
Canada’s National Laboratory for Particle 
and Nuclear Physics 

Muons (and Isotopes) for 
Material Science

Iain McKenzie
Centre for Molecular and Materials Science TRIUMF

Department of Chemistry SIMON FRASER UNIVERSITY

KEK – TRIUMF Scientific Symposium
December 14th, 2017



μSR and βNMR: Scientific Problems for Local Probes

Isotopes	have	broad	applications	in	
condensed	matter	and	materials	science	
as	a	low-density,	very-high-signal-to-
noise	in	situ	detectors	of	local	
environments	and	dynamics.

μSR and	βNMR	offer	as	much	as	10-
orders-of-magnitude	improvement	in	
signal	over	conventional	NMR	through	
the	combination	of	high	polarization	and	
beta-decay	anisotropy.	

Magnetism

• Local	fields	and	magnetic	ordering
• Dynamics:	electronic,	nuclear	spins
• Heterostructures and	near-surface

Superconductivity

• Co-existence	of	SC	and	magnetism
• Measure	magnetic	penetration	depth	

λ and	coherence	length	ξ

Chemistry	and	Soft	Matter

• Study	“unobservable”	H	atom	rxns
• Discover	new	radical	species
• Probe	ionic	diffusion
• Depth	dependent	polymer	dynamics



The Basics of μSR

Mu+ is	sensitive	to	magnitude	and	fluctuation	rate	of	
magnetic	field	inside	materials

Decay	e+ used	to
monitor	time	
dependence	of	
muon	spin	
polarization

Muon
implantation

Material
being studied Muons decay with 

2.2µs average lifetime

Positron

Positron
detector

Positive	muons	
are	produced	with	

100% spin	
polarization

Static	field	distribution
Sensitivity:	10-3 – 10-4 μB

Fluctuation	rates
105 – 109 Hz



CMMS Facility Staff
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1. Bassam	Hitti:	Operations	Manager
i. Experimental	Setup,	Operations	and	User	support
ii. L-He	Coordination
iii. MRO	Coordination
iv. Device	electromagnetic	simulation	(i.e.	Opera)
v. Semiconductor	Solid	State	Physics	

2. Gerald	Morris:		Deputy	Manager	
i. M20	project	management
ii. βNMR	Management	&	beam	line	coordinator
iii. Experimental	Setup	and	User	support
iv. CMMS	Experimental	Safety	reviews		
v. Subsurface	layer		CM	Physics

3. Donald	Arseneau:		IT	/DAQ	&	Programming	
Management
i. Experimental	Setup	and	User	Support
ii. Facility	IT,	DAQ	and	programming
iii. Spectrometer	design	
iv. Common	Account	Assessment	Management	
v. Physical	Chemistry	and	Fundamental	Kinetics

4. TBA:	New	(2018)	SBQMI	funded	(5	Yrs.)	BAE	

5. Iain	McKenzie:		Outreach	&	User	Support
i. Outreach	Planning	and	Implementation	
ii. Liaison	with	User	Community
iii. EEC	Secretary
iv. Experimental	Setup	and	User	Support
v. Physical	Chemistry	of	Soft	Materials	Structure	and	Dynamics	

of	Free	Radicals

6. Syd	Kreitzman:	Manager
i. Liaison	with	TRIUMF	Management	
ii. M9	beamline	project	management	(to	date)
iii. Spectrometer	design	coordinator
iv. Experimental	Setup	and	User	Support
v. MuSR	Techniques	,Tools	&	Toys	
vi. Spin	relaxation	theory

Facility	Technicians:
1. Rahim	Abasalti:	High	Vacuum	Specialist	
2. Mike	McLay:	Design	Technologist
3. Deepak	Vyas:	Millwright	&	Work	Area	Safety	Coordination
4. Collin	Dick:	Liquefier	Technician	(cryogenics	group)



Muon Beam Lines at TRIUMF

Dilution Refrigerator  
Spectrometer

Base temperature: 15 mK
Maximum field: 5 Tesla

LAMPF Spectrometer
Optimized for zero and low 

magnetic fields (<0.4 T)
1.7 – 600 K

HELIOS Spectrometer
Maximum field 5 T

1.7 – 600 K

M15 M20D M20C



NuTime
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• 7	T	replacement	for	HiTime with	improved	field	homogeneity	(10	ppm	over	1	
cm	diameter	disk	±3	mm	in	z)	and	alignment	(within	0.25o of	physical	bore).	

• $300k	awarded	for	magnet	and	3He	cryostat	from	NSERC	RTI	- J.	Sonier (SFU)	+	
G.	M.	Luke	(McMaster)	+	contributions	from	facility	users

High	homogeneity	+	unique	detector	design			� amazing	high	frequency	/	field	spectra	

Cr2O3



Japanese Involvement in Materials Science at TRIUMF
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• Toshi Yamazaki
• Tomo Uemura
• Ryu Hayano
• Jun	Imazato
• Nobu Nishida
• Ken	Nagamine (not	pictured)	

1978 In	1988	the	KEK	MSL	Group	(Yamazaki,	
Nagamine et	al)	were	responsible	for	the	
procurement	and	installation	of	M9B



Japanese Involvement in Materials Science at TRIUMF
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Toshiki Kaifu,	the	Japanese	Prime	Minister,	
visits	TRIUMF	and	is	greeted	by	Stan	Hagen	
(left,	Minister	of	Advanced	Education),	Bill	
Vander	Zalm (B.C.	Premier),	and	Erich	Vogt	

(Director	of	TRIUMF).

As	they	overlooked	M9B	Erich	Vogt	
explained	to	the	Prime	Minister	why	
having	an	operational	muon	decay	

channel	is	so	important	to	a	
Laboratory	that	does	Muon	Science.



M9A and M9B
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M9A:	Surface	µ+ M9B:High	momentum	SR	µ±

Not	operational	since	2012	due	to	M9-T2	vacuum	leak



Expanding Muon Beam Lines at TRIUMF
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Multi-Institutional	CFI	Proposal	Approved	Nov.	2017
• Replace	M9B	with	M9H

• Upgraded	beam	line	including	new	persistent	coil	solenoid	
• New	spectrometer	for	high	pressure,	high	field	studies	in	a	DR

• M9-T2	repair	+	M9A	completion	+	3T	spectrometer

CFI 4,290,724

Total	Prov.	Funding 4,290,724

Vendor	Discounts	 951,699

TRIUMF	Contribution 1,193,662

Total	Project 10,726,809

• One	of	a	kind	beams	on	M9H;	i.e.	spin-rotated	
decay	muons	and	high	flux	µ−.

• Unique	physical	parameter	space	(high	
pressures	+	ultra-low	temperature	+	high	
magnetic	fields	on	M9H)

• M9A	to	focus	on	highly	efficient	sample	
characterization	for	the	increasingly	important	
broad	non-expert	(in	μSR)	user	community.	

Transversely	spin	polarized	beam	(green)	exiting	Solenoid	@	15⁰

Non	T-spin	polarized	beam	(blue)	exiting	Solenoid	@	10⁰

Combined	Quad	+	Dipole	after	Solenoid	Exit	

Separation	of	T-spin	and	non	T-spin		at	entrance	to	B2

Transmission	of		T-spin		into	rest	of	beamline	
Separation	of	T-spin	and					non	
T-spin		at	entrance	to	B2	using	
offset	slits

Transversely	spin	
polarized	beam	(green)	
exiting	Solenoid	@	15⁰

Non	T-spin	polarized	beam	(blue)	
exiting	Solenoid	@	10⁰

Combined	Quad	+	Dipole	
after	Solenoid	Exit	

Transmission	of	T-spin	polarized	
beam	to	remainder	of	beamline	

M9H



Developing the M9-T2 Front End Fix

The	required	elements	to	repair	
the	M9-T2	front	end	are	being	
developed	&	new	engineer	is	
here!

• Retractable	beam	pipe
• New	Q1
• Field	Adjustable	Q1Q2	base	
• Removable	service	stand

Foremost	in	mind	are:	
1) safety	(reduced	dose)	for	

installation	and	maintenance.	
2) Utility	and	practicability	for	

remote	handling	
3) Capability	to	withstand	high	

neutron	doses	>5E22	n/m2

over	15	years.



Expanding Muon Beam Lines at TRIUMF
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The Basics of βNMR
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βNMR Spectrometers

βNMR: High Field (9 T) Spectrometer βNQR: Low (20 mT) and Zero 
Field Spectrometer

• 8Li+ implanted	at	energies	between	0.1	and	28	keV.
• Near-surface	probe	up	to	hundreds	of	nm.
• Temperature	range	5	– 320	K.



New Low Temperature Mid-Field βNMR Spectrometer
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Extremely	flexible	new	βNMR	spectrometer
• 0	– 0.22	T	(magnetic	field	between	βNMR	

and	βNQR)
• 300	mK – 300	K	(lower	temperatures	

than	βNMR	and	βNQR	using	3He	cryostat)

Measure	field	penetration	profiles	in	Nb
cavity	materials	relevant	to	advanced	

superconducting	RF	accelerator	research

βNQR

New



Ongoing Developments: 31Mg βNMR
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TRIUMF EEC PROGRESS REPORT 
Detailed Statement of Proposed Research for Experiment M1424: Magnesium Chemical Shift 
Measurements by 31Mg β-NMR 

Scientific value of the experiment: The long-term goal of M1424 is to study different 
biochemical systems with β-NMR in liquid samples, since magnesium ions are a part of 
practically all phosphate chemistry, for example in photosynthesis as an integral component of 
chlorophyll. The function of magnesium ions in biochemistry is difficult to characterize 
otherwise, as it is practically invisible to current experimental techniques. Here we report our 
recent progress towards application of β-NMR spectroscopy to solution chemistry. 

