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a b s t r a c t

NMR detected by radioactive beta decay, β-NMR, is undergoing a renaissance largely due to the
availability of high intensity low energy beams of the most common probe ion, 8Liþ , and dedicated
facilities for materials research. The radioactive detection scheme, combined with the low energy ion
beam, enable depth resolved NMR measurements in crystals, thin films and multilayers on depth scales
of 2–200 nm. After a brief historical introduction, technical aspects of implanted-ion β-NMR are
presented, followed by a review of recent applications to a wide range of solids.

& 2015 Elsevier Inc. All rights reserved.
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A “nanoscience”’ example
8Li β-NMR of a monolayer of Mn12 single molecule magnets

Z. Salman et al., Nano Lett. 7, 1551 (2007)
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The “killer” features of β-NMR at TRIUMF

• ∼1010 times more sensitive than “conventional” NMR.

• depth resolution on the scale of ∼1 nm to ∼500 nm.

• can be used to study (almost) any material.

Raison d’être:

A technique for studying materials / systems that are
difficult / inaccessible by conventional means!
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What about “chemical” applications of β-NMR?

chem·is·try
noun

1. the branch of science that deals with the identification
of the substances of which matter is composed;

the investigation of their properties and the ways in
which they interact, combine, and change;

and the use of these processes to form new substances.

2. the complex emotional or psychological interaction
between two people.
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ABSTRACT: We report measurements of the dynamics of
isolated 8Li+ in single crystal rutile TiO2 using β-detected
nuclear magnetic resonance. From spin−lattice relaxation and
motional narrowing, we find two sets of thermally activated
dynamics: one below 100 K and one at higher temperatures.
At low temperature, the activation barrier is 26.8(6) meV with
prefactor 1.23(5) × 1010 s−1. We suggest this is unrelated to
Li+ motion and rather is a consequence of electron polarons in
the vicinity of the implanted 8Li+ that are known to become
mobile in this temperature range. Above 100 K, Li+ undergoes long-range diffusion as an isolated uncomplexed cation,
characterized by an activation energy and prefactor of 0.32(2) eV and 1.0(5) × 1016 s−1, respectively, in agreement with
macroscopic diffusion measurements. These results in the dilute limit from a microscopic probe indicate that Li+ concentration
does not limit the diffusivity even up to high concentrations but that some key ingredient is missing in the calculations of the
migration barrier. The anomalous prefactors provide further insight into both Li+ and polaron motion.

■ INTRODUCTION

The mobility of lithium ions inserted into rutile TiO2 is
exceptionally high and unmatched by any other interstitial
cation.1 Even at 300 K, the Li+ diffusion coefficient is as large as
10−6 cm2 s−1,2 exceeding many state-of-the-art solid-state
lithium electrolytes.3,4 Moreover, this mobility is extremely
anisotropic,2 and rutile is a nearly ideal 1D lithium-ion
conductor. This is a consequence of rutile’s tetragonal
structure,5 which has open channels along the c-axis that
provide a pathway for fast interstitial diffusion (see Figure 1).
This has, in part, led to a keen interest in using rutile as an
electrode in lithium-ion batteries,6 especially because the
advantages of nanosized crystallites were realized.7 Simulta-
neously, much effort has focused on understanding the lithium-

ion dynamics;8−18 however, many underlying details in these
studies are inconsistent with available experimental data. For
example, a small activation energy of around 50 meV is
consistently predicted,8−10,12,14−18 but measured barriers are
greater by an order of magnitude.2,19,20 This disagreement is
troubling considering the simplicity of both the rutile lattice
and the associated Li+ motion. One explanation for the
discrepancy is that most experimental methods sense the
macroscopic ion transport, while theory focuses on elementary
microscopic motion. The two would be related only if the

Received: September 26, 2017
Revised: November 7, 2017
Published: November 7, 2017
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8Li β-NMR senses the elementary “hopping” rate τ−1

of Li+ and e– defects in rutile TiO2

100K

8Li+ Diffusion
EA ≈ 0:32 eV

Polaron Dynamics
EA ≈ 0:027 eV

8Li+

Ti3+ Ti4+

e-

1000=T

log10
`
fi−1

´

R. M. L. McFadden et al., Chem. Mater. 29, 10187 (2017)
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Dynamics of Liquid 1‑Ethyl-3-Methylimidazolium Acetate Measured
with Implanted-Ion 8Li β‑NMR
Derek Fujimoto,*,†,§ Ryan M. L. McFadden,‡,§ Martin H. Dehn,†,§ Yael Petel,‡ Aris Chatzichristos,†,§

