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Welcome to the School of Chemistry & Physics

The School is based across two centers, with one operation in Durban and the other 
in	Pietermaritzburg.	Both	centers	offer	postgraduate	and	undergraduate	studies.	Our	

School comprises some 65 academic and 67 technical staff and our postgraduate School 
currently	stands	at	115	MSc,	130	PhD	and	27	Postdoctoral	fellows.	

The	School	emphasizes	both	the	practical	and	the	applied	nature	of	the	sciences.	Our	
spacious undergraduate laboratories are run by a highly trained professional technical 
staff,	are	equipped	with	modern	PC-controlled	instrumentation	(e.g.,	UV-visible	and	FTIR	
spectrometers	and	gas	chromatographs),	and	are	real	“hands-on”	places	of	learning.

Research	within	the	School	is	of	the	highest	international	standard,	and	our	MSc	&	PhD	
degrees	are	recognized	internationally.	Our	teaching	and	research	equipment	is	amongst	
the	best	in	Africa	and	compares	favorably	with	facilities	at	the	top	universities	in	the	world.	
These	include	four	NMR	spectrometers	(including	600	MHz	with	solids	probe),	a	wide	range	
of	chromatographic	equipment	including	GC-MS	and	LC-MS.	We	also	have	an	extensive	
range of equipment for inorganic analysis including single crystal and powder diffraction 
X-ray	equipment	as	well	as	a	range	of	atomic	and	molecular	spectroscopic	instruments.	The	
Condensed	Matter	Physics	lab	is	well	equipped	for	magnetic	and	electrical	measurements	
over	a	broad	temperature	range	(1.5	K	to	700	K)	in	applied	magnetic	fields	up	to	5	Tesla	
using	a	cryogen	free	measurement	system	and	Mössbauer	spectrometers.	Investigations	into	
the	quantum	regime	employ	sources	for	single	and	entangled	photons,	time-correlated	high	
efficiency	quantum	detectors,	nanophotonic	positioning	and	imaging	equipment,	and	traps	for	
cold	atoms	(BEC).	The	School	also	owns	the	first	3-D	scan	Lidar	in	Africa.

Research	undertaken	within	the	School	broadly	covers	the	following	areas:-	
•	Catalysis
•	Quantum	Information	Processing,	Communication	and	Open	Quantum	Systems
•	Quantum Nanophotonics and Metamaterials
•	Computational	Research	(both	Physics	and	Chemistry)
•	Medicinal Chemistry
•	Green Chemistry
•	Material Science
•	Space	and	Atmospheric	Physics
•	Astrophysics

The	School	is	also	host	to	the	regional	node	of	the	National	Institute	of	Theoretical	Physics	
(NITheP)	on	the	Westville	Campus.

Professor Ross Robinson, Dean and Head of School of Chemistry and Physics
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CHEMISTRY RESEARCH  WESTVILLE

The	school	of	Chemistry	and	Physics	has	an	active	Natural	Products	Research	Group	with	over	fifteen	
masters	and	doctoral	students	and	several	postdoctoral	students.		Research	is	centred	around	the	

extraction,	isolation	and	characterisation	of	compounds	such	as	triterpenoids,	alkaloids,	flavonoids	and	
polyphenols.		Another	branch	of	the	group	is	involved	in	the	synthesis	of	various	heterocyclic	aromatic	
molecules	from	fluorinated	starting	materials	to	contribute	to	the	Fluorine	Expansion	Initiative	of	South	
Africa	(FEI).		The	synthesised	or	isolated	molecules	are	tested	for	their	antibacterial	and	antioxidant	activity	
as	well	as	for	their	ability	to	combat	malaria	and	TB.		A	patent	on	betulinic	acid	and	their	derivatives	against	
sickle	cell	anaemia	was	recently	filed	as	a	result	of	work	done	by	the	group.

Medicinal Chemistry
Prof Neil A. Koorbanally
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Green Chemistry
Dr Vincent Nyamori and Dr Muhammad Bala

Green chemistry highlights the need for 
reduction	of	hazards	to	human	health	and	

the	larger	environment.		It	also	puts	an	emphasis	
on proper resource utilisation and conservation 
through informed design of chemicals and chemical 
processes.		Adherence	to	the	principles	of	green	
chemistry focuses the moral and ethical roles and 
responsibilities of chemists on issues such as cost 
reduction associated with the generation, reuse, 
and	disposal	of	hazardous	substances.		At	UKZN	
the use of alternative and greener solvents is one 
of	our	key	research	areas.		The	emphasis	here	is	on	
ionic	liquids	and	more	so	on	solvent-free	reactions,	
forming melts and crystalline materials from 
reactant	mixtures.

Also, we apply the concepts of green chemistry 
synthesis and catalysis based on organometallic 
complexes.		Hence,	our	research	looks	into	novel	
catalytic	systems	that	are	important	to	society.		

Another major research area is on sustainable 
energy.		Energy	security	is	a	burning	global	problem;	
we address this by looking at alternative energy 
sources such as conversion and storage of solar 
energy	from	the	sun.		In	this	regard,	there	is	
ongoing	study	within	our	research	group	into	an	in-
depth understanding of photovoltaic systems with 
the	aim	of	improving	the	efficacy	of	existing	systems	
through the formulation of plausible mechanisms to 
help	improve	their	operation	and	efficiency.

Example of a solvent-free reaction initiated by mechanochemical (grinding) means.

Without solvent, 
renewable 

resources, less toxic 
reagents, etc

Solvent

Greener 
approach

The	Environmental	Research	Group	within	the	School	of	Chemistry	and	Physics	is	a	new	and	vibrant	
research	branch	in	the	School.		At	present	our	interests	lie	in	the	analysis	of	both	organic	and	inorganic	

pollutants	found	in	the	surrounding	rivers	in	Durban.		We	have	a	number	of	projects	working	on	pesticide	
analysis	including	PCBs,	PAHs,	PCDDs	and	PCDFs,	projects	on	personal	care	contaminants	in	rivers	and	
waste	water	treatment	plants	and	analysis	of	metals	and	speciation	studies.		The	School	has	a	wide	variety	
of	instrumentation	available	that	is	used	in	our	research	and	we	have	good	expertise	and	experience	in	ICP,	
GC-MS,	LC-MS	and	other	characterisation	techniques	required	for	environmental	analysis.	An	extension	
of the water research studies is the development of nanostructured materials for the remediation of waste 
water.		Our	preliminary	studies	show	interesting	results	and	will	make	an	important	contribution	to	the	local	
and	global	community’s	water	research	programs.

Environmental Research
Dr Brenda Moodley
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Environmental Analytical Chemistry
Prof Sreekantha B. Jonnalagadda and Dr Roshila Moodley

African Potato

With focus on the elemental uptake by edible species and impact of soil quality, and dietary intake, 
Prof	Jonnalagadda’s		group	has	concluded	a	number	of	studies	and	is	actively	involved	in	various	

projects.		In	this	context,	together	with	his	research	in	Catalysis,	Prof	Jonnalagadda	has	produced	over	185	
research	publications	in	refereed	journals.

Recently	concluded	and	current	Projects:
•	 Impact	of	arsenic	rich	mine	dumps	on	the	elemental	uptake	by	the	three	grass	species.
•	 Effect of coal mine soil and metal contamination on the elemental uptake by edible Amaranthus herbs, 
spinach,	black	jack,	mushrooms,	African	potatoes	,	ginger	rhizomes,	yams,	sweet	potatoes	and	watercress.	

•	 Elemental	distribution	in	various	edible	seaweeds	as	a	function	of	location	and	season	along	the	KwaZulu-
Natal	coast	of	the	Indian	Ocean.

•	 Chemical and physical characteristics of various edible indigenous fruits and nuts as a function of soil 
quality.

•	 Elemental	uptake	and	speciation	in	indigenous	mushrooms	and	fruits	(avocados,	edible	vegetation,	
watercress	etc.)	as	function	of	soil	quality.

Caulerpa racemosa (Sea grapes)

Metal Speciation in Ecosystems
Dr Letitia Pillay

The	main	area	of	interest	lies	in	the	field	of	
environmental	analytical	chemistry.	We	

are particularly interested in metal speciation in 
environmental	ecosystems	(plant,	soil	and	water).	

The speciation of metals in environmental and 
biological samples is key to evaluating their toxicity 
and	bioavailability	to	living	organisms.	Bioavailability	
and speciation analysis is carried out using a 
combination of spectroscopy techniques including 
hyphenated	techniques	(HPLC-ICP-MS)	and	X-ray	
techniques, in addition to the more conventional 
chemical	methods.	We	aim	to	integrate	chemical	
(metal	and	organic	pollutants,	physico-chemical	
measurements, speciation and toxicity) and 
geochemical data to give an indication of past and 
current issues affecting the health and development 
of	these	systems.	This	information	will	also	allow	a	
better understanding of the impact that increasing 
or beginning industrial processes in other rivers, 
lakes	or	estuaries	will	have.	

We also carry out speciation research with plants, 
which centres around understanding the speciation 
and distribution of metals in plants that accumulate, 
tolerate	and	hyperaccumulate	specific	heavy	
metals and/or organic pollutants that will allow for 
phytoremediation of soil and water that has been 
contaminated.

Current	Research	Projects
•	 An analysis of the uptake mechanisms of South 
African	hyperaccumulator	plants.	

•	 An analysis of the water and sediment quality 
along	some	major	rivers	in	KwaZulu-Natal.	

•	 The	impact	of	industrial	activity	on	coastal	lakes.

Sediment Core Probe used to analyse the history 
of the sediment

A microscope image of Ni-DMG complex in leaf 
cross section
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The	challenges	facing	globally	deployable	AP	are	complex	and	needs	to	be	addressed	on	a	social,	
economic	and	scientific	front.	The	scientific	challenges	include	coupled	breakthroughs	in	light	harvesting,	

charge	separation,	homo-	and	heterogeneous	catalysis,	semiconductors,	nanotechnology,	modelling	from	
genetic engineering, photochemistry and photophysics, photoelectrochemistry, reaction mechanisms and 
device	engineering.

Artificial	Photosynthesis
Prof  Werner van Zyl

Globalization	of	Artificial	Photosynthesis	(AP)	as	a	Frontier	Technology	
for Energy Sustainability.   

The world currently consumes 16 TW of energy and by the year 2050 this will increase to 35 TW at 
current	population	growth.	This	output	cannot	be	sustained	by	non-renewable	fossil	fuels	which	will	

eventually run out, and meanwhile, it pollutes the atmosphere with CO2 gas, believed to be responsible for 
climate	change.	Sunlight	is	the	most	abundant	and	sustainable	source	of	energy	available	to	humanity.	Plants	
have	used	this	energy	effectively	if	not	efficiently	in	natural	photosynthesis	for	billions	of	years.	

Our	long-term	research	approach	is	to	break	down	the	photosynthesis	process	into	discrete	steps	and	then	
replicate	those	steps	in	the	laboratory,	so-called	“artificial	photosynthesis”.	The	most	important	of	these	steps	
is	the	photochemical	splitting	of	water	with	sunlight.	The	hydrogen	gas	formed	can	then	be	stored	and	used	as	
a	fuel	for	later	use.		

Research	topics	into	Artificial	Photosynthesis	can	be	broken	down	into	
the following steps:

•	Light	harvesting	and	charge	separation	processes
•	Carbon	dioxide	fixation	and	reduction	processes
•	Water	reduction	and	oxidation	processes
•	Oxygen	reduction	processes
•	Storage	mechanisms

Example of one of many schemes in the area of artificial photosynthesis

a) Schematic overview of the CO2 conversion routes to incorporate renewable energy in the chemical and energy chains. 
The renewable energy is used either directly (in the solar thermal production of syngas) or indirectly, according to two main 

possibilities: (i) production of renewable H2 or (ii) production of electrons, or electrons/protons (by water photo-oxidation), used 
in the electrochemical routes. 

(b) Detail of the different possible routes to synthesize light olefins (as raw material to incorporate renewable energy in the 

chemical production chain) from CO2 and renewable H2.
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Shaped Carbon Nanomaterials

Carbon nanotubes, nanospheres, activated 
carbons, and various graphitic and fullerene 

based materials are synthesised, and characterised, 
from	various	hydrocarbon	precursors,	waste	bio-
resources,	or	unique	organometallic	precursors.	
The wide range of key instrumentation needed 
to facilitate basic and applied research in this 
area continually allows for the exploration and 
development	of	new	applications	in	nano-
composite or single device design in such areas 
as fuel cells, sensors, catalyst supports, or energy 
storage.	A	key	area	of	expertise	is	with	carbon	
nanotubes, arguably one of the bedrock materials in 
nanoscience	and	nanotechnology	based	research.

Materials Research

Dr Muhammad Bala, Dr Irvin Booysen, Prof Sreekantha Jonnalagadda, Prof Bice Martincigh, 
Dr Thomas Moyo, Prof Genene Mola, Dr Mathew Moodley, Dr Justice Msomi, Dr Vincent 
Nyamori, Dr Stephen Ojwach, Dr Bernard Owaga, Dr Karin Pruessner, Dr Werner van Zyl.

Current Research Interests

The	School	of	Chemistry	and	Physics	has	consolidated	various	academics,	from	separate	disciplines,	into	
a	large	and	diverse	collective	with	a	strong	R&D	interest	in	materials	science.	Modern	trends	in	research	

lean	strongly	towards	the	exploitation	of	quantum	phenomena	from	a	fundamental	or	applied	perspective;	
essentially,	Nanoscience	and	Nanotechnology.	Breakthroughs	and	new	developments	within	this	exciting	
area of research are often achieved through synergy with researchers from very different backgrounds, as 
within	the	school.	This	unique	opportunity	to	further	develop	and	diversify	various	academics	respective	
research	portfolios	is	one	of	many	strong	drivers	for	the	materials	research	group.	

Current expertise in the synthesis of nanomaterials and the fundamental physical characterisation of such 
materials has resulted in a natural synergy that will lead to new developments in energy storage and 
utilisation,	environmental	remediation,	water	treatment,	nano-device	design	and	fabrication,	green	chemistry,	
and	fundamental	nanoscience	as	a	whole.	

