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The Influence of Water on Seismic Wave Attenuation in the Earth’s Upper 
Mantle: An Exploratory Experimental Study 

 
Yoshitaka Aizawaa,b,c, Auke Barnhoorna, Ulrich H. Faula,d, John D. Fitz Geralda 

and Ian Jacksona 

 
a Research School of Earth Sciences, Australian National University, Canberra, Australia 

b Institute for Study of the Earth’s Interior, Okayama University, Misasa, Japan 
 

Established methods for the study of viscoelastic behaviour at simultaneously 
high temperature and pressure have been extended to allow the maintenance of 
a high pore fluid pressure during prolonged annealing and micro-strain 
mechanical testing. A natural olivine-rich rock, initially containing water in 
accessory hydrous phases subjected to in situ dehydration within a welded Pt 
capsule, was tested with low-frequency forced-oscillation methods. The 
observed viscoelastic relaxation was significantly enhanced by the presence of 
the pressurised aqueous pore fluid. 

 
1. Introduction 

The viscoelasticity of the Earth’s mantle, manifest in the dispersion and attenuation of 
seismic waves, is potentially strongly influenced by the presence of water – either as a free 
fluid phase or associated with defects in nominally anhydrous silicate minerals like olivine 
[1]. Here we demonstrate a new procedure for the encapsulation of rock specimens that 
allows high-temperature mechanical testing under water-saturated conditions. 
 
2. Experimental method 
2.1 Mechanical testing 

 
 

Fig. 1. (a) The principle underpinning studies of viscoelastic behaviour through observation of torsional forced 
oscillations. (b) Detail of the specimen assembly showing alternative arrangements in which the specimen is 

either wrapped in Ni-Fe foil or sealed within a welded Pt capsule. 
 

In our laboratory, torsional forced-oscillation tests (Fig. 1a) are performed on 
cylindrical rock specimens under conditions of simultaneously high temperature and pressure 
[2]. The cylindrical rock specimen is mounted between alumina torsion rods within the hot-
zone of a furnace operated within a gas-charged pressure vessel. The specimen and alumina 
torsion rods are housed within a thin-walled steel jacket sealed at both ends onto hollow steel 

                                                 
c Present address: Research Center for Seismology, Volcanology and Disaster Mitigation, Nagoya University, 
Nagoya, Japan 
d Present address: Department of Earth Sciences, Boston University, Boston, USA 
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torsion members in order to exclude the argon pressure medium (Fig. 1b).  Venting of the 
hollow interior of the steel assembly ensures that a normal stress equal to the confining 
pressure acts across each interface within the system, thereby providing the necessary 
mechanical coupling. 
 

The specimen assembly is first subjected to a prolonged period (~100 h) of annealing at 
the highest working temperature T (typically 1300°C) and a confining pressure Pc of 200 
MPa, during which any evolution of the mechanical behaviour associated with 
microstructural changes is monitored.  Mechanical testing involves the conduct of forced-
oscillation tests at selected oscillation periods To between 1 and 1000 s at maximum strain 
amplitudes of order 10-5 and complementary torsional microcreep tests of duration <10000 s. 
Once the mechanical behaviour has stabilized, testing is done during slow staged cooling.  
 
2.2 Specimen preparation and characterisation 

For this study we chose a fine-grained natural rock from Anita Bay, New Zealand, 
composed mainly of the upper-mantle mineral olivine along with ~0.3 wt % H2O mainly in 
accessory hydrous silicate phases. In order to prevent chemical alteration of the 
ferromagnesian silicate minerals, such a specimen is normally wrapped in Ni-Fe foil (Fig. 1b) 
that serves to maintain an appropriate oxygen fugacity.  Gravimetric analysis and Fourier-
transform infrared spectroscopy were used to measure the water concentration in specimens 
recovered following prolonged annealing and mechanical testing. The microstructures of the 
starting material and recovered specimens were examined by light microscopy and SEM. 
 
2.3 Data analysis 

Analysis of the forced-oscillation experiments provides determinations of the shear 
modulus G and strain energy dissipation Q-1 for the rock specimen.  These data were fitted to 
a model based on a Burgers creep function J(t) = JU + δJ [1 – exp(-t/τ)] + t/η modified to 
incorporate a suitable distribution D(τ) of anelastic relaxation times τ. JU is the unrelaxed 
compliance, δJ the recoverable anelastic contribution, and η the steady-state viscosity. 
 
3. Results: mechanical testing and microstructural characterisation 
 

 
 

Fig. 2. The variation of shear modulus and dissipation with oscillation period and temperature for the specimen 
tested ‘dry’ within an Ni-Fe wrapper.  The curves represent the Burgers model fit to the data. 

 
The specimen tested in the Ni-Fe foil wrapper was recovered essentially dry (~40 wt ppm 
water) proving that this arrangement is incapable of retaining the water released by in situ 
dehydration for the extended duration of these experiments. The forced-oscillation tests for 
this specimen (Fig. 2) reveal a broad viscoelastic absorption band without any evidence of a 
superimposed dissipation peak. 
 
Examination of another specimen recovered following testing within a welded Pt capsule 
provided clear evidence of the retention of essentially the entire inventory of water as a 
pressurised pore fluid occupying ~2% of newly created porosity (Fig. 3). 
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Fig. 3. SEM micrographs highlighting the porosity created in the Pt-encapsulated specimen of Anita Bay dunite 

during dehydration and subsequently maintained by high pore-fluid pressure. 
 

For this specimen, tested to a maximum temperature of 1150°C, qualitatively similar 
absorption-band behaviour was observed but with systematically lower shear modulus and 
higher dissipation (Fig. 4). 
 

 
 

Fig. 4. A comparison of the forced-oscillation data for the essentially dry (Ni-Fe-wrapped) and water-saturated 
(Pt-encapsulated) specimens of Anita Bay dunite for a representative common temperature range 1000-1150°C. 

 
4. Discussion and conclusions 

This exploratory study clearly demonstrates the utility of Pt-encapsulation for 
essentially quantitative retention of water during prolonged periods of annealing and 
mechanical testing to temperatures of 1150°C at a confining pressure of 200 MPa. The overall 
textural maturity of the specimens is attributed to the role of water in enhancing grain growth. 
The very marked reduction in shear modulus for temperatures >1000°C is attributed to the 
widespread wetting of grain boundaries resulting from hydrofracturing and the maintenance 
of conditions of low differential pressure Pd = Pc - Pf, where Pf is the pore pressure. During 
staged cooling, accompanied by decreasing Pf and increasing Pd, a different microstructural 
regime is encountered in which the fluid is increasingly accommodated in arrays of partly-
isolated grain-boundary pores. The more pronounced viscoelastic behaviour observed within 
this regime for the Pt-encapsulated specimen than for the dry specimen is tentatively 
attributed to enhanced grain-boundary sliding facilitated by the presence of interconnected 
pore fluid & lower grain-boundary viscosity. Future work will focus on the role of trace 
amounts of water associated with defects within the crystal structure of synthetic olivine. 
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Diffuse X-ray Scattering from Optically Pure Ibuprofen 
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The crystal structure of optically pure Ibuprofen ('S+ibuprofen') has been stud-
ied through diffuse x-ray scattering. Data from a single crystal were compared 
with calculated patterns using a model crystal placed in thermal equilibrium 
using a Monte Carlo (MC) algorithm. We present some preliminary results 
from analysis and interpretation of the structured diffuse scattering. 

 
1. Introduction 

Diffuse scattering, the weak background between sharp Bragg peaks in an x-ray 
diffraction pattern, arises due to deviations from the ideal crystal lattice, often due to thermal 
motion. Correlations in these displacements, which reflect the flexibility and interactions of 
molecules in the lattice environment, affect the pattern of diffuse scattering observed from a 
sample [1]. Studying these interactions through diffuse scattering can provide insight into the 
conformational behaviour of polymorphic pharmaceuticals. 

In this work, x-ray scattering data was 
collected at room temperature from crystals 
of S+ibuprofen. A model crystal was 
constructed based on the known average 
crystal structure and placed in thermal 
equilibrium using a MC simulation. Inter- 
and intra-molecular interactions were model-
led by simple harmonic potentials with var-
iable force constants. Computed scattering 
patterns were compared to the experimental 
data to isolate key features of the model.  

 
2. Experimental 
 S+ibuprofen single crystals were grown by slow evaporation from n-hexane and by 
temperature change (40°C to 10°C at 5Kd-1) in acetonitrile. Diffuse scattering data were 
collected using a mar345 image plate area detector and 17.5 keV (λ = 0.71069 Å) Mo Kα x-
rays. Reciprocal space planes were extracted from the raw data and processed to remove 
artefacts [2]. Fig. 2 shows diffuse scattering in the h1l, hk0 and a 101 plane. 
 

Fig. 1. S+ibuprofen. Rotation (modelled by torsional 
springs) is permitted about the four single bonds 

marked, giving four internal degrees of freedom i. 

O

OH

HH3C

ϕ1
ϕ4ϕ3
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h 
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k 

h 

Fig. 2. Diffuse scattering in the (a) h1l, (b) hk0 and (c) 101 planes. The circle in (b) indicates the section 
of the plane calculated from the model (Fig. 4). False colour palettes have been applied. 
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3. The Model Crystal 
A network of contact vectors describes the intermolecular interactions in the model 

crystal. Each contact is treated as an ideal spring. A harmonic energy is also associated with 
torsional rotation of the bonds marked in Fig. 1, giving: 

 

Etotal   =    Einter  +  Eintra   =   κ i
contact
vectors

∑ di − d0i( )2   +   κ i
* ∆ϕ i( )2

i
∑⎛⎝⎜

⎞
⎠⎟molecules

∑  

 
where κ and κ* are the force constants, (d - d0 ) is the displacement of each contact from its 
equilibrium length, and ∆φ is the change in torsional angle. The lattice parameters applied 
were: a = 12.456(4) Å, b = 8.0362(11) Å, c = 13.533(3) Å and β = 112.86(2)° [3]. A 
Metropolis Monte Carlo algorithm was used to bring the model crystal into thermal 
equilibrium [4]. Diffraction patterns were then calculated from the correlated equilibrium 
structure. Bragg peaks were subtracted to make the diffuse scattering more apparent. 

 
4. Results and Analysis 
 
4.1 Isotropic intermolecular contacts: 

A simple model with all intermolecular spring constants equal and no torsional rotation 
allowed reproduced the scattering in the h0l and h1l planes well (see Fig. 3). This suggests 
that correlations in these planes are isotropic as there seems to be no dominant interaction. 
However, this basic model failed to recreate key features of the hk0 plane, particularly the 
lengthening of diffuse spots along the diagonal (marked with arrows in Fig. 2). 

 
4.2 Torsional rotation model: 

This model was then adjusted to allow bond rotation. With the torsional spring 
constants ki

* set to zero (such that Eintra << Einter), the fit of the h0l and h1l planes to the 
experimental data was improved, and the expected stretching of diffuse spots in the hk0 plane 
(Fig. 4) was observed. The agreement of this calculation with the experimental data suggests 
that quite unhindered torsional rotation is important in the S+ibuprofen crystal, with 
significantly less energy in such motion than in the intermolecular interactions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3. Calculated diffuse scattering in the h1l 
plane with all spring constants equal. 

Compare with Fig. 2 (a). 

h 

l 

Fig. 4. Calculated diffuse scattering in the hk0 
plane with torsional spring constants set to 

zero. Compare with the inner part of Fig. 3 (c). 

k 

h 
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4.3 Dimerising hydrogen bonding interaction: 
It was expected that the strongest intermolecular interaction in the S+ibuprofen crystal 

would be the dimerising -COOH—HOOC- hydrogen bond, as recently found to be the case in 
the racemate [5]. Initial analysis of the experimental data appears to support this, with diffuse 
features stretched more in the 101 plane (Fig. 2c) where the direction of this interaction 
coincides with the molecular axis. This forms chains of molecules (Fig. 5) which collapse 
diffuse scattering into characteristic stretched lines. In addition, several box-shaped features 
are seen along the vertical axis (marked with an asterisk in Fig. 2c). These also suggest strong 
correlations at ~ 45° to the horizontal. A model with these H-bond contacts strengthened 100-
fold (Fig. 6) reproduced the elongation and these box-shaped figures. 

 
 
 
 
 
 
 
 
 
 

 
 

 
Although the calculated pattern in this plane is not a precise reproduction of the diffuse 

scattering data, the presence of some corresponding attributes is evident. In particular, the 
scattering figures magnified in the inset in Fig. 6 successfully recreate the equivalent section 
of the experimental data (Fig. 2c) with good accuracy. The uppermost box-shaped spot 
marked with an asterisk (*) is manifestly wider at the bottom than at the top, both in the 
calculated pattern and in the data; and the surrounding spots display the expected profiles. 
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Fig. 5. A section of the crystal as seen along the 
[-101] direction, showing as dashed lines the 

dimerising hydrogen bonding interactions 
running at ~ 45° to the horizontal. 

Fig. 6. Calculated diffuse scattering in the 101 
plane with H-bond contacts strengthened by a 

factor of 100. Compare with Fig. 2(c). 
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Characterization of nanometer-sized VO2 nanoparticles  
prepared by an aqueous route 

 

H. Baia,b , M. Berkahna and M.B. Cortiea 
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bon leave from Nanjing University of Science and Technology, Nanjing, 210094, China 
 

We describe a convenient aqueous route to prepare VO2, based on the 
reductive precipitation of vanadium dioxide VO2 from a vanadate solution. 
The effect of the reaction conditions is systematically studied, and a protocol 
to optimize the production of VO2 while minimizing the appearance of other 
compounds is presented. The products were characterized using calorimetry, 
X-ray diffraction and high-resolution scanning electron microscopy. 

       

1. Introduction 
Vanadium oxides have attracted attention because of their potential or actual 

applications as catalysts, chemical sensors, electrodes for lithium batteries, and as the active 
components of various electrical and optical devices[1, 2]. Vanadium dioxide (VO2) is 
particularly interesting as some forms of it undergo a reversible metal/insulator phase 
transition at ~67ºC with a large attendant change in electrical and optical properties[3]. This 
has suggested its application as, for example, a ‘smart’ window coating, or in optical 
switches[2, 4]. VO2 itself has at least six known polymorphs and some hydrated VO2.nH2O 
compounds are also known[5, 6]; however it is the metastable monoclinic VO2-B, tetragonal 
VO2-R, and monoclinic VO2-M1 phases that are most relevant in the present context. VO2-R 
is metallic and has the rutile structure, while VO2-M1 is a semi-conductor, with a band gap of 
about 0.6 eV[7]. The latter two polymorphs are related to one another by a reversible, 
displacive phase transformation at about 67ºC, with VO2-R being stable above that 
temperature and VO2-M1 below it. There are several methods by which VO2-M1 or VO2-R 
can be produced, including physical vapour deposition, ion implantation, chemical vapour 
deposition, sol-gel processing and lyphilization of suitable precursor solutions. Commonly, 
however, VO2-B is first prepared by whatever means and then it is converted to VO2-R by 
heat treatment in an inert environment and at a temperature in excess of 330˚C. We sought a 
method suitable for producing VO2 in relatively large quantities. Our protocol invokes the 
reductive-precipitation of VO2.nH2O from a vanadate solution, and is based on a process 
apparently first disclosed by two groups in 1998[1, 8]. Calcination of the VO2.nH2O converts 
it into VO2-R. We use ammonium metavanadate (NH4VO3) solution as our source of V, and 
KBH4 as reductant.  

 
2. Experimental 

NH4VO3 was purchased from Ajax Chemicals Ltd, Sydney, Australia. KBH4 was 
purchased from Sigma Chemical Co., and HCl (37%) was obtained from Labscan Asia Co., 
Ltd.. All reagents were used without further purification. The KBH4 solution was freshly 
produced, as needed, by dissolving the compound in ice-cold MilliQ water. The temperature 
must be kept low to prevent hydrolysis of borohydride ion. Concentrated HCl was first added 
dropwise into between 10 to 50 ml of the NH4VO3 solution to adjust its pH to a selected value 
between 4.0 and 6.5. The reducing power of KBH4 increases with the decreasing of pH value 
of the medium suggesting that it might be more effective at the lower end of the pH range[1]. 
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The reduction reaction was then carried out at the desired pH by slowly adding the KBH4 
solution while continuing the dropwise additions of HCl and simultaneously stirring. At the 
end of the reduction reaction, the brown-black precipitate of VO2.nH2O was collected by 
filtration, washed several times with a mixture of water and methanol, and dried at about 90 
˚C in an air oven. The dry solid is amorphous or at best nanocrystalline at this stage, in 
agreement with product produced in other wet chemical reductive schemes, e.g.[1]. This 
phase, in turn, can be converted to VO2-R by heating at temperatures greater than ~330˚C in 
an inert environment[1, 9] In the present work we used an environment of pure argon or 
nitrogen. Finally, on reverting to room temperature the VO2-R transformed to VO2-M1 by the 
metal-to-insulator transition. 

The as-synthesized samples were characterised by X-ray diffraction (XRD, Siemens 
D5000 Diffractometer) with Cu Kα radiation (λ=0.15406 nm). Scanning electron microscopy 
(SEM) images were taken with a Zeiss Supra 55VP SEM. A differential scanning calorimeter 
(DSC 2920, TA Instruments Inc., U.S.A.) was employed to test the phase transformation. X-
ray diffraction patterns were calculated from the published lattice data using the program 
Crystallographica (produced by Oxford Cryosystems Ltd, of the United Kingdom). 

 
3. Results  

After systematic investigation, we found that VO2-M1 could be reliably produced if the 
pH of the reaction was held at about 4.2, the ratio of KBH4 to NH4VO3 was 5, the temperature 
of the reaction at about 20 to 25˚C, and calcination was carried out at 600˚C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 XRD patterns of  VO2-M1 (blue) at room temperature and VO2-R (red) at ~80˚C, also showing standard 

peak positions (coloured lines) for  each phase. 
 
Fig. 1 shows the X-ray diffraction patterns for such ‘optimum’ material, which was 

converted to VO2-R (JCPDS 73-2362) by heat treatment and cycled between VO2-M1 (JCPDS 
44-0252) and VO2-R on a hot stage. Under the optimum conditions the resulting material is 
almost pure, and has an XRD pattern nearly identical to the standards. The remaining small 
peaks in this case match the pattern of V6O13, an oxide of mixed valence. Fig. 2 shows that 
the diameter of the VO2-M1 particles is about 100 nm, which is about twice the diameter of 
the particles of precursor material, as dried in air oven at 85˚C for 1 h. The result 
demonstrates that crystallization of the VO2-R is accompanied by particle coarsening. In Fig. 
3 we examine the metal-insulator transition in more detail. In this case the VO2-M1 was heated 
from room temperature to 120 ˚C at 3˚C/min under a flowing air atmosphere, and then back to 
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room temperature. The insulator-to-metal transition occurred at 66˚C, and the metal-to-
insulator transition at 61˚C. 

          
                                (a)                                                        (b) 
Fig.2 SEM photos of VO2 nano-particles produced as described in the text. (a) Dried in air oven at 85˚C 

for 1h. (b) Dried in tube oven at 600˚C under flow of argon for 20h. 

 
Fig. 3 DSC curve showing the reversible VO2-M1 ↔ VO2-R phase transformation in the present material. 

There is a hysteresis of 5˚C in the reaction. 
 

Conclusions  
  Nano-crystalline VO2-M1 was successfully synthesized by a convenient process 

involving aqueous reductive-precipitation at room temperature followed by calcination. If the 
pH and ratio of KBH4 to NH4VO3 during the precipitation reaction are both kept in the range 
4~5, and if the subsequent annealing temperature is 600˚C, then the synthesized nano-crystals 
of VO2-M1 are about 100 nm in size. The transition temperature of the material produced was 
in the range 61 to 66˚C. 
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Grain-Size Sensitive Viscoelastic Relaxation of High-Purity MgO 
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High-temperature mechanical spectroscopy experiments have been performed 
on newly prepared polycrystalline MgO samples with average grain sizes of 3, 
9 and 100 µm. Viscoelastic relaxation is strongly grain size dependent above 
temperatures of 800°C with a frequency and temperature-dependent 
‘background’ consisting of a broad anelastic relaxation band intensified by the 
onset of viscous deformation. Data analysis using a master variable approach 
suggests that grain boundary sliding processes dominate viscoelastic 
relaxation. 

 
1. Introduction 

The high-temperature breakdown of strictly elastic behaviour in fine-grained materials 
is usually attributed to grain-boundary sliding facilitated by the low effective viscosity of the 
thin grain-boundary region or to diffusional mechanisms. Both grain boundary sliding and 
diffusion are grain size dependent deformation mechanisms. This study aims to determine 
which viscoelastic relaxation mechanism is responsible for the viscoelastic relaxation in high-
purity ceramic MgO material.  The new data will ultimately contribute to constructing 
improved micro-mechanical models for grain boundary sliding 1,2.  

 
2. Sample preparation 

For fabrication of the samples, high-purity (> 99.99 wt.%) MgO nanopowder with a 
grain size of 45-60 nm (supplied by Ube Materials Industries Ltd.) has been used. Samples 
with low porosity (φ < 1%) and controlled grain sizes have been obtained by a multi-stage 
fabrication process: (1) Cold isostatic pressing at 200 MPa for 0.5 hour to yield samples of 
~50% porosity; (2) Pressureless sintering at 900-1100°C for 2 hours in an N2-rich 
environment to evaporate residual CO2 and H2O followed by slow cooling at 2 °C/min to 
prevent sample cracking (φ~40%); (3) Hot-isostatic pressing of the sample in a steel jacket in 
a gas-medium apparatus at 300 MPa argon confining pressure at elevated temperatures. For 
the finest grained sample (1-3 µm). Hot-pressing for 24 hours at 1100°C resulted in minor 
further densification of the sample (φ ~1%) and minor grain growth to an average grain size 
of 1-3 µm. The second sample has been made using two-stage hot-pressing; first at 1100°C 
for 24 hours for densification followed by 1300 °C for 24 hours to allow grain growth to 5 
µm. The third sample had to be hot-isostatically pressed at a confining pressure of 30 MPa 
and a temperature of 1600°C for 2 hours in facilities at Okayama University in Japan to obtain 
a sample with a much larger grain size of 100 µm.   

Torsional forced-oscillation experiments3 were conducted at 200 MPa confining 
pressure over the temperature range 20-1300°C. Sinusoidally varying stresses were applied at 
10 different periods between 1s and 1000s at torque amplitudes equivalent to maximum shear 
stresses of 0.3 MPa, resulting in maximum shear strains of 3.10−5 at the highest temperature. 
Before performing routine torsional forced-oscillation measurements, the assemblies were 
thoroughly annealed at the highest temperature and the mechanical behaviour was monitored. 
Small changes in shear modulus G and strain-energy dissipation Q-1 with time at the 
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beginning of the experiment reflect minor microstructural changes (grain size increase from 1 
to 3 and 5 to 9 µm, Fig.1). After stabilization of the microstructure, torsional forced-
oscillation experiments were performed over the complete range of oscillation periods in 
temperature steps of 50°C, starting at the highest temperature. Mechanical data in the form of 
shear modulus and dissipation were determined for each oscillation period at each 
temperature.  

 
Fig. 1. Backscattered electron image of (a) hot-isostatically pressed sample (total 48 hours at high-temperature) 
and (b) the same sample after further annealing and mechanical testing involving several days at temperatures > 
1000°C resulting in slow continuous grain growth and reduction of porosity. 

 
Fig. 2: G and Q-1 of the 3, 9 and 100 µm MgO samples over oscillation periods of 1 to 1000 s. Curves shown are 
least-square fits to an extended Burgers model4,5. Line colour and pattern indicate temperature and grain size, 
respectively, in both diagrams.  
 
3. Results 

All three MgO samples with different grain sizes deform essentially elastically at 
temperatures ≤800°C. At higher temperatures, viscoelastic relaxation occurs with the 
strongest degree of viscoelastic deformation at the highest temperature, longest oscillation 
period and smallest grain size (Fig. 2). Maximum reduction in G between 1 and 1000 s at 
1300°C is 70%. The systematic monotonic variations in G and Q-1 exclude the presence of 
any localised dissipation peak of significant height on top of the frequency-dependent 
dissipation background. G and Q-1 data for each individual sample were modelled using an 
extended Burgers model4,5 describing the full viscoelastic relaxation of MgO resulting in 
generally small misfit of the experimental data. 

Analyses of the Q-1 data only using a master variable approach6 )exp(~ RTEdX mω , 
where E and R are the activation energy and the gas constant. This approach shows that the 
collapse of all three datasets is best when a linear grain size dependence (m=1) is included in 
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the approach. When using on optimal activation energy of 330 kJ/mol, both individual 
datasets and combined datasets collapse on a linear trend. A grain size sensitivity of 3 (m = 3) 
does not result in a good collapse on a linear trend irrespective of the value for E. Only 
individual datasets collapse on a linear trend. This indicates that the dissipation data of MgO 
is best described by a grain size dependence of 1, meaning that relaxation mechanisms with 
linear grain size dependence dominate over relaxation mechanisms with a grain size 
dependence of 3. We therefore conclude that grain boundary sliding (m=1) dominates over 
diffusion processes (m=3) in high-purity MgO1,7.  

 
Fig. 3. Master variable approach of the dissipation data6 )exp(~ RTEdX mω , where m=1,3. Collapse of 
the data with m=1 is narrower than for m=3, indicating grain boundary sliding mechanisms (m=1) dominate over 
diffusion mechanisms (m=3).  
 
4. Conclusions 
• Systematic grain size dependence of viscoelastic relaxation in MgO. 
• Grain boundary sliding processes dominate over diffusion processes in high-purity MgO. 
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Development of a Simulation Board Game Based on the Physical Principles 
of Superconductivity and Magnetism for use as a Teaching Aid 
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We have designed a tactical simulation board game based on the physical 
principles of superconductivity and magnetism.  This could be used as a 
teaching aid to engage the interest of students, and help them gain a qualitative 
understanding of physical concepts.  Preliminary play testing with 
undergraduate students indicates that the game achieves this result.  

 
1. Introduction 

Students generally learn material better when they engage actively with the subject 
matter and if their interest is stimulated [1,2].  This can be especially useful in helping 
students gain an intuitive understanding of many physics concepts [3].  To assist in 
developing this qualitative comprehension, a tactical simulation board game based on the 
principles of superconductivity and magnetism has been developed.  This could be used as a 
teaching aid to help motivate students and assist in their understanding of these physics 
concepts.  The Vortex! Game was developed as an assignment submission for the 3rd year 
condensed matter physics course, PHYS3032, at the ANU in 2006. 

