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POSTER SESSION: Wednesday 1 February
wp1

Muhammad Hamid Ahmed
Relative thermodynamical stability of non-stoichiometric uranium dioxide

wp2

T.J.Bastow, C.R.Hutchinson and A.J.Hill
Strong Interaction of an Intermetallic Platelet with its Boundary

wp3

C.J. Davidson, T.R. Finlayson, J.R. Griffiths, V. Luzin and Q.G. Wang
Neutron Diffraction Determination of Macro and Microstresses in an Al Si Mg
Composite and Observed Changes with Plastic Strain

wp4

M. S. Scott, G. I. N. Waterhouse, K. Kato, S. L. Y. Chang, T. Söhnel
XPS, XAS and HRTEM studies of Rh,Pd/CeO2 nanocatalyst activation under
conditions relevant to Ethanol Steam Reforming

wp5

L. Thoennessen, K.D. Liss, R. Dippenaar and A. Dehghan-Manshadi
Thermomechanical Processing of Titanium Alloys

wp6

A. Rozario, K. Fox, D. Garrett, S. Lichter, K. Ganesan, H. Meffin, and
S. Prawer
Optimizing adhesion of parylene-C to diamond under long-term in vivo conditions

wp7

Jean N D Goder, Nurafini A M Rafi, Gary Bryant, Taavi Hunt, Ben Kent, Chris
Garvey
Study of the effect of Penetratin on the gyroid to diamond phase transition in Myverol

wp8

Sidney B. Lang
Pyroelectric, Piezoelectric and Photoeffects in Hydroxyapatite Thin Films on Silicon

wp9

Y.Y. Liu, J.A. Warner, L.G. Gladkis, J.M. Scarvell, P.N. Smith, H. Timmers
Localized Backside Wear Measurement on UHMWPE Prosthesis Insert Using Microscratching

wp10 Gordon J. Troup and John F.Boas

An EPR Study of 'Mineral Organic Formula' and 'Vein Eze' Dietary Supplements
wp11 G. J. Bowden, R. C. C. Ward K. N. Martin, and P. A. J. de Groot
89

Y NMR-hyperfine relaxation times and transport in MBE grown REFe2/YFe2
multilayer films

wp12 J. Bertinshaw, R. Maran, N.Valanoor, F.Klose and C. Ulrich

Neutron studies of functional multiferroic BiFeO3 thin films
wp13 S. Brück, M. Paul, H. Tian, A. Müller, K. Fauth, E. Goering, J. Verbeeck,

G. Van Tendeloo, M. Sing, R. Claessen
Local Magnetic Structure at the Fe3O4/ZnO Interface
wp14 W.D. Hutchison, N.J. Segal and K. Nishimura

Investigation of Magnetocaloric Effects in RNiAl4
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wp15 S. Brazier-Hollins and D. J. Goossens

Time-Dependent Magnetisation in Fe0.5Ni0.5PS3
wp16 R.A. Mole, L.F. Montero, M. Nadeem, V.K. Peterson, R. Piltz and J.A. Stride

Neutron Scattering Studies of Magnetic Coordination Polymers
wp17 P. Rovillain, R. de Sousa , Y. Gallais, A. Sacuto, M-A. Measson, D. Colson,

A. Forget, M.Bibes, A. Barthelemy, and M. Cazayous
Electric control of spin wave modes at room temperature in BiFeO3
wp18 P. J. Graham, M. Bartkowiak, A. M. Mulders, M. Yethiraj, E. Pomjakushina and

C. Ulrich
Raman Scattering on Multiferroic TbMnO3
wp19 C.J. Hamer and J. Oitmaa

Restoration of Symmetry in the Spectrum of the Bilayer Heisenberg Antiferromagnet
wp20 R.R.P. Singh and J. Oitmaa

Thermodynamic Properties of the Heisenberg Antiferromagnet on the Hyperkagome
Lattice: Comparison with Na4Ir3O8
wp21 A. J. Princep, A. M. Mulders, E Schierle, E Weschke, J Hester,W D Hutchison, Y

Tanaka, N Terada, Y Narumi, U Staub, V Scagnoli, T Nakamura, A Kikkawa, S W
Lovesey, E Balcar,
Resonant X-ray Diffraction and the observation of Strange Quantities.
wp22 Y. Kulik and O. P. Sushkov

Hole dispersion in the t-J model in the presence of charge modulation
wp23 F. Bachhuber, J. Rothballer, T. Söhnel and R.Weihrich

A quantum mechanical investigation of the crystal and electronic structures of solid
solutions of pyrite-type dipnictides MPn2 (M = Si, Ge, Ni, Pd, Pt)
wp24 M.N. Read

Self-energy effects and the unbound electronic structure of Cu(111) surface
wp25 Gordon J. Troup, David Paganin, and Andrew Smith

Cutting Entanglement
wp26 J. G. Bartholomew and M. J. Sellars

Optical detection of a single rare earth ion in a solid state host
wp27 J.G. Bartholomew, S. Marzbana M.J. Sellars and R.P. Wang

Spectroscopic Properties of ۳ܝ+: ܇۽ Thin Films

wp28 M. Zhong, M. J. Sellars

Extending Hyperfine Coherence Times in EuCl3.6H2O
wp29 Jan Jeske and Jared H Cole

Quantum decoherence in complex environments
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wp30 Timothy C. DuBois, Manolo C. Per, Salvy P. Russo and Jared H. Cole

Delocalised Oxygen model of TLS defects in superconducting phase qubits

wp31 Adurafimihan A. Abiona, William J. Kemp, Mark C. Ridgway, Heiko Timmers

Characterization of a Defect-Pair in Germanium
wp32 G William J. Kemp, Adurafimihan A. Abiona, Patrick Kessler,

Reiner Vianden, Heiko Timmers
First measurements of the quadrupole coupling constant for 100Pd/Rh in antimony,
hafnium and rhenium
wp33 L. M. Lepodise and R. A. Lewis

Absorption Lines around 70 Mev in Rubidium Bromide (RbBr)
wp34 Z. Liu and H. Riesen

Photoluminescence and Crystallographic Sites of Sm ions in BaFCl Nanocrystals
wp35 M. M. Rao and R. A. Lewis

Emissivity of Silicon Carbide in THz Spectral Range
wp36 J. S. Smith, D. W. Drumm, A. Budi, M. C. Per, L. C. L. Hollenberg and S. P. Russo

Density functional study of epitaxially-doped nanowires of phosphorus in silicon
wp37 Baran Yildirim, Glen Stewart and Hans Riesen

Structural and Optical Properties of Nanocrystalline LiGa5O8:Fe3+
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POSTER SESSION: Thursday 2 February
tp1

G.P. Cousland, R. Mole, M. Elcombe, X.Y. Cui, A.E. Smith, C.M. Stampfl
and A.P.J. Stampfl
The structure of Yttria-stabilised Zirconia: a combined synchrotron photoemission,
neutron scattering and ab-initio investigation

tp2

Xuan-Wen Gao, Chuan-Qi Feng, Shu-Lei Chou, Jia-Zhao Wang, Jia-Zeng Sun, Maria
Forsyth, Douglas R. MacFarlane, Hua Kun Liu
5 V LiNi0.5Mn1.5O4 Spinel Cathodes Using Room Temperature Ionic Liquid as
Electrolyte

tp3

V. Jovic, G.I.N Waterhouse and T. Soehnel
Development of novel visible-light driven photocatalysts for hydrogen production

tp4

Sridhar Kumar Kannam, B. D. Todd, J. S. Hansen, Peter. J. Daivis
Flow rates of fluids in carbon nanotubes

tp5

I. Shvab and Richard J. Sadus
Hydrogen Bonding and Polarisational Properties of Water: Predictions from MCYna
Model

tp6

Tesfaye M. Yigzawe and Richard J. Sadus
Calculation of Thermodynamic Properties of Lennard-Jones Fluid in a Molecular
Dynamics Ensemble

tp7

Jan Herrmann, Bakir Babic, Chris Freund, Malcolm Gray, Magnus Hsu and Terry
McRae
A metrological scanning probe microscope incorporating a tuning fork sensor and
heterodyne laser interferometry

tp8

P Imperia
Sample Environments Updates at the Bragg Institute

tp9

W.T. Lee, F. Klose, D. Jullien and K. Andersen
Polarised 3He based Neutron Polarisers and Analysers for Magnetism Research on
ANSTO Instruments

tp10

Guochu Deng, Peter Vorderwisch, Chun-Ming Wu, Garry McIntyre, Wen-Hsien Li
Simulation of Multiple Operation Modes for the Cold Neutron Triple Axis
Spectrometer SIKA at Bragg Institute

tp11

Richard A. Mole and Dehong Yu
Pelican: An Inelastic Neutron Scattering Spectrometer With Polarization Analysis

tp12

G.J. McIntyre, H. Kohlmann and B.T.M. Willis
Phonons observed by neutron Laue diffraction

tp13

Klaus-Dieter Liss
X-Rays of the Future: Thinking Energy Recovery Linac
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tp14

Theo Hughes and Gordon J.Troup
A Simple Student-made Optical Spectrometer Modified for Gemmology Use

tp15

Gordon J.Troup
A Thermodynamic / Information Theory Analysis of Library Operation

tp16

G D. Wang, A. R. Buckingham, G. J. Bowden, R.C.C. Ward, and P. A. J. de Groot
Meta-stable magnetic exchange spring states with negative coercivity in DyFe2/YFe2
multilayer

tp17

S. Brück, D. Cortie, J. Brown, T. Saerbeck, C. Ulrich, F. Klose, and J. Downes
Polarized Neutron Reflectometry of Rare-Earth Nitride Thin Films

tp18

J.L. Wang, S.J. Campbell, S.J. Kennedy, P. Shamba, R. Zeng and S.X. Dou
Magnetic Phase Transition and Thermal Expansion in LaFe13-x-y CoySiz

tp19

S. J. Collocott, X. Tan and H. Xu
Temperature dependence of the coercivity in Nd60-xFe30Al10Dyx, x = 0, 2 and 4, bulk
amorphous ferromagnets: an example of strong pinning of domain walls

tp20

S.J. Harker, G.A. Stewart, H. Okimoto, K. Nishimura and W.D. Hutchison
Magnetic properties of Nb1-XHfXFe2

tp21

N.Narayanan, N.Qureshi, H. Fuess and H.Ehrenberg
Charge, magnetization (spin) and spin momentum density studies of the Kagome
staircase compound Co3V2O8

tp22

N. M. Reynolds, P. Graham, A.M. Mulders, G. McIntyre, S. Danilkin, J. Fujioka,
Y. Tokura, B. Keimer, M. Reehuis and C. Ulrich
Inelastic Neutron Scattering in Multiferroic Materials

tp23

A.M. Mulders, M. Bartkowiak, J.R. Hester, E. Pomjakushina, K. Conder
Ferroelectric charge order stabilized by antiferromagnetism in multiferroic LuFe2O4

tp24

J. Oitmaa and R.R.P. Singh
The Spin-3/2 Heisenberg Antiferromagnet on the Bilayer Honeycomb Lattice : A
Model for Bi3Mn4O12 (NO3)

tp25

Rakesh Kumar and Oleg P. Sushkov
Condensation of composite objects in Heisenberg-like models

tp26

O. P. Sushkov
Magnetic properties of lightly doped antiferromagnetic YBCO

tp27

D. Bende T. Söhnel
Exploring structural Oddities in Tin Cluster Compounds RuMSn6O8 (M = Fe, Co, Mn)
with Quantum Mechanical Methods

tp28

J. Stephen and G. V. M. Williams
The Magnetic and Electronic Properties of FeSr2YCu2O6+x and FeSr2Y2-xCexCu2O8+x
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tp29

Heather Schijns, Ian Jackson and Douglas R Schmitt
Laboratory Measurements of Frequency-Dependent Seismic Properties of Cracked
and Fluid-Saturated Media

tp30

J.D. Cashion, K. Suzuki and E. Murad
Mössbauer Spectra of the Acid Mine Drainage Mineral Schwertmannite from the
Sokolov Basin, Czech Republic

tp31

R.A. Pax and G.A. Stewart
Quantitative Determination of Phases using Mössbauer Spectroscopy and X-ray
Diffraction: A Case Study Using the Fe-Ti-O System

tp32

R. L. Ahlefeldt and M. J. Sellars
Characterisation of EuCl3.6H2O for quantum computation

tp33

K. R. Ferguson, S. E. Beavan and M. J. Sellars
Rephasing Spontaneous Emission in a Rare-Earth Ion-Doped Solid

tp34

Milos Rancic, Sarah Beavan and Matthew Sellars
Optical Imaging and Structure Writing in Rare Earth Ion Doped Crystals

tp35

W.D. Hutchison, S.J Harker, P.G. Spizzirri, F. Hoehne, and M.S. Brandt
Electrically Detected Magnetic Resonance Applied to Near Surface Phosphorus
Donors in Silicon

tp36

T. Li, O.P. Sushkov and U. Zuelicke
Spin precession and non-adiabaticity in hole quantum point contacts

tp37

D. J. Miller
Implementation of the PBR protocol using spin-spin interactions
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Fe, Co) with Quantum Mechanical Methods
D. Bende and T. Söhnel
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Sokolov Basin, Czech Republic
J.D. Cashion and E. Murad
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22. TP37 – Alternative Experimental Protocol for a PBR-like Theorem
D.J. Miller

PROCEEDINGS - 36th ANNUAL CONDENSED MATTER AND MATERIALS
MEETING, 31 Jan. -3 Feb. 2012. Wagga Wagga, NSW, Australia

Fabrication, Characterization and Applications of Si1-xTixO2 (x= 0-1)
Inverse Opal Photonic Crystals
Z.H. Al-Azri and G.I.N. Waterhouse
School of Chemical Sciences, University of Auckland, Auckland, New Zealand.
MacDiarmid Institute for Advanced Materials and Nanotechnology, New Zealand.
Photonic crystals (PCs) are expected to find widespread application in next
generation optoelectronic devices due to their inherent optical properties
which can be used to manipulate or inhibit the propagation of light. This
study focuses on the fabrication of 3-dimensionally ordered macroporous
(3DOM) inverse opal photonic crystals with composition Si1-xTixO2 (x= 0,
0.25, 0.5, 0.75, 1) and photonic band gaps (PBG) spanning the visible
spectrum. TiO2 inverse opals showed in-vitro bioactivity for hydroxyapatite
growth in simulated body fluids and excellent performance when
incorporated in dye sensitized solar cells.
1.

Introduction
Photonic crystals are widespread in nature and responsible for the spectacular iridescent
colouration shown by many species of bird, butterfly and beetle, as well as the gemstone opal.
Photonic crystals are highly ordered materials that possess a periodically modulated refractive
index in 1, 2 or 3-dimensions, with periodicity typically on the same length scale as visible
light [1]. Such structures can control, manipulate and localize the propagation of light and are
characterized by photonic band gaps (PBGs), a narrow range of frequencies for which the
propagation of light is forbidden due to coherent Bragg diffraction [2,3]. A colloidal crystal
(e.g. opal) is a face-centred cubic (fcc) array of monodisperse colloids with a solid volume
fraction of 0.74. Colloidal crystals can be used as templates for the fabrication of inverse
opals, materials that comprise a fcc array of air spheres in a solid matrix. The optical
properties of opal and inverse opal photonic crystals can be described by a modified Bragg’s
law which predicts that the PBG position (λmax) is dependent on the interlayer spacing, d, the
incident angle of light, θext, and average refractive index, navg, according to
2
λ = 2d navg
− sin 2 θext

This work describes the fabrication of inverse opal Si1-xTixO2 (x = 0-1) photonic crystals
operating at visible wavelengths using the colloidal crystal template and sol-gel chemistry.
Titania inverse opals were evaluated as bio-scaffolds for in-vitro hydroxyapatite,
Ca10(PO4)6(OH)2, formation and as the semiconducting layer in dye-sensitized solar cells
(DSSCs).
2.

Sample preparation
Monodisperse polymethylmethacrylate (PMMA) colloids with diameters in the range
200-400 nm were synthesized by the surfactant free emulsion polymerization of methyl
methacrylate (MMA) at 75 °C [4]. Through careful control of reaction conditions, batches of
monodisperse PMMA colloids of different diameter were prepared. PMMA colloidal crystals
powders and thin films were fabricated using centrifugation and a flow-controlled vertical
deposition, respectively. Sol-gel chemistry was subsequently used to infiltrate the colloidal
crystal templates with Si1-xTixO2 (x = 0-1) precursors [4]. Calcination at 450-550 °C removed
the PMMA colloidal crystal template and facilitated the thermal decomposition of the sol-gel
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precursor leaving behind inverse opal structure which possessed a periodically modulated
refractive index with period similar to that of visible light wavelengths.
3.
3.1

Results
Characterization of Si1-xTixO2 (x = 0-1) inverse opal photonic crystals
Scanning electron microscopy (SEM) micrographs for a PMMA colloidal crystal
template and the resultant Si0.5Ti0.5O2 inverse opal are shown in Fig. 1(a) and (b),
respectively. Both the PMMA colloidal crystal template and the inverse opal show a fcc array
of spheres with the fcc (111) plane parallel to the underlying glass substrate. The centre-tocentre distance between air spheres (D) on the (111) planes of the inverse opal are slightly
less than that between PMMA spheres in the template, indicating a degree of shrinkage during
template removal.
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Fig 1. SEM images (left) of (a) PMMA colloidal crystal and (b) corresponding Si1-xTixO2 (x= 0.5) inverse opal;
(c) UV-Vis transmittance spectra at normal incidence and (d) XRD patterns for Si1-xTixO2 (x= 0-1) inverse opals.

In UV-Vis transmittance spectra of Si1-xTixO2 (x = 0-1) inverse opals (Fig. 1(c)), intense
transmission minima are seen at normal incidence of light (θ = 0°), with respect to the fcc
(111) plane. These PBG peaks redshift as the titania molar fraction increases in accordance
with the modified Bragg’s expression (nsilica = 1.45, ntitania = 2.1). The width of the PBG peak
is related to refractive index of the wall material, and increased on going from SiO2 to TiO2.
The solid volume fraction also affects the width of the PBG, with a lower solid volume
fraction giving a wider PBG. XRD patterns for Si1-xTixO2 (x = 0-1) inverse opals are shown in
Fig. 1(d). The silica inverse opal is amorphous. As the TiO2 content increases, peaks
characteristic of nanocrystalline anatase start to appear, whilst the amorphous silica peaks
progressively lose intensity.
Hydroxyapatite formation on TiO2 inverse opal thin films
SEM images (Fig. 2) show that the surface morphology of the titania inverse opal
changed considerably after soaking in a simulated body fluid at ~37 °C for 4 days. This is due
to the growth of a thick conformal coating of hydroxyapatite on the inverse opal.
Hydroxyapatite is formed due to heterogeneous nucleation by titania [5-7].
3.2
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The UV-Vis transmittance spectra shown in Fig. 2 (left) indicate that HAP growth shifts
the PBG from 555 nm to 664 nm due to the increase in the average refractive index of the
photonic crystal after HAP deposition. Powder XRD patterns in Fig. 2 (right) confirm that
TiO2 inverse opal PCs stimulate the growth of HAP as evidenced by the appearance of a new
feature at 2θ ~ 32°-33° after SBF treatment. Hence, it can be concluded that in vitro
assessments using simulated body fluid (SBF) have suggested that inverse opals induce the
bonelike apatite formation under physiological conditions [5-7]. Results suggest that titania
inverse opals or similar structures could be used as hybrid frameworks for bone regeneration.
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Fig 2. UV-Vis transmittance spectra (left), SEM images (center) and XRD patterns (right) for TiO2 inverse opal
pre- and post- SBF treatment.

3.3

Performance evaluation of DSSCs based on TiO2 inverse opal thin films
Inverse opal TiO2 thin films were deposited on indium tin oxide (ITO) conducting glass
and used as working electrodes in the assembly of dye sensitized solar cells. A Zn-porphyrin
was used as the sensitizer. Fig. 3 illustrates the I-V curves obtained for DSSCs made using
three different TiO2 working electrodes.
Results show that the DSSC constructed using inverse opal TiO2 thin films gives higher
open-circuit voltages, VOC, compared to cells constructed using a reference nanocrystalline
titania powder (Table 1). The current density, ISC, and solar conversion efficiency, η (%), of
the DSSC increased about twofold on doubling the thickness of TiO2 inverse opal thin film,
although both have similar open-circuit voltages. This indicates that in the bilayer structure,
the effective area for dye absorption and light harvesting is doubled. It is noteworthy that the
solar conversion efficiencies of cells constructed using the TiO2 inverse opal bilayer (3.19%)
and conventional nanocrystalline TiO2 (3.65%) are similar, yet the latter cell contains ~10
times more TiO2. This indicates that the inverse opal structure is able to convert light roughly
10 times more efficiently per gram TiO2 than the bulk nanocrystalline TiO2 film. Results
confirm that inverse opal titania photonic crystals can be successfully integrated into DSSCs.
Higher photon conversion efficiencies could be achieved simply through increasing the TiO2
inverse opal film thickness.
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Fig 3. I-V curves for DSSCs (left) prepared using different TiO2 electrodes (SEM images, right).

Table 1. Summarized results from I-V curves.
Sample
TiO2 inverse opal (1 layer)
TiO2 inverse opal (2 layers)
P25 TiO2 nanocrystalline

Thickness
(μm)
3.8
7.1
13.0

VOC
(V)
0.712
0.70
0.584

ISC
(mA/cm2)
3.443
6.915
12.20

FF*
0.678
0.658
0.512

(%)
1.62
3.19
3.65

*FF is the cell fill factor

4.

Conclusions
Inverse opal photonic crystals operating at visible wavelengths are easily fabricated by
the colloidal crystal template technique. Due to their inherent optical properties, high surface
area and macroporous structure, titania inverse are ideal as bio-scaffolds and DSSC
electrodes.
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Mössbauer Measurements on Spinel-structure Iron Oxide Nanoparticles
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Mössbauer spectra were measured for 57Fe in two samples of iron oxide
nanoparticles made from iron oleate. One sample was prepared in paste form
with a particle diameter of 15 ± 1 nm, a superparamagnetic blocking
temperature TB ≈ 300 K, and a deduced magnetic anisotropy of K ≈ 0.52 x 104
J/m3. The other was prepared as a powder with a particle size of 7.5 ± 1.0 nm
and TB ≈ 120 K. At low temperatures their spectra were identical but unlike
that of bulk Fe3O4. Both samples were concluded to have oxidized from Fe3O4
to γ-Fe2O3. The powder sample also contained about 30% of α-Fe2O3 impurity
which was not superparamagnetic but had a reduced Morin temperature.
1.

Introduction
Magnetic nanoparticles are single-domain and exhibit superparamagnetism and
decreased magnetization in small applied fields. In superparamagnets the magnetic moments
of the particles fluctuate rapidly between the Curie temperature TC and a temperature TB
known as the blocking temperature. This produces a reduced magnetization and (in the
Mössbauer spectrum) a broadened hyperfine spectrum. Below TB the usual magnetic moment
and hyperfine splitting are observed.
Since there is a large fraction of atoms on the surface of small particles, there may be
surface effects, including oxidation. This can lead to a difference in properties of surface
atoms in comparison to those deep in the particle. Mössbauer spectroscopy affords a method
of studying these features including detecting the oxidation.
In this paper Mössbauer measurements on nanoparticles of superparamagnetic iron
oxide will be described. Iron oxide nanoparticles find many applications including to
biomedicine [1] and information storage. Many previous studies of these materials have been
made (e.g. [2-4]) and it is clear that their properties may depend on the method of preparation
as well as their size. Hence two methods were used for comparison.
2.

Sample preparation
Nanoparticles of ferrimagnetic iron oxide were synthesized through the thermal
decomposition [5] of an iron oleate precursor in the presence of oleic acid. This method
produces good size control and avoids use of more toxic chemicals. First, the oleate precursor
was produced by mixing 2.2 g of FeCl3.6H2O (Sigma Aldrich) and 7.3 g of sodium oleate
(Sigma Aldrich) with 16 mL of ethanol (Pharmco-AAPER), 28 mL of hexane (Fisher), and
12mL of deionized water. Thereafter, the mixture was heated to 70 ºC and maintained at this
temperature for four hours.
Next, the nanoparticles were synthesized by thermal
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decomposition, initially at 220 °C and subsequently at 290 °C, of a solution containing
1.6 mmol of iron oleate and 0.8 mmol of oleic acid in 10 mL of 1-octadecene (Sigma
Aldrich). The solution was then mixed and degassed at 100 °C for 30 min, after which it was
heated at a rate of 3 °C/min to 320 °C. Finally, the solution was refluxed for 45 min. The
resulting nanoparticles were precipitated from the synthesis solution by centrifugation and
resuspended in ethanol until needed in the experiments.
Two different Mössbauer samples resulted from extracting the nanoparticles from the
suspension. The paste sample was produced by heating the suspension to approximately 70
ºC, and allowing it to cool under atmospheric conditions. The resulting nanoparticles had a
diameter of 15.0 ± 1.0 nm and the concentrated paste was transferred to the sample holders
for experiment or to a vial for storage. On the other hand the powder sample was produced
through freeze drying under vacuum and the resulting nanoparticles had a diameter of 7.5 ±
1.0 nm. TEM images of the resulting nanoparticles are shown in Fig. 1.

(b)

(a)

Fig. 1. TEM images of (a) the past sample and (b) the powder sample.

3.
3.1

Results
Paste sample
Fig. 2 shows Mössbauer spectra of the paste sample of the nanoparticles at a series of
temperatures between 220 and 6 K. The spectrum is broad at the higher temperatures and
becomes a well-resolved 6-line pattern with line widths decreasing as the sample is cooled. At
6 K, the saturation hyperfine field is 515 kG and the line width of the outer lines is 0.63 mm/s.

