the
interface or underlayer would perturb the magnetic field in
the capping layer, causing a broadening and possibly a shift
of the resonance. It is thus an important prerequisite for such
studies (and the topic of this work) to establish the behavior
of the probe in the unperturbed Au host.

Here we report results of S-NMR studies of 5Li in bulk
Au. At high external magnetic field, we find two well-
resolved resonances, with temperature-dependent amplitudes
that correspond to different cubic stopping sites for the ®Li.
A site change transition, apparent in a crossover of the reso-
nance amplitudes, occurs centered at about 190 K. We make
an accurate measure of the small positive Knight shifts of
these lines: +73(5) and +141(4) ppm. At 290 K the spin-
lattice relaxation rate (1/7)) is correspondingly slow, but for
very low magnetic fields (<2 mT) the relaxation increases
as the ®Li begins to interact with the dynamic nuclear spins
of the host lattice. By varying the implantation energy, we
find no significant depth dependence of the resonances.
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PACS number(s): 76.60.—k, 76.30.Lh, 75.70.Ak

II. EXPERIMENT

The experiments were conducted at the TRIUMF ISAC
facility, which provides a low energy (~30 keV) beam of
hyperpolarized'® 8Li* with a typical rate of 10°/s. Here, we
briefly describe the S-NMR technique as implemented at
TRIUMF; additional technical details may be found in Refs.
11 and 12.

The probe ®Li has spin /=2, nuclear gyromagnetic ratio
8)/:6.3015 MHz/T, lifetime 7=1.21 s, and small quadru-
pole moment Q/e=+31 mb. A high degree of spin polariza-
tion of the ’Li probe nuclei is produced in-flight by optical
pumping.'® By selecting the sense of circular polarization
(helicity) of the pumping laser, one can select the spin polar-
ization direction to be either parallel or antiparallel to the
applied magnetic field. Data is collected under both polariza-
tions alternately for accurate baseline determination. The
SLi* are implanted into the sample mounted on a helium
coldfinger cryostat (3—-310 K), in an ultrahigh vacuum
(UHV) chamber contained in the bore of a high homogeneity
superconducting solenoid that produces a static longitudinal
magnetic field H, along the beam direction. Typically, the
beam is focused to a 3-mm diameter beamspot. The beta
decay countrates are measured using two fast plastic scintil-
lation counters located 180° opposite each other along the
beam axis, in front of (forward, F), and behind (backward,
B) the sample. The beam passes through a small aperture in
the back counter. The asymmetry in the decay rates from the
two counters A=(F—-B)/(F+B) is the experimentally mea-
sured quantity and is directly proportional to the ®Li nuclear
spin polarization.

To measure resonances, 8Lit is implanted continuously,
and the time-averaged nuclear polarization is monitored as a
function of the frequency v of a small radio-frequency (RF)
field H, applied transverse to the polarization by a transmis-
sion line Helmholtz coil. The frequency is stepped slowly on
the scale of 7 over a range around the resonance, correspond-
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ing to many cycles of v; the resonances are thereby acquired
using continuous-wave (CW) RF. On resonance, v matches
the Larmor frequency of ®Li (vy=yH,), resulting in fast
precession of the polarization around the direction of H,,
reducing the time-averaged A. The observed resonance thus
appears as a decrease in A. The amplitude of the RF field is
monitored with a directional coupler and a calibrated power
meter on the input of the (nonresonant) tank circuit, yielding
the measured power P, ;. For this coil, H,[uT]~ 13yP,{W].
The frequency range is often scanned several times for both
helicities. Prior to analysis, the scans of a given helicity are
averaged, and the resulting two spectra are combined. Be-
cause the spin polarization is not generated by the applied
field, and the signal is detected via the asymmetric 8 decay,
the resonance signal-to-noise is independent of frequency v,
in contrast to the * dependence of conventional NMR. This
enables experiments to be carried out easily over a wide
range of applied magnetic fields.

