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Materials Research in Canada

• Mobilize knowledge from physics, chemistry, biology, computer/data science, 
mathematics and engineering to understand, control & develop materials. 

• Highly interdisciplinary. 

• From inquiry-based discovery to product development. 

• Numerous feed-back cycles. 

• Scale of research: from individual researchers at lab bench to large 
international user facilities.



Materials Research Topics (incomplete)

• Industrial (eg. construction- concrete), additive manufacturing. 

• Metals: advanced alloys for vehicles etc. 

• Energy generation & storage. 

• Polymers & biomaterials  

• Quantum Materials



Advanced Materials (NRC)

• NRC Mississaugua. 

• accelerate materials discovery and process 
development. 

• computational discovery, design and 
simulation. 

• Production scale-up & standardization. 

• applied to clean energy materials, novel 
feedstocks for additive manufacturing, multi-
functional materials and structures.

(2019)



CanmetMATERIALS (Hamilton)

• NRC research centre dedicated to 
fabricating, processing and evaluating 
metals and other materials. 

• Support industry in: 

•  Transportation - vehicle, engine and 
component manufacturers - improve 
fuel efficiency, maintain safety and 
performance. 

• Energy - production & pipelines. 

• Manufacturing - defence, aerospace, 
health & construction.



Quantum Materials
• Materials presenting strong electronic correlations and/or electronic order 

(superconducting, magnetic…) or whose electronic properties tied to non-
generic quantum effects (topological insulators, graphene, Weyl semi-metals).   

• Emergence is a unifying theme. 

• Collective excitations of condensed systems include anyons (fractional 
statistics), Majorana fermions, magnetic monopoles… 

• Term likely coined in Canada - Tom Timusk at CIAR Superconductivity Business 
meeting as program proposed extension of subject areas of study. 

• Potential for applications in near and far future. 

• High Tc-Cuprates - telecommunications, magnets, 

• Frustrated magnets and others - Qubits for quantum computation.



Majorana Fermions

• Normal fermions can be 
represented as composed of 
two Majorana fermions. 

• Interest comes if Majorana 
fermions can be separated 
spatially, independently 
probed. 

• Non-Albelian statistics. 

• immune to decoherence. 

• Possible application to 
quantum computation.

M. Franz , Nature Nanotechnology 8, 149 (2013).

Mourik et al., Science 336, 1003 (2012).



Majorana Fermions

• Active particle physics 
searches.  Neutrino? 

• Theoretically predicted to 
exist in topological 
superconductors. 

• Sr2RuO4 px±ipy 

• CuxBi2Se3 

• (Ir,Pt)Te2

Luke et al., Nature 394, 558 (1998).



Quantum Spin Systems

• Role of quantum fluctuations 
in Quantum spin systems 
(eg. spin 1/2). 

• Neel state not an 
eigenstate of Heisenberg 
Hamiltonian. 

• increasingly bad for low-
d, low spin. 

• Quantum spin liquid: 
originally suggested by 
Anderson for 2-D spin 1/2 
-RVB. 

• Tsvelik suggested Majorana 
approach to Kondo system, 
finding singlet ground state 
with Majorana excitations. 

• extended to spin liquids, spin 
chains, Heisenberg AFM’s...

Balents, Nature 464, 199 (2010).



Quantum Spin Liquids

• Interacting spin systems, 
mostly characterized by 
“What they are not”: not 
magnetically ordered. 

• Entanglement entropy...

Coldea et al., Phys. Rev. Lett 86, 1335, (2001).

Cs2CuCl4
• 1-d - dimensional 

reduction (domain walls), 
likely not 2-d QSL.



• No periodic arrangements of 
moments which can 
simultaneously minimize 
energy. 

• Can have large number of 
classically degenerate 
ground states. 

• Leads to competing low 
temperature phases and 
enhanced quantum 
mechanical spin dynamics. 

• Possible emergent 
phenomena, quasiparticles.