Lars Hemmingsen,∥ Victoria L. Karner,‡,§ Robert F. Kiefl,†,§ C. D. Philip Levy,⊥ Iain McKenzie,⊥,#

Carl A. Michal,† Gerald D. Morris,⊥ Matthew R. Pearson,⊥ Daniel Szunyogh,∥ John O. Ticknor,‡,§

Monika Stachura,⊥ and W. Andrew MacFarlane‡,§,⊥

†Department of Physics and Astronomy and ‡Department of Chemistry, University of British Columbia, Vancouver, BC V6T 1Z1,
Canada
§Stewart Blusson Quantum Matter Institute, University of British Columbia, Vancouver, BC V6T 1Z4, Canada
∥Department of Chemistry, University of Copenhagen, 2100 Kbenhavn, Denmark
⊥TRIUMF, Vancouver, BC V6T 2A3, Canada
#Department of Chemistry, Simon Fraser University, Burnaby, BC V5A 1S6, Canada

ABSTRACT: We demonstrate the application of implanted-ion β-detected NMR as a
probe of ionic liquid molecular dynamics through the measurement of 8Li spin-lattice
relaxation (SLR) and resonance in 1-ethyl-3-methylimidazolium acetate. The motional
narrowing of the resonance and the local maxima in the SLR rate, 1/T1, imply sensitivity
to subnanosecond Li+ solvation dynamics. From an analysis of 1/T1, we extract an
activation energy EA = 74.8(1.5) meV and Vogel−Fulcher−Tammann constant TVFT =
165.8(0.9) K, in agreement with the dynamic viscosity of the bulk solvent. Near the
melting point, the lineshape is broad and intense, and the form of the relaxation is
nonexponential, reflective of our sensitivity to heterogeneous dynamics near the glass
transition. The depth resolution of this technique may later provide a unique means of studying nanoscale phenomena in ionic
liquids.

■ INTRODUCTION

Room temperature ionic liquids (RTILs) are a fascinating class
of amorphous materials with many practical applications,1,2

such as lubrication in space applications and other low-
pressure environments.3 As in high-temperature molten salts,
strong Coulomb forces yield a liquid with significant structure.
Pair distribution functions from scattering experiments reveal
an ion arrangement of alternating charges,4−6 resulting in a
large and strongly temperature-dependent viscosity η. In
contrast to simple salts, RTILs consist of large low-symmetry
molecular ions and they remain liquid at ambient temperature.
Many RTILs are notoriously difficult to crystallize. Rather, they
are easily supercooled, eventually freezing into a glassy state at
the glass transition temperature Tg far below the thermody-
namic melting point, Tm.

7

A key feature of supercooled liquids and glasses is dynamic
heterogeneity.8−10 Distinct from homogeneous liquid or
crystalline phases, the local molecular dynamics (MD) exhibit
fluctuations, which are transient in both time and space. These
nontrivial fluctuations are characterized by a growing dynamic
correlation length and are found to be stronger closer to the
glassy phase.11 An understanding of dynamic heterogeneity
may be central to a fundamental theoretical description of glass
formation.
With highly localized probes in the form of nuclear spins,

NMR is one of the few methods with the spatial and temporal

resolution to quantify this heterogeneity and reveal its
characteristics.10,12,13 The degree of heterogeneity can be
modeled by the “stretching” of an exponential nuclear SLR,
exp{−[(λt)β]}, where λ = 1/T1 is the SLR rate and β is the
stretching exponent. Single exponential relaxation (β = 1)
corresponds to homogeneous dynamics, whereas β < 1
describes a broad distribution of exponentials,14 the case
where each probe nucleus relaxes at a different rate. The
breadth of the distribution of rates is determined by β, with β =
1 corresponding to a delta function.
While stretched exponential relaxation is suggestive of

dynamic heterogeneity, it is worth considering whether it
instead results from a population which homogeneously relaxes
in an intrinsically stretched manner. To this point, molecular
dynamics (MD) simulations of a supercooled model binary
liquid have shown β to be independent of scale, at least down
to a few hundred atoms.15 This implies that the stretching is
intrinsic and homogeneous; however, the NMR nuclei are each
coupled to far fewer atoms and are capable of identifying
dynamical heterogeneity.12,13 This sensitivity is clearly
demonstrated by four-dimensional (4D) exchange NMR,
where subsets of nuclei in supercooled poly(vinyl acetate)