The spin-lattice relaxation rate 7' is measured by moni-
toring the time dependence of the nuclear polarization in the
absence of the RF field. In the T experiments, the incident
ion beam is pulsed using a fast electrostatic kicker, and the
loss of the initial nuclear polarization with time [i.e., A(7)] is
measured after each pulse. A pulse length of 0.5 s duration,
followed by a counting period of 10 s was used. Note that
very few ®Li survive more than the corresponding eight ex-
ponential lifetimes from the pulse. For this reason it is diffi-
cult to measure very slow (7> 7) relaxation accurately. De-
cay events are accumulated by repeating this cycle every 15
s. Like the resonance data, Tl'l is measured using alternate
helicities, which are subsequently combined for analysis. To
extract a relaxation rate the asymmetry following the beam
pulse is fit to a single exponential decay: A(f)=Aye™"",
where A is the initial asymmetry.

To vary the implantation energy of the ion beam, the spec-
trometer can be biased with a high positive electrostatic po-
tential, allowing the average implantation depth to be varied
in the range 2-200 nm.

In this work we studied two samples of Au to verify that
the results are intrinsic. Some preliminary results of the reso-
nance behavior of ®Li in a third sample are reported in Ref.
14. However, in that work no reference signal was available
to measure the relative shifts, preventing a determination of
the Knight shift, K. Here a Au film was deposited on a (100)
MgO substrate, and we use the ®Li resonance in the substrate
as an in-situ frequency reference. This film (sample I) is 100
nm thick grown by thermal evaporation from a 99.99% pure
source at a rate of ~4 A/s under a background pressure of
107 torr. The thickness of the film was estimated using a
calibrated thickness-rate monitor during deposition, and
shows a preferred orientation along the (111) direction as
determined by x-ray diffraction. Data is also presented for
SLi implanted in a 25 um 99.99% pure foil (Alfa Aesar),
denoted as sample II.

III. RESULTS

A. Resonance spectra

The CW RF acquisition mode results in resonances that,
for low P,, are Gaussian in shape, while at higher power, are
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FIG. 1. (a) Spectra recorded in sample II at 0.3 T, 290 K, and
30.5 keV implantation energy as a function of the amplitude of the
RF field, H;. (b) Gaussian [exp(v—1,e,)%/207] linewidths o of the
spectra in (a). An intrinsic linewidth oy=186(5) Hz due to the
static host nuclear moments is obtained for H;=0. The horizontal
lines indicate the calculated, powder average, van Vleck linewidths
for the undistorted O (dot-dash line) and S (dashed line) sites.

well described by power-broadened Lorentzian lineshapes.
The linewidth (o) depends on the amplitude of the RF field
H, via

=N+ g+ (yH,))?, (1)

where oy is the intrinsic static linewidth, which, in the ab-
sence of other contributions, is just due to the distribution of
host nuclear dipole fields at the probe site, i.e., the well-
known van Vleck linewidth."> The dynamic contribution is
N=1/7+1/T}, which in Au, at all temperatures studied here,
is at least 2 orders of magnitude smaller than o, and can thus
be neglected. At high P,;, the last term in Eq. (1) dominates
the width. The resonance also increases in amplitude with
H,, eventually saturating when the SLi is completely depo-
larized. Figure 1 shows an example of the dependence of the
resonance on H; in Au at Hy=0.3 T. Below about 30 mW
(~2 uT), the width is the H;-independent intrinsic oy Prac-
tically, a compromise between broadening and amplitude is
made to determine which RF power is used. High power may
reveal broad lines that are undetectable at lower power but
does not give an accurate measure of the intrinsic linewidth.
The condition for detectability is that a significant fraction of
the ®Li spin polarization lies within the RF bandwidth (yH,)
on resonance. With the maximum H;~0.1 mT, we can ob-
serve resonances as wide as 30 kHz FWHM.

