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High Pressure Simulations – Squeezing the Hell out of Atoms, Peter Schwerdtfeger,
Massey University, NZ
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Australian National University, Australia
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University of New South Wales, Sydney, Australia

12

Copper Selenide: Soft Photon Modes and Superionic Phase Transition,
Danilkin, Bragg Institute, ANSTO, Sydney, Australia

13

ZnO solid state dye sensitized solar cells, Natalie O. V. Plank, Victoria University of
Wellington, New Zealand

14

The Crystal Structure of the Close-Packed Polymorphs of Ytterbium: A Quantum
Chemical Study, Dirk Andrae, Freie Universität Berlin, Germany

15

Approaching metallic hydrogen through chemical stealth; the high hydrides,
Neil Ashcroft, Cornell University, Ithaca, NY, USA
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Sergey
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16

X-ray Photon Correlation Spectroscopy Applied to the Study of a Martensitic Trans
formation, Trevor R. Finlayson, University of Melbourne, Australia
INVITED

17

Systematic trends in the structural phase transitions of the 4 d transition-metal oxides
SrMO3 (M = Zr, Nb, Mo, Tc, Ru and Rh), Brendan Kennedy, The University of Sydney,
Sydney, Australia

18

Anomalous Spin Dynamics and Orbital Excitations in Mott-Insulating Titanates,
Clemens Ulrich, University of New South Wales, Sydney, Australia

19

Single Polymer Golbules of Multiblock Copolymers: How to make a very Complicated
Tennis Ball, David R. M. Williams, Australian National University, Canberra, Aus tralia

20

Models and simulations of the growth of carbon nanotubes, Shaun C. Hendy, MacDiarmid Institute for Advanced Materials and Nanotechnology, Victoria University of
Wellington, New Zealand
INVITED

21

The coalescence of gold nanoparticles: an in situ synchrotron study, Bridget Ingham,
Industrial Research Limited, Wellington, New Zealand

22

Zero field NMR and NQR measurements of natural copper minerals, Daniel Bennett,
CSIRO, Lucas Heights, Australia

23

Junction effects and optical properties of RhPd/CeO 2, Morgan Scott, University of
Auckland, New Zealand

24

Cluster-based Electronic Devices, Simon Brown, University of Canterbury, New Zealand
INVITED

25

Electrons in Carbon Flatland: Understanding Conduction in Graphene, Alan B. Kaiser,
MacDiarmid Institute for Advanced Materials and Nanotechnology, Victoria Uni versity of Wellington, New Zealand
INVITED

26

Time Reversal of a Pseudospin: General Properties and Applications to Graphene,
Ulrich Zülicke, Massey University, Palmerston North, New Zealand

27

Water and Ion Transport in a Novel Sulfonated Pentablock Copolymer, Geoffrey Geise,
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28

Characterisation and tracing of prosthesis debris – Can pathways of polymer particles
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Alario-Franco, Universidad Complutense, Spain
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The structures, phase transition and dynamics behind mixed ionic and electronic con duction in hydrated Ba 4Nb2O9, Chris D. Ling, The University of Sydney, Sydney, Aus tralia

31

Modern Diffraction Methods for the Investigation of Thermo Mechanical Processes in
Materials Physics, Klaus-Dieter Liss, ANSTO, Sydney, Australia
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Modulated Structures in the Fresnoite Family, Siegbert Schmid, The University of
Sydney, Sydney, Australia

35
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Studying Electrical Double Layers in Ionic Liquids using Neutron and X-ray Reflecto metry, Andrew Nelson, The Bragg Institute, ANSTO, Sydney, Australia
INVITED

37

Hydrodynamic mobility of an optical trapped colloidal particle near fluid-fluid inter faces, Genmiao Wang, Australian National University, Canberra, Australia

38

Pulsed ESR Measurement of Coherence Times in Si:P at Very Low Temperature,
Wayne Hutchinson, The University of New South Wales, Sydney, Australia

39

Synthesis and Applications of Nanoparticles, Richard D. Tilley, MacDiarmid Institute
for Advanced Materials and Nanotechnology and Victoria University of Wellington,
New Zealand
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The influence of relativistic effects on the
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of The Electronic Structure of Lanthanide
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C. Hamer, O. Rojas and J. Oitmaa

Spin-wave Approach to the Spin-1
Heisenberg Anitiferromagnet with
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Thornton, S. Pas, C. Elvin and A. Hill

Adaptive materials

49
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Coupling ionic and electronic charge
transport in organic semiconductors: A
new paradigm for enhanced
functionality in molecular electronics

50

M. Holt, D. Stanek, O.P. Sushkov and
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Pnictides as frustrated three dimensional
quantum antiferromagnets close to a
quantum phase transition

51
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The Avogadro Project and it’s role in
the redefinition of the kilogram

W.D. Hutchison, P.G. Spizzirri and M.S.
Electrically Detected Magnetic
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Resonance Applied to the Study of Near
Surface Electron Donors in Silicon
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Stephen
Study of SrFeO x
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G.V.M. Williams and A. Edgar

Spectroscopic properties of sensitized
LaF3:Eu3+ nanoparticles
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A.E. Malik, K. Belay, D. Llewellyn, Ferromagnetic Nanoparticles Formed in
W.D. Hutchison, K. Nishmura and R.G.
Silica by Ion Implantation
Elliman

56

A. Markwitz, F. Fang and P.B. Johnson

57

D.J. Miller

Advantages of measuring average spin
using condensed matter methods

58

S.W. Morgan, G.V.M. Williams, A.R.
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Temperature Resolved
Cathodoluminescence Spectroscopy and
Magnetic Properties of Cobalt Doped
Titanium Dioxide Thin Films

59

E. Pahl, F. Calvo and P. Schwerdtfeger

60

Electron beam annealing of (100) Si
following dual ion implantation of Pb/N

Towards accurate melting temperatures
from ab initio Monte Carlo simulations:
from nano clusters to the bulk
N.O.V. Plank, F. Natali, B.M. Ludbrook, Epitaxial growth and electrical properties
J. Richter, B.J. Ruck,
of thick SmSi 2 layers on (001) silicon.
H.J. Trodahl and J.V. Kennedy

61

R.M. Puscasu, B.D. Todd, P.J. Daivis
and J.S. Hansen

Nanoscale Modeling of Polymer Glasses
– Dynamics of Viscous Kernel

62

S.G. Raymond, G.V.M. Williams, C.
Varoy, C. Dotzler and D. Clarke

New Materials for Optically stimulated
Luminescence Dosimetry

63

M.N. Read

64

65

Momentum-dependent inelastic meanfree-path and high-energy electronic
structure of Aluminium
J.H. Richter, B.J. Ruck, B.M. Ludbrook,
Properties of EuN thin films
I.L. Farrel, F. Natali, N.O.V. Plank and
H.J. Trodahl
U. Rohrmann, S. Schäfer and
R. Schäfer

Magnetic Response of Molecular Cage
Clusters: Mn@Sn 12 and Mn@Sn13

66

S. Saengkae, M. Binder, B.F. Usher and Efficient Surface Stress Cancelling AlJ. Petrolito
gorithms

67

T. Saerbeck, N. Loh, M. Ali,
Temperature Dependent Biquadratic Ex B.J. Hickey, D. Lott, B.P. Toperverg, A.
change Coupling in
Mulders, A.P. J. Stampfl, F. Klose and
Co/Cu(0.94)Mn(0.06) Multilayers
R.L. Stamps

68

H.A. Salama, G.A. Stewart, K.
Nishimura, W.D. Hutchison, D. Scott,
H.O’Neill, C.J. Voyer and D.H. Ryan

Hysteresis effects in o-YbMnO 3?

69

W. R. Brant and S. Schmid

Defect Perovskites in the Sr 1-xM1-2xNb2xO3
(M = Ti, Zr) Family

70

X.-F. Song and L. Yin

Surface Fracture in Diamond Adjusting of
a Leucite-Reinforced Glass Ceramic Using a Clinical Dental Handpiece
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Pressure") in Bi2Sr1.6Ln0.4CuO6+!
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E.M. Sevick and D.R.M. Williams
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absorber

73
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79
80

Long term structural integrity of high
density polyethylene blends investigated
by static force thermomechanometry

K.J. Stevens, B. Ingham, M. Ryan, J.A. Carbide Composition and Stress Meas Kimpton, K.S. Wallwork,
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V. Luzin and K. Cheong.
B. Saensunon, G. Stewart,
P.C.M. Gubbens, M. Russina and
E. Kemner

The Crystal Field Schemes for Er 3+ in ErCr2Si2 and ErMn2Si2

M.J. Styles, D.P. Riley and I.C. Madsen Parametric Rietveld refinement applied to
in-situ diffraction studies
E.F. Talantsev, N.M. Strickland,
J.A. Xia, N.J. Long, M.W. Rupich,
X. Li and S. Sathyamurthy

In-field performance and microstructure
of metal-organic deposited YBCO films
doped with BaZrO 3

81

P. Kessler, Th. Geruschke, H. Timmers, 100Pd/Rh gamma-ray perturbed angular
A.P. Byrne and R. Vianden
correlations in GaN and ZnO – Are these
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Y. Liu, L.G. Gladkis and H. Timmers Micro-scratching of UHMW polyethylene
surfaces

83

R. Tonner, V.A. Soloshonok and P.
Schwerdtfeger

Optical purification via sublimation –
DFT results on lactic acid derivatives
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85

A. Edgar, J. Zimmermann,
H. von Seggern and C.R. Varoy

X-ray phosphor properties of Eu 2+ - doped
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J.A. Xia, N.M. Strickland,
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MOD YBCO films by TEM
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The Crystal Structure of the Close-Packed Polymorphs of Ytterbium:
A Quantum Chemical Study
D. Andrae and B. Paulus
Institute of Chemistry and Biochemistry, Physical and Theoretical Chemistry
Freie Universität Berlin, Takustr. 3, D-14195 Berlin, Germany
Comparative first-principles calculations for the crystal structures of two
polymorphs of ytterbium, "-Yb (hcp) and #-Yb (fcc), using local density
(LDA) or generalized gradient approximation (GGA), provide insight into the
contribution of different atomic shells to the binding in the bulk metal. The
contributions of the 6s, 6p and 5d shells, but not of the 4f shell, significantly
differ between the two polymorphs, independent of the density functional
actually applied.
1.

Introduction
The recent years have seen a renewed and increased interest in detailed ab initio
electronic structure calculations for bulk metals based on application of the method of
increments (MOI) [1] to the correlation part of the (total bulk or cohesive) energy. This new
approach to the electronic structure of bulk metals combines a mean-field (Hartree-Fock)
calculation for the periodic system with size-consistent coupled-cluster calculations for a
sequence of suitably embedded metal atom clusters. One-body, two-body, etc. contributions to
the correlation energy are extracted from the coupled-cluster calculations. The contributions
of electron correlation from different atomic shells can be resolved. Successful applications of
this method include studies of crystal structure, cohesive energy and bulk modulus for metals
from group 2 (Be, Mg [2]) and from group 12 (Zn, Cd and Hg [3]). Complementary to the
MOI approach, these studies always included first-principles calculations based on KohnSham density functional theory (KS-DFT), both to identify strengths and weaknesses of the
various approaches and to provide data for future density functional improvement.
We present here results from a first-principles study of the crystal structure of the two
close-packed polymorphs of ytterbium, "-Yb (hcp) and #-Yb (fcc). This work is complementary to a Hartree-Fock/MOI study currently in progress in our group. In contrast to previous studies [4] our approach includes all shells with principal quantum number n = 4 or
higher in the calculation, i.e., 42 electrons per atom.
Like the metals mentioned above, Yb is also formally composed of atoms with a closedshell atomic ground state ([Xe] 4f 14 6s2 1S). It can thus be seen as a natural intermediate case
between Ba ([Xe] 6s2 1S, also under study in our group) and Hg ([Xe] 4f 14 5d10 6s2 1S). Lowlying excitations of the free Yb atom lead to states with occupied 6p shell (2.14 eV: 6s $ 6p)
or 5d shell (2.88 eV: 4f $ 5d), the first ionization potential is 6.25 eV (6s 2 $ 6s1) [5]. Atomic
structure calculations, both non-relativistic [6] and scalar-relativistic (excluding spin-orbit
coupling) [7], show the 6s shell to be highest in energy and radially far extending, whereas the
4f shell, although next in energy, has a radial extension comparable to the other outer-core
shells (4s, 4p and 4d). This “local” character of the 4f shell allows one to expect to find a
comparatively narrow 4f band in the electronic band structure, but the location of this band on
the energy scale, its width and dispersion, and its position relative to the Fermi energy cannot
be predicted from atomic data. The bulk metal is known to exist in three polymorphs at
ambient pressure [8]: hexagonal close packed (hcp) "-Yb is reported as being the most stable
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polymorph below 260 K, face centred cubic (fcc) #-Yb is the most stable form at room
temperature, and body centred cubic (bcc) $-Yb is the preferred form in a small temperature
range below the melting point (1097 K). Its low melting point and large molar volume,
compared to the neighbouring lanthanoids, are frequently interpreted as indications for the
divalency of ytterbium in the bulk metal, i.e., only two (instead of three) electrons are thought
to be released by each atom for binding in the metallic state. In the bulk, the 4f levels show
the lowest electronic binding energy (relative to the Fermi level [9]): 2.5 eV (N VI, 4f5/2) and
1.3 eV (NVII, 4f7/2), respectively.
2.

Computational details
The results presented here were obtained with the Crystal06 program [10] using a
scalar-relativistic effective core potential for ytterbium, simulating the [Ar] 3d 10 atomic core,
with associated valence triple-zeta quality Gauss-type basis set [7,11]. The basis set was
modified with respect to number and parameters of diffuse functions to meet the requirements
for calculations on periodic structures. Density functionals used in this study include the local
density approximation (LDA: SVWN [12]) and two functionals based on the generalized
gradient approximation (GGA: PBE [13], PW91 [14]). The number of k-space points taken
into account in the irreducible Brillouin zone was 370 (195) for the hcp (fcc) polymorph, the
total energy of the primitive cell was converged to 10 -7 Hartree. The minimum-energy
structure was determined for both polymorphs and with all three functionals. In the case of "Yb (hcp), the energy E(a,c) was automatically minimized [10] with the aid of numerical
gradients. For #-Yb (fcc), on the other hand, a sequence of energies E(a) with 0.8 ! a / aexp !
1.1 was calculated and fitted to a fourth-degree polynomial.
3.

Results
In the following we discuss some results as obtained from the crystal structure
optimization for the two close-packed polymorphs of Yb. The three density functionals
mentioned above were used. We discuss first the crystal structure itself and switch then to its
electronic structure.
3.1

Crystal structure
All three density functionals used in this study lead to optimized crystal structures that
are more compact than the experimental structures. The cell parameters are calculated as too
small and correspondingly the densities are obtained too high (see Table 1). This behaviour is
very well known for the local density approximation (LDA). Remarkably, the density of #-Yb
is obtained higher than the one for "-Yb, as in experiment, only with the LDA functional.
The two GGA type functionals show very similar results for the cell parameters, and
these results are closer to experiment than those from LDA for both polymorphs. But the
calculated values are still too small, by 0.1 Å to 0.3 Å, so that the resulting densities are larger
than the experimental ones by " 13 %. For any given polymorph, the cell parameter values
closest to experiment are not obtained with just one single GGA functional.
The difference between calculated and experimental values for the cell parameters can
be attributed, to some extent, to the fact that the experimental values are taken from room
temperature measurements. Other, more recently developed density functionals, in particular
those including exact exchange (EXX, see, e.g. [15]) could also possibly reduce the difference
between experiment and theory.
The difference of total energy per atom between the two polymorphs, !E = E# – E", is
calculated as -44 meV (LDA), +12 meV (PBE) and -34 meV (PW91), i.e., only the PBE
functional finds "-Yb as the more stable polymorph (in accord with experiment).
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3.2. Electronic structure
The occupation numbers, as obtained from the Mulliken population analysis [16],
provide first insight into details of the electronic structure in the metal. Data in Table 1 show
how the 16 electrons from the valence part 4f 14 6s2 of the free atom electron configuration
have been redistributed (the numbers subtracted, as indicated in the table head, account for the
26 electrons in the filled outer core shells 4s, 4p, 4d, 5s, and 5p). For both polymorphs, about
0.2 electrons per atom have been released from the 4f shell, and about 1.5 electrons from the
6s shell. The released electrons occupy bands formed from 5d and 6p shells. Interestingly,
differences between the two polymorphs are seen only in the occupation numbers for 6s, 6p
and 5d, but not for 4f. Independent from the applied density functional, the change from "-Yb
(hcp) to #-Yb (fcc) slightly decreases the occupation numbers for the 6s and 6p shells and
clearly increases the one for the 5d shell, whereas the occupation number for the 4f shell
remains practically constant. The occupation number increase found for the 5d shell possibly
just reflects perfect suitability of the d orbitals for binding in the cubic symmetry.
Table 1. Crystal structure parameters and occupation numbers for the two close-packed polymorphs of Yb (results from KS-DFT calculations vs. exptl. data [8], see text for more details).
Method
"-Yb (hcp, Z = 2):
LDA/SVWN
GGA/PBE
GGA/PW91
Expt. (296 K)
#-Yb (fcc, Z = 4):
LDA/SVWN
GGA/PBE
GGA/PW91
Expt. (297 K)

a/Å

c/Å

dnn / Å

! / g cm-3

ns-4

np-12

nd-10

nf

3.600
3.734
3.786
3.880

5.798
6.161
6.076
6.386

3.567, 3.600
3.734, 3.760
3.743, 3.786
3.880, 3.900

8.876
7.763
7.660
6.903

0.48
0.49
0.51
--

0.59
0.68
0.67
--

1.17
1.04
1.02
--

13.76
13.80
13.81
--

5.041
5.295
5.281
5.485

-----

3.565
3.744
3.735
3.878

8.971
7.744
7.802
6.966

0.47
0.48
0.49
--

0.57
0.66
0.64
--

1.20
1.07
1.07
--

13.76
13.80
13.80
--

In Fig. 1 we show the total density of states (DOS) for both polymorphs as obtained
with the PBE functional. Qualitatively similar DOS are obtained with the other two
functionals and are not further discussed, for the sake of brevity. A feature of interest in the
DOS is that the 4f band is found closely below the Fermi energy (%F = -0.221 Hartree for "Yb, %F = -0.222 Hartree for #-Yb, respectively), in acceptably good agreement with
experiment.
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Fig. 1. Total density of states for #-Yb (hcp, top) and %-Yb (fcc, bottom) as obtained from KS-DFT calculations
with the PBE density functional. The Fermi energy is indicated by a vertical dotted red line in each case.
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Zero Field NMR and NQR measurements of natural copper minerals
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The copper magnetic resonance spectra in natural mineral specimens of
chalcopyrite (CuFeS2), chalcocite (Cu 2S) and djurleite (Cu 31S16) have been
measured. In chalcopyrite, shifting and asymmetric broadening was observed in
several samples at room temperature and at 77 K which is attributed to Cu-Fe
nonstoichiometry. Chalcocite and djurleite spectra at 77 K exhibit significant
differences compared to previously reported spectra.

1.

Introduction
Magnetic resonance in copper minerals falls into two broad classes. Minerals in the
copper-iron-sulphur system which are comparatively rich in iron exhibit magnetic ordering at
room temperature (RT). Examples include cubanite (CuFe 2S3) and chalcopyrite (CuFeS 2).
Local fields existing on Cu nuclei allow zero field 63Cu and 65Cu Nuclear Magnetic Resonance
(NMR) measurements. The hyperfine field on copper nuclei in each mineral is determined by
the particular Fermi contact terms, lattice dipole field etc, thereby producing transition
frequencies that are highly specific. On the other hand, minerals in the copper-sulphur system,
e.g., chalcocite (Cu 2S) and djurleite (Cu 31S16), exhibit no magnetic ordering at room
temperature and have relatively high 63Cu and 65Cu Nuclear Quadrupole Resonance (NQR)
frequencies. These transitions result from electric field gradients at nuclei that arise from nonspherically symmetric copper coordination. The frequencies are strongly characteristic of a
given mineral due to large electric field variations that result from subtle changes in bonding.
In this paper, a study of natural samples of chalcopyrite, chalcocite and djurleite is
described. The study was undertaken to obtain a better understanding of the variability in
measurement response across a range of natural samples, as well as to ascertain the physics
underlying the response in natural samples.
2.

Chalcopyrite (CuFeS 2)
Chalcopyrite (CuFeS2), with Néel temperature (T n) of 823 K, exhibits six resonances at
room temperature [1], due to a local field of ~1.6 T imposed on the copper nuclei. Each
copper isotope ( 63Cu and 65Cu, I = 3/2) has a three line spectrum, consisting of a central
transition, together with two quadrupole satellites. The magnetic resonance spectra are
consistent with the known XRD result that each copper site in chalcopyrite is
crystallographically equivalent and is coordinated in a slightly distorted tetrahedron.
The transition frequencies for multiple natural samples have been measured. The
samples include powders obtained from mineral processing operations, together with
specimens made up of large polycrystals. Most samples share the same transition frequencies
and exhibit the 63Cu central transition at 18.46 MHz. However, for a few samples, the spectra
show increased line broadening and shifting. Room temperature spectra corresponding to two
samples, representing the extremes of the range observed thus far, are shown in Figure 1(a).
Spectra were acquired point by point using composite averaged Hahn echo sequences at each
measurement frequency. The blue trace shows the typical spectrum for most chalcopyrite
samples studied. This particular sample was obtained from Mt Lyell, Tasmania. The red trace
1
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shows the spectrum of the second sample, obtained from Cobar, New South Wales, which is
broadened and slightly upshifted in frequency. The broadening in the Cobar sample is
asymmetric, with larger broadening on the higher frequency side of each resonance.
Figure 1(b) shows the spectra obtained at 77 K. All the transitions have higher
frequency at 77 K, due to lower T/T n. The average separation of the quadrupolar satellites
(!"q) in each sample, given in Table 1, show hardly any shift between the two temperatures.
A striking feature of the spectra is the stronger broadening occurring at lower temperature for
both Mt Lyell and Cobar samples. The Mt Lyell sample broadens by a factor of two, whereas
the Cobar sample broadens by almost a factor of three compared to room temperature. The
asymmetric broadening in the Cobar sample is more evident at 77 K. The shift between the
two spectra increases by 0.3% between room temperature and 77 K.
Table 1. Comparison of decay times and line shifts in Mt Lyell and Cobar samples. Quoted
T1, T2 and linewidths were measured on the 63Cu central transition.
T1 (ms)
T2 (ms)
Linewidth (kHz)
63
Cu !"q (MHz)
Average line shift
(%)

Mt Lyell (RT)
18
1.5
120
4.4

Cobar (RT)
15
1.8
250
4.3
0.5

Mt Lyell (77 K)
50
2
240
4.6

Cobar (77 K)
43
4.4
800
4.5

0.8

Table 1 also shows comparison of transverse and longitudinal decay times, line shift and
broadening for each case. The spin-lattice relaxation rate T 1 was determined by plotting the
copper nuclear spin echo magnitude as a function of the time delay between a saturating comb
of 20 #-pulses and a Hahn echo probe sequence. The spin-spin relaxation rate T 2 was
measured from a plot of the echo intensity as function of the delay time between the Hahn
echo probing pulses. For all cases T 2*<<T2, where T2* is the inverse linewidth parameter.
Therefore most of the broadening is inhomogeneous. The lineshift and broadening observed
in the Cobar powdered sample was also evident in unground samples, indicating that sample
grinding effects were not significant. An electron-probe microanalysis of the samples show
no significant differences in impurity levels of Mn, Al, Se or As, which exist at levels well
under 100 ppm. XRD linewidths for each sample were very similar. Room temperature
resistivity measurements of Cobar and Mt Lyell pressed powder indicated a decrease by a
factor of two for the Cobar sample.
Chalcopyrite generally exhibits n-type semiconductor behaviour, with the highest
conductivities obtained from iron-rich deposits. It has previously been suggested that the
varying conductivity of natural chalcopyrite is due to variable nonstoichiometry, with Fe
substituting for Cu, where Fe acts as an electron donor [2]. Previous studies of synthetically
prepared chalcopyrite from metal rich mixtures also show higher levels of carrier
concentration [3]. Relatively low levels of substitution (0.1%) are sufficient to explain the
maximum number densities (~10 20 cm-3) found in natural chalcopyrite samples.
Carrier concentration and substitution of paramagnetic impurities may explain some of
the observations. Firstly, the polarisation of carriers in local fields that normally exist without
impurities may contribute a hyperfine field (Knight shift) at Cu nuclei, e.g., by way of a
contact term of s-orbital components of the carriers. Secondly, impurity centres may impart
the carriers with an additional polarisation, which can also contribute to the hyperfine field.
This can be important even at low impurity levels due to the long range polarising effects of
the impurity. These results, particularly the asymmetric and temperature dependent
broadening are reminiscent of observations in lightly doped metals and magnetically ordered
materials, that is normally explained by the Ruderman-Kittel-Kasuya-Yosida (RKKY)
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interaction [4, 5]. Both conventional Knight shift and the RKKY interaction can also lead to
transition frequency shifts. It is supposed that the Cobar sample has increased carrier
concentration or impurity substitution that could increase the relative shifting and broadening
due to these two effects. This is supported by the increased conductivity observed for the
Cobar sample. Also, the Cobar sample has co-crystallised cubanite (~10%), perhaps
signifying a particularly iron rich environment.
Cu central transition
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line

Echo magnitude
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Fig 1. (a) The room temperature spectra of 63, 65Cu in chalcopyrite. The blue trace corresponds to the Mt
Lyell sample while the red trace corresponds to the Cobar sample. (b) Corresponding measurements of the two
samples at 77 K.

3.

