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The Materials Research Society of Singapore (MRS-S) organized four International and
two National Conferences in Singapore since 2001. The biennial ‘International
Conference on Materials for Advanced Technologies (ICMAT)’ series were held in 2001,
2003, 2005 and 2007. The biennial National Conferences were held in 2004 and 2006.
MRS-S also sponsored/supported several other conferences, workshops, symposia and
public lectures. It instituted gold medals for the best outgoing students in Materials
Science at the National University of Singapore (NUS) and Nanyang Technological
University (NTU). It instituted the ‘MRS Singapore Student Bursary Fund’ at the
National University of Singapore. MRS-S also instituted the ‘MRS-S Book Prize’ at the
‘Republic Polytechnic’ of Singapore. This yearly Book Prize will be awarded to the top
final-year student from the ‘Diploma in Materials Science’.
To reach out to the public, MRS-S has organized number of public lectures by Nobel
Laureates and also an Astronaut.
MRS-S is pleased to learn that its President, Prof. B.V. R. Chowdari has been elected as
the First Vice-President and President-Elect of IUMRS (International Union of Materials
Research Societies) from 1 Jan 2009. The term of President meant for two years, begins
from 1 Jan 2011. IUMRS is the world body where various Materials Research Societies
worldwide are members, and that includes MRS-S. It is these Societies that elect the
office bearers of IUMRS. IUMRS is also the member of the UNESCO body ICSU
(International Council of Scientific Unions).
The election of Prof. Chowdari as the First Vice-President and President-Elect of IUMRS
is a clear international recognition for the MRS-S, and all the efforts put in by its committee and members, particularly Prof Chowdari himself. MRS-S extends its hearty congratulations to Prof. Chowdari for holding these prestigious appointments.
MRS-S is pleased to learn that its President, Prof. B.V. R. Chowdari has been conferred
the long service medal by the Singapore Government for his continued service to NUS.
MRS-S extends its warm congratulations to Prof. Chowdari, and wish him many more
years of service to both NUS and MRS-S.
MRS-S hosted a Dinner on Nov., 14, 2008 in honor of Prof. Shih Choon Fong, President
of the NUS, and Founding President of the MRS-S. After having served NUS for more
than 11 years, Prof. Shih is taking up the position of the President of the King Abdulla
University of Science and Technology (KAUST), of Saudi Arabia.
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Under the leadership of Prof. Shih, MRS-S grew by leaps and bounds in the formative
years, and is flourishing well with Prof. B.V. R. Chowdari as the current President.
About 150 MRS-S members and Invitees attended the ‘Appreciation Dinner’, along with
Mrs. Shih.
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ICMAT 2009 & IUMRS-ICA 2009 will be held during June 28-July 3, 2009 in Singapore.
It will have 23 Symposia, 9 Plenary and 3 Theme Lectures in addition to the Keynote,
Invited, Oral talks and Poster presentations. There will also be an Exhibition of the
products and services by the manufacturers, book and journal publishers.

Invitation
Invitation to MRS-S Members
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The second and final Announcement of ICMAT 2009 & IUMRS-ICA 2009 is available at
the website: www.mrs.org.sg
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MRS-S Executive Committee
(For 2009–2010)
President
B.V.R. Chowdari, NUS
Founding President
Shih Choon Fong, NUS
Vice Presidents
Lim Seh Chun, NUS
Freddy Boey, NTU
Secretary
Chia Ching-Kean, IMRE
Joint Secretary
Feng Yuan Ping, NUS
Treasurer
Ding Jun, NUS
Joint Treasurer
Gregory Goh, IMRE
Members
Ramam Akkipeddi, IMRE
Palani Balaya, NUS
Liu Ai Qun, NTU
Liu Zishun, IHPC
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Lu Chun, NTU
Daniel Pickard, NUS
S. E. Valavan, Rep Poly
Andrew S. W. Wong, IMRE
Yang Yi-Yan, IBN
Honorary Auditors (2008–2009)
Shen Zexiang, NTU
Teng Jinghua, IMRE
NUS: National University of Singapore
NTU: Nanyang Technological University, Singapore
IBN: Institute of Bioengineering and Nanotechnology, Singapore
Rep Poly: Republic Polytechnic, Singapore
IMRE: Institute of Materials Research & Engineering, Singapore
IHPC: Institute of High Performance Computing, Singapore
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Highlights of Previous ICMAT Conferences
Year 2001: 1–6, July 2001; 16 Symposia; 10 Plenary
Lectures; 4 Public Lectures by Nobel Laureates; 1400
delegates; 18 Best Poster Awards; 36 Exhibitors.
Year 2003: 7–12, Dec., 2003; 16 Symposia; 9 Plenary
Lectures; 2 Public Lectures by Nobel Laureates; 1500
delegates; 19 Best Poster Awards; 29 Exhibitors.
Year 2005: 3–8, July 2005; 25 Symposia; 9 Plenary
Lectures; 2 Theme Lectures; 3 Public Lectures by
Nobel Laureates; 2200 Delegates; 28 Best Poster
Awards; 43 Exhibitors.
Year 2007: 1–6, July 2007; 18+6 Symposia; 9 Plenary
Lectures; 2 Theme Lectures; 2 Public Lectures by
Nobel Laureates; 2300 Delegates; 25 Best Poster
Awards; 41 Exhibitors.

Highlights: Recent Literature

January 1, 2005

Highlights of Previous National Conferences
Year 2004: 6 August, 2004; 20 Invited Talks; 130
Poster Papers; 4 Best Poster Awards.
Year 2006: 18–20, Jan., 2006; Includes the Symposium on ‘Physics and Mechanic of Advanced Materials’; 60 Invited Talks; 200 Poster Papers; 1 Public
Lecture; 5 Best Poster Awards.
Year 2008: Feb., 25–27, 2008. Incorporated the MRS-I
Mumbai (India)-Chapter Joint Indo-Singapore Meeting; 2 Keynote Talks, 60 Invited Talks; 211 Poster
Papers; 10 Best Poster Awards.

MRS-S OUTLOOK (ISSN 1793-3609) is published quarterly by the Materials Research Society of Singapore (MRS-S),
c/o Institute of Materials Research & Engineering, 3, Research Link, Singapore 117 602.
Editor: G.V. Subba Rao. Disclaimer: Statements and opinions expressed in ‘MRS-S OUTLOOK’ are solely those of the
authors, and do not reflect those of MRS-S, nor the editor and staff. Permissions: The subject matter contained in ‘MRS-S
OUTLOOK’ can be freely reproduced for not-for-profit use by the readers; however, a word of acknowledgement will be
appreciated.
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Highlights of Recent Literature
(Contributed by the Editor)

