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Advancing Canada’s Priorities

Développement des priorités du Canada

Neutron beams are used by researchers
to advance each of Canada’s four priority
areas for research and innovation.
The CNBC currently conducts research
in each priority area. For example:

Les faisceaux de neutrons sont utilisés par
les chercheurs pour faire avancer chacun
des quatre domaines prioritaires canadiens
pour la recherche et l’innovation. Le CCNF 
effectue des recherches dans chaque
domaine prioritaire. Exemple :

Environmental science and technologies

Sciences et technologies environnementales :  

Michael Gharghouri and Dimitry Sediako are collaborating with both industry and academic researchers,
to develop magnesium materials to reduce vehicle
emissions for internal combustion engines. This
research could also pave the way for developing
electric, fuel cell and hybrid powered vehicles
(see news article on page 21).

Michael Gharghouri et Dimitry Sediako collaborent avec des
chercheurs provenant de l’industrie et d’universités pour mettre
au point des matériaux à base de magnésium pour réduire
les émissions des moteurs à combustion interne des véhicules.
Cette recherche pourrait aussi paver la voie au développement
de véhicules électriques, à pile à combustible ou hybrides
(consulter l’article page 21).

Energy and natural resources

Énergie et ressources naturelles :

Ron Donaberger and Ron Rogge are collaborating
with AECL (Atomic Energy of Canada Ltd.), to study
stress in CANDU® feeder tubes to improve the reliability
of nuclear energy technologies; and Helmut Fritzsche is
collaborating with academic and government researchers,
to study hydrogen storage capacities of new materials,
which will impact the development of hydrogenpowered vehicles.

Ron Donaberger et Ron Rogge collaborent avec EACL
(Énergie atomique du Canada ltée) pour étudier les contraintes
dans les conduites d’eau d’alimentation du CANDU® afin
d’améliorer la fiabilité des technologies d’énergie nucléaire;
Helmut Fritzsche collabore avec des chercheurs universitaires
et gouvernementaux pour étudier les capacités de stockage
de l’hydrogène de nouveaux matériaux qui aura un impact
sur le développement des véhicules propulsés à l’hydrogène.

Health and related
life sciences

Sciences et technologies de la santé
et sciences de la vie connexes :  

John Katsaras, Mu-Ping Nieh and Norbert Kucerka
are collaborating with MDS Nordion and the NRC
Institute for Biological Sciences, to develop targeted
nanoparticles to enhance the efficacy of various
medical imaging techniques and drug treatments
(see news article on page 19).

John Katsaras, Mu-Ping Nieh et Norbert Kucerka collaborent
avec MDS Nordion et l’Institut des sciences biologiques
du CNRC pour développer des nanoparticules spécifiques
permettant d’améliorer l’efficacité de différentes techniques
d’imagerie médicale et de traitments aux médicaments
(consulter l’article page 19).

Information and communication
technologies

Technologies de l’information
et des communications :

Zahra Yamani is collaborating with several academic
research groups, to perform fundamental studies of
quantum materials, which are expected to lead to the
development of high-temperature superconductors and
to have enormous impacts on computer processors and
quantum computing, as well as on energy conservation
and medical diagnostics (see news article on page 17).

Zahra Yamani collabore avec plusieurs groupes de recherche
universitaires pour effectuer des études fondamentales sur
les matériaux quantiques, qui pourraient mener au développement de supraconducteurs à haute température, ce qui aurait
un impact considérable sur les unités centrales des ordinateurs et
l’informatique quantique, aussi bien que sur la conservation de
l’énergie et les diagnostics médicaux (consulter l’article page 17).
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John Root, Director,
NRC Canadian Neutron Beam Centre
John Root, directeur,
Centre canadien de faisceaux
de neutrons du CNRC

Mot de bienvenue
et introduction
Welcome
and Introduction
Welcome to the National Research Council
Canadian Neutron Beam Centre (NRC-CNBC).
NRC is a steward of several elements of
Canada’s science and technology (S&T)
infrastructure. The CNBC manages Canada’s
S&T infrastructure for a spectrum of neutronassisted materials research, for applications
in the following key sectors:
• information and
communication technology,
• aerospace,
• automotive, and
• manufacturing and materials
engineering.

Bienvenue au Centre canadien de faisceaux
de neutrons du Conseil national de recherches
Canada (CCFN-CNRC). Le CNRC a la responsabilité de régir plusieurs composantes de
l’infrastructure scientifique et technologique
(S et T) du Canada. Le CCFN gère l’infrastructure
S et T du Canada destinée à toute une gamme
de recherches sur les matériaux basées sur
les neutrons, dont des applications dans
les secteurs clés suivants :
• technologies de l’information
et des communications;
• aérospatial,
• automobile et
• génie de la fabrication et des matériaux.
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CNBC research also contributes to the goals of national
programs, including sustainable technologies and health
and wellness. The CNBC further advances NRC’s goals
through its collaborations with many clients. In a typical
year, more than 200 scientists from universities, other
government labs, industries and foreign countries use
the CNBC for research.
We are located inside Chalk River Laboratories, which are
owned and operated by Atomic Energy of Canada Limited
(AECL). This is the home of the NRU reactor, a 120 MW,
multipurpose neutron source for neutron beam research,
isotope production and the support of Canada’s nuclear
power technology. The NRU reactor has served Canada
since 1957. It was shut down on May 15, 2009 to repair a
heavy water leak and is expected to restart in early 2010.

Our overarching issue and concern
remains the long-term prospect
of Canada’s neutron source.
Over the last several years, AECL has invested considerable
resources to upgrade the safety systems of the NRU reactor,
which is currently licenced for continued operation until
the end of 2011. Further investment and extensions of the
license will be needed to allow for some overlap of operation until a replacement facility – the Canadian Neutron
Centre – has been built and operated for an initial period.
In the meantime, the CNBC will rejuvenate and expand
its competencies in neutron scattering research, by building new neutron beam facilities, developing applications of
neutron scattering to new areas of science and technology,
and strengthening Canada’s neutron user community.

John Root, Director
NRC Canadian Neutron Beam Centre

La recherche effectuée au CCFN contribue aussi aux objectifs
des programmes nationaux, dont les technologies soutenables
et la santé et le bien-être. Le CCFN facilite l’atteinte des
objectifs du CNRC grâce à ses collaborations avec de nombreux clients. Dans une année typique, plus de 200 scientifiques
provenant d’universités, d’autres laboratoires gouvernementaux,
de l’industrie et de l’étranger utilisent le CCFN pour effectuer
leurs recherches.
Nous sommes situés dans les laboratoires de Chalk River
appartenant à Énergie atomique du Canada limitée (EACL)
qui les exploite. C’est le foyer du réacteur NRU, source de
neutrons polyvalente de 120 MW servant à la recherche aux
faisceaux de neutrons, à la production d’isotopes et au soutien
de la technologie de l’énergie nucléaire canadienne. Le réacteur
NRU dessert le Canada depuis 1957. On l’a mis à l’arrêt le
15 mai 2009, afin d’y réparer une fuite d’eau lourde et on
s’attend à son redémarrage au début de 2010.

Notre question et préoccupation prédominantes restent la perspective à long terme
de la source canadienne de neutrons.
Pendant les dernières années, EACL a investi des ressources
considérables pour mettre à niveau les dispositifs de sécurité du
réacteur NRU qui a obtenu une autorisation de fonctionnement
jusqu’en 2011. D’autres investissements et prolongations de
l’autorisation seront nécessaires pour permettre un certain
chevauchement des opérations jusqu’à la construction et le
fonctionnement pendant une période initiale d’une installation
de rechange, le Centre canadien de neutrons. En attendant,
le CCFN rajeunira et étendra ses compétences en matière de
recherche sur la diffusion des neutrons en construisant des
nouvelles installations de faisceaux de neutrons, développant
des applications de la diffusion des neutrons à de nouveaux
domaines scientifiques et technologiques, et en renforçant
la communauté canadienne d’utilisateurs des neutrons.

John Root, directeur
Centre canadien de faisceaux
de neutrons du CNRC

Niki Schrie, the Centre’s Administrative Manager, coordinates our busy user program,
which welcomes scientists from across Canada and around the world every year.

613-584-8293 • Nicole.Schrie@nrc-cnrc.gc.ca
Niki Schrie, la gestionnaire administrative du Centre, coordonne notre programme d’utilisateurs
très fréquenté, qui accueille des scientifiques du Canada et du monde entier chaque année.
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Who We Are

Ce qui nous sommes

The CNBC is Canada’s premier neutron beam laboratory.
Researchers whose interests span the spectrum from fundamental science to industrial application use neutron beams
as probes to obtain new understandings of materials or to
improve products and services.

Le CCFN est le principal laboratoire de faisceaux de neutrons du
Canada. Des chercheurs se consacrant à des domaines allant de
la recherche fondamentale aux applications industrielles utilisent
des faisceaux de neutrons comme sondes permettant d’obtenir
une nouvelle compréhension des matériaux ou pour améliorer
des produits et des services.

What We Do
The mission of the CNBC is to lead the field of neutronassisted materials research, producing maximum benefit
for Canada, by:
• performing high-impact research in-house, including
materials science discoveries and the development of
improved neutron beam methods and applications; and
• providing access to our neutron beams to advance the
research programs of Canadian and international scientists
from industry, government labs and universities.

Ce que nous faisons
La mission du CCFN consiste à mener des recherches sur
les matériaux basées sur les neutrons, en visant de produire
le maximum de bénéfices pour le Canada par
• la réalisation à l’interne de recherches ayant des impacts
importants, dont des découvertes dans la science des matériaux
et le développement de techniques et d’applications améliorées
des faisceaux de neutrons, et
• l’accés aux faisceaux de neutrons afin de poursuivre des
programmes de recherches de scientifiques canadiens et
internationaux provenant de l’industrie, de laboratoires
gouvernementaux et d’universités.

6    NRC-CNBC Annual Report 2008 • Rapport annuel 2008 du CCFN-CNRC
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Le CCFN : Les neutrons
au service du Canada
The CNBC: Neutrons
at Work for Canada
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The CNBC is a national science facility
promoting Canada’s federal goals for
Science and Technology (S&T) as articulated in Canada’s Federal S&T Strategy.1
These goals are to build Canada’s
S&T advantages in entrepreneurship,
knowledge and people, using
four core principles:
•
•
•
•

promoting world-class excellence,
focusing on priorities,
fostering partnerships, and
enhancing accountability.

1 Industry Canada. Mobilizing Science & Technology to Canada’s Advantage. Industry Canada Site – Corporate Publications. [Online] 2007.
[Cited: April 7, 2008.] www.ic.gc.ca/epublications.

Le CCFN est une installation scientifique
nationale qui favorise l’atteinte des objectifs
fédéraux du Canada en matière de science
et de technologie (S et T), tels qu’ils sont
énoncés dans la Stratégie S et T du Canada.1
Ces objectifs visent à créer les avantages
S et T du Canada en matière d’entreprenariat, de savoir et de personnel grâce à la
mise en œuvre de quatre principes de base :
• promotion de l’excellence
de classe internationale
• concentration des efforts sur les priorités
• favoriser les partenariats, et
• augmentation de la responsabilisation.

1 Industrie Canada. Réaliser le potentiel des sciences et de la technologie au
profit du Canada. Site d’Industrie Canada – Publications sur le Ministère
[En ligne] 2007. [Cité : 7 avril 2008.] www.ic.gc.ca/epublications. 2007.
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A National Science Facility

Une installation scientifique nationale

The CNBC, like other neutron scattering laboratories
worldwide, is a unique and important part of our national
infrastructure for science and industry. The CNBC is a
major resource for researchers in many scientific disciplines
from universities and laboratories in every province.
In a typical year, more than 200 scientists from Canadian
universities, government labs, and industry, as well as from
foreign countries, use the unique materials research capabilities of the CNBC to support their research programs.

Building our People Advantage

Le CCFN, comme d’autres laboratoires de diffusion des neutrons
à travers le monde, est une composante unique et importante
de notre infrastructure scientifique et industrielle nationale.
Le CCFN est une ressource majeure utilisée par des chercheurs
de nombreuses disciplines scientifiques provenant d’universités
et de laboratoires de toutes les provinces du pays.
Dans une année typique, plus de 200 scientifiques provenant
d’universités canadiennes, de laboratoires gouvernementaux,
de l’industrie et de l’étranger utilisent les capacités de recherches
sur les matériaux uniques du CCFN dans le cadre de leurs
programmes de recherches.

Création de l’avantage humain

Our scientists teach students how to
conduct experiments using neutron beams.
Nos scientifiques enseignent à des étudiants comment effectuer des expériences
à l’aide de faisceaux de neutrons.

The CNBC builds Canada’s people
advantage by facilitating the training of
highly qualified people. Neutrons often
reveal information that is not accessible using
other techniques, thereby contributing to the
novelty of research that is crucial for journal publications and thesis programs. Many students as well
as post-doctoral researchers visit CNBC for weeks or
months to apply neutrons in their research programs.
These visitors come from a broad range of disciplines,
creating an environment that is highly creative and that
stimulates multidisciplinary discussion and collaboration.
The CNBC provides technical and professional support,
supervision of experimental work and guidance on data
analysis, interpretation and publishing.

Le CCFN crée l’avantage humain du Canada
en facilitant la formation de personnes hautement qualifiées. Les neutrons fournissent
souvent des données impossibles à obtenir
avec d’autres techniques; ils contribuent ainsi
à l’originalité de la recherche, ce qui est essentiel
pour les contributions aux journaux spécialisés et
les programmes de thèses. De nombreux étudiants,
ainsi que des chercheurs postdoctoraux, se rendent au
CCFN et y restent pendant des semaines et des mois pour utiliser
des neutrons dans le cadre de leurs programmes de recherche.
Ces visiteurs proviennent d’une vaste gamme de disciplines et
créent un environnement hautement créatif tout en stimulant
les échanges et les collaborations multidisciplinaires. Le CCFN
fournit un soutien technique et professionnel, supervise les
travaux expérimentaux, oriente les analyses et l’interprétation des
données, et donne des conseils lors de la publication des résultats.

Réalisations en 2008
Snapshot of 2008
In 2008, the NRU reactor operated for 305 days and during 88%
of this time, the CNBC neutron beam instruments were occupied
by the projects of users who came from Canadian universities,
foreign institutions, government laboratories or industry. The
remaining 12% of beam time was occupied by CNBC-driven
projects to develop innovative neutron scattering methods,
novel applications to new areas of science, or to contribute
to research at the cutting edge of condensed matter science.

En 2008, le réacteur NRU a fonctionné pendant 305 jours
et, pendant 88 % de ce temps, les instruments de faisceaux de
neutrons du CCFN ont été occupés par les projets d’utilisateurs
provenant d’universités canadiennes, d’institutions étrangères, de
laboratoires gouvernementaux ou de l’industrie. Les 12 % restant
du temps de faisceau ont été occupés par des projets propres au
CCFN dans le but de mettre au point des méthodes innovatrices
de diffusion des neutrons, de développer d’applications originales
dans de nouveaux domaines scientifiques ou pour contribuer
à la recherche d’avant-garde sur la matière condensée.

In all, 118 experiments were completed, nine of which
were associated with three proprietary projects. The projects
involved 146 individual researchers, and supported research
from 29 university departments spread among 16 universities
in six Canadian provinces (British Columbia, Alberta, Manitoba,
Nova Scotia, Ontario and Quebec).

En tout, 118 expériences ont été effectuées; neuf de celles-ci
étaient associées à trois projets exclusifs. Les projets ont impliqué
146 chercheurs, et la recherche soutenue par 29 départements
universitaires a impliqué 16 universités canadiennes de six provinces
canadiennes (Colombie-Britannique, Alberta, Manitoba, NouvelleÉcosse, Ontario et Québec).

About 17% of beam time was occupied by research projects of
foreign institutions in 11 countries (Armenia, Belgium, France,
Germany, Italy, the Netherlands, Russia, South Korea, Switzerland, the United Kingdom and the United States). There were
44 students, post-doctoral fellows and research associates who
accessed the CNBC for purposes of research and education.

Environ 17 % du temps de faisceau a été occupé par des projets de
recherche d’institutions étrangères de 11 pays (Arménie, Belgique,
France, Allemagne, Italie, Pays-Bas, Russie, Corée du Sud, Suisse,
Royaume-Uni et États-Unis). Un total de 44 étudiants, détenteurs
d’une bourse de perfectionnement postdoctoral et chercheurs associés, ont accédé au CCFN à des fins de recherche et d’éducation.
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Neutrons at Work for Industry

Les neutrons au service de l’industrie

Neutrons have some unique properties that make them
an ideal probe for industrial research:

Les neutrons disposent de propriétés uniques qui en font
une sonde idéale pour la recherche industrielle :

•	They penetrate deeply into dense materials such
as metals and alloys.

• Ils pénètrent profondément dans des matériaux denses,
comme les métaux et les alliages.

•	They interact with nuclei of atoms, enabling the precise
measurement of stresses in materials and components.

• Ils interagissent avec les noyaux des atomes, ce qui permet
une mesure précise des contraintes dans les matériaux et
les composants.

•	They can probe material samples that are held in realistic
conditions of pressure, temperature and stress.
•	They are non-destructive; they do not damage
the specimen under examination.

• Ils permettent de sonder des échantillons de matériaux tenus
dans des conditions réelles de pression, de température et
de contraintes.
• Ils sont non destructifs; ils n’endommagent pas le spécimen
sous observation.

Building our Knowledge Advantage
The CNBC builds Canada’s knowledge advantage
by enabling fundamental research and by connecting
Canadian scientists to the international scientific community. Because neutrons can be used in research on a broad
range of materials, the CNBC is a resource for research
across many disciplines, such as physics, chemistry, earth
science, life science, materials science and engineering.
The CNBC is an active participant in a diverse international scientific community, hosting collaborative
projects involving scientists from about 100 institutions in 20 countries, within a typical five-year period.
As members of that international network, Canadian
scientists are welcome at foreign neutron laboratories,
benefiting from the complementary resources and
knowledge of our international counterparts.

Building our Entrepreneurial Advantage

Création de l’avantage du savoir
Le CCFN crée l’avantage du savoir du Canada en permettant la
recherche fondamentale et en mettant les scientifiques canadiens
en relation avec la communauté scientifique internationale. Les
neutrons pouvant être utilisés en recherche sur une vaste gamme
de matériaux, le CCFN constitue une ressource pour la recherche couvrant de nombreuses disciplines, comme la physique,
la chimie, les sciences de la terre, la biologie, la science des
matériaux et le génie. Le CCFN est un participant actif au
sein d’une communauté scientifique internationale diverse
en accueillant habituellement pendant cinq ans des projets
de collaboration impliquant des scientifiques provenant de
près de 100 institutions de 20 pays. En tant que membres de
ce réseau international, les scientifiques canadiens sont les bienvenus dans les laboratoires de neutrons étrangers et bénéficient
des ressources et des connaissances complémentaires de
nos contreparties internationales.

Christopher Bayley (left) uses neutrons to
analyze stress in submarine panels for Defence
Research and Development Canada.
Christopher Bayley (gauche) utilise
des neutrons pour analyser les contraintes
dans des panneaux de sous-marins pour
Recherche et développement pour
la défense Canada.

The CNBC builds Canada’s entrepreneurial advantage by providing industry
access to unique knowledge about materials, to enhance their business competitiveness. The CNBC is recognized as the world
leader in enabling industry clients to investigate
stresses in materials and components with neutron beams.
Automotive, aerospace, power-generation, manufacturing and
metal-producing industries have all benefited from access to
neutron diffraction at the CNBC. The knowledge provided
by neutron diffraction is unique and often leads to enhanced
product reliability, greater safety margins, reduced costs of
production or maintenance, or to open new markets for
products – all contributing to industry competitiveness.

Création de l’avantage
entrepreneurial
Le CCFN crée l’avantage entrepreneurial
du Canada en permettant à l’industrie
d’accéder à une connaissance unique
sur les matériaux afin d’améliorer la
compétitivité des entreprises. Le CCFN
est reconnu comme le leader mondial
permettant à des clients venant de l’industrie
d’étudier les contraintes qui s’exercent dans
les matériaux et les composants avec les faisceaux
de neutrons. Les secteurs industriels de l’automobile,
de l’aérospatial, de la production d’électricité, de la fabrication
et de la métallurgie bénéficient tous de l’accès à la diffraction des
neutrons au CCFN. Les connaissances fournies par la diffraction
des neutrons sont uniques et conduisent souvent à des améliorations de la fiabilité des produits, à l’augmentation des marges
de sécurité, à la réduction des coûts de fabrication ou d’entretien,
ou à l’ouverture de nouveaux marchés pour les produits; tout
cela contribue à la compétitivité des entreprises.
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World-Class Excellence

Excellence de classe mondiale

The CNBC is competitive on the world stage, illustrated
by the number and quality of international scientists who
are attracted to Canada for experiments at the CNBC.
Some examples of leading researchers and institutions
from outside Canada that have recently collaborated
with CNBC staff or used CNBC beamtime include:

Le CCFN est une installation concurrentielle sur le plan
mondial, ce qu’illustrent le nombre et la qualité des scientifiques
internationaux attirés au Canada pour effectuer des expériences
au Centre. Voici quelques exemples de chercheurs et institutions d’importance provenant de l’étranger qui ont récemment
collaboré avec le personnel du CCFN ou utilisé du temps de
faisceau du CCFN :  

• Robert J. Birgeneau, Chancellor of the University of
California at Berkeley and Collin Broholm from The
John Hopkins University, for the study of spin dynamics
and phase transitions in superconducting materials;
• Roger A. Cowley, Emeritus Professor, Oxford University,
for the study of quantum fluctuations such as the decay
of spin waves in superconducting materials; and
• Oak Ridge National Laboratory (ORNL) for
the development of neutron instruments:
– Chris Tulk came to the CNBC to test equipment
design and components for the development of
the Spallation Neutrons and Pressure diffractometer
for the Spallation Neutron Source, an instrument
for the study of materials under very high pressures.
– Gene Ice came to the CNBC to show that
Kirkpatrick–Baez neutron supermirrors can be
used effectively for neutron scattering experiments,
a crucial step in developing a polychromatic Laue
microbeam diffractometer.
The CNBC’s competitiveness on the world stage is also
illustrated by its high citation rates for publications of
research conducted at the CNBC (the impact factor was
4.5 for its 2001-2005 publications, substantially higher than
most physical science journals); these papers are frequently
published in high-quality journals (for example, 8% of all its
2003-2005 publications were published in Physical Review
Letters alone). The CNBC’s excellence has been confirmed
by international experts who recently rated the CNBC the
highest of eleven different elements of the federal S&T
infrastructure and regulatory system in conferring
advantage to Canada.2

2 “The State of Science and Technology in Canada,” Report of the
Canadian Council of Academies, ISBN 0-9781778-0-0, p.108 (2006).

• Robert J. Birgeneau, chancelier de l’université de Californie
à Berkely et Collin Broholm de l’université John Hopkins,
pour l’étude de la dynamique du spin et des transitions
de phases dans les matériaux supraconducteurs;
• Roger A.Cowley, professeur émérite, université d’Oxford, pour
l’étude des fluctuations quantiques, comme la décroissance
des ondes de spin dans les matériaux supraconducteurs, et
• Le Oak Ridge National Laboratory (ORNL) pour
le développement d’instruments neutroniques :
– Chris Tulk est venu au CCFN pour tester des composants
et la conception d’instruments destinés au développement
d’un diffractomètre à pression et neutrons à spallation,
pour la Spallation Neutron Source, instrument permettant
l’étude de matériaux sous très hautes pressions.
– Gene Ice est venu au CCFN pour montrer que des
supermiroirs à neutrons de Kirkpatrick–Baez peuvent
être utilisés efficacement dans des expériences de diffusion
des neutrons, étape cruciale dans le développement d’un
diffractomètre à microfaisceau Laue polychromatique.
La compétitivité du CCFN sur la scène mondiale est aussi
illustrée par ses taux élevés de citations de publications de
recherches effectuées dans ses laboratoires (le facteur d’impact
a été de 4,5 pour ses publications 2001- 2005, ce qui est substantiellement plus élevé que la plupart des revues scientifiques
en physique) et ces articles ont souvent été publiés dans des
revues de haute qualité (à titre d’exemple, 8 % de toutes les
publications 2003-2005 ont été publiées dans Physical Review
Letters seulement). Par ailleurs, l’excellence du CCFN’ a été
confirmée par des experts internationaux qui ont récemment
classé le CCFN comme le plus important des onze éléments
différents de l’infrastructure fédérale en matière de S et T et
système de réglementation conférant un avantage au Canada.2

2 « L’état de la science et de la technologie au Canada », rapport du Conseil
des académies canadiennes, ISBN 0-9781778-0-0, p.108 (2006).
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International Participation

La participation internationale

The recent participation of CNBC staff in the international
crystallography community is helping to bring important conferences on crystallography to Canada. First, the International
Union of Crystallography (IUCr) will hold its 2014 congress
at the Palais des congrès de Montréal on August 5-12, 2014.
Lachlan Cranswick sits on the Canadian National Committee
for Crystallography, which bid to host this congress as a oncein-30-year opportunity. The last meeting in Canada was held in
Ottawa in 1981. Second, CNBC staff are involved in organizing
the 2009 Annual Meeting of the American Crystallographic
Association (ACA) to be held July 25–30, 2009 in Toronto.
The last ACA meeting in Canada was held in 1995 in Montreal.

La récente participation du personnel du CCFN à la communauté
internationale de cristallographie a facilité la tenue au Canada
d’importantes conférences sur la cristallographie. D’abord, le congrès
2014 de la International Union of Crystallography (IUCr) se tiendra
au Palais des congrès de Montréal du 5 au 12 août 2014. Lachlan
Cranswick siège au Canadian National Committee for Crystallography qui a soumis une proposition pour accueillir ce congrès,
occasion unique se présentant une fois tous les 30 ans. La dernière
assemblée au Canada a eu lieu
à Ottawa en 1981. Ensuite,
le personnel du CCFN s’est
impliqué dans l’organisation
de l’assemblée annuelle 2009
de la American Crystallographic
Association (ACA) qui aura
lieu du 25 au 30 juin 2009 à
Toronto. La dernière assemblée
de la ACA au Canada s’est
tenue en 1995 à Montréal.

Preliminary announcement of the IUCr’s 2014
Congress to be held in Montreal. This will be
a major opportunity for scientific outreach.
Annonce préliminaire de la tenue du congrès 2014
de l’IUCr à Montréal. Il s’agira d’une occasion
importante de faire-savoir scientifique.

Partnerships
The CNBC embraces a culture of collaboration and
partnership that strengthens the impact of its research.
Major examples of partnerships with the CNBC include
the following:
• The Canadian Institute for Neutron Scattering partners
with the CNBC to ensure access to neutron beams
for academic users (see sidenote).
• The proposal to build the new D3 neutron reflectometer was led by the University of Western Ontario and
supported by 12 other Canadian universities, and was
funded in a federal-provincial partnership between the
Canada Foundation for Innovation (CFI), the province
of Ontario (through the Ontario Innovation Trust and
the Ministry of Research and Innovation) and NRC.
• NRC and MDS Nordion, a leading global life sciences
Canadian company, have signed a memorandum of understanding (MOU) to form a strategic research alliance
in November 2008. Under the long-term agreement,
the CNBC, NRC Institute for Biological Sciences and
MDS Nordion will conduct joint research collaboration
projects with a view to the global commercialization
of innovative products in molecular imaging (see news
article on page 19).

Les partenariats
Le CCFN adhère à une culture de collaboration et de partenariat
qui renforce l’impact de sa recherche. Voici des exemples majeurs
de partenariats avec le CCFN :
• partenariat de l’Institut canadien de la diffusion des
neutrons avec le CCFN pour permettre l’accès d’utilisateurs
universitaires aux faisceaux de neutrons (voir l’encadré).
• Le projet de construire le nouveau réflectomètre neutronique
D3 a été conduit par l’université Western Ontario et a été
soutenu par 12 autres universités canadiennes; il a été financé
grâce à un partenariat fédéral-provincial avec la Fondation
canadienne pour l’innovation (FCI), la province de l’Ontario
(par l’intermédiaire de l’Ontario Innovation Trust et du
ministère ontarien de la Recherche et de l’Innovation) et
le Conseil national de recherches Canada (CNRC).
• Le CNRC et MDS Nordion, entreprise canadienne en sciences de la vie d’envergure mondiale, ont signé en novembre
2008 un protocole d’entente pour la formation d’une alliance
stratégique. Dans le cadre de cette entente à long terme, le
CCFN, l’Institut des sciences biologiques du CNRC et MDS
Nordion entreprendront conjointement des projets de recherche ayant pour objectif la  commercialisation de produits
novateurs en imagerie moléculaire (consulter l’article page 19).
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Accountability

Responsabilisation

The CNBC is accountable to several organizations
to demonstrate the CNBC’s value to Canada:

Le CCFN a la responsabilité de démontrer à plusieurs
organisations sa valeur pour le Canada :

• The Canadian Institute for Neutron Scattering (CINS),
a 500-member organization of neutron-beam users
from across Canada and around the world, oversees
the management of NSERC MRS funds by the CNBC.
The CINS Oversight Committee makes site visits to the
CNBC and produces an annual report to NSERC, which
is a requirement for the release of funds each fiscal year.

• L’Institut canadien de la diffusion des neutrons (ICDN),
organisme de 500 membres utilisateurs des faisceaux de neutrons
provenant du Canada et de l’étranger, supervise la gestion des
fonds ARM du CRSNG par le CCFN. Le comité de supervision
de l’ICDN effectue des visites au CCFN et produit un rapport
annuel destiné au CRSNG, une exigence pour le versement des
fonds de chaque exercice financier.

• The CNBC is accountable to the University of Western
Ontario, and ultimately to the CFI, for expenditures
of CFI Infrastructure Operating Funds associated with
operation of the D3 neutron reflectometer.

• Le CCFN est responsable devant l’université de Western Ontario
et, ultimement devant la Fondation canadienne pour l’innovation
(FCI), des dépenses du budget d’exploitation de la FCI associées
au fonctionnement du réflectomètre neutronique D3.

• The CNBC is also accountable to the NRC, and ultimately to the government of Canada, through an annual
performance report and queries from the office of the
Auditor General of Canada. The CNBC is required to
demonstrate alignment with NRC’s goals, as expressed
in its 2006–2011 strategy, Science at Work for Canada.

• Le CCFN est aussi responsable devant le CNRC et, ultimement,
devant le gouvernement du Canada, par l’intermédiaire d’un
rapport annuel de exploitation et de questions provenant du
bureau du Vérificateur général du Canada. Le CCFN doit faire
la preuve qu’il vise les mêmes objectifs que le CNRC, tel qu’elles
sont définies dans sa stratégie 2006-2011, La science à l’œuvre
pour le Canada.

• Finally, because the CNBC is located on the site of Canada’s main nuclear establishment, the facility is accountable for compliance with policies and practices of AECL,
overseen by the Canadian Nuclear Safety Commission.

• Finalement, le CCFN étant situé sur le site du principal
établissement nucléaire du Canada, les installations sont responsables de leur conformité avec les politiques et pratiques d’EACL,
supervisées par la Commission canadienne de sûreté nucléaire.

Partnership in Funding and Mission
There is a strong culture of partnership at the CNBC,
encompassing an ongoing tradition of very strong science,
supporting users, recognising the value of outreach and
educating young scientists.
Funding to operate the CNBC is derived from three sources,
reflecting various aspects of our mission in Canada or
internationally:
• NRC owns and operates the centre as a national science
laboratory. NRC contributes about 60% of the CNBC’s
funding allowing us to maintain a steady foundation of
neutron scattering expertise and infrastructure for national
strategic goals, including Canadian participation in a global
network of major science facilities.
• NSERC funds people and programs in the Canadian university system. By partnering with the Canadian Institute for
Neutron Scattering (CINS), which represents the Canadian
neutron user community, the CNBC receives funds from the
NSERC Major Resource Support (MRS) program via McGill
University, acting on behalf of the Canadian academic community. The MRS program provides about 30% of the CNBC’s
funding. This support helped to ensure that the laboratory
was maintained in a competitive condition for access by university researchers and students, helping to develop highly
qualified personnel. The current MRS grant #236732-2007
“Canadian Neutron Beam Laboratory” covers a five-year
term, ending on March 31, 2012.
• Industry clients pay the full cost of their access to our
neutron facilities to obtain proprietary information to
improve their products and services.

Partenariat de financement et de mission
Au CCFN, il existe une solide culture de partenariat, portant sur une
tradition toujours vivante d’une science très poussée, d’un soutien attentif
apporté aux utilisateurs, de la valorisation du faire-savoir et de la formation
des jeunes scientifiques.
Le financement du fonctionnement du CCFN est assuré par trois sources
correspondant aux divers aspects de notre mission au Canada ou sur
la scène internationale :
• Le CNRC est propriétaire du centre et l’exploite en tant qu’installation
scientifique nationale. Le CNRC contribue pour 60 % environ du
financement, ce qui nous permet de maintenir une expertise et une infrastructure de base solides en matière de diffusion des neutrons répondants aux objectifs stratégiques nationaux, y compris la participation
canadienne à un réseau mondial d’installations scientifiques majeures.
• Le CRSNG finance le personnel et les programmes du réseau universitaire canadien. En partenariat avec l’Institut canadien de la diffusion
des neutrons (ICDN), qui représente la communauté canadienne des
utilisateurs de neutrons, le CCFN reçoit des fonds par l’intermédiaire du
programme d’appui aux ressources majeures (ARM) du CRSNG qui est
administrée par l’université McGill pour le compte de la communauté
universitaire canadienne. Le programme ARM fournit 30 % environ du
financement du CCFN. Ce soutien permet d’assurer au laboratoire une
position concurrentielle quant à l’accès des chercheurs universitaires
et des étudiants, ce qui permet de former du personnel hautement
qualifié. La bourse actuelle du ARM numéro 236732-2007 « Laboratoire
de faisceaux de neutrons canadien » couvre une période de cinq ans
se terminant le 31 mars 2012.
• Les clients provenant de l’industrie remboursent les coûts totaux liés
à leur accès aux installations de neutrons pour obtenir des données
exclusives permettant d’améliorer leurs produits et services.
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CNBC in the News
Le CCFN dans les nouvelles
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Services in the Spotlight: Applied
Neutron Diffraction for Industry
“Behind every technological advance, there’s an advance
in materials science,” says Dr. Ron Rogge, a senior scientist at the NRC Canadian Neutron Beam Centre in Chalk
River, Ontario. Dr. Rogge manages the Applied Neutron
Diffraction for Industry (ANDI) program — a unique
resource that allows academic, industry and NRC
researchers to undertake novel inquiries into materials.
“Scientists use several types of probes to help
them characterize and improve materials, but
neutron scattering is a tool like no other,” says
Dr. Rogge. “That’s because of the special way
that neutrons interact with matter.”
NRC researchers at Chalk River are world leaders in the
application of neutron diffraction to industrial research.
They apply neutron scattering methods to characterize
“structural materials” (metals, alloys, ceramics and composites), “functional materials” (nanostructures that store gases
or help chemical reactions occur with less energy, and crystal
structures for information storage or use in batteries) and
“soft materials” (plastics, membranes, proteins, gels, milk
and blood).
For example, the Chalk River team recently worked on
a project with a steel company, a university researcher
and CANMET — a government laboratory specializing
in metallurgy. The partnership’s objective was to determine
how to enhance steels to achieve superior performance for
key applications. NRC provided the neutron diffraction
results that the university partner used in providing computer simulations of the material and the fabrication route.
CANMET then simulated the fabrication process on a
small scale. By combining the information gained from the
neutron diffraction experiments and computer simulations,
the company was able to enhance its product’s performance.
Why is neutron diffraction such a powerful technique
for materials research? “Matter is made of atoms that are
arranged in various ways, depending on whether the matter
is solid, liquid or gas,” explains Dr. Rogge. “Neutrons are
subatomic particles that interact with the nuclei of atoms and
with atomic magnetic fields. We can shoot neutrons right
through a material where they diffract in specific patterns
that we can capture. From the measured patterns, we can
determine the arrangement of the atoms in the material.”
Photo left: Dr. Ron Rogge (right) explains to Dr. Roxana Hutanu
(now with Atomic Energy of Canada Ltd.) how neutron diffraction provided unique information about the stresses in the booster
rocket casing of the Space Shuttle Challenger.
Photographe à la gauche : Ron Rogge (à droite) explique à
Roxana Hutanu (maintenant chez Énergie atomique du Canada
ltée) comment la diffraction des neutrons nous a renseigné sur
les contraintes subies par l’enveloppe de la fusée de lancement
de la navette spatiale Challenger.

Pleins feux sur les services : Application
à l’industrie de la diffraction des neutrons
« Derrière chaque progrès technologique se cache une avancée
de la science des matériaux », affirme Ron Rogge, chercheur
principal au Centre canadien de faisceaux de neutrons du
CNRC, à Chalk River (Ontario), et directeur du programme
Application à l’industrie de la diffraction des neutrons (AIDN),
qui aide les scientifiques des universités, de l’industrie et du
CNRC à entreprendre leurs enquêtes originales sur les matériaux.
« Les scientifiques recourent à diverses sondes pour
caractériser et perfectionner les matériaux, mais la
diffraction des neutrons les surpasse toutes », affirme
Ron Rogge, « à cause de la façon dont les neutrons
réagissent avec la matière. »
Les chercheurs du CNRC à Chalk River sont des leaders
mondiaux dans l’application de la diffusion des neutrons à la
recherche industrielle. Ils se servent des méthodes de la diffraction des neutrons pour caractériser les « matériaux structurels »
(métaux, alliages, céramiques et composites), ou les « matériaux
fonctionnels » (nanostructures qui emmagasinnent les gaz ou
facilitent les réactions chimiques en utilisant moins d’énergie,
voire les structures cristallines stockant de l’information ou
alimentant les piles) ou « matériaux mous » (plastiques,
membranes, protéines, gels, lait et sang).
À titre d’exemple, l’équipe de Chalk River a récemment coopéré
avec une aciérie, un chercheur universitaire et CANMET – laboratoire gouvernemental spécialisé en métallurgie, en vue de perfectionner l’acier et de le rendre plus performant dans des applications
clés. Le CNRC a fourni les données de diffraction des neutrons
que le partenaire universitaire a utilisé pour simuler le matériau et
son procédé de fabrication sur ordinateur. Ensuite, CANMET a
reproduit le procédé à petite échelle. En combinant l’information
issue de la diffraction des neutrons et des simulations informatiques, l’entreprise a rehaussé la performance de son produit.
Pourquoi la diffraction des neutrons est-elle si utile à la recherche sur les matériaux? « La matière est faite d’atomes disposés
différemment, selon qu’il s’agisse d’un solide, d’un liquide ou
d’un gaz », explique Ron Rogge. « Les neutrons sont des particules subatomiques qui interagissent avec les noyaux des atomes
et avec les champs magnétiques atomiques. Nous pouvons
transpercer un matériau avec des neutrons, qui se dispersent en
suivant des schémas précis, qu’on analyse. Ainsi, il est possible
de voir comment les atomes du matériau sont disposés. »
Parmi les techniques recourant aux neutrons, mentionnons la
diffraction, la spectroscopie, la réflectométrie et la diffraction
à angle réduit. Grâce à leur grande profondeur de pénétration
et à leur longueur d’onde particulière, les neutrons diffractés
nous en disent plus sur la structure de la matière que ne peuvent
la microscopie électronique, les ultrasons et les rayons X.
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Neutron scattering techniques include diffraction,
spectroscopy, reflectometry and small-angle scattering.
Because of the high penetration depth and characteristic
wavelength of neutrons, neutron diffraction techniques
reveal structural information that simply cannot be gained
through electron microscopy, ultrasonics and X-rays.
Neutron beams can penetrate most materials, providing
information about full-scale engineering components,
such as welds, pipes, and engine parts — without affecting
the sample in any way. Neutrons can be used to map
stresses in three dimensions, in metal components or
in other polycrystalline materials. They can also be used
to measure crystalline texture, or determine the volume
fractions of various elements of composite materials.
In addition, neutrons can be used to characterize how
materials react to certain processes, over time.
“We can perform non-invasive thermometry and realtime tracking of oxidation,” says Dr. Rogge. “We can
also monitor electrochemical reactions and determine
the homogeneity of material at its microstructural level.
By characterizing the molecular and atomic-level structure
and behaviour of materials, we’re helping industry researchers make better decisions about manufacturing processes
and improve the performance of their materials.”
Dr. Rogge works mainly with clients from the aerospace,
automotive, energy and environmental sectors. Clients
supply a material or fully manufactured part to test, and
NRC researchers use the Chalk River reactor to perform
neutron scattering, analyze the diffraction and report the
data. “Using neutrons, we can get a picture of that material’s
deep atomic structure before it is processed into a part,” he
says. “Then, we can test it again after it has been stressed and
formed, and see how the process has affected the material
properties.” Such information helps to project the fatigue
life of the part.
One of the greatest advantages of the ANDI program is that
NRC can perform tests under realistic conditions including
high temperature (up to 2000 ºC), high electric or magnetic
fields, high tensile or compressive loads, and during operation in hostile environments. NRC can combine a variety of
testing conditions, as required. “For example, we can apply
a load to a sample while heating it to see how it performs in
these conditions. Manufacturers need to know the tolerances
of new materials before using them to manufacture products
— particularly those related to public safety. And the new
knowledge we can provide by neutron scattering techniques
can also lead to innovative materials or fabrication methods
that enhance competitiveness,” notes Dr. Rogge.

Les faisceaux de neutrons peuvent pénétrer la plupart des
matériaux, nous renseignant sur les composants à pleine
échelle –  soudures, canalisations, pièces de moteur – sans
altérer l’échantillon. On peut utiliser les neutrons pour
visualiser en trois dimensions les contraintes dans les pièces
métalliques ou les matériaux polycristallins, mesurer la texture des cristaux ou déterminer la proportions volumiques
des divers éléments des matériaux composés. Enfin, on peut
s’en servir pour caractériser la réponse des matériaux dans
le temps à certains processus.
« Les neutrons permettent une thermométrie non invasive
et l’analyse de l’oxydation en temps réel », poursuit Ron
Rogge. « On peut aussi étudier les réactions électrochimiques et constater l’homogénéité d’un matériau à l’échelle
de sa microstructure. En caractérisant le structure et le comportement des matériaux à l’échelle moléculaire et atomique,
nous aidons les chercheurs industriels à choisir de meilleurs
procédés de fabrication et à améliorer les performances de
leurs matériaux. »
Les clients de Ron Rogge viennent surtout des secteurs
de l’aérospatiale, de l’automobile, de l’énergie et de
l’environnement. Les clients lui fournissent un matériau ou
un composant fini, et les scientifiques du CNRC utilisent
le réacteur de Chalk River pour le bombarder de neutrons,
en analyser le schéma de diffraction et rédiger un rapport.
« Les neutrons permettent de dresser un tableau de la
structure atomique fine du matériau avant qu’on en tire
une pièce », dit-il. « On le teste de nouveau après que la
pièce a subi des contraintes et a été façonnée pour voir
comment les propriétés du matériau ont été affectées. »
Ces renseignements aident à prédire la résistance à la fatigue
du matériau dans le temps.
Un des grands avantages du programme AIDN est que le
CNRC peut effectuer les tests dans des conditions réalistes,
soit à une température élevée (jusqu’à 2 000°C), dans un
champ électrique ou magnétique puissant, sous forte traction ou compression, et pendant un fonctionnement en
milieu hostile. Le CNRC peut combiner une multitude
de conditions de test, selon besoin. « Par exemple, on peut  
appliquer une charge à l’échantillon en le chauffant pour
voir comment il se comporte dans ces conditions. Les fabricants doivent connaître la tolérance des nouveaux matériaux
avant d’en fabriquer des articles, surtout quand la sécurité
publique est en jeu. Les connaissances acquises grâce à
la diffraction des neutrons peuvent aussi déboucher sur la
création de nouveaux matériaux ou procédés de fabrication
qui accroîtront notre compétitivité », conclut Ron Rogge.
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Dr. Zahra Yamani in front of DUALSPEC, which includes
the C2 High Resolution Powder Diffractometer and
the C5 Polarized Beam Triple-Axis Spectrometer.
Zahra Yamani devant le DUALSPEC, qui comprend
le diffractomètre sur poudre à haute résolution C2 et le
spectromètre/réflectomètre à trois axes à faisceau polarisé C5.