 

 

Solar Cells

Research to date includes synthesis and rational 
design of novel starting materials for the 

assembly	and	fabrication	of	dye	sensitized	and	
polymer-nano-composite	based	solar	cells.	Facilities	
and	resources	for	the	complete	physical-chemical	
characterisation	from	initial	precursors	to	the	final	
cell	are	available	at	UKZN.

Mesoporous & Microporous Materials

Mixed	metal	oxides,	and	modified	oxide	
materials with controlled pore geometry 

and wall thickness are routinely synthesised, 
characterised and the properties tuned 
for	applications	in	catalysis,	photo-catalysis,	
electrochemistry, environmental remediation 
(degradation	of	organic	pollutants,	dechlorination,	
etc),	carbon	dioxide	chemistry,	or	water	treatment.	
Control	of	textural	characteristics;	specifically,	pore	
size,	pore	volume,	and	overall	surface	area	are	key	
to	understanding	the	fundamental	physical-chemical	
properties of such materials, and thus allowing for 
directed	applications.

Advanced Materials

New and young academics are actively engaged 
in developing novel materials for various 

burgeoning	research	areas.	This	includes,	but	is	not	
limited to, the development of new materials for 
next generation lithium ion batteries, new alloys 
and	coatings	for	high-temperature	applications,	
perovskite based nanocomposites for intermediate 
– low temperature solid oxide fuel cells, metal 
organic framework materials for energy conversion 
and	catalysis,	and	nano-ferrous	materials.	
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INSULATING	OILS	AND	MATERIALS	RESEARCH
Mr Ajay Bissessur 

Our research interests are vested in:

•	 The analysis and characterisation of naphthenic based insulating oils used in high and low voltage 
transformers.

•	 The	extraction	and	blending	of	antioxidants	e.g.	turmerones,	from	natural	sources	into	oils	to	prevent	
degradation	and	slow	down	corrosion	of	the	transformer	copper	windings.

•	 The analysis of chlorinated, polychlorinated and aromatic chlorinated compounds found in transformer 
oils.

•	 Investigation	into	the	effects	of	corrosive	sulfur	on	transformer	oils	and	cellulose	insulating	paper.
•	 Analysis,	characterisation	and	rejuvenation	of	cellulose	insulating	paper.
•	 Investigation	into	the	factors	that	accelerate	corrosion	of	high	and	low	voltage	powerlines.

A typical transformer [1]

[1]	Transformers:	Basics,	Maintenance,	and	Diagnostics,	U.S.	Department	of	the	Interior	Bureau	of	Reclamation	Technical	Service	Center	Infrastructure	Services	Division	
Hydroelectric Research and Technical Services Group, 2005, page 3 – 15

Heterogeneous Catalysis Group 

The heterogeneous catalysis group focuses on 
the	development	and	optimization	of	metal	

oxide based catalysts for the activation of medium 
chain	paraffins,	namely	hexane,	octane	and	decane	
which	are	abundant	and	low	value	by-products	in	
the	Fischer-Tropsch	process.		This	work	is	carried	
out	in	collaboration	with	SASOL,	Johnson-Matthey	
and	Cardiff	University	and	has	resulted	in	the	
understanding of the effect in activity and selectivity 
of	different	phases	in	the	activation	of	n-octane.		
These	findings	were	facilitated	by	extensive	use	
of in situ XRD and temperature programmed 
reduction, oxidation and ammonia desorption 
studies to understand the difference in the two 
phases	(e.g.	alpha	and	beta	molybdate).	

Catalysis
Prof Holger B. Friedrich

 14,10,16,22-tetrahydroxy-6,12,18,24-tetramethoxy-2,8,14,20-

Furthermore, the heterogeneous division focuses 
on the preferential oxidation of CO to CO2 in 
a feed that is similar to the fuel cell stream in 
order to prevent CO poisoning of the electrode 
in	the	fuel	cell.		This	work	is	carried	out	in	
collaboration	with	Mintek,	the	University	of	Cape	
Town	and	Hydrogen	South	Africa	(HySA)	with	
the	first	two	MSc	graduates	from	HySA	in	2013.		
Selective hydrogenation of mixed feed under 
hydrogen pressure is another focal point for the 
heterogeneous division, where the main focus is to 
selectively hydrogenate an aldehyde to alcohol in 
the	presence	of	alkene.		This	work	is	motivated	to	
improve the productivity of the hydroformylation 
and	1-octene	processes	where	mixture	of	
aldehydes	and	alkenes	are	produced.		This	work	is	
done	in	collaboration	with	SASOL.

The	Catalysis	Research	Group	(CRG)	was	established	in	1998	and	has	produced	19	PhD	and	24	MSc	
graduates	to	date.	Currently	the	CRG	group	consists	of	18	PhD	and	9	MSc	students	with	4	academics	
i.e.	Prof	H.	B.	Friedrich,	Dr	S.	Singh,	Dr	M.	D.	Bala	and	Mr.	M.	Shozi.		The	group	is	divided	into	two	main	
streams	of	catalysis:	heterogeneous	and	homogeneous	catalysis.



1716

A student operating the in situ XRD instrument

The homogeneous catalysis group mainly 
centres on the activation and functionalisation 

of saturated hydrocarbons using different types 
of	complexes	as	the	catalyst.	Hydrocarbons	
(paraffins,	olefins	and	aromatics)	form	a	large	
product	stream	of	petroleum	refining	and	are	the	
major	constituents	of	abundant	natural	gas.	Most	
hydrocarbons are burnt as fuel sources for energy 
generation, but with the right catalysis can be 
converted	into	value-added	products	that	serve	as	
feedstock	for	the	pharmaceutical,	heavy	and	fine	
chemicals	industry.	But	the	chemical	inertness	of	the	
paraffinic	C-C	and	C-H	bonds	especially	renders	
their conversion very challenging with respect to 
selectivity	to	intended	end-products.	

The Homogeneous Catalysis Group

The homogeneous catalysis group is actively 
involved in the development of homogeneous 
catalysts	that	are	able	to	oxidize	paraffinic	
substrates.	The	catalytic	oxidation	process	employs	
cavitand-capped	metalloporphyrins,	zeolites,	salen-
type	and	pincer-type	complexes	as	the	catalysts	
and this work is carried out as part of c*change, the 
Centre	of	Excellence	in	Catalysis.	Other	research	
in this group involves the oxidation of alcohols to 
aldehydes	using	amine-based	ruthenium	complexes.

The main focus of the research is to develop new catalyst materials for competitive technologies to 
reap	fiscal	benefits,	which	includes	the	Advanced	Oxidation	processes	(AOP),	Catalysed	Ozonation	

Processes	(COP)	for	conversions	to	Value	Added	Products	(VAP),	Oxidative	dechlorination	and	
mineralization	of	polychlorinated	organics,	disinfection	and	treatment	of	drinking	and	wastewater,	and	for	
industrial	bleaching	processes.			

Objectives include the synthesis of new catalyst materials, diverse supported catalysts, hydroxy apatites,  
hydrotalcite	like	compounds,	mixed	and	loaded	metal	oxides,	modified	zeolites	and	mesoporous	materials	
and nanomaterials and to study the shape selectivity towards the conversion to useful starting materials for 
synthesis.	

Recently concluded and current projects:
•	Oxidation	of	long	chained	saturated	hydrocarbons	(hexadecane	etc.)	to	value	products	at	moderate	
temperature	and	pressure	conditions	using	zeolite	like	materials.

•	Controlled	oxidation	of	n-propane	and	n-butane	using	oxygen	and	vanadia	catalysts.
•	Fast kinetics and mechanism of oxidative degradation of toxic organics with chlorine dioxide and 
hypochlorite	using	stopped	flow	techniques.

•	Ozone	initiated	dechlorination	and	mineralization	of	polychlorinated	compounds	
•	Ozone	initiated	microbial	disinfection.

Catalysis and value added conversions
Prof Sreekantha B. Jonnalagadda

Prof Jonnalagadda (left) with researchers at the School of Chemistry and Physics
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CHEMISTRY RESEARCH PIETERMARITZBURG

Environmental	Analysis	and	Toxic	Pollutants
Dr  Allen Mambanda

Electrochemical methods of analysis are applied to Environmental analysis and the mechanism and 
substitution	kinetics	of	square-planar	Pt(II)/	Pd(II)	complexes	are	investigated.		We	are	interested	in	

studying	the	surface	modification	aspects	of	micro	electrodes	with	applications	including	trace	analysis	of	
toxic pollutants in environmental samples as well as in vitro	detection	of	biologically-relevant	molecules	
using	electrochemical	methods	of	analysis.		We	are	also	working	on	both	the	kinetics	and	mechanisms	of	
substitution	reactions	of	Pt(II)	metal	complexes	with	anti-tumour	potential	in	collaboration	with	Professor	
D.	Jaganyi.
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Medicinal	inorganic	chemistry	is	directed	towards	the	formulation	of	novel	metal-based	compounds	
aimed	at	diagnostic	and	therapeutic	applications.	The	Booysen	research	group	focuses	on	this	research	

theme with particular emphasise on the development of novel rhenium radiopharmaceuticals, vanadium 
insulin	enhancing	and	ruthenium	chemotherapeutic	agents.	In	addition,	the	electrochemical	sensing	of	
biologically	active	molecules	and	pesticides	associated	with	various	diseases	like	cancer,	diabetes	(e.g. 
glucose)	and	Parkinson’s	disease	(e.g. dopamine)	is	incorporated.

Current research projects:

•	Complexes of the fac-[Re(CO)3]
+ and [ReO]3+	moieties	with	aromatic,	multidentate,	N-donor	ligands

•	Oxovanadium(IV/V)	complexes	with	heterocyclic	ligands

•	Ruthenium	(II/III)	compounds	with	potentially	tridentate	Schiff	base	chelates	containing	biologically	active	
moieties

•	The	design,	synthesis,	characterization	and	electrochemical	properties	of	Metallophthalocyanines	(MPcs,	
M	=	Fe,	Co	or	Mn):	Potential	electrochemical	sensors	for	biomolecules,	environmental	pesticides	and	
pollutants

Medicinal Inorganic Chemistry
Dr Irvin Booysen

Biological	Chemistry	
Mr. Bheki Xulu

Our research interests are centred on the biological chemistry of reactive oxidants and their involvement 
in	human	health	and	disease.	We	are	particularly	interested	in	understanding	the	mechanisms	and	

the kinetics of the damage caused by the cascade of reactive oxidants produced by activated white cells/
neutrophils.	While	the	main	goal	for	the	release	of	these	oxidants	is	to	kill	invading	pathogens,	misplaced	
production	(which	occurs	during	periods	of	inflammation)	results	in	host	tissue	damage.	This	inflammation	
induced damage has been linked to the development and progression of a number of diseases including 
atherosclerosis,	asthma,	cystic	fibrosis,	arthritis,	periodontitis	and	some	cancers.	

HOCl which is believed to be the main killing agent released by neutrophils reacts indiscriminately with 
many	biological	targets	including	amino	compounds.		The	reactions	of	HOCl	with	amino	groups	produce	
chloramines	which	are	also	potent	oxidants.	Very	little	is	known	about	the	effects	of	these	and	other	
oxidants	on	proteins	and	cells.	We	have	investigated	the	reaction	of	chloramines	with	thiocyanate	and	
found that it produces hypothiocyanite which is a more discriminate oxidant that is not lethal to mammalian 
cells.	We	also	found	that	thiocyanate	can	reactivate	an	enzyme	(GR)	that	was	previously	deactivated	with	
HOCl,	this	we	believe	is	due	to	its	reaction	with	the	chloramine	generated	in	the	active	site	of	the	enzyme.	
We	also	found	that	SCN	improved	the	viability	of	lung	cancer	cells	that	were	first	treated	with	HOCl.		We	
intend to continue the investigation of the reactions of these oxidants with other biological targets, with a 
particular	focus	on	understanding	the	reaction	mechanisms	and	kinetics.		The	knowledge	gained	through	this	
research may help broaden our understanding of human disease and can be manipulated to prevent or treat 
human	disease.
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Bioinorganic	Research	
Prof Orde Munro and Dr Matthew Akerman

Our	research	group	focuses	on	the	design	of	novel	metal-organic	compounds	with	the	potential	to	
bind	to	biomolecules	such	as	DNA	and	proteins	and	thus	act	as	cytotoxic	anticancer	agents.	One	

important	group	of	compounds	binds	to	both	DNA	and	enzymes	called	topoisomerases	which	function	in	
regulating	the	structure	of	DNA	during	gene	expression	and	cell	division.	The	compounds	are	able	to	stop	
cancer	cells	from	replicating	by	blocking	the	action	of	topoisomerase	enzymes	on	their	DNA	substrates.	We	
are	also	involved	in	synthesizing	and	studying	the	biological	distribution	of	radioisotopically-labelled	Au	and	
Cu	complexes	in	an	effort	to	understand	their	fate	(metabolism	and	distribution)	in	live	animals	as	part	of	a	
national	consortium	of	researchers	called	NTeMBI.

Collaborators

In order to study the cytotoxicity and molecular mechanism of action of metallodrug candidates designed 
and	synthesized	at	UKZN,	we	work	with	the	following	collaborators:
•	National	Cancer	Institute	(Bethesda,	USA)
•	Prof	Mark	Muller	(University	of	Central	Florida,	USA)
•	AuTEK	Biomed	(Randburg,	RSA)
•	NTeMBI	Consortium	(NECSA,	Pretoria)	and	the	UOFS	(Bloemfontein)

Organic Chemistry Research  
Prof Ross Robinson

Organic	Chemistry	has	been	very	strong	on	the	Pietermaritzburg	campus	since	the	inception	of	the	
University	in	1910.	The	group	over	the	years	has	had	a	strong	tradition	in	natural	product	chemistry	

which	has	since	expanded	into	synthetic	and	physical	organic	chemistry.	The	current	group	consists	of	
Professors	Fanie	van	Heerden	and	Ross	Robinson,	Dr	Siphamandla	Sithebe	and	Dr	Vineet	Jeena.

