








LASERS FOR MATERIALS SCIENCE

Magnetic field imaging using
nitrogen-vacancy centres in diamond
(ULLC, Latvia)

A recent study by a team from the Laser Centre of
University of Latvia (ULLC) shows that magnetometry
based on nitrogen-vacancy centres can be used to
create microscope-like images of the magnetic field
of small magnetic particles, with unrivalled spatial
resolution. With the advent of inexpensive high-power
green diode lasers, this magnetometry method has
now become an inexpensive imaging tool.

Animage of the magnetic field distribution can offerin-
sights beyond what could be obtained purely through op-
tical microscopy when dealing with paramagnetic materi-
als. Magnetotactic bacteria, magnetorheological materials
or magnetic labelling materials all have magnetic features
of micrometre scales. However, magnetic measurement
devices based on alkali metal vapour cells, SQUIDs or Hall
probes either lack the spatial resolution to discern the tiny
features or their operating conditions are such that close
proximity could adversely affect the sample.

As part of Laserlab-Europe’s Joint Research Activity
PHOTMAT, researchers from ULLC studied nitrogen-va-
cancy centres in diamond as a tool for magnetic imaging.
Nitrogen-vacancy centres are point defects in the lattice
of diamonds, where two nearest-neighbour carbon atoms
are replaced by a nitrogen atom and a hole (vacancy).
This produces an atom-like colour defect in a triplet spin
state, which can be polarized and read out optically. The
defects are commonly formed by ion implantation and
annealing, allowing one to engineer a diamond chip with
nitrogen-vacancy centres 100 nanometres beneath the
surface, ensuring close proximity between the sensor and
the sample.

Using a combination of optical pumping with a green
laser and an applied microwave field, the local magnetic
field inside the diamond chip, as produced by small mag-
netic sample particles placed on its surface, can be de-
duced from the spatial variation of the fluorescence emit-
ted by the nitrogen-vacancy centre in a method called
optically detected magnetic resonance (ODMR).

The purpose was to obtain images of magnetic field
distributions for particles whose magnetic moment have
been measured by other means, and to compare these
measurements to the values obtained from the magnetic
field images. The ULLC researchers were able to detect par-

ticles as small as 19 nanometres, though the optical reso-
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By sweeping the frequency of an applied microwave field and
monitoring the fluorescence of the nitrogen-vacancy centres,
the optically detected magnetic resonance spectra and thus the
magnetic field can be retrieved. Doing this on a pixel by pixel
basis and performing a numerical fit to a Gaussian function, a
magnetic image for 4 um diameter magnetic particles can be
obtained.

lution is still diffraction limited (~500 nm). They conclude
that while the imaging method is definitely less sensitive
than vapour cell or SQUID-based techniques, the spatial
resolution obtained using nitrogen-vacancy centres is un-
rivalled.

Janis Smits
J. Smits et al., Eur. Phys. J. Appl. Phys. 73: 20701, 2016

Light absorption by titanium dioxide
(LACUS, Switzerland)

Scientists from Swiss Laserlab-Europe associate part-
ner Lausanne Centre for Ultrafast Science (LACUS)
have uncovered hidden properties of titanium dioxide,
a promising material for light conversion technology.
Using a range of laser-spectroscopic techniques, an in-
ternational collaboration led by LACUS professor Ma-
jed Chergui found that light energy is stored in this ma-
terial in the form of bound electron-hole pairs (called
excitons), confined in two dimensions.

Titanium dioxide (TiO,) appears in different crystalline
forms and its ‘anatase’ polymorph is today one of the most
promising materials for a wide range of applications, rang-
ing from photovoltaics and photocatalysis to self-cleaning
glasses, and water and air purification. All of these are
based on the absorption of light and its subsequent con-
version into electrical charges.

The LACUS collaboration has now discovered that the
threshold of the optical absorption spectrum is due to a
strongly bound exciton, which exhibits two remarkable
novel properties: First, it is confined on a two-dimensional
(2D) plane of the three-dimensional lattice of the mate-
rial. This is the first such case ever reported in condensed
matter. And secondly, this 2D exciton is immune against
temperature and defects as it is present in any type of TiO,
- single crystals, thin mesoporous films, and even nano-
particles used in devices.