Superconductivity at 38 K in the Iron
Arsenide, (Ba1−x Kx )Fe2 As2

2. M. Rotter, M. Pangerl, M. Tegel and D. Johrendt, Angew.
Chem. Int. Ed., 47 (41), 7949–7952 (2008).

Rotter et al. [1] recently reported bulk superconductivity with a transition temperature, Tc = 38 K in the
compound, (Ba1−x Kx )Fe2 As2 with x=0.4. The parent compound, BaFe2 As2 crystallizes in the tetragonal ThCr2 Si2 -type layer structure, and consists of
(FeAs)δ− iron arsenide layers separated by Ba2+ ions.
The parent compound was found to be a poor metal
and exhibits a spin density wave (SPW) anomaly at
140 K. By substituting K at the Ba-site, holes are introduced in to the iron arsenide layers, thereby suppressing the SPW anomaly and inducing superconductivity.
The Tc of 38 K is the highest value in the hole-doped
iron arsenide superconductors so far.
In a related report, Rotter et al. [2] studied
the “superconductivity and crystal structures of
(Ba1−x Kx )Fe2 As2 with x=0−1”, and found that superconductivity is shown for x=0.1 to 1. The T c value
goes through a maximum at x=0.4 (38 K) and decrease
to 3.8 K for x=1 KFe2 As2 .
The discovery of high temperature superconductivity (HTSC), this year in the compounds of the
type, ‘rare earth-transition metal-oxygen-pnicogen’,
with the so-called ZrCuSiAs-type layered structure
generated tremendous interest in the scientific community. Thus, for example, LaFeAs(O0.9 F0.1 ), was found
to show a Tc = 43 K under pressure, at ∼4 Gpa.
Many iso-structural analogues of the above have been
synthesized and were found to show T c = 54 K.
Hence, the report by Rotter et al. [1,2] is significant
since they been have able to expand this class of superconductors by compounds with the ThCr2 Si2 -type
structure in addition to the ZrCuSiAs-type layered
structure.
References
1. M. Rotter, M. Tegel and D. Johrendt, Phys. Rev. Lett.,
101, 107006 (2008).
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Carbon Nanotube Arrays with Strong Shear
Binding-On and Easy Normal Lifting-Off
By using carbon nanotube arrays, specifically
vertically aligned multiwalled carbon nanotubes
(VA-MWNTs) that are dominated by a straight body
segment but with curly entangled top, Qu et al. [1] have
created gecko-foot–mimetic dry adhesives, that show
macroscopic adhesive forces of ∼100 N/cm2 , almost
ten times that of a gecko foot, and a much stronger
shear adhesion force than the normal adhesion force,
to ensure strong binding along the shear direction, and
easy lifting in the normal direction. The required samples were produced by a low pressure chemical vapor
deposition (CVD) process on a SiO2 /Si wafer.
According to the authors, this anisotropic force
distribution is due to the shear-induced alignments of
the curly segments of the nanotubes. The mimetic
adhesives can be alternatively binding-on, and liftingoff over various substrates with different flexibilities
and surface characteristics, like ground glass plates,
polytetrafluoroethylene (PTFE), rough sand paper, and
poly(ethylene terephthalate) (PET) sheet.
Reference
1. L. Qu, L. Dai, M. Stone, Z. Xia and Z. L. Wang, Science,
322, 238–242 (2008) (Oct., 10 Issue).

Observation of the Spin Seebeck Effect
The generation of electric voltage by placing a conductor in a temperature gradient is called the Seebeck
effect. The effect is exploited in practice, in thermoelectric power generation, thermoelectric cooling
and for temperature sensing, the latter, using a thermocouple. Uchida et al. [1] used a recently developed spin detection technique based on the ‘spin-Hall
effect’ to demonstrate the ‘spin-Seebeck effect’ for the
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first time, in a metallic magnet, a 20 nm-thick film of
(Ni81 Fe19 ) with a platinum (Pt) wire attached to one
end. This thermally induced spin voltage gives rise to
spin current, a flow of spins without electric current,
over millimeter (∼6 mm) distances, and the authors
found that the spins can be extracted from every position on the magnet simply by attaching a metal.
Uchida et al. [1] ‘anticipate that the (observed)
spin-Seebeck effect will transform basic research on
spin currents and lead to dramatic advances in spintronic devices’.
Reference
1. K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae,
K. Ando, S. Maekawa and E. Saitoh, Nature 455,
778–781 (2008) (Oct., 9 Issue).

Bottom-up Organic Integrated Circuits
Making integrated circuits using a bottom-up approach
involving self-assembling molecules was proposed
in the 1970s. The basic building block of such
an integrated circuit is the self-assembled-monolayer
field-effect transistor (SAMFET), where the semiconductor is a monolayer spontaneously formed on the
gate dielectric. However, the properties of the devices
have been disappointing, largely due to defects in the
monolayers and poor electronic coupling within the
layers.
Smits et al. [1] recently demonstrated SAMFETs
with long-range intermolecular π-π coupling in the
monolayer by dense packing of liquid-crystalline
molecules consisting of a π-conjugated mesogenic
core separated by a long aliphatic chain from a monofunctionalized anchor group. The resulting SAMFETs
exhibited a bulk-like carrier mobility, large current
modulation and high reproducibility. As a first step
towards functional circuits, they combined the SAMFETs into logic gates as inverters; the small parameter
spread then allowed them to combine the inverters into
ring oscillators.
The authors also demonstrated real logic functionality by constructing a 15-bit code generator in which
hundreds of SAMFETs are addressed simultaneously.
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Reference
1. E. C. P. Smits, S. G. J. Mathijssen, P. A. van Hal,
S. Setayesh, T. C. T. Geuns, K. A. H. A. Mutsaers,
E. Cantatore, H. J. Wondergem, O. Werzer, R. Resel,
M. Kemerink, S. Kirchmeyer, A. M. Muzafarov,
S. A. Ponomarenko, B. de Boer, P. W. M. Blom
and D. M. de Leeuw, Nature 455, 956–959 (2008)
(Oct., 16 Issue).

Tough, Bio-Inspired Hybrid Materials
The notion of mimicking natural structures in the synthesis of new structural materials has generated enormous interest. Natural composites achieve strength
and toughness through complex hierarchical designs
that are difficult to replicate synthetically. Well-known
examples are bone, wood and nacre (abalone shell)
which have highly sophisticated structures with hierarchical designs, and whose properties far exceed what
could be expected from a simple mixture of their components.
Munch et al. [1] used ice freeze-casting technique to produce a composite of aluminum oxide
and poly(methyl methacrylate) with a layered structure which possesses a high yield strength and fracture toughness (resistance to the initiation and growth
of a crack), ∼200 megapascals (MPa) and ∼30 MPa.
m1/2 , respectively. These values are comparable to
the metallic aluminum alloys. The authors state that,
‘these model materials can be used to identify the key
microstructural features that should guide the synthesis
of bio-inspired ceramic-based composites with unique
strength and toughness’.

Highlights: Recent Literature
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Reference
1. E. Munch, M. E. Launey, D. H. Alsem, E. Saiz,
A. P. Tomsia, and R. O. Ritchie, Science, 322, 1516–1520
(2008) (Dec., 5 Issue).
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Recent Books and Review Articles
in the Area of Materials Science, Engineering and Technology
(Contributed by the Editor)

Books
• Powder Diffraction: Theory and Practice. Edited by
Robert E. Dinnebier and Simon J. L. Billinge. RSC
Publishing, Cambridge, 2008. Hardback: 604 pp.,
illus. £59. ISBN 9780854042319.
• Transparent Conductive Zinc Oxide: Basics and
Applications in Thin Film Solar Cells. Edited by
Klaus Ellmer, Andreas Klein, and Bernd Rech.
Springer, Berlin, 2008. Hardback: 457 pp., illus.
$199. ISBN 9783540736110.
• Advanced Tomographic Methods in Materials
Research and Engineering. Edited by John Banhart.
Oxford University Press, Oxford, 2008. Hardback: 488 pp., illus. + CD-ROM. £75.
ISBN 9780199213245.
• Dilute III-V Nitride Semiconductors and Material
Systems Physics and Technology. Edited by Ayse
Erol. Springer, Berlin, 2008. Hardback: 624 pp.,
illus. $189.95. ISBN 9783540745280.
• Microsystem Engineering of Lab-on-a-Chip
Devices. Edited by Geschke, Oliver, Klank, Henning
and Telleman, Pieter. Wiley-VCH, Weinheim. 2008.
2., revised and enlarged Edition. 285 Pages, Hardcover. Euro 95. ISBN-13: 978-3-527-31942-8.