 
2. Game Mechanics 

The game was designed in a science fiction setting, where the players control futuristic 
spaceships trying to destroy each other. The setting and goal were designed to appeal to 
physics students, thus adding an extra element of motivation. Elements of magnetism and 
superconductivity are incorporated in the way the ships move. The spaceships are made of 
magnets so that they interact with the magnetic terrain.  The terrain over which the ships 
move consists of a hexagonal grid of different types of material: ferromagnetic, 
superconducting (type II) and non-magnetic (Fig. 1). For example, ferromagnetic terrain is 
represented by orange hexes with a domain arrow that indicates the direction of the horizontal 
component of the local magnetic field. Hence if ships move in the same direction as the field 
vector they will move further (lower energy cost) than if they are moving in the opposite 
direction.   

Players are also able to modify the terrain by firing missiles at the terrain.  For example, 
heating a superconducting or ferromagnetic hex above the critical or Curie temperatures 
respectively, will cause them to lose their magnetic properties for some time.  The direction of 
the ferromagnetic domain in a hex can also be changed, which affects the domains in the 
neighbouring hexes.  Another major terrain modification occurs when a strong magnetic field 
is introduced into one of the type II superconductor hexes.  As the superconductor works to 
exclude the magnetic field, it undergoes a transition from the Meissner state to a vortex state, 
characterised by circular vortices of large currents.  The vortex lattice is hexagonal, which fits 
very well with the hex map used to represent terrain in the game, which is partially why the 
hex map was used.   

The game rules are deliberately designed to be simple and accessible, while still 
incorporating a substantial amount of correct physical modeling of magnetic behaviour.   
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It should also be noted that similar games designed around numerous other physical 
theories are also possible.  In this respect, Vortex! can be seen as an example of how the 
abstracting of a physical theory into qualitatively accurate game mechanics can be achieved.  
The platform on which such a game is designed may also vary.  The obvious alternative 
format is a computer.  The main advantage of a computer application over a board game is 
that the relevant physics may be expressed quantitatively and in real-time due to the available 
processing power.  The board game format, however, has a number of other advantages as 
discussed below. 

 

Fig. 1. The board used in the game showing the hex grid. 
 
3. Educational Rationale 

In order to aid in the development of an intuitive understanding of a physical theory, 
which due to its nature is usually a type of abstract mathematical construction, a tool is often 
beneficial that allows the student to directly manipulate the important properties of the theory 
while avoiding any lengthy calculations. 

The Vortex! board game is such a tool that allows players to develop their ideas of 
magnetism and energy conservation.  This is achieved by abstracting the involved physical 
principles into game mechanics such that they are qualitatively but not completely 
quantitatively accurate.  The format for such a tool may vary as well – in this case a board 
game was chosen, but other platforms, such as computer applications, may also be used.  An 
advantage of a computer game implementation is that the relevant physics may be expressed 
quantitatively and in real-time due to the available processing power.  A board game 
implementation, however, has a number of other advantages.  These include appealing to a 
broader group of students, including those who are not computer game players, as well as it 
being more social and consequently requiring personal interaction, thus encouraging co-
operative learning.  In addition, unlike a computer game, a board game requires no additional 
software or hardware other than what comes in the game box, thus making it more 
manageable in a classroom environment.  The social aspect of the game is of particular 
interest and is one of its major advantages over the computer game format.  In testing the 
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game, it drew the interest and participation of students and academics, some of who would not 
have participated in a computer game. 

As a second educational benefit, as well as providing the players with a basic insight 
into the physical principles, it is hoped that it will do so in a manner that is substantially more 
engaging then a list of textbook questions.  By providing students with this prospect of 
interacting with familiar subject matter from such a different perspective they will be 
motivated to engage with the material - even if it is only out of a sense of curiosity rather then 
a genuine interest in the game itself [2].  

The game is not intended to replace traditional problem sets that provide quantitative 
understanding of the physics, but is instead designed to supplement them by providing an 
engaging and interactive introduction to magnetism.  Initial class testing in 2006 indicates that 
students do find the game engaging.  Further class testing in 2007 will investigate student 
learning outcomes from use of the game in a third year CMP course at the ANU.     

 
4. Conclusion 

The game successfully abstracts the relevant physical principles of magnetism such that they 
were playable in a game format while remaining qualitatively accurate.  
 Students were intrigued by the prospect of interacting with physical principles from a 
new perspective and were thus enthusiastic to play the game. 
 As a teaching aid, the game complements traditional quantitative learning tools in that it 
allows for students to become familiar with the central concepts of the theory while avoiding 
lengthy calculations.  
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A neutron scattering study with energy analysis was performed on 
polycrystalline Cu2-δSe samples. Experiments show that the diffuse scattering 
in the super-ionic α-Cu2-δSe phase is mainly inelastic and most probably 
comes from correlated thermal displacements of the ions. 

 
1. Introduction 

The compound Cu2-δSe (0 ≤ δ ≤ 0.25) is a mixed ionic-electronic conductor. For 
stoichiometric Cu2Se the phase transition temperature to the super-ionic α - phase is 414K, 
but transition temperature depends on the composition and decreases with increasing values 
for δ. At room temperature the super-ionic α-phase exists over the composition range from δ 
= 0.15 to 0.25 [1]. 

The structure of the α-phase is reported as cubic with Se atoms in fcc positions and Cu 
ions randomly distributed over interstitial sites [2]. The low-temperature β-Cu2-δSe phase is a 
triclinic fluorite-based superstructure with vacant Cu sites forming a √3 × √3 network in the 
[111] plane [3]. The vacant Cu layers stack at every fourth metal layer along the [111] axis. 

Characteristic of super-ionic conductors is the presence of strong diffuse scattering. The 
copper selenide is no exception showing diffuse scattering features in neutron diffraction 
patterns of polycrystalline and single crystal samples [4, 5]. Diffuse scattering originates from 
static disorder and/or correlated dynamic displacement. In a conventional diffraction 
experiment the diffuse background contains both these components. In order to separate static 
and dynamical contributions in Cu2Se Sakuma et al. [4] used a triple-axis spectrometer in 
∆E≈0 mode with the analyser crystal adjusted to reflect elastically scattered neutrons from the 
sample. The contribution of inelastic scattering processes was then estimated from the data 
measured with the analyser crystal and without it, in conventional double-crystal mode. The 
experiment showed that the inelastic component in the diffuse background was small, 
probably because of an insufficient energy resolution of the spectrometer [4]. 

In order to clarify the role of static disorder versus low-energy phonons in the diffuse 
scattering we performed energy resolved neutron scattering measurements at higher 
resolution. The paper presents the results of these neutron diffraction measurements taken in 
∆E≈0 mode together with conventional diffraction data from the super-ionic α - phase 
(Cu1.98Se at 435K and Cu1.75Se at 300K) and the ordered β - Cu1.98Se at 300K. 

 
2. Sample preparation 

The samples were prepared by solid-state reaction of high purity Cu and Se powders in 
evacuated (p< 10-5 mbar) sealed quartz ampoules. The mixed components were heated up to 
720K for about 100 hours with subsequent annealing for 48 hours at 420-520K. After slow 
cooling to room temperature the product was ground and then homogenised under vacuum for 
100 hours at 670 K. 

Neutron diffraction patterns of the samples were measured with the E1 triple-axis 
spectrometer (HMI, Berlin) using a PG monochromator and analyser at a wavelength of 
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2.355 Å [6]. The collimation of the spectrometer was 40′-40′-40′-80′ with a resolution at the 
elastic line of ∆E ≈ 0.7 meV. The cylindrical samples of Cu1.75Se and Cu1.98Se, with masses of 
4.8 and 8.5 g respectively, were measured in a standard cryofurnace at room and elevated 
temperatures. 
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Fig. 1. Diffraction pattern of Cu1.75Se in the α - phase 
at 300K. 

° – double–axis scan, • – triple–axis (∆E ≈ 0) scan. 

Figures 1 and 2 show diffraction patterns of 
the Cu1.75Se and Cu1.98Se. The data were 
taken with and without the analyser crystal in 
otherwise identical experimental conditions. 
After subtraction of the flat background, the 
spectra of Cu1.98Se and Cu1.75Se were 
normalised to the sample mass and counts of 
the incident neutron beam monitor. Spectra 
measured with and without the analyser 
crystal, were normalised to the area intensity 
of Bragg reflections. 
 

 
3. Results and Discussion 

In α - Cu1.75Se the diffraction peaks correspond to an fcc structure (Fig. 1) with the 
lattice parameter a = 5.75 Å in agreement with data of Tonejc [7]. The diffraction pattern of α 
- Cu1.98Se at 435K also corresponds to the cubic phase, although the intensities of the (200) 
and (222) reflections (Q ≈ 2.2 and 3.8 Å-1 respectively) are lower. In addition to the peaks 
from the fcc structure, α - Cu1.98Se at 435K also has two small additional maxima at Q ≈ 2.6 
and 4.2 Å-1 which are probably related to ordering of the Cu atoms even at temperature 
slightly above the reported phase transition. Note that our diffraction experiments with a 
single crystal of Cu1.85Se performed at ambient temperature - thus according to literature [1, 
2] in “disordered” α - phase, in fact show the presence of superstructure reflections at the G ± 
1/2 <111> and G ± 1/3 <220> positions of reciprocal space [5]. 

Along with these Bragg peaks, the diffraction pattern of the α - phase taken in the 
conventional two-axis geometry has a broad maximum related to diffuse scattering centred at 
Q ≈ 3 Å-1, close to the (220) Bragg reflection (Fig. 1 and 2(a)). The observed diffuse peak 
resembles the spectrum of α - Cu2Se at 470 K measured in two-axis geometry in paper [4]. 
Contrary to earlier findings [4], our measurements show a strong suppression of this diffuse 
component in the spectrum measured with the analyser crystal. On the other hand, the 
diffraction pattern of the non super-ionic β - phase (Fig. 2b) shows only minor differences 
between spectra measured with and without the analyser crystal (Fig. 2b). This clearly 
indicates a strong contribution to the diffuse scattering in the super-ionic phase from inelastic 
scattering. 

As mentioned above, in experiment [4] the spectrum taken in ∆E≈0 mode was very 
similar to the diffraction pattern measured by the conventional double - axis technique in the 
region of the first diffuse maxima at Q ≈ 3 Å-1. This can occur if the contribution from the 
low-energy phonons and the quasielastic scattering are not filtered off by analyser crystal due 
to the limited energy resolution of the spectrometer. Such phonons with energies about 2 - 4 
meV were observed in the phonon frequency distribution of Cu2-δSe compounds and in 
phonon dispersion curves. The density of states of low- energy phonons is relatively high 
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because the dispersion curves change slope at wavevectors of q>0.2-0.4 and acoustic branches 
become nearly flat having an energy of about 4 meV [8]. 
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Fig. 2. Diffraction patterns of Cu1.98Se in the α - phase at 435K (a) and the β - phase at 300K (b). 

° – double–axis scan, • – triple–axis (∆E ≈ 0) scan. 
 
The high spectral density of low-energy phonons, they can play a role in the transport of 

Cu ions. A calculation of diffuse scattering performed in paper [4] shows strong correlations 
between the thermal displacement of Se and Cu atoms at short distances. Such correlations are 
probably responsible for the strong dampening of acoustic phonons observed in α - Cu1.85Se 
at q/qm ≥0.4 [8] and indicate a coupling of low-energy phonon modes with displacement of 
mobile ions. 
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Neutron diffraction methods have been used to measure the strains (and 
hence stresses) in the eutectic Si particles and the Al matrix of an Al-7Si-
0.4Mg casting, as functions of the applied tensile strain, Three components 
of stress have been identified: (i) the thermal misfit stress; (ii) the elastic 
misfit stress; and (iii) the plasticity misfit stress. 

 
1. Introduction 

Al-7Si-0.4Mg is a widely used casting alloy. The microstructure, in our case, (Fig. 1) 
comprises (i) dendrite colonies or grains with a diameter of ~0.8 mm, (ii) Al dendrites with 
secondary dendrite arm spacings (SDASs) ranging from 20µm to 70 µm and (iii) a eutectic of 
micron-sized Si particles and Al. During tensile straining the Si particles cleave, the number 
of broken particles increasing with strain until complete fracture of the alloy occurs at 
between 3% and 12% strain [1]. The ductility increases with decreasing SDAS. 
 

  
                                            1a                                                                                    1b 
 

Fig. 1: Microstructure of the casting.  (1a) is photographed under polarized light in which individual colonies 
show as different colours; (1b) shows arrays of Si particles between dendrite arms. 

 
Controversy exists concerning (a) the fracture strength of the Si particles [2,3] and (b) 

how they contribute to the yield stress and work-hardening rate of the alloy [4,5]. These 
controversies centre on estimates of the partitioning of stress between the Al matrix and the Si 
particles, on which there is almost no reliable experimental information. 

The aim of this research is to provide such information. 
 

2. Experimental details 
Plates (140 x 160 x 25 mm) of nominal composition (wt%) Al-6.6Si-0.4Mg were sand-

cast in moulds having a large chill at one end to produce a range of SDASs from 20 µm at the 
chill end to 70 µm at the other end. Slices were cut from either end of the plates and solution 
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heat-treated at 540°C for 6 hours followed by a cold water quench (condition T4). A second 
microstructural condition (T6) involved aging for 6 hours at 170°C.  Tensile specimens with a 
parallel gauge length of 20 mm and a diameter of 8 mm were then machined from the slices. 

In-situ neutron diffraction lattice strain measurements were made during tensile testing 
using the ENGIN-X instrument at the ISIS pulsed source. The instrument has two fixed-angle 
detector banks centered on scattering angles of ±90°. The detectors measure time-resolved 
diffraction patterns corresponding to scattering vectors aligned at ±45° to the incident beam 
with a timing window set to detect interplanar spacings in the range 0.076 ≤ dhkl ≤ 0.24 nm. 
The load axis was at 45° to the incident beam allowing simultaneous measurements of lattice 
strains parallel and perpendicular to the applied load. The diffraction patterns were analyzed 
by Rietveld refinement. “Zero strain” lattice parameters were measured using NIST standard 
Si powder (lattice parameter, a0 = 0.543119 nm) and powders made by filing alloys following 
the T4 and T6 treatments, both of which gave a0 = 0.404921 nm for the Al phase. 

 
3. Results and Discussion 

 
3.1  Thermal Misfit Stresses 

Measured lattice parameters as functions of applied stress (less than yield) were used to 
derive the lattice parameters for both the Si and the Al matrix phases at zero applied stress, 
since the initial diffraction pattern for each sample was collected with the sample positioned 
on the testing machine but at a very low applied stress (~ 10 MPa). These extrapolations (for, 
say, a T6 sample) gave (for Si) 0.542784 nm and 0.542722 nm for the axial and transverse 
measurements, respectively, and (for the Al matrix) 0.404992 nm and 0.404966, indicating, as 
expected from the relative thermal expansion coefficients, that the Si phase is under an 
hydrostatic compressive strain of -617 × 10-6 and the Al matrix an hydrostatic tensile strain of 
143 × 10-6. Using values of 162 GPa and 0.22 for the Young’s modulus and Poisson’s ratio 
(for Si) and 70 GPa and 0.34 for Al [6], these strains converted to stresses of -180 MPa in the 
Si particles and +29 MPa in the Al matrix. 

The volume fraction of Si particles is 0.0757 so the net stress is (- 13.6 + 26.6) MPa, 
implying a violation of stress equilibrium of 13 MPa. Comparable small imbalances were 
found for all samples measured. 

Application of the Eshelby theory [7] predicts a thermal misfit stress in the Si particles 
of 1.5 MPa/°C so that the value of -180 MPa suggests a temperature difference of 120°C, 
smaller than that which is experienced during the material processing. A likely explanation 
for this observation is stress relaxation during cooling. 

 
3.2 Elastic Misfit Stresses 

These arise in a composite under 
load because of differences in the elastic 
constants of the phases. From measured 
lattice constants in the elastic regime, 
strains (and hence stresses) in the phases 
were determined. For a T6 sample, for 
example, these were 1.28 MPa per MPa 
applied, in the Si particles and 0.93 per 
MPa in the Al matrix (see Fig.2). Using 
(VfσSi + (1 - Vf)σAl – 1), where the σs are 
the measured misfit stresses and Vf is the 
volume fraction of Si particles, the stress 
equilibrium violation at an applied stress 
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Fig. 2.  Axial stresses in the Si particles (solid symbols) 
and Al matrix (open symbols) as the specimen is loaded 
(T6, fine SDAS). Dashed lines show the elastic regime. 
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of 1 MPa is -0.044 MPa (that is, an error of 4.4%). Eshelby theory [7] predicts elastic stresses 
of 1.27 MPa in the Si per MPa applied and 0.98 MPa in the Al matrix, in reasonable 
agreement with the measured data, although it is emphasized that the microstructures of the 
present composites are more complex than can be treated by Eshelby theory. 
 
3.3 Plasticity Misfit Stress 

This arises when the Al matrix begins to flow around the Si particles. Its onset is 
evident in Fig. 2 in which the axial stresses in the Si particles and Al matrix are plotted as the 
specimen is loaded beyond yield, by departures from the dashed elastic lines. Unfortunately, it 
is not possible to extract the plasticity contribution from the data except at high plastic strains 
as explained below. The apparently obvious assumption that σtotal = σthermal + σelastic + σplastic is 
invalid. This is because the σthermal term is not constant. It is a function of the plastic strain, 
reducing from its full initial value at a plastic strain of zero (i.e., for all applied stresses up to 
and including yield) to almost zero at a plastic strain of 1% or 2% [8]. This problem was not 
appreciated by us in our earlier work [9] and a full numerical stress analysis is in the process 
of being carried out for a future publication. 
 
3.4 The Fracture Strength of the Si Particles 

Si particles, particularly larger ones, begin to fracture at a plastic strain of ~ 0.01 [1] at 
which σtotal is in the range 300 – 330 MPa for T6 and 200 – 220 MPa for T4 material. These 
give a lower limit to the particle strength, and this is considerably less than the 500 – 3500 
MPa suggested from earlier work involving Weibull analysis of data following mechanical 
testing and optical observations of cracked particles [5]. Future experiments are planned, 
particularly involving compression testing for which this initial particle cracking will not be 
an issue. 
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The conductivity of polycrystalline fullerene films as a function of oxygen 
concentration was investigated and found to be affected significantly by 
changes in oxygen partial pressure. The conductivity of the film was fitted to 
an Arrhenius curve. Analysis of the data indicated that a change of 0.11eV in 
activation energy occurred as the oxygen pressure was varied over two orders 
of magnitude. 

 
1. Introduction 

In recent years it has been shown that the electrical characteristics of fullerene films are 
sensitive to environmental factors. Another notable feature of solid fullerene structures is the 
intercalation of molecular gases into the interstitial sites of these structures. Previous studies 
have shown influence of oxygen gas and temperature changes on the electrical, optical and 
structural properties of fullerene materials as determined by electron paramagnetic resonance 
(EPR) intensity changes and x-ray diffraction patterns [1], as well as more conventional 
electrical measurements [2-4]. The aim of this work is to investigate the effects of oxygen 
partial pressures on the conductivity of fullerene thin films. We were able to determine a 
relationship between the oxygen pressure and the electrical conductivity of the film and to 
provide insight into the electronic structure of oxygen-intercalated C60 film. 

While previous work has been performed on the reactions between fullerene films and 
oxygen gas, such work focussed primarily on the impact of oxygen saturation on the fullerene 
material [3, 5-7], or the extent of oxygen photopolymerisation of the fullerene chains [8,9]. 
By contrast, the work reported here considers the use of vacuum chambers in conjunction 
with evaporation methods and heat stages in order to control the oxygen partial pressures in 
the sample chamber. This in turn allows us to obtain a conductivity/temperature plot for the 
oxygen partial pressures in order to determine a relationship between activation energies and 
oxygen partial pressures. 

 
2. Experimental 

Films of C60 were prepared by sublimation onto a clean glass substrate in a vacuum 
chamber operating at better than 10-7 Torr, which contain pre-deposited gold electrodes. The 
starting material C60 (Sigma-Aldrich Company, USA) was over 99% pure. A quartz-crystal 
microbalance was used to monitor the rate of deposition and final film thickness. Film 
thickness and uniformity in depth were also characterised by carrying out a series of image 
scans across scratches cut through the film using an Atomic Force Microscope tip scratch 
method described previously [10]. Conductivity measurements were performed using a 
Keithley Two Probe Electrometer in the dark vacuum chamber (pressure less than 10-7 Torr), 
and in oxygen atmospheres with pressures of 10-3 and 10-5 Torr. The temperature of the 
sample was controlled using an electric heater and measured with a thermocouple attached to 
the rear of the sample. 
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3. Results 
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Figure 1. Temperature dependence of 
conductivity of a C60 film in vacuum 
10-7 Torr after one heating/cooling 

cycle. 

Figure 2. Arrhenius plot of conductivity showing its clear 
dependence of the conductivity on the oxygen pressure. 

 
3.1 Heating and Cooling Cycles 

As is apparent from Figure 1, the room temperature conductivity of the film remains 
almost constant after the first cycle, indicative of a more stable – but potentially 
polycrystalline – material, unaffected by further annealing cycles [3]. Subsequent annealing of 
the film does not cause significant changes to the film conductivity, allowing the temperature-
dependent electrical measurements to be carried out in situ without causing further changes in 
the polycrystalline structure of the film.  

While the thickness of the film was being determined, it was observed that the film 
showed signs of crystalline grains approximately 200nm in diameter on the surface of the 
fullerene film. This is indicative of a polycrystalline C60 film, confirming the polycrystalline 
structure of the film. 
 
3.2 Impact of Oxygen Partial Pressures 

Electrical conductivity of fullerene films was found to be highly sensitive to oxygen 
partial pressures in the pressure range from 10-3 to 10-5 Torr. It was noted that maintaining the 

film in an atmosphere of nitrogen has no significant effects on the 
conductivity. Exposure to oxygen at a pressure of 10-3 Torr induces an 
abrupt fall of the conductivity by two orders of magnitude. Figure 2 
shows that the change in temperature at each oxygen concentration has 
a significant influence on the electrical conductivity. The linear 
relationship of lnσ against 1000/T observed for the pure and oxygen-
intercalated films indicates the temperature-dependent electrical 
conductivity is thermally activated and can be described by the 

Arrhenius relation (Equation 1). This relation also indicates the nature of semiconductor 
conduction as it refers to the rate at which the carriers diffuse through the material as a 
function of temperature.Log-linear plot of conductivity σ against 1/T, as shown in Figure 2, 
allows the determination of the activation energy for the fullerene films. Table 1 shows the 
activation energies of our films as well as previously reported values, which show that the 
activation energies of oxygen-intercalated films are generally higher than pure films kept in 
vacuum. The fact that the activation energy of the fullerene film increases from 0.27 to 0.38 
eV as the oxygen pressure increases from 10-5 to 10-3 Torr indicates that oxygen has a 
significant impact on the film electrical properties.  

Oxygen molecules can interact with fullerene films and form a dipole moment from the 
C60 to the O2 [4]. This creates a complex centre that can act as either an acceptor to free 

⎟
⎠
⎞

⎜
⎝
⎛ −

= kT
Ea

e0σσ  
Equation 1. The 
Arrhenius Equation 
where σo is the pre-
exponential factor and 
Ea is the activation 
energy.  
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electron carriers [5], or as a scattering centre that reduces carrier mobility. If the electrons are 
trapped by the oxygen-fullerene dipoles, it is reasonable to assume that there will be a 
reduction in the carrier concentration directly correlated to the concentration of oxygen gas 
present within the fullerene film, which in turn is related to the concentration of oxygen in the 
environment. The drop in carrier concentration leads to a reduction in electrical conductivity 
and an increase in activation energy. 
 

 Ea (eV) 
Single fullerene crystal [2] ~0.2 
Fullerene film (Highly crystalline) [3] 0.26 
Fullerene film – 10-5 Torr oxygen (this study) 0.27 
Single crystal under high pressure (7.5 × 106 Torr) [11] 0.32 
Fullerene film – 10-3 Torr oxygen (this study) 0.38 
C60/C70 film [12]  0.43 

 
Table 1. Activation energies of pure and oxygen-intercalated fullerene films.  

 
Our fullerene films exhibit an association between oxygen pressure and activation 

energy. The increase in the activation energy as oxygen pressure increases indicates that 
oxygen concentration within the film is directly related to the oxygen pressure surrounding 
the film. It was also observed during the measurements that there were no significant changes 
in the film conductivity after 38 min oxygen exposure so long as the oxygen pressure and 
sample temperature were maintained unchanged. This indicates the film has reached oxygen 
equilibration within the time period.  
 
4 Conclusions 

We found that oxygen intercalation into fullerene films has a considerable impact on the 
film electrical properties, with their conductivities dropping by several orders of magnitude in 
an oxygen atmosphere. Both pure and oxygen-intercalated fullerene films show the 
semiconductor conduction and follow the Arrhenius relationship. As the oxygen partial 
pressure increases from 10-5 to 10-3 Torr, the activation energy of the fullerene film decreases 
by 0.11 eV. It appears credible that further development into fullerene-based gas sensors 
could be feasible. 
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Phase contrast experiments using a polychromatic, micro-focus x-ray source 
were conducted on dialysis fibres with and without various filter materials, 
showing a reduction in phase contrast. The spectrums were measured using 
multi-channel analyzer and incorporated into computer simulations using 
Fresnel diffraction. Calculations showed little difference between the filtered 
and unfiltered cases until source and detector considerations were taken into 
effect, giving rise to a possible explanation for phase contrast reduction. 

 
1. Introduction 

X-ray phase contrast imaging offers potential advantages over traditional absorption 
radiography such as the ability to image low atomic Z materials that do not appreciably 
attenuate the beam, with the added advantage that regions of different refractive index are 
delineated by a diffraction edge providing greater visual acuity. Furthermore the phase 
component of the complex index of refraction is less dependent on higher photon energies 
giving rise to the possibility of reduced patient dose in techniques such as mammography[1]. 

The requirements for phase contrast are an x-ray source with sufficient spatial 
coherence and sufficient propagation distance between the detector and the sample to allow 
the transformation of phase information into recordable intensity variations. If polychromatic 
sources are to be used, often the lower energy x-rays must be filtered from the beam as they 
have insufficient energy to contribute to useful diagnostic information, and hence add only to 
sample dose. However, experiments have shown that the use of filters can decrease the phase 
contrast information considerably and the mechanism for this effect is not clear. 

Using a microfocus x-ray tube with a fibre as a suitable phase object, measurements of 
phase contrast were made with and without various filter materials such as Aluminium, 
Copper, Nickel and Polymethylmethacrylate(PMMA). The spectrums of each case were also 
measured and used in a custom Fresnel diffraction program to determine if the reduction in 
phase contrast were due to the spectrum change alone. Surprisingly it was found not to be the 
case and other mechanisms in the imaging chain such material dispersion in the target and the 
finite source size and the scanning of the image plate were found to have significant effects. 

