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Theoretical Physics 

 10 Staff; 10 PDRAs; 22 PhDs;  

       

     

 219 articles; 2472 citations; £2.9 M grant awards; £1.1 M in-kind; 20 PhDs awarded 

The main themes of research in Theoretical Physics are: 
 Molecular & Materials Modelling;  
 Complexity & Biological Physics;  
 Quantum Condensed Matter.   

The Theory Group has a breadth of expertise in materials modelling, esp. in molecular dynamics and 
electronic structure calculations.  There is extensive collaboration with experimental groups on both 
hard condensed matter and bio-/soft matter.  Recent strategy has also been to strengthen 
interdisciplinary links and make full use of high end computing facilities in the Centre for Scientific 
Computing (CSC).  The study of complex matter has become an exciting focus for the future, with 
strong links to Maths, Chemistry, and Life Sciences coming through numerical modelling of crystal 
growth and phase stability of biological & functional materials (Quigley), applications of geometry 
and topology to liquid crystals (Alexander), and modelling of soft and biological condensed matter 
(Allen).  The Complexity Centre (co-founded in 2007 by Ball) has developed into a dynamic 
environment for inter-disciplinary research into emergent behaviour and self-organisation (Ball) and 
for non-equilibrium biophysics systems (Turner).  Theoretical Physics was a key driver in forming the 
new Biological Physics group and its interests in non-equilibrium systems overlap very well with the 
experimental work.  The quantum condensed matter activity has been directed increasingly to 
understanding experimental developments in non-equilibrium phase transitions (Szymanska), 
magneto-responsive materials and spintronics (Staunton), electronic properties of disordered 
materials & transport in DNA (Römer), and quantum statistics in small devices (d’Ambrumenil).  The 
strong and developing links with experimental activity (much of it in-house) in electron diffraction, 
PLD, magnetic resonance, neutron scattering and graphene offer excellent prospects for future 
development.  
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Three-dimensional colloidal crystals in liquid crystalline blue phases 

Proceedings of the National Academy of Sciences  108, 5188, (2011)  10.1073/pnas.1015831108 

Miha Ravnika,b, Gareth P. Alexanderb,c, d, Julia M. Yeomansb, and Slobodan Žumera,e 

aFaculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana, Slovenia;  
bRudolf Peierls Centre for Theoretical Physics, University of Oxford, Oxford OX1 3NP, UK;  
cDepartment of Physics and Center for Scientific Computing, University of Warwick, Coventry CV4 7AL, UK 
dDepartment of Physics and Astronomy, University of Pennsylvania, Philadelphia, PA 19104; and  
eJožef Stefan Institute, 1000 Ljubljana, Slovenia  

 

Applications for photonic crystals and metamaterials put stringent requirements on the 
characteristics of advanced optical materials, demanding tunability, high Q factors, applicability in 
visible range, and large-scale self-assembly. Exploiting the interplay between structural and optical 
properties, colloidal lattices embedded in liquid crystals (LCs) are promising candidates for such 
materials. Recently, stable two-dimensional colloidal configurations were demonstrated in nematic 
LCs. However, the question as to whether stable 3D colloidal structures can exist in an LC had 
remained unanswered. We show, by means of computer modeling, that colloidal particles can self-
assemble into stable, 3D, periodic structures in blue phase LCs. The assembly is based on blue 
phases providing a 3D template of trapping sites for colloidal particles. The particle configuration is 
determined by the orientational order of the LC molecules: Specifically, face-centered cubic colloidal 
crystals form in type-I blue phases, whereas body-centered crystals form in type-II blue phases. For 
typical particle diameters (approximately 100 nm) the effective binding energy can reach up to a few 
100 kBT, implying robustness against mechanical stress and temperature fluctuations. Moreover, the 
colloidal particles substantially increase the thermal stability range of the blue phases, for a factor of 
two and more. The LC-supported colloidal structure is one or two orders of magnitude stronger 
bound than, e.g., water-based colloidal crystals.  

 

 

 

 

 

 

Energetically favorable FCC colloidal crystal 
in Blue Phase I 

  

http://dx.doi.org/10.1073/pnas.1015831108
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Power of the Poincaré Group: Elucidating the Hidden Symmetries in Focal 
Conic Domains 

Physical Review Letters 104, 257802 (2010) 10.1103/PhysRevLett.104.257802  

Gareth P. Alexander1, Bryan Gin-ge Chen1, Elisabetta A. Matsumoto1, and Randall D. Kamien1,3 

1,2Department of Physics and Astronomy, University of Pennsylvania, 209 South 33rd Street, Philadelphia, 
Pennsylvania 19104, USA 
2Department of Physics and Center for Scientific Computing, University of Warwick, Coventry CV4 7AL, UK 
3School of Mathematics, Institute for Advanced Study, Princeton, New Jersey 08540, USA 

 

Focal conic domains are typically the “smoking gun” by which smectic liquid crystalline phases are 
identified. The geometry of the equally spaced smectic layers is highly generic but, at the same time, 
difficult to work with. In this Letter we develop an approach to the study of focal sets in smectics 
which exploits a hidden Poincaré symmetry revealed only by viewing the smectic layers as 
projections from one-higher dimension. We use this perspective to shed light upon several classic 
focal conic textures, including the concentric cyclides of Dupin, polygonal textures, and tilt-grain 
boundaries. 

 

 

 

Achronal boundaries for (a) a pair of 
spacelike and (b) timelike separated 
events, both in their rest frames (left-
hand side) and in a general frame (right-
hand side). The corresponding smectic 
textures (cross sections of realistic 3D 
structures) are shown below each 
surface, with focal lines that are the 
projections of cusps on the surface 
(indicated in red). 

  

http://dx.doi.org/10.1103/PhysRevLett.104.257802
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Generating the Hopf Fibration Experimentally in Nematic Liquid Crystals  

Phys. Rev. Lett. 110, 237801 (2013) 10.1103/PhysRevLett.110.237801  

Bryan Gin-ge Chen1,2, Paul J. Ackerman3, Gareth P. Alexander4, Randall D. Kamien2, and Ivan I. 
Smalyukh3 

1Instituut-Lorentz, Universiteit Leiden, Postbus 9506, 2300 RA Leiden, Netherlands 
2Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA 
3Department of Physics, University of Colorado, Boulder, Colorado 80309, USA 
4Department of Physics and Centre for Complexity Science, University of Warwick, Coventry CV4 7AL, UK 

 

The Hopf fibration is an example of a texture: a topologically stable, smooth, global configuration of 
a field. Here we demonstrate the controlled sculpting of the Hopf fibration in nematic liquid crystals 
through the control of point defects. We demonstrate how these are related to torons by use of a 
topological visualization technique derived from the Pontryagin-Thom construction. 

 

 

 

 

(a) Selected 3PEF-PM images from an image stack—the images are 16 _m wide and approximately 4 _m apart in 

the z direction. (b) The toron texture from Ref. [12]. The axis of symmetry of this structure is perpendicular to the 

substrate. (c) Top view, (d) side view: the ‘‘Pontryagin-Thom’’ surface constructed from this image stack. Despite the 

considerable noise, the robustness of this method allows us to recognize the nontrivial topology of the texture as the 

winding bands of color meeting at the two hedgehog defects on top and bottom. 

 

  

http://dx.doi.org/10.1103/PhysRevLett.110.237801
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Knots and nonorientable surfaces in chiral nematics 

Proceedings of the National Academy of Sciences, (2013)    10.1073/pnas.1308225110 

Thomas Machon and Gareth P. Alexander 

Department of Physics and Centre for Complexity Science, University of Warwick, Coventry CV4 7AL, UK 

 

Knots and knotted fields enrich physical phenomena ranging from DNA and molecular chemistry to 
the vortices of fluid flows and textures of ordered media. Liquid crystals provide an ideal setting for 
exploring such topological phenomena through control of their characteristic defects. The use of 
colloids in generating defects and knotted configurations in liquid crystals has been demonstrated 
for spherical and toroidal particles and shows promise for the development of novel photonic 
devices. Extending this existing work, we describe the full topological implications of colloids 
representing nonorientable surfaces and use it to construct torus knots and links of type (p,2) 
around multiply twisted Möbius strips. 

 

 

 

 

Knotted and linked disclinations in chiral nematics stabilized by the presence of twisted surfaces with 
homeotropic boundary conditions on the flat faces, and planar on the thin edges. They are torus knots and 
links of the form (p, 2). Shown are (A) p=2 Hopf link, (B) p=3 trefoil knot, (C) p=4 Solomon’s knot, and (D) p=5 
cinquefoil knot. The defects in the center are hedgehogs, existing in pairs above and below the strip. 

  

http://dx.doi.org/10.1073/pnas.1308225110
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Elastic constants of hard thick platelets by Monte Carlo simulation and 
virial expansion  

Soft Matter, 7, 153-162 (2011)  10.1039/c0sm00541j 

Paul A. C. O'Brien,a   Michael P. Allen,a   David L. Cheung,b   Matthew Dennisonc and   Andrew 
Mastersc    

a Department of Physics and Centre for Scientific Computing, University of Warwick, Coventry, UK  
b Department of Chemistry and Centre for Scientific Computing, University of Warwick, Coventry, UK  
c School of Chemical Engineering and Analytical Science, University of Manchester, Oxford Road, 
Manchester, UK  

 

n this paper we present an investigation into the calculation of the Frank elastic constants of hard 
plate-like particles via molecular simulation and virial expansion beyond second order. We adopt the 
cut-sphere model, in which each particle consists of a hard sphere from which the top and bottom 
have been removed by cuts parallel to, and equidistant from, the equatorial plane. Monte Carlo 
simulations were carried out and director fluctuations measured as a function of wavevector k, 
giving the elastic constants through a fit in the low-k limit. Additionally, the virial expansion 
coefficients of the elastic constants up to sixth order were calculated, and the validity of the theory 
determined by comparison with the simulation results. The simulation results are also compared 
with experimental measurements on colloidal suspensions of plate-like particles. 

 

 

 

Instantaneous configurations of a system of hard cut-spheres, H/D = 1/15, for D3= 7. (left) and D3 = 8 (right), 
colour coded according to their angle relative to the vertical axis. The molecules are plotted conventionally 
(upper image) and as thin rods of length H (lower). 

 

  

http://dx.doi.org/10.1039/c0sm00541j
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Improving the Wang-Landau algorithm for polymers and proteins.  

Journal of Computational Chemistry, 32, pp. 816-821 (2010)  10.1002/jcc.21660 

Adam D. Swetnam and Michael P. Allen 

Department of Physics and Centre for Scientific Computing, University of Warwick, Coventry, CV4 7AL, UK 

 

The 1/t Wang–Landau algorithm is tested on simple models of polymers and proteins. It is found 
that this method resolves the problem of the saturation of the error present in the original algorithm 
for lattice polymers. However, for lattice proteins, which have a rough energy landscape with an 
unknown energy minimum, it is found that the density of states does not converge in all runs. A new 
variant of the Wang–Landau algorithm that appears to solve this problem is described and tested. In 
the new variant, the optimum modification factor is calculated in the same straightforward way 
throughout the simulation. There is only one free parameter for which a value of unity appears to 
give near optimal convergence for all run lengths for lattice homopolymers when pull moves are 
used. For lattice proteins, a much smaller value of the parameter is needed to ensure rapid 
convergence of the density of states for energies discovered late in the simulation, which 
unfortunately results in poor convergence early on in the run. 

 

 

 

Error Δrms against MC moves M for an 18-monomer homopolymer using the Wang–Landau 1/t 
method with ϕ = 0.8 (black, full line), and the new version of Wang–Landau with various values of 
the parameter p: 16 (red, long dashes), 1 (orange, short dashes), 1/16 (green, dot-dashed), and 
1/256 (cyan, dot-double-dashed). 

 

 

  

http://dx.doi.org/10.1002/jcc.21660
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Forces between cylindrical nanoparticles in a liquid crystal 

Langmuir, Vol.24, pp. 1411-1417 (2008) 10.1021/la702348c 

David L. Cheung and Michael P. Allen  

Department of Physics and Centre for Scientific Computing, University of Warwick, Coventry, CV4 7AL, UK 

 

Using classical density functional theory, the forces between two cylindrical nanoparticles in a liquid 
crystal solvent are calculated. Both the nematic and isotropic phases of the solvent are considered. 
In the nematic phase, the interaction is highly anisotropic. At short range, changes in the defect 
structure around the cylinders leads to a complex interaction between them. In the isotropic phase, 
an attractive interaction arises due to overlap between halos of ordered fluid adsorbed on the 
surfaces of the cylinders. 

 

 

 

 

  

http://dx.doi.org/10.1021/la702348c
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Selective adsorption of lattice peptides on patterned surfaces 

Physical Review E, Vol.85, 062901 (2012) 10.1103/PhysRevE.85.062901 

David L. Cheung and Michael P. Allen  

Department of Physics and Centre for Scientific Computing, University of Warwick, Coventry, CV4 7AL, UK 

 

To study the adsorption of individual peptides in implicit solvent, we propose a version of the Wang-
Landau Monte Carlo algorithm that uses a single surface, with no need for a confining wall or 
grafting. Our “wall-free” method is both more efficient than the traditional ones and free of 
additional assumptions or approximations. We illustrate it by simulating an HP-model lattice peptide 
on planar surfaces with a variety of patterns of adsorption sites, discovering a temperature-induced 
switch of surface selection which is due to a balance of energetic and entropic effects. 

 

 

 

Snapshots of the AC and AE configurations on the patterned surfaces of interest. The peptide is colored blue 
(polar, P) and yellow (hydrophobic, H); the monomer beads and the bonds between them are given the same 
radius to aid visualization. Surface sites that are attractive to polar beads are colored dark gray, nonattractive 
sites light gray. The AC phase on the uniform surface is essentially identical to that on P2×2; the AE phase is 
similar, but more disordered. 

 

  

http://dx.doi.org/10.1103/PhysRevE.85.062901
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Pore-blockade times for field-driven polymer translocation  

J. Phys.: Condens. Matter 20 095224 (2008)  10.1088/0953-8984/20/9/095224 

Henk Vocks1, Debabrata Panja2, Gerard T Barkema1,3 and Robin C Ball4 

1 Institute for Theoretical Physics, Universiteit Utrecht, Leuvenlaan 4, 3584 CE Utrecht, The Netherlands  
2 Institute for Theoretical Physics, Universiteit van Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, The 
Netherlands  
3 Instituut-Lorentz, Universiteit Leiden, Niels Bohrweg 2, 2333 CA Leiden, The Netherlands  
4 Department of Physics, University of Warwick, Coventry CV4 7AL, UK  

 

We study pore-blockade times for a translocating polymer of length N, driven by a field E across the 
pore in three dimensions. The polymer performs Rouse dynamics, i.e., we consider polymer 
dynamics in the absence of hydrodynamical interactions. We find that the typical time for which the 
pore remains blocked during a translocation event scales as ~N(1+2ν)/(1+ν)/E, where v~0.588 is the Flory 
exponent for the polymer. We show, in line with our previous work, that this scaling behavior stems 
from polymer dynamics in the immediate vicinity of the pore—in particular, the memory effects in 
the polymer chain tension imbalance across the pore. This result, like numerical results from several 
other groups, violates the lower bound ~N1+ν/E suggested earlier in the literature. We discuss why 
this lower bound is incorrect and show, on the basis of the conservation of energy, that the correct 
lower bound for the pore-blockade time for field-driven translocation is given by ηN2ν/E, where η is 
the viscosity of the medium surrounding the polymer. 

 

 

Snapshot of a translocating polymer in a two-dimensional projection of our three-dimensional 
system. Across the pore of size unity a voltage difference 2 V is applied. The monomer located within 
the pore is labeled s. 

  

http://0-dx.doi.org.pugwash.lib.warwick.ac.uk/10.1088/0953-8984/20/9/095224
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Polymer translocation out of planar confinements  

J. Phys.: Condens. Matter 20 075101 (2008)  10.1088/0953-8984/20/7/075101 

Debabrata Panja1, Gerard T Barkema2,3 and Robin C Ball4 

1 Institute for Theoretical Physics, Universiteit van Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, The 
Netherlands  
2 Institute for Theoretical Physics, Universiteit Utrecht, Leuvenlaan 4, 3584 CE Utrecht, The Netherlands  
3 Instituut-Lorentz, Universiteit Leiden, Niels Bohrweg 2, 2333 CA Leiden, The Netherlands  
4 Department of Physics, University of Warwick, Coventry CV4 7AL, UK  

 

Polymer translocation in three dimensions out of planar confinements is studied in this paper. Three 
membranes are located at z = −h, z = 0 and z = h1. These membranes are impenetrable, except for 
the middle one at z = 0, which has a narrow pore. A polymer with length N is initially sandwiched 
between the membranes placed at z = −h and z = 0 and translocates through this pore. We consider 
strong confinement (small h), where the polymer is essentially reduced to a two-dimensional 
polymer, with a radius of gyration scaling as Rg

(2D)~Nν
2D; here, ν2D = 0.75 is the Flory exponent in two 

dimensions. The polymer performs Rouse dynamics. On the basis of theoretical analysis and high-
precision simulation data, we show that in the unbiased case h = h1, the dwell time τd scales as 

N2+ν
2D, in perfect agreement with our previously published theoretical framework. For h1 = , the 

situation is equivalent to field-driven translocation in two dimensions. We show that in this case τd 
scales as N2ν

2D, in agreement with several existing numerical results in the literature. This result 
violates the earlier reported lower bound N1+ν for τd for field-driven translocation. We argue, on the 
basis of energy conservation, that the actual lower bound for τd is N2ν and not N1+ν. Polymer 
translocation in such theoretically motivated geometries thus resolves some of the most 
fundamental issues that have been the subject of much heated debate in recent times. 

 

 

The mean time _t _ required to unthread a distance [s − s(0)] for h = 3, h1 =∞, s(0) = 3N/4 and [s − s(0)] = 5, 
10, . . . , N. The _t _ values are obtained as the average over 2, 048 realisations for each N. The N-values used 
are (from left to right): 200, 280, 360, 400, 480, 520, 600, 680, 800. The _t _-values for N = 200 is the actual 
value of time, for the others, _t _-values for each N are separated by a factor 2 along the x-axis. The solid line 

represents a power law with exponent 1/(2ν2D), corresponding to τd ∼ N2ν2D . 

http://dx.doi.org/10.1088/0953-8984/20/7/075101
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Shape of a Ponytail and the Statistical Physics of Hair Fiber Bundles  

Phys. Rev. Lett. 108, 078101 (2012) 10.1103/PhysRevLett.108.078101  

Raymond E. Goldstein, Patrick B. Warren, and Robin C. Ball  
1Department of Applied Mathematics and Theoretical Physics, University of Cambridge, 
Wilberforce Road, Cambridge CB3 0WA, UK 
2Unilever R&D Port Sunlight, Quarry Road East, Bebington, Wirral, CH63 3JW, UK 
3Department of Physics, University of Warwick, Coventry, CV4 7AL, UK 

 

A general continuum theory for the distribution of hairs in a bundle is developed, treating individual 
fibers as elastic filaments with random intrinsic curvatures. Applying this formalism to the iconic 
problem of the ponytail, the combined effects of bending elasticity, gravity, and orientational 
disorder are recast as a differential equation for the envelope of the bundle, in which the 
compressibility enters through an “equation of state.” From this, we identify the balance of forces in 
various regions of the ponytail, extract a remarkably simple equation of state from laboratory 
measurements of human ponytails, and relate the pressure to the measured random curvatures of 
individual hairs. 

  

A ponytail. (a) Rotationally averaged image of a switch of N≈9500 
fibers, approximately 25 cm long. Coordinate system for envelope 
shape R(s) in terms of arc length s(z). (b) Meanderings of hairs 
near ponytail edge. 

 

 

Researchers have for the first time disentangled the factors 
that determine how hairs hang together, as reported in 
Physical Review Letters. The analytical model, which was 
based on a statistical characterization of ponytail shapes, 
treats the forces on individual hair fibers as continuous 
quantities inside a hair bundle. The resulting hair “equation 
of state” could apply to other fibers in biology and industry. 
Many scientists (and even more hairdressers) have 
wondered about the meanderings of hair. Leonardo da Vinci 

thought hair flowed like water, and this sort of fluid analogy has guided computer animators trying 
to recreate hair and fur on the movie screen. However, no model has yet addressed one of the most 
basic hair problems: what shape is a ponytail? 

The authors obtained human hair switches (a type of commercially available hairpiece) and 
measured the random curvature (or curliness) of a sample of individual hairs. They then assembled 
different ponytails and recorded the average shape. This data helped in the formulation of an 
equation of state that balanced four competing effects: gravity, tension, an elastic restoring force, 
and a “swelling pressure” coming from the curliness. The model correctly predicted the shape of 
ponytails as the lengths of the switches were progressively shortened. The surprisingly simple 
equation of state could be used to study other hair “styles,” as well as dynamic problems like a 
swinging ponytail.  

http://dx.doi.org/10.1103/PhysRevLett.108.078101
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Collective Oscillations in Irreversible Coagulation Driven by Monomer 
Inputs and Large-Cluster Outputs  

Phys. Rev. Lett. 109, 168304 (2012) 10.1103/PhysRevLett.109.168304  

Robin C. Ball1,2, Colm Connaughton1,3,*, Peter P. Jones1, R. Rajesh4, and Oleg Zaboronski3 
1Centre for Complexity Science, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK 
2Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK 
3Mathematics Institute, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK 
4Institute of Mathematical Sciences, CIT Campus, Taramani, Chennai 600113, India 

 

We describe collective oscillatory behavior in the kinetics of irreversible coagulation with a constant 
input of monomers and removal of large clusters. For a broad class of collision rates, this system 
reaches a nonequilibrium stationary state at large times and the cluster size distribution tends to a 
universal form characterized by a constant flux of mass through the space of cluster sizes. 
Universality, in this context, means that the stationary state becomes independent of the cutoff as 
the cutoff grows. This universality is lost, however, if the aggregation rate between large and small 
clusters increases sufficiently steeply as a function of cluster sizes. We identify a transition to a 
regime in which the stationary state vanishes as the cutoff grows. This nonuniversal stationary state 
becomes unstable as the cutoff is increased. It undergoes a Hopf bifurcation after which the 
stationary state is replaced by persistent and periodic collective oscillations. These oscillations, 
which bear some similarities to relaxation oscillations in excitable media, carry pulses of mass 
through the space of cluster sizes such that the average mass flux through any cluster size remains 
constant. Universality is partially restored in the sense that the scaling of the period and amplitude 
of oscillation is inherited from the dynamical scaling exponents of the universal regime. 

 

 

Main panel: Total mass M1(t) versus time for 
different values of Λ with ν=-μ=3/4. Inset: 
Collapse obtained by rescaling the data 

  

http://dx.doi.org/10.1103/PhysRevLett.109.168304
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Full Counting Statistics as the Geometry of Two Planes  

Phys. Rev. Lett. 100, 196601 (2008)  10.1103/PhysRevLett.100.196601 

Y. B. Sherkunov, A. Pratap, B. Muzykantskii, and N. d’Ambrumenil  
 

Provided the measuring time is short enough, the full counting statistics (FCS) of the charge pumped 
across a barrier as a result of a series of voltage pulses are shown to be equivalent to the geometry 
of two planes. This formulation leads to the FCS without the need for the usual nonequilibrium 
(Keldysh) transport theory or the direct computation of the determinant of an infinite-dimensional 
matrix. In the particular case of the application of N Lorentzian pulses, we show the computation of 
the FCS reduces to the diagonalization of an N×N matrix. We also use the formulation to compute 
the core-hole response in the x-ray edge problem and the FCS for a square wave pulse-train for the 
case of low transmission. 

 

 

 

 

The geometry of the FCS. In the space of single-particle states, orbitals occupied at zero temperature 
correspond to eigenstates of h with eigenvalue 1 and define a mirror plane shown schematically as the x axis. 
Unoccupied states at zero temperature (with eigenvalue -1) are in the complement of plane, one of these is 
the y axis and the remainder are shown as the z axis. In the insets the dashed line divides states into those 
above and below the unperturbed Fermi level but no other ordering by energy is implied. Application of a 
voltage pulse, biasing one electrode with respect to the other, transforms h→h˜=UhU†. Case (a): (Nu=1, Nb=0 
see text) The corresponding plane has an added dimension and is shown as the shaded plane. Case (b): (Nu=0, 
Nb=1). The plane rotates by α/2 about an axis perpendicular to h. The axis of rotation and the new occupied 
state are found from [h,e-iϕ(t)] (see text). All other states are rotated as a function of time but remain 
eigenstates of both h and h˜. 

  

http://dx.doi.org/10.1103/PhysRevLett.100.196601
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Optimal pumping of orbital entanglement with single-particle emitters  

Phys. Rev. B 85, 081108(R) (2012 ) 10.1103/PhysRevB.85.081108  

Y. Sherkunov1,2, N. d’Ambrumenil2, P. Samuelsson3, and M. Büttiker4 
1Physics Department, Lancaster University, Lancaster LA1 4YB, UK 
2Department of Physics, University of Warwick, Coventry CV4 7AL, UK 
3Division of Mathematical Physics, Lund University, Box 118, SE-221 00 Lund, Sweden 
4Département de Physique Théorique, Université de Genève, CH-1211 Genève 4, Switzerland 

 

We propose a method for the optimal time-controlled generation of entangled itinerant particles, 
using on-demand sources in a conductor in the quantum Hall regime. This entanglement pump is 
realized by applying periodic, tailored voltage pulses to pairs of quantum dots or quantum point 
contacts. We show that the pump can produce orbital Bell pairs of both electrons and holes at the 
optimal rate of half a pair per pumping cycle. The entanglement can be detected by a violation of a 
Bell inequality formulated in terms of low-frequency current cross correlations. 

 

 

(a) Optimal orbital entanglement pump with two single-particle emitters, C and D, connected to conductors in 
the quantum Hall regime. The emitted electrons and holes propagate along edge states to controllable 
electronic beam splitters at A and B and are detected at terminals 1–4. The sources C and D can be either (b) 
quantum dots or (c) quantum point contacts. Tailored voltage profiles VC(t) and VD(t) are applied to a gate in 
case (b) to move a localized level with energy E(t) up (down) through the Fermi energy releasing an electron 
(hole), or in case (c) to cycle the transmission probability, T(t), from zero through unity and back to generate a 
particle-hole excitation.  

  

http://dx.doi.org/10.1103/PhysRevB.85.081108
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Model for Dissipative Conductance in Fractional Quantum Hall States  

Phys. Rev. Lett. 106, 126804 (2011)  10.1103/PhysRevLett.106.126804  

N. d’Ambrumenil, B. I. Halperin, and R. H. Morf  
1Physics Department, University of Warwick, Coventry CV4 7AL, UK 
2Physics Department, Harvard University, Cambridge, Massachusetts 02138, USA 
3Paul Scherrer Institute, CH-5232 Villigen, Switzerland 

 

We present a model of dissipative transport in the fractional quantum Hall regime. Our model takes 
account of tunneling through saddle points in the effective potential for excitations created by 
impurities. We predict the temperature range over which activated behavior is observed and explain 
why this range nearly always corresponds to around a factor two in temperature in both integer 
quantum Hall and fractional quantum Hall systems. We identify the ratio of the gap observed in the 
activated behavior and the temperature of the inflection point in the Arrhenius plot as an important 
diagnostic for determining the importance of tunneling in real samples. 

 

 

Band alignment and particle flow across a typical saddle point. Upper left: Breakup of a quantum Hall system. 
Incompressible fluid at filling fraction ν (white background) separates compressible regions in which QPs (dark 
diagonals on lighter shading) and QHs (light diagonals on darker shading) are nucleated [16]. Upper Right: 
Tunnelling of a QP through the saddle point from an equipotential line about the left region (chemical 
potential μl) to one about the right. Main figure: Energy band alignment. For QP excitations with energies 
E<Es

p, the transmission probability is significant if the point of closest approach to the saddle point, x0, lies 
within a zone of width ∼2ℓq about the saddle point. Potential variations in the incompressible region 
exceeding Δs are not possible. They would simply nucleate carriers and reduce the size of the incompressible 
region. 
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Thermopower in the Quantum Hall Regime  
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We consider the effect of disorder on the themopower in quantum Hall systems. For a sample in the 
Corbino geometry, where dissipative currents are not carried by edge states, we find that 
thermopower behaves at high temperatures like a system with a gap and has a maximum which 
increases as the temperature is reduced. At lower temperatures this maximum reduces as a function 
of temperature as a result of tunneling across saddle points in the background potential. Our model 
assumes that the mean saddle point height varies linearly with the deviation in filling factor from the 
quantized value. We test this hypothesis against observations for the dissipative electrical 
conductance as a function of temperature and field and find good agreement with experiment 
around the minimum. 

 

 

 

Experimental data [13] and the theoretical fit for logσxx at ν=12/5 (right panel). The estimates of 
the saddle point gap Δs, the width parameter a, and δBν are used to predict the magnetic field 
dependence of the longitudinal resistance at different temperatures (left panel).  
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Stable prenucleation mineral clusters are liquid-like ionic polymers 
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Calcium carbonate is an abundant substance that can be created in several mineral forms by the 
reaction of dissolved carbon dioxide in water with calcium ions. Through biomineralization, 
organisms can harness and control this process to form various functional materials that can act as 
anything from shells through to lenses. The early stages of calcium carbonate formation have 
recently attracted attention as stable prenucleation clusters have been observed, contrary to 
classical models. Here we show, using computer simulations combined with the analysis of 
experimental data, that these mineral clusters are made of an ionic polymer, composed of 
alternating calcium and carbonate ions, with a dynamic topology consisting of chains, branches and 
rings. The existence of a disordered, flexible and strongly hydrated precursor provides a basis for 
explaining the formation of other liquid-like amorphous states of calcium carbonate, in addition to 
the non-classical behaviour during growth of amorphous calcium carbonate. 

 

 

(a,b) Illustration of the species observed at low and 
high pH, respectively, with snapshots of the 
simulation box for 0.5 M at the centre (animations of 
the time–evolution of the simulation are available as 
Supplementary Movies 1 & 2 for pH 10 and 9.5, 
respectively). Here atoms are represented as spheres 
where calcium, carbon of carbonate, carbon of 
bicarbonate, oxygen and hydrogen are coloured 
green, blue, yellow, red and white, respectively. Ca–C 
and C–C distances below the cutoffs of 3.9 and 5.0 Å, 
respectively, are highlighted by purple bonds. For the 
largest cluster (top of b), the oxygen atoms are 
omitted for clarity so that the connectivity is 
apparent. 
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Free energy and structure of calcium carbonate nanoparticles during early 
stages of crystallization 

J. Chem. Phys. 128, 221101 (2008);  10.1063/1.2940322  

 

D. Quigley and P. M. Rodger 
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7AL (UK) 

 

We introduce a metadynamics based scheme for computing the free energy of nanoparticles as a 
function of their crystalline order. The method is applied to small nanoparticles of the biomineral 
calcium carbonate to determine the preferred structure during early stages of crystal growth. For 
particles 2nm in diameter, we establish a large energetic preference for amorphous particle 
morphologies. Particles with partial crystalline order consistent with vaterite are also observed with 
substantially lower probability. The absence of the stable calcite phase and stability of the 
amorphous state support recent conjectures that calcite formation starts via the deposition of 
amorphous calcium carbonate. 

 

 

 

Examples of amorphous (A) and ordered (B) particle configurations explored during a metadynamics 
simulation of a 75 CaCO3 unit nanoparticle in water. 
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Structural Control of Crystal Nuclei by an Eggshell Protein 
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Growing a good egg: Metadynamics simulations show that the eggshell protein ovocleidin-17 
induces the formation of calcite crystals from amorphous calcium carbonate nanoparticles. Multiple 
spontaneous crystallization and amorphization events were simulated; these simulations suggest a 
catalytic cycle that explains the role of ovocleidin-17 in the first stages of eggshell formation (the 
picture shows one intermediate of this cycle). 

 

  

Two binding configurations of protein to the calcite (10.4) surface. The residues that bind to the 
surface are highlighted. The neutralising chloride ions are depicted in green. Binding energies are 
(left) –53±42 kJ/mol and (right) –422±43 kJ/mol. The residues bound to the surface are (left) SER 27, 
31 and 85; ARG 28, 34, 35, 86, 89 and 112; and ALA 83 and (right) ARG 46, 86 and 89. Note that the 
binding energy is much lower for the configuration with fewer ARG in contact with the surface, 
demonstrating the importance of minimising the disruption of the structured surface water. 
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Metadynamics simulations of ice nucleation and growth 
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The metadynamics method for accelerating rate events in molecular simulations is applied to the 
problem of ice freezing. We demonstrate homogeneous nucleation and growth of ice at 180 K in the 
isothermal-isobaric ensemble without the presence of external fields or surfaces. This result 
represents the first report of continuous and dynamic ice nucleation in a system of freely evolving 
density. Simulations are conducted using a variety of periodic simulation domains. In all cases the 
cubic polymorphice Ic is grown. The influence of boundary effects on estimates of the nucleation-
free energy barrier are discussed in relation to differences between this and earlier work. 

 

 

 

 

Representative snapshots at the 
specified metadynamics step number 
during crystallization of 576 water 
molecules. Molecules are color coded 
by phase.  
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Quantum Hall Transition in Real Space: From Localized to Extended States  
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Using scanning tunneling spectroscopy in an ultrahigh vacuum at low temperature (T=0.3  K) and 
high magnetic fields (B≤12  T), we directly probe electronic wave functions across an integer 
quantum Hall transition. In accordance with theoretical predictions, we observe the evolution from 
localized drift states in the insulating phases to branched extended drift states at the quantum 
critical point. The observed microscopic behavior close to the extended state indicates points of 
localized quantum tunneling, which are considered to be decisive for a quantitative description of 
the transition. 
 
 

 
 
LDOS of lowest LL. (a)–(g) Measured dI/dV (x,y); B=12  T, Vs=-116.3  mV (a), -111.2  mV (b), -104.4  mV (c), -
100.9  mV (d), -99.2  mV (e), -92.4  mV (f), -89.0  mV (g), Istab=0.1  nA, Vstab=150  mV, Vmod=1.0  mV; same 
dI/dV color scale in each image; white (green) arrows in (a), (b), (f), and (g) mark drift states encircling 
potential minima (maxima); red, yellow arrows in (c) and (e) mark tunneling connections existing at identical 
positions; crosses in (d) mark extended LDOS areas at saddle points. (h) Spatially averaged dI/dV curve with 
circles at the Vs used in (a)–(g). (i) Calculated LDOS at the center of LL0↓ at B=12  T; red arrows mark tunneling 
connections at the saddle points; white crosses mark extended areas. (j) dI/dV image close to the center of 
LL0↑ at B=6  T, Vs=-99  mV; image includes the area of (a)–(g) within the marked rectangle. 
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We report on a theoretical study of point mutations effects on charge transfer properties in the DNA 
sequence of the tumor-suppressor p53 gene. On the basis of effective tight-binding models which 
simulate hole propagation along the DNA, a statistical analysis of mutation-induced charge transfer 
modifications is performed. In contrast to noncancerous mutations, mutation hot spots tend to 
result in significantly weaker changes of transmission properties. This suggests that charge transport 
could play a significant role for DNA-repairing deficiency yielding carcinogenesis. 
 
 

 
 
Schematic models for hole transport in DNA. The nucleobases are given as (gray) circles. Electronic pathways 
are shown as lines, and dashed lines and circles denote the sugar-phosphate backbone. Graph (a) shows 
effective models 1L and FB (with dashed backbone) for transport along a single channel, whereas graph 
(b) depicts possible two-channel transport models 2L and LM (with dashed backbone). 
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Multifractal Analysis with the Probability Density Function at the Three-
Dimensional Anderson Transition 
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The probability density function (PDF) for critical wave function amplitudes is studied in the three-
dimensional Anderson model. We present a formal expression between the PDF and the multifractal 
spectrum f(α) in which the role of finite-size corrections is properly analyzed. We show the non-
Gaussian nature and the existence of a symmetry relation in the PDF. From the PDF, we extract 
information about f(α) at criticality such as the presence of negative fractal dimensions and the 
possible existence of termination points. A PDF-based multifractal analysis is shown to be a valid 
alternative to the standard approach based on the scaling of inverse participation ratios. 
 
 
 

 
PDF at criticality for Δα=0.04. The gray lines correspond to L from 30 (bottom) to 90 (top). Standard deviations 
are within the line width. For L≤100 and L>100 we average over 5×104 and 100 states, respectively. The 
vertical dashed line marks the mean value for α0=4.027±0.016 using L from 50 to 200. Inset (a) shows PL(α0) vs 
L. Standard deviations are contained within symbol size. The solid line is the fit aln(L/l)b, with a=0.297±0.002, 
b=0.490±0.005. Inset (b) shows the collapse of all the PDF from L=30 to 240 onto the f(α). 

  

http://dx.doi.org/10.1103/PhysRevLett.102.106406


Theoretical Physics 

25 
 

Exciton Storage in a Nanoscale Aharonov-Bohm Ring with Electric Field 
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We study analytically the optical properties of a simple model for an electron-hole pair on a ring 
subjected to perpendicular magnetic flux and in-plane electric field. We show how to tune this 
excitonic system from optically active to optically dark as a function of these external fields. Our 
results offer a simple mechanism for exciton storage and readout. 
 
 

 

 
Excitonic probability density |Ψ(θe,θh)|2 at v0=-2/π2 and (a) u0=0, Φ=0, (b) u0=0, Φ=0.4999, (c) u0=0.5, Φ=0, and 
(d) u0=0.5, Φ=0.4999. The solid lines and dashed lines are contour lines separated in height by 1/10π2. 
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Magnetism of FePt Surface Alloys 
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The complex correlation of structure and magnetism in highly coercive monoatomic FePt surface 
alloys is studied using scanning tunneling microscopy, x-ray magnetic circular dichroism, and ab initio 
theory. Depending on the specific lateral atomic coordination of Fe either hard magnetic properties 
comparable to that of bulk FePt or complex noncollinear magnetism due to Dzyaloshinski-Moriya 
interactions are observed. Our calculations confirm the subtle dependence of the magnetic 
anisotropy and spin alignment on the local coordination and suggest that 3D stacking of Fe and Pt 
layers in bulk L10 magnets is not essential to achieve high-anisotropy values. 

 

 

STM images of FexPt1-x SAs 
formed during deposition of 
Fe atoms onto Pt(997) at 525 
K. (a) Fe50Pt50: Mixture of Fe 
and Pt atoms in the surface 
layer consistent with the 
expected stoichiometry. Fe 
2×2 and 2×1 superstructures 
on a local scale are clearly 
visible (right side). (b) 
Fe25Pt75: Partial Fe50Pt50 SA 
with preferential 2×1 
superstructure confined close 
to the step edges.  
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We present an ab initio formalism for the calculation of transport properties in compositionally 
disordered systems within the framework of the Korringa-Kohn-Rostoker nonlocal coherent 
potential approximation. Our formalism is based on the single-particle Kubo-Greenwood linear 
response and provides a natural means of incorporating the effects of short-range order upon the 
transport properties. We demonstrate the efficacy of the formalism by examining the effects of 
short-range order and clustering upon the transport properties of disordered AgPd and CuZn alloys. 

 

 

 

The resistivity of randomly disordered alloys AgcPd1−c alloys as a function of concentration c.  
The full lines are the NLCPA results [pink (green) lines with squares (diamonds) show those without (with) 
vertex corrections].  
The dashed curves show the CPA results [long dashes (dots)—without (with) vertex corrections].  
The experimental results of Guenault are shown for comparison (full blue lines with filled circles). 
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The central goals of nanoscale magnetic materials science are the self-assembly of the smallest 
structure exhibiting ferromagnetic hysteresis at room temperature, and the assembly of these 
structures into the highest density patterns. The focus has been on chemically ordered alloys 
combining magnetic 3d elements with polarizable 5d elements having high spin–orbit coupling and 
thus yielding the desired large magneto-crystalline anisotropy. The chemical synthesis of 
nanoparticles of these alloys yields disordered phases requiring annealing to transform them to the 
high-anisotropy L10 structure. Despite considerable efforts, so far only part of the nanoparticles can 
be transformed without coalescence. Here we present an alternative approach to homogeneous 
alloys, namely the creation of nanostructures with atomically sharp bimetallic interfaces and 
interlines. They exhibit unexpectedly high magnetization reversal energy with values and directions 
of the easy magnetization axes strongly depending on chemistry and texture. We find significant 
deviations from the expected behaviour for commonly used element combinations. Ab-initio 
calculations reproduce these results and unravel their origin. 

 

Blocking temperature Tb of Co-core islands as a 
function of the shell coverage Θs and element, 
Fe (red), Co (blue) and Pt (green). Lines are 
guides to the eye and error bars reflect the 
uncertainty of the χ″(T) peak position. For 
simplicity, we drew the islands circular, the real 
ones are more irregular, as shown in 
Supplementary Fig. S1. The arrows represent 
the direction and magnitude of the magnetic 
anisotropy emerging from the respective 
interlines. Growth of Co-cores: coverage 
Θc=0.12 ML for Fe shells and 0.18 ML for Pt 
shells, 1 ML is defined as one atom per Pt(111) 
substrate atom, deposition flux 
FCo=0.18±0.01 ML min−1, deposition temperature 
Tdep=150 K, annealing temperature Tann=250 K; 
growth of shells: Tdep=250 K, 
FFe=0.12±0.01 ML min−1, 
FPt=0.009±0.001 ML min−1. 
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We describe a “disordered local moment” first-principles electronic structure theory which 

demonstrates that tricritical metamagnetism can arise in an antiferromagnetic metal due to the 

dependence of local moment interactions on the magnetization state. Itinerant electrons can 

therefore play a defining role in metamagnetism in the absence of large magnetic anisotropy. Our 

model is used to accurately predict the temperature dependence of the metamagnetic critical fields 

in CoMnSi-based alloys, explaining the sensitivity of metamagnetism to Mn-Mn separations and 

compositional variations found previously. We thus provide a finite-temperature framework for 

modeling and predicting different metamagnets of interest in applications such as magnetic cooling. 

 

 

(a) Experimental Bc(T) for CoMnSi, Co0.95Ni0.05MnSi, and CoMn0.98Cr0.02Si (Ref. 30). (b) Theoretical 

Bc(T) for the same three systems, modeled using the lattice parameters found from neutron 

diffraction (Ref. 30) in zero field. The Bc(T) of the Ni- and Cr-doped systems modeled using the 

CoMnSi structural data is also shown (dashed lines) to highlight the relative importance of accurate 

structural data. 
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After the discovery of zero viscosity in liquid helium, other fundamental properties of the 

superfluidity phenomenon have been revealed. One of them, irrotational flow, gives rise to 

quantized vortices and persistent currents. Those are the landmarks of superfluidity in its modern 

understanding. Recently, a new variety of dissipationless fluid behaviour has been found in 

microcavities under the optical parametric regime. Here we report the observation of metastable 

persistent polariton superflows sustaining a quantized angular momentum, m, after applying a 2-ps 

laser pulse carrying a vortex state. We observe a transfer of angular momentum to the steady-state 

condensate, which sustains vorticity for as long as it can be tracked. Furthermore, we study the 

stability of quantized vortices with m=2. The experiments are analysed using a generalized two-

component Gross–Pitaevskii equation. These results demonstrate the control of metastable 

persistent currents and show the peculiar superfluid character of non-equilibrium polariton 

condensates. 

Calculated TOPO signal emission 

for an m=2 triggering probe at 

kpb=0.1 μm−1<kpb
cr (first row) and 

at kpb=0.7 μm−1>kpb
cr (second 

row) at the arrival of the probe 

(t=0) and 42 ps after. The 

supercurrents are plotted in the 

frame of the group velocity of 

the moving vortex. In the second 

row, the net current felt by the 

m=2 vortex causes it to split 

(Supplementary Video S5).  
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We study nonequilibrium polariton superfluids in the optical-parametric-oscillator regime by using a 

Gross-Pitaevskii equation with pumping and decay. We identify a regime above the optical-

parametric-oscillator threshold, where the system undergoes spontaneous symmetry breaking and 

is unstable towards vortex formation without any rotating drive. Stable vortex solutions differ from 

metastable ones; the latter can persist but can be triggered only externally. Both spontaneous and 

triggered vortices are characterized by a generalized healing length, specified by the optical-

parametric-oscillator parameters only. 

 

 

Generation of an m=+1 

metastable vortex solution 

into the OPO signal 

(fp=1.24fp
th and σp=70  μm). 

First row: OPO filtered signal 

spatial profile together with 

currents (left) and 

interference fringes (right) 

are plotted at t=-24  ps before 

the arrival of either a strong 

enough vortex probe (2) or a 

strong enough noise pulse. 

The metastable vortex lasts 

for as long as our simulation 

(last row, t=1.8  ns) and 

requires a threshold in the 

intensity of the perturbation 

breaking the y↦-y symmetry.  
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We study, both theoretically and experimentally, the occurrence of topological defects in polariton 

superfluids in the optical parametric oscillator (OPO) regime. We explain in terms of local 

supercurrents the deterministic behavior of both the onset and dynamics of vortex-antivortex pairs 

generated by perturbing the system with a pulsed probe. Using a generalized Gross-Pitaevskii 

equation, including photonic disorder, pumping and decay, we elucidate the reason why topological 

defects form in couples and can be detected by direct visualizations in multishot OPO experiments. 

Simulated profile and supercurrents of 

the steady state OPO signal before the 

arrival of the probe (a) and associated 

interference fringes (b).  

Location of antivortices [dots (c)] and 

vortices [stars (e)] at the arrival (t=0  ps) 

of a vortex [stars (c)] or an antivortex 

[dots (e)] probe, for 1000 realizations of 

the random relative phase between 

pump and probe, Φrdm. The size of the 

dots in (c) [stars in (e)] is proportional to 

the number of times the antivortices 

(vortices) appear in that location.  

Panel (d) [(f)] shows single shot 

interference fringes relative to the plot 

in (c) [(e)]. Contour-level lines in (c) and 

(e) represent the photonic disorder V(r). 

The white circle represents the edge of 

the probe. 
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Power-law decay of the spatial correlation function in exciton-polariton 
condensates 

Proceedings of the National Academy of Sciences 109, 6467 (2012) 10.1073/pnas.1107970109 

Georgios Roumposa,1,2, Michael Lohsea,b, Wolfgang H. Nitschea, Jonathan Keelingc, Marzena Hanna 

Szymańskad,e, Peter B. Littlewoodf,g, Andreas Löfflerh, Sven Höflingh, Lukas Worschechh, Alfred 

Forchelh, and Yoshihisa Yamamotoa,i 

aE. L. Ginzton Laboratory, Stanford University, Stanford, CA 94305;  
bFakultät für Physik, Universität Karlsruhe, Karlsruhe 76128, Germany;  
cScottish Universities Physics Alliance, School of Physics and Astronomy, University of St. Andrews, St. 

Andrews, KY16 9SS, United Kingdom;  
dDepartment of Physics, University of Warwick, Coventry, CV4 7AL, United Kingdom;  
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fArgonne National Laboratory, Argonne, IL 60439;  
gJames Franck Institute, University of Chicago, Chicago, IL 60637;  
hTechnische Physik, Universität Würzburg, Physikalisches Institut and Wilhelm-Conrad-Röntgen-Research 

Center for Complex Material Systems, Würzburg 97070, Germany; and  
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We create a large exciton-polariton condensate and employ a Michelson interferometer setup to 

characterize the short- and long-distance behavior of the first order spatial correlation function. Our 

experimental results show distinct features of both the two-dimensional and nonequilibrium 

characters of the condensate. We find that the gaussian short-distance decay is followed by a 

power-law decay at longer distances, as expected for a two-dimensional condensate. The exponent 

of the power law is measured in the range 0.9–1.2, larger than is possible in equilibrium. We 

compare the experimental results to a theoretical model to understand the features required to 

observe a power law and to clarify the influence of external noise on spatial coherence in 

nonequilibrium phase transitions. Our results indicate that Berezinskii–Kosterlitz–Thouless-like 

phase order survives in open-dissipative systems. 

 

Measured g(1)(Δx) vs. Δx for various 

pumping spot radii R0. All data is taken 

above threshold and is chosen such that 

λeff ∼ 4.1 μm. As the condensate size 

increases, g(1)(dΔx) converges to a power-

law decay.  
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Weather and seasons together demand complex biological clocks 

Current Biology, 19, p1961–1964 (2009)  10.1016/j.cub.2009.09.024  

Carl Troein, James C.W. Locke, Matthew S. Turner, Andrew J. Millar 

Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom 
 

The 24-hour rhythms of the circadian clock allow an organism to anticipate daily environmental 

cycles, giving it a competitive advantage. Although clock components show little protein sequence 

homology across phyla, multiple feedback loops and light inputs are universal features of clock 

networks . Why have circadian systems evolved such a complex structure? All biological clocks 

entrain a set of regulatory genes to the environmental cycle, in order to correctly time the 

expression of many downstream processes. Thus the question becomes: What aspects of the 

environment, and of the desired downstream regulation, are demanding the observed complexity? 

To answer this, we have evolved gene regulatory networks in silico, selecting for networks that 

correctly predict particular phases of the day under light/dark cycles. Gradually increasing the 

realism of the environmental cycles, we have tested the networks for the minimal characteristics of 

clocks observed in nature: oscillation under constant conditions, entrainment to light signals, and 

the presence of multiple feedback loops and light inputs. Realistic circadian gene networks are found 

to require a nontrivial combination of conditions, with seasonal differences in photoperiod as a 

necessary but not sufficient component. 

 

 

The general form of the four-gene networks that we considered as candidates for generating 

circadian rhythms. Gene regulatory interactions may be positive, negative, or absent, and genes may 

be activated by light. 
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Mobility in geometrically confined membranes 

Proceedings of the National Academy of Sciences 108, 12605 (2011) 10.1073/pnas.1102646108 

Yegor A. Domanova, Sophie Aimona, Gilman E. S. Toombesa, Marianne Rennerb, François 
Quemeneura, Antoine Trillerb, Matthew S. Turnerc, and Patricia Bassereaua 

aInstitut Curie, Centre de Recherche, Centre National de la Recherche Scientifique, Unité Mixte 
de Recherche 168, Physico-Chimie Curie, Université Pierre et Marie Curie, 75248 Paris, France; 

bInstitut de Biologie, Ecole Normale Supérieure, Institut National de la Santé et de la Recherche 
Médicale U1024, Centre National de la Recherche Scientifique, Unité Mixte de Recherche 
8197, 75005 Paris, France;  

cDepartment of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom 
 

Lipid and protein lateral mobility is essential for biological function. Our theoretical understanding of 
this mobility can be traced to the seminal work of Saffman and Delbrück, who predicted a 
logarithmic dependence of the protein diffusion coefficient (i) on the inverse of the size of the 
protein and (ii) on the “membrane size” for membranes of finite size [Saffman P, Delbrück M (1975) 
Proc Natl Acad Sci USA 72:3111—3113]. Although the experimental proof of the first prediction is a 
matter of debate, the second has not previously been thought to be experimentally accessible. Here, 
we construct just such a geometrically confined membrane by forming lipid bilayer nanotubes of 
controlled radii connected to giant liposomes. We followed the diffusion of individual molecules in 
the tubular membrane using single particle tracking of quantum dots coupled to lipids or voltage-
gated potassium channels KvAP, while changing the membrane tube radius from approximately 250 
to 10 nm. We found that both lipid and protein diffusion was slower in tubular membranes with 
smaller radii. The protein diffusion coefficient decreased as much as 5-fold compared to diffusion on 
the effectively flat membrane of the giant liposomes. Both lipid and protein diffusion data are 
consistent with the predictions of a hydrodynamic theory that extends the work of Saffman and 
Delbrück to cylindrical geometries. This study therefore provides strong experimental support for 
the ubiquitous Saffman–Delbrück theory and elucidates the role of membrane geometry and size in 
regulating lateral diffusion. 

 

 

Experimental approach to diffusion 
measurements on tubular 
membranes. (A) Schematic of the 
tracer molecule (KvAP in this case) 
embedded in the tubular 
membrane and labeled with QD. (B) 
Fluorescence of individual QD-
labeled molecules diffusing on the 
lipid nanotube (center) and the 
parent vesicle (left). The nanotube 
is pulled using a micropipette 
(dotted lines on the left) holding the 
vesicle and an optically trapped 
bead (dotted circle on the right) 
attached at the distal tube end. 
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Microphase Separation in Nonequilibrium Biomembranes 

Phys. Rev. Lett. 106, 238101 (2011) 10.1103/PhysRevLett.106.238101  

Pierre Sens and Matthew S. Turner 

1Laboratoire Gulliver, UMR 7083 CNRS-ESPCI, 10 rue Vauquelin, 75231 Paris Cedex 05 - France 
2Department of Physics and Complexity Centre, University of Warwick, Coventry CV4 7AL, UK 

 

Compositional heterogeneities of cell membranes are thought to play an important role in many 
physiological processes. We study how variations in the membrane composition can be driven by 
nonthermal fluctuating forces and therefore show how these can occur relatively far from any 
critical point for the membrane. We show that the membrane steady state is not only controlled by 
the strength of the forces and how they couple to the membrane, but also by their dynamics: In a 
simple class of models this is captured by a single force correlation time. We conclude that the 
coupling of membrane composition to normal mechanical forces, such as might be exerted by 
polymerizing cytoskeleton filaments, could play an important role in controlling the steady state of a 
cell membrane that exhibits transient lateral modulations of its composition on length scales in the 
10–100 nm regime. 