Received: July 19, 2019
Revised: October 31, 2019
Published: November 12, 2019
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8Li β-NMR senses the elementary fluctuations arrising from
molecular dynamics of the host solvent
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D. Fujimoto et al., Chem. Mater. 31, 9346 (2019)
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Direct observation of Mg2+ complexes in ionic
liquid solutions by 31Mg β-NMR spectroscopy†

Daniel Szunyogh, ‡a Ryan M. L. McFadden, ‡b,c Victoria L. Karner,‡b,c

Aris Chatzichristos,c,d Thomas Day Goodacre,e Martin H. Dehn,c,d Lia Formenti,f

Derek Fujimoto, c,d Alexander Gottberg,e Evan Kallenberg,d Ildikó Kálomista, a

Robert F. Kiefl,c,d Flemming H. Larsen, g Jens Lassen, e C. D. Philip Levy,e

Ruohong Li,e W. Andrew MacFarlane,b,c Iain McKenzie, h,i Gerald D. Morris,h

Stavroula Pallada,a Matthew R. Pearson,h Stephan P. A. Sauer, a Paul Schaffer,j

Peter W. Thulstrup, a Lars Hemmingsen*a and Monika Stachura *j

NMR spectra of Mg2+ ions in ionic liquids were recorded using a

highly sensitive variant of NMR spectroscopy known as β-NMR.

The β-NMR spectra of MgCl2 in EMIM-Ac and EMIM-DCA compare

favourably with conventional NMR, and exhibit linewidths of

∼3 ppm, allowing for discrimination of species with oxygen and

nitrogen coordination.

Over the last few decades, β-detected nuclear magnetic reso-
nance (β-NMR) has enjoyed use as a technique to study
nuclear physics1,2 and condensed matter,3,4 the latter mainly
focusing on solids, but also with applications to liquids.5–11

More recently, several groups have pursued advancing modern
incarnations of the technique to study the solution chemistry
of β-NMR probes,12–15 motivated by its potential to solve
chemical and biochemical problems.16–19 With the advent of

high-intensity radioactive ion beam (RIB) facilities, many new
nuclei are available in quantities sufficient for the study of
condensed matter. The main challenge to the use of RIBs as
probes in liquids is the incompatibility of typical solutions
with high vacuum usually applied to achieve optimal RIB
transport. Though specialized setups12,13 aim to circumvent
this limitation, room temperature ionic liquids are readily
compatible with high vacuum, as they exhibit virtually zero
vapour pressure.20 Here we demonstrate that Mg2+ chemical
shift measurements in ionic liquids can be made with the pre-
cision necessary to discriminate between oxygen and nitrogen
coordination environments using 31Mg β-NMR. This resolu-
tion, required for chemical and biochemical studies, indicates
that the prospect for future use in these fields is promising,
and may be extended to other metal ions.

Mg2+ was selected as a test case because 31Mg exhibits
appropriate nuclear properties (I = 1

2, T1
2
= 236 ms, and asym-

metric β-emission21,22) for β-NMR spectroscopy. Moreover, the
closed shell Mg2+ is difficult to observe by most spectroscopic
techniques, and it is an important metal ion in biological
systems, involved in, e.g. ATP chemistry, nucleic acid folding,
and as an integral component of chlorophyll.23 Finally, there is
considerable and rising interest in characterization of Mg2+

chemistry in non-aqueous solutions, such as ionic liquids,
because magnesium-based batteries may outperform lithium
ion batteries.24 In this work, two ionic liquids were used as sol-
vents, 1-ethyl-3-methylimidazolium acetate (EMIM-Ac), and
1-ethyl-3-methylimidazolium dicyanamide (EMIM-DCA),
aiming to probe differential chemical shifts of Mg2+ complexes
with typical oxygen and nitrogen containing ligands, see
Fig. 1. NMR spectra recorded by 31Mg β-NMR and conventional
25Mg NMR are presented in Fig. 2. In these experiments, anhy-
drous MgCl2 was dissolved in the ionic liquids to a final con-
centration of 25 mM, to achieve comparable conditions in con-
ventional NMR and β-NMR. The most important observation,
and the key result of this work, is that the chemical shift differ-