• Carbon Nanotubes. Advanced Topics in the
Synthesis, Structure, Properties and Applications.
Edited by Ado Jorio, Gene Dresselhaus, and Mildred S. Dresselhaus. Springer, Berlin, 2008. Hardback: 745 pp., illus. $249. ISBN 9783540728641.
• Ceramic and Glass Materials. Structure, Properties and Processing. Edited by James F. Shackelford and Robert H. Doremus. Springer, New
York, 2008. Hardback: 213 pp., illus. $129.
ISBN 9780387733616.
• Condensed Matter Research Advances. Edited
by Peter E. Berkenhaus. Nova Science, Hauppauge, NY, 2008. Hardback: 149 pp., illus. $89.
ISBN 9781604561265.
• Liquid Crystalline Functional Assemblies and Their
Supramolecular Structures. Edited by Takashi Kato.
Springer, Berlin, 2008. Hardback: 249 pp., illus.
$239. ISBN 9783540778660.
• Materials Handbook. Edited by François Cardarelli.
2nd Edition. Springer, London, 2008. Hardback:
1378 pp. $229. ISBN 9781846286681.
• Progress in Superconductivity Research. Edited
by Oliver A. Chang. Nova Science, Hauppauge, NY, 2008. Hardback: 216 pp., illus. $129.
ISBN 9781600216947.
• Nanotechnology. Understanding Small Systems. By
Ben Rogers, Sumita Pennathur and Jesse Adams,
CRC/Taylor & Francis, Boca Raton 2007. 328 pp.,
hardcover $ 89.95. ISBN 978-0-8493-8207-6.
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• Nanotechnology.
Volume
3:
Information
Technology I. Edited by Waser, Rainer. Hardcover. Wiley-VCH, Weinheim, 2008. 541 Pages.
149.- EUR. ISBN 978-3-527-31738-7.
• Nanotechnology.
Volume
4:
Information
Technology II. Edited by Waser, Rainer. Hardcover. Wiley-VCH, Weinheim, 2008. 394 Pages.
149.- EUR. ISBN 978-3-527-31737-0.

For a review, see, Angew. Chem. Int. Ed., 47(26),
4778–4779 (2008).
• Ceramic Matrix Composites. Fiber Reinforced
Ceramics and their Applications.
Edited by
Krenkel, Walter, Wiley-VCH, Weinheim, 2008.
139.- Euro, 418 Pages, Hardcover. 418 Pages.
ISBN-13: 978-3-527-31361-7.

• Nanotechnology. Volume 1: Principles and
Fundamentals. Edited by Schmid, Günter. Hardcover. Wiley-VCH, Weinheim, 2008. 300 Pages.
149.- EUR. ISBN 978-3-527-31732-5.

• Self-Assembly and Nanotechnology. A Force
Balance Approach. Edited by Lee, Yoon S. Hardcover. John Wiley & Sons, NY, 2008. 344 Pages.
72.90 Euro ISBN-13: 978-0-470-24883-6.
• Handbook of Nitride Semiconductors and Devices.
Vol. 2: Electronic and Optical Processes in Nitrides.
Edited by Morkoc, Hadis. Hardcover. WileyVCH, Weinheim, 2008. 394 Pages. 249.- EUR.
ISBN 978-3-527-40838-2.

Recent Books and Review Articles
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• Organic Photovoltaics. Materials, Device Physics,
and Manufacturing Technologies.
Edited
by Brabec, Christoph, Scherf, Ullrich and
Dyakonov, Vladimir. Wiley-VCH, Weinheim.
2008. Hardcover. 575 Pages. 159.- Euro.
ISBN-13: 978-3-527-31675-5.

• Nanotechnology. Volume 2: Environmental Aspects.
Edited by Krug, Harald. Hardcover. WileyVCH, Weinheim, 2008. 328 Pages. 149.- EUR.
ISBN 978-3-527-31735-6.
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• Symmetry and Condensed Matter Physics. A Computational Approach. Edited by M. El-Batanouny
and F. Wooten. Cambridge University Press,
Cambridge, 2008. Hardback. 936 pp., illus. $110.
ISBN 9780521828451.

• Luminescence and Display Phosphors. Phenomena
and Applications. Edited by Arunachalam
Lakshmanan.
Nova
Science,
Hauppauge,
NY, 2008. Hardback: 323 pp., illus. $89.
ISBN 9781604560183.

• Hydrogen Energy. Challenges and Prospects.
Edited by D. A. J. Rand and R. M. Dell. Royal
Society of Chemistry, Cambridge. 2007. 300 pp.,
hardcover £ 45.00. - ISBN 978-0-85404-597-6.

• New Research on YBCO Superconductors. Edited
by David M. Friedman. Nova Science, Hauppauge,
NY, 2008. Hardback: 500 pp., illus. $129.
ISBN 9781604560848.
• Chemistry of nanocrystalline oxide materials:
Combustion synthesis, properties and applications.
Edited by K. C. Patil, M. S. Hegde, T. Rattan
and S. T. Aruna, World Scientific, Singapore, 2008.
pp. 345. ISBN-13: 978-981-279-314-0.

For a review, see, Angew. Chem. Int. Ed., 47(32),
5881(2008).
• Advances in Solid State Physics. Vol. 47. Edited by
Rolf Haug. Springer, Berlin, 2008. Hardback: 363
pp., illus. $199. ISBN 9783540743248.

Review Articles
• Hydrogen Storage in Microporous Metal-Organic
Frameworks with Exposed Metal Sites. By M. Dinc
and J. R. Long, Angew. Chem. Int. Ed., 47 (36),
6766–6779 (2008).

Abstract
• Shape Memory Alloys. Modeling and Engineering Applications. Edited by Dimitris C. Lagoudas.
Springer, New York, 2008. Hardback: 455 pp., illus.
$129. ISBN 9780387476841.
• Surfaces, Interfaces, and Films for Microelectronics. Edited by Irene, Eugene A. Wiley-VCH,
Weinheim, 2008. Hardcover. 516 Pages. 94.90 EUR.
ISBN 978-0-470-17447-0.
• Leading Edge Nanotechnology Research Developments. Edited by Donald M. Sabatini. Nova Science, Hauppauge, NY, 2008 Hardback: 316 pp.,
illus. $129. ISBN 9781600219009.
• Leading-Edge Superconductivity Research Developments. Edited by Tetsuo Watanabe. Nova Science,
Hauppauge, NY, 2008. Hardback: 234 pp., illus.
$129. ISBN 9781604560176.
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Microporous metal-organic frameworks (MOFs) are
promising hydrogen storage materials, and the isolation of unsaturated metal ions in the MOFs can be used
as a systematic way to increase the H2 binding affinity. Although many known frameworks may display
metal-H2 interactions, very few experiments have been
performed to test this assumption. In this Review, the
synthetic approaches employed thus far for producing
MOFs with exposed metal sites are enumerated, and
the H2 -uptake capacities and binding energies in these
materials are summarized. In addition, results from
experiments that were used to probe independently the
metal-hydrogen interaction in selected materials have
also been discussed. 105 References.
• Recent Progress in Electrodeposition of Thermoelectric thin Films and Nanostructures. By F. Xiao,
C. Hangarter, B. Yoo, Y. Rheem, K.-H. Lee
and N. V. Myung, Electrochim. Acta, 53 (28),
8103–8117(2008).
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Abstract
Thermoelectric (TE) power generators and coolers
have many advantages over conventional refrigerators
and power generators such as solid-state operation,
compact design, vast scalability, zero-emissions and
long operating lifetime with no maintenance. However, till now the applications of TE devices are limited to where their unique advantages outweigh their
low efficiency. In recent years, there has been a reinvigorated interest in the field of TEs through identification of classical and quantum mechanical size effects,
which provide additional ways to enhance energy conversion efficiencies in nanostructured materials. The
successful application of these nanostructures will be
determined by a cost-effective and high through-put
fabrication method.
Electrodeposition is the method of choice to synthesize nanoengineered TE materials because of low
operating and capital cost, high deposition rates, near
room temperature operation, and the ability to tailor the properties of materials by adjusting deposition conditions. In this Review, the recent progress of
the electrodeposition of TE thin films and nanostructures including those based on the alloys/compounds
of Bi, Sb, Pb, Se, Te, Co is described and discussed.
129 References.
• Cooling, Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems. By
L. E. Bell, Science, 321 (No.5895), 1457–1461
(2008).

Abstract
Solid-state energy conversion using the thermoelectric
(TE) devices, has great appeal in terms of its simplicity as compared with systems that must compress
and expand a two-phase (gas/liquid) working fluid.
However, except in a limited number of cases, the operational efficiencies of TE systems have fallen short
of the targets needed for them to be used broadly.
Nevertheless, several commercial uses have been realized, including thermal cycles for DNA synthesizers,
car seat cooler/heaters, laser diode coolers, and certain
low-wattage power generators. Successful applications
have capitalized on the small size of these devices, their
robustness in demanding environments, or their rapid
response time.

v3n3
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Two important pathways will lead to additional
applications for TEs. One will be improving the intrinsic efficiencies of TE materials, and many efforts are
underway to accomplish this. Another is to improve the
way in which existing TEs are currently used, which is
the main focus of this Review. 36 References.
• Assembling Materials with DNA as the Guide. By
F. A. Aldaye, A. L. Palmer and H. F. Sleiman,
Science, 321, (No. 5897), 1795–1799 (2008).