Current	Research	Projects

Our research interests include the application of 
photo-catalysed	semi-conductors	as	potential	

oxidants	in	organic	chemistry.	These	studies	have	
led to a number of excellent catalytic systems that 
allow for rapid oxidation of alcohols to aldehydes 
using	environmentally	friendly	conditions.		We	have	
published this work in leading international journals 
including Chemical Communications and Dalton 
Transactions.

We also have an active group looking 
at the total synthesis of the ant alkaloid 
223H.	In	this	project	we	have	been	

looking at the stereoselective synthesis of this 
natural product using a novel hydroamination 
cyclisation type methodology developed within this 
group	some	years	back.	

This project has led to a number of interesting 
studies over the years, such as the role that late 
transition metals play in the hydroamination 
cyclisation	process.	

The	School	of	Chemistry	and	Physics	
entertains a very active research 
programme	in	the	area	of	Boron	chemistry	
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Convenient photo oxidation of alcohols using dye sensitised zinc oxide in combination with silver nitrate 
and TEMPO.  Vineet Jeena and Ross S. RobinsonChem. Commun., 2012,48, 299-301

using	ultra-stabilised	heteroatom	containing	
systems.	These	studies	have	allowed	us	to	develop	
a	new	approach	to	the	carbon-cabon	cross	
coupling	Suzuki	type	chemistry.		Currently	this	
research is developing into the medical arena as 
we believe that these compounds hold potential as 
novel	Boron	Neutron	Capture	Therapy	(BNCT)	
for	the	treatment	of	certain	types	of	cancers.	This	
approach to cancer treatment is interesting as it has 
a number of unique advantages for the patient, but 
research	in	this	area	has	been	somewhat	limited.	
In	BNCT	a	thermal	neutron	interacts	with	the	

drug to release an alpha particle that subsequently 
destroys the tumor cell but does little damage to 
surrounding	tissue.

The advantage of our molecules for this type of 
research	is	that	they	possess	fluorescent	properties	
which allow for analysis of the drug interactions 
and binding properties, in addition it will allow for 
the coupling of a number of targeting agents to the 
molecule.

 

N

223H

The research takes the shape of synthesis, structural elucidation of the complexes and their investigation 
as	potential	catalysts	in	olefin	transformation	reactions.	The	catalytic	reactions	are	geared	towards	value	

addition	to	the	vast	resources	of	odd-number	olefins.	Some	of	the	important	areas	under	investigation	
include	olefin	oligomerization,	polymerization,	methoxy-carbonylation	and	hydroformylation	reactions.	
Detailed kinetics and mechanistic studies are also performed in order to understand the nature of the active 
species	and	aid	in	rationale	catalyst	design.			

Organometallic Chemistry and Homogeneous Catalysis
Dr Stephen O. Ojwach



2726

UKZNs	Role	and	Linkages

Much	of	UKZN’s	current	Space	Physics	research	
is in close collaboration with the South African 

National	Space	Agency	(SANSA).	SANSA	provides	
bursaries	for	Honours,	Masters	and	PhD	students,	
approximately half of whom are registered at 
UKZN.	These	students	are	supervised	by	the	

Space	Physics
Dr Heather McCreadie, Prof Jonathan P. S. Rash, Dr Judy Stephenson and Emeritus Prof 
A. D. M. Walker.

Introduction: Space Weather

Physicists	at	UKZN,	and	previously	at	the	University	of	Natal,	have	been	involved	in	Space	Physics	for	
many	years,	much	of	it	as	part	of	the	South	African	National	Antarctic	Programme.	Antarctica	provides	

a	“window	into	geospace”	because	of	the	configuration	of	the	Earth’s	magnetic	field.	Many	phenomena	
occurring	further	out	in	geospace	(near-Earth	space,	where	satellites	orbit)	map	down	along	magnetic	
field	lines	which	converge	around	the	magnetic	poles.	Many	interesting	electromagnetic	phenomena,	such	
as	currents,	waves,	wave-particle	interactions	and	many	more,	occur	in	conjunction	with	the	aurora	or	
“southern	lights”.	Ground-based	instruments,	such	as	the	upper	atmosphere	radar	at	the	South	African	
Antarctic	base	Sanae	can	make	significant	observations	of	these	space	phenomena.	Besides	the	purely	
scientific	interest,	there	are	also	commercial	and	strategic	interests	in	understanding	“space	weather”.	This	is	
because of the ever increasing number of satellites in orbit around the Earth, and our increasing dependence 
on	them;	the	electronic	components	on	these	satellites	are	vulnerable	to	high	energy	particles	from	the	
Sun.	The	study	of	space	weather	aims	to	improve	our	understanding,	and	perhaps	prediction,	of	the	highly	
irregular	“solar	wind”,	the	stream	of	particles	continuously	emitted	by	the	Sun,	and	its	effect	on	the	space	
environment	of	the	Earth.	

following members of staff in the School: Emeritus 
Professor	David	Walker,	Dr	Jon	Rash,	Dr	Heather	
McCreadie	and	Dr	Judy	Stephenson.	The	students	
may	have	co-supervisors	at	SANSA	Space	Science,	
and some may be based in, or spend some time at, 
Hermanus.		

PHYSICS RESEARCH WESTVILLE
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 The	HF	Radar	Project

This project is funded by the National Research 
Foundation	(NRF)	in	cooperation	with	SANSA,	

as part of the South African National Antarctic 
Programme	(SANAP).	The	project	involves	the	
operation of an HF radar at the South African 
Antarctic base Sanae, where it is regarded as the 
“flagship”	project.	The	radar	tracks	the	motion	
of	plasma	irregularities	(which	produce	variations	
in	electron	density)	in	the	ionosphere;	these	
irregularities move with the background plasma 
so	that	one	can	infer	currents	and	electric	fields	
on	both	small	and	large	scales.	The	Sanae	radar	
is part of an international network known as 
SuperDARN	(Super	Dual	Auroral	Radar	Network),	
a	set	of	(currently)	33	radars	in	the	northern	and	
southern	hemispheres.	These	radars	each	have	16	
beams,	with	overlapping	fields	of	view,	allowing	the	
determination of two dimensional velocity vectors, 
and	their	global-scale	coverage	provides	one	of	
the most valuable inputs to the space weather 
database, as evidenced by a NASA award for 

SuperDARN.	Whereas	satellites	can	only	make	
point observations at one position varying rapidly 
with time, SuperDARN provides measurements 
of	global	scale	“convection”,	or	circulation	of	
ionospheric plasma, over large fractions of the 
northern and southern auroral ovals, the northern 
polar	cap,	and	millions	of	square	kilometres	at	sub-
auroral latitudes, on minute timescales in real, or 
near-real,	time.	It	provides	real-time	measurements	
of the cross polar cap potential, a measure of the 
electric	field	generated	by	the	dynamo	of	the	solar	
wind	and	Earth’s	magnetic	field,	and	an	important	
parameter	in	space	weather.	

The	institutions	with	whom	UKZN	collaborate	
include:	SANSA	Space	Science,	British	Antarctic	
Survey	and	University	of	Leicester	(UK),		Johns	
Hopkins	University	Applied	Physics	Laboratory	and	
Virginia	Tech	(USA),	University	of	Saskatchewan	
(Canada)	and	La	Trobe	University	(Australia).

The two main areas currently under investigation 
are:

(1)	the	observation	and	understanding	of	ULF	(ultra	
low	frequency,	typically	less	than	1	Hz)	waves.	
These	waves	cause	oscillations	of	the	magnetic	field	
which	can	be	observed	with	the	HF	radars.	The	
research	directed	by	Emeritus	Professor	Walker	
and Dr Stephenson relates the frequencies of 
these oscillations to oscillations in the solar wind 
observed	by	satellites.	While	many	ULF	waves	
are believed to be generated by the interaction of 
the	solar	wind	and	interplanetary	magnetic		field	
(IMF)	with	the	Earth’s	magnetosphere,	this	research	
aims to trace a source further back, and Emeritus 
Professor	Walker	is	developing	a	theory	to	explain	
this,	in	parallel	with	the	observations.	

(2)	The	observation	and	understanding	of	high	
velocity	“flow	bursts”	in	the	ionospheric	plasma.	
During	what	are	considered	magnetically	“quiet”	
periods,	localized	short-term	large	increases	in	the	
plasma	velocity	can	be	observed.	These	bursts	are	
thought to be related to the release of energy from 
magnetic		reconnection,	the	reconfiguration	of	the	
interplanetary	and	Earth’s	magnetic	fields.

However, more investigation is needed to 
determine if this is the case, and how the processes 
develop	across	space	and	time.	This	research	is	
directed	by	Prof	Rash	and	Dr	McCreadie.

There is also a related project underway, currently 
with an MSc student looking at the mapping of 
electric	fields	along	magnetic	field	lines	between	
the equatorial plane in the magnetosphere and the 
ionosphere.	

All	these	projects	utilize	data	from	the	SuperDARN	
radars, all of which the group has access to through 
contributing	the	Sanae	data.	This	enables	the	group	
to	conduct	some	“big	science”	on	what	is	a	modest	
budget	on	an	international	scale.	Data	from	a	
number	of	scientific	satellites	are	also	accessed	in	
conjunction with the radar data in order to better 
understand	the	phenomena.

Dr	McCreadie’s	expertise	is	in	Geomagnetism.	She	
has access to a large set of satellite geomagnetic 
data for various projects, and has recently overseen 
the installation of a magnetometer, part of a 
Japanese	run	network,	at	UKZN’s	Ukulinga	Farm	
outside	Pietermaritzburg.	

HF	Radar	Related	Research	at	UKZN
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The Earth’s magnetosphere is a dynamic system that is seldom in a state of equilibrium. 

The main source of this geomagnetic activity is the sun, whose solarwind couples to the 

magnetosphere with varying degrees of efficiency, depending on the interplanetary conditions 

near the sub-solar magnetopause.  Sometimes this coupling is intensified during the arrival 

of fast moving solar ejecta, like interplanetary coronal mass ejections (ICMEs), solarares, 

corotating interaction regions or magnetic clouds, leading to the possibility of magnetic storms 

that unleash a complex chain of events that eventually produce a global reconfiguration of 

the magnetosphere.  At other times the sun’s influence is less strongly felt, yet the perturbing 

influence of its solar wind is still sufficient to prevent relaxation to true equilibrium.

The perpetual restlessness of the magnetosphere is reflected in the electro-magnetic fields 

and charged particle populations that exist within it.  For instance, the charged particle 

populations seldom have velocity distributions that are of the Maxwellian type, an indicator 

of local thermodynamic equilibrium. Instead, their velocity distributions often exhibit beams, 

thermal anisotropy and power law tails.  These non-thermal features represent sources of free 

energy that can amplify electromagnetic field perturbations (waves) in a process called plasma 

instability. Plasma instabilities play an important role in dissipating the energy input to the 

magnetosphere from the sun via its solar wind coupling.

Our group conducts theoretical research on a wide range of plasma waves and instabilities. 

Using kinetic theory or the equations of fluid dynamics and Maxwell’s equations, plasma 

models are developed that closely approximate conditions in the Earth’s magnetosphere, 

solar wind, or other astrophysical setting.  By perturbing suitable plasma equilibria, we can 

ascertain which waves grow in time, giving instability, and which are stable and damp away in 

time.  Of particular interest to us are charged particle meta-equilibria that can be modelled by 

the kappa velocity distribution.  The kappa distribution accurately reproduces the power law 

tails so frequently observed in magnetospheric velocity distributions and elsewhere.  It alters 

the statistical likelihood of basic plasma dynamical processes, leading to instability growth rates 

and frequency dependence on wave number that can be quite different from those predicted 

by Maxwellian theory.  Frequently the predictions of theory based on the kappa distribution 

are more consistent with spacecraft observations than those of the equivalent equilibrium 

Maxwellian theory.

Space Plasma Waves
Prof Richard L. Mace and Emeritus Prof Manfred A. Hellberg
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Unstable waves do not grow indefinitely.   At some point the wave amplitude becomes large 

enough that it affects particle trajectories.  This, in turn, alters the initial unstable velocity 

distribution, leading to stability.  Being a non-linear medium for wave propagation, plasmas 

coordinate the phases of large - amplitude waves propagating in them to form various non-

linear structures that propagate for large distances without changing their shape.  Such large-

amplitude wave structures  are called solitons or solitary waves and they are often produced 

by plasma instabilities.  Our group conducts research into the existence criteria for solitary 

waves of several types, their propagation speeds and their various shapes.  Models are strongly 

influenced by space plasma observations, frequently employing the kappa distribution to 

determine the particle density distribution within the wave. 

Our results have lead to a deeper understanding of large- amplitude wave propagation in non-

thermal space plasmas.  In addition to our theoretical wave models, we develop and carry out 

detailed, large-scale plasma simulations to understand better instabilities and their means of 

saturation, as well as a variety of plasma wave phenomena.  Our codes run on the CHPC and 

GPGPU based systems.

Our understanding of instabilities and the plasma conditions giving rise to them continues to 

benefit from in situ spacecraft measurements and our members maintain a keen interest in and 

awareness of current and future NASA and ESA missions.
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In 2012, the Square Kilometer Array Organization 
announced that South Africa will host the 
Square Kilometer Array (SKA) project jointly 
with Australia.  South Africa will be the majority 
partner and is set to host two out of the three 
antennae sites in collaboration with 8 other 
African countries (Botswana, Ghana, Kenya, 
Madagascar, Mauritius, Mozambique, Namibia 
and Zambia).   This project will involve the 
construction of 3000 radio dishes, which will 
operate in unison to become the most sensitive 
radio telescope in the world by 100-fold. The 
SKA will be used to construct a picture of the 
cosmos in radio waves.  Because light travels 

Astrophysics 
Prof Jonathan Sievers

at a fixed speed, the light from distant celestial 
objects that we detect here on earth today was 
emitted in our distant past, allowing astronomers 
to effectively look back in time. By observing our 
universe at radio frequencies which go beyond 
the range of the human eye, we are able to look 
through clouds of dust that usually obscure our 
view, and see into the very distant past when the 
first objects began to form in the universe.   
The key scientific objectives of the SKA are by 
no means humble.  With the SKA we will be 
able to study galaxies at much greater distances 
than we have been able to reach so far, giving 
us a new perspective of how galaxies form.  By 

UKZN has identified strongly with the recognition of Astrophysics as a focus area in South Africa. 
This saw the establishment of the Astrophysics and Cosmology Research Unit (ACRU) in 2005. 