Previous experiments carried out within M1424 proposal: In April 2017 we used all shifts 
allocated to M1424 for performing resonance (1f) and spin-lattice relaxation (SLR) 
measurements on several ionic liquid samples with 31Mg+ ions, see Fig. 1. During that beam time, 
we succeeded in recording chemical shifts of Mg2+ in ionic liquid solutions using 31Mg β-NMR 
spectroscopy.  Experiments were conducted using a 25 mM Mg2+ concentration in two different 
ionic liquids used as solvents, exhibiting a chemical shift difference of ~23 ppm between 
Mg2+ in 1-Ethyl-3-methylimidazolium acetate (EMIM-Ac) and in 1-Ethyl-3-methylimidazolium 
dicyanamide (EMIM-DCA) in agreement with conventional 25Mg NMR [Szu17]. That is, the 
experimental approach and the β-NMR spectroscopic results were validated by comparison with 
conventional NMR spectroscopy, and the results demonstrated that different Mg2+ complexes 
with typical oxygen and nitrogen coordination may be discriminated 
using β-NMR spectroscopy. Next, 31Mg β-NMR spectroscopy was 
applied in the extreme dilution limit (at ~50 pM Mg2+ concentration), 
which is inaccessible to any other technique. Interestingly, several 
resonances were observed, reflecting co-existing complexes, and the 
interpretation in terms of structure is ongoing. Moreover, these are 
the highest resolution β-NMR spectra reported for any system to date, 
with line widths of typically ~120 Hz at a resonance frequency of 46 
MHz. The results demonstrate that β-NMR spectroscopy may be 
applied to characterize the solution chemistry of metal ions, using the 
elusive Mg2+ as a test case. It should be mentioned that we delivered 
what was promised in the previous report point 1 and 2: (1) 
implanting 31Mg+ directly into pure ionic liquid and recording both 
the NMR resonances and SLR; and (2) demonstrating that 31Mg+ can 
bind to a high affinity site (not just the solvent) within its lifetime. 
These measurements pushed the limits of the capabilities of the β-
NMR spectrometer, resulting in better control of field drifts in the 
future. Furthermore, these experiments also pushed the capabilities of 
the laser Polarizer resulting in better stability and higher power for 
the circular polarized beam at UV wavelengths. 

Description of the experiment:  
For the β-NMR experiments described in the present report, we will use the existing high-field β-
NMR spectrometer at the ISAC-I facility at TRIUMF. β-NMR is based on a unique property of 
the weak interaction that causes radioactive β-decay and related phenomena is its violation of 
parity (inversion symmetry). Consequently, the angular distribution of emitted high energy β 
particles is correlated to the spin of the nucleus at the instant of decay, providing the basis of 

Proposal  Monika Stachura 

	 1	

New Direction in Nuclear Magnetic Resonance of Copper and Zinc Ions in Biological Systems 

The present multi-disciplinary proposal aims to overcome the limitations of nuclear magnetic resonance 
(NMR) spectroscopy in the studies of copper and zinc binding in biological systems. My central 
hypothesis is that the breakthrough will come with the employment of beta (β) decaying radioisotopes 
rather than using stable isotopes; an approach known as β-detected NMR (beta-NMR) spectroscopy. My 
rationale for pursuing this objective is that over the past six decades, beta-NMR has been extremely 
successful in nuclear physics and condensed matter1-4, but interestingly, it is still completely unknown to 
chemistry and biochemistry.  
INTRODUCTION:  
Ions of copper (Cu) and zinc (Zn) are essential for biological systems. They play crucial roles in driving 
numerous chemical reactions in metalloenzymes, such as respiration or control of biochemical reactions 
from gene transcription to organ function5. A large number of Cu- and Zn-binding metalloproteins have 
been characterized in great detail with regard to their structure and at the molecular level. However, even 
for the most thoroughly investigated systems, models of their function often remain unclear due to 
difficulties in direct observation of Cu(I) and Zn(II). NMR spectroscopy is a well-proven technique for 
the direct study of metal centers in different chemical and physical environments6-7. While enormous 
progress has been made in biological applications of solution-phase NMR over the past decades, there are 
still several biologically relevant ions, including Cu(I) and Zn(II), which are very difficult or even 
impossible to explore with NMR mainly due to the low gyromagnetic ratio of their NMR-active stable 
isotopes and intrinsically small signal-to-noise ratio. Furthermore, both Cu and Zn are quadrupolar (spin > 
1/2), leading to NMR resonance line widths in the kHz range or beyond detectability8-9. As a result, only 
a very few studies on Cu(I) and Zn(II) NMR in solution can be found in the literature due to the technical 
challenges of the experiments and the limited information that can 
obtained from them9-11. 
Beta-NMR relies on polarization of nuclear spins prior to the NMR 
experiment using e.g lasers, and detection of β-particles emitted by 
polarized short-lived ions, i.e. Cu-58 (3.2 s) or Zn-75m (10.2 s). In 
this technique, a high purity, low energy ion beam of e.g. Cu(I) is 
implanted into the sample of interest, such as dimethyl sulfoxide 
(DMSO) solution of Cu(I) complexes, and the anisotropy of the β-
decay of Cu(I) ions is measured. The emission of the β-particle 
depends in a known way on the orientation of the spin of the 
radioactive nucleus at the time of decay. The NMR resonances are 
detected by recording the change in the anisotropic emission of the 
β-decay caused by exposing the sample to the radiofrequency field 
(RF) at the resonance frequency, applied perpendicularly to the 
external magnetic field4. Beta-NMR spectroscopy can be applied to 
many elements across the periodic table, including both Cu and Zn12-

13, and provides the same information as conventional NMR on stable 
isotopes: chemical shifts, relaxation times, and resonance linewidths. 
In addition, it offers the sensitivity of a radiotracer experiment, where 
only very small concentrations of radioactive probes are required 
(107 probe ions), and therefore can be applied to very diluted 
samples. Over the past three years, Canada’s national laboratory for 
particle and nuclear physics and accelerator-based science – 
TRIUMF – has been working on the design and implementation of 
the solution-phase beta-NMR spectrometer suitable for 
investigations of biological systems. Our most recent validation 

Fig. 1. Comparison of Mg-31 beta-NMR 
(upper panel) and Mg-25 NMR (lower 

panel) spectra of Mg(II) in two different 
ionic liquids. 
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• 31Mg	(I =	1/2)	will	be	used	to	study	the	
local	chemical	environment	of	magnesium	
in	biologically	important	contexts,	e.g.	
where	Mg	is	part	of	an	enzyme.

• Superior	to	conventional	NMR	with	25Mg.
• Experiments	performed	on	ionic	liquids.
• New	spectrometer	for	liquid	samples	

under	construction.



Japanese Experiments at CMMS in 2017
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Exp. Title Investigators

M1459 Mechanism	of	hydrogen-induced	vacancy	formation	in	PdAg alloy	studied	
by	Muon	Knight	shift	measurements

M.	Mihara

M1497 μSR investigation	of	stable	open-shell	singlet	molecules S.	Ito

M1647 Role	of	oxygen	polarization	in	multiferroic compound	RMn2O5 (R=rare	earth	
elements)

R.	Kadono

M1672 Molecular	dynamics	in	rubber	materials	probed	by	μSR S.	Takeshita

M1678 μSR study	for	magnetic	polarization	on	apical	oxygen	in	Ruddlesden Popper	
series

M.	Miyazaki

M1711 Spin-charge	dynamics	of	narrow-gapped	osmium	pyrochlore compounds A.	Koda

M1712 Electronic	structure	of	interstitial	hydrogen	in	manganese	oxides R.	Kadono

M1734 Transition	between	localized- and	itinerant-electron	states	in	the	solid-
solution	system	of	CaCu3Ti4-xRuxO12

J.	Sugiyama

M1738 μSR study	for	magnetic	polarization	on	apical	oxygen	in	Ruddlesden Popper	
series

W.	Higemoto

Japanese-led	experiments	

received	20%	of	delivered	

beam	in	2017



Recent	Scientific	Highlights



Magnetism

• Magnetic	materials	underpin	much	of	modern	technology
• Advances	in	such	technology	require	new	materials	and	greater	understanding	of	

existing	ones.

• Magnetic	moments	order	into	a	pattern	controlled	by	the	symmetry	of	the	material	
and	the	interactions	between	the	atoms.

• Magnetic	moments	within	materials	also	fluctuate	and	this	gives	a	further	window	
on	how	they	are	interacting.

• Determine	magnetic	phase	diagrams	and	characterize	novel	magnetic	states.



Exotic Magnetic Systems: Frustration

D. ZIAT et al. PHYSICAL REVIEW B 95, 184424 (2017)

ground states of these materials may also be interesting in their
own right, as the interdimer interactions are likely frustrated
due to the triangular lattice geometry of the dimers. For
these reasons, we have used magnetic susceptibility, heat
capacity, muon spin relaxation (µSR), and neutron scattering
to investigate both the single dimer and collective magnetic
properties of the M = In, Y, and Lu systems.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of Ba3MRu2O9 (M = In,
Y, and Lu) studied here were prepared by the standard
solid-state reaction method. Appropriate amounts of BaCO3,
In2O3/Y2O3/Lu2O3 (Y2O3 and Lu2O3 were predried at 980 ◦C
overnight), and RuO2 were mixed in agate mortars, com-
pressed into pellets, and annealed for 20 hours in air at tem-
peratures of 900, 1200, and 1300 ◦C, respectively. Magnetic
susceptibility and specific-heat measurements were performed
using Quantum Design MPMS and PPMS systems. The dc
magnetic susceptibility was measured with a magnetic field of
1 kG. AC susceptibility measurements were also performed at
various frequencies (from 333 to 9999 Hz) to look for evidence
of spin freezing.