Fig. 2 Mössbauer spectra of the paste sample at (a) 220 K (b) 150 K (c) 128 K
(d) 90 K (e) 40 K (f) 6 K. The solid lines are fits to each spectrum with six Lorentzian lines.
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The isomer shift is constant at 0.41 mm/s which falls in the range of values expected for Fe3+
in octahedral coordination. The variation with temperature of the fitted mean hyperfine field
Bhf and linewidth Γ of the outer lines is given in Table I. Due to relaxation effects, the line
shapes are strictly not Lorentzian at higher temperatures but the fitted line width values are
included as a useful indication of the extent of the spectral broadening. From Fig. 2, the
spectrum evidently collapses to a non-magnetic doublet at a temperature well above 220 K.
Spectra recorded at temperatures higher than those shown in Fig. 2 show that TB is close to
300 K.
Table 1. Fitted Mössbauer data for the paste sample
T(K)
270
220
150
128
90
40
6

Bhf(kG)
410
464
469
485
503
515

Γ(mm/s)
3.81
1.72
1.57
0.95
0.81
0.63

3.2

Powder sample
Mössbauer spectra recorded for the powder sample of the nanoparticles are shown in
Fig. 3 for a series of temperatures between 260 and 4 K. The results at the lowest temperature
are similar to those of the paste sample in that there is a 6-line magnetic Fe3+ spectrum with
broad lines (Γ = 0.6 mm/s) and a hyperfine field of about 515 kG. However, there is a second
6-line pattern with 30% of the intensity of the main spectrum and almost overlapping it. This

Fig. 3. Mössbauer spectra of the powder sample at (a) 260 K (b) 230 K (c) 220 K
(d) 210 K (e) 200 K (f) 100 K (g) 80 K (h) 40 K (i) 4 K
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additional spectrum has a similar hyperfine field but narrower lines (Γ = 0.3 mm/s) and, from
its quadrupole splitting, can be identified as arising from α-Fe2O3.
The main 6-line spectrum shows a decrease in hyperfine splitting with increasing
temperature, so that the two spectra become easily distinguished from each other. In addition,
the lines of the main spectrum become broadened in a way similar to those in the paste sample
except that they collapse to a non-magnetic doublet just above 100 K. Hence TB is estimated
to be about 120 K. This is substantially less than the value of TB estimated for the paste
sample, in accord with the smaller size (7.5 nm compared with 15 nm) of the powder
nanoparticles.
The hyperfine field of the α-Fe2O3 sub-spectrum is almost independent of temperature.
Furthermore, its quadrupole coupling changes sign between 220 and 230 K due to the Morin
transition, which is a characteristic of α-Fe2O3. In bulk α-Fe2O3 the Morin transition occurs at
260 K.
4.

Estimation of the anisotropy constant for the paste nanoparticles
Below the blocking temperature, TB, the superparamagnetic fluctuations (i.e.
fluctuations of the magnetic moments of the single-domain particles) are slow but the
magnetization within each particle fluctuates rapidly about the easy axis (collective magnetic
fluctuations). According to a simplified model of uniaxial anisotropy, the energy is given by
E(θ) = KVsin2θ

(1)

where θ is the angle between the magnetization vector and the easy axis, K is the anisotropy
constant and V is the particle volume. In the context of this model, Mørup [4] has shown that
the hyperfine field below TB varies approximately as
Bhf/ Bhf0 = 1 – kT/2KV

(2)

where Bhf0 is the saturated value of Bhf at T = 0 K. Hence KV can be determined and, if the
nanoparticle volume is known, the anisotropic constant can be estimated.
In Fig. 4, the hyperfine field for the paste sample is plotted as a function of temperature
using the data from Table 1. A least-squares fit shows that Bhf0 = 517 kG and the slope

Fig. 4. Temperature
dependence, below TB, of the
fitted mean hyperfine field for
the paste sample (taken from
Table 1).
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Δ(Bhf/ Bhf0)/ΔT = -7.4 x 10-4 K-1. Hence KV for the paste particles is 0.92 x 10-20 J. Taking the
diameter of the particles (assumed spherical) to be 15 nm, it is found that K ≈ 0.52 x 104 J/m3.
In principle, a similar approach could be applied to the powder sample. However, the
detailed analysis will depend on assumptions about the α-Fe2O3, which is presumably on the
nanoparticle surface.
5.

Discussion
The spectra are different from those previously found [3] for nanoparticles of Fe3O4
although the hyperfine field values at low temperatures are similar. We observe only a single
6-line pattern, whereas Fe3O4 is a superposition of two sub-spectra, one arising from Fe2+ ions
and the other with a higher intensity arising from Fe3+ ions. Also there is no sign of the
Verwey transition. Hence we conclude that the nanoparticles are not comprised of Fe3O4.
A likely candidate is γ- Fe2O3, nanoparticles of which have been studied by Predoi et al [6]
and Rebbouh et al [7] whose spectra are similar to ours. Predoi et al deduce an anisotropy
constant of K = 2.1 x 104 J/m3. Further evidence comes from the work of Sousa et al [8] on
NiFe2O4/γ-Fe2O3 core/shell nanoparticles for which they find K = 2.5 x 104 J/m3. It may be
noted that the anisotropy for bulk Fe3O4 (below the Verwey transition) is 2 x 105 J/m3, which
is an order of magnitude greater than for γ- Fe2O3.
The blocking temperature TB is not a transition temperature in the thermodynamic
sense, such as is the case for the Curie temperature TC. It is the temperature where the
superparamagnetic fluctuation time becomes comparable with the time of a measurement. As
such it depends on how it is measured. In addition, as there is a spread in particle sizes there
will be a spread in blocking temperatures which will contribute to the Mössbauer linewidth. A
further complication is that there are differing definitions of the blocking temperature; some
groups define it as the temperature below which the fluctuations cease and this is different
from the temperature for which the magnetic and non-magnetic contributions to the
Mössbauer spectrum are equal.
According to Neél the characteristic time τ for the fluctuations obeys

τ = τo exp(KV/kT)

(3)

where τo is about 10-9 s. Using the first definition of the blocking time, which sets the time of
measurement to be equal to τ at T = TB, this expression can be used to estimate TB. For a
magnetic susceptibility measurement, τ is usually taken to be 100 s, and Equ. (3) then gives TB
= KV/kln1011 = 0.04KV/k. On the other hand for a Mössbauer measurement τ is considerably
shorter, perhaps ~10-7 s (the lifetime of the 14.4 excited state of 57Fe) and TB = KV/kln100 =
0.22KV/k. Note there is a factor of 5 between the values of TB derived from these different
types of measurements. Using the value of KV = 0.92 x 10-20 J estimated in section 4, the
latter expression gives TB ≈ 150 K for our paste sample. The order of magnitude agreement
with the value of TB ≈ 300 K suggested by the Mössbauer spectra (as discussed in section 3.1)
must be considered fortuitous in view of the crudeness of the model assumed.
6.

Conclusions
We conclude from the Mössbauer spectra that both samples have oxidized to γ-Fe2O3.
Because a large fraction of the atoms in nanoparticles are on the surface, they are extremely
vulnerable to oxidation. Fe3O4 and γ-Fe2O3 have the same spinel crystal structure so it is
difficult to distinguish between them by x-ray diffraction. Recent magnetization and
Mössbauer measurements [9] on Fe3O4 nanoparticles report similar spectra and anisotropy
constants (K = 2.4 x 104 J/m3) and we suggest that their samples may also have become
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oxidized to γ- Fe2O3. In addition, our powder sample has further been partially oxidized to
α- Fe2O3.
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Numerical Device Model and Determination of Device Parameters
for Organic Light Emitting Diodes (OLEDs)
T. Hirai, K. Weber, J. O’Connell, M. Bown and K. Ueno
Materials Science and Engineering, CSIRO, Clayton, Victoria 3168, Australia.
We propose a novel Schottky and impedance spectroscopy (IS) numerical
model to evaluate carrier injection and transport behaviour of organic
semiconductor materials. Using temperature dependent current-voltage (I-V)
and IS measurements of hole only (HOD), electron only (EOD) devices and
OLEDs, we have obtained values for the Richardson factor, the barrier height,
trap density, density of states (DOS) and carrier mobility of organic materials
and interfaces as device parameters.
1.

Introduction
Recently, organic light emitting diodes (OLED) have made significant progress in
brightness and lifetime to the extent that they now present themselves as a viable technology
for application in large-area flat panel displays (FPD) to compete with liquid crystal display
(LCD) and plasma technologies. However, the operating mechanisms such as chargeinjection, -transport, -trapping, and -recombination phenomena in organic semiconductors are
still unclear and require further investigation.
A common approach to estimate the barrier height of an organic-conductor interface is
to apply the Richardson-Schottky model [1] with the value of the Richardson Factor (A*) set
for a silicon-metal interface. Alternatively, Scott [2] has proposed that the value of A* for an
organic-conductor interface is dependent on the state density and carrier mobility of the
organic material.
Several other groups have reported experimental and measurement methods for
extraction of device parameters such as carrier mobility, density of states (DOS) and barrier
height [3]. Impedance spectroscopy (IS) has been shown to be a useful tool for evaluating
relaxation, transport and injection in a variety of organic devices [4-5].
In this paper, we propose a novel Schottky and IS numerical model to evaluate carrier
injection and transport behaviour of organic semiconductor materials. We have obtained
values for A*, the barrier height, interface state density, DOS and carrier mobility of organic
materials and interfaces as device parameters.
2.
Theory
2.1. Modified Schottky model
The current density of a Schottky organic-conductor interface is expressed as

(

)

 − e φ B − eE / 4π ε i 
* 2

J inj = A T exp

T
k
B


2
16 π ε ε 0 N 0 μ k B
*
[ A / cm2 K 2]
A =
2
e

(1)

(2)

where, A*, T, e, φB, E, ε0, ε, kB, N0, and μ are the Richardson factor, temperature, electron
charge, barrier height, applied electric field, permittivity of vacuum, relative permittivity,
Boltzmann constant, state density and carrier mobility, respectively. The value for A* as
proposed by Scott [1] is dependent on N0 and μ of the organic material. We have modified
the Schottky equation to include φB and a non-zero electric field.
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2.2. Complex capacitance model for impedance spectroscopy (IS)
Complex permittivity and capacitance are described according to
S
CR =ε r
d
ε c = ε r − iε i
S σS
CI =ε i =
d ωd
where, CR, CI, εr, εi, σ, ω, S, and d are real part of capacitance, imaginary part of capacitance,
real part of permittivity, imaginary part of permittivity, conductance, angular frequency,
active area and thickness of organic semiconductor, respectively. CR and CI are expressed by
Naito’s model and our model as follows:
1
B
C R (ω ) =
(3)
2 R j δω (1 + A)2 + B 2

C I (ω ) =

(

 − q φB − qE / 4π ε i
S Dit
ν th St C0 V exp

2ω d δ
kB T


) ln(1 + ω τ )

2 2



(4)

where, Ri, δ, νth, St, C0, V, q, Dit, τ are the low-frequency incremental resistance of the diode,
the trapping parameter, the thermal carrier velocity, the capture cross-section, the static
electric capacitance of the organic layer, the bias voltage, the electron charge, the interface
state density and the time constant for the characteristic time required to fill and empty the
interface state, respectively.
The variables A and B are expressed as follows:
k BT π
A = N t (E0 ) St ν th
2ω
d (ωB)
k Tπ
= N t (E0 ) St ν th B
ω
dω
N Sν 
 T
N t (E0 ) = N 0 exp − 0 ln V t th 
ω

 T
where, Nt(E0) is energy distribution of the localized state density at the valence band edge, NV
is effective density of state in the valence band and N0 is the density of localized states at the
valence band edge (DOS).
3.
Experimental
3.1. HOD and EOD
We fabricated a hole-only device (HOD) with the structure: glass / ITO (150nm) / TcTa
(70nm) / Al (150nm) and an electron-only device (EOD) with the structure: glass / ITO
(150nm) / TmPyPB (70nm) /LiF (1nm) / Al (150nm). Temperature dependent I-V
characteristics were obtained, under vacuum (1×10-2 Pa), with a temperature controlled probe
system in order to estimate φB and A*. Carrier mobility was calculated using the dark injection
(DI) – space charge limited current (SCLC) method [6]. A Solartron SI-1255 & 1296
frequency response analyzer system was used for IS measurements.

3.2. Phosphorescent blue OLED
We also fabricated a standard phosphorescent blue OLED with structure: glass / ITO
(150nm) / TcTa (70nm) / mCP:FIrpic (6%,40nm) / TmPyPB (40nm) / LiF (1nm) / Al
(150nm). Luminescence and I-V characteristics were obtained with a luminescence colour
meter (Topcon MB-7A) and a source-measure unit (Keithley 2400).
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4.
4.1

Results and discussion
Determination of device parameters for HOD and EOD
The temperature dependent I-V characteristics of the HOD are shown in the Schottky
and Arrhenius plots of Fig. 1. From this data and fits to the numerical model, we have
estimated φB(H) = 0.33 eV and A*(H) = 1.0×10-3 A/cm2/K2 for the injection of hole carriers
(as indicated by the argument “H”). The A* value of the ITO/TcTa interface is much smaller
than for a metal/Si interface [7]. This suggests that A* is strongly dependent on the
combination of materials and the interface conditions.
Fig. 2 shows the result of IS measurements and fits to the numerical model. We have
estimated Dit(H) = 5.0×108 /cm2 and H0(H) = 1.0×1016 /cm3eV for the hole injection side.
However, at low frequencies (<10 Hz), the real part of capacitance becomes unstable. We
believe that the hole injection interface has a slow trap-and-release phenomenon.

Fig.1(a). Schottky plot of HOD; Glass/ITO(150nm)/
/ TcTa (70nm)/Al(150nm) and numerical model fittings.
Estimated barrier height fB for injecting hole is 0.33 eV.

Fig.1(b). Arrhenius plot of HOD; Glass/ITO(150)
TcTa(70nm)/Al(150nm). Estimated Richardson
factor A* for injecting hole is 1×10-3 A/cm2/K2 at
0.4 MV/cm.

Fig.2. Impedance spectroscopy measurement and model fittings of
HOD: Glass/ITO(150nm)/TcTa(70nm)/Al(150nm). Estimated interface state density and
density of state (DOS) are 5×108 /cm2 and 1×1016 /cm3eV at sub-VTH region, respectively.

Likewise, we also obtained the device parameters for the electron injection interface
from the temperature dependent I-V characteristics of the EOD. From the measurement data
and fits to the numerical model we have estimated φB(E) = 0.65 eV, A*(E) = 1.0 × 102
A/cm2/K2, Dit(E) = 5.0×1011 /cm2 and H0(E) = 2.0×1018 /cm3eV (where the argument “E” is
used to indicate electron injection).
Our methodologies are an effective means for
characterization and determination of the device parameters of single-layer organic devices.
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4.2. Characterization of phosphorescent blue OLED
We also obtained the I-V and luminescence characteristics of a phosphorescent blue
OLED (Fig. 3). Highly efficient light blue luminescence was observed with 38cd/A and CIE
color index of (0.16, 0.31) at 1,000 cd/m2.

Fig.3. I-V and luminescence characteristic of phosphorescent blue OLED; Glass /ITO(150nm)
/TcTa(70nm)/mCP:Firpic(6%,40nm) /TmPyPB(40nm)/Al(150nm). CIE color index and
efficiency are (0.16, 0.31) and 38.0 cd/A at 1,000cd/m2, respectively.

Fig.4. Estimated device parameters of hole and electron injection side are illustrated in
standard phosphorescent blue OLED.

Fig. 4 shows the estimated device parameters of the hole and electron injection
interfaces and emission area which was investigated using a FIrpic-doped OLED. We believe
it is very important to analyse the condition at the hole injection interface of the emission
layer in order to understand degradation mechanisms.
Summary
We have proposed a novel numerical model for Schottky I-V and IS measurements and
determined the device parameters for a phosphorescent blue OLED.
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Reinforcing Function of Surface Acetylated Cellulose on Polylactic Acid
(PLA) Based Biopolymer
T. Mukherjee, N. Kao, Rahul K.Gupta, N. Quazi and S.N Bhattacharya
School of Civil, Environmental and Chemical Engineering, RMIT University,
Melbourne Victoria 3000, Australia.
Poor dispersion of microcrystalline cellulose (MCC) in polylactic acid (PLA)
based matrix results in cracks or failure of such composites due to the
tendency of MCC to agglomerate, owing to the presence of hydroxyl groups
on their surface. In this study, surface modification of MCC, a possible
alternative to arrest agglomeration, is accompanied by esterification reaction.
This resulted in improved dispersion, strong interfacial adhesion and, thereby,
improved storage modulus.
1.

Introduction
Cellulose fibers in microcrystalline form (MCC) have been much explored as a
reinforcing material in biopolymer based matrix material such as polylactic acid or
polylactide (PLA) [1-4]. Like any other composites, the challenge lies in dispersing MCC
uniformly in the PLA matrix. Due to the presence of hydroxyl groups on their surface, MCC
has the tendency to stick together or agglomerate resulting in crack formation and failure of
the composite. To overcome this issue, scientists have tried to use variations of the dispersion
methods that they have used for traditional particles and pigments such as nanoclay
reinforcement [5]. A possible way to achieve good dispersion during processing is to “switch
off” MCC self-interactions by binding with a hydrogen-bond-forming solvent. Several
“solubilising schemes” have been explored to improve the MCC dispersion mechanism,
including the use of surfactants [6], acetylation [7], silylation [3], grafting [8], etc.
In this paper, surface acetylation of cellulose has been attempted by acetyl chloride via
esterification reaction. Composites were prepared with this surface acetylated MCC, using
PLA as the base matrix. Their behaviour is characterized by FTIR, morphological and shear
rheological tests.
2.

Sample preparation
Material: PLA biopolymer (Naturework PLA Polymer 4032D) with a density of 1.24 g
cm-3 and a melting temperature of 160 °C was chosen as the matrix. Microcrystalline cellulose
(MCC) with a mean particle size of 20 μm, supplied in powder form by Sigma Aldrich, was
used as a raw material. Acetic anhydride, acetyl chloride, pyridine, and dichloromethane were
purchased from Sigma Aldrich.
Acetylation: Acetylation was performed with constant stirring in a round bottom flask
equipped with a condenser. Reaction with acetyl chloride is carried out at room temperature in
an inert nitrogen atmosphere. A suspension of 2 g of MCC and 20 ml of dichloromethane was
dispersed by constant stirring for half an hour. 5 ml of acetyl chloride was added to the flask
with 1 ml of pyridine. The reaction was kept at room temperature for 48 hours. After the
reaction, the product was isolated by precipitation in 20-50 ml ethanol and then filtered. The
final product was then washed 3-5 times with ethanol/acetone to eliminate all non-bonded
chemicals (i.e. unreacted compounds and reaction by-products). Finally acetylated cellulose
microcrystals coded as AC-MCC were oven dried in vacuum at 70 °C for 24 hours.
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Preparation of composites: Composites were prepared by the solvent casting technique,
using dichloromethane (DCM) as the medium. The desired amount of AC-MCC was added
along with 2.0 g of PLA into DCM to produce a mixture. The mixture was then conditioned
overnight to eliminate bubbles and then cast into a Petri dish. The DCM was allowed to
evaporate at ambient temperature (25 °C) for 24 h. Finally the solidified films, with a
thickness of around 1 mm, were vacuum dried overnight, and then kept in a desiccator
containing silica gel. Composites with pure cellulose are coded as PLA-MCC, while
composites with acetylated cellulose are coded as PLA-AC-MCC.
3.
3.1

Characterization
Fourier transform infrared (FT-IR) spectroscopy
FTIR spectra of the powdered MCC and AC-MCC were recorded using a Perkin Elmer
FTIR spectrophotometer (TA 8000). The powders were measured using a KBr-drift method,
in the range of 4000-450 cm-1. The spectrum was analysed with Perkin Elmer Spectrum
software
3.2

Morphology tests by environmental scanning electron microscopy (SEM)
Morphology of MCC and the fractured surface of the MCC based PLA composites at
different loading by weight percentage, were examined using an FEI Quanta 200
environmental scanning electron microscope (ESEM), at an acceleration voltage of 30 kV and
pressure of 0.5 torr. MCC powder was sprayed in a carbon tape to study its morphology. The
fractured surface was prepared by immersing the specimen in liquid nitrogen and manually
fracturing the specimen. Samples were then mounted onto a sample holder with fracture
surface facing upwards and the sample holder was placed in the ESEM sample chamber.
Various sample surfaces were scanned to obtain a visual impression of fiber fracture,
distribution and the appearance of the fiber/polymer interface.
3.3

Shear rheology
Dynamic frequency sweep tests were conducted using an ARES Rheometer (TA
Instrument) based on constant strain rate. The tests were conducted using a 25 mm parallel
plate at a temperature of 180 °C. All measurements were performed using a force transducer
with a range of 0.2 to 200 g-cm torque. Prior to any tests, the zero gaps between the parallel
plates were calibrated at the required temperature to take care of the thermal expansion.
Dynamic Strain Sweeps were conducted to check the linear viscoelastic region (LVR) of these
composites. All tests were conducted only in the LVR. Dynamic frequency sweep tests were
conducted between the frequency of 0.1 and 100 rad/s at 180 °C. Tests for each sample
composition were repeated five times with the data reported being the mean.
4.
Results
4.1 Acetylation of MCC (FT-IR Analysis)
The reaction scheme of acetylation with acetyl chloride, along with FTIR results, is
represented in Fig.1 on the next page. The spectral curve shows the appearance of a new peak
in the carbonyl area around 1752 cm-1, as associated with the formation of the ester group.
Intensity of the peaks located around 3350 cm-1 was assigned to –OH stretching which
decreased after acetylation.
4.2 Morphology of the composites
Fig. 2(a) shows the neat fractured surface of PLA, while Fig. 2(b) represents the
morphology of MCC. From Fig. 2(b) the aspect ratio can be calculated in the range of 4.45 7.5. Fig. 2(c) shows PLA-MCC composite at 2.5 wt % loading. Cellulose nucleation with
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Fig.1 FTIR Study of the AC-MCC as compared to pure MCC

agglomeration starts at this state and Fig. 2(d) compares with PLA-AC-MCC at the same
loading. Agglomeration is more evident at a higher loading of MCC (5 wt %) as shown in
Fig. 2(e), which is arrested to an extent in PLA-AC-MCC as shown in Fig. 2(f).
.

(a)

(d)

(b)

(e)

(c)

(f)

Fig. 2. (a) Neat PLA surface (b) morphology of MCC (c) PLA-MCC (2.5 wt %)
(d) PLA-AC-MCC (2.5 wt %) (e) PLA-MCC (5 wt %) (f) PLA-AC-MCC (5 wt %)
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4.3. Shear rheology
Fig. 3 compares the storage modulus of the acetylated MCC reinforced PLA based
composites with that of pure MCC based PLA composites at various loading (2.5-20 wt %) at
180 °C. At higher loading (15-20 wt %), there is evidently a substantial improvement in G' for
PLA-AC-MCC composites, as compared to the PLA-MCC composites. For a 15 wt. %
loading of AC-MCC, G' is increased by a frequency-dependent factor ranging from 2.5 to 10.
At 20 wt %, it increased by the very significant factor of 100 over the full frequency range.
(b)

(a)

(c)

(e)

(d)

Fig. 3 Comparision of storage modulus (G') of PLA-AC-MCC composites at 180 °C with
acetylation at (a) 2.5 wt % (b) 5 wt % (c) 10 wt % (d) 15 wt % (e) 20 wt %

5.

Conclusion
Successful acetylation of microcrystalline cellulose was accompanied by acetyl chloride
at room temperature. When composites were prepared by this surface acetylation,
improvement in dispersion was observed in the morphological studies. This improved the
storage modulus of the resulting composites, which is more significant at a higher loading.
The superior reinforcing function of MCC will expand the practical application of PLA-based
materials as replacements for traditional petrochemical plastics.
The author acknowledge the facilities, and the scientific and technical assistance of Mr
Phil Francis and Mr Peter Rummel, of the Australian Microscopy and Microanalysis Research
Facility at the RMIT Microscopy and Microanalysis facility, RMIT University.
Reference
[1] Oksman K, Mathew A P, Bondeson D and Kvien I 2006 Compos. Sci. Technol. 66 2766
[2] Siqueira G, Bras J and Dufresne A 2010 Polymers 2 728
[3] Pei A, Zhou Qi and Berglund L A 2010 Compos. Sci. Technol. 70 815
[4] Pilla S, Kim S G, Auer G K, Gong S and Park C 2009 Polym. Eng. Sci. 49 1653
[5] Eichorn S, Dufresne A et al. 2010 J. Mater. Sci. 45 1
[6] Oksman K, Mathew A P et al. 2006 Compos. Sci. Technol. 66 2776
[7] Braun B and Dorgan J R 2009 Biomacromolecules 10 3334
[8] Pracella M, Haque M M and Alvarez V 2010 Polymers 2 554
FO03:4

PROCEEDINGS - 36th ANNUAL CONDENSED MATTER AND MATERIALS
MEETING, 31 Jan. -3 Feb. 2012. Wagga Wagga, NSW, Australia

Thermal and Pressure-Induced Spin Crossover in a
Cobalt(II) Imide Complex
N. Suresha, M.G. Cowanb, J. Olguinb, J.L. Tallona and S. Brookerb
a

b

MacDiarmid Institute , Industrial Research Limited, Lower Hutt, New Zealand,
Department of Chemistry and MacDiarmid Institute, University of Otago, PO Box 56,
Dunedin 9054, New Zealand
We report the thermal- and pressure-induced spin-crossover (SCO) in the
Co(II) imide complex [CoII(dpzca)2] using
magnetic susceptibility
measurements and high-pressure Raman spectroscopy. This complex displays
thermally-induced reversible, complete, abrupt and hysteretic SCO, with T1/2↓
= 168 K upon cooling and T1/2↑ = 179 K upon heating with a thermal
hysteresis of ~11K and a pressure-induced reversible high spin (HS) ⇄ low
spin (LS) transition at ~0.3 GPa at room temperature.

1.