Abstract
DNA’s remarkable molecular recognition properties
and structural features make it one of the most promising templates to pattern materials with nanoscale
precision. The emerging field of DNA nanotechnology exploits its simple code to generate addressable
nanostructures in one, two, and three dimensions.
These structures have been used to precisely position
proteins, nanoparticles, transition metals, and other
functional components into deliberately designed patterns. They can also act as templates for the growth
of nanowires, aid in the structural determination of
proteins, and provide new platforms for genomics
applications. This article reviews the field of DNA
nanotechnology. 56 References.

Recent Books and Review Articles
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• High-Tech Applications of Self-Assembling
Supramolecular
Nanostructured
Gel-Phase
Materials: From Regenerative Medicine to Electronic Devices. By A. R. Hirst, B. Escuder,
J. F. Miravet and D. K. Smith, Angew. Chem. Int.
Ed., 47 (42), 8002–8018 (2008).

Abstract
The combination of supramolecular chemistry, materials science, and biomedicine allows application-based
materials to be developed. Gels can be defined as a
colloidal state of matter in which a small amount of
a solid-like network is able to immobilize the bulk
flow of a larger amount of liquid-like phase. Depending on the nature of the liquid-like phase, gels can be
classified as either organogels, namely those in which
the liquid phase is an organic solvent, or hydrogels, in
which the liquid phase is water. Many everyday commercial gels employ a polymeric solid-like network.
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This Review highlights the current design strategies employed for the fabrication of gel-phase systems
with high-tech applications, in which their function
is underpinned by chemically programmed molecular
self-assembly. These are illustrated using a selection
of papers and review articles. 105 References.
• Optical Properties of III-Mn-V Ferromagnetic
Semiconductors. By K. S. Burch, D. D. Awschalom
and D. N. Basov, J. Mag. & Mag. Mater., 320 (23),
3207–3228 (2008).

between the optical, electronic and magnetic properties
of III-Mn-V magnetic semiconductors is of fundamental interest and may enable future spin-optoelectronic
devices’. 203 References.
• Recent Applications of Conjugated Polyelectrolytes
in Optoelectronic Devices. By C. V. Hoven,
A. Garcia, G. C. Bazan and T.-Q. Nguyen, Adv.
Mater., 20 (20), 3793–3810 (2008).

Abstract
Abstract
The authors review the first decade of extensive optical studies of ferromagnetic, III-Mn-V (III=Ga, In;
V=N,P, As)-diluted magnetic semiconductors. The
Mn introduces holes and local moments to the III–V
host, which can result in carrier-mediated ferromagnetism in these disordered semiconductors. Spectroscopic experiments provide direct access to the
strength and nature of the exchange between holes and
local moments; the degree of itineracy of the carriers, and the evolution of the states at the Fermi energy
with doping. The authors mention that the ‘interplay

Conjugated polyelectrolytes (CPEs) comprise an electronically delocalized backbone with pendant groups
bearing ionic functionalities. Important new developments regarding their use to improve charge injection
from metallic electrodes into organic semiconductors have recently appeared. This article provides an
overview of recent studies concerning the basic properties of CPEs as a function of molecular structure,
and of optoelectronic devices with CPEs as essential
functional components. Processes where more insightful mechanistic understanding is needed, and areas of
opportunity are discussed. 178 References.

MRS-S Membership
Readers are invited to become members of the Materials Research Society of Singapore (MRS-S).
Professional Membership is open to any person engaged in activities associated with materials science, engineering and technology.
Student Membership is open to any bonafide student of a tertiary institution genuinely interested in the practice
of materials science, engineering and technology.
Corporate Membership is open to any organisation, government or private, commercial or otherwise, that is in
any way engaged in any activities that deal with any aspect of material science, engineering and technology. A
Corporate Membership is entitled to nominate two of its employees as its official representatives and to change its
nominees from time to time provided the Committee has no objection to any such nomination.
Annual Subscription Fee:
Professional Membership: S$50
Student Membership: S$5
Corporate Membership: S$500
For details and application form, please visit: www.mrs.org.sg

page 62

A Quarterly publication by the Materials Research Society of Singapore

1:51

Research Publishing Services (RPS) : MRS-S e-newsletter

MRS-S OUTLOOK

v3n3

Volume 3 • No.3 • Jan.–March, 2009

Theme Article
Metal Oxide based Diluted Magnetic Semiconductors
Jiabao Yi and Jun Ding
Department of Materials Science & Engineering, National University of Singapore, Singapore 119260.
E-mail: msedingj@nus.edu.sg

1 Introduction
Magnetic materials have been of interest not only
for their traditional applications such as transformer,
motor, electrical generator and permanent magnet, but
also for their applications in modern technologies
including high density recording media, nanotransducers, micro electromechanical system (MEMS), magnetic field sensors, microwave and spintronic devices.
Recently, spintronics has attracted a significant attention for its advantage of the manipulation of both
charge and spin, which is promising for the applications of magnetic random access memories (MRAM)s,
spinLED, spintransistors and many others. To realize both degrees of freedom, semiconductor materials should show both semiconducting and magnetic
behaviors. One of the methods to make a semiconductor ferromagnetic is to dope a small amount of
magnetic element into semiconductor host, to produce diluted magnetic semiconductor (DMS). Some
oxide based semiconductors (ZnO and TiO2 ) have
been found to be promising candidates for DMSs. Up
to date, most of DMSs are semiconductors doped with
transition metal elements. However, non-transition
metal doping and semiconductors without doping have
also been found ferromagnetic at room temperature.
In addition, it was also reported that the formation
of dopant clusters could lead to the room temperature ferromagnetism. Hence, the mechanism of the
ferroamagnetism is still not clear. In this chapter, we
give a review and discussion of the progress in DMS
related research.
2 Magnetism of Diluted Magnetic
Semiconductors
Spintronics is the newly established research area,
which investigates the spin-related phenomenon. The
importance of spintronics is reflected by the award
of 2007 Physics Nobel Price to Albert Fert and

Peter Grünberg for their discovery of giant magnetoresistance (GMR). The technology is commercially
used in today’s recording heads in magnetic hard
disk. Spin related devices have been extended to
spin light-emitting-diode (spinLED), spin metal oxide
semiconductor field effect transistor (SpinFET), magnetic random access memory (MRAM), high sensitive magnetic sensors and quantum information
processing etc. Such spin polarized electronic devices
could be much smaller, more effective and less electricitycomsuming compared to today’s semiconductor
devices. Figure. 1 shows an example design of traditional MOSFET and spin-FET [1].
The success of many proposed spin devices
depends on materials development of magnetic semiconductors. Recently, diluted magnetic semiconductors (DMSs) are intensively investigated. DMS was
found in Mn-doped InAs and Mn-doped GaAs. So far,
Mn-doped GaAs is regarded as the most successful
example for DMS. However, the Curie temperature of
Mn-doped GaAs varied from several Kevins to 170 K
[2], well below room temperature (300 K). Therefore,
it is not suitable for practical applications. Today, many
compounds have been found to be promising candidates for room temperature DMSs. In this article, we
focus on metal oxide based DMSs, such as ZnO and
TiO2 .
Based on the Zener model, Dietl et al. (Fig. 2)
[3] predicted that GaN and ZnO wide gap semiconductors as the host materials can achieve room temperature ferromagnetism if sufficient doping atoms
and carrier densities are present. Curie temperatures
(TC ) predicted based this model for different host
semiconductors are shown in Fig. 2. For ZnO, due to its
wide gap, and easy to be epitaxial growth on different
substrates including Si, great efforts have been made
to study the possibility of ZnO for diluted magnetic
semiconductors. Mn doped ZnO was first found to be
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Fig. 1. Schematic structure of MOSFET (left) and a spin-FET (right). MOSFET work by raising and lowering a barrier to turn the current on
and f. A magnetic semiconductor spin lifetime FET uses static spin-dependent barriers and changes the spin character of the electrons in the
channel to turn the current on or off (Ref. 1).