Neutron powder diffraction (NPD) was performed with
polycrystalline Ba3MRu2O9 (M = In, Y, and Lu) using
the HB-2A powder diffractometer of the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory (ORNL).
The Lu sample was loaded in a vanadium can and the data
were collected at T = 1.5 K with a neutron wavelength of
1.54 Å and a collimation of 12′-open-12′. The In and Y samples
were loaded in aluminum cans and the data were collected
at T = 3.5 K with a neutron wavelength of 1.54 Å and a
collimation of 12′-21′-6′.

Complementary elastic neutron-scattering measurements
were performed on the fixed-incident-energy triple-axis
spectrometer HB-1A of HFIR at ORNL, using the same
polycrystalline samples. A series of two pyrolytic graphite
(PG) crystal monochromators provided the fixed incident
energy Ei of 14.6 meV and two highly oriented PG filters were
placed in the incident beam to remove higher-order wavelength
contamination. A PG analyzer crystal was located before the
single He-3 detector for energy discrimination. A collimation
of 40′-40′-40′-80′ resulted in an energy resolution at the elastic
line of ≈ 1 meV. The elastic scattering was measured at 1.5 K
for all three samples, with higher-temperature background
data collected at 20 K for the Lu system and 10 K for the In
and Y systems.

Inelastic neutron-scattering (INS) measurements were col-
lected on the direct-geometry time-of-flight chopper spec-
trometer SEQUOIA of the Spallation Neutron Source (SNS)
at ORNL, using the same polycrystalline samples loaded
in aluminum cans. Spectra were collected at a variety of
temperatures by operating in high-flux mode (elastic resolution
of ∼ 4% Ei) with Ei = 50 and 100 meV. The monochromatic
incident beam was obtained by using a Fermi chopper rotating
at a frequency of either 180 or 240 Hz for Ei = 50 and
100 meV, respectively. The background from the prompt pulse
was removed with a T0 chopper operating at 90 Hz. An
empty aluminum can was measured in identical experimental
conditions for a similar counting time. The resulting spectra

were subtracted from the corresponding sample spectra after
normalization with a vanadium standard to account for
variations of the detector response and the solid angle cov-
erage. This procedure ensured that temperature-independent
scattering was removed from the spectra before applying
the appropriate Bose corrections to calculate f (Q)2χ ′′(Q,ω),
where χ ′′(Q,ω) is the imaginary part of the dynamic magnetic
susceptibility and f (Q) is the magnetic form factor.

Muon spin relaxation measurements were performed at
TRIUMF, Canada on the M20 beam line with the LAMPF
spectrometer and a He-flow cryostat. Samples were encap-
sulated in Ag-coated mylar adhesive and suspended between
copper supports in the path of the muon beam, where they
were cooled by helium vapor to as low as ∼ 2 K. This style
of sample mount and a veto counter behind the sample allow
us to almost completely eliminate any background asymmetry.
Measurements were taken in zero-field (ZF), longitudinal-field
(LF), and weak transverse-field (TF) geometries using forward
and backward positron counters to determine the asymmetry,
a(t) = (nB − αnF )/(nB + αnF ). α is determined with weak
transverse-field measurements in the paramagnetic phase and
a(t) is divided by the initial asymmetry to obtain the muon
polarization, P (t).

III. SEARCH FOR STATIC CHARGE ORDER

It is important to understand the magnetic ground state
of a single Ru dimer before moving on to a discussion of
these materials’ collective magnetic properties. As shown in
Fig. 1(a), each Ru site is in an octahedral oxygen environment,
and the Ru dimers form via face-sharing octahedra. It is well
known that all three materials crystallize in the space group
P 63/mmc at room temperature, which ensures that both Ru
sites forming a dimer are crystallographically equivalent due
to the crystal symmetry. However, static charge order is a
distinct possibility for these materials upon cooling due to
the mixed Ru4+/5+ nominal valence, which has been found in
isostructural systems with a mixed Ru5+/6+ nominal valence
such as Ba3NaRu2O9 [16]. Neutron powder diffraction (NPD)
is a sensitive probe to look for this effect, as one can investigate
the T dependence of the charge distribution in the dimers
indirectly via Ru-O bond lengths.

Figure 2 shows NPD data collected using λ = 1.54 Å for
Ba3MRu2O9, with T = 1.5 K for the Lu system and T = 3.5 K
for the In and Y analogs. Rietveld refinements were performed
using FULLPROF [19]. In all cases, we find that the data are best

(a) (b)

FIG. 1. A portion of the crystal structure of Ba3MRu2O9, specif-
ically using parameters for the M = Y sample, showing one plane
of Ru-Ru dimers. (a) A view perpendicular to the c axis showing the
stacking of Ru ions to form dimers. (b) A view parallel to the c axis,
showing the triangular arrangement of Ru dimers.
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FIG. 8. Zero-field µSR asymmetry at various temperatures for
(a) In, (b) Y, and (c) Lu, with the corresponding fits superimposed on
the 2 K data only. Fourier transforms of the 2 K data, with the fits
superimposed, are shown in (d) In, (e) Y, and (f) Lu. The Lu sample
data show long-lived oscillations, whereas the data of the In and Y
samples show only fast exponential relaxation (along with a slowly
relaxing 1/3 tail). The narrow zero-frequency peak in the Fourier
transforms comes from the T1 time of the 1/3 tail, and is a measure
of spin fluctuations rather than static internal fields.

where x is close to 1/3 at low T and 1/T1 is the spin-lattice
relaxation rate [23]. Assuming that we are in the quasistatic
limit, λf results largely from inhomogeneities (disorder) in
the static internal fields at the muon site(s), whereas 1/T1 is
caused by residual spin fluctuations.

As shown in Fig. 8(c), clear oscillations of the polarization
are observed in the low-T regime for the Lu sample. The
Fourier transform of this data, illustrated in Fig. 8(f), shows
two distinct frequencies corresponding to rather small internal
fields of 6.1(2) and 14.1(1) mT. The two frequencies are
indicative of two distinct muon stopping sites, which can likely
be associated with the two crystallographically inequivalent
oxygen atoms in the crystal structure. It is also possible that
one crystallographic muon stopping site could give rise to two
distinct frequencies as a result of a complex magnetic structure.
However, the magnetic structure reported by Senn et al. [18]
should only lead to one frequency per crystallographic site,
so in that particular case our spectrum would arise from two
crystallographically distinct muon stopping sites.

The Fourier transform also shows that these two peaks are
superimposed on a broad feature, which is consistent with
the fast exponential relaxation observed in the time domain.
Hence, the Lu data can be fit with the following equation:

P (t) = (1 − x)
2∑

n=0

an cos(2πfnt)e−λnt + xe−t/T1 , (3)

TABLE II. Various experimental parameters for the three samples
studied. The transition temperature Tm is obtained from the maximum
in specific heat. The first energy gap to the S = 3/2 excited state,
#1, is obtained from inelastic neutron scattering. The magnetic
susceptibility allows for a determination of the Weiss constant $W ,
the effective moment µeff , and the second energy gap to the S = 5/2
excited state, #2. From µSR, the muon oscillation frequencies f1 and
f2, the corresponding line widths λ1 and λ2, and the fast-relaxation
rate λf are presented.

Technique Parameter In Y Lu

C Tm (K) 3.0(3) 5.2(1) 10.5(2)

INS #1 (meV) 34.0(1.0) 31.5(1.5) 34.0(1.0)

χ #2 (meV) 81(1) 72(1) 80(1)
$W (K) 43(3) 110(10) 113(2)
µeff/µB 1.40(3) 1.65(3) 1.53(3)

µSR λf (µs−1) 9.9(3) 15.7(6) 10.9(7)
f1 (MHz) 0.83(3)
λ1 (µs−1) 0.7(4)
f2 (MHz) 1.91(2)
λ2 (µs−1) 0.74(16)

where f0 = 0 and λ0 = λf = 10.9(7) µs−1 is the fast-relaxing
exponential component. Despite the fact that the oscillations
in the muon spin polarization are very well resolved, our
fits reveal that they come from a relatively small portion of
the sample, 15%, with the remainder of the sample behaving
more similarly to the In and Y analogs. The fitting parameters
obtained in ZF at the lowest temperatures are presented in
Table II.

TF-µSR measurements (in a field of ∼50 G) were used
to rapidly map out the transitions. The data was fit with the
following equation:

P (t) = fPM cos(γBTFt + φ)e−λt + (1 − fPM), (4)

where fPM, shown as a function of temperature in Fig. 6(b),
is the fraction of the sample that remains paramagnetic
(and therefore has oscillations of the muon spin polarization
induced by the applied magnetic field). The other fraction
of the sample hosts either static magnetism or strong spin
dynamics that dwarf the small applied transverse field. It
is interesting to compare the temperature evolution of the
paramagnetic fraction to the specific heat, the maximum of
which can be taken as the transition temperature Tm. For the
Lu sample, fPM begins to drop below 100% precisely at Tm.
On the other hand, the paramagnetic volume fraction deviates
from 100% well above Tm for the In and Y samples, which
suggests that there is a broad temperature regime of short-range
magnetic order.

