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Materials Science

• TRIUMF hosts the world’s only radioactive nuclear beam resonance facility 
for thin-film and interface research.

• TRIUMF is the sole facility in the Americas that provides muon spin 
relaxation spectroscopy for quantum and chemical systems.

• TRIUMF materials science program is well established and provides critical 
complementary research probes to Canadian and International 
experimenters.

b-NMR

µSR

Users
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Centre for Molecular and Materials Science (CMMS)
Seven Faculty and Scientists,
Three Technicians, collaborate to

• perform individual research, 
• contribute to training and teaching,
• support user experiments and 

technical projects, 
• operate and advance the research 

infrastructure.

Students join the CMMS for work 
experiences and training.

Seven Canadian university faculty 
affiliated with TRIUMF.

Three TRIUMF faculty affiliated with 
Canadian universities.

2018.08

2019.07~

2019.09~ 2020.01~
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CMMS facility and 
location in TRIUMF

µSR: available at M15 and M20 in Meson Hall,     
150 days / year simultaneously

Ø FUTURE: M9H and M9A will be completed for 
measurement in extreme conditions and user 
community expansion. 
M9H is CFI approved: (Kreitzman, Thursday).

b-NMR stations in ISAC-I building, 35 days / year 

Ø FUTURE: ARIEL will expand the beam availability 
of b-NMR by 3~5 times (5 => 15~25weeks).

Ø POLARIS (Dunsiger, Wednesday) aims to 
maximize utility of beams made available by the 
ARIEL sources.

µSR

b-NMR

M20

M15

M9
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CMMS
history
at large

+ my own history

1983: First demonstration (M20) of a dedicated facility based surface muon 
beam line.  (Ken Kendall,  Jess Brewer, Jaap Doornbos, Jack Beveridge)

1985: Building of M15, with its dual achromatic spin rotators This became the 
de-facto model for all the worlds subsequent bulk material muon channels 
(excepting decay muons).

1988: Building of M9B by the Tokyo group (Nagamine and Co.) with Kakenhi

1998: Introduction of the βNMR facility in ISAC

1999: Invention/introduction of the High Transverse Field (7T) / High-timing 
resolution MuSR spectrometer

2003: Invention/introduction of a spin-rotated high energy decay μ+ beam 
(M9B). 

2005: CFI Funds rebuilding of M20 into a modern MuSR beam line 

2009: TRIUMF Funds the building of M9A

2012: First experiments on the rebuilt M20 C/D surface muon beamline.

2013: TRIUMF saves the CMMS & UCN programs by funding a M-Hall He 
liquefier 

2016: CFI Funds the rebuilding of M9B/H into a versatile decay MuSR beam line 

2020: current 5-year plan (high-P µ+ or negative µ-)
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Muons from 
T2 target:
M9 and M20

Expansion to new M9A/H

2020.08: new M9Q1&2 installed and Vacuum being checked !
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M9A: 3Tesla-
spectrometer 
and SiPM
detectors

Fully automated system

2019.07.15

High timing resolution of 
~200 ps has been achieved 

Muon detector in snout vacuum Left/Right/Up/Down   
Positron 
detectors 
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M9H solenoid

Gate-2 Review passed: 2020.07.
Solenoid fabricators are being invited to bid.

Proj. Eng.
Mahdiar
Khosravi

Syd
Kreitzman

High momentum µ+: GPa high pressures at mK or 1000 K

Negative muons µ- : muonic X-ray element analysis
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The Mott insulating phase (defined broadly as an insulating
state induced by electron correlations) can often be
suppressed by quantum tuning, that is, varying a

nonthermal parameter such as chemical composition or pressure,
resulting in a zero-temperature quantum phase transition (QPT)
to a metallic state driven by quantum fluctuations1,2. Theories of
exotic phenomena known to occur near the Mott QPT such as
quantum criticality and high-temperature superconductivity3

often assume a second-order QPT, but direct experimental
evidence for either first- or second-order behaviour at the
magnetic QPT associated with the Mott transition has been
scarce and further masked by the superconducting phase in
unconventional superconductors.