At room temperature, in magnetic fields above ~1 T, the
spectrum of ®Li in Au exhibits a single narrow resonance
near v,. Figure 2 shows the resonance at 290 K in sample 1.
At this implantation energy (28 keV) only a small fraction of
the ®Li penetrate the Au film to stop in the MgO. The reso-
nance from ®Li* in the MgO substrate is not shifted and thus
provides a convenient measure of v,,” allowing us to deter-
mine the relative frequency shift of the resonance in Au at
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FIG. 2. A typical spectrum of SLi+ implanted into sample I at 28
keV for H;~3 uT, showing the large resonance in Au and the
smaller resonance in the MgO substrate. The spectrum is fitted with
two Lorentzians (solid line).

290 K as K=(v—v,)/vy=+63(4) parts per million (ppm),
where v is the position of the peak corresponding to °Li in
Au.

As the temperature T is lowered, a second resonance at
slightly higher frequency appears and grows in intensity at
the expense of the original.'* For example, Fig. 3 shows the
temperature dependence of the spectra in sample II as a func-
tion of temperature. This is observed in several samples of
Au, confirming that it is intrinsic to isolated 8Li in Au. The
second resonance is found at higher frequency upon cooling,
at +131(4) ppm. The magnetic origin of the relative shifts
was confirmed, for example, by reducing H, to 0.3 T where
the two resonances are not resolved. As discussed in Sec. IV,

50 100 150 200 250
K (ppm)

FIG. 3. (Color online). Resonance spectra recorded in sample II
for Hy=3 T and H;~5 uT at 30.5 keV (circles), and at 8.5 keV at
10 K (squares). The solid lines are fits using one (7<150 K) or
two Lorentzians (7>150 K).
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FIG. 4. Temperature dependence of (a) Knight shift and (b) the
amplitudes of the 3 T resonances in sample II from the Lorentzian
fits in Fig. 3. O site line, open symbols; S site line, filled symbols;
8.5 keV data, circles.

by analogy with the behavior of (i) the temperature depen-
dence of the resonances and (ii) the relative sizes of the shifts
in the other group 11 fcc metals,'® we provisionally assign
the high frequency resonance to Li in the octahedral intersti-
tial (O) site of the Au lattice, and the lower frequency line to
the substitutional (S) site.

We find the high field spectra at H;~5 uT fit well to
Lorentzian lineshapes. From such fits, the shifts and ampli-
tudes are shown in Fig. 4. The shifts are independent of
temperature (consistent with Knight shifts), while the ampli-
tudes show a crossover at about 190 K, somewhat higher
than a similar crossover in Ag.! As the temperature is further
decreased (below 50 K) the amplitude of the narrow O reso-
nance decreases [Fig. 4(b)]; a similar reduction of the O
resonance is seen in Cu,® but not in Ag.1

To investigate the possibility of depth dependence of the
resonances, we studied the spectra as a function of implan-
tation energy for several energies ranging from 8.5 to 30.5
keV, corresponding to mean implantation depths in the range
25-70 nm, according to Monte Carlo simulations using
TRIM.SP and SRIM2006.'¢ No significant depth dependence
of the resonances was observed in either sample.

B. Spin-lattice relaxation

We turn now to measurements of the spin-lattice relax-
ation rate. Two examples of ®Li relaxation spectra in samples
I and II at 290 K are shown in Fig. 5. In both, A(z) following
the 0.5 s beam pulse is well described by a single exponen-
tial decay. Unlike conventional NMR, this type of 7| mea-
surement is not spectrally resolved, i.e., the measured rate
corresponds to a weighted average over all stopping sites,
which may differ in their relaxation rates. However, the data
shows no indication of multiple relaxing components,'” con
sistent with the single (S site) resonance at this temperature.
At 13 keV, the fraction of ions that penetrate the Au layer is
negligible. The agreement between the two samples is quite
good so we take the average, T[1:0.127(7) s~! as the Ko-
rringa rate at this temperature.
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FIG. 5. (Color online). Spin-lattice relaxation spectra of 8Li in
sample I at 4.1 T (open circles; solid line) and sample II at 15 mT
(filled squares; dashed line) at 290 K. The data are fit to a single
exponential after a 0.5 s beam pulse, indicated by the vertical line.