Fig. 2. Computed values of the Curie temperature T C for various p-type semiconductors containing 5% of Mn and 3.5×10 20 holes per cm3
(Ref. 3).

antiferromagnetically. However, ferromagnetism was
observed in Mn doped ZnO after increase of the carrier density [4], indicating the carrier mediated ferromagnetism based on the Zener model. Subsequently,
ZnO was also found to be room temperature ferromagnet (RTM) after doping with other elements, such as
Co, Ni, Fe, Cr etc . However, controversial results were
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reported that there is no magnetic behavior in the transition metal doped ZnO [4].
Besides that the room temperature ferromagnetism
is found in ZnO based materials, other semiconductor
oxides such as TiO2 , SnO2 , NiO, CuO etc. can all be
hosts for the transition metal doping to achieve room
temperature ferromagnetism. Examples for ZnO, TiO2 ,
SnO2 based DMSs are shown in Table 1 [5].

A Quarterly publication by the Materials Research Society of Singapore

1:51

Research Publishing Services (RPS) : MRS-S e-newsletter

MRS-S OUTLOOK
Table 1.

v3n3

Volume 3 • No.3 • Jan.–March, 2009

List of recently reported magnetic properties of ZnO-based DMS (Ref. 5).

Compound

Dopant
content

Substrate

Fabrication
method

Growth
temperature,
◦C

Oxygen
pressure,
Torr

T C (K)

ZnO:Mn

<0.35

c-sapphire

600

5 ×10 −5

N/A

ZnO:Mn
ZnO:Co
ZnO:Mn
ZnO:(Co, Mn,
Cr, or Ni)
ZnO:Ni

0.36
0.02–0.5
0.01–0.36
0.05–0.25

c-sapphire
c-sapphire
c-sapphire
r-Sapphire

PLD (pulsed laser
deposition)
PLD
PLD
PLD

600
610
350–600

5 ×10 −5

N/A
N/A

0.01–0.25

c-sapphire

PLD

300–700

1 ×10 −5

ZnO:V
ZnO:(Co, Fe)
ZnO:Co
ZnO:Mn
ZnO:(Fe, Cu)

0.05–0.15
<0.15
0–0.25
0–0.3
0–0.1

r-Sapphire
SiO2 /Si
c-Sapphire
c-Sapphire

300
600
<350

1 ×10 −5 −10−3
2×10−3

ZnO:(Co, Al)
ZnO:(Mn, Sn)
ZnO:C
ZnO: (Al, Pt)
ZnO: Cu

0.04–0.12
0–0.3
0.01–0.05

Glass

PLD
Sputtering
Sol-gel
PLD
Solid state
reaction
Sputtering
Implantation
PLD
PLD
Sputtering

Anatase TiO2 :Co

<0.08

Anatase TiO2 :Co
Anatase TiO2 :Co
Anatase TiO2 :Co
Anatase TiO2 :Co

0.01–0.1
0.01–0.1
0.03–0.12
0–0.15

Rutile TiO2 :Co
SnO2 :(Mn, Sb)
Anatase TiO2 :Co

0–0.15
0.05–0.34
0.04

Anatase TiO2 :Co

0.01–0.07

SnO2 :Co
SnO2 :(Mn, Sb)
CuO:Mn
ITO:Mn

LaAlO3 ,
SrTiO3

0.05–0.34
0.152–0.298
0.05

r-Sapphire
SiO2 /Si
c-Sapphire

In2 O3 : Cr

0.02

SiO2 /Si

0.02–0.12

c-Sapphire
SiO2 (001)
glass
LaAlO3 ,
SrTiO3
SrTiO3
Si
SiO2 /Si
LaAlO3 ,
SrTiO3
r-Sapphire
r-Sapphire
SrTiO3

5 ×10 −5
2–4 ×10 −5

897
1×10 −2 air

280–300

>350
>300
>350
>30–45
550

Notes

Spin glass
Spin glass
Paramagnetism
2 µ B /Co
Superparaor ferro-magnetic
0.5 µ B /V
0.56 µ B /V
0.15–0.17µ B /Mn
0.75 µ B
0.21 µ B

1 ×10 −7
1 ×10−7
∼5×10 −2

PLD

400
400
Room
temperature
677–727

>350
250
>400
>400
350

1 ×10−6 −10−5

>400

0.32 µ B /Co

MBE
Sputtering
MOCVD
PLD

550–750
250–450
400–500
650

2 ×10−5
5 ×10 −5
1
5 ×10−5 −10−4

>300
>400
>RT
650–700

1.26µ B /Co
0.94µ B /Co
20–40 emu/cm3
1.4 µ B /Co

PLD
PLD
PLD

700
300–600
600

1 ×10 −6
1 ×10 −2
5 ×10−7 −10−4

>400
N/A

PLD

750

1 ×10−3

PLD
PLD
RF sputtering
Reactive thermal
evaporation
Reactive thermal
evaporation

700
300–600
300
350

1 ×10−4
1 ×10 −2
1–2 ×10 −4

N/A
80
300

1 µ B /Co
Paramagnetic
Co metal
1.7–2.3 µ B /Co
Co cluster
1.7 µ B /Co
7.5±0.5 µ B /Co
Paramagnetic
4.5 µ B /Mn
0.8 µ B /Mn

380

1 ×10−4 −10−2

850

1.5 µ B /Cr

2.1 Carrier Effect
Carriers play an important role in the magnetism of
diluted magnetic semiconductors. Based on the Zener
model, magnetization in DMS supposes to be carriermediated. Many research groups have studied the
carrier effect on magnetism [6]. Indeed, in many systems, people did find carrier mediation effect on the
ferromagnetism [6]. However, some other researchers
found that the carrier did not affect the ferromagnetism
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2–3 µ B /C
N/A (cluster)
1.8 µ B /Co

[7]. Gamelin’s group [8] found that increasing the density of n-type carriers in Co-doped ZnO resulted in an
enhancement of ferromagnetism, while an impairment
of ferromagnetism in Mn-doped ZnO was observed.
On the contrary, introducing p-type carriers led to an
enhancement of ferromagnetism in Mn-doped ZnO,
but a reduction of ferromagnetism in Co-doped ZnO.
The experimental results showing the variation of magnetism in Mn or Co doped ZnO are shown in Fig. 3.

A Quarterly publication by the Materials Research Society of Singapore

page 65

January 1, 2005

1:51

Research Publishing Services (RPS) : MRS-S e-newsletter

v3n3

MRS-S OUTLOOK

Theme Article

Volume 3 • No.3 • Jan.–March, 2009

Fig. 3. 300 K magnetization versus field loops for 0.20% Mn2+ :ZnO and 3.5% Co2+ :ZnO films before and after various n-or p-type
perturbations. Arrows indicate the increase (up) or decrease (down) of 300 K ferromagnetism upon perturbation (Ref. 8).