 

 

 

 The dynamics of a membrane containing multiple force centers (of density ρ) depends on the ratio 
of the membrane length λ (see text) to the distance between force centers, λ√ρ, and the ratio of the 
composition diffusion length √Dτ to the distance between force centers √Dτρ. Each illustration 
represents two neighboring force centers, with a typical separation ρ-1/2, and shows (not to scale) 
the diffusion length in red (thin), the membrane length in blue (thick), and the region of substantial 
compositional variation in dark gray shading. The controlling length scale is shown as a continuous 
colored line and the other length scale is shown dotted. The shaded region indicates where domains 
are substantially noninteracting. 
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Force Transduction by the Microtubule-Bound Dam1 Ring 

Biophysical Journal, 98, 1598 (2010)  10.1016/j.bpj.2010.01.004  

Jonathan W. Armond Matthew S. Turner 

Department of Physics, University of Warwick, Coventry, United Kingdom 

 

The coupling between the depolymerization of microtubules (MTs) and the motion of the Dam1 ring 

complex is now thought to play an important role in the generation of forces during mitosis. Our 

current understanding of this motion is based on a number of detailed computational models. 

Although these models realize possible mechanisms for force transduction, they can be extended by 

variation of any of a large number of poorly measured parameters and there is no clear strategy for 

determining how they might be distinguished experimentally. Here we seek to identify and analyze 

two distinct mechanisms present in the computational models. In the first, the splayed 

protofilaments at the end of the depolymerizing MT physically prevent the Dam1 ring from falling off 

the end, and in the other, an attractive binding secures the ring to the microtubule. Based on this 

analysis, we discuss how to distinguish between competing models that seek to explain how the 

Dam1 ring stays on the MT. We propose novel experimental approaches that could resolve these 

models for the first time, either by changing the diffusion constant of the Dam1 ring (e.g., by 

tethering a long polymer to it) or by using a time-varying load. 

 

 

Two general classes of models of Dam1 ring-microtubule coupling. In both cases, the force is 

Brownian motion; that is, the ring diffuses to the right and the MT happens to unzip one segment or 

it is driven to the right by a powerstroke associated with unzipping. (Dotted line) Point reached by 

MT unzipping (x = 0). (A) The ring is sterically confined to the MT by PFs (protofilament model). (B) 

The ring is attractively bound to the MT surface with a free energy of binding ΔGDam1 (binding 

model). Below each model, the potential profile V in which the ring diffuses is shown as a function of 

the distance x of the ring from the MT end, and a dotted line indicates the connection between 

profile and model. 

http://dx.doi.org/10.1016/j.bpj.2010.01.004
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Condensed Matter, Materials  
and Soft Matter Physics 

The physics of materials has been a major research strength of the Dept. since its inception, and has 

continued along-side more recent diversification, culminating in large strategic investments in 

equipment and construction in 2010 of a £24 M Materials & Analytical Sciences building.  In 2011, 

the Knight review of CMP specifically noted the excellent facilities for materials physics research, 

both within the Dept. and via extensive use of world-class Central Facilities, including those for 

materials modelling, preparation through epitaxy and single crystal growth, analysis of surfaces and 

bulk materials, and atomic resolution microscopy.   

Nanoscale Physics Cluster 

 15 Staff; 11 PDRAs; 28 PhDs;  

 287 articles; 2349 citations; £7.8 M grant awards; ~£2 M in-kind; 24 PhDs awarded 

Multi-functional materials with material dimensions on the nanoscale, e.g. Si structures, binary and 

complex oxides, magnetic semiconductors, and graphene, are fabricated and characterised with a 

range of epitaxial growth facilities, microscopies and spectroscopies.  Close collaboration exists with 

the Theory Group on materials modelling and demonstration devices are made with facilities across 

UoW.  Major investments have been made in high resolution electron microscopy and the 

field/vibration-free, temperature-controlled environment required to optimise their performance.   

 

    

A Microscopy group (Beanland, Sanchez, Sloan, Wilson) has been established that aims to 

understand new materials and develop new techniques (often concurrently), with interests from 

graphene and CNT encapsulated ions, to crystal growth, quantum dots and phase transformations.  

The group is now involved with the majority of CMP projects and collaborates with Theory Group, 

researchers across UoW and nationally through SuperSTEM.   
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The Surfaces, Interfaces & Thin Films group (Bell, McConville, Robinson, Woodruff) has long been 

recognised for interface formation and surface structure determination, esp. with synchrotron 

radiation techniques, and for studying epitaxy of III-nitrides and transparent conducting oxides 

(TCO).  A new facility for pulsed laser deposition (PLD) of oxides has been established, which is 

substantially enhanced by Alexe bringing his expertise, a further 2 PLD chambers, AFM capability and 

oxide device processing capabilities from MPI Halle.  New research is being initiated in spintronic 

materials (ferromagnet/semiconductor epitaxy and half-metallic ferromagnets) with a dedicated 

MBE-STM system and collaboration from TP (Staunton) and industry (Toshiba).   

     

The Nano-Silicon group (Leadley, Myronov, Parker, Whall) has the UK’s only academic wafer scale 

epitaxy facility for Group IV semiconductors and investigates Si, Ge, Sn heterostructures for 

applications in electronics, photonics and beyond.  A new SiC epitaxy capability is being created via 

the BIS Underpinning Power Electronics initiative - again unique in the UK.   

Analytical Science Projects (Dowsett) is devoted to the invention of novel 

instrumentation, evolution of techniques, and data processing methods for 

semiconductor analysis, synchrotron research and now applying materials 

science expertise to challenges in cultural artefact and art preservation. 

 

An experimental Biological Physics group was created, in 

2013, with Kantsler and Polin focussing around the dynamics 

of biological assemblies, from cilia to whole cells and more.  

It is co-located with Microscopy, anticipates strong research 

collaboration with Theory Group, and has research synergy 

with Warwick Medical School and Engineering’s micro-

fluidics research.  
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Towards all-oxide magnetic tunnel junctions  

– Epitaxial growth of SrRuO3/CoFe2O4/La2/3Sr1/3MnO3 trilayers 

Crystal Growth & Design 12, 954-959 (2012) 10.1021/cg201418q 

A.M. Sanchez, L. Äkäslompolo, Q.H. Qin and S. van Dijken 

 

Epitaxial growth of SrRuO3/CoFe2O4/La2/3Sr1/3MnO3 trilayers on SrTiO3 (001) substrates has been 

successfully achieved using pulsed laser deposition. This trilayer configuration, which consists of two 

conducting ferromagnetic oxides separated by a thin insulating ferrite film, is a promising candidate 

for all-oxide magnetic tunnel junctions. Structural analyses carried out using transmission electron 

microscopy and X-ray diffraction demonstrate a remarkable continuation of the in-plane and out-

plane crystallographic relations across the entire structure. Magnetic measurements on 

SrRuO3/CoFe2O4/La2/3Sr1/3MnO3 trilayers indicate independent magnetic switching in an external 

magnetic field, which is one of the prerequisites for large tunneling magnetoresistance effects. 

 

 

  

http://dx.doi.org/10.1021/cg201418q
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Carrier recombination effects in strain compensated quantum dot stacks 
embedded in solar cells 

Applied Physics Letters 93, 123114 (2008) 10.1063/1.2978243 

D. Alonso-Alvarez, A.G. Taboada, J.M. Ripalda, B. Alen, Y. Gonzalez, L. Gonzalez, J.M. Garcia, F. 
Briones, A. Marti, A. Luque, A.M. Sanchez and S.I. Molina 

 

In this work we report the stacking of 50 InAs/GaAs quantum dot layers with a GaAs spacer thickness 
of 18 nm using GaP monolayers for strain compensation. We find a good structural and optical 
quality of the fabricated samples including a planar growth front across the whole structure, a 
reduction in the quantum dot size inhomogeneity, and an enhanced thermal stability of the 
emission. The optimized quantum dot stack has been embedded in a solar cell structure and we 
discuss the benefits and disadvantages of this approach for high efficiency photovoltaic applications. 

 

 

 

(a) Structure of the 50 stacked QD solar cell with SC layers. Each GaP layer has a nominal thickness of 
1 ML=0.273 nm.  (b) Cross-sectional TEM image of the 50 stacked QD layers. The arrows indicate the 
defects observable in the image. 

  

http://dx.doi.org/10.1063/1.2978243


Condensed Matter Physics: Microscopy 

42 
 

A simple approach to characterising block copolymer assemblies: graphene 
oxide supports for high contrast multi-technique imaging 

Soft Matter 8 (12) , pp. 3322-3328 (2012) 10.1039/C2SM07040E 

J.P. Patterson, A.M. Sanchez, N. Petzetakis, T.P. Smart, T.H. Epps, I. Portman, N. Wilson, R.K. O'Reilly 

 

Block copolymers are well-known to self-assemble into a range of 3-dimensional morphologies. 

However, due to their nanoscale dimensions, resolving their exact structure can be a challenge. 

Transmission electron microscopy (TEM) is a powerful technique for achieving this, but for polymeric 

assemblies chemical fixing/staining techniques are usually required to increase image contrast and 

protect specimens from electron beam damage. Graphene oxide (GO) is a robust, water-dispersable, 

and nearly electron transparent membrane: an ideal support for TEM. We show that when using GO 

supports no stains are required to acquire high contrast TEM images and that the specimens remain 

stable under the electron beam for long periods, allowing sample analysis by a range of electron 

microscopy techniques. GO supports are also used for further characterization of assemblies by 

atomic force microscopy. The simplicity of sample preparation and analysis, as well as the potential 

for significantly increased contrast background, make GO supports an attractive alternative for the 

analysis of block copolymer assemblies. 

 

 

  

http://dx.doi.org/10.1039/C2SM07040E
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Quantitative study of the interfacial intermixing and segregation effects 
across the wetting layer of Ga(As,Sb)-capped InAs quantum dots 

Applied Physics Letters 101, 011601 (2012) 10.1063/1.4731790 

Luna, E., Beltrán, A.M., Sánchez, A.M., Molina, S.I. 

 

Quantitative chemical information from semiconductor nanostructures is of primary importance, in 

particular at interfaces. Using a combination of analytical transmission electron microscopy 

techniques, we are able to quantify the interfacial intermixing and surface segregation across the 

intricate non-common-atom wetting layer (WL) of Ga(As,Sb)-capped InAsquantum dots. We find: (i) 

the WL-on-GaAs(buffer) interface is abrupt and perfectly defined by sigmoidal functions, in analogy 

with two-dimensional epitaxial layers, suggesting that the interface formation process is similar in 

both cases; (ii) indium segregation is the prevailing mechanism (e.g., over antimony segregation), 

which eventually determines the composition profile across the GaAs(cap)-on-WL interface. 

 

 

(a) g 002 DFTEM micrograph (sensitive to composition) of the QD structure  

(b) (not scaled). Also displayed is the area across the WL from where the intensity profile (R002) is 

extracted (c). The labels (1) and (2) in (c) refer to the baseline and to the trail edge at the GaAs(cap)-

on-WL interface, respectively. 
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Blocking of indium incorporation by antimony in III-V-Sb nanostructures  

Nanotechnology 21, 145606 (2010) 10.1088/0957-4484/21/14/145606 

Sanchez, A.M, Beltran, A.M., Beanland, R., Ben, T., Gass, M.H., De La Pẽa, F., Walls, M., Taboada, 
A.G., Ripalda, J.M., Molina, S.I. 

 

The addition of antimony to III–V nanostructures is expected to give greater freedom in bandgap 
engineering for device applications. One of the main challenges to overcome is the effect of indium 
and antimony surface segregation. Using several very high resolution analysis techniques we clearly 
demonstrate blocking of indium incorporation by antimony. Furthermore, indium incorporation 
resumes when the antimony concentration drops below a critical level. This leads to major 
differences between nominal and actual structures. 

 

 

(a) HAADF image of an area between QDs in sample C6 viewed along [110]. The region used for EELS 
analysis is marked by the rectangle. (b) EELS-ICA analysis images of Ga, In and Sb distribution in the 
marked area. 
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Structural analysis of strained quantum dots using nuclear magnetic 
resonance 

Nature Nanotechnology 7, 646–650 (2012)  10.1038/nnano.2012.142 

E. A. Chekhovich, K. V. Kavokin, J. Puebla, A. B. Krysa, M. Hopkinson, A. D. Andreev, A. M. Sanchez, 

R. Beanland, M. S. Skolnick & A. I. Tartakovskii 

 

Strained semiconductor nanostructures can be used to make single-photon sources, detectors and 

photovoltaic devices, and could potentially be used to create quantum logic devices. The 

development of such applications requires techniques capable of nanoscale structural analysis, but 

the microscopy methods typically used to analyse these materials are destructive. NMR techniques 

can provide non-invasive structural analysis, but have been restricted to strain-free semiconductor 

nanostructures because of the significant strain-induced quadrupole broadening of the NMR 

spectra. Here, we show that optically detected NMR spectroscopy can be used to analyse individual 

strained quantum dots. Our approach uses continuous-wave broadband radiofrequency excitation 

with a specially designed spectral pattern and can probe individual strained nanostructures 

containing only 1 × 105 quadrupole nuclear spins. With this technique, we are able to measure the 

strain distribution and chemical composition of quantum dots in the volume occupied by the single 

confined electron. The approach could also be used to address problems in quantum information 

processing such as the precise control of nuclear spins in the presence of strong quadrupole effects. 

 

 

Transmission electron microscope (TEM) images. a, b, TEM images of InP/GaInP quantum dots. c, d, 

e, Images of InGaAs/GaAs dots. b shows zoomed part of the image in a, while c and e are zoomed 

parts of d. 
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Resolving the Nanoscale Morphology and Crystallographic Structure of 
Molecular Thin Films: F16CuPc on Graphene Oxide 

Chemistry of Materials, 24, 1365–1370 (2012)  10.1021/cm300073v 

Priyanka A. Pandey, Luke A. Rochford, Dean S. Keeble, Jonathan P. Rourke, Tim S. Jones, Richard 

Beanland, and Neil R. Wilson 

 

Electron microscopy and diffraction are used to examine the nanoscale structure and molecular 

orientation in molecular films down to nominally monolayer thickness. The films studied consist of 

the planar n-type molecular semiconductor copper hexadecafluorophthalocyanine (F16CuPc) directly 

deposited onto graphene oxide (GO) membranes by organic molecular beam deposition. The 

graphene oxide support crucially provides the strength and low background required to analyze the 

crystal structure and morphology of even nominally monolayer thick films and is of relevance for 

molecular electronic applications. The crystal structure of the F16CuPc polymorph is solved by X-ray 

diffraction of single crystals and used to analyze the electron diffraction patterns from the thin-films, 

revealing that the F16CuPc molecules assemble with their molecular plane oriented perpendicular to 

the GO. There is no evidence for changes in the unit cell with film thickness, although the thinnest 

films show the greatest disorder in molecular packing. Direct deposition of molecular materials on 

low contrast and relevant substrates combined with electron and scanning probe microscopy is thus 

shown to be a powerful technique for elucidating structure in nanostructured organic thin films. 

 

 

  

http://dx.doi.org/10.1021/cm300073v
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On the structure and topography of free-standing chemically modified 
graphene 

New Journal of. Physics 12 125010 (2010) 10.1088/1367-2630/12/12/125010 

N R Wilson, P A Pandey, R Beanland, J P Rourke, U Lupo, G Rowlands and R A Römer 

 

The mechanical, electrical and chemical properties of chemically modified graphene (CMG) are 

intrinsically linked to its structure. Here, we report on our study of the topographic structure of free-

standing CMG using atomic force microscopy (AFM) and electron diffraction. We find that, unlike 

graphene, suspended sheets of CMG are corrugated and distorted on nanometre length scales. AFM 

reveals not only long-range (100 nm) distortions induced by the support, as previously observed for 

graphene, but also short-range corrugations with length scales down to the resolution limit of 

10 nm. These corrugations are static not dynamic, and are significantly diminished on CMG 

supported on atomically smooth substrates. Evidence for even shorter-range distortions, down to a 

few nanometres or less, is found by electron diffraction of suspended CMG. Comparison of the 

experimental data with simulations reveals that the mean atomic displacement from the nominal 

lattice position is of order 10% of the carbon–carbon bond length. Taken together, these results 

suggest a complex structure for CMG where heterogeneous functionalization creates local strain and 

distortion. 

 

 

(a) Bright-field TEM image of GO on a lacy carbon support. (b) A 5μm square AFM height image of 

the same region. The full height-scale is 35 nm. 
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Core–Shell PbI2@WS2 Inorganic Nanotubes from Capillary Wetting 

Angewandte Chemie International Edition 48, 1230–1233, (2009)  10.1002/anie.200803447 

R. Kreizman, S. You Hong, J. Sloan, R. Popovitz-Biro, A. Albu-Yaron, G. Tobias, B. Ballesteros, 

B.G. Davis, M.L.H. Green and R. Tenne 

 

Multiwall WS2nanotube templates were used as hosts to prepare core–shell PbI2@WS2 nanotubes 

by a capillary-wetting method. Conformal growth of PbI2 layers on the inner wall of the relatively 

wide WS2 nanotubes (i.d. ca. 10 nm) leads to nanotubular structures which were not previously 

observed in narrow carbon nanotube templates. Image simulation after structural modeling showed 

good agreement with the experimental HRTEM image. 
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Imaging the Structure, Symmetry, and Surface-Inhibited Rotation of 
Polyoxometalate Ions on Graphene Oxide 

Nano Letters, 10, 4600–4606 (2010)  10.1021/nl1026452 

J. Sloan, Z. Liu, K. Suenaga, N.R. Wilson, P.A. Pandey, L.M. Perkins, J.P. Rourke, and I.J. Shannon 

 

Atomic-resolution imaging of discrete [γ-SiW10O36]8− lacunary Keggin ions dispersed onto monolayer 

graphene oxide (GO) films by low voltage aberration corrected transmission electron microscopy is 

described. Under low electron beam dose, individual anions remain stationary for long enough that 

a variety of projections can be observed and structural information extracted with ca. ±0.03 nm 

precision. Unambiguous assignment of the orientation of individual ions with respect to the point 

symmetry elements can be determined. The C2v symmetry [γ-SiW10O36]8− ion was imaged along its 2-

fold C2 axis or orthogonally with respect to one of two nonequivalent mirror planes (i.e., σv). 

Continued electron beam exposure of a second ion imaged orthogonal to σv causes it to translate 

and/or rotate in an inhibited fashion so that the ion can be viewed in different relative orientations. 

The inhibited surface motion of the anion, which is in response to H-bonding-type interactions, 

reveals an important new property for GO in that it demonstrably behaves as a chemically modified 

(i.e., rather than chemically neutral) surface in electron microscopy. This behavior indicates that GO 

has more in common with substrates used in imaging techniques such as atomic force microscopy 

and scanning tunneling microscopy, and this clearly sets it apart from other support films used in 

transmission electron microscopy. 
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Direct Imaging of the Structure, Relaxation, and Sterically Constrained 
Motion of Encapsulated Tungsten Polyoxometalate Lindqvist Ions within 
Carbon Nanotubes 

ACS Nano, 2, 966–976 (2008) 10.1021/nn7002508 

J. Sloan, G. Matthewman, C. Dyer-Smith, A-Young Sung, Z. Liu , K. Suenaga , A.I. Kirkland, E. Flahaut 

 

The imaging properties and observation of the sterically regulated translational motion of discrete 

tungsten polyoxometalate Linqvist ions (i.e., [W6O19]2−) within carbon nanotubes of specific internal 

diameter are reported. The translational motion of the nonspheroidal anion within the nanotube 

capillary is found to be impeded by its near-perfect accommodation to the internal van der Waals 

surface of the nanotube wall. Rotational motion of the anion about one remaining degree of 

freedom permits translational motion of the anion along the nanotube followed by locking in at 

sterically favorable positions in a mechanism similar to a molecular ratchet. This steric locking 

permits the successful direct imaging of the constituent octahedral cation template of individual 

[W6O19]2− anions by high resolution transmission electron microscopy thereby permitting 

meterological measurements to be performed directly on the anion. Direct imaging of pairs of 

equatorial W2 atoms within the anion reveal steric relaxation of the anion contained within the 

nanotube capillary relative to the bulk anion structure. 
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Confined Crystals of the Smallest Phase-Change Material 

Nano Letters, 13, 4020–4027 (2013) 10.1021/nl4010354 

C.E. Giusca, V. Stolojan, J. Sloan, F. Börrnert, H. Shiozawa, K. Sader, M.H. Rümmeli, B. Büchner, and 

S. Ravi P. Silva 

 

The demand for high-density memory in tandem with limitations imposed by the minimum feature 

size of current storage devices has created a need for new materials that can store information in 

smaller volumes than currently possible. Successfully employed in commercial optical data storage 

products, phase-change materials, that can reversibly and rapidly change from an amorphous phase 

to a crystalline phase when subject to heating or cooling have been identified for the development 

of the next generation electronic memories. There are limitations to the miniaturization of these 

devices due to current synthesis and theoretical considerations that place a lower limit of 2 nm on 

the minimum bit size, below which the material does not transform in the structural phase. We 

show here that by using carbon nanotubes of less than 2 nm diameter as templates phase-change 

nanowires confined to their smallest conceivable scale are obtained. Contrary to previous 

experimental evidence and theoretical expectations, the nanowires are found to crystallize at this 

scale and display amorphous-to-crystalline phase changes, fulfilling an important prerequisite of a 

memory element. We show evidence for the smallest phase-change material, extending thus the 

size limit to explore phase-change memory devices at extreme scales. 
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The Real Graphene Oxide Revealed: Stripping the Oxidative Debris from the 
Graphene-like Sheets 

Angewandte Chemie International Edition 50, 3173, (2011) 10.1002/anie.20100752 

J.P. Rourke, P.A. Pandey, J.J. Moore, M. Bates, I.A. Kinloch, R.J. Young and N.R. Wilson 

 

It′ll come out in the wash! Graphene oxide has been shown to be a stable complex of oxidative 

debris (red ellipses in the picture) strongly adhered to functionalized graphene-like sheets. Under 

basic conditions the oxidative debris is stripped from the graphene-like sheets, and the resulting 

graphene oxide is conducting and cannot easily be resuspended in water. 
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Tip-Modulation Scanned Gate Microscopy 

Nano Letters, 8, 2161–2165 (2008) 10.1021/nl080488i 

Neil R. Wilson and David H. Cobden 

 

We introduce a technique that improves the sensitivity and resolution and eliminates the nonlocal 

background of scanned gate microscopy (SGM). In conventional SGM, a voltage bias is applied to the 

atomic force microscope tip and the sample conductance is measured as the tip is scanned. In the 

new technique, which we call tip-modulation SGM (tmSGM), the biased tip is oscillated and the 

induced oscillation of the sample conductance is measured. Applied to single-walled carbon 

nanotube network devices, tmSGM gives sharp, low-noise and background-free images. 
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Graphene Oxide: Structural Analysis and Application as a Highly 
Transparent Support for Electron Microscopy 

ACS Nano, 3, 2547–2556 (2009)  10.1021/nn900694t 

Neil R. Wilson, Priyanka A. Pandey, Richard Beanland, Robert J. Young, Ian A. Kinloch, Lei Gong, 

Zheng Liu , Kazu Suenaga , Jonathan P. Rourke, Stephen J. York and Jeremy Sloan 

 

We report on the structural analysis of graphene oxide (GO) by transmission electron microscopy 

(TEM). Electron diffraction shows that on average the underlying carbon lattice maintains the order 

and lattice-spacings of graphene; a structure that is clearly resolved in 80 kV aberration-corrected 

atomic resolution TEM images. These results also reveal that single GO sheets are highly electron 

transparent and stable in the electron beam, and hence ideal support films for the study of 

nanoparticles and macromolecules by TEM. We demonstrate this through the structural analysis of 

physiological ferritin, an iron-storage protein. 
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Single-Walled Carbon Nanotube Network Ultramicroelectrodes 

Analytical Chemistry, 80, 3598–3605 (2008) 10.1021/ac702518g 

Ioana Dumitrescu, Patrick R. Unwin, Neil R. Wilson and Julie V. Macpherson  

 

Ultramicroelectrodes (UMEs) fabricated from networks of chemical vapor deposited single-walled 

carbon nanotubes (SWNTs) on insulating silicon oxide surfaces are shown to offer superior qualities 

over solid UMEs of the same size and dimensions. Disk shaped UMEs, comprising two-dimensional 

“metallic” networks of SWNTs, have been fabricated lithographically, with a surface coverage of <1% 

of the underlying insulating surface. The electrodes are long lasting and give highly reproducible 

responses (either for repeat runs with the same electrode or when comparing several electrodes 

with the same size). For redox concentrations ≤1 mM the steady-state behavior of SWNT network 

UMEs is as expected for conventional solid metal UMEs (e.g., Pt, Au), due to diffusional overlap 

between neighboring SWNTs. Importantly, the low intrinsic capacitance of the SWNTs and much 

reduced surface area lead to much faster response times and lower background currents. The well-

defined geometry of the SWNT network electrode is also useful for studying electron transfer (ET) 

kinetics at SWNTs. Given the intrinsically high mass transport rates to SWNTs within a network 

electrode, the reversible nature of the CVs recorded for Ru(NH3)6
3+/2+ and FcTMA+/2+ suggests that ET 

driven solely by defects on the sidewalls of the SWNTs is highly unlikely. 

 

 

 

(a) Schematic of the lithographic procedure for fabricating SWNT disk UMEs. (b) Schematic of the 

experimental droplet cell setup used for electrochemical measurements. (c) FE-SEM image of a 

typical SWNT network sample, with a density of 4 µmSWNT µm−2. Scale bar is 5 µm. 
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Physical Vapor Deposition of Metal Nanoparticles on Chemically Modified 
Graphene: Observations on Metal–Graphene Interactions 

Small 7, 3202 (2011) 10.1002/smll.201101430  

Priyanka A. Pandey, Gavin R. Bell, Jonathan P. Rourke, Ana M. Sanchez, Mark D. Elkin, Bryan J. Hickey 

and Neil R. Wilson 

 

The growth of metallic nanoparticles formed on chemically modified graphene (CMG) by physical 

vapor deposition is investigated. Fine control over the size (down to ∼1.5 nm for Au) and coverage 

(up to 5 × 104 μm−2 for Au) of nanoparticles can be achieved. Analysis of the particle size 

distributions gives evidence for Au nanocluster diffusion at room temperature, while particle size 

statistics differ clearly between metal deposited on single- and multilayer regions. The morphology 

of the nanoparticles varies markedly for different metals (Ag, Au, Fe, Pd, Pt, Ti), from a uniform thin 

film for Ti to a droplet-like growth for Ag. A simple model explains these morphologies, based only 

on consideration of 1) the different energy barriers to surface diffusion of metal adatoms on 

graphene, and 2) the ratio of the bulk cohesive energy of the metal to the metal–graphene binding 

energy. Understanding these interactions is important for controlling nanoparticle and thin-film 

growth on graphene, and for understanding the resultant charge transfer between metal and 

graphene. 

 

 

a) Bright‐field TEM image of Au deposited at 0.75 nm thickness on single‐layer GO. Selected area 

electron diffraction patterns of Au on single‐layer graphene with the sample tilted at b) 0° and c) 30° 

to the electron beam (contrast inverted). On (c), the approximate direction of the tilt axis is marked 

by the dashed line. d) Histogram of the Au nanoparticle sizes, d, measured from a typical image. e) 

HR‐TEM image of <1 nm Au deposition on single‐sheet GO. 
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Band gap, electronic structure, and surface electron accumulation of cubic 
and rhombohedral In2O3 

Phys. Rev. B 79, 205211 (2009)   10.1103/PhysRevB.79.205211  

P. D. C. King, T. D. Veal, F. Fuchs, Ch. Y. Wang, D. J. Payne, A. Bourlange, H. Zhang, G. R. Bell, 

V. Cimalla, O. Ambacher, R. G. Egdell, F. Bechstedt, and C. F. McConville 

 

The bulk and surface electronic structure of In2O3 has proved controversial, prompting the current 

combined experimental and theoretical investigation. The band gap of single-crystalline In2O3 is 

determined as 2.93±0.15 and 3.02±0.15 eV for the cubic bixbyite and rhombohedral polymorphs, 

respectively. The valence-band density of states is investigated from x-ray photoemission 

spectroscopy measurements and density-functional theory calculations. These show excellent 

agreement, supporting the absence of any significant indirect nature of the In2O3 band gap. Clear 

experimental evidence for an s-d coupling between In 4d and O 2s derived states is also observed. 

Electron accumulation, recently reported at the (001) surface of bixbyite material, is also shown to 

be present at the bixbyite (111) surface and the (0001) surface of rhombohedral In2O3. 

 

(a) Shirley-background-subtracted 

valence-band photoemission spectrum 

and DFT VB-DOS calculations shown 

without (shaded) and with lifetime and 

instrumental broadening for bcc-In2O3 

(111). The measured valence-band 

photoemission is rigidly shifted to lower 

energies by 3.4 eV to align the VBM at 0 

eV binding energy as for the 

calculations. The XPS and DFT spectra 

are normalized to the same maximum 

peak intensity. The corresponding DFT 

valence-band-structure calculations for 

bcc-In2O3 are shown in (b) 
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Weak mismatch epitaxy and structural Feedback in graphene growth on 
copper foil 

Nano Research 6, 99 (2013)  10.1007/s12274-013-0285-y  

Neil R. Wilson, Alexander J. Marsden, Mohammed Saghir, Catherine J. Bromley, Renald Schaub, 

Giovanni Costantini, Thomas W. White, Cerianne Partridge, Alexei Barinov, Pavel Dudin, Ana M. 

Sanchez, James J. Mudd, Marc Walker, Gavin R. Bell 

 

Graphene growth by low-pressure chemical vapor deposition on low cost copper foils shows great 

promise for large scale applications. It is known that the local crystallography of the foil influences 

the graphene growth rate. Here we find an epitaxial relationship between graphene and copper foil. 

Interfacial restructuring between graphene and copper drives the formation of (n10) facets on what 

is otherwise a mostly Cu(100) surface, and the facets in turn influence the graphene orientations 

from the onset of growth. Angle resolved photoemission shows that the electronic structure of the 

graphene is decoupled from the copper indicating a weak interaction between them. Despite this, 

two preferred orientations of graphene are found, ±8° from the Cu[010] direction, creating a non-

uniform distribution of graphene grain boundary misorientation angles. Comparison with the model 

system of graphene growth on single crystal Cu(110) indicates that this orientational alignment is 

due to mismatch epitaxy. Despite the differences in symmetry the orientation of the graphene is 

defined by that of the copper. We expect these observations to not only have importance for 

controlling and understanding the growth process for graphene on copper, but also to have wider 

implications for the growth of two-dimensional materials on low cost metal substrates. 
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Cubic MnSb: Epitaxial growth of a predicted room temperature half-metal 

Phys. Rev. B 85, 060403(R) (2012) 10.1103/PhysRevB.85.060403  

James D. Aldous, Christopher W. Burrows, Ana M. Sánchez, Richard Beanland, Ian Maskery, Matthew 

K. Bradley, Manuel dos Santos Dias, Julie B. Staunton, and Gavin R. Bell 

 

Epitaxial films including bulk-like cubic and wurtzite polymorphs of MnSb have been grown by 

molecular beam epitaxy on GaAs via careful control of the Sb4/Mn flux ratio. Nonzero-temperature 

density functional theory was used to predict ab initio the half-metallicity of the cubic polymorph 

and compare its spin polarization as a function of reduced magnetization with that of the well-

known half-metal NiMnSb. In both cases, half-metallicity is lost at a threshold magnetization 

reduction, corresponding to a temperature T∗<TC. This threshold is far higher for cubic MnSb 

compared to NiMnSb and corresponds to T∗>350 K, making epitaxial cubic MnSb a promising 

candidate for efficient room temperature spin injection into semiconductors. 

 

 

 

TEM data for polymorphic 

MnSb films on GaAs(111).  

A typical bright-field image (a) 

and Fourier transforms from 

individual regions (b) are 

labeled with constituent 

phases, while a high 

resolution micrograph of the 

c-MnSb/n-MnSb boundary 

shows a sharp epitaxial 

interface. 
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Surface Electron Accumulation and the Charge Neutrality Level in In2O3  

Phys. Rev. Lett. 101, 116808 (2008)  10.1103/PhysRevLett.101.116808  

P. D. C. King, T. D. Veal, D. J. Payne, A. Bourlange, R. G. Egdell, and C. F. McConville  

 

High-resolution x-ray photoemission spectroscopy, infrared reflectivity and Hall effect 

measurements, combined with surface space-charge calculations, are used to show that electron 

accumulation occurs at the surface of undoped single-crystalline In2O3. From a combination of 

measurements performed on undoped and heavily Sn-doped samples, the charge neutrality level is 

shown to lie ∼0.4  eV above the conduction band minimum in In2O3, explaining the electron 

accumulation at the surface of undoped material, the propensity for n-type conductivity, and the 

ease of n-type doping in In2O3, and hence its use as a transparent conducting oxide material. 

 

 

Leading edge of the valence band photoemission of undoped and Sn-doped In2O3, and the linear 

extrapolations used to determine the VBM to surface Fermi level separation. The Shirley-background 

subtracted valence band photoemission spectra are shown over an extended binding energy range 

inset, with the conduction band emission also magnified ×25. 
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Surface Band-Gap Narrowing in Quantized Electron Accumulation Layers 

Phys. Rev. Lett. 104, 256803 (2010) 10.1103/PhysRevLett.104.256803  

P. D. C. King, T. D. Veal, C. F. McConville, J. Zúñiga-Pérez, V. Muñoz-Sanjosé, M. Hopkinson, E. D. L. 

Rienks, M. Fuglsang Jensen, and Ph. Hofmann 

 

An energy gap between the valence and the conduction band is the defining property of a 

semiconductor, and the gap size plays a crucial role in the design of semiconductor devices. We 

show that the presence of a two-dimensional electron gas near to the surface of a semiconductor 

can significantly alter the size of its band gap through many-body effects caused by its high electron 

density, resulting in a surface band gap that is much smaller than that in the bulk. Apart from 

reconciling a number of disparate previous experimental findings, the results suggest an entirely 

new route to spatially inhomogeneous band-gap engineering. 

 

 

(a) Quantized conduction-band subbands of a surface Q2DEG. (b) E vs k∥ and (c) constant energy cuts 

through the subband dispersions measured by ARPES, shown here for a CdO(001) surface recorded 

with a photon energy of hν=30  eV at room temperature. The constant energy cuts are integrated 

over ±3  meV about (c1) the Fermi level and (c2) 0.15, (c3) 0.30, and (c4) 0.45 eV below the Fermi 

level, respectively. (d) Schematic of downward bending of the conduction band and (inset) 

corresponding increase in free-carrier density within the semiconductor surface electron 

accumulation layer (Q2DEG). (e) AIPES measurements of the valence bands and Cd 4d core levels in 

CdO, recorded at a photon energy of hν=120  eV. 
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Determination of the branch-point energy of InN: Chemical trends in 
common-cation and common-anion semiconductors 

Phys. Rev. B 77, 045316 (2008)  10.1103/PhysRevB.77.045316  

P. D. C. King, T. D. Veal, P. H. Jefferson, S. A. Hatfield, L. F. J. Piper, C. F. McConville, F. Fuchs, J. 

Furthmüller, F. Bechstedt, Hai Lu, and W. J. Schaff 

 

Bulk and surface electronic properties of Si-doped InN are investigated using high-resolution x-ray 

photoemission spectroscopy, optical absorption spectroscopy, and quasiparticle corrected density 

functional theory calculations. The branch point energy in InN is experimentally determined to lie 

1.83±0.10eV above the valence-band maximum. This high position relative to the band edges is used 

to explain the extreme fundamental electronic properties of the material. Far from being 

anomalous, these properties are reconciled within chemical trends of common-cation and common-

anion semiconductors. 

 

 

 

QPC-DFT band structure across the Brillouin zone with the determined branch point EB and surface 

Fermi level pinning Epin positions. 
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Giant Reduction of InN Surface Electron Accumulation: Compensation of 
Surface Donors by Mg Dopants 

Phys. Rev. Lett. 109, 247605 (2012)  10.1103/PhysRevLett.109.247605  

W. M. Linhart, J. Chai, R. J. H. Morris, M. G. Dowsett, C. F. McConville, S. M. Durbin, and T. D. Veal 

 

Extreme electron accumulation with sheet density greater than 1013  cm−2 is almost universally 

present at the surface of indium nitride (InN). Here, x-ray photoemission spectroscopy and 

secondary ion mass spectrometry are used to show that the surface Fermi level decreases as the Mg 

concentration increases, with the sheet electron density falling to below 108  cm−2. Surface space-

charge calculations indicate that the lowering of the surface Fermi level increases the density of 

unoccupied donor-type surface states and that these are largely compensated by Mg acceptors in 

the near-surface hole depletion region rather than by accumulated electrons. This is a significant 

step towards the realization of InN-based optoelectronic devices. 

 

(a) Surface electron sheet 

density n2D (squares) and 

donorlike ionized surface state 

denisty nss (circles) as a function 

of Mg concentration. (b) Surface 

state density (red histogram) as 

a function of energy. The height 

of each bar in the histogram is 

evaluated by taking the 

difference in surface state 

density between two successive 

samples and the width is 

determined by the difference 

between their surface Fermi 

levels. The bulk density of states 

(blue line) for InN calculated 

using quasiparticle-corrected 

density-functional theory is also 

shown.  
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Local Methylthiolate Adsorption Geometry on Au(111) from Photoemission 
Core-Level Shifts 

Phys. Rev. Lett. 102, 126101 (2009)   10.1103/PhysRevLett.102.126101  

A. Chaudhuri, T. J. Lerotholi, D. C. Jackson, D. P. Woodruff, and V. Dhanak 

 

The local adsorption structure of methylthiolate in the ordered Au(111)-(3√×3√)R30° phase has been 

investigated using core-level-shift measurements of the surface and bulk components of the Au 4f7/2 

photoelectron binding energy. The amplitude ratio of the core-level-shift components associated 

with surface Au atoms that are, and are not, bonded to the thiolate is found to be compatible only 

with the previously proposed Au-adatom-monothiolate moiety in which the thiolate is bonded atop 

Au adatoms in hollow sites, and not on an unreconstructed surface, or in Au-adatom-dithiolate 

species. 

 

 

Schematic plan view of the Au(111) surface showing the five different local adsorption structure 

models for methylthiolate 
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Direct Observation and Theory of Trajectory-Dependent Electronic Energy 
Losses in Medium-Energy Ion Scattering 

Phys. Rev. Lett. 102, 096103 (2009)   10.1103/PhysRevLett.102.096103  

A. Hentz, G. S. Parkinson, P. D. Quinn, M. A. Muñoz-Márquez, D. P. Woodruff, P. L. Grande, G. 

Schiwietz, P. Bailey, and T. C. Q. Noakes 

 

The energy spectrum associated with scattering of 100 keV H+ ions from the outermost few atomic 

layers of Cu(111) in different scattering geometries provides direct evidence of trajectory-dependent 

electronic energy loss. Theoretical simulations, combining standard Monte Carlo calculations of the 

elastic scattering trajectories with coupled-channel calculations to describe inner-shell ionization 

and excitation as a function of impact parameter, reproduce the effects well and provide a means 

for far more complete analysis of medium-energy ion scattering data. 

 

Two-dimensional map of 

scattered-ion intensities as a 

function of scattering-angle 

and scattered-ion energy 

around the [011] blocking dip 

(at 109.5°) for [4̅ 1̅ 1 ̅] 

incidence of 100 keV H+ ions 

on Cu(111). The raw 

experimental data are 

compared with the theoretical 

simulation.  
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V2O3(0001) Surface Termination: Phase Equilibrium  

Phys. Rev. Lett. 107, 016105 (2011)  10.1103/PhysRevLett.107.016105  

A. J. Window, A. Hentz, D. C. Sheppard, G. S. Parkinson, H. Niehus, D. Ahlbehrendt, T. C. Q. Noakes, 

P. Bailey, and D. P. Woodruff 

 

Complementary but independent medium-energy and low-energy ion scattering studies of the 

(0001) surfaces of V2O3 films grown on Pd(111), Au(111) and Cu3Au(100) reveal a reconstructed full 

O3-layer termination creating a VO2 surface trilayer. This structure is fully consistent with previous 

calculations based on thermodynamic equilibrium at the surface during growth, but contrasts with 

previous suggestions that the surface termination comprises a complete monolayer of vanadyl (V=O) 

species. 

 

 

Side views (viewed along [211̅ 0]) of V2O3(0001), showing three possible surface terminations. In the 

reconstructed O3 termination second-layer V′ atoms move up to become V′′ atoms in the outermost 

metal layer (see arrow). 
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Methoxy Species on Cu(110): Understanding the Local Structure of a Key 
Catalytic Reaction Intermediate 

Phys. Rev. Lett. 105, 086101 (2010)  10.1103/PhysRevLett.105.086101  

M. K. Bradley, D. Kreikemeyer Lorenzo, W. Unterberger, D. A. Duncan, T. J. Lerotholi, J. Robinson, 

and D. P. Woodruff 

 

Partial oxidation of methanol to formaldehyde over Cu(110) is one of the most studied catalytic 

reactions in surface science, yet the local site of the reaction intermediate, methoxy, remains 

unknown. Using a combination of experimental scanned-energy mode photoelectron diffraction, 

and density functional theory, a consistent structural solution is presented in which all methoxy 

species occupy twofold coordinated “short-bridge” adsorption sites. The results are consistent with 

previously-published scanning tunnelling microscopy images and theoretical calculations of the 

reaction mechanism. 

 

 

Comparison of (a) an experimental STM image (reprinted with permission from Fig. 2c of Ref. 9; 

copyright (1994) by the American Physical Society) showing coexistent (2×1)-O and (5×2)-methoxy 

regions with (c) a model of a similar region of the surface, and (b) a simulated STM image of the 

(5×2)-methoxy region. The simulated image is based on the structure shown in (c) that is the result 

of the DFT and PhD calculations 
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Reverse graded relaxed buffers for high Ge content SiGe virtual substrates 

Applied Physics Letters 93, 192103 (2008) 10.1063/1.3023068 

V. A. Shah, A. Dobbie, M. Myronov, D. R. Leadley, D. J. F. Fulgoni, L. J. Nash 

 

An innovative approach is proposed for epitaxial growth of high Ge content, relaxed Si1−xGex buffer 

layers on a Si(001) substrate. The advantages of the technique are demonstrated by growing such 

structures via chemical vapor deposition and their characterization. Relaxed Ge is first grown on the 

substrate followed by the reverse grading approach to reach a final buffer composition of 0.78. The 

optimized buffer structure is only 2.8μm thick and demonstrates a low surface threading dislocation 

density of 4×106cm−2, with a surface roughness of 2.6nm. The buffers demonstrate a relaxation of up 

to 107%. 

 

 

 

A cross-sectional TEM image in the (220) diffraction condition.  Shown are dislocations confined to 

the RLG region but not penetrating upwards. 
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Spin transport in germanium at room temperature 

Applied Physics Letters 97, 162104 (2010) 10.1063/1.3505337 

C. Shen, T. Trypiniotis, K.Y. Lee, S.N. Holmes, R. Mansell, M. Husain, V. Shah, X.V. Li, H. Kurebayashi, I. 

Farrer, C.H. de Groot, D.R. Leadley, G. Bell, E.H.C. Parker, T. Whall, D.A. Ritchie, and C.H.W. Barnes 

 

Spin-dependent transport is investigated in a Ni/Ge/AlGaAs junction with an electrodeposited Ni 

contact. Spin-polarized electrons are excited by optical spin orientation and are subsequently used 

to measure the spin dependent conductance at the Ni/Ge Schottky interface. We demonstrate 

electron spin transport and electrical extraction from the Ge layer at room temperature. 

 

 

A schematic cross section of the heterostructure used and simulated band diagram of the 

Ni/Ge/AlGaAs junction.  
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Ultra-High Hall Mobility of One Million in a Two-Dimensional Hole Gas in a 
Strained Germanium Quantum Well 

Applied Physics Letters, 101, 172108 (2012) 10.1063/1.4763476 

A. Dobbie, M. Myronov, R.J.H. Morris, A.H.A. Hassan, M.J. Prest, V.A. Shah, E.H.C. Parker, T.E. Whall, 

and D.R. Leadley  

 

In this paper, we report a Hall mobility of one million in a germanium two-dimensional hole gas. The 

extremely high hole mobility of 1.1 × 106 cm2 V-1 s-1 at a carrier sheet density of 3 × 1011 cm-2 was 

observed at 12 K. This mobility is nearly an order of magnitude higher than any previously reported. 

From the structural analysis of the material and mobility modeling based on the relaxation time 

approximation, we attribute this result to the combination of a high purity Ge channel and a very 

low background impurity level that is achieved from the reduced-pressure chemical vapor deposition 

growth method. 
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Strain dependence of electron-phonon energy loss rate in many-valley 
semiconductors 

Applied Physics Letters 98, 182103 (2011) 10.1063/1.3579524 

J. T. Muhonen, M. J. Prest, M. Prunnila, D. Gunnarsson, V. A. Shah, A. Dobbie, M. Myronov, R. J. H. 

Morris, T. E. Whall, E. H. C. Parker and D. R. Leadley 

 

We demonstrate significant modification of the electron-phonon energy loss rate in a many-valley 

semiconductor system due to lattice mismatch induced strain. We show that the thermal 

conductance from the electron system to the phonon bath in strained n+Si, at phonon temperatures 

between 200 and 480 mK, is more than an order of magnitude lower than that for a similar 

unstrained sample. 

 

 

The e-ph thermal conductance Ge−ph. Circles showing the lowest heating power data points, ie, points 

where Te is very close to Tph.  
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Ohmic contacts to n-type germanium with low specific contact resistivity 

Applied Physics Letters 100 (2) , art. no. 022113 (2012) 10.1063/1.3676667 

Gallacher, K., Velha, P., Paul, D.J., MacLaren, I., Myronov, M., Leadley, D.R. 

 

A low temperature nickel process has been developed that produces Ohmic contacts to n-type 

germanium with specific contact resistivities down to (2.3 ± 1.8) × 10−7 Ω-cm2 for anneal 

temperatures of 340 °C. The low contact resistivity is attributed to the low resistivity NiGe phase 

which was identified using electron diffraction in a transmission electron microscope. Electrical 

results indicate that the linear Ohmic behaviour of the contact is attributed to quantum mechanical 

tunnelling through the Schottky barrier formed between the NiGe alloy and the heavily doped n-Ge. 

 

 

A TEM bright field image of a Ni-Ge contact annealed at 340 °C showing the 2 layers of the contact 

on the Ge substrate. False colour shading was used to highlight the 2 layers of the alloy contact. The 

amorphous Pt on top protects the sample prior to preparation by a focused ion beam lift-out 

process. The insert is a convergent beam diffraction pattern from 1 grain of the lower layer 

consistent with the [010] zone axis of NiGe in the orthorhombic (Pnma) structure. 
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High mobility holes in a strained Ge quantum well grown on a thin and 
relaxed Si0.4Ge0.6/LT-Si0.4Ge0.6/Si(001) virtual substrate 

Applied Physics Letters 94, 092108 (2009) : 10.1063/1.3090034 

M. Myronov, D.R. Leadley and Y. Shiraki 

 

Epitaxial growth of a compressively strained Ge quantum well (QW) on an ultrathin, 345 nm thick, 

Si0.4Ge0.6/LT-Si0.4Ge0.6/Si(001) virtual substrate (VS) has been demonstrated. The VS, grown with a 

low temperature Si0.4Ge0.6 seed layer on a Si(001) substrate, is found to be fully relaxed and the Ge 

QW is fully strained. The temperature dependence of Hall mobility and carrier density clearly 

indicates a two-dimensional hole gas in the Ge QW. At room temperature, which is more relevant 

for electronic devices applications, the samples show a very high Hall mobility of 1235 cm2 V−1 s−1 at 

a carrier density of 2.36×1012 cm−2. 
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High Hole Mobility in 65 nm Strained Ge p-Channel Field Effect Transistors 
with HfO2 Gate Dielectric 

Japanese Journal of Applied Physics 50, 04DC17 (2011) 10.1143/JJAP.50.04DC17 

J. Mitard, B. De Jaeger, G. Eneman, A. Dobbie, M. Myronov, M. Kobayashi, J. Geypen, H. Bender, 

B. Vincent, R. Krom, J. Franco, G. Winderickx, E. Vrancken, W. Vanherle, W.-E. Wang, J. Tseng, R. Loo, 

K. De Meyer, M. Caymax, L. Pantisano, D. R. Leadley, M. Meuris, P. P. Absil, S. Biesemans and 

T. Hoffmann 

 

Biaxially-strained Ge p-channel field effect transistors (pFETs) have been fabricated for the first time 

in a 65 nm technology. The devices are designed to have a reduced effective oxide thickness (EOT) 

while maintaining minimized short channel effects. Low and high field transport has been studied by 

in-depth electrical characterization, showing a high hole-mobility that is enhanced by up to 70% in 

the strained devices. The important role of pocket implants in degrading the drive current is 

highlighted. Using a judicious implantation scheme, we demonstrate a significant gain in on-current 

(up to 35%) for nanoscaled strained Ge pFETs. Simultaneous optimization of the gate metal and 

dielectric, together with the corresponding uniaxial stress engineering, is identified as a promising 

path for further performance enhancement. 

 

TEM image of a 65 nm strained Ge pFETs using a 200mm Si compatible process flow 
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Modulation of the absorption coefficient at 1.3um in Ge/SiGe multiple 
quantum well heterostructures on silicon 

Optics Letters, 36, 4158-4160 (2011) 10.1364/OL.36.004158 

L. Lever, Y. Hu, M. Myronov, X. Liu, N. Owens, F.Y. Gardes, I.P. Marko, S.J. Sweeney, Z. Ikoni, 

D.R. Leadley, G.T. Reed, and R.W. Kelsall 

 

We report modulation of the absorption coefficient at 1.3 μm in Ge/SiGe multiple quantum well 

heterostructures on silicon via the quantum-confined Stark effect. Strain engineering was exploited 

to increase the direct optical bandgap in the Ge quantum wells. We grew 9 nm-thick Ge quantum 

wells on a relaxed Si0.22Ge0.78 buffer and a contrast in the absorption coefficient of a factor of greater 

than 3.2 was achieved in the spectral range 1290–1315 nm . 

 

 

Measured photocurrent data for the Ge/Si0:4Ge0:6 MQW stack at a range of biases applied across the 

p-i-n diode. The light-hole exciton can be seen at approximately 1150nm in the zero-field curve. This 

large light-hole/heavy-hole splitting is evidence of the large strain due to the high Si fraction of the 

virtual substrate. The curves at 8 V and 9 V appear larger than the lower-bias curves, which is 

attributed to avalanche gain within the device. The dashed curves show these data rescaled 

according to the simulated ratios of the absorption at the electron/heavy-hole exciton peak. 
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Relaxation of strained silicon on Si0.5Ge0.5 virtual substrates 

Applied Physics Letters 93 072108 (2008). 10.1063/1.2975188  

J. Parsons, R. J. H. Morris, D. R. Leadley, E. H. C. Parker, D. J. F. Fulgoni and L. J. Nash 

 

Strain relaxation has been studied in tensile strained silicon layers grown on Si0.5Ge0.5 virtual 

substrates, for layers many times the critical thickness, using high resolution x-ray diffraction. Layers 

up to 30 nm thick were found to relax less than 2% by the glide of pre-existing 60° dislocations. 

Relaxation is limited because many of these dislocations dissociate into extended stacking faults that 

impede the dislocation glide. For thicker layers, nucleated microtwins were observed, which 

significantly increased relaxation to 14%. All these tensile strained layers are found to be much more 

stable than layers with comparable compressive strain. 

 

 

XTEM image of a 15 nm strained silicon layer showing two stacking faults and a misfit dislocation. 
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Strain Enhanced Electron Cooling in a Degenerately Doped Semiconductor 

Applied Physics Letters, 99, 251908 (2011) 10.1063/1.3670330 

M. J. Prest, J.T. Muhonen, M. Prunnila, D. Gunnarsson, V.A. Shah, J S. Richardson-Bullock, A. Dobbie, 

M. Myronov, R.J.H. Morris, T.E. Whall, E.H.C. Parker and D.R. Leadley 

 

Enhanced electron cooling is demonstrated in a strained-silicon/superconductor tunnel junction 

refrigerator of volume 40 μm3. The electron temperature is reduced from 300 mK to 174 mK, with 

the enhancement over an unstrained silicon control (300 mK–258 mK) being attributed to the 

smaller electron-phonon coupling in the strained case. Modeling and the resulting predictions of 

silicon-based cooler performance are presented. Further reductions in the minimum temperature 

are expected if the junction sub-gap leakage and tunnel resistance can be reduced. However, if only 

tunnel resistance is reduced, Joule heating is predicted to dominate. 