Geometrical Frustration



Frustrated Lattices

• Triangular motifs 

• pyrochlore, spinel 

• Kagome 

• breathing Kagome 

• Kitaev (honeycomb) 

• stacked triangular

Rau & Gingras, PRB 98, 054408 (2018)

FRUSTRATION AND ANISOTROPIC EXCHANGE IN … PHYSICAL REVIEW B 98, 054408 (2018)

(a) (b) (c)

FIG. 1. Crystal structures built from edge-shared octahedra. We show (a) pyrochlore, (b) triangular, and (c) honeycomb structures. The
ligands sit between nearest-neighbor sites forming 90◦ bonds for the ideal case shown. For each lattice type, the three symmetry-related bond
types are denoted as x, y, and z, shown in red, green, and blue.

structure and present a more general outlook for rare-earth
magnetism.

II. SINGLE-ION PHYSICS

We begin by determining the effective interactions between
Yb3+ ions in the edge-sharing structures discussed in the
Introduction. These kinds of lattices have been studied in detail
in the context of transition metal spin-orbit Mott insulators,
such as iridium oxides [2]. There are a large number of
structures one can form this way; these include honeycomb,
triangular, pyrochlore lattices (illustrated in Fig. 1) as well
as more baroque lattices such as hyperhoneycomb [36], the
harmonic-honeycomb series [37], the hyperoctagon [38], and
the hyperkagome structures [39]. We refer the reader to
Refs. [40,41] for a more complete catalog of these lattices. In
all cases of interest, we consider the common Yb3+ valence.

Since Yb3+ has an f 13 electronic configuration, we can
consider only the low-lying 2F7/2 multiplet with J = 7

2 , L = 3,
and S = 1

2 . The eightfold degeneracy of these levels is lifted in
a crystal environment. In the compounds of interest, the Yb3+

ion is surrounded by an approximately octahedral cage of lig-
ands. Naïvely, we may then expect the dominant contributions
to the crystalline electric field to have full cubic symmetry. If
this is so, the 2F7/2 states split into two doublets of types !6
and !7 and a quartet of type !8 [42]. Typically for the kind
of octahedral cage of interest here, both experimentally and
theoretically [42], the ground state is of type !6 and is separated
from the other two states by a large energy gap, of order
∼30–50 meV [27,30,43–45]. For example, in the ytterbium
spinels one obtains values for this gap of order ∼20 meV
[27,43,44]. In the breathing pyrochlore Ba3Yb2Zn5O11, one
finds a gap of ∼38 meV [30] and in the triangular compound
YbMgGaO4 the gap is ∼38 meV [45]. In the related pyrochlore
compounds Yb2M2O7 (M = Ti, Sn, Ge) an even larger gap of
∼50–80 meV [46–48] is observed. As this large energy scale
stems from the atomic physics of Yb3+, we expect similar
crystal-field energy scales in any ytterbium-based honeycomb
compounds.

While the local environment is approximately cubic, the
full site symmetry of the Yb3+ ion is generally lower, being

only D3d or C3v (depending on the specific material consid-
ered). This lowering of symmetry splits the aforementioned
octahedral !8 quartet into a trigonal !4 doublet and a trigonal
!5 ⊕ !6 doublet of one-dimensional irreducible representa-
tions connected by time-reversal symmetry [49]. Given the
approximate local cubic symmetry in all of the compounds of
interest, we will assume a well-isolated !4 ground doublet,
|±〉, taking the form

|±〉 = sin η[cos ζ |±7/2〉 ± sin ζ |±1/2〉] + cos η|∓5/2〉,
(1)

where we have chosen the quantization axis ẑ along the
local threefold symmetry axis. In the spinel and breathing
pyrochlore compounds, the local threefold axis is different
from site to site, while in the triangular (such as YbMgGaO4)
or honeycomb compounds, it points uniformly perpendicular
to the two-dimensional plane. This form [Eq. (1)] encompasses
both the octahedral !6 and !7 doublets, but they do not remain
distinct when the symmetry is lowered to trigonal. We note that
the angles (η,ζ ) are somewhat redundant; mapping (η,ζ ) →
(π − η,π + ζ ) only gives a redefinition |±〉 → −|±〉 and thus
does not change any of the physics. We can thus restrict both
η and ζ to lie between 0 and π without any loss of generality.