In the more recent work of Gamelin’s group on Codoped ZnO, they used Zn vapor to anneal Co-doped
ZnO [8]. They found that the as-deposited highly insulating film is nonmagnetic and the magnetism of the
film could be switched on by the annealing with Zn
vapor. The subsequent oxidation of metallic Zn led to
reduction of magnetism. Activation energy fitting has
indicated that interstitial, Zni but not oxygen vacancy,
Vo is responsible for the ferromagnetism behavior,
confirming the carrier mediation. However, a nonzero
ferromagnetism in Co-ZnO remains even when the
conductivity becomes very low so that the material
can no longer be considered a semiconductor, indicating that the delocalized carriers are not required for
the ferromagnetism. Hence, the ferromagnetism may
also arise from the bound magnetic polarons (BMP)
[9] besides the RKKY mechanism. The results indicate
that both the BMP and carrier contribute to the ferromagnetism in ZnO based DMSs.
N- type defects impairment on the magnetism in
Mn-doped ZnO was also found when Mn-doped ZnO
was implanted with H+ . An annealing could recover
the magnetism by reducing the defects (n donor),
indicating the carrier effect on the ferromagnetism of
Mn-doped ZnO. Similarly results were observed by
Xu et al. [6]. When Mn-doped ZnO is n type, the donor
electrons can enhance the magnetism by the co-doping
of 1% Al [6]. However, it should be noted that the
co-doping of Al may induce defects. The defects may
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strongly affect the magnetism in DMS.
The carrier effect on the ferromagnetism of DMS
is still under debate. Peng et al. did not find
the relationship between the carriers and magnetic
moment in Co-doped ZnO [10]. In addition, Lee
et al. [11] reported that in Co-doped ZnO prepared
by rf-sputtering was not carrier-mediated since no
enhancement of magnetism could be observed when
the sample was co-doped with Al, while co-doping
with H could lead to a significant enhancement of magnetism. Similarly, the introduction of Al into Cu-doped
ZnO did not affect the magnetism. On the contrary, the
doping of Al over 5% can significantly reduce the magnetic moment of Cu-doped ZnO, suggesting defects as
the magnetism origin.
2.2 Defect Effect
Coey et al. discovered room temperature ferromagnetism in pure HfO2 [12]. They explained that the ferromagnetism is due to the lattice defects introduced
during film deposition. The impurity band mixes with
the empty 5d band and a charge redistribution occurs
between the impurity band and the 5d band. In turn,
the 5d band may polarize the impurity electrons, which
induces the ferromagnetic coupling. Later, Coey et al.
[9] proposed the BMP-based impurity band theory for
the explanation of high Curie temperature diluted magnetic semiconductors with shallow donors.
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For 3d ions doped diluted magnetic semiconductors, the donor electron follows the unoccupied orbital
in the 3d ions, normally spin down electrons. The
effective coupling between the two impurity electrons
results in ferromagnetism, such as Fe3+ or Mn2+ .
More generally, the coupling between the cation and
the donor electron is ferromagnetic when the 3d shell
is less than half full, and antiferromagnetic when the
3d shell is half or more than half full. High Curie temperature arises when the 3d ↑ or 3d ↓ density of states
mixes with the spin-split impurity band at the Fermi
level (Fig. 4).
The defect induced ferromagnetism has been
extensively investigated. Hong et al., has observed that
pure ZnO, In2 O3 and TiO2 thin films are all roomtemperature ferromagnetic at different deposition conditions [13]. In addition, they have found that doping with transition metal may decrease the ferromagnetism of the host materials (ZnO, In2 O3 etc). By
annealing the film or deposition of the film under
high oxygen partial pressure, the ferromagnetism is
strongly reduced. Hence, they claimed that the defects
or oxygen vacancies are attributed to the abnormal
magnetic behavior of these undoped semiconductors.
Moreover, they also found that thinner films possesse
a higher magnetization, suggesting that the magnetism

v3n3
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is related to the defects or the film/substrate interface.
Similar results have been reported by Coey et al. [14],
in which they found that the magnetization is independent on the film thickness, but on the area of the film,
confirming the interface magnetism. More recently,
ZnO sputtered under N atmosphere was also found ferromagnetic at room temperature [15]. The mechanism
is not very clear. It is supposed to be related to the
defects similar to the explanation by Hong et al. [13].
Detailed investigation of the defect effect on the
magnetism in DMS was carried out by Khare et al.
[16]. They used Zn vapor to treat Co-doped ZnO, similar to that done Gamelin’s group [8]. It was found that
magnetization was enhanced after annealing at a Zn
vapor atmosphere. Removing the Zn i in the films led to
a reduction of the magnetism, as shown in Fig. 5. They
reported that carrier is not the reason for the ferromagnetism since the treatment with the Zn vapor does not
change much the resistivity. In addition, without Zn
vapor treatment, the film annealed in a reducing atmosphere leads to the significantly decrease of the ferromagnetism. However, by annealing of the film in the
presence or absence of Zn vapor definitely results in
the change of defects and carriers at the same time.
Hence, further investigation is required to understand
the ferromagnetism mechanism.
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Fig. 4. Schematic band structure of an oxide with 3d impurities and a spin split donor impurity band. a. The position of the 3d level for low
Curie temperature TC when the splitting of the impurity band is small. b and c. show positions of the minority (b) or majority-spin (c) 3d bands,
respectively, which lead to high TC (Ref. 9).
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Fig. 5. Variation of Ms for a (Zn0.98 Co0.02 )O film sequentially annealed at 410 ◦ C; a) in a reducing atmosphere in the absence of Zn vapor,
and b) in a reducing atmosphere, in either the presence or absence of Zn vapor (Ref. 16).

2.3 Cluster Effects
Kim et al. [17] deposited Co-ZnO films at different
substrate temperatures and oxygen partial pressures.
They found antiferromagnetic coupling of the films
deposited at low substrate temperature (600 ◦C). At
higher temperature, room temperature ferromagnetism
can be observed. They attributed the ferromagnetism
to the formation of Co clusters since they observed a
strong reduction of resistivity in this film.
Park et al. [18] prepared Co-ZnO films by sol-gel
route. They found that when the doping concentration
of Co was below 0.12, the films showed paramagnetism at room temperature. When the doping
concentration was larger than 0.12, room temperature ferromagnetism could be observed at room temperature. However, extending X-ray absorption fine
structure (EXAFS) analysis combined with Fourier
transformation and TEM examination showed that the
ferromagnetism is due to the formation of Co clusters.
Some Co atoms can replace Zn atoms. However, no
ferromagnetism could be found. Bhatti et al. found that
Co cluster can be formed by annealing Co-doped ZnO
film in vacuum. For ZnO doped with other transition
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metals such as Mn doped ZnO, the formation of MnO2
may be attributed to the room temperature ferromagnetism.
In the above discussion, magnetic clusters may be
one of the reasons for the room temperature ferromagnetism observed. The precipitation of the doping elements may be formed under a certain condition, such
as a reducing atmosphere or higher concentration of
dopants beyond the solubility in the host. Hence, it
makes investigation of the mechanism of ferromagnetism very difficult. It has been point out that the
abnormal Hall effect can be an indication of the intrinsic ferromagnetism of DMSs. However, later investigation shows that clusters in the ZnO matrix can also
show the abnormal Hall effect. On the other hand,
Dutta et al. [19] prepared powders of Cu-doped ZrO3 ,
TiO2 , MgO, SiO2 and Al2 O3 . CuO clusters have also
been observed in the materials. However, only paramagnetism can be observed in all the powders at a
temperature as low as 2 K. Hence, it implies that the
ferromagnetism in Cu-doped ZnO with a Curie temperature of 380 K reported before should be intrinsic.
In conclusion, the effect of clusters on room temperature ferromagnetism is not well understood.
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2.4 Non Magnetic Element Doping
DMS by non-magnetic ions doping began from copper
element. Theoretical calculation using Korringa-KohnRostoker (KKR) with Green function indicated that
high doping concentration of Cu (25%) is nonmagnetic
[20]. Ferromagnetism may exist at low doping concentration (6.25% or 3.125%). Interestingly, Cu-doped
ZnO thin films prepared by laser molecular beam epitaxy did not exhibit ferromagnetism. 0.3 % Cu-doped
ZnO was found to be ferromagnetic at room temperature and the moment was confirmed by MCD examination [21]. Presently, Cu-doped ZnO has been widely
investigated. The room temperature ferromagnetism
has been reported. The doping concentration varies
from 0 to 12%. Ferromagnetism in Cu-doped ZnO and
GaN can be explained well by the p-d hybridization.
The d orbitals of Cu hybridize strongly with the p
orbitals of its neighboring anions of the host semiconductor, resulting in spin polarization of the neighboring
anions with large magnetization. The strong interaction
of the p-d orbital can lead to antiferromagnetic or ferromagnetic coupling dependent on the dopant concentration.
As discussed, the origin of the Cu-doped ZnO is
due to the p-d hybridization. However, one still cannot
exclude the possibility of the cluster formation of CuO
and Cu2 O. It is known that CuO and Cu2 O are antiferromagnetic in the bulk state. However, in the nanostructured state, ferromagnetism/spin glass state may be
observed due to the finite size effect. Yi et al. [22]
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found that Cu2 O can show a magnetic moment of 2.6
µ B per formula when Cu5 Zn95 alloy were annealed
in air at 500◦ C for 50 h. The ferromagnetic behavior
of non-magnetic materials raises a question whether
the nonmagnetic clusters themselves are ferromagnetic
at room temperature since as discussed before, Cu2 O
cluster can be ferromagnetic at room temperature.
Recently, Yi et al. [23] deposited Zn nanowires via
anodic aluminum oxide (AAO) template method. The
deposited Zn wires were followed by an annealing at a
controlled oxygen atmosphere. It was found that room
temperature ferromagnetism could be observed when
the nanowires were annealed for an appropriate duration. The relationship between the annealing time and
magnetization is shown in Fig. 6. XRD and XPS analysis showed that the ferromagnetic nanowires contain
phases of Zn and ZnO. The incomplete oxidation of the
Zn nanowires leads to the room temperature ferromagnetism. The magnetism disappeared when the Zn wires
were entirely oxidized into ZnO, indicating Zn phase
may play an important role. TEM examination indicated that the incomplete oxidized nanowires showed
cluster structure inside the ZnO matrix, as seen from
Fig. 7. The clusters structure should be Zn since the Zn
phase has been identified by XRD and selected area
electron diffraction (SAED). The room temperature
ferromagnetism is associated with the unique structure — Zn clusters embedded in ZnO matrix. After
Zn wires were totally oxidized, the clusters could not
be observed under TEM examination, confirming the
presence of Zn clusters. To support the results, Zn/ZnO
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Fig. 6. Saturation magnetization (value taken at a magnetic field of 5 kOe after the deduction of substrate signal) dependence on the annealing
time of Zn wires when the wires are annealed at 350 ◦ C (Ref. 23).
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Fig. 7. TEM images of ZnO wire by annealing Zn wires in AAO template at 350 ◦ C for 10 h at air atmosphere. a) HRTEM of a ZnO wire, b)
SAED pattern, and c) image of a ZnO wire (Ref. 23).