 

 

Electron temperature Te vs. cooler bias VC . The green broken curve is a fit to the experimental data 

(black squares) from the unstrained control. Blue circles are data for the strained sample and the red 

curve is a fit to the model. The inset shows Te versus VC at different bath temperatures Tb for the 

strained sample. Note that Tb  =  Te when VC  = 0.  
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Investigation of strain engineering in FinFETs comprising experimental 
analysis and numerical simulations 

IEEE Transactions on Electron Devices 58, 1583 (2011) 10.1109/TED.2011.2119320 

F. Conzatti, N. Serra, D. Esseni, M. De Michielis, P. Palestri, L. Selmi, S.M. Thomas, T.E. Whall, 

D.R. Leadley, E.H.C. Parker, L. Witters, M.J. Hÿtch, E. Snoeck, T.J. Wang, W.C. Lee, G. Doornbos, 

G. Vellianitis, M.J.H. van Dal, and R.J.P. Lander 

 

This study combines direct measurements of strain, electrical mobility measurements, and a 

rigorous modeling approach to provide insights about strain-induced mobility enhancement in 

FinFETs and guidelines for device optimization. Good agreement between simulated and measured 

mobility is obtained using strain components measured directly at device level by a novel 

holographic technique. A large vertical compressive strain is observed in metal gate FinFETs, and the 

simulations show that this helps recover the electron mobility disadvantage of the (110) FinFET 

lateral interfaces with respect to (100) interfaces, with no degradation of the hole mobility. The 

model is then used to systematically explore the impact of stress components in the fin width, 

height, and length directions on the mobility of both n- and p-type FinFETs and to identify optimal 

stress configurations. Finally, self-consistent Monte Carlo simulations are used to investigate how 

the most favorable stress configurations can improve the on current of nanoscale MOSFETs. 

 

 

Schematic of a (110)/(110) FinFET obtained with a standard Manhattan layout in a (100) wafer. The 

figure illustrates the stress components in the fin height TfH, width TfW, and length TfL direction in 

the device coordinate system. 

  

http://dx.doi.org/10.1109/TED.2011.2119320


Condensed Matter Physics: NanoSilicon 

79 
 

Hole mobility in germanium as a function of substrate and channel 
orientation, strain, doping, and temperature 

IEEE Transactions on Electron Devices 59, 1878 (2012) 10.1109/TED.2012.2194498 

Riddet, C., Watling, J.R., Chan, K.-H., Parker, E.H.C., Whall, T.E., Leadley, D.R., Asenov, A. 

 

We present a comprehensive study of hole transport in germanium layers on “virtual” substrates 

using a full band Monte Carlo simulation approach, considering alternate “virtual” substrate and 

channel orientations and including the impact of the corresponding biaxial strain, doping, and lattice 

temperature. The superior mobility in strained germanium channels with orientation on a (110) 

“virtual” substrate is confirmed, and the factors leading to this enhancement are evaluated. The 

significant decrease in strain-and-orientation-induced mobility enhancement due to impurity 

scattering in doped material and at increasing lattice temperature is also demonstrated. Both factors 

determine how efficiently the mobility enhancement translates into transistor performance 

enhancement. Additionally, we shine light on the question of which factor has stronger impact in 

mediating the increase in mobility due to strain-the breaking of degeneracy for the heavy- and light-

hole bands at the point or the reduction in the density of states. 

 

Energy isosurfaces for the HH band 

at 1 eV calculated using six-band  

k • p, all viewed from the [111] 

direction. Shown here are the (a) 

relaxed case and strained cases (x = 

40%) on the three substrates 

considered here, i.e., (b) (001), (c) 

(110), and (d) (111), with energy 

contours shown out to 2 eV.  

The channel orientations for each 

surface are given in (e). 
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High-frequency performance of Schottky Source/Drain Silicon pMOS 
devices 

IEEE Electronic Device Letters 29, 396 (2008) 10.1109/LED.2008.918250 

J.-P. Raskin, D. J. Pearman, G. Pailloncy, J. M. Larson, J. Snyder, D.R.Leadley and T. E. Whall 

 

A radio-frequency performance of 85-nm gate-length p-type Schottky barrier (SB) with PtSi 

source/drain materials is investigated. The impact of silicidation annealing temperature on the high-

frequency behavior of SB MOSFETs is analyzed using an extrinsic small-signal equivalent circuit. It is 

demonstrated that the current drive and the gate transconductance strongly depend on the 

silicidation anneal temperature, whereas the unity-gain cutoff frequency of the measured devices 

remains nearly unchanged. 

 

 

Current gain versus frequency for wafers annealed at 500ºC and 550ºC. 
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Low-frequency Noise Characterisation of Strained Germanium pMOSFETs 

IEEE Transactions on Electronic Devices 58, 3132 (2011) 10.1109/TED.2011.2160679 

E. Simoen, J. Mitard, B. De Jaeger, G. Eneman, A. Dobbie, M. Myronov, T.E. Whall, D.R. Leadley, M. 

Meuris, T. Hoffmann and C. Claeys 

 

The low-frequency (LF) noise in strained Ge epitaxial layers, grown on reverse-graded relaxed SiGe 

buffer layers, has been evaluated for different front-end processing conditions. It has been shown 

that the 1/f noise in strong inversion is governed by trapping in the gate oxide (number fluctuations) 

and not affected by the presence of compressive strain in the channel. However, some impact has 

been found from the type of halo implantation used, whereby the lowest noise spectral density and 

highest hole mobility is obtained by replacing the standard As halo by a P implantation. At the same 

time, the omission of the junction anneal results in poor device characteristics, which can be 

understood by considering the presence of a high density of non-annealed implantation damage in 

the channel and the gate stack near source and drain. 

 

 

Low-frequency noise spectra for a 10 umx0.25 um sGe pMOSFET, fabricated without junction 

anneal, corresponding with different gate voltages. 
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On the role of Coulomb scattering in hafnium-silicate gated silicon n and p-
channel metal-oxide-semiconductor-field-effect-transistors 

Journal of Applied Physics 110, 124503 (2011) 10.1063/1.3669490 

S.M.Thomas, M.J.Prest, T.E.Whall, D.R.Leadley, E.H.C.Parker, F. Conzattib , N. Serra, D. Esseni, M. De 

Michielis, A. Paussa, P. Palestri, L. Selmi, L. Donetti, F. Gámiz, R.J.P. Lander, G. Vellianitis, P.-E. 

Hellström, G. Malm, M. Östling 

 

In this work, the impact of the local and remote Coulomb scattering mechanisms on electron and 

hole mobility are investigated. The effective mobilities in quasi-planar finFETs with 

TiN/Hf0.4Si0.6O/SiO2 gate stacks have been measured at 300 K and 4 K. At 300 K, electron mobility is 

degraded below that of bulk MOSFETs in the literature, whereas hole mobility is comparable. The 4 K 

electron and hole mobilities have been modeled in terms of ionized impurity, local Coulomb, remote 

Coulomb and local roughness scattering. An existing model for remote Coulomb scattering from a 

polycrystalline silicon gate has been adapted to model remote Coulomb scattering from a high-

κ/SiO2 gate stack. Subsequently, remote charge densities of 8 × 1012 cm−2 at the Hf0.4Si0.6O/SiO2 

interface were extracted and shown to be the dominant Coulomb scattering mechanism for both 

electron and hole mobilities at 4 K. Finally, a Monte Carlo simulation showed remote Coulomb 

scattering was responsible for the degraded 300 K electron mobility. 

 

 

4 K effective hole mobility of the high-k device (circles), the individual modeled ionised impurity scattering IIS, 

local Coulomb scattering from interface charge LCS, remote Coulomb scattering RCS, and local roughness 

scattering LRS limited mobilities (dashed lines) and the total modeled mobility (continuous line).  
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Hole effective mass in silicon inversion layers with different substrate 
orientations and channel directions. 

Journal of Applied Physics 107, 064304 (2010) 10.1063/1.3639281 

L. Donetti, F. Gámiz, S.M. Thomas, T.E. Whall, D.R. Leadley, P.E. Hellström, G. Malm, M. Östling 

 

We explore the possibility to define an effective mass parameter to describe hole transport in 

inversion layers in bulk MOSFETs and silicon-on-insulator devices. To do so, we employ an accurate 

and computationally efficient self-consistent simulator based on the six-band k·p model. The valence 

band structure is computed for different substrate orientations and silicon layer thicknesses and is 

then characterized through the calculation of different effective masses taking account of the 

channel direction. The effective masses for quantization and density of states are extracted from the 

computed energy levels and subband populations, respectively. For the transport mass, a weighted 

averaging procedure is introduced and justified by comparing the results with hole mobility from 

experiments and simulations. 

 

 

Transport mass mα
1 as a function of k 

for the following SOI devices: tSi = 2 nm 

with (100) surface orientation and kα 

parallel to  

(a) <100>,  

(b) (100)/<110>, 

(c) (110)/<100>,  

(d) (110)/<110>;  

(e) and (f) are the same as (d) but with 

tSi = 3 nm and 5 nm, respectively.  

For (100) orientation kx and ky are 

directed along [010] and, [001] while 

for (110) orientation they are directed 

along [001] and [1-10]  

.
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Overcoming low Ge ionization and erosion rate variation for quantitative 
ultralow energy secondary ion mass spectrometry depth profiles of  
Si1-xGex/Ge quantum well structures 

Analytical Chemistry 84 (5) , pp. 2292-2298 (2012) : 10.1021/ac202929x 

Morris, R.J.H., Dowsett, M.G., Beanland, R., Dobbie, A., Myronov, M., Leadley, D.R. 

 

We specify the O2
+ probe conditions and subsequent data analysis required to obtain high depth 

resolution secondary ion mass spectrometry profiles from multiple Ge/Si1–xGex quantum well 

structures (0.6 ≤ x ≤ 1). Using an O2
+ beam at normal incidence and with energies >500 eV, we show 

that the measured Ge signal is not monotonic with concentration, the net result being an 

unrepresentative and unquantifiable depth profile. This behavior is attributed to a reduced Ge 

ionization rate as x approaches 1. At lower beam energies the signal behaves monotonically with Ge 

fraction, indicating that the Ge atoms are now ionizing more readily for the whole range of x, 

enabling quantitative profiles to be obtained. To establish the depth scale a point-by-point approach 

based on previously determined erosion rates as a function of x is shown to produce quantum well 

thicknesses in excellent agreement with those obtained using transmission electron microscopy. The 

findings presented here demonstrate that to obtain reliable quantitative depth profiles from Ge 

containing samples requires O2
+ ions below 500 eV and correct account to be taken of the erosion 

rate variation that exists between layers of different matrix composition. 
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The use of synchrotron X-rays to observe copper corrosion in real time 

Analytical Chemistry 84 (11) , pp. 4866-4872 (2012) : 10.1021/ac300457e 

Dowsett, M., Adriaens, A., Martin, C., Bouchenoire, L. 

 

We have developed and tested two complementary methods for making time-lapse synchrotron X-

ray diffraction (XRD) measurements of the growth of synthetic corrosion layers using a protocol for 

producing copper(I) chloride (nantokite), on copper as a test. In the first method, a copper coupon 

was spin-coated with saturated copper(II) chloride solution in air while the surface was characterized 

in real time using XRD with a fast one-dimensional (1-D) detector. In the second, a droplet of the 

same reagent was suspended from an X-ray-transparent window in a hermetically sealed cell and 

the coupon was brought into contact with this while XRD diffractograms were acquired with a 

charge-coupled device (CCD) camera. The protocol is completed by a deionized water rinse, which 

was also studied. The XRD shows nantokite precipitation in solution as well as growth on the surface, 

but the end products were variable proportions of nantokite, cuprite (Cu2O), and paratacamite 

(Cu2(OH)3Cl). The latter two were observed forming in a reaction between the nantokite and the 

rinsing water. Comparisons between samples analyzed in the synchrotron and at lower power 

densities show that the effects of any radiolysis or slight heating of the sample are insignificant in 

this case. It would be simple to extend these methods to other corrosion or surface reaction 

systems. 
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Optically Detected X-ray Absorption Spectroscopy Measurements as a 
Means of Monitoring Corrosion Layers on Copper 

Analytical Chemistry 80 (22) , pp. 8717-8724 (2008) 10.1021/ac800895n 

Dowsett, MG; Adriaens, A; Jones, GKC; Poolton, N; Fiddy, S; Nikitenko, S 

XANES and EXAFS information is conventionally measured in transmission through the energy-

dependent absorption of X-rays or by observing X-ray fluorescence, but secondary fluorescence 

processes, such as the emission of electrons and optical photons (e.g., 200-1000 nm), can also be 

used as a carrier of the XAS signatures, providing complementary information such as improved 

surface specificity. Where the near-visible photons have a shorter range in a material, the data will 

be more surface specific. Moreover, optical radiation may escape more readily than X-rays through 

liquid in an environmental cell. Here, we describe a first test of optically detected X-ray absorption 

spectroscopy (ODXAS) for monitoring electrochemical treatments on copper-based alloys, for 

example, heritage metals. Artificially made corrosion products deposited on a copper substrate were 

analyzed in air and in a 1% (w/v) sodium sesquicarbonate solution to simulate typical conservation 

methods for copper-based objects recovered from marine environments. The measurements were 

made on stations 7.1 and 9.2 MF (SRS Daresbury, UK) using the mobile luminescence end station 

(MoLES), supplemented by XAS measurements taken on DUBBLE (BM26 A) at the ESRF. The ODXAS 

spectra usually contain fine structure similar to that of XAS spectra measured in X-ray fluorescence. 

Importantly, for the compounds examined, the ODXAS is significantly more surface specific, and > 

98% characteristic of thin surface layers of 0.5-1.5-mu m thickness in cases where X-ray 

measurements are dominated by the substrate. However, EXAFS and XANES from broadband optical 

measurements are superimposed on a high background due to other optical emission modes. This 

produces statistical fluctuations up to double what would be expected from normal counting 

statistics because the data retain the absolute statistical fluctuation in the original raw count, while 

losing up to 70% of their magnitude when background is removed. The problem may be solved in 

future through optical filtering to isolate the information-containing band, combined with the use of 

higher input X-ray fluxes available on third-generation light sources.  

  

http://dx.doi.org/10.1021/ac800895n


Condensed Matter Physics: Analytical Science Products 

87 
 

Real Time Observation of X‑ray-Induced Surface Modification Using 
Simultaneous XANES and XEOL-XANES 

Analytical Chemistry, 85, pp9556-9563 (2013) 

Annemie Adriaens, Paul Quinn, Sergey Nikitenko, and Mark G. Dowsett 

In experiments preliminary to the design of an X-ray-excited optical luminescence (XEOL)-based 

chemical mapping tool we have used X-ray micro (4.5 × 5.2 μm) and macro (1 × 6 mm) beams with 

similar total fluxes to assess the effects of a high flux density beam of X-rays at energies close to an 

absorption edge on inorganic surfaces in air. The near surface composition of corroded cupreous 

alloys was analyzed using parallel X-ray and optical photoemission channels to collect X-ray 

absorption near-edge structure (XANES) data at the Cu K edge. The X-ray fluorescence channel is 

characteristic of the composition averages over several micrometers into the surface, whereas the 

optical channel is surface specific to about 200 nm. While the X-ray fluorescence data were mostly 

insensitiv to the X-ray dose, the XEOL-XANES data from the microbeam showed significant dose-

dependent changes to the superficial region, including surface cleaning, changes in the oxidation 

state of the copper, and destruction of surface compounds responsible for pre-edge fluorescence or 

phosphorescence in the visible. In one case, there was evidence that the lead phase in a bronze had 

melted. Conversely, data from the macrobeam were stable over several hours. Apart from localized 

heating effects, the microbeam damage is probably associated with the O3 loading of the surface 

and increased reaction rate with atmospheric water vapor. 
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Dynamics of a vesicle in general flow 

Proceedings of the National Academy of Sciences 106, 11444 (2009) 10.1073/pnas.0902657106  

J. Deschamps, V. Kantsler, E. Segre and V. Steinberg 

 

An approach to quantitatively study vesicle dynamics as well as biologically-related micro-objects in 
a fluid flow, which is based on the combination of a dynamical trap and a control parameter, the 
ratio of the vorticity to the strain rate, is suggested. The flow is continuously varied between 
rotational, shearing, and elongational in a microfluidic 4-roll mill device, the dynamical trap, that 
allows scanning of the entire phase diagram of motions, i.e., tank-treading (TT), tumbling (TU), and 
trembling (TR), using a single vesicle even at λ = ηin/ηout = 1, where ηin and ηout are the viscosities of 
the inner and outer fluids. This cannot be achieved in pure shear flow, where the transition between 
TT and either TU or TR is attained only at λ>1. As a result, it is found that the vesicle dynamical states 
in a general are presented by the phase diagram in a space of only 2 dimensionless control 
parameters. The findings are in semiquantitative accord with the recent theory made for a quasi-
spherical vesicle, although vesicles with large deviations from spherical shape were studied 
experimentally. The physics of TR is also uncovered. 

 

 

(A) Experimental streamlines images of the velocity fields for pure rotational (first column, ω/s = 43), 
mixed (second column, ω/s = 2.6) and pure shear (third, ω/s = 1) flows; (B) Zoom of the same 
experimental flows; (C) velocity vector field representation of the same flows (PTV). 
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Phase Diagram of Single Vesicle Dynamical States in Shear Flow 

Phys. Rev. Lett. 102, 118105 (2009)  10.1103/PhysRevLett.102.118105  

J. Deschamps, V. Kantsler, and V. Steinberg 

 

We report the first experimental phase diagram of vesicle dynamical states in a shear flow presented 
in a space of two dimensionless parameters suggested recently by V. Lebedev et al. To reduce errors 
in the control parameters, 3D geometrical reconstruction and determination of the viscosity contrast 
of a vesicle in situ in a plane Couette flow device prior to the experiment are developed. Our results 
are in accord with the theory predicting three distinctly separating regions of vesicle dynamical 
states in the plane of just two self-similar parameters. 

 

 

Reconstruction of vesicle ellipsoidal shape. (a) several slices captured at different z. (b) elliptical 
approximation of each slice and their stacking in 3D space. Ellipsoidal approximation of 3D vesicle 
shape provides its three main axis. Here R=14.56±0.31  μm and Δ=0.49±0.04. 
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Human spermatozoa migration in microchannels reveals boundary-
following navigation 

Proceedings of the National Academy of Sciences 109, 8007 (2012) 10.1073/pnas.1202934109  

Petr Denissenko, Vasily Kantsler, David J. Smith and Jackson Kirkman-Brown 

 

The migratory abilities of motile human spermatozoa in vivo are essential for natural fertility, but it 
remains a mystery what properties distinguish the tens of cells which find an egg from the millions of 
cells ejaculated. To reach the site of fertilization, sperm must traverse narrow and convoluted 
channels, filled with viscous fluids. To elucidate individual and group behaviors that may occur in the 
complex three-dimensional female tract environment, we examine the behavior of migrating sperm 
in assorted microchannel geometries. Cells rarely swim in the central part of the channel cross-
section, instead traveling along the intersection of the channel walls (“channel corners”). When the 
channel turns sharply, cells leave the corner, continuing ahead until hitting the opposite wall of the 
channel, with a distribution of departure angles, the latter being modulated by fluid viscosity. If the 
channel bend is smooth, cells depart from the inner wall when the curvature radius is less than a 
threshold value close to 150 μm. Specific wall shapes are able to preferentially direct motile cells. As 
a consequence of swimming along the corners, the domain occupied by cells becomes essentially 
one-dimensional, leading to frequent collisions, and needs to be accounted for when modeling the 
behavior of populations of migratory cells and considering how sperm populate and navigate the 
female tract. The combined effect of viscosity and three-dimensional architecture should be 
accounted for in future in vitro studies of sperm chemoattraction. 

 

Spermatozoa in the “one way running track” microchannel geometry. The space outside the microchannel is 
shaded gray to indicate position of the walls. Edges of gray shading are spaced from channel walls by 
approximately 10–20 μm so that they do not interfere with tracks of the cells. The long arrow shows the 
preferred (counterclockwise) direction of cell migration. The arrow in the zoomed insert of the channel 
segment points at a track of a cell swimming in the direction opposite to that dictated by features of channel 
walls. Follow the track to see this cell departing from the inside of the ratchet and traversing the channel, 
being redirected counterclockwise, as the other cells travel. 
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Ciliary contact interactions dominate surface scattering of swimming 
eukaryotes 

Proceedings of the National Academy of Sciences 110, 1187 (2013) 10.1073/pnas.1210548110 

Vasily Kantsler, Jörn Dunkel, Marco Polin, and Raymond E. Goldstein 

 

Interactions between swimming cells and surfaces are essential to many microbiological processes, 
from bacterial biofilm formation to human fertilization. However, despite their fundamental 
importance, relatively little is known about the physical mechanisms that govern the scattering of 
flagellated or ciliated cells from solid surfaces. A more detailed understanding of these interactions 
promises not only new biological insights into structure and dynamics of flagella and cilia but may 
also lead to new microfluidic techniques for controlling cell motility and microbial locomotion, with 
potential applications ranging from diagnostic tools to therapeutic protein synthesis and 
photosynthetic biofuel production. Due to fundamental differences in physiology and swimming 
strategies, it is an open question of whether microfluidic transport and rectification schemes that 
have recently been demonstrated for pusher-type microswimmers such as bacteria and sperm cells, 
can be transferred to puller-type algae and other motile eukaryotes, because it is not known 
whether long-range hydrodynamic or short-range mechanical forces dominate the surface 
interactions of these microorganisms. Here, using high-speed microscopic imaging, we present direct 
experimental evidence that the surface scattering of both mammalian sperm cells and unicellular 
green algae is primarily governed by direct ciliary contact interactions. Building on this insight, we 
predict and experimentally verify the existence of optimal microfluidic ratchets that maximize 
rectification of initially uniform Chlamydomonas reinhardtii suspensions. Because mechano-elastic 
properties of cilia are conserved across eukaryotic species, we expect that our results apply to a 
wide range of swimming microorganisms. 

 

 

 

Surface scattering of bull spermatozoa is governed by ciliary contact interactions, as evident from 
the scattering sequences of individual cells at two temperature values: (A) T = 10 °C and (B) T = 29 °C. 
The background has been subtracted from the micrographs to enhance the visibility of the cilia. The 
cyan-colored line indicates the corner-shaped boundary of the microfluidic channels. The horizontal 
dotted line in the last image in B defines θ = 0. (Scale bars: 20 μm.) (C) The probability distributions 
of scattering angles θ from the corner peak at negative angles, due to the fact that the beat 
amplitude of the cilia exceeds the size of the cell body (sample size: n = 116 for T = 10 °C and n = 115 
for T = 29 °C). At higher temperatures, the cilia exhibit a larger oscillation amplitude and beat 
frequency (29), resulting in a larger swimming speed and shifting the typical scattering angles to 
larger absolute values. 
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Noise and Synchronization in Pairs of Beating Eukaryotic Flagella 

Phys. Rev. Lett. 103, 168103  (2009)  10.1103/PhysRevLett.103.168103  

Raymond E. Goldstein, Marco Polin, and Idan Tuval 

 

It has long been conjectured that hydrodynamic interactions between beating eukaryotic flagella 

underlie their ubiquitous forms of synchronization; yet there has been no experimental test of this 

connection. The biflagellate alga Chlamydomonas is a simple model for such studies, as its two 

flagella are representative of those most commonly found in eukaryotes. Using micromanipulation 

and high-speed imaging, we show that the flagella of a C. reinhardtii cell present periods of 

synchronization interrupted by phase slips. The dynamics of slips and the statistics of phase-locked 

intervals are consistent with a low-dimensional stochastic model of hydrodynamically coupled 

oscillators, with a noise amplitude set by the intrinsic fluctuations of single flagellar beats. 

 

 

Experimental system. (a) A single cell of Chlamydomonas reinhardtii held on a micropipette. (b) 

Schematic of apparatus for visualization and micromanipulation of cells. 
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Direct Measurement of the Flow Field around Swimming Microorganisms 

Phys. Rev. Lett. 105, 168101 (2010)  10.1103/PhysRevLett.105.168101  

Knut Drescher, Raymond E. Goldstein, Nicolas Michel, Marco Polin, and Idan Tuval 

 

Swimming microorganisms create flows that influence their mutual interactions and modify the 

rheology of their suspensions. While extensively studied theoretically, these flows have not been 

measured in detail around any freely-swimming microorganism. We report such measurements for 

the microphytes Volvox carteri and Chlamydomonas reinhardtii. The minute (∼0.3%) density excess 

of V. carteri over water leads to a strongly dominant Stokeslet contribution, with the widely-

assumed stresslet flow only a correction to the subleading source dipole term. This implies that 

suspensions of V. carteri have features similar to suspensions of sedimenting particles. The flow in 

the region around C. reinhardtii where significant hydrodynamic interaction is likely to occur differs 

qualitatively from a puller stresslet, and can be described by a simple three-Stokeslet model. 

 

 

Flow field of a freely swimming V. 

carteri in the laboratory frame. 

(a),(b) Magnitude and streamlines 

of u and its fitted approximation 

ufit, respectively. (c) Relative error 

of the fit: ϵ=‖u-ufit‖/‖u‖. (a) and 

(b) have the same color bar, 

different from (c). g⃗ is gravity.  
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Emergence of Synchronized Beating during the Regrowth of Eukaryotic 
Flagella 

Phys. Rev. Lett. 107, 148103 (2011)  10.1103/PhysRevLett.107.148103  

Raymond E. Goldstein, Marco Polin, and Idan Tuval 

 

A fundamental issue in the biology of eukaryotic flagella is the origin of synchronized beating 

observed in tissues and organisms containing multiple flagella. Recent studies of the biflagellate 

unicellular alga Chlamydomonas reinhardtii provided the first evidence that the interflagellar 

coupling responsible for synchronization is of hydrodynamic origin. To investigate this mechanism in 

detail, we study here synchronization in Chlamydomonas as its flagella slowly regrow after 

mechanically induced self-scission. The duration of synchronized intervals is found to be strongly 

dependent on flagellar length. Analysis within a stochastic model of coupled phase oscillators is used 

to extract the length dependence of the interflagellar coupling and the intrinsic beat frequencies of 

the two flagella. Physical and biological considerations that may explain these results are proposed. 

 

 

Flagellar regrowth and the emergence of synchrony. (a) Regrowth dynamics of flagella after 

autotomy, and image processed movie frames at the indicated times after deflagellation. The scale 

bar is 10  μm. The blue line indicates a fit to the balance-point model of regrowth. (b) Phase 

difference Δ as a function of time for a single cell during short experiments at various times (in 

minutes) after deflagellation, as indicated. Plateaus in Δ, corresponding to periods of synchronous 

beating, become progressively longer as flagella regrow. 
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Chlamydomonas Swims with Two “Gears” in a Eukaryotic Version of Run-
and-Tumble Locomotion 

Science 325, 487 (2009)   10.1126/science.1172667  

Marco Polin, Idan Tuval, Knut Drescher, J. P. Gollub, Raymond E. Goldstein 

 

The coordination of eukaryotic flagella is essential for many of the most basic processes of life 

(motility, sensing, and development), yet its emergence and regulation and its connection to 

locomotion are poorly understood. Previous studies show that the unicellular alga Chlamydomonas, 

widely regarded as an ideal system in which to study flagellar biology, swims forward by the 

synchronous action of its two flagella. Using high-speed imaging over long intervals, we found a 

richer behavior: A cell swimming in the dark stochastically switches between synchronous and 

asynchronous flagellar beating. Three-dimensional tracking shows that these regimes lead, 

respectively, to nearly straight swimming and to abrupt large reorientations, which yield a 

eukaryotic version of the "run-and-tumble" motion of peritrichously flagellated bacteria. 

 

A single C. reinhardtii cell moves back and forth between synchronous (A) and asynchronous (B) 

states. Movie frames showing a few cycles and the oscillatory intensity signals XL,R(t) = 

ΓL,R(t)sin[2πθL,R(t)] (X, signal; L, left; R, right; Γ,amplitude; t, time; θ, phase), obtained by local 

sampling of the video light intensity near the two flagella, are shown for both cases. (C) A long (70-s) 

time series of the phase difference Δ(t) = θL(t) − θR(t) contains periods of synchrony interrupted by 

drifts of either sign. A windowed Fourier transform of the beating signals during the transition from 

synchronization to drifting and then back again to synchrony (inset) shows a large frequency 

difference in the asynchronous state. This behavior was characteristic of all 24 observed cells. 
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Magnetic Resonance Cluster   

 7 Staff; 9 PDRAs; 15 PhDs;  

    

   

 193 articles; 1730 citations; £3.1 M grant awards; 24 PhDs awarded  

Millburn House Magnetic Resonance Centre was set up between 2007 and 2009, with an £8.5 M 
investment, as a multi-user laboratory to develop advanced MR spectroscopic techniques and 
instrumentation, and to use these to solve a diverse range of challenging problems in Physics, 
Chemistry and Life Sciences.  Cross-disciplinary fertilisation of ideas is promoted through Physics 
staff (Brown, Dupree, Hanna, Iuga, Morley, Newton, Wedge) working alongside 3 Chemistry-based 
members.   

Since 2010, the Centre has provided the UK 850 MHz Solid State Nuclear Magnetic Resonance (SS-
NMR) Facility and leads multi-university CDTs in Integrated Magnetic Resonance (iMR-CDT) and in 
Diamond Science and Technology.   

The forward strategy is to be at the leading edge of MR technique development and be central to UK 
provision of high field SS-NMR.  MR academics have established a strong international reputation in 
the following areas, which are supported by many collaborations with leading scientists and 
companies:  

 Application of SS-NMR to problems in materials science, catalysis, supramolecular chemistry, 
pharmaceuticals, and structure, dynamics and activity of biomolecular systems. 

 Development of SS-NMR methodology, incl. new probe technologies, new pulse sequences, and 
associated computational approaches (involving Quigley from TP). 

 Application of EPR and optical techniques to study colour centres in diamond and related 
materials; development of sensors that exploit diamond’s unique combination of properties. 

 Novel MR technique development, incl. pulsed EPR at high magnetic fields, high pressure EPR, 
Dynamic Nuclear Polarization, electrically & optically detected MR. 

 Quantum information processing, with coupled electron-nuclear spins in Si and diamond. 
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Quantifying Weak Hydrogen Bonding in Uracil and 4-Cyano-4‘-
ethynylbiphenyl:  A Combined Computational and Experimental 
Investigation of NMR Chemical Shifts in the Solid State 

J. Am. Chem. Soc., 2008, 130 (3), pp 945–954  10.1021/ja075892i 

A. Uldry, J.M. Griffin, J.R. Yates, M. Pérez-Torralba, M.D. Santa María, A.L. Webber, M.L.L. Beaumont, 

A. Samoson, R.M. Claramunt, C.J. Pickard, and S.P. Brown 

Weak hydrogen bonding in uracil and 4-cyano-4‘-ethynylbiphenyl, for which single-crystal diffraction 

structures reveal close CH···O C and C CH···N C distances, is investigated in a study that combines 

the experimental determination of 1H, 13C, and 15N chemical shifts by magic-angle spinning (MAS) 

solid-state NMR with first-principles calculations using plane-wave basis sets. An optimized synthetic 

route, including the isolation and characterization of intermediates, to 4-cyano-4‘-ethynylbiphenyl at 

natural abundance and with 13C 13CH and 15N C labeling is described. The difference in chemical 

shifts calculated, on the one hand, for the full crystal structure and, on the other hand, for an 

isolated molecule depends on both intermolecular hydrogen bonding interactions and aromatic ring 

current effects. In this study, the two effects are separated computationally by, first, determining 

the difference in chemical shift between that calculated for a plane (uracil) or an isolated chain (4-

cyano-4‘-ethynylbiphenyl) and that calculated for an isolated molecule and by, second, calculating 

intraplane or intrachain nucleus-independent chemical shifts that quantify the ring current effects 

caused by neighboring molecules. For uracil, isolated molecule to plane changes in the 1H chemical 

shift of 2.0 and 2.2 ppm are determined for the CH protons involved in CH···O weak hydrogen 

bonding; this compares to changes of 5.1 and 5.4 ppm for the NH protons involved in conventional 

NH···O hydrogen bonding. A comparison of CH bond lengths for geometrically relaxed uracil 

molecules in the crystal structure and for geometrically relaxed isolated molecules reveals 

differences of no more than 0.002 Å, which corresponds to changes in the calculated 1H chemical 

shifts of at most 0.1 ppm. For the C CH···N C weak hydrogen bonds in 4-cyano-4‘-ethynylbiphenyl, 

the calculated molecule to chain changes are of similar magnitude but opposite sign for the donor 
13C and acceptor 15N nuclei. In uracil and 4-cyano-4‘-ethynylbiphenyl, the CH hydrogen-bonding 

donors are sp2 and sp hybridized, respectively; a comparison of the calculated changes in 1H 

chemical shift with those for the sp3 hybridized CH donors in maltose reveals no marked dependence 

on hybridization for weak hydrogen-bonding strength. 
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Density Functional Theory Calculations of Hydrogen-Bond-Mediated NMR J 
Coupling in the Solid State 

J. Am. Chem. Soc., 2008, 130 (38), pp 12663–12670 10.1021/ja800419m 

S.A. Joyce, J.R. Yates, C.J. Pickard and S.P. Brown 

 

A recently developed method for calculating NMR J coupling in solid-state systems is applied to 

calculate hydrogen-bond-mediated 2hJNN couplings across intra- or intermolecular N−H···N hydrogen 

bonds in two 6-aminofulvene-1-aldimine derivatives and the ribbon structure formed by a 

deoxyguanosine derivative. Excellent quantitative agreement is observed between the calculated 

solid-state J couplings and those previously determined experimentally in two recent spin-echo 

magic-angle-spinning NMR studies (Brown, S. P.; et al. Chem. Commun.2002, 1852−1853 and Pham, 

T. N.; et al. Phys. Chem. Chem. Phys.2007, 9, 3416−3423). For the 6-aminofulvene-1-aldimines, the 

differences in 2hJNN couplings in pyrrole and triazole derivatives are reproduced, while for the 

guanosine ribbons, an increase in 2hJNN is correlated with a decrease in the N−H···N hydrogen-bond 

distance. J couplings are additionally calculated for isolated molecules of the 6-aminofulevene-1-

aldimines extracted from the crystal with and without further geometry optimization. Importantly, it 

is shown that experimentally observed differences between J couplings determined by solution- and 

solid-state NMR are not solely due to differences in geometry; long-range electrostatic effects of the 

crystal lattice are shown to be significant also. J couplings that are yet to be experimentally 

measured are calculated. Notably, 2hJNO couplings across N−H···O hydrogen bonds are found to be of 

a similar magnitude to 2hJNN couplings, suggesting that their utilization and quantitative 

determination should be experimentally feasible. 
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31P MAS Refocused INADEQUATE Spin−Echo (REINE) NMR Spectroscopy: 
Revealing J Coupling and Chemical Shift Two-Dimensional Correlations in 
Disordered Solids 

J. Am. Chem. Soc., 2009, 131 (33), pp 11861–11874 10.1021/ja902238s 

P. Guerry, M.E. Smith and S.P. Brown 

 

Two-dimensional (2D) variations in 2JP1,P1, 2JP1,P2, and 2JP2,P2 are obtained—using the REINE (REfocused 

INADEQUATE spin−Echo) pulse sequence presented by Cadars et al. (Phys. Chem. Chem. Phys. 2007, 

9, 92−103)—from pixel-by-pixel fittings of the spin−echo modulation for the 2D correlation peaks 

due to linked phosphate tetrahedra (P1−P1, P1−P2, P2−P1, and P2−P2) in a 31P refocused INADEQUATE 

solid-state MAS NMR spectrum of a cadmium phosphate glass, 0.575CdO−0.425P2O5. In particular, 

separate variations for each 2D 31P REINE peak are obtained which reveal correlations between the J 

couplings and the 31P chemical shifts of the coupled nuclei that are much clearer than those evident 

in previously presented 2D z-filtered 31P spin−echo spectra. Notably, such correlations between the J 

couplings and the 31P chemical shifts are observed even though the conditional probability 

distributions extracted using the protocol of Cadars et al. (J. Am. Chem. Soc. 2005, 127, 4466−4476) 

indicate that there is no marked correlation between the 31P chemical shifts of neighboring 

phosphate tetrahedra. For 2D peaks at the P2 31P chemical shift in the direct dimension, there can be 

contributions from chains of three units (P1−P2−P1), chains of four units (P1−P2−P2−P1), or longer 

chains or rings (−P2−P2−P2−): for the representative glass considered here, best fits are obtained 

assuming a glass comprised predominantly of chains of four units. The following variations are 

found: 2JP1,P1 = 13.4 ± 0.3 to 14.8 ± 0.5 Hz, 2JP1,P2 = 15.0 ± 0.3 to 18.2 ± 0.3 Hz, and 2JP2,P2 = 5.9 ± 0.6 to 

9.1 ± 0.9 Hz from the fits to the P1−P1, P1−P2, and P2−P2 peaks, respectively. The correlation of a 

particular J coupling with the 31P chemical shifts of the considered nucleus and the coupled nucleus 

is quantified by the coefficients CF2 and CF1 that correspond to the average pixel-by-pixel change in 

the J coupling with respect to the chemical shift of the observed (F2) and neighboring (F1) 31P nuclei, 

respectively. 
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Role of Aniline Oligomeric Nanosheets in the Formation of Polyaniline 
Nanotubes 

Macromolecules, 2010, 43 (2), pp 662–670 10.1021/ma902109r 

Z.D. Zujovic, C. Laslau, G.A. Bowmaker, P.A. Kilmartin, A.L. Webber, S.P. Brown and J. Travas-Sejdic 

 

We report the phenomenon of nanosheet rolling during typical aqueous polymerization and study its 

implications for the self-assembly of polyaniline nanotubes. Specifically, this is done through a 

detailed morphological and structural characterization of products obtained after 20 min, 1 h in 

falling pH experiments, and after 20 h at constant pH 2.5 during the oxidative polymerization of 

aniline with ammonium persulfate in the presence of alanine. The chemical structure has been 

investigated by FTIR, UV−vis, solid-state 13C and 15N NMR, liquid NMR, and XRD, whereas the 

morphology was imaged using scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). The presence of self-assembled nanoflakes with different thicknesses ranging 

from tens to hundreds of nanometers is confirmed through SEM. TEM revealed the presence of very 

thin layers: nanosheets with sharp and well-defined edges. The presence of hydrogen bonds is 

confirmed by FTIR and is consistent with XRD results. The stacking of nanosheets and the formation 

of thicker flakes based on π−π electron interactions have been proposed on the basis of XRD 

experiments, where self-assembled layers made of cross-linked oxidized aniline structures stack on 

each other and are stabilized by hydrogen bonds and π−π interactions. In this way, hydrophobic 

cross-linked oligomers (formed at the beginning of the synthesis at higher pH) minimize their surface 

energy, self-assembling into well-ordered macromolecular structures. On the basis of the SEM and 

TEM images and the information obtained from other analytical techniques applied here, the 

presence of PANI nanotubes formed in the reaction carried out at constant pH of 2.5 is confirmed. 

The role of the nanosheets in the formation of nanotubes is proposed. 
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Probing Heteronuclear 15N−17O and 13C−17O Connectivities and Proximities 
by Solid-State NMR Spectroscopy 

J. Am. Chem. Soc., 2009, 131 (5), pp 1820–1834 10.1021/ja805898d 

I.Hung, A-C. Uldry, J. Becker-Baldus, A.L. Webber, A. Wong, M.E. Smith, S.A. Joyce, J.R. Yates, 

C.J. Pickard, R. Dupree and S.P. Brown 

 

Heteronuclear solid-state magic-angle spinning (MAS) NMR experiments for probing 15N−17O dipolar 

and J couplings are presented for [2H(NH3),1-13C,15N,17O2]glycine·2HCl and [15N2,17O2]uracil. Two-

dimensional 15N−17O correlation spectra are obtained using the R3-HMQC experiment; for 

glycine·2HCl, the intensity of the resolved peaks for the C═O and C−O2H 17O resonances corresponds 

to the relative magnitude of the respective 15N−17O dipolar couplings. 17O−15N REDOR curves are 

presented for glycine·2HCl; fits of the initial buildup (ΔS/S < 0.2) yield effective dipolar couplings in 

agreement with (±20%) the root-sum-squared dipolar couplings determined from the crystal 

structure. Experimental 15N−17O REAPDOR curves for the 15N resonances in glycine·2HCl and uracil fit 

well to the universal curve presented by Goldbourt et al. (J. Am. Chem. Soc. 2003, 125, 11194). 

Heteronuclear 13C−17O and 15N−17O J couplings were experimentally determined from fits of the 

quotient of the integrated intensity obtained in a heteronuclear and a homonuclear spin−echo 

experiment, SQ(τ) = SHET(τ)/SHOM(τ). For glycine·2HCl, 1JCO was determined as 24.7 ± 0.2 and 25.3 ± 0.3 

Hz for the C═O and C−O2H resonances, respectively, while for uracil, the average of the two NH···O 

hydrogen-bond-mediated J couplings was determined as 5.1 ± 0.6 Hz. In addition, two-bond 

intramolecular J couplings, 2JOO = 8.8 ± 0.9 Hz and 2JN1,N3 = 2.7 ± 0.1 Hz, were determined for 

glycine·2HCl and uracil, respectively. Excellent agreement was found with J couplings calculated using 

the CASTEP code using geometrically optimized crystal structures for glycine·HCl [1JCO(C═O) = 24.9 

Hz, 1JCO(C—OH) = 27.5 Hz, 2JOO = 7.9 Hz] and uracil [2hJN1,O4 = 6.1 Hz, 2hJN3,O4 = 4.6 Hz, 2JN1,N3 = 2.7 Hz]. 
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Hydrogen Bonding in Alzheimer’s Amyloid-β Fibrils Probed by 15N{17O} 
REAPDOR Solid-State NMR Spectroscopy 

Angewandte Chemie International Edition 51 10289-10292 (2012)  10.1002/anie.201203595 

O. N. Antzutkin, D. Iuga, A.V. Filippov, R. T. Kelly, J. Becker-Baldus, S. P. Brown, and R. Dupree 

 

An exclusive label: 15N{17O} REAPDOR NMR was used to validate intermolecular C 17O⋅⋅⋅H 15N 

hydrogen bonding in Ac-Aβ(16–22)-NH2 (see scheme) and Aβ(11–25) amyloid fibrils, which are associated 

with Alzheimer's disease, by selectively labeling them with 17O and 15N. This method was effective 

for confirming the structure of these fibrils, and could be useful for a number of other biological 

samples. 

 

 

 

Solvent-assisted solid-state synthesis: Separating the chemical from the 
mechanical in mechanochemical synthesis 

Chemical Communications (16) , pp. 2168-2170 (2009) 10.1039/b822370j 

Bowmaker, G.A., Hanna, J.V., Skelton, B.W., White, A.H. 

High-yielding syntheses involving reactions in the diffusion zone between solid reactants are 

demonstrated in studies of complex formation between copper(I) thiocyanate and ethylenethiourea. 
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A High-Resolution 43Ca Solid-State NMR Study of the Calcium Sites of 
Hydroxyapatite 

J. Am. Chem. Soc., 2008, 130 (8), pp 2412–2413   10.1021/ja710557t 

Laurencin, D; Wong, A; Hanna, JV; Dupree, R; Smith, ME 

 

High resolution 43Ca solid-state NMR studies of hydroxyapatite (Ca10(PO4)6(OH)2) were performed at 

14.1 T. The two crystallographically distinct calcium sites were unequivocally resolved by a triple-

quantum magic angle spinning experiment, and the unambiguous assignment of the signals was 

possible using 1H-43Ca rotational echo double resonance and 1H-43Ca cross polarization magic angle 

spinning experiments. 
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New perspectives on calcium environments in inorganic materials 
containing calcium–oxygen bonds: A combined computational–
experimental 43Ca NMR approach 

Chemical Physics Letters 464, 42–48 (2008)  10.1016/j.cplett.2008.09.004 

C.Gervais, D. Laurencin, A. Wong, F. Pourpoint, J. Labram, B. Woodward, A. P. Howes, K. J. Pike, 

R. Dupree, F. Mauri, C. Bonhomme & M. E. Smith 

 

The potential of a combined experimental–computational 43Ca solid state NMR approach for the 

structural analysis of different families of inorganic compounds (calcium phosphates, silicates, 

aluminates and borates) has been investigated. Natural-abundance 43Ca NMR data of six crystalline 

calcium phosphates is reported. DFT periodic calculations of 43Ca NMR parameters of an extensive 

number of Ca–O inorganic species have been performed, showing that the isotropic chemical shift of 

calcium can accurately be predicted. A strong dependence of the isotropic chemical shift on the 

average Ca⋯O bond distance and on the nature of the associated oxoanion is found. 

 

 

Correlation between the computed 43Ca isotropic chemical shifts and the mean Ca⋯O bond distance 

in a series of calcium-inorganic species. The double arrows to the right indicate the range of 

variation of δiso for each one of the families considered. The slopes correspond to the linear fits for 

the different families, the values found being −300 ppm Å−1 for silicates, −190 ppm Å−1 for 

phosphates, −310 ppm Å−1 for aluminates, and −810 ppm Å−1 for borates. 

 

  

http://dx.doi.org/10.1016/j.cplett.2008.09.004


Condensed Matter Physics: Magnetic Resonance 

105 
 

Oxygen Defects and Novel Transport Mechanisms in Apatite Ionic 
Conductors: Combined 17O NMR and Modeling Studies 

Angewandte Chemie International Edition 50 , 932 (2011)  10.1002/anie.201102064 

Panchmatia, PM; Orera, A; Rees, GJ; Smith, ME; Hanna, JV; Slater, PR; Islam, MS 

 

Germanium-based apatite compounds are fast oxide-ion conductors for potential use in fuel cells. A 

combination of solid-state 17O  NMR spectroscopy, atomistic modeling, and DFT techniques help to 

elucidate oxygen defect sites and novel cooperative mechanisms of ion conduction. The picture 

shows oxygen diffusion in the studied apatite compound from molecular dynamics simulations. 
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Natural Abundance 25Mg Solid-State NMR of Mg Oxyanion Systems: A 
Combined Experimental and Computational Study 

Chemistry - A European Journal 15 (38) , pp. 9785-9798 (2009) 10.1002/chem.200900346 

Cahill, LS; Hanna, JV; Wong, A; Freitas, JCC; Yates, JR; Harris, RK; Smith, ME 

Solid-state 25Mg magic angle spinning nuclear magnetic resonance (MAS NMR) data are reported 

from a range of organic and inorganic magnesium–oxyanion compounds at natural abundance. To 

constrain the determination of the NMR interaction parameters (δiso, χQ, ηQ) data have been 

collected at three external magnetic fields (11.7, 14.1 and 18.8T). Corresponding NMR parameters 

have also been calculated by using density functional theory (DFT) methods using the GIPAW 

approach, with good correlations being established between experimental and calculated values of 

both χQ and δiso. These correlations demonstrate that the 25Mg NMR parameters are very sensitive to 

the structure, with small changes in the local Mg2+ environment and the overall hydration state 

profoundly affecting the observed spectra. The observations suggest that 25Mg NMR spectroscopy is 

a potentially potent probe for addressing some key problems in inorganic materials and of metal 

centres in biologically relevant molecules. 

 

 

 

 

 

Experimental and simulated natural abundance 25Mg MAS 

NMR spectra with increasing magnetic field for Mg 

formate dihydrate. The experimental spectra, shown in 

the upper trace of each part, were acquired under 

ambient bearing gas temperature, with MAS at 3–10 kHz. 
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A 93Nb Solid-State NMR and Density Functional Theory Study of Four- and 
Six-Coordinate Niobate Systems 

Chemistry - A European Journal 16 (10) , pp. 3222-3239 (2010) 10.1002/chem.200901581 

Hanna, JV; Pike, KJ ; Charpentier, T ; Kemp, TF ; Smith, ME ; Lucier, BEG; Schurko, RW ; Cahill, LS 

A variable B0 field static (broadline) NMR study of a large suite of niobate materials has enabled the 

elucidation of high-precision measurement of 93Nb NMR interaction parameters such as the isotropic 

chemical shift (δiso), quadrupole coupling constant and asymmetry parameter (CQ and ηQ), chemical 

shift span/anisotropy and skew/asymmetry (Ω/Δδ and κ/ηδ) and Euler angles (α, β, γ) describing the 

relative orientation of the quadrupolar and chemical shift tensorial frames. These measurements 

have been augmented with ab initio DFT calculations by using WIEN2k and NMR-CASTEP codes, 

which corroborate these reported values. Unlike previous assertions made about the inability to 

detect CSA (chemical shift anisotropy) contributions from NbV in most oxo environments, this study 

emphasises that a thorough variable B0 approach coupled with the VOCS (variable offset cumulative 

spectroscopy) technique for the acquisition of undistorted broad (−1/2 +1/2) central transition 

resonances facilitates the unambiguous observation of both quadrupolar and CSA contributions 

within these 93Nb broadline data. These measurements reveal that the 93Nb electric field gradient 

tensor is a particularly sensitive measure of the immediate and extended environments of the NbV 

positions, with CQ values in the 0 to >80 MHz range being measured; similarly, the δiso (covering an 

approximately 250 ppm range) and Ω values (covering a 0 to approximately 800 ppm range) 

characteristic of these niobate systems are also sensitive to structural disposition. However, their 

systematic rationalisation in terms of the Nb O bond angles and distances defining the immediate 

NbV oxo environment is complicated by longer-range influences that usually involve other heavy 

elements comprising the structure. It has also been established in this study that the best 

computational method(s) of analysis for the 93Nb NMR interaction parameters generated here are 

the all-electron WIEN2k and the gauge included projector augmented wave (GIPAW) NMR-CASTEP 

DFT approaches, which account for the short- and long-range symmetries, periodicities and 

interaction-potential characteristics for all elements (and particularly the heavy elements) in 

comparison with Gaussian 03 methods, which focus on terminated portions of the total structure. 
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Identifying Guanosine Self Assembly at Natural Isotopic Abundance by 
High-Resolution 1H and 13C Solid-State NMR Spectroscopy 

J. Am. Chem. Soc 133 (49) , pp. 19777-19795 (2011)  10.1021/ja206516u 

Webber, A.L., Masiero, S, Pieraccini, S., Burley, J.C., Tatton, A.S., Iuga, D., Pham, T.N., Spada, 

G.P., Brown, S.P. 

 

By means of the 1H chemical shifts and the proton–proton proximities as identified in 1H double-

quantum (DQ) combined rotation and multiple-pulse spectroscopy (CRAMPS) solid-state NMR 

correlation spectra, ribbon-like and quartet-like self-assembly can be identified for guanosine 

derivatives without isotopic labeling for which it was not possible to obtain single crystals suitable 

for diffraction. Specifically, characteristic spectral fingerprints are observed for dG(C10)2 and dG(C3)2 

derivatives, for which quartet-like and ribbon-like self-assembly has been unambiguously identified 

by 15N refocused INADEQUATE spectra in a previous study of 15N-labeled derivatives (Pham, T. N.; et 

al. J. Am. Chem. Soc.2005, 127, 16018). The NH 1H chemical shift is observed to be higher (13–15 

ppm) for ribbon-like self-assembly as compared to 10–11 ppm for a quartet-like arrangement, 

corresponding to a change from NH···N to NH···O intermolecular hydrogen bonding. The order of the 

two NH2
1H chemical shifts is also inverted, with the NH2 proton closest in space to the NH proton 

having a higher or lower 1H chemical shift than that of the other NH2 proton for ribbon-like as 

opposed to quartet-like self-assembly. For the dG(C3)2 derivative for which a single-crystal 

diffraction structure is available, the distinct resonances and DQ peaks are assigned by means of 

gauge-including projector-augmented wave (GIPAW) chemical shift calculations. In addition, 14N–1H 

correlation spectra obtained at 850 MHz under fast (60 kHz) magic-angle spinning (MAS) confirm the 

assignment of the NH and NH2 chemical shifts for the dG(C3)2 derivative and allow longer range 

through-space N···H proximities to be identified, notably to the N7 nitrogens on the opposite 

hydrogen-bonding face. 
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87Sr solid-state NMR as a structurally sensitive tool for the investigation of 
materials: Antiosteoporotic pharmaceuticals and bioactive glasses 

J. Am. Chem. Soc 134 (30) , pp. 12611-12628 (2012) 10.1021/ja303505g  

Bonhomme, C. , Gervais, C, Folliet, N., Pourpoint, F., Coelho Diogo, C., Lao, J., Jallot, E., Lacroix, 

J, Nedelec, J.-M.d, Iuga, D., Hanna, J.V., Smith, M.E., Xiang, Y., Du, J., Laurencin, D. 