The mandate of ACRU is the promotion of research in Astrophysics and Cosmology with the aim of 
advancing the understanding of the Universe and the diverse range of structures it contains. The unit, 
which spans both the School of Chemistry and Physics (SCP) and the School of Mathematics, Statistics 
and Computer Science (SMSCS), has seen the development of a strong research programme focused on 
producing high-impact research. 

Research topics within the ACRU group include:
• Observational and theoretical cosmology
• Extragalactic astrophysics
• Astronomical Instrumentation
• Astrophysical data analysis and high performance computing
• Modelling of compact objects using General Relativity

Much of the success has been linked to the involvement of the academic staff and postdoctoral 
researchers in international collaborations producing science at the cutting edge. ACRU members are 
involved in the Atacama B-mode Search, Atacama Cosmology Telescope, the C-Band All-Sky Survey, the 
Planck Satellite, the Precision Array for Probing the Epoch of Reionization, the South Pole Telescope 
and the XMM Cluster Survey. ACRU will be part of the South African consortium participating in the 
Large Synoptic Survey Telescope project. We will also participate in future generation experiments such 
as the Square Kilometer Array and the Hydrogen Epoch of Reionization Array.  ACRU members have 
been instrumental in getting a 1,000 core high-performance computing cluster for UKZN.  

The	Square	Kilometer	Array	Project
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studying how massive groups of galaxies distort 
the paths of radio waves on their way to earth, 
we can learn about ‘dark energy’, the unseen 
entity that is responsible for the accelerated 
expansion of the universe that we measure 
today.   The SKA will also be powerful enough to 
detect faint ripples in the fabric of space and time 
through very precise astronomical clocks called 
pulsars - which are very rapidly spinning stars - 
and in this way, study the very earliest moments 

in time.   By monitoring these pulsars, we will for 
the first time, be able to test Einstein’s theory 
of gravity under extreme conditions, find black 
holes and learn about their nature.  Even more 
exciting will the ability of the SKA to detect radio 
signals from other intelligent forms of life that 
may exist elsewhere in the universe. Because of 
its great size, the SKA will be able to detect these 
extremely weak signals, provided we are smart 
about knowing where to point this telescope. 
We will be involved with several key science 
projects based on the data from MeerKAT, 
the first 64 dishes of the SKA currently under 
construction by SKA South Africa. We will 
participate in the MIGHTEE project, which will 
study the growth of supermassive black holes 
located at the centres of galaxies, and the MALS 
project, that will study the build-up of stars from 
the reservoirs of hydrogen gas contained in 
galaxies. We also have a close collaboration with 
the principal investigators of the MALS project to 
train UKZN students to work on data from this 
project.

For more information about 
our SKA bursary program, 

postgraduate research 
projects and outreach 

opportunities, please contact 
our PR and outreach officer  

(acru.pr@gmail.com). 
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In the present context of global changes, atmospheric and climatic research 
should	be	more	organized	in	the	framework	of	international		collaborations		and	
research	networks.	During	recent		years,	the	importance	of	systematic	monitoring	
of	the		atmospheric	structure,		dynamics		and		composition		has		been		confirmed		by	numerous	satellite		
and		surface	observations.	Together	with	land	use	change,	the	aerosol	burden		perturbs		the	surface/
atmosphere	radiative	balance,	as	well	as	cloud		properties,		ensuing		regional		climatic	impacts.		Over	
Southern  Africa and  the  neighboring oceanic regions of the Indian Ocean, these regional impacts are 
influenced	by	dynamical	variability	and	play	an	important	role	in	global	climate	change.	The	quantitative	
characterization	of	these		anthropogenic	regional	factors	and	their	relative	climatic	impact	are	still	uncertain.	
In this domain, the improvement and the use of integrative  climate modeling  tools is a necessity for 
environmental	management	and	climate	change		mitigation		(International	Panel	on	Climate	Change,	2007).	
Compared  to developed regions of the northern hemisphere, the tropical and austral regions of the 
southern hemisphere are poorly documented even though they are important components of the global 
atmosphere.		Thus,	it	is	important	to	understand	the	structure	and	dynamics	of	the	atmosphere	(especially	
in	Southern	Africa,	see	also	national	DST	10	years	grand	challenges).

The	present		research	team	at	UKZN	consists	of	one	Associate	Professor,	one	Scientist	(SANSA),		two	
Post-Doctoral	Researchers,	six	Ph.D	and	four	Master	Degree	students.

Atmospheric	Research	(Atm-Res)
Prof Sivakumar Venkataraman

The Research Team’s focus

•	 Studies on middle atmospheric thermal structure
•	 Studies	on	atmospheric	gravity	waves,	planetary	waves,	equatorial	waves,	tides	etc.
•	 Aerosols and clouds
•	 Mesosphere	Lower	Thermosphere	(MLT)	interactions	and	Stratosphere-

troposphere	exchange	(STE)
•	 Different ground and space borne atmospheric remote sensing techniques
•	 Atmospheric pollution and its impact
•	 Different atmospheric forces
•	 Model/Simulation and Climate trends

Ground	Based	Remote	Sensing	Instruments

•	 Light	Detection	and	Ranging	(LIDAR)
•	 Radio	Detection	and	Ranging	(RADAR)	(including	SUPERDARN	HF	

radar network)
•	 Sun	Photometer:	AErosol		RObotic	NETwork	(AERONET)	
•	 Radiometer
•	 Ozone	spectral	analyzer	(including	SAOZ)	
•	 Radiosonde	/	Ozonesonde
•	 South African Weather Service data
•	 Riometer	(South	African	National	Antarctic	Programme:	SANAP)

Space	Borne	Satellite	Observation	Instruments

•	 Sounding	of	the	Atmosphere	using	Broadband	Emission
•	 Radiometry	(SABER)
•	 Total	Ozone	Mapping	Spectrometer	(TOMS)	and	Global
•	 Ozone	Monitoring	Experiment	(GOME)
•	 Moderate	Resolution	Imaging	Spectro-Radiometer		(MODIS)
•	 and	Multi-angle	Imaging	Spectro-Radiometer		(MISR)	Halogen	Occultation	Experiment	(HALOE)
•	 Formosa	Satellite	3	-	Constellation	Observing	System	for	Meteorology,	Ionosphere,	and	Climate	

(FORMOSAT-3/	COSMIC)
•	 Measurement	of	Ozone	and	Water	Vapour	on	Airbus	in-	service	Aircraft	(MOZAIC)
•	 Meteorological	Satellite	(EU-METEOSAT-3)	Stratospheric	Aerosol	and	Gas	Experiment	(SAGE)

The	Present	Research	Team	Collaborators
National

•	 Council	for	Scientific	and	Industrial	Research	
•	 South African Weather Service 
•	 South African National Space Agency

•	 Atmosphériques	(UMR	7583,	CNRS)
•	 Universite	D’Antananrivo,	Madagascar
•	 Lindenberg	Meterological	Observatory,	

Germany
•	 Centre Algérien de Développement des 

Technologies
•	 Avancées, Algeria
•	 Addis	Ababa	University,	Ethiopia

•	 Laboratoire	de	l’Atmosphère	et	des	Cyclones	
(LACy,	UMR

•	 8105),	CNRS	–	Reunion	(France)
•	 Laboratoire	Atmosphères,	Milieux,	Observations	

Spatiales
•	 (LATMOS:	UMR8190),	CNRS	-	France
•	 Laboratoire	d’Aerologie,	Toulouse,	France
•	 Laboratoire	Interuniversitaire	des	Systèmes

International

•	 South African Maritime Safety Authority
•	 University	of	Pretoria
•	 North-West	University
•	 African	Laser	Centre
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On the fundamental side of physics, the focus 
is	on	self-assembled	superstructures.	An	

example	is	single-walled	carbon	nanotubes.	Since	
the	“re-discovery”	of	carbon	nanotubes	in	the	
early 1990’s, the many wonderful properties of 
carbon nanotubes and the possible devices which 
exploit the properties of nanotubes have been 
demonstrated	in	many	laboratories	worldwide.	
However, reliable methods of scaling up production 
to	produce	reliable	devices	based	on	well-defined	
nanotubes	have	failed.	Since	nanotubes	grow	by	
uncontrolled	self-assembly,	this	process	tends	to	
produce	a	mixture	of	semi-conducting,	metallic	
and chiral nanotubes, each with its own electronic 
properties.	This	fact	is	a	major	drawback	for	

deployment of the material for use in consumer 
electronics.	Figure	1	shows	a	(7,7)	nanotube	which	
exhibits metallic properties and Figure 2 shows 
a	semi-conducting	(7,5)	nanotube.	Part	of	our	
efforts is to understand the growth mechanisms by 
theory, computation and experiment in order to 
achieve	controlled	synthesis	of	single-walled	carbon	
nanotubes.	Furthermore,	a	major	part	of	this	type	
of	work	is	to	thoroughly	characterize	the	property	
and morphology of the material using techniques 
such as Raman spectroscopy, photoluminescence 
spectroscopy, scanning probe microscopies and 
electrical	characterization.	There	are	many	other	
superstructure systems such as boron nitride 
nanotubes	which	can	also	be	similarly	investigated.

Nanoscience and Nanotechnology Research
Dr Mathew K. Moodley

Nanoscience is the study of materials which exhibit remarkable electrical, magnetic, optical and chemical 
phenomena	due	to	quantum	effects	related	to	its	size.	Typically,	materials	with	at	least	one	dimension	

less	than	100	nm,	is	prone	to	exhibit	behaviour	different	to	its	bulk	form.	Nanotechnology	on	the	other	
hand	is	the	engineering	of	devices	or	systems	to	exploit	these	phenomena	for	new	or	superior	functionality.
Virtually	any	material	such	as	those	that	appear	in	the	periodical	table	of	elements	and/or	its	compounds	
exhibit	some	phenomena	in	the	nanoscale	regime	that	is	different	to	its	bulk	form.	These	effects	apply	to	
both	inorganic	and	organic	materials	systems.	Even	a	virus	of	100	nm	in	diameter	is	affected	by	quantum	
mechanical	effects.	Thus,	the	area	of	nanoscience	research	spans	physics,	chemistry,	biochemistry	and	
engineering.	Indeed	nanoscience	is	very	multidisciplinary	in	nature	and	in	recent	years	saw	collaborations	
developing	between	researchers	from	many	different	branches	of	science	and	engineering.

The Nanoscience Research Group focuses on two research themes 

•	 Fundamental physics and 

•	 Development	of	devices	for	chemical	sensing	and	solar	energy	harvesting.

Fundamental	Physics

Figure 1: A (7,7) metallic carbon nanotube. Figure 2: A (7,5) semi-conducting carbon nanotube.

For the development of devices, it is necessary 
to	fully	characterize	the	material	of	interest	to	

be	used	in	a	functional	device.	For	example,	if	a	
carbon nanotube is to be used in a chemical sensor, 
its	properties	must	be	known	beforehand.	For	
device fabrication, charge transport mechanisms 
form a critical part to the understanding of the 
behaviour of the device when it is exposed to a 
stimulus.	Figure	3	shows	a	simple	schematic	of	
chemical sensor where the charge transfer takes 
place between the stimulus shown as red gas 
molecules	and	the	nanotube.	This	causes	a	change	
in	the	conductance	in	the	device.	This	change	can	
be calibrated for different concentration of gas 
molecules.	To	eventually	construct	the	device,	
precise deposition technologies are required to 

Development of Devices
prepare, conductive layers, electrical contacts, 
precise positioning nanomaterials, engineering of 
on-board	micro/nano	sized	heaters	for	device	
recovery and a comprehensive testing platform to 
characterize	device	performance.	A	major	part	of	
our work is to put this infrastructure in place whilst 
collaborating with other institutions nationally and 
internationally which already have these engineering 
tools.	

The study and development of devices based on 
nanomaterials is part of the South African nations 
endeavour to develop a knowledge based economy 
and to train future scientists and engineers in the 
new	technologies.	This	is	the	group’s	mandate.

Figure 3: Schematic of a carbon carbon nanotube based sensor
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We undertake experimental studies of magnetic properties of novel materials over a wide range of 
sizes	from	bulk	to	nanoparticles,	and	from	ordered	to	disordered	structures.		We	are	interested	

in	the	evolution	of	the	properties	as	a	function	of	structure,	temperature	and	magnetic	fields.		We	have	
produced a wide range of compounds which include mixed ferrites, rare earth and tin doped compounds 
by	wet	chemistry	techniques	and	by	high	energy	ball	milling.		Interesting	effects	have	been	observed	in	
relation	to	the	transformation	of	the	compounds	from	single	domain	to	multi-domain	structure.		We	also	
study	exchange	bias	effects	which	show	strong	correlation	with	particle	size	in	tin	doped	compounds.	
Some	of	our	recent	work	with	possible	applications	have	included	solubility	studies	of	anti-retroviral	drug	
(saquinavir)	and	the	study	of	complexes	of	tetracycline	with	nanoferrites	for	possible	treatment	against	a	
wider	range	of	bacteria.

The	synthesis	facilities	available	include	a	4843	PARR	stirred	pressure	reactor,	Retsch	MP	400	high	energy	
planetary	ball	mill	with	alloying	capability	and	a	MAM	1	mini	arc-melting	facility	for	the	production	of	
intermetallic	alloys.		The	sintering	of	samples	is	supported	by	two	furnaces,	one	being	a	Sentrotech	high	
temperature	furnace	up	to	1600	°C.	Direct	synthesis,	size	reduction	and	complexing	of	different	materials	
can	be	performed	by	milling	in	air	and	inert	gas	atmospheres.	