This ‘immunity’ of the exciton to long-range structural
disorder and defects implies that it can store the incoming
energy in the form of light and guide it at the nanoscale in
a selective way. This promises a huge improvement com-
pared to current technology, in which the absorbed light
energy is dissipated as heat to the crystal lattice, making
the conventional excitation schemes extremely inefficient.
Furthermore, the properties of the newly discovered exci-
ton are very sensitive to a variety of external and internal
stimuli in the material (temperature, pressure, excess elec-
tron density), paving the way to a powerful, accurate and
cheap detection scheme for sensors with an optical read-
out.

To uncover these peculiar properties of TiO,, the team
used steady-state angle-resolved photoemission spectros-
copy (ARPES), which maps the energetics of the electrons
along the different axis in the solid; spectroscopic ellip-
sometry, which determines the anisotropic optical proper-
ties of the solid with high accuracy; and ultrafast two-di-
mensional deep-ultraviolet spectroscopy, used for the first
time in the study of materials, along with state-of-the-art
first-principles theoretical tools.

Edoardo Baldini and Majed Chergui
E. Baldini et al., Nature Communications 8: 13,2017

Lattice structure of

anatase TiO, with a
graphical representation
of the 2D exciton that is
generated by the absorp-
tion of light (purple wavy
arrow). This 2D exciton is
the lowest energy excita-
tion of the material.
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Gold clusters: gentle bond breakers

Synthesis of large carbohydrates is an energy-consuming multi-step process. Therefore, scientists are
looking for a catalyst enabling a direct chemical reaction from feedstock molecule methane to larger
carbohydrates. Gold nanoclusters seem to be a promising candidate for such a catalyst. In a recent
transnational access project performed at FELIX Laboratory (Nijmegen, The Netherlands) an inter-
national collaboration consisting of researchers from Radboud University in Nijmegen, Georgia Tech
University in Atlanta, US, and Ulm University in Germany, used infrared radiation to show that tiny gold
particles can be used to selectively break one single C-H bond in methane. The results of the project
were published in the prestigious chemical journal Angewandte Chemie.

Methane is currently the prime chemical feedstock for
larger carbohydrates. The current industrial standard to
produce these is to thermally crack methane into smaller
molecules and then use these in a mixture called synthesis
gas of CO, CO, and H, to produce the larger carbohydrates,
again using plenty of energy. This energy consumption
could easily be reduced if a direct chemical reaction from
methane (CH,) to, for instance, ethane (CH,) would be
possible. Such a reaction requires a catalyst, which unfor-
tunately has not yet been found.

Catalysts prepare the molecules that need to be
chemically transformed into another by weakening certain
bonds so that less energy is required for the reaction to
succeed. On the other hand, they should not weaken too
many bonds at the same time such that the original mol-
ecule is modified too much, or even completely destroyed.
The working of a catalyst is generally dictated by this fine
balance.

Researchers from Radboud University in Nijmegen,
The Netherlands, Georgia Tech University in Atlanta, US,
and Ulm University in Germany used infrared radiation
provided by the FELIX free-electron lasers to find that tiny
gold particles possess an important prerequisite for such
a catalyst: in linking to the methane molecule, they selec-
tively break one single C-H bond.
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Although gold in bulk form reacts very poorly with other
substances (the reason why a golden ring never needs
polishing) it can become chemically very active when it
is reduced to a few-nanometre sized particle, or smaller.
Once so small, the quantum nature of the particles starts
to become very important, influencing many physical and
chemical properties. When these properties change drasti-
cally by the addition or elimination of one single atom, the
particles are usually referred to as ‘clusters. Gold clusters
were famously shown to catalyse the oxidation reaction of
carbon monoxide CO, something that requires high tem-
peratures in the absence of a catalyst.