 

Strontium is an element of fundamental importance in biomedical science. Indeed, it has been 

demonstrated that Sr2+ ions can promote bone growth and inhibit bone resorption. Thus, the oral 

administration of Sr-containing medications has been used clinically to prevent osteoporosis, and Sr-

containing biomaterials have been developed for implant and tissue engineering applications. The 

bioavailability of strontium metal cations in the body and their kinetics of release from materials will 

depend on their local environment. It is thus crucial to be able to characterize, in detail, strontium 

environments in disordered phases such as bioactive glasses, to understand their structure and 

rationalize their properties. In this paper, we demonstrate that 87Sr NMR spectroscopy can serve as a 

valuable tool of investigation. First, the implementation of high-sensitivity 87Sr solid-state NMR 

experiments is presented using 87Sr-labeled strontium malonate (with DFS (double field sweep), 

QCPMG (quadrupolar Carr–Purcell–Meiboom–Gill), and WURST (wideband, uniform rate, and 

smooth truncation) excitation). Then, it is shown that GIPAW DFT (gauge including projector 

augmented wave density functional theory) calculations can accurately compute 87Sr NMR 

parameters. Last and most importantly, 87Sr NMR is used for the study of a (Ca,Sr)-silicate bioactive 

glass of limited Sr content (only 9 wt %). The spectrum is interpreted using structural models of the 

glass, which are generated through molecular dynamics (MD) simulations and relaxed by DFT, before 

performing GIPAW calculations of 87Sr NMR parameters. Finally, changes in the 87Sr NMR spectrum 

after immersion of the glass in simulated body fluid (SBF) are reported and discussed. 
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Ionothermal 17O enrichment of oxides using microlitre quantities of 
labelled water 

Chemical Science 3 (7) , pp. 2293-2300 (2012)  10.1039/c2sc20155k 

Griffin, J.M., Clark, L., Seymour, V.R., Aldous, D.W., Dawson, D.M., Iuga, D., Morris, R.E., Ashbrook, 

S.E. 

 

We present an ionothermal-based method for the simple and low-cost enrichment in 17O of oxide 

materials. This is demonstrated for the case of SIZ-4, an ionothermally-prepared aluminophosphate 

framework with the CHA topology. A preliminary study of unenriched samples of SIZ-4 highlights the 

importance of the careful choice of template in order to obtain an ordered structure. We then show 

how an ionothermal synthesis procedure incorporating microlitre quantities of 17O-enriched H2O 

enables as-prepared and calcined samples of SIZ-4 to be obtained with 17O enrichment levels that 

are sufficient to enable the recording of high-quality 17O solid-state NMR spectra. While second-

order quadrupolar-broadened resonances are unresolved in 17O MAS NMR spectra, 17O double-

rotation (DOR) and multiple-quantum (MQ)MAS NMR spectra reveal distinct resonances that are 

partially assigned by comparison with NMR parameters derived using first-principles calculations. 

The calculations also enable an investigation of the dependence of 17O NMR parameters on the local 

structural environment. We find that both the 17O isotropic chemical shift and quadrupolar coupling 

constant show clear dependencies on Al–O–P bond lengths, and angles and will therefore provide a 

sensitive probe of structure and geometry in aluminophosphate frameworks in future studies. 
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Identifying the Intermolecular Hydrogen-Bonding Supramolecular 
Synthons in an Indomethacin-Nicotinamide Cocrystal by Solid-State NMR 

Chemical Communications 48, 10844-6 (2012) 10.1039/C2CC36094B 

K. Maruyoshi, D. Iuga, O.N. Antzutkin, A. Alhalaweh, S.P. Velaga, S.P. Brown 

 

Two-dimensional 1H double-quantum and 14N–1H & 1H–13C heteronuclear magic-angle spinning 

(MAS) NMR spectra recorded at natural isotopic abundance identify specific intermolecular COOH

Narom and CHarom O C hydrogen-bonding interactions in the solid-state structure of an 

indomethacin–nicotinamide cocrystal, thus additionally proving cocrystal formation. 
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Long-Lived Spin Coherence in Silicon with an Electrical Spin Trap Readout  

Phys. Rev. Lett. 101, 207602 (2008) 10.1103/PhysRevLett.101.207602 

G. W. Morley, D. R. McCamey, H. A. Seipel, L.-C. Brunel, J. van Tol, and C. Boehme 

 

Pulsed electrically detected magnetic resonance of phosphorous (P31) in bulk crystalline silicon at 

very high magnetic fields (B0>8.5  T) and low temperatures (T=2.8  K) is presented. We find that the 

spin-dependent capture and reemission of highly polarized (>95%) conduction electrons by equally 

highly polarized P31 donor electrons introduces less decoherence than other mechanisms for spin-

to-charge conversion. This allows the electrical detection of spin coherence times in excess of 

100  μs, 50 times longer than the previous maximum for electrically detected spin readout 

experiments. 

 

(a) 240 GHz electrically detected magnetic resonance spectrum of phosphorus donors in crystalline 

silicon. The two large resonances are separated by 4.2 mT, a signature of the hyperfine interaction 

with a phosphorus nuclear spin. The inset is a schematic of our experiment, shown in more detail in 

Fig. 1 of Ref. 17. (b) The spin of an excess electron in the conduction band is initially aligned with the 

applied field so the Pauli exclusion principle means it avoids the coaligned phosphorus spin. (c1) ESR 

flips the phosphorus spin. (c2) The conduction electron is trapped, reducing the current. (c3) An 

electron is reemitted, leaving the electron that remains in the opposite spin state.   

http://dx.doi.org/10.1103/PhysRevLett.101.207602
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The initialization and manipulation of quantum information stored in 
silicon by bismuth dopants 

Nature Materials 9, 725 (2010)  10.1038/nmat2828 

G W Morley, M Warner, A M Stoneham, P T Greenland, J van Tol, C W M Kay & G Aeppli 

 

A prerequisite for exploiting spins for quantum data storage and processing is long spin coherence 

times. Phosphorus dopants in silicon (Si:P) have been favoured as hosts for such spins because of 

measured electron spin coherence times (T2) longer than any other electron spin in the solid state: 

14 ms at 7 K with isotopically purified silicon. Heavier impurities such as bismuth in silicon (Si:Bi) 

could be used in conjunction with Si:P for quantum information proposals that require two 

separately addressable spin species. However, the question of whether the incorporation of the 

much less soluble Bi into Si leads to defect species that destroy coherence has not been addressed. 

Here we show that schemes involving Si:Bi are indeed feasible as the electron spin coherence time T2 

is at least as long as for Si:P with non-isotopically purified silicon. We polarized the Si:Bi electrons 

and hyperpolarized the I=9/2 nuclear spin of 209Bi, manipulating both with pulsed magnetic 

resonance. The larger nuclear spin means that a Si:Bi dopant provides a 20-dimensional Hilbert 

space rather than the four-dimensional Hilbert space of an I=1/2 Si:P dopant. 

 

 

Qubit manipulation. a, Pulsed ENDOR manipulates the Bi nuclear spin as well as the electron spin. A 

microwave frequency of 240 GHz (black rectangles in inset that control the electron spin) was used 

at a temperature of 3 K and the length of the radiofrequency (RF) pulse (green rectangle that 

controls the nuclear spin) was 150 _s. b, Rabi oscillations of the electron spin at 25 K with 9.7 GHz 

radiation. The spin is flipped using a pulse of _ D13 ns duration. 
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Electronic Spin Storage in an Electrically Readable Nuclear Spin Memory 
with a Lifetime >100 Seconds 

Science 330, 1652-1656 (2010) 10.1126/science.1197931 

D.R. McCamey, J. van Tol, G.W. Morley & C. Boehme 

 

Electron spins are strong candidates with which to implement spintronics because they are both 

mobile and able to be manipulated. The relatively short lifetimes of electron spins, however, present 

a problem for the long-term storage of spin information. We demonstrated an ensemble nuclear 

spin memory in phosphorous-doped silicon, which can be read out electrically and has a lifetime 

exceeding 100 seconds. The electronic spin information can be mapped onto and stored in the 

nuclear spin of the phosphorus donors, and the nuclear spins can then be repetitively read out 

electrically for time periods that exceed the electron spin lifetime. We discuss how this memory can 

be used in conjunction with other silicon spintronic devices. 

 

 

The Si:P system used for implementing spin storage. (A) The singly occupied (D0) state of the 

phosphorus donor in silicon may capture a conduction electron and form a doubly occupied (D¯) 

state only if they have opposite spin. Modifying the capture rate by manipulating the donor electron 

spin leads to a change in current through the silicon crystal. (B) Electron spin resonance reveals two 

resonances in the device current, due to the different donor nuclear-spin orientations, which couple 

to the electron spins through a contact hyperfine interaction. 
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Quantum control of hybrid nuclear–electronic qubits 

Nature Materials 12, 103 (2013)  10.1038/nmat3499 

G.W. Morley, P. Lueders, M. Hamed Mohammady, S.J. Balian, G. Aeppli, C.W.M. Kay, W.M. Witzel, 

G. Jeschke & T.S. Monteiro 

 

Pulsed magnetic resonance allows the quantum state of electronic and nuclear spins to be 

controlled on the timescale of nanoseconds and microseconds respectively. The time required to flip 

dilute spins is orders of magnitude shorter than their coherence times leading to several schemes for 

quantum information processing with spin qubits. Instead, we investigate ‘hybrid nuclear–electronic’ 

qubits consisting of near 50:50 superpositions of the electronic and nuclear spin states. Using 

bismuth-doped silicon, we demonstrate quantum control over these states in 32 ns, which is orders 

of magnitude faster than previous experiments using pure nuclear states. The coherence times of up 

to 4 ms are five orders of magnitude longer than the manipulation times, and are limited only by 

naturally occurring 29Si nuclear spin impurities. We find a quantitative agreement between our 

experiments and an analytical theory for the resonance positions, as well as their relative intensities 

and Rabi oscillation frequencies. These results bring spins in a solid material a step closer to research 

on ion-trap qubits. 

 

Spectroscopy of hybrid nuclear–electronic qubits. 

Analytical simulation of the 20 Si:Bi energy levels. 

The electron–nuclear hybridization is shown as a 

colour scale using concurrenceD0 (separable 

states, yellow) to 1 (fully hybridized, black). The 

two transitions that exist for 4 GHz excitation are 

shown with vertical arrows, and they link state 10 

(which is always unhybridized) to states with 

large concurrences of 0.92 (state 9) and 0.76 

(state 11). Magnetic field jumps could be used to 

move from a regime where the electronic and 

nuclear spins are not good quantum numbers to 

a regime where they are.  
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Reduction of Quinones by NADH Catalyzed by Organoiridium Complexes 

Angewandte Chemie International Edition 52 , 4194 (2013) 10.1002/anie.201300747 

Liu, Z; Deeth, R. J; Butler, J. S; Habtemariam, A.; Newton, M.E; Sadler, P.J. 

One electron at a time: Half-sandwich organometallic cyclopentadienyl–IrIII complexes containing 

N,N-chelated ligands can catalyze the reduction of quinones (Q), such as vitamin K3, to semiquinones 

(Q.−) by coenzyme NADH (see picture). DFT calculations suggest that the mechanism involves hydride 

transfer followed by two one-electron transfers and the unusual IrII oxidation state as a key transient 

intermediate. 

 

 

Electrochemical mapping reveals direct correlation between 
heterogeneous electron-transfer kinetics and local density of states in 
diamond electrodes 

Angewandte Chemie International Edition 51, 7002 (2012) 10.1002/anie.201203057 

Patten, H.V., Meadows, K.E., Hutton, L.A., Iacobini, J.G., Battistel, D, McKelvey, K., Colburn, 

A.W., Newton, M.E., MacPherson, J.V. , Unwin, P.R 

Conducting carbon materials: A multi-microscopy approach shows that local heterogeneous 

electron-transfer rates at conducting diamond electrodes correlate with the local density of 

electronic states. This model of electroactivity is of considerable value for the rational design of 

conducting diamond electrochemical technologies, and also provides key general insights on 

electrode structure controls in electrochemical kinetics (see picture). 
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Hyperfine interaction in the ground state of the negatively charged 
nitrogen vacancy center in diamond 

Physical Review B 79 (7) , art. no. 075203 (2009)  10.1103/PhysRevB.79.075203 

Felton, S; Edmonds, AM; Newton, ME; Martineau, PM; Fisher, D; Twitchen, DJ; Baker, JM 

 

The N14, N15, and C13 hyperfine interactions in the ground state of the negatively charged nitrogen 

vacancy (NV−) center have been investigated using electron-paramagnetic-resonance spectroscopy. 

The previously published parameters for the N14 hyperfine interaction do not produce a satisfactory 

fit to the experimental NV− electron-paramagnetic-resonance data. The small anisotropic 

component of the NV− hyperfine interaction can be explained from dipolar interaction between the 

nitrogen nucleus and the unpaired-electron probability density localized on the three carbon atoms 

neighboring the vacancy. Optical spin polarization of the NV− ground state was used to enhance the 

electron-paramagnetic-resonance sensitivity enabling detailed study of the hyperfine interaction 

with C13 neighbors. The data confirmed the identification of three equivalent carbon nearest 

neighbors but indicated the next largest C13 interaction is with six, rather than as previously 

assumed three, equivalent neighboring carbon atoms. 

 

 

Projection of the nitrogen vacancy center in diamond on the (11̅ 0) plane. The grey disc represents a 

nitrogen atom and the other circles represent carbon atoms. The larger circles represent carbon 

atoms located above the plane of the paper and the smaller dashed circles represent carbon atoms 

below the plane of the paper. The labels on the carbon atoms denote sets of equivalent neighbors. 
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Increasing the coherence time of single electron spins in diamond by high 
temperature annealing 

Applied Physics Letters, 97, 242511 (2010)  10.1063/1.3527975 

Naydenov, B; Reinhard, F; Lammle, A; Richter, V; Kalish, R; D'Haenens-Johansson, UFS; Newton, M;  

 

Negatively charged nitrogen-vacancy (NV−) centers in diamond produced by ion implantation often 

show properties different from NVs created during the crystal growth. We observe that NVs created 

from nitrogen ion implantation at 30–300 keV show much shorter electron spin coherence time T2 

as compared to the “natural” NVs and about 20% of them show switching from NV− to NV0. We 

show that annealing the diamond at T=1200 °C substantially increases T2 and at the same time the 

fraction of NVs converting from NV− to NV0 is greatly reduced. 

 

 

 

Hahn echo decays of single NV centers produced by implanting nitrogen ions with E=300 keV 

showing two types of T2: short (left) and long (right). The oscillations are induced by coupling to the 

15N nitrogen nucleus (left) and 13C spin bath (right). 
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Chemical Engineering of Molecular Qubits  

Physical Review Letters 108, 107204 (2012) 10.1103/PhysRevLett.108.107204 

C.J. Wedge, G.A. Timco, E.T. Spielberg, R.E. George, F. Tuna, S. Rigby, E.J.L. McInnes, 

R.E.P. Winpenny, S.J. Blundell, and A. Ardavan 

 

We show that the electron spin phase memory time, the most important property of a molecular 

nanomagnet from the perspective of quantum information processing, can be improved 

dramatically by chemically engineering the molecular structure to optimize the environment of the 

spin. We vary systematically each structural component of the class of antiferromagnetic Cr7Ni rings 

to identify the sources of decoherence. The optimal structure exhibits a phase memory time 

exceeding 15  μs. 

 

 

Structures of the Cr7Ni molecules. (a) Crystal structure of [nPr2NH2][Cr7NiF8Ac16]. The colored balls 

represent either different atom types: Cr (light green), Ni (dark green), F (yellow), or different 

interchangeable substituents: central templating cation (blue), carboxylate bridging ligand (red). 

(b) Appropriately color coded chemical structures of some possible variants with abbreviated names. 
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Spin-selective recombination kinetics of a model chemical 
magnetoreceptor 

Chemical Communications 47, 6563 (2011) 10.1039/C1CC11625H 

Maeda, K., Wedge, C.J., Storey, J.G., Henbest, K.B., Liddell, P.A., Kodis, G., Gust, D., Hore, 

P.J. , Timmel, C.R. 

 

We determine the spin-selective kinetics of a carotenoid–porphyrin–fullerene triad that has 

previously been used to establish the principle that a photochemical reaction could form the basis of 

the magnetic compass sensor of migratory birds and show that its magnetic sensitivity can be 

understood without invoking quantum Zeno effects. 

 

 

 

 

 

http://dx.doi.org/10.1039/C1CC11625H


Condensed Matter Physics: Materials 
 

121 
 

Materials Physics Cluster   

 12 Staff; 11 PDRAs; 21 PhDs;  

 449 articles; 4377 citations; £7.1 M grant awards; ~£9 M in-kind; 22 PhDs awarded 

This cluster measures material properties on the atomic to mm length scales, with comprehensive 
facilities for X-ray studies, ultrafast THz spectroscopy, transport, magnetic, and non-contact ultra-
sound, with many at low-temperatures, in magnetic fields, and under pressure.  It is a leading centre 
for single crystal growth, esp. using infra-red image furnaces.  Interdisciplinary projects with 
Engineering & Chemistry are flourishing, as are collaborations with > 100 research groups world-
wide and industrial partnerships.  Cluster members are recognised as scientifically leading users of 
Central Facilities for neutron scattering, muon spectroscopy, X-ray studies, and high magnetic field 
measurements, with facility time valued in excess of £2 M p.a awarded at APS, BESSY, Diamond, 
ESRF, ILL, ISIS, NHFML, NSLS, PSI and Spring8.  Warwick co-leads XMaS, which is the UK’s flagship X-
ray beamline for materials research at the ESRF and an EPSRC Mid-Range Facility. 

        

     

In strongly correlated electron systems (Balakrishnan, Duffy, Hase, Lees, Paul, Petrenko), interesting 
and topical materials have been identified that can be grown and studied with these techniques e.g. 
muon spectroscopy & Fermi surface studies of exotic iron-based superconductors; pioneering 
investigations of the mixed state by small angle neutron scattering; frustrated magnetism in rare-
earth and transition metal oxides; bulk and surface properties of topological insulators.   
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Research on the structural physics of ferroic crystals (Thomas) has become well known for the NBT 
and KNN families of lead-free piezo-electrics, and for contributions to understanding the archetypal 
PZT system.  Novel X-ray and neutron diffraction techniques, optical birefringence imaging and SHG 
measurements have elicited the origins of enhanced piezoelectric properties.  Research in non-linear 
optical materials, esp. lithium niobate-tantalate, led to a 2011 patent application.  Extensive Central 
Facility use includes synchrotron radiation for spatially-coherent X-ray imaging of domains, building 
on Thomas’s original method (Nature 1998).  A significant addition has been attracting Alexe to 
focus on the physics and engineering of complex oxide thin films and nanoscale systems.  He will 
address a large spectrum of research topics: quantum phenomena in ferroelectric/multiferroic 
tunnel junctions, abnormal photovoltaic effect, domain walls electronics.  He is well known for 
closing the loop of structure-functional properties-device research, so close cooperation with 
Thomas on structure, McConville on surface analysis and Dixon on thin film piezoelectric devices and 
MEMS is anticipated.  He will use his expertise to setup a nanofabrication lab and a nano-
characterisation lab based on low temperature scanning probe microscopy.  Two further activities 
were also initiated in 2013: in low-dimensional magnetism in molecular materials & thin-film hetero-
structures (Goddard); and in ultrafast THz spectroscopy as a probe of fundamental excitations in 
novel functional materials (Lloyd-Hughes), e.g. novel spin waves in magnetoelectric multiferroics. 

 

The Ultrasound group (Dixon, Edwards) focuses on the 
interaction of ultrasound with defects and on non-contact 
measurements of single crystals, establishing the UK’s only 
such facility.  Materials investigated cover magnetic rare-
earths, organic superconductors and magnetocalorics, as 
well as ferrous metals.  The group collaborates with 
academic institutions through the EPSRC Research Centre 
for Non-Destructive Evaluation and extensively with industry 
via research projects, a spin-out company (Sonemat Ltd) 
and by creating the Centre for Industrial Ultrasonics. 
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Large Tunable Rashba Spin Splitting of a Two-Dimensional Electron Gas in 
Bi2Se3 

Phys. Rev. Lett. 107, 096802 (2011) 10.1103/PhysRevLett.107.096802 

P. D. C. King, R. C. Hatch, M. Bianchi, R. Ovsyannikov, C. Lupulescu, G. Landolt, B. Slomski, J. H. Dil,  

D. Guan, J. L. Mi, E. D. L. Rienks, J. Fink, A. Lindblad, S. Svensson, S. Bao, G. Balakrishnan,  

B. B. Iversen, J. Osterwalder, W. Eberhardt, F. Baumberger, and Ph. Hofmann 

 

We report a Rashba spin splitting of a two-dimensional electron gas in the topological insulator 

Bi2Se3 from angle-resolved photoemission spectroscopy. We further demonstrate its electrostatic 

control, and show that spin splittings can be achieved which are at least an order-of-magnitude 

larger than in other semiconductors. Together these results show promise for the miniaturization of 

spintronic devices to the nanoscale and their operation at room temperature. 

 

(a)–(c) Electronic structure of Bi2Se3, measured using time-of-flight ARPES at increasing times after 

cleaving the sample [marked in Fig. 4a] (hν=19.2  eV, T=10  K). (d) Spin-ARPES total intensity MDC at 

the Fermi level (hν=19.5  eV, T=60  K) along the Γ̅ -M̅ direction, and (e) the measured (points) and 

fitted (lines) radial (Px), tangential (Py), and out-of-plane (Pz) components of the spin polarization 

along this cut. (f) Schematic representation of the in-plane component of the Fermi surface spin 

texture.  

http://dx.doi.org/10.1103/PhysRevLett.107.096802
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Resonant Soft-X-Ray Emission as a Bulk Probe of Correlated Electron 
Behavior in Metallic SrxCa1−xVO3 

Phys. Rev. Lett. 111, 047402 (2013) 10.1103/PhysRevLett.111.047402 

J. Laverock, B. Chen, K. E. Smith, R. P. Singh, G. Balakrishnan, M. Gu, J. W. Lu, S. A. Wolf, R. M. Qiao, 

W. Yang, and J. Adell 

 

The evolution of electron correlation in SrxCa1−xVO3 has been studied using a combination of bulk-

sensitive resonant soft x-ray emission spectroscopy, surface-sensitive photoemission spectroscopy, 

and ab initio band structure calculations. We show that the effect of electron correlation is 

enhanced at the surface. Strong incoherent Hubbard subbands are found to lie ∼20% closer in 

energy to the coherent quasiparticle features in surface-sensitive photoemission spectroscopy 

measurements compared with those from bulk-sensitive resonant soft x-ray emission spectroscopy, 

and a ∼10% narrowing of the overall bandwidth at the surface is also observed. 

 

 

Bulk (a) XAS and (b) RXES 

measurements of CVO and SCVO. The 

spectra of a 46 nm thin film of CVO are 

also shown for comparison. The 

excitation energies used in the RXES 

measurements of (b) are shown by the 

circles in (a). The vertical line in (a) 

indicates separate V L-edge (left) and O 

K-edge (right) measurements, which 

have been separately scaled for clarity. 

  

http://dx.doi.org/10.1103/PhysRevLett.111.047402
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Controlling Bulk Conductivity in Topological Insulators: Key Role of Anti-
Site Defects 

Advanced Materials 24, 2154 (2012) 10.1002/adma.201200187 

Scanlon, D.O., King, P.D.C., Singh, R.P., De La Torre, A., Walker, S.M., Balakrishnan, G., Baumberger, 

F., Catlow, C.R.A. 

 

Intrinsic topological insulators are realized by alloying Bi2Te3 with Bi2Se3. Angle-resolved 

photoemission and bulk transport measurements reveal that the Fermi level is readily tuned into the 

bulk bandgap. First-principles calculations of the native defect landscape highlight the key role of 

anti-site defects for achieving this, and predict optimal growth conditions to realize maximally 

resistive topological insulators.  

 

 

 

  

http://dx.doi.org/10.1002/adma.201200187
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Emergent quantum confinement at topological insulator surfaces 

Nature Communications 3, 1159 (2012) 10.1038/ncomms2162 

M.S. Bahramy, P.D.C King, A. de la Torre, J. Chang, M. Shi, L. Patthey, G. Balakrishnan, Ph. Hofmann, 

R. Arita, N. Nagaosa & F. Baumberger 

 

Bismuth-chalchogenides are model examples of three-dimensional topological insulators. Their ideal 

bulk-truncated surface hosts a single spin-helical surface state, which is the simplest possible surface 

electronic structure allowed by their non-trivial Z2 topology. However, real surfaces of such 

compounds, even if kept in ultra-high vacuum, rapidly develop a much more complex electronic 

structure whose origin and properties have proved controversial. Here we demonstrate that a 

conceptually simple model, implementing a semiconductor-like band bending in a parameter-free 

tight-binding supercell calculation, can quantitatively explain the entire measured hierarchy of 

electronic states. In combination with circular dichroism in angle-resolved photoemission 

experiments, we further uncover a rich three-dimensional spin texture of this surface electronic 

system, resulting from the non-trivial topology of the bulk band structure. Moreover, our study 

sheds new light on the surface-bulk connectivity in topological insulators, and reveals how this is 

modified by quantum confinement. 

 

 

Three-dimensional orbital and spin texture of the topological and 2DEG states. 

  

http://dx.doi.org/10.1038/ncomms2162
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Giant frictional dissipation peaks and charge-density-wave slips at the 
NbSe2 surface 

Nature Materials 13, 173 (2014)  10.1038/nmat3836 

M. Langer, M. Kisiel, R. Pawlak, F. Pellegrini, G.E. Santoro, R. Buzio, A. Gerbi, G. Balakrishnan, 

A. Baratoff, E. Tosatti and E. Meyer 

 

Understanding nanoscale friction and dissipation is central to nanotechnology. The recent detection 

of the electronic friction drop caused by the onset of superconductivity in Nb by means of an 

ultrasensitive non-contact pendulum atomic force microscope (AFM) raised hopes that a wider 

variety of mechanical-dissipation mechanisms become accessible. Here, we report a multiplet of 

AFM dissipation peaks arising a few nanometres above the surface of NbSe2— a layered compound 

exhibiting an incommensurate charge-density wave (CDW). Each peak appears at a well-defined tip–

surface interaction force of the order of a nano-newton, and persists up to 70 K, where the short-

range order of CDWs is known to disappear. Comparison of the measurements with a theoretical 

model suggests that the peaks are associated with local, tip-induced 2 phase slips of the CDW, and 

that dissipation maxima arise from hysteretic behaviour of the CDW phase as the tip oscillates at 

specific distances where sharp local slips occur. 

 

 

Observation of a charge-density wave on a NbSe2 surface and accompanied non-contact friction. a, 

An oscillating AFM tip in proximity to the charge-density wave on the NbSe2 surface. b, Constant-

current STM image of the NbSe2 surface showing a hexagonal CDW-induced Moiré pattern as well as 

two types of surface defect—adsorbed CO molecules (dashed circle) and Se atom vacancies (solid 

circle). c, Energy dissipation between the NbSe2 surface and the pendulum-AFMtip versus tip–

sample distance (Z) and bias voltage V. Bright features on the image represent large non-contact 

friction.  

http://dx.doi.org/10.1038/NMAT3836
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Electronic Texture of the Thermoelectric Oxide Na0.75CoO2 

Phys. Rev. Lett. 100, 096405  (2008) 10.1103/PhysRevLett.100.096405 

M.-H. Julien, C. de Vaulx, H. Mayaffre, C. Berthier, M. Horvatić, V. Simonet, J. Wooldridge,  

G. Balakrishnan, M. R. Lees, D. P. Chen, C. T. Lin, and P. Lejay 

 

From 59Co and 23Na NMR, we demonstrate the impact of the Na+ vacancy ordering on the cobalt 

electronic states in Na0.75CoO2: at long time scales, there is neither a disproportionation into 75% 

Co3+ and 25% Co4+ states, nor a mixed-valence metal with a uniform Co3.25+ state. Instead, the system 

adopts an intermediate configuration in which 30% of the lattice sites form an ordered pattern of 

localized Co3+ states. Above 180 K, an anomalous mobility of specific Na+ sites is found to coexist 

with this electronic texture, suggesting that the formation of the latter may contribute to stabilizing 

the Na+ ordering. Control of the ion doping in these materials thus appears to be crucial for fine-

tuning of their thermoelectric properties. 

 

(a) Central lines (1/2↔-1/2 transitions) of the spectrum in two different single crystals at T=30  K. 

(b) Fit to six lines, having a similar quadrupole frequency 23νc≃1.9  MHz to within ±10%. (c) Simulated 
23Na NMR spectrum (line) obtained by a Gaussian broadening of the histogram computed for 

randomly distributed magnetic and nonmagnetic Co sites. Assuming two different types of magnetic 

sites further increases the number of lines. Hyperfine couplings to first neighbors a and to second 

neighbors b=a/2 were assumed to be identical for the Na(1) and Na(2) sites. 

  

http://dx.doi.org/10.1103/PhysRevLett.100.096405
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Incommensurate magnetic ground state revealed by resonant x-ray 
scattering in the frustrated spin system Ca3Co2O6 

Phys. Rev. B 77, 140403(R) (2008) 10.1103/PhysRevB.77.140403 

S. Agrestini, C. Mazzoli, A. Bombardi, and M. R. Lees 

 

We have performed a resonant x-ray scattering study at the Co pre-K edge on a single crystal of 

Ca3Co2O6. The measurements reveal an abrupt transition to a magnetically ordered state 

immediately below TN=25K, with a magnetic correlation length in excess of 5500Å along the c axis 

chains. There is no evidence for modifications to the Co3+ spin state. A temperature dependent 

modulation in the magnetic order along the c axis and an unusual decrease in the magnetic 

correlation lengths on cooling are observed. The results are compatible with the onset of a partially 

disordered antiferromagnetic structure in Ca3Co2O6. 

 

 

Azimuth scan on the (3 2 0) reflection collected in the σ-π channel at E=7.707 keV and T=4.2 K. 

Azimuth reference (0 0 1). The dotted line shows a purely E1-E1 fit and the dashed line is a fit 

including E1-E1 and E2-E2 contributions. The inset shows the geometry of the scattering and the 

fixed reference system u1, u2, and u3 used. 

  

http://dx.doi.org/10.1103/PhysRevB.77.140403
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Higgs transition from a magnetic Coulomb liquid to a ferromagnet in 
Yb2Ti2O7 

Nature Communications 3, 992 (2012) 10.1038/ncomms1989 

Chang, L.-J., Onoda, S., Su, Y., Kao, Y.-J., Tsuei, K.-D., Yasui, Y., Kakurai, K., Lees, M.R. 

 

In a class of frustrated magnets known as spin ice, magnetic monopoles emerge as classical defects 

and interact via the magnetic Coulomb law. With quantum-mechanical interactions, these magnetic 

charges are carried by fractionalized bosonic quasi-particles, spinons, which can undergo Bose–

Einstein condensation through a first-order transition via the Higgs mechanism. Here, we report 

evidence of a Higgs transition from a magnetic Coulomb liquid to a ferromagnet in single-crystal 

Yb2Ti2O7. Polarized neutron scattering experiments show that the diffuse [111]-rod scattering and 

pinch-point features, which develop on cooling are suddenly suppressed below TC~0.21 K, where 

magnetic Bragg peaks and a full depolarization of the neutron spins are observed with thermal 

hysteresis, indicating a first-order ferromagnetic transition. Our results are explained on the basis of 

a quantum spin-ice model, whose high-temperature phase is effectively described as a magnetic 

Coulomb liquid, whereas the ground state shows a nearly collinear ferromagnetism with gapped spin 

excitations. 

 

(a) Schematic phase diagram as a function of temperature T and the relative strength δ of the U(1)-

symmetric planar exchange interaction and the Ising exchange. A first-order Higgs transition appears 

between a Coulomb liquid phase and a Higgs phase of magnetic monopoles. Monopoles (blue balls) 

and antimonopoles (red balls) are illustrated for both the phases. In the magnetic Coulomb liquid 

phase (yellow), magnetic monopoles are carried by pseudospin-1/2 fractionalized gapped spinon 

excitations out of quasi-degenerate spin-ice manifold, obeying a Coulombic law. In the Higgs phase 

(cyan), monopolar spinons are condensed to form local magnetic dipole moments (arrows) showing 

ferromagnetic long-range order. (b,c) Hypothetical ferromagnetically ordered structures of the 

pseudospins (b) and the magnetic moments (c) in the low-temperature Higgs phase.   

http://dx.doi.org/10.1038/ncomms1989
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Direct Hydrothermal Synthesis and Physical Properties of Rare-Earth and 
Yttrium Orthochromite Perovskites 

Chemistry of Materials 23, 48 (2011) 10.1021/cm102925z 

Sardar, K., Lees, M.R., Kashtiban, R.J., Sloan, J., Walton, R.I. 

 

We describe a systematic study of the hydrothermal synthesis of rare-earth orthochromites, RCrO3 

(R = La, Pr, Sm, Gd, Dy, Ho, Yb, and Lu) and YCrO3. All nine of these materials can be prepared in a 

single step by hydrothermal treatment of an amorphous mixed-metal hydroxide at temperatures 

above 300 °C upon heating around 24 h, with no post-synthesis annealing needed. The as-made 

materials are highly crystalline powders with submicrometer particle size. In the case of LaCrO3 the 

addition of solution additives to the hydrothermal synthesis allows some modification of crystallite 

form of the material, and in the presence of sodium dodecylsulfate nanocrystalline powders are 

produced. Profile refinement of powder X-ray diffraction (XRD) data show that each of the RCrO3 

materials adopts an orthorhombic distorted (Pbmn) perovskite structure. Detailed, magnetization 

studies as a function of temperature reveal the high quality of the specimens, with low temperature 

antiferromagnetic behavior seen by direct current (DC) magnetization, and TN values that correlate 

with the structural distortion. A high temperature structural phase transition (  540 K to 

rhombohedral R3c̅) seen by variable temperature XRD in the hydrothermally prepared LaCrO3 is 

consistent with the reported behavior of the same composition prepared using conventional high 

temperature synthesis. 

 

 

  

http://dx.doi.org/10.1021/cm102925z
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Muon-spin-spectroscopy study of the penetration depth of FeTe0.5Se0.5 

Phys. Rev. B 81, 092510 (2010) 10.1103/PhysRevB.81.092510 

P. K. Biswas, G. Balakrishnan, D. M. Paul, C. V. Tomy, M. R. Lees, and A. D. Hillier 

 

Muon-spin-spectroscopy measurements have been used to study the superconducting state of 

FeTe0.5Se0.5. The temperature dependence of the in-plane magnetic penetration depth, λab(T), is 

found to be compatible with either a two-gap s+s-wave or an anisotropic s-wave model. The value 

for λab(T) at T=0 K is estimated to be λab(0)=534(2) nm. 

 

  

 

(a) Temperature dependence of the 

magnetic susceptibility of FeTe0.5Se0.5 

measured using zero-field-cooled 

warming and field-cooled cooling 

protocols. The diamagnetic susceptibility 

corresponds to complete diamagnetic 

screening with a Tc onset of 14.4 K.  

(b) Magnetization versus applied field 

curves for FeTe0.5Se0.5 collected above Tc 

at 20, 150, and 350 K. 
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First-Order Reorientation Transition of the Flux-Line Lattice in CaAlSi 

Phys. Rev. Lett. 108, 077001  (2012) 10.1103/PhysRevLett.108.077001 

P. K. Biswas, M. R. Lees, G. Balakrishnan, D. Q. Liao, D. S. Keeble, J. L. Gavilano, N. Egetenmeyer, C. D. 

Dewhurst, and D. McK. Paul 

 

The flux-line lattice in CaAlSi has been studied by small-angle neutron scattering. A well-defined 

hexagonal flux-line lattice is seen just above Hc1 in an applied field of only 54 Oe. A 30° reorientation 

of this vortex lattice has been observed in a very low field of 200 Oe. This reorientation transition 

appears to be first-order and could be explained by nonlocal effects. The magnetic field dependence 

of the form factor is well-described by a single penetration depth of λ=1496(1)  Å and a single 

coherence length of ξ=307(1)  Å at 2 K. At 1.5 K, the penetration depth anisotropy is γλ=2.7(1), with 

the field applied perpendicular to the c axis, and agrees with the coherence length anisotropy 

determined from critical field measurements. 

 

 

H-T phase diagram of CaAlSi indicating the temperatures and applied fields at which we observe 

either a High-Hex or a Low-Hex state for the flux line lattice. A shaded region in which the two states 

coexist is also marked.  

 

  

http://dx.doi.org/10.1103/PhysRevLett.108.077001
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Chiral and Collinear Ordering in a Distorted Triangular Antiferromagnet 

Phys. Rev. Lett. 102, 037202 (2009) 10.1103/PhysRevLett.102.037202 

A. I. Smirnov, L. E. Svistov, L. A. Prozorova, A. Zheludev, M. D. Lumsden, E. Ressouche,  

O. A. Petrenko, K. Nishikawa, S. Kimura, M. Hagiwara, K. Kindo, A. Ya. Shapiro, and L. N. Demianets 

 

Magnetization, specific heat, and neutron diffraction measurements are used to map out the entire 

magnetic phase diagram of KFe(MoO4)2. This stacked triangular antiferromagnet is structurally 

similar to the famous multiferroic system RbFe(MoO4)2. Because of an additional small 

crystallographic distortion, it contains two sets of inequivalent distorted magnetic triangular lattices. 

As a result, the spin network breaks down into two intercalated yet almost independent magnetic 

subsystems. One is a collinear antiferromagnet that shows a simple spin-flop behavior in applied 

magnetic fields. The other is a helimagnet that instead goes through a series of exotic 

commensurate-incommensurate phase transformations. In the various phases one observes either 

true three-dimensional or unconventional quasi-two-dimensional ordering. 

 

   

 

 

 

Cumulative magnetic phase 

diagram of KFe(MoO4)2 for a 

magnetic field applied in the 

(a,b) plane. 
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Nature of the Magnetic Order in Ca3Co2O6 

Phys. Rev. Lett. 101, 097207 (2008) 10.1103/PhysRevLett.101.097207 

S. Agrestini, L. C. Chapon, A. Daoud-Aladine, J. Schefer, A. Gukasov, C. Mazzoli, M. R. Lees, and  

O. A. Petrenko 

 

We present a detailed powder and single-crystal neutron diffraction study of the spin chain 

compound Ca3Co2O6. Below 25 K, the system orders magnetically with a modulated partially 

disordered antiferromagnetic structure. We give a description of the magnetic interactions in the 

system which is consistent with this magnetic structure. Our study also reveals that the long-range 

magnetic order coexists with a shorter-range order with a correlation length scale of ∼180  Å in the 

ab plane. Remarkably, on cooling, the volume of material exhibiting short-range order increases at 

the expense of the long-range order. 

 

 

(a) Schematic of the proposed incommensurate magnetic structure for 30 unit cells along the c axis 

with kz increased to 1.05 to emphasize the modulation of the moments. The magnitude and 

direction at sites in three adjacent chains are shown. (b) Magnetic exchange interactions in Ca3Co2O6 

J1 (black lines) FM; J2 (red dashed lines) AFM; J3 (blue dotted lines) AFM. Co II sites at (0, 0, 1/4) and 

(0, 0, 3/4) are labeled 1 and 2. 

http://dx.doi.org/10.1103/PhysRevLett.101.097207
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Slow Magnetic Order-Order Transition in the Spin Chain Antiferromagnet 
Ca3Co2O6 

Phys. Rev. Lett. 106, 197204 (2011) 10.1103/PhysRevLett.106.197204 

S. Agrestini, C. L. Fleck, L. C. Chapon, C. Mazzoli, A. Bombardi, M. R. Lees, and O. A. Petrenko 

 

Using powder neutron diffraction, we have discovered an unusual magnetic order-order transition in 

the Ising spin chain compound Ca3Co2O6. On lowering the temperature, an antiferromagnetic phase 

with a propagation vector k=(0.5,−0.5,1) emerges from a higher temperature spin density wave 

structure with k=(0,0,1.01). This transition occurs over an unprecedented time scale of several hours 

and is never complete. 

 

 

Schematics of the SDW and the CAFM phases. For the SDW phase, three sets of spin chains are 

shown, along with selected values for the magnetic moments on the trigonal prismatic CoII
3+ sites. 

The solid line indicates the dominant interchain, AFM supersuperexchange pathway. In the CAFM 

phase the moments are aligned ferromagnetically along the c axis. The open and closed circles 

represent magnetic moments on the CoII
3+ sites pointing up and down the c axis, respectively, along 

with the fractional coordinates of these sites along the c axis within a unit cell  

http://dx.doi.org/10.1103/PhysRevLett.106.197204
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Magnetic phase diagram of magnetoelectric CuFeO2 in high magnetic fields 

Phys. Rev. B 80, 064420 (2009) 10.1103/PhysRevB.80.064420 

G. Quirion, M. L. Plumer, O. A. Petrenko, G. Balakrishnan, and C. Proust 

 

A series of ultrasonic velocity measurements using both high-field pulsed and conventional 

superconducting magnets were used to determine the magnetic phase diagram of magnetoelectric 

CuFeO2 up to 53 T. The results clearly indicate a previously undetected transition at about 49 T 

below 10 K. Analysis of Landau-type free energy suggests that this new phase boundary is due to a 

spin-flop transition. 

 

 

Field dependence of the normalized velocity variation of longitudinal waves propagating along the x 

axis (VLx) and c axis (VLz). The continuous blue curves represent data collected using a quasistatic field 

produced by a conventional superconducting magnet up to 10 T.  

http://dx.doi.org/10.1103/PhysRevB.80.064420
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Strong H···F Hydrogen Bonds as Synthons in Polymeric Quantum Magnets: 
Structural, Magnetic, and Theoretical Characterization of 
[Cu(HF2)(pyrazine)2]SbF6, [Cu2F(HF)(HF2)(pyrazine)4](SbF6)2, and 
[CuAg(H3F4)(pyrazine)5](SbF6)2 

Journal of the American Chemical Society, 131, 6733 (2009) 10.1021/ja808761d 

Manson, J.L., Schlueter, J.A., Funk, K.A., Southerland, H.I., Twamley, B., Lancaster, T., Blundell, S.J., 

Baker, P.J., Pratt, F.L., Singleton, J., McDonald, R. 

Three Cu2+-containing coordination polymers were synthesized and characterized by experimental 

(X-ray diffraction, magnetic susceptibility, pulsed-field magnetization, heat capacity, and muon-spin 

relaxation) and electronic structure studies (quantum Monte Carlo simulations and density 

functional theory calculations). [Cu(HF2)(pyz)2]SbF6 (pyz = pyrazine) (1a), [Cu2F(HF)(HF2)(pyz)4](SbF6)2 

(1b), and [CuAg(H3F4)(pyz)5](SbF6)2 (2) crystallize in either tetragonal or orthorhombic space groups; 

their structures consist of 2D square layers of [M(pyz)2]n+ that are linked in the third dimension by 

either HF2
− (1a and 1b) or H3F4

− (2). The resulting 3D frameworks contain charge-balancing SbF6
− 

anions in every void. Compound 1b is a defective polymorph of 1a, with the difference being that 

50% of the HF2
− links are broken in the former, which leads to a cooperative Jahn−Teller distortion 

and dx
2

−y
2 orbital ordering. Magnetic data for 1a and 1b reveal broad maxima in χ at 12.5 and 2.6 K 

and long-range magnetic order below 4.3 and 1.7 K, respectively, while 2 displays negligible spin 

interactions owing to long and disrupted superexchange pathways. The isothermal magnetization, 

M(B), for 1a and 1b measured at 0.5 K reveals contrasting behaviors: 1a exhibits a concave shape as 

B increases to a saturation field, Bc, of 37.6 T, whereas 1b presents an unusual two-step saturation in 

which M(B) is convex until it reaches a step near 10.8 T and then becomes concave until saturation is 

reached at 15.8 T. The step occurs at two-thirds of Msat, suggesting the presence of a ferrimagnetic 

structure. Compound 2 shows unusual hysteresis in M(B) at low temperature, although χ vs T does 

not reveal the presence of a magnetic phase transition. Quantum Monte Carlo simulations based on 

an anisotropic cubic lattice were applied to the magnetic data of 1a to afford g = 2.14, J = −13.4 K 

(Cu-pyz-Cu), and J  = −0.20 K (Cu−F···H···F−Cu), while χ vs T for 1b could be well reproduced by a 

spin-1/2 Heisenberg uniform chain model for g = 2.127(1), J1 = −3.81(1), and zJ2 = −0.48(1) K, where 

J1 and J2 are the intra- and interchain exchange couplings, respectively, which considers the number 

of magnetic nearest-neighbors (z). The M(B) data for 1b could not be satisfactorily explained by the 

chain model, suggesting a more complex magnetic structure in the ordered state and the need for 

additional terms in the spin Hamiltonian. The observed variation in magnetic behaviors is driven by 

differences in the H···F hydrogen-bonding motifs. 
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Magnetic Quantum Oscillations in YBa2Cu3O6.61 and YBa2Cu3O6.69 in Fields of 
up to 85 T: Patching the Hole in the Roof of the Superconducting Dome 

Phys. Rev. Lett. 104, 086403 (2010) 10.1103/PhysRevLett.104.086403 

Singleton, J., De La Cruz, C., McDonald, R.D., Li, S., Altarawneh, M., Goddard, P., Franke, I., Rickel, 

D., Mielke, C.H., Yao, X., Dai, P. 

 

We measure magnetic quantum oscillations in the underdoped cuprates YBa2Cu3O6+x with x=0.61, 

0.69, using fields of up to 85 T. The quantum-oscillation frequencies and effective masses obtained 

suggest that the Fermi energy in the cuprates has a maximum at hole doping p≈0.11–0.12. On either 

side, the effective mass may diverge, possibly due to phase transitions associated with the T=0 limit 

of the metal-insulator crossover (low-p side), and the postulated topological transition from small to 

large Fermi surface close to optimal doping (high p side). 

 

(a) PDC frequency f versus field 

B for single crystals of 

YBa2Cu3O6.69 (upper blue trace) 

and YBa2Cu3O6.61 (lower red 

trace); T=1.5  K for both. The 

drop in f corresponds to the 

irreversibility field [4, 5]. MQOs 

are visible at high fields for 

YBa2Cu3O6.61. (b) B versus time t 

profiles for the 60 T Long-pulse 

and 85 T Multi-shot magnets. 

(c) SQUID data for the two 

samples from (a), yielding Tc. 
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Dimensionality Selection in a Molecule-Based Magnet 

Phys. Rev. Lett. 108, 077208 (2012) 10.1103/PhysRevLett.108.077208 

Goddard, P.A., Manson, J.L., Singleton, J., Franke, I., Lancaster, T., Steele, A.J., Blundell, S.J., Baines, 

C., Pratt, F.L., McDonald, R.D., Ayala-Valenzuela, O.E., Corbey, J.F., Southerland, H.I., Sengupta, 

P., Schlueter, J.A. 

 

Gaining control of the building blocks of magnetic materials and thereby achieving particular 

characteristics will make possible the design and growth of bespoke magnetic devices. While 

progress in the synthesis of molecular materials, and especially coordination polymers, represents a 

significant step towards this goal, the ability to tune the magnetic interactions within a particular 

framework remains in its infancy. Here we demonstrate a chemical method which achieves 

dimensionality selection via preferential inhibition of the magnetic exchange in an S=1/2 

antiferromagnet along one crystal direction, switching the system from being quasi-two- to quasi-

one-dimensional while effectively maintaining the nearest-neighbor coupling strength. 

 

 

(a) View of the crystal structure of the planar material [Cu(pyz)2(pyO)2](PF6)2 determined using x-ray 

diffraction showing the 2D Cu—pyrazine network in the ab plane. (b) A projection of the same 

structure along the a axis highlighting the shift between adjacent Cu—pyrazine layers and the 

arrangement of the PF6 counterions. (c) Crystal structure of the chainlike material 

[Cu(pyz)(pyO)2(H2O)2](PF6)2 showing the 1D Cu—pyrazine chains in the ab plane, and (d) a projection 

along the chains showing the arrangement of the pyO and H2O ligands and the PF6 counterions. The 

dashed lines in (c) and (d) enclose one unit cell. Cu, brown; C, grey; N, blue; O, red; P, orange; F, 

green. Print edition: In each diagram, the largest sphere denotes the spin-carrying Cu ion [21]. 

Hydrogen atoms other than those in the water molecules have been omitted for clarity.  
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Compensated electron and hole pockets in an underdoped high-Tc 
superconductor 

Phys. Rev. B 81, 214524 (2010) 10.1103/PhysRevB.81.214524 

Sebastian, S.E., Harrison, N., Goddard, P.A., Altarawneh, M.M., Mielke, C.H., Liang, R., Bonn, 

D.A., Hardy, W.N., Andersen, O.K., Lonzarich, G.G. 

We report quantum oscillations in the underdoped high-temperature superconductor YBa2Cu3O6+x 

over a wide range in magnetic field 28≤μ0H≤85 T corresponding to ≈12 oscillations, enabling the 

Fermi surface topology to be mapped to high resolution. As earlier reported by Sebastian et al. , we 

find a Fermi surface comprising multiple pockets, as revealed by the additional distinct quantum 

oscillation frequencies and harmonics reported in this work. We find the originally reported broad 

low-frequency Fourier peak at ≈535 T to be clearly resolved into three separate peaks at ≈460, 

≈532, and ≈602 T, in reasonable agreement with the reported frequencies of Audouard et al.. 

However, our increased resolution and angle-resolved measurements identify these frequencies to 

originate from two similarly sized pockets with greatly contrasting degrees of interlayer corrugation. 

The spectrally dominant frequency originates from a pocket (denoted α) that is almost ideally two-

dimensional in form (exhibiting negligible interlayer corrugation). In contrast, the newly resolved 

weaker adjacent spectral features originate from a deeply corrugated pocket (denoted γ). On 

comparison with band structure, the d-wave symmetry of the interlayer dispersion locates the 

minimally corrugated α pocket at the “nodal” point knodal=(π/2,π/2), and the significantly 

corrugated γ pocket at the “antinodal” point kantinodal=(π,0) within the Brillouin zone. The 

differently corrugated pockets at different locations indicate creation by translational symmetry 

breaking—a spin-density wave has been suggested from the suppression of Zeeman splitting for the 

spectrally dominant pocket. In a broken-translational symmetry scenario, symmetry points to the 

nodal (α) pocket corresponding to holes, with the weaker antinodal (γ) pocket corresponding to 

electrons—likely responsible for the negative Hall coefficient reported by LeBoeuf et al.. Given the 

similarity in α and γ pocket volumes, their opposite carrier type and the previous report of a 

diverging effective mass in Sebastian et al., we discuss the possibility of a secondary Fermi surface 

instability at low dopings of the excitonic insulator type, associated with the metal-insulator 

quantum critical point. Its potential involvement in the enhancement of superconducting transition 

temperatures is also discussed. 
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Bulk Spin Polarization of Co(1−x)FexS2 

Phys. Rev. Lett. 103, 226403 (2009) 10.1103/PhysRevLett.103.226403 

C. Utfeld, S. R. Giblin, J. W. Taylor, J. A. Duffy, C. Shenton-Taylor, J. Laverock, S. B. Dugdale, M. 

Manno, C. Leighton, M. Itou, and Y. Sakurai 

 

We report on a new method to determine the degree of bulk spin polarization in single crystal 

Co(1−x)FexS2 by modeling magnetic Compton scattering with ab initio calculations. Spin-dependent 

Compton profiles were measured for CoS2 and Co0.9Fe0.1S2. The ab initio calculations were then 

refined by rigidly shifting the bands to provide the best fit between the calculated and experimental 

directional profiles for each sample. The bulk spin polarizations, P, corresponding to the spin-

polarized density of states at the Fermi level, were then extracted from the refined calculations. The 

values were found to be P=−72±6% and P=18±7% for CoS2 and Co0.9Fe0.1S2, respectively. 

Furthermore, determinations of P weighted by the Fermi velocity (vF or v2F) were obtained, 

permitting a rigorous comparison with other experimental data and highlighting the experimental 

dependence of P on vF. 

 

 

The DOS of CoS2, where the sulfur p and cobalt d manifolds are depicted for the majority and 

minority spin states. The inset shows the band structure of the eg manifold around the Fermi level 

along a high symmetry path in the cubic Brillouin zone. Overall six bands composed of two in the 

majority (blue solid lines) and four in the minority (red dashed lines) channel cross the Fermi level. 
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Bulk electronic structure of optimally doped Ba(Fe1−xCox)2As2 

Phys. Rev. B 81, 064509 (2010) 10.1103/PhysRevB.81.064509 

C. Utfeld, J. Laverock, T. D. Haynes, S. B. Dugdale, J. A. Duffy, M. W. Butchers, J. W. Taylor, S. R. 

Giblin, J. G. Analytis, J.-H. Chu, I. R. Fisher, M. Itou, and Y. Sakurai 

 

We report high-resolution, bulk Compton scattering measurements unveiling the Fermi surface of an 

optimally doped iron-arsenide superconductor, Ba(Fe0.93Co0.07)2As2. Our measurements are in 

agreement with first-principles calculations of the electronic structure, revealing both the X-

centered electron pockets and the Γ-centered hole pockets. Moreover, our data are consistent with 

the strong three dimensionality of one of these sheets that has been predicted by electronic 

structure calculations at the local-density-approximation-minimum As position. Complementary 

calculations of the noninteracting susceptibility, χ0(q,ω), suggest that the broad peak that develops 

due to interband Fermi-surface nesting, and which has motivated several theories of 

superconductivity in this class of material, survives the measured three dimensionality of the Fermi 

surface in this family. 