The	facilities	for	structural	characterization	by	X-ray	diffraction	and	transmission	electron	microscopy	are	
available.	We	use	57Fe	Mössbauer	spectroscopy	extensively.		This	is	an	important	technique	for	probing	the	
magnetic	state	of	any	compound	that	contains	iron	atoms.	Magnetization	measurements	are	currently	being	
performed	on	a	vibrating	sample	magnetometer	(VSM)	in	the	temperature	range	of	4.2-300	K	and	magnetic	
field	of	up	to	1.4	Tesla.	

A	new	5	Tesla	Mini	Cryogen	Free	Measurement	System	from	Cryogenic	Ltd,	UK	has	been	ordered.		The	
system	has	a	modular	design	with	interchangeable	options	for	a	VSM,	AC	susceptibility,	resistance	and	Hall	
effect	measurements.	The	operational	temperature	range	of	the	system	is	1.6-700	K.

Condensed	Matter	Physics
Dr Thomas Moyo and Dr Justice Z. Msomi

The	High	Energy	Physics	Group	was	established	at	UKZN	by	Dr	Sahal	Yacoob	in	2012	and	is	one	of	
4	such	groups	situated	in	South	Africa	which	work	together	on	the	ATLAS	experiment	at	CERN	in	

Switzerland.	ATLAS	is	a	mammoth	detector	100m	underground	which	makes	precision	measurements	
of	the	proton	collisions	provided	by	the	Large	Hadron	collider.	The	data	collected	allows	for	detailed	
study	of	our	fundamental	understanding	of	the	interactions	between	the	basic	building	blocks	of	matter.	In	
addition to contributing to the global understanding of nature, high energy physics involves many challenges 
in	the	fields	of	computing,	communication,	collaboration,	and	statistical	analysis.	While	the	research	is	not	
directly	applicable	to	society,	work	in	this	field	has	lead	to	make	societal	developments	(for	example	cancer	
treatment and the world wide web)

High	Energy	Physics
Dr Sahal Yacoob
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SA	Research	Chair	in	Quantum	Information	Processing	&	Communication

Prof Francesco Petruccione

The	research	activities	of	the	SA	Research	Chair	in	Quantum	Information	Processing	and	Communication	
revolve mainly around the following topics:

Open Quantum Systems
Quantum Computing
Quantum Communications
Quantum	Biology

Each	of	the	above	fields	is	inter-related	and	each	strongly	influences	the	others.	It	has	been	suggested	that	
the	integration	of	these	fields,	as	between	the	different	experimental	approaches	to	quantum	mechanics,	is	
needed for building complete quantum systems and is a key issue for developing quantum information as the 
basis	of	a	future	technology.		In	particular,	the	theory	of	open	quantum	systems	is	central	to	many	aspects	of	
practical	description.

Open Quantum Systems

The Group has been working on the theory 
of open quantum systems, which is at the 

basis of many recent quantum technological 
applications.	The	miniaturization	of	technological	
devices necessitates manipulation of objects at 
the nanoscale level at which coherent quantum 
mechanical processes start to dominate the 
physical	properties.		The	unavoidable	interaction	
of these systems with their environment gives rise 
to dissipative mechanisms and a strong loss of 
quantum	coherence,	i.e.	decoherence.	Since	perfect	
isolation of quantum systems is not possible, it is 
of central importance to incorporate the methods 
and tools of the theory of quantum systems in the 
exploration	of	quantum	technologies.		Among	the	
basic tools of the new quantum technologies are 
quantum metrology, quantum control, quantum 
communication	and	quantum	computation.	

Quantum Computing

It is well known that capabilities of computers have 
grown substantially since the earliest computers 
of	the	1940s,	while	the	size	of	computers	has	
grown	progressively	smaller.		From	vacuum	tubes	
occupying a room, current processors provide 
50	million	transistors	on	a	single	chip	of	26	mm².	
Moore’s	Law	indicates	that	the	computational	
power/speed of the fastest commercial computer 
processor doubles and the number of electrons 
per	commercial	device/size	is	halved	every	18	
months.		It	is	to	be	expected,	that	in	the	near	
future computing will require manipulation at the 
nanoscale level, thus entering the quantum realm of 
one	electron	per	device.

Quantum Computing is driven by the goal of 
developing	a	quantum	computer.	In	quantum	
computing,	a	“qubit”	notionally	replaces	the	“bit”	of	
conventional/classic	information	processing.		Qubits	
are manipulated using a quantum phenomenon 
referred as superposition, where the qubit is 
not	confined	to	its	two	basic	states	(0,1)	but	

Quantum	Information	Processing	&	Communication

can exist in both states at the same 
time.		While	a	classic	register	of	three	
bits can store one of eight different 
numbers, a corresponding quantum 
register can store all eight numbers in a 
quantum	superposition.	If	the	register	is	
prepared in a superposition of different 
numbers, operations can be performed 
on	all	of	them	simultaneously.		A	
system of n qubits can perform 2n 
calculations in parallel, dramatically 
improving execution time, memory 
requirements	and	the	efficiency	of	
quantum	computing	algorithms.		
However, the greater the number of 
interacting qubits, the harder it is to 
engineer architecture to maintain their 
quantum	nature.	The	challenge	is	to	
build systems where the qubit can be 
manipulated but not become lost to the 
environment through dissipation and 
decoherence

Cold atoms

In 1924 Albert Einstein and Satyendra 
Nath	Bose	predicted	that	below	a	

critical temperature, atoms of an ideal 
Bose-gas	will	undergo	a	phase	transition	
and	form	a	Bose-Einstein	condensate	
(BEC),	a	coherent	cloud	of	atoms	all	
occupying the same quantum mechanical 
state.		However,	it	was	not	until	
1995	that	that	the	first	experimental	
demonstration	of	a	BEC	was	achieved	
by Eric Cornell and Carl Wieman at 
the	University	of	Colorado	at	Boulder	
NIST-JILA.	For	this	achievement	they	
were	awarded	a	Nobel	Prize	in	Physics	
in	2001.		
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phase	transition	and	forming	a	BEC.
The potential of using cold atomic systems 
as sources for future quantum information 
technologies is undisputed and it is clear that 
further advances in the manipulation and 
positioning of atoms will prove an essential 
technical	hurdle	that	must	be	surmounted.		The	
current experiment will develop and investigate 
these technologies as well as further develop 
our	understanding	of	fundamental	physics.		The	
knowledge gained from this experiment will 
be	invaluable,	and	will	play	a	significant	role	in	
the development and understanding of future 
technologies in both quantum optics and quantum 
information	science.

Quantum Communication

Quantum communication refers to the transfer 
of a quantum state from one location to 

another	using	entanglement	and	other	non-local	
characteristics	of	quantum	physics.

The most developed application is Quantum 
Cryptography or, more precisely, Quantum 
Key	Distribution	(QKD).	QKD	has	been	driven	
by the threat that quantum and mathematical 
developments	pose	to	conventional	cryptography.	
QKD	is	the	only	known	solution	to	data	security,	
which	operates	by	transferring	a	confidential	

The	experimental	demonstration	of	a	BEC	is	
one of the most exciting developments of recent 
decades and has allowed researchers to study 
quantum effects on the macroscopic scale with 
well	controllable	parameters.		This	has	sparked	a	
lasting	flurry	of	experiments	that	has	contributed	
significantly	to	our	understanding	of	solid-state	
physics, precision metrology, atomic physics and 
quantum	optics.		These	experiments	are	also	one	
of	the	most	multidisciplinary	topics	in	physics.		
They	require	ultra-high	vacuum	technology,	laser	
frequency	stabilisation,	high	quantum	efficiency	
imaging systems, a sophisticated timing system as 
well	as	the	state-of-the-art	electronics.	In	UKZN,	
we	will	create	a	BEC	by	using	these	technologies	
and	utilising	a	series	of	complex	techniques.	
Firstly laser cooling and trapping techniques are 
implemented	to	initially	cool	atoms	in	<100	mK	
in	the	form	of	a	magneto-optical	trap	(MOT).		
These atoms are then magnetically trapped where 
the	phase-space	density	limitations	set	by	the	
photon	recoil	limit	in	the	MOT	are	over-come.		
Once magnetically trapped, a technique known 
as RF evaporative cooling is implemented where 
atoms with the highest energies are coupled to 
an untrapped state and are thus ejected from the 
trap resulting in a lower average temperature of 
the	atom	cloud.	This	process	is	repeated	until	the	
temperature	is	reduced	to	<300	nK,	resulting	in	the	

cryptographic	key	between	two	distant	partners.	
The proof of security relies upon a fundamental 
principle	of	quantum	physics:	i.e.	that	if	an	
outside party interferes with the transmission, the 
transmitted photons lose their quantum nature and, 
hence,	the	interception	is	detected.		

Quantum-secured	Communication	is	uniquely	

innovative through its direct application of the 
fundamental	processes	of	Quantum	Physics.	The	
scheme provides a secure method of sharing 
symmetric encryption keys between authenticated 
parties.	The	enhanced	security	feature	is	due	to	the	
inherent physical encapsulation of the encryption 
key within the physical properties of the quantum 
data	carriers.	Unlike	the	algorithmic	dependence	of	
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conventional encryption schemes, the fundamental 
principles of quantum mechanics disallow any 
form	of	eavesdropping	on	the	transmission	line.	
Eavesdropping will introduce noticeable errors 
in	the	key	thus	alerting	the	authorized	users	of	a	
compromise	in	the	communication	link.
The research programme focuses on improving, 
developing	and	integrating	quantum-secured	
communication systems into current ICT 
infrastructure	through	photonic	media.	

The Group has successfully built a quantum secured 
communication	network	on	the	optical	fibre	
network	of	the	eThekwini	Municipality.	The	flagship	
project has been the successful deployment of 
quantum-secured	communication	devices	during	
the 2010 FIFA World Cup at the Moses Mabhida 
Stadium.	The	European	Commission’s	for	QIPC,	
European Telecommunications Standards Institute 
and	the	Scientific	American	(Japanese	Version)	
have	recognized	this	project	as	a	major	milestone	
towards	the	market	readiness	of	this	technology.

Ongoing	research	includes	efforts	in	both	fibre-
based	and	free-space	communication	links.	
The deployment and integration of quantum 
communication systems into passive optical 
networks	continues	to	prioritize	our	fibre-based	
efforts.	Building	on	the	QuantumStadium	project,	
we	maximize	the	transparency	of	quantum-secured	
units	within	layer	1	and	2	of	the	network	model.		
The	research	in	free-space	communication	is	
focused	on	the	development	of	quantum-secured	
systems	for	free-space	communication	through	
a	hybrid,	bidirectional	scheme.	Such	a	system	is	
required to consider background noise, turbulence 
and	the	relative	motion	and	orientation	of	units.	
This creates a complex set of parameters that 
bound	the	development	of	the	system.	A	hybrid	
scheme including conventional pulses, beam 
tracking, quantum entanglement and compensation 
techniques	form	the	basis	of	the	system.

Quantum	Biology

Quantum theory accurately describes 
microscopic phenomena occurring in 

inanimate systems consisting of photons, electrons 
and atoms, while the life sciences deal with 
living	systems	on	a	macroscopic	scale.	Even	
as the foundations of quantum theory were 
being established in the early 1900s, there was 
speculation by some of the founders as to whether 
quantum effects could possibly play a role in living 
systems.	Erwin	Schrödinger,	one	of	the	fathers	of	
quantum theory, questioned in his book published 
in	1944,	”What	Is	Life?”,	how	the	physical	events	
taking place within complex living organisms could 
possibly	be	accounted	for	by	physics	and	chemistry.		
And Albert Einstein commented in a letter to a 
fellow physicist that one can best feel in dealing 

with	living	things	how	primitive	physics	still	is.

Recently, the regimes of applicability of these 
two areas of science are intersecting: quantum 
physicists are able to describe systems of increasing 
complexity, while life scientists are able to give 
increasingly detailed explanations of macroscopic 
phenomena in terms of molecular structures and 
mechanisms.

Now, at the turn of the 21st century, developments 
in ultrafast spectroscopic techniques have for the 
first	time	revealed	surprisingly	long-lasting	quantum	
coherence in biological systems, including in the 
photosynthetic	light-harvesting	complexes	of	certain	
bacteria	and	marine	algae.

Fig. 1 Fig. 2

Of the biological processes where quantum effects 
have been proposed to play a role, including 
magneto-reception	in	bird	migration,	information	
processing	in	neural	networks,	olfaction	(the	sense	
of	smell),	vision	and	enzyme	catalysis,	the	primary	
stages of photosynthesis are currently understood 
in	the	greatest	detail.	Due	to	its	relatively	small	size	
and the high resolution with which its structure 
is	resolved,	the	Fenna-Matthews-Olson	light-
harvesting	complex	of	green	suphur	bacteria	(see	
Figure 1) has been the focus of many studies of 
environment-assisted	quantum	coherent	excitation	
energy	transport	in	photosynthesis.	With	respect	to	
the subsequent photosynthetic process of electron 
transport, the reaction center complexes from the 
anoxygenic purple photosynthetic bacteria are the 
best-	understood,	from	both	a	structural	and	a	
functional	point	of	view	(see	Figure	2).

Understanding	the	relevance	of	these	effects	is	a	
fast	growing	and	fascinating	direction	of	research.	
From a quantum computational perspective, it 

is surprising that quantum coherence, typically 
thought to be extremely fragile in the presence of 
heat and noise which are typical characteristics of 
biological environments, can prevail so much longer 
than	expected.	On	the	other	hand,	a	fundamental	
and	intriguing	question	is	whether	Nature	has	long-	
since	made	non-trivial	use	of	quantum	effects	in	
living	systems.