If we consider general values of (η,ζ ), there are two notable
limits with high symmetry corresponding to the octahedral !6
and !7 doublets. The !6 doublet [42], in the notation of Eq. (1),
corresponds to

η!6 = cos−1

(
1
3

√
35
6

)

, ζ!6 = π − tan−1

(√
14
5

)

. (2)

The !7 doublet [42] corresponds to the parameters

η!7 = π − cos−1

(
1
3

√
1
2

)

, ζ!7 = tan−1

(√
10
7

)

. (3)

Note that in the case of transition metals such as the iridates
or ruthenates, the Jeff = 1

2 states [7] transform as the !7

representation [50], not the !6. For the 2F7/2 manifold of
interest here, the !7 doublet (i.e., the analog of the Jeff = 1

2
doublet) is the ground doublet if the ligands form a cube
[42]. Such a cube of ligands is approximately realized in
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using 17O NMR measurements of an isotope-
enriched single crystal of ZnCu3(OH)6Cl2. We
demonstrated that the spin excitation spectrum
exhibits a finite gap D = 0.03J to 0.07J be-
tween a S = 0 spin-liquid ground state and the
excited states, where J ~ 200 K represents the
Cu-Cu superexchange interaction (5, 21).
A major advantage of using a single crystal for

NMR is that we can achieve high resolution by
applying an external magnetic field Bext along
specific crystallographic directions. In Fig. 2A,
we present the 17O (nuclear spin I = 5/2; gyro-
magnetic ratio gn/2p = 5.772 MHz/T) NMR line
shape measured at 295 K in Bext = 9 T, applied
along the c axis; the temperature dependence of
the line shape is presented in Fig. 2C. Unlike pre-
viously measured powder-averaged 35Cl and 17O
NMR line shapes (22, 23), we can resolve the five
Iz =m tom + 1 transitions (Iz, z component of the
nuclear spin angularmomentum;magnetic quan-
tum number m = –5/2, –3/2, –1/2, +1/2, +3/2),
which are separated by a nuclear quadrupole

frequency nQ
(c). In addition, the central peak

frequency f for the Iz = –1/2 to +1/2 transition is
shifted from the bare resonance frequency fo =
(gn/2p)Bext by the effects of the hyperfine mag-
netic fields from nearby Cu2+ sites, and the shift
of the peak (marked “main” in Fig. 2A) is pro-
portional to ckagome. Such an NMR frequency
shift may be expressed in terms of the Knight
shift, 17K (c) = f/fo – 1 = Ahf ckagome, where Ahf is
the hyperfine coupling constant between the 17O
nuclear spin and the Cu2+ electron spins. We can
fit the line shape in Fig. 2A with three sets of five
peakswith three distinct values of 17K (c) and nQ

(c).
That is, the presence of the Cu2+ defects at the
Zn2+ sites results in three distinct 17O sites in
ZnCu3(OH)6Cl2. Taking into account the differ-
ence in the transverse relaxation that affects the
apparent signal intensities (fig. S1), we estimated
the population of the three sites as 13 ± 4%, 28 ±
5%, and59±8%, in agreementwith earlier 2DNMR
observations of three corresponding sites in a
deuterated single crystal of ZnCu3(OD)6Cl2 (24).

656 6 NOVEMBER 2015 • VOL 350 ISSUE 6261 sciencemag.org SCIENCE

51.5 52.0 52.5 53.0 53.5

fo

NN

NNN

Frequency (MHz)

Main
295K (9T||c)

0 50 100 150 200 250 300

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2K
(c)
N

N
(%

)

17
K

(%
)

Temperature (K)

Main (B||c)

Bext = 9T

NN (B||c)
Main1 (B||a*)

NN1 (B||a*)
NN2 (B||a*)

-0.5

0.0

0.5

1.0

2D NN (B||c)

NN

fo

Main

30K

4.2K

50K

170K

10K

48 50 52 54 56
Frequency (MHz)

S
pi

n 
ec

ho
 in

te
ns

ity
 (

ar
b.

 u
ni

ts
)

120K

S
pi

n 
ec

ho
 in

te
ns

ity
 (

ar
b.