 

 

(a) The LDA FS of Ba(Fe0.93Co0.07)2As2 (top) and its relation to the occupation density projected down 

the c∗ axis (bottom). Note that the occupation density has been convoluted with the experimental 

resolution function. (b) The overlaid FS contours (black and white lines, top) are identified via the 

maxima in (the absolute value of) the first derivative of the occupation density shown at the bottom 

along a projected, high-symmetry path.  
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Spin and orbital Ti magnetism at LaMnO3/SrTiO3 interfaces 

Nature Communications 1, 82 (2010) 10.1038/ncomms1080 

J. Garcia-Barriocanal, J.C. Cezar, F.Y. Bruno, P. Thakur, N.B. Brookes, C. Utfeld, A. Rivera-Calzada,  

S.R. Giblin, J.W. Taylor, J.A. Duffy, S.B. Dugdale, T. Nakamura, K. Kodama, C. Leon, S. Okamoto, and 

J. Santamaria 

 

In systems with strong electron-lattice coupling, such as manganites, orbital degeneracy is lifted, 

causing a null expectation value of the orbital magnetic moment. Magnetic structure is thus 

determined by spin–spin superexchange. In titanates, however, with much smaller Jahn–Teller 

distortions, orbital degeneracy might allow non-zero values of the orbital magnetic moment, and 

novel forms of ferromagnetic superexchange interaction unique to t2g electron systems have been 

theoretically predicted, although their experimental observation has remained elusive. In this paper, 

we report a new kind of Ti3+ ferromagnetism at LaMnO3/SrTiO3 epitaxial interfaces. It results from 

charge transfer to the empty conduction band of the titanate and has spin and orbital contributions 

evidencing the role of orbital degeneracy. The possibility of tuning magnetic alignment 

(ferromagnetic or antiferromagnetic) of Ti and Mn moments by structural parameters is 

demonstrated. This result will provide important clues for understanding the effects of orbital 

degeneracy in superexchange coupling. 
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Measurement of Magnetic Exchange in Ferromagnet-Superconductor 
La2/3Ca1/3MnO3/YBa2Cu3O7 Bilayers 

Phys. Rev. Lett. 109, 137005  (2012) 10.1103/PhysRevLett.109.137005 

S. R. Giblin, J. W. Taylor, J. A. Duffy, M. W. Butchers, C. Utfeld, S. B. Dugdale, T. Nakamura, C. Visani, 

and J. Santamaria 

 

The existence of coherent magnetic correlations in the normal phase of cuprate high-temperature 

superconductors has proven difficult to measure directly. Here we report on a study of 

ferromagnetic-superconductor bilayers of La2/3Ca1/3MnO3/YBa2Cu3O7 (LCMO/YBCO) with varying 

YBCO layer thicknesses. Using x-ray magnetic circular dichroism, we demonstrate that the 

ferromagnetic layer induces a Cu magnetic moment in the adjacent high-temperature 

superconductor. For thin samples, this moment exists at all temperatures below the Curie 

temperature of the LCMO layer. However, for a YBCO layer thicker than 12 unit cells, the Cu moment 

is suppressed for temperatures above the superconducting transition, suggesting this to be a direct 

measurement of magnetic coherence in the normal state of a superconducting oxide. 

 

 

(a) Field-dependent hysteresis for samples 

with an YBCO thickness of 8 u.c. (solid blue 

circles) and 25 u.c. (open red circles) 

measured at 100 K. Only samples of 

thickness greater than 12 unit cells of YBCO 

show a Cu moment above TSC.  

(b) Temperature dependence of the XMCD 

signals for samples with a YBCO thickness of 

8 u.c and 25 u.c. For 8 u.c, both the Cu (solid 

blue circles) and Mn (open squares) 

moments for the normalized spectra are 

shown. For the 25 u.c. sample, only the Cu 

(open red circles) moment is shown. The 

arrow represents the superconducting 

transition, and the lines are guides to the 

eye. The inset shows the Mn ordering at TC 

and TSC for each sample obtained from 

magnetization measurements. 
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Spin and orbital moment in amorphous Co68Fe24Zr8 layers 

Phys. Rev. B 80, 134402 (2009) 10.1103/PhysRevB.80.134402  

T. Hase, H. Raanaei, H. Lidbaum, C. Sánchez-Hanke, S. Wilkins, K. Leifer, and B. Hjörvarsson 

 

The ratio of the orbital to the spin magnetic moment was determined for both Fe and Co in 

amorphous Co68Fe24Zr8 layers using x-ray circular dichroism. The investigations were performed on 

both thick Co68Fe24Zr8 layers as well as on amorphous Co68Fe24Zr8/Al70Zr30 multilayers grown by dc 

sputtering. Structural characterization was performed using x-ray reflectometry, x-ray diffraction, 

and transmission electron microscopy. X-ray circular dichroism, x-ray magnetic scattering as well as 

the magneto-optic Kerr effect were used to characterize the magnetic properties of the amorphous 

materials. The ratio of the orbital to spin moments in the single CoFeZr-layer sample was 

0.012±0.005 for Fe and 0.078±0.005 for Co. Substantial reduction in the the ratio of the orbital to 

spin moments was observed with decreasing CoFeZr-layer thickness. 

 

 

Full reciprocal space map of the diffuse scattering data from sample 20/30. Data is presented on a 

logarithmic scale. The diffuse scattering is predominantly found in streaks at the out-of-plane 

scattering vectors of the multilayer peaks seen in the specular scans shown in Fig. 3. The slight 

curvature of the Bragg sheets at high qx is caused by refraction effects when either the incident or 

exit beams are at the critical angle.  
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Magnetic structure and diffracted magneto-optics of patterned amorphous 
multilayers 

Phys. Rev. B 82, 144434 (2010) 10.1103/PhysRevB.82.144434  

Arnalds, UB; Papaioannou, ET; Hase, TPA; Raanaei, H; Andersson, G; Charlton, TR; Langridge, S; Hjorv 

 

We present magneto-optical Kerr effect measurements of patterned arrays of Co68Fe24Zr8/Al2O3 

amorphous multilayers. The multilayers were patterned in two dimensions into two different 

arrangements of circular and ellipsoidal islands. Magnetization loops were recorded in a longitudinal 

geometry using both the specularly reflected beam as well as diffracted beams scattered off the 

patterned films. The magnetization of the patterned structures is significantly different from the 

magnetization of a continuous multilayer owing to the lateral confinement of the pattern and the 

introduction of additional dipolar coupling between the layers at the edges of the islands. By 

investigating the magnetic response at the different diffraction orders from the two different 

configurations of islands we are able to observe the magnetization at different length scales and 

determine the magnetic response of the circular and ellipsoidal islands individually. 

 

 

Atomic force microscopy images showing the patterns used in this investigation. The circular islands 

have a diameter of 1.5 m and the ellipsoidal islands a 1.5 m minor axis and a 4.5 m major axis. 

The shortest distance between the edges of the islands is 1.5 m resulting in a periodicity of 6 m 

for both patterns along both the [01] and [10] lattice directions, defined in the inset. 
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Tunable giant magnetic anisotropy in amorphous SmCo thin films 

Applied Physics Letters, 102, 162402 (2013) 10.1063/1.4802908  

F. Magnus, R. Moubah, A. H. Roos, A. Kruk, V. Kapaklis, T. Hase, B. Hjorvarsson and G. Andersson 

 

SmCo thin films have been grown by magnetron sputtering at room temperature with a composition 

of 2–35 at.% Sm. Films with 5 at.% or higher Sm are amorphous and smooth. A giant tunable uniaxial 

in-plane magnetic anisotropy is induced in the films which peaks in the composition range 11–22 

at.% Sm. This cross-over behavior is not due to changes in the atomic moments but rather the local 

configuration changes. The excellent layer perfection combined with highly tunable magnetic 

properties make these films important for spintronics applications. 
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Heteroepitaxial Growth of Ferromagnetic MnSb(0001) Films on Ge/ Si(111) 
Virtual Substrates 

Crystal Growth & Design, 13, 4923 (2013)  10.1021/cg4011136 

C. W. Burrows, A. Dobbie, M. Myronov, T. P. A. Hase, S.B. Wilkins, M. Walker, J.J. Mudd, I. Maskery, 

M.R. Lees, C.F. McConville, D.R. Leadley, and G.R. Bell 

 

Molecular beam epitaxial growth of ferromagnetic MnSb(0001) has been achieved on high quality, 

fully relaxed Ge(111)/Si(111) virtual substrates grown by reduced pressure chemical vapor 

deposition. The epilayers were characterized using reflection high energy electron diffraction, 

synchrotron hard X-ray diffraction, X-ray photoemission spectroscopy, and magnetometry. The 

surface reconstructions, magnetic properties, crystalline quality, and strain relaxation behavior of 

the MnSb films are similar to those of MnSb grown on GaAs(111). In contrast to GaAs substrates, 

segregation of substrate atoms through the MnSb film does not occur, and alternative polymorphs 

of MnSb are absent. 
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Efficient generation of charges via below-gap photoexcitation of polymer-
fullerene blend films investigated by terahertz spectroscopy 

Phys. Rev. B 78, 115321 (2008) 10.1103/PhysRevB.78.115321 

P. Parkinson, J. Lloyd-Hughes, M. B. Johnston, and L. M. Herz 

 

Using optical-pump terahertz-probe spectroscopy, we have investigated the time-resolved 

conductivity dynamics of photoexcited polymer-fullerene bulk heterojunction blends for two model 

polymers: poly[3-hexylthiophene] (P3HT) and poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-

phenylenevinylene] (MDMO-PPV) blended with [6,6]-phenyl-C61 butyric acid methyl ester (PCBM). 

The observed terahertz-frequency conductivity is characteristic of dispersive charge transport for 

photoexcitation both at the π−π∗ absorption peak (560 nm for P3HT) and significantly below it (800 

nm). The photoconductivity at 800 nm is unexpectedly high, which we attribute to the presence of a 

charge-transfer complex. We report the excitation-fluence dependence of the photoconductivity 

over more than four orders of magnitude, obtained by utilizing a terahertz spectrometer based upon 

on either a laser oscillator or an amplifier source. The time-averaged photoconductivity of the 

P3HT:PCBM blend is over 20 times larger than that of P3HT, indicating that long-lived hole polarons 

are responsible for the high photovoltaic efficiency of polymer:fullerene blends. At early times (∼ps) 

the linear dependence of photoconductivity upon fluence indicates that interfacial charge transfer 

dominates as an exciton decay pathway, generating charges with mobility of at least ∼0.1 

cm2 V−1 s−1. At later times, a sublinear relationship shows that carrier-carrier recombination effects 

influence the conductivity on a longer time scale (>1 μs) with a bimolecular charge annihilation 

constant for the blends that is approximately two to three orders of magnitude smaller than that 

typical for neat polymer films. 

 

Absorption spectra for thin films 

of (a) pristine P3HT (black solid 

line) and the P3HT:PCBM blend 

(red dashed line), and (b) MDMO-

PPV (blue solid line) and the 

MDMO-PPV:PCBM blend (green 

dashed line). Vertical lines mark 

the center wavelengths of the 

excitation used in the 

experiments—560 and 800 nm. 

The chemical structures of the 

materials used are displayed at 

the top of the figure. 
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Coupling terahertz radiation between sub-wavelength metal-metal 
waveguides and free space using monolithically integrated horn antennae 

Optics Express, 17, 18387 (2009) 10.1364/OE.17.018387 

J. Lloyd-Hughes, G. Scalari, A. van Kolck, M. Fischer, M. Beck, and J. Faist 

 

Broadband horn antennae are presented that efficiently couple terahertz radiation between sub-

wavelength metal-metal waveguides and free space. Sub-picosecond terahertz pulses were coupled 

into and out from sub-wavelength parallel-plate waveguides by using the horn antennae in a 

terahertz time-domain spectrometer. Monolithic antennae were fabricated at the facets of metal-

metal terahertz quantum cascade lasers, and laser action was observed for devices emitting at 1.4 

THz, 2.3 THz and 3.2 THz. A good far-field laser radiation pattern (FWHM less than 11 °) is obtained 

as a result of the significant expansion of the optical mode by the antenna. 

 

 

(a) In the transmission measurements terahertz pulses propagated in the x-direction, and were 

linearly polarized in the y-direction. The layers are (from bottom to top) copper, n+ GaAs substrate, 

gold, semi-insulating GaAs, gold, copper. (b) Measured electric field Ey transmitted through the 

reference waveguide (divided by 10) and through the horn antenna sample (top two lines). Below 

are FDTD simulations of Ey. (c) Electric field amplitude spectra of the pulses through the reference 

and horn antenna. (d) Finite-difference time-domain simulations of Ey at times of 7.0 ps and 21.0 ps 

after the injection of a single-cycle pulse into the waveguide at the left facet (regions with positive Ey 

are red, and negative are blue). Point S is the source of a secondary wavefront.  
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Ultralow Surface Recombination Velocity in InP Nanowires Probed by 
Terahertz Spectroscopy 

Nano Letters 12, 5325 (2012) 10.1021/nl3026828 

Joyce, H.J., Wong-Leung, J., Yong, C.-K., Docherty, C.J., Paiman, S., Gao, Q., Tan, H.H., Jagadish, C., 

Lloyd-Hughes, J., Herz, L.M., Johnston, M.B. 

 

Using transient terahertz photoconductivity measurements, we have made noncontact, room 

temperature measurements of the ultrafast charge carrier dynamics in InP nanowires. InP nanowires 

exhibited a very long photoconductivity lifetime of over 1 ns, and carrier lifetimes were remarkably 

insensitive to surface states despite the large nanowire surface area-to-volume ratio. An 

exceptionally low surface recombination velocity (170 cm/s) was recorded at room temperature. 

These results suggest that InP nanowires are prime candidates for optoelectronic devices, 

particularly photovoltaic devices, without the need for surface passivation. We found that the carrier 

mobility is not limited by nanowire diameter but is strongly limited by the presence of planar 

crystallographic defects such as stacking faults in these predominantly wurtzite nanowires. These 

findings show the great potential of very narrow InP nanowires for electronic devices but indicate 

that improvements in the crystallographic uniformity of InP nanowires will be critical for future 

nanowire device engineering. 
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Generalized conductivity model for polar semiconductors at terahertz 

frequencies  

Appl. Phys. Lett. 100, 122103 (2012) 10.1063/1.3695161 

J. Lloyd-Hughes 

 

A theoretical framework is presented that calculates the conductivity of polar semiconductors at 

terahertz frequencies without resorting to phenomenological fit parameters, using an expression 

derived from the Boltzmann transport equation. The time-dependent photoconductivity of InAs and 

the temperature dependent conductivity of n-doped GaAs are found experimentally by terahertz 

time-domain spectroscopy. The observed deviation from the Drude-Lorentz conductivity in these 

model systems is accounted for by this approach, which calculates the energy-dependent electron 

scattering time. 

 

 

(a) Real part of photoconductivity of InAs 1 (at a frequency f¼1.0 THz) at different pump-probe 

delay times t from experiment (circles) and calculation (solid line). (b) 1 (circles) and 2 at t=6.8 

ps (crosses), and fit using the Drude-Lorentz model (solid lines). (c) 2/1 at t=1.5 ps (diamonds) 

and t=13.5 ps (squares) from experiment. The solid and dashed lines show the calculated values at 

the same delay times. (d) 2/1 at f=1 THz from experiment (circles) and model (solid line) as a 

function of t. 
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Direct imaging of the spatial and energy distribution of nucleation centres 
in ferroelectric materials 

Nature Materials 7, 209 - 215 (2008)  10.1038/nmat2114 

Jesse, S., Rodriguez, B.J., Choudhury, S., Baddorf, A.P., Vrejoiu, I., Hesse, D., Alexe, M., Eliseev,  

E.A., Morozovska, A.N., Zhang, J., Chen, L.-Q., Kalinin, S.V. 

 

Macroscopic ferroelectric polarization switching, similar to other first-order phase transitions, is 

controlled by nucleation centres. Despite 50 years of extensive theoretical and experimental effort, 

the microstructural origins of the Landauer paradox, that is, the experimentally observed low values 

of coercive fields in ferroelectrics corresponding to implausibly large nucleation activation energies, 

are still a mystery. Here, we develop an approach to visualize the nucleation centres controlling 

polarization switching processes with nanometre resolution, determine their spatial and energy 

distribution and correlate them to local microstructure. The random-bond and random-field 

components of the disorder potential are extracted from positive and negative nucleation biases. 

Observation of enhanced nucleation activity at the 90° domain wall boundaries and intersections 

combined with phase-field modelling identifies them as a class of nucleation centres that control 

switching in structural-defect-free materials. 
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Atomic-scale study of electric dipoles near charged and uncharged domain 
walls in ferroelectric films 

Nature Materials 7, 57 - 61 (2008) 10.1038/nmat2080  

Jia, C.-L., Mi, S.-B., Urban, K., Vrejoiu, I., Alexe, M., Hesse, D. 

 

Ferroelectrics are materials exhibiting spontaneous electric polarization due to dipoles formed by 

displacements of charged ions inside the crystal unit cell. Their exceptional properties are exploited 

in a variety of microelectronic applications. As ferroelectricity is strongly influenced by surfaces, 

interfaces and domain boundaries, there is great interest in exploring how the local atomic structure 

affects the electric properties. Here, using the negative spherical-aberration imaging technique in an 

aberration-corrected transmission electron microscope, we investigate the cation–oxygen dipoles 

near 180° domain walls in epitaxial PbZr0.2Ti0.8O3 thin films on the atomic scale. The width and dipole 

distortion across a transversal wall and a longitudinal wall are measured, and on this basis the local 

polarization is calculated. For the first time, a large difference in atomic details between charged and 

uncharged domain walls is reported. 

 

Atomic-scale imaging of the electric dipoles formed by the relative displacements of the Zr/Ti 

cation columns and the O anion columns. a, Image of a SrTiO3/PbZr0.2Ti0.8O3/SrTiO3 thin-film 

heterostructure. The horizontal arrows denote the horizontal interfaces between the PbZr0.2Ti0.8O3 

and the top and the bottom SrTiO3 film layers. The dotted line traces the 180º domain wall. The 

insets show magnifications of the dipoles formed by the displacements of ions in the unit cells 

(yellow: PbO, red: Zr/Ti, blue: O). b, Schematic perspective view of the unit cell of ferroelectric 

PbZr0.2Ti0.8O3. c, Projection of the unit cell along the [¯110] direction. _Zr/Ti and _O denote the shifts 

of the Zr/Ti atoms and the oxygen atoms, respectively, from the centrosymmetric positions.  
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Individually addressable epitaxial ferroelectric nanocapacitor arrays with 
near Tb inch−2 density 

Nature Nanotechnology 3, 402 - 407 (2008)  10.1038/nnano.2008.161 

Lee, W., Han, H., Lotnyk, A., Schubert, M.A., Senz, S., Alexe, M., Hesse, D., Baik, S., Gösele, U. 

 

Ferroelectric materials have emerged in recent years as an alternative to magnetic and dielectric 

materials for nonvolatile data-storage applications. Lithography is widely used to reduce the size of 

data-storage elements in ultrahigh-density memory devices. However, ferroelectric materials tend 

to be oxides with complex structures that are easily damaged by existing lithographic techniques, so 

an alternative approach is needed to fabricate ultrahigh-density ferroelectric memories. Here we 

report a high-temperature deposition process that can fabricate arrays of individually addressable 

metal/ferroelectric/metal nanocapacitors with a density of 176 Gb inch−2. The use of an ultrathin 

anodic alumina membrane as a lift-off mask makes it possible to deposit the memory elements at 

temperatures as high as 650 °C, which results in excellent ferroelectric properties. 

 

 

As-prepared PZT nano-island array with the AAO mask visible at the top of the image. The nano-

island density can be estimated as 176 Gb inch-2 

  

http://dx.doi.org/10.1038/nnano.2008.161
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Direct Observation of Continuous Electric Dipole Rotation in Flux-Closure 
Domains in Ferroelectric Pb(Zr,Ti)O3 

Science 331, 1420 (2011)  10.1126/science.1200605 

Jia, C.-L., Urban, K.W., Alexe, M., Hesse, D., Vrejoiu, I. 

 

Low-dimensional ferroelectric structures are a promising basis for the next generation of ultrahigh-

density nonvolatile memory devices. Depolarization fields, created by incompletely compensated 

charges at the surfaces and interfaces, depress the polarization of such structures. Theory suggests 

that under conditions of uncompensated surface charges, local dipoles can organize in flux-closure 

structures in thin films and vortex structures in nano-sized ferroelectrics, reducing depolarization 

fields. However, the continuous rotation of the dipoles required in vortex structures and the 

behavior of unit cell dipoles in flux-closure structures have never been experimentally established. 

By aberration-corrected transmission electron microscopy, we obtained experimental evidence for 

continuous rotation of the dipoles closing the flux of 180° domains in a ferroelectric perovskite thin 

film. 

 

 

Atomic-resolution image of a flux-closure 

structure with continuous dipole rotation 

in PbZr0.2Ti0.8O3 (PZT) close to the interface 

to the SrTiO3 (STO) substrate. 

 

  

http://dx.doi.org/10.1126/science.1200605
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High-Pressure Effect on PbTiO3: An Investigation by Raman and X-Ray 
Scattering up to 63 GPa 

Phys. Rev. Lett. 101, 237601  (2008) 10.1103/PhysRevLett.101.237601 

P.-E. Janolin, P. Bouvier, J. Kreisel, P. A. Thomas, I. A. Kornev, L. Bellaiche, W. Crichton, M. Hanfland, 

and B. Dkhil 

 

We report a room-temperature high-pressure x-ray and Raman scattering investigation of lead 

titanate (PbTiO3) up to 63 GPa. Three continuous phase transitions at 13, 20, and 45 GPa between 

tetragonal-like phases occur. As a result, no evidence is found for a pressure-induced morphotropic 

phase boundary. Our study provides experimental evidence that PbTiO3 presents a complex 

sequence of phases accommodating pressure through mechanisms involving oxygen octahedra 

tilting and re-entrance of ferroelectricity. 

 

 

Pressure evolution of the lattice parameters of PbTiO3 from 0.1 to 63 GPa and of the ⟨004⟩ Bragg 

spot (inset). 

  

http://dx.doi.org/10.1103/PhysRevLett.101.237601
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Evolving morphotropic phase boundary in lead-free (Bi1/2Na1/2)TiO3–

BaTiO3 piezoceramics  

J. Appl. Phys. 109, 014110 (2011) 10.1063/1.3530737 

Jo, W, Daniels, J E., Jones, J L., Tan, X, Thomas, P A., Damjanovic, D and Rödel, J. 

 

The correlation between structure and electrical properties of lead-free (1−x)(Bi1/2Na1/2)TiO3–xBaTiO3 

(BNT-100xBT) polycrystalline piezoceramics was investigated systematically by in situ synchrotron 

diffraction technique, combined with electrical property characterization. It was found that the 

morphotropic phase boundary (MPB) between a rhombohedral and a tetragonal phase evolved into 

a morphotropic phase region with electric field. In the unpoled material, the MPB was positioned at 

the transition from space group R3m to P4mm (BNT-11BT) with optimized permittivity throughout a 

broad single-phase R3m composition regime. Upon poling, a range of compositions from BNT-6BT to 

BNT-11BT became two-phase mixture, and maximum piezoelectric coefficient was observed in BNT-

7BT. It was shown that optimized electrical properties are related primarily to the capacity for 

domain texturing and not to phase coexistence. 

 

Evolution of piezoelectric 

coefficient (d33), relative 

permittivity (r), and an 

effective rhombohedral volume 

fraction (Rhef f) of (a) BNT-7BT 

and (b) BNT-9BT during poling. 

(c) Calculated pole densities 

that represent the degree of 

domain reorientation during 

poling of each composition. In 

the case of BNT-6BT and BNT-

7BT, not only the rhombohedral 

but also the induced tetragonal 

phases develop a high degree of 

texture, while practically no 

texture develops in the induced 

tetragonal phases in other 

compositions.  

The dotted lines in (a) and (b) 

trace the evolution of er and d33 

during loading and unloading of 

electric fields.  

http://dx.doi.org/10.1063/1.3530737
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Evidence for a non-rhombohedral average structure in the lead-free 
piezoelectric material Na0.5Bi0.5TiO3 

Journal of Applied Crystallography 43, 1409 (2010). 10.1107/S002188981003342X 

S. Gorfman and P. A. Thomas 

The potential lead-free piezoelectric material sodium bismuth titanate, Na0.5Bi0.5TiO3, was 

investigated by means of high-resolution single-crystal X-ray diffractometry. The splitting of Bragg 

peaks observed in the high-resolution reciprocal-space maps suggests that the average structure of 

Na0.5Bi0.5TiO3 has lower than rhombohedral symmetry. This observation is contrary to the commonly 

adopted model, which has followed from many previous analyses of neutron and X-ray powder 

diffraction data. 

 

  

http://dx.doi.org/10.1107/S002188981003342X
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An investigation of the properties of large crystals of the zeolites dodecasil-
3C and ferrierite by high-temperature birefringence microscopy and X-ray 
diffraction 

Journal of Applied Crystallography 43, 168 (2010). 10.1107/S0021889809052753 

Z. A. D. Lethbridge, D. S. Keeble, D. Walker, P. A. Thomas and R. I. Walton  

Optical birefringence has been measured as a function of temperature for two types of siliceous 

zeolite crystals that contain organic template molecules. The specimens were prepared using 

modified solvothermal synthesis to produce large ( 1 mm dimension) crystals. In the case of the 

clathrasil dodecasil-3C the material undergoes a first-order phase transition at 433 K that is 

reversible after heating to 873 K and cooling to room temperature. Comparison with powder X-ray 

diffraction data from a bulk sample shows that this is a ferroelastic tetragonal (I 2d) to cubic (Fd m) 

transition, which is supported by the functional form of temperature variation of the birefringence. 

There is apparently no loss of the organic template involved in this transition. For the zeolite 

ferrierite, the plate-like crystals show a pronounced domain-like structure, which, although not due 

to twinning, shows a distinctive optical birefringence change on heating, suggesting that variable 

concentrations of organic template might be present in different domain-like regions. In this 

material there is no evidence for a change in crystal symmetry up to 873 K (Pnnm), despite apparent 

loss of some organic template from the material which, in turn, gives rise to strain birefringence at 

the edges parallel to the [010] direction. 

   

http://dx.doi.org/10.1107/S0021889809052753
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Monoclinic crystal structure of polycrystalline Na0.5Bi0.5TiO3  

Applied Physics Letters, 98, 152901 (2011)  10.1063/1.3573826 

Aksel, E, Forrester, J S., Jones, J L., Thomas, P A., Page, K and Suchomel, M R. 

 

Bismuth-based ferroelectric ceramics are currently under intense investigation for their potential as 

Pb-free alternatives to lead zirconate titanate-based piezoelectrics.Na0.5Bi0.5TiO3 (NBT), one of the 

widely studied compositions, has been assumed thus far to exhibit the rhombohedral space group 

R3c at room temperature. High-resolution powderx-ray diffraction patterns, however, reveal peak 

splitting in the room temperature phase that evidence the true structure as monoclinic with space 

group Cc. This peak splitting and Cc space group is only revealed in sinteredpowders; calcined 

powders are equally fit to an R3c model because microstructural contributions to peak broadening 

obscure the peak splitting. 

 

Powder diffraction pattern of sintered NBT powder and 

results of crystallographic refinement using an R3c space 

group (a), a mixture of two R3c phases (b), and a Cc 

space group (c). The labeled peak indices are relative to 

the pseudocubic perovskite unit cell.  
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Bifurcated Polarization Rotation in Bismuth-Based Piezoelectrics  

Advanced Functional Materials 23, 185, (2013)  10.1002/adfm.201201564 

D. S. Keeble ,  E R. Barney , D A. Keen , M G. Tucker , J Kreisel , and P. A. Thomas 

 

ABO3 perovskite-type solid solutions display a large variety of structural and physical properties, 

which can be tuned by chemical composition or external parameters such as temperature, pressure, 

strain, electric, or magnetic fields. Some solid solutions show remarkably enhanced physical 

properties including colossal magnetoresistance or giant piezoelectricity. It has been recognized that 

structural distortions, competing on the local level, are key to understanding and tuning these 

remarkable properties, yet, it remains a challenge to experimentally observe such local structural 

details. Here, from neutron pair-distribution analysis, a temperature-dependent 3D atomic-level 

model of the lead-free piezoelectric perovskite Na0.5Bi0.5TiO3 (NBT) is reported. The statistical 

analysis of this model shows how local distortions compete, how this competition develops with 

temperature, and, in particular, how different polar displacements of Bi3+ cations coexist as a 

bifurcated polarization, highlighting the interest of Bi-based materials in the search for new lead-free 

piezoelectrics. 

 

Temperature evolution of the A-site local environment. a) Schematic of the two polarization 

rotations within the perovskite structure seen as a function of temperature, from 10 K (blue) to 766 

K (red). The arrows denote predominant displacement directions. b) Density plots of displacement 

vectors for Na+ and Bi3+ at various temperatures, with isosurfaces showing contours at 75% of 

normalised density. 

http://dx.doi.org/10.1002/adfm.201201564
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Disorder and intermolecular interactions in a family of tetranuclear Ni(II) 
complexes probed by high-frequency electron paramagnetic resonance 

Inorganic Chemistry 47, 1965 (2008) 10.1021/ic701416w 

J Lawrence, EC Yang, R Edwards, MM Olmstead, C Ramsey C, NS Dalal, PK Gantzel, S Hill and DN 

Hendrickson 

High-frequency electron paramagnetic resonance (HFEPR) data are presented for four closely related 

tetranuclear Ni(II) complexes, [Ni(hmp)(MeOH)Cl]4.H2O (1a), [Ni(hmp)(MeOH)Br]4.H2O (1b), 

[Ni(hmp)(EtOH)Cl]4.H2O (2), and [Ni(hmp)(dmb)Cl]4 (3) (where hmp(-) is the anion of 2-

hydroxymethylpyridine and dmb is 3,3'-dimethyl-1-butanol), which exhibit magnetic bistability 

(hysteresis) and fast magnetization tunneling at low temperatures, properties which suggest they 

are single-molecule magnets (SMMs). The HFEPR spectra confirm spin S = 4 ground states and 

dominant uniaxial anisotropy (DSz(2), D < 0) for all four complexes, which are the essential 

ingredients for a SMM. The individual fine structure peaks (due to zero-field splitting) for complexes 

1a, 1b, and 2 are rather broad. They also exhibit further (significant) splitting, which can be explained 

by the fact that there exists two crystallographically distinct Ni 4 sites in the lattices for these 

complexes, with associated differences in metal-ligand bond lengths and different zero-field splitting 

(ZFS) parameters. The broad EPR lines, meanwhile, may be attributed to ligand and solvent disorder, 

which results in additional distributions of microenvironments. In the case of complex 3, there are 

no solvate molecules in the structure, and only one distinct Ni 4 molecule in the lattice. 

Consequently, the HFEPR data for complex 3 are extremely sharp. As the temperature of a crystal of 

complex 3 is decreased, the HFEPR spectrum splits abruptly at approximately 46 K into two patterns 

with very slightly different ZFS parameters. Heat capacity data suggest that this is caused by a 

structural transition at 46.6 K. A single-crystal X-ray structure at 12(2) K indicates large thermal 

parameters on the terminal methyl groups of the dmb (3,3-dimethyl-1-butanol) ligand. Most likely 

there exists dynamic disorder of parts of the dmb ligand above 46.6 K; an order-disorder structural 

phase transition at 46.6 K then removes some of the motion. A further decrease in temperature (<6 

K) leads to further fine structure splittings for complex 3. This behavior is thought to be due to the 

onset of short-range magnetic correlations/coherences between molecules caused by weak 

intermolecular magnetic exchange interactions. 
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Enhancement of ultrasonic surface waves at wedge tips and angled defects 

Applied Physics Letters 99, 094104 (2011) 10.1063/1.3629772  

RS Edwards, B Dutton, AR Clough and MH Rosli 

 

The behaviour of sound waves interacting with wedges has attracted interest from researchers in 

geophysics and non-destructive testing. We consider here the near-field behaviour of Rayleigh 

waves incident on wedges and surface-breaking defects which propagate at an angle to the surface, 

such as rolling contact fatigue on rails. It has been shown that, for a detection point on the edge of 

the crack tip, a very large signal enhancement is observed for shallow angles. We explain this 

behaviour through considering the effect of the defect geometry, with changes in the frequency-

thickness product leading to mode-conversion of the incident Rayleigh wave. 

 

 

Experimental results for a 2 mm long defect inclined at 20_ to the sample surface. (a) B-Scan, (b) 

STFT of the enhanced wave at the tip, (c) schematic of sample.  

http://dx.doi.org/10.1063/1.3629772
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Non-contact ultrasonic detection of angled surface defects. 

NDT & E International, 44, 353 (2011) 10.1016/j.ndteint.2011.02.001  

Dutton, B. , Clough, A. R., Rosli, M. H. and Edwards, R. S. 

 

Non-destructive testing is an important technique, and improvements are constantly needed. 

Surface defects in metals are not necessarily confined to orientations normal to the sample surface; 

however, much of the previous work investigating the interaction of ultrasonic surface waves with 

surface-breaking defects has assumed cracks inclined at 90° to the surface. This paper explores the 

interaction of Rayleigh waves with cracks which have a wide range of angles and depths relative to 

the surface, using a non-contact laser generation and detection system. Additional insight is 

acquired using a 3D model generated using finite element method software. A clear variation of the 

reflection and transmission coefficients with both crack angle and length is found, in both the out-of-

plane and in-plane components. The 3D model is further used to understand the contributions of 

different wavemodes to B-Scans produced when scanning a sample, to enable understanding of the 

reflection and transmission behaviour, and help identify angled defects. Knowledge of these effects 

is essential to correctly gauge the severity of surface cracking. 

 

3D model output for a 150◦ crack with d/ = 0:55, showing the OP component. This shows the 

propagation of the Rayleigh wave along the crack and mode conversion at the crack bottom. 

  

http://dx.doi.org/10.1016/j.ndteint.2011.02.001


Condensed Matter Physics: Materials  Ultrasonics 
 

167 
 

Data fusion for defect characterisation using a dual probe system 

Sensors and Actuators A-Physical 144 (1) 222-228 (2008) 10.1016/j.sna.2007.12.020 

RS Edwards, A Sophian, S Dixon and GY Tian 

 

We present recent work on a dual probe system containing electromagnetic acoustic transducers 

(EMATs) generating and detecting surface ultrasonic waves, and a pulsed eddy current (PEC) probe. 

This system is able to detect and size surface and near-surface defects in electrically conducting 

samples by looking at changes in the detected signal for each probe. By combining the information 

from each probe using a weighted logic function for data fusion, it is possible to both classify and 

size defects, with increased reliability. By combining the data in this way one obtains information 

about the defects which is not available when using either probe in isolation. Typical results on steel 

and aluminium samples are presented, along with information about the data fusion function. The 

dual probe and data fusion routine has been demonstrated to work at manual-scanning speeds, with 

higher speeds possible following some simple improvements to the system. 
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Temperature contour maps at the strain-induced martensitic transition of 
a Cu-Zn-Al shape memory single crystal 

Applied Physics Letters 98(1) 011902 (2011) 10.1063/1.3533403 

E Vives, S Burrows, RS Edwards, S Dixon, L Mañosa, A Planes and R Romero 

 

We study temperature changes at the reverse strain-induced martensitic transformation in a  

Cu-Zn-Al single crystal. Infrared thermal imaging reveals a markedly inhomogeneous temperature 

distribution. The evolution of the contour temperature maps enables information to be extracted on 

the kinetics of the interface motion. 

 

 

IR contour temperature maps at selected times during the unloading process. 
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Non-linear enhancement of laser generated ultrasonic Rayleigh waves by 
cracks 

Nondestructive Testing and Evaluation 23, 25-34 (2008)  10.1080/10589750701550640  

Dixon, S., Cann, B., Carroll, Donna L., Fan, Y. and Edwards, R. S. 

 

Laser generated ultrasound has been widely used for detecting cracks, surface and sub-surface 

defects in many different materials. It provides a non-contact wideband excitation source which can 

be focused into different geometries. Previous workers have reported enhancement of the laser 

generated Rayleigh wave when a crack is illuminated by pulsed laser beam irradiation. We 

demonstrate that the enhancement observed is due to a combination of source truncation, the free 

boundary condition at the edge of the crack and interference effects. Generating a Rayleigh wave 

over a crack can lead to enhancement of the amplitude of the Rayleigh wave signal, a shift in the 

dominant frequency of the wideband Rayleigh wave and strong enhancement of the high frequency 

components of the Rayleigh wave. 

 

 

Fourier transform image B-scan plot for the Rayleigh waves detected by the interferometer for the 

generation pulsed laser beam approaching a simulated crack in an aluminium sample. The dotted 

line that runs in a vertical sense shows the position in frequency space of the peak amplitude in the 

magnitude FFT. The horizontal lines shown at around 36mm indicate the position of the edges of the 

machined slot.  

http://dx.doi.org/10.1080/10589750701550640
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Electromagnetic acoustic transducers for in- and out-of plane ultrasonic 
wave detection 

Sensors and Actuators, A: Physical 148 , 51 (2008) 10.1016/j.sna.2008.07.004  

Jian, X; Dixon, S; Quirk, K; Grattan, KTV 

 

A model has been developed for the detection of ultrasonic waves using electromagnetic acoustic 

transducers (EMATs). EMATs are particle velocity sensors, which can be designed to have sensitivity 

to in-plane and, or out-of- plane ultrasonic displacements, by suitably arranging the magnetic field in 

the receiving EMATs relative to the orientation of the coil. Good agreement between the results 

from modeling and experimental measurements has been demonstrated. 

 

  

Measured (left) and calculated (right) in-plane and out-of-plane particle velocity of Rayleigh waves. 

The out-of-plane particle velocity is of π/2 phase ahead of the in-plane particle velocity. 
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The accuracy of acoustic birefringence shear wave measurements in sheet 
metal 

Journal of Applied Physics 104 (11) , art. no. 114901 (2008) 10.1063/1.3033395  

Dixon, S; Fletcher, MP; Rowlands, G 

 

In rolled metal sheet the through thickness shear wave energy is steered into two orthogonal 

polarizations, parallel and perpendicular to the sheet’s rolling direction. Ultrasonic velocity 

measurements used to determine the orientation distribution coefficients in thin sheets can be 

obtained from the fast Fourier transform of the time domain signal. It is observed that the data 

obtained using a linearly polarized electromagnetic acoustic transducer (EMAT) do not correspond 

with that obtained using a radially polarized EMAT. An analytical model has been developed, which 

explains the source of this effect from the using the fast Fourier transform. 

 

 

Zoom in of peaks in the magnitude FFT spectra without a Hanning function applied in the time 

domain data on a 2.99 mm thick aluminum sample. The results from the radially polarized are shown 

as a solid line and the results from the linearly polarized EMAT orientated at 0° and 90° to the rolling 

direction are shown as a dashed line and crosses, respectively. 

http://dx.doi.org/10.1063/1.3033395
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Astronomy and Astrophysics (A&A)   

 8 Staff; 5 PDRAs;10 PhDs;  

    

     

 453 articles; 8193 citations; £3.1 M grant awards; >£19 M income in-kind; 11 PhDs awarded 

A&A is an observational group using a wide range of ground and space based telescopes.  Research 
focuses on: Compact Objects (Gänsicke, Marsh, Steeghs), Extra-Solar Planets (Pollacco, West, 
Wheatley), and High-Redshift Universe (Levan, Stanway), which all attract significant public interest 
and lead to high profile publications.  The future is bright, with major new international facilities 
being built or planned that will have impact in all three areas: GAIA is an ESA mission that will 
transform our knowledge of compact objects in our Galaxy; the next generation survey instrument 
(NGTS) for extra-solar planets will be built at ESO’s premier optical observing site in Chile; the high-
redshift Universe is the key science driver behind the major new millimetre wave observatory ALMA, 
and equally large projects are targeting the discovery of transient objects in the distant Universe.  
Collaborations are also being pursued for high-speed astrophysics. 

A&A’s recent strategy has been to grow to critical mass in a small number of areas and secure the 
leadership that promotes the prospects for funding from national and EU sources.  An initiative in 
2012 united key members of the Wide Angle Search for Planets (WASP) team that has discovered 
tens of transiting exo-planets and is the most successful project searching for such objects.  These 
transiting planets are particularly important, being the only systems where the precise mass and 
radius, and hence composition, of a planet can be determined and the atmospheric composition can 
be studied directly.  In future the group aims to build on its expertise in wide-field time-domain 
astronomy to search for transient sources, esp. electromagnetic counterparts to gravitational wave 
inspiral sources.  Telescope time awarded within the period included over 2 Msec of X-ray and IR 
satellite time; the largest Hubble Space Telescope allocation to any UK group, incl. a Large 
Programme Award (PI Gänsicke), only five of which are allocated world-wide each year; and two 
International Time Programme (ITP) awards for exoplanet work (PI Pollacco).  

A&A’s research has been recognised in each of its cores areas: Levan received the 2011 Philip 
Leverhulme Prize for Astronomy & Astrophysics for his work on gamma-ray bursts; WASP gained the 
2010 Royal Astronomical Society Group Achievement Award; and in 2012 Gänsicke won an ERC 
Advanced Grant that recognises his world-leading work in applying spectroscopic surveys, above all 
the Sloan Digital Sky Survey, to understand rare populations of white dwarfs.   
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A ‘kilonova’ associated with the short-duration γ-ray burst GRB 130603B 

Nature 500, 547–549 (2013) 10.1038/nature12505 

N.R. Tanvir, A.J. Levan, A.S. Fruchter, J. Hjorth, R.A. Hounsell, K. Wiersema, R.L. Tunnicliffe 

 

Short-duration γ-ray bursts are intense flashes of cosmic γ-rays, lasting less than about two seconds, 
whose origin is unclear. The favoured hypothesis is that they are produced by a relativistic jet 
created by the merger of two compact stellar objects (specifically two neutron stars or a neutron 
star and a black hole). This is supported by indirect evidence such as the properties of their host 
galaxies, but unambiguous confirmation of the model is still lacking. Mergers of this kind are also 
expected to create significant quantities of neutron-rich radioactive species, whose decay should 
result in a faint transient, known as a ‘kilonova’, in the days following the burst. Indeed, it is 
speculated that this mechanism may be the predominant source of stable r-process elements in the 
Universe. Recent calculations suggest that much of the kilonova energy should appear in the near-
infrared spectral range, because of the high optical opacity created by these heavy r-process 
elements. Here we report optical and near-infrared observations that provide strong evidence for 
such an event accompanying the short-duration γ-ray burst GRB 130603B. If this, the simplest 
interpretation of the data, is correct, then it confirms that compact-object mergers are the 
progenitors of short-duration γ-ray bursts and the sites of significant production of r-process 
elements. It also suggests that kilonovae offer an alternative, unbeamed electromagnetic signature 
of the most promising sources for direct detection of gravitational waves. 

 

 
 

  

http://dx.doi.org/10.1038/nature12505


Astronomy and Astrophysics 
 

174 
 

A -ray burst at a redshift of z ~ 8.2 

Nature 461, 1254-1257 (2009)  10.1038/nature08459 

N. R. Tanvir, D. B. Fox, A. J. Levan, et al. 

 

Long-duration -ray bursts (GRBs) are thought to result from the explosions of certain massive stars, 
and some are bright enough that they should be observable out to redshifts of z > 20 using current 

technology. Hitherto, the highest redshift measured for any object was z = 6.96, for a Lyman- 
emitting galaxy. Here we report that GRB 090423 lies at a redshift of z ~ 8.2, implying that massive 
stars were being produced and dying as GRBs ~630 Myr after the Big Bang. The burst also pinpoints 
the location of its host galaxy. 

 

 
 

The right-most panel shows the discovery image made using the UKIRT Wide Field Infrared Camera 
with the K filter (centred at 2.15 um) at a mid-time of about 30 min after the burst. The other three 
images (Y, 1.02 um; J, 1.26 um; H, 1.65 um) were obtained approximately 1.5 h after the burst using 
Gemini North's Near Infrared Imager and Spectrometer (NIRI). The main panels are 40 arcsec to a 
side, oriented with north to the top and east to the left. Insets, regions around the GRB, smoothed 
and at higher contrast. The absence of any flux in Y implies a power-law spectral slope between Y 

and J steeper than F ~ -18 and, coupled with the blue colour at longer wavelengths (J-H(AB) 
~ 0.15 mag), immediately implies a redshift greater than about 7.8 for GRB 090423. 
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An Extremely Luminous Panchromatic Outburst from the Nucleus of a 
Distant Galaxy 

Science 333, pp. 199-202 (2011)  10.1126/science.1207143 

A.J. Levan et al. (62 others incl. L. van Spaandonk, R. L. Tunnicliffe, P.J. Wheatley) 

 

Variable x-ray and γ-ray emission is characteristic of the most extreme physical processes in the 

universe. We present multiwavelength observations of a unique γ-ray–selected transient detected 

by the Swift satellite, accompanied by bright emission across the electromagnetic spectrum, and 

whose properties are unlike any previously observed source. We pinpoint the event to the center of 

a small, star-forming galaxy at redshift z = 0.3534. Its high-energy emission has lasted much longer 

than any γ-ray burst, whereas its peak luminosity was ∼100 times higher than bright active galactic 

nuclei. The association of the outburst with the center of its host galaxy suggests that this 

phenomenon has its origin in a rare mechanism involving the massive black hole in the nucleus of 

that galaxy. 
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A Possible Relativistic Jetted Outburst from a Massive Black Hole Fed by a 
Tidally Disrupted Star 

Science 333, pp. 203-206 (2011)  10.1126/science.1207150 

J.S. Bloom, D.Giannios, B.D. Metzger, S.B. Cenko, D.A. Perley, N.R. Butler, N.R. Tanvir, A.J. Levan, 

P.T. O' Brien, L.E. Strubbe,, F.De Colle, E.Ramirez-Ruiz, W.H. Lee, S.Nayakshin, E. Quataert,, A.R. King, 

A. Cucchiara,, J. Guillochon, G.C. Bower, A.S. Fruchter, A.N. Morgan, A.J. van der Horst  

 

Gas accretion onto some massive black holes (MBHs) at the centers of galaxies actively powers 

luminous emission, but most MBHs are considered dormant. Occasionally, a star passing too near an 

MBH is torn apart by gravitational forces, leading to a bright tidal disruption flare (TDF). Although 

the high-energy transient Sw 1644+57 initially displayed none of the theoretically anticipated (nor 

previously observed) TDF characteristics, we show that observations suggest a sudden accretion 

event onto a central MBH of mass about 106 to 107 solar masses. There is evidence for a mildly 

relativistic outflow, jet collimation, and a spectrum characterized by synchrotron and inverse 

Compton processes; this leads to a natural analogy of Sw 1644+57 to a temporary smaller-scale 

blazar. 
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On the evolutionary status of short-period cataclysmic variables 

Monthly Notices of the Royal Astronomical Society, 388, 1582 (2008) 10.1111/j.1365-

2966.2008.13539.x 

Littlefair, S. P.; Dhillon, V. S.; Marsh, T. R.; Gänsicke, B. T.; Southworth, J; Baraffe, I.; Watson, C. A.; 

Copperwheat, C. 

We present high-speed, three-colour photometry of seven short-period (Porb≤ 95 min) eclipsing 

cataclysmic variables (CVs) from the Sloan Digital Sky Survey. We determine the system parameters 

via a parametrized model of the eclipse fitted to the observed light curve by χ2 minimization. Three 

out of seven of the systems possess brown dwarf donor stars and are believed to have evolved past 

the orbital period minimum. This is in line with the predictions that 40–70 per cent of CVs should 

have evolved past the orbital period minimum. Therefore, the main result of our study is that the 

missing population of post-period minimum CVs has finally been identified. The donor star masses 

and radii are, however, inconsistent with model predictions; the donor stars are approximately 10 

per cent larger than expected across the mass range studied here. One explanation for the 

discrepancy is the enhanced angular momentum loss (e.g. from circumbinary discs); however, the 

mass-transfer rates, as deduced from white dwarf effective temperatures, are not consistent with 

enhanced angular momentum loss. We show that it is possible to explain the large donor radii 

without invoking enhanced angular momentum loss by a combination of geometrical deformation 

and the effects of starspots due to strong rotation and expected magnetic activity. Choosing 

unambiguously between these different solutions will require independent estimates of the mass-

transfer rates in short-period CVs.  

The white dwarfs in our sample show a strong tendency towards high masses. We show that this is 

unlikely to be due to selection effects. The dominance of high-mass white dwarfs in our sample 

implies that erosion of the white dwarf during nova outbursts must be negligible, or even that white 

dwarfs grow in mass through the nova cycle. Amongst our sample, there are no helium-core white 

dwarfs, despite predictions that 30–80 per cent of short-period CVs should contain helium-core 

white dwarfs. We are unable to rule out selection effects as the cause of this discrepancy.  
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A Deeply Eclipsing Detached Double Helium White Dwarf Binary 

The Astrophysical Journal Letters,  735, L30, 2011, 10.1088/2041-8205/735/2/L30 

Parsons, S. G.; Marsh, T. R.; Gänsicke, B. T.; Drake, A. J.; Koester, D 

 

Using Liverpool Telescope+RISE photometry we identify the 2.78 hr period binary star CSS 41177 as a 

detached eclipsing double white dwarf binary with a 21,100 K primary star and a 10,500 K secondary 

star. This makes CSS 41177 only the second known eclipsing double white dwarf binary after NLTT 

11748. The 2 minute long primary eclipse is 40% deep and the secondary eclipse 10% deep. From 

Gemini+GMOS spectroscopy, we measure the radial velocities of both components of the binary 

from the Hα absorption line cores. These measurements, combined with the light curve information, 

yield white dwarf masses of M 1 = 0.283 ± 0.064 M ☉ and M 2 = 0.274 ± 0.034 M ☉, making them both 

helium core white dwarfs. As an eclipsing, double-lined spectroscopic binary, CSS 41177 is ideally 

suited to measuring precise, model-independent masses and radii. The two white dwarfs will merge 

in roughly 1.1 Gyr to form a single sdB star. 

 

 

Left: the contours show the 68 and 95 percentile regions of the scaled radii R1/a and R2/a, where a 

is the orbital separation, constrained by the RISE photometry. Right: the contours show the 68 and 

95 percentile regions of the masses and radii for the hot (black lines) and cool (gray lines) white 

dwarfs. Also shown are mass–radius relations for helium core white dwarfs with hydrogen layer 

fractional masses of MH/M∗ = 10−4 (solid lines) and MH/M∗ = 10−8 (dashed lines) from Benvenuto 

& Althaus (1998) for temperatures of 10,500 K and 21,100 K, respectively. The confidence regions 

shown here are for two parameters jointly and should not be directly compared to the uncertainties 

in Table 2, which are more closely related to single parameter confidence intervals.  
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Precise mass and radius values for the white dwarf and low mass M dwarf 
in the pre-cataclysmic binary NN Serpentis 

Monthly Notices of the Royal Astronomical Society, 402, 2591 (2010) 10.1111/j.1365-

2966.2009.16072.x 

Parsons, S. G.; Marsh, T. R.; Copperwheat, C. M.; Dhillon, V. S.; Littlefair, S. P.; Gänsicke, B. T.; 

Hickman, R. 

Using the high resolution Ultraviolet and Visual Echelle Spectrograph (UVES) mounted on the Very 
Large Telescope in combination with photometry from the high-speed CCD camera ULTRACAM, we 
derive precise system parameters for the pre-cataclysmic binary NN Ser. A model fit to the 
ULTRACAM light curves gives the orbital inclination as and the scaled radii, RWD/a and 
Rsec/a. Analysis of the He ii 4686 Å absorption line gives a radial velocity amplitude for the white 
dwarf of KWD= 62.3 ± 1.9 km s−1. We find that the irradiation-induced emission lines from the surface 
of the secondary star give a range of observed radial velocity amplitudes due to differences in optical 
depths in the lines. We correct these values to the centre of mass of the secondary star by 
computing line profiles from the irradiated face of the secondary star. We determine a radial 
velocity of Ksec= 301 ± 3 km s−1, with an error dominated by the systematic effects of the model. This 
leads to a binary separation of a= 0.934 ± 0.009 R⊙, radii of RWD= 0.0211 ± 0.0002 R⊙ and Rsec= 0.149 
± 0.002 R⊙ and masses of MWD= 0.535 ± 0.012 M⊙ and Msec= 0.111 ± 0.004 M⊙. The masses and radii 
of both components of NN Ser were measured independently of any mass–radius relation. For the 
white dwarf, the measured mass, radius and temperature show excellent agreement with a ‘thick’ 
hydrogen layer of fractional mass MH/MWD= 10−4. The measured radius of the secondary star is 10 
per cent larger than predicted by models, however, correcting for irradiation accounts for most of 
this inconsistency, hence the secondary star in NN Ser is one of the first precisely measured very low 
mass objects (M≲ 0.3 M⊙) to show good agreement with models. ULTRACAM r′, i′ and z′ 
photometry taken during the primary eclipse determines the colours of the secondary star as 
(r′−i′)sec= 1.4 ± 0.1 and (i′−z′)sec= 0.8 ± 0.1 which corresponds to a spectral type of M4 ± 0.5. This is 
consistent with the derived mass, demonstrating that there is no detectable heating of the 
unirradiated face, despite intercepting radiative energy from the white dwarf which exceeds its own 
luminosity by over a factor of 20. 