The	images	below	are	rendered	from	the	Protein	
Data	Bank	http://www.rcsb.org.
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Quantum Simulations
Dr Mervlyn Moodley

Simulation of Open Quantum Systems

Computational techniques being developed for open quantum systems allow for the simulation of the 
dynamical	behaviour	of	realistic	quantum	technological	systems	on	the	nanoscale,	e.g.	semiconductor	

defects	and	quantum	dots.	These	computational	methods	should	make	possible	first	principle	calculations	
which	are	currently	beyond	the	realm	of	standard	approaches.	In	recent	years	Monte	Carlo	Wave	Function	
(Quantum	Jump/Trajectory)	techniques	have	been	shown	to	provide	an	efficient	numerical	tool.	In	these	
techniques one propagates an ensemble of stochastic state vectors in the open system’s state space such 
that	the	reduced	density	matrix	is	recovered	through	an	appropriate	ensemble	average.	These	techniques	
have	been	well	developed	and	have	proven	sufficient	to	describe	Markovian	systems	and	some	strongly	
coupled	non-Markovian	systems.	Specific	projects	in	this	area	are	presently	aimed	at	simulating	the	dynamics	
of	atoms	in	the	double	optical	lattice	and	using	Markovian	techniques	to	simulate	non-Markovian	dynamics	
in	open	quantum	systems.

Comparison of four different methods for the calculation of 
the population of a non-Markovian system. The Monte Carlo 
simulation, “MC,” was done with time-independent rates 
and the “Schrödinger” gives the exact result. 
(M. Moodley and F. Petruccione, PRA 79, 042103, 2009)

Evolution of the state vector |ψ(t)  on the Bloch sphere: 
(a) for a single trajectory; 
(b) the average over all the trajectories for two different val-
ues of β (a parameter specifying populations) - the steady 
state appears when the red and blue curves coincide. The 
light blue semi-geodesic represents the initial time of all the 
evolutions. 
(M. Moodley et al, Phys. Scr. 85,  045002, 2012)

 

 

This	research	also	contributed	to	one	of	the	first	Flagship	Projects	of	the	CHPC	entitled		“Monte	Carlo	
simulations	of	technological	tools	for	quantum	information	processing	and	communication”

Quantum Chemistry

Calculating accurate energy spectra using 
computational techniques is a very active 

branch of research in both physics and theoretical 
chemistry.	Methods	ranging	from	density	functional	
methods and variations thereof to numerous 
quantum Monte Carlo approaches have been 
proposed and implemented with varying degrees 
of	accuracy.	Of	particular	interest	is	the	ongoing	
challenge	of	utilizing	these	techniques	in	the	
calculation	of	bound	states	of	very	light	particles.	
Weakly-bound	few-body	systems	have	been	of	
interest	since	the	early	days	of	quantum	mechanics.		
The holy grail in this light particle regime is the 

 

elusive energy spectrum of 4He.	In	recent	years,	
the	interest	in	Bose-Einstein	condensates	of	
ultracold gases has also sparked investigations 
into	these	weakly-bound	quantum	systems.	We	
have	developed	a	method	of	using	the	finite	
difference	method	in	conjunction	with	a	least-
squares	optimization	criteria	to	obtain	very	accurate	
energy	spectra	of	bosonic	van	der	Waal	dimers.	
This method also allows the calculation of energies 
of small masses close to the unbinding transition 
where	bound	states	cease	to	exist.	Present	research	
is focused on applying this method to other pair 
potentials.

Quantum	Monte	Carlo	simulations	utilizing	the	
technique of multiplying weights together 

often give spurious results when one calculates 
expectation	values	of	operators.	Often,	one	is	
faced with a dilemma when having to choose a 
final	estimate	together	with	its	corresponding	error	
estimate from a set of estimators converging to 
the	exact	result.	This	may	arise	as	a	consequence	
of the estimators developing a distribution that is 
somewhat	different	from	the	Gaussian	distribution.	
Correct statistical inference is based on the 
assumption that data under consideration adheres 
to	a	specific	distribution.	It	has	been	identified	that	
Quantum	Monte	Carlo	data	are	often	afflicted	with	

Plot of the square root of the ground 
state energy versus the square root of the 
inverse mass, for known and hypotheti-
cal van der Waal dimers, extending to 
the quantum limit of bound states. The 
triangular points show results obtained 
by our finite difference with least-squares 
optimization method.           (M. Mood-
ley, IJMP C, 24, 1350057, 2013)

Statistical Analysis of Quantm Monte Carlo Data

distributions that resemble lognormal probability 
distributions.	We	have	developed	a		method	to	
estimate these distributions and thus give better 
estimates	to	errors	associated	with	them.	This	
method entails reconstructing the probability 
distribution of a set of data, with given mean and 
variance, that has been assumed to be lognormal 
prior	to	undergoing	a	blocking	or	renormalization	
transformation.		The	difficulty	in	evaluating	
these distributions analytically arises due to the 
characteristic function of the lognormal distribution 
being unknow in closed form and as a result 
approximation	methods	have	to	be	developed.	
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Quantum	Information	Processing	and	
Communication	with	Photons
Prof  Thomas Konrad 

Quantum Communication
Future means of secure communication

Storing and processing information in individual quantum systems promises unprecedented computational 
power	and	communication	security.	Future	computing	and	communication	technology	is	anticipated	

to	be	partly	based	on	the	ability	to	manipulate	individual	atoms,	nuclear	spins	or	light	particles	(photons)		
in		quantum	computers	and	quantum	cryptographic	devices.	So	far,	the	only	candidate	for	long-distance	
communication		with	quantum	systems	are	photons,	the	particles	of	light.		In	close	collaboration	with	the	
Mathematical	Optics	Group	from	the	National	Laser	Centre	at	the		CSIR	in	Pretoria,	the	research	group	
of	Prof	Konrad	is	studying	the	possibilities	of	quantum	information	processing	and	communication	with	
photons.		Our	vision	is	to	help	to	develop	the	technical	means	for	a		global	quantum	network	that	can	be	
used to transmit quantum information between quantum computing nodes or to send information secure 
against	eavesdropping.	

Currently our research  is focussed on encoding 
information	in	particular	light	modes	-	so-called	

Laguerre-Gauss	modes	that	have	corkscrew-like	
wave	fronts	and		carry	orbital	angular	momentum.	

Compared to the polarisation of photons, spatial 
light modes have  a much higher storage capacity: A 
single photon can store only a basic unit of quantum 
information	-	one	qubit-	in	its	polarisation	but	nearly	
an arbitrary number of qubits in superpositions of 
different	spatial	light	modes.			

A laser pumping a non-linear crystal produces pairs of single photons which are entangled and can be used as resource for 
small quantum computing tasks, quantum cryptography or quantum teleportation.  By means of spatial light modulators 
(SLMs) information can be encoded in the single photons.  The SLMs are made from programmable liquid crystal displays 
(LCDs).

  
So far our studies with photons comprise three 
areas: a) Encoding and processing of  information 
and	quantum	correlations	(entanglement)	in	LG	
modes, b) Study of information loss in transmission 
channels due to turbulence and c) quantum 
teleportation	with	spatial	light	modes.

Quantum Teleportation

In classical physics it is possible, in principle, to 
detect the state of a single system, for example 

the position and momentum of a point particle, 
transmit the information about that state to a 
remote location and then reconstruct it within 
a	second	system.	This	principle	of	“classical	
teleportation”	underlies	telecommunication	
techniques such as the transfer of documents via 
facsimile.	Quantum	physics,	however,	excludes	
the possibility to detect or duplicate the state of 
a single microscopic system  and thus rules out all 
forms of classical teleportation with atoms, photons 
or	other	quantum	systems.	It	is	thus	surprising,	
that the state transfer between quantum systems 
can	nevertheless	be	realized	according	to	the	
rules of quantum physics by means of “quantum 
teleportation”.		This	procedure	makes	use	of	

quantum correlations between quantum systems 
-	entanglement-	which	cannot	be	described	by	
local-realistic	theories,	such	as	classical	mechanics	
or electrodynamics nor any other theory within 
classical	physics.

Quantum teleportation lies at the core of quantum 
communication which is the quantum analog of 
telecommunication, and can also be employed 
to enhance the success probability in quantum 
computing	with	photons.	Moreover,	it	is	one	of	
the	crucial	ingredients	for	enabling	long-distance	
quantum	cryptography	-	a	technique	to	transmit	
information	secure	against	eavesdropping.	(Text 
from one of our recent publications on  teleportation).
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How far can quantum information encoded 
in the spatial light modes of single photons 

be	sent	directly	through	the	earths	atmosphere?	
This depends on the absorption and scattering 
rates.	For	polarisation	encoding	the	current	record	
is at approximately 144 km parallel to the earth 
surface.	Spatial	modes	of	light	such	as	Laguerre	
Gauss modes however,  are in addition susceptible 
to	distortions	due	to	atmospheric	turbulence.	
Together with the  Mathematical Optics Group 
in	Pretoria,	which	is	conducting	experiments,	we	
are	analysing	the	influence	of	turbulence	on	OAM	
modes	and	the	entanglement	of	photon	pairs.

Decrease of entanglement (concurrence) between pairs of photons over different turbulence strength compared to different 
theoretical predictions (brown and blue curve). 

Setup of an experiment (a) to simulate the influence of 
atmospheric turbulence. A pair of photons is produced 
in a non-linear BBO crystal, information is encoded in 
spatial light modulators in pure form (b) and superposed 
by simulated disturbance (c). The remaining quantum 
correlations are analysed by means of avalanche photo 
diodes (APD).

Robustness	of	Photonic	Quantum	information	against	turbulence	in	air

In a quantum communication network the nodes 
must be so close as to still allow to transmit 
quantum	correlations	carried	by	photons.	Out	
of several pairs of photons with diminished 
entanglement one pair with maximal entanglement 
can	be	restored	by	means	of	so-called	quantum	
repeaters.	Afterwards	quantum	information	can	
be transferred by quantum teleportation from one 
node	to	any	other	node	within	the	network.			

Distortion of intensity distribution of orbital angular momentum modes l=0,1,3 for different turbulence strength increasing from 
left to right.

Quantum correlations between different values of orbital angular momentum (OAM) of photon pairs. Without turbulence (a) 
if Alice (A) and Bob (B) measure the same OAM values. With increasing turbulence (b) to (f) the correlations fade and spread 
over different values of OAM.  
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FIG. 2. (Color online) Experimental setup used to detect the
OAM eigenstate after SPDC. The plane of the crystal was relayed and
imaged onto two separate SLMs using lenses L1 and L2 (f1 = 200 mm
and f2 = 400 mm), where the LG modes were selected. Lenses L3

and L4 (f3 = 500 mm and f4 = 2 mm) were used to relay image the
SLM planes through 10-nm-bandwidth interference filters (IFs) to the
inputs of the single-mode fibers (SMF). The fibers were connected
to avalanche photodiodes (APDs), which were then connected to a
coincidence counter.

The atmospheric turbulence was simulated by adding
random phase fluctuations [as given by Eq. (20)] to the phase
function of one of the SLMs in the case when only one
of the photons was propagated through turbulence, and to
the phase functions of both SLMs in the case when both
photons were propagated through turbulence. The scintillation
strengths (w0/r0) ranged from 0 to 4 with an increment of 0.2.
Measurements for each scintillation strength were repeated 30
times and a full state tomography was done after each run to
reconstruct the density matrix. The negative eigenvalues that
occur because of experimental imperfection were removed
with the method described in [23]. The reconstructed density
matrices were then averaged to obtain the mean density matrix
for each scintillation strength.

IV. NUMERICAL SIMULATION PROCEDURE

Without any loss of generality we consider the case where
the initial state is a Bell state

|�〉 = 1√
2

(|q〉A|q̄〉B + |q̄〉A|q〉B). (21)

Here |q〉 represents a single-photon LG mode, q is the
magnitude of the azimuthal index (i.e., q = |�|), with q̄ ≡ −q,
and the radial index is zero (p = 0). The subscripts A and B

are used to label the two different paths of the two photons
through turbulence.

The OAM basis is represented by the LG modes
MLG

�p (r,φ,t) = 〈x|�,p〉, which can be expressed in normalized
cylindrical coordinates by

MLG
�p (r,φ,t) = N

r |�| exp(i�φ)(1 + it)p

(1 − it)p+|�|+1

×L|�|
p

(
2r2

1 + t2

)
exp

( −r2

1 − it

)
, (22)

where L
|�|
p represents the generalized Laguerre polynomials

with the parameters � and p being the azimuthal and the
radial mode indices, respectively; r = (x2 + y2)1/2/w0, φ

FIG. 3. (Color online) Mode scattering under the effect of turbu-
lence given by the coincidence counts for simultaneous measurements
of modes with azimuthal index �A in the signal beam and �B in the
idler beam when only one of the two photon propagates through
turbulence [(a), (b), and (c)] and when both photons propagate through
turbulence [(d), (e), and (f)]. With no turbulence [(a) and (d)], only
anticorrelated coincidences are observed. As the scintillation strength
increases to w0/r0 = 2 [(b) and (e)] and w0/r0 = 4 [(c) and (f)], the
mode scattering becomes more pronounced.

is the azimuthal angle, and t = z/zR , with w0 being the
beam waist radius, zR being the Rayleigh range (= πw2

0/λ),
and λ being the wavelength. The normalization constant is
given by

N =
[

p!2|�|+1

π (p + |�|)!

]1/2

. (23)

When a photon with a given OAM mode propagates through
turbulence, the distortions cause the photon to become a
superposition of many OAM modes. In other words, any
particular OAM state of the photon is scattered into many
OAM states. This scattering has been measured experimentally
by displaying the appropriate phase profiles on the SLMs
(Fig. 2) and is illustrated in Fig. 3 for both scenarios.
Initially [Figs. 3(a) and 3(d)] there is no turbulence and
we have coincidences only along the diagonal (when �A =
−�B). When we turn on the turbulence, we detect more
coincidences when �A �= −�B as we increase the scintillation
strength.

Here we consider only qubits. Therefore, when we compute
any density matrix, we extract only the information contained
in the modes where � = ±q and p = 0. Hence, we exclude all
other modes in the expression of the density matrix.
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by Rodenburg et al. [22] where a thick turbulent medium was
simulated in the laboratory with two phase screens and the
cross-talk in the communication channel is reduced using an
adaptive correction of the turbulence as well as optimization
of the channel encoding.