Chalcocite (Cu 2S) and Djurleite (Cu 31S16)
Chalcocite and djurleite both exhibit complex structure that have some similarities.
However they are distinct phases in the copper-sulphur system Cu x,S. At room temperature,
chalcocite spans the stoichiometric range x = 1.997 to 2.000, while djurleite spans the range
x = 1.934 to 1.965 [6]. Detailed XRD studies [7] suggest that chalcocite and djurleite have 24
and 62 inequivalent copper sites, respectively. In chalcocite, the copper coordination is either
trigonal or almost linear, with a range of Cu–S distances and various angles. In djurleite
trigonal coordination dominates, but tetrahedral and linear coordination also occur. No
structural phase transitions in either mineral below room temperature have been reported.
A thumbnail sized polycrystalline specimen of chalcocite was obtained from Bristol
USA, a known chalcocite locality. A hand sized microcrystalline specimen of djurleite was
obtained from Mt Gunson, South Australia. XRD analysis confirmed both the identification
and high phase purity of each sample. Each specimen was hand ground before measurement.
Figure 2(a) shows the chalcocite spectrum at 77 K, while Figure 2(b) shows the djurleite
spectrum at both 77 K (blue trace) and 173 K (red trace). Numerous peaks spanning 1526 MHz are visible in the spectra. Preliminary room temperature measurements were also
performed on each sample. At least six narrow peaks remain observable in chalcocite at room
temperature, whereas no lines were observed in djurleite. These room temperature results
were also reproduced in other samples.
The frequency range of the response is within expectations for trigonally coordinated
copper [1]. Based on the previous XRD structural analysis, there is an expectation of 48 lines
in the chalcocite spectrum (24 sites, multiplied by two Cu isotopes) and 124 lines in the
djurleite spectrum. However, some of the djurleite resonances corresponding to tetrahedrally
coordinated copper should occur at lower frequency. Clearly, the broadening and complicated
overlap in each of the spectra reported here prevents resolution of all lines. The spectral
resolution at each measurement point is largely controlled by the pulse widths used in the
echo sequence. For these data the pulse widths were 5 and 10 µs respectively, corresponding
to a spectral window of ~100 kHz for each point.
There are both similarities and significant differences between the results of this study
and previous studies [1, 8]. The previous studies have attributed 48 lines to both chalcocite
and djurleite spectra obtained at 77 K in the frequency range of 16-29 MHz. However many
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peaks reported in the previous studies do not correlate with those reported here. While some
of the discrepancy may be attributed to different broadenings in samples or experimental
method, some peaks are difficult to reconcile.

Chalcocite 77 K

(b)

Djurleite
77 K blue
173 K red

Echo magnitude

Echo magnitude

(a)

14
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24
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22
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24
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Fig 2. (a) The 63,65 Cu NQR line spectrum of chalcocite measured at 77 K. (b) The 63,65Cu NQR line spectrum of
djurleite measured at 77 K (blue) and at 173 K (red).

An interesting result observed in this study is that some chalcocite lines exist at room
temperature. Previous work attributed the disappearance of chalcocite room temperature
transitions to increasing ion conduction [1]. However, the djurleite spectrum disappeared
entirely, despite lower ion conduction in this phase [9]. It would therefore seem difficult to
ascribe ion conduction as the broadening mechanism in both cases. This explanation may be
reconciled if line narrowing due to rapid ion motion occurs at higher temperature in chalcocite
for particular sites. An alternative explanation is that hole carriers, known to be more
numerous in djurleite [10] may also play a role in shortening transition lifetimes, as is the case
for some NMR transitions in metals. To arrive at a better understanding of dynamics in these
samples, additional work will be required to characterise decay times, resonances and
conductivities across different lines and samples.
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Surface Treatment: New Methods, New Applications
J.S. Colligon
Dalton Research Institute, Manchester Metropolitan University, Chester Street, Manchester
M1 5GD, UK
The paper contains a short overview of current ion beam methods used to
modify the surface properties of materials, a selection of recent applications of
surface treatment and an indication of some future trends.
1.

Introduction
The ability to provide a wide range of surface coatings on materials, or, to modify the
surface in other ways, gives the design engineer considerable freedom since a material can be
selected for its ideal bulk properties and the surface tailored to provide protection, or, to
generate other special features. The glass and cutting tool industry has already taken
advantage of such coatings with glass coating itself now worth USD65 billion p.a. and
hard/wear-resistant coatings some USD10 billion p.a. The Photovoltaics market, highly
dependent on coatings, provided 6 Giga-watts of solar power in 2008. However there are
continuing developments in coating techniques and many new applications of such coatings
are proving to be viable. In the following short review some of these many developments will
be described.
2.

New Surface Treatment Methods

Fig. 1. Dual ion beam system for controlled studies of deposition

Although not usually suitable for industrial scale processes the dual ion beam system,
developed by the author [1] and illustrated in Fig. 1, is ideal for fundamental investigation of
the influence of deposition parameters on coating properties. Here a much lower base
pressure is possible than in conventional plasma systems, deposition rate (vertical ion beam)
and ion-assist level (horizontal beam) can be varied and different levels of composition of the
coating can be explored by simply varying the exposed area of materials forming the sputtertarget. In addition the substrate temperature can be varied.
Using such a system the parameters influencing the properties of nano-composite
c-Ti3N4/SiNx have been studied [2]. With the correct level of ion-assist and substrate
temperature, coatings comprising crystalline Ti 3N4 regions of size about 4-7 nm surrounded by
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SiNx , are formed which may be amorphous, or, form a strained crystalline lattice. The
hardness of these layers approached 40 GPa and this did not deteriorate after annealing in
vacuum at 1000oC. Other research groups have reported similar coatings with hardness
values of order 100 GPa, similar to that for diamond [3]. It is apparent, however, that
extremely low levels of impurity in the system (for example, below 1 atomic percent of
oxygen) can prevent the formation of these very hard coatings [4].
Whilst ion beam systems have important advantages in being able to identify optimum
coating conditions they can only coat small size samples. Magnetron and other plasma-based
sputter systems can then be used working as near as possible to the optimum coating
conditions to coat larger area samples. A recent review by Helmersson et al [5] of ionised
vapour deposition describes many of these systems. In the last few years, the new High
Power Impulse Magnetron Sputtering (HIPIMS) process has been developed. In this system
the magnetron is supplied with power densities approaching 1000W/sq cm , but only over a
short time to avoid melting the target. Typical pulse duration is 2-10 millisec . and the
repetition rate is typically 500 Hz. At these power densities the plasma electron density can
reach 1019/cu.m and there is a high degree of ionisation both of the support gas (Ar) and also
of the sputtered material [6,7]. In some cases the Ar support gas can be switched off after the
plasma is running. This means that the substrate is now bombarded by metal ions only so
that gas introduced into the coating is reduced. The intense bombardment thus etches away
contaminants and implants atoms of the coating species to provide an excellent bond. After
this etch it is often possible to switch to conventional unbalanced magnetron sputtering
(which offers quicker deposition rates) and produce some high quality, well-bonded coatings.
Indeed the interface between the substrate and metallic coatings can show epitaxial growth.
Another developing area is the use of an atmospheric plasma which can be generated by a
high frequency voltage source such as the 8 kV 30 kHz used by Perni et al [8] to remove
micro-organisms from fruit, or 200-500 V rf supply used by Stoffels [9] producing a few mm
diameter glow on a sharpened tip to treat living cells and tissues. There are numerous papers
where the contact angle of a polymer is seen to increase as a result of the atmospheric plasma
treatment. A recent application is by Leroux et al [10] and shows the effect on a roll-to-roll
polymer process.
3.

New Coatings
For many engineering and corrosion-protection applications coatings in the form of
nano-thick multilayers are proving to be highly successful. For example, Lin et al [11] have
studied CrN/AlN bilayers with different bilayer thickness. Optimum friction coefficient
(0.32) and hardness (42 GPa ) were found for a bi-layer thickness of 3.5 nm.
Coatings which withstand very high temperatures are also in demand as they give the
possibility of operating machines more efficiently and of protecting cutting tools without the
need for coolants. Willmann et al [12] have shown that Al xCryN is extremely stable when the
composition is x = 54 and y = 46 but, for other values, this coating will start to deteriorate
above 650 oC.
There is renewed interest in a so-called MAX phase coating, originally discovered in the
1960’s by Nowotny et al [13,14], and comprising three elements formed into a layered
compound. In the acronym MAX, M is one of the early transition metals (Sc, Ti, V, Cr, Zr,
Nb, Mo, Hf, Ta), A is usually one of the group III A or IV A elements (Al, Si, P, S, Ga, Ge,
As, Cd, In, Sn, Tl, Pb) but can also include Cd, P, S or As and X is either C or N which adds
to the previously selected two elements. Their general form is M n+1AXn where n is 1,2 or 3
and depends on the different stacking sequence of the MX block between the A-element
layers. Their engineering properties have been neglected until recently when it was found, by
Barsoum and his colleagues [15,16], that one of these highly ductile materials (Ti 3SiC2) was
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thermal shock resistant and oxidation-resistant even at temperatures in excess of 1000 oC .
Thus these materials in general have ceramics properties yet are easy to machine.
Conventionally the materials have been synthesised from the bulk at temperatures about
1400oC but thin film Ti3SiC2 has been formed at 1200 oC by CVD [17] and this compound and
other phases can be formed at 900-1000 oC on a suitable substrate using magnetron sputtering.
Högberg et al [18] have shown that magnetron sputtering of the three elemental targets
(Ti,Si,C) leads to epitaxial film growth on single crystal Al 2O3 or MgO substrates at
temperatures of 900 oC (using a pre-deposition seed layer such as TiC x (111)). The resulting
cross-sectional structure is in the form of planes of Ti-C (about 1-5 nm thick) alternating with
planes of Si (about 0.3 nm thick). Current synthesis of this material using the ion-assisted
methods available in the present author’s laboratories are expected to reduce further the
temperature required for MAX phase synthesis to a level where deposition on steel and other
substrates would become viable.. This programme, funded by EPSRC in the UK, is just
beginning.
Non-evaporable getters (NEGS) are important in large UHV systems such as the particle
accelerators in CERN, Here the extremely low pressures of order 10 -12 mbar must be
maintained to avoid particle scattering. Even with many pumps distributed along the beam
lines the pressure increases in the sections of pipe between them due to outgassing of the tube
walls. A distributed NEG coating along the inner surface of the tube prevents this pressure
fluctuation and, even, reduces the number of pumps required on the system. Recent work by
the author with Daresbury Laboratories in the UK on Ti-V-Zr NEGS [19] has produced a
better understanding of their performance resulting in development of a NEG which can be
activated at lower temperature (160 deg C, compared with the usual 250 deg C ) and also
showing that control of deposition conditions can provide optimum NEG performance. The
NEG has not only to pump the residual gases (mainly H, CO and CO 2), but also to provide a
barrier to hydrogenSEM
diffusion
from the tube wall. By changing the pressure in the deposition
pictures of Ti-V-Zr films deposited on a silicon substrate
at T = 70oC but using different working pressures
(a) 10-2 mbar

(b) 2x10-3 mbar with DC pulsed power supply

Fig.2. Cross-section through Ti-V-Cr film showing that lower lower pressure sputtering produces denser
coatings. Picture on right is about 2.5 times the magnification of that on the left

chamber it is possible to create a dense coating at the substrate and, at higher pressure, a
columnar structure at the vacuum side, thereby combining a good barrier with a high area
pumping surface. An example of the change in morphology of a Ti-V-Zr NEG using low and
high pressure is given in Fig. 2.
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Biomaterial applications of ion-assisted deposition are numerous since the surface topography
and composition of all materials dictate the reaction with, and proliferation of, bacteria and
living cells [20 21]. Recent work by Yang et al [22] has shown that the mass loss of a AZ31
Mg alloy, used as a prosthesis, can be reduced by coating with CaP and hydroxyapatite using
120 eV Ar ion assistance and a subsequent anneal. Results obtained by the present author
show, in Fig.3, how selective a patterned surface of Titanium squares on Silicon is for
attachment of pseudomonas aeruginosa bacteria [23]

Fig.3. Attachment and proliferation of pseudomonas aeruginosa bacteria on Ti spares deposited onto Si. (NB Ti
would be expected to have acquired a thin layer of oxide)

4. Future Trends
Ion beam systems continue to be important for fundamental studies. For example, selforganised layers can now be produced by simple bombardment of Si by Ar ions at 75 o
incidence and 300 eV energy [24] but there is no reason why plasma methods cannot be
developed to produce similar effects if the ionized fraction is extracted and controlled..
Focused Ion Beams have a rather special role and have already been used in conjunction with
a hydrocarbon precursor gas to produce miniature devices such as micron-sized bellows and
coils [25] and to cut out miniature devices for Micro-Electro-Mechanical systems [26]. There
are also some interesting developments where cluster beams, which comprise up to 1000
atoms with a single charge, are used, for example, to bombard a surface for surface cleaning
[27]. Indeed the use of these clusters could allow exploration of ion-assisted deposition with
energies of order 1-10 eV/atom, a region not previously explored. It is clear that Ion Surface
Interactions continue to play a key role in the surface treatment field.
5. Conclusions
Many traditional ion-assisted coatings are already well understood and can be
produced consistently to improve the performance of engineering components and other
commercial products. It appears that the coatings with nano-sized features will need some
more careful study as their properties depend critically on the nucleation and growth
conditions. Once these conditions are established we can look forward to the industrial
benefits of a much larger range of coatings with improved mechanical, corrosion- and
thermal-resistant properties.
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Kohn anomaly occurs in normal metals as a kink in the phonon spectrum
around 2kF, arising out of screened Coulomb interaction. Recently as a major
surprise, neutron spin-echo experiments on elemental (conventional)
superconductors Pb and Nb reveal a very important and striking relation that
Kohn (anomaly) energy, wKA equals twice the superconducting gap energy, "(0).
From the theoretical perspective the Kohn anomaly and the BCS pairing theory
do not seem to belong to a common platform. In this paper we explore the
microscopic origin of this novel phenomenon and discuss its implication to the
standard model BCS theory.

1.

Introduction
Occurrence of Kohn anomaly in a metallic system, normal or superconducting, depends
on the nature of screening of the electric field of the ionic lattices. The latter determines the
energy and lifetimes of phonons. In the normal metals, which are so successfully described by
the Fermi liquid theory, the Kohn singularity arises as a consequence of sharp discontinuity of
the electron distribution function f k in the momentum space. The k-space gradient of the
longitudinal static dielectric function exhibits a logarithmic divergence at 2k F, where kF is the
Fermi momentum.
In 1959 Walter Kohn [1] examined the longitudinal static ( $=0) dielectric function. This
function screens the effective ionic pair potentials in the q-space. Kohn showed that for q <
2kF (q is the phonon momentum) virtual excitations are created with conservation of energy,
while for q > 2kF such excitations are no longer possible. Therefore, the KA arises from the
discontinuity of the Fermi function. Kohn predicted that the logarithmic singularity of the
dielectric function produces a kink in the phonon spectrum and one sees the image of the FS
at 2kF. Within a couple of years Kohn anomaly was experimentally observed by Brockhouse ,
Rao and collaborators [2,3] in the normal phase of Pb. Following this result a number of
authors also observed Kohn anomaly in many metallic systems, particularly more in lower
dimensions [4].
2.

Phonons in Superconductivity
Phonons have a pivotal role in various properties of condensed matters. The BardeenCooper-Schrieffer (BCS) pairing theory for superconductivity has been quite successful for
the interpretation of most of the experimental data obtained from the conventional lowtemperature superconductors. In this theory the attractive pairing interaction arises from the
mediation of phonons to the pair of electrons near the Fermi surface. Nevertheless, the
theoretical formulation of the BCS suffers from several limitations. In the simple BCS
calculational framework the pairing interaction Vk,k’ is simplified by a square well model.
This incorporates the static electronic screening effects in the long wave-length limit of the
random phase approximation (RPA) as appropriate to a metal; however it neglects the detailed
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phonon spectrum of the material. In the strong coupling version of the pairing, what is known
as Eliashberg theory for the conventional superconductors, the role of phonons are explicit
and are worked out in detail (see for example, J. Carbotte [5]). However, its implication to
Kohn anomaly seems to have scanty discussion/analysis in the literature. In this context
Scalapino [6] notes -"Although the effective pairing interaction involves phonons, it is
difficult to see any direct connection between the Kohn anomaly energy and the energy gap."
The recent neutron spin-echo experiments by Aynajian et al. [7] on elemental
conventional superconductors Pb and Nb in the superconducting phase, question this
conventional wisdom. It clearly brings out the severe limitation of the conventional treatment
of the superconducting phase and the pairing mediated by the phononic modes, for not
including all the characteristics of the dielectric response function of the system. More
elaborately, this highlights the utmost importance of the restructuring and refinement of the
conventional BCS/Eliashberg scheme with incorporation of the salient features of the
electronic (quasi-particle) spectrum in the superconducting phase. Besides, these new
experiments also motivate one to theoretically calculate the phonon lifetime or linewidth in
the superconducting phase.
3.

Results
Mathematically, the phenomena of Kohn anomaly can be briefly described in the
following way: The static ($=0) electronic polarizability function P(q) for the normal
electrons in a 3-dimensional metal is given in RPA as
P(q) = (N(0)/4x) [2x + (1-x 2) ln|(1+x)/(1-x)|],
where x is given as x= [q/ 2kF]; kF being the Fermi wavevector and N(0) is the electronic
density of states at the Fermi surface. The corresponding longitudinal dielectric function is
given as
%(q) = 1+ [4$e2/q2]P(q)
The above electronic dielectric function possesses the property that its derivative with respect
to q diverges at q = 2kF. This result is the well-known Kohn singularity.
When one studies a coupled electron-phonon system in a normal metal within the RPA and
the resulting phonon modes are calculated with the above dielectric function, the phonon
dispersion function $(q) is found to display a singularity at q=2k F. More precisely, the q-space
derivative of the real part of the dynamic dielectric function corresponding to the electronic
component, diverges at q near 2kF. This causes the screened phonon dispersion function itself
to exhibit non-analyticity from the following relation.
! [Real {%(q,#q)}] / !q = infinity for q = 2k F ,

This happens at that value of $q, which we call energy of Kohn anomaly. It is naturally
expected to be much smaller than the frequency corresponding to the Fermi energy EF .
A much more challenging task in condensed matter physics is the theoretical
exploration starting from a microscopic model to answer the question whether the Kohn
anomaly can also occur in the superconductors. The recent experimental observations
(Aynajian et al. [7]) with clear signature of the Kohn anomaly in the superconducting phases
of Pb and Nb have provided fresh impetus to initiate theoretical investigations. Here we

PROCEEDINGS – 34 TH ANNUAL CONDENSED MATTER AND MATERIALS MEETING – WAIHEKE ISLAND, AUCKLAND, NZ, 2010

establish the microscopic origin of these effects by presenting our results based on some
simple (at the level of RPA) preliminary calculations and arguments.
First of all, we calculate the electronic polarizability corresponding to a BCS superconductor under the mean field treatment. This can be done in a straightforward way by
making use of Bogoliubov transformation to diagonalise the mean field BCS Hamiltonian in
terms of the non-interacting fermionic quasi-particles. One can then apply the standard linear
response theory to calculate the electronic response functions.
The detailed and elaborate calculations involving the above approach lead to the result
that indeed the static electronic (quasi-particle-quasi-hole) polarizability in a BCS
superconductor exhibits singularity at q = 2kF under certain conditions.
{ 2kF [!Ps(q)/ !q] /[Ps(q = 2kF )] }≈ 2 ln [2/ (kF#)],
where, Ps is the electronic polarizability in the superconducting phase, # is the superconducting coherence length given by # = kF/!" and the numerator (the derivative) is
evaluated at q = 2kF .
The above expression shows that the polarizability diverges logarithmically at the wavevector 2kF, when the superconducting coherence length becomes very large or extremely
small with respect to the lattice spacing. This is a very genuine manifestation of “Kohn-like
singularity”! Thus, the true Kohn anomaly behaviour is expected to occur both in the
conventional weak coupling superconductors as well as in the novel superconductors
characterized by the “real space pairing”, independent of the mechanism for the pairing
interaction. It is also worthwhile to remark that we do recover the usual Kohn singularity
appropriate to the normal metal from our expression, in the limiting case of the
superconducting gap becoming vanishingly small.
The next important issue is the theoretical investigation of the consequences for the
phonon spectrum in the presence of the above Kohn-like singularity. The aim obviously is to
examine if there exists a Kohn anomaly in the superconducting phase. The microscopic input
required for this study appears in the form of an additional term describing the coupling
between the Bogoliubov quasi-particles and the phonons, in the Hamiltonian. The objectives
are two-fold. First of all, it is important to investigate whether the Kohn-like singularity leads
to a non-analyticity in the phonon-dispersion function. Secondly, it also enables us to
calculate the line-widths of the phonon modes under this condition to examine whether the
theoretical line-widths exhibit the same behaviour as shown by the experimental ones. It is
quite remarkable that the experimental line-widths are found to acquire a maximum at the
phonon energy equal to 2". This implies a very strong coupling between the phonon modes
and the quasi-particles in the superconducting phase.
The coupling between the Bogoliubov quasi-particles and the phonons is derived from
the usual electron-phonon interaction by taking into account the Bogoliubov transformation
matrix elements. It may be recalled that these transformation matrix elements connect the
quasi particle operators (of the superconducting phase) to the normal electron operators. Thus,
the effective Hamiltonian for studying the Kohn anomaly in the superconducting phase
becomes very similar to that used in the normal metallic phase, except for the presence of the
appropriate BCS coherence factors (Schrieffer [8]). The detailed nature of the Kohn anomaly
in the superconducting phase is therefore also decided by the wave-vector dependence of
these coherence factors. The dressed phonon frequency spectrum #q~ q produced by the
dielectric response of the quasi-particles (%s) in the superconducting phase is determined
under the RPA. The minimum quasi-particle-quasi-hole pair creation energy 2" is hidden here
through the expressions for the dynamic electronic polarizability and is the prime source for
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the location (position) of the occurrence of Kohn anomaly in the superconducting phase. The
dressed phonon spectrum exhibits all the principal features of Kohn anomaly seen
experimentally in the phonon dispersion function (#q{exp}vs. q) (Aynajian et al. [7]).
4.

Conclusion
In summary, we discuss here the important microscopic processes responsible for the
Kohn anomaly observed experimentally in the superconducting phases of some of the
conventional superconductors. The confirmed appearance of this anomaly in the
superconducting phases of real materials has tremendous consequences for the microscopic
theories as well. It brings out the genuine need for a modification and an improvement over
the conventional approach followed within the BCS pairing theory.
For the superconductors based on the phonon mediated pairing, the BCS theory assumes
the phonon spectrum to remain essentially unchanged when the metal becomes
superconductor. The occurrence of Kohn anomaly at the phonon energy of 2 times the
superconducting gap " in the experiment of Aynajian et al, is a kind of challenge to this
assumption. The incorporation of Kohn anomaly in the modelling of the BCS pairing
interaction would be of immense importance towards achieving the goal of correct
understanding of real superconducting materials.
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Some important features of the martensitic transformation and its application
involving the shape memory phenomenon are reviewed, indicating a
requirement to study dynamical aspects of the transformation. The basic
principles of x-ray photon correlation spectroscopy are discussed and the
technique has been applied for the first time to study the martensitic
transformation in a Au 50.5Cd49.5 single crystal. The results are best analysed
using a two-time correlation function and indicate both slow and fast dynamics
in the vicinity of the transformation temperature.
1.

Introduction
The martensitic transformation can be broadly classified as a “lattice-distortive, sheardominant, diffusionless, first-order, phase transition” [1]. The untransformed, or highertemperature (higher-symmetry), parent phase is generally called austenite while the
transformed, lower-temperature and lower-symmetry product phase is called martensite. The
structural transition for most materials exhibiting such transformations is induced by a change
in temperature, leading to characteristic temperatures, M s (martensite start) and M f (martensite
finish) on cooling and A s and Af (austenite start and finish) for the reverse transformation on
heating. Different material systems exhibiting martensitic transformations show different
degrees of thermal hysteresis ranging from a couple of hundred to only a few degrees. The
transformation can also be induced in some materials by the application of a stress (and thus
strain) field or by an applied magnetic field (via a magnetostrictive-like coupling to the
crystallographic strain).

Fig. 1. Illustration of the mechanism for the shape memory effect (after Otsuka et al. [2])

For a martensitic transformation exhibiting relatively small thermal hysteresis (typically
a few to 10s of degrees), the transformation strain is fully recoverable whether it be induced
by temperature change or deformation, leading to the shape-memory effect (illustrated
schematically in Fig. 1) which has given rise to various applications as actuators, transducers,
couplings and fasteners [2] for some of the large number of materials exhibiting it. While
Nitinol (a Ni-Ti alloy) is the material one finds most widely used in applications, other
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examples, such as Au-Cd, one of the first shape-memory alloys discovered [3], have been
model systems for scientific investigations. The overall external strain exhibited by a sample
consists of both an atomic scale component arising from the crystallographic transformation
of the material and a component at the mesoscopic scale, being a consequence of the
development of twin variants in the microstructure. The underlying physics of such materials
has been a topic of considerable discussion particularly in relation to: (i) the driving
mechanism for the transformation; (ii) its nucleation; (iii) precursor effects in the parent
phase; and (iv) the transformation dynamics and the precise microstructural scale controlling
the dynamics [1]. In relation to (iii) several systems exhibit phonon softening in the parent
phase with consequent anomalous temperature dependences being exhibited by physical
properties [4].
Transformations amongst the various materials appear to be either athermal (implying
that the amount of a sample transformed depends on temperature but is independent of time)
or isothermal (i.e., the amount of the sample transformed on holding at constant temperature
is a function of time). In recent years there has been a growing number of reports of timedependent phenomena as summarized in Table 1, particularly for a sample held at a constant
temperature with time, a few degrees above its M s, (a phenomenon called incubation).
Surprisingly, the list contains some materials which transform athermally below M s. Some of
these results were reviewed recently by Müller et al. [14].
Table 1. Incubation for various martensitic alloys
Alloy
In77Tl23
Fe68.4Ni31.6
Cu67.3Al29.1Ni3.6
Au50.5Cd49.5
Na
Au52.5Cd47.5
Ni63Al37
Au51.75Cd47.5Cu0.75
Au51.75Cd47.5Cu0.75
2.