 
2. Experimental 

The x-ray source was a Feinfocus microfocus FXE 225-20, located at the CMMT of 
CSIRO. The source to detector distance was 2 meters, while the object was placed around 20 
cm from the source. Detection was via Fujifilm image plates, scanned with a Fujifilm 
BAS5000 scanner at 25 µm resolution. The phase object was a Cuprophan™ fibre, made from 
regenerated cellulose with a 200 µm diameter and 8 µm wall thickness. All images were 
converted into photostimulable luminescent values (psl) format via reference [2]. 

The images were further software processed to ‘straighten’ the fibres for better phase 
contrast measurement. Natural deformities could be corrected in this way as well as fibre 
misalignment with scanner direction, which is important when averaging line profiles for 
noise reduction. Phase contrast was defined via  

pc=(max-min)/(max+min).  (1) 
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3. Results 

Phase contrast was found to decrease with increasing thickness of Aluminium, Silicon, 
Copper and PMMA. An example is shown (Fig. 1) for a range of Aluminium thicknesses 
from 0.03 to 1mm.  

  
Fig. 1. Phase contrast as a function of aluminium thickness(left) and Fig.2 Measured spectra (right). 

 
The measured unfiltered and 0.94 mm Al filtered spectra show (Fig. 2) strong L lines in the 
unfiltered case and a hardening of the beam as expected for the filtered case. It may be 
surmised that the strong phase contrast can be attributed to these L lines which are absent in 
the filtered cases, but in calculations based on Fresnel diffraction this proved not to be the 
case. 

Fig. 3. Raw and convolved Fresnel diffraction pattern for unfiltered (left) and Fig. 4. 0.94 mm Al filtered 
diffraction pattern (right)  respectively. 

 
When a filter is used, the resulting x-ray spectrum is shifted towards the higher energies 
(Fig.2) and this changes the amount of dispersion in the fibre so that overall pattern due to 
refraction narrows compared to the unfiltered pattern. Upon convolution (Fig.3 and 4) with 
the source size and scanner as described in reference [3], these narrower peaks are smoothed 
out significantly more than the unfiltered peaks, resulting in a decrease of the calculated phase 
contrast values as observed in experiments. Phase contrast for example is decreased by 
approximately 50% from 0.55 to 0.28, in the case of a 0.94 mm Aluminium filter. There are 
discrepancies in the absolute values of the phase contrast but good agreement with the relative 
changes due to the introduction of certain filters. This not surprising considering the exact 
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shape and size of the source and density of the target material are unknown, and is the subject 
of further reseach. 
 
Finally, figure 5 shows the effect of the Fresnel based calculations with the measured spectra 
of different materials. It shows that phase contrast is reduced for higher Z materials as well as 
thickness by the same mechanism as before with the Aluminium. Also the placement of the 
filter whether near the source or detector has little effect on phase contrast as does the size of 
the grain structure showing that the effect is largely due to the bulk and not the internal 
structure of the material. 

 
Fig. 5. Phase contrast calculations for various materials and thickness. 
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Specific heat measurements on ErNiAl4 show a phase transition at 5.8(1) K. 
Magnetisation data confirms the low temperature phase is antiferromagnetic in 
nature, while neutron powder diffraction data suggests an incommensurate 
structure similar to the intermediate magnetic phase of TbNiAl4. 

 
1. Introduction 

The intermetallic series RNiAl4 (R = rare earth) exhibits intriguing magnetic properties. 
For the compounds with R = Pr, Tb and Gd there are at least two magnetic phase transitions 
as a function of decreasing temperature, including an incommensurate magnetically ordered 
phase (e.g. [1-3] and references therein).  In addition, the low temperature magnetisation of 
TbNiAl4 exhibits two transitions as a function of applied magnetic field [4]. The choice of 
rare earth is crucial in determining the magnetic anisotropy. The Kramers ion Nd in NdNiAl4 
orders along the b-axis, perpendicular to that of neighbouring non-Kramers PrNiAl4 which 
orders along the a-axis. Furthermore NdNiAl4 does not show any sign of a second magnetic 
phase to the lowest temperatures. 

We report here on a study aimed at improving the understanding of the systematics of 
the RNiAl4 series. Heat capacity and magnetisation are recorded for ErNiAl4 as a function of 
temperature. Neutron powder diffraction at approximately 5.8 K that shows magnetic order.  

 
2. Sample preparation 

The ErNiAl4 compound was synthesised by repeated argon arc melting of 
stoichiometric amounts of 99.9% Er together with 99.99% Ni and Al.  The resulting ingots 
were annealed for seven days at 1300 K wrapped in tantalum foil under vacuum. The 
resulting material was checked for impurity phases by powder x-ray diffraction (XRD). 
Magnetisation measurements were made using a SQUID magnetometer in applied magnetic 
fields up to 7 T and in the temperature range from 2 to 300 K. The specific heat was measured 
in zero magnetic field using the relaxation method on a Quantum design PPMS system. 

The powder specimen for neutron diffraction was prepared by grinding a number of 
ingots. Neutron powder diffraction data were collected using the MRPD at the HIFAR 
reactor, Lucas Heights. Use of a closed cycle refrigerator allowed these measurements for 
temperatures down to a nominal base temperature of 5 K. At base temperature, the two 
thermometers, top and bottom of the specimen read 5.4 K and 6.1 K respectively. We have 
assigned an average temperature 5.8 K for this run. Data were analysed using Rietica [5] and 
FullProf [6], the latter allowing for refinement of magnetic structures. 
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3. Results 
3.1 Specific heat and magnetisation 

Specific heat data, collected down to 2 K, is shown Fig. 1 and feature a single 
significant peak corresponding to a single magnetic transition at 5.8(1) K. This result is 
suggestive of only two magnetic phases, much like the other Kramers ion system, NdNiAl4. 
The magnetisation data of Fig. 2 also support the case for a transition at 5.8 K, and suggest 
that the lower temperature phase is likely antiferromagnetic. 

 
Fig. 1. Specific heat measurement for ErNiAl4 in zero magnetic field. 

 

 
Fig. 2. Magnetisation measurements for ErNiAl4 powder, collected at 0.1 T applied magnetic field, before and 

after exposing the sample to a high magnetic field (7 T). 
 

3.2 Neutron diffraction 
Neutron diffraction data collected at 10 K showed structural peaks only and could be 

fitted with structural parameters much as for TbNiAl4 [2]. However data collected at the 
nominal base temperature of the cryostat, average sample temperature approximately 5.8 K, 
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shows the onset of magnetic order.  This lowest temperature data, shown in Fig 3, has been 
fitted using Fullprof to reveal incommensurate magnetic order. A propagation vector of τ =  
(hτkτlτ) = (0.191 1 0.015) is assigned with the moments in an antiferromagnetic configuration 
along the b axis. This structure is similar to the incommensurate (intermediate) phase of 
TbNiAl4, for which τ  = (0.171 1 0.038) was assigned [2].  

 
Fig. 3. Neutron diffraction data for ErNiAl4 powder, collected in zero applied magnetic field and at a sample 
temperature close to 5.8 K. The Fullprof refinement suggests incommensurate magnetic order (starred peaks). 

 
 In conclusion, the specific heat measurement suggests that ErNiAl4 has a single phase 
transition, like NdNiAl4, and the neutron diffraction data reveal a low temperature 
incommensurate magnetic order such as seen in the intermediate temperature phase for 
TbNiAl4.  Further definitive neutron powder diffraction measurements at lower temperatures 
will be possible with the OPAL reactor’s new suite of instruments. 
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In this contribution, we describe the orientational distribution of the carbonate 
crystallites within some silica carbonate biomorphs. Such precipitates with 
biomimetic morphologies are formed in alkaline silicate solutions containing 
barium ions which react with carbon dioxide dissolved from ambient air. We 
conclude that elucidation of the detailed crystallography and crystallite 
patterns of a wider range of biomorphs will be vital before any models of their 
formation can be confirmed. 

 
1. Introduction 

Aggregates of astonishingly life-like shapes precipitate from basic silicate solutions that 
contain alkaline earth metal ions [1]. These biomimetic morphologies (biomorphs) can be so 
life-like that they may be mistaken for early fossils [2-4]. From the materials-science point of 
view, these structures are extremely interesting as they can serve as models for the synthesis 
of new ceramic materials with hierarchical structure and complex form. 

It is well documented that these biomorphs comprise amorphous silica and 
nanocrystalline alkaline-earth carbonate (formed by trapping carbon dioxide from the air) but 
although structures of biomorphs have been studied [1-10] there is still only limited 
information about their details and the underlying chemical and physical processes for this 
remarkable self-assembly. In principle, two models have been put forward: [9] the “top-
down” model in which the silica membrane dictates (and templates) the shape [6] and the 
“bottom-up” model, in which local twist constraints between adjacent nano-crystallites dictate 
the shape [8, 10] In this contribution, we describe the orientational distribution of the 
carbonate crystallites of some biomorphs. 

The crystal structure of barium carbonate, witherite, consists of a hexagonally close-
packed array of Ba ions (compressed along the c-axis) with the carbonate groups laying flat in 
all octahedra (Fig. 1a and b). In alternate rows along <100> the carbonate triangles are rotated 
in opposite directions (accompanied with a shift up or down along the c axis). This lowers the 
symmetry of the substructure (P63/mmc) and gives rise to the orthorhombic (Pmcn) crystal 
structure of witherite. The common witherite twinning relates to rows of carbonate groups 
within the orthorhombic structure being able to lie along one of the three possible <100>hex 
directions resulting in three possible twin orientations. For initial indexing of selected area 
electron diffraction patterns (SAEDP) of the nanocrystalline witherite of the biomorphs, we 
ignore the direction of the ordering pattern of the carbonate groups and only use the 
underlying P63/mmc sublattice.  
 
2. Sample preparation 

The helical biomorphs were synthesised by mixing 1 ml of a 10 mM BaCl2 solution 
with 1 ml of a 17 or 8.5 mM silicate solution (calculated on the basis of monomer) in a plastic 
cylindrical open container (∅ = 1.5 cm, h = 1.7 cm).  Prior to mixing, the pH of the silicate 
solution was adjusted to 11.3 with 0.1M NaOH. 
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  Fig. 1. The crystal structure of witherite shown along a) [001]hex and b) <100>hex. The reciprocal lattice of 
witherite c) indexed in the conventional Pmcn space group and d) showing all three possible witherite twin 
directions and indexed using  the underlying P63/mmc subcell. 
 
3. Results     

Typical morphologies of some selected biomorphs are shown in Fig. 2. Polarised light 
micrographs (Fig. 3a) of a thin (ca. 10 micron) section of a worm like biomorph (such as Fig. 
2a) confirm orientational order of the carbonate crystallites suggested from scanning electron 
micrographs [9]. The direction of the black Maltese cross in Fig. 3a relative to the biomorph 
shows that the crystallites tend to align perpendicular to the biomorph surface. Images from 
transmission electron microscopy (TEM) in Fig. 3b and c are compatible with this, as the axis 
of elongation of crystallites lies perpendicular to the edge of the aggregate. 

 
Fig. 2. Examples of biomorphs from a) a standard experiment (BaCl2 = 5mM, SiO2 = 8.5 mM, 298K) b) 

the standard concentrations 368K and c) low silica concentration (4.2 mM) and 378K. 

 
Fig. 3. a) Polarised light micrograph, b) Bright Field and c) Dark Field (from around 002) TEM images of 

a biomorph such as in Fig. 2. d) SAEDP of the area in b) and c) are indexed in the hexagonal sub cell. 
 
The SAEDP in Fig. 3d confirms that the average c axis is oriented perpendicular to the 

edge and shows that spread in c-axis orientation is about 50° within the illuminated area. Note 
also that the reflection 1/202hex (equivalent to 012ort) is present confirming that the carbonate 
groups are at least partially ordered within twin domains. It is not trivial to extract more 
information from these SAEDPs as preparation of thin sections of the tiny aggregates usually 
destroys some or all of the biomorph external surfaces. 
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It was found that by increasing the temperature to 70°C, sheet and band like formations 
thin enough to examine by TEM could be grown directly on carbon-coated copper grids (Figs. 
2a, 4a and 4b). SAEDP from the band in Fig. 4b shows a single-crystal-like <1

_
10>hex SAEDP 

(Fig. 4c). Upon tilting the band either + or - 30° around the c axis, apparent <100>hex SAEDPs 
(Fig. 4d) indicate an average six-fold rotation axis of the sampled area. The weak 
superstructure reflections (originating in the orthorhombic ordering of the carbonate groups) 
appear in all <100>hex and <1

_
10>hex zone axis SAEDPs but are always much weaker than in a 

<100>ort or <010>ort SAEDP of witherite. This is all compatible with these superstructure 
reflections in each zone axis arising from only one of the three possible twin orientations. The 
bands in Figs. 4a and b hence consist of small crystallites collectively oriented essentially as 
one single crystal with respect to the underlying hexagonal average structure, but with all 
three twin orientations present. 

 
Fig. 4. a) and b) FESEM images of band-like formations from the same sample as Fig. 2b. c) and d) EDPs 

of the tip of the band in b) with the 002 reflection circled. 
 
If the temperature was increased to 80°, and [SiO2] lowered from 8.5 to 4.2 mM, further 

crystallographic ordering of the crystallites was documented. SAEDPs from the “leaves” of 
crystallites shaped as palm trees (Fig. 2c) reveals that they always consist of two out of the 
three possible twins.  

We conclude that elucidation of the detailed crystallography of a further range of 
biomorphs will be vital before any models of their formation can be confirmed. 
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In this report, La0.7Sr0.3MnO3 thin films were deposited on single crystal 
SrTiO3 (STO) substrates. The deposition conditions were analysed and pure c-
axis film was epitaxially grown. The surface of the YBCO film on the top of 
La0.7Sr0.3MnO3 /SrTiO3 was examined with atomic force microscopy (AFM). 
Superconducting YBCO thin film was deposited by pulsed laser deposition on 
the La0.7Sr0.3MnO3 /SrTiO3. Tc and Jc of the samples were measured and 
calculated through DC magnetic measurements using a physical properties 
measurement system (PPMS). 

 
1. Introduction 

The second generation high temperature superconductor (HTS) tape is termed ‘coated 
conductor’, that is, an YBa2Cu3O7-d (YBCO) coating on a metallic tape substrate with a 
multilayer buffer in between. Rolling-assisted biaxially textured substrates (RABiTS) have 
been developed for this purpose, and the method has become a cost effective approach to the 
fabrication of coated conductor [1,2]. In general, a coated conductor architecture involves 
epitaxial fabrication of a thin layer ~1-2 µm in depth of HTS film, usually YBCO, on  one or 
more biaxially textured buffer layers deposited on a thick (~80 µm) flexible metal substrate 
(Ni or dilute Ni alloys).  These buffer layers provide a template allowing reduced lattice 
mismatch between the YBCO and the substrate for c-axis aligned epitaxial growth, while 
providing a barrier to Ni diffusion from the metal substrate into the superconductor during 
deposition or ex-situ processing of the YBCO layer. For effective implementation at 
cryogenic temperatures (30-77 K), stabilization against thermal runaway will be required in 
the event of an over current situation (exceeding the critical current Ic of the HTS coating). A 
solution is to electrically shunt the HTS layer, either by an intermediate conductive buffer 
layer to a low resistivity metal substrate or by depositing a stabilizing metallic cap layer, e.g., 
Cu or Ag, onto the HTS coating. The latter solution will increase the cross-sectional area, 
hence reducing the engineering critical current density Je (Ic per unit total cross-sectional 
area). The most desirable approach from an applications perspective is to deposit conductive 
buffer layer on the metallic tape in order to shunt the current to the tape when the HTS layer 
leaves the superconducting state [3]. Coupling the HTS layer adequately to a metallic tape 
through a conductive buffer layer also provides an overall less complicated structure with 
reduced resistance and an increased thermal conductivity, providing more efficient heat 
transfer to either a coolant bath or through the thermal diffusivity of the system. 

In recent years, the study of colossal magnetoresistance (CMR) in perovskite-structured, 
doped lanthanum manganese oxides has generated great interest in fabricating these materials 
as thin film heterostructures for various technological applications. The variant 
La0.7Sr0.3MnO3 (LSMO), apart from its CMR properties, is also an electrically conductive 
oxide with good thermal stability. Moreover, the pseudocubic lattice parameter of 3.9 Å is a 
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close match to YBCO film. Therefore, it is of interest to investigate the viability of LSMO as 
a conductive buffer layer on RABiTS for YBCO-coated conductors. Here, we report the 
fabrication of La0.7Sr0.3MnO3 buffer layer deposited by pulsed layer deposition on single 
crystal SrTiO3  (STO) substrate. 
 
2. Sample preparation 

LSMO targets were made by sintering a pressed mixture of La2O3, SrCO3, and MnO2 
powder according to the element stoichiometry at 1150oC for 8 hours in air. X-ray diffraction 
(XRD) phase analysis showed it was a pure La0.7Sr0.3MnO3 phase. LSMO and YBCO targets 
were ablated by an excimer KrF pulsed laser with 248 nm wavelength. The LSMO buffer 
layer was epitaxially deposited on STO substrate at 550oC under 10 mTorr O2 pressure. The 
laser beam energy was fixed at 300 mJ per pulse at 3 or 5 Hz.  Single crystal (00l) STO 
substrates of 3x3mm2 were attached with silver paste to a sample stage (also the heater) which 
was directly facing the target at an on-axis position. A laser beam was directed to the target 
surface at an angle of 45° to the normal of the target, with the target-substrate distance 40 
mm. The size of the laser spot on the target was ~ 5×2 mm2, and the laser pulse energy 
density on the target was ~ 3 J/cm2. The target was rotated at 10 rpm.  

An X-ray diffraction system was used to analyse the phase and orientation of films with 
XRD θ -2θ scans. The temperature and field dependences of the magnetic moment were 
investigated by employing a Quantum Design PPMS using a superconducting quantum 
interference device (SQUID) magnetometer with a maximum field of 9 T and temperature 5 < 
T < 300T. An atomic force microscope (AFM) was used to more fully characterize the surface 
morphology and roughness of the buffer layers. 
 
3.  Results 

The background pressure of the deposition chamber was about 1x10-6 Torr. After 
deposition of the LSMO buffer layer, the oxygen pressure was subsequently increased to 200 
mTorr, and the superconducting YBCO layer was then deposited on the buffer layers. The 
YBCO film was deposited within a deposition temperature range of 770 - 790°C in 200 
mTorr oxygen pressure. The laser conditions were: energy 300 mJ/pulse and repetition rate 5 
Hz. Following deposition, the YBCO film was quickly cooled to 450°C under the deposition 
pressure, and then kept for 30 min under an oxygen pressure of 700 Torr. Fig. 1 is a typical 
XRD plot for an YBCO(500nm)/LSMO(100nm)/STO sample. In this figure, the LSMO film 
just has (002) and (004) peaks, but the (002) peak has overlapped with the STO (002) and the 
YBCO (003) peaks, while the (004) peak has overlapped with the STO (002) and the YBCO 
(006) peaks. The YBCO film has a pure c-axis orientation. 

Fig. 1. XRD θ-2θ scan for a typical YBCO/LSMO/STO sample. 
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The Tc of the YBCO film was 90K as measured by DC magnetic measurements using 
PPMS. The Jc values were magnetically determined by applying the modified critical state 
model to the magnetic hysteresis loop via the relation Jc = 2∆M/[a(1-a/3b)]. This formula 
applies to a rectangular solid with field perpendicular to a face with sides b > a. Here, ∆M = 
(M−−M+), where  M− and M+ are the magnetizations at temperature T measured in decreasing  
and increasing field H history, respectively.  The curves shown in Fig. 2 are the Jc(B,T) 
relationships for the YBCO film (500nm), which is consistent with reports that these Jc(B,T) 
curves depend on the applied field  and temperature through the mechanism of vortex 
trapping by dislocations over the entire field range. It can be seen that Jc can remain constant 
at some value of applied magnetic field for T ≤ 20K, which means that there is a single vortex 
pinning regime.  

AFM was used to examine the surface morphology and roughness.  Fig. 3 is the AFM 
image of the YBCO (500 nm) surface. There are a few large outgrowths on its surface, and 
the surface roughness was increased compared to the roughness of LSMO film. The AFM 
scan on this specimen gives a root mean square roughness over a 50 µm × 50 µm area of 
about 43.4 nm, including the outgrowths, and 37.3 nm over the same area if outgrowths are 
excluded.  
        From the superconductivities of YBCO on the top of LSMO buffer layer it can be seen 
that the LSMO a suitable conductive buffer layer for YBCO coated conductor. The work of 
depositing LSMO film on metallic substrates, such as Ni and Ni-alloy, is in process. 
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The cubic Fd
−

3 m pyrochlore (Bi1.5Zn0.5-α)(Zn0.5Nb1.5)O7-α (BZN) and related Bi 
based pyrochlores are attractive candidate materials for use in future wireless 
communications technology as a result of their high (and tuneable) dielectric 
constants and low dielectric losses in the RF/microwave frequency range coupled 
with their relatively low sintering temperatures. In the case of 
(Bi1.5Zn0.5)(Ti1.5Nb0.5)O7 (BZTN), the continuous G ± <10l>* type diffuse 
streaking characteristic of the BZN-related pyrochlores has virtually condensed 
out to give relatively sharp G ± <001>* "satellite reflections" and a P4332, close 
to a superstructure, phase of average pyrochlore unit cell dimensions. Bond 
valence sum considerations are used to investigate the local crystal chemistry of 
this BZNT phase and to derive a plausible model for the superstructure phase. 
The additional G ± <001>* satellite reflections are due to short range ordering of 
Bi and Zn ions on the A sites of the O’A2 sub-structure of the pyrochlore average 
structure type coupled with associated strain induced structural relaxations.  

 
1. Introduction 

Bi-based pyrochlore phases such as (Bi1.5Zn0.5-δ)(Zn0.5Nb1.5)O7-δ (BZN) have been the 
subject of much recent interest as a result of their relatively low sintering temperatures and 
often excellent dielectric properties including electric field tuneability. The inherent disorder 
of these Bi-based, A2B2O7 (or B2O6.O'A2) pyrochlore systems is of some interest as it is 
believed to be strongly correlated with their dielectric relaxation properties [1-4]. We have 
recently found clear evidence (in the form of highly structured, G ± <10l>* type diffuse 

scattering [G a Bragg reflection of the underlying Fd
−

3 m average structure] observed via 
electron diffraction) for short range ordering of Bi and Zn metal ions on the A site positions of 
the O'A2 sub-structure of the ideal pyrochlore structure type in the case of BZN. The local 
Bi/Zn compositional ordering and associated displacive disorder responsible was qualitatively 
interpreted via Monte Carlo modelling guided by the insights provided by a bond valence sum 
analysis of the average crystal structure and showed that each of the constituent O'A4 
tetrahedra making up the O'A2 sub-structure must have O'Bi3Zn stoichiometry [5]. This paper 
extends the results of our previous work to a new, Bi-based pyrochlore superstructure phase 
i.e. (Bi1.5Zn0.5)(Ti1.5Nb0.5)O7 (BZTN). 

 
2. Sample preparation 

(Bi1.5Zn0.5)(Ti1.5Nb0.5)O7 (BZTN) was synthesized by solid state reaction from high 
purity oxide starting materials. The powders were homogeneously mixed and then annealed 
for several days at 1050°C. Samples suitable for Transmission Electron Microscope (TEM) 
were prepared by the dispersion of finely ground material onto a holey carbon film. Electron 
Diffraction Patterns (EDP's) were obtained with a Philips EM 430 TEM. 

 
3. Results and Discussion 
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Fig.1 shows typical ~ <551> zone 
axis electron diffraction patterns 
(EDP's) of (a) BZN and (b) BZTN 
as well as (c) <001> and (d) <221> 
zone axis EDP's of BZTN. Similar 
EDP's were always observed for 
both BZN and BZTN (c.f. for 
example Fig.1a with Fig.1b). Thus 
the same short range chemical 
ordering of the Bi and Zn ions on 
the ideal pyrochlore A site positions 
(along with the associated structural 
relaxation) must again be largely 
responsible for the observed 
structured diffuse distribution [5]. 
There is a difference however. The 
extended G ± <10l>* type diffuse 
streaking along the <001>* 
directions of reciprocal space in the 
case of BZN appear to have largely 
condensed into G ± <100>* 
'satellite reflections' in the case of 

BZNT e.g. the 'reflection' labelled [102]* in Fig.1d = [002]* + [100]* etc. is not an allowed 

Bragg reflection of the Fd
−

3 m average pyrochlore structure type. Note that the resultant 
superstructure is of average pyrochlore unit cell dimensions and necessarily P-centred.  

 
We begin by assuming that each 

O'A4 tetrahedron of the ideal O'A2 
sub-structure (see Fig.2b) has O'Bi3Zn 
stoichiometry, as is the case for BZN. 
Given this, here are only two possible 
types of inter-tetrahedral Zn-Zn 
separation distances. The first is of 
1/4 <112> type as shown in Fig.2a. 
Because the Zn ions are ~ 50% under-
bonded in the average structure type, 
neighbouring O' ions centreing the 
O'Bi3Zn tetrahedra must shift directly in 
towards the Zn ions. The Bi ions in the 
same tetrahedra cannot afford to lose the 
valence contribution from these O' ions, 
however, and will seek to follow the 
induced O' ion shifts. This induces shifts 
of the Bi ions perpendicular to the local 
O'-Bi-O' axis towards two of the six 
surrounding equatorial O ions (see 
Fig.2a). The only other possible type of 

inter-tetrahedral Zn-Zn separation distance is 1/2 <110>. Such a Zn-Zn separation distance, 
however, does not allow the Bi ions to follow the O' shifts and leads to a significantly under-
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Fig.1 Typical ~ <551> zone axis EDP's of (a) BZN 
and (b) BZTN as well as (c) <001> and (d) <221> 
zone axis EDP's of BZTN. 

Fig.2 (a) The hexagonal prismatic environment 
of the A cations in the pyrochlore average 
structure type in projection along <1,-1,0> and 
(b) an <001> projection of the O'A2 tetrahedral 
sub-structure of the ideal pyrochlore structure 
type. The Zn ions are represented by the larger 
black balls in (a) and blue balls in (b). The Bi 
ions are represented by the pink balls in (a) and 
(b). A possible Bi/Zn ordering pattern with an 
overall space group symmetry of P4332 is 
shown in (b). 
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bonded Bi ion. It is therefore energetically extremely unfavourable and does not occur. This 
provides a crystal chemical rationale for why 1/4 <112> type Zn-Zn separation distances are 
strongly favoured and 1/2 <110> type Zn-Zn separation distances completely avoided in 
BZN-related pyrochlores. 