Pleins feux sur les scientifiques :
Sur la piste des mystères de
la supraconductivité

Scientist in the Spotlight: Exploring
the Mysteries of Superconductivity
Iranian-born NRC researcher, Dr. Zahra Yamani, radiates
sheer enthusiasm when she speaks of her work at the NRC
Canadian Neutron Beam Centre (NRC-CNBC) in Chalk
River, Ontario. Despite living far from her homeland and
family, she is energetically pursuing her passion in physics
— superconductivity — using neutron scattering to explore
the properties of novel superconducting materials.
In her late teens, Dr. Yamani discovered the direction her
career would take. She recalls the excitement she felt in her
first year of university when learning about conductivity and
then superconductivity. “It intrigued me that the resistivity
of superconducting metals suddenly drops to zero below
a certain temperature whereas, for non-superconducting
metals, it gradually decreases to a finite value when cooled,”
she says. “When I learned that the behaviour of the so-called
high-temperature superconductors couldn’t be explained by
current theory, I wanted to know more.”
Dr. Yamani came to Canada in 1998 to pursue further
education and a satisfying research career. Arriving with
her B.Sc. and M.Sc. from Iran’s internationally recognized
Sharif University of Technology, she obtained her Ph.D.
from the University of Toronto in 2003. During her
studies in Canada, she became a citizen.
“I learned of the NRC Canadian Neutron Beam Centre in
2000 when my Ph.D. supervisor, the late Professor Bryan
Statt, encouraged me to attend the neutron scattering summer school. I learned a great deal and was very impressed
with both the facility and the people,” recalls Dr. Yamani.
“As I was finishing my Ph.D., I applied for an NSERC
visiting fellowship at CNBC, where I started my post-doc.
About a year later, I won a position and started as an
assistant research officer in January 2005.”
“Despite all the research on new superconducting
materials, there still is no complete theoretical understanding of high-temperature superconductivity.
It’s an important unsolved problem in physics,”
says Dr. Zahra Yamani.

Née en Iran, Zahra Yamani, chercheuse au CNRC, déborde
d’un enthousiasme contagieux lorsqu’elle parle de son travail au
Centre canadien de faisceaux de neutrons du CNRC (CCFNCNRC) situé à Chalk River, en Ontario. Bien qu’elle vive loin de
son pays natal et de sa famille, Mme Yamani poursuit avec passion
ses recherches en physique – dans le domaine de la supraconductivité – en employant la diffusion des neutrons pour étudier les
propriétés des nouveaux matériaux supraconducteurs.
Mme Yamani a découvert à la fin de son adolescence dans quel
domaine elle ferait carrière. Elle se souvient de son excitation lors
de sa première année à l’université, quand elle a étudié la conductivité, puis la supraconductivité. « J’ai été considérablement intriguée d’apprendre que la résistivité des métaux supraconducteurs
disparaît subitement à une certaine température, alors que chez
les métaux qui ne le sont pas, elle diminue graduellement avec
le refroidissement jusqu’à une valeur déterminée, raconte-t-elle.
Quand j’ai appris que les théories actuelles n’expliquaient pas le
comportement de ce qu’on appelle les supraconducteurs à haute
température, j’ai voulu en savoir plus. »
Mme Yamani est arrivée au Canada en 1998 afin d’y poursuivre ses études et d’entreprendre une carrière scientifique
satisfaisante. Elle a obtenu un baccalauréat et une maîtrise en
sciences de la réputée Université de technologie Sharif, en Iran,
puis a décroché un doctorat à l’Université de Toronto, en 2003.
Elle a également profité de ses études au Canada pour demander
la citoyenneté canadienne.
« J’ai découvert l’existence du Centre canadien de faisceaux de
neutrons en 2000 quand mon directeur de thèse, le défunt professeur Bryan Statt, m’a encouragée à assister à un cours d’été sur
la diffusion des neutrons, explique Mme Yamani. J’y ai beaucoup
appris et ai été vivement impressionnée à la fois par les installations et ceux qui y travaillaient. Au terme de mon doctorat, j’ai
présenté une demande de bourse au CRSNG pour effectuer un
stage au CCFN-CNRC, où j’ai amorcé un post-doctorat. Un
an plus tard environ, j’ai obtenu un poste et j’ai commencé ma
carrière en tant qu’assistante de recherche en janvier 2005. »
« Malgré toutes les recherches sur les nouveaux
matériaux supraconducteurs, on ne comprend
pas encore tout à fait la supraconductivité à haute
température. Il s’agit d’une importante énigme
en physique. », affirme Zahra Yamani.
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Dr. Yamani’s personal research interest is high-temperature
superconductivity. As an instrument scientist responsible
for one of the NRC-CNBC spectrometers, she and her
colleagues study the magnetic and electronic properties of
different materials — mainly superconductors and oxides.
“We compare our data with available theories to either
prove or disprove a theory or to obtain parameters needed
in theory,” explains Dr. Yamani. “Sometimes we discover a
property that was not predicted to exist in such materials.
That’s one of the ways in which we are advancing today’s
understanding of the properties of materials.”
Dr. Yamani is often asked whether her research will have
immediate applications. “Most of the materials we study,
such as high-temperature superconductors, do not have
immediate everyday applications,” she says. “However,
the use of neutron scattering allows us to solve natural
mysteries, which is very exciting. And the discoveries we
make will eventually lead us to new materials that will
have everyday applications.”
Dr. Yamani and her colleagues are using neutron
scattering to advance knowledge in a field that
holds great promise for electric power transmission,
communications, medical diagnostic tools such
as MRI and many other applications.
Dr. Yamani’s own research is strongly integrated with that
of a network of external scientific collaborators. Given her
expertise in the use of neutron scattering, Dr. Yamani guides
these collaborators by formulating effective experiments,
designing the set-up, then supervising the collection and
analysis of the resulting data. Dr. Yamani maintains her
interaction with the research team, from completion of
the submission of papers to leading peer-reviewed journals
and international conferences.
“The most rewarding aspect of this job is the chance to
collaborate directly with many national and international
scientists — including university professors, Ph.D. students
and post-docs,” says Dr. Yamani. “It is this direct human
interaction in trying to solve scientific problems that makes
this job so rich and satisfying.”
Dr. Yamani hopes the neutron scattering research on
advanced materials in Canada can continue well into
the future, but it all depends on whether the government
provides funding to replace the 50-year-old research
reactor at Chalk River. “A new, world-class Canadian
Neutron Beam Centre would allow us to continue helping
the national and international scientific community perform
neutron scattering research,” she says. “It would also be
an ideal training ground for highly qualified personnel,”
she adds.

Mme Yamani s’intéresse surtout à la supraconductivité à haute
température. En tant que scientifique spécialisée en instrumentation, elle est responsable d’un des spectromètres du
CCFN-CNRC. Avec ses collègues, elle étudie les propriétés
magnétiques et électroniques de divers matériaux – principalement les supraconducteurs et les oxydes.
« Nous comparons nos données aux théories existantes pour les
confirmer ou les infirmer, ou encore pour recueillir les paramètres
nécessaires en vue de formuler de nouvelles théories, explique
Mme Yamani. Il nous arrive parfois de découvrir une propriété
que le matériau n’est pas censé avoir. C’est pour nous une façon
de faire progresser les connaissances actuelles sur les propriétés
des matériaux. »
On demande souvent à Mme Yamani si ses travaux auront une
application immédiate. « La plupart des matériaux que nous
étudions, comme les supraconducteurs à haute température, n’ont
pas d’applications immédiates dans la vie quotidienne, avoue-telle. Cependant, la diffusion des neutrons nous aide à élucider
des mystères de la nature, ce qui est palpitant. Ces découvertes
aboutiront éventuellement à la création de nouveaux matériaux
qui, eux, auront des applications dans la vie courante. »
Mme Yamani et ses collègues recourent à la diffusion
des neutrons pour faire progresser les connaissances
dans un domaine riche en promesses pour la
transmission de l’électricité, les télécommunications,
les outils de diagnostic médicaux, comme l’IRM,
et de nombreuses autres applications.
Les recherches de Mme Yamani sont étroitement intégrées
à celles d’un réseau de collaborateurs extérieurs. Grâce à ses
compétences spécialisées en diffusion des neutrons, la chercheuse guide ses collègues en concevant des expériences efficaces, en
élaborant l’appareillage, puis en supervisant la collecte et l’analyse
des données. Mme Yamani continue d’interagir avec l’équipe de
recherche jusqu’à ce que les résultats soient soumis pour publication dans des revues à comité de lecture reconnues ou présentés
lors de colloques internationaux.
« Le côté le plus gratifiant de mon travail est de pouvoir collaborer
directement avec de nombreux scientifiques canadiens et étrangers,  
notamment des professeurs d’université, des étudiants au doctorat
et des post-doctorants », reprend-elle. « Ce sont ces interactions
entre des gens s’efforçant de résoudre des énigmes scientifiques
qui rendent mon travail si enrichissant et enthousiasmant. »
Mme Yamani espère que l’application de la diffusion des neutrons
à la recherche sur les matériaux de pointe se poursuivra encore
longtemps au Canada. Pour cela, toutefois, le gouvernement devra
investir dans le remplacement du réacteur de Chalk River, qui a
50 ans. « Un nouveau Centre canadien de faisceaux de neutrons
de calibre mondial nous permettrait d’aider les scientifiques du
Canada et d’ailleurs à poursuivre leurs travaux sur la diffusion des
neutrons, conclut-elle. Un tel centre serait le lieu idéal où former
du personnel hautement qualifié. »
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NRC President Dr. Pierre Coulombe
and MDS Nordion President Steve West
Pierre Coulombe, président du CNRC,
et Steve West, président de MDS Nordion

Une alliance stratégique en
recherche avec MDS Nordion

Strategic Research Alliance
with MDS Nordion
The treatment of disease can involve surgery and therapies
such as radiation, chemo, hormonal and biological treatments. In the course of these treatments, healthy tissues can
be damaged, resulting in unwanted side effects. However,
the use of drugs specifically targeted to a disease can minimize the toxic side effects associated with many conventional therapies (e.g., chemotherapy). Extensive collaborative
research between NRC and institutes in the USA, Europe
and Asia has resulted in the development of novel, selfassembled, lipid-based nanoparticles with the potential
to simultaneously target, image and treat disease.
Starting with these nanoparticles, CNBC and the NRC’s
Institute for Biological Sciences (IBS) have collaborated to
develop targeted nanoparticles that promise to revolutionize
imaging techniques and further Canada’s competitiveness
in health technologies. Specifically, these nanoparticles are
being tailored to enhance the efficacy of various medical imaging techniques (i.e., MRI and PET) and drug treatments
(e.g., cancers and diseases of the brain).
These self-assembled nanoparticles have attractive features
that make them ideal for commercialization as pharmaceuticals: (1) they are inexpensive as they are made up exclusively
of low-cost phospholipids; (2) they are highly stable, providing long shelf-life and integrity when inserted into the body;
and (3) they are easily adaptable to industrial scale production. The latter two features are distinct advantages over
lipid-based nanoparticles produced by traditional extrusion
and sonication methods.
The collaborators from CNBC and IBS successfully tested
the nanoparticles in vivo, demonstrating their promise to
target specific disease. As a result, a provisional patent was
submitted in the fall of 2008. This success led NRC to
partner with MDS Nordion — a leading global life sciences
company with US$1.1 billion in net revenues, employing
5,500 highly skilled personnel in 29 countries. MDS is a
global provider of analytical instruments, medical isotopes
for molecular imaging, radiotherapeutics and sterilization
technologies. Its products and services reach people in more
than 62 countries worldwide with 95 percent
of revenues from global markets.

Le traitement d’une maladie peut impliquer une chirurgie
et des thérapies, comme les rayonnements, une chimiothérapie et des traitements hormonaux ou biologiques.
Au cours de ces traitements, des tissus sains peuvent être
endommagés et provoquer des effets secondaires indésirables. Cependant, l’utilisation de médicaments spécifiques
à une maladie peut réduire l’effet toxique connexe à de
nombreuses thérapies classiques, comme la chimiothérapie.
Une recherche en collaboration intense entre le CNRC et
des instituts américains, européens et asiatiques a conduit
à la mise au point de nouvelles nanoparticules lipidiques
autoassemblées qui ont le potentiel simultané de cibler,
permettre de produire des images et traiter la maladie.
À partir de ces nanoparticules, le CCFN et l’Institut
des sciences biologiques du CNRC ont collaboré au
développement de nanoparticules spécifiques qui pourraient révolutionner les techniques d’imagerie et améliorer
la compétitivité du Canada en matière de technologie médicale. Ces nanoparticules sont particulièrement conçues pour
améliorer l’efficacité de différentes techniques d’imagerie
médicale (IRM et tomographie PET) et de traitements
médicamenteux (cancers et maladies cérébrales).
Ces nanoparticules autoassemblées présentent des
caractéristiques intéressantes qui les rendent idéales
pour être commercialisées comme médicaments : (1) elles
sont économiques, car elles sont fabriquées exclusivement
à partir de phospholipides bon marché (2) elles sont très
stables, ont une grande durée de conservation et conservent
leur intégrité une fois insérées dans le corps et (3) elles sont
facilement adaptables à une fabrication à l’échelle industrielle. Les deux dernières caractéristiques constituent des
avantages distincts par rapport aux nanoparticules produites
par des méthodes d’extrusion et de sonication classiques.
Les collaborateurs du CCFN et de l’Institut des sciences
biologiques ont testé avec succès les nanoparticules in
vivo, démontrant ainsi leur promesse en matière de ciblage
de maladies spécifiques. Un brevet provisoire a donc été
demandé à l’automne 2008. Cette réussite a conduit à un
partenariat avec MDS Nordion, entreprise en sciences de
la vie d’envergure internationale ayant des revenus nets
de 1,1 milliard de dollars US employant 5,500 personnes
hautement qualifiées dans 29 pays. MDS est un fournisseur mondial d’instruments d’analyse, d’isotopes médicaux
pour l’imagerie moléculaire, de produits radiothérapeutiques
et de technologies de stérilisation.  Ses produits et services
sont distribués dans plus de 62 pays et 95 % de ses revenus
proviennent des marchés mondiaux.
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NRC and MDS Nordion have signed a memorandum of
understanding (MOU) to form a strategic research alliance.
The agreement was signed by NRC President Dr. Pierre
Coulombe and MDS Nordion President Steve West on
Friday, November 7, 2008.
Under the long-term agreement, NRC and MDS Nordion
will conduct joint research collaboration projects with a
view to the global commercialization of novel products
arising from such research. The research alliance will focus
on the discovery of innovative products in molecular imaging. This will advance personalized medicine by helping
medical practitioners detect diseases earlier, determine the
most appropriate treatment for each patient, and monitor
the progress of the therapy.
The first project under the alliance would combine NRC’s
and MDS Nordion’s knowledge and resources — through
the formation of a multidisciplinary team of neuroscientists,
biologists, chemists and physicists — to create novel delivery
systems for imaging and therapeutic agents based on the use
of targeted nanoparticles.
In time, additional collaborative projects would require
the involvement of other NRC institutes, depending on
what skills are needed to bring the projects to a successful,
market-ready conclusion.
“We have already enjoyed a dynamic 30 year relationship
with MDS Nordion and we are pleased to take this to a new
level through the signing of this MOU,” says Dr. Coulombe.
“NRC is also very excited at the prospect of
contributing to the global success of MDS Nordion
and we look forward to many opportunities in the
development of personalized medicine,” he adds.
“Our alliance could help reduce the economic challenge facing Canada’s health care system by making
health care more affordable and more effective.”
“This is not just about commercialization,” adds West.
“This relationship is a good fit for us at MDS Nordion.
We anticipate that working jointly with NRC will lead
to the development of novel technologies that can help
reduce health care costs.”

Le CNRC et MDS Nordion ont signé un protocole d’entente en
vue de créer une alliance stratégique en recherche. Le document
a été ratifié par Pierre Coulombe, président du CNRC, et Steve
West, président de MDS Nordion, le vendredi 7 novembre 2008.
En vertu de cette entente à long terme, le CNRC et MDS
Nordion entreprendront conjointement des projets de recherche
ayant pour objectif la commercialisation des nouveaux produits
qui en découleront. L’alliance visera réaliser la découverte de
produits novateurs en imagerie moléculaire qui feront progresser
la médecine personnalisée en aidant les médecins à dépister plus
vite les maladies, à choisir la thérapie qui convient le mieux au
patient et à suivre les progrès du traitement.
Le premier projet dans le cadre de cette nouvelle alliance
mettra à contribution le savoir et les ressources du CNRC et
de MDS Nordion par la formation d’une équipe multidisciplinaire de neuroscientifiques, de biologistes, de chimistes et de
physiciens. L’équipe s’efforcera de mettre au point de nouveaux
systèmes d’imagerie et d’administration d’agents thérapeutiques
s’appuyant sur l’usage de nanoparticules ciblées.
Avec le temps, de nouveaux projets de collaboration feront appel
à d’autres instituts du CNRC, selon les compétences requises
pour que les recherches aboutissent à des produits utiles qui
seront commercialisés.
« Trente années de relations dynamiques avec MDS Nordion
nous précèdent. Nous sommes heureux de les hisser d’un
nouveau cran aujourd’hui en signant ce protocole », a déclaré
M. Coulombe.
« Le CNRC est emballé à l’idée de concourir au
succès mondial de MDS Nordion et nous anticipons
avec beaucoup d’enthousiasme les multiples possibilités
liées au développement de la médecine personnalisée »,
a-t-il ajouté. « Cette alliance pourrait contribuer à alléger
le fardeau économique du système de santé canadien
en rendant les soins moins onéreux et en accroissant
leur efficacité. »
« Il n’est pas seulement question de commercialisation »,
renchérit M. West. « Ce jumelage ne pourrait pas mieux convenir
à MDS Nordion. Selon nous, travailler avec le CNRC aboutira à
l’élaboration de nouvelles technologies qui concourront à réduire
le coût des soins de santé. »

20    NRC-CNBC Annual Report 2008 • Rapport annuel 2008 du CCFN-CNRC

v6-CNBC-AnRep-10018.indd 20

09/10/09 3:08 PM

C2 Neutron Diffractometer
Diffractomètre neutronique C2

Nouveaux alliages pour automobiles
Les scientifiques du Centre canadien de faisceaux de neutrons
du CNRC (CCFN-CNRC) et des métallurgistes canadiens
proposent un matériau inédit aux fabricants d’automobiles.
MagNet, le jeune réseau de R-D sur le magnésium, pourrait
faire du Canada un leader mondial dans la technologie du
« magnésium corroyé ».

Innovative Alloys for Autos
Scientists at the NRC Canadian Neutron Beam Centre have
joined forces with metallurgy experts across Canada to bring
a new material into the automotive market. The new magnesium R&D network, dubbed MagNet, could position Canada
as a world leader in “wrought magnesium” technology.
“The need to make lighter cars that consume
less fuel is driving R&D on new materials,” says
Dr. Michael Gharghouri, an NRC researcher who
uses neutron diffraction to characterize materials.
“That’s why we’re looking at magnesium. It’s lighter
than the metals we now use, and there’s plenty
of it. But we need to develop an alloy that will be
as strong and corrosion-resistant as other metals,
yet no more expensive.”
Dr. Gharghouri and his NRC colleague, Dr. Dimitry
Sediako, are members of MagNet, which will receive about
$4.8 million over five years from the Natural Sciences and
Engineering Research Council of Canada (NSERC). They
are working with industry partners, other government labs
and university researchers to develop magnesium materials
that are strong and can be shaped at fairly low cost.
“Apart from aluminium, there aren’t many structural metals
that are well suited to the casting for car parts,” remarks
Dr. Gharghouri. “Many metals, such as titanium, are far
too expensive.” From about 1940 to 1960, magnesium was
studied and used as a structural material in cars and gearbox
casings, but R&D on magnesium alloys virtually stopped
when aluminium came to the fore. It was far easier to
strengthen and shape than magnesium.

« La demande de véhicules plus légers et moins gourmands alimente la quête de nouveaux matériaux »,
estime Michael Gharghouri, chercheur du CNRC qui
caractérise les matériaux par diffraction des rayons X.
« Le magnésium est intéressant parce qu’il abonde.
Il est aussi moins lourd que les métaux que nous
utilisons actuellement. Mais on a besoin d’un alliage
aussi robuste et résistant à la corrosion que les autres
métaux, sans que cela soit plus onéreux ».
Michael Gharghouri et son collègue du CNRC, Dimitry
Sediako, font partie de MagNet, à qui le Conseil de recherches
en sciences naturelles et en génie du Canada (CRSNG) accordera
près de 4,8 millions de dollars en cinq ans. Les deux travaillent
avec des partenaires de l’industrie, d’autres laboratoires gouvernementaux et des chercheurs universitaires pour créer des dérivés
du magnésium assez solides pour être moulés à passablement
bas coût.
« À part l’aluminium, peu de métaux structuraux se prêtent au
formage de pièces d’automobile, » déplore Michael Gharghouri.
« Beaucoup de métaux, comme le titane, coûtent trop cher. »
On s’est intéressé au magnésium, qu’on a utilisé comme matériaux structural pour les automobiles et le carter des boîtes de
vitesses de 1940 à 1960. La recherche sur ses alliages s’est arrêtée
quand est arrivé l’aluminium, nettement plus facile à renforcer
et à mouler que le magnésium.
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“Given its brittleness, there are significant challenges in
working with magnesium,” notes Dr. Gharghouri. “To
make a sheet for a car panel out of magnesium, you have
to process it at a much higher temperature than you would
aluminium. Cast magnesium alloys have been used for parts
but if you need to process magnesium into wrought alloys,
it doesn’t fare as well.” A wrought alloy starts with a cast
material, which is then shaped into pipes, rods or sheets.

« Usiner le magnésium pose de sérieux problèmes, car ce métal
est cassant », poursuit le chercheur. « Pour le laminer et en faire
un panneau d’automobile, il faut le porter à une température
considérablement plus élevée que l’aluminium. Des alliages de
magnésium moulés ont déjà été employés pour fabriquer des
pièces, mais dès le corroyage, les résultats ne sont pas fameux. »
Pour corroyer un alliage, on le fond, puis le transforme en
tuyaux, barres ou feuilles.

So why take a second look at magnesium? “Today there are
new metal processing routes available,” says Dr. Gharghouri.
“We have twin-roll casting, new powder materials and new
alloys. We can mix magnesium with aluminum, zinc, manganese or a bit of zirconium to make stronger alloys. And we
haven’t yet investigated all the ways to process magnesium
thermomechanically to give it the required properties.”

Alors, pourquoi s’intéresser de nouveau au magnésium?
« De nouvelles méthodes ont vu le jour », explique Michael
Gharghouri. « Il y a le laminage à double cylindre, et puis des
poudres et des alliages novateurs. On peut allier le magnésium
avec de l’aluminium, du zinc, du manganèse ou un peu de zircon
pour créer d’alliages plus forts. Nous n’avons même pas examiné
tous les procédés thermomécaniques pour lui conférer les
propriétés souhaitées. »

Drs. Gharghouri and Sediako will use neutron scattering to
study magnesium alloys. “The neutron scattering will give us
the hard numbers to predict what will happen when we roll
or cast a metal,” Dr. Sediako explains. “Using these numbers
to create predictive models, we can shorten the research
before going to production.”
The work of MagNet is timely given that, by 2020, the
North American automotive industry aims to increase its
use of magnesium from about 5 kg to 160 kg per vehicle.
Magnesium materials will not only reduce vehicle emissions
for internal combustion engines, but could also pave the
way to electric, fuel cell and hybrid powered vehicles.

Michael Gharghouri et Dimitry Sediako étudieront les alliages
de magnésium par diffraction des neutrons. « Ainsi, nous aurons
les chiffres voulus pour prévoir ce qui arrivera si on le lamine ou
le fond », explique Dimitry Sediako. « Avec les données, nous
produirons des modèles de simulation, ce qui raccourcira la
recherche avant la mise en production. »
Le travail du MagNet survient à un moment opportun, car
l’industrie nord-américaine de l’automobile prévoit accroître son
utilisation du magnésium de 5 à 160 kg par véhicule d’ici 2020.
Les alliages de magnésium, non seulement réduiront les émissions du moteur à combustion interne, mais pourraient paver la
voie aux véhicules mus par l’électricité, des piles à combustible
et aux véhicules hybrides.
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Instrument
Development
Développement de
l’instrumentation
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C2: Automation of sample alignment
The C2 Spectrometer is a high-resolution powder diffractometer. A wide range of experiments in the physical
sciences can be carried out on C2; for example, observing
order-disorder transitions, ferroelastic transitions, magnetic
phase transitions, crystal structure refinements, atomic site
ordering, small molecule organics, and mineral structures. Typical materials science experiments include quantitative phase analysis, corrosion
experiments, precipitation and phase
transformations, and kinetic studies.
DUALSPEC, which includes
the C2 High Resolution Powder
Diffractometer and the C5 Polarized
Beam Triple-Axis Spectrometer.

C2 : Automatisation
de l’alignement des échantillons
Le spectromètre C2 est un diffractomètre à poudre à haute
résolution. Une vaste gamme d’expériences en physique peut
être réalisée avec C2, par exemple : transitions ordre-désordre,
transitions ferroélastiques, transitions de phase magnétique,
raffinements de la structure cristalline, ordonnancement des
sites atomiques, substances organiques à petites molécules et
structures de minéraux. Les expériences typiques
en science des matériaux comprennent : analyse
quantitative des phases, expériences sur la
corrosion, précipitation et transformations
des phases et études cinétiques.
Dans de nombreuses installations de
neutrons, des chercheurs mettent au
point l’automatisation de traitements
à grand volume de cristaux uniques au
moyen d’une manipulation à commande
informatique et d’un centrage mécanique
automatique des cristaux dans l’axe de
rotation du diffractomètre. Le CCFN a
récemment mis au point une automatisation
équivalente de la diffraction sur poudre et de
la diffraction sur poudre basée sur la capillarité.

Le DUALSPEC qui comprend
le diffractomètre à poudre à haute
résolution C2 et le spectromètre
à trois axes à faisceau polarisé C5.

Many neutron facilities are developing automation for high-throughput
processing of single crystals, by means
of computer-controlled handling and
automatic mechanical centring of the crystals
onto the diffractometer rotation axis. The CNBC has
recently developed an equivalent automation of powder
diffraction and capillary-based powder diffraction.
The automated alignment system reduces aberrations and
produces more accurate positioning of samples. As a result,
the experimental data are of higher quality than data obtained previously using manual methods. Another benefit
is that the alignments are performed faster, making more
efficient use of beam time and reducing the radiation dose
to staff.
The CNBC’s computer-controlled method for the automatic
mechanical centring of a powder capillary sample onto the
rotation centre of a powder diffractometer uses the total
scattering of the radiation beam into one-dimensional or
two-dimensional detectors, and only a 90° rotation of the
sample stage. This method is particularly useful for situations where powder capillaries are within non-ambient
experimental apparatus or are loaded via an automatic
sample changer. Irregularly shaped samples, potentially
subject to absorption effects, are aligned and centred
on the sample’s ‘scattering centre.’

Le système d’alignement automatique réduit les aberrations
et permet un positionnement plus précis des échantillons. Il
en résulte des données expérimentales de qualité supérieure aux
données obtenues précédemment au moyen de méthodes manuelles. Un autre avantage est que les alignements sont effectués
plus rapidement, ce qui rend plus efficace le temps de faisceau
utilisé et réduit la dose de radiation reçue par le personnel.
La méthode à commande informatique du CCFN de centrage
mécanique automatique d’un échantillon capillaire de poudre
sur le centre de rotation d’un diffractomètre sur poudre utilise la
diffusion totale du faisceau de radiation dans des détecteurs à une
ou deux dimensions, et une rotation de 90° seulement de l’étage
d’échantillons. Cette méthode est particulièrement utile lorsque
des capillaires de poudre se trouvent dans un appareil expérimental dans des conditions non ambiantes ou sont chargés au moyen
d’un changeur automatique d’échantillons. Des échantillons de
forme irrégulière, pouvant être sujets à des effets d’absorption,
sont alignés et centrés sur le centre de diffusion des échantillons.
Une description complète de la méthode automatique du CCFN
a été publiée dans le Journal of Applied Crystallography. 3

A full description of the CNBC’s automated method
is published in the Journal of Applied Crystallography.3

3 L. M. D. Cranswick, R., I. P. Swainson and Z. Tun. Convenient off-line
error quantification and characterization of concentricity of two circles of
rotation for diffractometer alignment. J. Appl. Cryst. 41: 373-376 (2008)

3 L. M. D. Cranswick, R., I. P. Swainson et Z. Tun. Convenient off-line error
quantification and characterization of concentricity of two circles of rotation
for diffractometer alignment. J. Appl. Cryst. 41: 373-376 (2008)
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D3: Ongoing Development

D3 : Développement en cours

The D3 neutron reflectometer was opened officially on June
15, 2007. The first publication involving the reflectometer,
arising from measurements in the non-polarized mode,
appeared in March, 2008.4 Neutron reflectometry is part
of the suite of techniques available for studying thin films,
nano-layered structures and near-surface chemical or density
variations of bulk samples of materials. Neutron reflectometry has made significant contributions to diverse areas
of science and technology, including chemistry, physics,
biology, materials science and the electronics industry.

Le réflectomètre neutronique D3 a été inauguré officiellement
le 15 juin 2007. La première publication impliquant cet appareil,
résultats de mesures dans le mode non polarisé, est datée du mois
de mars 2008.4 La réflectométrie neutronique constitue un ajout
à l’ensemble des techniques disponibles pour l’étude des couches
minces, des structures à couche nanométrique et des variations
chimiques ou de densité subaffleurantes d’échantillons globaux
de matière. La réflectométrie neutronique a apporté une contribution significative dans divers domaines de la science et de la
technologie, dont la chimie, la physique, la biologie, la science
des matériaux et l’électronique.

D3 has undergone a number of improvements. First, its
magnetic polarization-flipping ratio has been increased.
When the components to generate magnetically polarized
neutron beams were installed, the polarization-flipping ratio
was found to be 14:1. When the supermirror polarizing
components were tested and optimized, the flipping ratio
then exceeded 25:1. In addition, the magnetic guiding field
at D3 has been upgraded. D3’s performance in polarized
neutron reflectometry experiments is now superior to
C5’s performance.
Second, the CNBC installed a two-dimensional detector as
an option to enable users to measure off-specular reflectivity and carry out a limited range of small-angle scattering
experiments. Measuring off-specular reflectivity
is a way to examine surface roughness or any
other variation on the surface, such as the
presence of quantum dots. The detector
was purchased from DENEX-GmbH
(Lüneburg, Germany). It has an active area of 180 mm x 180 mm, has
2-mm resolution, and uses 3He as
the detecting gas.
CNBC technicians installing
an upgrade to the D3 neutron
reflectometer: John Fox,
Dave Dean, and Raymond Sammon
Techniciens du CCFN installant une mise
à jour sur le réflectomètre neutronique D3 :
John Fox, Dave Dean et Raymond Sammon.

Third, to provide a significant reduction of background
and improve data quality, a fourth slit (S4) was completed
and installed ahead of the original one-dimensional detector.
Further improvements are expected in the coming years.
For example, the pyrolytic graphite filter system may be
improved. At present, the rejection of 2nd and 3rd order
wavelength contamination in the beam is 1/200, but this
contamination could be further reduced by a factor of 5.
4 H. Fritzsche, M. Saoudi, J. Haagsma, C. Ophus, E. Luber, C. T. Harrower
and D. Mitlin. 2008. Neutron reflectometry study of hydrogen desorption
in destabilized MgAl alloy thin films. Appl. Phys. Lett. 92, 121917.

Le D3 a fait l’objet de plusieurs améliorations. D’abord, son
rapport polarisation magnétique/taux d’inversion a été augmenté.
Lorsque les composants permettant de générer les faisceaux de
neutrons polarisés magnétiquement étaient installés, le taux
d’inversion de la polarisation était de 14:1. Lorsque les composants polarisants du supermiroir ont été testés et optimisés,
le taux d’inversion est alors passé à 25:1. De plus, le champ de
guidage magnétique au D3 a été amélioré. Les performances du
D3 dans les expériences de réflectométrie neutronique polarisée
sont maintenant supérieures à celles du C5.
Ensuite, le CCFN a installé un détecteur bidimensionnel en
option pour permettre aux utilisateurs d’effectuer des mesures
hors réflexion spéculaire et réaliser une gamme limitée d’expériences de diffusion sous petits angles.
Les mesures hors réflexion spéculaire sont une
façon d’examiner la rugosité d’une surface ou
toute autre variation de la surface, comme
la présence de points quantiques. Le détecteur a été acheté chez DENEX-GmbH
(Lüneburg, Allemagne). Sa zone active
mesure 180 mm x 180 mm, sa résolution
est de 2 mm et il utilise de l’hélium (3He)
comme gaz de détection.
Enfin, pour réduire de façon significative
le bruit de fond et améliorer la qualité
des données, une quatrième fente (S4)
a été réalisée et installée devant le détecteur
unidimensionnel d’origine.
D’autres améliorations sont prévues dans les années à venir.
À titre d’exemple, le système de filtre à graphite pyrolytique
pourrait être amélioré. Actuellement, le rejet de la contamination des longueurs d’ondes du 2e et du 3e ordres dans
le faisceau est égale à 1/200, mais cette contamination
pourrait être encore divisée par 5.

4 H. Fritzsche, M. Saoudi, J. Haagsma, C. Ophus, E. Luber, C. T. Harrower
et D. Mitlin. 2008. Neutron reflectometry study of hydrogen desorption in
destabilized MgAl alloy thin films. Appl. Phys. Lett. 92, 121917.
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L3: Electronics Upgrade

L3 : Mise à niveau électronique

Although the L3 spectrometer was designed as a triple-axis
instrument, it is now always used in diffraction mode for
ANDI commercial measurements and materials science research. In this capacity, most of the L3 beam time is used for
strain/stress mapping. L3 can also be equipped with a stress
rig for examining specimens under various loads.

Bien que le spectromètre L3 ait été conçu comme un instrument
à trois axes, celui-ci est maintenant toujours utilisé en mode
diffraction pour effectuer des mesures commerciales AIDN et
des recherches en science des matériaux. Dans ce mode, la plus
grande partie du temps de faisceau du L3 sert à cartographier
des déformations et des contraintes. Le L3 peut aussi être muni
d’un dispositif de tension pour l’examen d’échantillons sous
différentes charges.

The control and data acquisition systems for the L3, N5
and E3 spectrometers evolved incrementally over many
years, but are fundamentally based on
technology and concepts that are
30 years old. The system was not
expandable beyond a capacity
to control 16 motors, consumed a lot of power, and
was incapable of encoding
angular steps finer than
0.01°. Spare parts were
no longer available for
the main stepper-motor
control system and deteriorating cabling could not
sustain high-speed and highresolution control and feedback
signals because of inadequate
shielding and high noise.
Tim Whan developing the motor controller for L3.
Tim Whan mettant au point le régulateur de
moteur pour le L3.

During 2008, the first major upgrade of the spectrometer
control system was implemented at the L3 spectrometer.
The upgrade made use of off-the-shelf components, and
modern switch-mode units reduced cabinet space, AC power and cooling requirements. New remote-control handheld
units were designed in-house to include features requested
by users, and have proven to enable faster alignments of the
spectrometers, more intuitive control of motorized stages,
and have reduced tripping hazards from snagged cables.

Les systèmes de commande et d’acquisition de données des
spectromètres L3, N5 et E3 ont progressivement évolué
pendant de nombreuses années, mais sont restés fondamentalement basés sur une technologie et des concepts
vieux de 30 ans. Le système n’était pas extensible
au-delà d’une capacité de commande de 16 moteurs,
consommait beaucoup d’énergie et était incapable
de procéder à un codage angulaire plus fin que
0,01°. Des pièces de rechange n’étaient plus disponibles pour le principal système de commande
de moteur pas-à-pas et la détérioration du câblage
ne permettait plus de transmettre des signaux
de commande et de rétroaction à haute
vitesse et haute résolution en raison d’un
blindage inadéquat et d’un fort bruit.
Pendant l’année 2008, la première
amélioration du système de commande
des spectromètres a été mise en place
au spectromètre L3.  L’amélioration
a mis en oeuvre des composants existants et des unités modernes de mode de
commutation qui ont réduit les exigences en
matière d’espace d’armoire, d’énergie électrique et
de refroidissement. De nouvelles unités de télécommande manuelles ont été conçues à l’interne pour inclure des caractéristiques
demandées par les utilisateurs; celles-ci ont fait la preuve qu’elles
permettent d’accélérer l’alignement des spectromètres, et une
commande plus intuitive des étages motorisés, et ont réduit
les risques de dénudement de câbles tirés.  
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N5: Small Angle
Neutron Scattering (SANS)

N5 : La diffusion des neutrons
sous faibles angles (SANS)

Many drugs produce unwanted side effects because they
affect the entire body, that is, both healthy and diseased
tissue. When drugs are designed to target diseased cells
and leave healthy cells alone, treatments are more effective
and side effects are reduced. Recent research at the CNBC
in collaboration with the National Research Council
Institute for Biological Sciences (NRC-IBS) involves the
development of such targeted drugs using materials similar
to what is found in our bodies naturally. For example,
liposomes, which are microscopic balls, can be used
to carry drugs and diagnostic contrast agents in their
interior compartments. The outer walls of the spheres
can be designed to carry molecules that cause the ball
to stick to a specific tissue.

De nombreux médicaments produisent des effets secondaires
indésirables parce qu’ils touchent à l’ensemble de l’organisme,
c’est-à-dire aux tissus sains comme aux tissus malades. Lorsque
les médicaments sont conçus pour s’attaquer aux cellules
malades sans toucher aux cellules saines, les traitements sont
plus efficaces et les effets secondaires sont réduits. Une recherche
récente effectuée au Centre canadien de faisceaux de neutrons
du Conseil national de recherches Canada (CCFN-CNRC)
en collaboration avec l’Institut des sciences biologiques du
Conseil national de recherches Canada (ISB-CNRC) implique
le développement de tels médicaments spécifiques mettant en
œuvre des matériaux semblables à ceux qui se trouvent naturellement dans notre organisme. À titre d’exemple, les liposomes,
qui sont des billes microscopiques, peuvent être utilisées pour
transporter dans leurs compartiments internes des médicaments
et des agents de contraste de diagnostic. Les parois externes
de ces sphères peuvent être conçues pour porter des molécules
permettant à ces billes d’adhérer à un tissu particulier.

Drs. Mu-Ping Nieh and John Katsaras, researchers at
the CNBC, have been working on developing liposomes
that carry contrast agents, which will improve magnetic
resonance imaging (MRI) for diagnosis of disease. Their
liposomes are designed to be of uniform consistency, stable,
Les docteurs Mu-Ping Nieh et John Katsaras, chercheurs au
and self-assembling – essential characteristics for effecCCFN, travaillent sur le développement de liposomes transtive use and industrial-scale
portant des agents de contraste, ce
Targeting
production. While previous
qui pourra améliorer le diagnostic
Corona
Molecule
Couronne
research focused on long-chain Molécule
de certaines maladies par l’imagerie
phospholipids that naturally
par résonance magnétique (IRM).
de ciblage
form liposomes with multiple
Leurs liposomes sont conçus
Core
Drugs
Noyau
layers, their liposomes form
Médicaments pour être de consistence uniforme,
a single layer resulting in a
stables et autoassemblés, caractégreater loading capacity, which
ristiques essentielles pour une
is a significant improvement
utilisation efficace et une fabricaover multiple-layer liposomes.
tion à l’échelle industrielle. Alors
que la recherche précédente était
PEG (polyDiagram of a liposome
axée sur des phospholipides à longue
ethyleneglycol)
Schéma d’un liposome
chaîne qui forment naturellement
Image Contrast Agent
PEG (polyéth
Agent de contraste d’image
ylèneglycol)
des liposomes multicouches, leurs
One tool that is needed to
liposomes forment une couche
McNeil, (2005), J. Leuk. Biol., 78 : 585-594
study liposomes is Small
unique, ce qui conduit à une
Angle Neutron Scattering (SANS). SANS enables study of
plus grande capacité de charge, importante amélioration
materials with nanometre-scale molecular structures and
par rapport aux liposomes multicouches.
shapes. Thus, SANS is frequently used on nanotechnologies, soft materials, and biologically relevant materials. UsL’un des outils permettant d’étudier les liposomes est la diffuing SANS, one can not only determine important features
sion des neutrons sous faibles angles (SANS). La SANS permet
of these liposomes such as their size and their number of
d’étudier des matériaux possédant une structure moléculaire et
layers, but one can also resolve the shapes of aggregates in
une forme à l’échelle nanométrique. La SANS est ainsi fréquemsolutions, measure the molecular weights of polymers, learn
ment utilisée dans les nanotechnologies, l’étude des matériaux
about interactions between molecules and even parts of
mous et l’étude des matériaux biologiquement pertinents.
molecules, and detect patterns in the structure of materials
À l’aide de la SANS, il est non seulement possible d’identifier
less than 100 nanometres in scale.
d’importantes caractéristiques de ces liposomes, comme leur
taille et le nombre de couches, mais aussi de résoudre la forme
d’agrégats dans des solutions, mesurer le poids moléculaire de
polymères, étudier les interactions entre des molécules et, même,
des fragments de molécules, et déterminer des motifs dans la
structure de matériaux à une échelle inférieure à 100 nanomètres.
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SANS instruments are typically used with a source of cold
neutrons, which exists at several foreign facilities, but the
available beam time at these facilities falls short of meeting
user demands. To help meet this need, CNBC has devised
a way to compensate in part for the lack of a cold neutron
source and adapt the N5 triple-axis spectrometer to perform
Small Angle Neutron Scattering (SANS) measurements.
The proof-of-principle occurred with the examination of
polystyrene microsphere samples. The SANS data obtained
at the CNBC practically matched the same measurements
performed at a national facility employing cold neutrons
south of the border. The details of the N5 spectrometer’s
adaptation for SANS was published in Review of Scientific
Instruments.5
As a national user facility, CNBC assists external
researchers to conduct their experiments
using neutrons. Based on the successful demonstration of SANS using
the N5 spectrometer, CNBC is
accepting proposals to access
beam time for SANS experiments. Those interested
may submit a proposal for
beam time. The CNBC
has already been able
to assist university and
government researchers
to use SANS to study
polymers for applications
in drug delivery, environmental management, and in
fuel cells.

Les instruments de SANS sont généralement utilisés avec une
source de neutrons froids dont disposent plusieurs installations
étrangères, mais le temps de faisceau disponible à ces installations
reste insuffisant pour répondre à la demande des utilisateurs.
Pour répondre à ce besoin, le CCFN a imaginé une façon de
compenser en partie ce manque de source de neutrons froids et
a adapté le spectromètre à trois axes N5 pour pouvoir effectuer
des mesures de diffusion des neutrons sous faibles angles (SANS).  
La démonstration du principe s’est effectuée lors de l’examen
d’échantillons de microsphères de polystyrène. Les données de
la SANS obtenues au CCFN concordaient pratiquement aux
mêmes mesures effectuées à une installation nationale au sud de
la frontière employant des neutrons froids. Les détails relatifs à
l’adaptation du spectromètre N5 à la SANS ont été publiés dans
la revue Review of Scientific Instruments.5
En tant qu’installation nationale destinée aux
utilisateurs, le CCFN aide les chercheurs
de l’extérieur à effectuer leurs expériences
mettant en œuvre les neutrons. En se
basant sur la démonstration réussie
de la SANS avec le spectromètre N5,
le CCFN accepte les propositions
d’accès à du temps de faisceau
destiné à des expériences de
SANS. Les personnes intéressées
peuvent soumettre une demande
de temps de faisceau. Le CCFN
a déjà été en mesure d’aider
des chercheurs universitaires
et gouvernementaux à utiliser la
SANS pour étudier des polymères à
des fins d’applications en développement de médicaments spécifiques, en
gestion environnementale et dans les piles
à combustible.