 u
ni

ts
)

Fig. 2. Influence of the Cu2+ defects and NMR Knight shift in 9 T. (A) 17O NMR line shape at 295 K in
Bext = 9 T || c, fitted with three sets of five peaks arising from themain (nQ

(c) ~ 360 kHz), NN (nQ
(c) ~ 310 kHz),

andNNN(nQ
(c) ~ 350 kHz) sites.The vertical dashed line represents the zero-shift frequency fo = (gn/2p)Bext

~ 51.9 MHz, where 17K(c) = 0. (B) A summary of 17K(a*) and 17K(c) measured in 9 T. Solid and open symbols
represent the data for themain and NN sites, respectively. Also plotted is the 2D NMR frequency shift 2K

ðcÞ

NN
at theNN 2D sites,measured in 8.4 T, that is dominated entirely by cdefect; the solid curve is a Curie-Weiss fit,
2KðcÞ

NN~ –(T– q)–1, with q ~ –1.2 K (24). (C) Representative 17O NMR line shapes measured in Bext = 9 T || c
below 295 K. Red arrows show the central peak of the main sites, whereas blue arrows mark the five
transitions of the NN sites. Error bars represent uncertainties in the NMR signal intensity in (A) and (C) and
experimental errors of the Knight shifts in (B).

Fig. 1. Kagome lattice and the structure of
ZnCu3(OH)6Cl2. (A) A kagome lattice formed by
corner-shared triangles.Theantiferromagnetic interac-
tions between NN sites frustrate the spin system
(black arrows indicate two spins forming a singlet
pair; the red double-headed arrowwith the question
mark represents a frustrated spin). (B) Top view of
the Cu3O3 kagome layer in ZnCu3(OH)6Cl2. The
local geometries of the main1 and main2 17O sites
(marked as 1 and 2, respectively) are not equivalent
under thepresenceofBext ||a*. (C) Zn

2+ sites (purple)
are located either above or below the center of the
Cu3O3 triangles (blue and red) and have 6NN (navy
blue) and 12 NNN (gray) 17O sites in the adjacent
kagomeplanes. (D)Oblique viewof ZnCu3(OH)6Cl2.
(E) Cu2+ defect moment at a Zn2+ site polarized by
Bext || c (gold arrow), and its local environment.
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Fu  et al., Science 350, 655 (2015)



Pyrochlore Lattice A2Ti2O7
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• Spin Ice: Ho2Ti2O7, Dy2Ti2O7,  

• Quantum Spin Ice: Yb2Ti2O7 

• Moment fragmentation 
Sm2Ti2O7 

• XY antiferromagnet: Er2Ti2O7 

• Multiple transitions AFM 
Gd2Ti2O7 

• Spin Liquid Tb2Ti2O7
VOLUME 82, NUMBER 5 PHY S I CA L REV I EW LE T T ER S 1 FEBRUARY 1999

FIG. 1. The temperature dependence of the inverse suscepti-
bility for Tb2Ti2O7, along with a fit of the high temperature
regime of this data to a Curie-Weiss form (see text). The inset
shows the assumed local arrangement of moments on a single
tetrahedron, based on the noncollinear FeF3 magnetic structure.

indicating the absence of a transition to a long-range or-
dered or spin-glass-like state above 2 K.
Susceptibility measurements were also carried out on

dilute Tb0.04Y1.96O7 to investigate the nature of the ground
state in isolated Tb31 within the pyrochlore environment.
As with Tb2Ti2O7, a strongly temperature-dependent
signal was observed to the lowest temperatures measured,
,2 K, indicating a magnetic ground state for Tb31 in this
material. This is consistent with crystal-field calculations
[14] which show a magnetic ground state doublet and
doublet first excited state to be relevant for Tb31 in
this environment. These same calculations give a ground
state doublet for Ho2Ti2O7 and a nonmagnetic singlet
for Tm2Ti2O7, consistent with experimental observations
[12,13].
The low temperature paramagnetic behavior of

