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Abstract. We report detailed behaviour of low energy 8Li implanted near the surface of a-
Al O3 single crystal, as revealed by beta-detected NQR of 8Li. We find that the implanted
8Li occupies at least two sites with non-cubic symmetry in the AlyOs lattice. In both sites the
8Li experiences axially symmetric electric field gradient, with the main principal axis along the
c-crystallographic direction. The temperature and field dependence of the spin lattice relaxation
of 8Li in a-Al;Os, indicate that the 8Li diffusion is negligible on the scale of its lifetime, 1.21 s.

1. Introduction

Sapphire (a-AlxO3) is an important material with many technological applications, for example
in optoelectronics, catalysis and environmental chemistry [1]. It is an exceptionally stable oxide
with a very large formation enthalpy, high mechanical strength and thermal conductivity, which
is often used as a substrate for thin film deposition. Point defects can strongly modify the
properties of sapphire, which may affect its use, for example in proposed gravity wave detectors
[2]. Therefore, they are of considerable interest, and have been the subject of numerous
theoretical investigations [3, 4, 5]. Ion implantation is an important method to create point
defects in materials and thereby modify their properties as has been studied extensively in
sapphire [6], including as a synthetic route to included metallic nanoparticles [7]. There are,
however, few detailed investigations of the crystallographic sites of low dose and low energy
implanted ions in the crystalline matrix [8, 6].

In addition to the importance of point defects, it has been shown that mixtures of sapphire
with Li ionic conductor nanoparticles can enhance Lit conductivity in these materials [9, 10].
This effect was attributed to the heterointerface in this nanocomposite material. However,
the contribution of sapphire to this enhancement and its microscopic details are still not well
understood.

In this paper we present zero magnetic field S-detected nuclear quadrupole resonance (f-
NQR) of 8Li* implanted near the surface of sapphire. We find that ®Li occupies at least two
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inequivalent crystallographic sites, distinguished by their local quadrupolar interactions. Both
sites exhibit an axially symmetric electric field gradient (EFG), with the main principal axis
(MPA) along the c-crystallographic direction. We also measure the temperature dependence
of the resonance spectra and the spin lattice relaxation down to liquid helium temperatures.
The temperature and field dependence of the spin lattice relaxation rate indicate that the main
source of spin relaxation of ®Li in Al,O3 is fluctuations of the EFG. These results rule out 8Li
diffusion in sapphire, even near its surface at and below 300 K.

2. Experimental

B-NQR is a magnetic resonance technique similar to nuclear magnetic resonance and muon spin
relaxation (uSR). The local spin probe used in these experiments is 8Li. A low energy (28
keV) beam of radioactive 8Lit is produced at the isotope separator and accelerator (ISAC) at
TRIUMF in Vancouver, Canada. It is then spin-polarized using a collinear optical pumping
method, yielding nuclear polarization as high as 70%, and subsequently implanted into the
studied sample. Since the implanted beam energy is relatively low, the ®Li stops near the
surface of the sample, e.g. at an average depth of ~ 1500 A in Al,O3 at the implantation energy
used here. The nuclear polarization, and its time evolution, is the quantity of interest in our
experiments. It can be measured through the 8-decay asymmetry, where an electron is emitted
preferentially opposite to the direction of the nuclear polarization at the time of decay [11] and
detected by appropriately positioned scintillation counters. 8Li is a spin I = 2 nucleus with a
small electric quadrupole moment @@ = +31.4 mB and gyromagnetic ratio v = 6.3015 MHz/T.
The magnetic resonance is detected by monitoring the time-averaged nuclear polarization as
a function of a small radio frequency (RF) magnetic field applied perpendicular to the initial
polarization direction. Alternatively, the spin lattice relaxation of the ®Li nuclear spin can be
measured by implanting a short pulse of beam (e.g. 4 seconds) and measuring the polarization
as a function of time during and after the beam pulse with no RF field. More details about the
technique can be found in Refs. [12, 13].

In the experiments reported here, the sample is an epitaxially polished single crystal substrate
of a-AlsO3. The c-axis oriented crystal was 12.5mm square and 0.5 mm thick. It was mounted
on the cold finger of a He flow cryostat. In all the measurements, the c-axis was oriented 45°
relative to the Li nuclear polarization. The experiments were performed in zero and low magnetic
field, applied along the initial nuclear polarization of the implanted 8Li.