 

 

Model fits to the ULTRACAM light 

curves with residuals shown below 
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Kepler observations of the beaming binary KPD 1946+4340 

Monthly Notices of the Royal Astronomical Society, 410, 1787 (2011) 10.1111/j.1365-

2966.2010.17559.x 

Bloemen, S.; Marsh, T. R.; Østensen, R. H.; Charpinet, S.; Fontaine, G.; Degroote, P.; Heber, U.; 

Kawaler, S. D.; Aerts, C.; Green, E. M.; Telting, J.; Brassard, P.; Gänsicke, B. T.; Handler, G.; Kurtz, D. 

W.; Silvotti, R.; van Grootel, V.; Lindberg, J. E.; Pursimo, T.; Wilson, P. A.; Gilliland, R. L.; Kjeldsen, H.; 

Christensen-Dalsgaard, J.; Borucki, W. J.; Koch, D.; Jenkins, J. M.; Klaus, T. C. 

The Kepler Mission has acquired 33.5 d of continuous 1-min photometry of KPD 1946+4340, a short-
period binary system that consists of a subdwarf B star (sdB) and a white dwarf. In the light curve, 
eclipses are clearly seen, with the deepest occurring when the compact white dwarf crosses the disc 
of the sdB (0.4 per cent) and the more shallow ones (0.1 per cent) when the sdB eclipses the white 
dwarf. As expected, the sdB is deformed by the gravitational field of the white dwarf, which 
produces an ellipsoidal modulation of the light curve. Spectacularly, a very strong Doppler beaming 
(also known as Doppler boosting) effect is also clearly evident at the 0.1 per cent level. This 
originates from the sdB's orbital velocity, which we measure to be 164.0 ± 1.9 km s−1 from 
supporting spectroscopy. We present light-curve models that account for all these effects, as well as 
gravitational lensing, which decreases the apparent radius of the white dwarf by about 6 per cent, 
when it eclipses the sdB. We derive system parameters and uncertainties from the light curve using 
Markov chain Monte Carlo simulations. Adopting a theoretical white dwarf mass–radius relation, the 
mass of the subdwarf is found to be 0.47 ± 0.03 M⊙ and the mass of the white dwarf 0.59 ± 0.02 
M⊙. The effective temperature of the white dwarf is 15 900 ± 300 K. With a spectroscopic effective 
temperature of Teff= 34 730 ± 250 K and a surface gravity of log g= 5.43 ± 0.04, the subdwarf has 
most likely exhausted its core helium, and is in a shell He burning stage.  

The detection of Doppler beaming in Kepler light curves potentially allows one to measure radial 
velocities without the need of spectroscopic data. For the first time, a photometrically observed 
Doppler beaming amplitude is compared to a spectroscopically established value. The sdB's radial 
velocity amplitude derived from the photometry (168 ± 4 km s−1) is in perfect agreement with the 
spectroscopic value. After subtracting our best model for the orbital effects, we searched the 
residuals for stellar oscillations but did not find any significant pulsation frequencies.  

 

 
Kepler light curve of KPD 1946+4340 after de-trending and removing outliers. 

 

 

  

http://dx.doi.org/10.1111/j.1365-2966.2010.17559.x
http://dx.doi.org/10.1111/j.1365-2966.2010.17559.x


Astronomy and Astrophysics 
 

181 
 

The Seventh Data Release of the Sloan Digital Sky Survey 

Astrophysical Journal Supplement, 182, 543-558 (2009) 

Abazajian, K. N. et al; (203 authors incl. B.T. Gänsicke) 

This paper describes the Seventh Data Release of the Sloan Digital Sky Survey (SDSS), marking the 
completion of the original goals of the SDSS and the end of the phase known as SDSS-II. It includes 
11,663 deg2 of imaging data, with most of the ~2000 deg2 increment over the previous data release 
lying in regions of low Galactic latitude. The catalog contains five-band photometry for 357 million 
distinct objects. The survey also includes repeat photometry on a 120° long, 2 5 wide stripe along 
the celestial equator in the Southern Galactic Cap, with some regions covered by as many as 
90 individual imaging runs. We include a co-addition of the best of these data, going roughly 2 mag 
fainter than the main survey over 250 deg2. The survey has completed spectroscopy over 9380 deg2; 
the spectroscopy is now complete over a large contiguous area of the Northern Galactic Cap, closing 
the gap that was present in previous data releases. There are over 1.6 million spectra in total, 
including 930,000 galaxies, 120,000 quasars, and 460,000 stars. The data release includes improved 
stellar photometry at low Galactic latitude. The astrometry has all been recalibrated with the second 
version of the USNO CCD Astrograph Catalog, reducing the rms statistical errors at the bright end to 
45 milliarcseconds per coordinate. We further quantify a systematic error in bright galaxy 
photometry due to poor sky determination; this problem is less severe than previously reported for 
the majority of galaxies. Finally, we describe a series of improvements to the spectroscopic 
reductions, including better flat fielding and improved wavelength calibration at the blue end, better 
processing of objects with extremely strong narrow emission lines, and an improved determination 
of stellar metallicities. 
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Two White Dwarfs with Oxygen-Rich Atmospheres 

Science 327, pp. 188-190 (2010)  10.1126/science.1180228 

B. T. Gänsicke, D. Koester, J. Girven, T. R. Marsh, D. Steeghs 

 

Stars with masses ranging from 7 to 10 times the mass of the Sun end their lives either as massive 
white dwarfs or weak type II supernovae, but there are only limited observational constraints on 
either evolutionary channel. Here we report the detection of two white dwarfs with large 
photospheric oxygen abundances, implying that they are bare oxygen-neon cores and that they may 
have descended from the most massive progenitors that avoid core collapse. 

 

 
 

SDSS spectroscopy. The observed spectra of SDSS 0922+2928 (bottom) and SDSS 1102+2054 (top) 
are shown as thick gray lines. Superimposed as thin black lines are models for Teff = 10,000 K and 
log(g) = 8 (bottom) and Teff = 10,500 K and log(g) = 8 (top). The wavelengths of the strongest OI and 
CI absorption lines, as well as of Hα and Hβ, are indicated by tick marks. Fλ is the power received at 
Earth per unit area and wavelength interval. 
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Evidence for Water in the Rocky Debris of a Disrupted Extrasolar Minor 
Planet 

Science, 342,  pp. 218-220 (2013) 10.1126/science.1239447 

J. Farihi, B. T. Gänsicke, D. Koester 

 

The existence of water in extrasolar planetary systems is of great interest because it constrains the 

potential for habitable planets and life. We have identified a circumstellar disk that resulted from 

the destruction of a water-rich and rocky extrasolar minor planet. The parent body formed and 

evolved around a star somewhat more massive than the Sun, and the debris now closely orbits the 

white dwarf remnant of the star. The stellar atmosphere is polluted with metals accreted from the 

disk, including oxygen in excess of that expected for oxide minerals, indicating that the parent body 

was originally composed of 26% water by mass. This finding demonstrates that water-bearing 

planetesimals exist around A- and F-type stars that end their lives as white dwarfs. 

 

 

Oxygen budget in GD 61 and terrestrial bodies. The first two columns are the early phase (EP) and 

steady-state (SS) fractions of oxygen carried by all the major rock-forming elements in GD 61, 

assuming that all iron is carried as FeO.   
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Cataclysmic Variable Primary Effective Temperatures:  
Constraints on Binary Angular Momentum Loss 

Astrophysical Journal, 693, 1007 (2009)  10.1088/0004-637X/693/1/1007 

Dean M. Townsley and Boris T. Gänsicke 

 

We review the most decisive currently available measurements of the surface effective 
temperatures, T eff, of white dwarf (WD) primaries in cataclysmic variables (CVs) during accretion 

quiescence, and use these as a diagnostic for their time-averaged accretion rate, 〈�̇�〉. Using time-
dependent calculations of the WD envelope, we investigate the sensitivity of the quiescent T eff to 
long-term variations in the accretion rate. We find that the quiescent T eff provides one of the best 
available tests of predictions for the angular momentum loss and resultant mass-transfer rates 
which govern the evolution of CVs. While gravitational radiation is completely sufficient to explain 

the 〈�̇�〉of strongly magnetic CVs at all P orb, faster angular momentum loss is required to explain the 
temperatures of dwarf nova primaries (nonmagnetic systems). This provides evidence that a normal 
stellar magnetic field structure near the secondary, providing for wind launching and attachment, is 
essential for the enhanced braking mechanism to work, directly supporting the well-known stellar 

wind braking hypothesis. The contrast in 〈�̇�〉 is most prominent for orbital periods P orb > 3 h, above 

the so-called period gap, where 〈�̇�〉 differs by orders of magnitude, but a modest enhancement is 

also present at shorter P orb. The averaging time which 〈�̇�〉 reflects depends on 〈�̇�〉 itself, being as 

much as 105 years for low-〈�̇�〉  systems and as little as 103 years for high-〈�̇�〉  systems. We discuss in 
some detail the security of conclusions drawn about the CV population in light of these time scales 
and our necessarily incomplete sample of systems, finding that, due to the time necessary for the 
quiescent T eff to adjust, the consistency of measurements between different systems places 

significant constraints on possible long-timescale variation in 〈�̇�〉 . Measurements for nonmagnetic 
systems above the period gap fall below predictions from traditional stellar wind braking 
prescriptions, but above more recent predictions with somewhat weaker angular momentum loss. 
We also discuss the apparently high T eff's found in the VY Scl stars, showing that these most likely 

indicate 〈�̇�〉 in this subclass even larger than predicted by stellar wind braking. 

 

 

 

 

 

Close up of Porb < 2 h, the 
filled circles indicate 
nonmagnetic systems 
and the open diamonds 
indicate magnetic 
systems  
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SDSS unveils a population of intrinsically faint cataclysmic variables at the 
minimum orbital period 

Monthly Notices of the Royal Astronomical Society, 397: 2170 (2009) 10.1111/j.1365-
2966.2009.15126.x 

B.T. Gänsicke, M. Dillon, J. Southworth, J.R. Thorstensen, P. Rodríguez-Gil, A. Aungwerojwit, 
T.R. Marsh, P. Szkody, S.C.C. Barros, J. Casares, D. De Martino, P.J. Groot, P. Hakala, U. Kolb, 
S.P. Littlefair, I.G. Martínez-Pais, G. Nelemans and M.R. Schreiber 

 

We discuss the properties of 137 cataclysmic variables (CVs) which are included in the Sloan Digital 
Sky Survey (SDSS) spectroscopic data base, and for which accurate orbital periods have been 
measured. 92 of these systems are new discoveries from SDSS and were followed-up in more detail 
over the past few years. 45 systems were previously identified as CVs because of the detection of 
optical outbursts and/or X-ray emission, and subsequently re-identified from the SDSS spectroscopy. 
The period distribution of the SDSS CVs differs dramatically from that of all the previously known 
CVs, in particular it contains a significant accumulation of systems in the orbital period range 80–86 
min. We identify this feature as the elusive ‘period minimum spike’ predicted by CV population 
models, which resolves a long-standing discrepancy between compact binary evolution theory and 
observations. We show that this spike is almost entirely due to the large number of CVs with very 
low accretion activity identified by SDSS. The optical spectra of these systems are dominated by 
emission from the white dwarf photosphere, and display little or no spectroscopic signature from 
the donor stars, suggesting very low mass companion stars. We determine the average absolute 

magnitude of these low-luminosity CVs at the period minimum to be 〈Mg〉= 11.6 ± 0.7. 
Comparison of the SDSS CV sample to the CVs found in the Hamburg Quasar Survey and the Palomar 
Green Survey suggests that the depth of SDSS is the key ingredient resulting in the discovery of a 
large number of intrinsically faint short-period systems. 

 

The orbital period distributions of the new 
SDSS CVs (white histograms) and the old 
SDSS CVs ( grey) applying four different 
magnitude limits. From top to bottom: g ≤ 
22.5, corresponding to the faintest CV 
included in our sample; g ≤ 19.0, 
corresponding to the magnitude limit of 
the low-redshift quasar survey within 
SDSS; g ≤ 17.5, corresponding to the 
magnitude limit of the HQS; and g ≤ 16.1, 
corresponding to the magnitude limit of 
the PG Survey. The number of systems 
below, in and above the 2–3 h period gap 
as well as their sum are given in each 
panel, with the values for the new SDSS 
CVs being on top of those for the old SDSS 
CVs. The number of new SDSS CVs, old 
SDSS CVs and WD-dominated CVs in the 
∼80–86 min period spike are shown on the 
left-hand side of the period histogram. 
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Spectroscopy of z∼ 5 Lyman break galaxies in the ESO Remote Galaxy 
Survey 

Monthly Notices of the Royal Astronomical Society, 409: 1155 (2010) 10.1111/j.1365-
2966.2010.17375.x 

L. S. Douglas, M. N. Bremer, M. D. Lehnert, E. R. Stanway and Bo Milvang-Jensen 

 

We present the global results of a large spectroscopic survey carried out in order to identify z∼ 5 
Lyman break galaxies (LBGs) across 10 widely separated ∼45 arcmin2 fields to a depth of IAB= 26.3. 
The redshifts of seventy 4.6 < z < 5.6 LBGs were identified through their Lyα emission and/or a 
strong continuum break, with 38 sources showing detectable line emission of between 2.6 × 10−18 
and 7 × 10−17 erg cm−2 s−1. Just over half of the spectroscopically confirmed z∼ 5 galaxies have rest-
frame Lyα equivalent widths above 20 Å, double the frequency of similarly strong line emitters in 
similar z∼ 3 LBG samples. However, when reasonable corrections are made for the spectroscopically 
unconfirmed sources that are nevertheless at these redshifts in both samples, we find no significant 
difference in the frequency of high equivalent width line emitters between the samples. The rest-
frame UV continuum slope of a typical z∼ 5 line-emitting galaxy (as measured primarily from 
photometry, but also apparent in spectroscopy) is bluer than that of a typical break-only galaxy, a 
difference that is difficult to explain purely by differences in the ages of their stellar populations. 
Variation in metallicity and/or dust extinction can more straightforwardly account for this difference. 
If the correlation between metallicity and UV continuum slope identified at low redshift is applicable 
at z > 3, the typical z∼ 5 LBGs have metallicities a factor of 3 lower than those of LBGs at z∼ 3. 
Hubble Space Telescope imaging of a subset of the LBGs indicates that a large majority of the 
spectroscopically confirmed LBGs in our sample are members of multiple systems (on ∼ arcsec 
scales) and/or show disturbed morphology. Using local LBG analogues as a model, this multiplicity 
could be explained either by super-starburst regions within a larger unseen structure or by a high 
incidence of merging events at this epoch. The current data cannot distinguish between these two 
possibilities. The surface density of z∼ 5 LBGs in two of the 10 fields is considerably higher than in 
the rest. Both show clear spikes in their redshift distributions indicating strong three-dimensional 
clustering in these fields. Against an expectation of about one source per 0.1 in redshift between 4.8 
< z < 5.6, one field has seven identified objects between 5.11 < z < 5.21 and the other has 17 
between 4.95 < z < 5.15. Neither structure can be bound given their depth in redshift and probably 
extend beyond the observed fields. The three-dimensional distances between LBGs in the structures 
are too large for them to have triggered their starbursts through mutual gravitational interaction, 
and so it is likely that the short-lived LBGs represent only a small fraction of the baryons in the 
structures. 

 

 

2D spectra of a selection of Lyα emitters at increasing redshift 

with the Lyα emission marked by the circles. 
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Spectral population synthesis including massive binaries 

Monthly Notices of the Royal Astronomical Society, 400: 1019 (2009) 10.1111/j.1365-
2966.2009.15514.x 

John J. Eldridge, and Elizabeth R. Stanway 

 

We have constructed a new code to produce synthetic spectra of stellar populations that includes 
massive binaries. We have tested this code against the broad-band colours of unresolved young 
massive stellar clusters in nearby galaxies, the equivalent widths of the Red and Blue Wolf–Rayet 
bumps in star-forming Sloan Digital Sky Survey galaxies and the ultraviolet and optical spectra of the 
star-forming regions Tol-A and B in NGC 5398. In each case, we find a good agreement between our 
models and observations. We find that in general binary populations are bluer and have fewer red 
supergiants, and thus significantly less flux in the I band and at longer wavelengths, than single star 
populations. Also we find that Wolf–Rayet stars occur over a wider range of ages up to 107 yr in a 
stellar population including binaries, increasing the ultraviolet flux and Wolf–Rayet spectral features 
at later times. In addition, we find that nebula emission contributes significantly to these observed 
properties and must be considered when comparing stellar models with observations of unresolved 
stellar populations. We conclude that incorporation of massive stellar binaries can improve the 
agreement between observations and synthetic spectral synthesis codes, particularly for systems 
with young stellar populations. 

 

 
The theoretical broad-band colours for a stellar population with a total mass of 105 M⊙ compared 

to observations of unresolved young massive clusters in local galaxies   
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A New Dynamical Model for the Black Hole Binary LMC X-1 

The Astrophysical Journal, 697 573 (2009) 10.1088/0004-637X/697/1/573 

J.A. Orosz, D. Steeghs, J.E. McClintock, M.A.P. Torres, I. Bochkov, L. Gou, R. Narayan, M. Blaschak, 
A.M. Levine, R.A. Remillard, C.D. Bailyn, M.M. Dwyer, and M. Buxton 

 

We present a dynamical model of the high mass X-ray binary LMC X-1 based on high-resolution 
optical spectroscopy and extensive optical and near-infrared photometry. From our new optical data 
we find an orbital period of P = 3.90917 ± 0.00005 days. We present a refined analysis of the All Sky 
Monitor data from RXTE and find an X-ray period of P = 3.9094 ± 0.0008 days, which is consistent 
with the optical period. A simple model of Thomson scattering in the stellar wind can account for the 
modulation seen in the X-ray light curves. The V – K color of the star (1.17 ± 0.05) implies AV = 2.28 ± 
0.06, which is much larger than previously assumed. For the secondary star, we measure a radius of 

R 2 = 17.0 ± 0.8 R ☉ and a projected rotational velocity of V rotsin i = 129.9 ± 2.2 km s–1. Using these 
measured properties to constrain the dynamical model, we find an inclination of i = 36 38 ± 1 92, a 

secondary star mass of M 2 = 31.79 ± 3.48 M ☉, and a black hole mass of 10.91 ± 1.41 M ☉. The 
present location of the secondary star in a temperature-luminosity diagram is consistent with that of 

a star with an initial mass of 35 M ☉ that is 5 Myr past the zero-age main sequence. The star nearly 
fills its Roche lobe ( 90% or more), and owing to the rapid change in radius with time in its present 
evolutionary state, it will encounter its Roche lobe and begin rapid and possibly unstable mass 
transfer on a timescale of a few hundred thousand years. 

 

 

Top: the phased velocity curve of LMC X-1. 

Phase zero corresponds to the time of the 

inferior conjunction of the secondary star. 

The MIKE radial velocities are shown with 

the filled circles and the MagE radial 

velocities are shown with the filled 

triangles. The model curve for the best-

fitting orbital model assuming a circular 

orbit is shown with the solid line, and the 

model curve for the best-fitting model 

assuming an eccentric orbit is shown with 

the dashed lines. Center: the residuals with 

respect to the circular orbit model. Bottom: 

the residuals with respect to the eccentric 

orbit model. 
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The expanding bipolar shell of the helium nova V445 Puppis 

The Astrophysical Journal, 706, 738 (2009) 10.1088/0004-637X/706/1/738 

P.A. Woudt, D. Steeghs, M. Karovska, B. Warner, P.J. Groot, G. Nelemans, G.H.A. Roelofs, T.R. Marsh, 

T. Nagayama, D. P. Smits, and T. O'Brien 

 

From multi-epoch adaptive optics imaging and integral field unit spectroscopy, we report the 

discovery of an expanding and narrowly confined bipolar shell surrounding the helium nova V445 

Puppis (Nova Puppis 2000). An equatorial dust disc obscures the nova remnant, and the outflow is 

characterized by a large polar outflow velocity of 6720 ± 650 km s–1 and knots moving at even larger 

velocities of 8450 ± 570 km s–1. We derive an expansion parallax distance of 8.2 ± 0.5 kpc and deduce 

a pre-outburst luminosity of the underlying binary of log L/L ☉ = 4.34 ± 0.36. The derived luminosity 

suggests that V445 Puppis probably contains a massive white dwarf accreting at high rate from a 

helium star companion making it part of a population of binary stars that potentially lead to 

supernova Ia explosions due to accumulation of helium-rich material on the surface of a massive 

white dwarf. 
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The not-so-massive black hole in the microquasar GRS1915+105  

The Astrophysical Journal, 768, 185 (2013) 10.1088/0004-637X/768/2/185 

D. Steeghs, J. E. McClintock, S. G. Parsons, M. J. Reid, S. Littlefair, and V. S. Dhillon 

 

We present a new dynamical study of the black hole X-ray transient GRS1915+105 making use of 

near-infrared spectroscopy obtained with X-shooter at the Very Large Telescope. We detect a large 

number of donor star absorption features across a wide range of wavelengths spanning the H and K 

bands. Our 24 epochs covering a baseline of over 1 yr permit us to determine a new binary 

ephemeris including a refined orbital period of P = 33.85 ± 0.16 days. The donor star radial velocity 

curves deliver a significantly improved determination of the donor semi-amplitude which is both 

accurate (K 2 = 126 ± 1 km s–1) and robust against choice of donor star template and spectral features 

used. We furthermore constrain the donor star's rotational broadening to vsin i = 21 ± 4 km s–1, 

delivering a binary mass ratio of q = 0.042 ± 0.024. If we combine these new constraints with 

distance and inclination estimates derived from modeling the radio emission, a black hole mass of M 

BH = 10.1 ± 0.6 M ☉ is inferred, paired with an evolved mass donor of M 2 = 0.47 ± 0.27 M ☉. Our 

analysis suggests a more typical black hole mass for GRS1915+105 rather than the unusually high 

values derived in the pioneering dynamical study by Greiner et al. Our data demonstrate that high-

resolution infrared spectroscopy of obscured accreting binaries can deliver dynamical mass 

determinations with a precision on par with optical studies. 

 

 
Lomb–Scargle periodogram obtained from our RVs spanning over 1 yr. A prominent peak is observed 
at the orbital period of the binary. The dark shaded area denotes our binary period determination of 
P = 33.85 ± 0.16 days, while the lighter gray area denotes the period constraint from Greiner et al. 
(2001a). 
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Initial Data Release of the Kepler-Int Survey  

The Astronomical Journal, 144, 24 (2012) 10.1088/0004-6256/144/1/24 

S. Greiss, D. Steeghs, B. T. Gänsicke, E. L. Martín, P. J. Groot, M. J. Irwin, E. González-Solares, 
R. Greimel, C. Knigge, R. H. Østensen, K. Verbeek, J. E. Drew, J. Drake, P. G. Jonker, V. Ripepi, 
S. Scaringi, J. Southworth, M. Still, N. J. Wright, H. Farnhill, L. M. van Haaften, and S. Shah 

 

This paper describes the first data release of the Kepler-INT Survey (KIS) that covers a 116 deg2 
region of the Cygnus and Lyra constellations. The Kepler field is the target of the most intensive 
search for transiting planets to date. Despite the fact that the Kepler mission provides superior time-
series photometry, with an enormous impact on all areas of stellar variability, its field lacks optical 
photometry complete to the confusion limit of the Kepler instrument necessary for selecting various 
classes of targets. For this reason, we follow the observing strategy and data reduction method used 
in the IPHAS and UVEX galactic plane surveys in order to produce a deep optical survey of the Kepler 
field. This initial release concerns data taken between 2011 May and August, using the Isaac Newton 
Telescope on the island of La Palma. Four broadband filters were used, U, g, r, i, as well as one 
narrowband one, Hα, reaching down to a 10σ limit of ~20th mag in the Vega system. Observations 
covering ~50 deg2, thus about half of the field, passed our quality control thresholds and constitute 
this first data release. We derive a global photometric calibration by placing the KIS magnitudes as 
close as possible to the Kepler Input Catalog (KIC) photometry. The initial data release catalog 
containing around 6 million sources from all the good photometric fields is available for download 
from the KIS Web site (www.astro.warwick.ac.uk/research/kis/). 
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The first WASP public data release 

Astronomy and Astrophysics 520, L10 (2010) 10.1051/0004-6361/201015655 

O. W. Butters, R. G. West, D. R. Anderson, A. Collier Cameron, W. I. Clarkson, B. Enoch, C. A. Haswell, 

C. Hellier, K. Horne, Y. Joshi, S. R. Kane, T. A. Lister, P. F. L. Maxted, N. Parley, D. Pollacco, B. Smalley, 

R. A. Street, I. Todd, P. J. Wheatley and D. M. Wilson 

The WASP (wide angle search for planets) project is an exoplanet transit survey that has been 
automatically taking wide field images since 2004. Two instruments, one in La Palma and the other 
in South Africa, continually monitor the night sky, building up light curves of millions of unique 
objects. These light curves are used to search for the characteristics of exoplanetary transits. This 
first public data release (DR1) of the WASP archive makes available all the light curve data and 
images from 2004 up to 2008 in both the Northern and Southern hemispheres. A web interface () to 
the data allows easy access over the Internet. The data set contains 3 631 972 raw images and 
17 970 937 light curves. In total the light curves have 119 930 299 362 data points available between 
them. 
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WASP-3b: a strongly irradiated transiting gas-giant planet 

Monthly Notices of the Royal Astronomical Society, 385: 1576 (2008) 10.1111/j.1365-
2966.2008.12939.x 

D. Pollacco et al.(47 authors including P.J. Wheatley and R.G. West) 

 

We report the discovery of WASP-3b, the third transiting exoplanet to be discovered by the WASP 
and SOPHIE collaboration. WASP-3b transits its host star USNO-B1.0 1256−0285133 every 1.846 834 
± 0.000 002 d. Our high-precision radial velocity measurements present a variation with amplitude 
characteristic of a planetary-mass companion and in phase with the light curve. Adaptive optics 
imaging shows no evidence for nearby stellar companions, and line-bisector analysis excludes faint, 
unresolved binarity and stellar activity as the cause of the radial velocity variations. We make a 
preliminary spectroscopic analysis of the host star and find it to have Teff= 6400 ± 100 K and log g= 
4.25 ± 0.05 which suggests it is most likely an unevolved main-sequence star of spectral type F7-8V. 
Our simultaneous modelling of the transit photometry and reflex motion of the host leads us to 
derive a mass of 1.76+0.08

−0.14MJ and radius 1.31+0.07
−0.14RJ for WASP-3b. The proximity and relative 

temperature of the host star suggests that WASP-3b is one of the hottest exoplanets known, and 
thus has the potential to place stringent constraints on exoplanet atmospheric models. 
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WASP-12b: the hottest transiting extrasolar planet yet discovered  

The Astrophysical Journal, 693, 1920 (2009) 10.1088/0004-637X/693/2/1920 

L. Hebb, A. Collier-Cameron, B. Loeillet, D. Pollacco et al. (incl. P.J. Wheatley and R.G. West)  

 

We report on the discovery of WASP-12b, a new transiting extrasolar planet with Rpl = 1.79+0.09
−0.09 RJ 

and Mpl = 1.41+0.10
−0.10 MJ. The planet and host star properties were derived from a Monte Carlo 

Markov Chain analysis of the transit photometry and radial velocity data. Furthermore, by 
comparing the stellar spectrum with theoretical spectra and stellar evolution models, we 
determined that the host star is a supersolar metallicity ([M/H] = 0.3+0.05

−0.15), late-F (Teff = 6300+200
−100 

K) star which is evolving off the zero-age main sequence. The planet has an equilibrium temperature 
of Teq = 2516 K caused by its very short period orbit (P = 1.09 days) around the hot, twelfth 
magnitude host star. WASP-12b has the largest radius of any transiting planet yet detected. It is also 
the most heavily irradiated and the shortest period planet in the literature. 

 

 
R*/M1/3

* in solar units vs. effective temperature. WASP-12 is the large solid circle. Evolutionary mass 
tracks (solid lines with adjacent numbers labeling the mass of that line) and isochrones (100 Myr, 
solid; 1 Gyr, dashed; 2.0 Gyr, dotted; 5.0 Gyr, dot-dashed) from Girardi et al. (2000) for Z = 0.03 are 
plotted for comparison to the WASP-12 parameters. 
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A high C/O ratio and weak thermal inversion in the atmosphere of 
exoplanet WASP-12b 

Nature, 469, 64 (2011) 10.1038/nature09602 

N. Madhusudhan, J. Harrington, K.B. Stevenson, S.Nymeyer, C.J. Campo, P. J. Wheatley, D. Deming, J. 
Blecic, R.A. Hardy, N.B. Lust, D.R. Anderson, A.Collier-Cameron, C.B. T. Britt, W.C. Bowman, L.Hebb, 
C.Hellier, P.F. L. Maxted, D. Pollacco & R.G. West 

 

The carbon-to-oxygen ratio (C/O) in a planet provides critical information about its primordial origins 
and subsequent evolution. A primordial C/O greater than 0.8 causes a carbide-dominated interior, as 
opposed to the silicate-dominated composition found on Earth; the atmosphere can also differ from 
those in the Solar System. The solar C/O is 0.54. Here we report an analysis of dayside multi-
wavelength photometry of the transiting hot-Jupiter WASP-12b that reveals C/O ≥ 1 in its 
atmosphere. The atmosphere is abundant in CO. It is depleted in water vapour and enhanced in 
methane, each by more than two orders of magnitude compared to a solar-abundance chemical-
equilibrium model at the expected temperatures. We also find that the extremely irradiated 
atmosphere (T > 2,500 K) of WASP-12b lacks a prominent thermal inversion (or stratosphere) and 
has very efficient day–night energy circulation. The absence of a strong thermal inversion is in stark 
contrast to theoretical predictions for the most highly irradiated hot-Jupiter atmospheres 

 

 
Observations and model spectra for dayside thermal emission of WASP-12b. 
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Metals in the exosphere of the highly irradiated planet WASP-12b 

The Astrophysical Journal Letters, 714, L222 (2010) 10.1088/2041-8205/714/2/L222 

L. Fossati, C. A. Haswell, C. S. Froning, L. Hebb, S. Holmes, U. Kolb, Ch. Helling, A. Carter, P. Wheatley, 
A. C. Cameron, B. Loeillet, D. Pollacco, R. Street, H. C. Stempels, E. Simpson, S. Udry, Y. C. Joshi, 
R.G. West, I. Skillen, and D. Wilson 

 

We present near-UV transmission spectroscopy of the highly irradiated transiting exoplanet WASP-
12b, obtained with the Cosmic Origins Spectrograph on the Hubble Space Telescope. The spectra 
cover three distinct wavelength ranges: NUVA (2539–2580 Å), NUVB (2655–2696 Å), and NUVC 
(2770–2811 Å). Three independent methods all reveal enhanced transit depths attributable to 
absorption by resonance lines of metals in the exosphere of WASP-12b. Light curves of total counts 
in the NUVA and NUVC wavelength ranges show a detection at a 2.5σ level. We detect extra 
absorption in the Mg ii λλ2800 resonance line cores at the 2.8σ level. The NUVA, NUVB, and NUVC 
light curves imply effective radii of 2.69 ± 0.24 RJ, 2.18 ± 0.18 RJ, and 2.66 ± 0.22 RJ respectively, 
suggesting the planet is surrounded by an absorbing cloud which overfills the Roche lobe. We detect 
enhanced transit depths at the wavelengths of resonance lines of neutral sodium, tin, and 
manganese, and at singly ionized ytterbium, scandium, manganese, aluminum, vanadium, and 
magnesium. We also find the statistically expected number of anomalous transit depths at 
wavelengths not associated with any known resonance line. Our data are limited by photon noise, 
but taken as a whole the results are strong evidence for an extended absorbing exosphere 
surrounding the planet. The NUVA data exhibit an early ingress, contrary to model expectations; we 
speculate this could be due to the presence of a disk of previously stripped material. 

 

 
Hubble Space Telescope 
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The Low Density Transiting Exoplanet WASP-15b  

The Astronomical Journal, 137, 4834 (2009) 10.1088/0004-6256/137/6/4834 

R. G. West, D. R. Anderson, M. Gillon, L. Hebb, C. Hellier, P. F. L. Maxted, D. Queloz, B. Smalley, A. H. 
M. J. Triaud, D. M. Wilson, S. J. Bentley, A. Collier Cameron, B. Enoch, K. Horne, J. Irwin, T. A. Lister, 
M. Mayor, N. Parley, F. Pepe, D. Pollacco, D. Segransan, M. Spano, S. Udry, and P. J. Wheatley 

 

We report the discovery of a low-density exoplanet transiting an 11th magnitude star in the 
Southern hemisphere. WASP-15b, which orbits its host star with a period P = 3.7520656 ± 0.0000028 
d, has a mass M p = 0.542 ± 0.050 M J and radius R p = 1.428 ± 0.077 R J, and is therefore one of the 
least dense transiting exoplanets so far discovered (ρp = 0.247 ± 0.035 g cm–3). An analysis of the 
spectrum of the host star shows it to be of spectral type around F5, with an effective temperature T 

eff = 6300 ± 100 K and [Fe/H] = –0.17 ± 0.11. 

 

 
WASP photometry folded on the best-fit period (top panel) with representative error bars for a 
randomly selected subset of data points. EULER I band (middle) and R band (lower). The curve shows 
the best-fit transit model from the MCMC fitting. 
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WASP-17b: an ultra-low density planet in a probable retrograde orbit 

The Astrophysical Journal, 709, 159 (2010) 10.1088/0004-637X/709/1/159 

D. R. Anderson, C. Hellier, M. Gillon, A. H. M. J. Triaud, B. Smalley, L. Hebb, A. Collier Cameron, P. F. 
L. Maxted, D. Queloz, R. G. West, S. J. Bentley, B. Enoch, K. Horne, T. A. Lister, M. Mayor, N. R. Parley, 
F. Pepe, D. Pollacco, D. Ségransan, S. Udry, and D. M. Wilson 

 

We report the discovery of the transiting giant planet WASP-17b, the least-dense planet currently 
known. It is 1.6 Saturn masses, but 1.5-2 Jupiter radii, giving a density of 6%-14% that of Jupiter. 
WASP-17b is in a 3.7 day orbit around a sub-solar metallicity, V = 11.6, F6 star. Preliminary detection 
of the Rossiter-McLaughlin effect suggests that WASP-17b is in a retrograde orbit (λ –150°), 
indicative of a violent history involving planet-planet or star-planet scattering. WASP-17b's bloated 
radius could be due to tidal heating resulting from recent or ongoing tidal circularization of an 
eccentric orbit, such as the highly eccentric orbits that typically result from scattering interactions. It 
will thus be important to determine more precisely the current orbital eccentricity by further high-
precision radial velocity measurements or by timing the secondary eclipse, both to reduce the 
uncertainty on the planet's radius and to test tidal-heating models. Owing to its low surface gravity, 
WASP-17b's atmosphere has the largest scale height of any known planet, making it a good target 
for transmission spectroscopy. 

 

 
Mass–radius distribution of the 62 known transiting extrasolar planets. The best-fitting values for the 
three WASP-17b models are depicted according to the key given in Table 4. Other WASP planets are 
filled, red circles; non-WASP planets are open, black circles; Jupiter, Saturn, Neptune, and Uranus are 
filled, gray diamonds, labeled with the planets' initials. For clarity, error bars are displayed only for 
WASP-17b. Some planets discovered by CoRoT, HAT, TrES, WASP, and XO are labeled with the 
project initial and the system number (e.g., WASP-17b = W17). HD 149026b is labeled D1 and 
HD 209458b is labeled D2. The labeled, dashed lines depict a range of density contours in Jovian 
units. Data are taken from this work and http://exoplanet.eu. 
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An orbital period of 0.94 days for the hot-Jupiter planet WASP-18b 

Nature 460, 1098 (2009)  10.1038/nature08245 

C. Hellier, D. R. Anderson, A. Collier Cameron, M. Gillon, L. Hebb, P. F. L. Maxted, D. Queloz, 
B.Smalley, A. H. M. J. Triaud, R. G. West, D. M. Wilson, S. J. Bentley, B. Enoch, K. Horne, J. Irwin, 
T.A.Lister, M. Mayor, N. Parley, F. Pepe, D. L. Pollacco, D. Segransan, S. Udry & P. J. Wheatley 

 

The ‘hot Jupiters’ that abound in lists of known extrasolar planets are thought to have formed far 
from their host stars, but migrate inwards through interactions with the proto-planetary disk from 
which they were born, or by an alternative mechanism such as planet–planet scattering. The hot 
Jupiters closest to their parent stars, at orbital distances of only ~0.02 astronomical units, have 
strong tidal interactions, and systems such as OGLE-TR-56 have been suggested as tests of tidal 
dissipation theory. Here we report the discovery of planet WASP-18b with an orbital period of 
0.94 days and a mass of ten Jupiter masses (10 MJup), resulting in a tidal interaction an order of 
magnitude stronger than that of planet OGLE-TR-56b. Under the assumption that the tidal-
dissipation parameter Q of the host star is of the order of 106, as measured for Solar System bodies 
and binary stars and as often applied to extrasolar planets, WASP-18b will be spiralling inwards on a 
timescale less than a thousandth that of the lifetime of its host star. Therefore either WASP-18 is in a 
rare, exceptionally short-lived state, or the tidal dissipation in this system (and possibly other hot-
Jupiter systems) must be much weaker than in the Solar System. 
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WASP-19b: the shortest period transiting exoplanet yet discovered  

The Astrophysical Journal, 708, 224 (2010) 10.1088/0004-637X/708/1/224 

L. Hebb, A. Collier-Cameron, A.H.M.J. Triaud, T.A. Lister, B. Smalley, P.F.L. Maxted, C. Hellier, D.R. 
Anderson, D. Pollacco, M. Gillon, D. Queloz, R.G. West, S. Bentley, B. Enoch, C.A. Haswell, K. Horne, 
M. Mayor, F. Pepe, D. Segransan, I. Skillen, S. Udry, and P.J. Wheatley 

 

We report on the discovery of a new extremely short period transiting extrasolar planet, WASP-19b. 
The planet has mass M pl = 1.15 ± 0.08 MJ , radius R pl = 1.31 ± 0.06 RJ , and orbital period P = 
0.7888399 ± 0.0000008 days. Through spectroscopic analysis, we determine the host star to be a 
slightly super-solar metallicity ([M/H] = 0.1 ± 0.1 dex) G-dwarf with T eff = 5500 ± 100 K. In addition, 
we detect periodic, sinusoidal flux variations in the light curve which are used to derive a rotation 
period for the star of P rot = 10.5 ± 0.2 days. The relatively short stellar rotation period suggests that 
either WASP-19 is somewhat young (~ 600 Myr old) or tidal interactions between the two bodies 
have caused the planet to spiral inward over its lifetime resulting in the spin-up of the star. Due to 
the detection of the rotation period, this system has the potential to place strong constraints on the 
stellar tidal quality factor, Q' s , if a more precise age is determined. 
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An Earth-sized planet with an Earth-like density 

Nature, 503, 377 (2013)  10.1038/nature12768 

F. Pepe et al. 34 authors incl. D. Pollacco 

 

Recent analyses of data from the NASA Kepler spacecraft have established that planets with radii 

within 25 per cent of the Earth’s ( ) are commonplace throughout the Galaxy, orbiting at least 
16.5 per cent of Sun-like stars. Because these studies were sensitive to the sizes of the planets but 
not their masses, the question remains whether these Earth-sized planets are indeed similar to the 
Earth in bulk composition. The smallest planets for which masses have been accurately determined 

are Kepler-10b (1.42 ) and Kepler-36b (1.49 ), which are both significantly larger than the 

Earth. Recently, the planet Kepler-78b was discovered and found to have a radius of only 1.16 . 
Here we report that the mass of this planet is 1.86 Earth masses. The resulting mean density of the 
planet is 5.57 g cm−3, which is similar to that of the Earth and implies a composition of iron and rock. 
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Temporal variations in the evaporating atmosphere of the exoplanet 
HD 189733b 

Astronomy and Astrophysics 543, L4 (2012) 10.1051/0004-6361/201219363 

A. Lecavelier des Etangs, V. Bourrier, P. J. Wheatley, H. Dupuy, D. Ehrenreich, A. Vidal-Madjar, 
G.Hébrard, G. E. Ballester, J.-M. Désert, R. Ferlet and D. K. Sing 

 

Atmospheric escape has been detected from the exoplanet HD 209458b through transit 
observations of the hydrogen Lyman-α line. Here we present spectrally resolved Lyman-α transit 
observations of the exoplanet HD 189733b at two different epochs. These HST/STIS observations 
show for the first time that there are significant temporal variations in the physical conditions of an 
evaporating planetary atmosphere. While atmospheric hydrogen is not detected in the first epoch 
observations, it is observed at the second epoch, producing a transit absorption depth of 14.4 ± 3.6% 
between velocities of −230 to −140 km s-1. Contrary to HD 209458b, these high velocities cannot 
arise from radiation pressure alone and require an additional acceleration mechanism, such as 
interactions with stellar wind protons. The observed absorption can be explained by an atmospheric 
escape rate of neutral hydrogen atoms of about 109 g s-1, a stellar wind with a velocity of 190 km s-1 
and a temperature of  ~105 K. An X-ray flare from the active star seen with Swift/XRT 8 h before the 
second-epoch observation supports the idea that the observed changes within the upper 
atmosphere of the planet can be caused by variations in the stellar wind properties, or by variations 
in the stellar energy input to the planetary escaping gas (or a mix of the two effects). These 
observations provide the first indication of interaction between the exoplanet’s atmosphere and 
stellar variations. 

 

 
Peter Wheatley used the NASA Swift spacecraft to detect a dramatic stellar flare that seems to have 
driven off part of the atmosphere of the exoplanet HD189733b. The Jupiter-like planet was blasted 
with 3 million times the X-ray radiation received by the Earth during an X-class flare, and 
observations with the Hubble Space Telescope eight hours later detected a flow of hydrogen gas 
escaping the planet. A previous observation with HST had not shown any evaporation. 
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The coronal X-ray–age relation and its implications for the evaporation of 
exoplanets 

Monthly Notices of the Royal Astronomical Society, 422: 2024 (2012) 10.1111/j.1365-
2966.2012.20657.x 

A. P. Jackson, T. A. Davis, and P. J. Wheatley 

 

We study the relationship between coronal X-ray emission and stellar age for late-type stars, and the 
variation of this relationship with spectral type. We select 717 stars from 13 open clusters and find 
that the ratio of X-ray to bolometric luminosity during the saturated phase of coronal emission 
decreases from 10−3.1 for late K dwarfs to 10−4.3 for early-F-type stars [across the range 0.29 ≤ (B−V)0 
< 1.41]. Our determined saturation time-scales vary between 107.8 and 108.3 yr, though with no clear 
trend across the whole FGK range. We apply our X-ray emission–age relations to the investigation of 
the evaporation history of 121 known transiting exoplanets using a simple energy-limited model of 
evaporation and taking into consideration Roche lobe effects and different heating/evaporation 
efficiencies. We confirm that a linear cut-off of the planet distribution in the M2/R3 versus a−2 plane 
is an expected result of population modification by evaporation and show that the known transiting 
exoplanets display such a cut-off. We find that for an evaporation efficiency of 25 per cent we 
expect around one in ten of the known transiting exoplanets to have lost ≥5 per cent of their mass 
since formation. In addition we provide estimates of the minimum formation mass for which a 
planet could be expected to survive for 4 Gyr for a range of stellar and planetary parameters. We 
emphasize the importance of the earliest periods of a planet’s life for its evaporation history with 75 
per cent expected to occur within the first Gyr. This raises the possibility of using evaporation 
histories to distinguish between different migration mechanisms. For planets with spin-orbit angles 
available from measurements of the Rossiter–McLaughlin effect, no difference is found between the 
distributions of planets with misaligned orbits and those with aligned orbits. This suggests that 
dynamical effects accounting for misalignment occur early in the life of the planetary system, 
although additional data are required to test this. 

 

 

 

Plot of mass squared 
over radius cubed 
against the inverse 
square of the mean 
orbital distance for our 
exoplanet sample. 
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Elementary Particle Physics (EPP)   

 9 Staff; 11 PDRAs; 17 PhDs;  

 688 articles; 11,126 citations; £7.1 M grant awards; >£12 M in-kind; 10 PhDs awarded 

       

       
With the Large Hadron Collider (LHC) at CERN now producing scientific results on a broad front, 
including constraining the Higgs boson, with its luminosity projected to increase significantly, and 
with a proliferation of new international opportunities in neutrino physics, elementary particle 
physics is enjoying a particularly fertile period.  The EPP Group is fully involved in this international 
search for new physical phenomena, participating in particle physics experiments judged to have the 
highest likelihood of success.  Since 2008, EPP has considerably broadened its scope, from neutrinos 
and heavy quarks at the luminosity frontier, to now include discovery searches at the energy 
frontier.  The highly-regarded group has rapidly grown from being the smallest and newest UK EPP 
group in 2008, to a secure position with STFC rolling/consolidated grants (2009 & 2012).   

In the early part of the period, significant physics was extracted from existing data sets, BaBar, Belle, 
& CDF, whilst strongly contributing to building the T2K neutrino experiment in Japan (Barker, Boyd) 
and joining the LHCb beauty quark experiment at CERN (Gershon, Kreps, Blake).  The T2K 

investment paid off with the first indication for →e conversions in 2011.  Since 2011 the EPP 
Group has diversified its portfolio by taking a significant role in ATLAS at CERN (Farrington, Harrison, 
Murray), culminating in the successful discovery of a new Higgs-like boson in 2012.  A priority for the 
group is to take leadership roles where possible – currently Warwick provides the Physics 
Coordinators for two of the four major CERN experiments: ATLAS (Murray) and LHCb (Gershon).  The 
neutrino focus has also been consolidated by joining SuperNEMO, a double beta decay experiment 
in France with two future phases.  This now positions the EPP Group in four primary international 
particle physics experiments, which should ensure both an exciting scientific future and an even 
stronger funding base.  Subsidiary activities in detector research, flavour phenomenology and new 
initiatives towards the NuSTORM, LBNE and Hyper-K experiments, together with ATLAS and LHCb 
upgrades will develop the group's longer term programme. 
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Characterization and Simulation of the Response of Multi Pixel Photon 
Counters to Low Light Levels 

Nucl. Instrum. Meth. A 656 (2011) 69-83  http://dx.doi.org/10.1016/j.nima.2011.07.022  

T2K Collaboration; A. Vacheret, G.J. Barker  et al. 

The calorimeter, range detector and active target elements of the T2K near detectors rely on the 

Hamamatsu Photonics Multi-Pixel Photon Counters (MPPCs) to detect scintillation light produced by 

charged particles. Detailed measurements of the MPPC gain, afterpulsing, crosstalk, dark noise, and 

photon detection efficiency for low light levels are reported. In order to account for the impact of 

the MPPC behavior on T2K physics observables, a simulation program has been developed based on 

these measurements. The simulation is used to predict the energy resolution of the detector. 

 

 

Schematic view of (a) the T2K ND280 near detector complex consisting of the on-axis neutrino beam 

monitor (the “cross” configuration of cubical black modules on the two lower levels) and off-axis 

near neutrino detector on the top level, and (b) an exploded view of the off-axis near neutrino 

detector. 
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The T2K Experiment 

Nucl. Instrum. Meth. A659 (2011) 106-135 doi:10.1016/j.nima.2011.06.067 
 

T2K Collaboration, incl. G Barker, S. Boyd, P.F. Harrison 

The T2K experiment is a long baseline neutrino oscillation experiment. Its main goal is to measure 

the last unknown lepton sector mixing angle θ13θ13 by observing νeνe appearance in a νμνμ beam. It 

also aims to make a precision measurement of the known oscillation parameters, Δm232 and 

sin22θ23sin22θ23, via νμνμ disappearance studies. Other goals of the experiment include various 

neutrino cross-section measurements and sterile neutrino searches. The experiment uses an intense 

proton beam generated by the J-PARC accelerator in Tokai, Japan, and is composed of a neutrino 

beamline, a near detector complex (ND280), and a far detector (Super-Kamiokande) located 295 km 

away from J-PARC. This paper provides a comprehensive review of the instrumentation aspect of the 

T2K experiment and a summary of the vital information for each subsystem. 
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Indication of Electron Neutrino Appearance from an Accelerator-produced 
Off-axis Muon Neutrino Beam. 

Phys.Rev.Lett. 107 (2011) 041801 DOI: http://dx.doi.org/10.1103/PhysRevLett.107.041801  

T2K Collaboration, incl. G Barker, S. Boyd, P.F. Harrison 

The T2K experiment observes indications of νμ→νe appearance in data accumulated with 

1.43×1020 protons on target. Six events pass all selection criteria at the far detector. In a three-

flavor neutrino oscillation scenario with |Δm2
23|=2.4×10−3  eV2, sin22θ23=1 and sin22θ13=0, the 

expected number of such events is 1.5±0.3(syst). Under this hypothesis, the probability to observe 

six or more candidate events is 7×10−3, equivalent to 2.5σ significance. At 90% C.L., the data are 

consistent with 0.03(0.04)<sin22θ13<0.28(0.34) for δCP=0 and a normal (inverted) hierarchy. 

 

The 68% and 90% C.L. regions for sin22θ13 for each value of δCP, consistent with the observed 

number of events in the three-flavor oscillation case for normal (top) and inverted (bottom) mass 

hierarchy. The other oscillation parameters are fixed (see text). The best fit values are shown with 

solid lines.  

http://dx.doi.org/10.1103/PhysRevLett.107.041801
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First muon-neutrino disappearance study with an off-axis beam 

Physical Review D 85, 031103(R) (2012) DOI: http://dx.doi.org/10.1103/PhysRevD.85.031103  

T2K Collaboration, incl. G Barker, S. Boyd, P.F. Harrison 

We report a measurement of muon-neutrino disappearance in the T2K experiment. The 295-km 

muon-neutrino beam from Tokai to Kamioka is the first implementation of the off-axis technique in a 

long-baseline neutrino oscillation experiment. With data corresponding to 1.43×1020 protons on 

target, we observe 31 fully-contained single μ-like ring events in Super-Kamiokande, compared with 

an expectation of 104±14 (syst) events without neutrino oscillations. The best-fit point for two-flavor 

νμ→ντ oscillations is sin2(2θ23)=0.98 and |Δm2
32|=2.65×10−3  eV2. The boundary of the 90% 

confidence region includes the points (sin2(2θ23),|Δm2
32|)=(1.0, 3.1×10−3  eV2), (0.84, 2.65×10−3  eV2) 

and (1.0, 2.2×10−3  eV2). 

 

The 90% confidence regions for sin2(2θ23) and |Δm32
2|; results from the two analyses reported here 

are compared with those from MINOS [5] and Super-Kamiokande [6, 31]. 
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Measurement of the Inclusive NuMu Charged Current Cross section on 
Carbon in the Near detector of the T2K Experiment 

Phys. Rev. D 87, 092003 (2013) DOI: http://dx.doi.org/10.1103/PhysRevD.87.092003  

T2K Collaboration, incl. G Barker, S. Boyd, P.F. Harrison 

T2K has performed the first measurement of νμ inclusive charged current interactions on carbon at 

neutrino energies of ∼1  GeV where the measurement is reported as a flux-averaged double 

differential cross section in muon momentum and angle. The flux is predicted by the beam 

Monte Carlo and external data, including the results from the NA61/SHINE experiment. The data 

used for this measurement were taken in 2010 and 2011, with a total of 10.8×1019 protons-on-

target. The analysis is performed on 4485 inclusive charged current interaction candidates selected 

in the most upstream fine-grained scintillator detector of the near detector. The flux-averaged total 

cross section is ⟨σCC⟩ϕ=(6.91±0.13(stat)±0.84(syst))×10−39  cm2/nucleon for a mean neutrino energy of 

0.85 GeV. 

 

The T2K total flux-averaged cross section with the NEUT and the GENIE prediction for T2K and 

SciBooNE. The T2K data point is placed at the flux mean energy. The vertical error represents the 

total (statistical and systematic) uncertainty, and the horizontal bar represent 68% of the flux at 

each side of the mean energy. The T2K flux distribution is shown in grey. The predictions for 

SciBooNE have been done for a C8H8 target which is comparable to the mixed T2K target. BNL data 

has been measured on deuterium. 
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Evidence of electron neutrino appearance in a muon beam 

Phys. Rev. D 88, 032002 (2013) DOI: http://dx.doi.org/10.1103/PhysRevD.88.032002  

T2K Collaboration, incl. G Barker, S. Boyd, P.F. Harrison 

The T2K Collaboration reports evidence for electron neutrino appearance at the atmospheric mass 

splitting, |Δm2
32|≈2.4×10−3  eV2. An excess of electron neutrino interactions over background is 

observed from a muon neutrino beam with a peak energy of 0.6 GeV at the Super-Kamiokande (SK) 

detector 295 km from the beam’s origin. Signal and background predictions are constrained by data 

from near detectors located 280 m from the neutrino production target. We observe 11 electron 

neutrino candidate events at the SK detector when a background of 3.3±0.4(syst) events is expected. 