Tb2Ti2O7 is confirmed by mSR measurements at
TRIUMF (see Fig. 2). Details of the method can be
found elsewhere [15]. Large rapidly fluctuating internal
magnetic fields, which characterize a paramagnet, are
evidenced by the single exponential muon spin relaxation
in a small longitudinal magnetic field observed at all
temperatures (see inset of Fig. 2). Furthermore, a large
paramagnetic frequency shift was observed in transverse
magnetic fields at all temperatures. The muon frequency
shift tracks the dc susceptibility down to 2 K, indicating
the muon is not perturbing the magnetic system in any
significant way. These observations along with the
smooth monotonic increase of 1yT1 down to 70 mK
establishes that Tb2Ti2O7 remains paramagnetic down
to very low temperatures. In the fast fluctuation limit,
which is appropriate here, the spin relaxation rate [16],
1yT1 ≠ 2D2t, where D2yg2

m ≠ kH2
i l is the second

moment of the internal magnetic field Hi , t is the mean
correlation time for fluctuations in Hi , and gm is the

FIG. 2. The variation with temperature of the muon spin
relaxation rate 1yT1 for Tb2Ti2O7 in a longitudinal applied field
of 0.005 T. The inset shows the single exponential relaxation
of the muon polarization at various temperatures. The flat low
temperature relaxation rate corresponds to a Tb31 fluctuation
rate of 0.04 THz, which is a good measure of the effective
exchange constant.

muon gyromagnetic ratio. Taking Dygm ≠ 0.70s6dT
from studies of the isostructural compound Tb2Mo2O7
[15], one can estimate the spin fluctuation rate [17]. For
example, on the low temperature plateau below 2 K we
estimate s1ytd saturates at about 0.04 THz. Generally, a
temperature-independent fluctuation rate is a measure of
an effective exchange constant.
Powder neutron diffraction measurements were carried

out on the C2 diffractometer at the NRU reactor at
the Chalk River Laboratories (CRL). Measurements
were performed between 2.5 and 100 K employing a
Si(1,1,3) monochromator and 3.52 THz neutrons, with a
PG filter in the incident beam to remove higher order
contamination. Results at 2.5 K are shown in the top
panel of Fig. 3. Sharp, resolution limited nuclear Bragg
peaks are superimposed on diffuse magnetic scattering,
reminiscent of that seen from Tb2Mo2O7 [8]. Data sets
at 2.5 and 50 K, in which the diffraction pattern taken at
100K has been subtracted, are shown in the bottom panel
of Fig. 3. This net intensity has been corrected for the jQj
dependence due to the Tb31 magnetic form factor [18],
and can be directly compared with models of short-range
AF order, which clearly begins to set in by 50 K.
The net intensities at 2.5 and 50 K are compared

to a calculation of the scattering expected from spin
correlations extending over a single tetrahedron only. We
have chosen to calculate the scattering expected from the
local, four-sublattice, AF structure displayed by FeF3 [6],
shown schematically in the inset of Fig. 1. This local
magnetic structure is not unique, but is consistent with the
SiSi ≠ 0 constraint, and has the moments at the eightfold
coordinated Tb31 site aligned along the eight [1,1,1] cubic
symmetry directions. As will be discussed, INS provides
clear evidence for substantial single-ion anisotropy in
the Tb31 moments. The form of the scattering from
a polycrystal displaying such a local magnetic structure

1013

Gardner, Dunsiger et al., Phys. Rev. Lett. 82, 1012 (1999) 



Spin Ice
• Ho2Ti2O7, Dy2Ti2O7, Ho3+/Dy3+ occupy 

vertices of corner-sharing tetrahedra in 
pyrochlore lattice. 

• Strong crystal field anisotropy results in 
“Ising”-spins, either in or out along local 
<111>. 

• Ferromagnetic interactions give “ice-rules” 
- 2 in / 2 out. 6-fold degeneracy for each 
tetrahedron. 

• macroscopic degeneracy, corresponding 
to water ice. Ramirez et al., Nature 399, 333 (1999).

Bramwell & Gingras, Science 294, 1495 (2001).



Magnetic Monopoles

• Hypothetical particle, 
predicted in grand unified 
and superstring theories. 