bilayer was deposited with a Zn thickness of 5 nm and
ZnO with a thickness of 150 nm. The as-deposited film
was annealed in vacuum and showed room temperature ferromagnetism. In order to understand the mechanism, other elements such as Al, Ag, Au and Pt metal
(5–10 nm) were deposited on ZnO film followed by an
annealing at a high vacuum (10−7 torr). It was found
that Al/ZnO and Pt/ZnO are room-temperature ferromagnetic [24]. However, Ag/ZnO and Au/ZnO are
nonmagnetic. If the deposited films of Al/ZnO were
annealed in air, the magnetism disappeared. However,
Pt/ZnO is still ferromagnetic after annealing in air.
XPS analysis showed that after annealing in air, metallic Al changed to Al3+ and Pt still kept in the metallic
state. The results indicated that the magnetism is probably associated with the nanoclusters of Al and Pt.
P-type Mn doped C is predicted to be room temperature ferromagnetic by Deitl et al. [3]. However, until
now, experimentally, no such result has been reported.
It has shown that C can be ferromagnetic alone due to
the defects [25]. Pan et al. [26] used C as the dopants
to replace ZnO cations or anions by first-principle calculations based on DFT within LSDA. During the calculation, they considered all the possible substitutions
by introducing the C element. They found that when
carbon replaced the O site, a magnetic moment of 2.0
µ B per carbon could be produced. Other substitutions
and defects did not lead to the spin polarization and
magnetism. The moment is mainly contributed by carbon p orbitals. However, the neighboring Zn atoms
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and the second nearest neighboring oxygen atoms also
contribute a small part to the overall magnetic moment.
Based on the calculation, it shows that the p orbitals of
O, C and d orbitals of Zn are strongly coupled, which
leads to the spin splitting of carbon 2 p orbital to reduce
the system energy, resulting in a partial filled spin
down band, while the spin up bands are fully occupied
(Fig. 8). The calculation also indicates that the magnetic moments from different impurity sites induced by
the C substitution energetically favors the ferromagnetic coupling instead of antiferromagnetic coupling.
The energy difference between the two kinds of coupling is 63 eV.
The predication was confirmed experimentally by
C-doped ZnO film using pulse laser deposition on
c-sapphire substrate. The doping level of carbon is
between 0–5%. The deposited films showed ferromagnetism with a Curie temperature over 400 K. A measured magnetic moment of 1.5–3 µ B /C was obtained
when C was in the carbide state, agreeing well with
the theoretical predication. The amount of carbide state
was examined by XPS analysis.
More recently, Feng and coworkers extended their
theoretical studies on 2 p light element doping to other
semiconductors and oxides. They found similar behavior to that of C doped ZnO in a number of systems,
including C-doped CdS, C-doped AlN , and N-doped
ZnO. Ferromagnetism has been confirmed experimentally in N-ZnO [15].
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Fig. 8. Calculated total (top panel) and local density of states for the carbon dopant and neighboring Zn atoms. The Fermi level is indicated
by the dashed vertical line (Ref. 26).

The experiment and first principle calculation lead
to a new mechanism for the origin of ferromagnetism
in doped ZnO based on p-p orbitals interactions
between O and C. This is different from traditional
DMS, in which dopant replaces anion, which was
first proposed by Kenmochi et al. [27]. They used
Korringa-Kohn-Rostoker method within the local spin
density approximation together in their study of substitution and disordering and found that when C, B,
or N is doped into CaO to replace O sited, magnetic
moments can be induced. In addition, ferromagnetic
coupling is energetically favorable compared with spin
glass behavior in (CaO:C), and (CaO:N) except that
(CaO:B). They also found that a slight doping of Sc

(2.5%) can enhance the Curie temperature. The doping
of more than 10% results in the disappearance of magnetism, suggesting the Zener double exchange mechanism.
Seike et al. [28] used local spin density approximation and the Korringa-Kohn-Rostoker Green’s function method combined with the coherent potential
approximation (LSDA-KKR-CPA) to study the possible magnetism in K2 (S, Si) and K2 (S, Ge) system. The found that the doping can induce ferromagnetism and the Curie temperature increases
with increasing doping concentration at relatively
low concentration. However, the saturation magnetization requires a higher concentration, suggesting
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Fig. 9. Total density of states per unit cell (solid line) and partial 3 p density of states at Si site per atom (dashed line) in K 2 (S,Si) in the
ferromagnetic state, respectively. The impurities are doped up to 10 at. %. The horizontal axis denotes the energy relative to the Fermi energy
(Ref. 28).

Zener double exchange coupling interaction as the
mechanism of the ferromagnetism. The calculation
of density of states (DOS) shows that both systems
are half-metallic (Fig. 9). They found high-spin and
half metallic ferromagnetic ground states with a narrow (W∼0.6eV) p-impurity band in the bandgap. The
p states are repulsively perturbed by p orbitals of
Si (Ge) and p-impurity band is pushed up into the
bandgap, inducing a large exchange splitting energy
(∆ x ∼0.8eV) between majority and minor spin states.
Hence, the localized magnetic moment is generated at
the impurity site.
Dinh et al. [29] extended the above work
to alkaline-earth-metal-oxide, such as MgO, CaO,
BaO and SrO. Using the pseudo-potential-like selfinteraction-corrected local spin density together with
Monte Carlo method for the calculation of Curie temperature, they found that all the systems show half
metallic except MgO-C. Very recent work by Shein and
Elfimov et al. confirmed the ferromagnetism for the
anion doping. The origin of the magnetic moment is
from the Zener double exchange interactions. Besides
anion doping induced magnetism, La doped CaB6 was
also theoretically predicted to be ferromagnetic. Therefore, the origin of the ferromagnetism is still not very
clear.
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3 Conclusion and Remarks
In this article, the origin of the room temperature ferromagnetism of oxide based DMSs is discussed and
reviewed. The possible effects of carriers, clusters and
defects are described in detail. The ferromagnetism
mechanism(s) are still not well understood. Commercial applications require the continuous searching
for high quality DMSs and the development of new
devices.
For oxide based diluted magnetic semiconductors, the understanding of the ferromagnetism origin enables the future development of novel magnetic
semiconductors. The impact may go well beyond spintronics, as new magnetic materials may be developed
for other applications, such as storage and microwave.
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Forthcoming Conferences
ICMAT2009, Singapore, 28 June – July 3, 2009
The Second Announcement of ICMAT 2009 & IUMRS ICA-2009, calling for Abstracts is available at the website:
www.mrs.org.sg