Ms (K)
250
177
220
300.3
32
312
282.2
260
267-272

!T (K)
(= T – Ms)

Incubation
Time

6.7
7
5
2.7
6
4
0.6
1.4
8

1-10 h
1-50 m
1.7 m -2.8 h
0.5-2.5 s
3h
3-21 h
1 s –2.7 h
1-4 h
5 m -5 h

Property
Studied
X-ray Diffraction
Electrical Resistance
Electrical Resistance
Electrical Resistance
Electrical Resistance
Neutron Diffraction
Light Scattering
X-ray Diffraction
X-ray Diffraction

Reference
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]

Au-Cd sample
Au50.5Cd49.5 is one such shape-memory material, which transforms from a "2 (CsCl-type
cubic) parent structure to a #2' (trigonal) martensite with M s . 305 K. In various studies
[15,16,17], As and Af have been found to increase following holding the sample in its
martensite state while in one study [15], M s was observed to decrease following constant
temperature holding in its austenite state. The mechanism for the “martensite ageing effect”
has also been widely discussed [18] and the most accepted concept is the “symmetryconforming short range order” (SC-SRO) principle [19] based on an equilibrium distribution
of point defects following the symmetry of the crystal. For the current experiments a single
crystal piece with a polished (001) surface was available.
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3.

Experimental method
The initial motivation was to employ a technique which would provide quantitative data
concerning microstructural fluctuations within the crystal. Traditionally, the dynamics of
fluctuations in transparent systems, such as particle suspensions, have been measured by
dynamic light scattering. If the experiment is performed using highly coherent laser light, the
scattering pattern exhibits random interferences, or “speckles” and the dynamics of the
particles in the suspension are directly related to the intensity fluctuations of the speckle
pattern, in a technique called photon correlation spectroscopy. The dynamics of polymer
suspensions and gels have been extensively studied by this technique [20].
With the advent of highly coherent and high-brilliance x-ray sources at synchrotrons,
the spectroscopy has been extended to study microstructural fluctuations at the
crystallographic scale, a technique known as x-ray photon correlation spectroscopy (XPCS).
Examples in the literature include colloidal suspensions [21], polymer micelle liquids [22],
the dynamics of anti-phase domains in an ordered Co 60Ga40 alloy [23] and antiferromagnetic
domain wall fluctuations in Cr [24]. In a shape memory alloy being cooled towards M s a
likely scenario for the transformation consists of the development of dynamical embryos of
the martensite phase embedded in the austenite phase but interacting with one another and the
austenite matrix via elastic forces. As the transition is approached the number of embryos
increases dramatically, until below the transition, domains (martensite variants) develop as
determined by the allowed twinning relationships for the new structure. Thermodynamically,
such behaviour is analogous to that for a second-order phase transition for which one expects
a critical slowing down of fluctuations in the vicinity of the transition temperature [25].

Fig. 2. Schematic setup for x-ray photon correlation spectroscopy measurements.

The schematic set-up for the measurements which were undertaken using 8 keV x-rays
at the ESRF ID10A beamline, is illustrated in Fig. 2. The high-brilliance, longitudinally
coherent x-ray beam was intercepted by a pinhole aperture, 10 - 10 µm2, located about 50 cm
in front of the sample to achieve transverse coherence. The additional guard slits suppress
scattered radiation from the pinhole aperture. The crystal was contained in a specially
designed cryofurnace which enabled the crystal temperature to be controlled with a stability
of , 3 mK and a resolution of 0.1 K for temperatures in the range 370 – 260 K. The
temperature was decreased stepwise in 1 K increments from approximately 5 K above Ms and
0.1 K increments below 306 K through the transition. In addition, reference data were
recorded at 360 K, 330 K and 270 K. In detecting the (001) Bragg reflection from the crystal,
an area of its surface of about 10 - 45 µm2 was illuminated. The Bragg reflection data were
measured using a 650 - 401 pixel CCD detector with a pixel size of 22.5 - 22.5 µm2. A time
of 10 minutes was allowed for equilibration and then at each temperature 1,100 images were
recorded, one every 1.4 s comprising a 0.2 s exposure followed by a 1.2 s data readout.
3.

Results
Typical results for the summed intensities from all 1,100 exposures at each of three
temperatures, 360 K (in the austenite phase), 305.5 K (in the vicinity of M s) and 270 K (in the
martensite phase) are illustrated in Fig. 3. The peak splitting expected at this lowest
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temperature is clearly seen. Observable changes in the recorded images occurred at
temperatures as high as M s + 30 K, indicating the onset of microstructural changes in the
crystal well above the transition temperature, consistent with precursive effects found in other
shape memory alloys [26,27].

Fig. 3. Images of summed CCD exposures for the (001) Bragg reflection from the Au 50.5Cd49.5 single
crystal at 360 K, (left), 305.5 K (centre) and 270 K (right).

The data at each temperature were initially analysed by numerical integration over the
CCD area in steps centred on the maximum intensity and equivalent to steps in q of 0.004 Å -1.
The time-averaged, one-time correlation function
g 2 * q , ! +!

' I * t +&I *t )! +( t
' I * t +( 0%t%t

&' I *t +( !%t %trun

run"!

2

!1)A# f 1 * ! +#

(1)
(2)

1 T
T >> TC
(3)
$ dt . I * t + I * t )! +
T 0
with TC being the coherence time for intensity fluctuations. A denotes the speckle contrast.
f1($) is the intermediate scattering function which, in the case of equilibrium dynamics can be
expressed as

where

' I * t +&I * t )! +(!

* * ++

f 1 * ! +!exp "

!
!0

"

(4)

with the characteristic time scale, $0, and a stretching exponent, ". The results for $0 and " as
functions of temperature in the vicinity of M s, are shown in Fig. 4. Surprisingly, the result for
$0 shows a decreasing time scale in the vicinity of the transition, contrary to the “critical
slowing down” expected for such a phase transition, indicating that non-equilibrium
behaviour may be occurring in the system.
For this reason data analysis was undertaken using a two-time correlation function [28]
I *t 1 +&I *t 2 +
C 2 * q , t 1 , t 2 +!
(5)
' I * t 1 +( t&' I * t 2 +(t
This analysis was carried out using the 305.3 K data set and for an area in the Bragg reflection
image corresponding to a !q of 0.005 Å-1 around the position of maximum intensity. The
result is illustrated in Fig. 5. The diverging contours and the sharp cuts in the correlation
function, shown by the partitions in the figure, are indications of non-equilibrium dynamics.
To study the sharp cuts in the correlation function, images were averaged over ten
frames of raw data and the differences between successive averages plotted as a function of
absolute time (Fig. 6). The result shows that the sharp cuts in the two-time correlation
function are the result of a rapid process, the time scale for which could not have been
resolved in the present experiment on account of the frame rate limitation. The time scales for
the slow non-equilibrium dynamics were extracted by calculating the non-time-averaged, one-
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time correlation function at each absolute time for the recorded data. This can be done via an
integration along a -45-degree line extending from the bisectrix of the two-time correlation
function result (Fig. 5). Each of these correlation functions can then be analysed using the
stretched exponential function (Eq. 4). The results for $0 and " versus absolute time, t abs,
which is really the ageing time for the alloy at the particular temperature (305.3 K), are shown
in Fig. 7. $0 vs tabs shows a strong deceleration of the dynamics with ageing time while the
time dependence of " shows significant dips at times similar to those of the peaks in Fig. 6.

Fig. 4. Results for the characteristic time, $0, and the
stretching exponent, ", at various temperatures near
Ms, determined from data fits using the one-time
correlation function.

Fig. 5. Two-time correlation function for data
recorded at 305.3 K, calculated for a circular
region around the maximum of the Bragg
reflection.

Fig. 6.
Sequential intensity differences for
averages over 20 exposures, for the data analysed
in Fig. 5, as a function of absolute time.

4.

Discussion
The two non-equilibrium processes,
the one fast (or avalanche-like) and the
other slow, can be understood in relation to
microstructural changes which have been
suggested in the literature. Rapid, nonequilibrium dynamics occur during the
incubation time when discontinuous
martensite interface motion occurs as the
result of depinning from defect sites in the
crystal. Such effects are known to be Fig. 7. Characteristic time, $0, and stretching
responsible for strong acoustic emission exponent, ", extracted from the two-time correlation
function at 305.3 K
signals in shape memory alloys [29].
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Slow, non-equilibrium dynamics are consistent with the martensite ageing process which has
been best described microstructurally on the SC-SRO model [19] involving a diffusive
rearrangement of lattice defects, consistent with the local reduction in symmetry to that of the
transformed phase.
5.

Conclusions
In this project x-ray photon correlation spectroscopy has been employed to study the
dynamics of the martensitic transformation in a Au 50.5Cd49.5 single crystal. The critical slowing
down expected for such a transformation was not observed. Rather an analysis of the data
using a two-time correlation function indicated non-equilibrium dynamics exhibiting two time
scales, the one fast, consistent with discontinuous, avalanche-like, microstructural changes
and the other slow, consistent with a diffusive rearrangement of lattice defects. The latter
process is consistent with the symmetry-conforming-short-range-order model.
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This spin-1 model belongs to a class which may show the spin analogue of
‘supersolid’ behaviour. We explore spin-wave approaches to the problem.
These approaches are successful in some regions, but not near the transition to
the quantum paramagnetic phase, where a more generalized approach is
needed.

1.

Introduction
Following the remarkable discovery of supersolid (SS) behaviour in solid 4He [1], a
search has begun for analogous behaviour in spin systems [2], namely a phase in which both
‘diagonal’ and ‘off-diagonal’ long-range order can coexist. In fact using a Matsubara-Matsuda
transformation, one can transform directly from the relevant bosonic model to a lattice spin
model. The spin-1/2 models are unrealistic, however, because they require too large an
uniaxial exchange anisotropy [2]. Attention has therefore turned to spin-1 models, and in
particular the spin-1 Heisenberg antiferromagnet with uniaxial anisotropy in a magnetic field,
with Hamiltonian

H = J # (SixSjx + SiySjy + "SizSjz) + # (D(Siz)2 + ShzSiz)
<ij>

i

where <ij> denotes nearest neighbour pairs of sites, D is the single-ion anisotropy term and "
determines the uniaxial exchange anisotropy, while h z is the external magnetic field, rescaled
by a factor S equal to the total spin. A number of magnetic materials have already been
discovered which belong in this class. None of these compounds appear to have the right
parameters to give a supersolid phase however.
The spin-1 version of the model has been discussed in a number of theoretical papers.
Holtschneider and Selke [3] considered the classical model on a square lattice, using Monte
Carlo techniques, while Peters, McCulloch and Selke treated the linear chain model using
density matrix renormalization group methods. Sengupta and Batista [2] discussed the square
lattice case and the cubic lattice using the stochastic series expansion Monte Carlo method.
They found that a `supersolid' or `biconical' phase should exist over a range of magnetic fields
for D>0 and ""1. The model also exhibits other interesting phenomena such as magnetization
plateaus and a multicritical point.
Our aim here is to investigate spin-wave approaches to the problem. Spin-wave
approaches to the uniform Heisenberg antiferromagnet (D=0, "=1) in a field have been
extensively discussed by Zhitomirsky nd Nikuni [4] and Zhitomirsky and Chernyshev [5],
while the zero-field case (h z=0, "=1) has been treated by Oitmaa and Hamer [6] using
perturbative series expansion methods on a square lattice.
Here we treat the general case for arbitrary D and h z, but maintain "=1, i. e. no
exchange anisotropy. This restriction is expected to rule out the most interesting physical
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phenomena, unfortunately, such as the supersolid phase and multicritical points, but still
allows for some very interesting phase transitions.

Fig. 1. Phase diagram for the square lattice.

The expected phase diagram for this case, derived from spin-wave and other theoretical
approaches, is shown in Figure 1 for the case of the square lattice.
At large negative D and h z = 0, the model is in a standard antiferromagnetic Néel phase
(AF), with the spins aligned in the z direction (S z = +/-1 on alternating sites).
At large positive D and h z = 0, there is a quantum paramagnetic phase (QPM), with
z
S = 0 at every site, so that all linear order parameters <S $> vanish, and only a quadratic order
parameter such as Qz = <2/3-(Szi)2> is non-zero.
When hz is very large, the system enters a simple ferromagnetic (FM) phase, with all
spins aligned in the z direction.
Finally, in between these three regions is a fourth phase, the spin-flop (SF) phase with
ferromagnetic order in the z direction M z, and antiferromagnetic order in the xy plane (M xS,
say), which spontaneously breaks the planar U(1) symmetry of the model. The Goldstone
theorem then requires that the system should exhibit a gapless Goldstone mode in this region.
One of the issues to be explored in this paper is whether spin-wave treatment confirms with
the Goldstone theorem. The transitions between the AF phase and FM or SF phases are
expected to be first order, while the transitions between the QPM and SF phases, and the SF
and FM phases, are expected to be second order.
2.

Spin-Flop Phase
In this phase, the spins are classically aligned at a canted angle to the x-y plane as
shown in Figure 1, so we choose our quantization axes z on the A and B sublattices
accordingly, canted at angle % in the x-z plane, where % is a variable to be determined. We
then follow standard spin-wave procedure: a Holstein-Primakoff transformation from spin to
boson variables, a Fourier transformation and then a Bogoliubov transformation to
diagonalize the Hamiltonian through quadratic terms in the boson operators. It turns out that
the angle % is fixed by the requirement that linear terms vanish (i.e. the system is stable).
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An important issue to be settled is whether the Goldstone theorem is respected by the
spin-wave transformation. This is by no means obvious in the formulation; but we have been
able to show that if the Hamiltonian is expanded strictly order-by-order in a 1/S expansion,
the theorem is obeyed through second order - that is, a single Goldstone mode appears. In
Figure 2a we see the linear Goldstone mode at ( !!!), while in Figure 2b the mode becomes
quadratic at the transition to the FM phase.

Fig. 2a. Dispersion relation at D=0, h z = 1.
Open circles: first-order spin wave; filled circles:
second-order spin wave estimates.

Fig. 2b. Dispersion relation at D=0, h z=8
(first order only).

Numerically, we find that at D=0 the spin-wave expansion converges well, so that first
and second order results are almost identical (Fig. 3a). At D=1, however, there is a substantial
difference between first and second orders (Fig. 3b). Figure 4 shows the staggered
magnetization MxS as a function of D at hz=0. It can be seen that the spin-wave expansion
does not reproduce the decrease towards zero at the transition to the QPM phase around
D=5.6.
Fig. 3a. Staggered magnetization at D=0 versus h z.

Fig. 3b. Staggered magnetization at D=1 versus h z.

3.

QPM Phase
This phase is not present in the classical (large S) limit. Here we adopt a 3-state
formalism, where the vacuum is taken as the S z=0 state at each site, and two boson fields are
introduced to give excitations to the S z = +/- 1 states respectively, using a Holstein-Primakoff
formalism. The field h z plays a trivial roe in this phase, producing a simple Zeeman splitting
proportional to the total S z. Figure 5 shows the energy gap at h z=0 as a function of D, which
vanishes at the transition point to the spin-flop phase. The second-order theory improves on
the first order at large D, but higher-order terms become important near the critical point.

PROCEEDINGS – 34 TH ANNUAL CONDENSED MATTER AND MATERIALS MEETING – WAIHEKE ISLAND, AUCKLAND, NZ, 2010

Fig. 4. Staggered magnetization as a function of D
in the spin-flop phase at h z=0. Points with error
bars: series results. Filled dots: spin wave estimates.

Fig. 5. Energy gap in the QPM phase as a function
of D, at hz=0. Points: series results. Short dashed
line: first order, long-dashed second order spinwave estimates.

4.

Conclusions
We have studied spin-wave approaches to this spin-1 model in a magnetic field. The
spin-flop phase has been treated using a standard 1/S expansion, with canted quantization
axes, and we have shown that the Goldstone theorem is respected up to order 2 in 1/S. The
method converges well at small D or near the FM phase boundary, but not near the transition
to the QPM phase.
We have also discussed a two-boson spin wave approach within the QPM phase, where
second order terms improve the results at large D, but higher-order terms become important
near the critical line. Cristian Batista has commented that one needs to use a generalized
expansion in this neighbourhood, choosing a more optimal basis among the three spin-1 states
at each site before making the expansion.
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Nanoparticles of metallic cobalt, platinum and a CoPt alloy have been
synthesized, via ion implantation and thermal annealing, within 100 nm silica
thin films thermally grown on silicon substrates. The size and spatial
distributions of the nanoparticles are determined from transmission electron
microscopy of sample cross-sections and the crystal structure form glancing
angle X-ray diffraction analysis.
These results are correlated with
magnetisation measurements on the same samples.

1.

Introduction
Ion implantation is a versatile technique for studying the synthesis and properties of
nanosized metal particles in different host materials [1]. In particular, it is a non-equilibrium
process that can be used to introduce metallic species into a host material at concentrations
well above their equilibrium solubility limit. It also provides the flexibility to choose
particular metallic species or combinations of species for investigation. The purpose of the
present study is to investigate the synthesis and magnetic properties of Co, Pt and Co-Pt alloy
nanoparticles in silica.
Cobalt, a well known magnetic material for data storage applications, has been paid
special attention for the past few years, particularly with regard to the evolution of magnetic
properties with the clusters sizes, and super-paramagnetic behaviour [2]. Co-Pt alloy films
with a face-centred tetragonal structure have long been considered the bench mark for
ultrahigh density magnetic recording media [3,4]. However, less attention has been paid to
the production of Co-Pt alloy nanoparticles or their magnetic properties.
In this paper we report the formation of nanoparticles of Co, Pt and a 50% Co 50% Pt
alloy in silica via implantation and subsequent thermal treatment.
Magnetisation
measurements and analysis of the structure and particle size distributions of these samples
were undertaken and comparisons made between the three different kinds of nanoparticles.
2.

Sample preparation
The starting substrate consisted of a 100 nm SiO 2 layer thermally grown on (100)
oriented Si wafers. Separate regions of the silica layer were implanted with 50 keV Co ions
or 100 keV Pt ions with fluences of 6"10 16 ions/cm 2, or for the Co-Pt alloy, sequentially
implanted with Co and then Pt ions each with a fluences of 3"10 16 ions/cm2. According to
the Monte-Carlo ion-range simulation code SRIM 2007 [5], the average range of both Co and
Pt ions in SiO2 is ~43 nm for the above mentioned energies.
After implantation the samples were annealed at 900 oC in a nitrogen atmosphere for
one hour. Implantation fluences and depths were confirmed with Rutherford backscattering
spectrometry (RBS) using 2 MeV He + ions. The size and spatial distributions of the
nanoparticles were measured by transmission electron microscopy (TEM) of sample crosssections, and the crystal structure of the nanoparticles was determined from glancing angle x-
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ray diffraction measurements. Magnetisation was measured using a SQUID magnetometer in
hystersis mode. In the latter case, the substrates were thinned to ~ 100 µm to reduce the
diamagnetic contribution from silicon.
3.

Results and Discussion
A systematic structural and compositional investigation was carried out on the samples
using TEM. Fig. 1 shows bright-field, cross-sectional images for sa mples implanted with Co,
Pt and Co+Pt after one hour annealing in N 2 at 900oC. In all the cases investigated, well
defined spherical particles with dimensions in the sub-50nm range can be observed. It is
evident from the images that size and size distributions are very different in the three cases,
depending explicitly on the implanted species.
Supersaturated solid solutions, such as those produced by ion-implantation, are
metastable and given sufficient atomic mobility (i.e. temperature and time) the excess solute
atoms diffuse and cluster. The rate of cluster formation and the size-distribution of the
resulting clusters are described by the classical theory of homogeneous nucleation [6, 7], at
least for low levels of supersaturation. This theory is, however, based on many assumptions,
including that the system is dilute, homogeneous and of infinite extent. In contrast,
implanted samples typically have relatively high impurity concentrations (several at. %),
spatial distributions that are finite and depth-dependent and matrices with finite dimensions.
There is also the added possibility of impurity clustering, or pre-nucleation, during
implantation, particularly around the peak of the implant distribution where the concentration
is highest. As a consequence, nanocrystals produced in ion-implanted samples are usually
found to have spatially-dependent size distributions, with larger precipitates forming around
the peak of the implant distribution and smaller ones at the extremes of the distribution [8].
Effects due to finite extent of the materials are also observed, as is evident from the images in
Fig. 1.
16
2
Co: 6!1016 ions/cm2

Co: 3!10 ions/cm
Pt: 3!10 16 ions/cm 2

Pt: 6!10 16 ions/cm 2

Si
(1a)

(1b)

(1c)

Fig. 1. TEM images for Co (1a), Pt (1b) and Co-Pt (1c) implanted samples annealed at 900 oC for one hour.
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Fig. 2 shows the size distributions of nanoparticles in 100 nm silica after annealing, as
determined from images such as those depicted in Fig. 1. Co formed the largest nanoparticles
with average size of 6.4 nm. Interestingly, long range diffusion of the Co was also observed
in these samples giving rise to nanocrystals in the vicinity of the SiO 2-Si interface. Pt formed
very small nanoparticles (average diameter of 1.6 nm), which do not grow significantly
during annealing. This suggests that Pt has a very low diffusivity at the annealing
temperature employed for synthesis. The CoPt alloy sample shows the presence of
nanoparticles both closer to the surface and at the SiO 2/Si interface. There farction of smaller
nanoparticles is greater and more nanoparticles are present at the SiO 2/Si interface as
compared to Co sample. The largest nanoparticles are of a similar size to the Co sample.
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Fig. 3. XRD patterns of Co, Pt and Co-Pt nanoparticles fabricated by implantation and annealing at 900 oC.

All the samples were also examined by grazing incident x-ray diffraction. Fig. 3a
shows that the Co is present in two different phases. A peak at 44.2 o and a relatively smaller
peak at 47.5o are signature peaks for fcc (111) and hcp (101) phases of Co. As-implanted
samples exhibit very small Co nanocrystals with an hcp structure [9]. G. Mettei et al. [10]
showed that more fcc Co spots appear in SAED pattern by “in situ” annealing of Co
implanted sample in silica at 900 o C. This implies that as the annealing temperature increases
above 800 oC, Co particles grow larger in size and their phase also changes from hcp to fcc.
Additional peaks are also visible for 2# lower than 40 o. These are likely due to the presence
of crystalline cobalt silicate and possibly to some amount of cobalt oxide [11, 12]. The peaks
between 50o and 57o degrees are due to the substrate and are present in all the patterns. The
Pt XRD pattern has peaks consistent with the presence of a cubic phase with all prominent
peaks at 39.8o, 46.3o, 67.5o and 81.3o being present. The CoPt alloy sample shows spectra
consistent with a face centred tetragonal (fct) structure. The reflections at 2# values of 41.5 o,
47.6o, 60.8o, 71.03o, 84.7o and 90.14o arise from the (111), (200), (112), (202) (311) and (222)
planes of the fct Co-Pt alloy phase.

Fig. 4. Magnetisation measurements for the 3 samples at room temperature.
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SQUID magnetometry was used to show and characterise the ferromagnetic behaviour
of the nanoparticles. Hysteresis loops were collected at room temperature and up to ±3000
Oe. The resulting data for the Co, Pt and CoPt cases are shown in Fig.4. Here the magnetic
moment per atom was calculated based on the nominal implanted fluence and the curves are
truncated at ±900 Oe since saturation is essentially achieved at this modest applied field. The
value of the saturated magnetic moment (~0.5 ! B per atom) and the remanence is almost the
same for the Co and CoPt alloy samples whereas it is nearly zero for the Pt sample.
Interestingly however, the remanence M R and the coercive field HC are considerably larger for
CoPt (MR=0.215 !B/atom and HC=107.15 Oe) compared with (MR=0.16 ! B/atom and HC=46.4
Oe) for Co.
4.

Conclusions:
Co, Pt and CoPt alloy nanoparticles were successfully produced using ion implantation
and annealing. Due to the high diffusivity of Co and the relatively low diffusivity of Pt in
silica, Co and CoPt-alloy nanoparticles were found to be larger than Pt-only nanoparticles.
The high diffusivity of Co also led to the formation of Co-based nanoparticles at the
SiO2/interface in Co and CoPt implanted samples. Co nanoparticles were present as fcc and
hcp phases while Pt and Co-Pt were fcc and fct phases, respectively. Both the Co and CoPt
samples were observed to be ferromagnetic at room temperature with similar saturated
moments and remanence. However the fct structured CoPt exhibited larger coercivity.
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Electrically detected magnetic resonance (EDMR) is applied to devices with
implanted leads and a 50 µm square gap laid down on bulk phosphorus doped
silicon. Devices with a range of phosphorus concentrations and surface types
were prepared and measured to examine the interplay between donor and
charge trap states in producing EDMR signals.
1.

Introduction
Magnetic resonance of donors in semiconductors via electron spin resonance (ESR) is
well established. In particular the ESR of shallow electron donors in silicon was first
achieved in the 1950’s [1]. However, the sensitivity of conventional ESR is limited, requiring
samples with 10 10 donors or more. This problem can be overcome by detecting magnetic
resonance via the effects of spin selection rules on other observables, such as charge transport.
Electrically detected magnetic resonance (EDMR) is where a change of the dc
conductivity due to spin resonance is observed. EDMR was first demonstrated on Si:P by
Schmidt and Solomon [2]. More recently, McCamey et al. [3] showed that EDMR could be
used to detect as few as 50 spins in a submicron size silicon device into which the phosphorus
donors had been implanted. EDMR is also particularly useful in the study of surface defects
on semiconductors and their influence on donors placed near to the surface. In the case of
shallow donors (eg phosphorus) in silicon (Si:P), it has been proposed that the spin dependent
recombination/scattering of the photoelectrons proceeds via a process also involving (deeper
energy) surface electron traps like the so called P b silicon interface dangling bonds [4].
In this paper we describe the development of a robust multi-micron EDMR device in
silicon, with a view to detailed comparisons of the effects of different surface preparations, as
well as variations in donor profiles. Preliminary results using bulk doped substrates with
native and thermal oxides, as well as H- and D-terminated surfaces are presented and
discussed.
2.