Suanne Mahabir, a student from
The University of Western Ontario, learns
SANS on N5.
Suanne Mahabir, étudiante à la University
of Western Ontario, étudie la SANS sur le N5.

5 Nieh, M.-P.; Yamani, Z.; Kučerka, N.; Katsaras, J.; Burgess, D.;
and Breton, H. Adapting a Triple-Axis Spectrometer for Small Angle
Neutron Scattering Measurements. Rev. Sci. Instrum. 2008, 79, 095102.
doi:10.1063/1.2969254. http://link.aip.org/link/?RSINAK/79/095102/1

5 Nieh, M.-P.; Yamani, Z.; Kučerka, N.; Katsaras, J.; Burgess, D.; et Breton, H.
Adapting a Triple-Axis Spectrometer for Small Angle Neutron Scattering Measurements. Rev. Sci. Instrum. 2008, 79, 095102. doi:10.1063/1.2969254.
http://link.aip.org/link/?RSINAK/79/095102/1
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T3: Development for SANS

T3 : Développement relatif à la SANS

The T3 diffractometer is under development, being redesigned to greatly improve its performance. Relatively poor
performance had caused it to be underutilized in recent
years. T3 will be used for Small-Angle Neutron Scattering
(SANS). SANS enables the study of materials with nanometre-scale molecular structures and shapes. Thus,
SANS is frequently used on nanotechnologies,
soft materials and biologically relevant
materials. By engaging collaborators
from Canadian academic institutions and researchers with the SANS
groups at other neutron sources, the
CNBC is fostering a new community of Canadian users who understand and practise SANS as a part
of their research in soft materials.

Le diffractomètre T3 est en cours de développement et on
refait sa conception pour beaucoup améliorer ses performances.
Ses performances relativement médiocres ont réduit son utilisation dans les récentes dernières années. Le T3 sera utilisé pour
la diffusion des neutrons sous faibles angles (SANS). La SANS
permet d’étudier des matériaux possédant une structure
moléculaire et une forme à l’échelle nanométrique.
La SANS est ainsi fréquemment utilisée dans
les nanotechnologies, l’étude des matériaux
mous et l’étude des matériaux biologiquement pertinents. En engageant des collaborateurs provenant d’institutions universitaires canadiennes et des chercheurs de
groupe de SANS à d’autres sources de
neutrons, le CCFN favorise une nouvelle
communauté d’utilisateurs canadiens
qui comprennent et pratiquent la SANS
dans le cadre de leurs recherches sur les
matériaux mous.

T3 detector assembly
under development.
Détecteur du T3 en cours
de développement.

A technical challenge in supporting SANS measurements at Chalk River is that the NRU reactor lacks a cold
neutron source, which can generate neutrons of longer
wavelength, within the range of 0.5 to 2.0 nm, with a much
higher flux than can be obtained from the thermal spectrum
of the NRU reactor. The CNBC developed an innovative
converging collimator which was tested on the N5 beam
line (see page 27) and shown to deliver higher flux at the
detector while retaining adequate angular resolution, to
compensate partially for the lack of a cold neutron source.
Meanwhile, the larger project involves creating a stable,
second-generation SANS prototype on the T3 beamline
for access by users. Phase 1 development of the T3 beamline
comprised the installation of a 2-D image-plate detector
capable of SANS (pictured) that can be positioned automatically inside an evacuated tank on the T3 beamline.

Un défi technique lié au soutien de mesures SANS
à Chalk River est que le réacteur NRU ne possède pas
de source de neutrons froids qui peut générer des neutrons à de
plus grandes longueurs d’ondes, dans la gamme de 0,5 à 2,0 nm,
avec un flux très supérieur à celui qui peut être obtenu dans le
spectre thermique du réacteur NRU. Le CCFN a mis au point
un collimateur convergeant innovateur qui a été testé sur la ligne
de faisceau du N5 (voir page 27) et montré qu’il pouvait délivrer
un flux supérieur au détecteur tout en conservant une résolution
angulaire adéquate pour compenser partiellement le manque
de source de neutrons froids.
Pendant ce temps, le projet plus vaste implique la création
d’un prototype de SANS stable de deuxième génération sur
la ligne de faisceau T3 auquel les utilisateurs pourraient avoir
accès. La phase 1 du développement de la ligne de faisceau
T3 a compris l’installation d’un détecteur à plaque-images
bidimensionnelle capable d’effectuer une SANS (imagée)
et qui peut être positionné automatiquement à l’intérieur
d’un réservoir à vide sur la ligne de faisceau T3.

Sketch of detector assembly showing detector (green),
canister (grey) and vacuum tank (yellow).
Dessin de l’ensemble de détecteur
montrant le détecteur (vert), le caisson (gris)
et le réservoir à vide (jaune).
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The experience with SANS on T3 will help shape a fullyengineered design for enhanced SANS capability that truly
responds to the requirements of Canadian academic users,
whether at the NRU reactor or at a future Canadian
Neutron Centre that includes a cold neutron source.

L’expérience sur le T3 avec la SANS aidera à formuler un
concept technique d’amélioration des capacités de la SANS qui
répondent véritablement aux demandes des utilisateurs universitaires canadiens, au réacteur NRU ou à un futur centre canadien
de neutrons qui comporterait une source de neutrons froids.

Progress on developing the T3 beamline in 2008 included
completion of all the shielding between the specimen table
and the detector, except for a water jacket to be added in a
second phase, if necessary. The automatic beam shutter is
complete. The detector has been test-fit in a canister that
protects it from vacuum. The canister has been test-fit in
the vacuum vessel. Beam-status indicators are completed.
Cabling is completed between the detector and the control
system, which is also ready.

En 2008, le développement de la ligne de faisceau T3
a progressé par la réalisation du blindage entre la table de
spécimen et le détecteur, sauf en ce qui concerne la chemise
d’eau qui doit être ajoutée, au besoin, dans une deuxième
phase. La réalisation de l’obturateur automatique de faisceau
est terminée. Le test d’ajustement du détecteur dans un caisson
qui le protège de la vide a été effectué. Le test d’ajustement
du caisson dans le réservoir à vide a été effectué. Des témoins
d’état des faisceaux sont réalisés. Le câblage entre le détecteur
et le système de commande, qui est aussi terminé, a été réalisé.

Phase 1 was completed in early 2009, when a neutron beam
was delivered to a specimen and a small-angle scattering
pattern was collected on the image-plate detector. Phase
2 will add converging collimation (such as was developed
on N5) and will result in the second-generation prototype.
Further plans are under development and may result
in a capacity to perform neutron radiography on the
T3 beamline.

La phase 1 a été achevée au début de 2009 lorsqu’un faisceau
de neutrons a été dirigé sur un spécimen et qu’un motif de
diffusion sous petits angles a été recueilli sur le détecteur à
plaque-images. La phase 2 permettra d’ajouter une collimation
convergente (comme celle développée sur le N5) et qui conduira
à un prototype de deuxième génération. D’autres interventions
sont en cours de développement et pourraient conduire à la
possibilité de réaliser des radiographies neutroniques sur la
ligne de faisceau T3.
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Ancillary Equipment: Advanced
Control of Specimen Parameters

Équipement auxiliaire : Commande
avancée des paramètres de spécimens

The CNBC continually improves its array of ancillary
equipment that facilitates a wide variety of experiments.
Examples of this equipment include monochromators,
neutron filters, cryostats, furnaces, and mechanical
controls of sample position and orientation.

Le CCFN améliore en permanence sa gamme d’appareils
auxiliaires qui facilitent la réalisation d’une grande variété
d’expériences. Parmi ces appareils, il y a des monochromateurs,
des filtres de neutrons, des cryostats, des fours et
des commandes mécaniques de position et
d’orientation des échantillons.

Tito Marin of Cornell University is one
of the first to apply neutron diffraction to explore materials in a state
of true, biaxial stress, through an
innovative CNBC development
that provides world-leading
experimental capabilities
for materials engineering
research.

Un exemple important en innovation
en matière d’appareil auxiliaire est
la collaboration du CCFN avec la
Cornell University pour la mise au
point d’un système de spécimen
permettant de réaliser des tests
in situ combinant la pression
interne d’un vérin à une charge
axiale afin d’obtenir un véritable
état de contrainte biaxiale simple
avec une commande indépendante
des contraintes sur l’axe et les
axes circulaires.

Tito Marin de la Cornell University est l’un des premiers
à appliquer la diffraction des
neutrons à l’étude des matériaux dans un état de contrainte
biaxiale véritable grâce à un
développement innovateur du
CCFN qui fournit des capacités
expérimentales de classe internationale pour la recherche en génie
des matériaux.

A prime example of innovation in ancillary
equipment is the CNBC’s collaboration with
Cornell University to develop a specimen system to
perform in-situ tests combining the internal pressure of
a cylinder with axial loading, to achieve a simple and true
biaxial stress state with independent control of stresses
along the axial and circumferential axes.
The new specimen and seal design will prove useful
to groups studying deformation of all types of metallic
materials, including transformable steels and light alloys
of aluminum and magnesium, as well as zirconium alloys
used in nuclear power generation. It is the only system of its
type at any neutron facility, and promises to provide unique
data to stimulate a new wave of model development.
As a first step in this development, an improved specimen
design and sealing system was implemented in 2007. A
motorized pressure generator was also constructed, which
allowed the pressure to be controlled using a computerbased feedback loop. Tests on high-strength stainless steel
were performed using the new system, as well as preliminary
tests on Ti5111 alloy.
In 2008, a new LabView-based system was developed for
controlling both axial stress and internal pressure, while
accepting setpoints for both from the neutron spectrometer
control program. The new multiparameter control system
uses the macro language developed at the CNBC and
available at L3, thanks to the recent upgrade to the
spectrometer motor control system (see page 24).

La nouvelle système de conception
et  d’étanchéité de spécimen prouvera être
utile aux groupes qui étudient la déformation
de tous les types de matériaux métalliques, dont les
aciers transformables et les alliages légers d’aluminium et de
magnésium, ainsi que les alliages de zirconium utilisés dans les
centrales nucléaires. C’est le seul système de ce type dans toutes
les installations de neutrons; il devrait permettre de fournir
des données uniques à la base d’une nouvelle vague de
développement de modèles.
Comme première phase de ce développement, un système
amélioré de conception et d’étanchéité de spécimen a été
installé en 2007. Un générateur de pression motorisé a aussi
été construit et permet de commander la pression à l’aide
d’une boucle de rétroaction commandée par ordinateur. Des
tests sur un acier inoxydable à haute résistance ont été effectués
au moyen du nouveau système, ainsi que des tests préliminaires
sur un alliage Ti5111.
En 2008, un nouveau système basé sur le LabView a été mis
au point pour commander la contrainte axiale et la pression
interne, tout en acceptant des points de consigne relatifs à
celles-ci provenant du programme de commande du spectromètre neutronique. Le nouveau système de commande
multiparamétrique met en œuvre le macro langage développé
au CCFN et disponible au L3, grâce à la récente mise à jour
du système de commande du moteur du spectromètre
(voir page 24).
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Publication List 2008
The CNBC received notice of the following
publications from CNBC staff and users. This list
of 55 papers of research conducted at the CNBC
published in 2008 may not be exhaustive.
The references in the list are presented in the
language in which they were published.

Liste des publications 2008
Le CCFN a reçu avis des publications suivantes
de son personnel et de ses utilisateurs. Cette liste
de 55 articles de recherches effectuées au CCFN 
et publiés en 2008 peut ne pas être complète.
Les références de la liste sont présentées dans
la langue dans laquelle elles ont été publiées.

Mu-Ping Nieh, Zahra Yamani, Norbert Kuc̆erka,
John Katsaras, Darcy Burgess, Hugo Breton,
Adapting a Triple-Axis Spectrometer for
Small-Angle Neutron Scattering Measurement,
Rev. Sci. Instrum. 79: 095102-1–6 (2008)

A. Paradowska, J.W.H. Price, T.R. Finlayson, R.B. Rogge,
and R. Ibrahim, Comparison Of Neutron Diffraction
Residual Stress Measurements Of Steel Welded
Repairs With Current Fitness-For-Purpose Assessments,
Proc. of the ASME-PVP2008 Pressure and Vessels and Piping
Conference, PVP2008-61795 (2008)

D.G. Sediako, Olga Sediako,
A Nouvelle Thermo Physical Solution to the Bloom/Slab
Deformation Problem in DC Casting of Light Metals,
Supplemental Proceedings 2 Materials Characterization,
Computation and Modeling TMS: 323-329 (2008)

D. Khatamian, J.H. Root,
Comparison of TSSD Results Obtained by Differential
Scanning Calorimetry and Neutron Diffraction,
Journal of Nuclear Materials 372: 106-113 (2008)

J.J. Noël, D.W. Shoesmith, Z. Tun,
Anodic Oxide Growth and Hydrogen Absorption on
Zr in Neutral Aqueous Solution: A Comparison to Ti,
Journal of the Electrochemical Society 155: C444-C454 (2008)

L. M. D. Cranswick, R. Donaberger, I. P. Swainson, Z. Tun,
Convenient Off-Line Error Quantification and
Characterization of Concentricity of Two Circles
of Rotation for Diffractometer Alignment,
J. Appl. Cryst. 41: 373-376 (2008)

Z. Tun, J.J. Noël, D.W. Shoesmith,
Anodic Oxide Growth and Hydrogen Absorption on
Zr in Neutral Aqueous Solution: A Comparison to Ti,
Pramana Journal of Physics 71(4): 769-776 (2008)
Lachlan Cranswick,
Busting Out of Crystallography’s Sisyphean Prison:
from Pencil and Paper to Structure Solving at the Press
of a Button: Past, Present and Future of Crystallographic
Software Development, Maintenance and Distribution,
Acta Cryst. A64: 65-87 (2008)
Thad A. Harroun, John Katsaras, Stephen R. Wassall,
Cholesterol is Found to Reside in the Center
of a Polyunsaturated Lipid Membrane,
Biochemistry 47: 7090-7096 (2008)
Siewert J. Marrink, Alex H. de Vries,
Thad A. Harroun, John Katsaras, Stephen R. Wassall,
Cholesterol Shows Preference for the Interior
of Polyunsaturated Lipid Membranes,
J. Am. Chem. Soc. 130: 10-11 (2008)
Mu-Ping Nieh, John Katsaras, Xiaoyang Qi,
Controlled Release Mechanisms of
Spontaneously Forming Unilamellar Vesicles,
Biochimica et Biophysica Acta 1778: 1467-1471 (2008)

Marin, T., Dawson, P. R., Gharghouri, M. A., Rogge, R. B.,
Diffraction Measurements of Elastic Strains in
Stainless Steel Subjected to In-Situ Biaxial Loading,
Acta Materialia 56(16): 4183-4199 (2008)
Behnaz Dahrazma, Catherine N. Mulligan, Mu-Ping Nieh,
Effects of Additives on the Structure of Rhamnolipid
(biosurfactant): a Small-Angle Neutron Scattering
(SANS) Study, J. Colloid & Interface Sci. 319: 590-593 (2008)
Norbert Kuc̆erka, Erzsebet Papp-Szabo, Mu-Ping Nieh,
Thad A. Harroun, Sarah R. Schooling, Jeremy Pencer,
Eric A. Nicholson, Terry J. Beveridge, John Katsaras,
Effect of Cations on the Structure of Bilayers
Formed by Lipopolysaccharides Isolated from
Pseudomonas Aeruginosa PA01,
J. Phys. Chem B. 112: 8057-8062 (2008)
Lu, Y., Gharghouri, M. A., Taheri, F.,
Effect of Texture on Acoustic Emission Produced
by Slip and Twinning in AZ31B Magnesium Alloy –
Part I: Experimental Results, Nondestructive Testing
and Evaluation 23(2): 141-161 (2008)
Lu, Y., Gharghouri, M. A., Taheri, F.,
Effect of Texture on Acoustic Emission Produced
by Slip and Twinning in AZ31B Magnesium Alloy –
Part II: Clustering and Neural Network Analysis,
Nondestructive Testing and Evaluation 23(3): 211-238 (2008)
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D.H. Ryan, L.M.D. Cranswick,
Flat-plate Single-Crystal Silicon Sample Holders for
Neutron Powder Diffraction Studies of Highly Absorbing
Gadolinium Compounds, J. Appl. Cryst. 41: 198-205 (2008)
Vobornik, D, D. S. Banks, Z. Lu, C. Fradin, R. Taylor, L. Johnston,
Fluorescence Correlation Spectroscopy in Sub-DiffractionLimited Volumes Using Near-field Optical Probes,
Applied Physics Letters 93: 163904 (2008)
C. Vecchini, D.H. Ryan, L.M.D. Cranswick, M. Evangelisti,
W. Kockelmann, P.G. Radaelli, A. Candini, M. Affronte,
I.A. Gass, E.K. Brechin, O. Moze, From Single-Molecule
Magnetism to Long-Range Ferromagnetism
in Hpyr[Fe17O16(OH)12Br4]Br4,
Physical Review B 77: 224403-1–8 (2008)
Jana Gallová, Daniela Uhríková, Norbert Kuc̆erka,
José Teixeira, Pavol Balgavý, Hydrophobic Thickness, Lipid
Surface Area and Polar Region Hydration in Monounsaturated Diacylphosphatidylcholine Bilayers. SANS Study of
Effects of Cholesterol and Beta-Sitosterol in Unilamellar
Liposomes, Biochimica et Biophysica Acta – Biomembranes
1778: 2627-2632 (2008)
Gharghouri, M. A., Marin, T., Rogge, R. B., Dawson, P. R.,
In-Situ Neutron Diffraction Study of the Behavior of AL6XN 
Stainless Steel Under Biaxial Loading, In Materials in
Transition-Insights from Synchrotron and Neutron Sources,
edited by C. Thompson, H.A. Durr, M.F. Toney, D.Y. Noh (Mater.
Res. Soc. Symp. Proc. Volume 1027E, Warrendale, PA, 2007),
paper 1027-D01-08 (2008)
Gharghouri, M. A., Marin, T., Rogge, R. B., Dawson, P. R.,
In-Situ Neutron Diffraction Study of Gas Tungsten
Arc Welding of a 1018 Plain Carbon Steel,
In Materials in Transition-Insights from Synchrotron and
Neutron Sources, edited by C. Thompson, H.A. Durr,
M.F. Toney, D.Y. Noh (Mater. Res. Soc. Symp. Proc. Volume
1027E, Warrendale, PA, 2007), paper 1027-D03-05 (2008)
S.R. Dunsiger, Y. Zhao, Z. Yamani, W.J.L. Buyers,
H.A. Dabkowska, B.D. Gaulin, Incommensurate Spin
Ordering and Fluctuations in Underdoped La2-xBaxCuO4,
Physical Review B 77: 224410-1 (2008)
C. Bellouard, J. Faure-Vincent, C. Tiusan, F. Montaigne,
M. Hehn, V. Leiner, H. Fritzsche, M. Gierlings,
Interlayer Magnetic Coupling in Fe/MgO Junctions
Characterized by Vector Magnetization Measurements
Combined with Polarized Neutron Reflectometry,
Physical Review B 78: 134429-1–8 (2008)
O.M. Tanchak, K. G. Yager, H. Fritzsche,
T. A. Harroun, J. Katsaras, C. J. Barrett,
Ion Distribution in Multilayers of Weak
Polyelectrolytes: A Neutron Reflectometry Study,
J. Chem. Phys. 129, 084901-1–10 (2008)

A.L. Yonkeu, I.P. Swainson, J. Dufour, J. Huot,
Kinetic Investigation of the Catalytic Effect of a
Body Centered Cubic-Alloy TiV1.1Mn0.9(BCC) on
Hydriding/Dehydriding Properties of Magnesium,
Journal of Alloys and Compounds 460: 559-564 (2008)
N. Kuc̆erka, J.F. Nagle, J.N. Sachs,
S.E. Feller, J. Pencer, A.J. Jackson, J. Katsaras,
Lipid Bilayer Structure Determined by the Simultaneous
Analysis of Neutron and X-Ray Scattering Data,
Biophysical Journal 95: 2356-2367 (2008)
Shahab Derakhshan, John E. Greedan, Lachlan M.D. Cranswick,
Long-range Antiferromagnetic Ordering in the S=1/2
ordered Rocksalt Oxide Li5OsO6: Comparison with the
Isoelectronic and Isostructural Spin Glass Li4MgReO6,
Physical Review B 77: 014408-1–8 (2008)
H. Fritzsche, M. Saoudi, Z. Yamani,
W.J.L. Buyers, R.A. Cowley, R.C.C. Ward,
Magnetization Reversal in a (110)-oriented
Epitaxial ErFe2/DyFe2 Laves-Phase Superlattice,
Physical Review B 77: 054423-1–5 (2008)
H.B. Wang, Z. Altounian, D.H. Ryan,
J.M. Cadogan, I.P. Swainson, L.M.D. Cranswick,
Magnetostructural Transition in Nd5Si2.335Ge1.665,
Journal of Applied Physics 103: 07B330-1 to –3 (2008)
Han, M., Bennett, J. C., Gharghouri, M. A.,
Chen, J., Hyatt, C. V., Mailman, N.,
Microstructure Characterization of the
Non-modulated Martensite in Ni-Mn-Ga Alloy,
Materials Characterization 59(6): 764-768 (2008)
T. Abraham, S. R. Schooling, T. J. Beveridge, J. Katsaras,
Monolayer Film Behavior of Lipopolysaccharide from
Pseudomonas Aeruginosa at the Air-Water Inerface,
Biomacromol. 9, 2799 (2008)
Mu-Ping Nieh, Michael D. Guiver,
Dae Sik Kim, Jianfu Ding, Tyler Norsten,
Morphology of Comb-Shaped Proton Exchange Membrane
(PEM) Copolymers Based on a Neutron Scattering Study,
Macromolecules 41: 6176-6182 (2008)
Dimitry Sediako, William MacDonald, Stephen Hibbins,
Mould Thermal Analysis in Direct-Chill Casting of Magnesium Alloys, Magnesium Technology 2008: 215-219 (2008)
Katsaras, J., J. Pencer, M.-P. Nieh, T. Abraham, N. Kuc̆erka and
T. A. Harroun, Neutron and X-ray Scattering from Isotropic
and Aligned Membranes. In Structure and Dynamics of
Membranous Interfaces, Ed. K. Nag, John Wiley and Sons, Inc.
ISBN 978-0-470-11631-9. pp. 107 – 134 (2008)
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D.G. Sediako, M.A. Gharghouri
Neutron Diffraction Measurements of Residual
Stresses in Creep-Resistant Magnesium Alloys,
Magnesium Technology 2008: 407-409 (2008)
L. Bichler, C. Ravindran, D. Sediako
Neutron Diffraction Measurement of Strain Required for
the Onset of Hot Tearing in AZ91D Magnesium Alloy,
Trans. Indian Institute of Metals 61(3): 1–8 (2008)
H. Fritzsche, M. Saoudi, J. Haagsma, C. Ophus, E. Luber,
C.T. Harrower, D. Mitlin, Neutron Reflectometry Study of
Hydrogen Desorption in Destabilized MgAl Alloy Thin
Films, Applied Physics Letters 92: 121917-1– 3 (2008)
J. Huang, R. Rogge, Neutron Tomography for Feeder
Bend Wall Thickness Analysis, Neutron Radiography:
Proceedings of the Eighth World Conference: 106-116 (2008)
Lachlan Cranswick, William Bisson, Jeremy Cockcroft
Nexus, Crystallographic Computing All Around the World,
Acta. Cryst. A64: 214-217 (2008)
Z. Yamani, W.J.L. Buyers, R.A. Cowley, D. Prabhakaran
Orbital and Spin Excitations in Cobalt Oxide,
Physica B 403: 1406-1407 (2008)
Colin A. Fyfe, J.S. Joseph Lee, Lachlan M.D. Cranswick,
Ian Swainson, Powder Neutron Diffraction Determination
of the Structure of the o-xylene/zeolite ZSM-5 Complex,
Microporous and Mesoporous Materials 112: 299-307 (2008)

John Katsaras, Norbert Kuc̆erka, Mu-Ping Nieh,
Structure from Substrate Supported Lipid Bilayers (Review),
Biointerphases 3(2): FB55-63 (2008)
Lu, Y., Taheri, F., Gharghouri, M.A., Study of Fatigue Crack
Incubation and Propagation Mechanisms in a HPDC
AM60B Magnesium Alloy, Journal of Alloys and Compounds
466: 214-227 (2008)
Richard J. Worhatch, HyunJeong Kim, Ian P. Swainson,
André L. Yonkeu, Simon J.L. Billinge, Study of Local Structure
in Selected Organic-inorganic Perovskites in the Pm(3)overbarm Phase, Chem. Mater. 20(4): 1272-1277 (2008)
Athena S. Sefat, Ashifia Huq, Michael A. McGuire, Rongying Jin,
Brian C. Sales, David Mandrus, Lachlan M.D. Cranswick, Peter W.
Stephens, Kevin H. Stone, Superconductivity in LaFe1-xCoxAsO,
Physical Review B 78: 104505-1–9 (2008)
Ramezanipour, F., Derakhshan S.,
Greedan J. E., Cranswick L. M. D.,
Synthesis, Crystal Structure and Magnetic Properties
of a New Pillared Perovskite La5Mo2.75V1.25O16,
Journal of Solid State Chemistry 181(12): 3366-3373 (2008)
Jianjun Pan, Stephanie Tristram-Nagle, Norbert Kuc̆erka,
John F. Nagle, Temperature Dependence of Structure,
Bending Rigidity, and Bilayer Interactions of
Dioleoylphosphatidylcholine Bilayers,
Biophysical Journal 94: 117-124 (2008)

Shiliang Li, Zahra Yamani, Hye Jung Kang, Kouji Segawa,
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Quantum Spin Excitations Through the
Metal-to-Insulator Crossover in YBa2Cu3O6+y ,
Physical Review B 77: 014523-1–8 (2008)
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Monounsaturated Lipid Bilayers as Determined by
Molecular Dynamics Simulations and X-Ray Scattering,
Biophysical Journal 95: 2792-2805 (2008)
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Size Effect in the Spin Glass Magnetization of Thin AuFe
Films as Studied by Polarized Neutron Reflectometry,
Physical Review Letters 100: 057204-1–4 (2008)
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Membrane Domains, Eur. Biophys. J. 37: 665-671 (2008)
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the Critical Doping in Weakly Superconducting
Underdoped YBa2Cu3O6.35(Tc =18 K),
Physical Review B 77: 104513-1–20 (2008)
B.W. Leitch, N. Chrsitodoulou and R.B. Rogge,
Stress Re-Distribution Induced by Creep Relaxation Around
a Notch Loaded in Tension -Measurement and Modeling,
Proc. of the ASME-PVP2008 Pressure and Vessels and Piping
Conference, PVP2008-61567 (2008)
Daniela Uhríková, Norbert Kuc̆erka, José Teixeira,
Valentin Gordelyi, Pavol Balgavý, Structural Changes in
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Ca2+ Ions: A Small-Angle Neutron Scattering Study,
Chemistry and Physics of Lipids 155: 80-89 (2008)

Ian P. Swainson,
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American Mineralogist 93: 1014–1018 (2008)
A.D. Christianson, M.D. Lumsden, M. Angst, Z. Yamani,
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Journal of Applied Crystallography 41: 1038-1045 (2008)
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2008  Rapports Expérimentaux

Experimental Reports  

The scientific reports from
our community of international users
are presented in the language
in which they were written.
Disclaimer: The experimental reports
contained in this document were
not subjected to a formal
peer review.

Les rapports scientifiques de
notre communauté d’utilisateurs
internationaux sont présentés dans
la langue dans laquelle ils ont été écrits.
Avertissement : Les rapports d’expériences
contenus dans ce document n’ont pas
été soumis à un examen formel par
des pairs.
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Two-dimensional (2D) copper-oxides, in which conducting
holes are introduced, provide the framework for much exotic
behavior, with high temperature superconductivity being the
best appreciated example. While there are many instances
of quasi 1D spin ladder or spin chain compounds, there are
somewhat few good quasi 2D experimental compounds.
Strontium copper borate SrCu2(BO3)2 is a unique quantum
spin system among the known quantum magnets, with 2D
arrangement of spin-1/2 Cu dimers that has attracted much
interest in recent years. Its ground state is known to be a collective singlet state with a single-triplet gap of ~ 3 meV and
two-triplet gap of ~ 4.8 meV [1,2]. This compound is close to
a quantum critical point (QCP) and the ground state evolves
from a gapped singlet to a gapless long-range antiferromagnetic state as a function of the magnetic interactions [3]. Additionally, 2D magnetic systems are of particular importance
because of their relevance to the study of high temperature superconductivity. Shastry and Kumar argue the Mott-Hubbard
gap will be suppressed by doping into a Shastry-Sutherland
system, while several superconducting phases are predicted
at low temperature [4,5]. Much interest has also focused on
magnetization plateaus which appear [6] beyond 20 T in
SrCu2(BO3)2. Strong magnetic fields generate triplets within
a background of singlets, which can undergo Bose-Einstein
condensation (BEC) at densities determined by the applied
magnetic field.
The studies on SrCu2(BO3)2 material have been mostly focused
on the magnetic properties of the system. However, recently
there has been increasing interest in the possible role of the
spin-lattice effects in SrCu2(BO3)2. It has been suggested
that there is a relation between spin-lattice interaction in
SrCu2(BO3)2 and the magnetic dynamics at low temperatures
and high magnetic fields [3]. Such a strong interplay between
crystal and magnetic properties is well known and one of
the characteristic aspects of low dimensional spin systems. In
SrCu2(BO3)2 a lattice distortion is thought to stabilize the spin
superstructure associated with the 1/8 magnetization plateau,
the first observation of magnetization plateau in a quasi 2D
material [1,5]. In general, lattice distortions in SrCu2(BO3)2
are thought to allow magnetic interactions which are otherwise
forbidden in a more symmetric environment by lowering the
crystal symmetry [7]. For example, buckling of the CuBO3
planes allows components of Dzyaloshinskii-Moriya interactions. These subleading Dzyaloshinskii-Moriya interactions
weakly split the three triplet modes even in zero applied magnetic field [7-9]. For this reason an analysis of the vibrational
modes in this compound is of interest. Recent infrared spectroscopy measurements with polarized light on SrCu2(BO3)2

have shown a phonon excitation peak in the a-b plane at 55
meV which splits below 15 K [10,11]. This indicates that the
singlet ground state is likely associated with the spin-phonon
coupling. The temperature scale is consistent with the decrease
in the dc-susceptibility, characteristic of a gapped spin system.

Fig. 1 Two sets of measurements were performed near the zone
centre Q = (4,0,0,) and T~ 150 K. (a) Transverse dispersion curve for
acoustic modes and low energy transverse optical mode. (b) Longitudinal dispersion curve for acoustic modes along with the low energy
longitudinal optical modes.

These results intrigued us to use inelastic neutron scattering
technique to study the acoustic and optical phonons in the
single crystal of SrCu2(BO3)2. In this experiment, we investigated the phonons propagating within the a-b basel plane
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using C5 triple-axis-spectrometer. The crystal was mounted in
a closed cycle displex with its (H, K, 0) plane coincident with
the horizontal plane, such that wavevectors near the
Q = (4, 0, 0) zone centre could be accessed. These measurements employed pyrolitic graphite as both monochromator
(vertically focused) and analyzer (flat) crystals with a fixed
final neutron energy of 3.52 THz. Two pyrolitic graphite
filters were placed in the scattered beam to reduce higher order
contamination. Soller slits determined the horizontal collimation equal to [none, 0.48°, 0.55°,1.2°], using the convention
[source-monochromator, monochromator-sample, sampleanalyzer, analyzer-detector]. We initially performed a survey
of the low energy lattice dynamics in this system. Two sets of
measurements were performed near the zone centre Q = (4, 0,
0) to study transverse low energy and longitudinal low energy

modes. The results are shown in figure 1. The dispersion curves
of the transverse and longitudinal acoustic phonons at low
Q and low energy transfers along with the low energy optical
phonon modes are clearly observed in this figure. The dispersion curves are in agreement with the zone boundary condition of this systems, which in the (H, K, 0) scattering plane is:
h + k = 2n.
In addition we investigated the influence of the triplet and
multi-triplet bound state magnetic excitations on the lattice
vibrations. For this part of the experiment we used a collimation setting of [none, 0.273°, 0.477°, 1.2°] achieving an energy
resolution of ~ 0.5 meV. We investigated closely the phonon
dispersion curve centered at Q = (4,0,0) in the vicinity of
~ 0.725 THz (3 meV) where the triplet magnetic excitation

Fig 2: The results of constant Q
scans for low energy transverse
phonons centered at Q = (4, 0, 0)
Bragg peak in SrCu2(BO3)2. (a) As
observed inelastic neutron scattering data and (b) corrected for background and Bose factor. Solid lines
are resolution convoluted fits to the
data as described in the text.
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bound state at an energy transfer of ~ 4.8 meV. It is interesting that this enhancement occurs as the phonons cross the two
triplet bound state, as opposed to the energy of one triplet spin
excitations.
Figure 2 shows representative data with accompanying fits
used to extract the lifetime of phonons. The data was fit to
damped harmonic oscillator model, appropriately convoluted
with the instrumental resolution function. Resolution convoluted fits of the data are shown as the solid lines in figure 2, as
seen the fits describe the data well. Such fits allow us to extract
the inverse of triplet excitation lifetime (Γ), shown in Figure 3
as a function of temperature and phonon energy. Surprisingly
only phonons at higher energies close to multi-triplet bound
states and low temperatures where there is a singlet ground
state have a resolution limited line width. As seen from Figure
3b, the phonon lifetime stays short at lower energies for all
temperatures.
While further experimental and theoretical work is required to
fully understand this behaviour, our results clearly indicate a
significant coupling between the singlet ground state and the
low lying phonons in SrCu2(BO3)2 specifically at higher energies where the multi-triplet excitation exists.
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Fig 3: The extracted phonon excitations widths (Γ), proportional to
the phonon inverse lifetime, are shown as a function of (a) temperature and (b) phonon energy. It is clear that only the high energy, low
temperature phonons have a resolution limited width. The results
show that there is evidence for coupling between phonon degrees of
freedom and at least two-triplet spin excitation. Dashed lines are guide
to the eye.

Figure 2 shows the results of constant Q scans for low energy
transverse phonons centered at Q = (4, 0, 0) Bragg peak in
SrCu2(BO3)2. The results of raw inelastic neutron scattering data are shown in figure 2(a) whereas figure 2(b) shows
the results of inelastic neutron scattering data corrected for
background and Bose factor so as to isolate the dynamic susceptibility for transverse acoustic phonons in SrCu2(BO3)2. As
seen from this figure, there is a significant enhancement of the
imaginary part of the dynamic susceptibility associated with
the transverse acoustic phonons as they cross the two triplet
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crosses the acoustic phonon branches. We also studied the
inelastic scattering in the energy range near ~ 1.185 THz (4.9
meV) where the two-triplet bound state magnetic resonance
exists. We measured the low-energy phonons as a function of
temperature below and above the temperature at which the
collective singlet ground state is fully established (~ 8 K). This
allowed us to investigate the influence of the singlet-triplet and
multi-triplet bound state magnetic excitations that only exist
within the singlet ground state on the lattice vibrations.
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The discovery of high temperature superconductivity in 1986
by Bednorz and Muller has had a profound effect on the
world of physics for the past two decades [1]. In particular,
the study of cuprate superconductors, which includes materials such as La2-xBaxCuO4 (LBCO), La2-xSrxCuO4, YBa2Cu3O7
and Bi2Sr2Ca2Cu3O10, has been a very stimulating field of
research. While La2-xSrxCuO4 has been well studied, experiments involving its sister material, La2-xBaxCuO4, have been
relatively limited. This has been the case until the past decade
during which advances have been made using the floating zone
image furnace technique [2]. This method of crystal growth
has yielded high quality single crystal samples appropriate for
neutron studies. Neutron scattering experiments have been
undertaken in order to understand the relationship between
magnetism and superconductivity in these materials.
It has been demonstrated that these materials have complex
phase diagrams that are extremely sensitive to dopant concentration [3]. Differences in the phase diagrams, however,
indicate the sensitivity of the relationship between the chemical, magnetic and electronic phases in these materials [4]. In
order to study the interplay of these properties, we have grown
several high quality single crystal samples of LBCO. Previous studies have shown the evolution of a doping dependent
incommensurate magnetic structure in the underdoped but

superconducting region, which is consistent with the stripe
ordering regime for the cuprates [5,6]. To extend this study to
even lower doped region of the phase diagram, we performed
neutron scattering experiments on non-superconducting
underdoped LBCO single crystals with doping p ≤ pc (critical
doping for superconductivity) to p = 0 (the undoped parent
compound).
This study was conducted on the N5 triple axis spectrometer
with flat PG-002 monochromator and analyser crystals. The
measurements were performed with a fixed final energy of
Ef = 1.2363 THz (λf = 4 Å). A liquid nitrogen cooled Be filter
was used in the main beam to eliminate higher order wavelength neutrons. In order to be able to observe any incommensurability and hence achieve a high q-resolution, in addition to
using cold neutrons (4 Å), we used a tight collimation setting
of [none, 0.2°, 0.27°, 1.2°]. The crystals were oriented in the
(HK0) plane in the tetragonal unit cell notion and cooled in a
displex closed-cycle refrigerator with exchange gas. Elastic neutron scattering was performed to probe the evolution of static
magnetic ordering as a function of doping and temperature.
Samples ranged in doping from x = 0 to x = 0.025. Figure 1
shows typical scattering observed around the antiferromagnetic
peak (½, ½, 0) as a function of temperature for an LBCO
low-doped sample, x = 0.0125. The images on the left of this

Fig 1. Observed scattering around the antiferromagnetic point (½, ½, 0) for LBCO x = 0.0125
at different temperatures without the filter (left
panels) and with the filter (right panels).
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becomes disordered in the c* direction. This phenomenon is
observed for other doping levels as well. This result is unique
in that there have been no observations of two-dimensional
scattering in the barium doped system. Further experiments to
study the behaviour of magnetic scattering along the L direction are required in order to confirm the result.
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Fig 2. The temperature dependence of the intensity observed at two
locations in the magnetic peak. A maximum is seen around 45 K.

Our studies on samples with even lower doping levels than
x = 0.0125 indicate that they also exhibit qualitatively similar
behaviour. However, we find that the temperature at which
the magnetic scattering appears is inversely scaled with doping
(i.e. for lower doped samples the temperature scale is higher).
In addition, we have also observed that the location of the
magnetic scattering (incommensurability) changes with doping. The incommensurability becomes smaller as one moves
towards the pure material. Peak width is also affected by
changes in doping. A smaller width is observed for samples
with smaller doping, indicating that the magnetic correlation
length becomes larger as doping is reduced. Further quantitative analysis of the data is required to derive absolute values of
the correlation lengths and incommensurability vs. doping.
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Figure 2 shows the scattering intensity as a function of
temperature for two positions on the peak. This figure clearly
demonstrates the onset of magnetic ordering as the sample is
cooled. The scattering gradually increases upon entering into
the antiferromagnetic phase with a TN ~ 180 K. This magnetic
scattering continues to develop, reaching a maximum around
T = 45 K below which it starts to decrease as the temperature
approaches 3 K.
The trend seen in the data could indicate that the material
enters the antiferromagnetic phase which is characterized by
three-dimensional Bragg scattering which at very low temperatures evolves into a two-dimensional ‘rod’ of scattering
along the L direction. The loss of intensity below 45 K would
mark such a transition. In this case, the three-dimensional
Bragg scattering is smeared along L as the antiferromagnetism
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Materials that offer the possibility to simultaneously control
magnetic and electric degrees of freedom are the subject of
intense interest [1]. Recently multiferroic materials have been
identified that show a large coupling between electric and
magnetic degrees of freedom. Ferroelectricity driven by either
a magnetic or charge ordering process appears to be the origin
of the large coupling and hence understanding the underlying electronic interactions is crucial for further insight into
multiferroicity [1].
LuFe2O4 has attracted attention as a novel ferroelectric material where ferroelectricity is driven by the electronic process
of charge ordering of Fe2+ and Fe3+ ions and for indications of
coupling between electronic and magnetic degrees of freedom
[2-6]. LuFe2O4 is a member of the RFe2O4 (where R denotes
rare earth element) family, the physical properties of which
depend strongly on oxygen stoichiometry. For example, nearly
stoichiometric YFe2O4 exhibits three-dimensional (3D) magnetic order while oxygen deficient YFe2O4 exhibits two-dimensional (2D) magnetic order [7]. LuFe2O4 exhibits multiple
phase transitions. 2D charge correlations are observed below
500 K, while below ~ 320 K 3D charge order is established,
roughly coinciding with the onset of ferroelectricity [2,8].
Magnetic order appears below 240 K and 2D ferrimagnetic
order has been suggested based upon neutron scattering studies [9]. However, strong sample dependent behavior observed
in other members of RFe2O4 [7] suggests that unraveling the
interesting behavior of LuFe2O4 requires paying due attention
to sample quality.

magnetic structure as a ferrimagnetic spin configuration with a
propagation vector of (1/3 1/3 0). The magnetic intensity appearing on peaks where L is a half-integer is a consequence of
the charge ordering at ~320 K. In addition we found a second
transition at 175 K where significant changes in magnetic peak
intensities occur, many reflections are broadened, and a new
set of satellites appear, for which polarized neutron scattering
experiments indicate [11] a significant magnetic component.
Further understanding of the magnetoelectric behavior
presented by LuFe2O4 can be gained through neutron diffraction measurements under applied fields. To that end we
have performed additional experiments on the C5 triple axis
with the M2 horizontal magnet. We used vertically focusing
monochromator and flat analyzer PG-002 crystals with a fixed
final energy of Ef = 30.5 meV. Two PG filters were located
in the scattered side to eliminate higher order wavelength
contamination from the beam. In addition a liquid nitrogen
cooled sapphire filter was used in the main beam to reduce
the fast neutron background. Horizontal collimations were set
to [none, 0.48°, 0.55°, 1.2°]. With the M2 horizontal magnet, magnetic fields of up to 2.6 T were applied from room
temperature down to the lowest temperature of ~ 1.8 K. The
sample was aligned in the (HHL) plane and with the 350°
horizontal access of the M2 magnet we were able to apply the
field parallel to the c-axis while probing a large number of
wavevectors in this scattering plane.

Recently, we have performed neutron diffraction measurements on highly stoichiometric single crystal specimens ([10]
and Fig. 1). These measurements show that, in contrast to previous work, below 240 K 3D magnetic correlations exist with
magnetic intensity appearing at (1/3 1/3 L) where L may take
on integer and half integer values. We were able to refine the

Fig 2. Changes in the scattering along (1/3 1/3 L) cooling with a
field of 2.5 T applied along the c-axis.

Fig 1. Zero field scattering along (1/3 1/3 L).
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Figure 2 shows substantial changes to the scattering below
the 240 K ferromagnetic transition when cooling with a field
applied along the c-axis. The main effect of the field appears

Quantum Materials

to be an increase in intensity of peaks where L is a half-integer
while the peaks where L is an integer decrease in intensity. On
the other hand, no change in intensity in peaks due solely to
charge order of Fe2+ and Fe3+ was observed for peaks at
high Q. A possible explanation of this is that one of the
Fe-sites remains unordered below the ferromagnetic transition
at 240 K due to frustrated interactions and that an applied
field tips the balance in favor of ordering on all Fe-sites.

T (K)

Fig 3. The scattering at (1/3 1/3 0) for different field configurations.