 Applying these ordering principles and assuming a 'marker' Zn ion at 1/8, 1/8, 1/8 
(marked by the open squares in Fig.2b) there are two only Bi/Zn ordering patterns compatible 
with a P-centred resultant superstructure of average pyrochlore unit cell dimensions. The first, 
shown in Fig.2b above, has resultant P4332 space group symmetry while the symmetry related 
second, has resultant P4132 space group symmetry. The Zn ions are represented by the larger 
blue balls at the corners of the O'Bi3Zn tetrahedra while the O'-Zn-O' "zincanyl" type units are 
marked by the double-headed arrows. Note that the characteristic arrangement of the O'-Zn-O' 
"zincanyl" type units completely destroys the original face-centreing symmetry operations of 
the underlying pyrochlore type average structure. Relatively extended distributions of this 
type must occur in the case of BZNT in order to account for the sharpness of the observed 
"satellite reflections" (see e.g Fig.1). 

Following the principles enunciated above, a 
fully ordered model structure for BZNT in space group 
P4332, a = 10.3528 Å, has been derived. In order to 
confirm this, Monte Carlo simulation (see [5,6] for 
details) was used to produce a 'size effect' relaxed 
O'Bi1.5Zn0.5 distribution starting with the undistorted 
O'Bi1.5Zn0.5 distribution of space group symmetry 
P4332 shown in Fig.2b. Fig.3 shows the corresponding 
simulated <001> type diffraction pattern using this 
distribution. A good qualitative agreement (cf. e.g the 
relative intensities of the satellite reflections around 
the [ 880]* pyrochlore Bragg reflection contained 
within the white box of Fig.3 and Fig.1c and confirms 
the plausibility of the proposed structural model.  
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Structured Diffuse Scattering and Polar Nano Regions in the Ba(Ti1-xSnx)O3

and Ba(Ti1-xZrx)O3 Relaxor Ferroelectric Systems
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The observation via electron diffraction of relatively sharp, G ± {001}* sheets
of diffuse intensity arising from the large amplitude excitation of inherently
polar, transverse optical modes of distortion in Ba(Ti1-xSnx)O3 (BTS),
0.1 ≤ x ≤ 0.5, and Ba(Ti1-xZrx)O3, x = 0.3, samples, both at room temperature
as well as liquid nitrogen temperature, show that the polar nano regions
(PNR's) responsible for the observed dielectric behaviour of these relaxor
ferroelectric materials correspond to the same highly anisotropic <001> chain
dipoles as are characteristic of the normal ferroelectric end member BaTiO3

itself. The role of the dopant Sn and Zr ions is not to directly induce PNR's but
rather to set up random local strain fields preventing the condensation of long
wavelength homogeneous strain distortion of the unit cell thereby suppressing
transverse correlations of the <001> chain dipoles and the development of
long range ordered ferroelectric state/s.

1. Introduction
Early transition metal d0 cations in octahedral environments (such as e.g. the Ti4+ ion in

the TiO6 octahedra of BaTiO3, KTiOPO4 etc. or the Nb5+ ion in the NbO6 octahedra of
KNbO3) have a well known susceptibility to moving off-centre in a correlated fashion giving
rise to inherently polar ferroelectric materials and and to paraelectric to ferroelectric phase
transitions. The large peaks in dielectric constant accompanying these paraelectric to
ferroelectric phase transitions are potentially very useful. A major drawback, however, is that
such peaks are typically rather sharp and strongly temperature-dependent. For practical
applications, it is necessary to broaden out these peaks in permittivity while still maintaining
as high a magnitude as possible. The traditional way of achieving this is to chemically
substitute inherently ferroelectric materials such as e.g. BaTiO3 with appropriate dopants to
give rise to so-called Relaxor Ferroelectrics (RFE's) such as Ba(Ti1-xSnx)O3 (BTS) or
Ba(Ti1-xZrx)O3 (BTZ). Above a certain level of dopant ions, such relaxor systems exhibit a
so-called "diffuse phase transition" (at Tm, see Fig.1 below), believed to be induced by
compositional heterogeneity on the nanometer length scale, and hence maintain relatively
high dielectric constants which do not vary too markedly over a much larger temperature
range. The physical mechanism underlying these "diffuse phase transitions" (DPT's) has been
of intense and continuing interest [1,2] ever since the pioneering work of Smolenskii [3].

2. Experimental
A series of Ba(Ti1-xSnx)O3, x = 0.10, 0.20, 0.25, 0.30 and 0.50 (labelled BTS10, BTS20,

BTS25, BTS30, and BTS50 hereafter) powder samples as well as a Ba(Ti1-xZrx)O3, x = 0.30
(labelled BTZ30) powder sample were synthesized via conventional solid state reaction using
reagent grade BaCO3, SrCO3, TiO2 and SnO2 or ZrO2 as starting materials. The resultant
samples were all single phase and metrically cubic. Powder samples were ground, pelleted
and annealed at 1400 °C for 2h. The pellets were then polished on both sides and coated with
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silver paste for dielectric measurement using a high precision LCR meter (HP4284A). Their
relative density was typically > 95% while the average grain size was ~ 5-10 mm.

3. Results

3.1 Dielectric measurements
Fig.1 shows the measured temperature-dependent permittivities of the BTS10, 20, 25,

30 and 50 samples from room temperature up to 200 °C. Note the systematic lowering of Tm

and the broadening of the peak in permittivity at Tm with increasing Sn content. Note also that
the peak in permittivity becomes noticeably frequency dependent for x > 0.2.

Fig. 1. Measured temperature-dependent permittivities of the BTS10, 20, 25, 30 and 50 samples from 
room temperature up to 200 °C.

3.2 Electron Diffraction results
Very similar structured diffuse scattering, in the form of transverse polarized, quite

sharp, {001}* sheets of diffuse intensity were observed right across the BTS, x ≥ 0.1, solid
solution as well as for the BTZ (x = 0.30) sample, both at room temperature as well as at low
(liquid nitrogen) temperature (see Fig.2).

Fig. 2. (a) <-1,5,0> zone axis EDP of BTS10 at liquid nitrogen temperature.
(b) a typical <-1,2,0> zone axis  EDP of BTZ30.
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Note that the zero magnitude component of the individual q = <hk0>*, h, k continuous,
modulation wave-vectors (constituting these {001}* sheets of diffuse intensity) along the
orthogonal <001> real space directions regardless of composition, i.e. regardless of the Ti/Sn
or Ti/Zr composition ratio rules out the possibility of Sn/Ti or Zr/Ti compositional ordering
being responsible for the the observed diffuse distribution. Rather characteristic extinction
conditions associated with the diffuse distribution [4,5] e.g. the fact that F(G + q) ~ 0 at
(G + q) = [2,1, 0+g]*, [2, 1, 1+g]*, [4, 2, 0+g]* and [4, 2, 1+g]* etc. (see Fig.2b) require that
these {001}* sheets of diffuse intensity arise from individual inherently polar, transverse
optical, displacive modes of distortion giving rise to what are, in effect, 1-d PNR's (see [5]
and Fig.3 below for details). Note that from the diffraction point of view, these polar
displacive modes of distortion could be either static or dynamic in nature. Whether static or
dynamic, however, the diffraction evidence clearly demonstrates extremely anistropic, anti-
correlated behaviour of the off-centre displacements of the Ti and O ions ultimately
responsible for the observed dielectric behaviour of BTS.   

Fig. 3. Shows the 5 distinct ions per parent perovskite unit cell of BTS or BTZ: Ba at 0,0,0; Ti1-xSnx or Ti1-xZrx at
1/2, 

1/2, 
1/2; O1 at 1/2, 

1/2, 0; O2 at 1/2, 0, 1/2 and O3 at 0, 1/2, 
1/2 along with the relevant inherently polar displacive

shifts along <100> deduced from extinction conditions associated with the observed diffuse distribution.

The diffuse phase transitions apparent in these BTS and BTZ samples (see Fig.1) are
thus clearly not a result of a DPT into a long range ordered ferroelectric state below Tm but
rather are a result of a dynamic freezing or glass-like transition [1,2] involving the slowing
down of the dipolar dynamics of the 1-d PNR’s implied by the existence of the structured
diffuse distribution. This suggests that the prime role of the dopant ions is not to introduce the
PNR’s. Rather the role of the dopant ions appears to be to set up random local strain fields
thereby suppressing homogeneous long wavelength strain distortion of the underlying cubic
lattice, the transverse correlation of the pre-existing static 1-d PNR’s (below Tm) and a
transition into a long range ordered ferroelectric state.
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Measurement of the non-linear surface impedance and intermodulation 
distortion (IMD) was conducted on the Linac split-loop resonators (SLR). 
IMD measurements allow more sensitive detection of non-linearity as 
compared to surface impedance measurements. All cavities were electroplated 
with 96%Pb4%Sn film to the final thickness of 1.5 micron followed by 
mechanically polishing and then re-plating with a cosmetic layer of 0.3 
micron. The cavities plated with this technique display a low level of intrinsic 
non-linearity at operating temperature of 4.3 K and nominal absorbed RF 
power up to 6 W. The source of the non-linearity in the resonator structure, 
such as magnetic flux penetration and Josephson vortex dissipation, can be 
located by their contribution to the non-linear IMD response above a critical 
RF power level. 

 
1. Introduction 

The current technologies to deposit Nb film onto copper substrate are readily applied to 
simple RF structures but are not feasible for complex geometries like Split Loop Resonators 
(SLRs) and are challenging for multistub cavities, 2- and 3-QWR and 2-, 3-HWR [1]. In 
contrast, Pb-Sn plating provides fast and adequate results with modest equipment and at 
relatively low cost. ANU used Methyl Sulfonic Acid chemistry to re-plate twelve SLRs, 
which were electroplated earlier with fluoboric chemistry at Oxford. This change in plating 
chemistry increased the energy gain by almost 100%. A detailed account of the SLR plating 
technology at ANU is given in ref [2]. 

There is renewed interest in elecroplated lead for use in a superconducting electron gun 
for the injector in free electron lasers [3].  This is because lead is a better electron emitter than 
niobium, the usually used material in superconducting RF devices. 

 
2. Measurement surface resistance of PbSn coated SLR 

The re-plating, using the hand polishing surface treatment and reverse pulse plating 
technique, has produced resonators with accelerating field of greater than 3.5 MV/m at 6 W 
during on-line test at 4.3 K. The quality factor, Q, at 6 watts is at or above 108 with the best 
resonator achieving Eacc about 3.9 MV/m on-line at 6 Watts. 

The change in the surface resistance is given by equation Rs+jXs  = Γ (Q0
-1 - 2j(∆f0/f0)), 

where Γ = 25 Ω is the SLR’s geometry factor and ∆f0 is the detuning of the cavity due to 
variation of surface reactance. In determination of ∆f0, the Lorentz force de-tuning of the SLR 
should be taken into account. In figure 1 the Rs at 4.3 K as a function of Bp is shown. 

Rs was calculated from Q0-measurement data using the equation Rs = Γ Q0
-1. Rs rises up 

to Bp = 4 mT probably due to RF losses in the gasket. It remains constant from Bp = 4 mT up 
to 35 mT followed by sharp rise due to field emission (FE). 
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Figure 1. The surface resistance as a function of the applied microwave field at 4.3 K and 150 MHz. 

 
3. Intermodulation distortion (IMD) 

To investigate the power dependence of the non-linear microwave properties of the  
Pb-Sn plated SLR, the measurement of the two-tone intermodulation product as a function of 
the input power was performed in the same system configuration used for the single-tone 
experiment. Usually the IMD measurements are performed in a specialized resonator with a 
small sample inserted. In this work the IMD measurement is done on full-scale 
superconducting cavity with resonance frequency of 150 MHz. 

In figure 2, the surface resistance Rs and the output power of the IMD third-order 
products as a function of the dissipated Pdiss in the resonator power are presented at the 
reduced temperature t= T/Tc = 0.6. Pdiss was calculated from the measured incident power Pin 
and the S-parameters S11 and S21, Pdiss=Pin(1-S11

2-S21
2). Pdiss and Pin are expressed in dBm. 

Dissipated power Pdiss is proportional to the square of the peak amplitude of the RF field Bp, 
which is the relevant intrinsic property of superconducting coating. At very small input power 
the IMP signals are below the spectrum analyzer noise floor and become observable when 
PIMD3 ≥ -66 dBm. In figure 2, the dashed line illustrates slope 3 and solid line slope 2. The 
arrows indicate the threshold field Bptr ~ P0.5

diss  separating domains with different effects 
causing non-linear response in the Pb-Sn film. The Bptr1 and Bptr3 have been identified earlier 
from the surface resistance measurement also shown in figure 1. An operation above Bptr3 = 
35 mT gives rise of Rs due to FE. Bptr1 = 4 mT probably indicates the threshold field where the 
RF losses in the gasket achieve their maximum value and then saturate. The RF gasket is in a 
region of low current density where the ratio Bjoint /Bp does not exceed 2%.  The maximum B-
field in the RF joint at Bptr1 = 4 mT is 80 µT. An oxide layer of Pb2O5 is formed on the tuner 
plates and gasket on exposure to air. Therefore a network of Josephson junctions or weak 
links may form in the vicinity of the RF joints. Due to the weak links the magnetic field 
penetrates much more easily than into a homogeneous superconductor. At extremely low 
magnetic fields, the magnetic flux may penetrate into the bulk in the form of hyper-vortices 
[4]. The hyper-vortices movement may be responsible for low-field microwave absorption 
observed in numerous experiments. 

As can be seen from figure 2, the frequency transformation beyond threshold field Bptr2 
is much more dramatic than the change in Rs. IMD represents the most sensitive 
characterization of the intrinsic non-linear behaviour in superconducting material. At Bp < 
Bptr2 the IMD products scale with respect to input power at 3:1. For Bp larger than Bptr2, a 
sudden transition from slope 3 to slope 2 occurs. The behaviour above is similar in SLRs 
plated under identical conditions as described in [2]. 
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Figure 2. The surface resistance Rs (7) and the output power of the IMD products PIMD3 (6) as a function of the 
dissipated power at the reduced temperature t=T/Tc=0.6. Dashed line illustrates slope 3 and solid line slope 2. 
The arrows indicate the threshold field Bp~Pdiss

0.5 separating domains with different nonlinear effects. 
 

Using the harmonic balance algorithm, Mateu et al [5] have calculated the power 
dependence of the IMD products for the power-law nonlinearity in the different forms. These 
authors have found that the slope 2 of the third-order IMD may correspond to dissipation due 
to Abrikosov or Josephson vortex [5]. The estimated Bptr2 = 9 mT is significantly lower than 
the Bc1 = 53 mT value estimated for 96%Pb4%Sn superconducting film. This may be 
explained by the fact that ANU Pb-Sn coating process involves mechanical hand polishing of 
the superconducting layer just before deposition of the final cosmetic layer. The mechanical 
polishing can damage the film and introduce voids and non-superconducting inclusions, the 
magnetic field can penetrate through the film at much lower field Bptr2 < Bc1. 

 
4. Conclusion 

The initial rise in the surface resistance of Pb-Sn films might be caused by low-field 
microwave absorption due to hyper-vortices movement in the Josephson medium in the 
vicinity of RF joints. 

In low temperature superconducting materials the third-order products must increase 
with the third power of input main tones. In our case, the IMD slope changes to 2 above 
transition magnetic field Btr2 = 9 mT. This unconventional behaviour in our resonators upon 
increasing RF power might originate from a hysteresis process dominated by the creation and 
the irreversible motion and gradual penetration of the Josephson vortices into voids and non-
superconducting inclusions introduced by mechanical polishing process. 
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isotropic Heisenberg Hamiltonian 
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The time-evolution of the entanglement is studied for a closed system 
consisting of 3 qubits with two of the pairs of qubits interacting via an 
isotropic Heisenberg Hamiltonian. Even the non-interacting pair of qubits 
becomes entangled and can be projected onto one of the Bell states with 
probability one. 

 
1. Introduction 

The possibility of entanglement of physical systems is perhaps the most unexpected 
consequence of quantum mechanics. The advent of quantum information theory shows that 
entanglement is also useful [1]. Entanglement can be generated by the Heisenberg interaction 
between spins and this is of practical importance because the Heisenberg interaction applies to 
real physical systems, e.g. the controllable interaction between quantum dots, which have 
great potential for implementing quantum information and quantum computing schemes [1,2]. 

In this work we study the Heisenberg interaction between three qubits which offer 
advantages over two-qubit Bell states for quantum information purposes [3]. Most previous 
studies involving few- or many-qubits have considered thermal entanglement and imposed 
periodic boundary conditions. Since the aim in quantum information applications is to avoid 
decoherence, we consider entanglement in the ground state, rather than thermal entanglement, 
and avoid imposing periodic boundary conditions which are unnecessarily restrictive and 
physically unreasonable for few-qubit applications. 

 
2. Isotropic Heisenberg model with inhomogeneous magnetic field 

It is unnecessary to consider the anisotropic Heisenberg Hamiltonian because the 
anisotropy is small in practice or can be avoided [1,2]. On the other hand, inclusion of an 
inhomogeneous magnetic field accounts for the inhomogeneities in real sample systems as 
well as the likely presence of stray magnetic fields due to magnetic impurities in the sample 
[2]. As shown in Fig. 1, we study the case where there is no direct interaction between the 
spins labelled 1 and 2 and the magnetic field is non-zero on only the site labelled 3. 
 
 
 
 
 
 
 
Fig. 1. Three qubits showing interaction between sites 1 and 3, and 3 and 2, and possible magnetic field at site 3.  

 
The interaction between the 3 qubits can be described by the Hamiltonian      

H = J
2

(σ1 ⋅σ 3 +σ 3 ⋅σ 2 )+ Bσ 3
z       (1) 

B 

Site 1 Site 3 Site 2

J J 
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where J  and B  are constants with the units of energy and the spin on site l is Sl = σ l / 2  in 
units of  h . The Hamiltonian commutes with S1

z + S2
z + S3

z  and we will be interested only in 
those states with total z-component of 1/2 (in units of h ). In terms of the usual notation 
where, for example, 101  represents spins on sites 1 and 3 up in the z –direction, and the spin 
on site 2 down in the z –direction, the relevant eigenvalues and eigenstates of the above 
Hamiltonian are 

 

E1 = B ψ 1 =
1
2

101 − 011( )

E2 = −
J
2

y +1( ) ψ 2 =
1

2yα
α 110 − 2 101 + 011( )⎡⎣ ⎤⎦

E3 =
J
2

y −1( ) ψ 3 =
1

2yβ
β 110 + 2 101 + 011( )⎡⎣ ⎤⎦

where y = 4x2 + 4x + 9, x = B / J , α = y + 2x +1, β = y − 2x −1.

  (2) 

If the three qubits are prepared in the state ϕ(0) = 110  at time t = 0, then at time t,   

 

 

ϕ(t) =
1
2y

αe− iE2 t /h ψ 2 + βe− iE3t /h ψ 3( )

=
1

2y
αe− iE2 t /h + βe− iE3t /h( )110 − 2 e− iE2 t /h − e− iE3t /h( ) 101 + 011( )⎡⎣ ⎤⎦.

  (3) 

 
3. Entanglement  

The entanglement of any pair of the three qubits can be quantified by the concurrence 
C(ij) = max λ1 − λ2 − λ3 − λ4 , 0{ } where λ1, λ2 , λ3, λ4{ } are the (positive) square roots of the 

eigenvalues, arranged in decreasing order, of the operator ς(ij) = ρij σ i
y ⊗σ j

y( )ρ*
ij σ i

y ⊗σ j
y( ) 

where ρij = Trkρijk  is the partial trace of the density operator of the three qubits [4]. For pure 
states (as considered here), the entanglement of all three qubits can be quantified by the three-
tangle τ (ijk) = 2 λ1

ijλ2
ij + λ1

ikλ2
ik( ) where λ1

ij , λ2
ij  are the square roots of the two non-zero 

eigenvalues of ς(ij) (the other two eigenvalues being zero for pure states) [4]. 
The three-tangle remains zero at all times but each of the three pairs of qubits become 

entangled as shown by the following expressions for the concurrences 

   

 

C(12) = 2y−2 1− cosωt( )
C(23) = C(12) = 2y−2 1− cosωt( ) y2 − 4(1− cosωt( )
where   ω = E3 − E2( )/ h = yJ / h.

  (4) 

The concurrences when the magnetic field is zero are shown as a function of time in Fig. 2. 
 
3. Production of a Bell state 

It is interesting that the Bell state  

Φ+ =
1
2

10 12 + 01 12( )      (5) 

involving the spins on sites 1 and 2, which have no direct interaction with each other, can be 
produced by simply measuring the z-component of the spin on site 3 repeatedly at arbitrary 
time intervals until the result spin up on site 3 is obtained. This follows from Eq. (3) because 
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the result spin up for the spin on site 3 is obtained with probability 2y−2 1− cosωt( ) in which 

case the spins on sites 1 and 2 are projected onto the Bell state Φ+

12
 in Eq. (5) and they 

remain in that state if the controllable interaction between the qubits is turned off when the 
result is obtained. On the other hand if the result spin down on site 3 is obtained, the three 
qubits are projected onto the state 110  which was the original state at time t = 0 and so the 

process can be repeated until the spin at site 3 is found to be up, in which case Φ+

13
 is 

obtained as explained above. 
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Fig. 2. The concurrence as a function of time t in units of h/yJ in the absence of the magnetic field. The full line 
shows the concurrence C(12) of the spins on sites 1 and 2. The dotted line shows C(13) = C(32). 
 
5. Discussion and Conclusion 

When two qubits (sites 1 and 2) are allowed to interact with a third qubit (site 3) via the 
isotropic Heisenberg interaction (Eq. (1), which includes the possibility of a magnetic field on 
site 3), the three qubits remain unentangled as a whole (three-tangle remains zero) but the 
qubits become entangled in pairs. As shown in Fig. 2 and Eq. (4), the entanglement as 
measured by each pairwise concurrence fluctuates in time with frequency which depends on 
the strength of the Heisenberg interaction J and also depends the applied magnetic field 
through x = B/J in the term y. The magnitudes of the concurrences also depend on x = B/J in 
the term y. The maximum concurrence for qubits 1 and 2 occurs when B = 0 and it is 4/9. The 
interaction which has been considered also provides a means of producing a Bell state 
involving the non-interacting qubits 1 and 2. 
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A new phase in the Ni-In-Te ternary system that shows a gradual but 
systematic composition-dependent change between commensurate and 
incommensurate superstructures has been found.  It is described in terms of a 
modulation of the structural motifs from the CdI2, NiAs and Ni2In structure 
types, all coexisting within the one compound.  

 
1. Introduction 
 Many wide range non-stoichiometric T1±xB (T = a transition metal, B = a group III-VII 
element) solid solution phases adopt either the trigonal P-3m1, CdI2 or the hexagonal 
P63/mmc, NiAs or Ni2In average structure types. All are based on a fully occupied hcp array of 
B atoms. The T atoms occupy equally all the octahedral sites thereof in the case of the NiAs or 
Ni2In structure types while alternate octahedral T metal atom layers have different 
occupancies in the case of the CdI2 structure type. In the case of transition metal rich, T1+xB 
compositions, the T atoms also occupy an additional trigonal bipyramidal site within the hcp 
array of B atoms. In the  Ni-In-Te ternary phase diagram we have previously found two solid 
solution ranges, SS1 and SS2 [1]. In this contribution, we report the refined crystal structures 
of three separate compositions within the NiAs-related, T1±xB SS2 solid solution phase and 
discuss the structures and crystal chemistry for these alloys. 

 
2. Sample preparation 

Three samples, Ni3InTe2 (A), Ni3.12In0.86Te2.14 (B) and Ni3.31InTe2 (C)  were made by 
reacting the pure elements (4N purity or better) in evacuated silica tubes at 1000 °C for 2-3 h 
and then quenching in water. The ingots were then  pressed to pellets which were repeatedly 
annealed, with intermediate grinding and re-pelleting, in evacuated silica tubes at 570 °C for 
periods of fourteen days each. The samples were regularly checked with X-ray powder 
diffraction (XRPD) and were considered at equilibrium when no significant changes in their 
respective parent unit cells could be seen. Neutron powder diffraction patterns were recorded 
at Neutronforskningslaboratoriet (NFL) in Studsvik, Sweden, while electron diffraction 
patterns (EDPs) were recorded in-house. 

 
3. Results 

The XRPD results as well as the EDPs showed that a commensurate superstructure was 
present in samples B and C, with the primary modulation wave vector q*=2/3 c*, while sample 
A showed an incommensurate value of q*~0.71 c*. The first order superstructure reflections 
were also present in the neutron powder patterns.  

 
3.1 Samples Ni3.31InTe2 and Ni3.12In0.86Te2  

The refined neutron powder diffraction pattern of the 1x1x3 superstructure observed for 
Ni3.31InTe2 (i.e. sample C) is shown in Fig. 1. The refinement was done with the JANA 2000 
program package. 
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Fig. 1. (a)  Refined neutron powder pattern of .Ni3.31InTe2  (GoF 1.21) and the obtained superstructure (b) 

 The pure anion-motif to the far left is a simplified building block used  to describe the layer stacking order 
 in the incommensurate and the commensurate structures. 

 
The commensurate 1x1x3 superstructures found for samples B and C can be illustrated 

as a regular ordering of anion layers with a "-Te/Te/In-" stacking sequence along the c 
direction tripling the parent c-axis. Nickel atoms are inserted between these layers in two 
octahedral sites [Ni(1a,b)] as well as in a trigonal bipyramidal position within the In-layer 
[Ni(2)]. The structure can be described as composed of alternating slabs of the Ni2In (Ni1+xIn) 
and CdI2  (Ni1-yTe) structure types, the boundary between the slabs being the Ni(1b) atoms 
(cf. Fig. 1b). Note that the Ni(1a) occupancy in the Te octahedra is less than 100 % which 
makes this the metal-poor part of the CdI2 structure type. The neighbouring, fully occupied 
octahedra is made up of three In-atoms and three Te-atoms. Because In and Te have different 
sizes, it is necessary to expand the size of the In-layer in order to make it fit to the size of the 
adjacent Te-layer. This is achieved via the introduction of Ni(2) atoms into the trigonal 
bipyramidal positions within the In-layers. 
 
3.2 Sample Ni3InTe2  
 In the incommensurately modulated Ni3InTe2, or sample A, the primary modulation 
wave vector q* is ~ 0.71c* (see Fig. 2a).   
 

 
 

 Fig. 2: <110>p zone axis EDP of Ni3InTe2 (a) and the Rietveld refinement using a crenel-function to 
 describe the incommensurate modulation (b) 
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 Satellite reflections of up to third order are clearly visible in the pattern, pointing to a 
‘block-like’ modulation of the parent structure in real space, best described using a crenel-
type modulation function [2]. In the corresponding neutron powder diffraction pattern, 
however, only first order harmonic satellite reflections are observed, suggesting that the 
modulation would be best described using a sinus function. One explanation for this apparent 
contradiction is that microstructural stacking faulting is present in the material, also known as 
“phason wobble”. The effect of such stacking faulting is to wipe out the higher order 
harmonic satellite reflections in the neutron powder pattern. 
 
The stacking sequence of the Te-rich and In-rich layers is directly related to the length of the 
modulation wave vector q*.  