Experimental details
A series of bulk doped, Si: 31P EDMR devices with various surface terminations were
prepared using optical photolithography techniques. Three doping densities, 3 x 10 15, 2 x 1016
and 1 x 1017 P cm-3 were used together with the following four different surface types (i)
native oxide, (ii) high quality thermal oxide, (iii) H- and (iv) D-terminations (SiH & SiD). An
electron microscope image of a typical device is shown in Fig. 1. The gap between the leads
is 50 µm square and the buried metallic (highly doped) leads were created via low energy ion
implantation of P +. An RTA anneal was applied post implantation of the leads to repair
damage. Large evaporated Al ohmic contacts allow direct coupling of current leads without
the need for wire bonding to external contacts. The device design minimises the number of
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process steps and allows the metal contacts and external leads to be kept away from the
microwave active region in the ESR cavity. All surfaces were prepared prior to implantation
and annealing by cleaning (piranha and RCA2) with a subsequent removal of the pre-existing
native oxide using hydrofluoric acid (HF). Controlled 5 nm thick thermal oxides were grown
at 820°C. The H (D) terminated surfaces were prepared by etching the native oxide after
processing with a 5% HF in H 2O (D2O) reagent. These later surfaces were preserved by a final
covering with photoresist.

Fig. 1. Scanning electron microscope images of the upper and lower halves of an EDMR device.

The EDMR apparatus at the Walter Schottky Institute utilises a standard x-band ESR
system to provide the microwaves, dc and modulated magnetic fields. The measurements
presented here were carried out at approximately 5 K and a steady photo current of a few µA
was facilitated by a dc voltage from a battery source and white light from a halogen lamp. A
lock-in amplifier provided the modulation signal at 1.23 kHz, and was also used to detect the
EDMR signal from the device current.
The character of the EDMR spectra expected from Si:P are as for conventional ESR. An
isolated donor electron, with S = 1/2 coupled to I = 1 /2 31P nucleus, results in a hyperfine split
doublet centred at g = 1.9987 (~3473 G in the spectra below) with ~42 G splitting [1]. If
donor pairs or clusters are present (exchange coupled), a central line may also exist [5].
Charge traps also result in ESR lines. In particular an electron at an interface dangling bond
(Pb centre) is commonly observed (two overlapping broad lines at g ~ 2.004 and 2.008 for the
magnetic field B 0 parallel [110], often appearing as a single very broad line at g = 2.0055).
3.

Results
EDMR spectra collected for the three P concentrations and the various surface types are
illustrated in Figs 2a, b and c. In all cases the maximum P and P b signals occur with the
thermal oxide surface. This is perhaps unexpected given that the thermal oxide should have a
much lower P b trap areal density than the native oxide. The results for the thermal oxide cases
are reproduced for direct comparison in Fig 2d. Surprisingly there is little variation in the
signals as a function of P concentration, over nearly 3 orders of magnitude, and indeed are
slightly smaller at the higher concentration (10 17 cm-3).
Integrated signal strengths are estimated for comparison and summarised in Table 1.
The trend is clear with the P and P b signal magnitudes moving in concert. The devices with
thermal oxide surfaces have the largest signals, while native oxides have the smallest (of the
pre-prepared set). These trends are virtually independent of the P concentration. The H- and
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D-terminated surfaces provide signals intermediate between the other two.
These
preparations, however, do not appear to represent true trap free interfaces when compared to
the results in Fig 3, where much smaller signals were obtained from a freshly prepared (i.e.
just prior to measurement) SiH surface.

Fig. 2. (a), (b) and (c) are EDMR signals collected at ~5 K for Si:P devices with 3 x 10 15, 2 x 1016 and 1 x 1017 P
cm-3 respectively, for various surface types as labelled. The data in (d) are the thermal oxide results repeated for
direct comparison.

Fig. 3. EDMR signals collected at ~5 K for Si:P device with 1 x 10 17 P cm-3, with native oxide surface and
immediately following a HF etch which replaced the oxide with a hydrogen terminated surface.

Table 1. Parameters from least squares fits to the spectra.
sample

sample parameters
(concentrations in cm-3)

J1

1E17 doped native oxide

Signal (Arb. Units)
P doublet
Centre
(total)
1374
750
76

N3

1E17 doped thermal oxide

4366

3052

152

J9

1E17 doped SiH

1294

1390

87

A12

1E17 doped SiD

2345

2166

141

D3

2E16 doped native oxide

644

652

55

V4

2E16 doped thermal oxide

5905

3802

44

D4

2E16 doped SiH

1140

3536

44

D11

2E16 doped SiD

712

1842

57

L4

3E15 doped native oxide

427

378

0

Y3

3E15 doped thermal oxide

3084

3858

53

J10

1E17 doped native oxide

351

314

8

J10

1E17 doped SiH (fresh)

24

58

3

Pb

4.

Discussion
These results clearly demonstrate that a photocurrent recombination model for EDMR
in Si:P requiring the presence of deep charge traps is valid. There is an optimal relative
concentration of traps to donors to get large EDMR resonances. Too many traps (eg native
oxide) deplete donors. With too few traps (fresh SiH) the recombination path is blocked (NB
our large area pre-prepared SiH and SiD were likely degraded between preparation and
measurement c.f. the freshly dipped case). Anecdotally, from our measurements the thermal
oxides in combination with bulk P densities between 10 15 to 1016 cm-3 seems optimal for
maximum strength EDMR signals. Good thermal oxides on Si typically have an interface
trap density of ~10 11 cm-2 eV-1 [6] which corresponds to an average spacing of about 3 x 10 -6
cm. While 3 x 10 15 and 2 x 1016 P cm-3 have average donor spacings of 7 x 10 -6 cm and 3 x 10-6
cm respectively.
One other puzzle is the lack of variation in the P central line. Paired and clustered
donors should be present in reasonable numbers only at higher (1x10 17 cm-3) P concentrations.
It could be that some of this small signal is associated with regions of straggle near the
implanted leads.
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Pulsed ESR Measurement of Coherence Times in Si:P at Very Low
Temperatures
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a

b

ARC Centre for Quantum Computer Technology.
School of Physical, Environmental and Mathematical Sciences, The University of New South
Wales, ADFA, Canberra, ACT 2600, Australia.
c
School of Engineering and Information Technology, The University of New South Wales,
ADFA, Canberra, ACT 2600, Australia.
A purpose built millikelvin pulsed x-band ESR system is used to measure spin
decoherence times of phosphorus donor spins in 99.92% isotopically pure
28 silicon. The isolated P spin T 2 is estimated at 260 (50) ms at 4.2 K and
330 (100) ms at 0.9 K.

1.

Introduction
Phosphorus donor atoms ( 31P) in silicon (Si:P) are expected to have very long (both
nuclear and electron) spin relaxation times at low temperature. This combined with the
obvious compatibility of silicon with existing device fabrication technology, makes this
system of interest as a potential basis for quantum computing (QC) [1]. In Si:P, the dephasing
of the donor electron spin represents the decoherence time of the device (single qubit
decoherence). Pulsed electron spin resonance (ESR) offers a convenient and most effective
way to study this dephasing. The original pulsed ESR studies of Si:P were conducted decades
ago [2,3]. However, since the renewed interest in Si:P for QC applications, further work has
been done. In particular, a projected isolated spin decoherence time (T 2) of 60 ms in an
epilayer of isotopically enriched 28Si at 7 K was reported more recently [4]. There is
considerable potential for this number to be improved (i.e. lengthened). In particular
improvements in the 28Si purity are important since secondary hyperfine interactions between
the donor spin and nuclear spin of I = # 29Si nuclei are a significant source of line broadening
and spin decoherence. Also reduced phosphorus concentrations are desirable in the quest to
establish T2 in the single spin limit when using an ensemble measurement. There is an
intrinsic decoherence caused by ensemble rotation of the refocusing pulse in an electron spin
echo sequence and although this effect, also know as instantaneous diffusion (ID), may in
principle be removed though the projection technique described below, there is a limit to the
practical deconvolution of components with vastly different time scales. Finally lowering the
temperature also has potential. Not only does the spin lattice relaxation rate (T 1), which
provides the upper limit on T 2, get extremely long in Si:P at low temperature, but recently it
has been suggested that decoherence based on pairwise interactions such as dipolar
interactions can be suppressed at very low temperatures [5].
With an aim to extend such Si:P decoherence time measurements we have assembled a
millikelvin X-band pulsed ESR system [6,7]. Here we report on some preliminary Si:P
decoherence time measurements using a bulk 99.92% pure 28Si wafer with doping of
5 x 1015 P cm-3 from which we estimate isolated spin T 2‘s for phosphorous donor electron
spins in excess of 100 ms.
2.

Experimental details
The dilution fridge based pulsed ESR system used in this work has been described
elsewhere [6,7]. The sample used was a piece of bulk, phosphorus doped, isotopically
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enriched 28Si (28Si:P) with the concentration ~5 x 1015 P cm-3 as determined by Hall bar
measurements. Electron spin echo (ESE) pulse sequences were performed with the typical ( &/
2-$-&-$-echo) set at (16ns-$-32ns-$–echo). The resonant frequency used was approximately
9.4 GHz, and we tune the system and magnetic field to resonate the higher field (lower g
factor) resonance satellite of the Si:P hyperfine split doublet since this line is clear of any
extraneous surface charge trap resonance lines. With our set-up, ESE can be carried out at
temperatures down to 60 mK. However, to sensibly follow the trends in the coherence time
and allow the use of light to reset the spins between pulse sequences, ESE measurements were
carried out at 4.2 K, 0.9 K and 0.2 K.
As mentioned above, the spin lattice relaxation time (T 1) for Si:P becomes very long at
low temperatures. For P concentrations below ~10 16 cm-3 the rate varies with a T 7 power
down to 2 K and continues at T 1 below 2 K , with T1 reaching >1000 s at 1.2 K [8]. This
represents a major obstacle for signal averaging in ESE experiments since a delay of ~5 times
T1 should be applied between each pulse sequence. However other workers [8] have shown
that T1 could be shortened dramatically by the application of above band gap light (>
~1.0 µm). In this work we used 1 s wide light bursts (20 mW of 532 nm green laser light
directed down a plastic light guide), followed by a 60 s wait time, between each pulse
sequence. This choice of sequence was based on a comprehensive study of the effect of light
performed in our earlier work [6,7]. Such a sequence generated a significant shortening of the
relaxation time at temperatures down to 0.9 K, but no effect on the resulting shape of the echo
decay curves as compared to waiting for much longer long times between pulse trains.
The Si:P echo decay results are fitted using the following expression:
V(!) = V0exp["(2! /TM)" (2! /TSD)n]
where TM is the ensemble exponential decay time constant, which incorporates several terms
detailed below, TSD is the spectral diffusion (SD) decay time associated mainly with
interaction with 29Si nuclei and n is an exponential stretching factor varied between 2 and 3
for different SD regimes by different authors [2,9]. The intrinsic phase memory time, T2, also
defined as a decoherence time of an isolated electron spin free from the effect of ID, is
derived from TM and TID via the relationship 1/TM = 1/T2 +1/TID. Where TID may be estimated
from 1/TID = C"µg2µB2sin2(!/2)/(9!3%) where C is the concentration of the excited electron
spins (for a concentration P in the sample, P = 2 C), µ is the permeability of crystalline silicon,
g is the g-factor of the donor electron, µB is the Bohr magneton and ! is the turn angle of the
refocusing pulse.
In the case of the highly isotopically pure sample used here, we find that the T SD term
can be largely ignored based on the fact that the echo decays can be fitted well to obtain
estimates of TM with a single exponential function. To estimate T 2, we use the approach used
by [4] in Si:P, and originally developed by [10] where it was recognised that since T ID is
proportional to sin 2(!/2) it is better to carry out a series of experiments with different values
of ! and then project to ! = 0 to find the value of T 2 rather than relying on a multi-parameter
fit of a single data set.
3.

Results
Echo decay data collected for the bulk 28Si:P sample at temperatures of 4.2K, 0.9 K and
0.2 K with various second pulse turn angles are shown in Figs 1, 2 and 3 respectively. The
resulting ensemble T M values are also listed on these figures. There is a trend apparent that
the TM values for 0.9 K are longer than at 4.2 K for the same value of !. However the data at
0.2 K is much noisier and does not show clear trends. We merely include this later data here
to demonstrate the capability of the system, but presume that the light resetting regime fails at
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this lower temperature. The 4.2 and 0.9 K data are, therefore only used to generate the 1/ T M
v sin2(!/2) plots of Fig 4. From such plots a linear projection to the sin 2(!/2) = 0 axis yields
estimates of the isolated T 2 values. From this data we obtain T 2 = 260 (50) ms at 4.2 K and
330 (100) ms at 0.9 K.

Fig. 1. Si:P ESE decay data for various refocusing pulse turn angles ( !) at 4.2 K.

Fig. 2. Si:P ESE decay data for various refocusing pulse turn angles ( !) at 0.9 K.

Fig. 3. Si:P ESE decay data for various refocusing pulse turn angles ( !) at 0.2 K.
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Fig. 4. 1/ TM v sin2(!/2) plots from the ESE data at 4.2 and 0.9 K.

4.

Discussion
In this paper we have presented ESE data collected for a bulk 28Si:P sample. By using a
projection to zero of the second pulse tip angle to remove the effect of instantaneous diffusion
(ID), values of the isolated decoherence times of ~260 ms and ~330 ms are found at 4.2 K and
0.9 K respectively. Additional data at 0.2 K shows the capability of our system but also
indicates that the use of high power visible light to reset spins is problematic at low
temperatures. Additionally it is noted that the theory of ID would suggest that the slope of 1/
TM v sin2(!/2) plots should depend only on the P concentration. It is curious therefore that the
4.2 K and 0.9 K data show apparently different slopes and that both of these correspond to
values of C considerably lower than the ~2 x 10 15 cm-3 expected from the Hall bar estimate for
the sample. While it is common place for ESE estimated concentrations to be somewhat
lower than that from bulk resistivity type measurements [6,7,9,11], in this case they seem
excessively so at 4 x10 14 cm-3 and 3.5 x 1014 cm-3 respectively. We conclude that the low
absolute values for effective concentrations may be caused by the light resetting process not
being effective for all of the spins in the sample. Better measurements may be possible if near
band gap light (around 1 µm) is used instead of visible light as was found to be optimal at
shortening T1 in CWESR [8].
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Unbound Surface and Bulk Electron Energy Bands for Al(111) Surface
M.N. Read
School of Physics, University of New South Wales, NSW 2052, Australia.
We calculate bound and unbound surface and bulk energy bands for Al(111) at
300 K and k|| " 0 that incorporate inelastic electron-electron interaction and a
realistic surface barrier. Five unbound surface state resonances, not previously
predicted, are found and their origins analysed.
1.

Introduction
It has recently been suggested that ultraviolet angle-resolved two-photon photoemission
could map directly the unoccupied bands of crystals [1] and a simplified one-dimensional
energy band model for the Al(111) surface was used to illustrate the process. Here we
calculate the complete realistic bulk and surface energy bands for Al(111) at 300 K for
reduced wave vector k " (k||, k#) " (0, k#) $ " and ! 8.5 to 50 eV above the Fermi energy, Ef.
We also discuss the origins of the recently predicted surface state resonances in this energy
range above the vacuum level, Evac [2]. The theoretical predictions here should assist in
planning and analysing two-photon and other photoemission and inverse photoemission
experiments.
2.

Method
We use a 2D layer Green function and transfer matrix method to calculate the bulk and
surface band structure as detailed in Ref. [2]. The Al crystal potential is taken from Ref. [3]
but we use lattice constant 4.0496 Å to correspond to 300 K. The spherical ion-core potential
at the surface is overlapped with a realistic surface barrier potential shown in Ref. [2] to
provide a non-spherical contribution to the surface potential. Ref. [3] uses a local exchangecorrelation (xc) functional. Excited states of Al have also been calculated using the
CRYSTAL98 software [4] with a non-local xc functional. The advantage of the latter
compared with experiment is yet to be evaluated.
3.

Results and Analysis
Fig. 1 shows a calculation of energy bands without correction for the electron manybody self-energy, $ for the higher energy bands. Fig. 2 shows bands with that correction for
the imaginary part Im $ that represents inelastic electron-electron interaction. For the present
surface and k " (0, k#), we obtain the bulk band structure corresponding to "(#)L for Al.
In Fig. 1, the blue/black (dotted) lines correspond to bulk energy bands for propagating
bulk wave functions (Im k# " 0) and these agree with those of Ref. [5] where the symmetry
of the bands is also given. The band structure is complicated between ~ 10 to 35 eV because
of 3d and 4f bands. For a surface, bulk wave functions which are attenuating in space
(evanescent) near the surface region are also relevant and these have finite values of Im k#.
Absolute, symmetry or partial band gaps for each value of k|| occur between critical points
(maxima and minima) of bands which have only finite values for Re k# and have propagating
wave functions. These bands are blue/black in Fig. 1. The gaps are spanned by lines (for Re
k#) and loops/half-loops (for Im k#) that have finite values for Re k# and Im k# and have
attenuating wave functions. These are orange/grey in Fig. 1. In the figures lines and
loops/half-loops that correspond to attenuating wave functions which have very large values
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Fig. 1. Bulk and surface energy bands for Al(111) surface and k " (k||, k#) " (0, k#) without inelastic electron
interaction. Bulk states with propagating wave functions are blue/black. Lines and loops/half-loops mark
positions of band gaps, have attenuating wave functions and are orange/grey. Surface states or resonances are
red/grey horizontal lines.

of Im k# in this energy range are not shown since their effect is negligible. Wave functions
with finite Im k# that attenuate towards the interior of the crystal may form the bulk part of a
surface state or resonance if the wave function and derivative can match the form of the wave
function through the surface and barrier potential regions.
Calculations have shown this to be the case for the surface state shown in Figs 1 and 2
near ! 4.5 eV in the absolute band gap for k|| " 0 near this energy at L and for the first two of
the Rydberg series of image resonances near 4 eV. These are shown as red/grey horizontal
lines in the figures. The wave functions of these image resonances attenuate very rapidly in
the crystal while that of the surface state attenuates slowly. There is a small loop
(orange/grey) near ! 4.5 eV for Im k# which is not easily resolvable on the scale of this
diagram. This state and these image resonances have been found experimentally and
confirmed in a number of calculations.
Our recent calculations [2] have found a number of unbound surface state resonances
that have not been theoretically predicted before. Five have been plotted in Fig. 1 as red/ grey
horizontal lines. The vacuum level, Evac is at 4.24 eV in these diagrams which is the value of
the work function above Ef. Fig. 1 is not realistic in the energy range of unbound bands
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because inelastic interactions are not included. Hence a number of other surface resonances
found in this case but found not to survive inelastic interaction are not plotted in Fig. 1. The
surface resonance near 11.2 eV in Fig. 1 is in a small symmetry gap between the L3´ and L3
points of the bulk band structure and closer to the higher L3 point. L3´ is p-like and L3 is d-like
and hence this surface resonance is most likely pd-like. This resonance is independent of the
surface barrier shape and it arises because of the absence of the next atomic row at the
surface. Hence it is a Tamm-type surface resonance. The surface resonance near 12.6 eV in
Fig. 1 is in a symmetry gap between the "25´ (d-like) and "15 (p-like) points and closer to the
lower "25´ point. It is most likely to be pd-like and is a Tamm-type surface resonance also.
Between 12.6 eV and 16 eV other resonances of this type are found but are damped out when
inelastic effects are included. In Fig. 1 at 20.3 eV and |Re k#| " 0.35 Å!1 there is actually a
small #1 symmetry gap between bands that appear to cross that is not discernable in this
diagram. A strong surface resonance occurs at this energy which involves reflection from the
surface barrier. Hence this is a Shockley-type resonance and has spd-character. There are
other weaker resonances of this type between 16 and 28 eV but are damped out when the
inelastic interaction is included. Two image barrier resonances are found at 28.1 and 28.5 eV.
Fig. 2 shows bands with the correction Im $ of the self-energy which represents
inelastic electron-electron interaction which begins at Ef. The energy variation of Im $
" ! |Uin| is shown in Ref. [2] and the maximum value of |Uin| is 4.1 eV and is reached near
20 eV and for higher energies. We note that the lines (orange/grey) of Fig. 1 form spanning
lines between bands in Fig. 2 and tend to close gaps with the bands becoming more planewave like. Above Ef all wave functions become evanescent when the self-energy correction is
included. Bulk bands that can act as final states for a source of electrons interior to the crystal
surface (photoemission) have Im k# negative and are above Evac and shown green/grey. Bulk
bands that can act as final states for a source of electrons exterior to the crystal surface have
Im k# positive and are above Evac and shown in black. This bulk band structure for the realistic
surface in the range ~ 5 to 35 eV where the complicated 3 d and 4f bands lie does not appear to
have been calculated previously.
Fig. 2 also shows the previously calculated surface resonances when inelastic effects are
included. We find that the two Tamm surface resonances at 11.2 and 12.6 eV in Fig. 1 are now
at 11.1 and 12.5 eV and are little affected by inelastic effects since it is weak in this energy
range. Also the image resonances at 28.1 and 28.5 eV in Fig. 1 are also little affected because
they are more detached from the inelastic interactions as their wave function does not extend
far into the crystal. However the Shockley-resonance at 20.3 eV in Fig. 1 now moves down to
18.5 eV due to inelastic interactions which have reached near maximum value at this energy.
No other surface resonances have been found in the present calculation for ~ 29 to 50 eV
when inelastic effects are included.
The real part of the self-energy Re $ gives the energy variation of the crystal inner
potential, U0 for higher energy electrons and has not been included in Fig. 2. This correction
!U0, would lower the energy of bands above Evac as a function of energy which would vary
from !U0 " 0 at Evac, up to !U0 " ~ 3 eV at 50 eV. The two lower energy surface resonances
will be little affected by this correction but the position of the barrier-dependent surface
resonances at 18.5 and ~ 28 eV may be lowered by ~ 1 to 2 eV.
There is some early experimental evidence for the surface resonances at 11.1 and 12.5
eV from surface soft-X-ray absorption spectroscopy that finds resonance features centred at
12.1 eV [6].
4.

Conclusion
We have predicted five unbound surface resonances on the Al(111) surface that have not
been calculated before. The present method is suited to analyse these above-vacuum level
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Fig. 2. Bulk and surface energy bands for Al(111) surface and k " (k||, k#) " (0, k#) with inelastic electron
interaction included. Bulk states below Ef with propagating wave functions are blue/black. Lines below Ef have
attenuating wave functions and are orange/pale-grey. Bulk states above Ef all have attenuating wave functions
and can act as intermediate states in photoemission. States above 4.24 eV ( Evac) that can act as final states in
photoemission are green/grey. Surface states or resonances are red/grey horizontal lines.

surface resonances where many other methods are not applicable. The existence of these
unbound surface resonances and bulk states can be verified by photoemission and inversephotoemission spectroscopies. The full surface and bulk band calculation given here should
aid the analysis of these experiments.
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Defect Perovskites in the Sr1-xM1-2xNb2xO3 (M = Ti, Zr) Family
W.R. Brant and S. Schmid
School of Chemistry, The University of Sydney, NSW, 2006, Australia.
A number of samples have been synthesised in the Sr1-xTi1-2xNb2xO3 system
within the composition range 0 < xDQGLQYHVWLJDWHGXVLQJV\QFKURWURQ
X-ray powder diffraction data. The symmetry was found to remain cubic
Pmm across the solid solution range 0 d x d 0.2 and for temperatures between
90 and 1248 K. Whereas the Sr1-xTi1-2xNb2xO3 system intercalated ~0.075(1)
mol of lithium chemically the analogous Sr1-xZr1-2xNb2xO3 system was able to
intercalate up to 0.5 mol of lithium electrochemically.
1.

Introduction
Compounds that can reversibly intercalate lithium have the potential to be used as
cathodes in rechargeable lithium ion batteries. Two characteristics of cathode materials, the
availability of interstitial or defect sites for the incorporation of lithium and the presence of
reducible cations able to accept electrons from an external circuit, are found in some A-site
deficient perovskites.
The SrxNbO3, 0.7 d x d 1, solid solution having niobium in both oxidation states +IV
and +V whenever x < 1, has been reported to adopt the ideal cubic perovskite structure across
the whole solid solution field. Despite intensive searching when data were collected on good
quality single crystals no additional reflections were detected [1]. This indicates random
ordering between strontium and vacancies on the perovskite A sites. Given the vacancies in
the structure (particularly at the low strontium end of the solid solution) and the
accompanying presence of niobium +V, which can be easily reduced by lithium metal, this
solid solution appeared to be an interesting candidate to investigate lithium intercalation
properties. As niobium +IV is not stable at high temperatures in air but rather gets oxidised,
previous syntheses of the solid solution were conducted in high vacuum. Substitution of all
niobium +IV by zirconium +IV or titanium +IV allows syntheses to be carried out in air.
An investigation was undertaken in the SrO-ZrO2-Nb2O5 system to see whether an
analogous solid solution is indeed formed, what the extent of the solid solution range is and
whether this material has the potential to intercalate lithium ions reversibly. The composition
range was established as Sr1-xZr1-2xNb2xO3, 0 [   DQG WKH UHVXOWLQJ VWUXFWXUHV
characterised using high resolution neutron powder diffraction data. While structures in this
composition range are closely related to the cubic perovskite parent the symmetry for all
investigated compositions is lowered to tetragonal or orthorhombic. For x < 0.15 the resulting
space group is tetragonal I4/mcm, for x > 0.15 it is orthorhombic Pnma and for x = 0.15 two
phases co-exist, in space groups I4/mcm and Imma [2].
The aim of this study is to synthesise a number of defect perovskites for the analogous
titanium system and investigate their structures using synchrotron X-ray powder diffraction.
In addition the chemical and electrochemical lithium intercalation properties of the two
systems will be investigated and compared.
2.

