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Bert Brockhouse with grad alumni at his McMaster retirement celebration (~1985)

How our lives intertwined!  
! It is my pleasure to recall some of my memories regarding many years of interactions and 

collaborations with these three accomplished neutron scattering scientists. 
! They are all my classmates and friends. John and Bill as well as Mike and I were all PhD 

students of Bert Brockhouse at McMaster University, Canada in the mid 60’s and David was a 
PhD student of Jack Carpenter of the Nuclear Engineering Department of University of 
Michigan in the early 70’s and I was a M.S. student of the same department working with 
Chihiro Kikuchi around 1959-1961. 

! Since all three have been working at NCNR, I have had a lot of opportunity to discuss different 
techniques of neutron scattering with them. 

1984 - On the occasion of the 
Symposium in honor of the 
retirement of Prof B. N. 
Brockhouse at McMaster 
University

Canada has played a heroic role 

in the development of neutron beam science



Development of Neutron Science Facilities 

Initial 
investment

~ $8 B 
reinvestment

BNB & CGS

NRU RIP 



Neutrons scatter off nuclei

Neutrons “see” 
nuclei and 
magnetism

X-rays - 
electromagnetic 

radiation 
“see” electrons



“Killer Applications” 
for Neutron Scattering 

• Magnetism 

• Hydrogenous materials

• Light Elements, 
     especially oxides

• 4D            studies

• Studies at depth

Q
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2021 CFI IF  $14.2M ($47M total) award

“Building a Future for Canadian Neutron Scattering”

Vision :
               Optimally exploit MNR 

for neutron diffraction programs 
over a broad range of materials science 

and engineering problems

Initiate partnerships with world-leading 
neutron beam centres 

for immediate access to neutron spectroscopy 
and other specialized applications



CFI IF “Building a Future 

for Canadian Neutron Scattering”

McMaster University Assessment Criteria Project number: 39734 

2 Team 
The research programs conducted by the 30-member project team, including 10 primary 
members (indicated by underlines), represent just a portion of the innovative, high-impact 
research that the requested infrastructure will enable. The team is a sample of Canada’s neutron 
beam community, which includes about 100 principal investigators from 30 Canadian 
universities, along with industry and government users.  

2.1 Selection of the project team  
The Canadian Institute for Neutron Scattering (CINS, a voluntary organization that has 
represented neutron beam users since 1986; cins.ca) endorsed Gaulin as team leader due to his 
record of leadership in similar past projects and scientific stature (sections 2.2–2.4), and his 
location at McMaster, the natural lead institution (section 3.3). Three CINS Board or Science 
Council members (Kim, Wiebe, Ryan) and one prominent early career researcher (Hallas) served 
with Gaulin on a CINS committee to select the foreign partnerships. These individuals all 
conduct experiments that require the brightest neutron sources abroad. Gaulin, supported by 
former CNBC staff—whose combined networks comprise the entire community—identified 
about 35 additional excellent and active community members, then reduced the prospective team 
to 30 and selected the 10 primary team members. These selections aimed to reflect diversity: As 
women are underrepresented in the user community, “second looks” were given before 
eliminating any female candidates, and it was desired to have at least two women (Hallas, 
Frisken) within the “zone of excellence” among the 10 primary team members, as well as a few 
early career researchers whose programs are heavily based on neutrons (Tutolo, Marquardt, 
Hallas). The final team of 30 contains 29 experimentalists and 1 theorist (LeBlanc). It is diverse 
regarding gender, career stage, visible minorities, subject matter expertise (Table 1), neutron 
techniques (Table 3 in section 4), institutions (19 universities and 2 companies: Canadian 
Nuclear Laboratories [CNL], Nemak Canada), sectors, and geographic regions.  