Introduction
Spin-crossover (SCO) phenomena are known for their bistability of high-spin (HS) and
low-spin (LS) electronic configuration [1]. The ground state of these materials may in
principle be reversibly interchanged under external stimuli like temperature, stress, magnetic
field or electromagnetic radiation. This property makes this class of material a potential
candidate for applications in display and memory devices and as molecular switches.
SCO has been observed for d4-d7 transition metal ions with Fe(II) and Fe(III) complexes
the most common [2]. A small number of Co(II) based compounds have been reported to
show SCO [3] but most of them display gradual, incomplete or two-step thermally-induced
spin transition [4-6]. Moreover, in contrast to the Fe(II) complexes, very few are reported to
undergo pressure-induced SCO for Co(II) complexes [3]. For any technological application it
is desirable to develop a complex which can show SCO which is abrupt, complete and
hysteretic both by thermal and pressure stimuli. Here we report a mononuclear Co(II)
complex which displays thermally-induced SCO satisfying these requirements.
2.
Sample preparation
The Co(II) amide {Co[C10H6N5O2]2} samples were prepared both in powder and singlecrystalline forms. The synthesis and characterisation of this Co(II) complex are provided
elsewhere [8]. The variable temperature magnetic susceptibility measurements were carried
out in a Quantum design MPMS SQUID magnetometer. The high-pressure Raman
measurements were carried out at room temperature with a piston-cylinder type diamond
anvil cell (DAC) with 700 μm culet diamonds. A stainless-steel gasket with a 200 μm hole
was loaded with the sample along with ruby chips. A methanol-ethanol mixture in 4:1 ratio
was used as a pressure medium. In order to compare the magnetic measurement at low
temperature, which showed a HS-LS transition, we carried out low-temperature Raman
measurements with a liquid nitrogen flow-through cryostat at ambient pressure. All the
Raman measurements were carried out with a Horiba LabRam micro Raman spectrometer
with a 514 nm Ar-ion laser as excitation source. An 1800 lines/mm grating was used to
provide a spectral resolution of 1 cm-1. Scattered light was collected in the backscattering
geometry and the power of the laser reaching the sample was kept at 10 mW.
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3.
3.1

Results and discussion
Magnetic measurements
Fig. 1 shows the variable-temperature magnetic susceptibility measurements performed
on the crystalline and powder samples. At 300 K the χT product of the sample is 2.3 cm3 K
mol-1 (4.3 μB) indicating a g value of 2.22, consistent with high-spin cobalt(II) in an
octahedral environment. Upon cooling an abrupt spin transition, centred at T½↓ = 170 K, is
observed. At 50 K the χT product decreased to 0.49 cm3 K mol-1 (1.97 μB) and 0.35 cm3 K
mol-1 (1.67 μB) for the crystalline and powder samples respectively, in good agreement with
the spin only value of 0.38 cm3 K mol-1 (1.73 μB) expected for a cobalt(II) centre in the lowspin state (S = ½). For the powder sample this value stays relatively constant down to 2 K,
whereas for the crystalline sample an increase in the χT product (0.65 cm3 K mol-1, 2.3 μB) is
observed at 10 K possibly due to alignment of the crystals with the magnetic field (as this
behaviour is not observed in the powder sample).
Upon heating, T½↑ = 175 K, giving a hysteresis loop with ΔT½ = 5 K. Three consecutive
thermal cycles were performed showing that the magnetic behaviour, including the hysteresis
loop, is reproducible and hence fully reversible.

Fig. 1. Magnetic susceptibility measurements at low temperature and ambient pressure for Co(II) powder
samples. The inset shows the reversibility of the hysteresis loop after three consecutive cycles.

3.2

Low-temperature Raman Measurements
Fig. 2 displays the variable-temperature measurements in the Co(II) compound for 600
cm-1 to 1700 cm-1 on cooling from room temperature to 100 K. Most of the Raman modes in
this range remain the same for both HS and LS states. However, at 175 K close to the spintransition temperature, as measured in the magnetic measurements, the Raman modes at 1264
cm-1 and 1284 cm-1 show changes indicative of an abrupt spin transition at that temperature.
In contrast the mode at 635 cm-1 is more gradual with a split beginning at 175 K. On reheating
the complex completely reverts back to the room-temperature HS state as can be seen from
the spectra at 325 K.
3.3

High-pressure Raman measurements
Fig. 3 displays the high-pressure Raman spectra of Co(II) compound. The ambient
pressure spectra are shown in red. The modes at 635, 1281, and 1303 cm-1 shown in Fig. 3(a)
initially shift under compression at 0.25 and 0.28 GPa to lower wave number but eventually
split at a pressure of 0.5 GPa. The mode at 635 cm-1 splits to 628 and 642 cm-1 and at a further
elevated pressure of 1.9 GPa the former mode displays a red shift to 631 cm-1 and the latter a
blue
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(b)

(a)

Fig. 2. Raman measurements at low-temperature and ambient pressure in the range (a) 600-1100 cm-1
and (b) 1150 – 1750 cm-1 showing cooling data from room temperature to 100 K and then
warming back to 325 K. Red = HS state; black is mixed state of HS & LS; blue= LS state.

shift to 650 cm-1. Similarly, modes at 1281 and 1303 cm-1 split into a stronger 1262 cm-1 mode
accompanied by weak modes at 1278 and 1290 cm-1. The relatively very weak intensity peak
at 750 cm-1 becomes stronger and the peak at 984 cm-1 disappears above 0.28 GPa. One of
the strong modes at 1043 cm-1 initially shifts at 0.28 GPa and above that it reverts back to its
original state but with reduced intensity and almost disappears at 1.9 GPa. In the other range
shown in Fig. 3(b), the peak at 1467 cm-1 broadens and above 0.28 GPa eventually splits at
0.5 GPa to two very weak peaks at 1458 and 1473 cm-1. On the other hand the mode at 1700
cm-1 disappears above 0.28 GPa. The peak at 1583 cm-1 shows no transition up to 0.57 GPa
but shows considerable shift to 1600 cm-1at 1.9 GPa with a shoulder feature at 1591 cm-1.
The unloading measurements from a peak pressure of 1.9 GPa show that the modes at
0.57 GPa were identical to those on loading at 0.5 GPa denoting that the sample is in the LS
state at these pressures. However, at 0.32 GPa it shows a mixed state of both LS and HS
features in both the ranges shown in Fig. 3(a) and (b) as discussed above and therefore
indicative of the transition pressure because, upon complete unloading to ambient pressure,
the sample switches to its original HS only state. This can be clearly seen in the figure where
the spectra marked as UL-Amb and Amb are totally identical. Moreover a change of colour

(b)

(a)

Fig. 3. High-pressure Raman measurements at room temperature in the range (a) 600-1350 cm-1 and
(b) 1375 – 1750 cm-1. Red = HS state; black is mixed state of HS & LS; blue= LS state.
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from a brown to black is observed under a microscope when the sample undergoes a SCO
from ambient to above 0.3 GPa.
The Raman band maxima were located by analysis after normalisation of the observed
spectra at low temperature and high pressure. γHS=IHS/(IHS+ILS) where IHS and ILS are the
intensities of the selected HS and LS marked bands respectively [7]. Fig. 4 shows the
variation of the spin fraction ratio as a function of (a) temperature and (b) pressure for the
modes 1265 cm-1 and 1284 cm-1 respectively. At ambient pressure the HS Co(II) species
could be transformed to the LS state with a SCO temperature of T½ ≈ 170Κ. Under ambient
temperature pressurization the SCO transformation begins around P½ ≈ 0.3 GPa, where T½
and P½ are defined as the temperature and pressure for which γHS = 1/2.

(a)

(b)

Fig. 4. (a) Temperature and (b) pressure dependent spin fraction and γHS in Co(II) imide complex.

4.

Conclusions
Co(II) imide is the first cobalt complex to display abrupt hysteretic SCO. Both the
pressure-induced transition and the thermally-induced transition are remarkably sharp and
reversible suggesting a thermodynamic transition rather than a mere crossover. The observed
hysteresis in the magnetic measurement could be due to a cooperative transition between the
molecules. With thermally-induced SCO occurring at 175 K and a pressure-induced transition
occurring at 298 K, the very large dTc/dP ≈ 383 K/GPa coefficient suggests a rather large
volumetric change in the structure at the transition. The high pressure Raman measurements
indicated that contraction of equatorial bonds in the low-spin state is more favourable under
pressure. Further measurements of low-temperature and high-pressure Raman scattering and
magnetic measurements are continuing to help understand the mechanism of the spincrossover. This will also assist in the systematic development of related complexes.
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Neutron Diffraction Determination of Macro and Microstresses in an
Al-Si-Mg Composite and Observed Changes with Plastic Strain
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Neutron diffraction has been used to measure macro- and microstress
components as functions of position within tension and compression samples
of an Al-Si-Mg composite. The influences on these components of both
tensile and compressive plastic deformation have been studied. Deformation
to about 1.5% plastic strain (for both tension and compression) relieves the
macrostress and most of the thermal microstress but sets up new residual
microstresses. The results for the microstresses measured for the silicon phase
following plastic deformation and unloading, are compared with the
predictions of a finite-element model for the micromechanical behaviour of
the alloy.
1.

Introduction
Al-7Si-0.4Mg is a widely used casting alloy. Its microstructure comprises age-hardened
Al dendrites and a eutectic of Al and Si. The Si is in the form of micron-sized particles
having a volume fraction of ~0.06. The material, therefore, can be described as a particulate
metal-matrix composite.
The stresses in such a composite are classified as “macro” and “micro”. Macrostresses,
associated with applied forces and long-range residual stresses arising from thermal history
(for example, rapid quenching from a high temperature to a lower one), are independent of the
two-phase microstructure. Microstresses are associated with the misfit between phases
resulting from differences in the coefficients of thermal expansion, elastic moduli or yield
stresses [1]. For small Al-alloy composites it is sometimes assumed that thermal
macrostresses can be ignored because of the small specimen size coupled with the high
thermal conductivity of Al. This paper shows that his assumption is not always valid.
Both macro- and microstresses are affected by plastic deformation. Macrostresses are
relieved, independent of whether the plastic strain be tensile or compressive. In the case of
the microstresses, a major effect is the relief of the thermal expansion misfit stress. But in
addition, a misfit stress develops between the plastic matrix and the elastic particles, the sign
of which depends on whether the plastic strain is tensile or compressive. Previous work [2-4]
has verified the stress relief but to date there are no clear trends to establish the effect of
plastic strain on the principal stress components in the particles.
The aims of the current research are (a) to measure the macro- and microstress fields
and (b) to investigate the influence of plastic strain on them.
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2.

Experimental details
The composite used in this research was an Al-7Si-0.4Mg alloy with Sr added to modify
the shape of the eutectic Si particles, sand cast as a 140×160×25 mm3 plate. Slices 25 mm
wide were cut from the plate and these were solution treated at 540 °C for 6 h followed by a
cold-water quench and ageing at 170 °C for 6 h. Cylindrical test specimens were machined
from the heat-treated slices.
In initial experiments at the Wombat instrument (High Intensity Powder Diffractometer)
at ANSTO, optimum combinations of λ and {hkl} for Si and Al were determined for
subsequent experiments at the Kowari (Strain Scanner) instrument. These were: for Si:
0.1577nm, 422; and for Al: 0.1727 nm, 311. Plastic strains were applied to samples using the
Instron Mechanical Testing facility at the Materials Engineering Institute, ANSTO.
A gauge volume of 2×2×2 mm3 was employed for the measurement of the axial
component for the Si 422 d-spacing while a gauge volume of 2×2×10 mm3 was used for the
radial and hoop components. In order to overcome the effects of the large Al grain size, the
measurements for the Al 311 d-spacing with 2 mm gauge resolution across the specimen
diameter, were achieved by rotating the sample continuously around its axis, sweeping out a
volume π(r12 – r22)L where r1 and r2 are the outer and inner radial limits of the gauge volume
and L (=10 mm) is its length in the axial direction.
Strain components were determined for Si utilizing a 422 d0 measured a number of
times throughout the experiments using a NIST standard powder sample. The Al 311 d0 value
was determined from the surface force equilibrium condition for the radial component of the
macrostress in the sample [5]. Total, or phase, stresses for each of the Si and Al phases, (e.g.,
t Si
σa is the total axial component for Si) were then calculated from the measured lattice strains
[5] at several positions across the sample diameter, using diffraction elastic constants for the
Si 422 and Al 311, calculated using the method of Gnäupel-Herold et al. [6]. From these total
stress values the macrostress and microstress components could be calculated [5].
The errors have been calculated on the assumption that the major source of error is that
from the determination of each diffraction peak position, as measured by the respective
standard deviation in the peak fit. For the Si phase the typical error is ± 10 MPa.
3.

Results and discussion

3.1

As-received Samples
Typical results for the distributions of the macrostress components measured for an asreceived sample, and the corresponding microstress distributions are shown in Fig. 1.

Fig. 1. (Left) Variation of hoop, radial and axial components of the macrostress in an as-received sample.
(Right) Al and Si microstress components in the same as-received sample.
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Fig. 1 (left) shows that the macrostress components, Mσij, are not negligible and display a
radial dependence. The Si microstress, μσijSi, is much greater than both the macrostress and
the Al microstress, μσijAl, a consequence of the small volume fraction of Si particles in the
composite. μσaSi exhibits a radial dependence and the Si microstress, surprisingly, is not
purely hydrostatic.
3.2

Effects of plastic strain
Samples were loaded in compression and tension to plastic strains of -0.015 and +0.016,
respectively, unloaded and re-measured. Results are shown in Fig. 2 for the total phase
stresses.

Fig. 2 Total Si phase stresses, tσijSi, for (Left) a compression sample (εplastic = -0.015), and
(Right) a tensile sample (εplastic = +0.016).

The following observations can be made from the data. The radial dependence found
for σijSi in the as-received material has been eliminated by plastic strain and it has been
reduced in magnitude. On calculating the Mσij components, values of 4 ± 4 MPa were found
for the hoop and radial components and -5 ± 4 MPa for the axial component for the tensile
sample. That is, the macrostress has been relieved by plastic deformation, as expected. The
changes in the hoop and radial components for the Si microstress for the compression sample
were ~ 200 MPa and for the axial component ~ 30 MPa, while for the tensile sample these
figures were ~ 60 MPa and ~ 150 MPa, respectively. Of note are the opposite effects for
compressive and tensile plastic strains.
t

3.3

Numerical model

Fig. 3. Predicted effects of plastic strain
on the Si microstress after unloading.
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Microstresses in the silicon particles were calculated with a finite element simulation,
assuming a spherical silicon inclusion in an aluminium matrix, following quenching, plastic
straining and unloading. The results are shown in Fig. 3. As expected, the microstress in the
silicon, μσSi, is hydrostatic following quenching. Plastic strain destroys the pure hydrostatic
stress but symmetry ensures that the hoop and radial components are equal, μσhSi = μσrSi. A
saturation of μσijSi at εplastic ~ ±0.015 is predicted. The saturation value of the axial
component, μσaSi is zero while the saturation hoop and radial components are negative
following tensile strain and positive following compressive strain.
3.4

Comparison between experiment and model
The experimental data shown in Fig.1 indicate that the microstress in the silicon is not
exactly hydrostatic. The result is surprising and requires further experiments to explore it.
The effects of plastic strain are shown in Fig. 2 and are broadly consistent with the
model. However, the agreement is not exact. While the axial stress component is zero after a
tensile plastic strain, the same is not true for the compression sample. However, the
prediction that the hoop and radial stress components are more negative than the axial
component after tensile strain (and vice versa after compression) is entirely consistent with
the experimental data.
4.

Conclusions
These experiments have shown that a macrostress field is generated in cylindrical
samples of 12 mm diameter. The separation of the measured stress fields into their macroand microstress components has been demonstrated. Plastic strains of order ± 0.015 relieve
the macrostress field and most of the thermal microstresses. Following tensile plastic strain,
the hoop and radial components of the silicon microstress are more negative than the axial
component (and vice versa following compressive strain), consistent with a simple numerical
model which assumes a spherical silicon inclusion in an aluminium matrix, following
quenching, then deformation to a defined plastic strain and, finally, by unloading.
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Localized Wear Measurements Using Micro-scratching on the Backside of a
UHMWPE Knee Prosthesis Insert
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A new wear measurement technique for prostheses by means of microscratching has been demonstrated. An ultra-high molecular weight
polyethylene surface was prepared with 5 µm deep micro-scratches. Included
in a tibial insert of knee prosthesis the surface was worn over 0.8 ×106 cycles
of knee flexion in a realistic simulator. Electron and atomic force microscopy
shows that the initial micro-scratches are absent after the wear experiment. The
images also indicate wear particle re-integration during wear. A variation
across the backside was not observed. This supports a non-linear model of the
wear-in phase that has been independently confirmed using radioisotope
tracing experiments. A long-term wear rate of the tibial insert backside of 0.6
µm per 106 cycles has been extracted that agrees with literature values.

1.

Introduction
Total knee replacement is a clinically successful treatment for severe arthritis. However,
wear-particle generation at the wear interfaces of the knee prosthesis is the main cause for
revision surgery [1,2]. Compared to fixed bearing designs, the topside wear between the
femoral component and the topside of the polyethylene insert has been highly reduced by
novel, rotating platform designs because of reduced contact stress [3]. However, the
additional, second wear interface, between insert backside and tibial platform, may cause
extra wear particle generation. This backside wear may be significant [3-5].
The contribution of the backside wear to the total wear is unclear. Previous measurement
attempts have included imprint depth measurements, coordinate-measuring methods and
radioisotope tracing [3,6,7]. This paper demonstrates a promising new technique to measure
prosthesis wear that is based on micro-scratching [8]. The technique allows for quantitative
local measurements of the backside wear rate that may show variations across the backside of
a knee prosthesis insert, with the sensitivity required to study the important wear-in phase.
2.
2.1

Experimental details
Micro-scratching
Four cylindrical plugs with a radius of 4 mm were machined from ultra-high molecular
weight polyethylene (UHMWPE) and cleaned ultrasonically. The initial average surface
roughness of the UHMWPE plugs was measured as (0.50 ± 0.07) µm by atomic force
microscopy (AFM) over an area of 100 µm by 100 µm.
The micro-scratching was carried out by a purpose-built apparatus [8]. The tip of the
micro-scratcher was a silicon cubic corner tip. The normal load was 5 N and the scratching
velocity was 300 µm/s. The scratches were 200 µm long, along a line across the plug surface,
as shown in Fig. 1(a). The depth of each micro-scratch was measured by AFM in several
locations.
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plug

(a)

(b)

Fig.1. (a) Optical image of a plug prepared with a series of microscratches from left to right and (b) locations of
the four plugs 3,4,5,6 in the backside of the UHMWPE tibial insert.

2.2

In-vitro knee prosthesis wear simulation experiment
The tibial insert used in the knee wear simulation experiment was a commercial
UHMWPE product from Depuy Orthopaedics. The plugs prepared by micro-scratching were
carefully recessed into the backside of the tibial insert as indicated in Fig. 1(b). The knee
simulation wear experiment was conducted using a single station knee simulator (Prosim).
The simulation followed the ISO standard 14243-1. The peak load of the simulation was 2600
N. The frequency was 1 Hz and 800,000 cycles of knee flexion were performed.
3.
3.1

Results and discussion
Micro-scratches before wear simulation experiment
A single micro-scratch observed by scanning electron microscopy (SEM, HITACHI) is
shown in Fig. 2(a). The micro-scratch grooves are perpendicular to existing machining tracks.
(a)

(b)
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Fig.2. (a) SEM image of a micro-scratch in a UHMWPE plug, (b) AFM image of a partial micro-scratch, (c)
Representative cross-section profiles of a micro-scratch and (d) Depth of the micro-scratch on each plug before
simulation experiment.
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Semi-detached flaps occur where the scratch intercepts a machining track. Detailed features
are displayed by the AFM image in Fig. 2(b). The depth of each micro-scratch was measured
from the cross-sectional profiles of AFM images such as the profile shown Fig. 2(c). The
average depths of these micro-scratches at the four plugs before the wear test were (5.6 ± 0.8)
µm, (5.9 ± 0.9) µm, (4.7 ± 0.6) µm and (5.7 ± 0.5) µm, respectively, as shown in Fig. 2(d).
Micro-scratches after wear simulation experiment
Surface characterization by SEM indicates that, typically, the micro-scratches are absent
following the wear experiment. That is, there is no longer any evidence of the microscratches
that originally had depths between 3 and 6 μm as shown in Fig. 2(d). This means that at least
6 µm of material was uniformly removed from the backside of the tibial insert during the
experiment, corresponding to a wear rate of at least 6 µm per 106 cycles, assuming that the
rate was constant. Since the backside area of the insert was approximately 1.7 × 103 mm2
(excluding the area of the central stem), and assuming a density for the UHMWPE of 0.933
g/cm3, a volumetric wear rate of 10 mm3 per 106 cycles may be derived. 106 cycles coarsely
represent a year of patient activity. This is a large value. However, it is still consistent with
some previous in-vitro studies [9,10].
Some SEM images in Fig. 3 show re-integrated UHMWPE wear particles, in-filled
wear particles, as well as detached wear particles. The relatively large measured wear rate and
the observed in-fill of UHMWPE wear particles may both be understood and can be
reconciled by assuming that during the initial wear-in phase the articulating surfaces establish
conformity through a polishing process that includes the re-integration of detached material.
In parallel with this work a radioisotope tracing experiment was performed that has
been reported elsewhere [11,12] and whose results support this polishing process. This
process may occur over a non-linear wear-in phase of 0.3 × 106 cycles during which the wearrate decreases rapidly to a constant, long-term value of 0.6 µm per 106 cycles. In Fig. 4 this
latter value and also the larger result of 6 µm per 106 cycles, derived in the present work with
the microscratching markers, are compared with other results on backside wear rates from the
literature [3,9,10,11,13-15]. Considering an apparently strong effect due to the reworking and
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Fig.3. SEM images of the surface of
the plugs after the wear test.

Fig.4. Comparison of the present micro-scratching result at
1 × 106 cycles ( ) with the result based on a radioisotope
tracing study ( ) [11,12] and other literature values ( ) of
the backside wear rate of tibial inserts in knee prostheses.
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re-integration of material associated with polishing during the wear-in phase, the
microscratching result may present a characteristic value of the wear rate during the wear-in
phase.
4.

Conclusion
A new technique of measuring prosthesis wear has been demonstrated, that can provide
position-dependent wear rate information. Ultra high molecular weight polyethylene plugs,
carefully fitted into a tibial insert of a knee prosthesis, were prepared by microscratching with
a series of 5 µm deep scratches that acted as reference markers in a realistic simulation of
knee prosthesis wear. After the knee prosthesis wear experiment, observation by SEM and
AFM gave little evidence of the initial micro-scratches on the plugs, which may mean that a
complete removal occurred. The evidence suggests that the wear rate does not vary across the
backside of the tibial insert. Assuming a constant wear rate over the extent of the
measurement gives a wear rate of 6 µm per 106 flexion cycles that is consistent with values
published by others [9,10,15]. However, in the SEM and AFM images re-integrated or infilled polyethylene material can often be seen inside remnant features of scratches that
appears to be associated with the wear process. This supports a model of the wear-in phase,
published earlier [11,12], that assumes a polishing process involving the reworking and
reintegration of polyethylene material and predicts a long-term constant wear rate of 0.6 μm
per 106 cycles. Direct micro-scratching of the insert is feasible, thus avoiding the fitting of
plugs. The technique may be applied in future also to studies of top-side wear.
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Y NMR Hyperfine Relaxation Times and Transport in MBE Grown
REFe2/YFe2 Multilayer Films
G.J. Bowdena, R.C.C. Wardb, K.N. Martina and P.A.J. de Groota
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b
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It is argued that defects introduced during crystal growth of epitaxial
molecular beam (110)-REFe2 films are responsible for (i) the broadening of
the 89Y NMR line-width, and (ii) very low residual resistance ratios.
1.

Introduction
In an earlier communication, 89Y NMR studies of molecular beam epitaxial (MBE)
grown YFe2, a superlattice [300ÅDyFe2/300ÅYFe2]×40, and bulk powdered YFe2 samples,
all at 4.2 K, were reported and discussed [1]. In particular, it was shown that there are
significant differences between bulk and MBE-grown films. In the latter, the NMR frequency
(45.85 ± 0.2 MHz) is shifted down in frequency by ~0.1 MHz, with respect to bulk
(powdered) YFe2 (45.94 ± 0.09 MHz). This frequency shift can be understood qualitatively, in
terms of negative pressure, arising from the expanded nature of the MBE-grown REFe2 (RE =
rare earth) films [2]. But, rather surprisingly, given the single crystal nature of the MBEgrown films, the NMR line width was found to be broader by about a factor of two. Even
more dramatically, the spin-spin lattice relaxation time T2 was found to be almost ten times
longer in the films (T2 = 5.1 ms), than in bulk YFe2 (T2 = 0.6 ms). This was attributed to an
increase in inhomogeneous line-width, which inhibits energy-conserving mutual spin-spinflops, thereby increasing T2. The increase in inhomogeneous line-width was attributed to
strain within the MBE-grown films, and/or differing dipolar fields particularly near the
DyFe2/YFe2 interfaces.
In this communication, we take a closer look at NMR broadening, originating from
local dipolar fields induced by both strain and defects. It is argued that while strain-induced
changes in local dipolar fields are present, dipolar-field broadening arising from defects offers
a much more plausible explanation. In practice, it is difficult to grow REFe2 films with a
stoichiometric ratio better than 1%. Concomitantly, defects will also affect the resistivity of
the MBE-grown films, via ‘impurity scattering’. This interpretation is supported by transport
measurements on MBE-grown YFe2, ErFe2, DyFe2 and superlattice films. Despite their single
crystal nature, all films show a very low residual resistance ratio R4.2K/R300K ≈ 3-6.
2.

Experimental details and transport measurements
Details of the MBE crystal growth of the REFe2 films have been given by [3,4]. For
present purposes it is sufficient to know that the films are grown epitaxially on polished
sapphire (112 0 ) substrates, coated initially with Nb and Fe seed layers. At 900 °C the Fe
alloys with the Nb to form a Nb/Fe alloy which acts as a template for the REFe2 layers. The
ErFe2 and YFe2 layers are subsequently grown a-top the Nb/Fe layer at a temperature of
600 °C. Finally, on cooling down to room temperature, the films become uniformly strained
due to substrate clamping. This occurs because the sapphire has a lower thermal expansion
coefficient than that of the REFe2 film. The contraction is along the (110) film growth-axis,
giving rise to a shear strain ε xy = −0.55% [2].
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Over the past decade, several transport measurements have been reported on MBE
grown REFe2 films, with emphasis on the role played by magnetic exchange springs. In
particular, giant magneto-resistance (GMR) in DyFe2/YFe2 films has been reported by [5].
Here the increase in GMR was ascribed to magnetic exchange springs in the soft YFe2 layers,
which are wound ever more tightly as the magnetic field is increased. More recently, the
anomalous Hall effect (AHE) has been measured in ErFe2/YFe2 films [6]. In this case, the
AHE is driven primarily by the Fe sub-lattice. The RE magnetic moments do not affect
transport properties, directly, because the occupied 4f levels are ~7.0 eV below the Fermi
surface
In characterizing the electrical conduction of any metallic compound, it is instructive to
measure the residual resistance ratio (RRR), which is the ratio of the resistance at 300 K to
that at 4.2 K. In the past, RRR measurements have been used as a guide to the presence of
impurities. For example, the RRR of iron lies within the range 35-400, depending on the
concentration of impurities [7]. For bulk polycrystalline YFe2, the RRR is ~30 [8]. By way of
contrast the RRR of MBE-grown REFe2 films and super-lattices is found to be much lower.
An example, can be seen in Fig. 1

Fig. 1 The resistivity of an [ErFe2(50A)/YFe2(150A)]×23 multilayer film. The patterned template
was physically machined using a computer controlled mill with a 0.2 mm mill-bit.