Figure 3 displays the changes in the (1/3 1/3 0) peak for
various applied field configurations. Of particular note is
the strong thermal remanence observed when the sample is
cooled under an applied field that is then removed at the base
temperature and subsequently warmed to room temperature.
When cooled under a field of 2.5 T the sample never enters
the low temperature magnetic phase as characterized by the
broad peaks appearing below 175 K in the zero field cooled
configuration (figure 1). When the field is removed at 4 K no
change in intensity is observed for peaks along (1/3 1/3 L).
However, when warming the field cooled sample, a magnetic
state abruptly locks in that appears to be similar to the low
temperate state with extremely broad magnetic peaks which
appears below 175 K in the zero field cooled configuration.
In summary, the field dependent behavior is extremely rich
and further quantitative work is ongoing to understand this
behavior in further detail.
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Since their discovery in 1986, high temperature superconductors (HTSC) have continued to challenge our understanding
of condensed matter. Despite a large number of experimental
and theoretical studies, an accepted microscopic theory for
superconductivity in HTSC materials is still elusive. The phase
diagram of these materials is rich and exhibits different states
of matter such as superconductivity and antiferromagnetism
close to one another. It has become quite clear that spin fluctuations play a fundamental role in HTSC. An understanding
of the spin dynamics across the whole phase diagram is a key
step towards a microscopic theory for HTSC.
The YBa2Cu3O6+x (YBCO6+x) family of HTSC cuprates is
perhaps the most studied HTSC, however, the low-doped
superconducting YBCO6+x materials close to the superconducting critical doping, pc, have not been fully investigated. A
magnetic excitation known as the “resonance” mode appears
to be the most prominent spectral feature for optimally doped
and lightly underdoped YBCO6+x (x ≥ 0.5) samples. This
mode is observed [1-3] at the commensurate AF ordering
wavevector Q = (0.5 0.5 L). The resonance energy is located
in the saddle point of an hourglass-shaped dispersion observed
for the magnetic excitations. For doping x ≥ 0.5, it appears
that the resonance energy tracks the superconducting transition temperature, Tc, as one varies doping. A recent study on
YBCO6.45 finds [4] that magnetic excitations are gapless and
have a much broader resonance at this lower doping. Based on
these results it is suggested [4] that the change in the magnetic
excitations across x = 0.5 is related to the metal-to-insulator
cross-over and the resonance therefore is a fundamental feature
of the metallic ground state superconductors.

a)

b)

We have studied even lower doped YBCO6+x crystals. Our
neutron scattering experiments on YBCO6.354 (Tc = 18 K)
revealed that no long range AF phase exists at low temperatures [5]. Instead static short ranged AF correlations (central
mode) set in gradually on cooling below 60-80 K and co-exist
with superconductivity below Tc. The spin dynamics are relaxational at low energies having the form of modified Lorentzian with a relaxation rate of ~ 3 meV. In addition we found
no resonant feature at higher energies. Our studies on even
lower doped crystal YBCO6.334 (Tc = 8.4 K) revealed [6-8]
qualitatively similar behaviour. We found that for this lower
doped sample with a Tc of less than half that of YBCO6.35,
the broad inelastic feature can also be described by a modified Lorentzian with a relaxation rate of about 4 meV. This
observation rules out the possibility that the low energy broad
feature is a remnant of the resonance at these very low doping Fig 1. (a) Temperature dependence of inelastic intensity observed at
the AF position (0.5 0.5 2). The solid lines are fits to a resolution-limited
that is now broadened and pushed to lower energies. If this
Lorentzian at zero energy and to a modified Lorentzian response
were the case, we would have expected to see, as Tc decreases with a relaxation rate. (b) The temperature dependence of the model
from 18 K in YBCO6.35 to 8.4 K in YBCO6.334, a reductionparameters.
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We have made more extensive measurements of the spin dynamics and its temperature dependence in YBCO6.334 from
inelastic neutron scattering experiments at the C5 spectrometer. The sample and spectrometer configuration were previously described in Refs. [6-8]. Horizontal collimations of [33´,
29´, 33´, 72´] gave an energy resolution of ~ 1 meV.
The sample was aligned in the (HHL) plane and mounted in a
closed cycle refrigerator (with exchange gas). Inelastic neutron
scattering experiments were performed from room temperature
down to 3 K.
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The inelastic spectra at different temperatures are shown in Fig.
1(a) measured at (0.5 0.5 2). The average intensity at (0.3 0.3
2) and (0.7 0.7 2) is used for the background subtraction in
the constant-Q scans. This method of background subtraction
was verified by constant energy Q-scans at several energies and
temperatures which gave the same intensity. The background
corrected data is fitted with a resolution convoluted model
containing two components, a narrow Lorentzian centered at
zero energy and a modified Lorentzian (including the Bosefactor) characterized by the relaxation rate, Γ. The solid lines
in Fig. 1(a) show that this model can fit the data reasonably
well over large temperature and energy ranges. The fit parameters (amplitude and relaxation rate) for the modified Lorentzian as a function of temperature are shown in Fig. 1(b).
The relaxation rate decreases almost linearly on cooling and
eventually saturates at its low temperature value of ~ 4 meV
below 50 K. This saturation of the relaxation rate is accompanied by saturation of the observed amplitude for the modified
Lorentzian. We find that the spin dynamics show no anomaly
at the superconducting transition temperature Tc = 8.4 K. This
behaviour is unlike what is observed for higher doped samples
(x ≥ 0.4-0.5) where the intensity of excitations at the resonance
energy further increases below Tc and the intensity of the lower
energy excitations decreases indicating the opening of superconducting gap [2,3].
Similar to YBCO6.35, there is no evidence for a definable
resonance or spectral feature at higher energy transfers in
YBCO6.33. This together with the lack of any anomaly of the
spin dynamics at Tc indicate that at the very low doping levels,
close to the critical doping for superconductivity spin dynamics are fundamentally different from higher doping (x ≥ 0.40.5) region of the phase diagram. The spins are thus decoupled
from the charges which undergo paring. Any microscopic
theory for HTSC superconductivity must account for these
observed properties of spin dynamics across the phase diagram.
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of the relaxation rate from 3 meV to < 2meV. Instead the spin
relaxation rate has increased to 4 meV.
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CuMoO4 is a magnetic insulator made up of a complicated
network of quantum s = 1/2 magnetic moments residing at the
Cu2+ site. The Mo6+ site is non-magnetic. At room temperature and below, this material exhibits [1] two triclinic phases
known as alpha and gamma CuMoO4. At ambient pressure,
there is a very strong 1st order structural phase transition
between these two structures at about Tc ~ 190 K. Both the
alpha (high-T) and gamma phases (low-T) phases are triclinic,
but the structural phase transition between the two shows a remarkable 13% volume change. This phase change is accompanied by a change in colour of the material from green (alpha)
to red-ish brown (gamma). For this reason, this material is
referred to as displaying piezo or thermal chromism, and is of
considerable current interest.

In order to investigate the magnetic behaviour of the low temperature ground state of the complex CuMoO4, we carried out
elastic and inelastic neutron scattering measurements on polycrystalline samples as a function of temperature and magnetic
field on C5 Spectrometer. We used a vertically focusing PG002 monochromator and a flat PG-002 analyzer with a fixed
final energy of Ef = 3.52 THz. Two PG filters were used in the
scattered side to eliminate higher order wavelength neutrons
from the beam. A nitrogen cooled sapphire filter was used
in the main beam to minimize the fast neutron background.
For both experiments we used a collimation setting of [none,
0.48°, 0.56°, 1.2°] achieving an energy resolution of ~ 1meV.

a)

We are primarily interested in this material for its low temperature magnetic properties, related to networks of interacting s = 1/2 Cu2+ moments. Asano et al. has conducted [2] high
field magnetization studies on this material, and has observed
very interesting 1/3 magnetization plateaus occurring at about
9 T (see figure 1). This low temperature, high field magnetization behaviour can be modeled based on networks of six s =
1/2 moments, which arrange to form two dimers and two free
spins (shown in the inset of figure 1). However, variation in
the form of the M vs. H curves as a function of temperature
suggest that at least a subset of the networks of s = 1/2 moments may enter a magnetically ordered state at temperatures
below 4 K.

b)

Fig 1. Magnetization plateaus at the 1/3 of saturation magnetization
observed in CuMoO4 by high field magnetometry [2]. The plateaus
can be modeled on the basis of a network of six spin-½ moments,
organized into two dimers and two free spins shown in the inset.
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6.6° < 2θ < 7.8°

Fig 2. Elastic neutron scattering results show that the low temperature ground state of this quantum magnet is magnetically ordered.
(a) The observed intensity as a function of scattering angle at 0.4 K
compared to 5 K. (b) The order parameter (integrated intensity of
the neutron scattering observed at 6.6° < 2θ < 7.8°) as a function of
temperature.
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In order to study the singlet-triplet excitation spectrum associated with the s = 1/2 dimers, we also carried out inelastic
neutron scattering measurements on this polycrystalline
material at C5 spectrometer. The results of these measurements as a function of temperature and magnetic field are
shown in figures 4-6. As shown in figure 4, in the ordered
state and in zero magnetic field, we observe a broad peak at
an energy transfer of ~ 3 meV which is about the same size as
the expected singlet-triplet splitting of ~ 26 K proposed [2]
based on the high field magnetization studies. The temperature
and Q-dependence of this ~ 3 meV excitation confirm the
magnetic nature of this excitation. As shown in figure 5, with
the application of a magnetic field in the range of zero to 7.5
T, the 3 meV peak broadens and an additional field-dependent
feature develops at a lower energy of ~ 1.75 meV.
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Fig 3. (a) Temperature dependence of the specific heat observed in
zero-field as well as in magnetic fields up to 4 T. From Ref. [2]. (b) The
order parameter (integrated intensity of the neutron scattering observed at 6.6° < 2θ < 7.8°) as a function of magnetic field. As seen the
field dependence of the peak intensity that we observe clearly follows
that of the specific heat.

b)

Fig 4. Inelastic neutron scattering measurements were carried out
at the C5 triple-axis spectrometer to study the singlet-triplet excitation spectrum related to the s = 1/2 dimers and thereby to confirm
their existence. (a) In the ordered state and in zero magnetic field, we
observe a broad peak at an energy transfer of ~ 3 meV. (b) At the largest applied field of 7.5 T, we observe a splitting of the broad ~ 3 meV
excitation. A better energy resolution is needed to resolve the structure
in the excitation peak in presence of the magnetic field.
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Our elastic neutron scattering measurements clearly show that
a peak at the scattering angle of 2θ ~ 7.2° appears below
~ 1.7 K on cooling (see figure 2a). From the observed scattering angle (2θ value) of this magnetic Bragg peak and the
incident neutron wavelength (λ = 2.37 Å), we propose that
the free spins of neighbouring sites order antiferromagnetically with the wavevector Q ~ 0.3 Å-1. Based on these results,
we conclude that the low temperature ground state of this
quantum magnet is indeed magnetically ordered with the two
free spins in the unit cell ferromagnetically coupled to each
other while antiferromagnetically coupled to the ones in the
neighbouring sites. In addition, the temperature dependence
of this peak shown in figure 2b clearly resembles the magnetic
phase transition that was observed with specific heat measurements [2], see the zero-field curve in figure 3a. Also our study
of the field dependence of this peak is in full agreement with
the observed field dependence of the specific heat across the
transition [2] as shown in figures 3a and 3b.

Quantum Materials

a)

Our study confirms that the system undergoes a magnetic
phase transition to a low temperature ground state below 1.7
K. In this ordered state the free spins in the unit cell are ferromagnetically coupled to each other while antiferromagnetically
coupled to the ones in the neighbouring site. In addition our
study confirmed the presence of the singlet-triplet excitations
in the system. However the field dependence of this excitation
appears to be complex. This is probably due to the fact that in
addition to the magnetic dimers in the system there also two
free spins in the unit cell. Further inelastic experiments in a
magnetic field with better energy resolution as well as further
theoretical work is required to fully understand the low temperature ground state of this complicated system.
References
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Fig 5. (a) With the application of a magnetic field in the range of 0 T
to 7.5 T, the 3 meV peak broadens and an additional field-dependent
feature develops at a lower energy of ~ 1.75 meV. (b) High temperature
background subtracted intensity at zero field and at an applied field of
7.5 T. The appearance of the additional feature is clearly seen here.

Fig 6. The spectral weight at 1.75 meV as a function of magnetic
field. As seen here and from figures 4 and 5, a clear but complicated
field dependence is observed, an indication of the complexity of the
ground state in this system.
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Despite numerous experimental and theoretical studies since
the discovery of high temperature superconductivity (HTSC)
in cuprates in 1986, there is still no consensus on the mechanism responsible for superconductivity in these materials. A
qualitatively common phase diagram as a function of doping
and temperature (with some differences in details), however,
has emerged from the intensive experimental studies (benefited
tremendously from advances in growth of high quality crystals
in the past decade) on different HTSC families. For undoped
and low doped materials, an insulating and antiferromagnetically (AF) long-ranged ordered state is observed at low temperatures due to the localized spins of Cu2+ in the CuO2 planes
common to all HTSC cuprates. Introduction of holes into the
CuO2 planes by doping results in a rapid destruction of the AF
ordered state. Increasing doping beyond a critical doping (pc)
eventually leads to the disappearance of the long-ranged AF
order and simultaneously the appearance of superconductivity.
Further doping enhances superconductivity and a maximum
Tc is observed at the optimal doping level beyond which Tc is
lowered. Even though long-range AF order does not coexist
with superconductivity strong spin fluctuations nonetheless
survive well into the superconducting (SC) phase. It is widely
believed that only when novel properties of HTSC cuprates
are fully elucidated across the whole phase diagram (as a function of doping and temperature), will a complete understanding of these materials be gained. The search for new phases of
matter, especially in the underdoped region as the AF phase is
approached, continues to be a stimulus for both experiment
and theory.

ducting phase. We have carried out [7 - 11] such detailed studies using unpolarized and polarized thermal neutrons and cold
neutrons of the elastic and inelastic spectrum in YBCO6.35
(Tc = 20 K, p = 0.06) and YBCO6.33 (Tc = 8.5 K, p = 0.055)
with doping near pc = 0.052. In these low doped but superconducting samples, we have found that the spins fluctuate on
two energy scales: one a damped spin response with a ~ 2 - 4
meV relaxation rate and the other a central mode (not seen in
higher doped samples) with a relaxation rate that slows to less
than 0.08 meV at low temperatures. The quasistatic mode is
centred on commensurate AF positions (0.5 0.5 L) with L =
integer showing the development of spin correlations between
cells. Our studies have indicated that spatial correlation lengths
of the central mode remain finite in the superconducting phase
although they increase as doping decreases from YBCO6.35
to YBCO6.33. The central mode intensity smoothly increases
on cooling indicating no sign of a critical transition to a Néel
state. Lowering doping also results in an increased temperature
scale for the growth of the central mode.

The single-layer La2-xSrxCuO4 (LSCO) cuprate family has been
extensively studied by neutron scattering [1 - 6]. It is well
established that a new spin-glass phase with static short-range
AF static correlations coexists with the SC phase for doping
levels close to pc. The spin-glass phase extends to lower doping
than pc until it is eventually substituted by the long-range AF
phase. The static magnetic peaks associated with the spin-glass
phase appear at incommensurate positions for both superconducting and non-superconducting parts of the phase diagram.
However, in the SC phase the static incommensurate peaks are
observed along [100] direction whereas in the non-superconducting region they are rotated by 45° appearing along [110]
direction.

A particular feature of interest is a clear decrease in intensity
of the central mode that we have observed for YBCO6.31 at
low temperatures (below 20 K in figure 1). Such behaviour is
seen in conventional spin-glass insulating systems. In addition, for all samples, the temperature scale of the central mode
decreases with tighter energy resolution (longer timescales),
again reminiscent of a spin-glass. Hence we have demonstrated
that a normal (non-superconducting) phase with characteristics similar to those of a spin-glass separates AF and SC phases
in the YBCO phase diagram. This spin-glass behaviour extends
into the superconducting phase as we showed in earlier studies [7 - 10]. The magnetic spin-glass behaviour is therefore
continuous across the superconducting phase transition. Our
results show that as doping changes the spinons carrying spin
evolve differently than the holons that carry charge. This phase
evolution with doping is similar to the LSCO cuprates, except
that the static short-ranged magnetic peaks of YBCO are commensurate at all doping levels.

One of the most well characterized cuprates is the bilayer
YBa2Cu3O6+x (YBCO6+x) system with a maximum Tc ~ 94
K. Despite the extensive amount of attention this system has
received, there have been no detailed studies of the magnetic
properties for hole doping near the lower edge of supercon-

In new experiments we have searched for Néel AF order in
non-superconducting YBCO6.31 (p = 0.045 < pc). Surprisingly, none was found [11], indicating that the AF and
SC phases are separated by an intervening phase. The spin
behaviour evolves smoothly from that of the low-doped,
weakly superconducting systems. The correlation lengths in
YBCO6.31 non-superconducting system are much larger than
ones observed earlier in YBCO6.35 and YBCO6.33, although
they remain finite.
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Spin-glass behaviour in non-superconducting
YBCO6.31 with planar hole doping p = 0.045 less than
the critical doping for superconductivity, pc = 0.052
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peaked at about 1 THz (~ 4 meV). Figure 3(a) shows the
background subtracted spectrum at 3 K observed (corrected
for the form factor) at the AF position (0.5 0.5 2) and (0.5 0.5
5.1). Our study indicates that the inelastic scattering follows
the coupled bilayer model [12] as shown by the line in figure
3(b), a behaviour again similar to higher doped materials. The
agreement of the intensity at L = 5.1 and L = 2, when only the
anisotropic Cu2+ form factor is extracted, shows that the spins
fluctuate isotropically in spin orientation, χxx = χyy = χzz. This
differs from the low doped LSCO where the spin orientation is
anisotropic and confined to the ab-plane.

Fig 1. Temperature dependence of the elastic scattering observed at
AF position (0.5 0.5 2). The solid line is a guide to the eye.

To be able to determine a more precise value for the lower
limit of the correlation lengths, we first studied elastic properties of YBCO6.31 at the C5 spectrometer with a tight collimation of [none, 0.273°, 0.477°, 0.44°] and with the other
spectrometer parameters the same as Ref. [11]. In addition to
be able to fully compare the magnetic properties of YBCO6.31
with that of higher doped materials, we explored the inelastic
spectrum observed at AF position and investigated the magnetic field dependence of both elastic and inelastic scattering.
The inelastic and field dependence studies were performed
with a looser collimation setting of [none, 0.48°, 0.55°, 1.2°].
The sample (described in Ref. [11]) was aligned in the (HHL)
plane and mounted in a closed-cycle refrigerator for the zero
field measurements and in the horizontal field magnet M2
for the field dependence study. The 335° (for 2-inch beam)
horizontal access of the magnet enabled us to perform elastic
and inelastic measurements over a large range of wave vectors
and energy transfers while applying the magnetic field parallel
to the c-axis.
The results of our elastic measurements with the tight collimation setting are shown in figures 2(a) and (b) for (HH2) and
(0.5 0.5 L) scans, respectively. In these figures we have also
shown similar scans with no filter in the beam so as to reveal
the spectrometer and mosaic resolution. This direct experimental comparison of the observed scattering with the resolution
shows that for both in-plane and out-of-plane correlations, the
observed scattering is broader than the resolution indicating
that the correlations are finite. From resolution-convoluted fits
to a Lorentzian profile we obtain a lower limit of 350 Å and
100 Å for the correlation lengths in the ab-plane and along the
c-direction, respectively. This confirms our lower-resolution
results [11] that even though correlations are much longer in
non-superconducting YBCO6.31 than higher doped superconducting samples, they remain finite.
Similarly to YBCO6.33, we found that the energy spectrum
of YBCO6.31 also consists of two modes. One is the central
mode discussed above and the other is a broad component
50
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Fig 2. Background subtracted elastic scans around (0.5 0.5 2) AF
position (empty squares). A direct comparison is shown with the
resolution data collected with no filter. Data is obtained with the tight
collimation setting [none, 0.273°, 0.477°, 0.44°].

We also studied the effect of a magnetic field of 2.6 T || c-axis
on both elastic and inelastic properties of YBCO6.31 using the
horizontal magnet M2. As for higher doped YBCO samples,
we find that the elastic AF (central mode) intensity and its
dependence on temperature do not change with the application of the field, see figure 4(a). For a conventional long-range
ordered AF one would expect a reduction in the intensity of

Quantum Materials

the ordered AF moments with the application of a magnetic
field. Moreover any spin re-orientation due to the applied
field would generally change the magnetic intensity through
the Lorentz factor. The field independent intensity shows that
the spins remain frozen in the isotropic random orientations
suggested above, and as found from earlier polarized neutron
experiments on YBCO6.33 [10]. This differs from the easyplane anisotropy of LSCO [13]. In the non-superconducting
region of LSCO, a magnetic field of 4.4 T || c-axis is sufficient
to change the magnetic structure and to weaken the incommensurate correlations [13]. Furthermore we find that no
change occurs in the intensity of the inelastic scattering in a
magnetic field of 2.6 T || c-axis as shown in figure 4(b).

Fig 4. Magnetic properties of YBCO6.31 do not change in an applied
field of 2.6 T || c-axis. (a) elastic scattering and (b) inelastic scattering in
zero field compared with 2.6 T.

In summary, we have shown that no Bragg ordered Néel
phase occurs adjacent to the superconducting phase of YBCO
system. The correlations remain finite in non-superconducting
YBCO6.31 material. Instead the lower doping leads to correlations that are significantly longer especially along the c-axis.
The very long range in-plane correlations show that structure
or chemical disorder plays a very small role in these highquality crystals grown at UBC. This is not surprising since
in YBCO6+x doping occurs by changing the oxygen content
in the CuO chains, which are located away from the CuO2
planes where both superconductivity and antiferromagnetism
reside. Our study also indicates that the spin dynamics in this
non-superconducting sample is qualitatively similar to the
superconducting samples. All these indicate that the magnetic
properties gradually change across pc, the critical doping for
superconductivity and that the phase separating the long
range AF ordered and superconducting phases has spin-glass
characteristics.
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One of the pivotal first steps in understanding the role of magnetism within the superconducting phase of the iron pnictides
is to first explore the intrinsic nature of the magnetic phase of
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Since the discovery of superconductivity in the iron arsenides
in February 2008, the field has witnessed an explosion of
research into this newly discovered high temperature superconducting (high-Tc) phase [1]. It was quickly uncovered that
a key similarity between the iron pnictide high-Tc phase and
that of the well known cuprates is close proximity of a magnetic instability in their respective phase diagrams [2,3,4]. The
undoped parent compounds of both the cuprates and the iron
pnictides are long-range ordered antiferromagnets; however the
seemingly itinerant, semimetallic nature of the iron pnictide
parent materials stand in stark contrast to the strongly localized, Mott insulating parent systems of the high-Tc cuprates.
The nearby suppression of antiferromagnetism (AF) and the
persistence of strong, remnant spin fluctuations in both classes
of high temperature superconductors are thought to play a key
role in the formation of their superconducting condensates.
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Neutron diffraction study of the magnetic
and structural phase transitions in BaFe2As2

0.18

through TN. Dashed line shows the 2D Ising fit to the order parameter.
(d) Plot of 3D critical scattering above TN. Open triangles show the integrated area of the (1,0,3) magnetic peak above TN while the dashed
line denotes the backgrounmd from λ/2 contamination.

In order to further explore the critical magnetism in Ba-122,
we measured magnetic correlations above TN about the
Q = (1, 0, 3) reflection and observed 3D critical fluctuations extending from T = 136K to approximately T = 145K
(Fig. 1d). We were unable to observe any diffuse, 2D critical fluctuations anticipated by the β = 1/8 critical exponent
of the magnetic order parameter; however, due to the small
sample volume of our Ba-122 crystal, it is difficult to preclude
their presence. This implies that, at the minimum, there is a
crossover to 3D critical behavior close to TN due to the finite
coupling between the FeAs layers.
One of our key findings is the observed relationship between
the structural and magnetic order parameters in this system
[5]. We tracked the evolution of the structural order parameter from the high temperature tetragonal phase to the low
temperature orthorhombic phase as the system was cooled
through TN. Consistent with earlier reports, there appeared a
simultaneous structural distortion to the orthorhombic phase
concomitant with the onset of AF order [6]; however we also
observed an unexpected correlation between the structural
and magnetic order parameters in the critical regime. As the
system is cooled into the antiferromagnetic phase, the structural order parameter (the peak width observed in longitudinal
scans around (2, 0, 0) structural Bragg reflection) squared
directly tracks the magnetic order parameter (the peak width
observed in longitudinal scans around (1, 0, 3) magnetic Bragg
reflection) squared (Figs. 1a and b). This implies a biquadratic
coupling term between the structural and magnetic order
parameters in the Landau free energy expansion for this Ba122 system. Such a biquadratic coupling immediately implies
that the structural order parameter is a distinct, primary order
parameter as opposed to a secondary order parameter simply
driven through a linear-biquadratic coupling to the magnetic
order parameter through the system’s strain field. This ob-

servation stands in strong contrast to current picture of the
structural distortion as merely arising through strain-induced
coupling to the magnetic order parameter and instead implies
that two coupled, yet independent, structural and magnetic
phase transitions coexist in Ba-122.
For systems with two coupled primary ordered parameters, the
simplest free energy expansion leads to the formation of a tetracritical point in their phase diagrams [9]. In the case of Ba122, this implies that this iron pnictide parent system resides
close to the proximity of such a tetracritical point in its phase
diagram. One general expectation from this picture is that as
the system is tuned away from the tetracritical point, the onset
of magnetic and structural phase transitions should separate.
This is precisely what is observed in Co-doped Ba-122 [10];
however further studies are required to fully explore the nature
of the separated phase transitions in these doped samples.
The next step in our study of this compound is to coalign
a substantially larger sample volume of Ba-122 crystals in
search of any potential 2D critical fluctuations and to measure
the temperature evolution of their instantaneous correlation
lengths. We also plan to map out the inelastic magnetic spectrum of this system in an effort to generate a comprehensive
understanding of the spin behavior in this bilayer iron arsenide
parent system.
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After verifying that the AF ordered spin structure in our Ba122 crystal matched those from previous reports [6], the initial
focus of our experiment was to explore the antiferromagnetic
phase transition within the critical regime. The sample was
slowly cooled and warmed through TN while the strongest
Q = (1, 0, 3) [r.l.u.] magnetic reflection was measured (see Fig.
1). Both the peak intensity and integrated peak area of this
reflection were tracked, and neither showed any hysteresis in
strong contrast to earlier experiments where strong first order
behavior has been reported [7]. Instead, we observe a continuous evolution of the magnetic order parameter (taken as the
intensity of the (1, 0, 3) magnetic Bragg reflection) in the critical regime which is well modeled by a simple power law with
an exponent of β = 1/8 as shown in Fig. 1c. This is the exponent predicted for phase transitions in a 2D Ising model, and
it immediately suggests that 2D magnetic fluctuations may be
driving the magnetic phase transition in this Ba-122 system.
The agreement between the simple (1-T/TN)2β with β = 1/8
fit and the evolution of the magnetic order parameter over a
remarkable range in reduced temperature is also reminiscent of
the power law behavior observed in other well known 2D Ising
magnets such as K2NiF4 [8].
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Nickel aluminum bronze (NAB) is a copper-based alloy that
is widely used for marine applications because of its excellent
corrosion resistance, good fracture toughness, high damping capacity and good fatigue resistance [1, 2]. It is used for
propellers and valves in the Canadian Navy’s ships and in other
Navies around the world. Cast NAB may contain shrinkage
cavities and porosity. When these defects are large, they are traditionally repaired with arc welding, a high heat input process
that introduces a filler metal into the casting, and can induce
distortions in repaired components.
Friction Stir Processing (FSP) is based on friction stir welding
(FSW), developed by TWI [3]. FSP is a solid-state thermomechanical processing method that can change the microstructure
of metallic alloys and that has the ability to locally heal surface
and subsurface casting defects. It has been found to homogenize and refine the microstructure of aluminum alloys with
a resulting increase in ductility [4], and change the corrosion
and fatigue properties of aluminum [5], [6]. Similarly, FSP
refines the grain size of cast NAB; rotating-fatigue tests show
that the processed region is more fatigue resistant, and Charpy
impact tests show higher toughness at ambient temperatures
and at –7°C [7].
In FSP, a turning probe is inserted into the workpiece, causing
frictional heating. The probe is translated through the material, leaving a plasticized zone behind. FSP is currently being
developed as a tool to heal casting defects and modify microstructures in as-cast NAB to improve its properties.
The present work is concerned with the residual stresses developed in a NAB plate due to Friction Stir Processing. This work
was part of The Technical Cooperation Program (TTCP),
wherein defence research organizations in TTCP nations collaborate on projects of common interest.

Fig 2. Mechanical properties in the TMAZ and in the parent material.
* Data from Reference [7].

The specimen consisted of a NAB cast plate that was friction
stir processed (Figure 1). The top surface of the plasticized
zone or Thermomechanical Affected Zone (TMAZ) features
semicircles that correspond to the rotating shoulder of the
FSP probe. This band of semicircles is surrounded by a bluetinged region which results from the heat generated during the
process. The treated piece thus contains a TMAZ surrounded
by a heat-affected zone (HAZ), surrounded in turn by as-cast
material (Figure 2).
The NAB microstructure consisted of an α phase (fcc) matrix
with κ precipitates. These precipitates are designated κi, κii, κiii,
and κiv. The compositions and structures of the matrix and the
precipitates are listed in Table 1.
Residual lattice strains were measured using the L3 strainscanning spectrometer. The sampling volume dimensions
were 4 x 4 x (4-20) mm3, depending on the direction of strain
measurement. Lattice strains were measured in the longitudinal (L, parallel to the weld line), normal (N, perpendicular to
the plane of the plate), and transverse (T, perpendicular to the
weld line, in the plane of the plate) directions. The three corresponding normal residual stress components, σx, where x = (L,
T, or N), were then calculated from the three measured strain
components using the Generalized Hooke’s Law:

where E is Young’s modulus and ν is Poisson’s ratio.
Equation (1) assumes isotropic elasticity.
Fig 1. NAB cast plate. The FSP volume’s top surface features semicircles that correspond to the rotating shoulder. This band of semicircles
is surrounded by a blue-tinged region related to the high temperature
reached in this region during FSP.
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The copper {200}, {111}, {220}, and {311} reflections, and the

discharge machining, in order to eliminate the possibility of
machining stresses. The removal of material between the teeth
of the comb ensured the release of Type I macrostresses. The
tooth dimensions were 4(L) x 4(T) x 20(N) mm3 in the three
measurement directions. Measurements were made on every
tooth of the comb in the L, T, and N directions for all of the
reflections used in this study.
The stress-free lattice parameter was obtained as the average
from all of the longitudinal and transverse measurements for
all of the lattice planes studied. The normal measurements
were not used as they exhibited significant scatter, most likely
due to the fact that Type I macrostresses were not effectively
relaxed in this direction because of the comb geometry.
The stresses determined using the Cu{311} reflection for line
4 (Figure 3) are shown in Figures 4(a-c). The stresses were calculated using a Young’s modulus of 130 GPa, and a Poisson’s

Fig 3. Schematic of NAB specimen showing the reference surfaces,
coordinate system, and measurement directions.

The coordinate system, measurement directions, and reference
surfaces used for the measurements are shown in Figure 3.
Measurements were made at a series of locations along seven
lines, numbered 1 – 7 in the figure. The location of a measurement along a line is given as the distance from the machined
reference edge (the right edge in Figure 3). Measurements
were made at 3 depths – at 4mm in from the front face (F),
at mid-depth (M), and at 4 mm in from the back face (B). As
shown in the figure, face F is the face that underwent friction
stir processing.
In order to obtain reliable stress-free lattice spacings, it is usual
to cut a small specimen out of the workpiece such that the
Type I macrostresses are relaxed. It is important to recognize
that the Type II and Type III microstresses may not be relaxed
by this procedure. Thermomechanical processing can influence
the microstructure of a material such that the equilibrium lattice spacing varies as a function of location. This is particularly
relevant to processes involving a phase change such as fusion
welding of a ferritic plain carbon steel. In the present case,
it is unlikely that the composition of the material is strongly
affected by the thermomechanical treatment. However, in
order to investigate this issue, measurements were made on
a comb of material extracted at line 4 (Figure 3) of the plate.
The comb was extracted at DRDC Atlantic via electrical

Fig 4. Copper {311} stresses for a) the longitudinal, b) the transverse,
and (c) the normal directions along line 4.
Scientific Reports 2008
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κ{110} reflection, were used for the measurements. A wavelength of 0.1513 nm was used for the Cu{220} and Cu{311}
reflections, while a wavelength of 0.237 nm was used for the
Cu{111}, Cu{200} and κ{110} reflections. The monochromatic beam was obtained using the {113} (λ = 0.1513 nm) and
{115} (λ = 0.237 nm) reflections of a germanium single crystal
monochromator.

Materials Science

ratio of 0.34, which are typical values for copper. The uncertainty in the calculated stresses is on the order of ±60 MPa.
The longitudinal stresses in Figure 4(a) show a clear tensile
maximum at the centre of the FSP zone, with a dog-eared
profile close to the front face. Balancing compressive stresses
occur close to the plate edges. The tensile maximum at the
front face is significantly weaker than at mid-depth and close
to the back face.
The transverse stresses (Figure 4(b)) are weakly tensile close to
the back face and at mid-depth, but show a compressive peak
at the centre of the FSP zone close to the front face. A similar
trend is exhibited by the normal stresses (Figure 4(c)). In the
case of the transverse and normal stress components, it thus
appears that the force balance imposed by equilibrium occurs
from front to back rather from edge to edge. The plate is bent
about its long axis, showing a slight concavity at the front
face, which is consistent with the through-thickness variations
exhibited by the transverse stresses.
In conclusion, residual stresses in a FSP-NAB plate were
measured using neutron diffraction. The data will be used to
validate numerical models of friction stir processing, and to
understand the corrosion, biofouling, and mechanical properties of FSP-NAB.

Table 1: Structure and Composition of Matrix
and κ-Precipitates in NAB[6].
Phase

Composition
(approx.)

Structure Lattice
Parameter

α

Cu solid solution fcc

κi

Fe3Al

D03

Fe3Al

D03

5.71 Å

NiAl

B2

2.88 Å

Fe3Al

D03

5.77 Å

κii
κiii
κiv

3.64 Å
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Failure of ship hulls is often a product of numerous causes.
One contributing factor that has often been overlooked or
overdesigned for are the residual stresses created during the
welding process. This study was designed to achieve a detailed
understanding of the residual stress distribution associated
with welds typically found on ship hulls. The first phase of
this study focused on the stress field created by one and two
stiffeners and also due to the stop and start in the welding
process. Additional information was collected on the parent
plate and the residual stresses caused by the manufacturing
rolling process. The second phase of the study looked at the
effect of spacing of the stiffeners and altering the welding heat
input. Properly scaled and constructed specimens were created
to obtain results that provide the best representation to those
found in an actual ship hull. The neutron diffraction method
was chosen to non-destructively map strain data at locations
within the volume of the specimens.
The specimens were constructed from 9.53 mm thick plates
stiffened by L127x76x9.53 stiffeners all of 350 WT grade [1]

structural steel. The steel plate material was found to have a
yield stress of 405 MPa. The plates were cut using water-jet
cutting to avoid additional stresses induced by most cutting
processes. The fillet welds were produced using metal-core arc
welding (MCAW). The specimens were fully restrained during
the welding and the cooling process. The first phase welds were
created manually and had some inconsistencies. To reduce the
inconsistencies in the welds of Phase II, an automatic trolley
system was used. The test matrix for Phases I and II is shown
below in Tables 1 and 2, respectively.
Only key findings and results will be presented here.
Specimen 3 was a stiffened plate which was 400 mm wide (T)
x 600 mm long (L) x 9.5 mm thick (N). It had two stiffeners
and the primary objective was to study the effects of welding
a second stiffener on the stress distribution of the first welded
stiffener. Measurements were taken at seven depths through
the thickness and transversely across the weld.

Table 1: Phase I test matrix
Specimen
1

Base Plate (L x W x D)
400 mm x 400 mm x 9.5 mm

Stiffener Details

Welding
Method

Heat
Input

No stiffener

No welding

N/A

One 600 mm long
stiffener at 150 mm from

2
600 mm x 400 mm x 9.5 mm
3

one edge
Two 600 mm stiffeners
spaced 250 mm apart
(75 mm from both
edges)

MCAW

High (2.5
kJ/mm)

Table 2: Phase II test matrix
Specimen

4

Base Plate (L x W x D)

600 mm x 400 mm x 9.5 mm

5
400 mm x 600 mm x 9.5 mm
6

Stiffener Details

Welding
Method

One 400 mm long
stiffener at 150 mm
from edge along 600
mm direction

Two 400 mm long
stiffeners spaced 400
mm apart (100 mm from
both edges)

MCAW on
speed
controlled
trolley

Heat
Input

High (2.5
kJ/mm)

Moderate
(1.75 kJ/
mm)
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Mapping of Residual Stress in Ship Hull Structure

400

The Specimen 5 stress values drop from the maximum tensile
peak down to a compressive value of roughly -200 MPa, which
are roughly the same values as found in Specimen 3. From this
low point directly next to the stiffener-weld connection the
stress values increase back up to near zero (ranging from -35
MPa to 45 MPa) for the plateau between the stiffeners.

500

Longitudinal Stress (MPa)

500

400

-100

100

6.3

-200
150

3.7

-200

2.4

-300

1.1

-400
-100

0

100

200

300

Transverse distance from the second welded stiffener (mm)

Fig 1. Specimen 3 - Longitudinal stress through the depth in the
transverse direction

Specimen 5 was a plate with dimensions of 600 mm wide (T)
x 400 mm long (L) x 9.5 mm thick (N). Two 400 mm long
stiffeners were welded and spaced at 400 mm on centre. The
objective was to determine the effect of stiffener spacing on residual stress distributions compared with Specimen 3 in Phase
I. The measurements were taken in the transverse direction
across the weld and along both welds to check for consistency
and at five depths through the plate. Measurements were not
collected at the weld and stiffener connection due to time
constraints and complicated test set-ups. However, the results
from Phase I demonstrated that the strain values were constant
through the weld.
The longitudinal stress distribution transversely across the weld
is shown in Figure 2. The pattern of stress distribution agrees
with that which was obtained from Specimen 3 and previous
work [2]. At the second welded stiffener, the maximum stresses
were observed near the welded surface of the plate (at depths
of 8.4 mm and 6.6 mm) and the value is about 525 MPa,
which is well above the first yield stress of the plate, which was
measured as 405 MPa. The maximum longitudinal stress at the
stiffener welded first is 410 MPa, which is close to the yield
stress value and similar to the value observed from Specimen
3 of Phase I. Therefore, the higher value of stress at the second
welded stiffener may be due to the effect of welding the first
stiffener or some inconsistencies in the weld itself.
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3

0
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4.8
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8.9

5

6.6
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0

8.4

300

300

1.2

50

-50

-150

-250

-350

-450

-550

Transverse distance from the second welded stiffener (mm)

Fig 2. Specimen 5 - Longitudinal stress through the depth in the
transverse direction

Specimen 6 was constructed identically to Specimen 5 however; the heat input during welding for Specimen 6 was significantly less (1.75 kJ/mm) compared to the average heat input
(2.5 kJ/mm) used for all other specimens. Measurements were
only taken around the second welded stiffener due to time
constraints and a complicated test set-up. It was assumed that
the stress pattern found in Specimen 5 would be similar to the
pattern found in Specimen 6 with a change in magnitude.
Figure 3 shows the longitudinal stress collected for Specimen 6
transversely across weld at the second welded stiffener and does
not include any extrapolated data. The longitudinal stress component had a 25% increase from Specimen 5 to Specimen 6
with the 30% drop in welding heat input. Based on literature
reviewed the increase in maximum stress values were expected
when using a lower heat input during the welding process.
700
600

Longitudinal Stress (MPa)

Longitudinal Stress (MPa)

Materials Science

Figure 1 details the one-dimensional distribution for the
longitudinal stress for the transverse line across the weld for
Specimen 3. The figure shows the expected stress distribution
[2] and exhibits a minimal change in stress levels as the depth
through the plate changes. The peak tensile stress at the first
and second welded stiffeners was 430 MPa and 386 MPa,
respectively, with a plateau of roughly -150 MPa compressive
stresses between the two stiffeners. The higher stress value at
the first weld indicates that the second weld affects the stress
levels of the first weld and is a stress value higher than the yield
stress at 405 MPa. The majority of the stress values at the weld
centreline are about 400 MPa, just below the yield stress level.
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300
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200
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100
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0

1.2

-100
-200
-100

-50

0

50

100

150

200

250

Transverse distance from the second welded stiffener (mm)

Fig 3. Specimen 6 - Longitudinal stress through the depth in the
transverse direction

This is a result of a faster cooling rate with a lower heat input
since the welding temperature is closer to the ambient temperature than if a higher heat input was utilized. The increased
rate of cooling allows for shrinkage and additional phase
transformations, ultimately leading to higher residual stress
values. ([3], [4])

[2]

Summary and Conclusions
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Specimen 2 and Specimen 3 are the benchmark specimens
for comparing stress distributions in Phase II and for future
studies. Specimen 2 provided a look at the one stiffener stress
distribution and weld inconsistencies that were not presented
here. Specimen 3 presented a first look at the effect of welding
a second stiffener on the stress distribution. The maximum
stress values of the first welded stiffener were found to be
slightly higher than those of the second welded stiffener and
near the yield stress of the plate.
The results from Specimen 5 showed that the increased stiffener spacing allowed for the stress levels between the stiffeners to reduce down to near zero but the peak tensile stresses
to increase above yield. Specimen 6 was created physically
identical to Specimen 5 except for a difference in welding heat
input. The results for Specimen 6 showed the expected stress
distribution with higher peak tensile values due to the lower
welding heat input.
The data collected and analyzed here will be beneficial in the
planning and execution of any future testing. A more in depth
look may also be taken at the effects of inconsistencies in the
welding process, expanding on the minimal data that was
collected in these experiments. A semi-destructive method,
such as hole-drilling, may be implemented to verify the results
found here. As well, computer modelling may be used for a
detailed parametric study.
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The testing completed shows detailed information on the
residual stress distribution through the thickness of a plate. All
three strain components were collected to calculate the actual
residual stress distributions in the specimens. Most previous
work focused only on surface stresses due to the limitations
of testing methods and only focused on collecting one or two
strain components and assuming a plane strain problem.
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Currently the majority of tubing used in new and replacement
nuclear power reactor steam generators for CANDU reactors
is manufactured out of Incoloy 800 (IN 800). This alloy is corrosion resistant and is less susceptible to primary water stress
corrosion cracking and secondary side intergranular attack
than its predecessor, Incoloy 600. The University of Western
Ontario (UWO), McMaster University, the University of
Toronto, and Queen’s University have undertaken a collaborative program to try to understand the local stress conditions
that can lead to both forms of SCC. The Candu Owner’s
Group (COG), Ontario Centres of Excellence and Emerging
Materials Knowledge Ontario fund the project. One thrust
of the project is to map stresses on a sub-grain scale using
micro-Laue diffraction at the Advanced Photon Source (APS),
Argonne National Laboratory. This unproven technique must
be validated by comparison with proven techniques and modeling. To this end an experiment has been set up to compare
the results of micro-Laue to neutron diffraction measurements
extrapolated to the grain scale by modeling using both self
consistent polycrystalline models and finite element polycrystalline models.
Three tensile test specimens were cut from 6 mm thick IN 600
plate and heat treated at 800°C for 1 hour. The samples were
5 mm x 5 mm x ~ 20 mm with the long axis parallel to the
rolling direction (RD), which was the direction of the applied
load. The specimens were then strained in tension to total
strains of 0, 1 and 10% at UWO. EBSD orientation maps,
micro-Laue orientation maps, and micro-Laue surface residual
strain maps were made on a small area on each specimen. Bulk
residual strain measurements were performed on the L3 beam
line using a monochromatic beam and a 32-wire position sensitive detector. Measurements were made using four diffraction
peaks ({111}, {200}, {220}, {311}). Five specimen directions
were investigated: the three principal directions (RD, ND,
TD), and two more directions in the RD-ND plane at 30° and
60° from RD.
For the neutron diffraction residual strain measurements,
the zero-stress reference lattice parameter determined from a
control sample was 0.35564 ± 0.00004 nm. This value is an
average determined from all the measured d-spacings for the
control sample (five values for four hkl planes). The quoted
uncertainty is the sum in quadrature of the uncertainties in
each value used in the average, which arise from the peak fitting and wavelength calibration. The neutron diffraction residual lattice strains for the specimen strained to1% are presented
in Table 1. The table shows that the measured strains are small,
of the order of magnitude of the uncertainty in many cases.
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Table 1: Residual strains in specimen
strained to 1% total strain
Direction

hkl

Strain ( µ )
-134 ± 142

RD

111
200
220
311
111
200
220
311

-112 ± 273

111
200
220
311

-34 ± 244

19 ± 165

RD + 30

111
200
220
311

-190 ± 127

RD + 60

111
200
220
311

ND

TD

-140 ± 132
-63 ± 137
-112 ± 132
466 ± 254
128 ± 114
-25 ± 136
135 ± 189
-199 ± 148
-53 ± 108
54 ± 180
-118 ± 140
98 ± 139
-237 ± 66
-105 ± 150
-96 ± 149

Micro-Laue x-ray diffraction is a technique for studying mesoscale structure such as crystalline phase, local orientation, and
local defect distribution including elastic and plastic strains [1,
2]. Micro-Laue x-ray diffraction lattice strain measurements at
the APS were made in individual grains for the control (undeformed) and the 1% specimens.
For each crystal, the data consisted of a strain matrix for the
crystal principal directions, a strain matrix for the sample
principal directions, and crystal orientation. Multiple volume
elements within each grain were analysed. i.e. The volume elements were smaller than the grains. The Laue data for a grain
(that was compared to the ND data for a grain family) came
from multiple measurements. Data from all of the volume
elements were then aggregated and grouped into sets according

Grain

Strain Direction

Strain (ND, µ )

1

ND (200)
ND (111)

466 ± 254

2

TD (200)

135 ± 189

3

ND (200)
ND (111)

466 ± 254

4

TD (200)
ND (111)

Strain (Laue, µ )

Angle (ND to
Laue)
28.2
27.0

zz

= 440 ± 1016

yy

= 795 ± 1592

9.1

zz

= 486 ± 1104

33.5
35.6

135 ± 189

yy

= 1261 ± 642

-112 ± 273

zz

= -582 ± 466

-112 ± 273

-112 ± 273

Materials Science

Table 2: Comparison of strains in selected grains in the 1% sample

26.8
26.0

to crystal orientation. It should be recalled that micro-Laue
diffraction yields deviatoric strains while neutron diffraction
yields normal strains.
The orientation information from micro-Laue and neutron
diffraction was used to match similar grain orientations
studied using the two different techniques. This allowed the
comparison of lattice strains measured using the two different
methods. The results are shown in Table 2. The table shows
that it is generally difficult to match orientations precisely
(last column, Table 2). This is a consequence of the relatively
small number of grains sampled by micro-Laue diffraction
compared with neutron diffraction. The large grain population
sampled in neutron diffraction means that, in a typical powder
specimen, there are generally enough grains with a particular
orientation with respect to the specimen axes to produce a
good-quality signal. On the other hand, the small number of
grains sampled in a typical micro-Laue diffraction experiment
means that the probability of sampling a specific grain orientation is low.
It is difficult to draw conclusions from the data in Table 2
because of the large uncertainties in the micro-Laue diffraction
data, and the very small strains, which are comparable to the
uncertainties for both techniques.
The neutron measurements provide data for validation of the
micro-Laue measurements. There is general agreement between
the two sets of measurements, validating the development of
the Laue technique. However, the comparison highlights the
large uncertainties associated with the Laue measurements.
The possibility of doing in-situ neutron diffraction measurements is being explored.
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Zircaloy-2 is used extensively in the nuclear industry as a
structural material for the reactor core of both light and heavy
water reactors. Intergranular residual stresses and texture
greatly affect the mechanical properties of the material during
operation.
For this study, a warm-rolled and recrystallized Zircaloy-2
slab was used to examine the texture evolution of Zircaloy-2
at 77 K. The objective was to develop a better fundamental
understanding of twinning mechanisms that contribute to
plastic deformation in Zircaloy-2. This will provide valuable
information to improve models to predict the deformation of
Zircaloy-2, and specifically the development of type-2 residual
stresses that determine in-reactor behaviour. At room temperature, twinning is not the dominant deformation mechanism.
The testing temperature was thus lowered to 77K to suppress
the activity of slip systems, and increase the relative activity of
twinning mechanisms, making the study of twinning easier.
A sample aligned with its stress axis parallel to the rolling
direction of a Zircaloy-2 slab was compressed to -6% plastic
strain. The pre-deformed sample texture was measured using
material that did not undergo any plastic deformation, while
the central portion of the gauge section of the sample was used
to measure the deformed sample texture. The texture measurements were performed using the E3 spectrometer. The sample
used for texture was then polished and used for Electron Backscattered Diffraction (EBSD) measurements, which provide
local texture information, which is complementary to the bulk
texture data, obtained by neutron diffraction.