The low-temperature antiferromagnetic insulating state in
archetypal Mott insulators RENiO3 and V2O3 can be tuned
systematically through variation of the rare-earth ion4 in
RENiO3 and application of hydrostatic pressure5 in
stoichiometric V2O3, making them ideal systems for studying
correlation-driven metal–insulator transitions (MITs). RENiO3
possesses a distorted perovskite structure in which the
average rare-earth ionic size can be continuously controlled
by solid solution of different rare earths4, effectively applying
a chemical pressure and producing the phase diagram shown
in Fig. 1a. An abrupt thermal phase transition (solid red curve)
from a high-temperature metal to a low-temperature
insulator takes place at a temperature dependent on the ionic
radius, with a paramagnetic–antiferromagnetic transition
(blue curve) occurring simultaneously for some compounds and
at lower temperature for others. A structural distortion
(yellow curve) that lowers the symmetry from orthorhombic to
monoclinic is also observed when cooling through the MIT6.
As the ionic radius increases, the temperature of the
thermal MIT decreases until it reaches zero at the estimated
critical radius of B1.175 Å, resulting in a QPT from an
antiferromagnetic insulator to a paramagnetic metal. Varying
the rare-earth ion leaves the electron count unchanged but
alters the width of the relevant electron energy bands by
changing the crystal structure; hence, this constitutes a
bandwidth-controlled Mott QPT1.

The mechanism of the MIT remains controversial. Various
scenarios have been proposed, including the opening of a
charge-transfer gap4, orbital ordering7 and charge ordering6,8,
but experimental observations have been inconsistent with each
of these scenarios8–13. Recent progress has led to a proposed
site-selective Mott transition14,15 that successfully explains many
of the unusual electronic properties of RENiO3.

In the case of V2O3, hydrostatic pressure suppresses the
MIT temperature from B160 K at ambient pressure to 0 K at
B2.0 GPa (Fig. 1b), again resulting in a bandwidth-controlled
QPT. The MIT is likewise accompanied by structural symmetry
lowering (rhombohedral to monoclinic) in the insulating state.
Replacing small amounts of V with either Ti or Cr produces
similar effects as pressure16, shown on the upper horizontal axis
of Fig. 1b. Doping with Cr acts as negative pressure and leads to a
first-order transition at high temperature between a paramagnetic
metal and paramagnetic insulator, dividing the overall V2O3
phase diagram into three parts, similar to RENiO3. However, the
metallic phase produced by Ti doping orders magnetically1

unlike the pressure-induced metal, so these tuning methods
are not equivalent17. The MIT in V2O3 was classified early on
as a Mott–Hubbard transition5, but experimental and
theoretical developments in the 1990s and 2000s, particularly
from numerical techniques like dynamical mean field
theory (DMFT), modified the understanding of this system to
include multiband, S¼ 1 models18,19. This system remains a topic
of active study.

In both materials, the QPT has received less attention than the
thermal MIT, despite being vital for a full understanding of these
materials and the pressure-driven Mott transition in general.
The order of the QPT is significant. A second-order QPT leads to
quantum criticality that may engender unusual properties and
novel electronic phases. For a first-order QPT, the system
would be expected to exhibit more typically first-order behaviour
such as phase coexistence and abrupt changes in the ground state,
not necessarily manifesting quantum criticality in the same way.
Early numerical and analytical studies20–24, scaling analysis25 and
DMFT studies26 suggested first-order behaviour at the Mott QPT,
but conclusive experiments on RENiO3 and V2O3 have been
lacking. Among the few experiments related to the QPT in these
materials are a transport study of V2O3 under pressure27