An experimental study directly addressing the dissipation
of OAM entanglement due to atmospheric turbulence was
reported in [23]. Our aim here is to expand on that study.
We investigate numerically and experimentally the decay
of OAM entanglement of photon pairs propagating in a
turbulent atmosphere modeled with a single phase screen. We
particularly focus on the effect of turbulence on different OAM
modes. We use the Kolmogorov theory of turbulence [16,17]
and restrict our analyses to the two-level (qubit) case. The
quantum entanglement is quantified in terms of Wootter’s
concurrence [24]. We compare our results with two theories
predicting the evolution of OAM entanglement in atmospheric
turbulence: the results presented by Smith and Raymer in [14]
and the infinitesimal propagation equation derived in [15].

This paper is organized as follows: We give a theoretical
background in Sec. II, followed by a description of the
experimental procedure in Sec. III, and then describe the
numerical procedures in Sec. IV. Our results are presented
and discussed in Sec. V. Some conclusions are provided in
Sec. VI.

II. THEORETICAL BACKGROUND

The effect of atmospheric turbulence on a classical optical
beam has been the subject of many books [17,25–27]. Here
we briefly outline the salient points.

It is reasonable to assume that the field representing the
photons propagating through the turbulent atmosphere is
paraxial and uniformly polarized. Moreover, the refractive-
index fluctuation in a turbulent atmosphere is much smaller
than the average refractive index (which is approximately
equal to 1). Under these conditions the propagation of the
photon field is given by a linear paraxial wave equation with
an additional noise term, which contains the refractive-index
fluctuation [17],

∇2
T g(x) − i2k0∂zg(x) + 2δn(x)k2

0g(x) = 0, (2)

where ∇2
T = ∂2/∂x2 + ∂2/∂y2, k0 is the wave number in

vacuum, x = xx̂ + yŷ + zẑ is a three-dimensional position
vector, and the refractive-index fluctuation is given by δn(x) =
n − 1. The scalar field g(x) is related to the electric field by

E(x) = n̂g(x) exp(−ik0z), (3)

where n̂ represents a uniform polarization vector. Propagation
is assumed to be along the z direction.

One can see from Eq. (2) that the effect of the turbulent
atmosphere on the scalar field is completely determined by the
properties of the refractive-index fluctuation δn(x). The effect
of the turbulence comes in the form of random phase modu-
lations that are continuously introduced along the propagation
path. In the single-phase-screen approximation this continuous
modulation process is replaced by a single phase distortion.
That is, we assume that the whole atmospheric medium can be
replaced with a single phase screen.

FIG. 1. (Color online) A method for measuring the phase dif-
ferences between two coherent beams propagating in a turbulent
atmosphere. The phase difference is measured with an interferometer.

The random phase is related to the refractive-index fluctu-
ation through

θ (X) = k0

∫ �z

0
δn(x)dz, (4)

where �z represents the propagation distance through the
turbulence and X = xx̂ + yŷ is the two-dimensional position
vector. To find the expression for the random phase func-
tion one can envisage an experiment to measure the phase
difference between the output optical fields obtained after two
parallel coherent optical beams are sent through the turbulence
separated by a certain distance �x as illustrated in Fig. 1.
The interference between these two beams, which depends on
the difference in phase �θ , can then be used to calculate the
phase structure function given by

Dθ (X1 − X2) = 〈[θ (X1) − θ (X2)]2〉
= 2[Bθ (0) − Bθ (X1 − X2)]. (5)

The last expression in Eq. (5) relates the phase structure
function to the phase autocorrelation function given by

Bθ (X1 − X2) = 〈θ (X1)θ (X2)〉. (6)

Note that due to the homogeneous statistical properties of the
phase functions the phase autocorrelation function depends
only on the relative coordinates. In fact, since the phase
functions are also isotropic the phase autocorrelation function
actually depends only on the magnitude of the relative coordi-
nates. The definition of the phase in Eq. (4) ignores an overall
constant phase related to the average refractive index, which
cancels in the interference and therefore does not contribute to
the correlation function. So the phase autocorrelation function
becomes

Bθ (X1 − X2) = k2
0

∫∫ �z

0
〈δn(x1)δn(x2)〉dz1dz2, (7)

which gives a relationship between the phase autocorrelation
function and the refractive-index autocorrelation function. The
integrand in Eq. (7) is the refractive-index autocorrelation
function Bn which is related to the refractive-index structure
function Dn through an expression analogous to Eq. (5). Thus

Bn(r) = 〈δn(x1)δn(x2)〉 = Bn(0) − 1
2Dn(r), (8)

where the refractive-index structure function is given by [17]

Dn(r) = C2
nr

2/3 = 〈[δn(x1) − δn(x2)]2〉 (9)

with C2
n being the refractive-index structure constant of Eq. (1)

and r = |x1 − x2|.
From the Wiener-Khinchin theorem it now follows that

the refractive-index power spectral density is given by the
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Current research in the field of optical science is now firmly based at the nanoscale. 
The rapid development of nanofabrication techniques in recent years has enabled 

researchers to consider the design of exotic electromagnetic materials known as 
metamaterials, in addition to novel types of nanophotonic waveguides and functional 
devices. These advances have shown a huge potential for controlling light, opening up 
a wealth of new possibilities and future applications, including optical cloaking, sensing 
and imaging devices. The field of plasmonic optics is key to all of this as it addresses the 
interaction of light with metal, and plays a vital role in the design of metamaterials and 
new forms of nanophotonic structures. While rapid advances continue to be made in 
constructing nanostructured media for controlling and guiding light, very little is known 
about the quantum optical effects in these newly emerging types of media, including how 
they can be exploited for probing physical phenomena in the quantum regime and building 
controlled devices for future quantum technologies.

The Quantum Nanophotonics Group focuses on two research topics
• Quantum Plasmonic devices 
• Quantum Metamaterials

Quantum Nanophotonics
Prof Mark Tame

Cross section of a quantum plasmonic waveguide and its 
associated light field. The field is tightly confined to the 
surface of the metal and supported by electron charge 
density oscillations (plasmons) on the metal’s surface. These 
coupled light-plasmon oscillations are called surface plasmon 
polaritons. They propagate into the plane of the figure along 
the waveguide.

A quantum metamaterial. Light is injected into the material 
made up of unit cells consisting of quantum dots and 
metal nanoparticles in a ‘nanoring’. The unit cells respond 
quantum mechanically to the injected light. The output light 
has characteristics that depend on the internal quantum 
dynamics of the unit cells. The ability to engineer the 
quantum dynamics via the quantum dots enables a flexible 
quantum response of the material.

Experimental quantum interference of two surface plasmon 
polaritons (SPPs) using a crossed waveguide beamsplitter 
structure. The SPPs are excited using single photons and 
interact with each other quantum mechanically. The extent 
of the quantum interaction can be measured from the 
statistics of the output light. Left: top view of plasmonic 
beamsplitter. Right: Excitation of an SPP that splits into two 
SPPs.

Quantum Plasmonic devices

We investigate theoretically and 
experimentally how to take advantage of 

the	high	field-confinement	in	quantum	plasmonic	
systems for realising various types of nonlinear 
optical	interactions.	To	do	this	we	are	working	on	
developing plasmonic waveguides and cavities as 
highly	efficient	nonlinear	quantum	systems	using	
emitter	systems	(quantum	dots	and	NV	centres)	
combined with materials that support coupled 
light-plasma	oscillations,	such	as	metals,	graphene	
and	superconductors.	Recent	work	has	shown	that	
strong coupling between light and emitters can 
be reached in plasmonic cavities, even when loss 
is	present,	by	working	in	a	so-called	‘bad	cavity’	
regime.	Such	a	regime	has	been	considered	for	
enhancing the spontaneous emission of quantum 
dots	for	building	plasmonic-based	single-photon	
sources.	There	is	much	to	do	in	exploring	how	to	
efficiently	use	this	regime	to	generate	nonlinear	
interactions	between	single-quanta	of	light.	This	
research has the potential to lead to compact and 
scalable photonic devices for applications in the 
sensing	industry	and	in	information	processing	(both	
classical	and	quantum).

Quantum Metamaterials

We are also pursuing a complementary 
route towards generating nonlinear 

interactions	between	single-quanta	of	light	by	
developing	coupled	emitter-cavity	systems	as	
unit	cells	in	plasmonic	metamaterials.	We	are	
exploring theoretically and experimentally quantum 
metamaterials that provide strong nonlinear optical 
interactions	without	the	need	to	confine	the	field	
spatially	to	the	size	of	the	individual	cavities,	as	in	
the	first	topic.	While	the	first	topic	will	potentially	
lead to compact and scalable quantum photonic 
devices, this second topic has the potential to 
lead to optical components that can be readily 
integrated into existing technologies, such as in 
communication	networks,	and	scientific	and	medical	
research	applications.	We	have	recently	shown	
that the macroscopic response of a metamaterial 
can be tailored by the collective action on the light 
from	emitter-cavity	unit	cells	-	known	as	photonic	
atoms	-	behaving	quantum	mechanically.	However,	
there is much work to be done in exploring how to 
generate	nonlinear	interactions	at	the	single-quanta	
level	in	this	setting.
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Project	2

South Africa’s fresh water resources are under 
threat	by	Harmful	Algal	Blooms	(HABs).	A	

comprehensive and cost effective method for wide 
area	detection	and	monitoring	of	HABs	is	therefore	
needed to manage and where possible circumvent 
the	negative	impact	HABs	may	have	on	the	
country’s	aquatic	ecosystems.	Current	commercial	
radiometers used for such applications are often 
too	costly	to	purchase	in	numbers.	This	study	
focuses	on	the	performance	of	a	low	cost,	in-house	
developed	prototype	radiometer.

Typical relative spectral response at 25°C ambient 
temperature

Project	3

An inexpensive and reliable technique of 
producing interferograms using a point 

diffraction	interferometer	(PDI)	to	study	the	
turbulence effects on a laser beam propagating 
through	air	is	proposed.	A	PDI	is	used	to	detect,	
quantify	and	localize	thermal	turbulence	effects	
on a laser beam propagating through air in a 
laboratory.	Interferograms	were	formed	from	a	
propagating	beam	passing	through	the	PDI	pinhole.	
The interferograms were observed and digitally 
processed to study the wavefront behavior as a 
result	of	this	thermal	turbulence.	This	technique	
was sensitive enough to detect minor thermal 
fluctuations	attributed	to	body	heat	radiating	from	
a	hand.	The	study	of	the	behaviour	of	a	laser	beam	
propagating in the atmosphere plays a crucial role 
in	defence	laser	weapons.

Atmospheric	Physics

Project	1

Higher water temperatures and nutrient loads, 
along with forecasted climate changes are 

expected to result in an increase in the frequency 
and	intensity	of	eutrophication-linked	algal	blooms.	
The destructive impact such phenomena have 
on marine and freshwater systems threaten 
aquaculture, agriculture and tourism industries on 
a	global	scale.		An	innovative	research	project,	
Safe	Waters	Earth	Observation	Systems	(SWEOS)	
proposes	the	use	of	space-based	remote	sensing	
techniques,	coupled	with	in-situ	radiometric	

Atmospheric,	Biomedical	and	Educational	Physics
Dr Naven Chetty

This	research	group	has	vast	interests	in	the	applied	Physics	domain	with	a	sub-focus	area	in	educational	
Physics.	There	are	currently	4	Masters	and	4	Honours	students	in	the	group.	We	collaborate	with	the	

Defense,	Peace,	Safety	and	Security	division	of	the	CSIR	(DPSS),	the	National	Laser	Centre	(NLC)	and	
Armscor.	Many	of	the	current	research	projects	are	funded	by	these	organisations	and	these	collaborations	
allow students in the group access to state of the art facilities, scholarships, internships and ultimately 
employment	opportunities	within	the	research	and	development	sector.	The	defense	sector	in	South	Africa	
is in great need of graduates and as such this research group focusses on defense related application and as 
such	we	tend	to	attract	lucrative	funding	opportunities.

technology to offer a powerful and potentially cost 
effective method of addressing algal bloom related 
hazards.		This	project	involves	the	development	of	
autonomous	bio-optical	sensors	whose	purpose	
includes,	but	is	not	limited	to;	water	constituent	
monitoring, satellite calibration validation and 
ocean	colour	satellite	product	matchups.	Several	
criteria including cost, optical throughput, linearity 
and spectral sensitivity need to be examined in an 
attempt to choose the detector best suited for the 
intended	application.

Possible sensor choices

PHYSICS RESEARCH PIETERMARITZBURG

Biomedical	Physics

Project	1

As	polarized	light	propagates	through	light-
scattering media such as biological tissues, 

microsphere solutions, or an atmosphere with 
particulates,	the	polarization	status	of	the	light	
changes.	Hence,	a	medium	can	be	characterized	by	
the	degree	to	which	polarized	light	is	altered	during	
propagation.	The	propagation	of	polarized	light	
through	a	biological	tissue	causes	the	polarization	
status of photons to change due to tissue 
birefringence	and	tissue	scattering.	In	this	project	
we	attempt	to	study	the	effect	of	pseudo-tissues	on	
light	propagating	through	it.

Project	2

In this research, particular requirements for the 
safety of surgical luminaires and luminaries for 
diagnosis	are	investigated.	Most	countries	have	
fixed	standards	for	the	building	of	operation	rooms/
theatres with respect to illumination by surgical 
luminaries.	South	Africa	is	one	of	the	countries	
which	does	not	have	any	fixed	standards	in	place	
and most South African hospitals, both private and 
public, operate with different surgical luminaires 
and	theatre	lighting.	This	project	aims	to	investigate,	
with the use of a digital camera to measure 
illuminance,	if	standards	such	as	the	BS60601:2000	
from	UK	needs	to	be	implemented	in	South	Africa	
for	a	uniformity	in	critical	applications.	A	digital	
camera was used to measure the illuminance 
provided by surgical luminaires in state and private 
hospitals	in	the	Pietermaritzburg.	The	aim	of	
this work has been to highlight the need for the 
introduction of standards for illumination in critical 
applications.