The H, dependence of the relaxation rate at 290 K is
shown in Fig. 6. It is independent of field down to about 2
mT, below which, it shows a marked increase. The amplitude
Ay is also significantly field dependent in this range, falling
to about one third of its high field value as the field ap-
proaches zero (inset of Fig. 6). The field independence of
1/T, at high field is consistent with the Korringa mechanism,
i.e., spin-flip scattering of conduction electrons from the 5Li
nucleus. In conventional NMR of metals at low fields,!8 the
Korringa rate increases by a factor of 2. In contrast, we find
a tenfold increase, suggesting that, instead, there is an addi-
tional relaxation mechanism operative at low field, i.e., a
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FIG. 6. Applied field dependence of the spin-lattice relaxation
rate at 290 K in sample II at 28 keV implantation, except the point
at 4.1 T, which is from sample I at 13 keV. The solid line is a fit to
a Lorentzian. Inset: Initial asymmetry of the relaxing component as
a function of applied field. Above 15 mT this value becomes field
independent. The solid line is a guide to the eye.

PHYSICAL REVIEW B 77, 214107 (2008)

Zero crossing resonance,'® where at zero field the 811 and
197 Au Larmor frequencies coincide, enabling a resonant loss
of ®Li polarization to the host lattice nuclear spin bath. A
similar increase is seen in the spin lattice relaxation of ®Li in
Cu at low field.?° A Lorentzian of width 0.6(1) mT fits the
field dependence of the rate reasonably well (Fig. 6). A more
detailed study of the field and temperature dependence of the
low field relaxation is the subject of a future report.

IV. DISCUSSION

We begin by pointing out the similarity in the temperature
dependence of the resonances of ®Li* implanted in Au and
Ag.1 In both metals, at high field, two narrow resonances
slightly positively shifted from the Larmor frequency with
nearly T-independent positions, but strongly 7-dependent
amplitudes are observed. This is also found for ®Li in Cu, but
in Cu the resonances are not well resolved.® The absence of
quadrupolar splitting of the resonances implies that the SLi
site has cubic symmetry. Recall the quadrupolar interaction
couples the nuclear spin to the local electric field gradient
(EFG), and the EFG is identically zero for sites of cubic
symmetry. There are only three cubic sites in the fcc lattice,
namely the substitutional (S), the octahedral (O), and tetra-
hedral (7) interstitials. The resonance frequencies of these
sites will be distinguished by differing hyperfine couplings to
the Au conduction electrons, yielding different Knight shifts.
Thus we suppose the observed resonances correspond to two
of these three possible sites. Provisionally we assign the high
temperature line to the most spacious of the three, the S site,
and the low temperature line to the next largest, the O site.
These assignments are consistent with B-NMR mea-
surements?! and calculations?? for 3Li in isostructural Ni, as
well as alpha particle channeling results.??> They are also in
agreement with S-NMR cross-relaxation results for a differ-
ent implanted probe, '>B, in Cu.2*?% Definitive site determi-
nations may be possible with similar cross-relaxation mea-
surements on °Li in, e.g., Cu.2’ In this scenario, the
temperature-dependent resonance amplitudes result from a
thermally activated (O—S) site change, i.e., Li in the
smaller O site is metastable. This is reasonable, since occu-
pation of a larger site should correspond to a lower energy
configuration for the implanted Li. For T above =150 K, the
Li has sufficient thermal energy to migrate to a nearby va-
cancy and become substitutional. The vacancy is likely not
thermal in origin, but rather a product of the Li implantation
itself.?®