Experimental Method
Polycrystalline samples of several members of the Sr1-xTi1-2xNb2xO3 (0 < x  VHULHV
were prepared via conventional solid state reactions. Stoichiometric amounts of the starting
materials SrCO3, TiO2 and Nb2O5 were finely ground in acetone using a mortar and pestle.
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The powder samples were heated at 1100 °C for 15 hours then pressed into pellets and fired at
1300 °C for a further 24 hours, 48 hours and 72 hours with intermittent re-grinding. The
reaction progress was monitored using a PANalytical X’Pert PRO MPD X-ray diffractometer
set up in Bragg PDS mode, equipped with a PIXcel detector using Cu.Į radiation. Subsequent
synchrotron X-ray analysis was carried out on samples in the range 0 < x 
High resolution synchrotron X-ray diffraction patterns were collected on the powder
diffraction beamline, 10-BM, at the Australian Synchrotron using the MYTHEN microstrip
detector [3] and a Si(111) monochromator that accepts the beam directly from a bending
magnet source. Using LaB6 (NIST standard 660a) the wavelength was accurately refined.
Samples for collection at room temperature and low temperature were packed into 0.3 mm
glass capillaries. Samples for collection at high temperature were packed into 0.3 mm quartz
FDSLOODULHV'DWDZHUHFROOHFWHGLQWKHșUDQJH-83 ° in two frames shifted by 0.5 ° in order
to cover the 0.2 ° gaps between the modular detectors every 5 °. High temperature data were
collected using the hot air blower attachment (300 K – 1248 K) and low temperature data
were collected using the cyrostream attachment (90 K – 300 K).
3.

Results

3.1

Composition range of the Sr1-xTi1-2xNb2xO3 series
The composition range of the Sr1-xTi1-2xNb2xO3 series has been carefully re-investigated.
Previous results were somewhat contradictory and interpretations were based on laboratory
X-ray diffraction rather than high resolution synchrotron X-ray or neutron powder diffraction
[4-7]. The composition range can be divided into roughly three portions (see Figure 1).

Fig. 1. Partial SrO-TiO2-NbO2.5 phase diagram highlighting the existence of the Sr1-xTi1-2xNb2xO3 series.

In the region 0 [ UHGGRWV ZHILQGWKHFXELF Pmm Sr1-xTi1-2xNb2xO3 solid solution
with minor intergrowth of SrTiO3. Between 0.125 < x  EOXHGRWV ZHFDQDOZD\VJHWWKH
pure solid solution phase, while at higher vacancy concentrations (black dots) the x = 0.2 end
member and the Sr3TiNb4O15 tungsten bronze are formed. This is in contrast to the related
Sr1-xZr1-2xNb2xO3 phases, where x can be as high as ~0.28, but the symmetry changes from
Pnma, to Imma and I4/mcm with increasing vacancy concentration.
3.2. Synchrotron X-ray Powder Diffraction of Sr1-xTi1-2xNb2xO3 (0  x  0.2)
Synchrotron X-ray powder diffraction patterns were collected for all compositions
synthesised in the region 0  x  0.2. In the samples from region 1 reflections attributed to
SrTiO3 persisted, but no additional superlattice reflections where observed in any of the
patterns. This lack of additional superlattice reflections suggests that the structure of the
Sr1-xTi1-2xNb2xO3 series is identical to that of the end member SrTiO3, that is, an ideal cubic
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perovskite. Thus, the best fit and most stable refinement obtained for all of the structures in
the Sr1-xTi1-2xNb2xO3 (0 [ VHULHVDSSOLHGWKHVSDFHJURXSV\PPHWU\Pmm (see Figure
2). All Rietveld refinements were carried out using the Jana2006 package [8].

Fig. 2. X-ray powder diffraction pattern for the Sr0.8Ti0.6Nb0.4O3 sample collected at the Australian
6\QFKURWURQ Ȝ Å; space group Pmm).

The ideal bond lengths of Nb5+ (1.965 Å) and Ti4+ (1.978 Å) to oxygen in octahedral
coordination, as determined via bond valence sums [9], are roughly equivalent so substitution
of one for the other should cause little disruption to the structure. This however, does not
consider the effects of the vacancies produced in substituting Nb5+ for Ti4+. The generation of
a vacancy leads to the surrounding oxygen anions becoming partially under-bonded. In this
circumstance, the oxygen anions shift slightly closer to adjacent strontium cations to maintain
their bonding requirements. Thus, it was expected that, with the combination of B cations and
vacancies on the A-site, distortions may be occurring locally without periodically translating
to long range order. Such short range order would result in diffuse scattering, which should be
observable in electron diffraction patterns. These octahedral rotations, even if only on a local
scale, would still lead to lower than expected thermal expansion.
3.3 Thermal expansion of Sr1-xTi1-2xNb2xO3 (x = 0.2)
Variable temperature synchrotron X-ray powder diffraction data have been collected for
Sr1-xTi1-2xNb2xO3 (x = 0.2) from 90 K – 1248 K. Figure 3 shows the evolution of the cubic cell
dimension over this temperature range.

Fig 3. Cell parameters for Sr0.8Ti0.6Nb0.4O3 from 90 K – 1298 K.

7KHWKHUPDOH[SDQVLRQFRHIILFLHQWFDOFXODWHGIURPWKHVHGDWDLVĮ   [-6 K-1,
ZKLFK LV VLJQLILFDQWO\ VPDOOHU WKDQ WKH YDOXH RI Į     [ 10-5 K-1 for the x = 0 end
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member, i.e. SrTiO3. This result suggests that the octahedral rotations are more prominent in
Sr0.8Ti0.6Nb0.4O3 than in the parent compound SrTiO3. This can be explained by considering
what occurs to the size of the unit cell when octahedral tilting occurs. For an ideal cubic
perovskite the Ti/Nb-O-Ti/Nb bond angle is 180 °. If the structure is slightly distorted,
however, this angle begins to deviate away from 180 °. As the structure is heated then an
increase in the lattice vibrations will lead to a greater deviation from 180 ° on average. As the
angle deviates further from 180 °, the distance between adjacent B-site cations will decrease,
reducing the expansion of the unit cell. It would thus appear that the A-site vacancies allow
stronger octahedral rotation, without locking into a lower symmetry phase.
3.4 Lithium intercalation investigations
Lithium intercalation into the Sr0.8Ti0.6Nb0.4O3 phase was performed using nbutyllithium in boiling hexane for up to 7 days. The resulting phase changed colour from
white to blue-grey and was analysed using synchrotron powder X-ray diffraction and
inductively coupled plasma atomic emission spectroscopy (ICP-AES). Both techniques
indicate that a small amount of lithium was incorporated. The cell dimension changes from
3.928021(1) to 3.928831(1) Å and the molar mass increases from 183.98 for Sr0.8Ti0.6Nb0.4O3
(calculated) to 184.5 for LiySr0.8Ti0.6Nb0.4O3 as determined from ICP-AES (y = 0.075(1)). In
contrast Sr0.75Zr0.5Nb0.5O3 has been shown to intercalate up to y = 0.5 Li per formula unit on
electrochemical intercalation in a swagelock cell [10].
Conclusions
The series of defect perovskites show differences in both structure and lithium
intercalation properties. The Sr1-xZr1-2xNb2xO3 (0 [ V\VWHPKDVDZLGHUFRPSRVLWLRQ
range, but shows a series of phase transitions, while the Sr1-xTi1-2xNb2xO3 (0 d x d 0.2)
analogue has a somewhat narrower composition range, but does form a cubic solid solution.
The highest concentration of vacancies, however, in the titanium phase seems to be too low to
allow effective lithium intercalation, while the zirconium compound with the highest vacancy
concentration intercalates lithium quite readily. Further investigations will aim to improve the
properties of the titanium system by stabilising a phase with nominally higher numbers of
vacancies on the A-site.
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Investigating the Structural Behaviour and Phase Transitions of the
Ba2xSr2-2xTiSi2O8 Series of Compounds
P.K. Allen and S. Schmid
School of Chemistry, The University of Sydney, NSW, 2006, Australia.
We have synthesised powder samples across the Ba2xSr2-2xTiSi2O8
(x = 0.0 - 1.0) composition range. At ambient temperature, the x = 0 end
member (Sr2TiSi2O8) crystallised as a mixture of tetragonal P4bm and
orthorhombic Cmm2 structures with a transformation to a pure Cmm2 phase at
approximately 480 K. However, all other samples in the 0.1[UDQJH
formed with only the P4bm phase.
1.

Introduction
At ambient temperature, the fresnoite family of compounds with the general formula
A2BM2O8 (A = Ba, Sr; B = Ti, M = Si, Ge) crystallises in a tetragonal structure with space
group P4bm and can be described from corner-linked TiO5 square pyramids and M2O7 groups
that form flat sheets perpendicular to the [001]-direction and are interconnected by 10-fold
coordinated A-cations (Fig. 1). The fresnoite structure type is one of several possible
alternatives currently being investigated to replace PZT and other lead-based ferroelectric
materials because of their potential to exhibit excellent piezoelectric properties [1-2].
Understanding the structural chemistry of these materials is critically important for the
development of new materials with optimised physical properties that are comparable to or
better than the currently available lead-based compounds.

Fig 1. The fresnoite Ba2TiSi2O8 structure projected along the a (left) and c (right) directions. The large barium
cations exist in cavities formed between (001) sheets of corner-linked TiO5 and SiO4 polyhedra.

The Ba2TiSi2O8 (BTS), Ba2TiGe2O8 (BTG), and Sr2TiSi2O8 (STS) family members are
structurally well characterised [3-6]. Recent research efforts have been directed towards the
study of incommensurate modulations in these structures along the a* and b* directions using
quantitative high resolution transmission electron microscopy and rigid unit mode analysis
[7-8]. It has been reported that the formation and nature of the incommensurate modulations
in fresnoite and structurally similar compounds is highly dependent on the chemical
composition. Höche et al. commented that the ratio of ionic radii of the atoms on the A and M
sites determines the likelihood of the formation of specific solid solutions in the series [3, 9].
Based on X-ray diffraction data, complete miscibility across the Ba2xSr2-2xTiSi2O8 series was
suggested, but no detailed results have been published. This paper reports the synthesis and
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structural phase transitions of members of the fresnoite family within the compositional range
Ba2xSr2-2xTiSi2O8 (x = 0.0 – 1.0).
2.

Experimental Method
Samples of Ba2xSr2-2xTiSi2O8 (x = 0.0 – 1.0 in x = 0.1 steps) were prepared via
conventional high temperature solid state reactions. Powders of pre-dried BaCO3 (99.98 %),
SrCO3 (99.9 %), TiO2 (99.9 %), and SiO2 (99.95 %) were weighed in the stoichiometric ratio
2:1:2 taking into account the Ba/Sr ratio of each specific composition. Samples were ground
thoroughly under acetone and heated in multiple stages according to their composition. All
samples were heated at 1000 °C, 1100 °C, 1200 °C for 20 hours in powder form with periodic
regrinds. Samples in the x = 0.0 - 0.4 range were then heated at 1200 °C and 1250 °C in pellet
form with periodic regrinds to avoid the formation of a secondary SrTiO3 phase. Samples in
the x = 0.5 - 1.0 range were heated as above with an additional heating step at 1275 °C in
pellet form for one week.
Synchrotron X-ray diffraction (XRD) data were collected on the powder diffraction
beamline, 10-BM [10], at the Australian Synchrotron using the MYTHEN microstrip detector
[11] and a Si (111) monochromator that accepts the beam directly from a bending magnet
source. The samples were housed in 0.3 mm diameter capillaries that were aligned concentric
to the rotation axis of the three-circle diffractometer. The wavelength was refined to
0.826108 Å using LaB6 (NIST standard 660a). Data were collected over the angular ranges
1.0 < ș < 81.5o in two frames, shifted by 0.5o in order to cover the 0.2o gaps which are
inherent in the detector and occur every 5o. Structure refinements were carried out by the
Rietveld method using Jana2006 [12]. The diffraction peaks were described by a pseudoVoigt function and the background was estimated from 15 terms of Chebyshev polynomials.
3.

Results

3.1

Structure of the Ba2xSr2-2xTiSi2O8 series
The unit cell parameters a, c and cell volume of the Ba2xSr2-2xTiSi2O8 series are plotted
in Fig. 2. The linear x-dependence of each parameter across the series indicates that a solid
solution is formed across the entire Ba2xSr2-2xTiSi2O8 composition range as barium ions are
substituted for strontium ions.

Fig. 2. Unit cell parameters a, c and unit cell volume as a function of composition for the series Ba2xSr2-2xTiSi2O8
(0.0 x  DWDPELHQWWHPSHUDWXUH

3.2. New evidence of phase transition in Ba2TiSi2O8
XRD data have been collected on Ba2TiSi2O8 between 125 – 1223 K. The unit cell
parameters and cell volume for Ba2TiSi2O8 are provided in Fig. 3. There exists a change in
gradient of the unit cell parameters at ~433 K, which is consistent with a reported transition
that coincides with an unusual maximum in the pyroelectric and dielectric coefficients of
Ba2TiSi2O8 [13]. Further studies explained the disappearance of satellite reflections in
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transmission electron micrographs from Ba2TiSi2O8 on heating above 433 K, suggesting that
the transition involves the removal of the structural modulation on heating. The correlation
between this structural transition and anomaly in the physical properties demonstrates the
high importance of understanding the subtle structural changes in fresnoite and related
compounds for the identification of specific compositions and temperatures for materials with
the maximum possible piezoelectric and dielectric response coefficients.
This new evidence of the change in gradient of the unit cell parameters a and c builds on
the work of Markgraf et al. [13] to provide further structural evidence of the transition
involving the removal of the modulation above 433 K.

Fig. 3. Unit cell parameters a, c and cell volume as the temperature of Ba2TiSi2O8 is increased from 125
K to 1223 K. Blue and red data points indicate data collected using a low-temperature and high temperature
attachment, respectively.

Interestingly, the change in the gradient of change of the unit cell parameters a and c at
433 K cancel each other out such that a linear change in the unit cell volume between 125 –
1223 K results.
3.3 Unusual Phase Behaviour of Sr2TiSi2O8
Variable temperature synchrotron X-ray diffraction data were collected on Sr2TiSi2O8
between 125 – 1273 K. Structural refinements against the room temperature data confirmed
that two different Sr2TiSi2O8 phases coexist at room temperature as first suggested by electron
diffraction [4]. The unit cell parameters for the tetragonal P4bm and orthorhombic Cmm2
Sr2TiSi2O8 phases are provided in Fig. 4.

Fig 4: The change in unit cell parameters a and b in the Cmm2 phase (red and green, respectively) overlayed
with unit cell parameter a for the P4bm phase (black) between 125 - 1273 K.

Fig. 4 shows a discontinuity in the unit cell parameters on heating at 480 K,
corresponding to a structural phase transition of the P4bm to Cmm2 phase. The onset of the
phase transition occurs at approximately 400 K and is complete at approximately 480 K.
Analysis of the unit cell parameters above 1000 K in Fig. 4 suggests that a second phase
transition is also present at approximately 1273 K, where the orthorhombic cell axes a and b
converge back to a tetragonal setting. It is uncommon for a structure to undergo a symmetry
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lowering transition on heating. However, several examples have been published for a variety
of different structure types, including Rochelle salt, a well understood piezoelectric material
[14]. Further XRD data at higher temperatures will be collected to confirm the existence of
this transition.
Conclusions
X-Ray diffraction data have been collected on members of the fresnoite family of
compounds to compile evidence for temperature-dependent structural phase transitions.
Firstly, it was established that the Ba2xSr2-2xTiSi2O8 range of compositions is a solid solution
with a linear trend in unit cell parameters between the two end members. Secondly, a
discontinuity in the unit cell parameters of Ba2TiSi2O8 provided additional evidence of a
structural phase transition that involves the removal of a structural modulation on heating
above 433 K. Finally, evidence for a new structural transition in Sr2TiSi2O8 was reported
where the symmetry unusually changes from P4bm to Cmm2 on heating at approximately
480 K.
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Activation of Rh,Pd/CeO 2 nano-catalyst
M. Scott, G. Waterhouse, T. Söhnel
Department of Chemistry, University of Auckland, Auckland, New Zealand.
The activity of Rh,Pd/CeO 2 nano-catalyst can be understood by the metalsupport interaction. X-ray analysis and junction theory of the nano-catalyst are
here presented describing the onset of catalytic activity.
1.

Introduction

In the implementation of the Hydrogen economy current efforts are employed at the
devise of a viable Hydrogen storage technique of which water and biomass appear as most
practical. Ethanol Steam Reforming has impetus as a renewable energy process of Hydrogen
production for fuel cell purposes and efforts are aimed at design of an efficient catalyst.
Catalyst design incorporates the necessity of ethanol decomposition with methane reforming
and water gas shift reaction. Ceria supported bimetallic Rh,Pd nanoclusters exhibit high
activity in ESR at the interfacial periphery. A high activity with a selectivity of 84%
stoichiometric for Hydrogen can be obtained with a bimetallic !%Rh,!%Pd/CeO 2
nanocatalyst. The activated catalyst attains a full conversion of ethanol at (11.5 mL/hr inlet;
6:1 molar ratio water:ethanol) with 150 mL/min/g cat H2 outflow[1]. Rh/CeO2 catalysed ethanol
decomposition occurs via interfacial dehydrogenation of the bridging oxametallacycle[2] and
although Rhodium metal is favourable in the low energy ethanol decomposition it also
exhibits unfavourable properties at steps and edges in the dissociation of CO by bridging
adsorption[3]; effectively a route for methanation in the Hydrogen environment. Production
of methane is rescinding the stoichiometric selectivity for Hydrogen. The discovery of the
high activity of low loadings of Rh and Pd on ceria highlights a practical top down approach
of nanotechnology for synthesis of an efficient catalyst. The activity of the catalyst is inherent
of the synthesis technique and the reaction environment; the catalyst effectively self activates.
The stability of the metal nanoclusters on the ceria is fundamental to the efficiency of the
nano-catalyst and ultimately dictates the high catalytic activity by maintaining a high
proportion of the active peripheral boundary. It has been shown the method of preparation
plays the defining factor in the strong interaction of the metal-support interface essentially
forming the active site[4,5]. The Pd/CeO 2 interaction produced by precipitation deposition
using the chloride precursor is the foundation of the activity. High temperature Hydrogen
reaction environment effects the reduction of metal oxide particles and formation of the
bimetallic clusters[1]. The as prepared catalyst consists of distinct Pd and Rh 2O3 clusters
where XPS characterization has identified the presence of the chloride species remaining after
the calcinations and persisting still after activation in steady state reaction. This indicates a
reduced activity due to poisoning of active sites by the chloride ion. The role of the support
contributing to the activity of this catalyst is the capacity for oxygen migration and
abstraction at the peripheral interface facilitated by the redox capability and junction
properties. The interfacial contact is a region of complex electronic structure consisting of
various electronic fluctuations and the underlying quantum dipole pinning, an electronic
equilibrium is maintained that is a combination of reduction of the support, metallic bonding,
junction effects, contribution from f states and is stabilised by quantum tunnelling. The
catalyst is an ideal metal support combination for ESR and the nanostructure contributes to
the efficiency of the catalysis. Nano-catalyst are known to exhibit enhanced activity by higher
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surface to volume ratio and quantum confinement effects
due to boundary conditions, essentially nanostructures
contain higher Fermi energy.
Theoretically improved catalytic activity is
achievable by overcoming the persistence of chlorine and
the unwanted geometries of the Rh surface. The catalyst
displays a paradox in methane oxidation activity due to
undesirable processes occurring on surplus Rh sites.
Manipulation of the nanostructure by applied electric field
is theorised to alleviate the superfluous processes by
vanquishing the unwanted active sites. Electric field
induced transformation of nanoclusters from three
dimensional to planar has recently been attained in a
similar system[6]. Similar field induced increased wetting
is known to cause deactivation in nanostructured carbon
fuel cell electrodes by agglomeration of the active
metal[7]. When synthesized by the precipitation deposition
method or reduced in Hydrogen electric field induced
effects are proposed to yield increased catalytic activity
and selectivity for Hydrogen due to the stability of the Pd/
CeO2 interface[4]. A planar cluster has a huge impact on
catalysis, the advantages include lower desorption of
activated species; excess strain at the metal surface
lowering activation energy, lower interface coordination
raising activity and a significantly higher interfacial
periphery. The possibility of hyper-activation by applied
field is currently being investigated with the Vienna Abinitio Simulation Package.
2.

Experimental
!wt.%Rh,!wt.%Pd/CeO 2 catalyst samples are
prepared by the precipitation deposition method. CeO 2 was
precipitated from Ce(NO 3)3·6H2O by dropwise addition of
ammonia until a pH of nine was attained. The resulting
white gel was filtered, washed and dried overnight at 60°C.
The product was then calcined at 500°C for 6 hours. The
metal chloride precursor were added in HCl then heated to
evaporation, dried overnight at 60°C, then calcined at
400°C for 3 hours.
XPS measurements were performed on pellets
pressed from as prepared and post-reaction powdered
samples using about 300 mg in a 13mm die set. From Fig.
1. fresh catalysts show an intense doublet at 309.3 and
314.1 eV (3d5/2 and 3d3/2, respectively) that is typical for
Fig. 1. Pd and Rh 3d XPS spectra
RhCl
3 (or a surface RhO xCly species), and the weaker
for various catalysts before and
doublet at 308.2 and 313.0 eV due to Rh 2O3. Used catalysts
after Ethanol Steam Reforming
show a main doublet at 307.2 and 312.0 eV (3d 5/2 and 3d3/2,
respectively) that is characteristic for Rh metal, and also a weaker doublet at 308.2 and 313.0
eV is probably Rh 2O3. For Pd the intense doublet at 338.0 and 343.3 eV (3d 5/2 and 3d3/2,
respectively) is likely due to PdCl 42- or a surface PdO xCly species, while the weaker doublet at
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336.35 and 341.6 (3d5/2 and 3d3/2, respectively) is likely due to PdO[8]. The main doublet at
335.1 and 340.3 eV (3d5/2 and 3d3/2, respectively) is typical for Pd metal. In all cases evidence
for chlorine was found in the survey spectra. Rh and Pd loadings determined by XPS are in
reasonable agreement with nominal metal loadings. Atomic % chloride ion was found to be
around 4% in the fresh catalysts and persist in the Pd only used catalyst, Rh only catalyst was
found to lose chloride more readily (2% in the used catalyst) where in bimetallic used
catalysts only 1% was detected.
For XAS measurements the as prepared catalyst was ground to fine powder and reduced
in a 15 mL/min flow of H2 at the specified temperature. Reduced catalyst samples of 150 mg
were pressed in the 13mm die set without binder; 60mg BN binder was used for the 20mg
reduced Rh metal standard. EDS/SEM performed at the University of Auckland was used in
confirmation of the Rhodium concentration. XAS performed at the Australian Synchrotron
show the behaviour of Rh over the activation period (Fig.2.). Recent studies of the Rh/CeO 2
interaction using H 2 Temperature Programmed Reduction indicate the reduction of the Rh 2O3
occurs at temperatures as low as 60°C[9]. In this system it is believed the metal support
interaction maintains cationic Rh 3+ until the composite cluster has formed. It has been
reported at 300°C the Rh 2O3 has diffused into the reduced Ce 2O3 structure under Hydrogen
atmosphere[9]. CeRhO x type intermetallic compounds have been identified by XPS and
EXAFS[10]
this
type
of
compound is proposed to be
present during the activation
period. Fig. 2 confirms that on
reduction at elevated temperature
Rhodium sesquioxide nanoparticles dissipate over the ceria
surface becoming dissolved in the
support and undetectable in
transmission mode. Although the
metal loading is low for
transmission detection higher
local concentrations are detected
at 373 K. The signal/noise ratio is
Fig. 2. XANES spectra at the Rhodium K edge
due to sample inhomogeneity,
of samples reduced in H2 for 4 hours.
such concentrations are more
suited to fluorescence. Metal quantification by Energy Dispersive Spectroscopy (inset) shows
consistency in the Rhodium content of the samples. XANES at 373 K shows a distinct Rh K
edge adsorption evidencing the presence of Rh aggregates, however at higher temperatures Rh
has dispersed and integrated into the support.
3.