 
  Fig. 3: An occupational crenel function drawn in hyper-space i.e. as a function of x4=q*.(r+t). The  width 
 of the ‘Te’ occupancy domain given by q*~ 0.71 and the length of the ‘In’ occupancy domain by 1-q*. 
 
 In real space the repeat distance of this modulation is q (= 1/q*) ~1.408 cp. The relative 
lengths of the ‘Te’ and ‘In’ parts of this repeat distance are 0.71×1.408 cp = 1 cp and 0.29 × 
1.408 cp = 0.408 cp, respectively. In the diagram below the position of the atomic layers of the 
parent structure is given by vertical lines, black (thick) for the unit cell repeat and grey (thin 
dashed) for the intermediate layer (cf Fig. 1). The “type of layer” in the stacking sequence is 
given by the crenel function (illustrated in grey). If a ‘Te’ part crosses the “layer position line” 
that layer is of the Te-rich CdI2-type layers while a ‘In’ part means a layer of Ni2In-type (cf 
Fig. 1b and Fig. 4). 

 
 Fig. 4: As can be seen, double layers of CdI2-type now periodically appear which did not occur in the 
 case of the 1x1x3 superstructure (cf. Fig. 1b). 
 
The result is a structure with the possibility of continuously changing the ratio of the CdI2/ 
Ni2In structural components in response to the relative composition of Ni, In and Te. 
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A simple mixed-spin S = (1/2,1) Ising ferrimagnet on the square lattice is 
studied by low and high temperature series, and by Monte Carlo simulations. 
The former method indicates the presence of a tricritical point and consequent 
region of first-order transitions, while no evidence for this is found from 
Monte Carlo studies. A possible explanation is that the transition is very 
weakly first order. 

 
1. Introduction 

Ferrimagnets are materials where different sublattices have opposing magnetic moments 
of unequal magnitude. Thus, unlike antiferromagnets, these materials have a net moment at 
low temperatures which vanishes at a critical temperature Tc. In addition, since the sublattice 
moments  will, in general, have a different temperature dependence, there is the possibility 
that they may exactly cancel at some lower temperature Tcomp, known as a compensation 
point. 

Studies of ferrimagnetism in quantum models have, to date, generally used mean-field 
approaches, which are of questionable validity. Consequently there has been much work, in 
recent years, on simpler mixed-spin Ising ferrimagnets where exact or numerically accurate 
treatments are possible. Such a model is studied in the present work. The model, shown in 
Figure 1, is a bipartite square lattice with S=1/2 spins on one sublattice (A) and S=1 spins on 
the other (B), with nearest-neighbour interactions and a single-ion anisotropy term at the 
S=1 sites. The Hamiltonian is 

H = J ∑
><ij
Σ σi  Sj - D ∑

i
Si

2 

A schematic phase diagram is also shown in Figure 1. For D/J > -4 there is a transition 
line separating the low-temperature ferrimagnetic phase from a high-temperature 
paramagnetic phase. At D/J = -4 the ferrimagnetic and S=0 ground states are degenerate, and 
for D/J < -4 the ground state is infinitely degenerate with no magnetic order. 

 
Fig. 1. The ferrimagnetic model(a), and a schematic phase diagram(b). 

 
The mean-field phase diagram was obtained by Kaneyoshi and Chen [1], who found a 

compensation point for -4 < D/J < -2 ln 6 (-3.3535...). In addition they found a tricritical 
point at D/J = -3.720, and thus a first-order transition for -4 < D/J < -3.720. A more recent, 
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and more reliable study, using Monte Carlo and transfer matrix methods, found neither a 
compensation point nor a tricritical point [2]. 

Because of this disagreement it seemed worthwhile to study the model by another 
systematic approach, that of high- and low-temperature series expansions. Our result [3], to be 
discussed below, found no compensation point, in agreement with [2], but did find a signature 
of a tricritical point near D/J = -3.1. We have subsequently carried out Monte Carlo studies at 
D/J = -3.6, where the series clearly indicate a first-order transition. These results are presented 
here for the first time. Surprisingly, no indication of a first-order transition is found.  

 
2.  Series Expansions  

Series expansions have, in the past, been used successfully to identify and locate first-
order transitions, by matching the free energies obtained from expansions in the high- and 
low-temperature phases. For a second-order transition the curves should meet smoothly, while 
a discontinuity in slope is an indication of a first-order transition. 

Our series [3] are expressed in the form 

- βfHT  =  ½ ln 2/(1-p) + ∑
∞

=2r
Ar(p)Kr 

- βfLT  =  4β J + β D + ∑
∞

=2r
Ψr(y)ur 

where K = J/kBT and u = e-2K are the usual high- and low-temperature expansion variables, 
Ar(p) and Ψr (y) are polynomials, which have been computed to orders 16 and 19 
respectively, and y = e-β D, p = 2/(2+y). 

Figure 2 shows the free energy matching procedure for various D/J. It is apparent that 
for D/J > -3.0 the curves meet smoothly, whereas for D/J < -3.0 there is a clear discontinuity 
in slope, indicating a first-order transition. 

  
Fig. 2. Matching of high- and low-temperature free energies for various D/J. 

 
3. Monte Carlo Simulation 

In view of the discrepancy between the Monte Carlo results of [2] and our series results 
[3], we have carried out further Monte Carlo studies, but using the Wang-Landau method [4]. 
This new method is not based on Metropolis importance sampling at particular temperatures, 
but obtains the density of states ρ(E) directly. The canonical distribution  
P(E) = ρ(E)exp(-E/kBT) can then be obtained at any temperature, and used to compute all of 
the thermodynamic quantities. 
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We have adapted the algorithm to the present problem, and obtained the density of 
states for L x L lattices with L=16,24,32,48. Figure 3 shows the specific heat as a function of 
temperature for the four lattices for the case D/J = -3.6. 

 
Fig. 3. Specific heat versus temperature for L x L lattices with L=16,24,32,48. 

 
As is apparent, the specific heat peak sharpens, increases in height, and moves to lower 

temperatures for increasing L. This is, however, characteristic of both second- and first-order 
transitions, noting that a weak first-order transition can be difficult to distinguish from a true 
second-order transition.  

The canonical probability P(E) is potentially a better discriminator of the order of the 
transition. For strongly first-order transitions P(E) should be double peaked at and near the 
transition temperature. In Figure 4 we show P(E) for the largest lattice studied, 48 x 48, at 
T=0.795, the temperature of the specific heat peak. There is clearly no double peak. 

 
Fig. 4. Canonical probability versus energy for L = 48 at the temperature of the specific heat peak. 

 
4. Conclusions  
The series work and early and subsequent Monte Carlo studies continue to give conflicting 
results for the existence of a tricritical point and consequent region of first-order transitions in 
this simple model. A possible explanation is that the transition is very weakly first-order, and 
thus difficult to distinguish from a continuous transition. The puzzle remains! 
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The Spin-1 Heisenberg Magnet with Uniaxial  (Sz)2 Anisotropy 
 

J. Oitmaa, W-H. Zheng and C.J. Hamer  
 

 School of Physics, The University of New South Wales, Sydney, NSW 2052 
 
We revisit an old problem – the phase diagram of an S = 1 Heisenberg 
ferromagnet or antiferromagnet with an easy axis or easy plane crystal field 
anisotropy. Long series expansions at T = 0 and at high temperatures are used 
to compute the ground state energy, sublattice magnetization and critical 
temperature for the easy axis antiferromagnet on the square lattice. 

 
1. Introduction 

The physics of many magnetic materials depends not only on exchange but on single 
ion terms arising from crystal fields. The simplest generic Hamiltonian is 

H = -J Σ  Si . Sj - D Σ (Si
z)2 

                                                             <ij>                    i 
which, depending on the signs of J,D describes ferromagnetic or antiferromagnetic exchange, 
with an easy axis or an easy plane. Figure 1 represents, schematically, the types of order 
expected. 

 
Fig. 1. Possible ground state scenarios for the J-D model. 

  
Early studies of this kind of system were largely based on mean-field approximations 

[1] or Green's function decoupling schemes [2], which are of doubtful accuracy. 
There has been renewed interest in such models, with S = 1, in connection with 

experiments on solid molecular oxygen (O2) either in bulk or monolayers adsorbed on 
graphite [3]. In view of this, and in view of the availability now of accurate series expansion 
methods [4], we have decided to revisit this problem. In the initial study reported here, we 
consider the S = 1 easy axis antiferromagnet on the two-dimensional square (SQ) lattice. 

 
2. Ground State Properties 

It has been proven rigorously [5] that the S =1 antiferromagnet on the SQ lattice has 
long range Néel order, reduced by quantum fluctuations. 

We compute ‘Ising expansions’  [4] to order λ10 by writing the Hamiltonian as 
 H = H0+λV, with  

H0 = J Σ Sz
iSz

j - D Σ (Si
z)2,  

                                                              <ij>                  i 
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V = J/2 Σ (S+
iS-

j + S-
iS+

j) 
                                                                 <ij> 
 
Series are computed for the ground state energy and sublattice magnetization, and evaluated 
at λ =1 by standard methods.  

In Figures 2 and 3 we show these quantities versus the anisotropy parameter D. For 
comparison we also show the same quantities as obtained from linear spin wave theory 
(LSWT) 

E0  =  -2(2J+D) + 1/N Σ Ωk 
                                                                                                                        k 

M  =  3/2  - 2/N Σ (2J+D)/Ωk 
                                                                                                                       k 

where 
Ωk  =  4[(J+D/2)2 - J2 γk

2] 
γk   =  1/2(cos kx + cos ky) 

 

 
Fig.2. Ground state energy for the easy-axis antiferromagnet on the square lattice. The full line with points is the 

series result and the dashed line is LSWT. 
 

 
Fig. 3. Sublattice magnetization for the easy-axis antiferromagnet on the square lattice. The points and lines have 

the same meaning as in Fig. 2. 
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For D = 0 the quantum reduction in magnetization is about 20% and, as expected, this 
decreases with increasing D. As D → ∞ the quantities approach the known Ising limits. It is 
evident that linear spin wave theory gives results in good agreement with these series data for 
the energy but overestimate the magnetization. 
 
3. Finite Temperature Phase Transition 

For D = 0 the isotropic antiferromagnet in 2 dimensions has no long range order at finite 
temperature (Mermin-Wagner theorem). However in the D > 0 easy-axis case the continuous 
symmetry of the order parameter is broken, and we expect a finite temperature transition lying 
in the Ising universality class. 

To locate the transition line we have computed high-temperature expansions to order 
(1/t)11 for the staggered susceptibility, for various values of D/J. The resulting critical line is 
shown in Figure 4. The critical exponent is consistent with the Ising value γ = 7/4. For 
comparison we show the mean-field result [1]. 

 

 
Fig. 4. Critical temperature versus anisotropy D, for the easy-axis S = 1 antiferromagnet on the square lattice. 

The dashed line is the mean-field result. 
 
4. Further Work  

This project is in its initial stages. We plan to continue in the following directions: 
- compute the magnon excitation spectra 
- consider other lattices including the frustrated triangular lattice 
- investigate the more interesting (and more complex) easy-plane cases for both 

ferromagnetic and antiferromagnetic exchanges. 
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Electronic surface band structure of Cu(111) by the 2D Green’s function 
(KKR) method 

 
M. N. Read 

 
School of Physics, University of New South Wales, Sydney NSW 2052, Australia. 

 
Previous surface band calculations for Cu(111) have not produced all 
experimentally determined surface states for Γ  to  M . Our present method 
produces all three states below the Fermi energy and the two between it and 
the vacuum level. States below the Fermi energy are qualitatively in the 
correct positions with respect to bulk bands. Further improvements can be 
made using a more accurate bulk-band potential and selvedge-layer potential. 
 

1. Introduction 
In Very Low Energy Electron Diffraction (VLEED) and other spectroscopies, features 

occur which have been difficult to explain but are thought to be due to a different potential at 
the top layer of atoms (selvedge layer) from that for atom layers in the bulk (substrate layers). 

Features in the surface band structure below the vacuum level would show greatest 
sensitivity to surface potentials. We wish to use the 2D layer-by-layer Green’s function or 
KKR scattering method to calculate the surface band structure below the vacuum level. This 
method has not been used previously. 

As well as explaining surface band features below the vacuum level in terms of a 
scattering picture, information obtained concerning surface potentials could then be carried 
over to the above-vacuum energy range that is probed in VLEED. 

 
2. Method 

The layer KKR method uses a scattering picture with a muffin-tin crystal potential to 
map the 2D bulk band states and surface energy states/resonances.  Further details are in Ref. 
1. Within each atomic layer the wave function is expanded into spherical waves.  Between 
layers where the potentials are constant, the wave function is expanded into plane waves. The 
scattering properties of a semi-infinite number of layers can then be combined to represent the 
crystal.  The essential features are that each layer of scattering potential may be different and 
a semi-infinite number of layers are used. 
  When the phase change of plane waves on scattering at the surface barrier and bulk 
substrate is such that a standing wave can form between these regions then a long-lived 
energy state or resonance exists at the surface. This mechanism produces a Shockley or 
Rydberg surface state or resonance. A standing wave may also form between the selvedge and 
substrate layers. This produces a Tamm-type surface state or resonance. 

  
3. Results  
  Our calculated surface band structure is shown in Fig. 1.  
 At  Γ   near the Fermi level  Ef  at 8.09 eV, and above, we produce a Shockley surface 
state at 0.4 eV below  Ef  (labelled  S0  ) and a Rydberg surface state at 0.822 eV below  Ev  
(labelled  S1  ). S1 is the first Rydberg state arising from scattering at the image tail of the 
surface barrier potential. These two surface states arise from the penetration of the 00 
propagating plane wave into the vacuum region and scattering ~5 eV from the top of the 
surface barrier. Both S0 and S1 exactly coincide with the experimental value2,3 using our 
surface barrier model and bulk Cu potential.4 
 At  Γ   below  Ef , an s-d hybridised bulk band gap is produced centred near 4.2 eV 
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below  Ef . A surface state is located in this gap at 4.5 eV below Ef  and coincident with the 
lower continuum band edge. Two other surface resonances appear above this gap and 2.45 eV 
and 1.25 eV below Ef . All three of these surface states/resonances arise, in this scattering 
picture from interaction of the 00 propagating wave and six evanescent plane waves, which 
are the two sets of degenerate plane waves (01,  1 0, 1  1 ) and (10, 0  1 ,  1 1). These evanescent 
plane waves are attenuated in real space and do not penetrate far into the bulk. The bulk 
termination allows for their penetration into the vacuum region to produce Shockley-type 
surface bands in the present model. However they are more localised at the surface than the S0   
surface state. 
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Experimentally a surface state has been detected at 5.25 ± 0.03 eV below Ef  at Γ  and 
coincident with the lower edge of the s-d gap using high-resolution ARPES (angle-resolved 
photoemission spectroscopy)5.  
 A calculation for Pd(111) surface using a mixed-basis pseudopotential method6 and a 
more recent calculation using a nonlocal density-functional calculation7 also produce a 
surface state in the s-d gap at Γ  and two resonances at high energies in the bulk band 
continuum. There are only two comprehensive band calculations for Cu(111)8,9 and neither 
have produced the d-like surface state in the s-d gap at Γ . It has been suggested10 that this is 
because they are finite slab calculations, and because of its proximity to the bulk band edge, it 
cannot be distinguished in these cases. S0 is predicted in Ref. 9 only. 
 At    M  above  Ef , we produce two Shockley surface bands S0

-
 , near 2 eV above Ef   and 

S0
+

 , near 6.1 eV above Ef . These bands arise from interaction of the propagating 00 and  1 0 
plane waves scattering at the mid-point energy of the surface barrier. These waves become 
propagating at 7.6 eV.  The S0

-
  band energy agrees with experiment from inverse 

photoemission2,3 for our surface barrier model and bulk Cu potential.4  S0
+

  has not been 
identified from experiment as yet and has not been previously predicted from theory. 
 At    M   below Ef , the energy location of the d-band continuum is not directly produced 
in our calculation due to it involving evanescent waves that do not satisfy flux conservation. 
Inspection of the bulk calculation4 puts the edges at X5 = 6.77 and X1 = 3.13 eV with a band 
gap between X5 and L2´ at 7.25 eV. We produce a surface state at 6.91 eV in the small s-p 
band gap and 0.14 eV above the d-band continuum and dispersing downwards towards Γ . 
Two surface resonances at 4.03 and 6.74 eV are within the d-band continuum. All of these 

Fig. 1.   Plot of the calculation of 2D band 
structure for Cu(111) surface from Γ to  M 
using the Moruzzi et al Cu potential4 and 
bulk termination with a surface barrier at 
image-plane position z0 = -2.2 a.u. and cubic 
polynomial saturation3. Unshaded regions 
indicate surface–projected bulk-band gaps 
from this calculation. Full lines are the 
energies of surface bands from this 
calculation. Ef  is the Fermi level and Ev  is 
the vacuum level. Other symbols on the 
energy axis indicate various relevant bulk 
bands and their energy positions as given in 
Ref. 4. The dashed lines show the energies at 
which the indicated plane waves become 
propagating in the crystal surface for 
different parallel wave vectors, k||.  The 
lattice constant is a. 
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surface bands arise from interaction of eight evanescent plane waves. Again these evanescent 
waves leak into the vacuum region to produce very localised surface bands of the Shockley 
type in the present model. 
 Experimentally a surface state has been detected at ~1.95 eV below Ef  at    M , ~0.2 eV 
above the d-band continuum and dispersing downward towards Γ .11,12 
 The two calculations for Pd(111)6,7 do not reproduce the experimentally determined 
surface state at   M  about 1 eV below Ef . Of the two other comprehensive calculations of 
surface band structure for Cu(111)8,9, one8 produces the surface state at  M  at 0.3 eV above 
the d-band continuum and neither produces the S0

-
  state. 

 
4. Conclusion 
 We have been able to reproduce all three surface states of Cu(111) below the Fermi 
energy that have been found experimentally5, 11,12 and those above it2,3. The other two previous 
comprehensive calculations8,9 have not produced all these surface states. 
 Two of the surface states that are highly localised at the surface are only produced in our 
calculation from the inclusion of evanescent plane waves. 
 Our surface states below the Fermi level are qualitatively in the correct position with 
respect to bulk bands but are not at the correct absolute energies. 
 One reason is that the Moruzzi potential places the bulk d-band manifold at 0.6 eV 
higher than the experimental determination.4 In particular the position of the X5 bulk d-band is 
critical for determining the position of the surface state at  M  below Ef . We find that the bulk 
band calculation of Burdick13 places the X5 d-band in agreement with experiment14. Thus we 
intend to repeat the calculation with this Cu bulk potential. 
 Another reason for quantitative difference with experiment is that we have abruptly 
terminated the bulk potential whereas one would expect the top layer to be different. This 
layer is expected to have approximately 10% d-band narrowing (due to reduced atomic co-
ordination) and d-band shifts of 0.4 to 0.6 eV with respect to bulk bands.15,8 We intend to 
incorporate this selvedge potential into further calculations. 

The fact that the method used here reproduces all the experimentally identified surface 
states at least qualitatively demonstrates that the method has use in studying the formation of 
surface bands and details of the surface potentials. 
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The magnetic environment of the rare earth site in RT2Si2 compounds          
(R = rare earth, T = Cr & Mn)  
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Specific heat measurements and 169Tm Mössbauer spectroscopy demonstrate 
that the R sub-lattice in ErMn2Si2, ErCr2Si2, TmMn2Si2 and TmCr2Si2 is not 
influenced by the Mn or Cr sub-lattice magnetisation and orders independently 
close to liquid helium temperature with TC = 4.6 K, 1.9 K, 6.8 K and <2.7 K 
respectively. 

 
1. Introduction 

The intermetallic compounds RT2Si2 (R = rare earth, T = extensive set of 3d transition 
metal elements) form with the body centred tetragonal, ThCr2Si2 prototype structure (space 
group #139, I4/mmm).  A systematic study of the crystal field (CF) acting at the R sites in this 
series has so far been directed at T = Cu, Ni, Co and Fe ([1] and references therein). It was 
planned to extend the study to include T = Cr and Mn.  However, for these compounds the T 
sub-lattice is reported to order antiferromagnetically well above room temperature [2, 3] and 
the R sub-lattice ordering temperatures are not well known. It is important that the CF study is 
not confused by any magnetic fields acting at the R site. In this work specific heat 
measurements, which are very sensitive to low temperature magnetic transitions, and 169Tm 
Mössbauer spectroscopy have been employed to verify that the R sub-lattice orders 
independently close to liquid helium temperature and that the R-site is not perturbed by the 
Mn or Cr sub-lattice magnetisation. 
 
2. Specimen preparation 

Polycrystalline specimens of ErMn2Si2, ErCr2Si2, TmMn2Si2 and TmCr2Si2 were 
prepared from the elements by argon arc melting at least 6 times to achieve homogeneity. The 
starting metal impurities were 99.99 % for Mn, Cr and Si and 99.9 % for Tm and Er.  The 
specimens with T = Cr were also vacuum-annealed in Ta foil at 800 °C for 6 days.   

The x-ray powder diffraction patterns were recorded using Cu Kα radiation and  
 

 
Fig. 1. X-ray diffraction patterns for ErMn2Si2, ErCr2Si2, TmMn2Si2 and TmCr2Si2 
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calibrated against silicon powder.  Rietveld analyses were performed using Rietica [4]. All 
four specimens were predominantly single phase with lattice parameters in good agreement 
with literature values (see Table 1).  Small concentrations of R2O3 were found in all 
specimens and TmSi2 was identified only in TmMn2Si2. Some further unidentified diffraction 
lines were present in the pattern for TmCr2Si2. The presence of these impurities in such small 
amounts (e.g. < 0.5 wt% Tm associated with TmSi2 in TmCr2Si2) is unlikely to contribute 
noticeably to the specific heat signal or the Mössbauer spectra. 
 
3. Results 
3.1 Specific heat 

 The specific heat measurements (Fig. 2) were carried out at Toyoma University, Japan 
using the relaxation method on a Quantum Design PPMS. The Curie temperatures shown in 
Fig. 2 have been taken as the points of greatest rate of change in specific heat. The more 
complex nature of the data for the Tm-based intermetallics may be associated with low-lying 
singlet states of the CF scheme for the non-Kramers Tm3+ ion.  It is not clear if the broad low 
temperature feature observed for TmCr2Si2 corresponds to a magnetic transition.  For this 
reason, preliminary 169Tm Mössbauer spectra were recorded for this compound. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Specific heat data for (a) ErMn2Si2 & ErCr2Si2 and (b) TmMn2Si2 & TmCr2Si2. 
 
3.2 169Tm Mössbauer spectroscopy 

The 169Tm Mössbauer spectra (Fig. 3) were recorded with the TmCr2Si2 absorber (≈ 8 
mg cm-2 specimen material) mounted in a transmission geometry cryostat. The source was a  

 

 
Fig. 3. 169Tm Mössbauer spectra for (a) TmCr2Si2 at 2.7 K and 30 K and (b) TmFe2Si2 at 4.2 K and 40 K 
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neutron activated foil of 169Er:168ErAl9 mounted outside the cryostat on a transducer which  
was moved with sinusoidal motion and calibrated against a standard TmF3 absorber at 4.2 K. 
The spectra for TmCr2Si2 exhibit no magnetic splitting down to 2.7 K and the line half-widths 
at 2.7 K ( ≈ 14.0 mm/s) and 30 K (≈ 13.9 mm/s) are comparable. This indicates that TC < 2.7 
K and rules out magnetic line broadening at these temperatures. The line-widths for the 
TmCr2Si2 spectra are also comparable to those for TmFe2Si2 spectra where the Fe sub-lattice 
is known not to order magnetically, at least down to liquid helium temperature. 
 
Table 1.  Lattice parameters and TC for Er Mn2Si2, ErCr2Si2, TmMn2Si2 and TmCr2Si2  
 
       
Compound a [nm] c [nm] Ref TN [K] Method Ref 
       
       
ErMn2Si2 0.3895(1) 1.0410(1) This work 4.6 Specific heat  This work 
 0.3920(3) 1.0456(1)  [5] 5 Magnetic 

susceptibility 
[6] 

       
ErCr2Si2 0.3888(3)  1.0617(5) This work 1.9 Specific heat  This work 
 0.3889(1) 1.0614(1) [7] 2.4 Neutron 

diffraction 
[3] 

       
TmMn2Si2 0.3886(1) 1.0404(1) This work 6.8 Specific heat This work 
 0.3887(1) 1.0398(1) [6] 6.5 Magnetic 

susceptibility 
[6] 

       
TmCr2Si2 0.3871(1) 1.0617(5) This work <2.7  169Tm Mössbauer This work 
       
 
 
Conclusion 
 For three of the compounds, the R sub-lattice orders magnetically close to liquid helium 
temperature. Preliminary Mössbauer spectroscopy measurements for the fourth compound, 
TmCr2Si2, demonstrate that the 169Tm nucleus is not subject to significant magnetic 
broadening or transferred hyperfine fields down to 2.7 K. On the basis of these results, we 
will proceed with the planned 169Tm Mössbauer spectroscopy and inelastic neutron scattering 
studies of the CF interaction at the R site in RT2Si2 (T = Mn, Cr). 
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The orthorhombic manganite phases o-YbMnO3 and o-Yb2/3Ca1/3MnO3 are 
obtained through reconstructive transformation at high pressure (3.5 GPa) 
from material prepared by conventional solid reaction.  57Fe-Mössbauer 
spectra for o-YbMnO3 are compared with those recorded earlier for the 
hexagonal phase h-YbMnO3. 

 
 
1. Introduction 

The discovery of colossal magnetic resistance for the generic La2/3Ca1/3MnO3 has led to 
renewed interest in the magnetic properties of all orthorhombic manganites. With decreasing 
average ionic radius <rR-Ca> the Curie temperature for R2/3Ca1/3MnO3 (R = rare earth) 
decreases and eventually the low temperature ferromagnetic-metallic phase is replaced by an 
insulating phase. For the undoped manganites RMnO3, the Néel temperature undergoes a 
similar decrease with decreasing <rR> and the low temperature magnetic structures often 
involve complex multiferroic behaviour. 

We plan to use 57Fe-Mössbauer spectroscopy to probe the low temperature magnetic 
structure in both o-YbMnO3 and o-Yb2/3Ca1/3MnO3.  For this purpose 0.5 at % 57Fe will be 
introduced into the Mn sub-lattices.  However, at ambient pressure, both of these manganites 
form with the hexagonal P63cm structure (rather than orthorhombic Pnma) in accordance with 
our proposed structural phase diagram (Figure 1).  This contribution will first describe our 
efforts to produce o-YbMnO3 and o-Yb2/3Ca1/3MnO3 using three different approaches. 
Preliminary 57Fe-Mössbauer spectra will then be presented for the orthorhombic phase 
specimen o-YbMnO3 and compared with those recorded earlier for hexagonal h-YbMnO3. 