The dipolar linewidth is also site dependent, but uncer-
tainty in the extent of local lattice distortion around the im-
planted ®Li makes it difficult to use conclusively for deter-
mining the site. However, such calculations are in reasonable
agreement>’-?® with the assignments for light beta-active ions
implanted in Cu. Because of the small '*’Au nuclear mo-
ment, we expect small dipolar widths. Indeed, it is only be-
cause the lines are so narrow that we can resolve such
closely spaced resonances, in contrast to Cu.® The widths of
the ®Li resonances in Au exceed the dipolar (van Vleck)
widths calculated for the undistorted lattice. For the O and S
sites, the calculated powder average widths are 95 Hz, and
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TABLE L. Summary of S-NMR shifts K, hyperfine couplings A, and Korringa ratios K for 8Li* in the
group 11 metals, Cu (Ref. 6), Ag (Ref. 1), and Au (this work). The Korringa ratio from conventional NMR

Kamr from Ref. 32 is also shown for comparison.

K¢ (ppm) Apy (kG/ up) K Knmr
Host S 0 S 0 Apl Ay S site
Cu +136(3) +197(3) 4.8(1) 13.8(2) 2.9(1) 1.46(4) 1.83(15)
Ag +128(13) +220(16) 6.2(6) 21(2) 3.4(5) 1.44(2) 2.22(20)
Au +73(5) +141(4) 2.8(2) 10.7(3) 3.8(3) 1.01(6) 1.40(16)

49 Hz, respectively [horizontal lines in Fig. 1(b)]. The origin
of the additional linewidth is not clear. The widths from the
fits in Figs. 2 and 3 show no temperature dependence and are
similar for both S and O resonances; thus, they are not due to
residual (ppm level) magnetic impurities in the Au, which
would yield a temperature- and field-dependent width. The
broadening may simply arise from a local contraction of the
Au lattice about the 8Li, decreasing the distance to the near
neighboring Au dipoles and increasing the van Vleck width.
This possibility has been reported for other implanted
probes, e.g., negatively charged muonium in n-type GaAs,?
and '°B in ZnSe.?° Alternatively, the linewidth may reflect a
narrow, unresolved quadrupolar powder pattern if the ®Li site
is not perfectly cubic. Slightly noncubic sites could result
from a small symmetry-breaking local lattice distortion
caused by the ®Li or, as has been suggested for '*B in Cu and
AL?® the occurrence of distant point defects created by the
814 implantation. For the remainder of this discussion, we
will assume our site assignment is correct, noting that most
of the comparisons will not be altered greatly if an alternate
subset of the three cubic sites is chosen, the main difference
being the site coordination n.

K is taken to be a site-dependent Knight shift that arises
from a coupling of the 8Li to the small, T-independent Pauli
susceptibility of the host yp. However, the raw shift contains
a contribution due to demagnetization.’ For films and thin
foils, the demagnetization factor N is very close to 4, and
the corrected shift K¢ is obtained by adding Ak=2Nyp/3 to
the measured K. Using xp=1.21X10° emu/cm® (Ref. 31)
yields the corrected shifts K§,=+141(4) ppm and K=
+73(5) ppm. The ratio of the shifts for the two sites is then
K,/ K5~2, corresponding to a splitting of 68(6) ppm, and
the shifts are independent of T in the range 10-290 K [Fig.
4(a)]. The splitting between the S and O lines observed in the
polycrystalline Au foil (sample II) is the same as that mea-
sured in more highly oriented films (sample I and a 50 nm
film'%), indicating that K, and thus A, is predominantly iso-
tropic, as expected for a cubic host.

The site dependence is attributed to differing hyperfine
coupling constants A, resulting from hybridization of the
8Li* 2s orbital with the Au conduction band. Ay is typically
expressed in units of kG/up, where up is the Bohr magne-
ton, and is given by

Ahf= - (2)

where N, is Avogadro’s number, n is the coordination num-
ber of the site (12 for S; 6 for O), and u, is the electron

magnetic moment (9.28 X 1072* J/T). Using Eq. (2), Aif
=2.8(2) kG/pup and Ap=10.7(3) kG/ .