At first sight, this low RRR is difficult to believe, given that the films are single crystal
in nature with a mosaic spread of just 0.9°, and little in the way of interlayer diffusion [4].
But in Ref. [9] the stated achievable stoichiometry is about 5%. A figure of 1-2% is given by
Wang et al. [4]. The exact figure is determined by the known accuracy of the deposition rates
of the elements in question. Moreover, it is known that YFe2 can retain its cubic MgCu2-type
structure despite small ~1% off-stoichiometry [10]. We believe therefore that the low RRR
ratio of the MBE-grown REFe2 films is due to defects, introduced during crystal growth.
Such defects will have significant implications for both 89Y NMR and transport studies. In
section 3, we take a closer look at the effect of strain, interfaces, and defects at the Y-sites.
3.

Strain-induced changes in hyperfine fields
Following [11], the internal magnetic field at a given Y(RE)-site, generated by the
dipolar moments μ Fe and μ RE can be written:
RE
1
ˆ + Dμ0M REFe2nˆ .kˆ
Bd ( RE) = BFe
loc ( RE) + Bloc ( RE) − 3 μ0 M REFe2n

(1)

Here (i) n̂ is the direction of the net magnetic moment, (ii) the third term is the Lorentz field,
and (iii) the fourth term is the demagnetizing term associated with the thin-film. The first
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term, the local dipolar field arising from the Fe moments, takes the form:


μ 0μ B
 
B Fe
(
RE
)
=
loc
i
j k
4π rijk2



2
 3x ijk
− rijk2

 3x ijk y ijk
 3x z
ijk ijk


3x ijk y ijk
2
3y ijk
− rijk2
3y ijk z ijk

3x ijk z ijk   μ x 
  
3y ijk z ijk   μ y  = D Fe .μ Fe

2
3x ijk
− rijk2   μ z  Fe

(2)

A similar expression exists for the contributions from the RE sites. In both cases, the
summation is taken over a Lorentz sphere, large enough to ensure convergence.
In cubic YFe2, the local dipolar field contributions mutually cancel each other out.
However, if the YFe2 lattice is strained, the Y sites are no-longer at cubic sites. In the
presence of strain, the Lorentz and demagnetization terms will be unaffected provided (i) the
distortion conserves volume and (ii) the direction of magnetization stays the same. However,
the local fields B loc ( RE ) = D Fe .μ Fe + D RE .μ RE will change. In MBE-grown films the principal
magnetostriction term is the shear term ε xy = −0.55% [2]. We find:
− 1.47 0 
 0
 0 1.44 0 




D Fe = 10 − 4  − 1.47
0
0  ; D RE = 10 − 3 1.44
0
0
 0
 0
0
0 
0
0 



T/μ B

(3)

There are additional non-zero diagonal elements (not shown). But they are an order of
magnitude smaller than off-diagonal terms. So, for clarity, we have set the diagonal terms
equal to zero. On the assumption that (i) the magnetisation in YFe2 lattice lies along a [111]
axis, and (ii) the Fe and Y moments are μ Fe = 1.5, and μ Y = −0.4 μB, respectively, the dipolar
field contribution at the Y site is given by B loc (Y ) = 4.6 × 10 −4 (i + j) T . Given that the
hyperfine field at the Y site is 22 T, we may conclude from the NMR point of view that the
strain-induced dipolar field shift is negligible.
Changes in local dipolar fields at the interface between a DyFe2 and YFe2 film
It is easy to modify the above treatment to calculate local dipolar field contributions at
the interface between two differing REFe2 layers. For simplicity, we shall consider a simple
bi-layer. In place of Eq. (1), for the local dipolar fields we write:
4.

(

)

(

)

Bloc ( RE) = DTFe + DBFe .μ Fe + DTRE + DBRE .μ RE

(4)

Here D TFe (D BFe ) are the contributions from the top (bottom) of the Lorentz sphere. We find:
0
1.079 0 
− 1.081 0 
 0


B
−1 
0
0  ; D Fe = 10 1.079
0
0  T/μ B
= 10  − 1.081
 0
 0
0
0 
0
0 


4.918 0 
− 4.774 0 
 0
 0


T
−2 
B
−2 
D RE = 10  4.918
0
0  ; D RE = 10  − 4.774
0
0  T/μ B
 0
 0
0
0 
0
0 




DTFe

−1 

(5)

Note that the dipolar field contributions from the two halves of the Lorentz sphere, taken
separately, are two orders of magnitude larger than those of the full sphere. On setting
μ Dy = 10 μB, we find B loc (Y ) Fe = −0.28(i + j) (T) . It is therefore clear that dipolar fields,

either at or near interfaces, have the potential to shift and broaden the 89Y NMR line-width,
considerably. However, such Y sites will not contribute much to the NMR signal, because
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their NMR enhancement factors η will be small [1]. Consequently, we are obliged to seek an
explanation involving YFe2 layers taken in isolation.
5.

Changes in NMR-line width due to defects
The precise form of the defects in MBE-grown REFe2 films is unknown. They will
depend on whether the film is RE-rich or Fe-rich. It is known that in the RE2Fe17 compounds,
one RE-earth is replaced by two Fe-atoms (dumbbell-sites) in the substituted TmFe5 motifs
[13]. However, for present purposes, we shall assume that there is an overall Fe-deficiency,
and calculate the effect of removing Fe atoms. For the three Fe-atoms in a tetrahedral network
closest to the Y site (0,0,0), the dipolar field matrices for the three individual Fe atoms take
the form:
 − 2.408 0.903 2.709 


2
−
(6)
D Fe 18 , 18 , 3 8 = 10  0.903 − 2.408 2.709  T/μ B
 2.709

2.709 4.816 


(

)

with similar matrices for D Fe ( 18 , 3 8 , 18 ) and D Fe ( 3 8 , 18 , 18 ) . In practice, these dipolar
contributions should be subtracted from that of the Lorentz sphere. However, it is sufficient to
examine the individual contributions themselves, given that their absence will give rise to
NMR broadening. From an examination of Eq. (7), the dipolar-field gain/loss at a given Y
site amounts to 5 × 10 −2 (T) . This is equivalent to ~0.1 MHz, at the resonance frequency of
45.85 MHz. Thus the extra line broadening witnessed in MBE-grown YFe2 can be attributed
to Fe vacancies. Clearly, it would be useful to grow a series of Fe deficient/rich YFe2 films
with a view to correlating this information with both RRR and NMR measurements.
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Investigation of Magnetocaloric Effects in Polycrystalline
RNiAl4 (R = Gd, Dy)
W.D. Hutchisona, N.J. Segala and K. Nishimurab
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Inverse magnetocaloric effects associated with magnetic transitions are
observed for polycrystalline GdNiAl4 and DyNiAl4 via the analysis of
magnetisation data. The overall behaviour is similar to that observed
previously for single crystal TbNiAl4, with DyNiAl4 showing particular
potential for magnetic cooling application because of its order-of-magnitude
larger magnetic entropy change in polycrystalline form.
1.

Introduction
The family of metamagnetic compounds RNiAl4 (R = rare earth or Y) with
orthorhombic structure (space group #63, Cmcm) exhibits a range of interesting magnetic
behaviour. There are multiple magnetic phases as well as crystal field driven differences in
behaviour for compounds containing different rare earth ions. TbNiAl4 is an illustrative
example. It has two phase transitions (three magnetic phases) as a function of temperature in
low applied magnetic field. The Neél temperatures in zero applied magnetic field are
TN ≈ 34.0 K and TN′ ≈ 28.0 K, corresponding to phase transitions from paramagnetism to an
incommensurate antiferromagnet (AF), and then to an a-axis aligned linear AF, respectively
[1]. It also exhibits at least three magnetic phases as a function of applied magnetic field at
low temperature. Coupled with the first of these magnetic field driven transitions is a large
inverse (with respect to applied magnetic field) magneto-caloric effect (MCE) [2,3]. Recent
neutron diffraction studies on single crystal TbNiAl4, in applied magnetic fields, revealed the
onset of a mixed magnetic structure including incommensurate AF order above the first field
induced phase transition [4]. The inverse MCE in TbNiAl4 is associated with this reordering.
There is a commonality of behaviour across this family of compounds and, in particular,
multiple magnetic phases have already been observed for PrNiAl4 [5], GdNiAl4 [6] and
DyNiAl4 (this work). It is therefore reasonable to expect that MCE behaviour is not restricted
to TbNiAl4 and that other possibilities need to be explored. This was the motivation for the
investigation of polycrystalline GdNiAl4 and DyNiAl4 that is reported in this paper. These
particular compounds were targeted because of their large free ion R3+ moments and because,
as for TbNiAl4, they are known to exhibit multiple metamagnetic phase transitions.
Magnetisation data are reported and used to estimate the magnetic entropy changes associated
with isothermal field sweeps to various applied fields. The results are compared with those
reported earlier for TbNiAl4. DyNiAl4 is found to exhibit the largest magnitude of entropy
change in polycrystalline form.
2.

Experimental details
The polycrystalline GdNiAl4 and DyNiAl4 specimens investigated in this work were
synthesised by repeated argon arc melting of stoichiometric amounts of 99.9% pure rare earth
plus 99.99% pure Ni and Al. The resulting ingots were wrapped in tantalum foil and annealed
under vacuum at 1100 ºC for several days. All specimens were then checked for impurity
phases using powder x-ray diffraction (XRD) and this was followed by further annealing as
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required. A reference polycrystalline TbNiAl4 sample was created by grinding single crystal
(see [1]) off cuts. The powdered materials were then pressed into pellets for the magnetisation
and heat capacity measurements. The magnetisation measurements were carried out using
either a Quantum Design MPMS (Toyama) or a PPMS (Canberra) magnetometer. The
instruments are capable of measurements down to 2 K and in applied magnetic fields up to
7 T (Toyama) or 9 T (Canberra). The specific heat of DyNiAl4 was measured in zero applied
magnetic field using the relaxation method on a PPMS (Toyama).
3.
3.1

Results
Magnetic phase transitions for DyNiAl4
The basic properties of GdNiAl4 were investigated elsewhere using a suite of techniques
[6] and the Neél temperatures in zero applied field were reported to be TN ≈ 24.7 K and TN′ ≈
20.8 K. In the case of DyNiAl4 such information was not available and new measurements
were carried out. Based on specific heat data recorded in zero applied field, DyNiAl4
undergoes magnetic transitions at TN ≈18 K and TN′ ≈15 K, as shown in Fig. 1(a). Because of
strong anisotropy effects, it is not ideal to use a polycrystalline sample for investigations of
the field dependence of the low temperature magnetisation. Nevertheless, the results shown in
Fig. 1(b) fall into ranges of applied field with three distinct slopes. This is indicative of two
metamagnetic transitions in the experimentally accessible range of applied field.

(b)

(a)
TN' ≈ 15 K

TN ≈ 18 K

Fig. 1. Bulk measurements for polycrystalline DyNiAl4 (a) Specific heat in zero applied field
(b) Mass magnetisation as a function of applied field at 2 K (the vertical dashed lines provide an indication of the
boundaries between the ranges of field where the results have distinct slopes).

3.2. Magnitude of the magneto-caloric (MCE) effect
For each of the specimens, the experimental magnetisation (M) was recorded as a
function of increasing applied field (H) for a set of constant temperatures close to the phase
transitions. The changes in magnetic entropy ΔSm, with the field increased from H1 = 0 to H2
= ΔH, were then determined via calculation using the Maxwell relation
 ∂M (H,T )
 dH
∂
T
H
H1

H2

ΔSm (T,ΔH) =

 

H
H2

1  2
≈   M(T + δT,H)dH −  M(T,H)dH
δT  H1
H1


and plotted as a function of temperature for each of the H values.
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TbNiAl4 (polycrystalline compared with single-crystal)
In order to provide a useful reference for the current polycrystalline specimen measurements,
results were first recorded for polycrystalline TbNiAl4 (Fig. 2(a)) and compared with the
results published previously for single-crystal TbNiAl4 [2] (Fig. 2(b)). Note that, in the single
crystal case, only H parallel to the a-axis is important. Because of the TbNiAl4’s strong
magnetic anisotropy it is only for this particular magnetic field alignment that significant
magnetic entropy change is associated with magnetic phase transitions. The changes in
magnetic entropy ΔSm for polycrystalline TbNiAl4 (Fig. 2(a)) have a similar overall
temperature dependence but the magnitudes are much smaller (typically 20 – 30 times
smaller) than those observed for the single crystal (Fig. 2(b)). The regions of positive entropy
change (associated with the change of phase) below and near the zero field phase transition
temperatures are also less prominent in the polycrystalline case. These differences are
expected since the majority of the randomly-orientated grains will experience an applied field
directed away from the key a-axis.

(b)

(a)

Fig. 2. Magnetic entropy changes ΔSM for TbNiAl4 as a function of temperature
(a) for a polycrystalline sample with cumulative applied fields up to 9 T, and
(b) for a single-crystal sample with cumulative applied fields up to 7 T aligned with the a-axis [2].

GdNiAl4 and DyNiAl4 (polycrystalline)
Again, the entropy change curves for polycrystalline GdNiAl4 (Fig. 3(a)) and DyNiAl4 (Fig.
3(b)) have similarly-shaped temperature distributions. The entropy change magnitude for
GdNiAl4 is typically only slightly larger than for the polycrystalline TbNiAl4 and, as expected
for the lower Neél temperatures, it peaks over a narrower temperature range. In contrast, the
peak entropy changes for polycrystalline DyNiAl4 are comparable with those observed for

(a)

(b)

Fig. 3. Magnetic entropy changes ΔSM as a function of temperature for polycrystalline samples of
(a) GdNiAl4 with cumulative applied fields up to 7 T, and (b) DyNiAl4 with cumulative applied fields up to 9 T.

WP14:3

PROCEEDINGS - 36th ANNUAL CONDENSED MATTER AND MATERIALS
MEETING, 31 Jan. -3 Feb. 2012. Wagga Wagga, NSW, Australia

single-crystal TbNiAl4, even though they occur in the even lower temperature range of 12 to
15 K. This much larger entropy change for the polycrystalline Dy compound is unexpected
and is suggestive of comparatively weaker magnetic anisotropy.
4.

Discussion

An initial result of this paper is the observation, via specific heat data, of evidence for
the presence of an intermediate magnetic phase for DyNiAl4, where the trivalent Dy3+ ion is a
Kramers ion. Although this is a characteristic common across some other RNiAl4 such as the
Pr-, Tb- and Gd-based compounds, intermediate phases are not observed for several Kramers
ion based alloys, including NdNiAl4 [5] and ErNiAl4 [7].
In the main body of the work, the inverse MCE associated with a field driven phase
transition for several RNiAl4 compounds was explored. Previous work had shown that single
crystal TbNiAl4 has a significant inverse MCE with magnetic fields applied along the a axis.
Here these single crystal results were compared, firstly, with those for chemically identical
polycrystalline material to validate the use of the latter type of sample for additional
observations. Following on from this, the comparison is extended to magnetic entropy results,
based on experimental magnetisation data, for polycrystalline GdNiAl4 and DyNiAl4. In
particular, the Dy case shows large entropy changes, with a polycrystalline sample almost
matching ΔSm magnitudes of the single crystal TbNiAl4. Interpretation of such results for
polycrystalline materials requires due consideration of both the intrinsic (dominant easy axis)
magnetic properties of a material as well as the magnetic anisotropy. Nevertheless, our results
are somewhat surprising, given that the lower ordering temperature for DyNiAl4 is indicative
of a weaker R-R exchange interaction and conventional wisdom would suggest that the Gd
based compound should be subject to much less crystal field driven magnetic anisotropy.
Development of a working set of crystal field parameters for the RNiAl4 is under way and
should assist in the search for an explanation of these puzzling observations.
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Restoration of Symmetry in the Spectrum of the Bilayer Heisenberg
Antiferromagnet
C.J. Hamer, J. Oitmaa and Zheng Weihong†
School of Physics, The University of New South Wales,
Sydney UNSW 2052, Australia.
The longitudinal mode in the Heisenberg model on a bilayer square lattice is
studied using series expansion methods. It is demonstrated numerically that
the longitudinal mode becomes degenerate with the magnon modes at the
quantum phase transition between Néel and dimerized phases, thus forming a
spin-1 multiplet in accord with the restoration of SU(2) symmetry. It is also
shown that the magnon mode becomes degenerate with the triplet mode in the
dimerized phase at the critical point, showing continuity of the excitation
spectrum across the critical point.
1.

Introduction
The physics of quantum phase transitions is a topic of ongoing interest. One question
concerns the behaviour of the excitation spectrum. For an order-disorder transition, for
example, we expect that in the disordered phase the excitations will fall into multiplet
representations of the full symmetry group of the system, whereas in an ordered phase where
the symmetry is spontaneously broken, only the remnant, unbroken symmetry is evident in
the spectrum. How does this change manifest itself at the transition point?
Another question concerns the continuity of the excitation spectrum across the transition
point. At a first-order phase transition where the bulk properties of the system change
discontinuously, one would expect the excitation spectrum to change discontinuously also. At
a continuous phase transition, however, only the long-range properties of the system change
in a singular fashion, and one would expect the properties of local excitations to remain
continuous across the transition. Can this be verified numerically?
In this paper, we provide numerical results to answer these questions in the case of the
spin-½ Heisenberg antiferromagnet on a square lattice bilayer. The bilayer system has
attracted considerable interest in recent years. One reason is the experimental observation that
some of the high-Tc superconductors contain pairs of CuO2 layers separated by a charge
reservoir. Another is the fact that the bilayer is perhaps the simplest 2D spin system to display
an order-disorder transition in the O(3) universality class, without the complication of any
frustrating interactions.
2.

Method
The Hamiltonian of the system is

H = J1

Σ

Σ Sα,i . Sα,j + J2 Σ S1,i . S2,i

α =1,2 <i,j>

i

where α = 1,2 labels the two planes of the bilayer, and the sum <i,j> runs over nearestneighbour pairs of sites within a plane. The physics of this system depends on the ratio y =
J2/J1. At small J2, the system is Néel ordered, with alternate spins pointing in opposite
directions along what we define as the z axis (Fig. 1(a)). Thus the SU(2) symmetry of the
†
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(a)

(b)

(c)

Fig. 1. Spin configurations in the Ising limit for (a) the vacuum state; (b) a single flipped spin;
(c) two flipped spins on the same rung.

original model is spontaneously broken. Then the lowest-lying excitations are the two
Goldstone modes, consisting in the Ising limit of a single flipped spin, with Sz = ± 1,
depending on the sub-lattice (Fig. 1(b)). For large J2, on the other hand, the system is in a
dimerized (disordered) state, with the pair of spins on each bond between the bilayers forming
a singlet dimer, so as to minimize the energy on that bond. Then the SU(2) symmetry remains
unbroken, and the lowest-lying (gapped) excitations are the spin-1 triplet excitations on a
single bond.
How is the symmetry restored as one moves from the Néel phase to the critical point?
The two Goldstone modes with Sz = ± 1 must become degenerate with a longitudinal Sz = 0
mode, so as to form a triplet. This has been recently observed in the material TlCuCl3 [1]. It is
clear that this longitudinal mode must originate in the Ising limit from the third possible
excitation on a single bond, namely that with both spins flipped (Fig. 1(c)), which does have
Sz = 0. We shall study this mode in what follows.
Theorists have discussed this model using series expansion methods, quantum Monte
Carlo (QMC) simulations at low temperatures, Schwinger-boson mean-field theory, and
bond-operator theory. The exponent-biased series analysis of Zheng [2] put the critical point
at yc = 2.54(2), while the accurate stochastic series-expansion study by Wang et al. [3] gave yc
= 2.5220(2), with a critical index ν = 0.7106(9) to be compared with the best estimate from
the classical three-dimensional Heisenberg model of ν = 0.7112(5), showing universality of
the bilayer system with the Heisenberg model.
Conventional spin wave and Schwinger boson approaches, while very successful for the
single layer S = ± antiferromagnet, give poor results for the bilayer system, predicting a
critical value yc nearly twice too large. Chubukov and Morr [4] showed that this was due to
the neglect of longitudinal spin fluctuations, which are large and indispensable near the
critical point, but become very small as y ~ 0. Within the bond-operator formalism, Sommer
et al. [5] showed how the longitudinal mode becomes degenerate with the magnon modes at
the critical point.
Here we use series expansion methods to perform a numerical study of the behaviour of
the longitudinal mode in the Néel phase, using an expansion about the Ising limit for the
system. We introduce an anisotropy parameter x, and write the Hamiltonian for a HeisenbergIsing model as
H/J1 = H0 +xV
where

H0 = Σ

Σ Szα,i Szα,j + y Σ Sz1,i Sz2,i

α =1,2 <i,j>

V= Σ

i

Σ (Sxα,i Sxα,j + Syα,i Syα,j ) + y Σ (Sx1,i Sx2,i + Sy1,i Sy2,i)

α =1,2 <i,j>

i

The limits x = 0 and x = 1 correspond to the Ising model and the isotropic Heisenberg model
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(a)

(b)

Fig. 2. A graph of the excitation energy of the longitudinal mode at k = (0,0,0) versus x (squares),
compared with the continuum limit (circles), at (a) y = 2.0, and (b) y = 2.527.

respectively. The operator H0 is taken as the unperturbed Hamiltonian, with the unperturbed
ground state being the usual Néel state. The operator V is treated as a perturbation, where the
2-site operators flip a pair of spins on neighbouring sites.
Series have previously been calculated by Zheng [2] for the single-particle magnon
excitation spectrum Δ(kx,ky,kz) for several coupling ratios y. The series were calculated using
the linked cluster expansion method [6]. We have added to these results a calculation of series
for the energy spectrum ΔL(kx,ky,kz) of the longitudinal mode. The series have been calculated
to order x10, requiring 2678838 clusters of up to 12 sites. Given the series expansions in the
variable x, extrapolations have been made using standard Pade approximant methods to obtain
estimates of the excitation energies at finite values of x up to the isotropic value x = 1.
3.

Results
Fig. 2 shows the estimated values for the energy of the longitudinal mode at k = (0,0,0)
as a function of x, compared with the expected lower edge of the 2-particle continuum limit,
equal to twice the magnon energy at k = (0,0,0). The magnon energy should have a Goldstone
zero at the isotropic point x = 1, which is difficult to reproduce using such a short series, so to
obtain our best estimates we have used a 2-point Pade approximant technique for this series,
constraining the energy to vanish at the isotropic point. Fig. 2(a) shows values at y = 2, which
is inside the Néel phase for the isotropic Heisenberg model. It can be seen that the
longitudinal mode remains a bound state out to approximately x = 0.75, where it enters the
continuum and becomes unstable.
Fig. 2(b) shows a similar plot at y = 2.537, which is close enough to the critical point for
our purposes. In this case, 2-point Pade approximants have been used to estimate both curves,
because the longitudinal mode is also expected to vanish at the critical point [5]. The series is
compatible with this expectation, but too short to provide accurate verification. The graph
then indicates that the longitudinal mode remains bound at all x < 1, and only becomes
degenerate with the continuum right at the isotropic point x = 1. Of course, this evidence is
not conclusive, because of the constraints placed on the extrapolations.
More dramatic evidence is provided in Fig. 3, which shows dispersion relations along
symmetry lines in the Brillouin zone for both states at y = 2 and y = 2.537. The top two curves
in Fig. 3 show the dispersion relations at y = 2, in the Néel phase, and it can be seen that the
energy of the longitudinal mode remains clearly separate from and above that of the magnon
mode. The bottom two curves show the corresponding data at y = 2.537, the critical point, and
they are very nearly identical. They leave little room for doubt that the states
become degenerate at the critical point, corresponding to the restoration of SU(2) symmetry in
the spectrum at this point.
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Fig. 3. A comparison of dispersion relations along
symmetry lines in the Brillouin zone for the singlemagnon mode (SW) and the longitudinal mode
(LM) at two different values y = 2.0 and y = 2.537.

Fig. 4. A comparison of the dispersion relations for
the single-magnon mode in the Néel phase,
obtained from an Ising expansion (green), and the
triplet mode in the dimerized phase, obtained from
a dimer expansion (red), both at y = 2.537.

Finally, we show Fig. 4, which compares the dispersion relations at the critical point for
the single magnon state obtained from an Ising expansion, with that for the lowest triplet
dimer state obtained from a dimer expansion in the dimer phase (note that there is a symmetry
between points k = (0,0,0) and k = (π,π,π) in the bilayer model). Again there is a remarkable
match, illustrating how the dispersion relation for the triplet excitation remains continuous
across the boundary between the Néel phase and the dimerized phase.
4.

Conclusions
We have used series expansion methods to demonstrate that while the longitudinal
mode is a bound state in the Ising limit, it enters the continuum and becomes unstable as the
isotropic Heisenberg limit is approached in the Néel phase. At the critical point, the spectrum
of the longitudinal mode becomes degenerate with that of the single-magnon modes, forming
a spin-1 triplet of states in accord with the restoration of full SU(2) symmetry at that point.
We have also shown that the spectrum of the single-magnon state in the Néel phase becomes
degenerate with that of the triplet mode in the dimerized phase at the critical point, illustrating
the continuity of the excitation spectrum across a continuous quantum phase transition.
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A Quantum Mechanical Investigation of the Crystal and Electronic
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Solid solutions of pyrite-type dipnictides MPn2 (M = Si, Ge, Ni, Pd, Pt) are
studied by DFT calculations with an emphasis on different ordering variants.
The compounds are analyzed in terms of stability to provide opportunity to
synthesize novel compounds. The solid solutions are also examined for
Vegard behavior and their electronic structures are analyzed.
1.