Table 1: Team members’ research themes. Asterisks (*) denote the 10 primary team members. 
Quantum 

Materials (Q) 
Energy Materials  

(E) 
Structural 

Materials (S) 
Biomaterials  

(B) 
Instrument 

Development 
Gaulin*, McMaster Frisken*, SFU  Daymond*, 

Queen’s U. 
Marquardt*, U. Windsor Daymond* 

Hallas*, UBC Huot*, UQTR Chapman*, 
U. Saskatchewan 

Cranston, UBC Gaulin* 

Kim*, U. Toronto Tutolo*, U. Calgary MacKay, Nemak  Hoare, McMaster Kim* 
Wiebe*, U. Winnipeg Goward, McMaster  Noel, Western Dutcher, U. Guelph Noel 
Aronson, UBC  Nazar, U. Waterloo Rogge, CNL Harroun, Brock Rheinstadter 
Bianchi, U de M Ryan, McGill Sediako, UBC Leonenko, U. Waterloo Rogge 
LeBlanc, MUN Mozharivskyj, McMaster  Rheinstadter, McMaster Yamani 
Monchesky, Dalhousie   Unsworth, U. Alberta  
Yamani, CNL     
 
2.2 Excellence of the team 
Our team has an exceptional research and training track record, as demonstrated by their output 
of high-impact publications and scientific honours listed below, their attraction of industry 
partners and sponsorship (section 2.3), and training HQP (section 6.1). Because our team 
members’ careers are built around the proposed programs (and closely related ones), this track 
record indicates the team’s ability to continue excellent research in these areas. 

19 Canadian 
universities from 

coast to coast 
participated

Success!



Structure determines function La2-xBaxCuO4

High temperature
superconductivity

Cu2+: S = 1/2 

A biological membrane

Many “Grand Challenge” 
Problems Related To:

• Energy
• Environment
• Information Technology
• Health

are materials problems
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CFI IF “Building a Future 

for Canadian Neutron Scattering”

Future Plans: 
Expanded Instrument Suite

• Proposal for ~$20M (CAD) of new infrastructure at MNR

• Expand from 2 existing instruments to 5 instrument suite with 
focus on neutron diffraction

~ $20 M in new neutron instrumentation 
for MNR



New $7M McSANS instrument at MNR Beam Port 4

Completion set for November 2021

Neutron	
Velocity	
Selector

Detector	
VesselFilters Sample	

Table

Slit	1

Slit	2
Gate

Reactor	
Core

Evacuated	
beam	tube

2D	Area	
Detector

Source	to	sample:	14	m
Sample	to	detector:	10	m
2D	area	detector:	1m	× 1m
Q-range:	0.005	to	1.25	Å-1

2D detector 
expected
Fall 2021Beam Port insert set for installation  

June 2021 shutdown



Canada’s National Quantum Strategy

Line item in 2021 Federal Budget: $360M over 7 years

                supports international research programs 
based on Canadian excellence in:

Quantum Materials
Quantum Information



Neutron Scattering from New Quantum Materials

      Neutron Scattering :

Powerful probe 
       of magnetism

Sensitive to 
       light elements; 

      eg oxygen

Elucidates structure 
        and dynamics 

        Quantum Materials :

Magnetism often 
          intertwined with 

          quantum states or 
           is the quantum state 

          of interest itself

Often 
            transition metal oxides; 

           combine heavy and 
               light elements

Structure and dynamics 
         determine properties



Our magnetic phase diagram 
for La(1.6-x)Nd0.4SrxCuO4 (Nd-LSCO)
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FIG. 10. Phase diagram for quasi-static magnetism in Nd-LSCO as
measured by neutron scattering. Combining the current TAS data
for 2D TN with pre-existing Nd-LSCO data, and complemented with
LBCO results for 0.05  x  0.125, we extend the regime of a 2D
parallel spin stripe phase to 0.05  x  0.26. Such a 2D parallel spin
stripe phase is then a prerequisite for superconductivity. All 2D TN
parallel spin stripe data comes from elastic neutron scattering studies
of either Nd-LSCO or LBCO as indicated in the legend. Supercon-
ducting (SC)TCs for Nd-LSCO are also from references indicated in
the legend.

V. CONCLUSIONS

Our new elastic neutron scattering measurements on Nd-
LSCO samples with doping levels in the 0.125  x  0.26
range show the presence of AF IC quasi-Bragg peaks at low
temperatures, indicating static parallel spin stripe order across
this broad range of doping levels. Combined with earlier neu-

tron scattering measurements on Nd-LSCO and LBCO for
x  0.125, we assemble a composite phase diagram for 2D
static parallel spin stripes in single layer hole-doped cuprates,
which covers the concentration range from 0.05  x  0.26.
This range overlaps well with the range of hole-dopings in Nd-
LSCO that display superconducting ground states, and show
that the superconducting state in Nd-LSCO at any x is entered,
from above, through a state with 2D parallel spin stripe order.