These values are compared to those for ®Li in the other
group 11 metals in Table I. For a given site, the coupling
constants vary by no more than a factor of 2 in these metals.
The origin of the difference in A, between different hosts is
a complex question that requires careful consideration of
several factors such as the band structure of the host, the
local electronic structure of the SLi* defect (including
screening), and the local structural relaxation around the im-
planted ion. The latter is particularly important for interstitial
(0) ions.**** A, depends in part on the strength of the hy-
bridization, which in the simplest picture is a function of n
and the distance between the probe and the neighboring host
atoms. Comparing the O site to the S site, n is half as large,
but the distance to the nearest-neighbors is less. If this was
the only consideration, one would then expect similar A
for Au and Ag as the lattice constants for these metals are
essentially equal, instead the coupling constants for Au are
about half the values for Ag (and yp for these two metals
differs by only 22%). The energy of the screened °Li* 2s
state with respect to the host Fermi level will also be impor-
tant in determining Ay Table I also lists the ratio A%/Aif,
which is found to be similar for all three metals although it is
slightly larger for Au and Ag than Cu, in accordance with the
trend in lattice constants. We find that the lower coordination
site (O) experiences a larger hyperfine field than the higher
coordination site (S) in all three hosts. This is not likely
universal, however, as calculations for various implanted im-
purities predict the opposite may occur, especially for ferro-
magnetic hosts like Fe or Ni.>*3* Thus, hyperfine fields are
very sensitive to the identity of both the impurity atom and
the host. First-principles calculations are needed to under-
stand the subtleties involved for a given system. Such calcu-
lations are beyond the scope of this work but would provide
stringent tests of electronic structure models, that up to now
have mainly focused on impurities implanted in magnetic
hosts where the fields are large. Similar calculations for non-
magnetic defects in nonmagnetic hosts, such as 814 in Au,
would be interesting to compare to our measurements.

At high fields, where the electron-nuclear (Korringa)
mechanism is dominant, the spin-lattice relaxation rate of
8Li, at room temperature, in both Ag (Ref. 1) and Cu (Ref. 6)
is nearly 3 times faster than in Au. The present, averaged
room temperature relaxation time in Au (Fig. 5), T
=7.9(4) s, is half the 17(3) s reported by Koenig et al.,?> but
double the 4(1) s measured by Haskell and Madansky.?®
Thus, our result is within the range of the two reported times,
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but the origin of the discrepancy is not certain, especially
since the previous results differ from each other by a factor
of 4. It is noted that all three times were obtained for H,,
>2 mT, where we have determined T} to be field indepen-
dent (Fig. 6). The authors of Ref. 35 note that in both of the
previous studies (using MeV recoil ions) the temperature of
the Au samples was not controlled during irradiation; how-
ever, they conclude that contamination of the sample surface
was the most likely reason for the faster 4(1) s relaxation
time reported in the earliest study. A relaxation time of 3.3(3)
s is also reported in Ref. 35 for ®Li in Ag foil at room 7,
which agrees very well with measurements by our group for
8Li in a Ag film." We note that the determination of relax-
ation times that are significantly longer than the radioactive
lifetime of the probe 7 is difficult. Our method, using both
parallel and antiparallel spin polarization, accurately deter-
mines the baseline corresponding to the thermal equilibrium
polarization, even though the relaxation is too slow to ap-
proach this value during the experiment. Combined with the
sample independence evident in Fig. 5, we conclude our
measurement is the most reliable measurement to date.