Performing ZF-µSR measurements as a function of T has
allowed us to extract the temperature dependence of 1/T1 as
well as the fast-relaxation rate λf . In the case of the Lu system,
we can also track one of the precession frequencies, f1, as a
function of temperature, whereas the lower frequency f2 is
only quantifiable at the lowest temperatures. These results are
shown in Figs. 6(c) and 6(d). f1(T ) develops rather sharply at
the Lu transition temperature and the T dependence resembles
a standard order-parameter plot. On the other hand, λf evolves

184424-7

FRUSTRATED SPIN- 1
2 MOLECULAR MAGNETISM . . . PHYSICAL REVIEW B 95, 184424 (2017)

0 0.5 1 1.5 2
0.2

0.4

0.6

0.8

1

5 K

6 K

7 K

25 K

2 K

0 1 2 3 4 5
0

1

2

3

Ba3InRu2O9

0 0.5 1 1.5 2

M
uo

n
Sp

in
P
ol

ar
iz

at
io

n,
P

(t
)

0.2

0.4

0.6

0.8

1

6 K

8 K

10 K

50 K

2 K

0 1 2 3 4 5

Fourier
transform

(realpart)

0

0.5

1

1.5

2

Ba3YRu2O9

t (µs)
0 1 2 3 4

0.2

0.4

0.6

0.8

1

9 K
10 K

11 K

30 K

2 K

f (MHz)
0 1 2 3 4 5

0

1

2

3

Ba3LuRu2O9

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 8. Zero-field µSR asymmetry at various temperatures for
(a) In, (b) Y, and (c) Lu, with the corresponding fits superimposed on
the 2 K data only. Fourier transforms of the 2 K data, with the fits
superimposed, are shown in (d) In, (e) Y, and (f) Lu. The Lu sample
data show long-lived oscillations, whereas the data of the In and Y
samples show only fast exponential relaxation (along with a slowly
relaxing 1/3 tail). The narrow zero-frequency peak in the Fourier
transforms comes from the T1 time of the 1/3 tail, and is a measure
of spin fluctuations rather than static internal fields.

where x is close to 1/3 at low T and 1/T1 is the spin-lattice
relaxation rate [23]. Assuming that we are in the quasistatic
limit, λf results largely from inhomogeneities (disorder) in
the static internal fields at the muon site(s), whereas 1/T1 is
caused by residual spin fluctuations.

As shown in Fig. 8(c), clear oscillations of the polarization
are observed in the low-T regime for the Lu sample. The
Fourier transform of this data, illustrated in Fig. 8(f), shows
two distinct frequencies corresponding to rather small internal
fields of 6.1(2) and 14.1(1) mT. The two frequencies are
indicative of two distinct muon stopping sites, which can likely
be associated with the two crystallographically inequivalent
oxygen atoms in the crystal structure. It is also possible that
one crystallographic muon stopping site could give rise to two
distinct frequencies as a result of a complex magnetic structure.
However, the magnetic structure reported by Senn et al. [18]
should only lead to one frequency per crystallographic site,
so in that particular case our spectrum would arise from two
crystallographically distinct muon stopping sites.

The Fourier transform also shows that these two peaks are
superimposed on a broad feature, which is consistent with
the fast exponential relaxation observed in the time domain.
Hence, the Lu data can be fit with the following equation:

P (t) = (1 − x)
2∑

n=0

an cos(2πfnt)e−λnt + xe−t/T1 , (3)

TABLE II. Various experimental parameters for the three samples
studied. The transition temperature Tm is obtained from the maximum
in specific heat. The first energy gap to the S = 3/2 excited state,
#1, is obtained from inelastic neutron scattering. The magnetic
susceptibility allows for a determination of the Weiss constant $W ,
the effective moment µeff , and the second energy gap to the S = 5/2
excited state, #2. From µSR, the muon oscillation frequencies f1 and
f2, the corresponding line widths λ1 and λ2, and the fast-relaxation
rate λf are presented.

Technique Parameter In Y Lu

C Tm (K) 3.0(3) 5.2(1) 10.5(2)

INS #1 (meV) 34.0(1.0) 31.5(1.5) 34.0(1.0)

χ #2 (meV) 81(1) 72(1) 80(1)
$W (K) 43(3) 110(10) 113(2)
µeff/µB 1.40(3) 1.65(3) 1.53(3)

µSR λf (µs−1) 9.9(3) 15.7(6) 10.9(7)
f1 (MHz) 0.83(3)
λ1 (µs−1) 0.7(4)
f2 (MHz) 1.91(2)
λ2 (µs−1) 0.74(16)

where f0 = 0 and λ0 = λf = 10.9(7) µs−1 is the fast-relaxing
exponential component. Despite the fact that the oscillations
in the muon spin polarization are very well resolved, our
fits reveal that they come from a relatively small portion of
the sample, 15%, with the remainder of the sample behaving
more similarly to the In and Y analogs. The fitting parameters
obtained in ZF at the lowest temperatures are presented in
Table II.

TF-µSR measurements (in a field of ∼50 G) were used
to rapidly map out the transitions. The data was fit with the
following equation:

P (t) = fPM cos(γBTFt + φ)e−λt + (1 − fPM), (4)

where fPM, shown as a function of temperature in Fig. 6(b),
is the fraction of the sample that remains paramagnetic
(and therefore has oscillations of the muon spin polarization
induced by the applied magnetic field). The other fraction
of the sample hosts either static magnetism or strong spin
dynamics that dwarf the small applied transverse field. It
is interesting to compare the temperature evolution of the
paramagnetic fraction to the specific heat, the maximum of
which can be taken as the transition temperature Tm. For the
Lu sample, fPM begins to drop below 100% precisely at Tm.
On the other hand, the paramagnetic volume fraction deviates
from 100% well above Tm for the In and Y samples, which
suggests that there is a broad temperature regime of short-range
magnetic order.

Performing ZF-µSR measurements as a function of T has
allowed us to extract the temperature dependence of 1/T1 as
well as the fast-relaxation rate λf . In the case of the Lu system,
we can also track one of the precession frequencies, f1, as a
function of temperature, whereas the lower frequency f2 is
only quantifiable at the lowest temperatures. These results are
shown in Figs. 6(c) and 6(d). f1(T ) develops rather sharply at
the Lu transition temperature and the T dependence resembles
a standard order-parameter plot. On the other hand, λf evolves
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FIG. 1. (a) Triangular bilayers of Ir(1)4+/Ti(2)4+ which are separated by a nonmagnetic triangular layer of Ti(3)4+ and are stacked along
the c axis. The blue, green, and red balls stand for Ir, Ti, and O atoms, respectively. The barium atoms are omitted for clarity. The gray solid
lines depict the superexchange paths Ir-O-O-Ir. In the presence of the Ti4+/Ir4+ cation disorders within the Ir(1)Ti(2)O9 dimers, a nearly
isotropic tetrahedron (J1 ≈ J2) is created. (b) Temperature dependence of resistivity of Ba3MTi2O9 plotted on a log-log scale. The solid lines
are fits to a power law ρ(T ) ∼ T −n. (c) Temperature dependence of the magnetic susceptibility of Ba3MTi2O9 measured at H = 500 Oe in
zero-field-cooled and field-cooled processes. The solid lines represent the intrinsic magnetic susceptibility χintr(T ) obtained by subtracting the
contribution from orphan spins. The inset plots the inverse magnetic susceptibility. The Curie-Weiss fits are shown in the temperature range
T = 100–320 K with solid lines.

using a conventional superconducting quantum interference
device (SQUID) magnetometer (MPMS, Quantum Design).
The electric resistivity of the Ba3MTi2O9 pellets was measured
using the dc resistivity option in a Quantum Design physical
property measurement system (PPMS).

Specific heat measurements were carried out using a
semiadiabatically compensated heat-pulse method described
in Ref. [35]. Because of the low heat capacity of the sample,
particular attention has been paid in the measurement and
subtraction of the addenda which consist of the heat capacity
of the silver platform, thermometer, heater, connecting wires,
and a very small amount of grease used to attach the
sample. The error bars were calculated from the error of the
semiadiabatic heat-pulse method itself and the temperature
deviation of the platform thermometer from a calibrated refer-
ence thermometer. Muon spin relaxation (µSR) experiments
were performed on the DR spectrometer (T = 0.02–4 K)

and the LAMPF spectrometer (T = 1.6–125 K) at TRIUMF
(Vancouver, Canada). The collected µSR data were analyzed
by using the free software package MUSRFIT [36].