As shown in Figure 1(a), there is a strong concentration of
basal poles parallel to the normal (thickness) direction in the
as-received Zircaloy-2 slab. This preferred orientation persists
after deformation (Figure 1(b)). However, Figure 1(b) also
clearly shows that some basal poles have been re-oriented parallel to the compressive axis (rolling direction). This reorientation is evidence of {1012} tensile twinning, which reorients
the basal poles 85.22° away from the tensile axis (thickness
direction) towards the compressive axis (rolling direction).

Fig 2. EBSD map for the rolling direction showing {1012} and {1121}
tensile twins

Figure 2 shows an EBSD map for a sample compressed along
the rolling direction. Both {1012} (85.22°rotation) and {1121}
(34.84° rotation) tensile twins are visible.
In conclusion, the texture evolution during plastic deformation of Zircaloy-2 at 77K verifies the activation of twinning,
and complements work performed on in-situ lattice strain
evolution of Zircaloy-2 at 77K. Results will be compared with
model predictions of twinning.
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Fig 1. Basal pole figures for (left) as-received and (right) deformed
Zircaloy-2
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Recycling of aluminum alloys is a general practice in foundries. In these recycled Al alloys, Fe is almost invariably present
as an impurity. By forming intermetallics such as Al13Fe4, Fe
can result in significant damage to aluminum alloys. Thus
strategies have to be developed to modify the negative effect
of Fe. One of them is by physical processing such as rapid
solidification processing (RSP) to increase the solubility of Fe
or obtain finer dissemination of Al-Fe precipitates. Among
the atomization techniques, Impulse Atomization (IA) is one
innovative approach, which is capable of producing droplets
of controlled size with relatively narrow distribution and
a predictable cooling rate. During rapid solidification, the
undercooling and/or high cooling rates attained by the liquid
can result in a non-equilibrium (metastable) phase formation
in the microstructure. The presence of these non-equilibrium
phases produced by RSP allows greater flexibility and control
of the final microstructure to yield good high temperature
strength with sufficient ductility, high elastic moduli and
excellent thermal stability, superior to those obtained by more
conventional ingot metallurgy and casting techniques. In
order to tailor the processes, to obtain data such as undercooling, cooling rate in IA process is important. However, these
parameters are difficult to collect due to the characteristics of
the rapid solidification process. Therefore, simulated experiment such as levitation experiments at reduced gravity (PFC)
was conducted to make these measurements. For comparison,
terrestrial experiments are conducted as well.
In the previous transmission electron microscope (TEM) study
on IA Al-Fe powders, we found the existence of metastable
AlmFe, stable phase Al13Fe4 and primary α-Al. The TEM characterization on PFC and terrestrial droplet revealed Al13Fe4, eutectic Al13Fe4 and unknown Al-Fe intermetallic in PFC sample
while Al13Fe4, eutectic Al13Fe4 in terrestrial sample. Metastable
AlmFe (m = 4.0-4.4) was not found in the microstructure for
both samples. Neutrons are highly penetrating, allowing the
non-destructive investigation of the interior of materials. This
makes it as a very complementary tool to TEM.
Al-Ni alloys are of great interest to the aerospace industry
because of their low density and high temperature capabilities.
It is believed that the improved mechanical properties result
from reduced microsegregation and formation of metastable
phases during rapid solidification processing. Understanding
the evolution of microsegregation during rapid solidification is
necessary to control the microstructure and the properties of
these alloys. To study the effect of different processing parameter such as composition and cooling rate on the microstructure evolution of Al-Ni alloys, rapidly solidified powders of
Al-20at%Ni and Al-31.5at%Ni were produced using IA in

Helium and Nitrogen atmospheres, respectively. Two different
particle sizes, 325 and 780 μm, were studied using neutron
diffraction technique. The formation of different phases and
their quantity are to be compared to droplets solidified in
micro-gravity (TEXUS) to investigate the effect of cooling
rate, undercooling and convection in the melt.
Neutron diffraction measurements were performed on the C2
neutron powder diffractometer, located at the NRU reactor.
C2 consists of an 800-wire BF3 detector, floating on an epoxy
dance floor. Measurements were performed using a wavelength
of 1.33 Å taken from a Si(531) monochromator at 92.7º
take-off angle. The atomized powders were placed inside a
vanadium can of internal diameter 5 mm, and volume 1 cm3.
The spherical droplets (diameter about 6 mm) obtained from
the reduced gravity and terrestrial conditions were measured
without placing them inside a can. Both types of samples were
placed onto posts on a multispecimen changer, consisting of
a linear translator that was bolted to the sample table of the
diffractometer. Beam defining slits were used to illuminate
only the sample volume. In addition, the aluminum posts were
shielded with cadmium. Both of these precautions ensure that
the diffraction pattern is solely from phases in the sample.
Figure 1 shows the neutron diffraction patterns of Al-Fe IA
powders. Three different compositions (0.61 wt %, 1.90 wt
%, 8.0 wt %), below denoted as Al-0.61Fe, Al-1.90Fe and
Al-8.0Fe, have been conducted for neutron diffraction. The
positions of diffraction peaks obtained from literature crystallographic data are shown in the figures as well. By comparing the pattern obtained by means of Rietveld refinement
calculation and the experimental patterns, it was found that
in Al-0.61Fe, metastable AlmFe is the only intermetallic in the
structure. This is consistent with the TEM observation on the
same powder, which shows that the microstructure consists of
dendritic/cellular α-Al with eutectic AlmFe −α-Al decorating at
the dendritic/cellular walls. For Al-1.90Fe, neutron diffraction
shows the existence of AlmFe as well. This is again, consistent
with the TEM investigation of the microstructure. The TEM
observation shows similar microstructure compared with that
in Al-0.61Fe but with more eutectic volume percentage. The
neutron diffraction analysis for Al-1.90Fe suggests the possible existence of Al6Fe, but not very strongly. Al6Fe is another
metastable phase formed at lower cooling rate comparing with
AlmFe. However, extensive TEM observation has not identified this phase. In Al-8.0Fe, the primary intermetallic phase, as
revealed by the neutron diffraction analysis, is still AlmFe. This
confirms what found in TEM observation. Neutron diffraction
shows the possibility for the existence of Al6Fe as well. Indeed,
in the TEM observation, we did find the eutectic and the
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selected area diffraction (SAD) analysis suggests it is eutectic
Al6Fe−α-Al. Neutron diffraction also suggests the existence of
Al13Fe4, but not very certain. Again, TEM observation found
fine needles and coarse blades in the microstructure and SAD
analysis identified they were Al13Fe4, supporting the neutron
diffraction results. The uncertainty about the existence of
Al13Fe4 in neutron diffraction analysis may come from the
limited volume fraction of Al13Fe4 in structure. Thus the TEM
results show that TEM is complementary to neutron diffraction analysis in this aspect.

is metastable AlmFe in both structures as well, which was not
obtained in the extensive TEM observation. Since the information TEM supplied is from the thin foil prepared from a
slice from the spherical droplet (~ 6 mm in diameter), it is
quite possible that AlmFe is not in the area we observed. This
shows, on the other hand, neutron diffraction is complementary to TEM observation. Although quantitative information has
not been obtained yet, we postulate the quantity of AlmFe is
not much considering the post annealing effect of the droplet
because its cooling rate is much slower than that of atomized
powder.

Fig 2. Diffraction patterns and the computed peaks from Rietveld
refinement.

The neutron diffraction shows the intensity difference of the Al
diffraction peaks at about 2.7 and 3.1 Å-1 for PFC and terrestrial samples (see Figure 3). This is due to texture effects arising
from the difference in solidification of the two samples. Remarkably enough there seems to be no texture effects for AlmFe
or Al13Fe4 that indicates that the crystallites are small and
randomly oriented. Thus no orientation correlation between
the Al and the AlmFe or Al13Fe4 crystallites seems to exist.

Fig 1. Neutron diffraction patterns of Al-Fe IA powders for three
different compositions (0.61 wt %, 1.90 wt %, 8.0 wt %), denoted as
Al-0.61Fe, Al-1.90Fe and Al-8.0Fe.

The neutron diffraction indicates samples may contain some
other phase as no diffraction peak exists at 2.979 Å-1 for any of
the three phases of AlmFe, Al6Fe and Al13Fe4. However, it might
be that this peak originates from a strongly distorted Al6Fe
phase. Further work need to be done on this.
Figure 2 depicts the diffraction patterns and the computed
peaks from Rietveld refinement. The diffraction patterns
suggest the existence of Al13Fe4 in both PFC and terrestrial
samples, which is consistent with the TEM observation.
Furthermore, neutron diffraction analysis points out that there
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Fig 3. Neutron diffraction shows the intensity difference of the Al diffraction peaks at about 2.7 and 3.1 Å-1 for PFC and terrestrial samples.

In the current study, the neutron diffraction results of TEXUS
sample prepared from TEXUS44 sounding rocket campaign

with Al6Fe and Al13Fe4. This is again confirmed by the TEM
observation. However, for large droplets obtained from PFC
and terrestrial, neutron diffraction suggests the existence of
AlmFe while TEM observation does not reveal it. This shows
that as a powerful tool to supply 3D information, neutron diffraction is complementary to TEM observation.
Neutron diffraction has also shown a striking difference between TEXUS sample and IA atomized Al-Ni, i.e. the TEXUS
sample does not contain any Al phase. Based on this, further
characterization can be preformed to disclose the phase formation sequence and mechanism.

Fig 4. Neutron diffraction pattern of Ni-Al IA powders and Rietveld
refinement calculation results. The black vertical bars correspond from
above to the positions of diffraction peaks of the Al phase, the Al3Ni2
phase and the Al3Ni phases, respectively, from top to bottom.

One striking difference is that the TEXUS sample does not
contain any Al phase (see the peak at about 2.68 A-1). This is a
very interesting result that needs further investigation to find
the reason behind it. When comparing the TEXUS and IA
samples a larger difference in phase content can be seen. Looking on the two peaks at about 1.8 A-1, the ratio R between the
amounts of Al3Ni2 and Al3Ni varies significantly. From the
variation of R it is obvious that IA(Al50wtNi) > TEXUS >
IA(Al36wtNi). Further investigation on the neutron diffraction results is underway to quantify different phases shown in
the patterns.
In conclusion, neutron diffraction analysis reveals the existence
of eutectic metastable AlmFe in IA powders with composition
of Al-0.61wt%Fe and Al-1.90wt%Fe. This is consistent with
the TEM observation. For Al-8.0wt%Fe, neutron diffraction
study indicates primary AlmFe in the microstructure together
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were used to compare those of IA results. Figure 4 shows the
neutron diffraction pattern of Ni-Al IA powders and Rietveld
refinement calculation results. In the Figure, the black vertical
bars correspond from above to the positions of diffraction
peaks of the Al phase, the Al3Ni2 phase and the Al3Ni phases,
respectively.
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In the last decade, an increasing demand for lightweight materials occurred in order to decrease the oil consumption and
enhance vehicle performance in automotive industry. Being
the lightest structural metal, magnesium offers an attractive
solution. The heaviest component of a vehicle is the powertrain (engine block and transmission) where weight reduction
offers the maximum benefits. The powertrain service conditions necessitate materials that can resist up to 50-100MPa at
150-200°C. Most Mg alloys undergo creep deformation under
these conditions [1]. Consequently, if magnesium is to be used
for such applications, its resistance to creep needs to be improved. This requires a comprehensive understanding of deformation behavior of magnesium and its alloys [2]. Since many
components are put in service in as-cast condition, the effect
of as-cast structure, in term of crystallographic orientation, on
creep behavior was investigated. This is especially important if
the creep stress is above the yield strength of the alloy.
The materials used in this study are pure Mg and an Mg1.5%Mn alloy. Mg-Mn is a peritectic system with intra-granular second phase (α-Mn) particles. The pure Mg is considered
as a reference material and the Mg-Mn alloy has been studied
to determine how the presence of a second metallic phase will
alters the creep behavior. The alloys were prepared in the Light
Metals Research laboratory at McGill University.
The creep deformation was studied under compressive loading
to simulate the compressive stresses applied by bolts and nuts
at joints in the service. In the initial phase of the research,
the compression creep tests were conducted at McGill and at
Westmoreland Labs on the cylindrical samples at temperatures
100 - 175°C under constant loads of 15 MPa and 50 MPa.

Texture analysis by neutron diffraction was performed, at the
Canadian Neutron Beam Center (CNBC), on both tested and
as-cast (untested) samples under different loads and temperatures. Texture experiments were conducted using E3 - Triple
axis spectrometer that receives neutrons from the National
Research Universal (NRU) reactor.
The 00.2 and 10.0 pole figures of the as-cast pure Mg are seen
Fig.1 where N is the compression axis (CA) and T and C are
radial axes of the cylinder. Intensity of preferred orientation is
represented by contour lines, each contour line separation has
a specific intensity value (1.0 in Figure 1). The intensity was,
therefore, calculated as:
I (intensity) = S (Specific value for contour separation) x N
(Number of contour lines)
It can be seen from Fig.1a that for pure Mg the point of
maximal intensity lies where basal pole is around 20° away
from CA, which is also consistent with the 10.0 pole figure
(Fig. 1b). The maximal intensity in the 00.2 pole figure is 12.5
times the random intensity. As a large number of grains have
a preferred orientation as indicated in Fig.1, it can be assumed
that a strong directional solidification leads to such an orientation of the hcp crystals that the basal planes become parallel to
the direction of solidification (Fig. 2).

Fig 2. Schematic representation of grain growth from prismatic
planes in pure Mg.

Similar preferred orientation still exists when the 15MPa
-100°C - 150 hours tested pure Mg sample (Fig.3a) is compared with as-cast (untested) pure Mg. A slight decrease in
intensity of texture seems to have occurred as seen in the 10.0
pole figures; however the change is not significant.
Fig 1. (left) Basal (00.2) and (right) Prismatic (10.0) pole figures for the
as-cast (untested) pure Mg samples
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The 15MPa – 175°C – 150 hours sample (Fig. 3b) also shows
similar preferred orientation in general, however, the maximum intensity of texture dropped significantly from 12.5

Fig 5. Pole figures for as-cast (untested) Mg-1.5%Mn alloy: (left) Basal
reflection (00.2) and (right) prismatic reflection (10.0).

Fig 3. Basal-plane pole figures (00.2) for pure Mg after creep testing:
(left) 15MPa 100ºC 150hrs. and (right) 15MPa 175ºC 150hrs.

Additionally, creep tested Mg-1.5%Mn alloy exhibits no obvious change when the test conditions change from 15MPa100°C-150 hours to 15MPa -175°C-150 hours (Fig. 6).
In other words, the decrease in maximum texture intensity
observed for pure Mg was not observed in the Mg-1.5%Mn
alloy tested under the identical conditions.

An increase in the creep load from 15MPa to 50MPa resulted
in enhanced rotation of the basal poles towards CA. The pole
figures received for the 50MPa-150°C-5 hours sample (Fig. 4)
indicate that basal poles become aligned with CA. Interestingly, Sato et al. reported rotation of the basal poles to becomes
perpendicular to stress axis (tensile) for pure Mg [3].

Fig 6. Basal pole figures (00.2) of Mg-1.5Mn after creep testing: (left)
15MPa 100ºC 150hrs. and (right) 15MPa 175ºC 150hrs.

Fig 4. Pole figures for creep-tested pure Mg sample (50MPa 150ºC
5hrs.): (left) (00.2) reflection and (right) (10.0) reflection.

The effect of Mn addition on crystallographic texture evolution was investigated under similar creep conditions. Pole
figures for the as-cast Mg-1.5%Mn material (see Fig. 5) exhibit
similar, but weaker, preferred orientation than pure Mg where
basal poles have preferred orientation either at an angle of
≤30º away from CA or perpendicular to the CA (Fig. 1 a.). It
can be seen that, compared to as-cast pure Mg samples, the addition of 1.5%Mn resulted in a more random as-cast texture.

Fig 7. Basal (00.2) and Prismatic (10.0) pole figures of creep tested
Mg-1.5Mn (50MPa 150ºC 10hrs.)
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times random to around 5 times random when compared to
the15MPa-100°C-150 hours sample and the as-cast untested
sample. This might be due to dissolution of existing strong
texture resulting from directional solidification (presence of
columnar grains) by creep deformation at 175°C. The increase
in temperature seems to facilitate the slight rotation of basal
poles away from existing preferred orientation. This might be
the reason for decrease in maximum intensity of texture.

Materials Science

Almost complete inhibition of rotation of the basal poles
during the high-temperature creep testing (from 100oC to
175oC) indicates that α-Mn precipitates are effective in resisting the deformation (creep). On the other hand, rotation of
the basal poles to become parallel to CA is obvious for the
50MPa-150°C sample (Fig.7). Similar rotation was earlier observed in pure Mg under similar conditions (Fig, 4). Apparently, at 50MPa stress Mn addition could not effectively reduce
the magnitude of texture evolution, as the α-Mn precipitates
were no longer efficient in resisting creep deformation.
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Maximum texture intensity observed in various studied specimens is summarized in Table 1.

Conclusions
Texture studies on as-cast pure Mg indicated that preferred
orientation of basal planes of the hcp crystals is almost parallel
to the growth direction of columnar grains. Similar observations were also made for Mg-1.5%Mn as-cast alloy, though
points of high intensity were also observed at ~90° from the
compression axis.
Maximum intensity of texture in pure Mg dropped significantly after the compressive creep testing (15MPa, 175°C for
150hrs.).
No significant change in maximum intensity of texture was
observed in 15MPa samples at different temperatures, indicating that α-Mn precipitates resisted enhanced creep deformation and, correspondingly, the texture evolution.
Higher-load creep tests (stress is above the yield strength 50MPa, 150°C) resulted in rotation of the c-axis to become
parallel to CA for the both materials tested.

Table 1. Summary of Results
Sample

Testing Conditions

Preferred texture orientation

Pure Mg
Pure Mg
Pure Mg
Pure Mg

Untested (As-cast)
15MPa-100ºC-150hrs.
15MPa-100ºC-150hrs.
15MPa-100ºC-150hrs.

Angle between the
hcp c-axis and CA
~20º
~20º
≤20º
~20º

Maximum
Intensity
12.5
12.5
5
5

Pure Mg
Mg-1.5%Mn
Mg-1.5%Mn
Mg-1.5%Mn
Mg-1.5%Mn
Mg-1.5%Mn

50MPa-150ºC-5hrs.
Untested (As-cast)
15MPa-100ºC-150hrs.
15MPa-100ºC-150hrs.
15MPa-100ºC-150hrs.
15MPa-100ºC-150hrs.

0
≤30º and ~90º
≤30º and ~80-90º
≤30º and ~70-80º
≤30º and ~90º
0

5
~13
~13
~10
~12
6
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Friction stir welding (FSW) is an emerging manufacturing
technology increasingly used in the aerospace industry. The
National Research Council Canada’s Institute for Aerospace
Research has undertaken a major initiative to manufacture a
fuselage panel using FSW. This multipronged study includes
structural design, process optimization, evaluation of mechanical properties, NDE and robotic processing. Aircraft fuselage
panels are usually composed of stringers and frames riveted
onto a skin. For this application, FSW was an interesting
alternative to rivets for creating lighter and more aerodynamic
structures at lower cost [1,2]. However, stringer to skin joints
pose a significant problem because of panel distortion [2,3].
The aim of the present work was to model the influence of
friction stir welding parameters on the residual stresses, using
a thermo-mechanical simulation developed using LS-DYNA
finite element software.
Friction stir welds were made using a MTS I-STIR machine
operated in position control welding mode using standard
FSW tools made of H13 tool steel. 2.3-mm thick 2024-T3
plate was used for these tests. The influence of travelling speed
(2, 6 and 10 mm/s) and rotational speed (500, 1000 and
1500 RPM) was investigated. All other welding parameters
were kept constant. Thermocouples attached to the aluminum
plate were used to monitor temperature during welding. The
aluminum plate was clamped to a stainless steel backing anvil
to prevent distortion during welding.
Residual lattice strains were measured by neutron diffraction using the L3 strain-scanning spectrometer. The aluminum plate remained clamped to the backing anvil for these
measurements. Lattice strains were measured parallel to the
longitudinal (parallel to the weld), normal (perpendicular to
the Al plate surface), and transverse directions, at the middle
length of the weld. This allowed us to determine the corresponding residual stresses. A sampling volume of 2 x 2 x
(2-20) mm3 was used, depending on the component of strain
being measured. Different stress-free scattering angles (2θ0),
acquired from small coupons extracted from a component
after all the measurements were done, were used for the weld
and base material.
A finite element model was developed using LS-DYNA to
study the thermal cycles and induced stresses that occur
during FSW. The model takes into account the temperaturedependent mechanical and thermophysical properties of the
base material. As a first step, the thermal history was predicted
considering tool friction as a heat source, an approach which
has been used successfully elsewhere [4,5]. The model was
calibrated using an inverse method based on temperature
measurements at various locations close to the weld centreline

[4,5]. The temperature distribution generated by the thermal
model was then sequentially coupled to a mechanical model to
predict the residual stresses.
The model dimensions of the aluminum plate and backing anvil
were respectively 140 x 100 x 2.3 mm3 and 140 x 100 x 12
mm3. The mesh was refined in the vicinity of the welding tool.
Heat flow was treated as a pure heat conduction problem, ignoring material flow around the FSW tool. Heating was modelled
as a surface heat generation term and related to the basic welding
process parameters via equation 1, where q is the surface heat
flux (W/m2), ω is the rotational speed of the tool (rad/s), M is
the welding torque recorded by the welding machine, r is the
radius of the tool shoulder and η is a process efficiency that takes
into account the heat lost to the welding tool.
(1)
All nodes had an initial temperature of 23°C. The heat source
was located at the bottom surface of the welding tool and moved
along the weld line at the travelling speed. Convection was
found to have a negligible effect on the predicted temperature
distribution, so was excluded from the model. Radiation heat
loss was also neglected. Two different heat transfer coefficients
were defined for the model: H for high-pressure contact under
the FSW tool and H0 for low-pressure contact under the rest
of the plate. H was larger than H0 in order to take into account
the improved contact between the Al plate and the backing anvil
due to tool pressure. η, H, and H0 were calibrated using an
inverse method based on temperature measurements as a function of rotational speed. The process efficiency decreased with increasing rotational speed, due to the increase in tool temperature
with rotational speed. For the mechanical analysis, the FSW tool
and the backing anvil were treated as rigid contact surfaces. To
simulate the effect of the clamping device, all displacement and
rotational degrees of freedom were blocked along the longitudinal edge of the plate. After tool motion was done, the simulation was allowed to continue until the Al plate cooled down to
allow the residual stresses to develop. The release phase from the
clamping device was thus not simulated, such that the predicted
and measured stresses reported correspond to those before the
clamping pressure was released.
Results for a weld performed with a tool rotational speed of
1000 RPM, and a travelling speed of 6 mm.s-1 are presented
here. The measured and predicted temperatures as a function
of distance from the weld centreline are compared in Figure 1.
The differences are negligible, but the predicted temperature
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profile shows an unrealistic plateau of about 350°C in the weld
(where no measurements were made). This is likely a consequence of modeling the heat generated by the FSW tool as a
constant heat flux, which yields a top-hat heating profile. The
assumption here is that material flow around the tool tends to
homogenize the temperature under the FSW tool. However, a
Gaussian temperature profile may be more appropriate.

Fig 1. Measured and predicted temperatures as a function of distance
from the weld centreline.

The measured and predicted longitudinal and transverse
residual stresses are shown in Figs. 2(a) and (b), respectively.
The results are plotted as a function of distance from the weld
centreline.
Regarding the longitudinal stresses in Fig. 2(a), an acceptable
match is observed: the predicted and measured profiles show
tensile stresses close to the yield strength of 2024-T3 base
metal (345 MPa) in the weld area and compressive stresses in
the rest of the plate. This tendency agrees with many previous
investigations [4, 6-8]. However, the predicted tensile stresses
in the weld are higher than the measured ones. It can also
be seen that the predicted stress gradient is sharper than that
revealed by neutron diffraction.

The predicted and measured trends in the base metal are somewhat different (Figure 2(b)). The predicted stresses are most
negative close to the weld, becoming progressively more tensile
further away from the weld. Conversely, the measured stresses
remain constant beyond a distance of approximately 20 mm
from the weld centreline. These differences could be explained
by the lack of blocked nodes close to the heating zone simulating the effects of the clamping device.
In the transverse direction, modelled and measured stresses
were tensile in the base metal, similar results having been reported in [4, 6-8]. However, the predicted and measured profiles diverge significantly in the weld zone, where the measured
stresses are weakly compressive while the predicted stresses are
strongly tensile. This difference may be due to the presence
of blocked nodes at the edge of the Al plate, which prevented
plate expansion along the transverse direction, thereby distorting the predicted build-up of residual stresses.
This study highlighted the following points. i) The difference between the predicted and measured temperatures was
negligible. This confirmed the relevance of the inverse method
for calibrating the thermal model and the usage of the two
different heat transfer coefficients between the Al plate and
the backing anvil. The heat transfer coefficient under the FSW
tool was higher than for the rest of the plate in order to take
into account the better contact due to tool pressure. ii) The
predicted longitudinal residual stresses are in good agreement
with the measurements performed by neutron diffraction
validating the model assumptions: no material flow around the
FSW tool and a top hat profile of the heating source. However,
improvements should be brought in the mechanical analysis to
take into account a more realistic clamping situation.
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The complexity in the plastic behaviour of magnesium and its
alloys, especially at low-temperature, limits their widespread
application. For instance, the nature of deformation twinning
can be influenced by the presence of second phase particles, as
suggested by various researchers [1-3]. In addition, the relative
importance of the various slip and twinning systems change
with temperature [4, 5]. The objective of the current work
is to study the effects of precipitates and temperature on slip
and twinning behaviour. In this context, a study of texture
development offers useful insights into the active deformation
mechanisms.
In this study, AZ80 (Mg-8wt.%Al-0.5wt.% Zn) magnesium
alloy was tested in uniaxial compression at 77K and 293K. The
material was tested in the supersaturated solid solution condition and in a precipitated state with a high volume percentage
(10-11%) of β (Mg17Al12) phase. The initial texture of the
material was weak (maximum intensity 2.4 m.r.d) and the
average grain size was 32 μm. The deformation experiments
were stopped at intermediate strain levels (e.g. 2%, 5% etc.)
for texture measurements. The texture measurements were
carried out on the E3 spectrometer at the Canadian Neutron
Beam Centre. The wavelength was 2.2 Å and the cross section
of the beam was 25.4 mm × 25.4 mm. Four pole figures,
{0001} Mg, {1010} Mg, {1011} Mg and {1012} Mg, were measured
in each case from which the ODF was obtained. The W200
harmonic coefficient of the ODF, which is a measure of <c>
axis strengthening along the normal direction (compression
direction), was used in a preliminary analysis.
Fig. 1a shows the true stress - true strain response of solution
treated AZ80 alloy tested in uniaxial compression at 77K
and 293K. The corresponding W200 coefficients are plotted
as a function of true strain in Fig. 1b. A detailed quantitative
analysis to estimate the twinning volume fraction as a function
of strain is in progress. Nevertheless, the measured texture results match well with the experimental stress-strain curves. The
W200 coefficients for both temperatures vary similarly. The
plots can be divided roughly into two regions (Fig.1b). Region
I exhibit rapid texture change, which can be attributed to significant twinning. On the other hand, region II corresponds to
a plateau, where there is little change in texture; likely related
to a change of deformation mechanism from twinning to hard
non-basal slip mechanism, and basal slip in the re-oriented
twinned regions.

aged sample than for the solution treated sample. This can be
attributed to the difference in twinning behaviour. Preliminary
analysis suggests that precipitates lower the scale and fraction
of twinning in the aged alloy.

Fig 1. (a) True stress-true strain curves for solution-treated AZ80 tested
at 77K (dashed line) and 293K (solid line) and (b) the corresponding W200 harmonic coefficients of the ODF (c) true stress-true strain
response of solution treated (solid line) and aged (dashed line) AZ80
alloy tested at 293K and (d) the corresponding W200 harmonic coefficient of the ODF.
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Fig. 1c shows the true stress true strain response of solutiontreated and aged samples tested in uniaxial compression at
293K. The corresponding W200 coefficients are shown in Fig.
1d. The values of W200 at 2% and 5% strain are lower for the
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Vitamin E was discovered in 1922 as a necessary dietary
component for healthy reproduction in rats. It is now known
to consist of two families of four compounds each, known
as the tocopherols and tocotrienols. All the tocopherols are
well known to be very useful, fat-soluble, anti-oxidants, and
together with water soluble anti-oxidants like ascorbic acid, are
very common additives in the food and cosmetic industries.
Despite receiving all eight types in our diets, only α-tocopherol
is retained in our bodies. The unanswered question for the last
80 years has been whether α-tocopherol serves as an antioxidant in living organisms as well.
Traber and Atkinson write that “. . . all of the observations
concerning the in vivo mechanism of action of α-tocopherol
result from its role as a potent lipid-soluble antioxidant” [1].
On the other hand, Dr. Azzi expresses another opinion when
he writes that “. . . α-tocopherol is not able, at physiological
concentrations, to protect against oxidantinduced damage or
prevent disease allegedly caused by oxidative damage” [2]. We
are looking more closely into this diverging of opinions though
a series of biophysical experiments on Vitamin E, including
neutron diffraction.
We use neutron diffraction data to determine whether
α-tocopherol could in fact serve as an anti-oxidant or is merely
a sensor of oxidative stress. We are fortunate to have tocopherol with specific deuterium labels (Fig. 1); first, in the three
hydrogen attached to the methyl group of the 5’ carbon on the
phenol ring in the headgroup, and second, another synthesis
with deuterium on the 9 carbon of the acyl chain. We begin
with simple phosphocholine lipids with mono-unsaturated acyl
chains; 16:0-18:1 PC (POPC) and 18:1-18:1 PC (DOPC). By
determining the location of tocopherol in a model bilayer, we
might be able to answer whether it’s in a position to sacrifice
itself to stop lipid peroxidation events, or just simply respond
to the presence of free radicals where they shouldn’t be.

and 0 mol % D2O. Note that at 8 mol % D2O, the contribution to the total scattering intensity from the inter-bilayer water is null, which means the only contribution to the scattering
arises from the lipid bilayer and tocopherol. Care was taken to
prepare all samples in an oxygen-free environment.

Fig 2. Mass distribution of C5 headgroup deuterium label in DOPC
bilayers.

Fourier reconstruction of the scattering length density (SLD)
bilayer profile followed the method outlined in Harroun et al.
[3], including corrections for neutron absorption, geometry
of beam and sample widths, and the Lorentz factor. The SLD
profile ρ(z) is calculated from the Fourier transform of the
structure factors, and placing the data on a “SLD per mole”
basis. The difference between deuterium labeled (L) and protonated, or unlabelled (U) samples can also be calculated using
the difference in the structure factors Fh = FhL − FhU, as long as
the structure factors for the labeled and unlabelled experiments
can be placed on the same relative scale. If they can, then the
difference SLD profile is simply the center of mass of the isotopic/isomorphic substitution label, with all other molecular
components subtracted away.

Fig 1. alpha-tocopherol, deuterium-labelled.

Neutron diffraction data was collected at the CNBC D3
beamline, using 2.37 Å wavelength neutrons from a pyrolytic
graphite (PG) monochromator and PG filter. Using a sample
cell specially constructed at Brock University for the purpose,
samples were kept at 30°C, and hydrated at fixed humidity
using saturated salt solutions of KNO3 (90.79 ± 0.83% relative
humidity (RH)), KCl (82.95 ± 0.25% RH), NaNO3 (72 ±
0.32% RH), and K2SO4 (96.71 ± 0.38% RH), with 70, 16, 8
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Fig 3. Mass distribution of C9 acyl chain deuterium label in DOPC
bilayers. POPC bilayers are similar.

Figure 2 shows the subtracted SLD profiles of the center of
mass of the deuterium label at the headgroup of tocopherol, in
a DOPC bilayer. It’s located ~ 16 Å from the center of the bi-

Soft Materials

layer, and the cartoon of tocopherol in Fig. 2 shows how it sit
upright in the bilayer. This orientation is confirmed in Figure
3, where the 9 carbon of the acyl chain is located in a broad
region around the center of the bilayer. From the width of this
distribution, the chain must enjoy a high degree of mobility
and freedom, whereas the headgroup adopts a more localized
position at the hydrophobic/hydrophilic interface.

Fig 4. Highly unexpected mass distribution of C5 headgroup deuterium label in POPC bilayers.

Strangely, in POPC bilayers shown in Figure 4, the phenol
ring of α-tocopherol sits well above the bilayer, although the
acyl chain is still oriented into the lipid hydrocarbons, as determined by the C9 data (data not shown). This highly unusual
position the hydroxyl group is solvated by water, and raises
more questions than answers. Is this location because tocopherol should be more accessible to free radicals, rather then lipid
radicals? Is this an artifact of the data analysis, especially the
scaling and phasing procedures?
Scaling can be done by: 1. Equating ρL(x) and ρU(x) at one
point, resulting in a set of simultaneous equations in the Bragg
peak with scaling factors and label parameters as unknowns.
2. Equating ρL(x) and ρU(x) at two points, which yields an
analytical result for scaling factors. 3. Scale inter-bilayer water
profiles to be the same. In each case, the result shown in Fig.
4 remains the same. Clearly, more data on additional lipids is
required to fully answer these questions.
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Morphologies of microemulsion from water-oil-surfactant
mixtures have been extensively studied for decades. The general structures observed are spherical micelles (including oil or
water “droplets”), cylindrical micelles (including cylindrical
inter-connected network) and lamellar phase (including bicontinuous sponge phase) with the surfactant molecules residing
at the water and oil interfaces [1] – [3]. Rhamnolipid is found
to enhance dramatically the solubility of organic compounds
(e.g., styrene) indicating that they self-assemble into stable
structures in aqueous solutions. To understand the relationship
between structure and solubility, small angle neutron scattering
(SANS) is used to study the global morphologies of aggregates
at various concentrations and contrast conditions. The analysis
shows that rhamnolipid/styrene self-assemble into a mixture of
cylindrical micelles and vesicles unlike the general structures
observed in microemulsions.

ecules from water phase. Therefore the contrast factor, Δρ2cyl, is
calculated as the square of the scattering length density (SLD)
differences of solvent (i.e., D2O) and rhamnolipid/styrene.

(1)

where φcyl, Rcyl and Lcyl are the volume fraction, radius and
length of the cylindrical (or discoidal) micelles, respectively
and J1(x) is the Bessel function of the first kind of the first
order.

The rhamnolipid with the trademark JBR-425 was from
Jeneil Biosurfactant Co. For the purpose of contrast variation, deuterated styrene (d-styrene, from Cambridge Isotope
Laboratories Inc.) and hydrogenated styrene (h-styrene, from
Fisher Scientific Canada) were used for sample preparation individually. The rhamnolipid and styrene (either h- or d-) were
then mixed and dissolved into D2O to constitute the desired
rhamnolipid (crham) and styrene (cstyr) concentrations. Neutron
scattering experiments were conducted at N5, a triple-axis
neutron spectrometer adapted for SANS measurements [4].
The employed wavelengths of the neutrons, λ were 5.23, 4
and 2.37 Å, chosen by a pyrolytic graphite monochromator.
The raw scattering intensities were collected as a function of
scattering angle, θ, by the 32-wire detector and then were
corrected by sample and empty transmissions, empty cell scattering and background scattering/noise at the same range of
θ and normalized to the absolute scale by a standard solution
(1% polystyrene microbead solution with a diameter of 50
nm) with a known absolute scattering curve [4]. All the SANS
data are presented as a function of the scattering vector, q,
defined as (4π/λ)sin(θ/2).
Figure 1 shows the SANS data of the crham = 2.0 wt.% and cstyr
= 3600 mg/L (h-styrene) solution. Since the data cannot be
fitted with any model of single morphology with reasonable
physical parameters, a combinational SANS model of two
form factors (a core-shell sphere, PCSS(q) and a cylinder, Pcyl(q))
is used to account for possible combinations of cylindrical,
discoidal, spherical micelles and spherical vesicles. The Pcyl(q)
expressed in Equation 1 describes two possible scenarios: cylindrical or discoidal micelles, where hydrophilic group of the
rhamnolipid shields the hydrophobic core and styrene mol74
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Fig 1. SANS data of the crham = 2.0 wt.% rhamnolipid solutions containing 3600 mg/L of h-styrene. (a) The solid, dotted and dashed lines
are the best-fit using “discoidal micelles + oil droplets” combinational
model, contributions from oil droplets and discoidal micelles, respectively; (b) The solid, dotted and dashed lines are the best-fit using
“cylindrical micelles + vesicles” combinational model, contributions
from vesicles and cylindrical micelles, respectively.

The PCSS(q) expressed in Equation 1 represents the other two
possible morphologies: vesicles or microemulsion droplets.
In the former, rhamnolipid/styrene is presumed to form a

(2)

where φCSS is the volume fraction of the core-shell spheres in
the solution, Vs is the volume of individual spheres and A(q, r)
is the amplitude of the scattering intensity expressed as

where Γ(1/p2) is the Gamma function to normalized the Schulz
distribution, the SLDs of inner core, outer shell and solvent are
ρi, ρo and ρsolv, respectively and <Ri> is the core radius.