The Korringa law relates the relaxation rate to the square
of the Knight shift.!>3! As a consequence, the Korringa ratio,

K = (KT, TS, (3)

where S is a nucleus-specific constant that for ®Li is equal to
1.20X 1073 sK. K is a dimensionless constant equal to 1 in
the limit of noninteracting conduction electrons. Conduction
electron correlations cause K to deviate from unity, with dis-
order playing an important role.’” K is thus often used as a
phenomenological measure of conduction electron correla-
tions, but even for rather weakly interacting electrons, it of-
ten exceeds unity.!> By combining our averaged Tl‘1 value
with K¢ in Eq. (3), we obtain £=1.01(6) for 8Li in Au at 290
K, remarkably close to the ideal value and very different
from in the strongly ferromagnetically correlated metal, Pd
(cf. Ref. 2).

The K values for the S site in the other group 11 hosts are
given in Table I. They reveal an enhancement for ®Li in Ag
and Cu, which is the same within error; however, conven-
tional NMR (conducted at cryogenic temperatures to im-
prove signal-to-noise)?? give a slightly larger K for Ag than
Cu, but a value for Au that is less than either Ag or Cu. A
smaller Korringa ratio for 81 in Au, thus, seems consistent.
However, the value obtained from conventional NMR in
Au®? is somewhat larger [K=1.4(2)]. Substitutional SLi
should have approximately the same hyperfine form factor
[i.e., the spatial Fourier transform of the hyperfine coupling
Ah_,(q), where ¢ is the wave vector] as the intrinsic Au, so the
difference in K is not likely a result of a different filtering
effect of A,{(g) on finite wavelength conduction electron cor-
relations. Rather the presence of the °Li* itself may renor-
malize K via scattering.

The sum of the normalized (divided by the initial baseline
asymmetry A,) amplitudes in Fig. 4(b) for temperatures
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above the site transition is almost 1, indicating that the reso-
nance is nearly saturated [cf. Fig. 1(a)]. Below the transition,
however, this is clearly not the case and, in particular, the
~40% decrease in normalized amplitude below 50 K sug-
gests that there is an unresolved signal that is too broad to be
observed at the P, of Fig. 3. This is similar to what has been
reported for ®Li in Cu.® Indeed, the spectra from ®Li in a 50
nm Au film'* exhibit an asymmetric broadening at low tem-
peratures; however, H, in those measurements was an order
of magnitude larger than that used in the present work. The
narrow lines (with widths in the range of static dipolar val-
ues) correspond to 8Li in well-defined cubic sites in the host
lattice; thus, this broad component must coexist with the cu-
bic O site, and it is only observable at high H,. Such a
broadening could be quadrupolar due to implantation-related
defects, which at low temperature are near the ®Li stopping
site. The appearance of a “disordered site” below 50 K is
consistent with the quasicontinuous recombination of corre-
lated vacancy-interstitial (Frenkel) pairs in this temperature
range due to the high mobility of the Au self-interstitial.®
We note such low temperature broadening (at large H;) or
the resulting reduced signal amplitude (at small H,) is not
seen for ®Li in Ag.!

V. CONCLUSIONS

To summarize, we have studied the S-NMR of low energy
8Li implanted in bulk Au. We find narrow resonances corre-
sponding to two cubic Li sites, provisionally assigned to ions
in the octahedral interstitial O and substitutional S sites. We
find a site transition from the metastable O site to the S site
centered at about 190 K. We find no evidence for depth de-
pendence of the resonances for the implantation range stud-
ied. At low RF power, the spectra in Au are very similar to
those in Ag, but with smaller shifts and a correspondingly
slower spin-lattice relaxation rate. The latter is found to be
highly field dependent for external magnetic fields less than
2 mT.

The broad resonance seen below 50 K at high P, (Ref.
14) is not detected at the small H; used here, making low
temperature proximal magnetometry® using ®Li implanted in
a Au capping layer feasible, though not as simple as in Ag.
However, the advantages of Au (higher density, lower reac-
tivity, and the tendency to form flatter films*) make it an
important candidate for this application. This study estab-
lishes the basic behavior of ®Li in Au necessary for future
B-NMR studies of thinner Au films and capping layers.
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