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8dt02350f
‡These authors contributed equally to this work.
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Resolving different coordination complexes using β-NMR
31Mg β-NMR in two room temprature ionic liquids

D. Szunyogh et al., Dalton Trans. 47, 14431 (2018)
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Some friendly competition from CERN
26Na β-NMR in two room temperature ionic liquids

 

Magnetic Moments of Short-Lived Nuclei with Part-per-Million Accuracy:
Toward Novel Applications of β-Detected NMR in Physics, Chemistry, and Biology

R. D. Harding ,1,2,† S. Pallada ,1,‡ J. Croese ,1,3 A. Antušek ,4 M. Baranowski ,5 M. L. Bissell ,6 L. Cerato ,7
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We determine for the first time the magnetic dipole moment of a short-lived nucleus with part-per-
million (ppm) accuracy. To achieve this 2-orders-of-magnitude improvement over previous studies, we
implement a number of innovations into our β-detected nuclear magnetic resonance (β-NMR) setup at
ISOLDE at CERN. Using liquid samples as hosts, we obtain narrow, subkilohertz-linewidth,
resonances, while a simultaneous in situ 1H NMR measurement allows us to calibrate and stabilize
the magnetic field to ppm precision, thus eliminating the need for additional β-NMR reference
measurements. Furthermore, we use ab initio calculations of NMR shielding constants to improve the
accuracy of the reference magnetic moment, thus removing a large systematic error. We demonstrate the
potential of this combined approach with the 1.1 s half-life radioactive nucleus 26Na, which is relevant
for biochemical studies. Our technique can be readily extended to other isotopic chains, providing
accurate magnetic moments for many short-lived nuclei. Furthermore, we discuss how our approach can
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First results towards studying MgII biochemistry
31Mg β-NMR in EMIM-Ac + ATP solutions

MgII binding to adenosine triphosphate in 1-ethyl-3-methylimidazolium acetate
characterized by 31P NMR and 31Mg 𝛽-detected NMR

Ryan M. L. McFadden,1, ∗ Dániel Szunyogh,2, ∗ Nicholas Bravo-Frank,3 Aris Chatzichristos,4, 5, † Martin H. Dehn,4, 5
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A key challenge to monitoring MgII (bio)chemistry is the limited sensitivity of spectroscopic techniques
that provide direct information about the ion’s coordination geometry. To overcome this limitation, we used
the spin-1/2 𝛽-emitter 31Mg to interrogate the interaction of MgII with adenosine triphosphate (ATP) using
𝛽-detected nuclear magnetic resonance (𝛽-NMR). We demonstrate that (nuclear) spin-polarized 31Mg, following
ion-implantation from an accelerator beam line into a 1-ethyl-3-methylimidazolium acetate solution, binds to
ATP within its radioactive lifetime before depolarizing. The narrow 31Mg linewidths permitted the observation of
several chemical shifts, each representing distinct coordinations. Large resonance amplitudes suggest dynamic
exchange between the coordination complexes on the millisecond timescale. The results are complemented by
31P NMR measurements, which independently confirm the binding of MgII to ATP. Our results suggest 31Mg
𝛽-NMR may be applied to elucidate the chemistry of MgII in biologically relevant contexts.