In the case of vesicles, ρi = ρsolv = ρD2O and ρo = ρrhamn-styr (the average SLD of rhamnolipid and styrene mixture), whereas in the
case of microemulsion, ρi = ρstyr (the SLD of styrene), ρo = ρrhamn
(the SLD of rhamnolipid) and ρsolv = ρD2O. Therefore, we are able
to differentiate the cases of microemulsion and vesicles through
comparing the best fitting scattering curves of rhamnolipid/hstyrene and rhamnolipid/d-styrene in D2O at the same conditions, assuming both result in the same morphologies (i.e., no
isotope effect).
Fig 1 shows two best fitting curves using the combinational
model: in one case (Figure 1a), a mixture of “oil droplet” (large
spherical micelles) and discoidal micelles, where ρi, ρo and ρsolv
of spherical micelles are thus kept constant: ρstyr = 1.2 x 10-6 Å-2,
ρrhamn = 4.1 x 10-7 Å-2 and ρD2O = 6.4 x 10-6 Å-2. In the other case
(Figure 1b), a mixture of vesicles and cylindrical micelles, where
ρi = ρD2O and ρo = ρrhamn-styr (calculated to be ~ 5.7 x 10-7 Å-2)
for vesicular morphology. The intensity contribution from the
individual morphology is also illustrated. Both models indicate
reasonably good fits to the SANS data, although the value of χ2
using the “cylindrical micelles + vesicles” model (χ2 = 551) seems
slightly smaller than that from the “discoidal micelles + oil droplets” model (χ2 = 1341), leading to an inconclusive result.
A parallel SANS measurement is conducted on the sample under
the same conditions except the h-styrene is substituted by the
d-styrene as shown in Fig 2(a) and (b). Under the assumption
of invariance in the structures, all the structural parameters are
kept at the vicinity of the first best fitting values (only allowed
± 10% in variation) in either case but ρi and ρo vary freely
while fitting through the “discoidal micelles + oil droplets” and
“cylindrical micelles + vesicles” model, respectively. The best fits
of both models seem to agree with the SANS data reasonably
well in appearance. However χ2 from the “discoidal micelles +
oil droplets” model (χ2 = 5008) is nearly an order of magnitude
larger than that from the “cylindrical micelles + vesicles” model
(χ2 = 551). Moreover, the best fitting value of ρi, 2.8 x 10-6 Å-2,
in the “discoidal micelles + oil droplets” model is less than half of
the calculated SLD value of d-styrene (ρd-styr = 5.7 x 10-6 Å-2). On
the contrary, the best fitting value of ρo, 1.16 x 10-6 Å-2, in the
“cylindrical micelles + vesicles” model reveals a volume fraction
of 14% d-styrene in the vesicular shell, consistent with the calculated value of 15%, thus indicating that the “cylindrical micelles
+ vesicles” model a more valid model than the “discoidal micelles
+ oil droplets” model. This model also agrees with the previously
reported structures of rhamnolipid aggregates at neutral and
acidic conditions [5]. The SANS analysis illustrates that the application of contrast variation in neutron scattering is a powerful
method to resolve the morphologies unambiguously.
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spherical shell filled with D2O, whereas the latter suggests
rhamnolipid should form the interface of the styrene droplet
and D2O. In both cases, the outer radius, Ro of the spheres
is described by a Schulz distribution function, f(r), with a
polydispersity of p defined as σ/<Ro>, where <Ro> and σ2 is the
mean value and the variance of Ro. The scattering function is
expressed in Equation 2 as follows.

Structural Investigation of a Bicelle/Pluronic
System by Small Angle Neutron Scattering
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Bicelles are a model membrane system consisting of binary
mixtures of long chain lipids, e.g.,1,2-dimyristoyl-sn-glycero3-phosphocholine (DMPC) and short chain lipids, e.g.,
1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC).
Depending on the molar ratio of long to short chain lipids,
Q (i.e., [DMPC]/[DHPC]) and temperature, the mixtures
can self-assemble into a variety of macroscopic morphologies
which include single bilayer discs, chiral nematic ribbons and
lamellar sheets perforated with toroidal holes. Importantly for
NMR studies, bicelles spontaneously align in magnetic fields
such that there is a narrow distribution of orientations of the
bilayer normal with respect to the magnetic field.
The Pluronic family of tri-block copolymers consists of
a hydrophobic polypropylene oxide (PPO) central block
flanked by hydrophilic polyethylene oxide (PEO) end blocks.
Pluronics have received particular attention of late because in
addition to their potential as drug delivery vehicles and their
utility in encouraging drug uptake in vitro [1] – [2], they
incorporate readily into lipid bilayers where they facilitate lipid
flip-flop and transbilayer drug permeation [3] – [4]. We report
of a SANS study on bicelle mixtures of zwitterionic DMPC/
DHPC/Pluronic as a function of temperature in order to understand the structural transformation of the system.

Fig 1. SANS results of DMPC/DHPC/F68 in D2O (total lipid concentration = 20 wt.%) at a series of temperatures (i.e., 294.5, 298.5, 300,
301.9, 303.5, 305, 306.7, 308, 309.7, 311.2, 312.8, 314.4 and 318.6
K, from bottom to top). The data were rescaled for clarity. The solid
symbols are data from the discoidal micellar phase and the gray lines
are the best-fits to the data using Equation 1. The two lines show the
movement of the two quasi-Bragg peaks as a function of temperature.

DMPC, DHPC and DMPG were purchased from Avanti
Polar Lipids. Pluronic F68 was purchased from Sigma-Aldrich.
The samples were prepared in D2O with Q = 4.5 and 0.4
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mol% of Pluronic at three total lipid concentrations, clp of 20,
25 and 30 wt.%. SANS experiments were conducted at the
N5 triple-axis neutron spectrometer [5]. The wavelength of the
neutrons, λ was chosen to be 2.37 Å by a pyrolytic graphite
monochromator. The raw scattering intensities were corrected
using sample and empty transmission cell measurements.
SANS data are presented as a function of the scattering vector,
q, defined as (4π/λ)sin(θ/2), where θ is the scattering angle.
The SANS data obtained from all three samples (clp = 20. 25
30 wt.%) show the same structural transition and temperature
dependence, as a result only the SANS data from the clp = 20
wt.% sample (Fig 1) is reported. At 295 K SANS intensities
(Figure 1) at low q remain constant, but monotonically decay
at higher q in a manner reminiscent of bicelles [6] – [8]. At
higher temperatures, a phase transition is observed, where
the scattering pattern transforms into two quasi-Bragg peaks
sitting on two decaying backgrounds with slopes, -n and -m,
which can be best-fit using a phenomenological equation
(Equation 1) to obtain the peak positions (qp1 and qp2) and
their corresponding peak widths (σqp1 and σqp2). The equation
is written as follows:
(1)

where s0, s1, s2, p1, p2 are coefficients giving the relative ratio
of the background scattering and amplitude of each Gaussian peak. The fact that at 298.5 K the two peaks are found
simultaneously at qp1 ~ 0.04 and qp2 ~ 0.08 Å-1, with the width
of the low q peak σqp1 being approximately ten times broader
than the one at high q, implies that the two peaks are possibly originating from in-plane (broad peak) and out-of-plane
(sharp peak) structures of the lamellar morphology [9]. These
two peaks are most evident between 300K and 303K, and
persist until 308 K. As the temperature is increased beyond
310 K, only the sharp peak is observed at ~ 0.095 Å-1 (i.e., the
in-plane structure has been destroyed), a repeat spacing usually
associated with pure DMPC multilamellar vesicles (MLV) [6]
– [8], [10] – [11]. It should be noted that the morphology between 298.5 K and 308 K exhibits the strongest susceptibility
to magnetic alignment, where structures have been proposed
to be either bilayered ribbons [8], [10] – [11] or perforated lamellae [7] – [12]. The best fit results from all three samples, as
a function of temperature, are summarized in Table 1 (shown
on next page).
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ing only a few Ångstroms (i.e., between 68 Å and 75 Å). This
behaviour is consistent with that observed in long-chain zwitterionic phospholipid bilayers [15] – [16].

Fig 2. The values of d-spacing as determined from SANS data of 30
wt.% (circles), 25 wt.% (squares), 20 wt.% (triangles). The solid symbols represent the lamellar spacings, while the open symbols represent
spacings between the ribbons.

Figure 2 shows that the characteristic length d1 (calculated
from 2π/qp1) is plotted as a function of T. The value of d1
drops from 298.5 K to 300 K, and remains approximately
constant between 300 K and 308 K. The fact that the σqp1
values are relatively large (0.009 ~ 0.014 Å-1) indicates that
the variations in d1 are rather significant. For this range of
temperatures, a ribbon-like morphology has previously been
reported [8], [10] – [12]. It is thus reasonable to assume that
the in-plane characteristic length is arising from the average
spacing between individual ribbons. If this is the case, it also
makes sense that the correlation length should be small, giving
rise to a broad peak quasi Bragg peak. Evidence for the ribbon
morphology is that the slope at low q decays as q-1, a feature
characteristic of long one-dimensional objects. For homogeneously dispersed ribbons, d1 is expected to scale as (lipid
concentration)-1/2, the result of two-dimensional swelling.
However, in Figure 2 d1 does not change as a function of lipid
concentration, indicating that the ribbons do not freely swell,
but that they are somehow inter-connected. As temperature
increases beyond 308 K, the peak associated with the correlation between ribbons disappears, while the q-1 decay remains
unaltered, indicating that although the ribbons are still present, they are no longer correlated.
The high q sharp peak (σqp2 ranged from 0.001 to 0.002
Å-1) represents a smectic phase, similar to the lamellar phase
previously reported [8] – [13]. Between 300 K and 310 K,
the repeat spacing, (2π/qp2) exhibits no temperature dependence (d2 > 68 Å), and then drops to the nominal value of 64
Å (the lamellar spacing of pure DMPC MLVs in water [14])
for all samples above 314 K (Figure 2). The appearance of the
samples also turns cloudy, typical of MLVs at temperatures ≥
314 K. The variation of the assumed lamellar spacing d2
suggests that the intermediate temperature phase, which is also
magnetically alignable, should be different from MLVs that do
not magnetically align. Figure 2 also shows that, unlike lamellae doped with a charged lipid [6] – [7], where the lamellar
spacing increases linearly with decreasing lipid concentration,
the swelling ability of this magnetically alignable phase seems
somewhat limited when diluted from 30 to 20 wt.%, swell-

Fig 3. A schematic of structural transformation of the zwitterionic
(DMPC/DHPc/F68) mixtures upon variation of T.

In light of the aforementioned analysis, we propose the
coexistence of ribbons and lamellae as the magnetically
alignable phase. The question is whether or not they are two
independent, but coexisting morphologies. The simultaneous appearance of the two quasi-Bragg peaks and the fact that
these quasi-Bragg peaks do not change much with swelling,
implies that the ribbons and the lamellae are part of the same
morphology. Figure 3 schematically illustrates the various
morphologies that are formed as a function of temperature. As
previously reported [6] – [7], with increasing temperature low
temperature bicelles composed of DMPC and DHPC coalesce
into worm-like ribbons due to the increased line tension resulting from the loss of DHPC into solution from the edge of
the bilayered micelle. At this stage, the ribbons are not strongly
correlated with each other i.e., no correlation length between
individual ribbons is observed. However, as the temperature
is increased, approaching the main transition temperature of
DMPC (~ 296 K), DHPC becomes miscible with DMPC, as
both lipids are now in the liquid crystalline (Lα) phase. This
results in a further loss of DHPC from the ribbon’s edge, this
time to the ribbon’s DMPC-rich planar region. The ribbon’s
edge becomes unstable causing individual ribbons to partially
fuse, forming extended lamellar sheets, while in places maintaining the ribbon morphology (Figure 3). The ribbon spacing
(d1) decreases, while the association between ribbons becomes
more significant as a result of being confined within a lamellar sheet, (a broad peak). Interestingly, ribbon spacing is not
affected by lipid concentration. In fact, the cryo-transmission
electron microscopy (cryo-TEM) images reported by van Dam
et al.[12] illustrated a similar ribbon spacing (100 ~ 150 Å)
for [DMPC]/[DHPC] ratios of between 2.5 and 4, and at a
much lower lipid concentration (3 wt.%). Finally, the fact that
the samples turn translucent implies that the ribbon aggregate
lamellar morphology has dimensions of the order of visible
light. Increasing the temperature further results in the sample
Scientific Reports 2008
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becoming opaque, indicating the formation of MLVs as a
result of the DHPC now leaving the lamellae.
Table 1. The best fit results of quasi-Bragg peak positions and their
associated widths from 20, 25 and 30 wt.% DMPC/DHPC/F68 (zwitterionic) solutions (the uncertainties of peak positions and peak widths
associated with inter ribbon correlations are less than ±0.003 and
±0.002, respectively; for lamellar correlation lengths these values are
less than ±0.002 and ±0.0005, respectively)

zwitterionic
T, K

20 wt.%
qp1

qp2

σ qp1

σ qp2

309.7

0.040
0.009
0.047
0.011
0.050
0.012
0.051
0.013
0.051
0.014
0.050
0.012
0.050
0.010
__

311.2

__

312.8

__

314.4

__

318.6

__

0.080
0.0037
0.081
0.0012
0.084
0.0012
0.084
0.0012
0.084
0.0012
0.084
0.0013
0.084
0.0013
0.084
0.0014
0.089
0.0024
0.092
0.0013
0.095
0.0014
0.098
0.0014

298.5
300
301.9
303.5
305
306.7
308

25 wt.%
qp1
qp2

σ qp1

σ qp2

30 wt.%
qp1
qp2

σ qp1

σ qp2

0.044
0.019
0.049
0.018
0.051
0.017
0.051
0.024
0.050
0.026
0.048
0.029
__

0.084
0.0017
0.088
0.0014
0.088
0.0013
0.088
0.0013
0.091
0.0014
0.091
0.0014
0.091
0.0013
0.091
0.0013
0.094
0.0013
0.095
0.0013
0.098
0.0011
0.098
0.0011

0.043
0.008
0.048
0.012
0.050
0.018
0.051
0.019
0.051
0.020
0.051
0.022
0.051
0.023
0.051
0.017
__

0.084
0.0015
0.085
0.0012
0.087
0.0014
0.088
0.0014
0.088
0.0015
0.088
0.0015
0.088
0.0016
0.088
0.0015
0.091
0.0014
0.095
0.0014
0.095
0.0014
0.098
0.0014

__
__
__
__
__

__
__
__
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Location of Chlorhexidine in DMPC Lipid Model Membranes
I. Komljenovic, D. Marquardt, T. A. Harroun and E. Sternin

Chlorhexidine (CHX, Figure 1) is a common and effective
biocide, used widely in antiseptic products, especially in hand
washing and oral products such as mouthwash.
CHX effectiveness as a bactericidal agent was discovered over
40 years ago by Hugo and Longworth [1], who noted that the
uptake of the drug by bacteria was very quick, within seconds, and a maximal effect of the drug occurs in as little as 20
seconds.

which are more numerous and larger in the 10:1 sample than
the the 3:1 sample. The 3:1 samples, on the other hand, are
almost entirely characterized by non-lamellar/non-ordered
aggregate blobs, which are reminiscent of the damage caused
to bacterial plasma membranes. There was no change in gross
morphology with respect to temperature in the range of room
temperature to 80°C. CHX thus has a concentration, but not
temperature, dependant membrane disruption effect.

Fig 1. Chlorhexidine Hydrochloride, deuterium-labeled.

The molecular structure in various environments has, to the
best of our knowledge, not been highly investigated. We have
begun a series of biophysical experiments to hopefully provide
some insight into the molecular basis of CHX’s mode of
action. In all of our experiments, we use the simple, neutral
lipid 1,2-dimyristoyl-sn-glycero-3- phosphatidylcholine (14:014:0 PC, DMPC). The thickness of the DMPC bilayer is
comparable to the extended length of CHX, and contrary to
some assertions in the literature, we find that CHX has a high
affinity for neutral lipids. The central experiment uses neutron
diffraction and isotopic/isomoprhic substitution by deuterium
labelling, to locate the depth of chlorhexidine’s central hexamethylene chain in a DMPC bilayer with nanometre resolution.
Polarized light microscopy (Figure 2) and langmuir monolayer
(Fig. 3) experiments were performed at the labs of the CNBC.
The only easily identifiable liquid-crystalline phases are multilamellar vesicles (MLV) by the white circles with dark crosses,

Fig 2. Polarized light micrographs of DMPC:CHX at 10:1 (top) and 3:1
(bottom).

Langmuir data shows the slow but dramatic increase in surface
area of a DMPC film after injection of CHX digluconate into
the subphase. After injection of CHX, the surface area immediately begins to increase, representing ~ 0.8 Å2 or ~ 1.5%
increase in area per lipid.
This is contrary to previous monolayer results at constant area,
but agree with the general conclusions that CHX and neutral
lipids have a strong binding affinity.
10

Surface area change (cm 2)

CHX presents an interesting biophysical modelling challenge.
Structurally, CHX is of the family of N1, N5-substituted biguanides, in a bis configuration with a hexamethylene connector,
and chlorophenol rings at the ends. The hexamethylene give
the molecule a hydrophobic affinity, and the cationic nature of
the bigaunide adds hydrophilic and ionic components. In the
literature, both characteristics have been separately advanced
as the modes of CHX action against membranes, though in
actuality, both must play important roles. Furthermore, the
aromatic rings are lipophilic, since they are now accepted to be
lipid/water interface anchoring motifs, especially in proteins.
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Fig 3. The time course of the surface area of a DMPC Langmuir
monolayer, adjusted to show the change in area from that at a surface
pressure of 30 mN/m.
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Reconstruction of the bilayer profile followed the method
outlined in [2]. The Fourier reconstruction method takes the
integrated area of the Bragg peak intensities for each order, and
corrects for neutron absorption, geometry of beam and sample
widths, and the Lorentz factor. The scattering length density
(SLD) profile ρ(z) is calculated from the Fourier transform of
the structure factors, and placing the data on a SLD per mole
basis, rather than the more common per lipid basis, is more
straightforward.
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Fig 4. SLD difference profiles between CHX labelled and unlabelled
samples of (upper frame) 10 mol % and (lower frame) 3 mol % chlorhexidine in 14:0-14:0 PC. In this case the thick line is the time and
sample averaged mass distribution of the deuterium of CHX shown in
Fig. 1.

The difference between labelled (L) and unlabelled (U) samples
can also be calculated using the difference in the structure
factors Fh = FLh − FUh , as long as the structure factors for the
labelled and unlabelled experiments can be placed on the same
relative scale. If they can, then the difference SLD profile is
simply the center of mass of the isotopic/isomorphic substitution label, with all other molecular components subtracted
away.
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In both samples, the distribution of the center of mass of the
deuterium label in chlorhexidine indicates an affinity between
the drug and the glycerol backbone of the lipid. In the 10:1
sample, the center of mass of the deuterium is found to reside
16 Å from the center of the bilayer, and in the 3:1 sample, the
center of mass of the deuterium is found to reside 14 Å from
the center of the bilayer. In DMPC, this location is between
the headgroup and the glycerol backbone, based on SANS
data, where the thickness of a DMPC bilayer is 38.3 Å. Note
the bilayer is proportionally more thin in the 3:1 sample, so
the hexamethylene is at nearly the same location in this sample
as in the 10:1 sample.

would mean the molecule sits as a cleavage point in the lipid
bilayer. Here, the chlorhexidine molecule bends on a central
axis, providing the chance for the hydrocarbon chain to be
near the lipid chain, while allowing the urea and aromatics to
be interacting with the headgroup, and sticking out into the
water outside of the cell. This would seem to be a structurally
stable configuration of the drug, and the cleaving is a likely
scenario to explain the biocidic properties of the drug.

−0.1

−0.05

Figure 4 shows the SLD profiles of the DMPC containing (upper frame) 10 mol % and (lower frame) 3 mol % unlabelled
chlorhexidine or labelled chlorhexidine. The bold curve is the
difference in SLD between the two samples, while the dashed
curve is a fit of a single Gaussian function to this peak. The
fact that the label areas independently work out to the correct
values (the total scattering length density calculated based on
the chemical composition) indicates that the scaling was done
correctly.

With the center of mass of the deuterated chlorhexidine lying
at the junction between lipid headgroup and glycerol backbone, there are a few different structural arrangements that
can be imagined. We propose that the molecule is bent on the
center chain. This

0.3

Scattering length density (× 10−7 Å −2mol −1)
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Neutron diffraction data was recorded at the CNBC D3
beamline, using 2.37 Å wavelength neutrons from a pyrolytic
graphite (PG) monochromator. A PG filter was used to eliminate higher-order reflections. During data collection, samples
were kept at 36 °C, and hydrated at fixed humidity using saturated salt solutions of KNO3 (90.79 ± 0.83% relative humidity (RH)), KCl (82.95 ± 0.25% RH), NaNO3 (72 ± 0.32%
RH), and K2SO4 (96.71 ± 0.38% RH), with 70, 16, 8 and
0 mol % D2O. Note that at 8 mol % D2O, the contribution
to the total scattering intensity from the inter-bilayer water is
nullified, which means the only contribution to the scattering
arises from the lipid bilayer and CHX.
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.A. Harroun, J. Katsaras, and S.R. Wassall. Cholesterol is found to
reside in the center of a polyunsaturated lipid membrane. Bio
chemistry, 47:7090–7096, 2008.
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Cholesterol is an essential component of mammalian cells. It
can either be obtained from foods of animal origin (e.g., milk,
cheese, meat, eggs, etc.), or synthesized in the endoplasmic
reticulum [1]. It is required to build and maintain cell membranes, regulates their fluidity and may act as an antioxidant.
Recently, cholesterol has also been implicated in cell signaling
processes, where it has been suggested that it forms lipid rafts
in the plasma membrane [2]. In biological membranes, the
lateral sequestration of lipids with polyunsaturated fatty acid
(PUFA) chains into membrane domains depleted of cholesterol has been hypothesized to have an important role in neurological function and in alleviating a number of health-related
problems [3]. There seems to be a strong aversion of the disordered polyunsaturated chains to the planar, rigid surface of the
cholesterol's steroid moiety, which is thought to be the major
driving force for this kind of domain formation. Neutron
studies of selectively deuterium labeled cholesterol incorporated into diC20:4PC (1,2-di-arachidonoyl-phosphatidylcholine)
bilayers, revealed that the cholesterol’s hydroxyl group resides
at the bilayer center [4]. This result was interpreted in terms
of cholesterol preferentially sequestering inside the membrane
and in contrast to its usual position, where the hydroxyl group
locates near the aqueous interface. Further neutron scattering
experiments using tail deuterium labeled cholesterol confirmed
that, in fact, the molecule is laying flat in the bilayer and not
inverted with its tail near the aqueous interface [5].
Recent simulations [3] using MARTINI coarse grained modeling have shown that the angle of the cholesterol with respect
to the bilayer normal varies with the number of unsaturated
bonds in the lipid fatty acid chains; i.e. unsaturation increases
the tilt angle. It was also shown that the frequency of cholesterol’s flip-flop between bilayer leaflets dramatically increases
with the number of unsaturated bonds. Therefore the ability of cholesterol to flip-flop more rapidly in the presence of
PUFA lipids is enticing as a cell-signaling response mechanism
to changing conditions of membrane fluidity or stress. It is
not just a matter of lateral domain formation, as is so much
the focus of lipid rafts research, but the wholesale movement
of cholesterol across the bilayer that may regulate membrane
fluidity, which in turn regulates membrane protein function. It thus follows that in a mixed bilayer of saturated and
polyunsaturated lipids, cholesterol can be made to flip between
upright and flat orientations.
We have carried out neutron diffraction experiments to test
the hypothesis that cholesterol flips into its nominal upright
position at some critical concentration of the monounsaturated 1-palmitoyl-2-oleoyl-phosphatidylcholine (C16:0-18:1PC,

POPC) or disaturated 1,2-di-mirystoyl-phosphatidylcholine
(diC14:0PC, DMPC) lipid in polyunsaturated bilayers prepared of diC20:4PC. Neutron diffraction data were collected
at the Canadian Neutron Beam Centre’s D3 beamline, located
at the National Research Universal (NRU) reactor (Chalk
River, ON), using 2.37 Å wavelength neutrons. The appropriate wavelength neutrons were selected by the (002) reflection
of a pyrolytic graphite monochromator. Samples consisted of
oriented multibilayers prepared using appropriate amounts
of PUFA and POPC, or DMPC, and 10 mol% cholesterol.
Besides unlabeled cholesterol, samples were prepared with
10 mol% of headgroup labeled cholesterol (2,2,3,4,4,6-D6)
obtained from C/D/N Isotopes (Pointe-Claire, QB).

a)

b)

Fig 1. NSLD difference profiles (deuterated minus non-deuterated
cholesterol samples) showing the distribution of the cholesterol headgroup label. (a) PUFA bilayers doped with various amounts of POPC;
(b) similar data for DMPC doped samples.
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Doping of Polyunsaturated Fatty Acid
Bilayers with Monounsaturated and Disaturated
Lipids Results in the Reorientation of Cholesterol

Soft Materials

Figure 1 shows difference neutron scattering length density
(NSLD) profiles of PUFA bilayers with various doping of
POPC or DMPC. Both parts confirm that cholesterol flips
into its commonly assumed upright position at some concentration of dopant lipid. Figure 1a suggests the critical concentration of POPC to be between 40 and 50 mol%, while in the
case of DMPC (Figure 1b), that amount is less than 5 mol%.
This result clearly emphasizes cholesterol’s affinity for saturated
fatty acid chains.
The importance of these data may be rationalized with what
we presently know of biological systems. For example, in
plasma membranes sphingolipids are primarily located in the
outer monolayer [6], whereas unsaturated phospholipids are
more abundant in the inner leaflet [7]. Thus, the presence of
PUFA in the inner leaflet may enhance the transfer of cholesterol to the outer layer, potentially modifying raft composition
and membrane function.
The research presented herein is made possible by a reflectometer jointly funded by Canada Foundation for Innovation
(CFI), Ontario Innovation Trust (OIT), Ontario Research
Fund (ORF), and the National Research Council Canada
(NRC).
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Neutron diffraction is, without doubt, the most important
technique for studying magnetic order, but many of the rare
earths exhibit significant absorption, making their use in
diffraction experiments difficult, and the extreme absorption
cross section of natural gadolinium (49700 ± 125 b, the largest
of any element) makes it more suitable for neutron shielding
than neutron diffraction. Despite the extreme problems gadolinium causes, the importance of understanding the magnetic
behaviour of its many remarkable compounds has led us to
seek ways to carry out powder diffraction measurements on
gadolinium-based materials.

Three basic strategies currently exist:
(1) Exploit the energy dependence of the absorption and work
at higher energies (shorter wavelengths) where the absorption
is weaker. The short wavelengths (~ 0.5 Å) drive the scattering signal down to quite small angles in 2θ leading to reduced
resolution and problems with line overlap. This is especially
problematic for magnetic diffraction signals, which tend to be
concentrated in the low angle range.
(2) The problem with natural gadolinium comes almost entirely from the 15% of 155Gd and 16% of 157Gd that are present. If isotopically separated 160Gd is used in the preparation of
the samples, then the absorption problem can be eliminated.
This solution is not perfect as it involves trading the problem
of almost total absorption for that of making samples from
relatively small amounts of expensive starting material. Final
sample sizes are of order 500 mg. As a result, such studies are
confined to only the most promising of materials.
(3) Ignore the Gd-based member of the series entirely. A brief
examination of the literature quickly reveals that this is the
dominant strategy.

Our solution
The total scattered signal depends on the mass of the sample
exposed to the beam and the total flux incident on that
sample. The extreme absorption cross sections of samarium
and gadolinium severely limit the sample thickness that can be
used (for Sm3Ag4Sn4 the 1/e absorption thickness is ~ 140 μm,
while for Gd3Ag4Sn4 it is only 14 μm), however the beam at
C2 is much wider than the standard 5 mm cans normally employed, and the acceptance of the multi-wire detector is quite
loose (forcing the furnaces and cryostats to have very large
inner bores to avoid spurious scatter from environmental components). We therefore developed a large-area flat plate sample
holder that spreads the sample across as much of the beam as

possible to make the best use of the total available flux.
The holder consists of two 600 μm silicon wafers cut to 90
mm × 30 mm in size. 5 mm wide strips of vanadium foil are
glued (GE 7031 varnish) around the edges as gaskets to define
the sample volume (the foil thickness is chosen to match the
intended sample thickness). The finely powdered sample is
then spread as a slurry, mixed with highly diluted GE 7031
varnish (~ 1% by weight in 50:50 toluene:methanol) and
allowed to dry before the second wafer is glued in place to protect the sample. The use of a small amount of glue has proved
to be essential to prevent settling of the powder in the holder.
We also determined that the amount of glue used added less
than 1% to the background already present.

Fig 1. Photograph of the assembled holder loaded with Sm3Ag4Sn4
with neutron (left) and x-ray (right) density images showing the settling
that occurs if glue is not used. The shadow of the cadmium markers
used to identify the edges of the sample are evident in the neutron
picture, and the vanadium gasket shows as a light border in the x-ray
image.

In order to obtain a GSAS instrument parameter file [1, 2]
appropriate for our flat plate geometry, NIST silicon 640c and
annealed cubic Y2O3 were mixed and loaded into a flat plate
holder using strips of 150 μm thick vanadium foil as a gasket/
spacer. The Y2O3 was added to provide extra reflections for
modelling the zero offset at 2.37 Å, since silicon gives only
three diffraction peaks in the available 80° 2θ range and thus
provides insufficient information for a refinement. The plate
was orientated perpendicular to the beam. The refined peak
widths are shown in Figure 2 and it is clear that there is some
loss of resolution associated with this large-area scattering
geometry. The effect of the flat plate is to have a minimum
FWHM of 0.328° at around 2θ = 67° at 2.37 Å whereas a
standard vanadium sample holder yields a minimum width of
0.187° at 2θ=53°.
Scientific Reports 2008

83

Condensed Matter Structures

Flat plate single crystal silicon sample
holders for neutron powder diffraction studies
of highly absorbing gadolinium compounds

An initial room temperature test run using 300 mg of
Gd3Ag4Sn4 fixed to a silicon plate with a 1% solution of
GE-7031 varnish was performed to confirm feasibility. This
resulted in ~ 50 counts per hour on the maximum peak to give
Rietveld refinement quality data in 51 hours (Figure 4). As
expected, there was no background from the GE-7031 varnish
used to immobilise the sample.

3
2.0

More details of the results obtained from a variable temperature study of Gd3Ag4Sn4 are given in another report in this
volume, and a complete analysis of the data and resulting
magnetic structures has been published elsewhere [4].
Gd3Ag4Sn4 RT

3

0.0

No glue was used for this run and the sample clearly settled
(Figure 1). All subsequent samples were mounted using diluted varnish to make the slurry rather than ethanol. Despite
the settling, we were able to collect data at 50 K that were of
sufficient quality to permit a Rietveld refinement using GSAS
(Figure 3 and the results were consistent with x-ray data. The
full analysis of the low-temperature magnetic data is given in
another report in this volume, and has also been published
elsewhere [3].

member of the series. The absorption cross section of natural
gadolinium at a wavelength of 1.80 Å is 49700 ± 125 b, however our interest is in magnetic ordering and the expectation
that many of the magnetic peaks will occur at low q makes
the longer wavelength of 2.37 Å more appropriate. Here the
absorption cross section is estimated to be 60000 b and this
value yields a 1/e thickness of about 14 μm or 12 mg/cm2
for Gd3Ag4Sn4 giving a total sample mass of 230 mg in our
flat-plate holder. This might seem small, but examination of
the literature reveals that most of the gadolinium samples that
have been prepared using 160Gd have masses of 500–600 mg.
We would be losing a factor of two in total scattering by using
the smaller sample, and a further factor of e for absorption,
however we expect to compensate by using the full area of the
incident beam and so making our total incident flux much
higher. Furthermore, the expected 7 μB moment on the gadolinium should yield nearly 200 times more magnetic scattering
than the 0.5 μB samarium moment that we were able to detect
in Sm3Ag4Sn4, so the magnetic signal should be much clearer.

Counts X10E
1.0

Fig 2. Comparison of linewidths derived from Rietveld fits to a mixture
of NIST silicon 640c and annealed cubic Y2O3 on the C2 spectrometer.
Curves show the fitted linewidths for a sample in a standard 4.8 mm
i.d. vanadium can and our flat-plate holder.
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Fig 3. Scattering data at 2.37 Å for Sm3Ag4Sn4 measured at 50 K
with a Rietveld refinement showing typical data quality after about two
days of counting.

Encouraged by our success with Sm3Ag4Sn4, we considered the
possibility of repeating the experiment using the gadolinium
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Fig 4. Scattering data at 2.37 Å for Gd3Ag4Sn4 measured at ambient
temperature with a Rietveld refinement showing typical data quality
after about one day of counting.
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Our first test of the large-area flat-plate holder with a metallic sample used Sm3Ag4Sn4. Estimates of absorption for this
material yielded an expected 1/e thickness of 125 mg/cm2 or
about 140 μm so we used strips of 150 μm thick vanadium foil
around the four edges of the silicon plate to form a gasket that
would define the space for the sample to occupy. The sample
was loaded as a slurry with ethanol which could then be spread
uniformly into the gasketed volume. After drying overnight,
the cover plate was installed and clamped in place. The total
sample mass used was 1.57 g, giving a final area density of 80
mg/cm2.
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Neutron powder diffraction determination
of the magnetic structure of Gd3Ag4Sn4
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The R3T4X4 family (R = rare earth, T = Cu, Ag, Au, and X =
Si, Ge, Sn) form an extensive series of isostructural compounds
which exhibit a rich variety of magnetic ordering. They crystallize in the orthorhombic Gd3Cu4Ge4-type structure (space
group Immm, #71) [1] in which the R atoms occupy two
crystallographic sites (2d and 4e), the T atoms occupy the 8n
site and the X atoms occupy two equi-populous sites (4f and
4h). In general, the R moments order antiferromagnetically,
often with quite different moment values and with distinct
magnetic structures adopted by the two R sublattices. In some
cases the two R sublattices will also have quite different ordering temperatures [2].
Mazzone et al. [3] observed magnetic ‘events’ at 22 K and
8 K in ac-susceptibility measurements on Gd3Ag4Sn4, and the
magnetization curve, obtained at 5 K, suggested purely antiferromagnetic ordering of the Gd sublattices. Voyer et al. [4] used
119
Sn Mössbauer spectroscopy to show that the magnetic ordering temperature of Gd3Ag4Sn4 is in fact 28.8(2) K, and that the
8 K event is most likely a 90° spin-reorientation.
We have demonstrated the extremely productive complementarity of Mössbauer spectroscopy (a local probe) and neutron
diffraction (an extended probe) [5, 6] and it would be desirable
to carry out a neutron powder diffraction study of Gd3Ag4Sn4
to complement our previous 119Sn Mössbauer work. However,
studies of Gd containing materials are challenging due to
natural Gd being the strongest neutron-absorbing element in
the Periodic Table (σabs = 49700 b at a neutron wavelength of
1.80 Å).
Neutron diffraction measurements were made using the C2
multi-wire powder diffractometer at Chalk River Laboratories, Ontario, at a wavelength of 2.37211(16) Å. The extreme
absorption cross section of natural Gd leads to a 1/e thickness
of about 14 μm for Gd3Ag4Sn4 at the wavelength used here.
Approximately 300 mg of Gd3Ag4Sn4 was spread on a 600 μm
single-crystal silicon plate, to cover an area of 8 cm by 2.4 cm,
and immobilised using highly diluted (1% by wt.) GE-7031
varnish [7]. The plate was oriented with its surface normal
parallel to the incident neutron beam in order to maximise the
total flux onto the sample. Refinements of the neutron diffraction patterns employed the FullProf/WinPlotr suite [8, 9]
and the magnetic structures were drawn using the FP-Studio
package. Representational Analysis was carried out using the
SARAh program [10].
The effects of the magnetic ordering of the Gd sublattices are

clear in Fig. 1, especially in the 2θ range 12–22°.

(0 1/2 0)

(200)
(110)

Fig 1. Neutron diffraction patterns of Gd3Ag4Sn4 obtained with a
neutron wavelength of λ = 2.37211(16) Å.

The three principal magnetic contributions are indexed as
(0 120), (200) and (110), as indicated in Fig. 1, and the temperature dependence of their integrated areas are shown in Fig.
2. The purely magnetic (0 12 0) peak appears at the magnetic ordering temperature, reaches its maximum intensity at around
12 K and then decreases sharply below 9 K, disappearing by
about 7 K. Consistent with this behaviour, we see substantial
increases in the intensities of both the (200) and (110) peaks,
starting at around 12 K. The presence of the (0 12 0) peak for
28K > T > 7K indicates that the magnetic ordering of at least
one of the Gd sublattices involves a celldoubling along the
crystal b−axis, i.e. a propagation vector k1 = [0 12 0]. More
complete analysis shows that the (0 12 0) peak is due to ordering
of the Gd(4e) sublattice.

Fig 2. Temperature dependences of the (200), (110) and (0 1 0) peak
2
areas of Gd3Ag4Sn4
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Given that there are two Gd magnetic sublattices in
Gd3Ag4Sn4 and clear magnetic contributions at both commensurate and incommensurate positions in the 2.8 K diffraction
pattern we can associate one Gd site with the commensurate
magnetic order and the other site with the incommensurate
magnetic order.
2900

T = 2.8 K
Intensity (arb. units)
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tice both below the spin-reorientation temperature (Tsr ~ 8 K)
and above. The determination of the Gd(2d) order is not as
definitive as the Gd(4e) order so it is not shown in Fig. 4.

The magnetic contribution at 2.8 K is clear in Fig. 1. Besides
the k2 = [0 0 0] magnetic contributions to (200) and (110)
we also see additional, purely magnetic peaks, two of which
are quite prominent on the lower-angle side of the (200) peak
(marked with asterisks in Fig. 3 and appearing at 2θ = 14.5°
and 16.0°). These two peaks are incommensurate with the
Gd3Ag4Sn4 crystal lattice and are also present in the 9.1 K
pattern.

(200)

2200

Fig 4. Magnetic structures of the Gd(4e) sublattice in Gd3Ag4Sn4
below and above the spin-reorientation temperature (Tsr). The view is
of the ab-plane, tilted slightly. The a−axis is vertical, as indicated by the
arrow.

(110)
*

*

1500

Our neutron diffraction work confirms the 28 K ordering temperature initially determined by 119Sn Mössbauer spectroscopy
and clearly shows that the magnetic order of the Gd(4e) sublattice does indeed undergo a 90° reorientation from planar to
axial upon cooling though 9 K. The independent support that
data from each technique provides to the other underlines the
rich complementarity of Mössbauer spectroscopy and neutron
diffraction in studying magnetic ordering.
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Fig 3. Refined neutron diffraction pattern of Gd3Ag4Sn4, obtained
at 2.8 K. The Bragg markers are (top) nuclear phase, (middle) Gd(2d)
magnetism and (bottom) Gd(4e) magnetism. Incommensurate peaks
are marked with asterisks.

JMC and DHR are grateful to the staff of the CNBC, Chalk
River, for their open approach to new ideas, their active support and encouragement during the development of the flatplate sample mounts, and the extensive technical and scientific
support provided during the course of the neutron diffraction
measurements presented here.

The best match to the observed (200): (110) intensity ratio is
with the Gd(4e) sites ordered antiferromagnetically (+ −) along
the crystal c-axis, (Fig. 4). The magnitude of the Gd(4e) magnetic moment at 2.8 K is 6.8 μB. In Fig. 3 we show the refinement of the neutron diffraction pattern obtained at 2.8 K.

The presence of a purely magnetic (0 21 0) peak in the tempera- References
ture range 7 K to 28 K, whose disappearance coincides with
the development of substantial magnetic contributions to the [1] Rieger W 1970 Monatsch. Chem. 101 449–62.
[2] Ryan D H, Cadogan J M, Voyer C, Napoletano M, Riani P and
(200) and (110) peaks, suggests that the doubling involves the
Cranswick L M D 2008 Hyp. Int. to be published.
Gd(4e) site. The best match to the observed (0 21 0) intensity [3] Mazzone D, Riani P, Napoletano M and Canepa F 2005 J. Alloys
at 9.1 K is with the Gd(4e) sites ordered in the ab−plane and
and Compounds 387 15–9.
[4] Voyer C J, Ryan D H, Napoletano M and Riani P 2007 J. Phys.:
making an angle of about 20° with the crystal a-axis.
With the ordering of the Gd(4e) site determined to be commensurate, we attribute the presence of purely magnetic
incommensurate peaks in the temperature range 3– 12 K to
the Gd(2d) site. A tentative search for a suitable propagation
vector to describe the incommensurate magnetic order of the
Gd(2d) sublattice was carried out using k search, from the
FullProf/WinPlotr package [8, 9]. One possible solution is k =
[0.43, 0.19, 0]. Representational Analysis followed by refinement of the 2.8 K pattern yields a structure in which 6.5 μB
Gd(2d) moments are aligned along the crystal c-axis.
In Fig. 4 we show the magnetic structure of the Gd(4e) sublat86

NRC-CNBC Annual Report 2008

CM.19 156209 (10 pp).
Ryan D H, Cadogan J M, Gagnon R and Swainson I P 2004 J.
Phys.: CM.16 3183–98.
[6] Perry L K, Cadogan J M, Ryan D H, Canepa F, Napoletano M,
Mazzone D and Riani P 2006 J. Phys.: CM.18 5783–92.
[7] Ryan D H and Cranswick L M D 2008 J. Appl. Cryst. 41 		
198–205.
[8] Rodr´ıguez-Carvajal J 1993 Physica B 192 55–69.
[9] Roisnel T and Rodr´ıguez-Carvajal J 2001 Mater. Sci. Forum
378–81 118–23.
[10] Wills A S 2000 Physica B 276–8 680–1
[5]

D. H. Ryan1 and I. P. Swainson2
1

McGill University, Centre for the Physics of Materials, Department of Physics, Rutherford Physics Building, 3600 University St., Montreal, Quebec, Canada H3A 2T8

2

Canadian Neutron Beam Centre, National Research Council, Chalk River Laboratories, Ontario, Canada K0J 1J0

The increasing availability of commercial 3He cooling systems is making sub-Kelvin temperatures accessible to a much
broader community. Unfortunately, the move from pumped
4
He-based cryostats (Tmin ~ 1.5 K) to 3He-based systems (Tmin
< 0.3 K) brings with it severe sample equilibration problems
that may not be widely appreciated. Cooling the thermometers
that are bolted to the 3He pot and to the end of an oxygen-free
highconductivity (OFHC) copper sample holder is relatively
straightforward, however, a powdered sample contained within
the holder may exhibit cooling times of days.
Our direct experience with equilibration problems while
working on Er3Cu4X4 (X = Si, Ge, Sn) [1] and an iron-based
molecular magnet [2] led us to investigate mounting strategies
for powder samples.
Conventional 4He exchange-gas coupling between the sample
and the cryostat cold stage, common at higher temperatures,
cannot be used in 3He cryogenic systems because the saturated
vapour pressure of 4He drops very rapidly at low temperatures
making it ineffective as an exchange gas. In addition, limitations on both the cooling power and the total cooling capacity
available with sorb-pumped 3He cryogenic systems make it
critically important to thermally isolate the 3He stage and its
associated sample mount from the surroundings. This requirement leads to cryostat designs in which the sample holder
is either bolted directly onto the 3He pot or onto an OFHC
copper extension rod that is in turn bolted to the 3He pot. The
sample holder and 3He pot are then surrounded by radiation
shields and enclosed in a hard vacuum for thermal isolation.
Cooling of the sample relies entirely on thermal conduction
through the OFHC copper to the walls of the holder and then
to the sample itself.
For insulators or powder samples with large numbers of
poor electrical contacts, phonons must provide the thermal
transport, and these suffer from two problems at very low
temperatures: (i) the number density of phonons falls as T3,
so progressively fewer carries are available for conduction; (ii)
acoustic mis-match at the copper-sample interface and also at
the sample-sample boundaries in powders reduces the efficiency of phonon transport and leads to a Kapitza resistance,
RK, that grows as ~ T−3 [3, 4]. As a result, cooling an insulating or poorly connected powder sample becomes increasingly
difficult as the temperature drops and it is very easy to have the
sample fall out of equilibrium.
Our simplest and most direct solution to the thermal conduction problem was to mix the powdered sample with an
approximately equal volume of copper powder and hydraulically press the mixture into an OFHC copper sample holder
to form a solid plug. The temperature dependence of several

magnetic reflections shown in Fig. 1 reveals the complexity
of the magnetic ordering in Er3Cu4Si4. We emphasise that the
intensities shown in Fig. 1 were derived from measurements
made in an essentially random temperature sequence, both on
heating and on cooling, with many points interleaved between
others. No time-delay or hysteretic effects were detected,
indicating that the sample equilibrated in at most a few tens of
minutes. Given the rapid equilibration, and the complexity of
the magnetic order in Er3Cu4Si4, we adopted this material as a
standard for evaluating other mounting methods and regarded
the intensity data shown in Fig. 1 as providing an empirical
temperature scale.
While the hydraulically packed samples exhibit effectively
instant equilibration (for neutron scattering purposes) and
so leave no doubt as to the actual measurement temperature,
the process is somewhat destructive, and the sample is not
readily available for other studies once it has been mounted.
We therefore evaluated the effectiveness of small amounts of
helium gas sealed in with the sample as an alternative strategy.
We built an indium-sealed OFHC copper sample holder and
initial test cycling in liquid nitrogen and later tests down to
0.3 K confirmed that the seal was reliable.