Low energy inelastic neutron scattering show that the spin
fluctuations captured by this spectral weight is qualitatively
di↵erent at x=0.19, near optimal doping levels, compared
with x=0.24 and 0.26, both of which are above the pseudo-
gap quantum critical point, pC ⇠ 0.23, and near the end of
the superconducting dome. This spectral weight, �00(Q =
[0.5, 0.64, 0], ~! = 2meV), displays an “inelastic order param-
eter” which grows with decreasing temperature and saturates
coincident with superconducting TC ⇠ 13.5 K. The elastic or-
der parameter also shows plateau like behavior at TC , and it
can be decomposed to show a phenomenological 2D order pa-
rameter that shows the same plateau below TC as the “inelastic
order parameter”. Taken together these new observations at
optimum and high doping in Nd-LSCO provide compelling ev-
idence for strong coupling between the superconducting order
parameter and that corresponding to parallel spin stripe order
and its fluctuations.
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Triple axis measurements allow for parametric 
studies of phase behaviour
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FIG. 8. a) The “inelastic order parameter”, �00(Q, ~!) as a function
of temperature for Q = [0.5, 0.64, 0] and ~! = 2 meV for Nd-LSCO
with x = 0.19. These data were derived from TAS measurements. The
horizontal dashed line indicates the plateau behaviour for T  Tc ⇠
13.5 K. b) Field cooled and zero field cooled magnetic susceptibility
measurements on a small single crystal of the x = 0.19 Nd-LSCO
sample with a magnetic field of 10 Oe applied parallel to c-axis show
TC ⇠ 13.5 K.

from 30 K to ⇠ 13 K, before leveling o↵ at low temperatures.
This is a very interesting result as it shows the spectral

weight of these low energy spin fluctuations in this optimally-
hole-doped cuprate to saturate at temperatures below the ap-
proximate superconducting Tc of this single crystal. In this
x=0.19 sample, the temperatures of relevance for 2D magnetic
order (2D TN ⇠ 35 K) and strong 3D correlations (⇠ 4 K) are
well separated from that associated with superconductivity. For
ease of reference, the measured magnetic susceptibility of a
small piece of the single crystal used in neutron scattering ex-
periments is plotted in Fig. 8 b) directly below the �00(Q, ~!)
temperature dependence data for ~! = 2 meV. A strong dia-
magnetic signal is observed with an onset near Tc ⇠ 14.5 K,
but the midpoint on the zero-field-cooled diamagnetic suscep-
tibility curve occurs at ⇠ 13.5 K, coincident with the start of
the plateau in the inelastic, ~! = 2 meV spectral weight at low
temperatures. A similar trend in the temperature dependence
of �00(Q, ~!) at low energies has been reported for Nd-LSCO

FIG. 9. The 2D Order Parameter (2DOP) for Nd-LSCO x = 0.19 is
shown. This is derived from the order parameter (OP) measurements
shown in the inset and in Fig. 2 a), using the relation OP(T ) =
A(T ) ⇥ 2DOP(T ). The amplification factor, A(T), is derived from
fitting the OP(T) at T  12 K, as shown with the red line in the inset.
Like the “inelastic order parameter” in Fig. 8, the 2DOP displays
the onset of a low temperature plateau coincident with Tc. The order
parameter shown in the inset is the same data as in Fig. 2 a), but on
a log-log scale. Plateau like behavior for T< TC ⇠ 13.5 K (indicated
by the vertical dashed fiducial) is evident in this plot of the elastic
neutron scattering order parameter itself.

with x=0.15[45], but with a lower temperature-point-density,
making it hard to identify characteristic temperatures.

Close examination of the elastic order parameter for x = 0.19,
also shows evidence for a plateau below Tc ⇠ 13.5 K. The inset
to Fig. 9 reproduces the order parameter from Fig. 2 a), but
now on a log log scale. The high temperature background (av-
eraged between 40 K and 50 K) is indicated by the horizontal
dashed lines in the inset. We have modelled the strong up-
turn in intensity at low temperatures using a phenomenological
expression

A(T ) = a + bT�↵ (3)

for temperatures  12 K, as shown by the dashed red line
in the inset to Fig. 9. We then decompose our measured order
parameter (OP) according to

OP(T ) = A(T ) ⇥ 2DOP(T ), (4)

which gives the two dimensional order parameter (2DOP)
for our x = 0.19 sample in the main panel of Fig. 9. This
decomposition has the interpretation that the e↵ect of the Cu2+

- Nd3+ coupling is to amplify the preexisting 2D Cu2+ order
parameter at low temperatures. While it is phenomenological,
it reproduces in the elastic order parameter, the same plateau
behavior as seen in the temperature dependence of �00(Q, ~! =
2meV), shown in Fig. 8.