Fig. 1: Structural phase diagram for R1-xCaxMnO3.  The broken lines indicate the likely 
orthorhombic phase -mixed phase boundary region based on average radii <rR-Ca>. 
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2. Sample preparation 
 
2.1 Conventional solid state reaction with 6 MPa (60 bar) O2 

The specimen with nominal stoichiometry Yb2/3Ca1/3MnO3 was prepared in air by 
conventional solid state reaction and observed to form as a mix of 16.3 wt% h-YbMnO3 and 
83.6 wt% o-Yb0.6Ca0.4MnO3.  This material was then annealed under 6 MPa O2 at 1000°C for 
a further 12 hours. However, this treatment did not result in any significant conversion of the 
phase mixture to o-Yb2/3Ca1/3MnO3.  

 
2.1 Hydrothermal synthesis at approximately 3.9 MPa (39 bar) 

The undoped o-HoMnO3 and o-DyMnO3 manganites have been prepared elsewhere by 
Wang et al. using this method [1] so we decided to test this method for the two Yb-based 
compounds. Our syntheses were performed in 50 mℓ, Teflon-lined, stainless steel, rotating 
autoclaves which were filled to 70% of their capacity. First the Yb2O3 (together with CaCO3 
when appropriate) was dissolved in 0.1 M HNO3 at 50°C with constant stirring to form a clear 
solution.  Next KMnO4 and MnCl2-4H2O were mixed in distilled water and sufficient KOH 
was added to maintain alkalinity. Finally the two solutions were placed in the sealed autoclave 
and reacted at 250°C under autogenous pressure.  Efforts to prepare o-YbMnO3 (at ADFA 
over 1 d) and o-Yb2/3Ca1/3MnO3 (at DelftChemTech over 4 d) failed to produce orthorhombic 
phase specimens, most likely because the pressure was not high enough.  The pressure of 
water vapour in equilibrium with water at 250 °C is estimated at 3.9 MPa (39 bar).  The 
earlier preparations of o-HoMnO3 and o-DyMnO3 were probably accomplished at this lower 
pressure because they are positioned much closer to the phase boundary of Fig.1.  
Nevertheless, a positive outcome from this work was that the hydrothermal reaction proved to 
be an efficient approach for the preparation of h-YbMnO3 when compared with conventional 
solid state reaction. 

 
2.3 High pressure synthesis at 3.5 GPa (35 kbar) 

Undoped o-YbMnO3 has recently been prepared elsewhere by Huang et al. [2, 3] using 
this approach.  In our case, samples of nominal stoichiometry Yb2/3Ca1/3MnO3 and YbMnO3 
were first prepared by conventional solid state reaction.  Up to 250 mg of a powdered 
specimen was then sealed (by welding) in a platinum capsule and assembled into a hydraulic 
press.  The specimen material was maintained at 3.5 GPa (35 kbar) and 1100°C for 10 h. 
While still at maximum pressure, the heating current was switched off, with the specimen 
temperature falling 400°C within 5 seconds.  X-ray powder diffraction patterns for the 
resultant o-YbMnO3 and o-Yb2/3Ca1/3MnO3 are shown in Fig. 2.  In each case the line 
positions are compatible with those of a single-phase, orthorhombic perovskite specimen. The 
mismatch of some of the individual line intensities may be associated with effects resulting 
from the rapid quench, such as strain, preferred alignment or stacking faulting. 

 
 
 
 
 
 
 
 
 
 

 
Fig.2: X-ray diffraction patterns for (a) o-YbMnO3 and (b) o-Yb2/3Ca1/3MnO3 prepared at 3.5 GPa.

a=5.794Å
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3. 57Fe Mössbauer spectroscopy results 
  

Preliminary 57Fe Mössbauer spectra were recorded for an o-YbMnO3 specimen in which 
the Mn sub-lattice had been doped with 0.5% 57Fe.  These spectra are presented in Fig. 3 
together with those recorded earlier for h-YbMnO3.  Compared with h-YbMnO3, the isomer 
shift for o-YbMnO3 is more positive, implying a slightly smaller electron density at the 57Fe 
probe nucleus. The quadrupole interaction is of similar magnitude but opposite sign. The 
saturation magnetic hyperfine field, Bhf, is about 6% smaller. Most significantly, Bhf is 
inclined at an angle of ≈42° (rather than 90°) with respect to the principal z-axis of the electric 
field gradient (Table 1). 
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δα-Fe 

[mm/s] 
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[mm/s] 

 
eQVzz/2 
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Bhf 
[T] 

 
θ 

[°] 
 

 
300 

 
  h 

 
0.292 

 
0.339 

 
-1.68 

  

   o 0.357 0.341 +1.56 
 

  

4.2   h  0.420  0.389   -1.60 47.1 90 
   o 0.487 0.445 +1.79 44.3 41.8 

 
 
 
Conclusion 
 Following the example of Huang et al [2], the orthorhombic specimens have been 
successfully prepared at the high pressure of 3.5 GPa.  The solid state reaction under 6 MPa 
O2 and the hydrothermal syntheses were not successful, presumably because the pressures 
achieved were too small. However, the hydrothermal reaction proved much more efficient for 
the preparation of ambient pressure phases (compared with the tedious conventional solid 
state reaction).  In future work, the 57Fe Mössbauer investigation of o-YbMnO3 will be 
continued as a function of temperature and then extended to o-Yb2/3Ca1/3MnO3. 
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Vibration Characterisation of a Joule-Thomson Cryocooler for a 
SQUID-based Metal Detection System  

 
Marcio A. Santina,b and Gerard J.J.B. de Groota 

 
a CSIRO Industrial Physics, Lindfield 2070, NSW, Australia. 

b Federal University of Santa Catarina, Brazil. 
 
A commercial Joule-Thompson cryocooler – the Cryotiger® - is used to cool a 
SQUID-based metal detector. Compared to our previous liquid nitrogen cooled 
system the performance of the detector is reduced due to spurious magnetic signals 
introduced by mechanical vibration. In order to design vibration reducing measures, 
the vibration characteristics of several parts of the cryocooler cold head were 
determined. The characterisation was experimentally performed with a laser 
vibrometer and modelled with analytical and finite element methods. We observed 
good agreement between the measured and modelled natural resonant frequencies. 
 

1. Introduction 
Very sensitive high-temperature SQUID (Superconducting QUantum Interference 

Device) magnetometers are used for the detection of small metal contaminants in food and 
other products. When the SQUIDs are cooled with liquid nitrogen, good detection performance 
is obtained. However, when a commercial Joule-Thomson cryocooler – the Cryotiger® - was 
used, the performance was reduced due to spurious magnetic signals introduced by mechanical 
vibration, as can be seen in Figure 11. Similar sensitivity issues were reported by Rijpma et al., 
[1]. 
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Figure 1. Comparison between vibration measured on the top of the titanium enclosure (blue trace), the noise of 
the SQUID magnetometer mounted on the cryocooled system (red trace) and mounted on the LN2 cooled system 

(green trace). 
 
It is assumed that that noise can be generated in two ways: the translation or rotation of 

the SQUIDs in a magnetic field and the movement of magnetised components of the cold head 

                                                 
1 The vibration measurement corresponds to one translational orientation of the selected point on the 

component. The amplitude supplied by the vibrometer should be taken as approximate due to operation at, or 
below, the manufacturer’s minimum specified amplitude range. 
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inside the shielding, [1]. Preliminary calculations indicate that the latter is the most likely 
source of noise. This aspect is still being investigated.  

These movements may come from four sources of vibration: compressor; refrigerant 
movement in the cold head; excitations from the floor; and direct excitations to the cold head, 
i.e. shocks. 

In order to design and implement measures to reduce the effect of vibrations, we aim to 
provide an improved understanding of the dynamic characteristics of the system components. 

 
2. System description 

The cold head is shown in Figure 2 and the experimental system components are shown 
in the Figure 3. 

 

 
Figure 2. Simplified2 model of the 

cold head. The inner part of the 
Heat Exchanger, also a helical tube, 

is shown in blue. Figure 3. Previous experimental setup. 
 
3. Vibration Characterization 

The vibration characterisation was conducted by measurement and analysis of the 
response to excitation and by simulations of natural frequencies and resonant modes of the cold 
head. 
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Figure 4. Impulse response of the cold head. 

 
The vibration measurements were performed using a Polytec Laser Doppler Vibrometer. 

To determine the natural frequencies, the cold head was suspended by strings and excited with a 
rubber hammer. The impulse response is shown in Figure 43. 

                                                 
2 In the modelling, it was decided not to include the boiler, throttle valve and the internal helical tube of 

the heat exchanger (which is inside the visible part and is part of the counter-flow assembly). 
3 See footnote 1. 
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The vibration frequency spectrum during system operation is shown in Figure 1 and the 
finite element (FE) and analytical models were used to determine which cold head components 
correspond to the measured resonant frequencies. 

The main modes and frequencies found in the simulations are shown in Figure 5 and are 
in good agreement with the measured values, see Table 1. 

 

49 Hz(3)22 Hz(2)16 Hz(1)Measurement

1–See Figure 5(b); 2–See Figure 2; 3 –See Figure 5(a).

49 Hz(3)21.4 Hz(2)16.5 Hz(1)FEA

Inner 
Rod

Heat 
Exchanger 
– Inner Coil

Heat 
Exchanger 

– Outer Coil

Compo-
nent

Method

49 Hz(3)22 Hz(2)16 Hz(1)Measurement

1–See Figure 5(b); 2–See Figure 2; 3 –See Figure 5(a).

49 Hz(3)21.4 Hz(2)16.5 Hz(1)FEA

Inner 
Rod

Heat 
Exchanger 
– Inner Coil

Heat 
Exchanger 

– Outer Coil

Compo-
nent

Method

 
 

Table 1 - Natural frequencies obtained from FE analysis and measurements. 
 

 (a) (b) 

 

Figure 5. FE Simulations – (a) Inner rod 
resonance frequency, ≈ 50Hz. (b) Outer 
part of the Heat Exchanger resonance, ≈ 

16,5Hz. Figure 6. Diagram representing one of the proposed solutions. 
 
 

4. Conclusions 
We have measured and modelled resonance frequencies in the cold head which are in 

the same ‘spurious’ noise frequency range – 10 to 30 Hz - as measured with the SQUID when 
the cryocooler is operational. The measured and modelled 50 Hz resonance frequency of the 
cold head inner rod was also visible in the SQUID signal. This knowledge may be used to 
reduce signal deterioration due to the vibration. To reduce the effect of vibration, the external 
excitation should be reduced, the resonance frequencies should be altered and/or damping 
inside the cold head should be considered. A range of anti-vibration measures are proposed and 
are being implemented.  

• Clamp the compressor hoses rigidly to a vibration absorber. For isolation from the 
ground a spring suspended timber box (filled with sand) was used, see Figure 6. 

• Add damping elements, such as rubber disks, between the coils of the heat exchanger. 
• Isolate the system from external (i.e. floor) excitations (anti-vibration table). 
• Change the resonance frequency of the cold head components - aiming at higher 

frequencies - and hence avoiding resonance during excitation. 
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Niobium Step Josephson Junctions 
 

N. Savvides and S. A. G. Vrouwe 
 

CSIRO Industrial Physics, Lindfield, NSW 2070, Australia. 
 

The characteristics of superconducting Josephson junctions are strongly dependent 
on geometric factors. Novel junctions were fabricated using Nb thin film 
microbridges (thickness d = 25–200 nm) onto substrate steps of height h = 25–200 
nm. We report current-voltage (I-V) and Josephson critical current Ic measurements 
over a temperature range T = 1.5−K. By varying the ratio d/h it was possible to alter 
the junctions from non-hysteretic to ones with strong hysteretic I-V behaviour. A 
step-like structure in the temperature dependence of Ic indicates complex vortex 
dynamics.  

 
1. Introduction 

The current-voltage (I-V) characteristics of a Josephson junction are characterized by a 
Josephson current for V = 0, a current plateau at the Josephson critical current Ic where the 
voltage suddenly increases to the gap voltage, and a linear region where the material is in a 
normal state [1]. At Ic thermally activated Josephson vortices enter the junction from both 
ends and flow to the centre at a fixed velocity thus giving rise to the observed rise in voltage.  

The characteristics of Josephson junctions and their use in various devices are strongly 
affected by geometric factors. The Josephson penetration length, λJ, gives a measure of the 
distance in which d.c. Josephson currents are confined to the edges of the junction, and can be 
used to classify junctions into “small” (L < λJ ) and “large” (L > λJ) where L is the length of 
the junction [2]. Here, we report the characteristics of Nb thin-film junctions where the 
superconducting weak link is caused by a step milled onto the substrate. 

 
2. Specimens and measurements 

The thin film junctions consisted of niobium microbridges (width W = 1.5−20 µm, 
length L = 600 µm, thickness d = 25−200 µm) deposited by magnetron sputtering over a 
vertical step of height h = 25−250 nm which was previously ion-beam milled in the SiO2 layer 
(1−2 µm) of thermally oxidized silicon wafers. Figure 1 shows two of the possible junctions 
geometries, and Fig. 2 shows the corresponding SEM images of the fabricated devices. It is 
important to note that magnetron sputtering does not produce conformal coverage on the step 
and hence W ≤ 0.1d; also,  L >> W, and thus all junctions belong to the “large” junction 
configuration [2]. For junctions with d/h ≤ 1 the very thin film on the step forms a transverse 
“overlap” weak-link junction. As d/h becomes greater than unity the overlap becomes in-line; 
here, the junction barrier is due to a very thin defect layer which originates from the step. This 
in-line defect layer results in increased junction capacitance and is expected to lead to 
significant hysteretic behavior in the I-V which can be tuned by means of the ratio d/h.  

The transport measurements were performed in a double-dewar glass helium system 
which was magnetically screened by two concentric µ-metal shields to allow zero-field 
cooling. The specimens were immersed in liquid helium and temperatures to 1.5 K were 
achieved by pumping on the liquid. Measurements above 4.2 K were done in cold helium gas. 
The temperature was monitored using a calibrated carbon-glass resistance thermometer 
(Lakeshore CGR-1-500-1.4L), and during measurements it was held fixed to ± 0.01 K. 
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Fig. 1.  Schematic of Nb junction formed over a step 
milled on the substrate: (a) d/h < 1 and (b) d/h > 1.  

Fig. 2.  SEM images of niobium step junctions 
corresponding to the schematic layout of Fig. 1. 

 
3. Results 

Typical I-V characteristics representing four different types of step junctions are shown 
in Fig. 3. All the measured junctions showed symmetric I-V curves with the normal resistance 
extrapolating to the origin. The film thickness to step-height ratio, d/h, varied from 0.24 to 5.3 
for junctions A to D. For d/h less than or near unity the junctions showed standard I-V 
characteristics with a small degree of hysteresis (A, C).  

For d/h >> 1 the in-line overlap forming the junction leads to significant hysteresis (e.g., 
junction D). Figure 4 shows results for a group of junctions on the same chip (d = 125 nm, h = 
25 nm, L= 20−1.5 µm). These junctions have reproducible hysteretic behaviour, similar to that 
of planar or layered superconductor-insulator-superconductor (SIS) junctions.  

 

 
 

 
Fig. 3. I-V characteristics at 4.2 K of junctions with 
different ratio of film thickness to step height, d/h. 

Fig. 4. Junctions with d/h = 5 showing highly 
hysteretic I-V characteristics. 

 
To establish the temperature dependence of the Josephson critical current, Ic(T), selected 

specimens were zero-field cooled to 1.5 K, then the I-V characteristics were recorded as a 
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function of increasing temperature (1 K per hour). Figure 5 shows typical results for a 
junction with d/h < 1 and L = 1.5 µm. It is seen that Ic decreases in a series of irregular steps 
whereas one would expect a smooth decrease in accordance with the Ambegaoker and 
Baratoff model [3]. This behavior suggests that Josephson vortices are pinned at the edges of 
the junction and significant thermal activation is required to cause them to flow to the centre 
of the junction where they annihilate, thus producing an observable voltage. A similar 
behavior was observed in YBa2Cu3O7 bi-crystal grain-boundary junctions [4] where 
individual Josephson vortices were activated by injecting low-power microwave signals (4.4 
and 8.7 GHz) into the junction. (Note that this behavior of Josephson vortices is quite 
different to the avalanche-type or collective flow of Abrikosov vortices observed in Nb films 
[5].) Some junctions, formed on high substrate steps (d/h < 0.5), showed anomalous I-V 
behaviour such as two or more voltage steps in the I-V characteristics (Fig. 6). This behaviour 
is indicative of multiple weak link acting in parallel but with a common resistive shunt.  

 

 
 

 

Fig. 5. Temperature dependence of the Josephson Ic.. Fig. 6. Voltage steps in I−V of a junctions with d/h < 1 
 

4. Conclusion 
Josephson junctions, belonging to the “large” junction classification, were fabricated by 

patterning Nb films that were deposited over a step on SiO2/Si substrates. By controlling the 
ratio of film thickness to step height, d/h, from about 0.25 to 5.3 it was demonstrated that the 
I-V characteristics could be varied from non-hysteretic to highly hysteretic. Other interesting 
observations include strong pinning of Josephson vortices at the edges of the junction, and 
voltage steps in the I-V characteristics due to multiple weak links acting in parallel.  
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Neutron Diffraction Results for Three-layer Aurivillius Phases Containing 
Magnetic Transition Metal Cations: Ru (IV), Ir (IV) and Mn (IV) 
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The synthesis and characterisation of three-layer Aurivillius-type phases 
containing magnetic cations M4+ (M = Ru, Ir, Mn), based on the substitution 
M4+ for Ti4+ in Bi2Sr2(Nb,Ta)2TiO12 has recently been reported [1]. These 
structures show the partial substitution of Sr2+ for Bi3+ in the [Bi2O2]2+ layers 
that results in the decrease of M4+ content; the compositions prepared were  
Bi2-xSr2+x(Nb,Ta)2+xM1-xO12, x ≈ 0.5. This work looks at the neutron diffraction 
of these samples and shows the existence of a symmetry-lowering mode.  
 

1. Introduction 
Aurivillius phases [Bi2O2]·[An-1BnO3n+1] are layered oxides composed of α-PbO-type 

layers [Bi2O2]2+ alternating with n perovskite-type layers [2, 3]. Interest in Aurivillius phases 
has focused on their catalytic properties and oxygen ion conductivity, as well as their strong 
ferroelectricity [4, 5] which arises due to the rotation of BO6 octahedra, lowering the 
symmetry from tetragonal to monoclinic, and allowing the perovskite A- and B-site cations to 
be displaced relative to the oxygen anion array. 

Substituting magnetic transition metal cations into the central octahedral layer of the 
perovskite-type block, while maintaining ferroelectric displacements in the outer octahedral 
layers, presents a possible route to multiferroic (magnetoelectric) materials. The 
crystallographically ordered layering of magnetic and non-magnetic transition metal MO6 
octahedra is shown to be the case in Bi2-xSr2+x(Nb,Ta)2+x(Ru/Ir/Mn)1-xO12, x ≈ 0.5 [1]. The 
ordering is likely to be due to the contrast between the coordination environments of the B-
site cations in the central and outer octahedral layers of the perovskite-type block. However, 
considerable B-site disorder is still observed in some cases, e.g. between Nb and Ti in 
Bi2Sr2Nb2TiO12 [6]. Previous reports of magnetic n = 3 Aurivillius phases are contradictory. 
Yu et al.[7] reported the synthesis of Bi2Sr2Nb2MnO12, i.e., the complete substitution of Mn4+ 
for Ti4+ in Bi2Sr2Nb2TiO12, presenting (but not refining) X-ray powder diffraction (XRD) 
data. McCabe and Greaves [8] could not reproduce this phase in the manner reported, 
observing an impurity phase in neutron powder diffraction (NPD) data, and proposing a 
single-phase sample of composition Bi2La0.6Sr1.4Nb2MnO12.. Recently we reported the 
synthesis and structural properties of a series of phases Bi2-xSr2+x(Nb,Ta)2+x(Ru,Ir,Mn)1-xO12. 
In order to determine the B site ordering variable wavelength synchrotron X-ray diffraction 
data was used. Here we report the existence of a symmetry-lowering mode in the same system 
as observed by neutron diffraction data. 

 
2. Experimental 

Polycrystalline samples of Bi2-xSr2+xB2+xM1-xO12, where B = Nb, Ta and M = Ru, Ir, Mn 
were prepared over a range of x by conventional solid state synthesis using stoichiometric 
quantities of Bi2O3 (Aithaca, 99.999%), RuO2 (Aithaca, 99.99%), IrO2 (Aithaca, 99.99%), 
SrCO3 (Aithaca, 99.995%), Mn2O3 (Aldrich, 99.999%), Nb2O5 (Aldrich, 99.99%), and Ta2O5 
(Aldrich, 99.99%). Reagents were mixed, ground and pre-heated for 1 hour at 850°C. For 
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each composition, approximately half of the sample volume was then pressed into a pellet and 
heated in cycles of 950°C for 100 hours, 1000°C for 50 hours, and 1050°C for 50 hours, with 
intermediate regrinding, until a single phase was produced. The remaining half of the sample 
used as a ‘sacrificial’ powder to bury the pellets, in order to minimize the loss of Bi2O3 
through volatilization. 

Neutron powder diffraction data (NPD) were collected at 5K and 293K on the High 
Resolution Powder Diffractometer at the High-Flux Australian Reactor (HIFAR) facility, 
Australian Nuclear Science and Technology Organisation (ANSTO). Rietveld-refinements 
were carried out using the GSAS [9] suite of programs with EXPGUI [10] front-end.  

 
3. Results and Discussion 

Low temperature NPD data shows no signs of new peaks from magnetic origin in all the 
samples (Fig.1). However, the refinement of anisotropic displacement parameters shows 
displacements of the oxygens on the central layer of the perovskite block (O1, Fig. 2). The 
central layer of the three-layer Aurivillius phase contains the majority (>99%) of the magnetic 
cations [1]. In the Bi2-xSr2+xNb2+xRu1-xO12, x = 0.5 sample this cationic site would have mixed 
charge (4+/5+) as only 50% of the site is occupied by Ru4+ and the reminder by Nb5+. The 
nearby O1 site may be expected to show signs of this charge difference. However, a larger 
effect is visible on these O1 sites. The O1 sites have the largest displacement perpendicular to 
the direction of the central cation. The largest displacement is in the ab plane, suggesting a 
rotation of the octahedra around the mixed cationic site. If these displacements corresponding 
to the O1 site were due to thermal motions then they would increase with temperature. 
However, the displacements increase with decreasing temperature. Thus the displacements are 
probably related to a symmetry-lowering mode. Symmetry-lowering modes have recently 
been investigated in three-layer Aurivillius phases by Zhou et al [11].    

 
 

 

 
Fig. 1. Final fit to Rietveld-refined λ = 1.49 Å NPD data for Bi2-xSr2+xNb2+xRu1-xO12, x = 0.5. Observed data are 
shown as crosses (+), calculated data as a solid line, and the differences as a solid line below. Goodness-of-fit = 

4.301 for 54 refined parameters. Overall powder R-factors: Rp = 0.0850 wRp = 0.0574. 
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Fig. 2. ORTEP diagram of the structure of -xSr2+xNb2+xRu1-xO12, x = 0.5 obtained from Rietveld refinement 

against low temperature NPD.  
 

 The symmetry-lowering mode and substitution of the central perovskite layer with 
~50% magnetic cations highlights the potential for multiferroic behaviour in these systems. 

 
Acknowledgments 

The NPD work was supported by Australian Institute of Nuclear Science and 
Engineering (AINSE) and the PGRA scheme.  
 
References 
[1] N. Sharma, P.Y. Chen, G.E. Wrighter, B.J. Kennedy, P.L. Lee and C.D. Ling, J. Solid 

Chem. 180, 370 (2007) 
[2] B. Aurivillius, Ark. Kemi. 1, 463 (1949). 
[3]  B. Aurivillius, Ark. Kemi. 2, 519 (1950). 
[4]  E.C. Subbarao, J. Phys. Chem. Solids. 23, 665 (1962). 
[5]  G.A. Smolenski, V.A. Isupov and A.I. Agranovskaya, Sov. Phys. Solid State (Engl. 

Transl.). 3, 651 (1953). 
[6]  C.H. Hervoches and P. Lightfoot, J. Solid State Chem. 153, 66 (2000). 
[7]  W.J. Yu, Y.I. Kim, D.H. Ha, J.H. Lee, Y.K. Park, S. Seong, and N.H. Hur, Solid State 

Comm. 111, 705 (1999). 
[8]  E.E. McCabe and C. Greaves, J. Mater. Chem. 15, 177 (2005). 
[9]  A.C. Larson and R.B. Von Dreele, Los Alamos National Laboratory Report LAUR 86-

748, 1994. 
[10]  B.H. Toby, J. Appl. Cryst. 34, 210 (2001). 
[11]  Q. Zhou, B.J. Kennedy, and M.M. Elcombe, J. Solid State Chem. 179, 3744 (2006). 

Mixed Bi/Sr site 

O2 

Nb 

Sr O3 

O4 

O5 

O1 

Mixed Nb/Ru site 



              
PROCEEDINGS – 31ST ANNUAL CONDENSED MATTER AND MATERIALS MEETING – 2007

Scattering Potentials in Condensed Matter for Low Energy Electrons

A.E. Smith

School of Physics and Materials Engineering, Monash University, Victoria 3800, Australia.

Necessary Kramers Kronig conditions link the electron energy loss function
with its virtual part and consequentially the imaginary part of the scattering
potential with its real part. Results are explored for analytic fits of the loss
function employing Drude (i.e. Lorentzian) and “derived” Drude forms.
Quadrature evaluates the imaginary and real parts of the scattering potential.

1. Introduction
The scattering potential felt by low energy electrons is dependent on the incident

energy. For Low Energy Electron Diffraction (LEED), the energy dependence of the real part,
commonly called the inner potential and seen in the position of diffraction peaks, changes by
several eV for incident energies in the range up to 120 eV. The corresponding imaginary
component of the scattering potential, manifested in the width of spectral features, varies by a
similar amount in the same incident energy range [1].  Similar energy dependencies need to
be incorporated in the full analysis of results from other methods such as, for instance, photo-
electron spectroscopy [2].

Previously we have shown how first principle quantum calculations can be used to
determine the incident energy dependence of the scattering potential due to electron – electron
interactions [3,4].  However, in order to carry out efficient calculations analytic fits were
introduced. The present work explores the nature of these fits and shows how necessary
Kramers-Krönig (KK) conditions link the real and imaginary parts of the scattering potential.
In particular useful approximations are supported by Drude (i.e. Lorentzian) together with
“derived” Drude expressions for the real and imaginary part of the dielectric function
extended to finite momentum transfers [5,6].