III. RESULTS AND DISCUSSION

A. Spin topology and basic properties

Figure 1(a) presents the elementary building block of
Ba3IrTi2O9, that is, the structural Ir(1)Ti(2)O9 dimers made
of face sharing of Ir(1)O6 and Ti(2)O6 octahedra. These
pairs form triangular bilayers of Ir4+ (5d5; Jeff = 1

2 ) and
Ti4+ (S = 0), stacked along the crystallographic c axis and
separated by another nonmagnetic triangular layer of Ti(3)4+.
Because of the similar ionic radii between Ir4+ and Ti4+ ions,
the Ir/Ti intersite disorders are unavoidable. Indeed, our x-ray
diffraction measurements uncover a random occupation of
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FIG. 4. (a), (b) Zero-field muon spin depolarization P (t) of Ba3MTi2O9, measured in the temperature range T = 0.02–125 K. The solid lines
are fitted to the stretched exponential function. (c), (d) Temperature dependence of the muon spin relaxation rate λZF and stretching exponent
β extracted from the zero-field data. (e), (f) Longitudinal-field dependence of the muon spin depolarization measured at T = 23 (50) mK for
the Ru (Ir) compound in a magnetic field H = 0–200 G.

quadratic behavior has often been reported in other frustrated
magnets, for example, the S = 1 triangular lattices NiGaS2
and Ba3NiSb2O9 as well as the hyperkagome iridate Na4Ir3O8
[28,45,46]. As the Ba3MTi2O9 compounds do not realize a
perfect kagome lattice, the observed linear and quadratic T
dependence of Cm cannot be unambiguously interpreted in
terms of the gapless spinon excitations. Qualitatively, this
can be associated with persisting spin dynamics with uncon-
ventional low-lying excitations (yet not excluding spinon-like
excitations).

D. ZF and LF muon spin resonance

Muon spin relaxation (µSR) is further employed as a
local probe to discriminate between static and dynamic
magnetism. The time-dependent muon spin polarization P (t)
of Ba3MTi2O9 in zero external field is shown in Figs. 4(a) and
4(b) for selected temperatures. Neither spontaneous oscillation
nor missing initial P (t) is observed for all temperatures
down to 23–50 mK, confirming the absence of long-range
magnetic order. Rather, the muon spin relaxation is governed
by rapidly fluctuating dynamical fields on the muon time
scale. The zero-field (ZF) µSR spectra are well described by
the stretched-exponential function P (t) = f exp[−(λZFt)β] +
(1 − f ) exp(−λbgt), where f is the fraction of the samples,
λZF(T ) is the muon spin relaxation, and β is the stretch-
ing exponent. The stretched-exponential function models a
magnetic system with a distribution of relaxation rates. The
second simple exponential term accounts for a background
contribution to P (t), which stems from muons implanted in the
silver sample holder or the cryostat. The background relaxation
rate λbg is temperature independent.

The T dependence of the relaxation rate and the stretching
exponent extracted from the fitting are plotted in Figs. 4(c)
and 4(d). At high temperatures above 10 K, the muon spins are
weakly relaxing with a simple exponential relaxation function,
indicating that the system is close to its paramagnetic limit.

On cooling below about T = 10 K, λZF(T ) increases strongly,
evidencing a slowing down of electronic spin correlations. As
the temperature is further lowered, λZF(T ) levels off below
1.4 K, signaling a crossover into a regime characterized
by persistent spin dynamics. The so-called persistent slow
dynamics has been ubiquitously observed in a range of the
QSL candidates, for example, the kagome antiferromagnet
ZnCu3(OH)6Cl2 [11], the triangular lattice YbMgGaO4 [47],
and the distorted kagome bilayers Ca10Cr7O28 [48]. However,
the saturation of the relaxation should not be regarded as an
exclusive property of a QSL because the reported ground states
encompass spin freezing, and a weak magnetic order as well
[49]. Rather, this behavior is likely linked to unconventional
low-energy modes arising from either a QSL or a weakly
symmetry broken state.

Figures 4(e) and 4(f) show the results of longitudinal-field
(LF) µSR measurements where the external field is applied
parallel to the initial muon spin direction. P (t) measured
at T = 23 (50) mK for the Ru(Ir) compound displays an
exponential-type relaxation up to 200 G. When the low-T
plateau observed in λZF(T ) originates from static magnetism,
the local static field can be estimated to be Bloc = λ/γµ ≈
1.17 (1.88) G for the Ir(Ru) compound, with a muon gyro-
magnetic ratio γµ/2π = 135.5 MHz/T. In this case, applying
a small longitudinal field of about 20 G is sufficient to decouple
the muon spins from the samples. However, we find no sign of
a full polarization of the LF-µSR spectra in an external field
of 200 G, substantiating a dynamic nature of the magnetism.

We next turn to the evolution of the relaxation shape. As
the temperature is lowered, the stretching exponent decreases
gradually from β = 1 to a constant value of about β = 0.5
(T < 1.5 K) for the Ru compound and β = 0.7 for the Ir
compound. The obtained values of β are larger than the
β = 1

3 expected for a canonical spin glass. We note that
the leveling off of the stretching exponent accompanies an
order-of-magnitude increase of λZF(T ) for the Ru compound,
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Depth-Dependent Magnetic Properties

hematite particles [see Fig. 3(b)]. From this data mining, it
is clear that the Morin temperature is strongly dependent on
the finite particle length L and is typically suppressed
below 5 K for L < 10 nm [30,34]. In contrast to the latter
strong effect on TM, finite size only weakly affects the
second-orderNéel transition.Recent high-T data onhematite
nanostructures indicates that TN obeys the standard form
ðTc=T0Þ ¼ 1 − ðL0=LÞ1=ν governed by a typical suppres-
sion length L0 ¼ 2.3 nm, and a scaling exponent near the
Ising value ν ¼ 0.6 [38]. Applying the same form to the
Morin transition, Fig. 3(b) shows that the first-order TM
scaling is governed by a much larger length scale
L0 ¼ 11 nm and a higher scaling exponent (ν ≈ 1.0). It is
remarkable that the spatial scale governing the SR transition
in the zero-dimensional particles matches that of the modi-
fied dynamics at the semi-infinite three-dimensional surface.
This implies a phase transition controlled by a modified
surface-free-energy relation rather than short-range surface
critical behavior. Clearly, the suppressed transition remains
“latent” in the semi-infinite limit, but it is present in dimen-
sionally constrained α-Fe2O3 nanoparticles [32–37] or 2D
films [6,39] with a length scale below ϵ.
The origin of the modified dynamics provides insight

into which parameters change in the surface free energy.
Our temperature-dependent 1=T1 measurements indicate
that modified spin dynamics arise from altered surface
magnon behavior near the transition, caused by the change
in surface anisotropy which controls the energy of soft
modes related to the reorientation [9,10]. Theories have
been developed for the relaxation of a nuclear spin due to
hyperfine interactions with a thermal population of anti-
ferromagnetic magnons [16,40]. Energy conservation con-
strains the interaction between the nuclear and electron
spins. The direct process, whereby a single magnon is
scattered from the nuclear spin, is typically forbidden
because a small spin anisotropy will gap (Δ) the magnon
spectrum with a forbidden region extending far above the
nuclear Larmor frequency (sub-μeV range). The lowest

energy magnon mode in hematite occurs at the finite gap
energy [10]:

ΔðT; D Þ ¼ ℏωLOð0Þ
!
1 −

"
T
TL

#
4
$
1=2

; ð2Þ

with ωLOð0Þ ≈ 1 THz, and ΔðT; DÞ ≈ 0.1 THz at 260 K
for bulk (D ¼ ∞), where D is the depth from the surface.
The incomplete softening has been explained as resulting in
TL ¼ TMð1þ δÞ, where δ is a coefficient related to the net
magnetic anisotropy [9]. Without zero-energy excitations,
nuclear relaxation in an antiferromagnet occurs by a
multimagnon process, corresponding to the absorption
and emission of magnons with different energies. This
mechanism is sensitive to spin waves over the entire
Brillouin zone; however, INS [41] and Raman spectroscopy
[42] show that the bulk high energy magnons barely change
above and below TM in α-Fe2O3. Therefore, to a first
approximation, we relate the changes in T1 to the occu-
pation of soft modes above the anisotropy gap, obtaining
the simplified relation

T1ðD Þ ¼ ½eΔðT;DÞ=kBT − 1&
AM0ðDÞ

: ð3Þ

M0 accounts for a rigid magnon density of states thermally
populated across a depth-dependent Δ obeying Eq. (2), and
A is a proportionality constant accounting for the hyperfine
coupling. Figure 3(c) illustrates that the model based on
Eq. (3) produces a reasonable description of the bulk
and surface nuclear relaxation in the temperature
range 100–260 K, using the common Morin transition
TM ¼ 260 K. A key result from the model is that the fitted
δ value—even at 85 nm deep—is 0.016' 0.02, which is
slightly smaller than the bulk anisotropy parameter reported
in the range 0.02–0.04 [10]. Interestingly, δ is significantly
increased near the surface to 0.08' 0.03 at 10 nm,
supporting the theory of strong changes in the hematite