Gold’s activity in the catalytic transformation of meth-
ane into larger hydrocarbons was known already, too. The
partners from Ulm, who specialize in mass-spectrometric
experiments measuring the kinetics of cluster-mediated
reactions, had found that gold clusters can catalyse the
formation of ethane, C,H,, from two methane molecules.
They, and their colleagues from Georgia Tech, specialists
in quantum-chemical theoretical description of such reac-
tions, came up with a reaction mechanism that explained
the observed kinetics. There was only one problem: they
could not prove the mechanism experimentally, and need-
ed a smoking gun.
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The smoking gun came within reach, when the Ulm re-
searchers ran into a FELIX scientist at an international clus-
ter conference, ISSPIC in Leuven, Belgium. At FELIX, a team
have specialised in infrared spectroscopic identification of
clusters and their complexes with simple molecules. Over a
Tripel Karmeliet, one of Belgium’s premium Trappist beers,
the idea to identify the structure of one of the gold-meth-
ane intermediate products was struck.

The Ulm team made use of the Laserlab-Europe pro-
gramme for transnational access to FELIX. Here, the joint
team produced the gold clusters using laser vaporisation,
and had them react with methane. The formed products
were irradiated by intense infrared light from the intracav-
ity free-electron laser FELICE, and then analysed using a
mass-spectrometer.

Upon resonant infrared irradiation of a vibrational
mode, the gold-methane product fragments, resulting in a
depletion of the number of detected products. By record-
ing the number of products as a function of infrared wave-
length, a vibrational fingerprint of the product is found.

In these experiments, it was unambiguously demon-
strated that methane molecules, when reacting with gold
clusters, form a methyl (CH,) product. For this only one
C-H bond of the methane needed to be broken. The use of
FELICE was crucial to drive the absorption process for a prod-
uct that is tightly bound; given the typical photon energies
of 0.02-0.1 eV, and binding energies exceeding 2 eV, tens of
photons need to be absorbed within a few microseconds.

So why is gold so special? There exist several transition
metal elements that easily activate methane and break two
bonds, releasing dihydrogen H,. These elements all have
partially filled d-orbitals, which renders them very chemi-
cally active. Gold on the other hand has a completely filled
d-shell, and should be mostly unreactive, yet it manages to
activate methane by breaking just a single C-H bond. This
‘gentle’ breaking of bonds is attributed to relativistic effects
of the gold electronic system, where an s-d hybridisation oc-
curs. In the future design of novel catalysts, this fine balance
can be a tuning parameter for the catalyst’s activity.

Joost Bakker
FELIX Laboratory (Radboud University Nijmegen)

S. M. Lang et al., Selective C—H Bond Cleavage in Methane by Small Gold
Clusters, Angew. Chem. Int. Ed. 56: 13406, 2017

a) General energy ranges for the vibrational modes of gold
cluster-methane complexes. The green, blue, and red regions
correspond to motions of CH,, CH,, and H units, respectively. The
black dots correspond to the modes for two different isomers of
Au,CH,* and the structures illustrate the nature of the character-
istic modes.

b) IR-MPD spectra of Au.CH," and Au ,CH Ar," (upper two panels)
as well as calculated vibrational spectra of different structural
isomers of Au,CH,". The calculated zero-point energy corrected
energies of the isomers (relative to that of the lowest-energy one,
isomer 3-a) are given next to their structures. Structural models:
Au yellow, C gray, H white.
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First step towards a Soft X-ray
Laser at the MAX IV Laboratory

in Sweden

Stockholm University, Uppsala University,
KTH Royal Institute of Technology, Lund
University and MAX IV Laboratory in Lund
have initiated a project for a Soft X-ray Free
Electron Laser at MAX IV. A design study has
now received 10 million Swedish krona (1
million euros) from the Knut and Alice Wal-
lenberg Foundation with co-funding by the
project partners.

The Soft X-ray Laser (SXL) is an initiative
from Swedish users of synchrotron radiation,
who together formulated a large set of scien-
tific questions, which only can be addressed
by the high power coherent X-rays that a Free
Electron Laser (FEL) provides.