Introduction
There is a large variety of structure types for MPn2 (Pn = N, P, As, Sb, Bi) compounds
with promising properties. Among these structures, a dumbbell-like arrangement of the
pnictide atoms is very common. The pyrite-type SiP2 served as a model compound for DFT
calculations on electronic structure in both direct and momentum space as well as IR- and
Raman spectra [1,2]. The calculations were extended to the system SiP2-xAsx where P was
successively substituted by As [3]. For SiPAs, an ordering scheme derived from the pyrite
structure type according to [4] resulted in hetero- and homoatomic dumbbells with the first
clearly preferred over the latter due to dipole momentums from the charges of P (-0.8 e) und
As (-0.3 e). There are three different ordering variants for the heteroatomic configuration that
slightly differ in stability (by a few kJ/mol).
Here we present a systematic approach on pyrite-type MPn2 and related MPn1Pn2
compounds for M = Si, Ge, Ni, Pd, Pt with a special focus on the ordering of the mixed
dipnictide compounds. In addition, solid solutions were modeled and examined for Vegard
behavior. Electronic stabilities were calculated particularly for the different ordering variants
of the compounds with a 1:1:1 stoichiometry. Band structure plots are given to illustrate the
electronic structures. Finally, preferences and tendencies within the groups of the periodic
table can be derived and conclusions can be drawn on possible new compounds which should
be experimentally accessible.
2.

Computational details
All total energy calculations were carried out with the full potential local orbital method
as implemented in the FPLO program package (version 9.00-34) [5]. The local density
approximation (LDA) was used with parametrizations according to Perdew-Wang [6].
3.
3.1

Results
Pyrite-type MPn2 and related ordering variants
The mineral pyrite (FeS2) crystallizes in the space group (SG) Pa 3 205 and a unit cell is
displayed in Fig. 1(a). The structure can be easily derived from the rock salt structure with Fe
(M) atoms forming an fcc partial structure (crystallographic position 4a). Instead of singleatom anions, S (Pn) dumbbells are located in the Fe6 (M6) octahedral vacancies, resulting in
four formula units of FeS2 (MPn2) per unit cell. With the Fe (M) atoms on sites 8c, a
coordination of S (Pn) atoms by 3 Fe (M) and 1 S (Pn) neighbor is realized that is reminiscent
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(a)

Fig.1. Structure of mineral pyrite FeS2
(a) The distorted octahedral coordination of
Fe (M) is pointed out as well as the distorted
tetrahedral coordination of S (Pn). (b) Structural
fragment of the coordination of an Fe2 (M2) dumbbell.

(b)
S
Fe

of carbon in an ethane molecule (Fig. 1(b)).
Substituting half of the pnictide dumbbell atoms by a different pnictide atom, four
ordering variants can be derived as subgroups of the pyrite structure. Amongst these, there are
3 ordering variants containing heteroatomic Pn1-Pn2 entities, the ullmannite (cubic, NiSbS,
P213, SG 198, Fig. 2(a)), the cobaltite (orthorhombic, CoAsS, Pca21, SG 29, Fig. 2(b)), and a
rhombohedral structure type (R3, SG 146, Fig. 2(c)). They differ from each other only in
terms of the relative orientation of dumbbells in the unit cell. The fourth ordering variant
contains homoatomic dumbbells (monoclinic, P21/c, SG 14, Fig. 2(d)).
(a)

(b)

(c)

(d)

S
Fe
Fig. 2. Ordering variants of mixed dipnictide compounds with a 1:1:1 stoichiometry derived from the pyrite
structure. From left to right: (a) P213 (SG 198), (b) Pca21 (SG 29), (c) R3 (SG 146), and (d) P21/c (SG 14).

3.2

Stabilities of pyrite type MPn2 compounds and related ordering variants MPn1Pn2
To determine the stabilities of the investigated compounds, the calculated energy values
were compared to the energy values of individual elements in their most stable modifications
(α-N2, orthorhombic (black) P, trigonal (grey) As and Sb, rhombohedral Bi). Fig. 3 shows the
calculated stabilities of the compounds MN2, MP2, MAs2, MSb2, and MBi2 in the pyrite-type
structure (SG 205) as well as the compounds MNP, MPAs, MAsSb, and MSbBi in SGs 198,
164, 29, and 14, respectively. Negative energies refer to electronic stability.
GeN2 is the only stable species within the range of the investigated Ge compounds. Not
yet synthesized SiN2 shows the highest electronic stability of all compounds and offers a
challenge to experimentalists. Other than that mentioned, compounds with the composition
MP2 are most stable and the stability continuously decreases towards MBi2. As expected,
especially Ni, Pd, and Pt compounds follow similar trends. Different energy values in case of
several MPn1Pn2 compositions correspond to different stabilities of the ordering variants.
The least stable configuration always refers to the occurrence of homoatomic dumbbells as
only present in space group 14. This is also highlighted with the aid of energy-volume
diagrams for all 4 ordering variants for the example of SiPAs (framed in yellow, Fig.3). There
is a significant energy gap between the configurations with homoatomic dumbbells compared
to the configuration with heteroatomic entities. The difference is crucial in terms of stability
in case of MNP. For MAsSb, the energy difference of approximately 20 kJ/mol for M = Ni,
Pd, Pt indicates an explicit disfavor of SG 14 (all ordering variants are clearly instable for M =
Si, Ge). The homoatomic configuration is still disfavored by a few kJ/mol for MPAs and
MSbBi. The exact energy values can be found in Table 1.
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Fig. 3. Relative electronic stabilities of pyrite-type MPn2 and related MPn1Pn2 compounds (M = Si, Ge, Ni,
Pd, Pt; Pn = N,P,As,Sb,Bi). An energy-volume plot comparing homo- and heteroatomic dumbbell
arrangements is given for SiPAs.

MPn2
Table 1. Stabilities of pyrite-type
MPn2 and related MPn1Pn2
compounds in relation to the
electronic energies of the elements.
The most stable ordering variants for
MPn1Pn2 are highlighted in yellow.

N
N-P 198
N-P 146
N-P 29
N-P 14
P
P-As 198
P-As 146
P-As 29
P-As 14
As
As-Sb 198
As-Sb 146
As-Sb 29
As-Sb 14
Sb
Sb-Bi 198
Sb-Bi 146
Sb-Bi 29
Sb-Bi 14
Bi

Si

Ge

-286.04 -43.56
-107.35 21.05
-127.60 10.14
-131.48
8.51
44.06 105.33
-61.40
4.79
-30.22
20.27
-28.18
20.14
-30.27
20.06
-10.15
21.84
-13.92
25.70
151.03 42.25
145.74 41.32
144.71 41.62
218.06 55.57
250.10 50.41
316.72 56.49
313.64 56.09
312.94 55.97
328.37 58.51
376.26 61.96

Ni

Pd

Pt

-27.37
-96.61
-98.26
-98.39
37.44
-148.61
-110.73
-111.01
-110.77
-104.47
-83.21
-59.95
-57.05
-56.48
-39.58
-45.18
-11.54
-11.88
-11.75
-8.26
18.94

54.10
-68.23
-69.89
-70.34
33.88
-144.21
-118.56
-118.69
-118.65
-113.07
-102.51
-94.68
-93.75
-93.41
-76.28
-96.87
-70.24
-70.37
-70.36
-67.27
-47.18

28.70
-129.13
-131.22
-131.68
33.38
-229.73
-190.23
-190.04
-189.71
-181.30
-158.53
-139.47
-138.67
-138.36
-116.20
-133.67
-93.38
-93.66
-93.64
-89.49
-57.30

In contrast to the energy differences between the homo- and heteroatomic
configurations that can be observed in the plots and the energy-volume curves in Fig. 3, the
differences between the 3 ordering variants with a heteroatomic arrangement are too small to
be visible. The values are given in Table 1 with the most stable configuration highlighted in
yellow. A general preference for SG 29 can be derived for MPN in addition to a preference
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for SG 146 for MSbBi and SG 198 for MAsSb with M = Ni, Pd, Pt. The energy differences of
the latter range at about 1 kJ/mol and, moreover, they hint towards the existence of ordered
structures accessible to experiment. Energy differences of less than 1 kJ/mol should be “taken
with a pinch of salt’ as they might be within the margin of error.
3.3

Solid solutions of pyrite type MPn2
Apart from stability considerations, solid solutions of the dipnictide compounds were
calculated and examined for Vegard behavior. The volumes of the investigated structures are
thus plotted against their Pn content and checked for linear relations (Fig. 4). Except for the
range from MN2 to MNP, the curves for Pd and Pt run almost congruently and only the one
for Pt is visible in the figure. Between MN2 and MP2, there is no Vegard behavior as the size
of the unit cell is determined mainly by the fcc metal sublattice with high N content. With a
rising P contribution, the dumbbells contribute increasingly to the size of the unit cell. This
becomes evident by looking at the significant volume difference between the homo- and
heteroatomic arrangement for MNP. On the other hand, Vegard behavior is found for all
compounds from the compositions MP2 to MBi2 and similar tendencies of volume changes
can be observed. The occurrence of small deviations concerning MPn1Pn2 compounds is
related to slightly differing lattice constants for homo- and heteroatomic compositions. These
deviations are particularly distinctive for MAsSb in accordance with the relatively high
energy differences.
360
340
320
300
280

V/Å3

260
240

Si

220

Ge

200

Ni

180

Pd

160

Pt

140
120
100
80

MN2

MNP

MP2

MPAs

MAs2

MAsSb

MSb2

MSbBi

MBi2

Fig. 4. Volume plots of pyrite-type MPn2 and related MPn1Pn2
compounds (M = Si, Ge, Ni, Pd, Pt; Pn = N,P,As,Sb,Bi) against their Pn content.

3.4

Band structures of pyrite type MN2, MNP, and MP2 (M = Ni, Pd, Pt)
The band structures are given in Fig. 5. The displayed band plots for M = Ni show the
metallic character of NiN2 and NiP2 whereas NiNP is a semiconductor. For M = Pd, the same
tendency can be found except for PdP2 still being semiconducting. With a very low indirect
band overlap and a flat band segment at the Fermi level, PdN2 could exhibit some interesting
properties like superconductivity. All compounds with M = Pt are semiconducting and the gap
closes towards heavier pnictogen homologues. For all compounds, the gap opens up from Ni
to Pt.
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Fig. 5. Band structure plots of pyrite type MN2, MNP, and MP2 (M = Ni, Pd, Pt).

4.

Conclusion
In the present work, the crystal and electronic structures of solid solutions of pyrite-type
dipnictides MPn2 (M = Si, Ge, Ni, Pd, Pt) were investigated. Among the compounds with a
1:1:1 stoichiometry, 4 different ordering variants could be derived with a clear energetic
preference for an arrangement with heteroatomic dumbbells. The solid solutions show Vegard
behavior except for the range between MN2 and MP2 and metal to insulator transitions can be
seen from the band structures. According to the calculations, some novel compounds with
promising properties should be experimentally accessible.
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Self-energy Effects and the Unbound Electronic Structure
of the Cu(111) Surface
M.N. Read
School of Physics, The University of New South Wales, Sydney NSW 2052, Australia.
There are very few calculations of unbound surface electron energy bands
above the vacuum level for any system where self-energy effects are
significant. We calculate the surface and bulk bands for Cu(111) at Γ for the
above energy range using a scattering method. A number of surface resonance
states are predicted. Experimental confirmation could lead to new techniques
in photoemission spectroscopies.
1.

Introduction
The identification of surface states arising from the surface barrier continues to be
important for explaining phenomena and possible technological application [1]. We use the
semi-empirical scattering method for a semi-infinite crystal to calculate the unbound excited
surface electronic band structure for Cu(111) to energies 140 eV above the vacuum level for
k|| = 0 ( Γ ). These surface state resonances have not been calculated previously and may take
part in many surface electron spectroscopies. The energy and momentum variations of the
quasi-particle electron self-energy due to many-body effects in this energy range are
significant and are included here. Ab initio calculations of these variations do not exist or have
not been tested experimentally. It is necessary to first demonstrate that the present method is
capable of reproducing the experimentally determined surface band structure for the ground
state below the vacuum level.
2.

Scattering method
Full details of the scattering method are given elsewhere [2]. Surface states/resonances
are identified from the condition for sustained multiple scattering between the bulk crystal
plus surface atomic layers and the surface barrier. This corresponds to the electron being
trapped in this surface region. The condition involves the matrices SII and M that contain
reflection coefficients of barrier and crystal respectively. When one or other of the
eigenvalues of the matrix SIIM approach unity we have the condition for the above sustained
multiple scattering. This can be expressed as
| 1 - λν |  minimum

(1)

where λν is the Vth eigenvalue of the matrix SIIM. For computational purposes it is convenient
to re-express this condition in the form
| det [ I – SIIM ] |  minimum

(2)

where I is the identity matrix.
3.
3.1

Calculations for the ground state below vacuum level Ev
Method
We use the bulk muffin-tin potential of Chodorow since it has been found to reliably
account for the measured bulk band structure [3]. The potential of the top atomic layer at the
surface is less attractive than bulk layers because of the reduced atomic coordination. This is
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expected to slightly narrow the width of the 3d bands and the 4sp band and to reduce the
binding energy of the centroid of these band widths and also reduce the binding energy of the
ion-core states [4]. Additionally there is the outflow of the valence electrons from the top
atomic layer into the vacuum producing the surface barrier. There are no modern
measurements of d-band or sp-band narrowing or any measurements of surface-core-levelshifts for Cu(111). The present method allows for the inclusion of surface atomic potentials
obtained from ab initio self-consistent theoretical calculations although the significant
uncertainty in the approximations used in these calculations for the exchange-correlation
potential Uxc in this surface region does not ensure they are realistic. Here the top atomiclayer potential for Cu(111) is determined empirically by applying a Madelung-type shift [4] to
reduce the magnitude of the bulk atomic potential. This shifts the potentials of valence and
ion-core electrons to higher energies by the same amount.
The surface barrier potential Ub(z) is not accurately determined in ab initio selfconsistent calculations using local approximations for Uxc and is determined here from an
empirical image potential with cubic-type saturation joined smoothly to the zero of potential
at the centre of the top atomic layer at z = 0 where z is normal to the surface. This join point
agrees with expectations of the start of significant charge outflow to form the surface
potential. The image position zo and saturation point z1 from z = 0 are determined from the
experimental energy position of barrier-sensitive Shockley-type and Rydberg surface
states/resonances at Γ below Ev [3,5]. The ground state work function is found from
experiment [6]. The geometric structure of the surface is found from low-energy electron
diffraction (LEED) analysis that finds an approximately 0% dilation of the (1x1) top atomic
layer [7]. Self-energy effects beyond the one-electron approximation are negligible in this
energy range.
3.2

Results
Experimentally a Tamm-like surface state is found at 0.08 eV above the top of the dbands at⎯Μ [3]. We did not produce a surface state in this position when all atomic-layer
potentials were the same as the bulk. Calculations were performed using trial top atomic-layer
potentials that were formed by applying a Madelung-type shift of the bulk potential to higher
energies. A shift of 0.1 eV produced the above Tamm state at the experimental position with
negligible change to the calculated position of all the other experimentally determined surface
states. This top atomic-layer potential was used in all final calculations. These potentials
produce a surface band structure that agrees with the experimental results available for all the
symmetry directions of the surface Brillouin zone. We show elsewhere these calculations of
the near-surface complex band structure E(k) = E(k||, k⊥) for k|| ≡ Γ ,⎯Μ ,⎯Κ [8].
4.
4.1

Calculations for energies above vacuum level Ev
LEED calculations
The energy variation of the quasi-electron self-energy for k|| =0 can be found from an
analysis of the experimental normal-incidence LEED reflectivity profiles that are shown in
[7]. We calculated these LEED profiles using the method of McRae [9] for energies to, 140
eV above Ev that we show elsewhere [8]. The same atomic bulk and surface potentials were
used as for the ground state calculation in section 3 and room temperature thermal vibrations
were included. By comparison of calculated and experimental profiles we determined the
energy variation of the surface barrier height Uo, and hence the energy variation of the
dynamic work function. We also obtained the energy variation of the bulk inelastic potential
Uin that corresponds to the imaginary part of the self-energy. These variations are shown with
respect to the crystal zero potential in Fig. 1(b) and (c) where they join onto the values
previously determined for energies below Ev in section 3. A significant surface-barrier
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Fig. 1. (a) Calculation of surface state resonances for Cu(111) at ⎯Γ from Equ. (2).
(b) Energy variation of barrier parameters. (c) Energy variation of bulk inelastic potential.
The insert shows the same variation for 6 to 13 eV.

scattering feature was found near 90 eV in the {01} beams that had not been identified in
previous LEED analyses. This allowed determination of the barrier image potential origin zo
and saturation position z1 for the energy range above ~ 50 eV. The termination of the bulk
inelastic potential within the surface barrier region Ub,in(z) was found using a Gaussian
function of half-width α = 2.6 Å. The determined variations of these barrier quantities from
the values below Ev are also shown in Fig. 1(b).
4.2

Surface state resonance calculation above vacuum level Ev
Using the same method as in Sec. 3 but with the self-energy variations of relevant
quantities determined from LEED and including room temperature thermal vibrations we
calculated the position of the surface state resonances from Eq. (2). This is shown in Fig. 1(a)
and their energies are plotted on the full near-surface complex band structure in Fig. 2. In Fig.
1(a) the region between a green line and the next highest-energy red line indicates a region
where scattering occurs along the surface barrier giving Shockley-type (labelled T1 for type
1) and first-order Rydberg (image) resonances (labelled R1). Regions between red lines and
the next highest-energy green line indicate regions where scattering is only occurring at the
bottom of the surface barrier giving more Tamm-like (labelled T2) surface resonances. The
energies of these resonances with respect to Ev are obtained by subtracting the barrier height
Uo shown in Fig. 1(b) from the energy positions shown in Fig. 1(a) and Fig. 2.
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Fig. 2. Cu(111) near-surface complex band structure E(k) = E(k||, k⊥) for k|| ≡ ⎯Γ for energies extending
above the vacuum level. Orange lines are surface-oriented bulk bands with least evanescent (spatially
attenuating) wave functions and red and green horizontal lines are surface state resonances.
The bulk band labelled Λ1 is totally symmetric.

5.

Conclusion
With the inclusion of realistic electron self-energy effects, we have predicted surface
barrier resonance states at Γ commonly referred to as Shockley type at 26 eV and Rydberg
(image) type at 28, 90 and 120 eV above the vacuum level. Two more resonance states of a
different type were found at 35 and 69 eV above vacuum level. As intermediate states in
photoemission spectroscopies they have no perpendicular wave-vector dependence and barrier
resonances have significantly less broadening (or inverse lifetime) than unbound bulk states.
Experimental confirmation of these unbound surface resonance states could lead to new
techniques to determine further details of lesser–known quantities in this energy range.
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Cutting Entanglement
G. Troup, D. Paganin and A. Smith
School of Physics, Monash University, Victoria 3800, Australia.
The concept of entanglement is sometimes introduced in the published
literature where it is unnecessary. The cases of Newtonian-, special
relativistic-, and quantum mechanical conservation of linear and angular
momentum are here treated without entanglement, as is the two-slit
interference experiment. A treatment of a tropic where entanglement is
necessary, q-bits, is then given. This article was prepared in the interest of
helping students studying quantum mechanics.
1.

Introduction
This article is written in the spirit of not unnecessarily complicating things when
teaching students, especially when quantum mechanics is concerned. The systems discussed
are idealised, in the sense that they are isolated.
Let us start with the laws of conservation of energy, momentum, and angular
momentum. In Newtonian-, and Einsteinian special relativistic systems, these laws hold. So
consider, in a Newtonian system, a device we shall call a “bomb”, with mass M, which is
isolated and initially at rest in an inertial reference frame. We can detonate it so that it splits
into only two pieces with masses m' and m'', the sum of which is equal to M. Then we know
that the momentum conservation law states that the momentum of m' is equal and opposite to
that of m''. So m' and m'' are related together as a system, so long as they are not interfered
with, from one end of the universe to another, in distance and in time. And if the momentum
of m' is measured, then the momentum of m'' must always be equal and opposite. So if an
observer 1 in the inertial frame is the first to make a measurement, he correctly predicts the
result of observer 2, no matter how far away they are separated in time or distance. This is
also true for special relativity, though the formalism is a little different.
Do we call this entanglement? No, we do not even question it, because it is a
consequence of the conservation law. Do we talk about preprogramming, as in some
discussions of entanglement? Only if we are talking about the bomb designers, that is, the
arranged properties of the two parts of the bomb.
If m' has an angular momentum imposed on it, we know that m'' has an equal and
opposite angular momentum, because of the conservation law. The same comments and
question, and the answer above, apply. Especially, special relativity applies.
2.

Relativity and quantum mechanics
We are now going to consider relativistic problems, to which quantum mechanics
applies. It should be pointed out that quantum mechanics and special relativity are compatible.
Even stimulated emission is compatible with special relativity, though Einstein used what
might be called a “semiclassical” argument in his paper introducing it.
2.1

Pair annihilation
When an electron-positron pair annihilates, positronium is formed first, and the particle
spins are opposed, so the initial angular momentum is zero. Therefore the sum of the spins of
the resulting photons must also be zero, leading to them having opposite spins, each of
magnitude 1. So if we detect a spin of +1, the other photon must have spin -1. How is this
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result different from the two spinning bomb parts? It is not: we have a similar expanding
system brought about by the conservation law.
2.2

Pair production
The photon producing the electron-positron pair has a spin of ±1. Therefore the
(spin ½) electron and the positron must have the same spin direction, to give a total spin of
±1. Again, this is, by extension, no different from our bomb parts result. Yet these results are
often unnecessarily referred to as entanglement. Entanglement is much more than this!
We examine now the quantum mechanical treatment of a created “electron” pair,
travelling in opposite directions, subject to conservation of angular momentum so that the
spins are either both “up” or both “down”. Our detector can detect either configuration, and
distinguish between them. The beams have been filtered so that only spin up is detected. In
what follows, operators will be denoted by Roman letters (thus: a, A) and ordinary quantities
and scalars are denoted by italics (thus: a, A).
Let one of the “electron beams” be travelling along the x direction, with spins up in the
z direction. The spin states are represented by the column vectors | 1 0  (spin up) and | 0 1 
(spin down). In the situation described, our detectors will detect only | 1 0 . Now a detector is
rotated by an angle α. This is equivalent to a unitary transformation of the Sz spin operator, so
the eigenvalues are the same. However, since the new state detected is a mixture of the Sz and
Sy states, our detector can and will now detect spin down as well as spin up. The same must be
true of the detector in the other beam, if it is similarly rotated. The states | 1 0  and |0 1  will
have different probabilities of being detected, but these probabilities will be the same for each
beam. This is considered by some to be the quantum mechanical contribution to
“entanglement”, but it is only state mixing. Yes, it is strange, but so were potential barrier
penetration and the zero orbital angular momentum of all s-state atomic orbitals. The quantum
mechanical result for the beams obeys the appropriate law of angular momentum conservation
and the rules of quantum mechanics.
2.3

The two-slit experiment
This experiment has been performed with photons, electons and atoms. Prof. Roy
Glauber, discoverer of the coherent state representation and developer of a new theorem in
quantum mechanics, made the very relevant comment that “The things that interfere in
quantum mechanics . . . are probability amplitudes for certain events” [1]. The following
discussion is on photons but most of it is applicable to other particles, mutatis mutandis.
Let the slits have a separation d. Let the wavelength of the incident radiation be λ.
According to the uncertainty principle, Δp.Δq ≈ h, where p is the momentum, q is the
appropriate displacement and h is Planck's constant. Now Δq = d, so that Δp ≈ h/d in the
direction perpendicular to the incident momentum p = h/λ. Therefore the sine of the small
angle between the resultant momentum and the incident momentum is approximately Δp/p =
λ/d. This is the separation angle between two bright fringes. Is it necessary to invoke
entanglement here? Obviously not.
Better is to come. An experiment after the style of that by Basano and Ottonello [2] has
been performed with two identical frequency stabilised lasers, each focussed on only one
(different) slit of the pair. One laser was run below threshold, thus emitting amplified 'thermal'
noise which has a Bose-Einstein distribution over the number states of the representative
harmonic oscillator. The other laser was operated well above threshold, giving the “coherent
state” distribution for the harmonic oscillator. Of course fringes occurred! A photon counting
experiment on the central maximum of the fringe pattern should show the distribution for
“signal plus noise” which is well known.
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In all of the above discussion, there was no need to draw on the concept of
entanglement, yet one can find discussions of these situations elsewhere in the literature
where it is mentioned unnecessarily. Why, when it is clearly not required in these situations?
3.

Entanglement, decoherence and quantum computation
Thus far we have largely focussed our attention on what entanglement is not. This
context allows us to sharpen our degree of understanding of what entanglement is, in a purely
quantum setting divorced from the conservation-induced correlations discussed earlier.
To this end, let us return our consideration to the electron-electron pair. Suppose that a
relevant conservation law implies the electron-electron pair to have opposite spin projections
with respect to the axis of quantization imposed by a given uniform external magnetic field.
Quantum mechanically, and ignoring an irrelevant normalization constant, assume the twoelectron system to be specified by the pure-state, two-body, state vector |1,-1 + |-1, 1. Let us
whimsically picture this as a coherent superposition of (i) a physicist pointing their left thumb
up and their right thumb down, with (ii) the same physicist pointing their left thumb down and
their right thumb up (Fig. 1).

Fig. 1. Whimsical
representation of an
“entangled” state for a two
electron spin system.