revealing a gradual reduction of the low-temperature resistance
with higher pressure, a neutron study28 suggesting quantum
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Figure 1 | Phase diagrams for canonical Mott systems RENiO3 and V2O3.
(a) RENiO3 phase diagram, with temperature along the vertical axis and
rare-earth ionic radius along the horizontal axis. The red curve indicates a
metal–insulator transition on cooling, blue a paramagnet–antiferromagnetic
transition, and yellow a structural transition. The coloured circles represent
phase boundaries for the stoichiometric compounds determined by
previous studies. Coloured arrows indicate compositions studied in the
current work. The quantum phase transition (QPT) occurs at a radius of
B1.175 Å. PS, phase separated. After ref. 4. (b) V2O3 phase diagram, with
temperature along the vertical axis and hydrostatic pressure along the
horizontal axis. The QPT occurs at a pressure of B2.0 GPa. Doping with Ti
and Cr is shown on the upper horizontal axis for comparison. All coloured
curves and symbols are the same as in a. After ref. 16.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12519

2 NATURE COMMUNICATIONS | 7:12519 | DOI: 10.1038/ncomms12519 | www.nature.com/naturecommunications

Phase diagram of Quantum Materials

TRIUMF has mapped out phase 
diagram of quantum materials 
with µSR as a magnetic probe.

Instead of Chemical pressure by 
element substitutions, 

real pressure may be used as 
the controlling parameter.

B.A. Frandsen et al., 
Nature Comm. 7, 12519, (2016). 

Pressure capability: 

Alannah Hallas’s talk on Wednesday
on other Quamtum Materials
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Materials Science with negative Muon (µ-)
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Substantial progress in battery technology has been made in recent years but more improvements are needed 
to meet our climate change goals. The sustainability and cost of batteries must be improved, which requires 
increased battery lifetimes. In order to do this, we must monitor the state of health of batteries continuously 
during operation to minimize their degradation. During electrochemical cycling, significant changes in the 
material structure and elemental distributions within the battery occur, which could substantially influence 
ion and electron transport and affect the performance of the entire battery system. Several analysis 
techniques such as X-ray diffraction, X-ray absorption spectroscopy, neutron diffraction and NMR have been 
used to characterize batteries under working conditions (operando), but most of them can acquire only 
spatially averaged information and do not provide information about the local elemental composition. 
Elemental analysis using negative muons (µ−) can shed light onto location of important elements such as Li, 
O, Na, Mg, Zn, during battery operation, making this a potentially highly valuable avenue of research into 
the microscopic mechanism of battery operation and a tool to study the processes by which batteries fail. The 
muonic X-ray spectrometer could be used to study passivation on the electrodes, corrosion and dendritic 
growth, which have all been linked to decreased performance and battery failure. A schematic of the 
experimental setup is shown in Fig. 1b.  

 
Figure 1: (a) Production of muonic X-rays and (b) schematic of the muonic X-ray spectrometer probing the temporal and spatial dependence of 

the lithium concentration in a lithium-ion battery. 

Another area where muonic X-ray analysis could provide valuable information is the non-destructive 
analysis of corrosion and corrosion-product transport. Fatigue, damage and corrosion are important to 
understand as they can lead to failure of critical infrastructure. It is urgently required for national and world-
wide safety precaution to develop a non-destructive inspection method that is depth-resolved. There are a 
multitude of techniques for analyzing corrosion at a surface or by destructive analysis but muonic X-ray 
analysis is unique in being non-destructive and position-sensitive.  

Archaeology and Anthropology Applications:  
The high energy of the muonic X-rays from high-Z atoms enables these photons to penetrate several 
centimetres of material, so one can probe the elemental composition of the deep interior of a sample. This 
technique will not activate the sample, which occurs in prompt gamma-ray analysis by neutron irradiation, 
and so the proposed spectrometer will also be useful for the non-destructive characterization of cultural-
heritage objects. There are several facilities that use X-ray fluorescence (XRF) to measure elemental 
compositions, however non-destructive XRF is restricted generally to a subset of the mid-Z X-ray region, the 
best portion including Ti-Nb. Muonic X-ray analysis can be used to determine the concentration of 
archaeologically important high-Z elements, such as Ag, Au and Pb, in addition to the mid-Z region.  