The background-only hypothesis is rejected with a p value of 0.0009 (3.1σ), and a fit assuming νμ→νe 

oscillations with sin22θ23=1, δCP=0 and |Δm2
32|=2.4×10−3  eV2 yields 

sin22θ13=0.088+0.049
−0.039(stat+syst). 

 

 

Distribution of the reconstructed neutrino energy spectrum of the events which pass all νe 

appearance signal selection criteria with the exception of the energy cut. The data are shown as 

points with error bars (statistical only) and the MC predictions are in shaded histograms. The arrow 

shows the selection criterion Eν
rec<1250  MeV. 
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A study of quasi-elastic muon neutrino and antineutrino scattering in the 
NOMAD experiment. 

Eur.Phys.J. C63 (2009) 355-381 http://dx.doi.org/10.1140/epjc/s10052-009-1113-0  

NOMAD Collaboration, incl. S. Boyd 

We have studied the muon neutrino and antineutrino quasi-elastic (QEL) scattering reactions (ν μ 

n→μ − p and �̅�𝝁𝒑 → 𝝁+𝒏 ) using a set of experimental data collected by the NOMAD Collaboration. 

We have performed measurements of the cross-section of these processes on a nuclear target 

(mainly carbon) normalizing it to the total ν μ (�̅�𝝁) charged-current cross section. The results for the 

flux-averaged QEL cross sections in the (anti)neutrino energy interval 3–100 GeV are 

⟨σqel⟩νμ=(0.92±0.02(stat)±0.06(syst))×10−38 cm2 and ⟨σqel⟩ν¯μ=(0.81±0.05(stat)±0.09(syst))×10−38 cm2 

for neutrino and antineutrino, respectively. The axial mass parameter M A was extracted from the 

measured quasi-elastic neutrino cross section. The corresponding result is M A 

=1.05±0.02(stat)±0.06(syst) GeV. It is consistent with the axial mass values recalculated from the 

antineutrino cross section and extracted from the pure Q 2 shape analysis of the high purity sample 

of ν μ quasi-elastic 2-track events, but has smaller systematic error and should be quoted as the main 

result of this work. Our measured M A is found to be in good agreement with the world average 

value obtained in previous deuterium filled bubble chamber experiments. The NOMAD 

measurement of M A is lower than those recently published by K2K and MiniBooNE Collaborations. 

However, within the large errors quoted by these experiments on MA , these results are compatible 

with the more precise NOMAD value. 

 

A side-view of the NOMAD detector 
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Measurement of Muon Neutrino Quasi-Elastic Scattering on a Hydrocarbon 
Target at Eν∼3.5 GeV  

Phys.Rev.Lett. 111, 022502 (2013)  10.1103/PhysRevLett.111.022501 

MINERvA Collaboration incl. S. Boyd 

We have isolated ν¯μ charged-current quasielastic (QE) interactions occurring in the segmented 

scintillator tracking region of the MINERvA detector running in the NuMI neutrino beam at Fermilab. 

We measure the flux-averaged differential cross section, dσ/dQ2, and compare to several 

theoretical models of QE scattering. Good agreement is obtained with a model where the nucleon 

axial mass, MA, is set to 0.99  GeV/c2 but the nucleon vector form factors are modified to 

account for the observed enhancement, relative to the free nucleon case, of the cross section for the 

exchange of transversely polarized photons in electron-nucleus scattering. Our data at higher Q2 

favor this interpretation over an alternative in which the axial mass is increased. 

 

 

Reconstructed vertex energy of events passing the selection criteria compared to the GENIE RFG 

model for QQE
2<0.2  GeV2/c2 (left) and for QQE

2>0.2  GeV2/c2 (right). 
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Characterisation of a silicon photomultiplier device for applications in 
liquid argon based neutrino physics and dark matter searches 

JINST 3, P10001 (2008) http://dx.doi.org/10.1088/1748-0221/3/10/P10001  

Lightfoot, PK, Barker, GJ, Mavrokoridis, K, Ramachers, YA, Spooner, NJC 

 

The performance of a silicon photomultiplier has been assessed at low temperature in order to 
evaluate its suitability as a scintillation readout device in liquid argon particle physics detectors. The 
gain, measured as 2.1 × 106 for a constant over-voltage of 4V was measured between 25°C and -
196°C and found to be invariant with temperature, the corresponding single photoelectron dark 
count rate reducing from 1MHz to 40Hz respectively. Following multiple thermal cycles no 
deterioration in the device performance was observed. The photon detection efficiency (PDE) was 
assessed as a function of photon wavelength and temperature. For an over-voltage of 4V, the PDE, 
found again to be invariant with temperature, was measured as 25% for 460nm photons and 11% for 
680nm photons. Device saturation due to high photon flux rate, observed both at room temperature 
and -196°C, was again found to be independent of temperature. Although the output signal 
remained proportional to the input signal so long as the saturation limit was not exceeded, the 
photoelectron pulse resolution and decay time increased slightly at −196°C. 

 

 
Dependency of the gain on the bias voltage for a range of device temperatures. 
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Optical readout tracking detector concept using secondary scintillation 
from liquid argon generated by a thick gas electron multiplier 

JINST 4, P04002 (2009) doi:10.1088/1748-0221/4/04/P04002 

Lightfoot, PK, Barker, GJ, Mavrokoridis, K, Ramachers, YA, Spooner, NJC 

 

For the first time secondary scintillation, generated within the holes of a thick gas electron multiplier 
(THGEM) immersed in liquid argon, has been observed and measured using a silicon photomultiplier 
device (SiPM). 250 electron-ion pairs, generated in liquid argon via the interaction of a 5.9 keV Fe-55 
gamma source, were drifted under the influence of a 2.5 kV/cm field towards a 1.5 mm thickness 
THGEM, the local field sufficiently high to generate secondary scintillation light within the liquid as 
the charge traversed the central region of the THGEM hole. The resulting VUV light was incident on 
an immersed SiPM device coated in the waveshifter tetraphenyl butadiene (TPB), the emission 
spectrum peaked at 460 nm in the high quantum efficiency region of the device. For a SiPM over-
voltage of 1 V, a THGEM voltage of 9.91 kV, and a drift field of 2.5 kV/cm, a total of 62±20 
photoelectrons were produced at the SiPM device per Fe-55 event, corresponding to an estimated 
gain of 150±66 photoelectrons per drifted electron. 

 

 
 

 

Internal assembly used to detect secondary scintillation in liquid argon. 
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Modelling electroluminescence in liquid argon 

JINST 5, P10005 (2010) doi:10.1088/1748-0221/5/10/P10005 

Stewart, DY, Barker, GJ, Bennieston, AJ, Harrison, PF, Lightfoot, PK, McConkey, N, Morgan, B, 
Ramachers, YA, Robinson, M, Spooner, NJC, Thompson, L 

 

We present Monte-Carlo simulations of electron transport through liquid argon motivated by our 
recent observation of electroluminescence light emanating from a thick gaseous electron multiplier 
(THGEM) in a liquid argon volume. All known elastic and inelastic reaction cross-sections have been 
accounted for, providing electroluminescence light yield predictions for arbitrary electrostatic fields. 
This study concludes that the large field gradients needed to produce electroluminescence cannot 
be accounted for by straightforward electrostatic field calculations based on ideal THGEM holes, 
suggesting that further experimental investigations are required. 

 

 
The upper panel shows the diffusion cloud of 100 individually simulated electrons after drifting 
through liquid argon in a drift field of 2 kV/cm. The statistical measures of the cloud are indicated in 
the insert, such as the RMS values and the slightly off-centre mean values. Taking this ensemble of 
electrons for transverse diffusion constant calculations results in a value of 71 cm2/s as discussed in 
the text (the number of entries reflects the summing of 100 histograms on a 4000 x 4000 bin 
histogram, not the total of 2x1011 collision events displayed in it). The lower panel shows the 
histogram of individually calculated transverse diffusion constants for each simulated electron. 
About two thirds of electrons form a Gaussian peak of diffusion constant values at (13.9 x 6.0) cm2/s, 
the rest displaying significantly higher diffusion constant values, presumably due to still correlated 
motion. 
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Electron-Hadron shower discrimination in a liquid argon time projection 
chamber 

Euro Phys J C 73: 2369 (2013) http://dx.doi.org/10.1140/epjc/s10052-013-2369-y  

J.J. Back, G.J. Barker, A.J. Bennieston, S.B. Boyd, B. Morgan, and Y.A. Ramachers 

 

By exploiting structural differences between electromagnetic and hadronic showers in a multivariate 
analysis we present an efficient Electron-Hadron discrimination algorithm for liquid argon time 
projection chambers, validated using Geant4 simulated data. 

 

 

Stacked histogram example displaying the background composition due to simulated final state 

particles from the CN2PY neutrino beam case. This example shows the background in the ‘lat’ 

variable for an electron signal for the dominant anti-muon neutrino flavour 
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The Matrix of Unitarity Triangle Angles for Quarks 

Phys. Lett. B 680, 328, (2009) doi:10.1016/j.physletb.2009.09.004 

P.F.Harrison, S.Dallison and W.G.Scott 

In the context of quark (as for lepton) mixing, we introduce the concept of the matrix of unitarity 

triangle angles Φ  , emphasising that it carries equivalent information to the complex mixing matrix 

V   itself. The angle matrix Φ   has the added advantage, with respect to V  , of being both basis- and 

phase-convention independent and consequently observable (indeed several Φ  -matrix entries, e.g., 

Φcs=αΦcs=α, Φus=βΦus=β, etc. are already long-studied as directly measurable/measured in B-

physics experiments). We give complete translation formulae between the mixing-matrix and angle-

matrix representations. We go on to consider briefly the present state of the experimental data on 

the full angle matrix and some of the prospects for the future, with reference to both the quark and 

lepton cases. 

 

 

The indexing of unitarity triangles and their angles: (a) The familiar row-based (b  ,d  ) = :s  -triangle 

and (b) the closely similar (u,t)=:c¯-triangle. 
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Simplest Neutrino Mixing from S4 Symmetry 

JHEP 1304 (2013) 087 DOI:  10.1007/JHEP04(2013)087 

R. Krishnan, P.F. Harrison, W.G. Scott 

In 2004, two of us proposed a texture, the "Simplest" neutrino mass matrix, which predicted 

sin(theta13)=sqrt((2 Solar-Delta m^2)/(3 Atm-Delta m^2)) and delta_CP=90 degrees. Using today's 

measured values for neutrino mass-squared differences, this prediction gives 

sin^2(theta13)~0.086+0.003-0.006, compared with a measured value, found by averaging the results 

of the Daya Bay and RENO experiments, of sin^2(theta13)=0.093+0.010-0.010. Here we present a 

specific model based on S4 symmetry leading to this successful texture in the context of the type-1 

see-saw mechanism, assuming Majorana neutrinos. In this case, slightly different predictions are 

obtained relating theta13 to the light neutrino masses, which are in accord with current 

experimental limits and testable at future experiments. Large CP asymmetries remain a generic 

prediction of the texture. 

 

 

The predicted value of m1 (the mass of the neutrino eigenstate _1) vs the measured value of sin2 

2_13. The _nite thickness of the bands is due to the errors in the measurement of the neutrino 

mass-squared di_erences. The red and the black lines indicate the best _t value and the errors on 

sin2 2_13 respectively. 
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Evidence for Direct CP Violation from Dalitz-plot analysis of B± → K±π∓π± 

Phys. Rev. D 78 (2008) 012004. DOI: http://dx.doi.org/10.1103/PhysRevD.78.012004  

BABAR Collaboration: incl. T. Gershon, P.F. Harrison  

We report a Dalitz-plot analysis of the charmless hadronic decays of charged B mesons to the final 

state K±π∓π±. Using a sample of (383.2±4.2)×106 BB¯¯¯ pairs collected by the BABAR detector, we 

measure CP-averaged branching fractions and direct CP asymmetries for intermediate resonant and 

nonresonant contributions. We find evidence for direct CP violation in the decay B±→ρ0(770)K±, 

with a CP-violation parameter ACP=(+44±10±4+5−13)%. 
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Time-dependent Amplitude Analysis of B0 → KS π+ π- 

Phys. Rev. D 80, (2009) 112001 DOI: http://dx.doi.org/10.1103/PhysRevD.80.112001  

BABAR Collaboration incl. T. Gershon, P.F. Harrison  

We perform a time-dependent amplitude analysis of B0→K0Sπ+π− decays to extract the CP 

violation parameters of f0(980)K0S and ρ0(770)K0S and the direct CP asymmetry of K*+(892)π−. 

The results are obtained from a data sample of (383±3)×106 BB¯¯¯ decays, collected with the 

BABAR detector at the PEP-II asymmetric–energy B factory at SLAC. We find two solutions, with an 

equivalent goodness-of-fit. Including systematic and Dalitz plot model uncertainties, the combined 

confidence interval for values of the CP parameter βeff in B0 decays to f0(980)K0S is 18°<βeff<76° 

at 95% confidence level (C.L). CP conservation in B0 decays to f0(980)K0S is excluded at 3.5 

standard deviations including systematic uncertainties. For B0 decays to ρ0(770)K0S, the combined 

confidence interval is −9°<βeff<57° at 95% C.L. In decays to K*+(892)π− we measure the direct CP 

asymmetry to be ACP=−0.20±0.10±0.01±0.02. The measured phase difference (including B0B¯¯¯0 

mixing) between decay amplitudes of B0→K*+(892)π− and B¯¯¯0→K*−(892)π+, excludes the 

interval −137°<ΔΦ(K*+(892)π−)<−5° at 95% C.L. 

  

 

 

 

 

 

Distributions of Δt when the Btag
0 is a B0 

(top), B̅ 0 (middle), and the derived Δt 

asymmetry (bottom) for events in the 

J/ψKS
0 region. The solid line is the total 

PDF and the points with error bars 

represent data. 
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Dalitz Plot Analysis of B+- --> pi+- pi+- pi-+ Decays 

Phys. Rev. D 79 (2009) 072006 DOI: http://dx.doi.org/10.1103/PhysRevD.79.072006  

BABAR Collaboration incl. T. Gershon, P.F. Harrison 

We present a Dalitz plot analysis of charmless B± decays to the final state π±π±π∓ using a sample of 

(465±5)×106 BB¯¯¯ pairs collected by the BABAR experiment at s√=10.58  GeV. We measure the 

branching fractions B(B±→π±π±π∓)=(15.2±0.6±1.2±0.4)×10−6, 

B(B±→ρ0(770)π±)=(8.1±0.7±1.2+0.4−1.1)×10−6, 

B(B±→f2(1270)π±)=(1.57±0.42±0.16+0.53−0.19)×10−6, and 

B(B±→π±π±π∓ nonresonant)=(5.3±0.7±0.6+1.1−0.5)×10−6, where the uncertainties are statistical, 

systematic, and model-dependent, respectively. Measurements of branching fractions for the modes 

B±→ρ0(1450)π± and B±→f0(1370)π± are also presented. We observe no significant direct CP 

asymmetries for the above modes, and there is no evidence for the decays B±→f0(980)π±, 

B±→χc0π±, or B±→χc2π±. 

 

 

Dipion invariant mass projections: (left) in the ρ0(770) region; and (right) in the regions of χc0 and χc2. 

The data are the points with statistical error bars, the dark-shaded (red) histogram is the qq̅ 

component, the light-shaded (green) histogram is the BB̅ background contribution, while the upper 

(blue) histogram shows the total fit result. The dip near 0.5  GeV/c2 in the left plot is due to the 

rejection of events containing KS
0 candidates. 
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Differential branching fraction and angular analysis of the decay 
B0→K*0µ+µ- 

Phys. Rev. Lett. 108, 181806  (2012) DOI: http://dx.doi.org/10.1103/PhysRevLett.108.181806  

The LHCb collaboration, incl T. Blake, T. Gershon, P.F. Harrison 

The angular distributions and the partial branching fraction of the decay B0→K*0μ+μ− are studied 

by using an integrated luminosity of 0.37  fb−1 of data collected with the LHCb detector. The 

forward-backward asymmetry of the muons, AFB, the fraction of longitudinal polarization, FL, and 

the partial branching fraction dB/dq2 are determined as a function of the dimuon invariant mass. 

The measurements are in good agreement with the standard model predictions and are the most 

precise to date. In the dimuon invariant mass squared range 1.00–6.00  GeV2/c4, the results are 

AFB=−0.06+0.13−0.14±0.04, FL=0.55±0.10±0.03, and dB/dq2=(0.42±0.06±0.03)×10−7  c4/GeV2. In 

each case, the first error is statistical and the second systematic. 

 

 

K+π-μ+μ- invariant mass distribution after the application of the full selection as data points with the 

fit overlaid. The signal component is the green (light) line, the background the red (dashed) line, and 

the full distribution the blue (dark) line. 
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Evidence for CP violation in time-integrated D0→h−h+ decay rates 

Phys. Rev. Lett. 108 (2012) 111602 DOI: http://dx.doi.org/10.1103/PhysRevLett.108.111602  

LHCb Collaboration, incl T. Gershon, P.F. Harrison 

A search for time-integrated CP violation in D0→h−h+ (h=K, π) decays is presented using 0.62  fb−1 

of data collected by LHCb in 2011. The flavor of the charm meson is determined by the charge of the 

slow pion in the D*+→D0π+ and D*−→D¯¯¯0π− decay chains. The difference in CP asymmetry 

between D0→K−K+ and D0→π−π+, ΔACP≡ACP(K−K+)−ACP(π−π+), is measured to be 

[−0.82±0.21(stat)±0.11(syst)]%. This differs from the hypothesis of CP conservation by 3.5 standard 

deviations. 

 

 

Time dependence of the measurement. The data are divided into 19 disjoint, contiguous, time-

ordered blocks and the value of ΔACP measured in each block. The horizontal red dashed line shows 

the result for the combined sample. 
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Search for the lepton number violating decays B+→π−μ+μ+ and B+→K−μ+μ+ 

Phys. Rev. Lett. 108 (2012) 101601 DOI: http://dx.doi.org/10.1103/PhysRevLett.108.101601  

The LHCb collaboration incl T. Blake, T. Gershon, P.F. Harrison 

A search is performed for the lepton number violating decay B+→h−μ+μ+, where h− represents a 

K− or a π−, using an integrated luminosity of 36  pb−1 of data collected with the LHCb detector. The 

decay is forbidden in the standard model but allowed in models with a Majorana neutrino. No signal 

is observed in either channel and limits of B(B+→K−μ+μ+)<5.4×10−8 and 

B(B+→π−μ+μ+)<5.8×10−8 are set at the 95% confidence level. These improve the previous best 

limits by factors of 40 and 30, respectively. 

 

 

s-channel diagram for B+→K-μ+μ+ (B+→π-μ+μ+) where the decay is mediated by an on-shell Majorana 

neutrino 

 

The 95% C.L. branching fraction limits for B+→K-μ+μ+ (light-colored line) and B+→π-μ+μ+ (dark-colored 

line) as a function of the Majorana neutrino mass mν=mhμ. 
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Performance of the LHCb RICH detector at the LHC 

Eur. Phys. J. C 73, 2431 (2013) 

The LHCb collaboration incl T. Blake, T. Gershon, P.F. Harrison 

The LHCb experiment has been taking data at the Large Hadron Collider (LHC) at CERN since the end 

of 2009. One of its key detector components is the Ring-Imaging Cherenkov (RICH) system. This 

provides charged particle identification over a wide momentum range, from 2–100 GeV/c. The 

operation and control, software, and online monitoring of the RICH system are described. The 

particle identification performance is presented, as measured using data from the LHC. Excellent 

separation of hadronic particle types (π, K, p) is achieved. 

 

 

Side view of the LHCb spectrometer, with the two RICH detectors indicated  
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First Evidence for the Decay B0s→μ+μ− 

Phys. Rev. Lett. 110 (2013) 021801 DOI: http://dx.doi.org/10.1103/PhysRevLett.110.021801  

LHCb Collaboration, incl T. Gershon, P.F. Harrison 

A search for the rare decays B0s→μ+μ− and B0→μ+μ− is performed with data collected in 2011 and 

2012 with the LHCb experiment at the Large Hadron Collider. The data samples comprise 1.1  fb−1 of 

proton-proton collisions at s√=8  TeV and 1.0  fb−1 at s√=7  TeV. We observe an excess of 

B0s→μ+μ− candidates with respect to the background expectation. The probability that the 

background could produce such an excess or larger is 5.3×10−4 corresponding to a signal 

significance of 3.5 standard deviations. A maximum-likelihood fit gives a branching fraction of 

B(B0s→μ+μ−)=(3.2+1.5−1.2)×10−9, where the statistical uncertainty is 95% of the total 

uncertainty. This result is in agreement with the standard model expectation. The observed number 

of B0→μ+μ− candidates is consistent with the background expectation, giving an upper limit of 

B(B0→μ+μ−)<9.4×10−10 at 95% confidence level. 

 

 

A Feynman diagram represents the decay of a neutral B-meson, Bs
0, to a pair of muons, μ+μ-. The 

green sphere on the left indicates the meson, which is a bound state of a strange quark and an 

antibottom quark. These radiate two W bosons and exchange a top quark in the process. The W 

bosons fuse to a Z boson, which then produces the two muons in the final state. 

 

Invariant mass distribution of the selected 

Bs
0→μ+μ- candidates (black dots) with 

BDT>0.7 in the combined 2011 and 2012 

data sets. The result of the fit is overlaid 

(blue solid line) and the different 

components detailed: Bs
0→μ+μ- (red long 

dashed curve), B0→μ+μ- (green medium 

dashed curve), B(s)
0→h+h′- (pink dotted 

curve), B0→π-μ+νμ (black short dashed 

curve), and B0(+)→π0(+)μ+μ- (light blue dash-

dotted curve), and the combinatorial 

background (blue medium dashed). 
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On the Measurement of the Unitarity Triangle Angle γ from B0→DK*0 
Decays. 

Phys. Rev. D 79 (2009) 051301 DOI: http://dx.doi.org/10.1103/PhysRevD.79.051301  

Tim Gershon 

The decay B0→DK*0 is well known to provide excellent potential for a precise measurement of the 

unitarity triangle angle γ in future experiments. It is noted that the sensitivity can be significantly 

enhanced by studying the amplitudes relative to those of the flavor-specific decay B0→D*−2K+, 

which can be achieved by analyzing the B0→Dπ−K+ Dalitz plot. 

 

 

 

 

Argand diagrams illustrating the measurements of relative amplitudes and phases from analysis of 

the Dalitz plots of (left) D̅ 0π-K+ and (right) DCPπ-K+. In these illustrative examples the following values 

are used: |A(B0→D̅ 0K*0)/A(B0→D2
*-K+)|=1.5, Δ=arg(A(B0→D ̅ 0K*0)/A(B0→D2

*-K+))=20°, γ=75°, 

δB=45.0° and rB=0.4. These are in line with expectation and current measurements, though Δ and δB 

are unconstrained at present. 

  

http://dx.doi.org/10.1103/PhysRevD.79.051301


Elementary Particle Physics 
 

228 
 

First observations of �̅�
𝟎
𝑺

→ 𝑫+𝑫−, 𝑫𝑺 𝑫−𝐚𝐧𝐝 𝑫𝟎�̅�𝟎 decays 

Physical Review D , 87, (2013) 

LHCb collaboration inc T. Gershon 

 

First observations and measurements of the branching fractions of the Bˉºs →D+D-, Bˉºs →Ds+D- 

and Bˉºs→DºDˉº decays are presented using 1.0  fb-1 of data collected by the LHCb experiment. 

These branching fractions are normalized to those of Bˉºs →D+D, Bº→D-Ds+ and Bˉ→DºDˉs, 

respectively. An excess of events consistent with the decay Bˉº →DºDˉº is also seen, and its 

branching fraction is measured relative to that of Bˉ→DºDˉs. Improved measurements of the 

branching fractions B(Bˉºs→Ds+Ds-) and B(Bˉ→DºDs-) are reported, each relative to B(Bº→D-Ds+). 

The ratios of branching fractions are B(Bˉºs →D+D-) B(Bˉºs→DºDˉº)=1.08±0.20±0.10, B(Bˉºs →D+D-) 

B(Bº→D-Ds+)=0.050±0.008±0.004, B( Bˉºs→DºDˉº)/B(Bˉ→DºDˉs)=0.019±0.003±0.003, B( 

Bˉºs→DºDˉº)/B(Bˉ→DºDˉs)<0.0024 at 90% CL, B(Bˉºs →D+D-) B(Bº→D-Ds+)=0.56±0.03±0.04, 

B(Bˉ→DºDˉs)/B(Bº→D-Ds+)=1.22±0.02±0.07, where the uncertainties are statistical and systematic, 

respectively. 
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Implications of LHCb measurements and future prospects 

European Physical Journal C, April 2013, Volume 73,  pp2373  

LHCb collaboration inc T. Gershon 

 

During 2011 the LHCb experiment at CERN collected 1.0 fb−1 of √s=7~TeV pp collisions. Due to the 

large heavy quark production cross-sections, these data provide unprecedented samples of heavy 

flavoured hadrons. The first results from LHCb have made a significant impact on the flavour physics 

landscape and have definitively proved the concept of a dedicated experiment in the forward region 

at a hadron collider. This document discusses the implications of these first measurements on 

classes of extensions to the Standard Model, bearing in mind the interplay with the results of 

searches for on-shell production of new particles at ATLAS and CMS. The physics potential of an 

upgrade to the LHCb detector, which would allow an order of magnitude more data to be collected, 

is emphasised. 
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Observation of a centrality-dependent Dijet Asymmetry in Lead-Lead 
Collisions at sqrt(S(NN))=2.76TeV with the ATLAS detector at the LHC 

Phys. Rev. Lett. 105 (2010) 252303 DOI: http://dx.doi.org/10.1103/PhysRevLett.105.252303  

The ATLAS collaboration 

By using the ATLAS detector, observations have been made of a centrality-dependent dijet 

asymmetry in the collisions of lead ions at the Large Hadron Collider. In a sample of lead-lead events 

with a per-nucleon center of mass energy of 2.76 TeV, selected with a minimum bias trigger, jets are 

reconstructed in fine-grained, longitudinally segmented electromagnetic and hadronic calorimeters. 

The transverse energies of dijets in opposite hemispheres are observed to become systematically 

more unbalanced with increasing event centrality leading to a large number of events which contain 

highly asymmetric dijets. This is the first observation of an enhancement of events with such large 

dijet asymmetries, not observed in proton-proton collisions, which may point to an interpretation in 

terms of strong jet energy loss in a hot, dense medium. 

 

 

Event display of a highly asymmetric dijet event, with one jet with ET>100   GeV and no evident 

recoiling jet and with high-energy calorimeter cell deposits distributed over a wide azimuthal region. 

By selecting tracks with pT>2.6  GeV and applying cell thresholds in the calorimeters (ET>700  MeV in 

the electromagnetic calorimeter, and E>1  GeV in the hadronic calorimeter), the recoil can be seen 

dispersed widely over the azimuth 
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Measurement of the Z -> tau tau cross section with the ATLAS detector 

Phys. Rev. D, 84 (2011) 112006  DOI: http://dx.doi.org/10.1103/PhysRevD.84.112006  

The ATLAS collaboration 

The Z→ττ cross section is measured with the ATLAS experiment at the LHC in four different final 

states determined by the decay modes of the τ leptons: muon-hadron, electron-hadron, electron-

muon, and muon-muon. The analysis is based on a data sample corresponding to an integrated 

luminosity of 36  pb−1, at a proton-proton center-of-mass energy of s√=7  TeV. Cross sections are 

measured separately for each final state in fiducial regions of high detector acceptance, as well as in 

the full phase space, over the mass region 66–116 GeV. The individual cross sections are combined 

and the product of the total Z production cross section and Z→ττ branching fraction is measured to 

be 0.97±0.07(stat)±0.06(syst)±0.03(lumi)  nb, in agreement with next-to-next-to-leading order 

calculations. 

 

The distributions of the visible mass for the (a) τeτμ and (b) τμτμ final states, 
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Combined search for the Standard Model Higgs boson using up to 4.9 fb-1 of 
pp collision data at √s=7 TeV with the ATLAS detector at the LHC 

Physics Letters B  710, 49 (2012)  doi:10.1016/j.physletb.2012.02.044 

The ATLAS collaboration 

A combined search for the Standard Model Higgs boson with the ATLAS experiment at the LHC using 

datasets corresponding to integrated luminosities from 1.04 fb−1 to 4.9 fb−1 of pp   collisions collected 

at s=7 TeV is presented. The Higgs boson mass ranges 112.9–115.5 GeV, 131–238 GeV 

and 251–466 GeV are excluded at the 95% confidence level (CL), while the range 124–519 GeV is 

expected to be excluded in the absence of a signal. An excess of events is observed around 

mH∼126 GeVmH∼126 GeV with a local significance of 3.5 standard deviations (σ  ). The local 

significances of H→γγH→γγ, H→ZZ(⁎)→ℓ+ℓ−ℓ′+ℓ′− and 

H→WW(⁎)→ℓ+νℓ′−νˉ, the three most sensitive channels in this mass 

range, are 2.8σ  , 2.1σ   and 1.4σ  , respectively. The global probability for the background to produce 

such a fluctuation anywhere in the explored Higgs boson mass range 110–600 GeV is estimated to 

be ∼1.4%∼1.4% or, equivalently, 2.2σ. 

 

Distributions of the reconstructed invariant or transverse mass, in analyses relevant for the search of 

the Higgs boson at high mass, for selected candidate events, the total background and the signal 

(mH=400 GeVmH=400 GeV) expected for the given value of mHmH in the 

H→WW→ℓνqqˉ′ channel (a), the H→ZZ→ℓ+ℓ−ννˉ channel (b) and the 

H→ZZ→ℓ+ℓ−qqˉ channel for events selected in the b  -jet untagged (c) and the 

tagged (d) categories. The signal distribution is displayed in a lighter red colour in the 

H→WW→ℓνqqˉ′ channel where it has been scaled up by a factor 50.  

http://dx.doi.org/10.1016/j.physletb.2012.02.044
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Search for the Standard Model Higgs boson in the decay channel H -> ZZ(*) -
> 4l with 4.8 fb-1 of pp collision data at sqrt[s]=7 TeV with ATLAS 

Physics Letters B 710, 383(2012)  doi:10.1016/j.physletb.2012.03.005 

The ATLAS collaboration 

This Letter presents a search for the Standard Model Higgs boson in the decay channel 

H→ZZ(⁎)→ℓ+ℓ−ℓ′+ℓ′−, where ℓ,ℓ′=eℓ,ℓ′=e or μ  , using proton–proton 

collisions at s=7 TeV recorded with the ATLAS detector and corresponding to an 

integrated luminosity of 4.8 fb−1. The four-lepton invariant mass distribution is compared with 

Standard Model background expectations to derive upper limits on the cross section of a Standard 

Model Higgs boson with a mass between 110 GeV and 600 GeV. The mass ranges 134–156 GeV, 

182–233 GeV, 256–265 GeV and 268–415 GeV are excluded at the 95% confidence level. The largest 

upward deviations from the background-only hypothesis are observed for Higgs boson masses of 

125 GeV, 244 GeV and 500 GeV with local significances of 2.1, 2.2 and 2.1 standard deviations, 

respectively. Once the look-elsewhere effect is considered, none of these excesses are significant. 

 

 

m4ℓm4ℓ distribution of the selected candidates, compared to the background expectation for (a) the 

100–250 GeV mass range and (b) the full mass range of the analysis. Error bars represent 68.3% 

central confidence intervals. The signal expectation for several mHmH hypotheses is also shown. The 

resolution of the reconstructed Higgs mass is dominated by detector resolution at low mHmH values 

and by the Higgs boson width at high mHmH. 
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Search for events with large missing transverse momentum, jets, and at 
least two tau leptons in 7 TeV proton-proton collision data with the ATLAS 
detector 

Physics Letters B 714, (2012), 180-196 doi:10.1016/j.physletb.2012.06.055 

The ATLAS collaboration 

A search for events with large missing transverse momentum, jets, and at least two tau leptons has 

been performed using 2 fb−1 of proton–proton collision data at s=7 TeV recorded with 

the ATLAS detector at the Large Hadron Collider. No excess above the Standard Model background 

expectation is observed and a 95% CL upper limit on the visible cross section for new phenomena is 

set, where the visible cross section is defined by the product of cross section, branching fraction, 

detector acceptance and event selection efficiency. A 95% CL lower limit of 32 TeV is set on the 

gauge-mediated supersymmetry breaking (GMSB) scale Λ independent of tan β. These limits provide 

the most stringent tests to date in a large part of the considered parameter space. 

 

 

Expected and observed 95% CL limits on the minimal GMSB model parameters Λ   and tan β  . The 

dark grey area indicates the region which is theoretically excluded due to unphysical sparticle mass 

values. The different NLSP regions are indicate. In the CoNLSP region the τ˜1 and the ℓ˜R are 

the NLSP. Additional model parameters are Mmess=250 TeVMmess=250 TeV, N5=3N5=3, μ   > 0 and 

Cgrav=1Cgrav=1. The previous OPAL [19] limits are also shown.  

http://dx.doi.org/10.1016/j.physletb.2012.06.055
http://www.sciencedirect.com/science/article/pii/S0370269312006946#br0190
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Search for supersymmetry with jets, missing transverse momentum and at 
least one hadronically decaying tau lepton in proton-proton collisions at 
sqrt{s} = 7 TeV with the ATLAS detector 

Physics Letters B  714, (2012),  197-214 doi:10.1016/j.physletb.2012.06.061 

The ATLAS collaboration 

A search for production of supersymmetric particles in final states containing jets, missing transverse 

momentum, and at least one hadronically decaying τ   lepton is presented. The data were recorded 

by the ATLAS experiment in s=7 TeV proton–proton collisions at the Large Hadron 

Collider. No excess above the Standard Model background expectation was observed in 

2.05fb−1 of data. The results are interpreted in the context of gauge mediated supersymmetry 

breaking models with Mmess=250 TeVMmess=250 TeV, N5=3N5=3, μ>0μ>0, and Cgrav=1Cgrav=1. The 

production of supersymmetric particles is excluded at 95% C.L. up to a supersymmetry breaking 

scale Λ=30 TeVΛ=30 TeV, independent of tan β  , and up to Λ=43 TeVΛ=43 TeV for large tan β. 

 

Distributions of ETmiss, pTτ, and 

meffmeff for data with all selection 

requirements except for that on meffmeff, 

along with the corresponding estimated 

backgrounds. Backgrounds are taken from 

simulation and normalized with control 

regions in data. The solid (red) line with 

shaded (yellow) error band corresponds to 

the total SM prediction, while the points 

are data. The error bands indicate the size 

of the total (statistical and systematic) 

uncertainty. The notation GMSB(40,30) 

stands for the GMSB model with 

Λ = 40 TeV and tan β = 30 and analogously 

for GMSB(30,20) 
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Observation of a new particle in the search for the Standard Model Higgs 
boson with the ATLAS detector at the LHC 

Physics Letters B  716 (2012) 1-29   10.1016/j.physletb.2012.08.020 

The ATLAS collaboration, incl. S. M. Farrington, M. Janus, W.J. Murray 

A search for the Standard Model Higgs boson in proton-proton collisions with the ATLAS detector at 

the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 

fb^-1 collected at sqrt(s) = 7 TeV in 2011 and 5.8 fb^-1 at sqrt(s) = 8 TeV in 2012. Individual searches 

in the channels H->ZZ^(*)->llll, H->gamma gamma and H->WW->e nu mu nu in the 8 TeV data are 

combined with previously published results of searches for H->ZZ^(*), WW^(*), bbbar and 

tau^+tau^- in the 7 TeV data and results from improved analyses of the H->ZZ^(*)->llll and H-

>gamma gamma channels in the 7 TeV data. Clear evidence for the production of a neutral boson 

with a measured mass of 126.0 +/- 0.4(stat) +/- 0.4(sys) GeV is presented. This observation, which 

has a significance of 5.9 standard deviations, corresponding to a background fluctuation probability 

of 1.7x10^-9, is compatible with the production and decay of the Standard Model Higgs boson. 
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Search for the Standard Model Higgs boson in the H -> tau tau decay mode 
in sqrt(s) = 7 Tev pp collisions with ATLAS 

JHEP 09 (2012) 070  DOI:  10.1007/JHEP09(2012)070  

The ATLAS collaboration 

A search for the Standard Model Higgs boson decaying into a pair of tau leptons is reported. The 

analysis is based on a data sample of proton-proton collisions collected by the ATLAS experiment at 

the LHC and corresponding to an integrated luminosity of 4.7 fb^-1. No significant excess over the 

expected background is observed in the Higgs boson mass range of 100-150 GeV. The observed 

(expected) upper limits on the cross section times the branching ratio for H to tau+ tau- are found to 

be between 2.9 (3.4) and 11.7 (8.2) times the Standard Model prediction for this mass range. 

 

Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson cross 
section times branching ratio, normalised to the Standard Model expectation, as a function of the 
Higgs boson mass.  

http://dx.doi.org/10.1007/JHEP09(2012)070
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Search for supersymmetry in events with large missing transverse 
momentum, jets, and at least one tau lepton in 7 TeV proton-proton 
collision data with the ATLAS detector 

Eur. Phys. J C.72 (2012) 2215 

The ATLAS collaboration 

A search for supersymmetry (SUSY) in events with large missing transverse momentum, jets, and at 

least one hadronically decaying τ lepton, with zero or one additional light lepton (e/μ), has been 

performed using 4.7 fb−1 of proton-proton collision data at s√=7~TeV recorded with the ATLAS 

detector at the Large Hadron Collider. No excess above the Standard Model background expectation 

is observed and a 95 % confidence level visible cross-section upper limit for new phenomena is set. 

In the framework of gauge-mediated SUSY-breaking models, lower limits on the mass scale Λ are set 

at 54 TeV in the regions where the τ~1 is the next-to-lightest SUSY particle (tanβ>20). These limits 

provide the most stringent tests to date of GMSB models in a large part of the parameter space 

considered. 

 

Distribution of m eff for the (a) τ+μ 

and (b) τ+e final states after all 

analysis requirements. Data are 

represented by the points, with 

statistical uncertainty only. The SM 

prediction includes the data-driven 

corrections discussed in the text. 

The band centred around the total 

SM background indicates the 

uncertainty due to finite MC sample 

sizes on the background 

expectation. Also shown is the 

expected signal from two typical 

GMSB samples (Λ=50 TeV, tanβ=40, 

Λ=50 TeV, tanβ=20). In the top 

figure, the event in data surviving 

all the analysis requirements is 

shown in the overflow bin  



Elementary Particle Physics 
 

239 
 

Search for the Standard Model Higgs boson in the diphoton decay channel 
with 4.9 fb-1 of pp collisions at sqrt(s)=7 TeV with ATLAS 

Phys. Rev. Lett. 108 (2012) 111803 DOI: http://dx.doi.org/10.1103/PhysRevLett.108.111803  

The ATLAS collaboration 

A search for the standard model Higgs boson is performed in the diphoton decay channel. The data 

used correspond to an integrated luminosity of 4.9  fb−1 collected with the ATLAS detector at the 

Large Hadron Collider in proton-proton collisions at a center-of-mass energy of s√=7  TeV. In the 

diphoton mass range 110–150 GeV, the largest excess with respect to the background-only 

hypothesis is observed at 126.5 GeV, with a local significance of 2.8 standard deviations. Taking the 

look-elsewhere effect into account in the range 110–150 GeV, this significance becomes 1.5 

standard deviations. The standard model Higgs boson is excluded at 95% confidence level in the 

mass ranges of 113–115 GeV and 134.5–136 GeV. 

 

 

Observed and expected 95% C.L. 

limits on the SM Higgs boson 

production normalized to the 

predicted cross section as a 

function of mH. 

 

 

 

 

 

For Higgs masses below 135GeV, most of these Higgs bosons should decay into a pair of bottom 

quarks. However, because there are so many bottom quarks produced each second at the LHC, the 

bottom quark background would overwhelm the tiny signal associated with a Higgs boson. Instead, 

the rare event in which the Higgs bosons decay into two photons, with a probability of roughly one 

in five-hundred, is actually a better place to look for the Higgs boson. In the 2011 LHC data, fewer 

than 150 Higgs bosons should have decayed into photon pairs, but although there is a background of 

two-photon events, it is statistically manageable. What ATLAS has found in this paper is a potentially 

significant number of two-photon events, whose invariant mass clusters around 126GeV, above the 

expected background. (Although each photon is massless, the two-photon pair can collectively be 

assigned a mass value, called the invariant mass, that depends on the kinematical properties of the 

pair.) If the two photons originated from a decaying Higgs boson, their invariant mass can be 

identified with the mass of the decaying Higgs boson; that is, a Higgs mass of 126GeV. 
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Search for the neutral Higgs bosons of the Minimal Supersymmetric 
Standard Model in pp collisions at sqrt(s) = 7 TeV with the ATLAS detector 

JHEP 02 (2013) 095 

The ATLAS collaboration 

A search for neutral Higgs bosons of the Minimal Supersymmetric Standard Model (MSSM) is 

reported. The analysis is based on a sample of proton-proton collisions at a centre-of-mass energy of 

7 TeV recorded with the ATLAS detector at the Large Hadron Collider. The data were recorded in 

2011 and correspond to an integrated luminosity of 4.7 fb−1 to 4.8 fb−1. Higgs boson decays into 

oppositely-charged muon or τ lepton pairs are considered for final states requiring either the 

presence or absence of b-jets. No statistically significant excess over the expected background is 

observed and exclusion limits at the 95% confidence level are derived. The exclusion limits are for 

the production cross-section of a generic neutral Higgs boson, ϕ, as a function of the Higgs boson 

mass and for h/A/H production in the MSSM as a function of the parameters m A and tan β in the TeX 

scenario for m A in the range of 90 GeV to 500 GeV. 

 

 

Expected (dashed line) and observed (solid line) 95% CL limits on the cross-section for gluon-fusion 

and b-associated Higgs boson production times the branching ratio into τ and μ pairs, respectively, 

along with the •}1 σ and •}2 σ bands for the expected limit. The combinations of all τ τ and μ

μ channels are shown. The difference in the exclusion limits obtained for the gluon-fusion and the b-

associated production modes is due to the different sensitivity from the b-tagged samples.  
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Higgs boson coupling sensitivity at the LHC using H→ττ decays 

Physics Review D  86, 073009 (2012) DOI: http://dx.doi.org/10.1103/PhysRevD.86.073009  

Boddy, Farrington, Hays 

We investigate the potential for measuring the relative couplings of a low-mass Higgs boson at the 

Large Hadron Collider using WH, ZH, and tt¯H production, where the Higgs boson decays to tau-

lepton pairs. With 100  fb−1 of s√=14  TeV pp collision data we find that these modes can improve 

sensitivity to coupling-ratio measurements of a Higgs boson with a mass of about 125  GeV/c2. 

 

 

The m(lWτl) (top), m(τhτl) (middle), and m(τhτh) 

distributions after all selection requirements 

[except for the requirement on m(lWτl) for the 

m(lWτl) distribution]. The selected m(lWτl) 

regions are below and above the arrows in the 

m(lWτl) plot. Shown are the tt̅ H signal (dashed 

line) and the following backgrounds: tt̅ +3  jets 

(tilted-lined region), tt̅ +Z (tilted-hatched 

region), and tt̅ +2  jets (vertical-lined region) 

production. 
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Measurement of the forward-backward asymmetry in the B→K(*)μ+μ− 
Decay and First Observation of the B0s→ϕμ+μ− Decay 

Phys. Rev. Lett. 106, 161801 (2011)  DOI: http://dx.doi.org/10.1103/PhysRevLett.106.161801  

The CDF collaboration incl. S. Farrington 

We reconstruct the rare decays B+→K+μ+μ−, B0→K∗(892)0μ+μ−, and B0s→ϕ(1020)μ+μ− in a data 

sample corresponding to 4.4  fb−1 collected in pp¯ collisions at s√=1.96  TeV by the CDF II detector at 

the Tevatron Collider. Using 121±16 B+→K+μ+μ− and 101±12 B0→K*0μ+μ− decays we report the 

branching ratios. In addition, we report the differential branching ratio and the muon forward-

backward asymmetry in the B+ and B0 decay modes, and the K*0 longitudinal polarization fraction in 

the B0 decay mode with respect to the squared dimuon mass. These are consistent with the 

predictions, and most recent determinations from other experiments and of comparable accuracy. 

We also report the first observation of the B0s→ϕμ+μ− decay and measure its branching ratio 

BR(B0s→ϕμ+μ−)=[1.44±0.33±0.46]×10−6 using 27±6 signal events. This is currently the most rare 

B0s decay observed. 

 

 

Mass of B0→K*0μ+μ- and Bs
0→ϕμ+μ- candidates with fit results overlaid. The vertical lines show the 

signal region 
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First Flavor-Tagged Determination of Bounds on Mixing-Induced CP 
Violation in Bs0 --> J/psi phi Decays 

Phys. Rev. Lett. 100, 161802 (2008) DOI: http://dx.doi.org/10.1103/PhysRevLett.100.161802  

CDF Collaboration incl. M. Kreps 

This Letter describes the first determination of bounds on the CP-violation parameter 2βs using B0s 

decays in which the flavor of the bottom meson at production is identified. The result is based on 

approximately 2000 B0s→J/ψϕ decays reconstructed in a 1.35  fb−1 data sample collected with the 

CDF II detector using pp¯ collisions produced at the Fermilab Tevatron. We report confidence regions 

in the two-dimensional space of 2βs and the decay-width difference ΔΓ. Assuming the standard 

model predictions of 2βs and ΔΓ, the probability of a deviation as large as the level of the observed 

data is 15%, corresponding to 1.5 Gaussian standard deviations. 

 

 

Feldman-Cousins confidence region in the 2βs-ΔΓ plane, where the standard model favored point is 

shown with error bars [9]. The intersection of the horizontal and vertical dotted lines indicates the 

reflection symmetry in the 2βs-ΔΓ plane 
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Measurement of Lifetime and Decay-Width Difference in Bs0 --> J/psi phi 
Decays 

Phys. Rev. Lett. 100, 121803 (2008) DOI: http://dx.doi.org/10.1103/PhysRevLett.100.121803  

CDF Collaboration incl. M. Kreps 

We measure the mean lifetime τ=2/(ΓL+ΓH) and the decay-width difference ΔΓ=ΓL−ΓH of the light 

and heavy mass eigenstates of the B0s meson, B0sL and B0sH, in B0s→J/ψϕ decays using 1.7  fb−1 of 

data collected with the CDF II detector at the Fermilab Tevatron pp¯ collider. Assuming CP 

conservation, a good approximation for the B0s system in the standard model, we obtain 

ΔΓ=0.076+0.059−0.063(stat)±0.006(syst)  ps−1 and τ=1.52±0.04(stat)±0.02(syst)  ps, the most precise 

measurements to date. Our constraints on the weak phase and ΔΓ are consistent with CP 

conservation. 

 

 

Regions at the 90% and 95% confidence level in the 2βs-ΔΓ plane compared with the SM prediction 

and the region allowed in new physics models given by ΔΓ=2|Γ12|cos(ϕs) 
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Precision Measurement of the X(3872) Mass in J/psi pi+ pi- Decays 

Phys. Rev. Lett. 103, 152001 (2009) DOI: http://dx.doi.org/10.1103/PhysRevLett.103.152001  

CDF Collaboration incl. M. Kreps 

We present an analysis of the mass of the X(3872) reconstructed via its decay to J/ψπ+π− using 

2.4  fb−1 of integrated luminosity from pp¯ collisions at s√=1.96  TeV, collected with the CDF II 

detector at the Fermilab Tevatron. The possible existence of two nearby mass states is investigated. 

Within the limits of our experimental resolution the data are consistent with a single state, and 

having no evidence for two states we set upper limits on the mass difference between two 

hypothetical states for different assumed ratios of contributions to the observed peak. For equal 

contributions, the 95% confidence level upper limit on the mass difference is 3.6  MeV/c2. Under the 

single-state model the X(3872) mass is measured to be 3871.61±0.16(stat)±0.19(syst)  MeV/c2, 

which is the most precise determination to date. 

 

Invariant mass distribution of the X(3872) candidates. The points show the data distribution, the full 

line is the projection of the unbinned maximum-likelihood fit, and the dashed line corresponds to 

the background part of the fit. The inset shows an enlargement of the region around the X(3872) 

peak. Residuals of the data with respect to the fit are displayed below the mass plot. 
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Measurement of the CP-violating phase βJ/ψϕs in B0s→J/ψϕ decays with the 
CDF II detector 

Phys. Rev. D 85, 072002 (2012) DOI: http://dx.doi.org/10.1103/PhysRevD.85.072002  

CDF Collaboration incl. M. Kreps 

We present a measurement of the CP-violating parameter βJ/ψϕs using approximately 6500 

B0s→J/ψϕ decays reconstructed with the CDF II detector in a sample of pp¯ collisions at 

s√=1.96  TeV corresponding to 5.2  fb−1 integrated luminosity produced by the Tevatron collider at 

Fermilab. We find the CP-violating phase to be within the range βJ/ψϕs∈[0.02,0.52]∪[1.08,1.55] at 

68% confidence level where the coverage property of the quoted interval is guaranteed using a 

frequentist statistical analysis. This result is in agreement with the standard model expectation at 

the level of about one Gaussian standard deviation. We consider the inclusion of a potential S-wave 

contribution to the B0s→J/ψK+K− final state which is found to be negligible over the mass interval 

1.009<m(K+K−)<1.028  GeV/c2. Assuming the standard model prediction for the CP-violating phase 

βJ/ψϕs, we find the B0s decay width difference to be ΔΓs=0.075±0.035(stat)±0.006(syst)  ps−1. We 

also present the most precise measurements of the B0s mean lifetime 

τ(B0s)=1.529±0.025(stat)±0.012(syst)  ps, the polarization fractions 

|A0(0)|2=0.524±0.013(stat)±0.015(syst) and |A∥(0)|2=0.231±0.014(stat)±0.015(syst), as well as the 

strong phase δ⊥=2.95±0.64(stat)±0.07(syst)  rad. In addition, we report an alternative Bayesian 

analysis that gives results consistent with the frequentist approach. 

 
Conditional posterior densities for δ⊥ versus δ∥ and for βs

J/ψϕ. The extra conditions applied to βs
J/ψϕ 

(top row) and δ⊥ (bottom row) are shown on the left, and the resulting conditional probabilities are 
displayed on the right. The theoretical prediction of Ref. 63 is indicated as green ellipse in the 
bottom left plot. All plots in this figure are subject to the constraint of mixing-induced CP violation. 
The dark-solid (blue) and light-solid (red) contours show the 68% and 95% credible regions, 
respectively. 

http://dx.doi.org/10.1103/PhysRevD.85.072002
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Centre for Fusion Space and 
Astrophysics (CFSA)   

 9 Staff; 7 PDRAs; 26 PhDs;  

 251 articles; 2375 citations; £6.3 M grant awards; ~£1 M in-kind; 22 PhDs awarded  

           

         

CFSA is one of the largest interdisciplinary plasma physics centres in Europe.  Its mission is to address 
key physics questions that arise from the grand challenges of fusion energy and the solar-terrestrial 
environment, and that require deep expertise in plasma physics to solve.  The twin-track approach of 
contributing to fundamental physics and mission-led programmes ensures CFSA's activity is relevant 
to diverse funding sources: EPSRC/STFC, Euratom/ESA, and aligns with the UK’s strategic energy and 
environmental needs.  The group has a strong international reputation that is sustained through 
close partnerships with large facilities and their communities.  These incl. Euratom magnetic 
confinement fusion (JET, MAST) at Culham & LHD, Japan (Chapman, Dendy, Hnat, McMillan, 
Verwichte); laser-driven fusion at RAL and AWE (Arber, Gericke); ground & satellite observatories 
for the solar corona (Broomhall, Nakariakov, Verwichte) and for the solar wind and Earth’s 
magnetosphere (Chapman, Hnat).  Extensive research partnerships include university level 
agreements with U. Kyushu and the Mexican Science Research Agency.   

CFSA plays a major role in providing research training for energy and space environment missions 
and is a founding member of the European Fusion Education Association (FUSENET).  There is a 
steady flow of overseas PhD students with their own funding for both fusion and solar-terrestrial 
plasma research and 24 PhD students have been co-supervised with staff at Culham, RAL and AWE. 

Solar wind turbulence ranks amongst the most important research topics in plasma astrophysics1 
and has been identified by international space agencies† as a scientific question to be addressed with 
future spacecraft.  CFSA will continue to lead in the analysis of data from ESA- and NASA-led solar 
wind missions that span latitude and distance (ULYSSES), cover several solar cycles (WIND, ACE), and 
are at high cadence (Chapman is Co-I on CLUSTER).  The Group’s novel data analysis methodology 
means it will be a core science partner in future international missions, incl. Deep Space Climate 

                                                           
1 Princeton WOPA report, 2011  
†ESA Cosmic Vision; NRC Decadal Strategy for Solar and Space Physics 2013-2022 (NASA); JAXA Vision 2025 
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Observatory (launch: 2014); ESA Solar Orbiter (2017), and NASA-led Magneto-spheric Multi-Scale 
and Solar Probe Plus (2018).   

As an international leader in wave processes in coronal plasmas, Nakariakov will use his ERC 
Advanced Grant SeismoSun to exploit solar MHD seismology data from spacecraft (SDO, Hinode, 
STEREO) and be in the science teams of future space & ground-based projects (ESA Solar Orbiter, 
ALMA).   