FIG. 3. (a) The nuclear relaxation rate 1=T1 is depth dependent near the (110) α-Fe2O3 surface, with a characteristic decay length of
11 nm. (b) Data-mined experimental results for spherical α-Fe2O3 nanoparticles taken from the previously published references showing
the finite-size threshold for the Néel and Morin phase transition are approximately 2.3 and 11 nm, respectively. (c) Temperature
dependence of the β-NMR 1=T1 rate at the surface of the α-Fe2O3 crystal at different depths, implying that the relaxation is caused by
soft-surface magnons, described by the model encapsulated in Eqs. (3) and (2).
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spin polarization vector ~P is fixed perpendicular to the
beam path, such that its relative direction in the crystal can
be changed by reorienting the sample. The asymmetric
emission of the radioactive β decay products is proportional
to ~P at the time of the decay of the 8Liþ (spin I ¼ 2), which
has a mean lifetime τ ¼ 1.21 s. Similar to the better-known
μSR, the radioactive spin probe stops in the crystal, where it
senses its surroundings via hyperfine interactions [14]. In a
magnetically ordered state, this results in a static (time-
averaged) hyperfine field at the 8Liþ nucleus: the local field
~H L [15]. Any component of ~P perpendicular to ~H L
precesses rapidly and averages to zero. Whereas the parallel
component does not precess, it will gradually decay by
spin-lattice relaxation to an equilibrium close to zero. The
rate of this relaxation, 1=T1, is mainly determined by the
fluctuating part of ~H L perpendicular to ~P, with frequencies
close to the nuclear Larmor frequency [16,17].
The spin-reorientation transition causes a sharp change

in the nuclear polarization shown by the spin-lattice-
relaxation signal [see Fig. 1(a)]. In the latter measurement,
four-second beam pulses of ions at 20 keV were implanted
at a mean depth of 85 nm. No external static or rf field is
applied in the measurement, allowing the 8Liþ spin to relax
naturally under perturbations from the surrounding envi-
ronment. The 261 K data show that the polarization of the
ensemble of 8Liþ is completely destroyed when ~P∥ð001Þ,
consistent with a local field ~H L⊥ð001Þ. A large polariza-
tion (asymmetry) of the 8Liþ is suddenly recovered when
the sample is cooled through the transition to 259 K, as ~H L

is now along ~P. The change is consistent with ~H L∥ ~M, the
sublattice magnetization. Thus, the antiferromagnetic ori-
entation acts as an effective spin filter for the 8Liþ, either
preserving or destroying the initial polarization, making it
very sensitive to the direction of ~M. The surviving
polarization AðtÞ of the 8Liþ ensemble decreases slowly
over several seconds due to fluctuations of ~H L which drive
spin-lattice relaxation. This process is described using a
stretched exponential relaxation convoluted with the beam
pulse of length t0 ¼ 4 s [18]:

AðtÞ ¼
(

1
N

R
t
0 e

−ðt−t0Þ=τpðt; t0Þdt0; t ≤ t0
1
N

R
t
0 e

−ðt0−t0Þ=τpðt; t0Þdt0; t > t0;
ð1Þ

with pðt; t0∶1=T%
1; A0Þ ¼ A0e−½ðt−t

0Þ=T%
1'
β
, and the normaliz-

ing factor NðtÞ ¼
R
t
0 e

−t0=τdt0. The data are well described
with a stretching exponent β ¼ 0.35( 0.05, with the
caveat that both 1=T%

1 and A0 are T dependent. The
stretched exponential describes a distribution of relaxation
times caused by the interaction with magnetic fluctuations,
where the inverse average relaxation time is 1=T1 ¼
ðβ=T%

1Þf1=½Γð1=βÞ'g and Γ is the gamma function [19].
Although the spin-lattice-relaxation rate (1=T1) is on the

scale of seconds, the antiferromagnetic dynamics causing
the relevant nuclear transitions occur at ≈ 10−7 s time scales
to produce spontaneous fields matching the nuclear Larmor
frequency (9.5 MHz at 1.5 T) [16,17]. The variable value of
the initial asymmetry A0 encapsulates the nonprecessing
nuclear spin component A0 ∝ cos2 θ, where cosθ ∝ ~P · ~H L,
and thus is sensitive only to the static internal field. The
steplike drop in A0 above 260 K is caused by the first-order
Morin transition where θ0 ¼ θ þ 90°. To confirm this,
Fig. 1(b) shows that rotating the crystal such that
P∥ð11̄0Þ alters the component of ~M on ~P above TM,
giving a finite asymmetry in the resulting configuration, as
expected. The tenfold reduction is a signature of degenerate
domains forming in the basal plane together with weak
ferromagnetism. Figure 1(c) summarizes the initial asym-
metry A0 as a function of temperature for the two
orientations. The spin-reorientation temperature is manifest
as a sudden jump in the value of observable asymmetry
(A0), providing a model-independent method to monitor
changes in the antiferromagnetic orientation.

(a)

(b)

(c)

FIG. 1. Spin-lattice-relaxation measurements of 8Liþ implanted
at 20 keV into an α-Fe2O3 crystal show a step in the observable
nuclear polarization at the SR transition (TM ¼ 260 K) for two
rotations of the crystal such that (a) ~P∥ð001Þ and (b) ~P∥ð1̄10Þ.
The curves have not been offset or scaled. The kink at 4 s in (a)
and (b) is the end of the incoming 8Liþ pulse. The antiferro-
magnetic spin reorientation is evident in (c) as a step in the initial
asymmetry A0 as a function of temperature.
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The depth-resolved β-NMR shows that the near-surface
antiferromagnetic structure reorients at the same temper-
ature as the bulk Morin transition; however, the spin
dynamics are strongly surface modified. To observe this,
it is necessary to selectively probe regions within a few
nanometers of the surface through the choice of 8Liþ

implantation energy, as shown in the simulated profiles in
Fig. 2(a). Contrary to theoretical predictions, the antiferro-
magnetic orientation is depth independent between 1 and
200 nm at temperatures near TM. As shown in Fig. 2(b), the
experimental asymmetry A0 of 8Liþ at different depths
exhibits the same behavior, where the step at 260 K is the
bulk TM, and the transition retains a first-order character
near the surface. For instance, in Fig. 2(c), as t → 0, there
are no significant differences in the value of A0 that would
signify a fraction of 8Liþ in a surface spin-flop domain.
Any change in the direction of the internal field would alter
the magnitude of the nonprecessing component, indicating
that the 8Liþ’s experience the same internal field direction
at all depths, ruling out a noncollinear spiral structure.
The identical transition temperature differs from several

theories proposing that spin reorientation of a free anti-
ferromagnetic surface is intrinsically different from the
bulk [7,20], even acting as the initial trigger for the bulk
[21]. The dominant first-order behavior is similar, within
experimental uncertainty, to past findings from Mössbauer
spectroscopy [22,23], and it is different than models of the
hematite surface which propose a strongly second-order
transition [20] or a nucleating spin-flop domain [7]. This
surface insensitivity is surprising because it is widely
known that the spin-reorientation temperature is suppressed
in nanoparticles [24–26] and thin films [27,28]. A universal
explanation would be a suppressed surface transition
temperature [7], but there is no evidence of this in the
semi-infinite case. Two other explanations have been
offered: finite-size [29] and lattice distortion [30]. While
we discount lattice strain in our crystal, we find evidence of
a finite length scale implicit in the antiferromagnetic
dynamics illustrated in Fig. 2(c), which shows spin-
relaxation measurements at 255 K for several depths.

Clearly, the nuclear spins relax very differently depending
on proximity to the surface. In α-Fe2O3, the depth-
dependent 1=T1 signifies modified antiferromagnet dynam-
ics [16] with a higher spectral density near the surface. One
theory predicted the existence of magnetic surface states on
α-Fe2O3 accompanied by soft-surface magnons [7], moti-
vated by earlier calculations showing that dipolar
anisotropy makes a large contribution to the net anisotropy
field [31]. The existence of a modified excitation spectrum
in finite-size α-Fe2O3 has recently been observed by
inelastic neutron spectroscopy (INS) in powders of nano-
particles [24–26]. The latter linked the surface spin dynam-
ics to a modified surface anisotropy [26], which alters the
free-energy relation, acting to decrease the Morin transition
to below 2.2 K in hematite nanoparticles [24–26]. The
precise depth and homogeneity of the relevant spin exci-
tations, however, has not been determined until now due to
the volume-averaged nature of INS. The decay depth is
important, however, because it reveals the spatial scale
where variations in the local free-energy relationship occur,
and thus it sets a threshold where surface-dominated
behavior is expected in nanomaterials. In order to deter-
mine the length scale of the surface-localized antiferro-
magnetic dynamics, the temperature dependence of the
magnetic excitation was recorded for several beam ener-
gies. Figure 3(a) shows the depth dependence of the
average 1=T1 measured approaching TM from a lower
temperature. The relaxation rate decreases exponentially
from the surface with a temperature-independent length
scale ϵ ¼ 11# 1 nm that does not diverge near TM. The
absence of a diverging correlation length again confirms
that the latter is not a typical second-order surface tran-
sition. As discussed, the modified dynamics do not alter the
surface phase transition temperature in the semi-infinite
crystal, indicating that coupling of the top layers of spins to
the underlying bulk layers acts to globally enforce the
ordinary transition temperature. Nevertheless, the specific
length scale where we observe modified dynamics is
illuminating in the context of the rich data set [32–37]
which shows a suppressed Morin temperature in finite-size

(a) (b) (c)

AFM phase I
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FIG. 2. (a) Stopping profile of 8Liþ ions as a function of beam energy calculated with SRIM. (b) Initial experimental asymmetry A0

as a function of temperature for several beam energies. The steplike decrease signifies the SR transition. (c) Sample β-NMR SLR
data as a function of beam energy below the Morin transition showing modified spin-lattice relaxation for ions stopping near the
α-Fe2O3 (110) surface.
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• Depth	dependence	of	the	Morin	spin	
reorientation	in	α-Fe2O3

• Surface-localized	dynamics	decay	with	
characteristic	length	of	11  nm,	indicating	
presence	of	soft	surface	magnons.	