Fig 1. Temperature dependence of several magnetic reflections from
Er3Cu4Si4, mixed and pressed with copper powder, showing the
complex evolution of magnetic order at low temperatures. The two
strongest peaks associated with the ordering at ~ 1.2 K are the (001)−/
(000)± at 2θ = 20.2° (□) and the (110)−/(101)+ at 2θ = 21.1° (○) [5].
The two weaker satellites at 2θ = 19.2° (Δ) and 2θ = 21.7° (∇) occur
only between 1.6 K and 1.2 K, and were used to follow the early
stages of cooling.

Samples were loaded into the holders as loose powders, with
no binder or added copper powder. All loading and sealing was
carried out at ambient pressure within a helium-filled glove
box. For comparison, the same sample was also loaded in air
after all helium had been flushed from the holder. At 0.3 K all
of the components of air are very low vapour pressure solids
and so this arrangement is effectively equivalent to mounting
the sample in vacuum. The sample was established at ~ 3 K
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for several hours while the 3He system was brought on line,
then the system was taken directly down to its base operating
temperature of ~ 0.34 K. Neutron diffraction patterns were
collected in 6 minute intervals for about 10 hours.

found that the cooling rate was indistinguishable from that of
the helium-filled OFHC copper sample holder, demonstrating that essentially all of the heat transport is by the superfluid
4
He film. We have subsequently built a sealed 7075 aluminium
alloy holder that gives weaker Bragg peaks than the copper
holder, and a much lower background than the vanadium
holder.
We are grateful to the technical staff and instrument scientists
of the Canadian Neutron Beam Centre (CNBC) who made
these experiments possible. At McGill University: Richard
Talbot designed the sealed copper and vanadium sample holders used here, and with Robert Gagnon ensured that they were
loaded and sealed properly. Our long-standing collaboration
with J.M. Cadogan (U. Manitoba) on the R3T4X4 compound
family drove the development of the sub-Kelvin sample holders. The Er3Cu4Si4 sample used here was prepared by Robert
Gagnon (McGill U.).

Fig 2. Time dependence of two magnetic reflections for samples of
Er3Cu4Si4 sealed under helium (solid symbols) and air (open symbols)
showing the very different cooling rates. Symbol shapes correspond
to those used in Fig. 1. The solid lines show the expected saturation
values for the two peaks at 0.34 K.

Fig. 2 shows the time dependence of the two magnetic peaks
associated with the ordering at 1.2 K in Er3Cu4Si4 (see Fig.
1). The differences in cooling behaviour are striking. The two
diffraction peaks from the sample loaded under helium reach
their saturation intensities by the second measurement (about
12 minutes after the thermometers reached their base temperature) while those from the sample loaded in air are still
changing at the end of the run. The sample loaded in air is
still cooling 10 hours after the thermometers on the 3He pot
and at the end of the sample holder have both reached their
final temperatures. It is also clear that the sample loaded in air
remains far from ~ 0.34 K after 10 hours of cooling.
A more detailed examination of the diffraction patterns taken
with the air-filled sample holder reveals that the two satellite
peaks (denoted by Δ and ∇ in Fig. 1) are weaker than the main
peaks almost as soon as the thermometers reach their base
values. This means that the sample cools through ~ 1.4 K fairly
promptly, however this efficient cooling does not continue. After one hour, the sample is at ~ 1.3 K, and the average cooling
rate observed through to the end of the experiment was ~ 0.4
mK/minute. The estimated sample temperature after 10 hours
was only 1.06(3) K: far hotter than either thermometer and
nowhere near the system’s base temperature of 0.34 K. A similar failure to cool below 1 K was also observed during initial
work on a molecular magnet compound [2] before pressing in
copper was adopted.
The substantial difference in cooling rates between in helium
and in-air apparent in Fig. 2 serves to emphasise the critical
role played by the superfluid 4He film that coats the sample
and the interior of the copper sample holder. A sealed vanadium sample holder was tried (superconducting below TcV =
5.38 K, so the walls should be thermally insulating) and we
88
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The ternary rare earth compound family R3T4X4 (where R
is a rare earth, T = Cu, Ag, Au, and X = Si, Ge, Sn) have
been extensively studied due to their rich variety of magnetic behaviour [1–5]. They crystallize in the orthorhombic
Gd3Cu4Ge4−type structure (space group Immm, #71) [6],
with the rare earth atoms occupying two crystallographically
distinct sites (2d and 4e), the transition metal (T) on the 8n
site and the X atoms filling the 4f and 4h sites.

to reduced structural scattering, and by the small magnetic
moment (~ 0.5 μB) expected on the Sm atoms in metallic
compounds [9–11], which will yield very weak magnetic scattering. Long counting times (several days) were required to
obtain useful data.

One interesting complication in the R3T4X4 family derives
from the difficulty in unambiguously determining the ordering temperature from simple bulk magnetic measurements
(magnetisation and susceptibility). In some cases, the signal
from the initial ordering is weak or absent, and a subsequent
magnetic reorientation provides a more definitive marker, leading to the misidentification of the ordering temperature [1].
Where neutron diffraction data are available, this error is readily corrected. However, for Sm- and Gd-based compounds, the
high absorption cross-section makes neutron-based methods
challenging and they are rarely attempted.
Neutron diffraction measurements were made using the C2
multi-wire powder diffractometer at Chalk River Laboratories,
Ontario, at a wavelength of 2.3719 Å. The very large absorption cross section in Sm (σabs = 5922(56) barn) leads to a 1/e
absorption thickness of ~ 140 μm for Sm3Ag4Sn4 and so precludes mounting in a conventional 5 mm diameter cylindrical
sample holder. We therefore used a large-area flat-plate holder
with single crystal silicon windows that was developed to work
with highly absorbing samples [7]. This holder allowed us to
place about 1.6 g of sample in the 8 cm × 2.4 cm beam and
obtain a usable scattering signal. Cooling was achieved using a
closed-cycle refrigerator.
From our fits to 119Sn Mössbauer spectra we obtain the temperature dependence of Bhf for each site and the corresponding
angle ϑ between Bhf and Vzz (Figure 1). These yield a transition temperature of TN = 26.0(5) K and a spin reorientation
temperature of 8.3(3) K.
Only the lower event was seen previously in susceptibility data
and it was identified as the onset of bulk order [8], however
this assignment is clearly incorrect.
The small sample combined with the large absorption crosssection of natural samarium leads to relatively weak scattering.
The situation is exacerbated by both the very small coherent scattering length for Sm (0.00(5) fm), which will lead

Fig 1. (Top): Temperature dependence of the hyperfine field Bhf in
Sm3Ag4Sn4 fitted with a sum of two J = 5/2 Brillouin functions.
(bottom): The angle (ϑ) between Vzz and Bhf . Solid lines are guides to
the eye.

Examination of the 3 K diffraction pattern, shown at the
top of Figure 2, shows no striking change from the paramagnetic state, although a weak peak near 2ϑ = 9° is visible. The
magnetic scattering can be isolated by taking the difference
between the patterns at 3 K and 50 K (middle curve in Figure
2) and we see that the only significant magnetic signal is associated with the 9° peak, which can be identified as being
due to the (100) reflection. The width of this peak is consistent with both the instrumental resolution function and the
structural peaks at higher angles, leading us to conclude that
long ranged magnetic order is definitely established at 3 K in
this compound. Furthermore, the presence of this (100) peak
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indicates that the Sm moments have at least some component
in the bc-plane.

Fig 2. Top: Neutron diffraction pattern for Sm3Ag4Sn4 taken at 3
K showing a weak magnetic peak at 2ϑ = 9° (dotted line). Middle:
difference between the 3 K and 50 K patterns (scaled by a factor of 3)
to emphasise the magnetic peak. Bottom: difference between the 10
K and 50 K patterns enlarged by the same factor of 3, showing no apparent magnetic signal. All measurements were made at a wavelength
of 2.3719 Å.

To determine the magnetic structure Sm3Ag4Sn4 at 3 K, we
considered the 16 magnetic space groups associated with the
Immm (#71) crystallographic space group. Only two (IPmmm′,
and IPmm′ m) yield enough intensity on the (100) peak to be
consistent with the data shown in Figure 2. Remarkably, neither of these groups permit magnetic ordering at the 2d site,
setting Sm3Ag4Sn4 apart from the vast majority of compounds
in the R3T4X4 family where ordering on the 2d site is either
the only form seen, or at least the preferred ordering, with the
4e sites ordering only at a much reduced temperature.
Tracking of the intensity of the 9° peak with temperature (Figure 3), shows that it disappears at 8.3(4) K in perfect agreement with the reorientation temperature measured by 119Sn
Mössbauer spectroscopy. It is clear from the bottom curve in
Figure 2 that no significant magnetic signal is observed at 10
K, despite clear evidence in the Mössbauer spectra that the
compound remains ordered until 26 K. Simulation of the
nine possible magnetic groups that support AF ordering of the
samarium moments reveals that only the two candidate groups
for the low temperature structure (IPmmm′ and IPmm′m) yield
a strong magnetic signature, the others all lead to multiple
weak magnetic peaks. As a result, our failure to detect magnetic scattering above 9 K does not necessarily demand a loss
of magnetic order at 8.3(4) K, but rather, when taken with the
clear magnetic signal in the 119Sn Mössbauer spectra, it implies
a change in magnetic order, with the Sm moments rotating
closer to the a-axis. The overall weakness of the magnetic scattering, and the absence of magnetic peaks at 10 K precludes
further analysis of the neutron diffraction data, and we are
unable to determine the magnetic structure between 8.3 and
26.0 K.
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Fig 3. Temperature dependence of the intensity of the (100) reflection
at 2ϑ = 9°. The solid line is a Brillouin function fit and the transition
temperature derived from the fit, 8.3(4) K, is in excellent agreement
with the moment reorientation temperature obtained from 119Sn
Mössbauer spectroscopy.

Sn Mössbauer spectroscopy and neutron diffraction provide
distinct yet complementary information on the magnetic
ordering in Sm3Ag4Sn4, which can be used to refine the choice
of magnetic space groups (IPmmm′ or IPmm′m). Analysis of
the magnetic environments of the two tin sites shows that
only the IPmmm′ group yields a non-zero transferred hyperfine
field at both tin sites. Rietveld refinement of the 3 K pattern,
assuming that the IPmmm′ structure is correct, then yields a
samarium moment of 0.47 ± 0.10 μB on the Sm 4e site.
119
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These measurements of the potential for metal hydrides to be
neutron shielding materials were performed as part of ISTC
Grant A-1249 with the Armenian National Academy of
Sciences: Institute of Chemical Physics, who synthesized all
samples.
Scattering consists of two-independent cross-sections of coherent (σc) and incoherent (σi) components, which for shielding
purposes are summed to the scattering cross-section σs.

per unit volume, and Σtot is known as the macroscopic crosssection, having dimensions of L-1, i.e., is the linear attenuation
factor, and units of cm-1, where σ is in barns and N in Å-3.
The macroscopic cross-section for a compound is given by
summing the component cross-sections for each element
(isotope). For a crystalline compound, N = Z/V, where V is
the unit cell volume, and the number of formula units per unit
cell is Z. For example,

σs = σc + σi
In general, for energy less than 1 MeV, and therefore over all
over thermal energies, the approximation is made that the
scattering cross-section is independent of the incident neutron
energy. Scattering depletes a directional beam; multiple scattering ultimately scattering the beam into 4π.
Absorption is the process by which a neutron is ultimately
captured. Unlike scattering cross-sections, absorption cross-sections are generally strongly energy dependent. Except for the
cases of isotopes that have a resonance near the thermal energy
regime, absorption cross-sections, σa(v), in the thermal regime
follow the 1/v law, where v is the velocity of the neutron.
Absorption cross-sections in the fast neutron regime are usually
very small.

Beer-Lambert Attenuation
For optical radiation, the Beer-Lambert law is usually applied
to the absorption of a monochromatic beam, assuming no
scattering. The approximation is usually made with neutron
radiation that the attenuation of a directional beam is the result of the depletion of that beam by absorption and scattering,
and that the scattered neutrons are deflected from the main
beam, and not ultimately rescattered into the detector. The
total microscopic cross-section, σtot, can be defined as
σtot = σs + σa (v).
In the absence of any other phenomena, the Beer-Lambert
law can be applied to the attenuation of thermal neutrons by
a scatterer, where the measured intensity, I, is related to the
incident intensity, I0, by the formula
I - I0 exp {-Σtott},
and
Σtot = Nσtot,

where the σ in the above equations are understood to be total
microscopic cross-sections. The macroscopic cross-sections
would be scaled linearly for solids that are not 100% dense.
The mean free path length in the material λ = 1/Σtot. As a general rule, if the thickness of a given material is many times the
mean free path, it should be an efficient attenuator.
Assumptions of the Beer-Lambert absorption include that the
beam is perfectly parallel, with each ray traversing the same
thickness, that the radiation is monochromatic, and that the
radiation does not strongly interact with the sample; the latter assumptions are strongly violated for hydrogenous compounds.

Moderation
Materials composed with a significant proportion of light elements can moderate the neutron spectrum. Moderation occurs
via elastic collision, where most of the energy of the neutron is
transferred to the light nucleus. Moderating efficiencies can be
derived by calculating two quantities α and ξ, where

where A is the atomic mass. The number of collisions to slow
a neutron from an initial energy, E0, to a given final energy,
E ’, is ln(E0/E ’)/ξ , where ξ is the average logarithmic energy
decrement per collision, defined as:

The maximum energy loss is where the neutron is scattered
backwards and E ’ = αE, and the average loss is (1-α)E/2.
Therefore, for 1H, where A = 1 and α = 0 it is possible that all
of the energy of a neutron is lost in a single collision. Heavier
nuclei result in lower energy losses per collision.

where t is the thickness, N is the number density of scatterers
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ξΣs is known as the moderating power and ξΣs/Σa is termed
the moderating ratio (MR).
For mixtures or compounds the moderating power can be
calculated by linear addition, e.g.;

General considerations
For thermal neutron shielding, materials that combine a large
absorption cross-section with a large scattering cross-section
are ideal. Without absorption a potential shielding material
may be a very strongly scatterer and, therefore, attenuator, but
would still emanate neutrons, although a directional beam
would issue as a more diffuse neutron field from the shielding
material.
Efficient shielding of high-energy neutrons is generally best
achieved by moderating the energy, and absorbing the thermal
neutrons with isotopes that have a high absorption crosssection at that energy; e.g., polyethylene and cadmium are
typically used in conjunction around neutron detectors, as the
H in polyethylene has a strong scattering cross-section and low
mass and this makes it a good moderator. However, the thermal capture cross-section is not high. Therefore a thin sheet of
cadmium is applied after the polyethylene.
Neutron beam with Maxwellian (333K)
distributionof thermal energies +
epithermal component

On the detector side, the beam channel was again shut down
with a long steel plug with fine aperture to cut down the fast
neutron background reaching the sample area. A long “snout”
was extended towards the samples with a Cd slit 3.81 mm tall
by 1mm wide defining the illuminated area of the hydride pellet. The Cd slit on the receiving snout was 3.82 mm tall by 1
mm wide. 20 cm long bars of steel were used to shut down the
aperture to fast neutrons on the detector side. The slits and detector were adjusted were adjusted to ensure that the incident
beam, slits and detector were collinear. A 3He neutron detector
was used to record the transmitted neutrons.

Determination of the epithermal Cd flux.
The epithermal neutron flux is usually derived by placing Cd
in the beam. Cd is an efficient high-pass filter for thermal neutrons. The absorption cross-section increases by three orders of
magnitude for Cd varies dramatically over the range 1-0.1 eV.
The cut-off energy, below which Cd is considered to be nearly
100% effective, is usually taken as E~0.5 eV (λ~0.40Å). The
remaining neutrons that pass through the filter are epithermal
(‘fast’) neutrons (E > 0.5 eV). The 3He detector is a high-efficiency detector for neutrons in the thermal regime. However,
its response to neutrons is highly wavelength dependent for
λ < 2.7Å. For epicadmium neutrons its efficiency is less than
20%.

Core

Polyethylene shielding
Cd

Neutron
fission
monitor

3

He neutron
detector

Monochromator
Hydride
samples
on
translator

Neutron beam
(monochromated thermal
+epithermal flux)

Steel and Cd
apertures to limit
incident and received
neutron beams

Fig 1. Schematic diagram of the experimental set up of the attenuation measurements of the metal hydrides, produced by self-propagating high-temperature synthesis, on the E3 spectrometer, at NRU.

The neutron attenuation measurements were performed on E3
(Fig. 1). Neutrons of wavelength 1.3997 Å were selected using
a Ge monochromator. The take-off angle, 2θm, was fixed at
80°. The typical spread of wavelengths is Δλ/λ ∼ 1% or better.
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Fig 2. Plot of loge(uncorrected counts) versus thickness of metal
hydrides in the Ti-Hf series. The transmission through Cd is given as a
straight line.

Typically 1 mm of Cd in the beam is sufficient to remove all
thermal neutrons. The number of neutrons recorded on the
3
He detector on passing through a sheet of Cd 2.64 mm thick,
larger than the sample size of the hydrides, was 805 ± 24. For
high thicknesses of metal hydrides, the number of neutrons
transmitted is substantially lower than transmitted through the
Cd sheet; e.g., 20.3 mm of Ti0.8Hf0.2H2 transmits only 279 ±
22 and 19.05 mm of TiH2 transmits only 264 ± 15 neutrons.
Therefore, all the thermal neutrons and some of the epicadmium neutrons have been attenuated by these hydrides, which
could only happen if there was significant moderation. The H
atoms in the hydrides act as moderators of neutrons, so that

Sources of systematic error
1. Although the incident and transmitted beams were shut
down to be very small, the steel aperture was slightly larger
than the final Cd mask, so that the area of hydride illuminated
with fast neutrons (an aperture defined by long steel bars and
plugs) may be slightly larger than the area illuminated by both
thermal and fast neutrons (defined with the final Cd mask).
2. The Cd masks were placed close to the sample, to reduce
the effects of multiple scattering of neutrons into the detector.
However, the hydrides interact very strongly with neutrons
and it is possible that the detector records some fraction of
multiply scattered neutrons.
3. Moderation: of those neutrons that do undergo interactions
with the hydride prior to entering the detector (rather than
passing through with no interactions) it is likely that the energy with which they strike the detector is not the energy with
which they entered the hydride. This can yield two opposing
biases.
a. A systematic tendency to overcount the transmitted
neutrons for those epicadmium neutrons that are moderated. A thermalized fast neutron is many times more likely
to be recorded by the 3He detector than a fast neutron.
b. A systematic undercounting of neutrons for those epicadmium neutrons that are moderated and then attenuated
by the hydride more efficiently than they would otherwise
have been.
The values of the effective linear attenuation factors (Fig. 3) are
lower than the calculated values (Table 1), and the density of
the pellets is not likely to account for the difference. Instead,

eff

Fig 3. Effective linear attenuation coefficient, Σ tot ,,in cm-1. The circles
represent the Ti-Hf composition line, and the squares the Ti-Zr composition line. Lines are a linear least squares fit to the two composition
lines.

it is likely that the systematic errors in the experimental set up
(slight difference in the size of the masks for fast and thermal
neutrons) affect the magnitude and that a Beer-Lambert law
is a poor description of the interactions of neutrons, due to
the potential for multiple scattering, and especially the strong
moderating efficiency of the hydrides: The H in hydrides
makes them efficient moderators and turns an initially monochromatic beam into a remoderated spectrum: e.g., tmod in
table 1 gives the number of scattering interactions with each
hydride required to reduce a 2 MeV fission neutron down
to 0.1 eV. For most of the metal hydrides this distance is ca.
20-40 mm. In practice tmod is not a physical thickness, since
the interactions result in a random walk of the neutron, so the
thickness of the pellet required to achieve this should be much
lower.

Conclusions
Beer-Lambert style of analysis can only ever yield approximations to the processes going on inside moderator-attenuators.
Analysis based around codes such as MCNP would be
required to fully model experimental results. Hydrides based
around Hf, Gd or Cd have the potential to be very efficient
neutron moderator-attenuators.

Table 1: Macroscopic cross-sections and moderating properties of particular hydrides.
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neutrons are more effectively attenuated by the sample than
they otherwise would have been. Remoderation affects both
the primary, monochromatic thermal beam, and the epicadmium component. Typical attenuation measurements are shown
in Fig. 2.
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Probable Origin of ω-phases in Ti-Zr-Hf alloys Formed by SelfPropagating High-Temperature Synthesis
I. P. Swainson1, S. K. Dolukanyan2, A. G. Aleksanyan2, D. G. Mayilyan2
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These measurements of the potential for metal hydrides to be
neutron shielding materials were performed as part of ISTC
Grant A-1249 with the Armenian National Academy of Sciences: Institute of Chemical Physics, who supplied all samples.
Several alloys and deuterides made by self-propagating hightemperature synthesis (SHS) were measured by XRD and
neutron powder diffraction. SHS creates alloys by a combustion wave passing through the sample, sustained by its own
enthalpy. One series that was of interest was binary alloys of
Ti-Zr, which showed considerable amounts of ω-phase material. At room temperature, the stable phase is the hcp α-phase
of these metals. ω-phase is occasionally found retained in small
proportions in some related alloys, such as CANDU pressure tube materials. It is also the lowest, high-pressure phase
seen when pressurizing bcc β-Zr and Ti. This β-ω transition
is displacive and non-quenchable. All bcc metals show a dip
in the phonon dispersion curve at the point in k-space where
this incipient soft mode exists. The α-ω transition is often
described as martensitic. Therefore, the presence of ω-phase in
these samples in large quantities is surprising. The ω-phase has
two strongly related structures: an “ideal” hexagonal structure,
and a slightly more distorted trigonal structure.

wt% respectively). The X-ray pattern fits reasonably well to a
phase assemblage of α and ω structured alloy. One general feature of the neutron pattern is that overall it is very weak (Fig.
1). This is because the scattering lengths of Ti and Zr are of
opposite sign, bTi = -3.37 fm, bZr = 7.16 fm, so that for certain
compositions of atomic sites (Ti0.68, Zr0.32), the mean scattering
length is near 0, and the contribution to a Bragg peak from
that site becomes zero, and for a phase like the α-phase with
only one site, it becomes nearly invisible: a null-scattering alloy. However, attempts to fit the neutron powder pattern failed
with systematic errors in certain peaks of the ω-phase. The
ω-structure is simple, there are a limited number of adjustable
parameters and these were insufficient to fit the pattern. No
improvement was found by switching to the trigonal description of the ω-phase. A difference Fourier map was calculated,
which found significant missing scatterers with positive scattering lengths in the octahedral interstices (Fig. 2). Typical
interstitial elements include N, C, O. The likeliest interstitial is
the O inherited from the ZrO2.

a)

One explanation, put forward is that the unusual phases in
these alloys are due to the unique processing method of SHS,
with its rapid rise and fall of temperatures. The SHS cycle used
to produce these alloys involves a hydriding and dehydriding step in their production. The hydriding of the metals is
designed to remove oxygen from the free surfaces.
Part of the work performed was diffraction work on the alloys
and deuterides made by this method. While XRD and NPD
of the Ti powder revealed no oxide, although some retained
hydride, measurements on the Zr powder showed a considerable number of extra peaks, many of which were described by
α-ZrO2 (baddelyite). Much of this oxide is probably on the
surface of the Zr powder. Other peaks were also present that
were not identified that were probably suboxides. Ignoring the
suboxides, taking just the Zr (conservatively assuming no Osolution) and α-ZrO2 the Zr:O ratio was 1:0.06.
A sample of ZrD1.9 was also supplied. This showed no residual
Zr, but in addition to the deuteride phase, ZrO2 remained.
This showed that hydriding was not efficient at removing oxygen from the surface of Zr. Refinements yielded the Zr:D:O
ratio, assuming conservatively no O in the deuteride, was
1:1.9:0.1.
Samples of alloys Ti2Zr and TiZr were also examined. Both
showed considerable amounts of ω-phase (65 wt% and 78
94

NRC-CNBC Annual Report 2008

b)

Fig 1. a) Ti2Zr fitted assuming α and ω alloy structures. Note significant systematic differences. b) “Ti2Zr” fitted assuming α and “ω(Ο)”.
Note significant improvement in fit.

Conclusions
The interpretation from the neutron diffraction data is that
the O is not removed by the hydriding/dehydriding cycle of
SHS, but rather either retained as oxides or driven into solution in these alloys and their hydrides. In the case of Ti-Zr
alloys, where the neutron structure factors are generally small,
neutron diffraction is especially sensitive to the presence of
O. In this interpretation, the retained “ω-phase” is not a pure
alloy, but a non-stoichiometric suboxide of Ti-Zr. We are
awaiting direct measurements from a LECO detector to test
this hypothesis.
A recent study looking at the inhibition of the α→ω transition has shown that the presence of interstitials in the octahedral, 3f-site strongly increases the activation energy for the
transformation, causing the α-phase to be retained to higher
pressures. The activation barrier along the reaction coordinate
α-ω is basically symmetric and is the likely reason why ω(O) is
retained in large quantities.
References
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Fig 2. The difference Fourier map, generated from the fit to Fig 1a.
Note the significant missing scatterers at {½, ½, 0}.
[3]

Initial refinements that are unconstrained with regard to
composition yielded the results in Table 1.
[4]
Table 1: Results of preliminary, unconstrained refinements on Ti-Zr
alloys
-phase
P6/mmm

“Ti2Zr”
a = 4.8017(2)Å c =
3.0108(2)Å
~65 wt%
Site x
y
z
m Frac Zr
Frac Ti
Frac O
a
0
0
0
1 0.801(10) 0.197(10)
d
2/3 1/3 1/2 2 0.167(5) 0.833(5)
f
1/2 1/2 0
3
0.152(4)

-phase
P63/mmc
Site x
c

y

z

“Ti2Zr”
a = 3.0288(3) Å
c = 4.8159(9) Å
~35 wt%
m Frac Zr Frac Ti

2/3 1/3 1/4 2

Transformations β→ω dans les alliages métalliques du
système ternaire Ti-Zr-O. Mat. Res. Bull., 7, 1369-1384, (1972).
Ti2ZrO Phases Formed in the Titanium and Zirconia Interface
After Reaction at 1550ºC Kun-Lin Lin and Chien-Cheng Lin. J.
Am. Ceram. Soc., 88 1268–1272 (2005)
Microstructural Evolution and Formation Mechanism of the
Interface Between Titanium and Zirconia Annealed at 1550ºC.
Kun-Lin Lin and Chien-Cheng Lin. J. Am. Ceram. Soc., 89
1400–1408 (2006)
Impurities block the α to ω martensitic transformation in
titanium. R. G. Hennig, et al. Nature Materials, 4 129-133,
(2005)

“TiZr”
a = 4.8649(5)Å, c = 3.0466(4)Å
~78 wt%
Frac Zr
Frac Ti
Frac O
0.859(16) 0.141(16)
0.325(2) 0.675(2)
0.126(4)

“TiZr”
a = 3.088(7) Å
c = 4.864(3) Å
~22 wt%
Frac Zr
Frac Ti

0.427(5) 0.573(5) 0.393(15) 0.607(15)

m = multiplicity; frac = fractional occupancy

There is very strong site ordering in the ω-phase refinement,
with Zr preferring the A-site. This has been noted before as
characteristic of ω-phase alloys [1]. This contrasts strongly to
the solid solution of the α-phase. The occupancy of the octahedral site, Wyckoff site f, assuming O as the only interstitial
is similar for both compositions. The composition of the
“ω-phase” of “Ti2Zr” and “TiZr” is MO0.15 and MO0.13, where
M = Ti + Zr.
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Subsequently, it was found in the literature that there exists an
oxide Ti2ZrO that forms at the interface between Ti and ZrO2Zr [2-3]. The structure of this oxide is exactly the same as that
of the alloy, but with an O atom sitting with 1/3 occupancy
in the octahedral interstice: there are no new diffraction peaks,
and in a X-ray powder diffraction pattern, the modification
to the structure factors from the O atom is negligible, so that
the X-ray pattern from the “ω(O)” Ti2ZrO oxide and that of
ω-Ti2Zr is almost identical. However, since the neutron scattering length of O is quite large (bO = 5.80 fm) with respect to
Zr and Ti, the presence of O in the interstitial site would be
quite visible, even when it is far from nonstoichiometric. The
improvements to the fit from the addition of the small amount
of O to the ω-phase are quite radical (Fig. 1).
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Effect of Fe and O on the β/(α + β) boundary in Zr-2.5 wt% Nb
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This work proposes to investigate the influence of Fe and O
on the β/(α + β) boundary shift that affects the fraction of
α and β phases during extrusion. As principal impurities in
Zr-2.5Nb CANDU pressure tube material, Fe and O have
opposite effects on the relative volume fractions of alpha and
beta phases at the extrusion temperature. Fe, being a betaphase stabilizer, tends to increase the volume fraction of beta
phase at a given extrusion temperature – this is equivalent
to increasing the extrusion temperature. Conversely, O, an
alpha-phase stabilizer, tends to increase the volume fraction of
alpha phase at the extrusion temperature – this is equivalent
to lowering the extrusion temperature. Current pressure tube
production employs a specification with an Fe content of 900
to 1300 wt ppm, that is higher than that for pressure tubes
made between 1987 and 1997, i.e. about 650 ppm Fe. The
change in Fe specification can influence the extrusion response
of the material and affect the final microstructure that controls
the physical properties of the pressure tube. Also the oxygen
specification is modified depending on the requirements of the
reactor owner because of the empirical relationships between
oxygen and deformation that could be related to the microstructure that evolves during extrusion and is a function of the
phase boundary structure.

In-situ neutron diffraction experiments were performed on
four Zr-2.5wt% Nb billet materials that have various amounts
of Fe and O. Typically the samples were heated in a vacuum
furnace to a temperature in the β-field, and cooled slowly past
the appearance of α-Zr well into the (α + β)-phase field. The
temperature at which the α-Zr first appeared was taken as the
β/(α + β) transus. Results are given in Table 1 below.
The data in Table 1 shows that while the β/(α + β) transus
temperature increases with increase in O content, it increases
with Fe content as well, contrary to expectation. It is noted
that O may be much more efficient in raising the β/(α + β)
transus temperature than Fe in reducing it, but this still does
not explain the apparent difference in the measured transus
temperatures for materials A and B above. To resolve the
difficulty, we intend to make further measurements on a few
samples taken from a batch of micro-pressure tube materials of Zr-2.5Nb that have amounts of Fe varying from 74 to
2950 wt ppm. Because these are samples from thin-walled
tubes rather than billets, the O content in the material would
be more uniform, so that the effect of Fe can be apparent. An
application in this work would be to measure the β/(α + β)
transus temperatures of some Zr-2.5Nb pressure tube specimens that were from the same material but have seemingly
different microstructures after extrusion.

Table 1. Measured β/(α + β) transus temperatures
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Material

Iron (wt ppm)

Oxygen (wt%)

β/(α + β) transus
temperature

A

< 11

0.128 ± 0.01

1138 K (865 °C)

B

910 ± 90

0.115 ± 0.008

1166 K (893 °C)

C

2600 ± 300

0.148 ± 0.01

1179 K (906 °C)

D

460 ± 50

0.277 ± 0.018

1291 K (1018 °C)
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The lead-based relaxor ferroelectrics are chemically disordered
perovskites that have remarkable structural, dynamical, and
electromechanical properties. PbMg1/3Nb2/3O3 (PMN) displays
the broad, frequency-dependent peak in the dielectric response
as a function of temperature that is characteristic of relaxors.
Even though PMN posseses an unusually large dielectric
susceptibility ε ~ 25 000, it does not exhibit a well-defined
structural transition, and thus no ferroelectricity, in zeroelectric field.

The columns soften at 400 K, with a corresponding maximum
in their intensity (Fig. 4), similar to the onset of the zonecentre diffuse scattering, indicating a coupling between the
ferroelectric and the zone boundary activity. As the modes run
along M-T-R and taking into account the observed splitting
of the degeneracies at R, our initial idea was that these modes

An anomalous temperature- and wave vector-dependent
damping produces a false, dispersion-like feature known as the
“waterfall,” has been observed in PMN. At wave vectors away
from the zone centre. To date, however, almost no interest had
been taken in the zone boundary dynamics of the relaxors,
since ferroelectricity is a Γ-point property. The structure of
PMN and cubic-P Brillouin zone are shown in Fig 1. We
decided to measure the dynamics along the M-T-R zone edge
and began measurements on C5 and N5.

Fig 2. Summary of all disperision curves measured from PMN at 300
K, along various directions of the Brillouin zone: from C5/N5/Spins/
DCS.

Fig 1. Left: Perovskite structure: O: face centres; Pb: corners; Nb/
Mg: center. Right: P-cubic Brillouin zone, also showing the M-T-R zone
edge.

Our initial hypothesis was that classical tilt instabilities of the
perovskites may couple indirectly to the ferroelectric activity,
and a line of such modes is known to exist along M-T-R. We
found considerable low-frequency activity at the zone boundary, including columns of scattering that descend from the
phonon at M and R from the C5 and N5 data. (Such columns
have been rarely seen in insulators, although another example
that was discovered at CRL was that of calcite by MT Dove
and coworkers. A famous non-insulator example is beneath
the dip in the dispersion of β-Ti and Zr, related to ω-phase
formation in these metals.) Clearly such modes are not normal
modes, since a phonon can have only one frequency per
wavevector. Later we extended these measurements on SPINS
and DCS at NIST (Fig. 2), from which the effect can be more
clearly seen in terms of a contour plot (Fig. 3).

Fig 3. Originally in colour (Ref 1). The x-axis is the wave vector
along the T-edge, QT = (3/2 3/2, L), so that L = 1 corresponds to an
M-point, and L = x/2 corresponds to an R-point. The negative-energy
transfer on the y-axis corresponds to energy-gain of the neutron. The
low-frequency optic mode runs from M-R between 6 to 8 meV in
frequency. The strong, dark band at L = 1 is the column at M. A smaller
column descends from R points, and is very clear at 300 K, L=0.5. (DCS
data – NIST)
Scientific Reports 2008

97

Condensed Matter Structures

Tilt Modes in the Relaxor PbMg1/3Nb2/3O3

Condensed Matter Structures

References
[1]

Fig 4. C5 data showing the intensity of the M-point column as a function of temperature, showing a maximum near 400 K.

were the tilt modes, since they are commonly active in perovksites. However, for the zone in which the first measurements
were made, the structure factors for the tilt modes are zero.
Therefore, tilt modes cannot be responsible for this activity.
From a study of the published dispersion curves of many perovskites, and from direct structure factor calculations of modes
in many zones, we concluded that the M-T-R branch is a set
of soft antiferroelectric modes R4--T1-M3-. R4- involves Pb and
O motion (Fig. 5), whereas M3- consists only of Pb motions.
This result could be explained in terms of coupling of antiferromagnetic modes to a primary ferroelectric order parameter.
However, from comparison to other systems in which columns
are known to exist (e.g. calcite), the antiferroelectric modes
are more likely to be order parameters that compete with the
ferroelectric ordering.

Fig 5. Eigenvectors of the low-frequency mode at R.
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Soft phonon columns on the edge of the Brillouin zone in
the relaxor PbMg1/3Nb2/3O3 Physical Review B 79, 224301
(2009). I. P. Swainson, C. Stock, P. M. Gehring, Guangyong
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Brownmillerites are a family of oxygen deficient compounds
that form when a series of vacancies are introduced to the
perovskite structure in an ordered manner. The result of the
presence of these ordered arrays of vacancies is a structure involving alternating layers of octahedra and tetrahedra. The general formula for brownmillerites is A2MM′O5, where M and
M′ are octahedral and tetrahedral site cations respectively, and
A is a large cation residing in the spaces between the layers.
The crystal structure involves both octahedral and tetrahedral
layers alternating along the b–axis (Figure 1c). The octahedra
share four equatorial corners with other octahedra within the
layers. These layers are separated by chains of tetrahedra that
run parallel to the a–c plane. The chains of tetrahedra are connected to the apical corners of octahedra from the layers above
and below.
(a)

40

and Fe on the tetrahedral site (M′ site) [1]. However, the neutron diffraction study showed mixed occupancy of Mn and Fe
on both sites, ~ 9% Mn on the M' site and 13% Fe on the M
site, and a slightly higher, ~ 4%, Fe content overall, resulting
in the formula Ca2Fe1.039(8)Mn0.962(8)O5 [2].
The magnetic structure of this compound was determined
using neutron diffraction data. A G–type magnetic structure
model with anti–parallel coupling between spins of nearest neighbors was verified. In the magnetic structure of this
compound (Figure 2) the spins on each M (octahedral) site are
coupled antiferromagnetically with the nearest M sites within
the octahedral layer. The same situation applies to M′ (tetrahedral) sites that couple antiparallel to each other within the
tetrahedral layer. In addition the coupling between octahedral
and tetrahedral layers is antiferromagnetic as well. The spins
on each site are oriented along the b–direction [2].

(b)
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Fig 1. (a) Rietveld refinement of fine collimation neutron diffraction
data with λ = 1.33037 Å, (at 550 K) (b) Rietveld refinement of neutron
data with λ = 2.37150 Å (at 550 K) (c) Crystal structure of brownmillerite
Ca2Fe1.039(8)Mn0.962(8)O5.

The compound Ca2FeMnO5 is a brownmillerite phase with 3+
ions in both B and B′ sites. The crystal and magnetic structure
of this compound were studied using X-ray and neutron powder diffraction methods. Neutron diffraction has significant
advantages here, as unlike for X–ray diffraction, there exists a
strong contrast between Mn and Fe due to a very large difference between their scattering lengths: 9.45(2) fm for Fe and
– 3.75(2) fm for Mn.
The crystal structure was refined (Figure 1a and b) in Pnma
space group. The structure of this compound was previously
assumed to contain only Mn on the octahedral site (M site)

Fig 2. The G–type magnetic structure of Ca2Fe1.039(8)Mn0.962(8)O5. The
octahedral and tetrahedral sites are shown by different colors. Each site
couples antiferromagnetically with all nearest neighbors within the same
layer and in the adjacent layers.

By following the temperature dependence of the magnetic
peak intensities, the critical temperature for long range
order can be determined. The magnetic reflections disappear
between 405 K and 410 K. Plotting the refined magnetic moments of the M (mostly Mn3+) and M' (mostly Fe3+) sites as a
function of temperature indicates Tc = 407(2) K (Figure 3) [2].
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Fe-rich site
Mn-rich site

Fig 2. Magnetic moments of Mn and Fe sites as functions of temperature. Note that the moments approach zero at about 407 K, indicating
the magnetic transition temperature.
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The general formula for pillared perovskites can be represented
as A2B2MM’O5 where A is a large cation - usually a lanthanide
ion. The M and M′ cations form corner sharing octahedra that
result in perovskite type layers parallel to the ab plane. These
perovskite layers are connected through edge sharing dimers of
octahedra, B2O10 units. Figure 1c shows the pillared perovskite
structure. It should be noted that MO6 octahedra (grey) share
only four corners (equatorial corners) with the neighboring
octahedra within the layer, whereas M′O6 octahedra (black)
share all their six apexes. They share the four equatorial corners
with MO6 octahedra and the two axial corners with B2O10
units (grey with hatching) that are responsible for connecting
the adjacent perovskite layers.

cupancy of Mo and V in the ratio Mo/V = 0.75/0.25 in the M
site in the perovskite layer. However, the M′ site is almost fully
occupied by V, resulting in the formula La5Mo2.76(4)V1.25(4)O16.
The Rietveld refinement profiles for high and low wavelength
neutron data are shown in Figure 1a and 1b respectively. In the
dimeric pillaring unit, there is a very short Mo–Mo distance
of 2.46(2) Å, indicating a Mo–Mo double bond between two
Mo4+(4d2). Therefore the pillaring units are diamagnetic, and
Mo4+ ions in these dimers do not contribute to the magnetic
properties of the compound [3].

Since the first pillared perovskite compound was reported [1],
only a small number of pillared perovskites have been synthesized. Major synthetic difficulties are associated with these
materials, especially the original molybdenum based series.
For example La5Mo4O16 has been prepared only by molten salt
electrolysis. Some members of the La5Mo4–xMxO16 series can be
synthesized by standard solid state methods but generally not
as single phase products [2].
In an effort to extend the crystal chemistry of this new
perovskite–related family to include other 3d series transition
elements, especially the so called “early” 3d elements, a new
pillared perovskite compound La5Mo2.76(4)V1.25(4)O16 [3], was
synthesized by solid state chemistry method.
Fig 2. χT as a function of temperature. The horizental line shows the
calculated spin only Curie constant. The inset shows the Fisher heat
capacity [4] in which the transition temperature is marked by a vertical
line.

Fig 1. (a) Rietveld refinements of powder neutron diffraction data
with λ = 2.37150 Å at 300K (b) Rietveld refinements of neutron data
with λ = 1.33037 Å at 300K (c) Crystal structure of pillared perovskite
La5Mo2.76(4)V1.25(4)O16.

The X-ray and neutron powder diffraction methods were
employed to determine the crystal structure. The structure was
refined in C2/m, and it was shown that there is a mixed oc-

The bulk magnetic susceptibility(χ) measurements showed
that a magnetic transition happens below 100 K. The diagram
of χT vs T is shown in Figure 2. The horizontal line marks
the calculated spin-only Curie constant, 0.75 emu/mol K,
for two S = ½ ions, appropriate for both Mo5+ and V4+, per
formula unit. As can be seen, the data approach this value as
T approaches 300 K. The χT product exceeds the spin only,
paramagnetic value below about 175K and reaches a maximum value at 110 K. This is taken as evidence for short range
ferrimagnetic correlations within the perovskite planes. Note
also the shoulder near 150 K which might signal short-range
intraplanar AF correlations. The sharp drop in χT below the
maximum normally signals long-range AF coupling of ferrimagnetic layers. The critical temperature can be estimated
from a plot of the so called Fisher heat capacity, d(χT)/dT vs.
T shown in the inset which gives Tc = 100 K. Isothermal field
sweeps give evidence for a metamagnetic critical field of ~ 1.7
T at 5 K [3].
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Fig 3. The magnetic structure of La5Mo2.76(4)V1.25(4)O16. The gray and
black circles represent M and M′ sites, respectively. The diamagnetic
dimer sites are not shown.

The application of neutron diffraction helped to determine the
magnetic structure of this compound for the first time for any
Mo-based pillared perovskite. The magnetic moments on M
and M′ ions within the perovskite layer are ordered ferrimagnetically which is also consistent with a theoretical study of
spin interactions within the perovskite–type layers that was
performed using extended Hückel, spin dimer analysis. These
perovskite layers are then coupled antiferromagnetically with
respect to each other, which is consistent with the ordering
wave vector k = (0 0 ½) that was found based on the magnetic
peak indexing [3].
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Dy5Ni0.69Bi2.31 is a new member of the intermetallic compounds RE5TxSb3-x and RE5TxBi3-x (RE is a rare-earth, T is a
late 3d metal) that adopt the orthorhombic Yb5Sb3-structure
type [1]-[3]. While compositionally the RE5TbxSb3-x and
RE5TbxBi3-x phases can be viewed as T-substituted variants of
the corresponding binaries RE5Sb3 and RE5Bi3, the introduction of Ni either introduces or stabilizes the high-temperature
polymorphs of the corresponding binaries [1]-[3].
Predominantly, magnetic behavior of the LT hexagonal polymorphs of RE5Sb3 and RE5Bi3 have been studied [4]-[9]. The
magnetic order for the T-substituted orthorhombic variants
was investigated only through magnetic susceptibility measurements and only for selected members [1]-[3].
From the RE5TxBi3-x series, only magnetic data for
Gd5Ni0.71Bi2.29 have been reported so far.3 Contrary to
Gd5Ni0.71Bi2.29, Dy5Ni0.69Bi2.31 shows two transitions (Figure
1). The goal of study was to uncover the origin of the observed
magnetic behavior in Dy5Ni0.69Bi2.31 through the neutron
powder diffraction.