The SXL will be based on the already oper-
ating 3 GeV linac (linear accelerator) at the MAX
IV and will provide high-power pulses of a few

| FELs OF EUROPE

femtoseconds in the spectral range of 1-5 na-
nometres. Pump-probe will be a key user fea-
ture, and a number of supporting sources are
envisaged.

The conceptual design report of SXL will in-
clude detailed theoretical studies of the linac at
MAX IV as driver for the Soft X-ray Laser, as well
as an analysis of possible improvements to the
linac, choices of technology for the undulator
section and FEL, and standard configurations
of the beamline and its end-stations. The report
will be ready in 2020 and then form a basis for
future funding.

Swerker Werin (Max IV Laboratory, Lund)

The ELI host countries agree on
plan to join the three facilities

The three ELI host countries, the Czech Re-
public, Hungary and Romania, told the Eu-
ropean Commission they plan to merge the
three facilities into a single new research
consortium in 2018. The plan defines mile-
stones and arrangements for the seat of
the new organisation. The announcement,
made in Brussels on 1 December 2017, is an
important step towards operating the new
facility.

Representatives from the countries host-
ing the Extreme Light Infrastructure (ELI) will
merge the three facilities together into a single
organisation in 2018. The legal form of the or-
ganisation will be a European Research Infra-
structure Consortium (ERIC), with the first seat
in Romania. The plan is to have the ELI ERIC
operating by the beginning of 2019, but many
details remain.

The organisation will rotate its legal seat
between the countries every three years. Ro-

mania will host
the first seat,
followed by the
Czech Republic
and  Hungary.
The move has
long been anticipated, but this marks the first
time that specific dates and a plan for the seat
arrangement have been announced.

In addition to administrative and political
support, the European Commission indicated
there could be financial support to help the
three ELI facilities’ transition into a single or-
ganisation. That is also based on the fact that
the host countries have committed to finance
the first two years of operations. The new le-
gal structure of the ERIC allows other member
countries time to join as the facilities ramp up
to a sustainable operations programme.

meli

delivery consortium

Allan Weeks (Associate Director ELI-DC)

Forthcoming events

Network on Experimentation and Best
Practices in Biology and Life Sciences
Meeting

20 March 2018, San Sebastian, Spain

Network on Extreme Intensity Laser
Systems - Annual Meeting
24-25 May 2018, Bordeaux, France

Training Workshop on Time-Resolved
Techniques (TReT)
20-22 June 2018, Prague, Czech Republic

To find out more about conferences and events,
visit the Laserlab online conference calendar.

How to apply for access

Interested researchers are invited to contact
the Laserlab-Europe website at www.laserlab-
europe.eu/transnational-access, where they
find relevant information about the participat-
ing facilities and local contact points as well as
details about the submission procedure. Appli-
cants are encouraged to contact any of the fa-
cilities directly to obtain additional information
and assistance in preparing a proposal.

Proposal submission is done fully electroni-
cally, using the Laserlab-Europe Proposal Man-
agement System. Your proposal should contain
a brief description of the scientific background
and rationale of your project, of its objectives
and of the added value of the expected results
as well as the experimental set-up, methods
and diagnostics that will be used.

Incoming proposals will be examined by
the infrastructure you have indicated as host
institution for formal compliance with the EU
regulations, and then forwarded to the Access
Selection Panel (ASP) of Laserlab-Europe. The
ASP sends the proposal to external referees,
who will judge the scientific content of the pro-
ject and report their judgement to the ASP. The
ASP will then take a final decision. In case the
proposal is accepted the host institution will in-
struct the applicant about further procedures.

Laserlab Forum Contact

Professor Claes-Goran Wahlstrom
Coordinator - Laserlab-Europe

Email: Claes-Goran.Wahlstrom@fysik.Ith.se
The Coordinator’s Office

Daniela Stozno

Max Born Institute

Max-Born-Str. 2A | 12489 Berlin | Germany
Phone: +49 30 6392 1508

Email: stozno@mbi-berlin.de
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