Such a state is said to be entangled because we have lost the classical notion that
meaning can be given to “the state” of any component of the whole system. That is, replacing
electron spins with directions of thumbs, we can no longer speak of “the state” of the left
thumb, or “the state” of the right thumb – thus the system is entangled, in precisely the sense
originally envisaged by Schrödinger.
The perturbing effects of the environment upon such a superposition can have the effect
of imposing classicality, in the sense that coupling to the environment can be viewed as a
form of measurement, which destroys entanglement by detecting the state of either
thumb/electron.
Yet how much is lost in the process! An arbitrary entangled state of the electronpositron pair can be described by three real numbers (the complex coefficients of |1,-1 and
|-1,1 yield four real numbers, with the demand for normalization reducing this to three real
numbers). The corresponding classical state is described by either a zero or a 1, depending on
whether one has the classical state |1,-1> or the classical state |-1,1> .
This huge discrepancy between the amount of information needed to describe the
classical versus the quantum state, and which becomes exponentially more vast as the number
of quantum particles increases, can be loosely encapsulated in the phrase “Hilbert space is
big.” As has been emphasized by Bennet and Vincenzo (2000) [3], this fact lies at the heart of
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both the power of quantum computation (here, we identify entangled two-body or n-body
quantum systems with quantum bits, i.e. “qubits”) and the challenge in building such devices.
The real world intervenes to make our job of building a quantum computer more
challenging. The effects of entanglement do not last very long in all but the most isolated
systems, with the environment serving to “decohere” delicate quantum-mechanical entangled
superpositions into merely classical states. The means of protecting quantum systems from
such perturbing effects of the environment, which destroy quantum entanglement and cripple
quantum computation, remain the subject of active research and one of the most exciting
contemporary consequences of the phenomenon of quantum-mechanical entanglement. In this
context, we re-iterate a central point of these discussions, that one’s understanding of the
essence of entanglement may be sharpened by drawing a clear distinction between
conservation-induced correlations (which may occur in both classical and quantum systems)
and purely quantum phenomena which have no classical counterpart.
4.

Conclusion
In all but the last of the cases we have discussed, it is unnecessary to introduce the
concept of entanglement: conservation laws and the principles of quantum mechanics suffice.
Students have difficulties when being introduced to quantum mechanics, and also in
continuing to study it. Simplicity and reassurance help in dealing with these difficulties. Of
course, things change when dealing with the “Schrodinger's Cat” states used in “q-bit”
studies, where entanglement really is necessary.
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Temperature Dependent Photoluminescence Properties of Nanocrystalline
BaFCl:Sm3+ X-ray Storage Phosphor
Z. Liu and H. Riesen
School of Physical, Environmental and Mathematical Sciences,
The University of New South Wales, Canberra, ACT 2600, Australia.
The temperature dependence of photoluminescence properties of the Sm3+
G5/2-6H7/2 and the Sm2+ 5D0-7F0 transitions in nanocrystalline BaFCl were
investigated upon X-irradiation and photobleaching. Upon X-irradiation, two
types of Sm3+ sites with different local coordination environments are created
below 80 K. For the Sm2+ ions, photoluminescence occurs from five
inequivalent sites below 120 K whereas two sites are detected at 293 K.
4

1.

Introduction
Considerable attention has been paid to the spectroscopic properties of samarium ion
activated alkaline-earth fluorohalides MeFX (Me = Ca, Sr and Ba; X = Cl, Br and I) since the
first observation of photon-gated spectral hole-burning in BaFCl:Sm2+ by Winnacker et al.
[1]. We have recently reported that nanocrystalline BaFCl:Sm3+, as prepared by wet
chemistry, is an efficient photoluminescent storage phosphor for ionizing radiation [2]. Upon
X-irradiation, the Sm3+ ions in the BaFCl host are reduced to the +2 oxidation state which can
be efficiently read out by measuring the narrow f-f luminescence lines via excitation into the
parity-allowed 4f6→4f55d transitions in the blue-violet region of the spectrum that are very
intense. The phosphor has a range of potential applications such as in medical X-ray imaging
and personal radiation monitoring (dosimetry).
2.

Experimental
A.C.S. reagent grade chemicals were used without further purification. The
nanocrystalline BaFCl:Sm3+ was prepared by a co-precipitation method [3]. The X-irradiation
of the sample was realised by exposure in a powder X-ray diffractometer (40 kV, 25 mA, Cu
Kα) and the radiation dose was cross-calibrated against a dental X-ray unit (Belmont Searcher
Model DX-068).
To measure the photoluminescence spectra, the sample was mounted on the cold finger
of a closed-cycle refrigerator (Janis/Sumitomo SHI-4.5) and excited by the light of a focused
405 nm blue-violet laser diode. The emission light was collimated and then focused onto the
entry slit of a Spex 1404 monochromator (1200 groves/mm holographic grating) using 75 mm
and 200 mm lenses. The light was modulated with a chopper and detected by a
photomultiplier (Hamamatsu R928). The signal was processed by a current-to-voltage
preamplifier (Femto DLPCA-200) and a lock-in amplifier (Stanford Research System SR910
DSP) before being collected on a PC.
3.

Results
Fig. 1 shows the photoluminescence spectra of nanocrystalline BaFCl:Sm3+ at 293 K
before and after X-irradiation [4]. As follows from Fig. 1, before X-irradiation, the
photoluminescence spectrum of the sample consists of four broad emission lines at 559, 594,
639, 701 nm corresponding to the 4G5/2-6HJ (J = 5/2, 7/2, 9/2, 11/2) transitions of Sm3+ ions.
After X-irradiation, in addition to the broad Sm3+ emission lines, narrow and characteristic
Sm2+ luminescence lines at 629, 640, 663, 687, 702 and 727 nm due to the 5D1-7F0,1,2 and
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D0-7F0,1,2 transitions are observed. From Fig. 1 it follows that upon X-irradiation, the Sm3+
ions can be reduced efficiently to Sm2+ ions in nanocrystalline BaFCl:Sm3+.
To gain a better understanding of the storage mechanism of the nanocrystalline BaFCl:Sm3+
X-ray storage phosphor, we have further investigated the photoluminescence properties of the
4
G5/2-6H7/2 transition of Sm3+ ions and the 5D0-7F0 transition of X-ray generated Sm2+ ions in
the temperature range of 2 to 293 K upon X-irradiation and subsequent photobleaching. The
results are illustrated in Fig. 2 and Fig. 3.
Fig. 2 shows the photoluminescence spectra of the 4G5/2-6H7/2 transition of Sm3+ ions in
nanocrystalline BaFCl:Sm3+ from 2 to 293 K before and after X-irradiation, and after
subsequent photobleaching. As shown in Fig. 2(a), before X-irradiation, the temperature
dependence of the photoluminescence spectra can be divided into two temperature ranges,
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Fig. 2. Temperature dependent photoluminescence spectra of the 4G5/2-6H7/2 transition of Sm3+ ions in
nanocrystalline BaFCl:Sm3+ (a) before X-irradiation, (b) after X-irradiation and (c) after photobleaching. The
luminescence was excited by 0.14 W⋅cm-2 of a 405 nm blue-violet laser diode. The sample was irradiated with
150 Gy of X-rays (40 kV, 25 mA, Cu Kα) and subsequently photobleached by 1 x 104 J⋅cm-2 of 405 nm blueviolet laser diode light. The insets show the photoluminescence intensities at selected wavelengths as a function
of temperature.
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below 100 K and above 100 K. Below 100 K, the spectra consist of mainly two emission lines
at 594 and 601 nm, with increasing photoluminescence intensities from 2 to 100 K. In
contrast, above 100 K, the two emission lines become broader and red-shifted by 0.4 nm. The
integrated photoluminescence intensities of the two peaks decrease with increasing
temperature from 100 to 293 K.
Upon X-irradiation, significantly different photoluminescence spectra of the Sm3+
4
G5/2-6H7/2 transition are observed, as is shown in Fig. 2(b). In the temperature range of 2 to
80 K, except for the luminescence lines at 594 and 601 nm, an additional group of emission
lines, e.g. at 595, 596 and 597 nm originating from the 4G5/2-6H7/2 transition of Sm3+ ions are
detected. Here we define the two groups of emission lines, i.e. the lines at 594 and 601 nm
which are similar as those observed before X-irradiation and the lines at 595, 596, and 597 nm
as group I and group II, respectively. As shown in Fig. 2(b), the highest emission line below
80 K is at 597 nm which is 3 nm red-shifted in comparison with those observed before Xirradiation (at 594 nm). With increasing temperature from 2 to 80 K, the integrated
photoluminescence intensities of the group II emission lines decreases whereas those of the
group I emission lines increases, leading to the highest emission line at 80 K observed at 594
nm. With the temperature increased above 80 K, the group I emission lines at 594 and 601 nm
return to dominate the photoluminescence spectra of the 4G5/2-6H7/2 transition of Sm3+ ions.
The different temperature dependence of the two groups of Sm3+ emission lines indicates the
presence of two Sm3+ sites with different local structures in the BaFCl host after X-irradiation.
This is further confirmed by the similar temperature dependence of the photoluminescence
spectra of the Sm3+ 4G5/2-6H7/2 transition after photobleaching, which is shown in Fig. 2(c).
Furthermore, a detailed examination of the photoluminescence spectra before and after
photobleaching shows that upon photobleaching, the photoluminescence intensities of
emission lines from group I increase whereas those of the emission lines from group II
decrease for all temperatures, implying that the two groups of lines correspond to two Sm3+
centres with different local surroundings.
The significant change in the photoluminescence spectra of Sm3+ 4G5/2-6H7/2 transition
upon X-irradiation and photobleaching must be due to some changes in the local coordination
environment of Sm3+ ions. In BaFCl:Sm3+, the Sm3+ ions enter the host lattice by replacing
Ba2+ ions. Due to the requirement of charge compensation, the presence of various defects
such as F or Cl vacancies and oxygen defects around the Sm3+ ions as well as multiple sites of
Sm3+ ions can be expected. Upon X-irradiation, free electron-hole pairs are created. Some of
the created electrons are trapped at certain Sm3+ ions (denoted as type I Sm3+ ions), leading to
the formation of Sm2+ ions [4]. The holes, e.g. VK centres (holes shared between two adjacent
halide ions), may be trapped at the charge-compensating defects of different Sm3+ ions
(denoted as type II Sm3+ ions), causing the change of the Sm3+ local surroundings. The two
different types of Sm3+ centres, i.e. type I and type II, play the different roles of creating Sm2+
ions and capturing holes upon X-irradiation, respectively, and account for the
photoluminescence observed at 594 and 601 nm (group I) and 595, 596 and 597 nm (group II),
respectively. Furthermore, from Fig. 2(b) it follows that the defect-related coordination
environment of type II Sm3+ ions created by X-irradiation is only stable at temperatures up to
80 K. It is likely that at temperatures above 80 K, the defects (or the holes trapped at chargecompensating defects) around the type II Sm3+ ions start to diffuse away and become mobile
in the host lattice. Similar temperature dependent behaviour was also reported in the
investigation of the storage mechanism of photostimulable BaFBr:Eu2+ X-ray storage
phosphor by optically detected electron paramagnetic resonance (ODEPR) [5]. It was found
that upon X-irradiation of BaFBr:Eu2+, Vk(Br2-) centres are formed below 120 K. Upon
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warming up to 120 K, the Vk(Br2-) centres start to move around and recombine with OF2centres, forming OF- centres.
In addition to the spectroscopy of the Sm3+ ions, the temperature dependence of
photoluminescence spectra of the 5D0-7F0 transition of Sm2+ ions in nanocrystalline
BaFCl:Sm3+ after X-irradiation and photobleaching was also investigated. As shown in Fig.
3(a), after X-irradiation, five narrow emission lines at 685, 686, 687, 688 and 689 nm are
detected originating from the 5D0-7F0 transition of Sm2+ ions at 2 K. Since the 5D0 and 7F0 are
non-degenerate energy levels and each emission line associated with this transition must
correspond to a different Sm2+ centre, it follows that five different Sm2+ crystallographic sites
are generated in nanocrystalline BaFCl:Sm3+ upon X-irradiation. With increasing temperature
from 2 to 293 K, the five emission lines broaden and shift to shorter wavelength. Also, the
integrated photoluminescence intensity at 688 nm increases from 2 to 293 K. The blue shift
and broadening of photoluminescence lines of the 5D0-7F0 transition of Sm2+ ions in BaFCl
with increasing temperature has also been demonstrated by Vink et al. [6]. This behaviour can
be rationalised based on the phonon-induced dephasing processes which are negligible at low
temperature and become more pronounced at higher temperatures.
After the sample is photobleached, only two emission lines at 688 and 689 nm due to
5
the D0-7F0 transition of Sm2+ ions are detected over the entire temperature range, with
increasing photoluminescence intensity at 688 nm from 2 to 293 K, as shown in Fig. 3(b). It
has been shown that the photobleaching of Sm2+ ions is due to the photoionization process of
Sm2+ to Sm3+ ions [4]. From Fig. 3(b) it follows that the photoionization of Sm2+ to Sm3+ ions
is strongly associated with the local structure of Sm2+ ions.
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Fig. 3. Temperature dependent photoluminescence spectra of the 5D0-7F0 transition of Sm2+ ions in
nanocrystalline BaFCl:Sm3+ (a) after X-irradiation and (b) after photobleaching. The luminescence was excited
by 0.14 W⋅cm-2 of a 405 nm blue-violet laser diode. The sample was irradiated with 150 Gy of X-rays (40 kV,
25 mA, Cu Kα) and subsequently photobleached by 1 x 104 J⋅cm-2 of 405 nm blue-violet laser diode light. The
insets show the photoluminescence intensities at selected wavelengths as a function of temperature.
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Structural and Optical Properties of Nanocrystalline LiGa5O8:Fe3+
B. Yildirim, G.A. Stewart and H. Riesen
School of Physical, Environmental and Mathematical Sciences,
The University of New South Wales, Canberra, ACT 2600, Australia.
Mössbauer spectroscopy results are compared with earlier optical
measurements for lithium gallate doped with 5% Fe3+ (LiGa5O8:Fe3+).
Although the luminescence is attributed to Fe3+ ions at tetragonal sites, the
results from Mössbauer spectroscopy are consistent with the majority of the
Fe3+ ions being located at the octahedral sites.

1.

Introduction
LiGa5O8 is an interesting host material for which photon-gated hole-burning is observed
in doped Co(II). It also provides one of the rare cases where structured luminescence of doped
Fe(III) has been reported, the subject of this present work.
LiGa5O8 is an oxide that exists in two polymorphs. The high temperature phase (T >
1138 ºC) is disordered in the octahedral sites and forms an inverse-spinel system with a facecentred cubic unit cell (space group Fd3m), whereas the low temperature phase displays 1:3
ordering of the lithium and gallium ions along the [110] direction and forms with a primitive
cubic cell (space group P4132) resulting in additional powder X-ray diffraction (XRD) lines
(Fig. 1) [1, 2].
For both host phases of LiGa5O8:Fe3+, the near-infrared (650 - 800 nm) luminescence
spectrum can be assigned to the 6A1(S)  4T1(G) transition of Fe3+ ions substituting for the
Ga tetrahedral (A) sites [3]. This is in accord with results reported for isostructural LiAl5O8
where both the Fe3+ luminescence and 57Fe-Mössbauer spectroscopy indicated that the Fe3+
ions substitute for Al at the tetrahedral sites [4]. However, evidence based on the saturation
magnetisation of Ga-doped LiFe5O8 [5] and the early electron spin resonance work of Folen
(referred to in [6]) suggested that Fe3+ doped into LiGa5O8 should substitute preferentially for
the Ga octahedral (B) sites. Based on their optical absorption measurements, McShera et al. [7]
proposed that the two observations are not incompatible because the absorption, and therefore
the luminescence, is much stronger for Fe3+ at the tetragonal sites. O’Connor et al. [8] later
observed weaker luminescence beyond 1000 nm and attributed it to Fe3+ ions located at the
majority octahedral sites.
In an effort to shed more light on this question, 57Fe-Mössbauer spectra have been
recorded for dilute concentrations of Fe3+ doped into LiGa5O8 and it is these results that are
considered below.
2.

Experimental details
Nanocrystalline LiGa5O8:Fe3+ was prepared via a combustion reaction (at 500 - 700 ºC)
of nitrate salts of lithium, gallium and cobalt, with urea as the fuel. Specifically, the starting
material was comprised of 2 g of Ga(NO3)3·8H2O, 0.122 g of Li(NO3)·3H2O, 0.8 g of urea,
and an appropriate weight percentage of Fe(NO3)3·9H2O which were mixed and ground to a
smooth paste with a mortar and pestle. For the low doping level of 0.6%, enriched 57Fe was
employed to achieve a better signal to noise ratio in the Mössbauer measurements. The
combustion reaction yielded the high temperature (disordered), Fd3m phase, which was then
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calcined at 900 ºC for 14 hours to transform the nanocrystals to the low temperature
(ordered), P4132 phase.
High resolution powder XRD patterns were recorded at the Australian Synchrotron with
λ = 0.068818 nm (Ephoton = 18.0367 keV) which was chosen to minimise gallium K-edge
absorption. The samples were packed into soda lime capillaries with a 10 μm wall thickness.
Rietica v1.77 was used for a full line shape analysis and the low temperature ordered phase
was modelled using starting parameters from the work of Ahman et al. [9]. Room temperature
57
Fe-Mössbauer spectra were recorded using a 57Co:Rh source with sinusoidal motion whose
maximum velocity was calibrated against α-Fe at room temperature.
Results and discussion
Synchrotron-based XRD
Powder XRD patterns are presented in Fig. 1 for ordered (1 % and 5 % Fe3+) and
disordered (5 % Fe3+) phases of LiGa5O8 doped with natural Fe. The appearance of Ga2O3
impurity peaks for the higher Fe concentration suggests that the Fe3+ displaces the Ga3+ ions,
as expected. The transformation of the lattice into the ordered primitive phase relies on the
undisturbed existence of the Li ions which order in their octahedral sites. It thus follows that
Fe3+ is stable in the Ga3+ sites up to these doping levels. In contrast with the case of divalent
ion doping (where the cell volume jumps at around 5%) the unit cell parameter is observed
here to increase smoothly with increasing Fe3+ concentration (where a = 0.8203, 0.8208 and
0.8214 nm for 0, 1 and 5 % Fe3+ , respectively). The unit cell expansion is due to the slightly
larger ionic radius of Fe3+ (0.064 nm) compared with Ga3+ (0.062 nm) [10].
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Fig. 1. Synchrotron powder XRD patterns of LiGa5O8:Fe3+. The Ga2O3 impurity lines are indicated with (*).

3.2 57Fe-Mössbauer spectroscopy
Mössbauer spectra were recorded for LiGa5O8:Fe with doped Fe concentrations of
0.6 % enriched 57Fe (Fig. 2(a)) and 5% natural Fe (Fig. 2(b)). In each case, the prominent
feature is a central broadened doublet which was fitted using a superposition of four
symmetric quadrupole-split doublets. The sets of quadrupole splittings, ΔEQ, isomer shifts, δ,
and relative intensities employed for the four component doublets were very similar for the
two Fe concentrations, although a larger Lorentzian line width, Γ, was needed to achieve a
qood quality fit in the case of the more dilute concentration (Γ = 0.51 mm/s for 0.6 %
compared with 0.34 mm/s for 5 %). The weighted mean values for the quadrupole splitting
and the isomer shift are summarised in the lower half of Table 1. In the case of the spectrum
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for the specimen doped with 0.6 % enriched 57Fe (Fig. 2(a)), an additional magnetic sextet is
present which has the appearance and peak magnetic hyperfine field value (Table 1) of
relaxation spectra observed elsewhere for magnetic Fe2O3 nanoparticles (e.g. ref. [11]).
However, complex spectra observed for dilute Fe concentrations in isostructural LiAl5O8:Fe
have been attributed to slow relaxation brought about by a weak spin-spin interaction between
well-separated Fe3+ ions that are properly incorporated into the Al sub-lattice [12]. This issue
will be investigated further at lower temperatures where slower relaxation should result in a
more sharply defined magnetic sub-spectrum.

(a)
Fig. 2. Room temperature
57
Fe-Mössbauer spectra
recorded for LiGa5O8: Fe3+
with (a) 0.6 % enriched 57Fe,
and (b) 5 % natural Fe.

(b)

Table 1. Fitted 57Fe-Mössbauer parameters for the two LiGa5O8: Fe spectra.
Theoretical point charge model (PCM) estimates of the quadrupole
interaction parameters are included for ease of comparison.
Intensity
[%]

δα-Fe
[mm/s]

PCM calculations
Ga1 (12d-site) - Octahedral, B
Ga2 (8c-site) - Tetrahedral, A
Ga3 (4b-site) - Octahedral, B
Experimental
(a) 57Fe 0.6% enr:
Magnetic sextet
Doublet
(b) Fe 5% nat:
Doublet
(a)
(b)

Vz′z′
[1021 V/m2]

η′

ΔEQ
[mm/s]

-2.70
+0.16
-2.87

0.36
≈0
≈0

0.46
0.03
0.48

31.3
68.6

0.33
0.30a

≈0
0.53a

100

0.30a

0.49a

Weighted mean over the four superimposed component doublets (see text)
Peak magnetic hyperfine field for the relaxation broadened magnetic sub-spectrum
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For Fe3+ in oxides, it is a useful observation that the isomer shift measured relative to
α-Fe (referred to as δα-Fe in Table 1) tends to fall in the sub-range of 0.17 - 0.21 mm/s for
tetrahedral coordination and 0.33 - 0.37 mm/s for octahedral coordination [13,14]. From
Table 1, the mean experimental isomer shift value (for the broadened doublet) is 0.30 mm/s,
which sits well above the range for tetrahedral coordination and is more consistent with the
majority of Fe3+ ions substituting for Ga at the octahedral (B) sites. Consideration of the mean
experimental quadrupole splitting, ΔEQ, leads us to the same conclusion. Point charge model
(PCM) summations over nearest-neighbour O2- ligands (4 and 6 for tetragonal and octahedral
sites, respectively) were employed to estimate the unshielded electric field gradient (efg)
tensor and the asymmetry parameter, η, at all three Ga sites. The quadrupole splitting
1
2

1

1

3

was then calculated using an 57Fe quadrupole moment of Q ≈ +0.16 b [15], and an antishielding factor of (1-γ∞) ≈ 10.5 [16]. The ΔEQ estimates are summarised in the first rows of
Table 1 where it is evident that the range of 0.46 – 0.48 mm/s estimated for the octahedral (B)
sites is in much closer agreement with the mean experimental value of 0.49 mm/s. By
contrast, the PCM estimate for the tetrahedral (A) sites is effectively zero.
4.

Conclusion
According to the 57Fe-Mössbauer results presented here, the Fe3+ ions doped into low
temperature phase LiGa5O8 enter the lattice predominantly at the Ga octahedral (B) sites.
This supports the proposal of O’Connor et al. [8] that photoluminescence is more sensitive to
the smaller population of Fe3+ ions in the tetrahedral (A) sites.
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Simulation of Energy Dispersive Mode for RITA-type Cold Neutron Triple
Axis Spectrometer SIKA
G. Denga*, P. Vorderwischb, C-M. Wub, G. McIntyrea and W-H. Lib
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SIKA, a high flux cold triple axis spectrometer at OPAL reactor, is equipped
with a 13-blade analyser and position sensitive detector. This multiplexing
design endows SIKA with high flexibility to run in either traditional or
dispersive modes. In this study, the energy dispersive mode for two different
energy transfers is simulated using the Monte Carlo ray-trace package
SIMRES. The results show that SIKA could work effectively in this mode at
low and intermediate energy transfers with reasonable energy and Q
resolution. The simulated energy resolution is about 0.23 meV for an energy
transfer of ħω = 5 meV and increases to 1.8 meV for ħω = 15 meV. This work
provides a valuable reference for future inelastic neutron scattering
experiments on SIKA.

1.

Introduction
A triple-axis spectrometer (TAS) is a powerful tool to investigate quasi-particle
dynamics in condensed matter, such as phonon and magnon excitations [1]. Most of the TAS
currently used are of traditional design with single detectors, allowing (q, ћω) space to be
detected only step by step. Since only a small fraction of the scattered beam is detected at one
step, this design is inefficient in data acquisition, especially when the interesting (q, ћω) space
is large. In recent years, considerable effort has been directed at designing and building new
types of TAS, capable of detecting series of points in (q, ћω) space simultaneously. For
example, RITA-1 at Risø, BT7 and SPINS at NIST are such unconventional TAS (they are
also referred to as “RITA-type TAS”), which have been implemented and used for a variety
of experimental tasks. Their common feature is that they have a multi-blade analyser and
position sensitive detector (PSD). Each blade on the multi-blade analyser is able to rotate
independently to any specific angle, which allows detectors to collect the scattered neutrons in
a rather large range of reciprocal space (Q) or energy transfer (ħω) at the same time.
SIKA is a high flux RITA-type cold neutron TAS, mounted on the reactor face of the
OPAL reactor of the Australian Nuclear Science and Technology Organization (ANSTO).
The design of SIKA is based on BT7, the double focusing thermal neutron TAS at NIST. The
secondary spectrometer of SIKA is composed of a multi-blade analyser, including 13 PG(002)
blades, a linear PSD, and a separate single detector. It can operate in a traditional step-by-step
mode by using the single detector or several multiplexing modes with the PSD (e.g. focusing
analyser mode, q dispersive modes and energy-dispersive modes). Theoretically, the
multiplexing operation modes can be realized in many different ways with various collimatorblade-detector configurations. The basic idea is to extend the Q or energy detecting range
with one scattering configuration by driving the analyser blades to a series of specific angles
and combining the efficiency of the PSD, to improve the data acquisition efficiency.
The energy-dispersive flat analyser mode (E1 mode [2]) is one of the most frequently
used operation modes for RITA-type TAS. This operation mode can quickly survey a large (q,
ћω) space of the sample by mapping series of Q and energy transfers. We expect that half of
TP10:1

PROCEEDINGS - 36th ANNUAL CONDENSED MATTER AND MATERIALS
MEETING, 31 Jan. -3 Feb. 2012. Wagga Wagga, NSW, Australia

the experiments on SIKA will be run with this mode in the future. Clausen et al. [3]
demonstrated the excellent performance of RITA with a factor of approximately 2-5 intensity
gain. In this study, we simulate the E1 mode for the configuration of SIKA by using the raytracing Monte Carlo method. At two different energy transfers (5 meV and 15 meV), the
resolution functions have been calculated for each blade. The simulation presents detailed
information about the resolution of each blade and overlapping (cross-talk) of different
analyser-detector channels, very useful for future experiments on SIKA.
2.