• Not observed (yet) 

• MOEDEL (CERN) 

• Searches in polar volcanic 
rock (eg. PRL 110, 121803 
(2013)).

N NS S

SQUID



Emergent Magnetic Monopoles?

• Spin flip excitations from ground state create magnetic dipoles which 
can separate with minimal energy cost. 

• Separated excitations correspond to magnetic monopoles. 

• Interact via Coulomb potential



Tools for Materials Science (in Canada)

• Individual investigator (lab bench). 

• Sample growth / characterization 

• Intermediate (regional facilities). 

• Electron microscopy, sample characterization (shared facilities). 

• National/International facilities. 

• TRIUMF (muons, 𝛃-NMR). 

• Neutrons (Chalk River, MNR) 

• Synchrotron X-Ray (CLS) 

• Electron Microscopy (CCEM) 

• High Magnetic Fields



Crystal Growth



Mid-Size Facilities
• Brockhouse Institute for Materials Science 

• Formerly had ~20 staff, now reduced to 
~2, CCEM now independent. 

• Maintained common infrastructure such as 
He liquifier, materials synthesis, 
characterization (optical microscopy, TGA, 
DTA, SQUID magnetometry). 

• Seminar Series. 

• Loss of government funding, reliance on 
user fees in environment of declining grant 
funding leads to loss of user support, 





TRIUMF



Capabilities at TCMMS

HiTime: 7.5T, 1GHz, 2K

Low Background

DR: 20mK, 5T

High Pressure: 
22kbar, 2.5K, 
55% sample



5 Year Plan CMMS Initiatives

• Polaris: Spin echo techniques using 𝛃 detected NMR and expanded access 

to Polarized Ion Beams: S. Dunsiger. 

• Muonic X-Ray spectrometer for elemental analysis of energy storage devices 
and objects of cultural heritage: Iain McKenzie. 

• Expanding Muon Beam Lines at TRIUMF (M9H CFI): J. Sonier 

• SiPM, spectrometer developments: K. Kojima 

• Revitalizing M15 

• Healthy state of affairs.



Synchrotron X-Ray (CLS)
• Brockhouse Sector at CLS 

• X-ray diffraction, resonant/magnetic diffraction, 
reflectivity. 

• 0.1mm beamspot dimension (typical). 

• Resonant Inelastic X-Ray Scattering, X-ray 
Absorption Fine Structure (XAFS)… 

• Macromolecular crystallography…



Neutron Scattering

• Loss of Chalk River. 

• McMaster Nuclear Reactor 

• CINS 

• Use of international facilities: ORNL, 
NIST, ILL, ISIS, JPARC, ESS (future). 

• Development of new sources.

Ross et al., Phys. Rev. X 1, 021002 (2011)



Canadian Centre for Electron Microscopy

• User facility: 11 staff, plus 
affiliated faculty members. 

• Atomic resolution. 

• Ability to manipulate 
materials. 

• Mail-in of samples 
possible. 

• User Fees (barrier).



CIFAR - Quantum Materials Program

• Began as Superconductivity, following discovery of cuprates (Bednorz & 
Muller, 1986. 

• Institute without walls- highly effective. 

• Support for interactions, summer school, biannual program meetings. 

• Multiple renewals (5 year cycle).  Most recent with a much more narrow 
membership, 50% international membership. 

• Ongoing QM community, organizing meetings, online seminar series. 

• Model for interactions portion of EPiQS program (Moore Foundation). 

• Seeded 2 successful CFREF’s (UBC, Sherbrooke). 

• National Quantum Initiative?



Materials Science in Canada
• Canada lacks a coherent program in Materials Science. 

• Some bright spots 

•  muons, 𝛃-NMR/NQR 

• Energy materials - batteries @ Dalhousie 

• Soft & Biomaterials 

• CLS Materials program relatively new (Brockhouse sector just starting now). 

• Largely out of Neutron Scattering, $8B investment elsewhere. 

• Funding for mid-size facilities largely eliminated (MRS program). 

• Need to organize communities to develop a Platform to support Materials 
facilities supporting research, develop and address Grand Challenges for 
Materials Research.