Plot profile for the uniformity of illuminance for the surgical 
luminaire used in a hospital. 
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Project	3

Optical	tweezing	involves	the	controlled	
manipulation of microscopic particles by 

the	use	of	laser	light.	Since	its	inception	in	1970	
by Arthur Ashin, who demonstrated that particles 
suspended in laser light experience an accelerating 
force	due	to	radiation	pressure,	this	field	has	rapidly	
developed, providing a tool for the micrometer 
and	nanometer	‘worlds’.	The	implementation	of	
different	beams	in	optical	tweezing	setups	has	
offered	additional	manipulation	methods.	For	
example, beams with helical wavefronts which 
consequently carry orbital angular momentum 
(OAM)	transfer	their	OAM	to	trapped	particles,	
resulting in the rotation of microscopic particles for 
the	realization	of	photon-driven	micro-gears.

Educational	Physics

Project	1

The	University	of	KwaZulu-Natal	(UKZN)	is	in	
the process of formulating a language policy 

that	to	introduces	teaching	and	learning	in	isiZulu	
as well as in English to improve throughput and 
increase	the	number	of	graduates.	The	purpose	
of this research is to conduct a feasibility study 
of	teaching	Physics	in	isiZulu	at	the	University	of	
KwaZulu-Natal.	It	also	aims	to	critically	engage	
with students and the literature to determine the 
potential gains and pitfalls for such a language 
introduction.	The	study	also	provides	some	useful	
insight into student contexts, schooling history 
and their perceptions of being taught in their 
vernacular.	Further	the	study	shows	the	inconsistent	
use	of	isiZulu	words	to	translate	basic	Physics	
words motivating the need to establish a common 
vocabulary	for	Physics	in	isiZulu.	

This study will focus on the experimental 
construction	of	a	holographic	optical	tweezer,	
which implements a spatial light modulator for the 
creation	of	arbitrary	beams	shapes	(such	as	those	
which	carry	OAM).	A	theoretical	description	of	the	
interaction	of	light	with	matter	will	be	considered.	
Each	of	the	OAM-carrying	beams	will	be	generated	
and their properties investigated prior to inclusion 
in	the	optical	tweezer.	Of	particular	interest	will	be	
the generation and investigation of superpositions 
of	non-canonical	Bessel	beams	which	are	carriers	
of	OAM.	By	controlling	a	single	morphology	
parameter the rate of rotational acceleration 
provided	by	these	beams	can	be	controlled.	

Project	2	

Amidst	a	critical	national	shortage	of	qualified	
black graduates in the pure and applied 

sciences,	the	University	of	KwaZulu-Natal	has	
responded to a direct call from government 
for	redress	by	launching	the	BSc4-Augmented	
programme	in	Physics.	This	research	focusses	
on the methods employed to foster learning 
and	to	encourage	student	success	in	the	Physics	
programme.		The	use	of	Problem	Based	Learning	
and a holistic learning policy that focuses on the 
emotional, physical and knowledge development 
of the student is considered in light of increasing 
throughput in the undergraduate program in 
physics.	These	initial	analyses	pave	the	way	for	
a	course	designed	to	benefit	the	student	and	
improve	throughput.	Further	these	methods	are	
not	unique	to	Physics	but	can	in	general	be	adapted	
for	any	module	in	any	country.

Research Equipment

Argon-ion	and	helium-neon	lasers,	custom-
built	high-pressure	gas	cells	with	electrode	

arrays,	state-of-the-art	lock-in	amplifiers	and	IEEE	
data-acquisition	units	and	precision	high-voltage	
controllers.

Experimental	work	being	undertaken	on	electro-	
and	magneto-optical	phenomena	include	the	
measurement	of	depolarized	Rayleigh	light-scattering,	
and	the	Kerr,	Cotton-Mouton	and	Buckingham	
effects	(where	polarized	laser	light	passes	through	
a medium in the presence of a strong electric or 
magnetic	field,	or	electric	field	gradient	respectively,	
thereby	inducing	a	measurable	birefringence).	This	
allows for the determination of fundamental electric 
and magnetic molecular properties, including the 
(hyper)polarizabilities,	(hyper)magnetizabilities	and	
electric	quadrupole	moments.

The	polarizability	is	crucial	in	describing	the	
interaction of atoms and molecules with electric 
fields	while	the	hyperpolarizabilities	describe	the	
nonlinear optical response of a molecule to applied 

Quantum Research 
Measurement of optical, electric and magnetic properties of molecules

Dr Vincent Couling 

The Buckingham-effect experiment, used to measure molecular electric quadrupole moments

electric	fields,	knowledge	of	this	nonlinear	response	
being essential to the development of practical 
devices for optical harmonic generation and signal 
processing.	In	an	analogous	way,	the	magnetizability	
and	hypermagnetizabilities	of	a	molecule	describe	
the interaction of the molecule with magnetic 
fields.	The	quadrupole	moment	is	a	fundamental	
molecular property which, like the dipole moment, 
contributes to the description of the charge 
distribution of a molecule as well as its interaction 
with	external	electric	fields.	

These molecular properties are crucially important 
in	the	fields	of	physics,	chemistry,	engineering	
and biology, since they are used in describing 
the structural, thermodynamic and spectral 
properties	of	molecules.	They	are	also	essential	
in the computational modelling of a wide range 
of	phenomena,	be	it	the	molecular-dynamics	
simulation	of	biological	phenomenon	(e.g.	carbon	
monoxide migration in myoglobin), or the 
prediction of thermodynamic reaction data, or the 
design	of	non-linear	optical	devices.

Our research group falls under the broad umbrella of Quantum Research, and is concerned with the 
precise and accurate experimental measurement of the fundamental optical, electric and magnetic 

properties	of	molecules.		We	have	3	MSc	students	registered.
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The spin boson system is a highly useful model for studying
algorithms for quantum dynamics. It comprises a quantum 
spin coupled to a bath of harmonic oscillators. In the figure, 
the result for the level population of the spin is given for two 
different sets of system parameters. The population is the 
difference in probability of occupying the excited or ground 
state of the spin.  When the coupling strength between 
the quantum spin and the harmonic bath is small, the 
oscillations in the observable are large, however, for large 
coupling strengths,  the oscillations are severely damped.

Comparison of the spin tunnelling between the full quantum 
(solid blue line) evolution of a quartic oscillator coupled 
to a pseudo-spin system and the  quantum-classical case 
(dashed red line) where the oscillator is classical and 
the  pseudo-spin remains quantum. The plot shows the 
influence of quantum effects: a more important damping is 
observed in the case of full quantum dynamics mainly due 
to tunnelling. This allows quantum motion of the oscillator 
system to be indirectly observed by monitoring the pseudo-
spin dynamics. Values of the parameters of the numerical 
calculations are reported in [G. M. Beck and A. Sergi, 
“Quantum dynamics of a nano-rod under compression”,
Physics Letters A 377, 1047-1051 (2013).]

Specifically	the	dynamics	of	quantum	spins	
embedded in classical phononic and spinorial  

environments, advanced thermostating mechanisms 
for	non-equilibrium	molecular	dynamics	simulations,	
and the computer simulations of phase transitions of 
simple	models	of	condensed	matter	systems.	In	2013,	
the highlight of our research has been given by the 
theoretical proposal of a scheme for distinguishing 
between the quantum and classical motion of a 
nano-rod	under	compression	[G.	M.	Beck	and	A.	
Sergi,	“Quantum	dynamics	of	a	nano-rod	under	
compression”,		Physics	Letters	A	377,	1047-1051	
(2013)].	

Our	research	equipment,	mainly	Linux	workstation,	
has	been	obtained	through	funding	by	the	UKZN	and	
the NRF via a Competitive Research Grant for Rated 
Researcher.		The	group	is	currently	composed	by	
two	Honours,	two	Masters,	three	PhD	students,		one	
Postdoctoral	researcher,	and	the	group	leader.		We	
are graduating an average of two Masters students 
per	year	while	the	first	graduate	PhD	student	is	
expected	at	the	end	of	next	year.		

Our students are regularly supported by bursaries 
from	NITHEP.			We	are	members	of	the	Centre	for	
Quantum	Technology	led	by	Prof	F.	Petruccione.

Computational	Physics
Dr Alessandro Sergi

Ongoing	Research	Projects

Our	group’s	broad	research	area	is	computational	physics.	In	particular	we	investigate	those	phenomena	
at the border between quantum and classical mechanics, while sometimes completely focusing to 

only	one	or	the	other	side	of	the	border.	The	goal	of	our	research	is	to	devise	novel	computer	algorithms	
for the calculation of quantum dynamic properties with applications from chemical reactions to quantum 
information	processing.

Initial conditions for a quantum oscillator in phase space.
The inverse temperature is  1, so is the oscillator mass,
while the spring constant is 1.25 (in adimensional units).
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Local	Resources

We use both theory and computer simulation 
in order to provide a basic understanding  

of	how	microscopic	interactions	influence	the	
macroscopic	properties	of	a	wide	class	of	(fluid)	
materials.	
Besides	its	intrinsic	scientific	relevance,	our	research	
targets systems which are important for their bio 
technological	and	medical	applications.

For instance, protein interactions can be 
characterized	starting	from	their	atomic	structure	
in computer simulations where the presence of 
salt	and	water	is	explicitly	taken	into	account	(see	
figure	on	the	right,	top).		The	knowledge	of	these	
interactions can then be exploited in additional 
computer simulations spanning more extensive 
time and length scales, or in theoretical methods 
based on statistical mechanics, in order to predict  
phase	separation	into	two	protein-rich	and	protein-
poor	phases	(see	figure	on	the	right,	bottom).	
This phenomenon is at the origin of the undesired 
protein aggregation found in some human diseases, 
such	as	cataract	and	cell	anemia.

Our group can hinge upon the following local 
Computational	resources:	PowerEdge	R810	Dell	
Server	(equipped	with	32	Intel	2.67	Ghz	cores);
Dell	Precision	T7600	Workstation	(equipped	with	
16	Intel	3.1	Ghz	cores	and	an	NVIDIA	Tesla	C2075	
GPU);	Z600	HP	Workstation	(equipped	with	12	
Intel	2.67	Ghz	cores).

National Resources

At the South African national level, we also 
exploit the resources of the South African 

Centre	for	High	Performance	Computing	(Cape	
Town).

Our research activity is mainly supported by the 
National	Research	Foundation	(NRF)	and	by	the	
National	Institute	for	Theoretical	Physics	(NITheP).
Different aspects of our research activity are 
performed in collaboration with researchers of local 
and international institutions, including for instance
	the	University	of	Akron	(USA),	the	University	
of		Edinburgh	(UK),	the	California	State	University	
(USA),	the	University	of	Messina	(Italy).

Protein contact.

Protein separation.

The	research	focus	of	our	group	is	on	structural	and	thermodynamic	properties	of	simple/complex	fluids,
including	globular	proteins	solutions,	thin	films	of	organic	semiconductors,	and	colloidal	systems.

In general, the interaction properties of molecules consisting of a huge number of atoms dissolved in a 
solvent	can	be	tuned	by	changing	the	composition	and	chemical	properties	of	the	solution.		For	example,	
protein	interactions	in	a	water	solution	can	be	modified	by	increasing	the	concentration	of	an	added	
electrolyte	(salt),	so	to	increase	the	protein	solubility	(see	figure	below).	

This phenomenon can be explained in terms of the change screening of the protein surface operated 
by	salt	counter	ions,		which	decrease	the	electrostatic	free	energy	of	the	protein	(salting-in).		However,	
when the salt concentration becomes too 
high, the solubility decreases and proteins 
tend	to	precipitate	(salting-out).	Similarly,	the	
interactions between colloidal particles can 
be	made	short-range	attractive	by	varying	the	
concentration	of	a	non-adsorbing	polymer	to	
the	solution	(see	figure	on	the	right).		
This mechanism is based on the depletion 
force generated by the unbalanced polymers’ 
pressure on the outer surface of colloidal 
particles, when their distance becomes 
comparable with the radius of gyration 
of	polymers.

Theoretical & Computer Simulation Study 
of Complex Fluids
Dr Giuseppe Pellicane
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Device	Preparation	and	Characterisation
Prof Genene T. Mola

It is to be noted that semiconductors have wide range of technological importance and applications in 
electronic	and	photonic	devices.		The	search	for	new	materials	and	methods,	with	the	view	to	make	better	
performing	devices,	is	the	ultimate	goal	of	Material	research.		Our	interest	particularly	falls	on	the	type	of	
materials	that	can	be	used	for	photonic	devices.		Among	others	the	study	of	organic	photovoltaic	cells,	
for the purpose of solar energy conversion, stands the primary focus of the research where one can make 
a	contribution	to	the	solution	of	the	global	energy	problem	via	research	output.		Organic	photovoltaic	
devices	are	under	active	scientific	research	at	present	with	the	goal	of	achieving	efficient	and	low	cost	plastic	
solar	cells.		Because	of	their	cheap	processability	and	light	weight	organic	molecules	have	attracted	a	lot	of	
attention	in	recent	years	for	their	potential	application	as	light	emitting	diodes,	solar	cells	and	transistors	etc.	

 

In the past few years, intensive efforts have made 
it possible to improve the performance of organic 
based solar cells which show promising results 
in the polymer synthesis, device preparation and 
characterization.		The	search	for	new	polymers,	the	
choice of suitable blends, the design for new device 

architectures, and understanding the chemistry 
and physics of the polymers are the areas where 
contributions can still be made towards achieving 
better	performing	plastic	solar	cells.		This	research	
area is in fact a fertile ground for collaborative work 
from	different	discipline	of	sciences	and	engineering.	

Research Facilities

Edward Auto 306 vacuum deposition unit, 
AAA50SS	Solar	simulator,	Spin	coater,	I-V	
measuring system, High temprature furnace etc

Postgraduate	Students

Currently,	there	are	five	post	graduate	students	
working	on	this	area	towards	their	degrees.	

Collaborations

We have fruitful research collaborations with 
iThemba	LABS	Cape	Town,	University	of	Pretoria,	
Addis	Ababa	University.
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CONTACT DETAILS
School of Chemistry and Physics

Westville campus
Tel: 031 260 3090
Fax: 031 260 3091

Email: naidoor2@ukzn.ac.za

Pietermaritzburg campus
Tel: 033 260 6223

Email: jordaank@ukzn.ac.za

Website: http://scp.ukzn.ac.za

South		African	Antartica	base	used	by	researchers	from	UKZN’s School of Chemistry and Physics