2. Kramers Kronig relations and scattering potential results

Within classical electromagnetic theory, non-locality in time with causal connection
between polarization and the electric field is treated through the introduction of a frequency
dependent dielectric constant which results in the Kramers Kronig relations:
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Non-locality in space can be treated through the generalisation of dispersion by the
introduction of a dielectric constant dependent not only on frequency but also on wave
vector[7]. Linear response theory produces similar expressions for the reciprocals [8]:
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Within quantum mechanics perturbation theory allows the inelastic mean inner potential and
the corresponding (KK related) virtual real inner potential to be found in terms of the
reciprocal dielectric function (loss function), e.g. within the isotropic approximation [3]:
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Whilst the loss function for the zero q (optical) case has been both measured and calculated
for many materials, its q dependency is less well known [5].  Fig. 1 shows the result of fitting
loss functions determined from first principle quantum calculations for the particular case of
silicon with momentum transfer along the 100 direction [9]. Rather than employing just a
single Lorentzian as in previous considerations (Fig. 2 [9]), the loss functions was fitted by a
three term sum of Lorentzian functions (plasmon-pole or Drude functions)   with quadratic q
dependency (satisfying the necessary KK sum rules)[5]:

Â
=

WG=
- n

j
jjjj qqDA

q 10,0

]),(),([}
),(

1
Im{ w

we
          with

22222 )()(

)(
]),(),([

ww

w
w

q

q
qqD

jj

j
jjj G+-W

G
=WG

Fig. 1:  Loss function }
),(
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- as function of wave vector and frequency modelling loss with momentum

transfer along [100] in silicon.

Analytically it necessarily follows that for each of these Lorentzians there is a corresponding
real term. Consequentially the sum corresponding to the KK related virtual loss function, as

shown in Fig. 2, must be of the form: Â
=
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In general other related model functions might be used, for example, the so-called “derived
Drude” function which exhibits a more intense peak around the resonance energy [6]. For
this, the KK related pair is each again a sum, but this time over functions of the form:
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Results for scattering potentials can then be found by numerically integrating these
analytic loss functions over wave number and frequency.  For silicon integration of the loss
functions shown in Figs. 1 and 2 results in both real and imaginary potentials
indistinguishable from the results for previously found using the full dielectric matrix method
for the incident energy range 10 to 10,000 eV (see Fig. 2 (a) and (b), reference [10] and also
in particular Fig. 2 reference [11]).   They in turn are consistent with empirical so-called
‘universal curve’ values. Of particular interest, they predict observed energy variations of the
virtual real inner potential (see for instance, reference [1]).  In this way it can be understood
that the onset of the ‘plasmon threshold’ corresponding to the peak of the loss function not
only results in an increase in spectral line width but also necessarily a spectral position shift.

Fig. 2: Virtual loss function }1),(Re{ 1
0,0 -- we q as function of wave vector and frequency modelling loss with

momentum transfer along [100] in silicon.
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A Novel Probehead for an Electron Spin Echo Study of an Australian Coal 
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An X-band pulsed electron spin echo (ESE) probe head, which can be fitted 
with a CW-ESR cryostat, has been designed and tested. The three dimensional 
electromagnetic field aspects of the structure have been fully assessed and 
optimised. The theoretical simulations and experimental results agree well. 
The pulsed ESE system is used to perform detailed ESE studies of a 
“Queensland coal” sample. 

 
1.  Introduction 

Pulsed electron spin echo (ESE) is a very powerful tool for studying relaxation 
phenomena.  Here an X-band ESE probe head has been designed specially for a study of 
phosphorus doped silicon (Si:P) with quantum computing applications in mind [1]. The probe 
head is designed to fit a conventional CW-ESR cryostat and allow quick sample access at low 
temperature (to 4 K). The probe head resonator design is based on a loop gap resonator (LGR) 
structure [2, 3]. In the design, the three dimensional electromagnetic field was simulated 
numerically using a 3D electromagnetic simulator (CST Microwave Studio [4]). The whole 
probe head structure was also tested experimentally, and the results are in agreement with the 
simulations. ESE was then performed on a “Queensland coal” sample in order to test the 
probe design and our home built pulse spectrometer ahead of Si:P work. A coal sample is a 
convenient single line sample for testing an ESE system since pulsed ESE studies on various 
types of coals exist for comparison [5]. Interestingly there appears to be no reported ESE 
study of Australian coal. 
 
2.  Probe head design 
 A conventional ESR-900 Oxford instrument cryostat shield is replaced by the probe 
head. The probe head consists of a resonator, microwave and cryostat shield, tuning and 
matching structure. The shield was designed so that its cut-off frequency is a few gigahertz 
higher than the resonant frequency to prevent microwave radiation leakage. The structure also 
incorporates the top vacuum seal for the cryostat. The probe head is adjustable both up-down 
and in rotation to allow the tuning of the resonator. Microwave coupling into the resonator is 
via a rectangular iris and Gordon coupler [6], which is rigidly attached to the shield. Matching 
is achieved by adjusting a movable Teflon insert in the Gordon coupler. Optimisation of the 
entire probe head structure was carried out using the simulation tool to achieve a good 
impedance match at the resonant frequency (low S11 magnitude, |S11 |) and high conversion 
factor (Λ= B1/(PQ)0.5, where B1 is the magnetic induction in the rotating frame at a given 
microwave frequency, P is the microwave incident power and Q is the quality factor of the 
resonator).  

The resonator is a rectangular LGR shape which is particularly suitable for flat 
samples (wafers).  Samples up to 5 mm width (x-axis), 1.7 mm thick (y-axis) and 5 mm 
height (z-axis) can be inserted into the resonator.  The resonator structure and the simulated 
magnetic field are shown in Fig.1.  A relatively large magnetic field with reasonable 
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homogeneity is produced over the sample area. Measurement was performed with a network 
analyser and close agreement was obtained between the resonant frequencies and coupling 
figures (simulated: 10.006 GHz and measured: 10.0568 GHz from the |S11 | values) (see the 
fig.1 (c)). The Q (calculated from the relationship Q=f/∆f, where ∆f is the width of the 
resonance curve at -3 dB level) of the real structure is approximately 230. The large magnetic 
field and low Q values produced by the probe head allow a good conversion factor to be 
obtained and make it particular suitable for a pulsed ESE experiment. With the flat coal 
sample, the resonator performance was also assessed against other types of the resonator such 
as folded-half wave and TE102 rectangular cavity, and it was found that this resonator gave the 
best results. 

 
    

   (a)           (b)                 (c) 
 

Fig. 1. The resonator simulated results (colour online): (a) the resonator structure; upper part (yellow) is copper 
while lower part (grey) is quartz, (b) the corresponding microwave magnetic field (arrows) at the sample position 

(MWS views) and (c) the simulated and measured (insert) |S11 | values. 
 
 
3.  Electron spin echo results 

An ESE experiment was performed on “South Blackwater” coal from Queensland 
with our homemade ESE spectrometer and the resonator described above. The coal sample 
consists of 85.8% C, 5.07% H, 6.3% ash. The g-factor of the sample, representing electrons 
bound to free radicals, was found from CW-ESR to be 2.0029, compared to the free electron 
g-factor (= 2.0023). 
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Fig. 2. The echo intensity at various pulse separations, τ, with (left) its corresponding semi-log plot. 
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A Hahn two-pulse ESE (π/2-τ-π-echo) was performed initially at varying pulse widths 
(π/2 and π) in order to find the optimum pulse width for the experiment. The optimum π/2 
pulse was found to be 22 ns. The spin-spin relaxation time, T2, of the sample is found from 
the plot of ESE intensity versus the variation of pulse separation time, τ. The plot of echo 
intensity versus the pulse separation, both linear and semi-log scale, is in Fig.2. 

A fit of the echo decay data in Fig. 2 produced a T2 for the coal sample of 211±12 ns. 
However, it is known that instantaneous diffusion can have an impact on the ESE 
measurement [7]. Further ESE experiments, where the second pulse width was varied, were 
performed to check for an effect from instantaneous diffusion. The plot of T2 as a function of 
sin2(θ/2), where θ is the spin turn angle of the second pulse is shown in Fig.3.  
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Fig. 3. The T2 versus sin2(θ/2) of the coal sample. 
 

The linear trend of the plot in Fig.3 indicates that instantaneous diffusion has a 
significant impact on the sample T2 measurement. When extrapolated to θ = 0 degrees the 
linear plot suggests an estimate of the T2 value, in the instantaneous-diffusion free situation, 
of 800±80 ns. This T2 result for the “South Blackwater” coal is within the range 356 ns to 
1450 ns seen previously for various coal samples [1].  
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Investigating the Photonic Behaviors of ZnO Nanocrystals 

 

Y.Y. Taya, b, S. Lib and M.H. Lianga 
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b School of Materials Science and Engineering, NSW 2033, Australia. 

 

The photonic behavior of size dependent ZnO is recently rigorously 
investigated. In this work, we examine ZnO nanocrystals of size less than 5 nm 
by correlating this photonic behavior to the material’s crystal structure as well as 
the effect of relevant defects present in the material. There is a red shifting of 
their luminescence property that is different from quantum size effect which 
expects a blue shifting instead.   

 

1. Introduction 

Zinc Oxide (ZnO) is a wide band gap semiconductor and has an efficient near UV (~ 3.29eV, 
370nm) emission, and commonly yield to have green (~510nm, 2.43eV) emission and sometimes 
yellow (~597nm, 2.08eV) or orange (~640nm 1.94eV) emission. However, the origins of these 
visible emissions remain controversial, particularly the green emission [1].  

On the other hand, nanotechnology is an emerging interesting field. Particularly when 
particles size of pure ZnO reaches nanoscale e.g. smaller than 5nm in diameter, quantum size 
effect will occur causing blue shifting of the emission as a result of bandgap widening [2]. In this 
work, the crystal size of ZnO was physically reduced from 202 nm to 3.0 nm to investigate size 
effect on photoluminescence behavior of ZnO.  
 
 
2.  Experiment 

 
ZnO (99.5% pure Analyticals Carlo Erba) powder was first annealed at 1200oC in 

ambient condition with ramping rate of 5oC/min and a dwelling time of 1hr. To reduce the 
crystal size physically in a control fashion, high energy ball milling was carried out with 
different duration.  

The prepared ZnO materials were characterized using X-ray Diffractometer (XRD). Data 
were recorded using a Theta/Theta Bruker Diffractometer with a Cu Kα radiation with a 
divergence slit of 2o and a 0.2mm width receiving slit. The crystal sizes of the as prepared ZnO 
powders were verified using JEOL 3010 HRTEM. Photoluminescence (PL) measurement was 
performed using Accent Rapid Photoluminescence Mapping System (RPM 2000) with a He-Cd 
laser source with an excitation wavelength of 325nm. 
 
                                                 
a corresponding author; email: s3197272@unsw.edu.au 
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3. Result and Discussions 
 

The XRD line profile of the size reduced ZnO is shown in Figure 1. This characteristic 
peak which corresponds to the plane (012) of ZnO reveals substantial broadening with reduced 
crystal size. Complemented by the TEM images in Figure 1 (b), it is possible to reduce the 
crystal size of ZnO from 202 nm to 3.0 nm in the nanoscale region.  

 

 
Fig. 1. (a) XRD line profile of ZnO plane (012) (b) TEM image of ZnO with average crystal size 
of 3.0 nm 

 
In Figure 2, the peak emission of as-received ZnO shifts from 617nm to 677nm for 

annealed ZnO. The annealed ZnO at 1200oC has a peak emission at 677 nm. Annealing at 
extremely high temperature has possibility of causing an outward diffusion of Zinc [4]. 
Therefore, it is likely that this emission has a strong relationship with the presence of zinc 
vacancies. Less oxygen vacancies will be formed as the atmosphere has a substantial amount of 
oxygen that suppresses the latter’s formation. 

 

 

(b) (a) 
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Fig. 2. Photoluminescence of ZnO of various crystal sizes. Annealed ZnO has a crystal size of 
202 nm. 

 
When the crystalline size reduces to 11.2nm its peak emission remains at 677nm, 

however, the emission spectrum for each individual begins to broaden in the direction of shorter 
wavelength (higher energy) towards the green region. Since the size shrinks, the materials 
surface area begins to increase. This might induce tension between the binding atoms which has 
a higher probability of inducing oxygen vacancies which cause the broadening of the PL towards 
the green region. With much surprise while we are expecting the green emission band of the 3 
nm ZnO nanocrystal to enhance, the emission peak red-shifts to ~701 nm instead, forming a red 
emission band. It is not clear why there is a dramatic red shift although a shifting of the emission 
band towards shorter wavelength would be expected as a result of quantum size effect. It is likely 
that when the crystalline size is reduced tremendously, the surface area would be expected to 
increase and this causes distortion on the surface structure which induces vacancies on the 
surface. On the other hand the occurrence of the quantum size effect is coupled with the 
aforementioned situation and drastic change may occur. For example the band 
structure/electronic structure is drastically altered since it is dependent on the lattice structure via 
arrangement of the atoms and important contributions from the vacancies as well as the 
interaction between atoms [5]. In this manner, the red emission might form due to changes in the 
bandgap. Its emission mechanism is currently investigated and will be available in the future. 

 
5. Conclusions 

In conclusion, ZnO can be physically reduced to nanoscale of less than 5 nm. While the 
size is reduced, oxygen vacancies are formed causing broadening of the PL emission towards the 
green region. The PL emission however red shifted when the size reaches less than 5 nm. Such 
shift could probably be attributed to the coupling of the lattice distortion and oxygen vacancies 
that induces changes to the electronic band structure. 
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57Fe Mössbauer spectra of the Na- and Ca-saturated forms of four ferruginous 
smectites, having a range in composition, have been fitted with Voigtian 
profiles to represent, principally two, correlated distributions of isomer shifts 
and quadrupole splittings. Correlation between the areas and hyperfine 
parameters of the distributions determined from Mössbauer spectroscopy and 
those from chemical analyses and infrared spectroscopy enable interpretations 
in terms of near neighbour cations in the octahedral sheet.   

 
1. Introduction 

Many techniques have been used to determine the distribution of cations in smectites [1-
5], but the results are debatable because different techniques sample clay chemistry 
differently. Smectites are 2:1 layer (tetrahedral:octahedral) clay minerals: within the 
octahedral sheet, some Al3+ is substituted by Fe3+ and Mg2+. Two of three octahedral sites 
within the AlO4(OH)2 (gibbsite-like) sheet are occupied.  The metal ions within these sites 
form a trigonal array so each atom has three neighbours. The distribution may be statistical, 
but there is a tendency for Mg2+ ions to avoid being neighbours and thus some clustering of 
other ions may occur [2, 3, 5]. The tetrahedral sheets are predominantly SiO2, but some Al3+ 
for Si4+ substitution can occur there as well. 
 Mössbauer spectroscopy has in the past been used to identify different iron sites in 
minerals, but this has often been subject to heated discussion [6]. For several decades, 
Lorentzian fitting of two quadrupole split doublets have been commonly attributed to cis- and 
trans-coordinated Fe3+ [7-8]. However, it has recently been pointed out [9] that the effect of 
the different neighbours on the quadrupole splitting is probably larger than that caused by cis- 
or trans-coordination. Rancourt [6, 9] has strongly advocated that Mössbauer spectra of 
inhomogeneous materials should be fitted with Voigtian lineshapes. Since the Voigtian is 
essentially a Gaussian distribution of Lorentzians, the Gaussian component allows the 
incorporation of the broadening caused by variation in the identity of neighbours. 

 
2. Sample preparation 
 We have applied a Voigtian 
curve fitting procedure to the room 
temperature Mössbauer spectra of 
four ferruginous smectites (Table 1), 
prepared in their Na+- and Ca2+-
forms, in order to study the 
octahedral occupancy. The Ca2+- 
form of the same samples have been studied by infrared and chemical analysis [4]. 
 
3. Results 
 A representative fit of the Mössbauer spectrum for Na-Nibost smectite is shown in Fig. 
1 and full tabulation of the major parameters from the quadrupole splitting distribution fits for 
all smectites is shown in Table 2.  Note that two main quadrupole splitting groups were 

Table 1.  Useful site data of the smectites studied. 
Clay Oct Fe Oct Al Oct Mg Oct charge 

 per unit cell % 
Stebno 1.79 1.87 0.50 3 

Drayton 1.02 2.18 1.06 27 
Nibost 0.90 2.26 1.03 37 
Redhill 0.77 2.50 0.74 87 
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observed, one with a narrow splitting distribution (ND) and one with a broad splitting 
distribution (BD).  Perusal of Table 2 shows that the results of fitting are not systematic as a 
function of iron content. 
 

Table 2.  Hyperfine parameters obtained from the Voigtian fitting of the Mössbauer spectra. 

Area values in parentheses are corrected to show the proportions of the Fe3+ components only. 
Skew = (mean – mode) / standard deviation  

 
3.1. Mössbauer-based Interpretations. 

The quadrupole splitting (QS) is 
principally determined by the charge 
distribution of the nearest neighbours 
which produces an electric field gradient 
(EFG) at the Fe3+ site. A comparison of 
the three ions shows that Al3+ has the 
same charge as Fe3+ but a smaller 
diameter (0.051 nm c.f. 0.064 nm) while 
Mg2+ has almost the same radius (0.066 
nm) but a different charge. The larger 
intensity of the ND distribution in the Stebno samples strongly suggests that it is associated 
with an absence of Mg2+ neighbours. Including Mg2+ as nearest neighbours may correspond to 
the BD distribution and increases in its standard deviation (SD) correspond to an increased 
number of Mg2+ neighbours. The smaller charge of Mg2+ causes an increase in the EFG and 
hence the QS.  However, it is unclear how lattice relaxation due to the smaller Al3+ would 
affect the EFG.  Also unexplained are the changes in peak areas invoked by changing 
exchange cations. 
 
3.2. A Combined Mössbauer – Infrared Interpretation 

The distribution of the OH-sharing octahedral cation pairs, based on infrared absorption 
spectra [2, 4, 5], enables us to simulate an octahedral layer for each smectite.  The distribution 
of the three neighbours about an Fe3+ centre, as shown in Fig. 2 for Redhill, can be estimated 
and compared with the number expected from simple Poisson statistics. The main reason for 
the observed difference is the avoidance of OH-sharing Mg–Mg neighbours, as MgMg-OH 
absorption bands are not observed in the IR. The net effect then is to increase the population 

Clay Ca form 
 Narrow distribution Broad distribution 
 IS QS SD Skew Area IS QS SD Skew Area 
 mm/s mm/s mm/s  % mm/s mm/s mm/s  % 
Stebno 0.35 0.45 0.18 0.08 81 0.33 0.72 0.39 0.29 19  
Drayton 0.36 0.48 0.04 ~0 55 (57) 0.34 0.86 0.32 0.04 42 (43) 
Nibost 0.35 0.50 0.13 ~0 57 (63) 0.36 0.94 0.38 0.08 33 (37) 
Redhill 0.34 0.45 0.06 ~0 61 (62) 0.34 0.90 0.47 0.28 37 (38) 
           
Clay Na form 
 Narrow distribution Broad distribution 
 IS QS SD Skew Area IS QS SD Skew Area 
 mm/s mm/s mm/s  % mm/s mm/s mm/s  % 
Stebno 0.35 0.45 0.19 0.11 77 0.34 0.78 0.46 0.42 23 
Drayton 0.35 0.51 0.04 ~0 74 (77) 0.37 1.06 0.17 ~0 22 (23) 
Nibost 0.35 0.51 0.06 ~0 62 (65) 0.35 0.98 0.38 ~0 34 (35) 
Redhill 0.35 0.45 0.15 0.02 38 (47) 0.32 0.80 0.47 0.40 43 (53) 
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Figure 1. Best fit of the Mössbauer spectrum of Na-
Nibost smectite using Voigtian profiles. 
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in the 111 centre of the plot, corresponding to a central Fe having 1Fe3+, 1Al3+, 1Mg2+ as 
neighbouring cations. 

The ND feature is therefore probably attributable to Fe3+ centres having no Mg2+ 
neighbours.  These are principally of 210 and 120 coordination for the four smectites studied 
here.  The larger SD for Stebno may be due to an appreciable number of 300 coordination, 
which the other smectites lack. It is expected that in the Ca2+- form, Ca2+ ions are located in 
the interlayer as close as possible to sites of substitution (Mg for Al in the octahedral sheet 
and Al for Si in the tetrahedral sheet) to achieve charge neutrality over a smaller distance.   

Changing from Ca2+- to Na+- form creates twice as many ions in the interlayer space in 
preserving charge neutrality.  For Stebno, Drayton and Nibost, there is a decrease in BD QS 
in the Na+-form compared to the Ca2+-form.  A large proportion of Na+ ions are neutralising 
layer charge not associated with Mg2+, but rather with tetrahedral Al3+. For Redhill nearly 
90% of exchangeable Na+ neutralises charge associated with octahedral Mg2+.  In the Ca2+-
forms of Nibost, Drayton and Stebno, the Ca2+ is potentially “close” to all the Mg, and acts to 
reduce the EFG effect caused by Mg2+.  However, Ca2+ can only be “close” to about half the 
Mg in Ca2+-Redhill.  Exchanging with Na+ improves the charge neutralisation effect on the 
EFG for Redhill, but introduces more disorder 
for the other three Na+-form smectites.   

The main mystery remaining is why the QS 
of Redhill is markedly less than Drayton and 
Nibost. This could be due to the larger number of 
symmetrical 030 coordination or lower Mg2+ 
concentration.  It may also be possible that Fe3+ 
is even more clustered within the octahedral 
sheet of this smectite than can be discerned by 
IR, as has been shown recently for other 
montmorillonites [5, 6, 7].  

In conclusion, our results provide strong 
evidence that aspects of Mössbauer spectra for 
2:1 layer silicates can be largely explained by the 
identity of neighbouring cations.  We emphasise 
here that Mössbauer spectroscopy should be used in combination with other spectroscopic 
tools such as infrared and X-ray absorption spectroscopy. 
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EPR and Antioxidant Efficiency studies of Resveratrol, Quercitin and
Fisetin

G.J. Troup, a, D.R. Huttona ,  L. O’Dea b and S.J. Langfordb

a School of Physics and b School of Chemistry,  Monash University, Victoria 3800, Australia

Resveratrol (a stilbene), Quercitin and  Fisetin (flavonols) are polyphenols
found in red wine, the last to a small extent. They behave differently
physiologically in humans. Can EPR and antioxidant efficiency tests
distinguish between them? The antioxidant efficiency was effectively 100% in
all: both the flavonoids showed a similar free radical signal, but the Fisetin
sample was clearly contaminated by transition metal ions. The Quercitin free-
radical signal was markedly different.

1. Introduction

EPR (Electron Paramagnetic Resonance: also ESR, E Spin R) is a well established
spectroscopic technique exploiting the precession of electron spins about a constant magnetic
field [1]. It can reveal free radicals and certain paramagnetic ions. Its use in the wine industry
has been established by this group[2]. Stable free radicals in wines occur mainly on
polyphenols, [2], known to be antioxidants. The most potent antioxidant in red wine is the
stilbene Resveratrol [3]. Quercitin is  the most abundant flavonol found in red wine [4]. Both
these compounds now appear in ‘dietary supplements’. The flavonol Fisetin is also in red
wine but to a much lesser extent. It has recently been shown to improve the memory of
laboratory mice, which Quercetin does not do. Is this a matter of different free radical
behaviour, or of the stereochemistry? How different are the antioxidant efficiencies? These
were the problems we set out to investigate in these three molecules.

2. Sample preparation
Resveratrol powder (99% pure) was obtained from China. Both Quercetin and Fisetin

were purchased in solid powder form (99% pure) from Sigma. A specimen of each was placed
in a standard EPR quartz tube (Wilmad), and the EPR measurements done at room
temperature on all 3,  and at 77k for Resveratrol. A Bruker X-band (~ 9.4 GHz) spectrometer
was used.

The sample preparation and the antioxidant efficiency test are described in [5]. Briefly,
free radicals are created in a solution at a constant rate, giving an increasing absorption in the
UV. An antioxidant will decrease the absorption, so an efficiency can be calculated. Since
Resveratrol not attached to a sugar is almost insoluble in water, the antioxidant efficiency
tests were carried out in methanol instead of aqueous solution.

Quercitin Fisetin
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3. Results

3.1 EPR measurements
The EPR spectrum of Resveratrol over a 100 Gauss sweep was a single structureless

line ~8 Gauss wide, which at room temperature did not reach maximum amplitude (saturate)
until the power was 100mW. To test for temperature broadening of the line, the measurements
were repeated at 77k, but the linewidth stayed the same. This is quite different to the flavonol
behaviour described below.

The EPR spectrum of Quercitin  over a 100 Gauss sweep was a single structureless line,
~ 4 Gauss wide, which reached maximum signal strength at 2 mW power, and then decreased
with power increase (saturation.).  The 1mW power spectrum of the Fisetin sample is shown
in Fig. 1: the free radical line is marked.

Figure. 1 EPR spectrum of ‘fisetin’, power 1mW. Axes: horizontal, magnetic induction, Gauss; vertical, signal
strength, arbitrary units.

How was this line identified? - by its behaviour in the 15 mW spectrum (Fig. 2). The
marked line has decreased in size, while the other lines have increased. The other lines
therefore are not from the phenolic radical, and are due to transition metal ion impurities.

Figure.2. Same as for Fig.1, but power 15mW.
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Figure.3 Broader magnetic induction range for fisetin, power 2mW.  Axes as for Fig.1.

Fig. 3 shows a broader sweep spectrum at 2mW. Some of the smaller lines (regularly
spaced) can be attributed to Mn(2+): the larger line left of centre can be assigned to Cu(2+),
and the large line next to the  free radical to Fe(3+), by g-values (See details for individual
ions in [1]).

3.2 Antioxidant efficiency.

The antioxidant efficiency results for both flavonoid specimens were 100 +/- 5%. That
for vitamin E was its usual 95 +/- 5%. The Result for Resveratrol in methanol was 96%, while
for vitamin E was 91%, both +/- 5%.

4. Discussion.
The EPR behaviour of Resveratrol is very different from that of the flavonoids. The

high antioxidant efficiency is to be expected from previous studies [2]. It may well be that the
EPR behaviour, as well as the structure of this molecule, are responsible for its antioxidant
and other properties.

The Quercetin and Fisetin EPR behaviours are very similar, perhaps to be expected
from their structural similarity. The powerful antioxidant behaviour of Quercetin is well
known. The problem is, how much of the measured antioxidant efficiency of the Fisetin
sample was due to the metal antioxidant impurities? We need a pure sample to know.

However, to our knowledge, the purity of commercially available samples is measured
via Thin Layer Chromatograpy or High Performance Liquid Chromatography, which previous
experience has shown DO NOT DETECT PARAMAGNETIC IONS!