Discussion
The two metals exhibit distinct interactions with the support due to the degree of
reduction of the support by the metal; Pd metal prefers d 10 configuration whilst Rh finds
stability in a full t 2g subshell as Rh3+ and as a metallic shell on Pd[1]. It is assumed chloride in
the synthesis plays the role of oxidising the surface hydroxyls of the support. The Pd-CeO 2
interaction results in a Ce-Pd bimetallic bond with the d band of Pd shifted to the lanthanide;
a strong interaction in conservation of d band occupancy. A Pd chloride species persists
indicating an encapsulation of Cl at the Pd-Ce interface disturbing both the strength of the
interface and the catalytic activity. Rh chloride species do not show the same persistence as
Pd, it is believed in the migration to bimetallic clusters chloride is lost from Rh. It also
appears that Rh facilitates the loss of chlorine from Pd. Altering the synthesis technique by
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excluding the calcination of bare ceria should resolve the persistence of chlorine[11].
Palladium reduces the proximal cerium on contact due to lowering of the energy of freed
electrons by the Schottky barrier[12,13]. The charge balance at the interface forms the
Schottky barrier; the higher polycrystalline workfunction of Pd (5.22 eV) than Rh (4.98 eV)
displays a higher Schottky junction barrier; additionally implying more facile oxygen
abstraction and a more stable M-Ce interface. Rhodium has more oxygen neighbours in its
Rh2O3 form than PdO and Rh 3+ ‘dissolves’ in the oxygen rich support which at the surface is
reduced to the structurally analogous Ce 2O3. Cationic rhodium exhibits solubility in the
reduced ceria surface at elevated temperature[14] and finds stability once it has migrated to its
periodic neighbour Palladium. This is theorised to be due to the extra stability of the greater d
band occupancy of the Pd clusters and low energy mixing of Rh and Pd. Reduced Rh metal
forms a shell on the Pd clusters[1] and the greater d character of Pd influences the action of
Rh at the peripheral boundary.
DFT + U calculations[13] have shown Rh doping of the ceria lattice lowers the
reduction energy by up to 1.62 eV with the Metal Induced Gap States falling below the Fermi
energy. For Pt the reduction energy falls by 2.03 eV and the MIGS are pinned above the
Fermi energy directly facilitating electron transfer to the metal. The MIGS are reported to be
formed from M4d – O2p hybridisation and in the reduced surface are occupied by electrons
present in the oxygen vacancy. It is postulated the difference in Pd and Rh metal-support
interaction at 273-573 K is due to RhCeO 3-x compound formation that displays degeneracy in
the Fermi level of Rh due to contribution from the f states of Cerium thus lowering oxygen
abstraction capacity. At 673 K the bimetallic clusters are formed[1].
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Nanocomposites with physical crosslinks introduced by core cross-linked
star polymers into a like-polymer
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Core cross-linked star (CCS) polymers prepared from a glycol acrylate core
with polystyrene (PS) or poly(methyl methacrylate) (PMMA) branches were
added as filler to linear PS or PMMA, respectively. Modulated temperature –
thermomechanometry (mT-TM) was performed to separate the in-phase and
out-of-phase dimension changes, from which the glass transition temperature
and linear coefficient of thermal expansion (!) were obtained.
1.

Introduction
Core-crosslinked star (CCS) polymers are unique three-dimensional macromolecules
that consist of a ‘hard’ crosslinked core surrounded by numerous ‘soft’ linear arms. These
polymers are generally synthesized using living radical polymerisation techniques that allow
for a high degree of structural control and narrow molecular weight distribution. Despite
exhibiting a very high molecular weight, CCS polymers display solubility and viscosity
parameters similar to linear and branched polymers of low molecular weight [1]. Despite the
wide scale academic and industrial attention star polymers have received, practically no
research has been performed regarding structural relaxation, physical ageing, glass transition
or thermal expansion properties of CCS polymers and/or blends with linear polymers. These
properties can be influenced by fillers and crosslinks, due to the restraints on molecular
segmental motion that they impart. CCS polymers can behave in a similar manner, where the
arms on the hyperbranched particles can interweave throughout the chains of the matrix
polymer. The advantage of CCS-polymer fillers over other types of filler/crosslink is the
excellent compatibility and interfacial interaction which occurs, in particular when the
polymer matrix and the arms on the CCS polymer are the same material.
Modulated temperature – thermomechanometry (mt-TM) is a novel technique [2] that
involves the application of an oscillating temperature to a linear/isothermal underlying
heating rate [3]. The modulated temperature program induces a sinusoidal response in
specimen dimension change that can be resolved into reversing (in-phase with "T) and nonreversing (out-of-phase with "T) components. This allows phenomena such as thermal
expansion, glass-rubber transition, thermal and structural relaxation, polymer shrinkage and
morphological changes to be observed. This is useful for characterization of materials utilized
in fields such as packaging, drug delivery and electrical applications.
The aim of this research was to determine the effect of CCS polymers on the relaxation
and thermal properties of like-linear polymers. Objectives included observing the influence of
CCS concentration and annealing on relaxation, separating the dimension changes of the
nanocomposites using mT-TM and determining molecular motions and linear-CCS polymer
interaction.
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2.
2.1

Experimental
CCS Polymer Preparation
Core cross-linked star (CCS) polymers consisting of a poly( ethylene glycol
dimethylacrylate) core and PS or PMMA arms were prepared using atom transfer radical
polymerisation (ATRP). The initiator (1-bromoethyl)benzene was reacted with styrene to
form PS arms, while a 4-toluenesulfonyl chloride initiator was reacted with methyl
methacrylate to prepare PMMA arms. The arms were isolated and reacted with ethylene
glycol dimethylacrylate to form CCS polymers.
2.2

Nanocomposite Preparation
Preparation of linear-CCS polymer nanocomposites was achieved by dissolution of
appropriate amounts of linear and CCS polymer in dichloromethane, followed by rapid
precipitation in a large volume of cold methanol. The precipitate was isolated and dried under
vacuum (0.05 mm Hg) for at least 10 h. Films for subsequent use were prepared using an
IDM heated press. Films were heated to 190 °C, 6 tonne applied, held for 2 min and cooled to
ambient. The nomenclature of the nanocomposites is presented in Table 1.
Material number
PS-01
PS-02
PS-03
PMMA-01
PMMA-02
PMMA-03

Table 1. Linear-CCS polymer nanocomposite nomenclature
Linear polymer concentration
CCS-polymer concentration
(%·w/w)
(%·w/w)
100
0
90
10
70
30
100
0
90
10
70
30

2.3

Modulated Temperature – Thermomechanometry
A TA Instruments Q400EM Thermomechanical Analyser was to measure the thermal
transitions of the nanocomposites. Dimension changes which are in-phase (reversible) and
out-of-phase (non-reversible) with the modulated temperature program were separated and
analysed. Samples with a height of ~2 mm were heated from 80 to 150 °C at a rate of
0.5 °C·min-1. A sinusoidal modulation with 2 °C amplitude and 180 s period was
superimposed on the temperature ramp. Prior to testing, all samples were heated to and
maintained at 150 °C for 5 min in order to eliminate any prior thermal history. The samples
were cooled at 10 °C·min-1 to 80 °C for testing. In order to study the effects of ageing,
samples were cooled from 150 °C to a temperature just below the glass transition temperature
(Tg) and held there for 1, 10 or 100 hr before cooling to 80 °C and testing. Annealing
temperatures (Ta) of 95 °C and 110 °C were used for the PS-CCS and PMMA-CCS films,
respectively. The linear coefficient of thermal expansion (!) was calculated above the T g using
Equation 1;
dL 1
"
(1)
dT L 0
where dL is the change in dimension, dT is the change in temperature and L 0 is the initial
length of the sample.
!!

3.
3.1

Results and Discussion
Effect of CCS Polymer Concentration
The reversing and non-reversing curves of the PS-CCS nanocomposites are shown in
Figure 1, while the T g and linear coefficient of thermal expansion (!) data is summarised in
Table 2. The reversing (in-phase) curve of pure PS shows an increase in dimension change
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(expansion) with temperature, with a single inflection. PS-01 yielded an ! value of
403.49 x 10-6·°C and Tg of 101 °C. Incorporation of CCS polymers into the matrix caused ! to
decrease to 227.68 and 258.73 x 10-6·°C for star polymer concentrations of 10 %·w/w (PS-02)
and 30 %·w/w (PS-03), respectively. Conversely, the T g was observed to increase with CCS
concentration, with PS-02 and PS-03 both exhibiting T g values of 103 °C, respectively. As
shown in Table 2, similar trends were observed for PMMA materials. The non-reversing
curves show that shrinkage (reduction in dimension) occurs in all materials at temperatures
above the T g. As CCS polymer content is increased, the gradient of the curves past the T g
decrease. This indicates that shrinkage occurs at a slower rate and over a greater temperature
range, suggesting that CCS polymers provide an active role in dimensional stability.
The decrease in thermal expansion and shrinkage and increased T g suggests that CCS
polymers behave in a similar manner to crosslinks. Although the PS or PMMA arms on the
CCS polymers are miscible with their respective matrices, they appear to impart restraints on
segmental motion of matrix chains and vibrational modes underlying the expansion ability of
the polymer. Reducing thermal expansion will cause a subsequent reduction in polymer
shrinkage since the latter is dependent on the former. Segmental and vibrational motions can
be additionally hindered by the increased matrix viscosity which CCS polymers are known to
cause, commonly referred to as the viscosity effect [4]. Furthermore, the observation of a
single inflection point in both the reversing and non-reversing curves suggests adequate
interfacial interaction between the linear and CCS polymers, with little phase separation.

a)
Fig. 1. mT-TM curves of PS-CCS nanocomposites; (a) reversing, (b) non-reversing

b)

Table 2. Glass transition and thermal expansion data of linear-CCS polymer nanocomposites
Material
Tg (°C)
! (10-6·°C)
number
No
ta =
ta =
ta =
No
ta =
ta =
ta =
annealing
1h
10 h
100 h
annealing
1h
10 h
100 h
PS-01
101
102
104
105
430.49
1178.75 1190.91 3110.29
PS-02
103
104
105
106
227.68
345.23
670.00
1827.78
PS-03
103
105
106
108
258.73
340.74
512.19
876.89
PMMA-01
120
123
125
126
1296.00
1510.53 2565.08 3904.04
PMMA-02
124
125
125
128
420.83
482.72
830.6
3872.88
PMMA-03
125
126
126
128
390.86
490.68
581.82
3257.14

3.2. Effect of Annealing
Figure 2a shows the reversing curves of the PMMA-01 and PMMA-03 annealed for 1,
10 and 100 h at 110 °C. Annealing for 1 h produced curves with similar characteristics to their
non-annealed counterparts. Increasing the annealing time (t a) to 10 h caused the gradient of
the curves past the T g to increase, while materials annealed for 100 h produced the steepest
curves. This increase in reversing-curve gradient caused the value of ! to increase with t a, as
summarised in Table 2. Similarly, the increase in thermal expansion with t a resulted in an
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increase in polymer shrinkage, as shown in Figure 2b. Unannealed PMMA-01 exhibited a T g
of 120 °C. Upon annealing for 1 h, the Tg increased to 123 °C, eventually reaching a
maximum value of 126 °C at ta = 100 h. Even after annealing, filled materials (PMMA-02 and
PMMA-03) continued to exhibit higher T g and lower ! and shrinkage rates than the pure
PMMA films with the same t a. This suggests CCS polymers continue to behave as
crosslinkers, restricting segmental motion during ageing and occupying volume within the
composites, reducing space for expansion. Similar trends were observed for PS materials
(refer Table 2).

a)
Fig. 2. mT-TM curves of annealed PMMA-CCS nanocomposites; (a) reversing, (b) non-reversing

b)

The process of physical ageing is related to the concept of free volume. It states that the
transport mobility of particles in a closely packed system primarily depends on the degree of
packing (free volume, V F). Above Tg, VF and mobility are large, allowing polymer chains
greater freedom of movement. Upon cooling, both V F and mobility decrease simultaneously.
Furthermore, when a polymer is cooled to below T g and held for a period of time (annealed),
the mobility is small although not zero. As t a is increased, the V F and mobility will continue to
decrease gradually. This limited mobility hinders polymer chain movement, resulting in
increased T g [5] and above-Tg ! and shrinkage [6].
4.

Conclusion
Addition of CCS polymers decreased thermal expansion and shrinkage, while an
increase in T g was observed. This suggests that the hyperbranched polymers behave in a
similar manner to crosslinks, imparting restrictions on the segmental and vibrational motions
of matrix chains. Thermal expansion, shrinkage and T g increased with t a, due to reduced free
volume and mobility within the nanocomposites. The reversing and non-reversing curves of
the materials were successfully separated using mT-TM and suggested good compatibility and
interaction between the linear and CCS polymers.
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Polymer materials will undergo a progressive deformation at a constant stress,
referred to as creep. The creep behaviour of polymers will control the
suitability as a structural material and therefore is important to elucidate longterm performance under similar conditions to which would be its service life.
The creep deformation was determined for HDPE and HDPE-EVA blends,
with long term behaviour indicating reduced stability with the presence of
EVA in the blend, particularly with activation of irreversible molecular
structural changes.

1.

Introduction
Polymeric materials are susceptible to micro-structural changes as a result of
morphological response to a change in environmental conditions such as temperature, load or
aging over time. These changes are a time-dependent degradation attributed to viscoelastic
behaviour that impact on the modulus and strength of the material [1-3]. These physical
properties are measured by creep analysis and provide useful information to determine the
polymeric material behaviour for an intended use and long-term dimensional durability. Creep
is of concern for many engineering applications and with the increased use of polymers in
industrial and domestic appliances; the creep properties can give insight into the structural
susceptibility or resistance in a defined scenario.
High density polyethylene (HDPE) creep behaviour was conducted and the impact of
blending with a polar elastomeric polyolefin was evaluated. HDPE is a linear polymer with
little or no branching along the ethylene chain backbone. Having excellent mechanical wear,
abrasion and chemical resistance, it is incorporated into various compositions for applications
ranging from electrical cables, waste water pipes through to domestic beverage containers.
HDPE can be blended with elastomers to improve ductility and flexibility but this
compromises the resultant modulus characteristics. Ethylene copolymers are formed by a
polymerisation reaction of ethylene monomers with insertion of a co-monomer unit along the
chain. The constitution of co-monomer content modifies the characteristic of the copolymer,
typically by an inherent reduction in crystallinity and increased elastomeric behaviour. Two
particularly interesting polar ethylene copolymers are poly(ethylene-co-methyl acrylate) and
the more widely-known poly(ethylene-co-vinyl acetate) [4]. While the former is more
thermally stable given the acrylate structure, the latter is more widely available and
commercially produced with broad co-monomer contents.
The aim was to elucidate the impact of an ethylene copolymer on the creep behaviour of
HDPE matrix. Longer-term effects of creep will be explored by inducing changes at
increasing temperatures and constructing time-temperature creep master curves.
2.
2.1

Experimental
Materials and blend preparation
HDPE with different melt indices (MI 4, 20 and 36 g·10 min-1) were blended with EVA
(with vinyl acetate content of 33%, MI of 45 g·10 min-1) using an Axon BPX12 single screw
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extruder with average processing temperature of 180 ºC. The extruded strands were pelletised
and compression moulded into sheets (1 mm thickness) using an IDM heated press and cooled
slowly from the melt to obtain consistent thermal history.
2.2

Differential Scanning Calorimetry
A Perkin-Elmer Pyris 1 DSC was used to measure the thermal transitions of the blends.
Measurements were conducted from ambient with an ice-water slurry for excess heat
absorption, while a high purity indium standard (T m = 156.6 °C, !Hm = 28.45 J·g-1) was used
for calibration. A 20 mL·min-1 nitrogen purge through the cell chamber provided an inert
atmosphere. Small masses (~5 mg) of film were encapsulated in standard 10 µL hermetically
sealed aluminium pans, with a similar empty pan used as a reference. The blends were heated
from ambient at a scanning rate of 10 ºC·min-1 to 180 °C to observe the melting
characteristics. A baseline with similar empty pan was conducted and specific heat
determined. The degree of crystallinity was determined from the relationship: $=!Hm/!Hm0
(where !Hm0 = 290 J.g-1 for the melting of a perfect HDPE crystal) [5].
2.3

Mechanical measurement
The blends and respective components were subjected to tensile stress-strain and creeprecovery analysis using a TA Instruments Q800 DMA. Young’s modulus was determined from
the stress strain in addition to selection of an appropriate load for creep analysis. Tests were
conducted in triplicate with standard deviation indicated by error bars. The creep data was
modelled using the 4-element model to describe the viscoelastic behaviour.
3.
3.1

Results and Discussion
Thermal characteristics
The specific heat melting endothermic curves for the three HDPE’s used in this study
are shown in Figure 1a. The endotherm is relatively sharp and narrow with peak temperatures
of 135.4, 132.8 and 133.6 ºC for HDPE with MI of 4, 20 and 36 g.10 min-1, respectively. The
trend generally reflects the change in molecular weight characteristic of high melt index
associated with lower molecular weight polymer and flow behaviour. This will impact on the
creep behaviour, which is shown later. The fractional crystallinity, determined from the
enthalpy of melting was 0.78, 0.75 and 0.72 for the respective HDPE’s. The EVA copolymer
had a broad endotherm at relatively low temperature spanning from ambient to about 80 ºC,
with main peak appearing at 39.5 ºC and secondary broad shoulder at around 59 ºC, indicating
a multi-modal VA composition. The fractional crystallinity was 0.11, due to the VA comonomer significantly disrupting the crystallisation of the ethylene segments. This in turn
provides the elastomeric properties that will be imparted onto the matrix host polymer.
3.2

Mechanical characteristics
Young’s modulus (YM, modulus of elasticity) was obtained from the initial linear
region of the tensile stress-stain relationship. The values are graphically represented in Figure
1b. YM was typically between 800 to 900 MPa for the HDPE polymers. Although not shown,
the maleated HDPE exhibited lower YM of about 650 MPa due to the grafted groups
disrupting the crystalline structure (fractional crystallinity 0.70). Eight blend compositions
are shown in Figure 1b, where blends 1-4 are HDPE04/EVA33, blends 5&6 HDPE20/EVA33
and blends 7&8 HDPE36/EVA33. The effect of elastomeric EVA is significant on the
properties of matrix HDPE. The elastomeric EVA reduces YM to about 60 % of the neat
HDPE (MI 4 g.10 min-1) and this continues with increasing EVA content from 18 to 45 wt%,
imparting ductility to the HDPE blends. Blends 5&6 (HDPE MI 20) and 7&8 (HDPE MI 36)
have 36 and 45 wt% EVA per set. On comparison of HDPE MI characteristic, it is observed
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that the lower MI HDPE blends exhibited higher YM at the same level of EVA addition. This
is attributed to difference in molecular weight and morphology obtained on cooling. The
symbols above the bars in Figure 1b are the additive modulus of the components of the
blends, and these show that the measured modulus deviated negatively. Interestingly, the
effect of EVA appears to create a greater deviation with the higher MI HDPE, and this was
reflected in the corresponding crystallinities of the HDPE phase.

a)
b)
Fig 1. a) Specific heat melting curves of HDPE with differing melt index. b) Young’s modulus of HDPE and
blends. The filled symbols above the bars correspond to the additive modulus of the blend components.

A typical creep experiment profile exhibits various regions in the resultant measured
strain. An instantaneous purely elastic response occurs on application of a specific load and
this response involves amorphous phase deformations. The deformation then continues
involving a viscoelastic response in the polymeric material. At longer times, a steady state of
linear deformation prevails indicating viscous flow. The viscous flow will continue until a
specimen will undergo a rapid accelerated deformation resulting in fracture. If the analysis
permits creep and not fracture, the stress can be removed and allow recovery to occur, but due
to viscous flow, there is a proportion of strain that is unable to recover (permanent
deformation). Deformation of the microstructure of HDPE and blends will occur primarily in
the amorphous regions of the semi-crystalline polymer blend. Chain unravelling and
co-operative motions enable segmental movements and alignment in preferred direction of
applied stress [1]. Restraint due to chain entanglements and tie-molecule segments linked to
crystalline lamellae will aid in reducing deformation.
Table 1: Creep-recovery characteristics evaluated by the 4-element model for HDPE04, EVA and corresponding
HDPE-EVA blends. E 1 and "1 are the elastic and viscous contributions to the Maxwell element and E 2 and "2 are
the elastic and viscous of the Voigt-Kelvin element. The retardation time is given by #.
E1 (MPa)

E2 (MPa)

"2 (Pa.s)

"1 (Pa.s)

# (s)

% unrecovered

HDPE04

13.59

5.73

84.2

865.2

11.7

52

Blend 1

7.92

3.53

46.0

539.0

5.5

50

Blend 2

7.34

3.21

41.8

537.1

5.8

47

Blend 3

6.52

2.00

25.6

277.3

6.6

60

Blend 4

4.23

1.91

24.8

289.5

4.5

51

EVA

0.06

0.04

0.5

13.2

-

-

Using the 4-element model (Burger), the contributions for each element were
determined and are listed in Table 1 with the elastic and viscous contributions determined
from the Maxwell (M) and Voigt-Kelvin (VK) elements, respectively. The HDPE E 1 (Melement) was relatively high which is attributed to the highly crystalline matrix that is
restricting the molecular motion of the amorphous regions amongst the crystalline domains.
The addition of EVA was shown to decrease the crystallinity and hence resulted in lower E 1
than the pure HDPE, and E continued to decrease with increasing EVA content. This was
attributed to the change in morphology and phase separation created by the difference in
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polarity and the elasticity of EVA imparted to the matrix. The M viscous element ( "1) of
HDPE was higher than that of blends. Increasing EVA content reduced it to about 70 to 40%
of the pristine HDPE. A similar trend for both E 2 and "2 for the VK component was observed.
Viscoelastic materials have a proportion of unrecovered strain due to permanent deformation
or viscous flow with time. In general, the unrecovered deformation or creep was greatest for
HDPE and marginally reduced with the lower EVA proportion. Even so, the overall strain
measured for increasing EVA content increased.
Creep master curves for the systems investigated in this work were obtained by shifting
the creep strain response at various temperature intervals to a reference temperature (T ref).
This adopts the time-temperature superposition principle. Figure 2a shows a master curve
obtained for HDPE04, with T ref = 30 ºC and all other curves displaced along the time axis
(log ts – log t). The creep behaviour of HDPE appears limited at low temperature, although
activation of molecular diffusional motions was promoted by increased temperatures causing
greater viscoelastic and viscous flow ( ") which encourages irreversible deformations
(amorphous chain unravelling, crystal slippages or breakages). The addition of EVA into the
HDPE matrix (Fig. 2b) promoted creep deformation at low temperature attributed to the
elastomeric properties and low crystallinity of the blend. The master curves show higher
strains are obtained at low temperature and as such weaken the HDPE, reducing the long term
dimensional stability.

a)

b)
Fig 2. Creep master curve for a) HDPE04 and b) HDPE/EVA blend 1.

4.

Conclusion
The deformation behaviour of HDPE and blends containing an elastomeric EVA
copolymer was analysed. EVA successfully increased the elastomeric behaviour of HDPE,
with blends displaying reduced crystallinity, Young’s Modulus and greater creep deformation.
The addition of EVA affected the deformation particularly at higher contents and lower
temperatures, in effect reducing the HDPE resistance to deformation and long term stability.
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The powder diffraction beamline at the Australian Synchrotron has been used
to identify the carbide phases and to determine that the radial phase distribution
had a maximum of 34 weight percent carbide in a typical ex-service carburised
ethylene pyrolysis tube. Neutron diffraction at the Kowari beamline at OPAL
(Open Pool Australian Light water reactor) was used with un-sectioned tubes
to measure room temperature stresses of 400 MPa at the inside region of a
heavily carburised tube, in the austenite phase caused by coking, carbon
diffusion and carbide growth at 900-1150 °C. Finite Element Analysis has
been used to model the stress evolution during plant operation, and the relative
importance of the competing damage mechanisms.
1.

Introduction
Ethylene is important in the production of polyethylene, used in thin film packaging,
piping and cable sheathing. It is produced by steam cracking of naptha, LPG or ethane at
temperatures up to 1150°C at high flow velocities. Carburisation of ethylene pyrolysis tubes
causes a loss in weldability, corrosion resistance and ductility as the carbides are brittle, and
provides a source of micro-cracking [ 1]. Plant operators prefer to replace tubes at planned
outages and are interested in remaining life assessments assisted by description and modelling
of the progress of carburisation. Table 1 shows the nominal HPM tube alloy composition
before in-service exposure. Eddy current measurements have been taken on ex-service tubes,
and there is a clear correlation between carburisation and an increase in magnetic
permeability [2], but the calibration method used relies on understanding the microstructural
origins of the magnetic properties. Life assessments rely on understanding the stress evolution
in the tubes as a function of operating conditions. In this paper microstructural
characterisation and stress measurement results for one representative carburised tube are
presented.
Table 1:
Tube
Number
1-26-O

Alloy

Tube alloy composition (nominal as received in wt%).

Cr Fe Ni
Ti
Mn
Mo Si
P (%) S (%)
C
(%) (%) (%) (%)
(%)
(%) (%)
(%)
HPM
23- Bal. 37- 0.2- <=1.50 1.0- 1.4- <=0.02 <=0.03 0.1nominal 26
40 0.6
3.0 2.0
0.2
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2.
2.1

Results
Synchrotron X-ray Diffraction Carbide Phase Fraction Analysis
The synchrotron measurements were made on t he powder diffraction beamline at the
Australian synchrotron using 15.02 keV (0.825882 Å wavelength) X-rays. Sample sections
were cut from 24 ex-service tubes, and mounted in bakelite moulds and polished to 1 micron,
with the results from 1 tube only presented here. The X-ray beam was confined using slits to 1
mm vertically which was oriented with the radial direction of the samples. The beam spilled
across about 5 mm in the sample circumferential or hoop direction. The samples were
scanned across the beam to produce radial carbide phase fraction results.
The raw data were processed and output as ASCII xy data files. These were
subsequently imported into Bruker Diffrac-plus EVA [ 3] software at Industrial Research
Limited, for manual peak identification using the Powder Diffraction File database [ 4].
Bruker TOPAS v2.0 [5] was used for whole profile peak fitting [ 6], as shown in Figure 1, in
order to determine the phase composition and to separate out peak broadening due to crystal
grain size from instrumental effects [ 7]. The main phases included in the fitting were
austenite, Cr 23C6, Cr7C3, Cr3C2 and (Fe-Mo)6C. LaB6 powder was used for wavelength
calibration and determination of instrumental parameters. The diffraction peaks were fit with
a pseudo-Voigt profile. The lattice constants and peak widths were treated as fit variables in
TOPAS, but the atom positions and space groups were taken from literature values for M 23C6
[8], M7C3 [9], Cr3C2 [10] and M6C [11]. The site occupancies and Debye-Waller temperature
factors for each phase were constants. Figure 2 shows the phase fraction profile resulting
from 8 fits to scans across a tube.