hematite particles [see Fig. 3(b)]. From this data mining, it
is clear that the Morin temperature is strongly dependent on
the finite particle length L and is typically suppressed
below 5 K for L < 10 nm [30,34]. In contrast to the latter
strong effect on TM, finite size only weakly affects the
second-orderNéel transition.Recent high-T data onhematite
nanostructures indicates that TN obeys the standard form
ðTc=T0Þ ¼ 1 − ðL0=LÞ1=ν governed by a typical suppres-
sion length L0 ¼ 2.3 nm, and a scaling exponent near the
Ising value ν ¼ 0.6 [38]. Applying the same form to the
Morin transition, Fig. 3(b) shows that the first-order TM
scaling is governed by a much larger length scale
L0 ¼ 11 nm and a higher scaling exponent (ν ≈ 1.0). It is
remarkable that the spatial scale governing the SR transition
in the zero-dimensional particles matches that of the modi-
fied dynamics at the semi-infinite three-dimensional surface.
This implies a phase transition controlled by a modified
surface-free-energy relation rather than short-range surface
critical behavior. Clearly, the suppressed transition remains
“latent” in the semi-infinite limit, but it is present in dimen-
sionally constrained α-Fe2O3 nanoparticles [32–37] or 2D
films [6,39] with a length scale below ϵ.
The origin of the modified dynamics provides insight

into which parameters change in the surface free energy.
Our temperature-dependent 1=T1 measurements indicate
that modified spin dynamics arise from altered surface
magnon behavior near the transition, caused by the change
in surface anisotropy which controls the energy of soft
modes related to the reorientation [9,10]. Theories have
been developed for the relaxation of a nuclear spin due to
hyperfine interactions with a thermal population of anti-
ferromagnetic magnons [16,40]. Energy conservation con-
strains the interaction between the nuclear and electron
spins. The direct process, whereby a single magnon is
scattered from the nuclear spin, is typically forbidden
because a small spin anisotropy will gap (Δ) the magnon
spectrum with a forbidden region extending far above the
nuclear Larmor frequency (sub-μeV range). The lowest

energy magnon mode in hematite occurs at the finite gap
energy [10]:

ΔðT; D Þ ¼ ℏωLOð0Þ
!
1 −

"
T
TL

#
4
$
1=2

; ð2Þ

with ωLOð0Þ ≈ 1 THz, and ΔðT; DÞ ≈ 0.1 THz at 260 K
for bulk (D ¼ ∞), where D is the depth from the surface.
The incomplete softening has been explained as resulting in
TL ¼ TMð1þ δÞ, where δ is a coefficient related to the net
magnetic anisotropy [9]. Without zero-energy excitations,
nuclear relaxation in an antiferromagnet occurs by a
multimagnon process, corresponding to the absorption
and emission of magnons with different energies. This
mechanism is sensitive to spin waves over the entire
Brillouin zone; however, INS [41] and Raman spectroscopy
[42] show that the bulk high energy magnons barely change
above and below TM in α-Fe2O3. Therefore, to a first
approximation, we relate the changes in T1 to the occu-
pation of soft modes above the anisotropy gap, obtaining
the simplified relation

T1ðD Þ ¼ ½eΔðT;DÞ=kBT − 1&
AM0ðDÞ

: ð3Þ

M0 accounts for a rigid magnon density of states thermally
populated across a depth-dependent Δ obeying Eq. (2), and
A is a proportionality constant accounting for the hyperfine
coupling. Figure 3(c) illustrates that the model based on
Eq. (3) produces a reasonable description of the bulk
and surface nuclear relaxation in the temperature
range 100–260 K, using the common Morin transition
TM ¼ 260 K. A key result from the model is that the fitted
δ value—even at 85 nm deep—is 0.016' 0.02, which is
slightly smaller than the bulk anisotropy parameter reported
in the range 0.02–0.04 [10]. Interestingly, δ is significantly
increased near the surface to 0.08' 0.03 at 10 nm,
supporting the theory of strong changes in the hematite

FIG. 3. (a) The nuclear relaxation rate 1=T1 is depth dependent near the (110) α-Fe2O3 surface, with a characteristic decay length of
11 nm. (b) Data-mined experimental results for spherical α-Fe2O3 nanoparticles taken from the previously published references showing
the finite-size threshold for the Néel and Morin phase transition are approximately 2.3 and 11 nm, respectively. (c) Temperature
dependence of the β-NMR 1=T1 rate at the surface of the α-Fe2O3 crystal at different depths, implying that the relaxation is caused by
soft-surface magnons, described by the model encapsulated in Eqs. (3) and (2).
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Sensitivity to both magnetic and electric phenomena

• The	muon	which	is	a	I =	1/2	particle	
and	detects	only	the	magnetic	
dynamics.

• 8Li+ has	I =	2	and	thus	a	finite	electric	
quadrupole	moment	q	=	31.4	mb.	

• For	instance,	in	the	case	of	
multiferroic structures	containing	a	
ferroelectric		Ba0.7Sr0.3TiO3 and	
ferromagnet SrRuO3,	this	dual-
sensitivity	allows	us	to	detect	both	
the	ferromagnetic	and	ferroelectric	
dynamics.	

D. L. Cortie et al. in preparation 2017



Lithium Ion Batteries

20 000 g mol!1. PEO is oen prepared by the cationic or anionic
ring-opening polymerization of ethylene oxide depending on
the catalyst type. PEO is a commercially available product with
many applications from industrial manufacturing to medicine.
PEO has low toxicity and is thus used in a variety of products,
such as medical, chemical, biological, commercial, and indus-
trial uses.

As mentioned above, PEO can complex with lithium salts
(Li+) to form polymer electrolytes. Its ethylene oxide (EO) units
have a high donor number for Li+ and high chain exibility,
which are important for promoting ion transport. In addition,
PEO has a high dielectric constant and strong Li+ solvating
ability. Therefore, PEO-based SPE is the most extensively
researched system. However, PEO is a semi-crystalline poly-
mer, and the amorphous phase with activated chain segments
(above Tg) aids ion transportation (Fig. 3).34 Although a few
reports indicated that crystalline PEO can offer even greater
ion conductivity than amorphous PEO,35,36 prevailingly, PEO
crystallization is considered to be detrimental to ion transport
owing to the slowed down polymer chain dynamics upon
crystallization.37 Therefore, the design criterion for PEO-based
electrolytes is generally the suppression of PEO crystallinity to
increase the percentage of the amorphous phase of PEO for
ion transport. Various strategies and approaches such as the
addition of a plasticizer38–44 or nanoller,24,30,45 polymer
blends,46–50 graing short PEO oligomers onto polymer back-
bones or cross-linking PEO based polymers,16,17,19,21 and
designing of a block copolymer (BCP)51–77 with a PEO block
(conductive properties) and other blocks like polystyrene (PS)
and polyethylene (PE) (mechanical properties) have been
employed to improve the ionic conductivity of PEO-based
electrolytes.

3. Key points for improving ionic
conductivity
3.1. Ionic conductivity in LIBs

Lithium-ion batteries (LIBs) are composed of a cathode and an
anode as the electrodes, a lithium salt solution as the electrolyte,
a separator and functional additives (Fig. 4). The rechargeable
lithium ion insertion/extraction during the discharge/charge
process is accompanied by a redox reaction of the host matrix
assisted by a ow of electrons through the external circuit.1,10

Ionic conductivity is a key property of the electrolyte for LIBs,
and it represents the ion transition character of the electrolyte.
The basic requirement of a suitable electrolyte for LIBs is high
ionic conductivity.

Liquid electrolytes have high ionic conductivity and the
ability to establish stable contact with electrodes. Most liquid
electrolytes used in commercial LIBs are non-aqueous solutions,
in which a lithium salt such as lithium hexauorophosphate
(LiPF6) is dissolved in a mixture of solvents. Among electrolyte
solvents, organic carbonates, such as ethylene carbonate (EC),
propylene carbonate (PC), dimethyl carbonate (DMC), ethyl
methyl carbonate (EMC), and diethyl carbonate (DEC), are the
most suitable solvents for the application of LIBs.10,32 Cyclic
carbonates have high viscosity, and a linear carbonate with high
uidity needs to be added for preparing multi-solvent blend
electrolytes to enhance the ionic conductivity.10 Due to the high
dielectric constant of cyclic carbonates, they are frequently used
as a high-permittivity component of electrolytes in lithium
batteries, usually together with a low viscosity solvent. Their high
polarity allows them to create an effective solvation shell around
lithium ions, resulting in a conductive electrolyte.

As mentioned in Section 1, although liquid electrolytes full
many property requirements for LIBs, the safety issues and the

Fig. 2 Structures of different types of linear PEO.

Fig. 3 Morphologies of semi-crystalline PEO. Fig. 4 Schematic description of LIBs.
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Present	rechargeable	batteries	use	electrolytes	
with	organic	solvents.	Solid	state	batteries	(SSB)	
are	highly	desirable	for	safety	considerations but	

also	for	performance	and	lifetime.		

The	key	issue in	future	materials	developments	

for	SSB	is	to	understand	the	ion	diffusion	

processes	in	the	solid	state	at	an	atomic	level,	

opening	the	door	for	tailored	materials	and	

improved	device	performance.	