Single crystal data for a crystal extracted from the annealed
alloy were collected on a STOE IPDS II diffractometer with
the MoKα radiation in the whole reciprocal sphere. Numerical
absorption correction was based on the crystal shape obtained
from optical face indexing and optimized against equivalent
reflections using the STOE X-Shape software [10]. The structure was solved and refined using the SHELXS and SHELXL
programs [11], respectively (Table 1, 2). Ni was found to
mix with Bi on the 4c sites resulting in the Dy5Ni0.69(1)Bi2.31(1)
composition.
Table 1. Crystal data and structure refinement for Dy5Ni0.69(1)Bi2.31(1)

Composition

Dy5Ni0.66(1)Bi2.34(1)

Space group

Pnma

Lattice parameters (Å)

a = 12.075(2)
b = 9.165(2)
c = 8.072(1)
893.3(2)

Volume (Å3)
Z

4

Density (calculated)

(g/cm3)

10.145

2 range for data collection

6.08-58.50°

Index ranges

-16 h 16, -12 k 12, -9 l 11

Reflections collected

9480

Independent reflections

1275 [Rint = 0.2844]

Completeness to max 2 (%)

98.8

Data/restraints/parameters

1275 / 0 / 45

Goodness-of-fit on F2
Final R indices [I>2 (I)]

R1 = 0.0621, wR2 = 0.0644

R indices (all data)

R1 = 0.1697, wR2 = 0.0876

0.782

Extinction coefficient

0.000066(16)

Largest diff. peak/hole, (e/A3)

-584/591

Table 2. Atomic and isotropic temperature (U) parameters for
Dy5Ni0.69(1)Bi2.31(1)

Fig 1. Magnetization as a function of temperature (top) and of field
(bottom) for Dy5Ni0.69Bi2.31.

The starting materials were Dy (99.9 wt. %, CERAC Inc.),
Bi (99.9999 wt. %, CERAC Inc.) and Ni (99.9+ wt. %, Alfa
Aesar). A sample with the Dy5Ni0.69Bi2.31 composition was arcmelted and annealed at 1350°C for 3 hours in Argon atmosphere.

Atom

Site

Occupancy

x/a

y/b

z/c

U (Å2)

Dy1

4c

1

0.2862(2)

1/4

0.6666(4)

0.021(1)

Dy2

4c

1

0.2035(2)

1/4

0.1334(4)

0.023(1)

Dy3

4c

1

0.4978(3)

1/4

0.9645(4)

0.016(1)

Dy4

8d

1

0.4346(2)

0.0473(2)

0.3180(3)

0.026(1)

Bi1

8d

1

0.3267(1)

0.9892(1)

0.9284(2)

0.015(1)

Bi2/Ni

4c

0.31(1)/0.69(1)

0.5220(3)

1/4

0.5918(6)

0.017(1)

Because of the extremely large cross section of Dy, the sample
mounting procedure developed by scientists at Chalk River
[12] was employed for the Dy5Ni0.69Bi2.31 phase. The sample
was ground, mixed with diluted G vanish and deposited as a
thin layer between the two single crystal silicon wafers.
Two sets of experiments were performed. During the first time
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slot in July 2008, the data were collected at room temperature
and base temperature at the C2 diffractometer. Those were test
runs to establish the optimal collection routine. The later runs
in October 2008 were performed to elucidate the magnetic
structure. Experimental diffractograms in the 3.8-74.8 K
region, at 99.8 K and 299.7 K were collected on the C2 diffractometer in the 3.303-83.397° 2θ range with 0.1002425°
step. Integrated intensities for the magnetic peaks at 2θ of
20.51°, 22.74° and 28.57° were generated by the XFIT software (Figure 2) [13].

These features substantiate magnetization data but they do not
shade light on the nature of the transition. Non-homogeneity
of the transition can be caused by the presence of a canted
ferromagnetism but this hypothesis must be supported by the
magnetic refinement data.
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Unfortunately, during the three-month period (July-October,
2008) the sample degraded significantly (Figure 3), and the
quality of the data did not allow obtaining a reliable refinement of the magnetic structure.

Fig 3. Comparison of two runs at the base temperature: the red data
are from July, 2008 and the blue data from October, 2009.

Magnetic structure of the Dy5Ni0.66Bi2.34 compound was attempted to refine using the FULLPROF software package [14]
but reliable solution could not be obtained due to the small
contribution of the magnetic scattering to the total scattering
of the phase. Temperature dependant fit of the magnetic peaks
at 2θ of 20.51°, 22.74° and 28.57° shows distinct intensity
fluctuations around 35 K, 50 K and after 60 K (Figure 2).
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Due to the recent interest in multiferroic materials, many
studies have focused on the influence of lone-pair effects on
structure, as it has the potential to induce noncentro-symmetric symmetry (A-site driven ferroelectrics) [1]. Surprisingly few
ambient pressure pure Bi A-site perovskites are known, including BiTi3/8Fe1/4M3/8O3 (M = Mg, Ni) [2], BiFeO3 [3],
BiFe1-xMnxO3 (x = 0.1, 0.2) [4], and Bi2Mn4/3Ni2/3O6 [5]. Here
we examine the influence of Bi3+ on the structure and properties of the rare-earth containing perovskites REMn0.5Fe0.5O3
(RE = La, Nd), and determine the limit of substitution.
Bi0.5La0.5Mn0.5Fe0.5O3 has been reported as a cubic material
[6]; other compositions have not been previously studied. The
end members REMn0.5Fe0.5O3 are antiferromagnetic insulators
with the Pnma structure, while the rhombohedral bismuth end
member BiMn0.5Fe0.5O3 has been reported as a high pressure
phase exhibiting antiferromagnetic order.
Powders were prepared by firing pelletized, intimate mixtures
of binary metal oxides; a range of firing temperatures with
intermediate regrinding steps were required, with final firing
temperatures increasing with increasing lanthanide content.
Laboratory X-ray diffraction data were collected to examine
phase purity for each compound as well as to obtain Rietveld
refinement quality data (Siemens D5005 and Panalytical
X’Pert Pro; Cu Kα).

4

0.5

(211) m

(110) m

1.0

(011) m

(130)m/(031)m/(112)m

1.5

I /10 counts

Variable temperature powder neutron diffraction data were
collected on the C2 diffractometer at the Canadian Neutron
Beam Center, Chalk River Laboratories. A combination of
high bank data (43°-113° 2θ; 1.3308 Å) and low bank data
(3.4° – 83° 2θ; 2.3720 Å) were collected at 300 K and 4 K.
A combined refinement of powder X-ray diffraction data and
powder neutron diffraction data was carried out for comparison with both the GSAS [7] and Fullprof [8] programs. The
resulting model was applied at 4 K to refine a combination of
crystal and magnetic structure (Figure 1). Variable temperature
data were refined using the batch mode of Fullprof. Additional
long wavelength (2.2720 Å) data were typically collected at
10 K; in 25 K intervals from 25 K to 150 K; in 10 K intervals
from 150 K to 220 K; in 5 K intervals from 220 K to 260 K;
at 270 K, 280 K, 290 K, and 300K. These data were used to
follow the variation in magnetic moment with temperature,
and to determine the magnetic ordering temperature.
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Fig 1. Rietveld refinement of powder neutron diffraction data collected at 4K for (a) Bi0.5Nd0.5Mn0.5Fe0.5O3 and (b) Bi0.5La0.5Mn0.5Fe0.5O3.
The peaks with magnetic contributions are indexed to the k = (000)
magnetic cell.

Fig 2. G-type antiferromagnetic structure (left) and crystal structure
(right) common to both BixLa1-xMn0.5Fe0.5O3 and BixNd1-xMn0.5Fe0.5O3
shown in the Pnma setting. The structure of Bi0.3La0.7Mn0.5Fe0.5O3 is
centrosymmetric C2/c, with a structure closely related to that of the
other phases, including a slight monoclinic distortion (90.19(±1)°) in
the unit cell.

A combination of neutron diffraction and high resolution
X-ray diffraction data indicate that these Bi doped perovskites
remain orthorhombically distorted Pnma perovskites up to x
= 0.5; an exception is found for x = 0.7 when RE = La, which
refines in C2/c (Figure 2). The volume is shown to decrease
with increasing rare-earth content for La and Nd containing
compounds (Figures 3 and 4). Each of the axes increase with
increasing temperature with the exception of the b axis for the
Nd phases, which display a slow variation with temperature,
and in fact display negative thermal expansion along this axis
in the higher temperature range.
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Fig 3. Variation in magnetic moment and lattice parameters versus
temperature for BixLa1-xMn0.5Fe0.5O3 from neutron powder diffraction data.
Table 1. Refinement results for BixRE1-xFe0.5Mn0.5O3 (x = 0.1, 0.3, 0.5)

RE

x

La
La
La
Nd
Nd
Nd

0.1
0.3
0.5
0.1
0.3
0.5

Space
Group
Pnma
C2/c
Pnma
Pnma
Pnma
Pnma

a*
(Å)
5.5185(1)
5.52951(7)
5.54268(5)
5.6337(1)
5.63521(3)
5.60615(6)

b
(Å)
7.8142(1)
7.8203(1)
7.82918(6)
7.7078(2)
7.73337(4)
7.76954(8)

c
(Å)
5.55000(8)
5.56113(7)
5.56371(4)
5.4357(1)
5.43788(2)
5.44513(5)

χ2

Μ† (μB) TN (K)

2.252
2.258
2.169
1.943
3.116
2.378

1.66(4)
1.88(2)
1.81(2)
2.32(3)
2.14(3)
2.15(2)

243(2)
241(1)
243(2)
>300
253(2)
252(1)

V
(Å3)
239.331(7)
240.475(6)
241.479(4)
236.038(8)
236.978(2)
237.175(5)

*lattice parameters at 300 K; χ2 is for the combined refinement of neutron/X-ray powder diffraction data at 300 K; M is the refined moment at 4 K;
TN is the magnetic ordering temperature; the space group setting for RE = La and x = 0.3 given above is I112/b, for ease of comparison with Pnma
phases, with an γ angle of 90.19(±1)°
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Magnetic ordering is shown to occur in the range of 245 K to
260 K, with the exception of Bi0.1Nd0.9Mn0.5Fe0.5O3. The phase
Bi0.1Nd0.9Mn0.5Fe0.5O3 displays a unique temperature dependence with respect to both lattice parameters and magnetic
moment. This behavior has been attributed to phase segregation, observed in the microprobe analysis for this phase. The
Bi0.1Nd0.9Mn0.5Fe0.5O3 phase is particularly challenging to prepare, requiring relatively high firing temperatures (≥ 1000°C)
to observe a pattern essentially free of impurity lines, at which
point phase segregation was observed. Microprobe analysis
indicates that the other members of the series are essentially
homogeneous on the micron scale, with minor impurities present in the form of Bi/RE rich oxide phases.
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Analysis of magnetic reflections, the magnetic structure is
of the antiferromagnetic G-type. The ordering temperature
reported in Table 1 was determined by a best fit to the expression for a critical exponent.
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Many ionic biatomic crystals with fluorite structures, including UO2 exhibit an order-disorder transition into a superionic
state at a temperature near 85% of the absolute melting temperature. This work focuses on the effect of dysprosia doping
on this transition, known as the λ-transition, in UO2. The
high-temperature behaviour of Dy2O3-doped UO2 is of interest since doped fuel has been proposed as a possible advancement of the CANDU fuel design. Specifically, this Low-Void
Reactivity Fuel makes use of the relatively high neutron
capture cross section of dysprosium to control the neutron
flux characteristics in the core, reducing the magnitude of the
positive void coefficient for increased reactor safety. There is
therefore a need to better understand the physical chemistry of
UO2-Dy2O3 in general, and in particular the high-temperature
behaviour as may occur during reactor operation.

nary work was conducted on the UO2-Dy2O3 system in order
to prepare for investigations at the very high temperatures
required to observe this effect. As a foundation for this work,
high-temperature X-ray diffraction was used to study the
thermal behavior and lattice constants of analogous fluorite
crystals such as CaF2.
Neutron diffraction measurements were conducted at Chalk
River Laboratories on UO2 + 15% Dy to identify patterns up
to the maximum attainable temperature. As seen in Figure 1,
no major change in crystal structure patterns was seen between
308 K and 1803 K, except for a downshift of peaks and
decrease in peak height at a higher temperature, which is to be
expected. From this data, the thermal expansion coefficient can
be determined and later applied towards fuel modeling and
development. The λ-transition temperature of approximately
2670 K was not achieved.

As a fluorite crystal, UO2 exhibits a λ-transition where, at sufficiently high temperatures, the oxygen sublattice becomes almost completely disordered with a large fraction of the oxygen
anions occupying randomly regular or interstitial positions.
The less stable oxygen sublattice is predicted to display higher
in-solid mobility into the more stable uranium sublattice [2].
This transition is confirmed by an increase in heat capacity as
a function of temperature, with a characteristic lambda-shaped
heat capacity curve [3]. The occurrence of this transition is
most likely due to the availability of large octahedral lattice
voids; a characteristic of the fluorite structure. Neutron diffraction data confirms that the UO2 forms a very high concentration of oxygen defects at high temperatures [4].

In view of the abandonment of LVRF fuel by Bruce Power,
recently announced, no further diffraction work at CRL is
planned.
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Neutron Diffraction Pattern of UO2-Dy2O3 System at
308K and 1803K
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Fig 1. Neutron diffraction pattern of UO2
+ 15% Dy at 308 K and 1803 K.
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Metal hydrides are considered valuable candidates as hydrogen
storage material for future clean energy systems. However,
fundamental knowledge on the hydrogenation mechanism is
still needed in order to be able to design new metal hydrides
that will meet the industry requirements. Consequently, study
of Mg-Pd system could give valuable insight for the synthesis
of other more practical systems.

that the peaks in the iron catalyzed samples are broader and
the relative intensities are different. It may be an indication
that iron keep the particle size small thus helping the interdiffusion of the elements during hydrogenation/dehydrogenation
process. We are now doing a full Rietveld analysis of these
patterns. Complete results will be published in a forthcoming
paper.

In a previous work we have shown that the hydrogenation of
Mg6Pd is a three step disproportionation reversible reaction
[1-4].
2Mg6Pd + 4.7H2 ⇒ 2Mg3.65Pd + 4.7MgH2 		

(1)

2Mg3.65Pd + 4.7MgH2 + 2.3H2 ⇒ Mg5Pd2 + 7MgH2

(2)

Mg5Pd2 + 7MgH2 + 3H2 ⇒ 2MgPd + 10MgH2

(3)

Because of the high cost of palladium, this alloy could not be
considered as a candidate for practical applications. However,
it could serve as a model in the search of new compounds.
Recently, we found that by ball milling 0.5 at.% of iron with
Mg6Pd the first hydrogenation is much faster compared to
compounds without iron. Neutron powder diffraction was
performed to get the crystallographic characteristics of this
system and to understand the activation mechanism.
The samples were prepared by ball milling 3 grams of the
elemental powders with stoichiometry 6Mg + Pd + 5 at.%Fe
in a steel crucible of 55cm3 internal volume with three stainless steel balls for a powder to balls weight ratio of 30. A high
energy shaker mill (Spex 8000) was used. After 10 hours of
milling in argon atmosphere a fine powder was collected and
stored under argon. Before activation, the sample was heated
to a temperature of 623 K while being kept under a 0.01
Mpa vacuum. To activate the samples, they were exposed to a
hydrogen pressure of 1.33 MPa under a constant temperature
of 623 K. After dehydrogenation under 0.01 MPa vacuum at
623 K the alloy was single phase Mg6Pd as evidence by X-ray
and neutron powder diffraction. The fully hydrided sample
was synthesized by exposing at 623 K the activated sample to
4 MPa of deuterium gas. Neutron diffraction of the arc melted
alloy was performed on the high-resolution neutron powder
diffractometer C2 DUALSPEC at Chalk River (wavelength
1.3287 Å).

Fig 1. Neutron powder diffraction patterns of fully hydrogenated
Mg6Pd with and without iron. Braggs reflections of each phase are
indicated by vertical bars.
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Figure 1 present the neutron diffraction powder of fully deuterated Mg6Pd + 5at.%Fe alloy compared to fully deuterated
Mg6Pd pattern reported in a previous study [3] . Both patterns
are similar except for the iron Bragg reflections seen in the
Mg6Pd + 5at.%Fe pattern. However, a close inspection shows
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Crystal and magnetic structures of the brownmillerites
Ca2Fe1.5Mn0.5O5 and Ca2Fe1.33Mn0.67O5
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There has been considerable interest in materials with oxygen–
deficient perovskite–related structures in recent years. Fuel cells
and dense membranes for the partial oxidation of hydrocarbons are some of the areas of possible applications for these
materials. Introducing an ordered array of oxygen vacancies to
the perovskite structure results in formation of brownmillerite
structure. This family of compounds has a general formula
A2MM′O5, where M and M′ are octahedral and tetrahedral
site cations respectively, and A is a large cation residing in the
spaces between the layers. The structure consists of alternating
layers of octahedra and tetrahedra. All connections between
the polyhedra are corner sharing.
The crystal and magnetic structures of the brownmillerite
Ca2FeMnO5 have been reported recently [1]. This study has
been extended to materials with 2:1 and 3:1 ratios of Fe:Mn,
Ca2Fe1.33Mn0.67O5 and Ca2Fe1.5Mn0.5O5, respectively.
Neutron diffraction study (3.9 - 299K) showed both of these
materials crystallize in an orthorhombic system with space
group Pnma. A very high contrast between manganese and
iron, due to a very large difference between their scattering
lengths: 9.45(2) fm for Fe and – 3.75(2) fm for Mn, makes
neutron an ideal probe for this study, especially to determine
site occupancies, and ordering of Mn3+ and Fe3+ ions in the
octahedral and tetrahedral sites.
The magnetic susceptibility data within the temperature
range of 5 - 300 K are similar in two compounds, and show a
decrease in susceptibility as temperature increases to ~100 K,
and then an upturn begins and continues up to 300 K. This is
a different trend compared to the one observed for a brownmillerite compound with 1:1 ratio of Mn:Fe studied before by
our group. However, the transition temperatures could not be
found using the magnetic susceptibility data, and are needed
to be determined using variable temperature powder neutron
diffraction, at temperatures higher than room temperature.
The magnetic structures of these materials were determined
by neutron diffraction. Rietveld refinement result of neutron
diffraction data (λ = 2.37150 Å) at 300 K showing both crystal
and magnetic structures for Ca2Fe1.5Mn0.5O5 is shown in Figure
1. The magnetic structure was found to be G-type, described
by k = (0 0 0). Each spin in the octahedral layer is coupled
antiferromagnetically to all nearest neighbors within that layer.
The tetrahedral layer has a similar coupling of spins within the
layer. In addition, there is an antiparallel coupling between the
octahedral and tetrahedral layers. Therefore all intra and interlayer spin interactions are antiferromagnetic.
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Fig 1. Rietveld refinement of neutron diffraction data with λ =
2.37150 Å (at 300 K) for brownmillerite Ca2Fe1.5Mn0.5O5. The upper
vertical bars show the crystal and lower vertical lines show the magnetic structure.
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During the last decades there has been a continuous theoretical
and experimental interest in studying properties of spin glass
systems [1]. The prerequisite for a spin glass is a competition
among the different interactions between the spins with a
random distribution of these interactions. The random spin
arrangement in a spin glass is frozen when cooling the system
below a certain temperature Tf , called the freezing temperature. This temperature has been most often determined by
measuring the magnetic susceptibility as a function of temperature and identifying the cusp as Tf as it was done for the
first time by Cannella and Mydosh [2]. Other measurements
like the anomalous Hall effect and Mössbauer effect were successfully used to study the spin glass phase transition, whereas
other methods like resistivity or magnetoresistance measurements did not show any sharp features associated with a phase
transition. Recently, Polarized Neutron Reflectometry (PNR)
has turned out to be an excellent tool to determine the onset
of spin-glass freezing in single thin spin-glass films by measuring the temperature dependence of the AuFe spin-glass magnetization in a magnetic field of 6 T [3,4]. For temperatures far
above Tf the AuFe spin-glass magnetization can be described
with a Brillouin-type behavior of a paramagnet, whereas at
temperatures below 50 K the measured AuFe magnetization is
smaller than the one expected from a paramagnet, clearly proving the existing spin-glass frustration in these AuFe films.
A set of Au97Fe3 alloy films with an Fe concentration of 3 at.%
and different thicknesses t = 2, 5, 10, 50 nm was prepared by
co-sputtering high purity Au and Fe onto a silicon substrate.
The PNR experiments were performed on the C5 spectrometer
using a Cu2MnAl Heusler monochromator at λ = 0.237 nm
in combination with a PG filter to reduce the higher order
contamination. The magnetic field was provided by the M5
cryomagnet with the magnetic field in the sample plane and
perpendicular to the scattering plane. With this setup we
achieved a flipping ratio better than 25 or a neutron beam
polarization of 96%, respectively [5].
In previous PNR experiments, we revealed a size effect in the
magnetization of AuFe films [4]. For the films in the thickness
range from 500 nm to 20 nm, we observed a Brillouin-type
behavior from 295 K down to 50 K and a constant magnetization of about 0.9 μB per Fe atom below 30 K. However, for
the 10 nm thick film we observed a Brillouin-type behavior
down to 20 K and a constant magnetization of about 1.3 μB
per Fe atom below 20 K. In the new experiment series reported here we wanted to probe even thinner film thicknesses
where the size effect should be more pronounced.

Fig 1. Averaged magnetic moment per Fe atom versus temperature
of thin Au97Fe3 films as derived from the fits to the PNR curve (solid
circles) compared to a Brillouin function with J = 2 for isolated Fe
atoms (solid line).

Figure 1 shows the averaged magnetic moment as a function
of temperature as determined from PNR measurements (solid
circles) in a field of 6 T for a Au97Fe3 film with a thickness of
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a) 50 nm, b) 10 nm, c) 5 nm, and d) 2 nm. The solid lines
in Figure 1 represent the Brillouin function for isolated Fe
atoms. In agreement with earlier PNR experiments [4] (i)
the magnetization deviates noticeably from the paramagnetic
Brillouin-type behavior below 50 K and (ii) the magnetization
below 10 K is enhanced for films with thickness smaller than
10 nm compared to the bulk value or films larger than 20 nm
(see Fig. 1a). As expected, the magnetization at 2 K increases
with decreasing film thickness below 10 nm, proving the
enhancement of the size effect with decreasing film thickness
and indicating that the frustration energy becomes weaker in
these ultrathin films with decreasing film thickness. So, the
present series of PNR experiments exapnding the thickness
range down to 2 nm nicely confirm the size effect determined
previously from experiments on AuFe films in a thickness
range from 500 to 10 nm.
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We used Neutron Reflectometry (NR) to study the structural
changes of thin Pd-capped Mg0.7Al0.3 alloy films during hydrogen desorption. The reflectometry experiments were performed
on the newly commissioned D3 reflectometer at NRU in
Chalk River. NR enabled us to determine the hydrogen content and hydrogen distribution in these thin MgAl alloy films
along with the structural changes associated with the desorption process.
The films were co-sputtered onto a Si(100) substrate with
a native oxide layer of about 1 nm thickness. The Mg sputter rate was held constant at 0.4 nm/s, the sputter rate of Al
was adjusted for the different compositions, and the Pd was
sputtered at a rate of 0.1 nm/s. The MgAl films had a thickness of about 52 nm and were covered with a 10 nm thick Pd
layer in order to facilitate the hydrogen uptake. The films were
adsorbed with hydrogen in a dedicated high-pressure furnace
at 430 K for 20 hours at 6.8 MPa.
Recent (NR) experiments on thin MgAl films [1] confirmed
that Mg0.7Al0.3 is the optimum composition to maximize the
stored hydrogen content (4.1 wt%) and minimize the desorption temperature (448 K). The NR measurements [1] showed
that the Mg0.6Al0.4 films are desorbed at slightly higher temperatures (473 K). Along with hydrogen desorption an interdiffusion of the Pd into the Mg0.6Al0.4 film was observed which
destroys the film structure and makes it impossible to recycle
the film. As structural changes during absorption/desorption
cycles are important for the recyclability of hydrogen-storage
materials we performed a systematic study of this interdiffusion process [2]. In order to separate the desorption from the
interdiffusion process we investigated the film structure of a
Mg0.7Al0.3Hy film, which has been fully desorbed before the
interdiffusion sets in. The NR experiments were performed in
the following way: the sample was heated up to 473 K, hold at
that temperature for a certain time, then it was cooled down
to 295 K and the NR measurement started. This allowed us
to get a precise snapshot of the interdiffusion process. The
NR data could be collected in a large q-range with very good
statistics because the interdiffusion process does not continue
at temperatures below 295 K.
NR scans of a previously hydrogen-absorbed Mg0.7Al0.3 film
that has been desorbed at 448 K, are shown in Fig. 1 after annealing at 473 K a) for 1 hour, b) for 3 hours, and c) 9 hours.
The open circles represent experimental data, the solid lines
represent fits, and the insets show the corresponding SLD
profile. In order to fit the data properly we had to describe the
SLD profile of the sample with a 7-box model. In this model
the sample was divided up into 7 independent layers and for
each box the SLD, thickness, and interface roughness was

varied to optimize the fit.
The SLD of the absorbed Mg70Al30 film is 3.5 × 10-7 Å-2
[1,2], the SLD of the desorbed film is 2 × 10-6 Å-2. So, we can
conclude from Figure 1a) that the hydrogen of the Mg0.7Al0.3
film is fully desorbed after one hour annealing at 473 K with
the Pd layer still intact. After 3 hours at 473 K (Figure 1b) the
SLD at the location of the Pd layer has decreased from 4 to
3.5 × 10-6 Å-2 and at the same time the SLD of the MgAl in
contact with the Pd layer has increased. This nicely proves the
Pd interdiffusion into the MgAl layer. After a 9 hour annealing (Figure 1c) the Pd layer cannot be observed anymore. This
detailed information on structural changes gained by NR, is
very important in terms of recyclability of hydrogen storage
materials.

Fig 1. Reflectivity curve of a desorbed Pd-covered Mg0.7Al0.3 thin film
on a Si substrate a) after 1 hour annealed at 473 K, b) after 3 hours
annealing at 473 K, and c) after 9 hours annealing at 473 K. Open
circles represent experimental data, the solid lines represent fits, and
the insets show the corresponding SLD profile.
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In past decades, there are many novel areas presently being
developed that require so-called “smart biological surfaces,”
which can respond to external stimuli such as solvent type,
pH, temperature, electric and magnetic fields, etc. Among
smart surfaces, thermo-responsive surfaces, which can respond
to temperature variation, are some of the most important,
since temperature, as a stimulus, can be easily regulated.
Recently, a new class of biocompatible thermo-responsive
material, namely poly[2-(2-methoxyethoxy)ethyl methacrylate
-co- oligo(ethylene glycol) methacrylate) (P(MEO2MA-coOEGMA)], has attracted much attention. This random copolymer has been shown to have an LCST in water. Knowledge
about conformation of the polymer brushes on surface is
crucial when designing smart surfaces.

The samples were measured first in air to obtain the dry thickness of the grafts and the parameters needed to model the wet
state. Figure 1a shows the NR profiles for two samples in air.
From the SLD profiles of the grafts (Figure 1b), the polymer
layer and SiO2 layer are clearly discernable. The thicknesses
of polymer layers on S1 and S2 are 1185.4 Å and 1131.3 Å,
respectively, and are in good agreement with those results
obtained by ellipsometry.
The conformations of polymer brushes on S1 in D2O were
measured at different temperatures. The NR profiles and their
best fits are shown in Figure 2a.

In this work, PEG-based thermo-responsive surfaces were
prepared by grafting P(MEO2MA-co-OEGMA) copolymer
brushes on silicon wafers via the surface-initiated atom transfer
radical polymerization method. NR experiments were carried
out at the D3 reflectometer located at the National Research
Universal Reactor (Chalk River, ON). The samples were
measured both in air and in aqueous solution. PARRATT
32 (BENSC, Berlin) software was employed to interpret the
data. In the case of dry samples, a three-layer (SiO2, initiator
monolayer, polymer layer) model was used. For wet samples,
a parabolic decay was added to the polymer layer due to the
extension of polymer chains into the aqueous environment.

Fig 2. (a) Neutron reflectivity profiles of S1 in D2O and the best fits to
the data. The curves were offset by arbitrary factors in order to better
distinguish the data. (b) Volume fraction profiles of polymer brushes.

Fig 1. (a) Neutron reflectivity profiles for dry surfaces and the best
fits to the data. The curves were offset by arbitrary factors in order
to better distinguish the data. (b) SLD profiles of grafts on the silicon
substrate.
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The SLD profiles of polymer brushes on the surface were
determined from the best fits to the data. They were then easily
interpreted to polymer volume fraction profiles by assuming
that the volumes were additive. At 288 K, the polymer brushes
were well extended into water. Compared to the dry state, the
swelling ratio of polymer brushes in D2O was approximately
1.8. OE groups can form hydrogen bonds with water; therefore a hydration layer in which water was combined to the
polymer chains by hydrogen bonds was built up surrounding
polymer chains. When the temperature was increased to 298

In conclusion, PEG-based thermo-responsive surfaces were
prepared by grafting P(MEO2MA-co-OEGMA) copolymer
brushes on silicon wafers via the surface-initiated ATRP
method. The detailed conformation information of the polymer brushes in aqueous solutions as a function of temperature
was obtained using the NR method. Polymer conformation
changed from the well-extended state to the compressed state,
and then to the collapsed state with increased temperature.

Figure 3a shows NR reflectivity data for S2 and the best fits to
the data (solid lines) at four different temperatures. The polymer volume fraction profiles are shown in Figure 3b. For S2,
its LCST in water was around 321 K, higher than that of S1
(305 K). As shown in Figure 3b, at 298 K the polymer brushes
were extended into D2O, indicating a well-developed hydration layer around the polymer chains.
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Fig 3. (a) Neutron reflectivity profiles of S2 in D2O and the best fits to
the data. The curves were offset by arbitrary factors in order to better
distinguish the data. (b) Volume fraction profiles of polymer brushes.

When the temperature was increased to 310 K, the polymer
brushes were obviously compressed and the swelling ratio decreased to around 1.4. An interface formed between the water
and polymer layer, which indicated that the hydration layer
surrounding the polymer chains was partially destroyed at a
temperature close to the LCST.
When the temperature was raised to 323 K, higher than
the polymer’s LCST, the polymer brushes collapsed onto
the surface. The swelling ratio was less than 1.2. When the
temperature was 340 K, the polymer layer swelling ratio was
only around 1.1, while the water fraction further decreased to
around 20%.
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K, the polymer brushes shrank, slightly. This indicates a decrease in the affinity between OE groups and water molecules,
affecting the level of hydration around the polymer chains.
When the temperature was further increased to 310 K, above
the polymer’s LCST, the polymer brushes collapsed, excluding
much of the water from the polymer layer. When the temperature was increased to 323 K, the polymer layer collapsed
further, expelling more water.

Polarized Neutron Reflectivity Study
of the Magnetic Structure of MnSi Thin Films
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Recent theoretical work proposes that helical magnets hold
new possibilities for spintronics [1,2]. We are exploring using
MnSi thin films for fundamental spin-dependent transport
studies. MnSi is a weak itinerant-electron helical magnet with
a B20 crystal structure and a lattice parameter aMnSi = 0.4561
nm [3]. At ambient pressure, the material orders magnetically
below a Curie temperature TC = 29.5 K. MnSi is nearly ferromagnetic, but the Dzyaloshinskii-Moriya (DM) interaction,
caused by the lack of inversion symmetry of the B20 crystal
structure, destabilizes the ferromagnetism and produces a helical magnetic structure oriented along [111] with a wavelength
of approximately 18 nm [4]. The helix rotates in the direction
of the applied magnetic field. Above HC1 ≈ 0.1 T, a conical
phase forms [5], which collapses into a ferromagnetic phase
above HC2 = 0.6 T [6].
In contrast to the well-studied bulk material, there has been
little work done to date on MnSi thin films. Silicon substrates
(lattice parameter aSi = 0.5431 nm) serve as good templates
for MnSi growth. There is a 3.0% lattice mismatch between
a MnSi(111) surface and Si(111). From bulk measurements,
one would expect the magnetic moments in these films to be
in-plane and to form a helix about the [111] surface normal,
which would be ideal for spin-dependent tunneling and spininjection studies. The report presents priliminary attempts
to determine the magnetic structure of MnSi(111) thin films
using polarized neutron reflectometry (PNR).
Thin epitaxial Si / t MnSi / Si(111) films were grown by solid
phase epitaxy using the molecular beam epitaxy facility at
Dalhousie University. Mn was evaporated onto a clean Si(111)
surface and then annealed at 400°C to produce a single crystal
MnSi film. The MnSi silicide thickness inferred from the
Mn-flux monitor was confirmed using x-ray reflectometry.
The silicide film thickness, t, ranged from 7 nm to 18 nm.
The amorphous Si capping layer is 18 nm thick. Thicknesses
and film roughnesses were determined with x-ray reflectivity.
Film roughness increased with thickness. A MnSi thickness t =
10 nm achieved the best balance between the requirements of
large film thickness for a stronger spin-flip reflecitivity signal
and low film roughness. For this thickness, models predict that
a helical magnetic structure similar to that in bulk would give
a large enough spin-flip signal be to detected.
Polarized and unpolarized neutron reflectivity measurements
were performed on the C5 spectrometer. The neutron beam
was parallel to the in-plane [11-2] direction and the magnetic
field was applied along [1-10], also in the plane of the film.
Measurements were performed at room temperature and at 4
K in fields as low as 0.03 T and as high as 5 T. Flipping ratios
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of 24 were achieved at 0.03 T. The data was modelled with
Parratt32 and SimulReflec software.

Fig 1. Polarized neutron reflectivity from a 10-nm thick MnSi(111)
film. The open circles show the up-up reflectivities, and filled circles
represent the down-down. The data measured in a 5 T and 0.03 T
field are presented in the top and bottom graphs respectively. The
solid and dotted curves show the calculated reflectivities.

The top graph of Figure 1 shows the spin-polarized neutrons
reflectometry for the 10 nm MnSi sample at a temperature of
4 K in a field of 5 T, which is far above saturation. The up-up
reflectivity (open circles) is below the down-down reflectivity
(filled circles) due to the negative scattering length density of
Mn. The model, shown by the solid and dotted curves, reproduces the features in the data. A large spin-asymmetry is present in the low-q and q ≈ 0.032 Å-1 regions of the reflectivity.
The reflectivity in a field of 0.03 T is shown in the bottom
graph of Figure 1. The figure shows that the spin-asymmetry
is qualitatively different than in high fields. For the low field
measurements the asymmetry is large for large q and small for
small q. A model of the down-down and up-up scattering from
a 10 nm film with a 18 nm magnetic helix pointing along
[111] is shown by the solid and dotted lines respectively and
reproduces the qualitative features in the data. However, no
spin-flip signal was detected over the entire measured range of

Thin Films

q-values, whereas the model of the helical order predicts that
the spin-flip signal should be larger than the up-up signal in
the vicinity of q = 0.032 Å-1. These results show that magnetic
structure in the MnSi thin films are different than in bulk.
Further studies with thicker and smoother films are required to
determine the magnetic structure of MnSi films. Recent progress in the grown process has enabled the growth of such films.
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Titanium and its alloys are rendered highly corrosion resistant
by the presence of a passive oxide layer that spontaneously
forms on the metal surface on exposure to the environment.
Another protective feature of this oxide layer is that it acts as a
barrier to hydrogen atoms (a by-product of the corrosion reaction) that would otherwise be readily absorbed by the metallic
Ti, leading to formation of brittle hydride phases.
Despite the role of the oxide in controlling H ingress into
titanium, hydrogen absorption into and through the oxide has
not been thoroughly studied. In previous neutron reflectometry experiments, Wiesler and Majkrzak [1, 2] studied the
growth of the passive oxide on titanium at 3 VSCE and its
hydrogen loading at -2 VSCE in 0.05 M H2SO4. They demonstrated that the passive oxide was permeable to hydrogen
during cathodic polarization. Tun, Noël, and Shoesmith [3, 4]
observed the progressive ingress of hydrogen atoms through
an anodic oxide film on titanium under cathodic polarization.
They found that, while the oxide acted as a barrier to hydrogen ingress into the metal, some of the hydrogen produced on
the surface during cathodic polarization was absorbed into the
oxide. However, neither of these studies clarified the threshold
potential at which hydrogen absorption into the passive oxide
can occur. Moreover, the native (air-formed) oxide on pure Ti
may be different from that formed on α-Ti alloys, and from
the oxide formed at high potentials in aqueous solution (the
cited works all involved anodically grown oxide films), or
oxides carefully formed in a vacuum chamber.
Our approach was to take advantage of the large contrast
between Ti and deuterium (D) to help determine whether or
not changes observed during in situ electrochemistry/neutron
reflectometry experiments can be ascribed to hydrogen absorption into the oxide during cathodic polarization and to establish the potential value of the hydrogen absorption threshold
on the native oxide on pure Ti.
To investigate hydrogen absorption into the oxide on pure titanium, a pure titanium layer was first deposited on a Si wafer
by magnetron sputter deposition in a vacuum chamber. We
deposited ~ 25 nm thick Ti films on the polished (111) face of
single-crystal, atomically flat, silicon disks, 10 cm in diameter.
The sputter-deposition was carried out in an Ar atmosphere
(pressure 3×10-3 Torr) at a rate of ~ 0.08 nm/second. The native oxide layer spontaneously formed when the fresh Ti film
was removed from the vacuum chamber and exposed to the
ambient air. Neutron reflectometry measurements of the asprepared sample were made with the beam incident from the
air and Si sides of the film.
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Neutron reflectometry measurements were then performed
using 2.37 Å neutrons on the D3 reflectometer, with the
sample mounted on a custom-made electrochemical cell, first
dry, then later filled with deaerated H2O or D2O containing
0.27 M NaCl. The cell and electrochemical instrumentation
have been described previously [3, 4]. When the sample was
mounted on the electrochemical cell it yielded an electrode
with a surface area of 64 cm2 exposed to the solution. Starting
from the open circuit potential and headed toward increasingly
cathodic polarizations, a series of fixed potentials was applied
to the oxide-covered Ti film, and at each potential, neutron
reflectometry measurements were performed with repeated
scans, concurrent with amperometric and electrochemical
impedance spectroscopy (EIS) measurements of electrochemical properties.
The variation of current density with time in deaerated 0.27
M NaCl in D2O is shown in Figure 1. For potentials < -0.1 V,
cathodic currents were observed, indicating water reduction
to deuterium (hydrogen). Substantial increases in the current
magnitude were observed for potentials below -0.4 V.

Fig 1. Variation of current density with time recorded on an oxidecovered Ti electrode in deaerated 0.27 M NaCl in D2O during cathodic
polarization.

EIS spectra were recorded after the amperometric measurements, once the current had stabilized. A parallel RC
equivalent circuit with a single time constant was fitted to the
impedance data to determine the solution resistance and the
resistance and capacitance of the oxide layer. The oxide film
resistance and capacitance values in D2O solution obtained
from these fits are shown in Figure 2. The oxide capacitance
was observed to increase gradually as the potential decreased.
The oxide resistance decreased only slightly from the open
circuit potential to -0.4 V; below that potential the resistance
decreased much more substantially.

can provide a reasonable explanation for the change in the
intensity profiles observed. Therefore, a deuterium-containing
surface layer was included in the sample structure (Figure 4).

a)

Thin Films

Si
Si Oxide

Fig 2. Variation of oxide capacitance and resistance with potential
in 0.27 M NaCl in D2O, as determined from in situ electrochemical
impedance spectroscopy.

Ti
Air-formed Ti Oxide

The normalized intensity profiles of neutrons reflected from
the oxide-covered Ti electrode recorded during cathodic
0.27M NaCl D2O
polarization in deaerated D2O containing 0.27 M NaCl are
shown in Figure 3. The reflectivity signal in the QZ range 0.13
b) for the sample surface from the open circuit potential to -0.2 V
~ 0.15 Å-1 is indistinguishable from the background noise and (a) Model
was given zero weight in the fitting process. At potentials ≥
Si
-0.2 V, the intensity profile recorded on the as-prepared sample
did not change with potential, indicating no change in the
composition and thickness of the sample. However, when the
Si Oxide
potential was decreased to -0.3 V, noticeable changes of the
normalized intensity profile were observed. Further decreases
in potential resulted in a continuous and gradual change in the
Ti
intensity profiles.
Air-formed Ti Oxide
D-containing Ti oxide

0.27M NaCl D2O
Fig 4. Schematic showing surface structural models fit to the normalized intensity profiles for cathodic polarization in D2O containing 0.27
(b) Model
forforthe
surface
at the
potentials
V
M NaCl.
(a) Model
thesample
sample surface
from
open circuit-0.3
potential to -0.2 V. (b) Model for the sample surface at potentials ≤ -0.3 V.

Figure 5 shows example fits of these two models to the experimental results acquired at open circuit potential and -0.3 V
(Figure 3). Least-squares fitting to the normalized data yielded
the layer profiles shown in Figure 6.

Fig 3. Normalized intensity profiles of reflected neutrons from an
oxide-covered Ti film electrode during cathodic polarization in deaerated in D2O containing 0.27 M NaCl.

The two structural models found to best fit the data using Parratt 3.2 software are shown in Figure 4. From the open circuit
potential to -0.2 V, no changes in the intensity profiles, and
therefore no detectable deuterium absorption were observed;
the sample surface composition is suggested to be the sequence
of layers Si/SiO2/Ti/TiO2/D2O. At potentials of -0.3 V and
lower, the reduction of heavy water to produce deuterium at
the TiO2 surface, and the adsorption of the deuterium atoms

The SLD of the Ti film at open circuit was -6.10×10-7 Å-2,
which is somewhat positive of that of bulk Ti (-1.95×10-6
Å-2), possibly due to oxygen absorption into the metal, as was
previously observed [3]. The thickness of the air-formed oxide
is about 7.63 nm, in agreement with early optical polarization observations by Andreeva [5]. The model SLD value of
the oxide increased gradually from the oxide/Ti interface to
the oxide/solution interface, which is an unexpected outcome
and gives us some concerns about the validity of our model or
fitting process. Except for the region close to the oxide/solution interface, the oxide has a lower SLD value than that of
titanium oxide crystals (rutile or anatase), implying that the
air-formed oxide may have an amorphous structure, or again
that the model is not correct.
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At potentials < -0.3 V, a higher SLD region in the oxide layer
developed at the oxide-solution interface, growing in thickness
inward toward the metal-oxide interface as the applied potential decreased. Deuterium has a high scattering length (6.671
fm) and its adsorption on, or incorporation into the oxide
would result in an increase of SLD. The behaviour is similar
to that observed for progressive hydrogen penetration through
the anodic oxide into anodized Ti [3].

Thin Films

a)

b)

Fig 7. Normalized intensity profiles of reflected neutrons from an
oxide-covered Ti-Si wafer electrode during cathodic polarization in
deaerated H2O containing 0.27 M NaCl.

Fig 5. Normalized plots of measured reflected neutron intensity
profiles fitted by (a) the model in Figure 4a and (b) the model in Figure
4b. (a) Open Circuit Potential. (b) -0.3V.

Figure 7 shows the normalized intensity profiles of reflected
neutrons for the equivalent set of experiments in deaerated
H2O containing 0.27 M NaCl. The interference pattern in the
intensity profiles was much weaker than for the film used for
the D2O experiments, suggesting that the specimen did not
possess clearly defined layers and interfaces and was therefore
not useful for neutron reflectometry measurements. During
cathodic polarization, no significant changes in the intensity
profiles were observed at potentials ≥ -0.4 V, as would be
expected based on the potentiostatic and EIS measurements,
which yielded similar results to those in the D2O experiments
above. Fitting efforts have not yet generated any useful information from this data set.
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