3. Theory

Typically, the implanted ®Li resides at well-defined crystalline lattice sites which can be
interstitial or substitutional. Sites with non-cubic symmetry are characterized by an EFG which
couples to the electric quadrupole moment of 8Li giving rise to a zero field (ZF) splitting in the
nuclear spin levels [14]. This splitting and the resulting nuclear quadrupole resonance spectrum
are thus a fingerprint of the ®Li site. Assuming the EFG tensor is axially symmetric about z,
the quadrupolar spin Hamiltonian is [15]:

Hy = hyg[I? — 2] (1)

where v, = e2qQ/8, eq = V,, is the EFG along z, and @ is the electric quadrupole moment of the
nucleus. The energy eigenvalues, F,, = huq(m2 — 2), are a function of the azimuthal quantum
number m where I,|m) = m|m). Small perturbations, such as small magnetic fields or slight
deviations in the quadrupolar interaction, can have a surprisingly large effect on the nuclear
polarization and S-NQR measurements. This may be traced to the fact that in zero magnetic
field the | & m) states are degenerate and therefore easily mixed by small perturbations. Crystal
imperfections, resulting in, for example, non-axial terms in the EFG, also lead to | £ m) state
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mixing. Consider for example a small term which breaks the axial symmetry of the EFG [14, 16]:
Hy = b ( — T2) B

Here 7 is the conventional dimensionless EFG asymmetry parameter [14, 16]. H, mixes the
m = £1 levels in first order with a characteristic frequency splitting between the mixed levels.
We have shown [13, 17] that even small values of n (e.g. 0.01) will produce strong mixing of the
| £ m) states and a resulting fast drop of the initial nuclear polarization. Therefore, our 5-NQR
measurements are effectively insensitive to 8Li sites with non-axial EFG, such as sites near a
defect or vacancy. In what follows we will assume 1 = 0.

Another perturbation that can lead to mixing between different |m) states is a small magnetic
field perpendicular to z (the MPA). Consider first a small magnetic field which is oriented along
z, B = BZ. The resulting Zeeman interaction lifts the degeneracy between | +m) states in first
order but does not mix the states since it commutes with H,. Although the measured resonance
positions are shifted by a small amount there is no change in the amplitudes. For example,
the resonance corresponding to the |2) — |1) transition shifts by vB. On the other hand if
B = B2 is applied in the z direction the Zeeman interaction does not commute with H,. Such a
perturbation mixes the different m levels and consequently has a dramatic effect on the nuclear
polarization. In general, the Hamiltonian of the ®Li spin in an applied field B is

H=H,—hv(I,cos0+ I;sin@), (3)

where v = 4B and 6 is the angle between the MPA and the applied field direction. Using
perturbation theory the dimensionless mixing A, , between states |m) and |n) can be written
as (see e.g. [13])

A _ v sin 0 2 ~ sin?0 (v 2
2,1 — \3yg—vcosb - 9 Vg
A _ v sin 0 2 ~ sin’0 (v 2
—2,-1 = \ 3y +vcosh - 9 Vq 4
2 - 2 (4)
A _ 3 v sin 0 ~ 3sin“6 (v
1,0 2 \vq—vcosf - 2 vq
A _ 3 v sin 0 2 ~ 3sin?0 (v 2
—-1,0 2 \ygtvcost - 2 Vg

Note that A, , for all other m and n values vanish in first order. Provided this mixing is larger
or comparable to the ®Li decay rate, it will affect both the measured initial nuclear polarization
and its relaxation rate.

4. Results
In the process of carrying out the resonance measurements, we found that the 8LiT beam caused
the sapphire crystal to scintillate (see Fig. 1), likely due to the S-emission produced in its decay

Figure 1. Demonstration of sapphire’s use as
a scintillator. The image of the ®Lit beam
impinging on sapphire at a rate of 107 per
second, taken with a CCD camera over a 10
second exposure. The dashed line highlights a

8x8 mm? area.

as well as the subsequent a decay of its daughter ®Be. This property is not surprising in
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view of sapphire’s well-known luminescent properties [18, 19], but it does provide an interesting
application as an ultra-high vacuum compatible, thermally conductive backing material for -
NMR samples, which enables tracking and positioning of the beam accurately on small samples.

Initially we tried to measure S-NQR spectra, while implanting 8Li with its polarization
perpendicular to the c-axis of the AloO3 crystal. Under these conditions there was no measurable
asymmetry in ZF, possibly due to (i) all the implanted 8Li occupy a site with a very small nuclear
quadrupole interaction, (i) the MPA at ®Li site is along the c-axis, or (iii) a large n which
produces a large mixing between the different |m) states and a subsequent loss of polarization.
However, when we rotated the AlsOgs crystal by 45° two resonances were observed at room
temperature with a non-vanishing asymmetry off resonance (Fig. 2). This clearly indicates that
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Figure 2. [-NQR spectra at various tem-
peratures and in ZF. There is no significant
temperature dependence of the resonance fre-
quency, amplitude or broadening. Note how-
ever, a reduction of the baseline asymmetry is
observed as the temperature is lowered. The
solid lines are fits to Lorentzian lineshapes.