In fact, A(T) is rather insensitive to the precise range of
temperatures  15 K that is used to fit the OP data. As its am-
plification e↵ect is rather minor until temperatures less than ⇠

x=0.19
3

FIG. 1. Elastic TAS neutron scattering scans in reciprocal space for x = 0.19, 0.24 and 0.26 single crystals of Nd-LSCO at T = 1.5 K. The IC
peaks can be observed in all three samples at reciprocal space positions ( 1

2 ± �, 1
2 , 0) and ( 1

2 , 1
2 ± �, 0) , � ⇡ 0.14. The insets to Fig. 1 a) and b)

illustrate the H and K scans employed in reciprocal space. The vertical axis displays neutron intensity, counts per monitor for approximately 1s.
The black lines going through the data points are fits to the data descriubed by Eq. 1.

a back-scattering Laue instrument to assess their single-crystal
nature, and all possessed mosaic spreads of less than 0.5 °, as
measured by neutron di↵raction, attesting to their high quality
of their single crystalline nature.

Nd-LSCO single crystals with x = 0.19, 0.26 were studied
using the triple axis neutron spectrometer (TAS) Taipan at
the Australian Centre for Neutron Scattering(ACNS), ANSTO,
while the TAS experiment for the x = 0.24 sample was con-
ducted using the HB3 TAS instrument at the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory. Experi-
ments using both Taipan and HB3 employed pyrolitic graphite
monochromators, analysers and filters, and employed the same
fixed final neutron energies: E f = 14.7 meV. Horizontal beam
collimations of open-400-400-open for Taipan and 480-400-400-
1200 for HB3, were used. The resulting energy resolution of
the two sets of measurements was therefore similar, ⇠ 0.9 meV.
For all TAS measurements the crystals were loaded in pumped
4He cryostats with a base temperature of 1.5 K.

Time-of-flight (TOF) neutron chopper spectrometer mea-
surements were also carried out on the x = 0.125, 0.19, and

0.24 single crystals using SEQUOIA at the Spallation Neutron
Source, Oak Ridge National Laboratory[44]. These measure-
ments were performed using Ei=60 meV neutrons, which gave
an energy resolution of ⇠ 1.2 meV at the elastic position. For
all TOF measurements the crystals were loaded in closed cycle
refrigerators with a base temperature of 5 K.

III. EXPERIMENTAL RESULTS

A. Elastic neutron scattering

Elastic neutron scattering scans of the form (H, 1/2, 0) and
(1/2, K, 0) (using tetragonal notation) were carried out for
the Nd-LSCO single crystals samples with x = 0.19, 0.24 and
x = 0.26 with a base temperature T = 1.5 K. These elastic
scattering data are shown in Fig. 1. Four IC AF ( 1

2 ± �, 1
2 , 0)

and ( 1
2 , 1

2 ± �, 0) quasi-Bragg peaks are observed, as expected
for twinned orthorhombic structures. Schematic trajectories of
these scans in reciprocal space are shown in the insets to Fig. 1

Q. Ma et al, 
Phys. Rev. Research, 3, 023151(2021) 



Time-of-flight measurements give broad 
survey of structure and dynamics in Nd-LSCOFIG1-5K+60K,no background
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FIG1-5K+60K,no background
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FIG
1-5K+60K,no background
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TOF as a function of    
 ~1.2 meV;

!ω
Δ(!ω ) −4 ≤ L ≤ 4∫ 5meV ≤ !ω ≤ 10meV∫ −4 ≤ L ≤ 4∫

x=0.12 x=0.12



Collaboration:

M. Dragomir, Q. Ma et al., Phys. Rev. Materials, 4, 114801 (2020)
Q. Ma et al, Phys. Rev. Research, 3, 023151 (2021)