Simulation details
The simulations were conducted using the Monte Carlo ray-trace package SIMRES,
which is a sister software of Restrax by J. Šaroun [4]. The simulation was done on a dummy
sample of a cubic structure with a = 6.28 Å. The geometric configuration for the neutron
source, guide and slits and collimators are from SIKA with some minor simplification. The
pre-monochromator, pre-sample and after sample collimators are 40'/40'/40', respectively. The
simulated experiment was done at the sample reciprocal lattice vector τ. SIKA will operate
with two types of filters (Be and PG) for suppression of the second order signals. Therefore,
two energy transfers (5 and 15 meV) close to the limits of Be- and PG-filtering , repectively,
are used for the simulations. Table 1 details the simulation parameters employed.
Table 1. Parameters for the simulations for energy transfers of 5 meV and 15 meV.
ħω
5 meV
15 meV

Mosaicity
Monochromator Analyser
30'
30'
30'
30'

Ki(Å-1)

Kf(Å-1)

τ(Å-1)

2.04
3.78

1.32
2.66

1.55
1.55

3.

Results and discussions
The instrumental configuration of the so-called energy dispersive mode is shown in Fig.
1(a). The analyzer blades keep flat like a traditional unfocused single analyzer, sitting at a cutoff angle A2. The most important difference between the traditional mode and the E1
operation mode is the radial collimator between sample and analyser. In E1 mode (Fig. 1(b)),
the radial collimator differentiates the energy of neutrons impinging on different analyser
blades, which reflect the neutron beam to different sections of the PSD. Here we adopted
linear post-sample collimation (40') for simulation since each blade is simulated
independently. In Fig. 1(c), the scattering triangle in reciprocal space for E1 mode clearly
shows that Kf slightly rotates when considering each blade as the analyser. The modulus of Kf
changes as well in order to close the scattering triangle. Thus, both energy transfer ћω and Q
will change from one blade to its neighbours. Finally, we should see a series of resolution
functions as shown in Fig. 1(d). Such results are not straightforward for a single point because
they are dispersive in both energy and Q. However, when mapping a (q, ћω) space of samples,
the advantage of this operation mode becomes obvious due to its time efficiency.
In the E1 mode, the divergence angle, δi, which is the angle between beam to the ith
blade and the central blade from the sample, is given by


δ i = arctan  d i * sin(

A2 
A 
) /  LSA − d i * cos( 2 )  
2 
2 

(1)

where LSA is the distance between sample and analyser, di is the distance of the ith blade from
the centre, A2 is the take-off angle of the analyser. The diffraction angle for the ith analyser
blade is A2/2+ δi, which defines Kf of the outcoming beam for this blade. The angle between
Ki and Kf are defined by S2 + δi, where S2 is the sample take-off angle.
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Fig. 1 (a) Configuration of analyzer and detector for E1 mode; (b) Schematics of scattering and detection system
in E1 mode; (c) Scattering triangle; (d) Schematic resolution function projected on ħω-Q┴ and ħω-Q// planes.

3.1

Simulation for an energy transfer of 5 meV
Fig. 2 shows the simulated results for the energy transfer of 5 meV, which is most
widely used for cold neutron TAS experiments. Fig. 2(a) and (b) are the resolution functions
projected on the ħω-QX and ħω-QY planes, where QX and QY are the Q components
perpendicular and parallel to τ, respectively. For SIKA, there are 13 blades on the analyser
stage. We selected each second blade to be shown in these figures to avoid overlapping each
other. As we can see from these figures, the resolution function from each blade has a quite
similar ellipsoid shape. The dispersion in energy and Q can be clearly seen in these results.
From lower to higher QX, the resolution function gradually shifts to the higher energy. For QY,
the trend is reversed, but with more elongated ellipsoids. And those ellipsoids are nearly
separated from one another for the seven blades. In the case of 13 blades, the signal on the
PSD will have cross talk between neighbouring blades. A further linear collimator between
the analyser and the detector may be adopted to reduce the cross talk. The full width at half
maximum (FWHM) in the energy scale is around 0.23 meV (see Fig. 2(c)) for the central
blade, which means ≈ 4.5% of the energy transfer at this configuration, comparable with other
instruments [5]. The simulated results show that the design of SIKA theoretically provides an
applicable high resolution and time efficiency for experiments under the energy dispersive
operation mode due to the multiple parallel data collecting channel.
3.2. Simulation for an energy transfer of 15 meV
Fig. 3 shows the simulated results for the energy transfer at 15 meV, which is the high
energy end of the cold neutron TAS instrument. The results are presented in the same way as
for Fig. 2. The elongated resolution ellipsoids in Fig. 3 (a) and (b) dispersed in a larger energy
range. The resolution function deteriorates in the ħω-Q┴ space and shows obvious
overlapping because of the increase of the energy transfer (correspondingly, both Ei and Ef
increase). Provided that there exists software to directly handle arrays of 2D data from PSD,
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the E1 operation mode for reciprocal space mapping is still applicable for this relatively high
energy range, keeping the time efficiency. The FWHM in the energy scale is around 1.77
meV (see Fig. 2(c)) for the central blade, around 12% of the energy transfer. [5]

Fig. 2 Resolution maps in the (a) ħω-Q┴ and (b) ħω-Q// planes and
(c) the resolution profile at low energy transfer of 5 meV

Fig. 3 Resolution maps in the (a) ħω-Q┴ and (b) ħω-Q// planes and
(c) the resolution profile at higher energy transfer of 15 meV
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Meta-stable Magnetic Exchange Spring States with Negative Coercivity in
DyFe2/YFe2 Multilayers
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The properties of magnetic exchange springs states in epitaxial-grown (110)DyFe2/YFe2 multilayers, with a1/4 ratio, for fields directed along a hard [ 1 10]
magnetic axis, are presented and discussed.

1.

Introduction
It is known that YFe2 dominated exchange spring DyFe2/YFe2 multilayers exhibit
negative coercivity. In the presence of a high magnetic field, directed along an easy in-plane
Dy [001]-axis, magnetic exchange springs form in the soft YFe2 layers. Here the net magnetic
moment is maximized because the Dy magnetic moments and those of the Fe atoms in the
YFe2 springs act in unison. However as the field is reduced, the YFe2 springs unwind leading
to a man-made net AF state in zero-field, with a negative magnetic moment [1].
Recent measurements on a [DyFe2 (40Å) / YFe2 (160 Å)] x 40 multilayer with a one-tofour ratio, at 50-100 K, with the field applied along a magnetically hard [ 1 10] in-plane axis,
show remarkably similar magnetization curves to those obtained along the easy [001] in-plane
axis, despite out-of-plane behaviour [2]. This can be understood in terms of a strong local
minimum in the anisotropy surface of the Dy3+ atom lying near an out-plane [010]-axis (θ ≈
45°). Such an interpretation is supported by (i) neutron studies [2] and (ii) micro-magnetic
simulations of the exchange spring system, given below. But, although the magnetization
curves are almost identical, the two spin-configurations are very different.
2.

Sample preparation
Details of the MBE crystal growth of the REFe2 films have been given by [3,4]. The
films are grown epitaxially on polished sapphire (112 0) substrates, coated initially with Nb
and Fe seed layers. At 900 °C the Fe alloys with the Nb to form a Nb/Fe alloy which acts as a
template for the REFe2 layers. The DyFe2 and YFe2 layers are subsequently grown a-top the
Nb/Fe layer at a temperature of 600 °C. Finally, on cooling down to room temperature, the
films become uniformly strained due to substrate clamping. This occurs because the sapphire
has a lower thermal expansion coefficient than that of the REFe2 film. The contraction is
along the (110) film growth-axis, giving rise to a shear strain εxy = -0.55 % [5].
3.

Results
The magnetization loop for a [DyFe2 (40Å) / YFe2 (160 Å)] x 40 multilayer can be seen
in Fig.1. This was obtained at a temperature of 50 K with the field applied along the hard inplane [ 1 10] -axis. A similar result is obtained at 100 K, but with a reduced switching field.
Rather surprisingly, the magnetic loop is almost identical to that obtained for fields applied
along an easy in-plane [001] axis [1]. Nevertheless, as we shall demonstrate, the spinconfigurations in the two cases are very different.
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Fig. 1 Magnetization curve for [DyFe2 (40Å) / YFe2 (160 Å)] x 40 multilayer
at 50 K for a field applied along a hard in-plane [ 1 10] axis.

4.

Micro-magnetic simulations
Details of the micro-magnetic program used to compute the magnetization curves
shown below can be found elsewhere [6]. The I/P parameters such as Fe and Dy magnetic
moments, anisotropy parameters and magnetic exchange fields, all as a function of
temperature, can also be found elsewhere [7-9]. It should be noted that all the parameters used
have been obtained from other experiments. They have not been manipulated to fit the
magnetization data shown above.
The computed magnetization curves for the situation depicted in Fig. 1 can be seen in
Fig. 2. From a comparison between Fig. 1 and Fig. 2, it will be seen that the agreement is very
reasonable.
3
2

MY
ΜB  f.u.
50 K

1
0
1
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Fig. 2 Computed magnetization curve at 50 K
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Nonetheless, as stated earlier, the two spin-configurations are very different. Examples can be
seen in Fig. 3(a,b), in an applied field of 8 T. For the [ 1 00] -field results, the spins form a
simple AF state where the spins are all confined to the plane of the film. However for the
[ 1 10] results, the Dy spins point out of plane, taking advantage of an out-of-plane [010] axis.
Note the ‘spring’ in the YFe2 layer, as the Fe spins strive to align themselves with the
magnetic field.

Fig. 3 Schematic representations of the spin-configurations for fields applied along the (a) [ 1 10] and
(b) [00 1 ] axes, respectively, in a field of -8 T. The blue (red) arrows represent Dy (Fe) atoms, respectively.
The green arrows indicate the direction of the magnetic field.

To understand why the spin–configuration for fields applied along the [ 1 10] -axis are stable,
it is instructive to examine the anisotropy surface of the Dy3+ ion at 50 K, shown in Fig. (4). It
is immediately apparent from an examination of Fig. 4 that the [ 1 10] -axis represents a hard
magnetic axis at 50 K, even though there is a slight indention in the surface. However, it is
also obvious that the Dy spins can take advantage of an easy out-of-plane [010] cubic axis. In
practice, therefore the Dy spins become trapped in the [010] local minimum. Out-of-plane
behaviour is therefore inevitable. This is borne out by both neutron experiments [2], and the
micro-magnetic simulations of the magnetization loops, detailed above.
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Fig. 4 Crystal field anisotropy surface for the Dy3+ ion at 50 K and 100 K.
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In order to obtain a deeper understanding of the spin interactions between the
magnetic moments of the Tb-ions and the Mn-ions in multiferroic TbMnO3,
inelastic neutron scattering experiments (at the ILL in Grenoble and the Bragg
Institute at ANSTO) are performed on isostructural, non-multiferroic TbVO3.
Acoustic and optical magnon branches are identified at energies comparable to
the spin wave excitation spectrum of YVO3. In addition, a crystal field
excitation arising from the Tb-ions is identified at the energy of 14.9 meV.
This is substantially larger than the crystal field excitation at 4.5 meV in
TbMnO3.

1.

Introduction
Magnetism and ferroelectricity are both exciting physical properties and are used in
everyday life in sensors and data storage [1]. Magnetic order occurs when the magnetic spin
of the atoms are aligned in a periodic manner. Electric polarization is caused by a uniform
displacement of an electronic configuration in a well defined direction. Multiferroic materials
are materials where both properties coexist. They offer great potential for future technological
applications such as increased data storage capacity or novel sensors. In principal, data
storage capacity can be increased via the coexistence of electric and magnetic polarizations,
thus replacing the current 2-bit system with a 4-bit memory system [2]. In some multiferroic
materials, such as TbMnO3, the two order parameters (electric polarization and magnetic
order) are coupled. This allows for a direct switching of both properties. At present, the
underlying mechanism for this coupling is not fully understood.
TbMnO3 belongs to the class of orthorhombically distorted perovskites with the space
group Pbnm. This structure consists of a network of corner-sharing MnO6 octahedra with Tbions spaced between them. The octahedra are typically tilted and distorted, caused by the
Jahn-Teller effect. The room temperature lattice parameters are a = 5.30 Å, b = 5.86 Å and c =
7.49 Å [3]. TbMnO3 undergoes three magnetic phase transitions. Below 43 K the spins of the
Mn-ions exhibit an incommensurate sinusoidal magnetic structure. Upon further cooling the
spin structure changes at T = 25 K to a cycloidal spin structure where the spins rotate around
the a-axis, i.e. within the bc-plane [4]. This phase transition is accompanied with the onset of
the ferroelectric order. Finally, below 8 K the moments of the Tb-ions order ferromagnetically
along the b-axis with an additional antiferromagnetic coupling between nearest-neighbor Tbspins along the [110] direction [4]. In order to obtain a deeper understanding of the spin
interactions between the Tb-moments and the Mn-moments, we have performed neutron
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scattering experiments on the non-multiferroic material TbVO3. Both materials, TbMnO3 and
TbVO3, crystallize in the same three-dimensional perovskite crystal structure Pbnm, but
possess a different electronic configuration, i.e. there are two electrons in the 3d electronic
level of TbVO3 in contrast to four in TbMnO3. The spin structure of TbVO3 is C-type
antiferromagnetic below 110 K [5-8], whereas the Tb-moments exhibit a non-collinear order
below 11 K [8]. However, TbVO3 does not exhibit an electric polarization down to the lowest
temperatures.
2.

Experimental details
Large high quality single crystals of TbVO3 were grown by the travelling solvent
floating-zone technique using an infrared mirror furnace. Details of the growth process are
described by Miyasaka and Fujioka [5-7]. The inelastic neutron scattering experiments were
performed on the triple-axis spectrometers IN8 and IN22 at the Institut Laue Langevin in
Grenoble, France and at the instrument TAIPAN at the research reactor OPAL at ANSTO. A
pyrolithic graphite PG 002 monochromator and analyzer were used with a setting of the final
wavelength of kf = 2.662 Å-1. In order to suppress second order scattering, a PG-filter was
placed before the analyzer.
3.

Results
A contour plot of the inelastic neutron scattering data is presented in Fig. 1. The data
were taken along the (0,0,QL) direction starting from the zone centre (½, ½, 1) of the C-type
antiferromagnetic Brillouin zone. Note that, as in ref. [9], the pseudo-cubic notation with
a*=a/√2, b*=b/√2, and c*=c/2 is used. The data were taken at 40 K, a temperature where the
V-moments are ordered, but still above the magnetic ordering temperature of the Tb-sublattice. Three distinct branches are observed: a dispersive excitation between 5.0 meV and 12
meV, an intense and dispersionless excitation at 14.9 meV, and a weakly dispersive branch

Fig. 1: Contour plot of the inelastic neutron scattering data of TbVO3 along the (0,0,QL) direction of the C-type
antiferromagnetic Brillouin zone. The data were taken at a temperature of 40 K, i.e. within the C-type magnetic
phase of TbVO3, but well above the ordering temperature of the Tb-moments.
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Fig. 2: Temperature dependence of the inelastic neutron scattering spectrum spectrum of TbVO3 at
the centre of the magnetic Brillouin zone, i.e. at (½ ½ 1).

between 24.3 meV and 25.6 meV. In order to identify the different excitations, we have
investigated the temperature dependence of the inelastic neutron scattering spectrum at the
centre of the magnetic Brillouin zone at (½, ½, 1).
Fig. 2 shows the temperature dependence of the spectrum at the centre of the C-type
antiferromagnetic Brillouin zone. The peaks at 5.5 meV can be attributed to a spin wave
excitation. This mode completely disappears at the magnetic phase transition temperature of
110 K. Furthermore, the energy bandwidth of this mode is in accordance with that of the
acoustic magnon branch observed in YVO3 (see ref. [9]). The mode at 14.9 meV exhibits a
different behaviour. This excitation is dispersionless in energy, linewidth, and intensity.
Furthermore, the mode does not completely disappear above the magnetic phase transition.
Therefore, this mode cannot be associated with a magnetic excitation. A comparison with the
Raman light scattering data obtained on NdVO3 and LaVO3 indicates that the lowest energy
optical phonon modes should appear at an energy above 20 meV [10]. Thus, this mode cannot
be associated with a lattice vibration. Therefore, the excitation at 14.9 meV can be attributed
to a crystal field excitation arising from the Tb-moments. From its temperature dependence
the weakly dispersive mode between 24.3 meV and 25.6 meV can be attributed to spin
excitations. This energy is also in close to that of the optical magnon branch observed in
YVO3 which appears between 16 meV and 20 meV. A weak inelastic signal remains above
the magnetic phase transition temperature at an energy of 22 meV. This weak contribution can
be associated with the lowest energy optical phonon branch of TbVO3 and originates from the
vibration of the Tb-atoms.
The resulting dispersion relation of the excitation spectrum of TbVO3 is shown on the
left side of Fig. 3. For comparison, the spin wave dispersion and crystal field excitation
spectrum of TbMnO3, measured by Senff et al. [11], is shown on the right. The overall
magnon bandwidth of the acoustic magnon branch in TbVO3 is comparable to the spin
excitations in TbMnO3. As in YVO3, a splitting into an acoustic and an optical magnon
branch is observed. The presence of a magnon splitting served as the main argument for the
existence of an ‘orbital Peierls state’ in YVO3 [9,12,13].
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Fig. 3. Spin wave dispersion relation of TbVO3 taken at 40 K (left). The blue symbols can be associated
with spin wave excitations, whereas the black symbols correspond to phonons. The red symbols denote
excitations arising from a crystal field excitation of the Tb-ions. For comparison, the spin wave dispersion and
crystal field excitation spectrum of TbMnO3, measured by D. Senff et al. [11], is shown on the right.

4.

Conclusions
In conclusion, we have determined the dispersion relation of the excitation spectrum of
TbVO3. An acoustic and an optical magnon branch are identified at comparable energies as in
the spin wave excitation spectrum of YVO3. Furthermore, a crystal field excitation arising
from the Tb-ions is identified at an energy of 14.9 meV. This is substantially larger than the
crystal field excitation at 4.5 meV in isostructural TbMnO3. These data can serve as an
important input for future calculations of the crystal field excitation spectrum in both TbMnO3
and TbVO3 and can thus provide significant information about the electronic and magnetic
structures of both materials.
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Exploring Structural Oddities in Tin Cluster Compounds RuMSn6O8
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RuFeSn6O8 is among the very few known substances where Fe2+ is explicitly
located in a tetrahedral surrounding. This causes the iron deg valence band to
be filled with three electrons, which should result in strong lattice distortions.
Surprisingly, all phases RuMSn6O8 (M = Mn, Fe, Co) are stable paramagnetic
semiconductors. However, results from 57Fe Mössbauer spectroscopy and
scattering experiments do not allow a final answer about the crystal structure.
By using DFT calculations within the GGA+U approach the electronic and
magnetic properties have been described and a possible reason for the
inconsistencies in the experimental structure data found in an underlying local
monoclinic distortion.

1.

Introduction
Data obtained from single crystal, X-ray powder and neutron diffraction experiments
suggest that all RuMSn6O8 (M = Mn, Fe, Co) form cubic face-centered arrangements of
RuSn6 octahedra with MO4 tetrahedra filling up half of the tetrahedral vacancies analogously
to the zinc blende structure type (Fig. 1) [1]. However, these results suggest that there is no
structural distortion in face of the strong electronic driving force even at very low
temperatures, which seems unlikely.
In contrast to X-ray and neutron diffraction
experiments, 57Fe-Mössbauer spectra for RuFeSn6O8
indicate a distortion of the local coordination sphere in case
of the Fe compound. At temperatures above 56 K a sharp
singlet can be observed, which is consistent with the cubic
lattice at room temperature. However, below this
temperature the signal splits up into a doublet. The
quadrupole splitting increases as the temperature decreases.
This process is reversible without any hysteresis and
indicates a distortion of the local Fe coordination sphere
which, on the other hand, is invisible in scattering
experiments.
Fig 1. Crystal structure of
One possible explanation for this situation could be
RuMSn6O8 with
the so-called dynamical Peierl's distortion where, at
octahedra: RuSn6, and
sufficient temperatures, the system can switch between two
tetrahedra: MO4 (M = Mn, Fe, Co).
locally distorted states with approximately the same energy.
Under these conditions the differently distorted
surroundings do not become visible until the temperature is decreased. As soon as the thermal
energy is too small to allow rapid transitions more and more FeO4 tetrahedra become
statistically and independently trapped in either the one or the other state, which results in a
splitting of the signal into a doublet. However, scattering experiments cannot resolve the
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proposed statistical symmetry lowering as the measured signal is always averaged across the
whole crystal lattice.
This research is the first attempt to describe the electronic structure of RuMSn6O8 (M =
Mn, Fe, Co) compounds correctly. Spin-polarized GGA+U calculations within the LAPW
approach have been tested for their impact on the compounds’ DOS. The symmetry of the
lattice has been lowered from the original cubic structure to a monoclinic sub-structure to
explore the relations between crystallographic ordering and electronic structure.
It is also notable that RuFeSn6O8 can be counted among the number of Fe2+-containing
materials where a +U extension has been used to describe the strongly correlated Fe-d bands
correctly [2-4]. Calculations without this method always resulted in DOS where the
corresponding d-states appeared in the middle of what ought to become the band-gap and had
to be shifted to more reasonable energies.
2.

Computational Details
All calculations were performed with the LAPW method implemented into the Wien2k
program package [5]. The PBE functional with the +U extension was used and some
calculations were performed with magnetic ordering. The parameter Ueff was found to lie
between 0.5 Ry and 1.00 Ry (6.80 eV and 13.60 eV) to produce reasonable DOS. The
parameters R-MT, K-MAX and G-MAX were 7.00 and 12.00 for all calculations and the
number of k-points was set to be 200. All calculations were performed in the cubic structure
(SG F4-3m) and a monoclinic sub-structure (space group Cm). The original experimental
atomic positions and lattice constants obtained for the cubic structures were used in the
calculations without further optimization and were transformed into the monoclinic lattice.
3.

Results
Non-spinpolarised LAPW calculations of the cubic phases within the GGA/PBE and
GGA/PBE+U approaches always resulted in densities of states that predicted conducting
behavior of the materials, which is not in agreement with the experimental results (Fig. 2). In
an attempt to account for the hints given by 57Fe-Mössbauer experiments that at least a local
distortion seems to occur at temperatures below 57 K in case of RuFeSn6O8, self-consistent
spin-polarized calculations simulating a ferromagnetic state of the compounds in the cubic
lattice were performed.

Fig 2. DOS of RuFeSn6O8 in cubic structure
obtained from non-spin-polarised GGA+U
calculations (U = 0.5 Ry; J = 0 Ry).

Fig. 3 shows the DOS obtained from spin-polarized GGA+U calculations with Ueff = 1 Ry
(Mn phase) and 0.5 Ry (Co phase), respectively. These densities of states describe the
experimentally observed semi-conducting behaviour of the solid phases. One can see that the
metal d-bands are gradually filled in a high-spin fashion according to d5/Mn2+ (filled eg and t2g
majority spin bands) and d7/Co2+ (filled eg and t2g majority spin bands and filled eg minority
spin bands) ions. This clearly predicts semi-conducting behaviour with band gaps of around
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Fig 3. DOS of RuMSn6O8 in cubic symmetry obtained from spin-polarised GGA+U calculations.
Left: RuMnSn6O8, resulting in a ferromagnetic ordering of 5 μB magnitude (U = 2 Ry, J = 1 Ry were applied);
Right: RuCoSn6O8 resulting in a ferromagnetic ordering of 3 μB magnitude (U = 0.5 Ry, J = 0 Ry were applied).

2 eV for the manganese and cobalt phases. The latter is not found for the iron phase as spinpolarized GGA+U calculations in the cubic unit cell turned out to be very unstable. This can
be understood, as it is impossible to split up the unevenly filled d-eg band for the minority
spins.
In a second attempt the internal degrees of freedom were further increased by lowering
the symmetry of the structure from cubic to monoclinic, resulting in decoupling of all metal
d-bands. The DOS shows semi-conducting behavior for the iron phase with a band gap of
about 2.2 eV, which finally matches the expectations from experimental evidence. The
corresponding parameters used were U = 0.5 Ry and J = 0 Ry.
Fig. 4 shows the DOS of this calculation where the nicely dispersed iron d-bands, in both the
valence and the conduction band, can be seen. The magnetic moment of the phase was
calculated to be zero, implying a non-magnetically ordered structure. The sums over all

Fig 4. DOS of RuFeSn6O8 in monoclinic
symmetry obtained from spin-polarised
GGA+U calculations (U = 0.5 Ry; J = 0 Ry);
overall magnetic moment was calculated to be
zero.

11
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contributions to up and down spins are identical, even though the different d bands contribute
differently to the two situations. The Mn and Co phases showed the same qualitative behavior
of non-magnetically ordered semi-conducting materials.
4.

Conclusions
In this work the electronic structures of the compounds RuMSn6O8 (M = Mn, Fe, Co)
were explored with different quantum chemical methods. Discrepancies between the results of
57
Fe Mössbauer spectroscopy for Fe-containing phase on one hand and X-ray and neutron
scattering experiments on the other hand had already indicated a complex relationship
between electronic and spatial symmetry. One attempt to explain those findings is postulating
a dynamic Peierl's distortion of the FeO4 tetrahedra, which could be promoted by the unusual
d6-configuration of the Fe-atoms for the tetrahedral surrounding. The presence of a dynamic
Peierl's distortion assumes lowered underlying lattice symmetry than the cubic one that was
found in scattering experiments. Therefore one important aim of this work was to verify
whether it is possible to find solid evidence for this theory or not. In order to derive or
identify certain trends the DOS of the phases RuMnSn6O8 and RuCoSn6O8 were also
calculated.
In the cubic symmetry, GGA/PBE+U calculations resulted in the prediction of
magnetically ordered semi-conductors for M = Mn and Co. The Fe phase was predicted to be
a metallic conductor, which does not match the experimental results. Being aware of the
experimental hints towards a symmetry lowering, the same calculations were performed for a
monoclinic lattice. This resulted in the correct calculation of semi-conducting DOS for all
three phases. The calculations also no longer predict magnetically ordered materials. These
findings strongly support the idea of an underlying local symmetry of the compound, which
may not be cubic.
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Fe Mössbauer spectra were taken at room temperature, 78 K and 5 K for a
pure schwertmannite sample from Lomnice. All were satisfactorily fitted to
the sum of two components. A thermal scan gave a magnetic ordering
temperature of 109 K, the highest observed for this mineral.
1.