RELATIONSHIP TO BROADER CANADIAN RESEARCH COMMUNITY: 

The capabilities of the proposed muonic X-ray spectrometer for studying materials, operating devices and 
cultural-heritage objects will be unique in both Canada and worldwide due to the higher µ− flux. The muonic 
X-ray spectrometer will become part of the TRIUMF Centre for Molecular and Materials Science, which 
serves a broad research community in Canada and abroad.  

The importance of energy-storage devices means that several research groups are trying to image batteries. 
The Canadian Light Source has developed synchrotron-based computed tomography to image a battery’s 
internal structure, but this does not provide information about the time- and position-resolved composition. 
The Wasylishen group at the University of Alberta uses magnetic resonance imaging to monitor operating  
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1. Introduction

Elemental analysis is a process in which a sample is analyzed for its
composition. Often this is accomplished by destructive and damaging
methods. Clearly, such techniques are not desirable for valuable items;
cultural scientific ormonetary, and a non-destructive, non-damaging el-
emental analysis would be extremely useful. Such a tool can be found in
the use of negative muons, where the absorption process releases char-
acteristic X-rays from the elements present.

Negative muons are comparable to heavy electrons; replacing an
electron in the outer shell of an atom, then traveling to near the nucleus
through the modified energy states of the atom. Each transition on this
path produces an X-ray characteristic of the atom in which the muon
was absorbed, hence allowing this spectrum to reflect the atomic spe-
cies (see Fig. 1). The sensitivity of this technique is such that even
light atoms can be detected. Furthermore the technique has the poten-
tial to be used as a depth analysis tool, since by varying themomentum
of the incidentmuon beam it is possible to change the depth of implan-
tation of the negative muon. A significant advantage of muonic X-rays
over those of electronic X-rays is their higher energy (2 keV-10 MeV)
(see Fig. 2). These high energy muonic X-rays are emitted from the
bulk of the samples without the added complication of photon self-

absorption and can be simply detected by a semiconductor detector.
From Fig. 2 we can see that the X-ray emission energy scales with Z
(see ref [1] for a more detailed review). In addition, this technique will
not activate the sample, unlike prompt gamma-ray analysis by neutron
irradiation. Over the years there has been sporadic use of negative
muons as an elemental analysis tool, and awide-ranging number ofma-
terials have been investigated, including Japanese coins [1], spinal col-
umns [2], pig fat and dog's blood [3], tissue analysis [4], ancient
Chinese mirrors and Tang San Cai horse [5] and even meteorite compo-
sition [6]. Recently, an instrument has been constructed at the J-PARC
facility [7]. ISIS pulsed neutron and muon facility is a primary high-
flux source of pulsed muon beams. In this paper we will discuss the lat-
est developments at ISIS and the possible uses for the future.

Microchemical Journal 125 (2016) 203–207

☆ Selected papers presented at TECHNART 2015 Conference, Catania (Italy), April 27–
30, 2015.
⁎ Corresponding author at: Rutherford Appleton Laboratory, ISIS, Harwell Oxford,

Didcot OX11 0QX, United Kingdom.
E-mail address: adrian.hillier@stfc.ac.uk (A.D. Hillier).
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Substantial progress in battery technology has been made in recent years but more improvements are needed 
to meet our climate change goals. The sustainability and cost of batteries must be improved, which requires 
increased battery lifetimes. In order to do this, we must monitor the state of health of batteries continuously 
during operation to minimize their degradation. During electrochemical cycling, significant changes in the 
material structure and elemental distributions within the battery occur, which could substantially influence 
ion and electron transport and affect the performance of the entire battery system. Several analysis 
techniques such as X-ray diffraction, X-ray absorption spectroscopy, neutron diffraction and NMR have been 
used to characterize batteries under working conditions (operando), but most of them can acquire only 
spatially averaged information and do not provide information about the local elemental composition. 
Elemental analysis using negative muons (µ−) can shed light onto location of important elements such as Li, 
O, Na, Mg, Zn, during battery operation, making this a potentially highly valuable avenue of research into 
the microscopic mechanism of battery operation and a tool to study the processes by which batteries fail. The 
muonic X-ray spectrometer could be used to study passivation on the electrodes, corrosion and dendritic 
growth, which have all been linked to decreased performance and battery failure. A schematic of the 
experimental setup is shown in Fig. 1b.  