Fig. 1: TOPAS fit to a heavily carburised HPM alloy tube (1-26-O) at the inner diameter (the 1 mm position in
Fig. 2). The dark line is the experimental linescan (an expanded region only is shown around the (111) and (200)
peaks of austenite, but the fits were made on a data set from 8° to 90°), and the light grey line is the combined fit
from austenite and 4 carbide phases. The vertical lines at the bottom of the figure show the peak positions in the
same order as shown in the legend.
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Due to the elastic anisotropy of the original HPM alloy, carbide formation strains the
HPM anisotropically, which is observed as peak shifts corresponding to non-uniform changes
in the lattice spacing. This has been observed previously in austenite expanded by nitridation
or carburisation [12]. With increasing 2! angle the diffracting planes have an increasing
inclination to the sample normal, and a bi-axial stress in the plane of the sample thus has an
increasing influence on the peak shift [ 13]. However a simple plane bi-axial stress model is
insufficient to explain the observed austenite peak shifts, which indicates a stress gradient
normal to the surface or the effects of elastic anisotropy. In order to account for these peak
shifts, a “th2_offset” that is dependent on the h, k, l Miller indices of each peak has been
applied using TOPAS. Due to the improved fit of the model to the data this has significantly
improved the refinement residual, R wp. The patterns from some samples also exhibited texture,
and it was not possible to accurately quantify the phase profiles in those samples.

Fig. 2: Radial carbide relative fraction results for tube 1-26-O (remainder is austenite).

2.2

Neutron Diffraction Residual Stress Measurement
The Kowari beamline at the Australian Research Reactor (OPAL) was used for residual
stress measurements at room temperature. Neutrons have a deeper penetration than X-rays
and so neutron diffraction measurements of strain are more representative of the bulk [ 14].
The neutron wavelength was 1.706 Å, and the austenite (311) peak shift was monitored for
stress measurement. The hoop and axial stress profiles are shown in Figure 3(a), for the same
heavily carburised tube discussed in section 2.1.
Abaqus CAE 6.9.1 was used for Finite Element modelling of the stress profiles with the
results shown in Figure 3(b). The 9 mm wall thickness, 28 mm inside radius tube was
subdivided into 1 mm thick radial slices to match the 1 mm width X-ray spot used at the
synchrotron. The materials properties for the elements in each slice were randomly assigned
to either carbide or hpm alloy using a Fortran Abaqus user subroutine, but with an overall
distribution calculated from the X-ray diffraction carbide fraction fits. Literature material
property values for HPM alloy [ 15] and the pure carbide phase data [16-20] were used when
available with general static brick C3D8R elements from the Abaqus standard library. An
internal pressure of 3.25 atmospheres was applied. The temperature distribution was 870 °C
on the outside surface and 850 °C on the inside surface.
The FEA modelled stresses are lower than the measured stresses illustrated in Fig. 3, but
this is mainly because the initial model only included the growth of 2 mm of coke on the tube
inside at elevated temperature, followed by 1 decoke cycle at 750 °C, before heating back to
850 °C. Typical plants go through a decoke cycle every 40 days, with each cycle inducing
plasticity into the tube as the tube shrinks about a coke [ 21] shell with lower thermal
expansion coefficient. The plasticity accumulates to give higher stresses and creep ductility
exhaustion during longer periods of operation and repeated decoke cycles [1]. The initial
model needs to be improved to incorporate stress relaxation by creep, and include carbon
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diffusion and carbide growth at elevated temperature, which causes local compression of the
austenite. This is being attempted using ABAQUS user subroutines to grow a carbide
geometry within a crystal plasticity formalism that can more accurately include the
microstructure.

Fig. 3: Plot of residual stress (a) measurements and (b) model for tube 1-26-O.
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Inelastic neutron spectra recorded for ErCr 2Si2 and ErMn2Si2 have been fitted
manually with pseudo-voigt lines and interpreted in terms of proposed crystal
field energy level schemes for the respective Er 3+ sites. It is expected that
these results will assist with further systematic searches for sets of crystal field
parameters.

1.

Introduction
Inelastic neutron scattering (INS) spectra have been recorded for tetragonal ErCr 2Si2
and ErMn2Si2 with the objective of characterising the crystal field (CF) interaction at the Er 3+
site. These compounds distinguish themselves from the remainder of the RT 2Si2 series (R =
rare earth, T = Cu, Ni, Co and Fe) in that their T sub-lattices order at Néel temperatures of TN
≈ 700 K and 500 K, respectively, but their R sub-lattices still order close to liquid helium
temperature [1, 2]. The suppression of the R magnetic order is partly linked to the fact that the
R and T sub-lattices reside in separate layers with only a weak exchange interaction between
them. However, it has also been proposed that the CF interaction at the R-site favours lowlying ground states that frustrate the R-R exchange process [1]. This work is part of an ongoing, systematic project that employs a variety of techniques (in particular, neutron
scattering and Mössbauer spectroscopy) to determine the influence of the transition metal on
the CF interaction [3]. Initially, the CF parameters determined elsewhere for HoCr 2Si2 [4] and
TmCr2Si2 [5] were converted for the case of Er 3+ and used as the starting points of extensive
searches in CF space for fits to the present INS spectra. This approach failed to provide a
close description of the experimental data, which was surprising given that the conversion of
CF parameters from one member to another of an isostructural heavy rare earth series is a
common procedure. As an alternative starting point, we report here tentative CF energy
schemes based on simple pseudo-voigt line fits to the INS spectra.

2.

Experimental details
Polycrystalline specimens of ErCr 2Si2, ErMn2Si2, and YCr2Si2 were prepared in an argon
arc furnace with repeated melting (at least 6 times) to achieve homogeneity. The starting
metal impurities were 99.99 % for Mn, Cr and Si and 99.9 % for Er and Y. Rietveld analyses
of the x-ray powder diffraction patterns using Rietica [6] confirmed that all three specimens
were predominantly single phase (with a small trace of Er 2O3 impurity) and the lattice
parameters were in close agreement with available literature values.
The inelastic neutron scattering spectra were recorded at the Berlin Neutron Scattering
Centre using an incident neutron beam energy of 18.6 meV ( λ = 2.1 Å). The lowest recording
temperature of 11 K was deliberately chosen to sit well above the Er sub-lattice ordering

temperatures of TC = 4.9 K (ErCr2Si2) and 1.7 K (ErMn2Si2) so that the CF levels would not
be perturbed by magnetic Zeeman splitting.

3.

Results and discussion
The Er-based compounds were chosen because the Er 3+ ion, with total angular
momentum quantum number J = 15/2, is a Kramers ion. In the absence of accidental
degeneracy, its CF scheme is expected to have eight well defined Kramers doublets. Based
on the Er3+ contribution to the entropy (insets of Figure 1(a) and (b)), it would appear that the
ground and first excited doublets are approximately equally populated (S = R ln(4)) at T = 10
– 20 K (for ErCr 2Si2) and !20 K (for ErMn 2Si2).

Temperature [K]
Fig. 1. Specific heat data [7] for (a) ErCr 2Si2 and (b) ErMn 2Si2. The lattice contributions (red broken lines) are
subtracted from the raw data (solid black circles) to arrive at the rare earth contributions (green open circles) to
the specific heat. In each case, the entropy is shown in the inset and the entropy associated with two Kramers
doublets, R ln(4), is indicated by a broken horizontal line.

The raw, temperature dependent INS spectra are shown in Figure 2 (a) and (b), where it is
apparent that the 11 K and 31 K spectra for ErCr 2Si2 are very similar apart from the
emergence of a weak peak at about -4 meV. This suggests that the next excited doublet is not
significantly populated at 31 K for Er 3+ in ErCr2Si2. As a first approximation, we might
therefore expect that the first excited doublet is at about 10 - 20 K (1 - 2 meV) with the next
excited doublet at about 60 – 80 K (5 – 7 meV).
(a)
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-12

(b)
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Neutron energy gain [meV]
Fig. 2. Inelastic neutron scattering spectra at 11, 31 and 62 K for (a) ErCr 2Si2 and (b) ErMn 2Si2.
The featureless spectrum recorded at 11 K for isostructural YCr 2Si2 is shown in the inset.
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Fig. 3. (a) Pseudo-voigt fits
to the 11 K INS spectrum for
ErCr2Si2 and
(b) the corresponding
tentative CF level scheme.

Fig. 4. (a) Pseudo-voigt fits to
the 11 K INS spectrum for
ErMn2Si2 and
(b) the corresponding
tentative CF level scheme.

Enlarged versions of the 11 K spectra are shown in Figures 3(a) and 4(a). For each
spectrum, there are three dominant peaks which are assumed to correspond to transitions
starting from the ground state. However, there are additional lower intensity transitions that
need to be accounted for. Reasonable descriptions of the two spectra were obtained by simple
manual adjustment of pseudo-voigt line shapes (green lines in Figures 3(a) and 4(a)). In each
spectrum the line widths were set to be the same for all absorption peaks (slightly larger in the
case of ErMn 2Si2) except for those at -13.2 meV (ErCr 2Si2) and -11.5 meV (ErMn 2Si2). The
corresponding CF schemes are shown in Figures 3(b) and 4(b), where the solid vertical
arrows represent the dominant transitions from the ground states. The less intense transitions
(broken vertical arrows) have been accommodated by the speculative inclusion of additional
excited CF levels (broken horizontal lines) that match the qualitative conditions deduced from
the specific heat data and the temperature dependence of the INS spectra. In particular, the
inclusion of first excited levels at 1.9 meV (ErCr 2Si2) and 2.5 meV (ErMn 2Si2) matches well
with above entropy observations based on the specific heat data. Note that the wider peaks of
the ErMn2Si2 spectrum are then explained by the presence of two transitions with slightly
different energies. The only apparent disagreement is that a peak predicted for ErCr 2Si2 at -8.3
meV is not observed experimentally. However, it may be that this transition is intrinsically
weak.

4.

Conclusions and future work
The low temperature INS spectra for ErCr 2Si2 and ErMn2Si2 have been fitted with
pseudo-voigt lines and the results interpreted in terms of possible CF energy level schemes. If
these interpretations are correct, then the energy levels are now available for five of the seven
excited Er3+ Kramers doublets. Given that the tetragonal symmetry of the Er 3+ site requires a
CF Hamiltonian with five CF parameters, this information should provide a useful basis from
which to launch further systematic searches for the CF parameter values.
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Parametric Rietveld refinement is an analysis technique that allows physical
models to be incorporated into the analysis of sequential powder diffraction
patterns. The technique can be used to stabilise the refinement procedure and
provides a means of evaluating, and further refining, the physical models
selected. Application of both the traditional sequential and newer parametric
analysis techniques is discussed, using a time-resolved neutron diffraction
study of Mn+1AXn phase synthesis as an example.
1.

Introduction
In situ powder diffraction is a technique particularly conducive to the development of
physical models of material behaviour, as data concerning material structure can be collected
as a function of the processing or environmental variable of interest. Traditionally, the
acquired series of diffraction patterns is analysed by sequentially applying the Rietveld
method [1] to individual patterns. Often, physical models (for example stress-strain
relationships or reaction kinetics) are simply fitted to the output of this analysis. An
alternative approach is to incorporate selected physical models into the refinement procedure
by expressing refinable parameters as functions of external variables such as time or
temperature. This paper describes some of the challenges involved in applying both the
traditional sequential and newer parametric analysis techniques to in situ data, using a timeresolved neutron diffraction study of M n+1AXn phase synthesis as an example.
2.

Sequential vs Parametric Rietveld Refinement
Traditionally, in situ data have been analysed in a sequential manner, with the input
conditions for the analysis of an individual data set being taken from the output of the
previous data set in the sequence. While this approach is effective in many cases, problems
with parameter stability can arise when the concentrations of phases of interest are low, either
when they first start to form or towards the end of their decomposition. At these times, the
observed intensity is unlikely to be sufficient to support refinement of parameters such as
peak profile (as used to estimate crystallite size and strain) and crystal structure (atomic
displacement parameters). Some of these stability problems can be overcome by providing
limits to parameter values during refinement but selection of these limits is often subjective
and based on the experience of the analyst.
An alternative methodology is the so-called parametric refinement approach developed
by Stinton and Evans [2] in which constraints on selected values are applied during data
analysis. The parametric approach relies on (i) the simultaneous analysis of all data sets in the
sequence; and (ii) the constraint of relevant parameters as functions of an external parameter
of interest (commonly, applied temperature and/or elapsed time). It is reasonable to assume
that, in between major phase changes, some phase related parameters will only vary in a
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uniform and predictable manner as functions of the external variable. For example, rather than
refining unit cell dimensions for each data set individually, they can be calculated from
equations which relate their coefficients of thermal expansion to the measured sample
temperature. Using this approach, parameters that may be unstable during sequential
refinement are constrained in a way which prohibits their refinement to physically unrealistic
values. As fewer independent parameters are required, the parametric approach effectively
decreases the parameters-to-observations ratio, thus increasing refinement stability.
It is worth noting that the accuracy and stability of the parametric approach is dependent
upon the ability of the selected equations to accurately model the observed changes within the
sample [2]. As a result, it is advised that sequential analysis still be undertaken to allow the
selection and development of the models used to constrain parameters in this manner.
3.

Example - M n+1AXn Phase Synthesis
Solid-state synthesis of several M n+1AXn phases is known to involve the formation of
short-lived intermediate phases [3]. A time-resolved study of the Ti 3AlC2 system was
conducted on the POLARIS neutron diffractometer [4] at the ISIS neutron facility, to
investigate the reaction mechanism. Mixtures of Ti 3C2 and Al powders in the appropriate
stoichiometric ratios to form Ti 3AlC2 were cold pressed into cylindrical pellets 13mm in
diameter by approximately 11mm high. Two such pellets were stacked into a vanadium can
which was suspended within a standard ISIS vacuum furnace. In the run described here, the
furnace temperature was ramped at 5°C/min from 25°C to 1000°C (data sets 54504 to 54543),
held for 220 minutes (data sets 54543 to 54587), then turned off and allowed to cool under its
own inertia (data sets 54587 to 54608). Time-of-flight neutron diffraction patterns were
collected continuously throughout the heating cycle with 5 minute acquisitions per data set.
Sequential data analysis was undertaken using the TOPAS-Academic [5] software
package, with the resultant phase abundances shown in Fig. 1. The graph shows (i) melting of
aluminium at data set 54526; (ii) formation and smooth growth of Ti 3AlC2 between data sets
54544 and 54574; and (iii) the reappearance of aluminium at data set 54574, despite the
sample temperature exceeding the melting point of the metal at this stage. This is a result of
the aluminium unit cell and crystallite size parameters refining to values which enable the
calculated aluminium diffraction pattern to model observed intensity which in reality is due to
the other phases or background scattering. Given that the phase abundances are derived using
the methodology of Hill and Howard [6] which sums the analysed concentrations to 100wt%,
the false presence of aluminium metal in the sample causes the apparent concentrations of
Ti3C2 and Ti3AlC2 to be depressed.
The behaviour of lattice parameters as functions of measured sample temperature for
the cubic Ti3C2 and aluminium phases is shown in Fig. 2. Notice that the lattice parameter of
the Ti3C2 phase, which persists throughout the reaction, displays a clear dependence on the
temperature of the sample. Initially this is also true of the aluminium lattice parameter;
however the dependence rapidly vanishes upon melting.
A parametric analysis was then conducted, with the aim of stabilising the refined
parameters and hence improving the determination of phase abundance. Empirical 2 nd order
polynomial equations for the unit cell dimensions of aluminium and Ti 3AlC2 (which displays
similar erroneous behaviour early in the reaction) as functions of the measured temperature
were derived from the relevant, stable portions of the sequential analysis. These equations
were coded into a new TOPAS input file, with the coefficients of the equations allowed to
refine within suitable limits. The result of analysing all 104 diffraction patterns
simultaneously is shown in Fig. 3. The abundance of aluminium metal now correctly reports
as 0wt% after melting and the Ti 3AlC2 phase shows a smooth increase in concentration as the
reaction progresses.
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Fig. 1. Phase abundance initially determined by sequential analysis of the in situ data. Note the reported
formation of aluminium metal beginning at data set 54574 (at 1000°C) and the corresponding decreases in Ti 3C2
and Ti3AlC2 abundances. The temperature profile of the furnace is shown as a dashed line (right axis).

First data set (54504)

Melting point (54529)
Final data set (54608)

Fig. 2. Lattice parameter values for Ti 3C2 (left axis) and aluminium (right axis) determined by sequential
analysis. The behaviour of the Ti 3C2 lattice parameter clearly correlates with the temperature of the furnace.
However, the aluminium lattice parameter becomes unstable after melting occurs at data set 54526, and refines
to values near its lower limit (4.0Å) which was set slightly below its room temperature value.

Fig. 3. Phase abundance determined by parametric analysis of the in situ data using sample temperature to
constrain the lattice parameters of aluminium and Ti 3AlC2. Stability of the phase abundance of all three phases
has been improved. The temperature profile of the furnace is again shown as a dashed line (right axis).
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4.

Discussion
During sequential analysis, all parameters are free to refine to values which provide the
best fit between observed and calculated patterns. However, in parametric refinement there is
the potential for the constraint relationships to compromise this minimisation process.
Therefore, confirmation is needed to ensure that the applied models accurately represent the
physical and chemical changes occurring in the sample. Fig. 4 shows the weighted profile Rfactor (Rwp) for each data set for both the sequential and parametric analysis runs. Under
ideal circumstances, these two curves should be identical. While the parametric Rwp values
are slightly higher than the equivalent sequential values (indicating either minor errors in the
parametric models, or that unrealistically low values of Rwp were achieved in the original
sequential analysis) the level of agreement is excellent giving confidence in the models used.

Fig. 4. Comparison of the weighted profile R-factor (Rwp) for both the sequential and parametric approaches.
Note the slight devation after data set 54549, possibly indicating minor errors in the parametric models used.

5.

Conclusions
Parametric Rietveld refinement allows physical models to be incorporated into the
refinement procedure for the purposes of (i) stabilising refinable parameters; and (ii)
evaluating the applicability of the physical models selected to the observed behaviour. This
approach reduces the independent parameter-to-observations ratio and enables simultaneous
analysis of all data sets in a sequence. However, the parametric approach has the potential to
overly constrain parameters and as such, sequential analysis must still be undertaken to allow
the selection and development of the models used to constrain parameters.
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Investigation of columnar defects in MOD YBCO films by TEM
J.A. Xiaa, N.M. Strickland a, E.F. Talantsev a, N.J. Long a and J. Kennedyb
a
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Planar defects which are parallel to the a-b plane are commonly observed in
metal organic deposited (MOD) YBCO. These planar defects enhance the
critical current when the magnetic field is parallel to the film. To enhance
critical currents when the magnetic field is perpendicular to the film surface,
columnar defects would be desirable. In this work, we have studied the
columnar defects in MOD processed Dy doped YBCO film by Transmission
Electron Microscopy (TEM). The cross-section and plan-view TEM
observations have revealed that the columnar defects are generated along with
the micro-twin lamellae which are perpendicular to the a-b plane of the film.
The columnar defects generated by ion implantation were also analysed by
TEM. The relationship between the columnar defects and critical current
density has been discussed.
1.

Introduction
Defects in YBa 2Cu3O7 (YBCO) films play a significant role in determining the critical
current density of superconducting wires through pinning of magnetic flux lines. Tailoring the
size, concentration, and shape of these defects to optimize the critical current density is one of
the principal goals of materials research on YBCO films. YBCO has a distorted perovskite
structure; for YBCO thin film growth by metal-organic deposition (MOD), planar defects
parallel to the a-b plane and the film surface are commonly observed. These planar defects
enhance the critical current when the magnetic field is parallel to the film [1]. Point-like
nanoparticle defects can also be introduced, giving an isotropic enhancement [2, 3]. To
enhance critical currents particularly when the magnetic field is perpendicular to the film,
columnar defects would be desirable. Some studies have reported columnar defects observed
in YBCO films and their effect on superconducting properties of the materials [4, 5]. We have
reported ion irradiation on YBCO films resulting in columnar ion tracks which provide strong
flux pinning for magnetic fields aligned close to the irradiation direction [6]. In this work, we
use Transmission Electron Microscopy (TEM) to characterise the columnar defects in MOD
processed Dy-doped YBCO films and the ion irradiated material. These defects and their
relationship with the critical current anisotropy are explored.
2.

Experimental
YBCO films were prepared by metal-organic deposition (MOD) of trifluoroacetatebased precursors on a buffered metallic substrate as described elsewhere [5]. The material
investigated in this work is Y(Dy)BCO which is a YBCO film with 50mol% Dy addition.
Ion irradiation was carried out at the National Isotope Centre of GNS Science. The Ag
ion energy used was 74MeV, the ion fluence was 10 11 ions/cm2, and the ion beam was oriented
normal to the film and parallel to the average c axis.
TEM cross-section samples were prepared by the normal procedure. The materials were
mechanically polished to a thickness of ~20µm. Then the samples were thinned by Ar + ion
milling using Gatan’s 691 Precision Ion Polishing System (PIPS). TEM work was performed
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at Victoria University of Wellington using a JEOL 2011 transmission electron microscope
which is operated at 200kV with a LaB 6 filament.
3.
3.1

Results and discussion
Columnar defects in twinning structure
Many stacking faults and planar defects have been studied in MOD processed YBCO
films. These defects are parallel to the a-b planes which results in anisotropic effect in critical
current density which means that higher increase in critical current density when magnetic
field is perpendicular to the c axis than that when magnetic field is parallel to c axis. In the
Y(Dy)BCO material after oxygen annealing, some columnar defects which are perpendicular
to a-b plane were observed in some regions. Figure 1 is a cross-section TEM image of a
Y(Dy)BCO sample showing the columnar defects. These columnar defects do not occur
throughout whole film; figure 2 shows another region of the same sample that does not have
columnar defects. To characterise these columnar defects, plan-view TEM work was
performed on this material (figure 3). The microstructure in plan-view shows a large density
of nano-particles which have been observed in cross-section orientation before [1-3]. Besides
these nanoparticles, some micro-twin lamellae were observed in the plan-view orientation
microstructure. The twin structure in YBCO consists of two domains in which the nearlyequivalent a and b axes are interchanged, with a symmetrical interface along the (110) plane.
This interface is twin boundary. Much research has been done in the twinning structure in
YBCO bulk and thin film materials [4, 7-9]. Some studies have shown that the twin
boundaries can act as pinning centres to increase critical current density of the material [8, 9].
The width of these micro-twin lamellae is about 10-70nm. A selected area electron diffraction
pattern from the twinned area is shown in figure 4. The electron beam is parallel to [001]
orientation of the film. In the diffraction pattern, splitting of diffraction spots with increasing
separation for higher order reflection was observed. The result confirms that the (110) plane
in the film is the twin boundary. The observation of this twinning structure in plan-view
orientation indicates that the columnar defects observed in cross-section orientation are
generated along these twin lamellae. We have reported that YBCO films with Dy addition
provide more significant flux pinning effect than undoped YBCO films do [1,3]. Crosssection TEM observation rarely found the columnar defects in undoped YBCO films, while in
Dy doped YBCO material, a significant number of columnar defects were observed. This
result suggests that Dy doped material can produce more twin lamellae, and therefore more
columnar defects, than un-doped materials. It is possible that these columnar defects also
contribute to the enhanced flux pinning generally attributed to the higher density of nanoparticles.

Fig. 1. TEM cross-section image of a Y(Dy)BCO
material showing columnar defects. (Arrow is
interface between Ag and YBCO top surface)

Fig. 2. TEM cross-section image of a Y(Dy)BCO
material showing columnar defects.
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Fig. 3. TEM plan-view image of the sample
Y(Dy)BCO showing the micro-twin lamellae.

Fig. 4. Selected area diffraction pattern of a
micro-twin region showing splitting diffraction
spots (arrow) in high order of (110) orientation.

3.2

Columnar defects generated by ion implantation
One approach to generate columnar defects is ion implantation [6,10,11]. The
Y(Dy)BCO sample was irradiated at normal incidence with 74MeV Ag ions to a fluence of
1011 ions/cm2 as described elsewhere [6]. At this energy, the electronic energy loss of the
incident ions is such that discontinuous amorphised tracks are formed. The TEM image in
Figure 5 shows the vertical discontinuous ion tracks in addition to (Y,Dy) 2O3 nanoparticles
and horizontal ab-plane stacking faults that were present in the unirradiated sample [1]. The
tracks have a diameter of 2–4 nm. Because the tracks are non-superconducting and have a
diameter about double the coherence length of YBCO, they form strong flux pinning centres.
Figure 6 shows the magnetic field-angle dependence of the critical current of the sample
before and after irradiation. A broad peak appears for the irradiated sample when the magnetic
field is parallel to the ion tracks, despite the fact that the low-field critical current was reduced
by 20% due to the reduction in percolation path. This is an unambiguous manifestation of the
anisotropic flux pinning provided by these columnar defects.

180
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irradiated (288 A/cm)
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Fig. 5. TEM cross-section image of an ion irradiated
sample showing many ion tracks.

Fig. 6. Magnetic field-angle dependence of the
normalized critical current in 74 MeV Ag-irradiated
Y(Dy)BCO sample, for 1 T applied field.
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4.