INTRODUCTION

A key difficulty in elucidating the (bio)chemical function
of MgII is the limited sensitivity of spectroscopic techniques
capable of directly probing the closed shell ion [1]. Conse-
quently, studies of its coordination chemistry are rather sparse
(see e.g., [2, 3]), despite the ion’s physiological importance [4].
Having an experimental technique effective at resolving these
details would greatly benefit all fields concerned with under-
standing the chemical function ofMgII. While nuclear magnetic
resonance (NMR) spectroscopy is used ubiquitously to this end
for many elements, magnesium has only a single (stable) NMR
isotope, 25Mg (nuclear spin 𝐼 = 5/2; 10% natural abundance),
whose utility as a probe suffers from its non-zero quadrupole
moment and low receptivity [5, 6]. For example, the salient
feature of MgII binding to a ligand such as adenosine triphos-
phate (ATP) is typically line broadening, obscuring any fine
structural signatures. To circumvent these limitations, we in-

stead use the short-lived 𝛽-emitter 31Mg (nuclear spin 𝐼 = 1/2;
half-life 𝑇1/2 = 236ms) [7] as our NMR probe and monitor its
resonance through the anisotropic property of its 𝛽-decay —
a technique known as 𝛽-detected nuclear magnetic resonance
(𝛽-NMR) spectroscopy [8, 9].

The principles of 𝛽-NMR are nearly identical to “conven-
tional” NMR (see e.g., [10]), with differences originating
from the use of an unstable probe (e.g., NMR detected via
radioactive decay products) [8, 9]. This approach affords a
nearly ∼1010-fold increase in sensitivity, enabling spectra to
be acquired under conditions which cannot be attained by
any other method — including very low probe concentra-
tions [11]. In this sense, 𝛽-NMR is quite similar to muon
spin rotation/relaxation/resonance (𝜇SR) [12]. While 𝜇SR is
known for its utility in chemistry (see e.g., [13]), 𝛽-NMR’s
uses are traditionally rooted in nuclear [14] and solid-state [9]
physics, with chemical applications being relatively unexplored.
Some progress to this end has been made recently, with 8Li

604020020
31Mg Shift (ppm)

MgII + ATP

MgII

31Mg -NMR

R. M. L. McFadden et al. Angew. Chem. Int. Ed. under review (2021)
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Concluding remarks

• TRIUMF’s β-NMR facility is a unique scientific tool

with a diverse portfolio of applications.

• TRIUMF is pioneering new applications of β-NMR,

with long-term goals of studying

biochemistry / medicine.

• The potential for novel discovery is high!
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Technical / scientific reviews of β-NMR at TRIUMF
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Abstract The β-NMR facility at ISAC is constructed specifically for experiments
in condensed matter physics with radioactive ion beams. Using co-linear optical
pumping, a 8Li+ ion beam having a large nuclear spin polarisation and low energy
(nominally 30 keV) can be generated. When implanted into materials these ions
penetrate to shallow depths comparable to length scales of interest in the physics of
surfaces and interfaces between materials. Such low-energy ions can be decelerated
with simple electrostatic optics to enable depth-resolved studies of near-surface
phenomena over the range of about 2–200 nm. Since the β-NMR signal is extracted
from the asymmetry intrinsic to beta-decay and therefore monitors the polarisation
of the radioactive probe nuclear magnetic moments, this technique is fundamentally
a probe of local magnetism. More generally though, any phenomena which affects
the polarisation of the implanted spins by, for example, a change in resonance
frequency, line width or relaxation rate can be studied. The β-NMR program at ISAC
currently supports a number of experiments in magnetism and superconductivity
as well as novel ultra-thin heterostructures exhibiting properties that cannot occur
in bulk materials. The general purpose zero/low field and high field spectrometers
are configured to perform CW and pulsed RF nuclear magnetic resonance and spin
relaxation experiments over a range of temperatures (3–300 K) and magnetic fields
(0–9 T).

Keywords β-NMR · Nuclear magnetic resonance · Radioactive beam

ISAC and ARIEL: The TRIUMF Radioactive Beam Facilities and the Scientific Program.
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Trends

Implanted-ion βNMR: A new probe for nanoscience
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a b s t r a c t

NMR detected by radioactive beta decay, β-NMR, is undergoing a renaissance largely due to the
availability of high intensity low energy beams of the most common probe ion, 8Liþ , and dedicated
facilities for materials research. The radioactive detection scheme, combined with the low energy ion
beam, enable depth resolved NMR measurements in crystals, thin films and multilayers on depth scales
of 2–200 nm. After a brief historical introduction, technical aspects of implanted-ion β-NMR are
presented, followed by a review of recent applications to a wide range of solids.