Note added during Conference
Professor G. Scollary, Wine Science and Agriculture, Charles Sturt University,

informed us that the performance of the well known antioxidant, ascorbic acid, which is used
in the wine industry, is affected by the presence of transition metal ions!
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   EPR and Antioxidant Studies of Dark Chocolate, a Red Wine Vinegar
and a Cider Vinegar

G.J. Troupa, D.R. Huttona, L. O’Deab  and S.J. Langfordb

a School of Physics, and  b School of Chemistry, Monash University, Victoria 3800, Australia

Dark  chocolate (>70% cocoa) contains Cu and polyphenols. The EPR has not
been reported before. From both Swiss and Australian samples, it shows Cu++
and a very strong free radical signal, as well as unreported Mn++. Cider
vinegar has a strong reputation in alternative medicine for healthgiving effects.
Some might be due to antioxidants? Red wine vinegar must have some
antioxidants. So both were examined by EPR and antioxidant efficiency tests.
From a ‘reputable’ sample of each, the  EPR spectrum was due to Mn++, and
there was no free radical signal. The Antioxidant efficiency for cider vinegar
was 63%, and that for red wine vinegar, 85%: errors +/- 5%.

1. Introduction

EPR (Electron Paramagnetic Resonance, also ESR, E Spin R) is a well established
spectroscopic technique [1] using electron spin precession in a constant magnetic field. It can
detect free radicals and certain paramagnetic ions in appropriate valence states: eg, Cu+ is not
detected, Cu++ is. EPR therefore has many uses, including chemical analysis. Properties of
the detected spectra can help to understand ionic surroundings, and the activity of free
radicals.

Dark chocolate (>70% cocoa) contains Cu and polyphenols. The EPR spectrum has not
been reported: it could show a Cu++ signal, should show a strong free radical signal, and
maybe others. Cider vinegar has an ‘alternative medicine’ reputation for its healthgiving
properties [2]. Some of these could be due to antioxidant action. Red wine vinegar should
contain some antioxidants, even if only the anthocyanins [3]. Antioxidant efficiency
measurements are complementary to EPR. The comparisons are worth while: after all, vinegar
is used in cooking and in salad ‘dressing’, and red wine vinegar is certainly part of the
‘Mediterranean diet’.

2. Sample preparation

Dark Swiss (85% cocoa) and Australian (75% cocoa) chocolates were purchased from a
local supermarket. Samples were scraped from each with a plastic knife, and placed into
standard quartz EPR tubes (Wilmad). The measurements were carried out with a Bruker x-
band (~9.4 GHz) EPR spectrometer at room temperature (20C).

A ‘good’ imported Italian wine vinegar, and a ‘good’ imported American unfiltered
(cloudy) cider vinegar were purchased from a local supermarket. The cloudy cider product
was chosen because it might contain more antioxidants. Recent work published after our work
was done has verified this surmise [4]. A sample of each was cold evaporated down to 1/10 of
its original volume, and a portion of each sample was placed in a standard  EPR tube. The
preparation for the antioxidant test, as regularly used by this group, as well as the test itself,
are described in [5]. In the test, free radicals are generated in a solution at a constant rate,
giving an increasing absorption in the UV. The antioxidant will reduce this absorption rate, so
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an efficiency can be determined. For the EPR work, it was necessary to freeze the samples, to
avoid microwave losses.

3. Results

3.1 EPR results
The Swiss dark chocolate EPR spectrum is shown in Fig 1. The Australian specimen

result is almost the same. The truncated signal is from the stable free radicals on the
polyphenols [3]. The broad signal is from Cu++, and some of the small narrow lines are from
Mn++, previously unreported [1]. A spectrum taken 6 weeks later on the same specimen left
exposed in the laboratory showed a reduced Cu++ line, and the Mn++ and free radical lines
had almost vanished.  EPR of milk chocolate, under the same procedures, showed the Cu++
line, but the free radical line was enormously reduced, and somewhat broadened: milk
products give such a line [6].

Figure 1.  EPR spectrum of Swiss chocolate.  Horizontal axis: magnetic induction, Gauss.
Vertical axis signal strength, arbitrary units.

The wine and the cider vinegar spectra, taken under the same conditions, are almost
identical (except that of the cider vinegar is less intense) so only the red wine vinegar
spectrum is shown (Fig.2). The signal is from Mn++, very similar to that from wines [3].

The vinegar spectrum display is phase reversed with respect to the chocolate one. The
transition is between the electron spin states (+1/2 ) to (-1/2 ): the six large peaks are due to
hyperfine structure, since the Mn nuclear spin is 5/2.The small lines in between are due to
‘forbidden transitions’, showing that the Mn ion is in a comparatively low symmetry site for
both vinegars. A free radical signal would be a single narrow line, placed at the centre of the
Mn++ spectrum. Note that the free radical signal for chocolate is not at the centre of the broad
line, which helps identify it as Cu++.
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Figure 2.  EPR spectrum of red wine vinegar.  Horizontal axis: magnetic induction, Gauss.
Vertical axis, signal strength (arbitrary units).

3.2 Antioxidant efficiency  results.
The antioxidant efficiency for the red wine vinegar was 85% and for the cider vinegar,

63%, both +/- 5%, a significant difference.

4. Discussion
The dark chocolate contains Cu as Cu++, as verified. The Mn++ has not been

previously reported. The diminution in all signal intensities after exposure to the air shows
that the antioxidants are at work. The absence of the large free radical signal in the milk
chocolate indicates that the inactivation of the polyphenol antioxidant action may already
have taken place.

The similarity in the EPR spectra of the vinegars is to be expected, since both wine and
cider are fermented fruit juices. The wine vinegar contains anthocyanins, the cider does not.
Cu is known to ‘hide’ from EPR as Cu+, but is known to occur in wine. There must be fewer
remaining polyphenols in the cider vinegar, because there would have been less to start with.
So with hindsight, the results are explainable. Of course, further work on further samples
needs to be done, but red wine vinegar has been a part of the ‘Mediterranean Diet’ for a long
while!

References
[1] D.J.E. Ingram, Biological and Biochemical Applications of ESR (1969) Adam Hilger

Lt., London UK
[2] S. Merson, The 100 Best Foods (2007) Duncan Baird/Simon & Schuster
[3] G.J. Troup and C.R. Hunter, Ann.N.Y.Acad. Sci. 957, 345 (2002)
[4] J. Oszmianski, M. Wolniak, A. Wojtylo and I. Wawer, J. Science Food and Agriculture

87, 573  (2007)
[5] I. Cheah, J. Kelly, S.J. Langford and G.J. Troup, Proc. 27th Ann. Cond. Matter Mater.

Meeting, http://aip.org.au/content/publications (2003)
[6] G.J. Troup, P. Crisp, E. Scott, J. Boas, D. Hutton and I. McKinnon, Proc. 30th Ann.

Cond. Matter Mater. Meeting, http://aip.org.au/content/publications (2006)



              
PROCEEDINGS – 31ST ANNUAL CONDENSED MATTER AND MATERIALS MEETING – 2007 

Improving Student Engagement in 3rd Year Condensed Matter Physics:  
A Case Study.  
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In 2004 the authors took over the third year solid state physics course at the 
ANU, which at that time had an enrolment of 10 students. Since then the 
course has been updated to include a range of interesting assessment tasks and 
a more open-ended laboratory course. In 2006, 41 students completed the 
course. The reasons for increased participation are discussed in this paper. 

 
1. Introduction 

In 2004, PHYS3032, Condensed Matter Physics (CMP) was a typical third year physics 
course at the ANU, with an enrolment of 10 students. In 2005 the enrolment doubled to 20 
students, and in 2006 a total of 41 students completed the course, the highest of any third year 
physics course at the ANU. The course is the only solid-state-physics taught at the ANU, and 
the only exposure to the field for most physics students. Low popularity had meant that most 
physics undergraduates studied no condensed matter physics. The authors took over the 
course in 2004 determined to rectify this, not only because it is disappointing to teach an 
unpopular course, but more importantly because condensed matter physics is a key field of 
physics and a large fraction of physicists are engaged in solid state research and/or 
development. Many physics courses at the ANU do not include a lab component, so it is 
possible for a student to graduate with a physics degree having done no laboratory work since 
first year. Laboratory work is however a major component of this course. 

The course curriculum was adjusted and modified from 2004 to 2006 following 
principles of good teaching and learning abstracted from education research (e.g. [1-3]), and 
using student feedback solicited from course evaluation surveys, focus groups, anonymous 
discussion boards and personal conversations. While this feedback has contributed to course 
development, only some of the suggestions have been implemented. Greater effort has 
subsequently been put into explanations for the students about the rationale for each 
assessment task and the modes of learning used in the course. The changes made are 
discussed below. 

 
2. The evolution of PHYS3032 

In 2004 the course consisted of 30 lectures, a few tutorials and a laboratory component 
of 15 to 18 hours lab work. The lectures covered the basics of solid state physics in a 
traditional fashion, beginning with an introduction to reciprocal space and diffraction 
techniques then moving on to crystal binding, phonons, electronic states in solids, Fermi 
surfaces and their significance, semiconductors and an introduction to superconductivity and 
magnetism.  The textbook was Kittel [4]. The course finished with six lectures on ‘soft’ CMP 
and two on statistical mechanics. The assessment prior to 2004 was a traditional mix of 
laboratory reports, textbook problem set assignments and examination. 10 students enrolled in 
2004, a typical number for this course at the time.  

In 2004 we introduced two open-ended assignments: a short essay and a talk. These 
supplemented two problem set assignments, and unassessed tutorial problem sets. For the 
essay, students were given a range of topics but could also choose their own topic relevant to 
the course material. The short talk was to be about any application of semiconductors or 
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superconductors. Essays were put on a website so students could read others’ work. The essay 
and talk tasks were chosen firstly to encourage students to learn in more depth about one topic 
and engage in deeper learning [2]. Secondly, by choosing a topic of interest, a task can be 
more motivational than a set of text-book problems [3]. Thirdly, such tasks build generic 
skills, such as information literacy and communication (both written and oral presentation), 
addressed in few other assessment tasks throughout ANU physics courses. Tutorials 
throughout the semester provided problem sets. These were not assessed, but provided 
practice in examination problems, however students had to motivate themselves to attempt 
problems not completed in the tutorial. 

With such a small number of students, course evaluation surveys have low statistical 
certainty, however the feedback was generally positive at the end of 2004. More importantly, 
the enrolment in 2005 doubled to 20 students.  

In 2005 the laboratory component of the course was heavily revised, and the experiment 
workbooks rewritten to encourage students to think and question, and to extend the 
experiments where possible. Students could select which experiments they would do, subject 
to equipment availability. One new experiment in X-ray diffraction introduced students to 
‘real’ research equipment and techniques. Students worked in pairs in the laboratory, and 
many experiments now had 3, 6 or 9 hour options, encouraging collaboration and self directed 
learning [3]. For assessment, students kept a laboratory logbook and wrote formal reports. 
Previously, many students had poor record-keeping skills, owing to limited laboratory 
experience.  

In 2005 the syllabus of the course included a large component of statistical mechanics, 
replacing the ‘soft’ condensed matter. This part of the course was unpopular with students in 
2005 partly because staff constraints required it to be taught out of sequence. As a result 
feedback and student evaluation were very mixed. Nonetheless, enrolments again increased in 
2006. 

In 2006, the course had more students than any other third year physics course, with the 
enrolment doubled to more than 40. The course content returned to the 2004 syllabus, but 
now with 9 ‘soft’ CMP lectures. A new challenge was how to deal with the increased 
numbers, given limited laboratory resources and time. Additional experiments were added to 
the course, and two new experiments in electron microscopy were piloted. The students wrote 
a set of instructions for these experiments in place of an experiment report. One pair of 
students satisfied the requirements with a project in which they bought equipment, set up and 
tested an YBCO synthesis facility, and tested their own sample. They then wrote a report on 
their project and a description of the experiment for YBCO synthesis and characterisation. 
This was an extremely valuable experience for these students and added a new experiment to 
the course. Student writing of experiment instructions proved a far more valuable learning 
experience than was anticipated. The students reported that the exercise prompted them to 
think about not only the relevant experiment but also previous experiments. (The laboratory 
work for 2007 will consist of 18 hours chosen from: thermodynamics of Peltier devices, X-
ray diffraction, magnetic susceptibility, energy gap in semiconductors, Hall effect, synthesis 
of YBCO, superconductivity of YBCO, magnetic hysteresis, diffraction and imaging using 
electron microscopes.) 

The first assignment in the course in 2006 was made flexible by students choosing 
between an essay, a web page or ‘other’ activity in consultation with the lecturer. ‘Others’ 
proved extremely creative and enjoyable to mark, including a play about zombies that obey 
the nearly-free-electron model, a hands-on classroom exercise on digital logic with teacher’s 
notes, a lattice/phonon simulator and a board game, Vortex! [5]. Students reported that they 
enjoyed these assignments, although some expressed concern that were not solving problems 
as examination preparation (problems were provided but not marked). The second assignment 
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was a student-run symposium, for which students had to present a talk or a poster. Students 
who had presented fewer than three talks previously at ANU were required to speak. Again, 
this assignment was designed to be motivational and help development of generic skills as 
well as an in-depth knowledge of a topic in CMP. The afternoon-plus-evening symposium 
included a dinner with a speaker invited from ANSTO. It was completely student run, and 
peer assessed, and was an extremely enjoyable completion to the course showcasing the 
students’ abilities as well as the aspects of condensed matter physics they found most 
interesting. The student ownership of the entire event both reduced workload for the lecturers 
and improved the atmosphere of the event – the course lecturers became guests of the 
students. Handing over some power and responsibility to students was a very successful way 
to end third year physics.  
 
3. Conclusions and Implications for Course Design 

Designing a course which gave students choice in some assessment tasks (e.g. assign-
ment topics and experiments) increased student motivation for those tasks and for the course 
material overall. Collaborative learning improves motivation and helps students develop 
organisational and communication skills. The collaborative student-run symposium gave 
students a sense of ownership of this part of the course. These initiatives increase student 
motivation, improve generic skills and encourage deep learning.  

Such tasks do not completely replace, but rather supplement and enhance, problem sets 
and exams. Nor do they require that something else goes from the syllabus. The syllabus for 
PHYS3032 was the same in 2006 as in 2004, and 2003, but it was a very different course in 
terms of student learning outcomes, and in enrolments. Some flow on is expected with more 
students opting to do research in CMP. Students from recent years’ classes have gone on to 
take up a year-in-industry position with one of Australia’s leading condensed matter research 
institutions and to present work and publish research at this Annual Condensed Matter and 
Materials meeting. Even those who do not continue in the field will still have an enhanced 
regard for CMP, something potentially important for any tasks they might perform on future 
committees and advisory groups, for government, industry, or academia. 
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We have studied the effect of crystal size D on the critical transition 
temperature Tc(D) of MgB2 physically divided into the individual particles on 
the nanometre scale. It is found that Tc(D) decreases with the decreasing of D. 
A thermodynamic model for Tc(D) was established quantitatively based on the 
size dependence of the cohesive energy. An agreement between the model 
prediction and the experimental results was found. 

 
1. Introduction 

The discovery of a superconducting transition at 39 K in MgB2 initiated enormous 
interest both to understand the phenomenon and to exploit its remarkable intrinsic 
performance for magnetic and electronic applications [1,2]. In recent years size effects on the 
critical transition temperature Tc(D) of MgB2 nanocrystals have been extensively investigated 
theoretically and experimentally with D denoting the crystal size [3-5]. When D of low-
dimensional materials decreases to the nanoscale, electronic, magnetic, optic, catalytic and 
thermodynamic properties of the materials are significantly changed, having a substantial 
difference from their bulk counterparts [6]. Understanding the physical nature behind the new 
properties is desired for fabricating the materials for practical applications [6]. 

In experiments, it was found that Tc(D) of the MgB2 nanocrystals progressively reduce 
with D decreasing [3,4]. In our work, it has been reported that MgB2 nanocrystals were 
fabricated by the physical reduction method [7]. Commercial bulk MgB2 crystals (99% 
purity) were milled in tungsten carbide (WC) bowls purged with Ar. The crystal size of MgB2 
nanocrystals was determined by X-ray diffraction and verified by high resolution transmission 
electron microscopy. It is in a range of 2.5 to 64.1 nm (about 10% size deviation). Through 
measuring the magnetic moments, we find that the Tc(D) decreases with the decreasing of D, 
which is in agreement with other experimental results. However, further theoretical work is 
still needed to seek the physical nature behind the Tc-suppression and a Tc(D) function is 
highly desirable. 

In this contribution, we demonstrate that the cohesive energy, E, determines a number of 
physical-chemical properties of nanocrystalline materials. Based on this understanding, a 
function to predict Tc(D)-suppression of superconductive nanocrystals is established in a form 
of a model for size-dependent cohesive energy E(D). The accuracy of the developed model is 
verified with the available experimental data of MgB2 nanocrystals. 
 
2. Methodology 

The profile of Lennard-Jones potential is determined by both bond strength, ε, and 
equilibrium atomic or molecular distance, h [8]. Note that E is the sum of ε over all the 
coordinates of the specific atom with coordination z, and E = zNaε/2 with Na being the 
Avogadro constant (Note that only the nearest-neighbor interaction is being considered in the 
above formula. This is the case for P622-symmetried MgB2 due to considerably weak next-
nearest-neighbor interaction). Thus, the variation of the potential profile for nanocrystals, 
                                                 
1 Corresponding author, Fax: +61-2-93855956, E-mail: ccyang@unsw.edu.au 
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which is related to the crystallographic structures and the corresponding transition functions, 
should be determined by the change of both E and h. In this case, the size effects on the 
physical-chemical function could be considered to contribute by the change of E and h. As the 
change of h is usually in the range of 0.1%-2.5% even when D < 20 nm [9], the size effect on 
h can be neglected. Therefore, size dependence of physical-chemical functions could be 
predicted if the E(D) function is available. 

Based on Ising premise, Tc is determined by the spin-spin exchange interaction Eexc(T) 
[10]. The latter is the sum of a portion of the cohesive energy E and the thermal vibration 
energy Ev(T) where T denotes the temperature [5,10], e.g. Eexc(T) = AE + Ev(T) with A (0 < A 
< 1) being a coefficient. Based on the mean field approximation and Einstein′s relation, Ev(T) 
= kBT as a first order approximation with kB denoting the Boltzmann constant [5,10]. At the 
critical temperature, Eexc(T) ≈ 0 and the thermal vibration energy required for disordering the 
exchange interaction is a portion of the cohesive energy at T = 0 [5,10]. Thus, Tc ∝ E. It is 
assumed that Tc(D) has the same size dependence of E(D) since the nature of any phase 
transition is related with the potentials of the two related phases of the crystals. As a result, 
Tc(D)/Tc(∞) = E(D)/E(∞). 

Combining the E(D) function reported in literature [11], and the above considerations, a 
general correlation can be expressed as, 
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where Sb is the bulk evaporation entropy of crystals, Tcb and Eb show bulk critical transition 
temperature and cohesive energy, respectively, and R denotes the ideal gas constant [11]. 
 
3. Results and discussion 

The modelling result with Eq. (1) is plotted to compare with the experimental results for 
Tc(D)/Tcb of MgB2 nanocrystals in Fig. 1. The solid line denotes the model prediction based 
on Eq. (1) where Sb ≈ 13R as a first order approximation, which is equal to that of the mean 
value of the most elements, and h = 0.352 nm [12]. The symbol ♦ with the error bars denotes 
our experimental results [7], ∆ [3] and ∇ [4] show other experimental results. 

 

0 20 40 60 80

0.0

0.2

0.4

0.6

0.8

1.0

T c(D
)/T

cb

D (nm)
 

Fig. 1. Tc(D)/Tcb function of MgB2 superconductive nanocrystals. 
 
As shown in this figure, Tc(D) decreases with D decreasing. Although there is scatter in 

the experimental results, our model prediction shows the same trend as the data in a very wide 
span of size range. This exhibits the accuracy of Eq. (1). Certainly, there is deviation between 
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them since the Einstein′s relation is not accurately valid in low temperature, which needs 
further improvement. Note that all parameters have clear physical meaning in the developed 
model, which makes it easier to reveal the physical nature behind the properties. 

As a general rule, exp(-x) ≈ 1-x when x is small enough. In such a case, D > 10 nm. 
With the first order approximation, Eq. (1) can be rewritten as, 

Tc(D)/Tcb ≈ 1- [1/2+Sb/(3R)]h/D.                                      (2) 
Eq. (2) obeys thermodynamic rule of low-dimensional materials, that the alternation of 

size-dependent quantity is associated with the surface/volume ratio, or 1/D. This further 
supports the notion that the discussed physical-chemical properties are most likely affected by 
the severe bond dangling which is induced by the crystal size reduction in nanoscale. 
However, as the size of the nanocrystals further decreases, namely below 10 nm, the 
difference between Eqs. (1) and (2) becomes evident [11]. 

For the smallest crystals (D = 2.5 nm) in our experiments, superconductivity is 
completely depressed. It is noted that the thermodynamics has a statistic mechanics basis. 
When D < 2∼3 nm, the particles consist of only several ten to hundred of atoms, the statistic 
meaning is no longer present. In addition, the crystalline structure becomes unstable due to 
big bond deficit where a cluster with special structure arises. In this case, the long-range 
ordering vanishes and the bond structures differ from the corresponding crystals. This is 
outside the scope of our model description since the developed model is only suitable for 
crystalline materials based on the consideration of a continuous medium. 

It is evident from Eq. (1) that E(D) (negative) increases (the absolute value decreases) 
with a decrease in size due to the increase of surface/volume ratio, which reflects the 
instability of nanocrystals in comparison with the corresponding bulk crystals [11]. If this 
increase for both low temperature phase and high temperature phase is almost the same, the 
relative energetic increase of the low temperature phase is larger than that of high temperature 
phase. Together with the consideration of entropy where the entropy of high temperature 
phase is always larger than that of low temperature phase, depression of the transition 
temperature between them is present. 
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We study the alternating antiferromagnetic-ferromagnetic spin-1/2 Heisenberg 
chain with exchange couplings J and λJ. At small λ the antiferromagnetic 
bonds form spin-0 dimers, while at large negative λ the ferromagnetic bonds 
form spin-1 dimers. The crossover is signalled by the merging of the one-
particle state with the bottom of the continuum. 

 
1. Introduction 

There has been considerable interest recently in the behaviour of the spin excitation 
spectrum in gapped spin-systems, when a discrete state meets the continuum [1,2]. In one-
dimensional systems, the discrete state appears to merge with the bottom of the continuum 
[3], whereas in higher dimensional systems it appears to enter the continuum in the form of a 
broadened resonance [4]. 

Here we apply series expansion methods [5] to the alternating antiferromagnetic-
ferromagnetic spin-half Heisenberg chain with Hamiltonian 

H =  Σ  [  S2i . S2i+1 +  λS2i-1 . S2i ] 
                                                       i 
This model is particularly interesting in that it interpolates smoothly between the uniform 
spin-half chain, when λ = 1, and the limit λ → -∞, when each alternate pair of spins form a 
spin-1 dimer to minimize the energy, corresponding to a spin-one chain. This model is also 
interesting from an experimental point of view [6], as several alternating chain compounds are 
suspected to have an alternating ferromagnetic/antiferromagnetic character.  

Our goal here is to study the crossover in the spectrum from the dimerized behaviour 
near λ = 0, where the single-particle dominates the spectrum and is well separated from the 
multi-particle continuum, to the Haldane chain behaviour at large negative λ, where part of 
the single-particle spectrum begins to overlap with the two-particle continuum. 
 
2. Energy Spectrum  

 
 

Fig. 1. The spectrum at λ = -0.5. The spacing between dimers is d. 
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In Fig. 1, we show the single-particle and two-particle spectra calculated for the model 
at a small coupling λ = -0.5. One can see that the one-particle spectrum E1p has a peak at k = 0 
and is well separated from the two-particle continuum (grey shaded). Also shown are the  
various bound and anti-bound states. The dominant bound and antibound states (S1, T1 and 
Q1) in the singlet, triplet and quintuplet sectors are reversed with respect to the λ > 0 case, 
because the ferromagnetic interaction becomes attractive in the S = 2 channel and repulsive in 
the S = 0 and S = 1 channels. 
 

                    
 
           Fig. 2. One particle energies and boundaries of the     Fig. 3. Single-particle energies and energy ratios 
           two-particle continuum at different wavevectors for     at selected wavevectors as a function of λ. 
           λ = -1.0 (red curves), -1.5 (green curves) and  
           -2.0 (blue curves). 
 

In Fig. 2, we show the one-particle spectra at λ = -1, -1.5 and -2 obtained through series 
extrapolation methods together with the upper and lower boundaries of the 2-particle 
continuum. There are several important features to observe here. First, the peak in the single-
particle spectrum has moved away from k = 0 and the spectrum is beginning to resemble more 
the behaviour in Haldane chains. Second, the spectrum near k = 0 potentially overlaps with 
the two-particle spectrum. We find that the single-particle spectrum rather than moving into 
the continuum and broadening actually merges with the bottom of the continuum. This is 
consistent with observations on the Haldane chain materials [3]. 

Fig. 3 shows a plot of the estimated single-particle excitation energy at momenta kd = 
π/2 and kd = π together with the ratio of those energies and the ratio of the excitation energy 
at k = 0 to that at kd = π, as functions of λ. Values for various integrated differential 
approximants are shown. The latter ratio saturates at a value of 2 implying again that the one-
particle state merges with  the bottom of the continuum at k = 0 from this coupling on. It can 
be seen that E1p(π) maps smoothly onto the energy gap for the spin-one chain with an 
exchange constant of J/4 as λ → ∞.  The red circle indicates the known gap for the spin-one 
chain. 
 
3. Structure Factors and Spectral Weights 

In Fig. 4, we show the evolution of the integrated structure factor as a function of λ. We 
see that the crossover to the Haldane chain behaviour is related to the development of a short-
range antiferromagnetic peak at kd = π. 
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                        Fig. 4. Evolution of the integrated                  Fig. 5. Single-particle spectral weights (S1p)  
                        structure factor S with λ.                                 at different wavevectors as a function of λ. 
 

In Fig. 5, we show the evolution of one-particle spectral weights as a function of λ. We 
find that in the region where the single-particle spectrum merges with the continuum, its 
spectral weight becomes very small. Note that the x-axis for this figure runs over 0 < kd < 2π. 
The spectra are symmetric around kd = π and merge with the bottom of the continuum near 
both kd = 0 and kd = 2π. Near kd = 0, the spectral weights are very small to begin with. As 
the single-particle states merge with the continuum, the weights also become very small near 
kd = 2π. 
 
4. Conclusions  

We have studied the excitation spectra of the alternating ferromagnetic-
antiferromagnetic spin-half chain, and the crossover from the dimerized phase when the 
antiferromagnetic interactions are stronger to the Haldane phase when the ferromagnetic 
interactions become stronger. We find that in the former phase the single-particle states are 
separated from the two-particle continuum and there is a rich spectrum of bound states. In the 
latter phase the single-particle states are only well defined over part of the Brillouin zone and 
merge with the bottom of the two-particle continuum near k = 0.  
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