 
Figure 1: (a) Production of muonic X-rays and (b) schematic of the muonic X-ray spectrometer probing the temporal and spatial dependence of 

the lithium concentration in a lithium-ion battery. 

Another area where muonic X-ray analysis could provide valuable information is the non-destructive 
analysis of corrosion and corrosion-product transport. Fatigue, damage and corrosion are important to 
understand as they can lead to failure of critical infrastructure. It is urgently required for national and world-
wide safety precaution to develop a non-destructive inspection method that is depth-resolved. There are a 
multitude of techniques for analyzing corrosion at a surface or by destructive analysis but muonic X-ray 
analysis is unique in being non-destructive and position-sensitive.  

Archaeology and Anthropology Applications:  
The high energy of the muonic X-rays from high-Z atoms enables these photons to penetrate several 
centimetres of material, so one can probe the elemental composition of the deep interior of a sample. This 
technique will not activate the sample, which occurs in prompt gamma-ray analysis by neutron irradiation, 
and so the proposed spectrometer will also be useful for the non-destructive characterization of cultural-
heritage objects. There are several facilities that use X-ray fluorescence (XRF) to measure elemental 
compositions, however non-destructive XRF is restricted generally to a subset of the mid-Z X-ray region, the 
best portion including Ti-Nb. Muonic X-ray analysis can be used to determine the concentration of 
archaeologically important high-Z elements, such as Ag, Au and Pb, in addition to the mid-Z region.  

RELATIONSHIP TO BROADER CANADIAN RESEARCH COMMUNITY: 

The capabilities of the proposed muonic X-ray spectrometer for studying materials, operating devices and 
cultural-heritage objects will be unique in both Canada and worldwide due to the higher µ− flux. The muonic 
X-ray spectrometer will become part of the TRIUMF Centre for Molecular and Materials Science, which 
serves a broad research community in Canada and abroad.  

The importance of energy-storage devices means that several research groups are trying to image batteries. 
The Canadian Light Source has developed synchrotron-based computed tomography to image a battery’s 
internal structure, but this does not provide information about the time- and position-resolved composition. 
The Wasylishen group at the University of Alberta uses magnetic resonance imaging to monitor operating  
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The development of elemental analysis at the ISIS pulsed neutron and muon facility, STFC Rutherford Appleton
Laboratory, UK, is described. Presented are recent results from the calibration of the new setup and this shows
the technique can be a powerful tool in determining the composition of materials in bulk, not just at the surface.
Moreover, this technique is non-destructive and should be sensitive to all elements (perhaps with the exception
of H and He).

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Elemental analysis is a process in which a sample is analyzed for its
composition. Often this is accomplished by destructive and damaging
methods. Clearly, such techniques are not desirable for valuable items;
cultural scientific ormonetary, and a non-destructive, non-damaging el-
emental analysis would be extremely useful. Such a tool can be found in
the use of negative muons, where the absorption process releases char-
acteristic X-rays from the elements present.

Negative muons are comparable to heavy electrons; replacing an
electron in the outer shell of an atom, then traveling to near the nucleus
through the modified energy states of the atom. Each transition on this
path produces an X-ray characteristic of the atom in which the muon
was absorbed, hence allowing this spectrum to reflect the atomic spe-
cies (see Fig. 1). The sensitivity of this technique is such that even
light atoms can be detected. Furthermore the technique has the poten-
tial to be used as a depth analysis tool, since by varying themomentum
of the incidentmuon beam it is possible to change the depth of implan-
tation of the negative muon. A significant advantage of muonic X-rays
over those of electronic X-rays is their higher energy (2 keV-10 MeV)
(see Fig. 2). These high energy muonic X-rays are emitted from the
bulk of the samples without the added complication of photon self-