Figure 3. The resonance frequencies (a),
normalized amplitudes (b) and widths (c) as
a function of temperature, obtained from fit-
ting the B-NQR spectra to Lorentzian line-
shapes. The circles and squares indicate low
and high frequency resonance parameters, re-
spectively.

at least a large fraction of the ®Li occupy sites with a nearly axial EFG which is oriented along
the c-axis. The two resonances are attributed to two distinct sites, each with a different EFG
tensor. Since the ratio between the resonance frequencies of the two lines is ~ 2, they cannot
be attributed to the | +2) — | £ 1) and | £ 1) — | £ 0) transitions which should have a ratio of
3 in ZF. As can be seen in Figs. 2 and 3, there is no significant temperature dependent shift or
broadening of the resonances, such as that seen in the S-NQR signal in SrTiO3[17]. However,
the measured asymmetry off resonance (i.e. the baseline of the spectra) decreases by 50% from
290 K down to 10K. This decrease can be attributed to an increase in the spin lattice relaxation
of 8Li as the temperature is decreased (see below).

The observed resonances fit very well to Lorentzian lineshapes. From these fits we extract
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the resonance frequencies, their amplitudes (normalized by the baseline), and widths as shown
in Fig. 3. The first resonance frequency is between 92-94 kHz while the second falls between
186-189 kHz, with corresponding normalized amplitudes of ~ 0.6 and ~ 0.2 and an almost equal
width of ~ 10 kHz. We do not observe a strong temperature dependence, indicating that there
are no sudden changes in the structural /electronic properties of sapphire or of the 8Li* site. The
small variations as a function of temperature could be due to thermal expansion/contraction.
Note that the sum of normalized amplitudes is ~ 0.8 leaving a possibility that a small fraction
of 8Li is implanted in sites with nearly cubic symmetry or non-axially symmetric EFG.

Now we turn to the discussion of the spin lattice relaxation of the 8Li nuclear polarization.
As mentioned earlier, this is measured by implanting the 8Li beam for a period of 4 seconds,
and measuring the polarization as a function of time, p,(t), during and after the beam pulse.
Typical polarization curves measured at various temperatures in ZF are shown in Fig. 4(a).
Note the gradual increase of the relaxation rate as the temperature is decreased. In contrast,
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Figure 5. The temperature dependence
of the spin lattice relaxation rate as
a function of temperature at zero field
(circles) and at 15 mT (squares). The
solid lines are a guide for the eye.

Figure 4. p.(t) measured in (a) ZF and and
(b) 15 mT at various temperatures. The angle
between the c-axis of the Al,Og crystal and the
initial polarization is 45°. The solid lines are fits to
stretch exponential relaxation function (see text).

measurements of p,(t) in a magnetic field of 15 mT, applied along the direction of the ®Li initial
nuclear spin, show that in this case the relaxation rate does not increase monotonically with
decreasing temperature [Fig. 4(b)]. Rather, it peaks at ~ 125 K and then decreases gradually
as the temperature is decreased further. p.(t) in these measurements is determined by both the
8Li spin-lattice relaxation rate 1/7) and its radioactive lifetime 7 = 1.21s. Assuming a general
spin relaxation function f(t,t, : 1/T}) for the fraction of ®Li implanted in the sample at t,, the
polarization follows [17]

[y e /T (k01 /T1)dty

t<T
- JFetimat N
p:(t) = foT e (T=t0)/7 f(t,t:1/Th )dty t>T K
foT e t/7dt o

The data in Figs. 4(a) and (b) were fit to Eq. (5) with a phenomenological stretch exponential
form,

F(t by 1/T1) = Age™[t=t)/T1)7 (6)
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In the fits we assume that the initial asymmetry, Ay (which is proportional to the initial
polarization), and the exponent 3 are common for all temperatures, which yields Ay = 0.53(6)
in ZF and 0.200(6) in 15 mT with 5 = 0.43(2) for both fields. The relaxation rates obtained
from the fits are shown in Fig. 5. As expected, 1/7} in ZF increases gradually below 290 K and
saturates below 100 K, while in 15 mT it increases sharply below 290 K, peaks at ~ 125 K and
then decreases gradually as temperature is decreased further. Note, in the 15 mT measurements
the applied field enhances the relaxation rate. This is due to mixing, A, ,, between the |m)
and |n) states produced by the magnetic field component, B, perpendicular to the MPA of the
EFG. The effect of the applied field on the relaxation may also be responsible for the difference
in the temperature dependence of the relaxation rate between the ZF and 15 mT measurements.
We should also point out here that the measured 1/77 in this case reflects the weighted average
of the 1/T7 of both sites.

5. Conclusions

The stopping site of 8Li is consistent with the results from channelling experiments on Er
implanted sapphire [8]. There it was found that at room temperature ~ 70% of the Er occupy
an interstitial site near the free octahedral site while ~ 20% occupy the tetrahedral site. Both
sites exhibit an axially symmetric EFG, with the MPA along the c-crystallographic direction.
The temperature dependence of 1/T resembles that of the lattice constants in sapphire [20]. This
is strong indication that the main source of spin relaxation of 8Li in AlyO3 is small fluctuations
of the EFG, which also scale with the lattice constants. These results rule out ®Li diffusion in
sapphire, even near its surface, as a contributor to the enhanced Li conductivity in mixtures of
sapphire with Li ionic conductor nanoparticles [9, 10] .
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