Introduction
Mankind has been mining sulphidic ores for at least 5000 years (the copper age) and the
effects of the subsequent acid sulphide oxidation can be seen in many areas. The minerals
which are precipitated depend on the local conditions, principally the pH, the redox potential,
Eh, and the concentrations [SO42-] and [Fe2+]. The principal outcomes are jarosite,
KFe3(SO4)2(OH)6, goethite, α-FeOOH, schwertmannite, approximately Fe8O8(OH)6SO4, and
ferrihydrite, approximately Fe5HO8.4H2O. The last two are always poorly crystalline,
producing poor XRD data, and Mössbauer spectroscopy is one of the best means of
identification, together with their characteristic colours (e.g. [1]). The schwertmannite sample
studied here was a particularly well-formed sample [2] from the Lomnice pit (locality 6) in
the Sokolov Basin, Czech Republic, where the effluent pH undergoes seasonal variation of
3.0-3.7.
Characterization of any natural or man-made material by Mössbauer spectroscopy
requires a set of spectra showing its possible variations, usually as a function of temperature.
In this paper, we present 57Fe Mössbauer spectra taken at the three common temperatures of
room temperature, 78 K and 5 K. The magnetic ordering temperature in the ferric
oxyhydroxides is also strongly influenced by the crystallinity, so it is of interest to determine
how high this may be in a well-crystallized sample.
2.

Results

2.1

Conventional Mössbauer Spectra
The room temperature Mössbauer spectrum is shown in Fig. 1 and is seen to be an
asymmetric doublet similar to, but even more asymmetrical than, that of ferrihydrite,
presumably due to the incorporation of the larger sulphate ions. The asymmetry is caused by
the range of environments in which the Fe3+ ion can be found. Although octahedrally
coordinated to oxygen ions, these oxygen ions can be a simple O2-, or part of H2O, OH-, or
SO42- entities. There are thus a great many possible [FeO6] arrangements, with each one
having its own isomer shift (IS) and quadrupole splitting (QS). In such circumstances, there is
commonly a correlation between the IS and the QS which causes the composite spectrum of
all these individual subspectra to be asymmetrical.
The spectrum has been fitted, using Voigtians, to two quadrupole split doublets (Fig. 1)
and the parameters are given in Table 1. An alternative fit to one doublet with a correlation
between the IS and QS did not produce as good a fit.
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Fig. 1. Room temperature Mössbauer spectrum of schwertmannite sample showing the fit
to two Voigtian doublets. The top line shows the difference between the data and the fit

Table 1. Parameters from least squares fit to the room temperature spectrum.
Doublet
1
2

IS (mm/s)
0.39(1)
0.37(1)

QS (mm/s)
0.89(8)
0.62(9)

σ(QS) (mm/s)
0.18(4)
0.09(1)

Area (%)
35
65

Г (mm/s)
0.30
0.30

The spectrum at 78 K (Fig. 2) shows strong evidence of magnetic ordering but does not
give a clean sextet. In the original paper on the identification of schwertmannite [3], it was
noted that there was a distribution of ordering temperatures due to variation in crystallinity,
but this spectrum appears to have magnetic relaxation as well. The fit shown has used three
doublets and a broad line to approximate the spectrum, from which the maximum probability
hyperfine field has been estimated to be 34.6 T.

Fig. 2. Mössbauer spectrum at 78 K of the schwertmannite sample.
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The spectrum at 4.2 K (Fig. 3) shows complete sextet structure indicating that the
sample is now completely magnetically ordered. However, as in the room temperature
spectrum, there is a range of hyperfine parameters, making the spectrum quite difficult to fit.
Consistent with the room temperature spectrum, it has been fitted to two sextets with Voigtian
lines, each sextet having separate correlations between the IS and the hyperfine field (HFF),
δ1, and the QS and HFF, ε1. The parameters are given in Table 2.

Fig. 3. Mössbauer spectrum at 5 K of the schwertmannite sample.

Table 2. Parameters from least squares fit to the 5 K spectrum.
<IS>
mm/s
0.47
0.48

δ1
mm/s
-0.09
-0.03

<QS>
mm/s
-0.11
-0.08

ε1
mm/s
0.23
0.03

HFF
T
45.3
45.0

σ(HFF)
T
1.3
7.0

Area
%
59
41

Г
mm/s
0.73
0.73

2.2. Thermal Scan
Because there is a strong overlap of the source line with the left hand line of the
quadrupole split doublet, a series of counts, each taken for a fixed time as the temperature is
changed, will show a slowly varying count rate due to the thermal shift, punctuated by a much
more rapid change as the sample starts to become magnetically ordered and the spectrum
splits out into a sextet.
A thermal scan was run over the range from room temperature down to 80 K, as shown
in Fig. 4. Both the high temperature and low temperature sections are well fitted by a linear
relation and the intersection of these lines occurs at 109 K, which we take to be the magnetic
ordering temperature. This is comparable to the highest known ferrihydrite ordering
temperature, which is close to 115 K [4].
3. Discussion and conclusions
The spectra observed here are similar, but not identical, to those previously published.
The room temperature spectrum is well fitted to the two Voigtian doublets, without a
correlation between the IS and QS, but a single IS-QS correlated doublet was not so
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successful. There is a reasonable consistency between the relative areas of the two
components of the room temperature (65%:35%) and 5 K spectrum (59%:41%) and that of
the original investigation [3] of approximately 60%:40%. However, there is, as yet, no real
understanding of the origin of these two components, in terms of possible different sites, or
whether it simply provides sufficient parameters to fit the spectra. In this investigation, there
seems to be some difference in the parameter range of the two sites as measured by the
standard deviations of the QS and HFF, a distinction which does not seem to have occurred
with previous samples.

Fig. 4. Zero velocity thermal scan of the schwertmannite sample showing
the magnetic ordering temperature at 109 K.

We note that the peaks in the 5 K spectrum seem less “pointy” than those in [3] and also
some other published spectra, but the reason for this is not clear. Rounding of the peaks is
usually indicative of a broader distribution of parameters. This sample has the highest
magnetic ordering temperature yet measured for schwertmannite, and this shows it to
probably be the most crystalline and yet the HFF values in Table 2 are slightly smaller than
those in ref. 2. However we must be careful to distinguish between crystallinity and
homogeneity, the latter being responsible for parameter broadening. It may be that the
seasonal range of pH which occurs during formation results in an annual variation in the SO42concentration in the material. Additional problems arise from the existence of structurally
incorporated and adsorbed SO42-, removal of the latter being complicated by the fact that
recurring washing may also affect structural SO42-.
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Quantitative Determination of Phases Using Mössbauer Spectroscopy
and X-ray Diffraction: A Case Study of the Fe-Ti-O System
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School of Physical, Environmental and Mathematical Sciences,
The University of New South Wales, Canberra, ACT 2600, Australia.
The relative advantages and disadvantages of x-ray powder diffraction and
Mössbauer spectroscopy are considered for the investigation of mineral
refinement processes involving the Fe-Ti-O system and the production of
synthetic rutile. Particular emphasis is directed at issues related to the
identification and eventual quantification of Ti-rich, Magnéli phases.
1.

Introduction
Mineral beneficiation relies on quantitative knowledge of phases present in the process
streams. This information is necessary for effective optimisation of the unit operations that
constitute the flow-sheet to upgrade the mined ore. Often x-ray fluorescence is used to obtain
elemental information which, by proxy and known associations, assists the metallurgists to
estimate the mineral processing performance. When more accurate mineral phase information
is sought, x-ray powder diffraction (XRD) is the technique that is traditionally used.
However, where some or all of the phases contain iron, 57Fe-Mössbauer spectroscopy is a
particularly useful mineral phase analysis technique [1] that complements XRD. This paper
will consider the relative advantages and disadvantages of XRD and Mössbauer spectroscopy
for the quantitative investigation of processes involving the Fe-Ti-O system.
2.

Background
A simplified representation of the sequence of processes employed for the extraction of
rutile (TiO2) from mineral sands is shown schematically in Fig. 1.
Mineral
sands

“Reduced
ilmenite”

(TiO2/Fe)

Separation
(gravity, magnetic
& electrostatic)
Leach &
cyclone

“Ilmenite”
(mix of
Ti-Fe-oxides)
“Synthetic rutile”
(ideally 93 –
96 % ) TiO2

Rotary kiln
(reduction)

Chloride
process

Pigment
quality
TiO2

Fig. 1. Simplified representation of a typical process for production of TiO2 from West Australian mineral sands.

In a previous study [2], samples were taken at positions along a rotary kiln and we employed
XRD and Mössbauer spectroscopy to monitor the evolution of the mineral phases during the
reduction stage. In that investigation, the “ilmenite” feed material was predominantly
pseudorutile (Fe3+2Ti3O9) and the “reduced ilmenite” product was predominantly rutile (TiO2)
with metallic iron. As shown in Fig. 2, the rutile production was found to proceed via the
reduction of the Fe3+ to metallic Fe through the intermediate production of ilmenite
(Fe2+TiO3) and ferrous pseudobrookite (Fe2+Ti2O5). Mössbauer spectroscopy is particularly
well suited for the determination of the Fe valence state via the fitted isomer shift. It
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XRD (solid lines) results from ref [2]
for a reduction kiln producing
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(a) Comparison of techniques for the
iron-based phases
(b) XRD analysis of all phases,
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also provides a “clean” spectrum for pseudorutile, a phase whose XRD pattern is notoriously
broadened and difficult to analyse [3]. The advantage of XRD is that it yields component
patterns for all phases (including the rutile phase), regardless of whether they contain Fe.
Very good quantitative agreement was achieved between the Mössbauer and the XRD-derived
data, allowing for constant multipliers of the Mössbauer data for each Fe-bearing mineral
phase (Fig. 2(a)). The lower graph (Fig. 2(b)) shows the full XRD data analysis, which
reveals the evolution of the rutile (TiO2) in the final stages of the kiln.
We recently revisited the ilmenite reduction process with the same rotating kiln
operated under much different conditions, aimed at producing “reduced ilmenite” with an
increased overall Ti content and greater throughput. These new results are considered below.
3.

Results and discussion
Samples were supplied with sieved particle size ≤ 250 μm and further ground for both
the 57Fe Mössbauer and XRD (Cu Kα) measurements which were all conducted at room
temperature. All Mössbauer spectra were recorded with the same absorber thickness of 31-33
mg/cm2 of specimen material. In this new work, the phase analyses were confined to “reduced
ilmenite” (RI) and “synthetic rutile” (SR) samples (framed in red on the simplified
representation in Fig. 1).
Representative Mössbauer spectra are shown in Fig. 3(a) with their corresponding XRD
patterns immediately to their right in Fig. 3(b). As expected, the dominant component of the
RI Mössbauer spectra is the six-line sub-spectrum of metallic Fe. For the SR spectra the Fe is
still dominant but its signal has now dropped from approximately 12% to 1.2%, indicating
that the leaching process (Fig. 1) has removed about 90% of the metallic Fe. This reduction
in metallic Fe content reveals a number of additional less prevalent sub-spectra associated
with a range of iron-containing phases. The advantage of Mössbauer spectroscopy is that
complex superpositions of sub-spectra can be analysed into a self-consistent suite of singlets,
quadrupole-split doublets and magnetic-split sextets, which can then be identified from the
literature. The parameters for these sub-spectra are constrained to physically realisable values.
Using this approach, small quantities of magnetite, cementite, ferrous pseudobrookite and
ilmenite have so far been identified and their relative quantities determined.
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Rutile
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Fe

RI
19A

(b)

RI

SR

Intensity [total counts]

Fe

RI
21A

SR
22B

Region
M

SR
26B
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Fig. 3. Representative Mössbauer spectra (Fig. 3(a)) and x-ray diffraction patterns (Fig. 3(b)). Samples ‘B’
(synthetic rutile, SR) are derived from samples ‘A’ (reduced ilmenite, RI) after further chemical processing
aimed at leaching out the metallic iron (refer to Fig. 1). The clutter that develops in “region M” is believed to be
associated with Ti-rich Magnéli phases.

However, the majority phases of the RI and SR specimens are necessarily titanium
based, non Fe-containing phases that are only able to be analysed using XRD. The XRD
patterns shown in Fig. 3(b) are representative of the patterns recorded across all of the RI and
SR samples. The removal of the Fe (in SR compared with RI) is evident as a reduction in the
intensity of the Fe reflection at 2θ ≈ 45°. However, of more significance is the variation
observed in the key range of 27˚ ≤ 2θ ≤ 30˚ (region M) which is expanded in Fig. 4(a) on the
next page and ranges from a single, well-defined rutile reflection (top pattern) through to a
more complex situation in the lower three patterns where the “rutile” reflection is reduced in
intensity and cluttered by additional so-called Magnéli phase reflections [4]. Because of its
unexpected higher relative intensity, one of these additional reflections is almost certainly
superimposed upon the ferrous pseudobrookite reflection at 2θ ≈ 25.5°.
The Magnéli phases are a suite of super-lattice derivatives of the rutile structure
resulting from systematic oxygen vacancies. They have stoichiometries TinO2n-1 where n ≥ 4
and, in the limit of large n, the stoichiometry approaches that of rutile. The Magnéli phases
form in the higher temperature reducing kiln conditions that are required to produce synthetic
rutile of higher grade (i.e. higher titanium content) at commercially reasonable throughputs
and were not observed for the kiln conditions prevailing in the previous study [2]. Although
Magnéli diffraction lines are also present for larger 2θ, these are less intense than for the
region M.
Unlike Mössbauer spectroscopy which probes the chemical environment of the Fe atom,
an XRD pattern is the product of the symmetry, atomic positions and lattice spacings of the
crystalline structure. The XRD sub-patterns associated with the Magnéli phase(s) cannot be
fitted unless their crystal structures are known. The region M is often interpreted as the
superposition of several Magnéli phase sub-patterns. However, in this case (refer to Fig.
4(a)), the additional diffraction peaks appear to be reasonably well defined. In an effort to
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(b)
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30
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28
26
24
22
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8

12

Magnéli phase index, n

SR
26B

2θ [deg]
Fig. 4. (a) Expanded view of region M for the XRD patterns in Fig. 3(b), showing the ferrous pseudobrookite,
rutile, and ilmenite reflections in the presence of unidentified Magnéli phase reflections. (b) Extrapolation to
higher index, n, of Magnéli phase peak positions (open circles) for n = 4 - 9. The vertical broken line indicates
that the most likely intercept with our current experimental positions (open rectangles) is for 11 ≤ n ≤ 12.

identify the phase(s) present, the 2θ positions for the relevant quartet of Magnéli phase
reflections with n = 4 – 9 were taken from the original structural refinement work of
Andersson et al. [4] and extrapolated. As shown in Fig. 4(b), it is possible that the Magnéli
reflections observed here in region M then correspond to a single Magnéli phase with 11 ≤ n ≤
12. Unfortunately, the detailed structures for the Magnéli phases with n > 9 appear not to have
been published (at least they are not provided in the Pearson data base [5]). The next
challenge is therefore to locate sources of the crystal structure for TinO2n-1 with higher n
values and conduct a quantitative phase analysis of all the XRD patterns.
4.

Conclusions
The ilmenite reduction process investigated earlier [2] was found to produce a relatively
simple conglomerate of rutile and metallic iron, together with lesser amounts of ilmenite and
ferrous pseudobrookite. However, for the different (higher Ti grade / higher throughput)
reduction conditions considered here, the rutile appears mostly to be replaced by a single
titanium-based Magnéli phase, TinO2n-1, with 11 ≤ n ≤ 12. As for the earlier investigation,
57
Fe-Mössbauer spectroscopy proved to be a powerful tool for the identification and
determination of the relative masses of the Fe-bearing phases, leaving only the remaining
titanium oxides (rutile and the Magnéli phase) to be identified using XRD.
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Alternative Experimental Protocol for a PBR-Like Theorem
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Pusey, Barrett and Rudolph (PBR) have shown that “distinct quantum states
must correspond to physically distinct states of reality.” The PBR protocol is
adapted here to apply to three states rather than two. Only two sources are
required and spin-spin interactions are sufficient for a weaker PBR-like result.
1.

Introduction
Recently Pusey, Barrett and Rudolph (PBR) [1] proved a significant new constraint on
the interpretation of quantum states. Their result “may be the most important general theorem
relating to the foundations of quantum mechanics since Bell’s theorem” [2] or at least in “the
past couple of years” [3]. On one view, e.g. expressed by Bohr and Heisenberg at times, a
quantum state u provides a means of calculating the probabilities of macroscopic events and
cannot be related to properties of physical systems at the quantum level. PBR is not relevant
to that interpretation of u . Another view (the “statistical” interpretation of quantum
mechanics), e.g. expressed by Einstein, likens u to a probability distribution u(x, p) of
states in phase space in classical physics. The idea is that experimental outcomes are
determined by a physical state, traditionally represented by λ . We do not have access to λ
but only to u which is associated with a distribution u( λ ) over the λ and this is why u
determines only the probabilities of experimental outcomes.
PBR show that this statistical interpretation of u is untenable. The PBR result involves
two quantum states u and v . If u v

2

≤ ½, N = 2 independent sources of the states are

2

sufficient but as u v → 1 , N → ∞ . The PBR protocol also requires an N-bit entangling
gate operating without post-selection. We show that a weaker PBR-like conclusion can be
achieved without requiring an entangling gate and needing only N = 2 .
2.

Basis of the PBR theorem
We will be concerned with up to three quantum states u , v and w in Hilbert space.
According to the statistical interpretation (assumed to be correct in this section), there are
three associated distributions u( λ ), v( λ ) and w( λ ) over the space Λ of the physical states
λ . As shown in Fig. 1(a) and (b), two distributions u( λ ) and v( λ ) may be (i) “disjoint” so
that no state λ lies in the support of both u( λ ) and v( λ ) or (ii) “conjoint” in the sense that
one or more of the physical states λ lies in the support of both u( λ ) and v( λ ), respectively.
For observable Û with Û u = u u , a measurement of Û on the state v will
sometimes yield the outcome u if v u ≠ 0 . On the statistical interpretation, both u( λ ) and
v( λ ) might contain some of the physical states from the set {λ }u which lead to the result u,

i.e. u( λ ) and v( λ ) might be conjoint. PBR show the statistical interpretation is untenable by
proving, in our terms, the Two-State (PBR) Theorem: The distributions u( λ ) and v( λ ) of any
two states u and v in quantum mechanics are disjoint.
To avoid the experimental difficulties with the PBR protocol (see Sec. 1), we prove,
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Two states
(a) u and v disjoint
u

Three states
(c) u, v and w disjoint
(d) u conjoint v with but not w
v

v

(b) u and v conjoint

u

w

(e) u conjoint with w but not v

(f) u conjoint with v and w

Fig. 1. The possible “joining” relationships for two states and the relevant cases for three states.

using an experimentally simpler protocol, a weaker result than PBR involving three states that
we will call the Three-State Theorem: For any two states u and v , there are two states

wn , n = ± , in the 2D subspace spanned by u and v with u w+ ≠ 0 and v w− = 0 , and

if u( λ ) is conjoint with v( λ ), u( λ ) is disjoint with both w+( λ ) and w-( λ ).
We now present the idea of the PBR proof modified to deal with our three-state
theorem. Consider an experiment in which Alice prepares a system in the state u A or v A

with corresponding distributions uA (short for u A (λ ) ) and vA which are conjoint. Bob
independently prepares a system in the state u B or w B with corresponding distributions
that are also conjoint ( u

B

is the same state in Bob’s space as u

A

is in Alice’s space;

w ≡ w+ and w ≡ w− require entirely different experimental set-ups, see Sec. 3). The
joint distributions are uA uB , uA wB , vA uB and vA wB . Fig. 1(c-f) show the “join” possibilities
that are relevant to the present argument. Consider an experiment with four outcomes: R1 ,
R2 , R3 and R4 in which uA uB never gives R1 , uA wB never gives R2 , vA uB never gives R3
and vA wB never gives R4 - call this Property PBR. Consider a run of the experiment in which
the physical state λ A of Alice’s system lies in the join region of u A and vA and λ B of Bob’s
system lies in the join of u B and w B . Given the preparations of Alice and Bob are
independent, the joint state λ = λ A λ B so it is possible that sometimes the joint state lies in the
support of all four distributions uA uB , uA wB , vA uB and vA wB . Because of Property PBR, if λ
lies in the support of wA wB it cannot lead to outcome R1 , if λ lies in the support of wA vB it
cannot lead to outcome R2 and so on for R3 and R4 . But this is impossible because one of
those results obtains in any run of the experiment so, if there are experiments involving w+
and w− with Property PBR, we can say both (i) either u and v or u and w+ (or both) are
disjoint and (ii) either u and v or u and w− (or both) are disjoint.
The remarkable result due to PBR [1] is an experiment which ensures Property PBR applies
when (in our terms) v and w+ are the same state. So if there are statistical distributions
corresponding to states, Fig. 1(a) applies to all. So there is a one-to-one correspondence
between any quantum state and its own exclusive support in Λ and there is no point any more
in saying any u corresponds to a statistical distribution u( λ ) over λ .
3.

Proof of the three-state theorem
Since only a two-dimensional space is involved, one can picture u , v and wn as
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vectors on the Bloch sphere. For arbitrary u and v , we can express v and construct wn
so that
v = cos α u + sin α u , wn = nsin α u + cos α u

u wn
u v
π
=
, 0 <α < .
uv
2
u wn

where u u = 0, tan α =

(1)

Without loss of generality we can choose u = + , i.e. to be a spin ½ state in the +z
direction, and v and wn to be spin ½ states in the +xz half-plane at angles of 2α and

π − 2α with the +z direction, respectively. Note that w− is the state orthogonal to v , i.e.
w− v = 0 . In each repetition of an n experiment, Alice produces either the spin state u

v

A

and Bob produces either the spin state u

A

or

or wn B . The spins are allowed to interact

B

via the Hamiltonian
where the components of
are the Pauli
matrices and D n is a second rank tensor. As mentioned, the values n = ±1 require different
experimental set-ups. We choose the Hamiltonian
(2)
H n = aσ xAσ xB + bσ yAσ yB + cσ zAσ zB + d σ xAσ zB − nσ zAσ xB

(

)

where a, b, c and d are real, dimensionless constants (with energy in appropriate units). The
eigenvalues and eigenstates of Hn are
1
2
1
E2 = n ( a + b ) − c,
e2 =
2
1
2
E3 = −n b + ( a + nc ) + 4d 2 , e3 =
2
1
2
E4 = −n b − ( a + nc ) + 4d 2 , e4 =
2
E1 = −n ( a − b ) + c,

e1 =

(
(

)
)

(

(+

A

+

B

−n −

A

−

B

)

(+

A

−

B

+n −

A

+

B

)

( cosϕ ( +

A

( − sinϕ ( +

+
A

B

+

+n −
B

(3)
−

A

+n −

A

B

−

) + sinϕ ( +
B

A

) + cosϕ ( +

−

B

A

−

−n −
B

A

−n −

+

B

A

+

))
B

))

)

1
2
a + nc + ( a + nc ) + 4d 2 . All the eigenstates are non-degenerate provided
2d
.
If
we
choose
the spin-spin interaction so that tan ϕ = n cot α , each of the four states
a ≠ nc
which can be produced by Alice and Bob are orthogonal to one of the ei :

where tan ϕ =

u
v

A

u

A

u

B

is orthogonal to e2 ,

u

B

is orthogonal to e4 and v

A
A

wn
wn

B
B

is orthogonal to e3 ,
is orthogonal to e1 .

(4)

It follows from the argument in the previous section that u is disjoint with v and/or wn for both
values of n = ±1 (from separate experiments) which proves the Three-State Theorem. The
states w+ and v are the same state in this construction if v u = 1 / 2 ( α = π / 4 in Eq.
(1)) so we have also proved the Two-State (PBR) Theorem for any two states u and v for
which v u = 1 / 2 .
4.

Experimental implementation
The key requirements to implement the present protocol are (i) manipulate the spins of
Alice and Bob into the required states, (ii) interact the spins via H n in Eq. (2) and
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(iii) determine which of the eigenstates ei is occupied. One possibility is a pair of two-level
atoms in an optical cavity. The dipole-dipole interaction between such a pair was involved in
a recent investigation [4].
For n = ±1, the interaction between the spins described by Eq. (2) can result from the
standard dipole-dipole interaction if the spins are separated by a distance with direction
cosines ( sin θ , 0, cos θ ) [in the same co-ordinate system used for the spin states]. Then, in the

chosen units, a = 3sin 2 θ − 1, b = −1, c = 3cos 2 θ − 1 and d = 3sin θ cosθ . The condition for
the orthogonality of states in Eq. (4) requires
(5)
2 cot 2θ = cot α − tan α .
For example, if the state v is in the +x-direction, the line joining the spins should be at

θ = 45 to the z-axis. If Eq. (5) cannot be satisfied or n = ±1, a conventional dipole-dipole
interaction is not sufficient but there is no reason in principle that the required values could
not be achieved because there are nine independent components of D n in a sufficiently low
symmetry environment [5].
5.

Discussion and conclusion
PBR have shown that the statistical interpretation does not apply to any two states u
and v . The Three-State Theorem proposed here shows that if the statistical interpretation
applies to u and v , it does not apply to u and the state orthogonal to v (nor to u and
2

another state w+ ). Also, the Three-State Theorem yields the PBR result when u v = ½ .
The PBR and present approaches are compared in Table 1. One advantage of the present
result is that the proof, and experimental verification, involves just two independent sources
of the states even when u and v are nearly the same state, i.e. u v ≈ 1. The PBR
theorem requires a large number N of independent sources of the states in each run of the
experiment to verify the result when u v ≈ 1. As N becomes larger, the experimental error
that can be tolerated becomes smaller. It is also an advantage that the present approach
involves only the interaction between pairs of spins and an energy measurement while PBR
requires an N-bit entangling gate, which must operate without post-selection to avoid the
possibility of re-distribution of the physical state λ.
Table 1. Comparison of the Two-State (PBR) and Three-State (Present) methods.

N =2

Method, key experimental requirement
PBR, N-bit entangling gate without using
post-selection, low error toleration for large N
Present, spin-spin interaction

u v < 0.5

u v = 0.5

Two-State
Theorem
Three-State
Theorem

Two-State
Theorem
Two-State
Theorem

u v > 0.5

No result
Three-State
Theorem

N >2
u v any

Two-State
Theorem
N/A
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