absorption and can be simply detected by a semiconductor detector.
From Fig. 2 we can see that the X-ray emission energy scales with Z
(see ref [1] for a more detailed review). In addition, this technique will
not activate the sample, unlike prompt gamma-ray analysis by neutron
irradiation. Over the years there has been sporadic use of negative
muons as an elemental analysis tool, and awide-ranging number ofma-
terials have been investigated, including Japanese coins [1], spinal col-
umns [2], pig fat and dog's blood [3], tissue analysis [4], ancient
Chinese mirrors and Tang San Cai horse [5] and even meteorite compo-
sition [6]. Recently, an instrument has been constructed at the J-PARC
facility [7]. ISIS pulsed neutron and muon facility is a primary high-
flux source of pulsed muon beams. In this paper we will discuss the lat-
est developments at ISIS and the possible uses for the future.
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Anode CathodeSeparator

Captured negative muon produces characteristic X-ray, 
which enables non-destructive element analysis.
Diffusion of Li-ion may be investigated in the working battery.

J-PARC pulsed µ- facility is limited to 25Hz. TRIUMF will be able to measure in kHz.

Iain 
McKenzie
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b-NMR vs. µSR

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

A
F

M
 p

ha
se

 II

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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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;DÞ 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

T1ðDÞ 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).

PRL 116, 106103 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

11 MARCH 2016

106103-4

Nuclear Magnetic Resonance of implanted probes

Muon (~10µsec) and 8Li (~10 sec) maximum time scales

b-NMR stops probe particles in nano-meters with 
controlled depth

8Li+ +e charge, S=2 polarized

Muon +e charge, S=1/2 polarized, 1/9 Hydrogen mass 
= spin polarized proton isotope, simulates Hydrogen

D.L Cortie et al.
Phys. Rev. Lett. 116, 106103, (2016)

b-NMR

b-NMR
8Li

Spin Relaxation 
Rate 

α−Fe2O3
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More b-NMR beamtime with ARIEL in operation

ARIEL will enhance the b-NMR beamtime by 3-5 times 
(35 days / year to 100-150 days /year), because it 
feeds the competing Medium and High Energy part of 
ISAC-I & II.

More b-NMR user programs will be accommodated.

Variety of probe nucleus is explored: 8Li, 31Mg, Cu, …

S. Koscielniak et al, Proceedings 
of SRF2009, Berlin, Germany 
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Expansion of Polarized unstable nuclei facility: 
POLARIS
+ new unique sample environments 
with more efficient use of the beam through multiplexing

b-NMR:
Detector system upgrade for high-rate competency

SiPM + hardware (developed at KEK)
Jack deGooyer
(Dalhousie)

Hardware

Hans-Ulrich Berendes 
(Friedrich-Alexander University, 
Germany)

DAQ Software (with Ben Smith)

Sarah Dunsiger
(Talk on Wednesday)

Kenji
Kojima
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2020~: User facility in COVID era
We are trying a new model of collaboration this Summer-Autumn 
beamtime: Experiments without having external scientists visiting
on site.
(1) Samples mailed in and internal scientists sets up the 

measurements in person
(2) Online communications during the measurements with external 

scientists.
(3) Remote access to the experiment and Autorun have been 

running.

An extreme example of remote access
Web cams to monitor 
the apparatus
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Summary
Ø ARIEL will expand b-NMR beam availability.
Ø Our initiatives in 5YP 2020- and future (CMMS):

§ Expanding Muon Beam Facilities at TRIUMF: M9A & M9H (CFI grant: J. Sonier (SFU))
§ Muonic X-ray spectrometer for elemental analysis ... (I. McKenzie)

§ M15 Revitalization and Upgrades in Meson Hall (S. Kreitzman)
§ Expansion of the b-NMR and other unstable nuclear beam usage, POLARIS (S. Dunsiger

+ life science + nuclear science + accelerator)
§ CMMS user programs will be COVID resilient

Ø Proton Beamline 1A Modernization is necessary for sustainable operation.

With the CMMS infrastructures, various materials and molecular systems will be investigated,
including Quantum Matters, Soft Matters and Radicals, etc
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