ICCM17, Edinburgh, UK, 2009
International Conference on Composite Materials, Edinburgh, UK, 27 – 31, July 2009.
Internationally renowned composites scientists, engineers and designers continue to attend the ICCM series to
present their frontier research findings and to keep up to date with latest achievements and developments in this
very fast moving and high technology based field. More than 600 delegates from around the world are expected to
attend.
Sessions will be led by leading experts with topics in the following main areas: Industry focused Applications;
Manufacturing; Materials; Nanocomposites; Behaviour.
For more information, see, http://www.iccm17.org

1st Nano Today Conference, Singapore, August, 2–5, 2009
The Institute of Bioengineering and Nanotechnology (IBN) and the Journal, Nano Today will be organizing the 1 st
Nano Today Conference from August 2–5, 2009, at Biopolis, Singapore.
This international conference seeks to bring together researchers interested in nanoscience and nanotechnology, and will present the latest research at the multidisciplinary frontier of nanostructured materials and devices.
Topics of interest include:
•
•
•
•
•
•
•
•

Synthesis and Self-Assembly of Nanostructured Materials and Films.
Functionalization and Size-Dependent Properties of Nanocrystals, Quantum Dots and Nanowires.
Processing and Templating of Nanotubes and Nanoporous Materials.
Tailoring of Polymeric Nanoparticles, Organic-Inorganic Nanocomposites and Biohybrids.
Fabrication of Nano and Micro Electro Mechanical Systems.
Design and Engineering of Structural and Functional Nanomaterials.
Nanosystems for Biological, Medical, Chemical, Catalytic, Energy and Environmental Applications.
Nanodevices for Electronic, Photonic, Magnetic, Imaging, Diagnostic and Sensor Applications.

Call for papers
Abstracts will be considered for contributed oral and poster presentations.
Deadline for abstract submission: February 1, 2009.
Abstracts should be no more than 300 words, and should include the title, authors’ name, affiliation, and
address. Abstracts may be submitted via e-mail as an attached Word file (12 point, Times Roman font) to secretariat@nanotoday2009.com.
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Registration Fees
• USD 750 (USD 300 for Students).
• Register by March 31, 2009 to get Early Bird Rate: USD 500 (USD 200 for Students).
• Special 1-Day Passes are also available at USD 300.
Confirmed Plenary Speakers
• Herbert Gleiter, Institute of Nanotechnology Karlsruhe, Germany.
• C N R Rao, Jawaharalal Nehru Center for Advanced Scientific Research, India.
• David A Tirrell, California Institute of Technology, USA.
In addition, there are 26 Confirmed Invited Speakers.
Visit www.nanotoday2009.com for more information.

High Temperature Materials, USA, September, 14–18, 2009

Conferences: Forthcoming

January 1, 2005

High Temperature Materials Chemistry Conference –XIII (HTMC-XIII) will be held at Davis, California, USA
during September, 14–18, 2009.
For further information, contact, Prof. Alexandra Navrotsky, Univ. of California at Davis, Davis, CA 95616, USA.
E-mail:ANavrotsky@UCDavis.edu

Materials Education & Research in Singapore
There are two Universities and several Research Institutes in Singapore involved in teaching,
research and development in the broad area of Materials Science, Engineering and Technology.
These are listed below along with the Websites and provide information on the available courses
and opportunities for undergraduate, graduate and post doctoral research. They also entertain
queries regarding openings for Research Scientists and Faculty positions.
National University of Singapore: www.nus.edu.sg
Nanyang Technological University: www.ntu.edu.sg
Institute of Materials Research and Engineering (IMRE): www.imre.a-star.edu.sg
Institute of Microelectronics (IME): www.ime.a-star.edu.sg
Data Storage Institute: www.dsi.a-star.edu.sg
Institute of Chemical & Engineering Sciences: www.ices.a-star.edu.sg
Institute of High Performance Computing: www.ihpc.a-star.edu.sg
Singapore Institute of Manufacturing Technology: www.SIMTech.a-star.edu.sg
Institute of Bioengineering and Nanotechnology (IBN): www.ibn.a-star.edu.sg
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‘Theme Articles’ Appeared in ‘MRS-S OUTLOOK’, Vol. 3, Nos.1 & 2
From Applied Science to Commercial Application — Synchrotron Radiation as a Broad R&D
Platform: Part III

By H. O. Moser1 , K. Banas1 , M. Cholewa1 , C. Z. Diao1 , X. Y. Gao2 , L. K. Jian1 , S. M. P. Kalaiselvi1 , Z.
J. Li1 , G. Liu1 , T. Liu2 , S. K. Maniam1 , A. T. S. Wee2 , P. Yang1 , Y. Adam Yuan3,4 , MRS-S OUTLOOK, 3 (1),
12–20(2008).
1 Singapore

Synchrotron Light Source, National University of Singapore, Singapore
of Physics, National University of Singapore, Singapore
3 Department of Biological Sciences, National University of Singapore, Singapore
4 Temasek Life Sciences Laboratory, National University of Singapore and Nanyang Technological University, Singapore
2 Department

Abstract: In this Part III, thin film characterization by X-ray reflectometry, thickness determination, with selected
examples from the authors’ work, and anomalous scattering effect in reflectivity are described and discussed.

From Applied Science to Commercial Application — Synchrotron Radiation as a Broad R&D
Platform: Part IV

H. O. Moser1 , K. Banas1 , M. Cholewa1 , C. Z. Diao1 , X. Y. Gao2 , L. K. Jian1 , S. M. P. Kalaiselvi1 , Z. J. Li1 ,
G. Liu1 , T. Liu2 , S. K. Maniam1 , A. T. S. Wee2 , P. Yang1 , X. J. Yu1 and Y. Adam Yuan3,4 , MRS-S OUTLOOK, 3
(2), 39–47(2008).
1 Singapore

Synchrotron Light Source, National University of Singapore, Singapore
of Physics, National University of Singapore, Singapore
3 Department of Biological Sciences, National University of Singapore, Singapore
4 Temasek Life Sciences Laboratory, National University of Singapore and Nanyang Technological University, Singapore
2 Department

Abstract: In this Part IV, advanced long-wavelength protein crystallography, and local structure of dopants in dilute
magnetic semiconductors (DMS) studied by X-ray absorption fine structure spectroscopy (EXAFS) are discussed
with suitable examples.
Please see: ww.mrs.org.sg for accessing Parts I and II.
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INVITATION
MRS-S members are welcome to
contribute to ‘MRS-S OUTLOOK’

Invitation

January 1, 2005

• To suggest topics and prospective author(s) for ‘thematic’ articles pertaining to
the areas of materials science, engineering and technology. These will be of
general interest to the students, teachers as well as active researchers. These
can be 10–15 pages (A4-size, single spaced) with figures, tables and select
references.
• To contribute reports on the recently held conferences and information on the
forthcoming conferences.
• To contribute ‘Highlights from Recent Literature’ in the areas of materials science, engineering and technology. These must pertain to the years
2007–2008, and be of general interest to non-specialists, students, teachers as
well as active researchers. Each ‘Highlight’ must not exceed 250–300 words,
including reference(s). Contributing author(s) and e-mail address(es) will be
included under each ‘Highlight’.
• To contribute information about the recent awards and distinctions conferred
on the MRS-S members.
• To contribute ‘Letters to the Editor’. They may be edited for brevity, clarity and
available space, and the author(s) will be informed.
Information on the above aspects may be communicated to the Editor:
Dr. G.V. Subba Rao
E-mail: phyvsg@nus.edu.sg

The Editorial Board of ‘MRS-S OUTLOOK’ reserves the right to include or not any of the submitted contributions.
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A Quarterly publication by the Materials Research Society of Singapore

page 77