Conclusions
The columnar defects in MOD Dy doped YBCO superconducting film has been
characterised by cross-section and plan-view TEM. The result showed that the columnar
defects are generated along the micro-twin lamellae which are in the (110) plane of the
material. Dy doped YBCO samples produced more columnar defects than un-doped YBCO
and it is possible that these columnar defects also contribute to the enhanced flux pinning
generally attributed to the higher density of nano-particles.
Ion implantation on the Dy doped YBCO material at an energy of 74 MeV and ion
fluence of 10 11 ions/cm2 with the orientation ion beam parallel to c axis has generated a large
density of discontinuous ion tracks which is a form of columnar defects. The width of these
columnar defects is about 2-4 nm. These defects act as flux pinning centres to increase the
critical current density when the magnetic field is near parallel with the irradiation direction.
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Critical Temperature, In-Field Performance and Microstructure of MetalOrganic Deposited YBa 2Cu3O7-# Films Doped with BaZrO 3
E.F. Talantsev, N.M. Strickland, J.A. Xia, N.J. Long
Industrial Research Limited, 69 Gracefield Road, Lower Hutt, 5040, New Zealand.
YBa2Cu3O7-# (YBCO) films doped with BaZrO 3 were fabricated on the rolling
assisted biaxially textured substrate (RABiTS TM) by metal-organic deposition
of trifluoroacetates. Transmission electron microscopy (TEM) studies have
shown that Zr doping leads to nucleation and growth of randomly oriented
BaZrO3-like nanoparticles (15-30 nm in size) inside of highly textured YBCO
grains. We have found that the superconductor-to-normal transition
temperature, Tc, for fabricated films is suppressed by the rate less than 0.05
K/at.%Zr with Zr doping up to 20 at.%Zr, while vapour deposition methods
give a suppression rate of 0.4 K/at.%Zr. Critical currents in magnetic fields are
given for the development wires and are compared with undoped YBCO.
1.

Introduction
The key component of second generation high temperature superconductor wires (2G
HTS) is a thin (about 1 µm) highly textured film of YBa 2Cu3O7-# (YBCO). Critical current
densities, Jc(T,B,$), of this textured YBCO layer can exceed Jc=6.5 MA/cm2 at T=65 K and
self magnetic field, and Jc=25 MA/cm2 at T=20 K and self magnetic field [1,2]. Such a high Jc
is only possible if the YBCO microcrystals of the superconducting film have well aligned a-b
(001) planes, combined with a high density of nanoscale flux pinning centers (artificially
created secondary phases like Dy 2O3 [3], BaZrO 3 [4-10], BaSnO 3 [11]) inside the YBCO
grains. From a general point of view, a higher density of flux pinning centers leads to a higher
critical current density up to point where the superconducting percolation path is
compromised [3].
In this work, we have extended our previous attempts [8] to develop a high-Jc 2G HTS
based on YBa 2Cu3O7-# + BaZrO3 (YBCO + Zr) composition that utilized the metal-organic
deposition (MOD) technique [1,10]. The intention is to increase the density of BaZrO 3 by
using a higher Zr concentration in the starting materials and establish Tc suppression rate due
to Zr doping. Achieved results are reported herein.
2.

Sample preparation
The YBCO + Zr films on rolling assisted biaxially textured substrates (RABiTS TM) [1]
were deposited by spin coating a trifluoroacetate (TFA) precursor made from salts of yttrium,
barium, cooper, and zirconium as described previously [1,13]. The as-deposited TFA-MOD
films were pyrolyzed at 400 "C in a humid oxygen atmosphere then converted to the epitaxial
YBCO phase in a tube furnace with a humidified, low oxygen pressure environment at a
temperature of 700–800 "C. The reacted films were then coated with about 1 µm of silver
using thermal evaporation and then annealed in oxygen. Film phases were characterized by
XRD. Cross-sectional TEM was used for microstructure studies. The detailed TEM sample
preparation has been reported elsewhere [14]. In-magnetic-field transport critical currents,
Ic(T,B,$), were measured based on a 1 µV/cm criteria with a four-point method described
elsewhere.
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3.
3.1

Results
Superconducting Transition Temperature for YBCO + Zr Films
A significant problem for physical vapour deposition methods (for example, pulsedlaser deposition technique (PLD) [4-7]) for fabrication high quality YBCO + Zr films is
related to a suppression of the superconducting transition temperature, Tc, of the film for
relatively moderate Zr concentrations. Thus, Tc for PLD derived YBCO + Zr films is
decreasing at the rate of approximately 0.4K/at.%Zr (Fig. 1(a), data from [5-7]).
We doped YBCO films with Zr up to concentration of 20 at.% (related to Y, in the
precursor solution) and found a Tc suppression of less than 0.05 K/at.%Zr (Fig. 1(a)). The
width of the superconducting transition, "Tc, does not exceed 1 K for all studied Zr
concentrations (Fig. 2). The resistance curve, R(T), for YBCO + 20 at.%Zr is shown in Fig.
1(b).
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Fig. 1. (a) Tc for YBa2Cu3O7-# + BaZrO3 films from PLD (data from [5-7]) and TFA-MOD fabrication and
(b) the resistance curve, R(T), for TFA-MOD YBa 2Cu3O7-# + 20 at.%Zr

3.2. Microstructure of TFA-MOD YBCO + Zr Films
TEM studies have shown that a uniform distribution of spherical BaZrO 3 nanoparticles
(15-30 nm in size and inhoherent with the lattice) in the YBCO matrix is typical for TFAMOD films (Fig. 2(a)). Energy dispersive X-ray spectroscopy (EDS) study shows that the
nanoparticles contain Zr while the YBCO matrix does not, therefore it is believed that the Zr
is mostly incorporated into nanoparticles. Note, that this BaZrO 3 nanoparticle phase structure
is different from “bamboo-like” nanorods of BaZrO 3 in PLD derived YBCO + Zr films [5-7].
Stacking faults that we observed in a-b (001) planes (Fig. 2(b)) are generally believed to be
YBa2Cu4O8 phase [12-14] (i.e. extra Cu-O layer).
(a)

Fig. 2. TEM micrograph of YBa2Cu3O7-#+10 at.%Zr film derived with TFA-MOD routine:
(a) wide-view image and (b) high-resolution image (5 nm scale mark is in left bottom corner).

(b)
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3.3

Critical Currents for YBCO + Zr Films
At present we are performing studies to optimize the nucleation and crystal growth
conditions for YBCO+15 at.%Zr with the intention to maximise Jc in the low temperature
(T~30 K), high magnetic field (B>3 T) region. Typical Ic(T,B,$), Jc(T,B,$), and pinning force,
|Fp|=|JcxB|, results for three different samples at T= 77 K and 65 K are shown in Fig. 3. The
Ic(T,B,$) results include the effects of different HTS film thickness and so we show Jc(T,B,$)
to give a comparison of the intrinsic material properties. The samples were TFA-MOD
undoped YBCO, YBCO + 50 at.%Dy (highly doped YBCO), and YBCO + 15 at.%Zr.
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Fig. 3. Ic(T,B,$), Jc(T,B,$), Fp(T,B,$) for TFA-MOD undoped YBCO (black), YBCO+50 at.%Dy (blue), and
YBCO+15 %Zr (red) films.

The Ic(T,B,$) results look similar at two temperatures. When normalised by thickness to
Jc(T,B,$), however, we surprisingly find the Jc for undoped and Dy-doped samples converge at
T=65 K, particularly for perpendicular direction of magnetic field. The Zr-doped sample also
converges with these samples at high fields, despite having a much lower self-magnetic field
Jc. The pinning force for perpendicular field is almost the same for all samples in a wide range
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of fields. This suggests that the dominant pinning mechanism for perpendicular-fields and
lower temperatures is not provided by Dy 2O3 nor BaZrO3 nanoparticles, but instead by defects
that are common to all these samples. An immediate project goal is to increase the selfmagnetic-field Jc(T,B,$) for YBCO+15 at.%Zr films as this should scale to increase the high
magnetic field performance.
4.

Conclusions
We have demonstrated that the Tc of the TFA-MOD YBa2Cu3O7-# + BaZrO3 films is not
affected by the Zr concentration as it is in physical vapour deposition films. In addition it was
established that even moderate changes in sample temperature (from T=78 K to T=65 K) leads
to significant convergence of the Jc(T,B,$) and |Fp(T,B,$)| for undoped YBa2Cu3O7-# and highly
doped YBa2Cu3O7-# + 50 at.%Dy films.
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Characterisation and Tracing of Prosthesis Debris:
Towards Suppressing the Pathways of
Ultra-high Molecular Weight Polyethylene Wear Particles
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School of Physical, Environmental and Mathematical Sciences, University of New South
Wales at the Australian Defence Force Academy, Canberra, Australia
b
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Ultra-high molecular weight polyethylene wear debris particles have been fully
shape-characterised using a new approach based on atomic force microscopy.
Results suggest that the smallest particles tend to be deformed. In order to trace
wear particle transport 111In ions were mass-separated and implanted into the
polymer. By detecting the radionuclide, debris transport was studied in two
tribological model systems: impact onto steel and uni-directional sliding of a
steel wheel. Important debris pathways have been identified with the new
technique and the transport volume along the pathways has been modelled in
agreement with the data.

1.

Introduction
Ultra-high molecular weight polyethylene (UHMWPE) polymer is the established
bearing material in knee and hip prostheses due to its favourable wear properties. The large
and persistent dynamic forces in an artificial joint create however a large number of polymer
wear debris particles ranging from submicron to visible size [1]. Typically 100 million
particles are produced in a patient per day. These particles trigger the biochemical reactions
which often result in early clinical failure of the prosthesis [2]. The wear mechanisms creating
the particles are uncertain [3]. The particle pathways in and near the prosthesis are not clear
[4]. The relevance of particle size and shape on the bioactivity of particles is debated [5].
A selective suppression of polymer particles in the wear process, or their selective
removal from particle pathways, requires detailed knowledge of particle size and shape. Since
scanning electron microscopy (SEM) only provides contrast information on the vertical
dimension of a particle, atomic force microscopy (AFM) has been utilized in this work to
permit for the first time a full three dimensional shape characterisation of polymer wear
particles generated under realistic conditions. Furthermore a new experimental approach has
been explored, which aims to trace the pathways of polymer wear particles from their
tribological place of origin to other locations in and near the knee prosthesis, where they may
initiate adverse bioactivity. The polymer is labelled with the radioisotope, with lateral and
depth control, using ion implantation. Wear particles from the labelled region carry the
radioisotope and can be traced via the detection of a characteristic !-ray. While ultimately
experiments on actual prostheses using a realistic knee motion simulator are planned, this
paper presents results for two model systems, which demonstrate the efficacy of the
technique. Combining information about particle shape and particle pathways may lead
towards devising ways of suppressing critical wear particles in knee prostheses.
2.
2.1

Experimental Details
Shape Characterisation of Wear Particles
A pristine knee prosthesis (Low Contact Stress Mobile Bearing knee system, cobaltchrome on UHMWPE, standard size) was actuated with a constant load knee actuator in order
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to obtain UHMWPE wear debris particles under realistic conditions. Details are given in Ref.
[6]. Aliquots of the water lubricant containing wear debris particles were collected regularly.
The filtration protocol can drastically affect the lateral distribution of particles on the filter, as
demonstrated previously [6]. Using a mixture of water and ethanol, density-adjusted to
UHMWPE, non-uniform lateral particle distributions have been avoided. Filters with six
different pore sizes (Millipore-Isopore Membrane Filters) were used to obtain six wear debris
particle fractions. The pore diameters were 10, 5, 1, 0.8, 0.2 and 0.08 µm, respectively. For
each fraction, a number of images of debris particles on the filter were taken with an atomic
force microscope, manufactured by NT-NTEGRA, using semi-contact mode. The length,
width and height of each particle in an image has been measured individually by using the
length and cross-sectioning tools of the AFM software. Details will be given in Ref. [7].
2.2 Radioisotope Tracing of Wear Particle Pathways
Ions of 111In were mass-separated and implanted into UHMWPE at 160 keV. Implanted areas
were 8 mm ! 8 mm on 10 mm ! 10 mm samples. The total fluence was measured as 5.0!10 11
ions/cm2. At this energy the near surface layer of the polymer, to a depth of less than 200 nm,
is implanted, so that the wear dynamics beyond this depth is unaffected by the implantation.
As a model of a tribological system labelled polymer samples were dropped under load
on steel. Furthermore, as a second model system, rotating stainless steel wheels with 5 mm
wide rims, using water lubrication, were interfaced with the UHMWPE samples under normal
loads of 1 kg and 3 kg.

Fig. 1. (a) Submicron UHMWPE wear particles on a filter medium imaged with atomic force microscopy. (b,c)
Illustration of the length, width and height characterisation of a complex particle. (d) Traditional twodimensional presentation of shape information. (e) Full three-dimensional parameterisation showing the correct
correlation between particle sphericity and particle volume. Details are given in the text.
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The material loss from the polymer, the debris up-take by the steel actuator, and the dispersion
of debris away from the wear interface have been observed and measured via the detection of
the 171 keV and 245 keV !-ray lines associated with 111In decays. Based on these
experimental data, the debris transport along important pathways has been modelled.
Additional details are given in Refs. [8,9].
3.

Results and Discussion
The efficacy of characterising the shape of polyethylene wear particles with AFM is
illustrated in Fig. 1. Fig. 1(a) shows a characteristic AFM micrograph with wear particles
from the filtering fraction 200 nm – 800 nm. Using the length, width, and height information
provided by AFM, individual particles can be measured fully in all three spatial dimensions.
This is demonstrated for a complex particle in Fig. 1(b,c). Traditionally, often based on SEM
imaging, the area of two-dimensional particle projections has been employed to predict
particle shapes. This method uses the equivalent-shape-ratio ESR, which is defined as the
projected width over the projected length. Thus a circular projection corresponds to ESR = 1
and suggests a spherical particle, whereas smaller ESR values indicate elongation. Applying
this approach to the data obtained in the present study would indicate incorrectly that the
smallest particles are spherical and that maximal deformation occurs for particles with a
volume V of about 0.1 µm3. This is shown in Fig. 1(d).

Fig. 2. (a) UHMWPE sample dropped repeatedly on steel. Measured activity fractions show the gradual transfer
of polymer material to the steel surface. (b) A steel wheel wears into a UHMWPE surface labelled with 111In. (c)
Wear debris pathways for this system are identified by detecting !-rays characteristic for 111In. (d) Measured
activity fractions expressed as volume removal from the polymer and model fits. (e) Measured activity fractions
expressed as volume removal to the lubricant and model fits. (f) The wheel-on-polymer system can be modelled
assuming two-way debris transport between polymer and wheel with gradual debris dispersion to the water.
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With a full set of three-dimensional length measurements as obtainable from AFM, however,
the particle shape can be expressed through its sphericity S. This is demonstrated with the
same data in Fig. 1(e). It is clear that maximum particle deformation occurs in fact for the
smallest wear particles, with sphericity increasing smoothly with particle volume. The
discrepancy between the two approaches may be understood as arising from the fact that
deformed particles tend to settle on a filter medium preferentially with a low centre-of-mass.
This is considered in the technique introduced here, whereas the traditional two-dimensional
approach neglects such bias.
Figure 2 shows results from the radioisotope tracing studies. The 111In activity fractions
measured for impact onto steel are given in Fig. 2(a). The results identify pick-up by the steel
as the dominating debris pathway. Transport volume is a function of impact number and has
also been found to increase with increasing load. Figure 2(b) illustrates the second model
system in which a rotating steel wheel interfaces a labeled UHMWPE sample under load. The
characteristic !-ray spectrum in Fig. 2(c) shows that wear debris pick-up by the steel wheel
dominates over dispersion to the water lubricant. Using the approach presented in Ref. [8] the
measured activity fractions can for this model system be related to the transport volume along
the three important pathways: (i) pick-up by steel wheel, (ii) return to polymer, (iii) drop-out
and dispersion in lubricant. Figure 2 (d,e) shows the experimental data in this form as moved
debris volume and moved debris mass, plotted as a function of wheel rotations. Filled
symbols correspond to a 3 kg load, whereas the open triangles are data points for a 1 kg load.
The results are consistent with the two-way debris transfer model proposed in Ref. [8] and
shown as solid curves in Fig. 2(d,e). This theoretical model predicts in detail how the system
attains a steady state situation during the wear-in phase. Debris from the UHMWPE sample
is initially taken up by the wheel surface with a large, however, decreasing up-take rate.
Debris is also returned from the wheel back to the polymer with an increasing rate until a
quasi-equilibrium between these two competing transfer processes is established. The
dispersion of wear debris in the lubricant can then be explained as stochastic drop-out during
transfer. Fig. 2(f) illustrates these three dominating debris pathways of the wheel-onUHMWPE system.
4.

Conclusions
Ultra-high molecular weight polyethylene wear particles from an assay produced under
realistic conditions have been fully shape-characterised in three spatial dimensions using a
new approach based on atomic force microscopy. Results suggest that the smallest wear
particles tend to be deformed. It has also been demonstrated that the pathways of ultra-high
molecular weight polyethylene wear particles can be identified and traced quantitatively using
radioisotope ion implantation. For a wheel-on-polymer system the establishment of a two-way
debris transfer process during the wear-in phase consistently explains the experimental data
with debris accumulation in the lubricant resulting from stochastic drop-out during transfer.
From the application of the new technique to actual prostheses in vitro, a better understanding
of the complex transport processes which precede prosthesis failure may emerge.
The detailed characterisation of wear particle shapes with atomic force microscopy and
the identification of particle pathways in prostheses via radioisotope tracing are two new
experimental techniques which may assist the effort of suppressing critical polymer wear
debris in knee prostheses.
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Polished ultra-high molecular weight polyethylene has been micro-scratched
with 90° cube corner tips, cleaved from silicon wafers. The normal load was
270 mN and the scratch mode was flat-on, uni-directional and single pass.
The quality of the tips has been evaluated with scanning electron microscopy.
The micro-scratches have been characterised with atomic force microscopy.
No detached debris is produced. Cross-sectional scratch profiles have been
analysed using Zum Gahr’s formalism suggested for ductile metals, however,
applied by some towards the characterisation of polymer wear. Results show
that the volume of the two pile-up ridges alongside the scratch equals the
volume of the recovered scratch cavity.

1.

Introduction
Polymers, such as polyethylene, are used for a variety of macroscopic applications in
areas as diverse as food packaging, aerospace and automotive manufacturing, and biomedical
engineering. More recently polymers have been applied extensively as one of the preferred
materials towards the miniaturization of functionality in the form of microscale devices. The
tribological performance of polymers under such circumstances, where loads are small and
where surface properties tend to be more important than bulk properties, is expected to be
significantly different than in macroscopic applications [1]. Presently suitable tribological
characterisation techniques based on micro-scratching are being developed. The microscratches are produced with well-defined indentation tips acting as a single micro-, or nanoscale, hard asperity. Often commercial diamond tips are used with Berkovich or conical
geometry. In this work the efficacy of readily available 90° cube corner tips, cleaved from
{111} silicon wafers along crystal planes and mounted on a vertical beam under normal load,
is explored. This approach may be an alternative to much more complex commercial
tribological characterisation systems, which are typically designed as multipurpose
instruments.
Among technologically relevant polymer materials ultra-high molecular weight
polyethylene (UHMWPE) is particularly interesting, since it is a standard bearing material in
artificial joint prostheses. Furthermore UHMWPE is very ductile in comparison to other
polymers [2], so that some established theoretical approaches, such as Zum Gahr’s formalism
of analysing cross-sectional scratch profiles in ductile metals [3], may be applied successfully.
Sani et al. [4], using micro-scratching with conical diamond tips, have observed an excess
pile-up of material in two ridges alongside the micro-scratch for several polymers (PMMA,
PEP, PC). This excess has not conclusively been explained theoretically [4]. Interestingly,
these authors found that UHMWPE showed a deficit. In marked contrast to the other
polymers studied, for UHMWPE the observed two ridges are however not symmetric in the
data presented in Ref. [4]. This is puzzling and motivates further investigation.
A better understanding of micro-scratching of UHMWPE should shed some light on the
production of debris particulates when this material wears in a moving articulation. Such
particulates are presently limiting the long-term biocompatibility of the UHMWPE in
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artificial joint prostheses. It has been proposed [2,4], based on experiments with conical tips,
that for UHMWPE such abrasive debris results from multi-directional scratching and wallformation at the intersection of scratches. This contrasts with results for other, in particular
more brittle, polymers, such as epoxy, where a single uni-directional micro-scratch produces
many debris particles and a linear relationship between microscopic and macroscopic abrasive
wear appears to exist [2]. The present work explores, if the considerably different geometry of
90° cube corner tips with flat-on attack may result in the generation of debris particulates on
UHMWPE during uni-directional scratching.
2.

Experimental Details

2.1

90° Cube corner silicon micro-scratching tips
Several square pieces (4 mm " 4 mm) were cleaved along crystal planes over a clean
glass slide edge out of a commercial {111} p-type 4 inch silicon wafer. Using scanning
electron microscopy (SEM) using a Hitachi TM 1000 instrument, several good quality tips
were selected. Before application, the silicon tips were cleaned in ethanol and inspected with
SEM to exclude the possibility of foreign particle contamination. After cleaning and
inspection, the tip was carefully mounted on the load beam of the micro-scratch apparatus.
2.2

Specimen preparation
From a 2 mm thick commercial UHMWPE polymer sheet 10 mm " 10 mm square
specimens were cut and then polished to a typical average roughness Ra = 50 nm using grade
4000 polishing paper (6 nm variation). The roughness was determined on three representative
specimens by atomic force microscopy (AFM) . The specimens were handled with tweezers
and latex gloves in order to avoid any contamination. Following polishing specimens were
washed in ethanol and ultrasonically cleaned in distilled water for 3 times (10 minutes each
time) and dried in a steady flow of nitrogen.
2.3

Micro-scratch apparatus
All scratch experiments were conducted using the manual micro-scratch apparatus
shown in Fig.1 (a). This apparatus, built by the local workshop, can perform single, unidirectional micro-scratches on planar specimens with a normal load of 270 mN or less. The
load beam is free to move under gravity in the vertical direction through a square opening in a
moving stage. Depending on scratch direction, edge-on or flat-on attack by the tip can be
studied. In this work flat-on attack was chosen in order to differentiate the attack most
markedly from that achieved with a conical tip. Figure.1(b) and (c) illustrate the geometry of
the cubic corner tip attack.

(a)

(b)

(c)

Fig.1. (a) Photo of the manual micro-scratching stage with a mounted cube corner silicon tip;
(b) Illustration of the scratching geometry. (c) Cross-sectional cut showing the 45° attack angle.
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Gently landing the tip on the UHMWPE specimen, so that the tip indented into the polymer
surface, micro-scratching was conducted with a typical scratch length of 200 !m by turning
the micrometer screw continuously at an average velocity of about 300 !m/s. The scratch
mode was uni-directional and single pass. After micro-scratching, the silicon tip was removed
carefully and then imaged with SEM to identify any polymer debris.
2.4 Scratch characterisation and Zum Gahr’s formalism
The micro-scratches were characterised using a NT-MDT atomic force microscope.
Cross-sectional cuts through the AFM image of the scratch have been analysed using Zum
Gahr’s formalism [3] in a similar fashion as applied in Ref. [4]. In this formalism the
relationship of the cross-sectional area (Fig.2) of the recovered scratch Av and the crosssectional areas A1 and A2 of the two ridges piled up alongside each side of the scratch is
described by the Zum Gahr ratio f ab, according to
f ab %

AV $ !A 1 # A2 "

(1)

AV

3.

Results and Discussion
Figure.3 shows SEM images of three 90° cube corner scratching tips cleaved from a
silicon wafer. It is apparent that at distances of less than 5 µm from the apex the tips have the
correct geometry and any variations are within acceptable limits. Thus reproducible results
may be expected from the use of such tips, since, with the set-up and parameters applied here,
the depth of the micro-scratch is typically of the order of 2 µm. SEM before and after microscratching has shown that the tips remain unchanged.

{111}

{111}

{111}

Fig.3 SEM images of three cube corner scratching tips made by cleaving silicon. The geometry and definition of
the tips is within acceptable limits at distances less than 5 µm from the apex.

A three-dimensional AFM image of a typical micro-scratch is displayed in Fig. 4 (a). As
with all other scratches studied in this work, the two pile-up ridges alongside the scratch
cavity are symmetric about the scratch direction, in contrast to the observation displayed in
Ref. [4]. None of the micrographs showed any evidence of detached polymer particle. This
supports the view that multi-directional, intersecting scratching leads to wear debris
production [2] with tip geometry being a negligible factor.
Figure.4 (b) shows a cross-sectional cut through the AFM data for the scratch shown in
(a) taken at about 50 µm from the end of the scratch. The principle of Zum Gahr’s formalism
as applied in this work is also illustrated. From the repeated analysis of several of such crosssectional cuts a Zum Gahr ratio f ab = (0.01 ± 0.09) has been determined. This is much closer
to expectation for ductile polymers, such as UHMWPE and PTFE, than the ratio of fab = 0.45
published by Sani et al. [4] for a conical tip. In contrast to PMMA, PEP and PC an excess
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pile-up of material in the two ridges alongside the micro-scratch is not observed. Instead, the
volume of the ridges equals the volume of the recovered scratch cavity.

(a)

Fig.4. (a) 3D AFM image of a typical micro-scratch produced with the set-up described above. Material pile-up
in ridges alongside the scratch is apparent. (b) Typical cross-sectional cut through the AFM data at about 50 µm
from the end of the scratch. The application of Zum Gahr’s formalism is illustrated by the dots and lines.

4.

Conclusions
A novel experimental approach to micro-scratching experiments on polymers is being
explored using cleaved silicon tips and atomic force microscopy. It has been shown that the
cleaving of commercial silicon wafers reproducibly produces 90° cube corner scratching tips
which can be readily mounted on a simple manual scratching stage.
No UHMWPE debris particles have been observed on any of the specimen or the silicon
cube corner tips following single-pass, unidirectional, flat-on micro-scratching. This is
consistent with results for conical tips.
The formalism suggested by Zum Gahr has been used to analyze some of the microscratches produced. Results suggest that the micro-scratching of ultra high molecular weight
polyethylene with cube corner tips produces ridges on each side of the scratch, the volume of
which equals the volume of the recovered scratch cavity. This is consistent with expectation
for ductile polymers such as UHMWPE and PTFE, where none or little detached debris is
produced. However, this behaviour contrasts with other polymers, such as PMMA, PEP and
PC, for which published, inconclusive results, obtained with conical tips, suggest an excess
pile-up, which would imply an inconceivable change of mass density.
A further development of the novel experimental approach presented here is underway
towards efforts to better understand the micro-scratching of ultra high molecular weight
polyethylene.
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