βNMR Studies of Li+ Diffusion in Battery Materials

8Li+

I.	McKenzie	et	al.	J.	Chem.	Phys.	2017,	146,	244903
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FIG. 3. Results from the analysis of the SLR measurements
using Eq. (2) at high- and low-field. Shown are the fraction
of the slow relaxing component (top) and the slow relaxation
rate (bottom). fslow is surprisingly both temperature- and
field-dependent, but increases towards 1 by 300 K. The quali-
tative features of the SLR spectra in Fig. 2 can be seen clearly
in the two field-dependent rate maxima in 1/T slow

1 . The solid
red line is drawn to guide the eye.

certainty decreases with time as the statistics increase,
reaching a minimum at the trailing edge of the 4 s beam
pulse. Following the pulse, the error bars grow expo-
nentially as exp(≠t/·—), e.g. Fig. 2. Accounting for this
purely statistical feature of the data is crucial in the anal-
ysis. A subset of the results are shown as solid coloured
lines in Fig. 2. The fit quality is good in each case (global
‰̃2 ¥ 1.1). The relaxation rates of the two components
are very di�erent with ⁄fast > 20⁄slow, and the analysis
distinguishes them clearly.

The main fit results are shown in Fig. 3. Consistent
with the qualitative behaviour of the spectra in Fig. 2, the
relaxation rate exhibits two maxima at each field. This
is most apparent in the slow relaxing component at high
magnetic field, while at low field, the low temperature
peak is substantially broadened. Generally, a maximum
in the relaxation rate occurs when the average fluctua-
tion rate matches the Larmor frequency,31–39 while the
detailed temperature dependence ⁄(T ) depends on the
character of the fluctuations.

Though the two relaxing components share similari-
ties in their temperature dependence (Fig. 3 and Ap-
pendix A), we emphasize that the slow relaxing compo-
nent is the more reliable. Even though the sample is
much larger than the incident ion beamspot, backscat-
tering can result in a small fraction of the 8Li+ stop-
ping outside the sample which typically produces a cor-

respondingly small fast relaxing asymmetry.41 At high
field, where 8Li+ relaxation is generally slow, most ma-
terials show such a fast relaxing component easily dis-
tinguishable from the features of interest; however, when
quadrupolar relaxation is present, which results in multi-
exponential relaxation for high-spin nuclei57–59 (see Ap-
pendix A), distinguishing the background contribution
from an intrinsic fast component becomes di�cult. At
low fields, a background is even harder to isolate as 8Li+
relaxation is typically fast under these conditions. There-
fore, even though the slow component is a minority frac-
tion at low field (see Fig. 3), we assert that it is the
more reliable. The fact that, as discussed in the follow-
ing sections, we are able to reproduce material properties
observed with other techniques is strong confirmation of
the appropriateness of this choice.

B. Resonance

We now turn to the measurements of the 8Li reso-
nance spectrum at B0 = 6.55 T. As expected in a non-
cubic crystal, the NMR is split into a multiplet pattern
of quadrupole satellites by the interaction between the
8Li nucleus and the local electric field gradient (EFG)
characteristic of its crystallographic site. As seen in
Fig. 4A, the resonance lineshape changes substantially
with temperature. At 10 K, it is broad with an overall
linewidth of about 40 kHz, near the maximum measur-
able with the limited amplitude RF field of this broad-
band spectrometer.42,44 Some poorly resolved satellite
structure is still evident though. As the temperature in-
creases, the intensity of the resonance increases consider-
ably with only limited narrowing. Above 45 K, however,
the resonance area decreases dramatically and is minimal
near 100 K. As the temperature is raised further, the
quadrupolar splitting becomes more evident, especially
above 130 K. Moreover, the sharpening of these spec-
tral features coincides with a reduction in the breadth
of line, along with another increase in signal intensity.
These high-temperature changes are qualitatively con-
sistent with motional narrowing for a mobile species in a
crystalline environment. By room temperature, the spec-
trum is clearly resolved (see Fig. 4B) into the expected
pattern of 2I single quantum (|�m| = 1) quadrupole
satellites interlaced with narrower double quantum tran-
sitions. The well-resolved quadrupolar structure indi-
cates a well-defined time-average EFG experienced by a
large fraction of the 8Li at this temperature. At all tem-
peratures, the centre of mass of the line is shifted to a
lower frequency relative to 8Li+ in MgO at 300 K. Note
that the resonances in Fig. 4 are all normalized to the o�-
resonance steady state asymmetry, which accounts for all
the variation of signal intensity due to spin-lattice relax-
ation.60

The scale of the quadrupolar interaction is the

2

FIG. 1. The rutile structure.5 (A) Titanium-centred con-
ventional unit cell showing Ti (blue) and oxygen (red) ions.
Bonds (grey) are drawn to emphasize coordination. (B) View
along the 4-fold c-axis, revealing the channels for fast intersti-
tial Li+ di�usion. Lithium (green) are shown in the channel
centre (4c sites) surrounded by the blue Ti-centred octahedra.
(C) O�-axis view revealing the 1D channels.

trons, polaron mobility is quite limited and often exhibits
thermally activated hopping. Calculations predict that
the polaron mobility, like interstitial Li+, is also highly
anisotropic, with fast transport along the c-axis stacks of
edge sharing TiO6 octahedra.12,23,26,27 Importantly for
our results, the positive charge of an interstitial cation
like Li+ can bind the polaron into a Li+-polaron complex,
e�ectively coupling the electronic and ionic transport.28

Even before this complex was observed by EPR and elec-
tron nuclear double resonance (ENDOR),29 its e�ect on
the mobility of Li+ was considered theoretically.12,30

To study lithium-ion dynamics in rutile, a technique
sensitive to the local environment of Li+ is desirable.
Nuclear magnetic resonance (NMR) is a sensitive micro-
scopic probe of matter with a well-developed toolkit for
studying ionic mobility in solids.31–39 In particular, spin-
lattice relaxation (SLR) measurements provide a means
of studying fast dynamics. They are sensitive to the tem-
poral fluctuation in the local fields sensed by NMR nuclei,
which induce transitions between magnetic sublevels and
relax the ensemble of spins towards thermal equilibrium.
When these stochastic fluctuations induced by, for ex-
ample, ionic di�usion, have a Fourier component at the
Larmor frequency (typically on the order of MHz)

ÊL = 2fi‹L = 2fi“B0, (1)

where “ is the gyromagnetic ratio of the NMR nucleus
and B0 is the applied magnetic field, the SLR rate
⁄ = 1/T1 is maximized. Complementary information
can be obtained from motion induced changes to the
resonance lineshape. In the low temperature limit, the
static NMR lineshape is characteristic of the lattice site,

with features such as the quadrupolar splitting and mag-
netic dipolar broadening from the nuclei of neighboring
atoms. As temperature increases and the hop rate ex-
ceeds the characteristic frequency of these spectral fea-
tures, dynamic averaging yields substantially narrowed
spectra with sharper structure. This phenomenon is col-
lectively known as “motional narrowing” and is sensitive
to slow motion with rates typically on the order of kHz.
Together, SLR and resonance methods can provide direct
access to atomic hop rates over a dynamic range up to
nearly 6 decades.

Here, we use —-detected NMR (—-NMR)40,41 to mea-
sure the Li+ dynamics in rutile. Short-lived 8Li+ ions
are implanted at low-energies (≥20 keV) into single crys-
tals of rutile, and their NMR signals are obtained by
monitoring the 8Li nuclear spin-polarization through the
anisotropic —-decay. 1/T1 measurements reveal two sets
of thermally activated dynamics: one low-temperature
process below 100 K and another at higher temperatures.
The dynamics at high temperature is due to long-range
Li+ di�usion, in agreement with macroscopic di�usion
measurements, and corroborated by motional narrowing
of the resonance lineshape. We find a dilute-limit activa-
tion barrier of 0.32(2) eV, which is consistent with macro-
scopic di�usivity, but inconsistent with theory. We sug-
gest that the dynamics below 100 K and its much smaller
activation barrier are related to the low-temperature ki-
netics of dilute electron polarons.

The paper is organized as follows: Section II details
the methods used. The results of spin lattice relaxation
and resonance measurements and their analysis form sec-
tion III A and III B, respectively. A detailed discussion
including comparison to the extensive literature is pre-
sented in section IV, and a summary is given in section V.
The appendices give some further detail on the spin lat-
tice relaxation model (Appendix A) and on the candidate
site for interstitial Li+ (Appendix B).

II. EXPERIMENT

—-NMR experiments were performed at TRIUMF in
Vancouver, Canada. A low-energy ≥20 keV hyperpolar-
ized beam of 8Li+ was implanted into rutile single crys-
tals mounted in one of two dedicated spectrometers.41–44

The incident ion beam has a typical flux of ≥106 ions/s
over a beam spot ≥3 mm in diameter. At these im-
plantation energies, the 8Li+ stop at average depths of
at least 100 nm,45 as calculated by the SRIM Monte
Carlo code.46 Spin-polarization was achieved in-flight by
collinear optical pumping with circularly polarized light,
yielding a polarization of ≥70 %.47 The samples are one-
side epitaxially polished (roughness < 0.5 nm), commer-
cial substrates with typical dimensions 8 ◊ 10 ◊ 0.5 mm3

(Crystal GmbH, Berlin). All the samples were trans-
parent to visible light, but straw-coloured, qualitatively
indicating a minor oxygen deficiency.48 The probe nu-
cleus, 8Li, has nuclear spin I = 2, gyromagnetic ratio

Rutile	TiO2



Diffusion of Li+ in Li4Ti5O12 and LiTi2O4 films
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• Li+ starts	to	diffuse	in	Li4Ti5O12
above	100	K	with	an	activation	
energy	of	0.11(1)	eV.

• Li+ diffusion	occurs	in	LiTi2O4
above	200	K	with	an	activation	
energy	of	0.16(2)	eV.



Chemistry: μSR of Stable Singlet Biradical
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Aryl-attack structures are completely excluded.

Mu predominantly adds on the skeletal phosphorus.
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