& 2015 Elsevier Inc. All rights reserved.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Implanted-Ion β-NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1. Production of the polarised radioactive ion beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.2. Spectrometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.3. β-NMR Measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.3.1. Experimental asymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3.2. Spin lattice relaxation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3.3. Resonance spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.4. Depth Resolved β-NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.5. Other unique aspects of β-NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3. Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.1. Face-centred cubic metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.2. Body-centred cubic metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.3. Metallic compounds and alloys. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.4. Implanted 8Liþ in metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

4. Insulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
5. Superconductors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
6. Magnetic solids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
7. Ionic conductors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
8. Semiconductors and semimetals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
9. Liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

10. Summary and prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Referencesn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/ssnmr

Solid State Nuclear Magnetic Resonance

http://dx.doi.org/10.1016/j.ssnmr.2015.02.004
0926-2040/& 2015 Elsevier Inc. All rights reserved.

E-mail address: wam@chem.ubc.ca

Solid State Nuclear Magnetic Resonance 68-69 (2015) 1–12

G. D. Morris, Hyperfine Interact. 225, 173 (2014) W. A. MacFarlane, Solid State Nucl. Magn. Reson. 68–69, 1 (2015)

R. M. L. McFadden (TRIUMF) TRIUMF Science Week 2021 2021-08-16 17 / 20

https://doi.org/10.1007/s10751-013-0894-6
https://doi.org/10.1016/j.ssnmr.2015.02.004
https://orcid.org/0000-0002-1389-2410
https://www.triumf.ca/
https://meetings.triumf.ca/event/238/


Development of 31Mg as a β-NMR probe

Hyperfine Interact (2016) 237: 162
DOI 10.1007/s10751-016-1372-8

Development of a polarized 31Mg+ beam as a spin-1/2
probe for BNMR

C. D. P. Levy1 ·M. R. Pearson1 ·M. H. Dehn2 ·V. L. Karner3 ·R. F. Kiefl1,4,5 ·
J. Lassen1 ·R. Li1 ·W. A. MacFarlane3,4 ·R. M. L. McFadden3 ·G. D. Morris1 ·
M. Stachura1 ·A. Teigelhöfer1,6 ·A. Voss7
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Abstract A 28 keV beam of 31Mg+ ions was extracted from a uranium carbide, proton-
beam-irradiated target coupled to a laser ion source. The ion beam was nuclear-spin
polarized by collinear optical pumping on the 2S1/2–2P1/2 transition at 280 nm. The polar-
ization was preserved by an extended 1 mT guide field as the beam was transported via
electrostatic bends into a 2.5 T longitudinal magnetic field. There the beam was implanted
into a single crystal MgO target and the beta decay asymmetry was measured. Both hyper-
fine ground states were optically pumped with a single frequency light source, using
segmentation of the beam energy, which boosted the polarization by approximately 50 %
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It has long been desirable to develop a spin-1/2 nucleus as a probe for β-detected NMR studies of
solid materials. As a pure magnetic probe, it would greatly compliment our most extensively used
nucleus 8Li (spin-2), which is sensitive to both dipolar and quadrupolar interactions. Following the
recent successful polarization of spin-1/2 31Mg at TRIUMF, we report here on its use to study solids
where host magnesium atoms occupy lattice sites with cubic symmetry — a situation most directly
comparable to (stable) 25Mg NMR. We show preliminary results in: rocksalt MgO; spinel MgAl2O4;
and antifluorite Mg2Si, which is an interesting semiconducting thermoelectric. Deviations from the
results with conventional 25Mg NMR are attributed to the systematics associated with the β-NMR
technique. The 31Mg decay chain is found to complicate the extraction of spin-lattice relaxation rates
due to a time-dependent background signal introduced by its progeny. The prospect of further use of
31Mg as a β-NMR probe for the study of condensed matter is good.

KEYWORDS: 31Mg β-NMR, 25Mg NMR, µSR, spin-1/2

Introduction

In recent years, ion-implanted β-detected NMR (β-NMR) has been established as a useful tool
for the study of solid materials [1]. Much like low-energy muon spin rotation (LE-µSR) [2], its main
strength is depth resolution, and along with it, the ability to study thin films and interfaces. To date,
the nuclear probe of choice has been 8Li (I = 2, τβ = 1.21 s), which by many measures is the best
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