With the latest high-power laser systems [ELI, Vulcan, HERCULES, LCLS free electron laser] entering 
new plasma regimes, CFSA are leading theory support for high-energy-density matter experiments 
(Gericke) and at the forefront of world QED-plasma research through development of the EPOCH-
QED code (Arber).  
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Laser Absorption in Relativistically Underdense Plasmas by Synchrotron 
Radiation 

Physical Review Letters, 109, 245006 (2012) DOI: http://dx.doi.org/10.1103/PhysRevLett.109.245006  

C. S. Brady, C. P. Ridgers, T. D. Arber, A. R. Bell, and J. G. Kirk 

 

A novel absorption mechanism for linearly polarized lasers propagating in relativistically under-

dense solids in the ultra-relativistic (a ! 100) regime is presented. The mechanism is based on strong 

synchrotron emission from electrons re-injected into the laser by the space charge field they 

generate at the front of the laser pulse. This laser absorption, termed re-injected electron 

synchrotron emission, is due to a coupling of conventional plasma physics processes to quantum 

electrodynamic processes in low density solids at intensities above 1022 W=cm2. Re-injected 

electron synchrotron emission is identified in 2D QED-particle-in-cell simulations and then explained 

in terms of 1D QED-particle-in-cell simulations and simple analytical theory. It is found that between 

1% (at 1022 W=cm2) and 14% (at 8 " 1023 W=cm2) of the laser energy is converted into gamma ray 

photons, potentially providing an ultra-intense future gamma ray source. 

 

 

 

http://dx.doi.org/10.1103/PhysRevLett.109.245006
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Dense Electron-Positron Plasmas and Ultra-Intense Gamma-Rays from 
Laser-Irradiated Solids 

Physical Review Letters 108 (16) , art. no. 165006 (2012) DOI: doi:10.1103/PhysRevLett.108.165006  

C.P. Ridgers, C.S. Brady, R. Duclous, J.G. Kirk, K. Bennett, T.D. Arber, A.P.L. Robinson, A.R. Bell 

In simulations of a 10 PW laser striking a solid, we demonstrate the possibility of producing a pure 

electron-positron plasma by the same processes as those thought to operate in high-energy 

astrophysical environments. A maximum positron density of 1026  m−3 can be achieved, 7 orders of 

magnitude greater than achieved in previous experiments. Additionally, 35% of the laser energy is 

converted to a burst of γ rays of intensity 1022  W cm−2, potentially the most intense γ-ray source 

available in the laboratory. This absorption results in a strong feedback between both pair and γ-ray 

production and classical plasma physics in the new “QED-plasma” regime. 

 

 

Pair production by a laser of intensity 4×1023  W cm-2 striking an aluminum target (snapshots at the 

end of the 30 fs laser pulse). The laser (red contours) bores a hole into the solid target (blue density 

map). γ rays (blue density map) and positrons (red dots) are generated in this interaction (inset—on 

the same scale). 
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Effect of solar chromospheric neutrals on equilibrium field structures 

Astrophysical Journal Letters 705 (2) , pp. 1183-1188 (2009) doi:10.1088/0004-637X/705/2/1183 

T. D. Arber, G. J. J. Botha and C. S. Brady 

Solar coronal equilibrium fields are often constructed by nonlinear force-free field (NLFFF) 

extrapolation from photospheric magnetograms. It is well known that the photospheric field is not 

force-free and the correct lower boundary for NLFFF construction ought to be the top of the 

chromosphere. To compensate for this, pre-filtering algorithms are often applied to the 

photospheric data to remove the non-force-free components. Such pre-filtering models, while 

physically constrained, do not address the mechanisms that may be responsible for the field 

becoming force-free. The chromospheric field can change through, for example, field expansion due 

to gravitational stratification, reconnection, or flux emergence. In this paper, we study and quantify 

the effect of the chromospheric neutrals on equilibrium field structures. It is shown that, depending 

on the degree to which the photospheric field is not force-free, the chromosphere will change the 

structure of the equilibrium field. This is quantified to give an estimate of the change in α profiles 

one might expect due to neutrals in the chromosphere. Simple scaling of the decay time of non-

force-free components of the magnetic field due to chromospheric neutrals is also derived. This is 

used to quantify the rate at which, or equivalent at which height, the chromosphere is expected to 

become force-free.       

 

Profiles of j⊥ at 1000 s (solid line) and at t = 0 (broken line) obtained with η⊥ = 61.86 m2 s−1 and b = 

0.5 in Equation (10). 
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Chromospheric Resonances Above Sunspot Umbrae 

Astrophysical Journal Letters 728 (2)  84-91 (2011) doi:10.1088/0004-637X/728/2/84 

G. J. J. Botha, T. D. Arber, V. M. Nakariakov, and Y. D. Zhugzhda 

Three-minute oscillations are observed in the chromosphere above sunspot umbrae. One of the 

models used to explain these oscillations is that of a chromospheric acoustic resonator, where the 

cavity between the photosphere and transition region partially reflects slow magnetoacoustic waves 

to form resonances in the lower sunspot atmosphere. We present a phenomenological study that 

compares simulation results with observations. The ideal magnetohydrodynamic equations are used 

with a uniform vertical magnetic field and a temperature profile that models sunspot atmospheres 

above umbrae. The simulations are initialized with a single broadband pulse in the vertical velocity 

inside the convection zone underneath the photosphere. The frequencies in the spectrum of the 

broadband pulse that lie below the acoustic cutoff frequency are filtered out so that frequencies 

equal and above the acoustic cutoff frequency resonate inside the chromospheric cavity. The 

chromospheric cavity resonates with approximately three-minute oscillations and is a leaky 

resonator, so that these oscillations generate traveling waves that propagate upward into the 

corona. Thus, there is no requirement that a narrowband three-minute signal is present in the 

photosphere to explain the narrowband three-minute oscillations in the chromosphere and corona. 

The oscillations in the chromospheric cavity have larger relative amplitudes (normalized to the local 

sound speed) than those in the corona and reproduce the intensity fluctuations of observations. 

Different umbral temperature profiles lead to different peaks in the spectrum of the resonating 

chromospheric cavity, which can explain the frequency shift in sunspot oscillations over the solar 

cycle. 

 Resonances in the 

chromospheric cavity. The 

amplitude of 2vz/cs is plotted 

against height, with vz the 

vertical velocity and cs the local 

sound speed. The vertical line in 

the bottom left-hand corner 

shows the scale of an amplitude 

of 10−2. Every 18 s a profile is 

plotted, shifted up from the 

previous profile. The figure on 

the left-hand side starts at 

initialization at the bottom and 

ends at time 1800 s at the top. 

The figure on the right continues 

at time 1800 s at the bottom and 

ends at time 3600 s at the top. 
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Ensemble asteroseismology of solar-type stars with the NASA kepler 
mission 

Science, 332, 213-216 (2011) DOI: 10.1126/science.1201827  

Chaplin, W.J., et al. incl A-M Broomhall 

In addition to its search for extrasolar planets, the NASA Kepler mission provides exquisite data on 

stellar oscillations. We report the detections of oscillations in 500 solar-type stars in the Kepler field 

of view, an ensemble that is large enough to allow statistical studies of intrinsic stellar properties 

(such as mass, radius, and age) and to test theories of stellar evolution. We find that the distribution 

of observed masses of these stars shows intriguing differences to predictions from models of 

synthetic stellar populations in the Galaxy. 

 

Frequency spectra of the oscillations exhibited by nine stars from the ensemble. Each spectrum 

shows a prominent Gaussian-shaped excess of power because of the oscillations, centered on the 

frequency νmax. (Insets) Clearer views of the near-regular spacings in frequency between individual 

modes of oscillation within each spectrum. The stars are arranged by intrinsic brightness [in units of 

solar luminosity (L☉)] and temperature, with intrinsically fainter stars showing weaker, less 

prominent oscillations than their intrinsically brighter cousins. ppm, parts per million. 
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Gravity modes as a way to distinguish between hydrogen- and helium-
burning red giant stars 

Nature, 471, 608-611 (2011) doi:10.1038/nature09935 

Bedding, T.R., et al. incl A-M Broomhall  

Red giants are evolved stars that have exhausted the supply of hydrogen in their cores and 

insteadburn hydrogen in a surrounding shell.  Once a red giant is sufficiently evolved, the helium in 

the core also undergoes fusion. Outstanding issues in our understanding of red giants include 

uncertainties in the amount ofmass lost at the surface before helium ignition and the amount of 

internal mixing fromrotation and other processes. Progress is hampered by our inability to 

distinguish between red giants burning helium in the core and those still only burning hydrogen in a 

shell.Asteroseismology offers a way forward, being a powerful tool for probing the internal 

structures of stars using their natural oscillation frequencies.  Here we report observations of 

gravity-mode period spacings in red giants that permit a distinction between evolutionary stages to 

be made. We use high-precision photometry obtained by the Kepler spacecraft over more than a 

year to measure oscillations in several hundred red giants.We findmany stars whose dipole modes 

show sequences with approximately regular period spacings. These stars fall into two clear groups, 

allowing us to distinguish unambiguously between hydrogen- shell-burning stars (period spacing 

mostly 50 seconds) and those that are also burning helium (period spacing 100 to 300 seconds). 

 

Asteroseismic diagrams for red giants 

observed with Kepler. Theabscissa is 

the p-mode large frequency 

separation. 
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Is the current lack of solar activity only skin deep? 

Astrophysical Journal Letters, 700, L162-165 (2010) doi:10.1088/0004-637X/700/2/L162 

Broomhall, A.-M., Chaplin, W.J., Elsworth, Y., Fletcher, S.T., New, R. 

The Sun is a variable star whose magnetic activity and total irradiance vary on a timescale of 

approximately 11 years. The current activity minimum has attracted considerable interest because 

of its unusual duration and depth. This raises the question: what might be happening beneath the 

surface where the magnetic activity ultimately originates?  The surface activity can be linked to the 

conditions in the solar interior by the observation and analysis of the frequencies of the Sun's 

natural seismic modes of oscillation—the p modes. These seismic frequencies respond to changes in 

activity and are probes of conditions within the Sun. The Birmingham Solar-Oscillations Network 

(BiSON) has made measurements of p-mode frequencies over the last three solar activity cycles, and 

so is in a unique position to explore the current unusual and extended solar minimum. We show that 

the BiSON data reveal significant variations of the p-mode frequencies during the current minimum. 

This is in marked contrast to the surface activity observations, which show little variation over the 

same period. The level of the minimum is significantly deeper in the p-mode frequencies than in the 

surface observations. We observe a quasi-biennial signal in the p-mode frequencies, which has not 

previously been observed at mid- and low-activity levels. The stark differences in the behavior of the 

frequencies and the surface activity measures point to activity-related processes occurring in the 

solar interior, which are yet to reach the surface, where they may be attenuated. 

 

Smoothed frequency shifts observed in BiSON data during cycles 21, 22, and 23. The error bars 

associated with the frequency-shift data are due to uncertainties in the fitted oscillation frequencies. 

The green line is a sinusoid which has been fitted to the seismic data. Overplotted in red, and using 

the right-hand axis, is the F10.7, which has been scaled using a linear fit to the observed frequency 

shifts. 
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Global Scale-Invariant Dissipation in Collisionless Plasma Turbulence 

Phys. Rev. Lett., 103, 075006 (2009) DOI: http://dx.doi.org/10.1103/PhysRevLett.103.075006  

K. H. Kiyani, S. C. Chapman, Yu. V. Khotyaintsev, M. W. Dunlop, F. Sahraoui 

A higher-order multiscale analysis of the dissipation range of collisionless plasma turbulence is 

presented using in situ high-frequency magnetic field measurements from the Cluster spacecraft in a 

stationary interval of fast ambient solar wind. The observations, spanning five decades in temporal 

scales, show a crossover from multifractal intermittent turbulence in the inertial range to non-

Gaussian monoscaling in the dissipation range. This presents a strong observational constraint on 

theories of dissipation mechanisms in turbulent collisionless plasmas. 

 

Main plot: PDFs rescaled using Eq. (3) (δBz
s=δBzτ-H). A Gaussian fit to the data (dashed curve) 

illustrates the heavy-tailed non-Gaussian nature of the rescaled PDF. Inset: PDFs at different scales τ 

before rescaling; inner and outermost curves show the smallest and largest values of τ, respectively. 
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Generalized Similarity in Finite Range Solar Wind Magnetohydrodynamic 
Turbulence 

Phys. Rev. Lett.,103, 241101, (2009) DOI: http://dx.doi.org/10.1103/PhysRevLett.103.241101  

S. C. Chapman, R. M. Nicol 

Extended or generalized similarity is a ubiquitous but not well understood feature of turbulence that 

is realized over a finite range of scales. The ULYSSES spacecraft solar polar passes at solar minimum 

provide in situ observations of evolving anisotropic magnetohydrodynamic turbulence in the solar 

wind under ideal conditions of fast quiet flow. We find a single generalized scaling function 

characterizes this finite range turbulence and is insensitive to plasma conditions. The recent 

unusually inactive solar minimum—with turbulent fluctuations down by a factor of ~2 in power—

provides a test of this invariance. 

 

 

[S3(τ)/S3(τ0)]ζ(3)/ζ(3) versus τ/τ0 for all field components for 10 d intervals at the same heliocentric 

distance for each of the ULYSSES polar passes: south 1994 (days 260–269), north 1995 (days 240–

249), south 2007 (days 60–69) and north 2008 (days 40–49). 
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Identifcation of intermittent multi-fractal turbulence in fully kinetic 
simulations of magnetic reconnection 

Phys. Rev. Lett. 110, 205002 (2013) DOI: http://dx.doi.org/10.1103/PhysRevLett.110.205002  

E. Leonardis,  S. C. Chapman, W. Daughton, V. Roytershteyn, and H. Karimabadi 

Recent fully nonlinear, kinetic three-dimensional simulations of magnetic reconnection [W. 

Daughton et al., Nat. Phys. 7, 539 (2011)] evolve structures and exhibit dynamics on multiple scales, 

in a manner reminiscent of turbulence. These simulations of reconnection are among the first to be 

performed at sufficient spatiotemporal resolution to allow formal quantitative analysis of statistical 

scaling, which we present here. We find that the magnetic field fluctuations generated by 

reconnection are anisotropic, have nontrivial spatial correlation, and exhibit the hallmarks of finite 

range fluid turbulence: they have non-Gaussian distributions, exhibit extended self-similarity in their 

scaling, and are spatially multifractal. Furthermore, we find that the rate at which the fields do work 

on the particles, J.E, is also multifractal, so that magnetic energy is converted to plasma kinetic 

energy in a manner that is spatially intermittent. This suggests that dissipation in this sense in 

collisionless reconnection on kinetic scales has an analogue in fluidlike turbulent phenomenology, in 

that it proceeds via multifractal structures generated by an intermittent cascade. 

 

 

 

Bz in the X-Z plane at Y = 35di and at the time tΩci = 78 of the simulation. Solid black lines are the cuts 

chosen for the analysis of the magnetic fluctuations, while squares indicate the regions over which 

we perform the boxcounting analysis of J.E.  

http://dx.doi.org/10.1103/PhysRevLett.110.205002
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Nonaxisymmetric anisotropy of solar wind turbulence as a direct test for 
models of magnetohydrodynamic turbulence 

Phys. Rev. Lett., 108, 085001, (2012) DOI: http://dx.doi.org/10.1103/PhysRevLett.108.085001v  

A. J. Turner, G. Gogoberidze, S. C. Chapman 

Single point spacecraft observations of the turbulent solar wind flow exhibit a characteristic 

nonaxisymmetric anisotropy that depends sensitively on the perpendicular power spectral 

exponent. We use this nonaxisymmetric anisotropy as a function of wave vector direction to test 

models of MHD turbulence. Using Ulysses magnetic field observations in the fast, quiet polar solar 

wind we find that the Goldreich-Sridhar model of MHD turbulence is not consistent with the 

observed anisotropy, whereas the observations are well reproduced by the “slab+2D” model. The 

Goldreich-Sridhar model alone cannot account for the observations unless an additional component 

is also present. 

 

 

The surface R(θ,f) is shown in color. The black solid lines indicate the cuts of R(θ,f) shown in Fig. 1. 

The dashed line shows the start of the inertial range, F=1. The dash-dotted lines show contours of 

subinterval sample size. The number of samples in the interval is indicated on the contours. The 

color bar shows the ratio R(θ,f)=P˜xx(θ,f)/P˜xx(θ,f ) 
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Electron Current Drive by Fusion-Product-Excited Lower Hybrid Drift 
Instability 

Phys. Rev. Lett. 105, 255003 (2010) DOI: http://dx.doi.org/10.1103/PhysRevLett.105.255003  

J. W. S. Cook, S. C. Chapman, R. O. Dendy 

We present first principles simulations of the direct collisionless coupling of the free energy of 

fusion-born ions into electron current in a magnetically confined fusion plasma. These simulations 

demonstrate, for the first time, a key building block of some “alpha channeling” scenarios for 

tokamak experiments. Spontaneously excited obliquely propagating waves in the lower hybrid 

frequency range undergo Landau damping on resonant electrons, drawing out an asymmetric tail in 

the electron parallel velocity distribution, which carries a current. 

 

 

Panel (a) Snapshot at time (iii) of the energetic proton velocity space. Velocity space coordinates are 

v∥ (abscissa), gyrophase (ordinate), and vx (shading).  

Panel (b) Normalized wave amplitude seen by protons at resonance with the dominant wave plotted 

as a function of phase space.  

Panel (c) As in panel (b) for a sum of dominant wave mode and the counterpropagating damped 

mode 
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Statistical Characterization and Classification of Edge-Localized Plasma 
Instabilities 

Phys. Rev. Lett. 110, 155004 (2013) DOI: http://dx.doi.org/10.1103/PhysRevLett.110.155004  

A. J. Webster and R. O. Dendy 

The statistics of edge-localized plasma instabilities (ELMs) in toroidal magnetically confined fusion 

plasmas are considered. From first principles, standard experimentally motivated assumptions are 

shown to determine a specific probability distribution for the waiting times between ELMs: the 

Weibull distribution. This is confirmed empirically by a statistically rigorous comparison with a large 

data set from the Joint European Torus. The successful characterization of ELM waiting times 

enables future work to progress in various ways. Here we present a quantitative classification of ELM 

types, complementary to phenomenological approaches. It also informs us about the nature of ELM 

processes, such as whether they are random or deterministic. The methods are extremely general 

and can be applied to numerous other quasiperiodic intermittent phenomena. 

  

(a) (b) 

Weibull (red dashed line) and experimental PDFs (black bar chart), for (a) for JET plasma No. 57861 

(type I ELMs) and (b) JET plasma No. 74417 (type III ELMs) 
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The signature of evolving turbulence in quiet solar wind as seen by Ulysses 

Astrophysical Journal 679, 862 (2008) doi:10.1086/586732 

Nicol, RM; Chapman, SC; Dendy, RO 

Solar wind fluctuations, such as magnetic field or velocity, show power-law power spectra suggestive 

both of an inertial range of intermittent turbulence (with ∼–5/3 exponent), and at lower 

frequencies, of fluctuations of coronal origin (with ∼–1 exponent). The Ulysses spacecraft spent 

many months in the quiet fast solar wind above the Sun’s polar coronal holes in a highly ordered 

magnetic field. We use statistical analysis methods such as the generalized structure function (GSF) 

and extended self-similarity (ESS) to quantify the scaling of the moments of the probability density 

function of fluctuations in the magnetic field. The GSFs give power law scaling in the range of the 

form , but ESS is required to reveal scaling in the inertial range, which is 

of the form . We find that is independent of spacecraft position 

and . The scaling fluctuates with radial spacecraft position. This confirms that, 

whereas the fluctuations are directly influenced by the corona, the inertial range fluctuations are 

consistent with locally evolving turbulence, but with an envelope , which captures the formation 

of the quiet fast solar wind. 

 

Log-log plots of the B-field components’ power spectra for days 180-189. Two regions with different 

scaling exponents are distinguishable, with a break between frequencies at 10–3.5-10–3 Hz, consistent 

with previous results (Horbury et al. 1996a). For comparison purposes, the –1 and –5/3 power 

scaling laws are also shown. The power spectra for the other time intervals examined show similar 

behavior  

http://dx.doi.org/10.1086/586732
http://iopscience.iop.org/0004-637X/679/1/862/fulltext/73696.text.html#rf29
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Statistical properties of edge plasma turbulence in the Large Helical Device 

Plasma Physics and Controlled Fusion 50, 095013 (2008) doi:10.1088/0741-3335/50/9/095013 

Dewhurst, J.M., Hnat, B., Ohno, N., Dendy, R.O., Masuzaki, S., Morisaki, T., Komori, A 

Ion saturation current (Isat) measurements made by three tips of a Langmuir probe array in the Large 

Helical Device are analysed for two plasma discharges. Absolute moment analysis is used to quantify 

properties on different temporal scales of the measured signals, which are bursty and intermittent. 

Strong coherent modes in some datasets are found to distort this analysis and are consequently 

removed from the time series by applying bandstop filters. Absolute moment analysis of the filtered 

data reveals two regions of power-law scaling, with the temporal scale τ ≈ 40 µs separating the two 

regimes. A comparison is made with similar results from the Mega-Amp Spherical Tokamak. The 

probability density function is studied and a monotonic relationship between connection length and 

skewness is found. Conditional averaging is used to characterize the average temporal shape of the 

largest intermittent bursts. 

 

Absolute moments of order 1< m < 4 (left) and PSD (right) for LHD plasma 44190:  

(a) and (b) tip 16(s); (c) and (d) tip 17(l); (e) and ( f ) tip 18(m).  

The dashed line on each plot of absolute moments corresponds to the reciprocal of the frequency of 

the coherent mode marked on the PSD.  

http://dx.doi.org/10.1088/0741-3335/50/9/095013
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Modelling the measured local time evolution of strongly nonlinear heat 
pulses in the Large Helical Device. 

Plasma Physics and Controlled Fusion, 55, (2013)  doi:10.1088/0741-3335/55/11/115009 

R O Dendy, S C Chapman and S Inagaki 

 

In some magnetically confined plasmas, an applied pulse of rapid edge cooling can trigger either a 

positive or negative excursion in the core electron temperature from its steady state value. We 

present a new model which captures the time evolution of the transient, non-diffusive local 

dynamics in the core plasma. We show quantitative agreement between this model and recent 

spatially localized measurements (Inagaki et al 2010 Plasma Phys. Control. Fusion 52 075002) of the 

local time-evolving temperature pulse in cold pulse propagation experiments in the Large Helical 

Device. 

 

 

Response of the core plasma to rapid edge cooling as seen in LHD [19]. (a) plots the core plasma 

conditions in the experiments at steady state. The three distinct transient responses to rapid edge 

cooling are shown in (b)–(d) and are a sharp temperature rise, a sharp temperature drop, and 

diffusive transport respectively. The corresponding core plasma conditions for each of these 

responses are indicated in (a). 
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Self-consistent nonlinear kinetic simulations of the anomalous Doppler 
instability of suprathermal electrons in plasmas. 

Physics of Plasmas, 20, 102122 (2013) http://dx.doi.org/10.1063/1.4827207  

W. N. Lai, S. C. Chapman and R. O. Dendy 

Suprathermal tails in the distributions of electron velocities parallel to the magnetic field are found 

in many areas of plasma physics, from magnetic confinement fusion to solar system plasmas. Parallel 

electron kinetic energy can be transferred into plasma waves and perpendicular gyration energy of 

particles through the anomalous Doppler instability (ADI), provided that energetic electrons with 

parallel velocities vjj  ðx þ XceÞ=kjj are present; here Xce denotes electron cyclotron frequency, x the 

wave angular frequency, and kjj the component of wavenumber parallel to the magnetic field. This 

phenomenon is widely observed in tokamak plasmas. Here, we present the first fully self-consistent 

relativistic particle-in-cell simulations of the ADI, spanning the linear and nonlinear regimes of the 

ADI. We test the robustness of the analytical theory in the linear regime and follow the ADI through 

to the steady state. By directly evaluating the parallel and perpendicular dynamical contributions to j  

E in the simulations, we follow the energy transfer between the excited waves and the bulk and tail 

electron populations for the first time. We find that the ratio Xce=ðxpe þ XceÞ of energy transfer 

between parallel and perpendicular, obtained from linear analysis, does not apply when damping is 

fully included, when we find it to be xpe=ðxpe þ XceÞ; here xpe denotes the electron plasma 

frequency. We also find that the ADI can arise beyond the previously expected range of plasma 

parameters, in particular when Xce > xpe. The simulations also exhibit a spectral feature which may 

correspond to the observations of suprathermal narrowband emission at xpe detected from low 

density tokamak plasmas. 
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Kinetic Signatures and Intermittent Turbulence in the Solar Wind Plasma 

Phys Rev. Lett. 108, 261103 (2012) DOI: http://dx.doi.org/10.1103/PhysRevLett.108.261103  

K. T. Osman, W. H. Matthaeus, B. Hnat, and S. C. Chapman 

A connection between kinetic processes and intermittent turbulence is observed in the solar wind 

plasma using measurements from the Wind spacecraft at 1 A.U. In particular, kinetic effects such as 

temperature anisotropy and plasma heating are concentrated near coherent structures, such as 

current sheets, which are nonuniformly distributed in space. Furthermore, these coherent structures 

are preferentially found in plasma unstable to the mirror and firehose instabilities. The 

inhomogeneous heating in these regions, which is present in both the magnetic field parallel and 

perpendicular temperature components, results in protons at least 3–4 times hotter than under 

typical stable plasma conditions. These results offer a new understanding of kinetic processes in a 

turbulent regime, where linear Vlasov theory is not sufficient to explain the inhomogeneous plasma 

dynamics operating near non-Gaussian structures. 

 

 

Plot of median (a) scalar proton temperature Tp, and (b) PVI statistic I over the (β∥, T⊥/T∥) plane. The 

curves indicate theoretical growth rates for the mirror (dashed line), cyclotron (dot-dashed line), and 

oblique firehose (dotted line) instabilities. There is a manifest association between these thresholds, 

hot plasma, and enhanced PVI. 
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Non-axisymmetric anisotropy of solar wind turbulence 

Phys. Rev. Lett., 107,095002, (2011) DOI: http://dx.doi.org/10.1103/PhysRevLett.107.095002  

A. J. Turner, G. Gogoberidze, S. C. Chapman, B. Hnat, W. -C. Mueller 

A key prediction of turbulence theories is frame-invariance, and in magnetohydrodynamic (MHD) 

turbulence, axisymmetry of fluctuations with respect to the background magnetic field. 

Paradoxically the power in fluctuations in the turbulent solar wind are observed to be ordered with 

respect to the bulk macroscopic flow as well as the background magnetic field. Here, 

nonaxisymmetry across the inertial and dissipation ranges is quantified using in situ observations 

from Cluster. The observed inertial range nonaxisymmetry is reproduced by a “fly through” sampling 

of a direct numerical simulation of MHD turbulence. Furthermore, fly through sampling of a linear 

superposition of transverse waves with axisymmetric fluctuations generates the trend in 

nonaxisymmetry with power spectral exponent. The observed nonaxisymmetric anisotropy may thus 

simply arise as a sampling effect related to Taylor’s hypothesis and is not related to the plasma 

dynamics itself. 

 

 

Power Spectral Density (PSD) of magnetic field components (from bottom to top) PSDz (black), PSDy 

(red), and PSDx (blue), where ez=B̅ /|B̅ |,ex=ez×V̂/|ez×V̂| and ey=ez×ex. Error bars are always smaller 

than 4% and are usually smaller than the linewidth. The inset shows the ratio of perpendicular PSDs 

PSDy/PSDx. 
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Finite Larmor radius effects on test particle transport in drift wave-zonal 
flow turbulence 

Plasma Phys. Control. Fusion 52, 025004  (2010) doi:10.1088/0741-3335/52/2/025004  

Dewhurst, JM; Hnat, B; Dendy R. O. 

The effect of finite Larmor radius on the transport of passive charged test particles moving in 

turbulent electrostatic fields is investigated. The turbulent field is governed by a flexible model 

which is able to produce turbulence where zonal flows are damped or free to self-generate. A subtle 

interplay between trapping in small scale vortices and entrainment in larger scale zonal flows 

determines the rate, character and Larmor radius dependence of the test particle transport. When 

zonal flows are damped, the transport is classically diffusive, with Gaussian statistics, and the rate of 

transport decreases with increasing Larmor radius. Once the Larmor radius is larger than the typical 

radius of the turbulent vortices, the rate of transport remains roughly constant. When zonal flows 

are allowed non-Gaussian statistics are observed. Radial transport (across the zones) is subdiffusive 

and decreases with the Larmor radius at a slower rate. Poloidal transport (along the zones), 

however, is superdiffusive and increases with small values of the Larmor radius. 

 

 

Snapshot of potential φ in the saturated quasi-stationary turbulent state for three related models: 

(left) HW defined by equations (1) and (2) where zonal flows are damped; (centre) MHW defined by 

equations (5) and (6) allowing the self-generation of zonal flows; (right) intermediate state of MHW 

where total kinetic energy of zonal flows is set equal to that of non-zonal drift wave turbulence at 

each time step. 
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Proton Kinetic Effects and Turbulent Energy Cascade Rate in the Solar Wind 

Phys. Rev. Lett., 111, 201101 (2013) DOI: http://dx.doi.org/10.1103/PhysRevLett.111.201101  

K.T. Osman, W.H. Matthaeus, K.H. Kiyani, B. Hnat, and S.C. Chapman 

The first observed connection between kinetic instabilities driven by proton temperature anisotropy 

and estimated energy cascade rates in the turbulent solar wind is reported using measurements 

from the Wind spacecraft at 1 AU. We find enhanced cascade rates are concentrated along the 

boundaries of the (β∥, T⊥/T∥) plane, which includes regions theoretically unstable to the mirror and 

firehose instabilities. A strong correlation is observed between the estimated cascade rate and 

kinetic effects such as temperature anisotropy and plasma heating, resulting in protons 5–6 times 

hotter and 70%–90% more anisotropic than under typical isotropic plasma conditions. These results 

offer new insights into kinetic processes in a turbulent regime. 

 

 

Joint histogram between total turbulence cascade rate and proton temperature, where the mean Tp 

in each cascade rate bin is represented by a white dot. There is a clear correlation between 

enhanced Tp and high energy cascade rates. 
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System Size Effects on Gyrokinetic Turbulence 

Physical Review Letters 105, 155001 (2010) http://dx.doi.org/10.1103/PhysRevLett.105.155001  

McMillan, BF; Lapillonne, X; Brunner, S; Villard, L; Jolliet, S; Bottino, A; Gorler, T; Jenko, F 

The scaling of turbulence-driven heat transport with system size in magnetically confined plasmas is 

reexamined using first-principles based numerical simulations. Two very different numerical 

methods are applied to this problem, in order to resolve a long-standing quantitative disagreement, 

which may have arisen due to inconsistencies in the geometrical approximation. System size effects 

are further explored by modifying the width of the strong gradient region at fixed system size. The 

finite width of the strong gradient region in gyroradius units, rather than the finite overall system 

size, is found to induce the diffusivity reduction seen in global gyrokinetic simulations. 

 

 

Average flux levels r∈[0.4,0.6] for t∈[150,410]R/cs versus the width of the strong gradient region, 

1/ρeff
*, in gyroradius units. 
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Role of Plasma Elongation on Turbulent Transport in Magnetically Confined 
Plasmas 

Physical Review Letters 102, 195002 (2009) http://dx.doi.org/10.1103/PhysRevLett.102.195002  

Angelino, P; Garbet, X; Villard, L; Bottino, A; Jolliet, S; Ghendrih, P; Grandgirard, V; McMillan, B;  Y. 

Sarazin, G. Dif-Pradalier,  T. M. Tran 

The theoretical study of plasma turbulence is of central importance to fusion research. Experimental 

evidence indicates that the confinement time results mainly from the turbulent transport of energy, 

the magnitude of which depends on the turbulent state resulting from nonlinear saturation 

mechanisms, in particular, the self-generation of coherent macroscopic structures and large scale 

flows. Plasma geometry has a strong impact on the structure and magnitude of these flows and also 

modifies the mode linear growth rates. Nonlinear global gyrokinetic simulations in realistic tokamak 

magnetohydrodynamic equilibria show how plasma shape can control the turbulent transport. 

Results are best described in terms of an effective temperature gradient. With increasing plasma 

elongation, the nonlinear critical effective gradient is not modified while the stiffness of transport is 

decreasing. 

 

Linear growth rates of the linearly most unstable global ITG mode as a function of the temperature 

gradient scale length R/LT and of the edge elongation. The stabilizing effect of the elongation is 

observable for all values of the temperature gradient. ITG linear growth rates as a function of the 

toroidal mode number n are plotted in the top-left corner. Growth rates are normalized to the ion 

cyclotron frequency Ωci. 
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Long global gyrokinetic simulations: Source terms and particle noise 
control 

Physics of Plasmas, 15,  052308 (2008) http://dx.doi.org/10.1063/1.2921792  

McMillan, BF; Jolliet, S; Tran, TM; Villard, L; Bottino, A; Angelino, P 

In global gyrokinetic simulations it takes a long time for the turbulence to reach a quasisteady state, 

and quantitative predictions about the quasisteady state turbulence have been difficult to obtain 

computationally. In particular, global particle-in-cellgyrokinetic simulations have been inefficient for 

long simulations due to the accumulation of noise. It is demonstrated that a simple Krook operator 

can effectively control noise; it also introduces an unphysical dissipation, which damps the zonal 

flows and can significantly affect simulation results even when the relaxation time is very long. 

However, it is possible to project out the effects of the Krook operator on the zonal flows. This 

permits noise accumulation to be controlled while preserving the physics of interest; simulations are 

then run to determine the level of quasisteady state transport and the variation across the ensemble 

of turbulentdynamics. Convergence is demonstrated both in the number of computational particles 

and the unphysical relaxation time. 

 

Nonzonal electric potential (as grey levels) on the plasma cross section in the late-time saturated 

phase of the simulation with R∕LT0=7.2 (solid lines) and a Krook operator with 

γS=1.26×10−2(cs∕a). 
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Avalanche like bursts in global gyrokinetic simulations 

Physics of Plasmas 16, 022310 (2009) http://dx.doi.org/10.1063/1.3079076  

McMillan, B.F., Jolliet, S., Tran, T.M., Villard, L., Bottino, A., Angelino, P. 

Highly variable flux surface averaged heat fluxes are resolved in gyrokinetic simulations of ion 

temperature gradient(ITG)turbulence, even in large systems. Radially propagating fronts or 

avalanches are also seen. Their propagation lengths in gyroradii and relative amplitude remain 

constant as simulation size is increased, so the avalanches appear to result from local dynamics, 

rather than global relaxation events. For the Cyclone [Dimits et al., Phys. Plasmas7, 969 (2000)] case, 

the avalanche propagation direction is found to depend on the sign of the shearing rate. A 

mechanism for avalanche propagation based on the advection of turbulence tilted by the shear 

flows is proposed: The Cyclone linear ITG dispersion relation explains the propagation direction of 

tilted vortices. It also explains why there is no such preferred direction in a simulation with reduced 

magnetic shear. The paper explores several models for these bursts. First, certain types of models 

based on nonlinear heat diffusion equations are ruled out. A different type of one-dimensional (1D) 

model, introduced in Benkadda et al. [Nucl. Fusion41, 995 (2001)], yields much better qualitative 

and quantitative agreement. However, the 1D model cannot explain the directionality of the bursts, 

even though it includes the features typically considered important for burst propagation. A 

symmetry-breaking term is necessary. An additional term is included to reproduce the wave 

dispersion with respect to radial wavenumber, and this is shown to be sufficient to reproduce the 

favored direction for burst propagation. 

 

 

Flux vs time and radius in the 1D model of ITG turbulence with a background shear flow E′0=0.15. 
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Probing Warm Dense Lithium by Inelastic X-Ray Scattering 

Nature Physics 4, 940-944 (2008) doi: 10.1038/nphys1103  

E. Garcia Saiz, G. Gregori, D.O. Gericke, J. Vorberger, B. Barbrel, R.J. Clarke, R.R. Freeman, S.H. 

Glenzer, F.Y. Khattak, M. Koenig, O.L. Landen, D. Neely, P. Neumayer, M.M. Notley, A. Pelka, D. Price, 

M. Roth, M. Schollmeier, R.L. Weber, L. van Woerkom, K. Wuensch and D. Riley 

One of the grand challenges of contemporary physics is understanding strongly interacting quantum 

systems comprising such diverse examples as ultracold atoms in traps, electrons in high-temperature 

superconductors and nuclear matter. Warm dense matter, defined by temperatures of a few 

electron volts and densities comparable with solids, is a complex state of such interacting matter. 

Moreover, the study of warm dense matter states has practical applications for controlled 

thermonuclear fusion, where it is encountered during the implosion phase, and it also represents 

laboratory analogues of astrophysical environments found in the core of planets and the crusts of 

old stars. Here we demonstrate how warm dense matter states can be diagnosed and structural 

properties can be obtained by inelastic X-ray scattering measurements on a compressed lithium 

sample. Combining experiments and ab initio simulations enables us to determine its microscopic 

state and to evaluate more approximate theoretical models for the ionic structure. 

 

a, Set-up of the experiment, showing the shock-drive and back-lighter beams; the target assembly 

with a cone shield to avoid undesired signal on the detector, the parylene-D foil, the 170 um 

collimating pinhole and the Li target; the line of sight of the flat-field spectrometer and the 60° and 

40° positions for the time-integrated Von Hamos spectrometer. The back-lighter beams are all fired 

inside the cone shield onto the parylene-D foil, while the drive beams are fired onto the Li sample. b, 

Time-resolved X-ray pulse profile at 2.96 keV. The initial signal corresponds to the coronal Li plasma 

emission from the shock-drive beams. The second peak is associated with the X-ray signal from the 

parylene-D plasma. c, Measured extreme-ultraviolet (space and time integrated) emission spectrum. 

The background signal is well fitted by a black body with temperature TR~9±2 eV.  
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Nonlinear Collisional Absorption of Laser Light 

Physical Review Letters 105, 265701 (2010) http://dx.doi.org/10.1103/PhysRevLett.103.065005  

A. Grinenko and D.O. Gericke 

We present a new theoretical approach for collisional absorption of laser energy in dense plasmas 

which accommodates arbitrary frequencies and high intensities of the laser field by establishing a 

connection between laser absorption by inverse bremsstrahlung and the stopping power for ions. 

This relation is then applied to include strong correlations beyond the mean field approach. The 

results show excellent agreement with molecular dynamics simulations up to very high coupling 

strength. 

 

 

Collision frequency νei versus coupling parameter Γ for a hydrogen plasma with fixed temperature 

and density and a laser field with ω0/ωp=1 (upper panel), ω0/ ωp=3 (lower panel), and v0/vth=0.2. 

Solid line: Eq. (14); punctured lines: contributions of hard collisions and polarization to Eq. (14). The 

classical results of Decker et al. [9] were calculated with an integral cutoff at kmax=mevth
2/Ze2. 

rs=ae/aB, with ae=(3/4πne)1/3 and aB being the Bohr radius. 
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Ultra-fast Melting of Carbon Induced by Intense Proton Beams 

Physical Review Letters 105 , 265701 (2010) http://dx.doi.org/10.1103/PhysRevLett.105.265701  

A. Pelka, G. Gregori, D.O. Gericke, J. Vorberger, S.H. Glenzer, M. M. Gunther, K. Harres, R. Heathcote, 

A. Kritcher, N.L. Kugland, B. Li, M. Makita, J. Mithen, D. Neely, C. Niemann, A. Otten, D. Riley, G. 

Schaumann, M. Schollmeier, An. Tauschwitz and M. Roth 

Laser-produced proton beams have been used to achieve ultrafast volumetric heating of carbon 

samples at solid density. The isochoric melting of carbon was probed by a scattering of x rays from a 

secondary laser-produced plasma. From the scattering signal, we have deduced the fraction of the 

material that was melted by the inhomogeneous heating. The results are compared to different 

theoretical approaches for the equation of state which suggests modifications from standard 

models. 

 

Schematic layout: a polycrystalline graphite rod (125  μm×300  μm×3   mm) is heated by the protons 

produced by the laser coming from the lower left. The second laser hits a titanium foil to produce an 

intense x-ray pulse which is scattered off the green region of the sample and detected by a 

spectrometer above the target at 90°. The gold shielding blocks the line of sight from the laser spots 

to the scattering spectrometer as well as the front and back regions of the carbon rod. The RCF 

proton detector and the source radiation spectrometer are not shown. 
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Analysis of X-Ray Thomson Scattering for Nonequilibrium Plasmas 

Physical Review Letters 107, 165004 (2011) http://dx.doi.org/10.1103/PhysRevLett.107.165004  

D.A. Chapman and D.O. Gericke 

We develop the theory for light scattering as a diagnostic method for plasmas in nonequilibrium 

states. We show how well-known nonequilibrium features, like beam acoustic modes, arise in the 

spectra. The analysis of an experiment with strongly driven electrons demonstrates the abilities of 

the new approach; we find qualitatively different scattering spectra for different times and excellent 

agreement with the experimental data after time integration. Finally, an analysis of data from dense 

beryllium suggests that an energetic electron component exists in this experiment as well. 

 

 

Plasmon dispersion for fully ionized liquid hydrogen (ne=4.2×1022  cm-3) and different ratios of hot 

and cold electrons (Tc=2  eV, Th=50  eV, Eb=50  eV). The results of the small q expansion (dashed) are 

shown for comparison. 
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Detection of waves in the solar corona: Kink or Alfven? 

Astrophysical Journal Letters 676, L73-75, 2008 doi:10.1086/587029 

Van Doorsselaere T, Nakariakov VM, Verwichte E 

Recently, the omnipresence of waves has been discovered in the corona using the CoMP instrument. 

We demonstrate that the observational findings can be explained in terms of guided kink 

magnetoacoustic modes. The interpretation of the observations in terms of Alfvén waves is shown 

to be inconsistent with MHD wave theory. The implications of the interpretation in terms of kink 

waves are discussed. 

 

 

Transverse cut through the cylinder for a fast kink mode. The arrows indicate the velocity profile, 

and the color shade shows the relative density perturbation (  ): light colors show a high density 

perturbation, dark shows the low values. 
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Quasi-periodic pulsations in the gamma-ray emission of a solar flare 

Astrophysical Journal Letters 708, L47-L51, 2010 

Nakariakov VM, Foullon C, Myagkova IN, Inglis, AR 

Quasi-periodic pulsations (QPP) of gamma-ray emission with a period of about 40 s are found in a 

single loop X-class solar flare on 2005 January 01 at photon energies up to 2-6 MeV with the SOlar 

Neutrons and Gamma-rays (SONG) experiment aboard the CORONAS-F mission. The oscillations are 

also found to be present in the microwave emission detected with the Nobeyama Radioheliograph, 

and in the hard X-ray and low energy gamma-ray channels of RHESSI. Periodogram and correlation 

analysis show that the 40 s QPP of microwave, hard X-ray and gamma-ray emission are almost 

synchronous in all observation bands. Analysis of the spatial structure of hard X-ray and low energy 

(80-225 keV) gamma-ray QPP with RHESSI reveal synchronous while asymmetric QPP at both 

footpoints of the flaring loop. The difference between the averaged hard X-ray fluxes coming from 

the two footpoint sources is found to oscillate with a period of about 13 s for five cycles in the 

highest emission stage of the flare. The proposed mechanism generating the 40 s QPP is a triggering 

of magnetic reconnection by a kink oscillation in a nearby loop. The 13 s periodicity could be 

produced by the second harmonics of the sausage mode of the flaring loop. 

 

EIT 195 °A image (left panel) and longitudinal magnetic field observed by MDI (right panel) before 

the QPP in the 2005 January 1 flare. Superimposed are the contour levels at 50 and 90% of the 

maximum value of RHESSI images (reconstructed from collimators 4F- 7F) (a) between 00:29:16-

00:29:20 UT and (b) between 00:30:05-00:30:09 UT. Three energy ranges are shown: 3-25 keV in 

(yellow) thick long-dashed lines, 42-80 keV in (red) thin solid lines, and 80-225 keV in (blue) thin 

dashed lines. 
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Coronal magnetic field measurement using loop oscillations observed by 
Hinode/EIS 

Astronomy & Astrophysics 487, L17-L20, 2008 http://dx.doi.org/10.1051/0004-6361:200810186  

Van Doorsselaere T, Nakariakov VM, Young PR, Verwichte, E 

We report the first spectroscopic detection of a kink MHD oscillation of a solar coronal structure by 

the Extreme-Ultraviolet Imaging Spectrometer (EIS) on the Japanese Hinode satellite. The detected 

oscillation has an amplitude of 1 kms−1 in the Doppler shift of the FeXII 195 Å spectral line (1.3 MK), 

and a period of 296 s. The unique combination of EIS’s spectroscopic and imaging abilities 

enables us to measure simultaneously the mass density and length of the oscillating loop. This 

enables us to measure directly the magnitude of the local magnetic field, the fundamental coronal 

plasma parameter, as 39 ± 8 G, with unprecedented accuracy. This proof of concept makes EIS an 

exclusive instrument for the full scale implementation of the MHD coronal seismological technique. 

 

Overview of the observed active region on 2007 July 9 at 13:46 UT (just after the oscillation) and 18:13 UT, 

respectively, acquired by Hinode/EIS. The colour code is the intensity in the 195 Å line. The vertical black line 

indicates the position of the slit. The white diamond indicates the pixel showing oscillations. The white line 

traces out the oscillating loop. 
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Relationship between wave processes in sunspots and quasi-periodic 
pulsations in active region flares 

Astronomy & Astrophysics 505, 791-799, 2009 http://dx.doi.org/10.1051/0004-6361/200912132  

Sych, R; Nakariakov, VM; Karlicky, M; Anfinogentov, S 

A phenomenological relationship between oscillations in a sunspot and quasi-periodic pulsations 

(QPP) in flaring energy releases at an active region (AR) above the sunspot is established. The 

analysis of the microwave emission recorded by the Nobeyama Radioheliograph at 17 GHz shows a 

gradual increase in the power of the 3-min oscillation train in the sunspot associated with AR 10756 

before flares in this AR. The flaring light curves are found to be bursty with a period of 3 min. Our 

analysis of the spatial distribution of the 3-min oscillation power implies that the oscillations follow 

from sunspots along coronal loops towards the flaring site. It is proposed that QPP in the flaring 

energy releases can be triggered by 3-min slow magnetoacoustic waves leaking from sunspots. 

 

An example of the flaring activity on 2005 May 1: the correlation time profile of NoRH at 17 GHz. The 

bottom panel zooms the time interval hatched in the upper panel.   
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Seismology of a large solar coronal loop from EUVI/STEREO observations of 
its transverse oscillation 

Astrophysical Journal 698 (1), 397-404 (2009) http://dx.doi.org/10.1088/0004-637X/698/1/397  

Verwichte, E., Aschwanden, M.J., Van Doorsselaere T., Foullon, C. & Nakariakov, V.M 

The first analysis of a transverse loop oscillation observed by both Solar TErrestrial RElations 

Observatories (STEREO) spacecraft is presented, for an event on the 2007 June 27 as seen by the 

Extreme Ultraviolet Imager (EUVI). The three-dimensional loop geometry is determined using a 

three-dimensional reconstruction with a semicircular loop model, which allows for an accurate 

measurement of the loop length. The plane of wave polarization is found from comparison with a 

simulated loop model and shows that the oscillation is a fundamental horizontally polarized fast 

magnetoacoustic kink mode. The oscillation is characterized using an automated method and the 

results from both spacecraft are found to match closely. The oscillation period is 630 ± 30 s and the 

damping time is 1000 ± 300 s. Also, clear intensity variations associated with the transverse loop 

oscillations are reported for the first time. They are shown to be caused by the effect of line-of-sight 

integration. The Alfvén speed and coronal magnetic field derived using coronal seismology are 

discussed. This study shows that EUVI/STEREO observations achieve an adequate accuracy for 

studying long-period, large-amplitude transverse loop oscillations. 

 

Simulated loop is shown superimposed on a difference image from each STEREO spacecraft. The 

dots mark out the distance along the loop in steps of 0.05 times the loop length. The lines through 

the dots show the projected direction of the fundamental horizontally polarized kink mode. The two 

parallel lines outline path used in the oscillation analysis, which is centered on the loop top and 

parallel to the projected direction of oscillation polarization. 
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Spatial Seismology of a large Coronal Loop Arcade from TRACE and EIT 
Observations of its Transverse Oscillations 

Astrophysical Journal.  717 (1), 458 (2010) doi:10.1088/0004-637X/717/1/458 

Verwichte E., Foullon, C. & Van Doorsselaere, T. 

We present a study of transverse loop oscillations in a large coronal loop arcade, using observations 

from the Transition Region And Coronal Explorer (TRACE) and Extreme-ultraviolet Imaging Telescope 

(EIT). For the first time we reveal the presence of long-period transverse oscillations with periods 

between 24 minutes and 3 hr. One loop bundle, 690 Mm long and with an oscillation period of 40 

minutes, is analyzed in detail and its oscillation characteristics are determined in an automated 

manner. The oscillation quality factor is similar to what has been found earlier for oscillations in 

much shorter loops. This indicates that the damping mechanism of transverse loop oscillations is 

independent of loop length or period. The displacement profile along the whole length of the 

oscillating loop is determined for the first time and consistently between TRACE and EIT. By 

comparing the observed profile with models of the three-dimensional geometry of the equilibrium 

and perturbed loop, we test the effect of longitudinal structuring (spatial seismology) and find that 

the observations cannot unambiguously distinguish between structuring and non-planarity of the 

equilibrium loop. Associated intensity variations with a similar periodicity are explained in terms of 

variations in the line-of-sight column depth. Also, we report intensity oscillations at the loop 

footpoint, which are in anti-phase with respect to the intensity oscillations in the loop body. Lastly, 

this observation offers the first opportunity to use the transverse oscillations of the arcade to model 

the Alfvén speed profile in the global corona. 

 

TRACE field of view of the northern leg of the active region loop arcade at 11:17 UT on 2001 

September 15. The parallel dashed and solid curves show the central path and width of the loop 

data cut used, respectively.  
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Coronal Alfven speed determination: consistency between seismology 
using AIA/SDO transverse loop oscillations and magnetic extrapolation 

Astrophysical Journal, 767, 16 (2013) doi:10.1088/0004-637X/767/1/16 

Verwichte, E., Van Doorsselaere, T., Foullon, C. & White, R.S.,  

Two transversely oscillating coronal loops are investigated in detail during a flare on the 2011 

September 6 using data from the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics 

Observatory. We compare two independent methods to determine the Alfvén speed inside these 

loops. Through the period of oscillation and loop length, information about the Alfvén speed inside 

each loop is deduced seismologically. This is compared with the Alfvén speed profiles deduced from 

magnetic extrapolation and spectral methods using AIA bandpass. We find that for both loops the 

two methods are consistent. Also, we find that the average Alfvén speed based on loop travel time is 

not necessarily a good measure to compare with the seismological result, which explains earlier 

reported discrepancies. Instead, the effect of density and magnetic stratification on the wave mode 

has to be taken into account. We discuss the implications of combining seismological, extrapolation, 

and spectral methods in deducing the physical properties of coronal loops. 

 

 

 

 

 

 

 

Potential Field Source 

Surface extrapolation 

of active region NOAA 

11283 on 2011 

September 7 at 00:00 

UT. The two oscillating 

loops are indicated in 

red. 
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Periodic Spectral Line Asymmetries in Solar Coronal Structures from Slow 
Magnetoacoustic Waves 

Astrophysical Journal Letters 724 (2), L194 (2010) DOI: 10.1088/2041-8205/724/2/L194  

Verwichte E., Marsh,M., Foullon, C., Van Doorsselaere, T., De Moortel, I. & Nakariakov, V.M. 

Recent spectral observations of upward moving quasi-periodic intensity perturbations in solar 

coronal structures have shown evidence of periodic line asymmetries near their footpoints. These 

observations challenge the established interpretation of the intensity perturbations in terms of 

propagating slow magnetoacoustic waves. We show that slow waves inherently have a bias toward 

enhancement of emission in the blue wing of the emission line due to in-phase behavior of velocity 

and density perturbations. We demonstrate that slow waves cause line asymmetries when the 

emission line is averaged over an oscillation period or when a quasi-static plasma component in the 

line of sight is included. Therefore, we conclude that slow magnetoacoustic waves remain a valid 

explanation for the observed quasi-periodic intensity perturbations. 

 

Illustration of the formation of an emission line signature from line-of-sight integration across a loop 

with a propagating slow wave, whose amplitude may vary with distance from the footpoint, and a 

static background plasma. The velocity field and intensity perturbation of the slow wave are shown. 

The inset figures illustrate the emission line at various locations. The solid and dashed curves are for 

oscillation phase = 0 and = π, respectively. (a) Emission line from the loop with a large amplitude 

slow wave. (b) Emission line from loop with small amplitude slow wave or from a static background 

plasma in the line of sight. (c) Total emission line integrated over the line of sight. The thin lines 

show the two plasma components contributing to the full profile. 
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