Exploiting a novel magnetic resonance technique

Muons provide a very sensitive
probe of the atomic-level
properties of materials. High
Field muon techniques are
being developed by the
European facilities; the high
time resolution available at the
SpS enables unique
phenomena to be investigated.

Examples of how high time
resolution muon spectroscopy
can be used for novel
measurements include:

* Probing superconductivity;
vortex states and length
scales

* Studying magnetic systems
such as spin liquids and low
dimensional magnetism

+ Characterising hydrogen
impurities in semiconductors

* Investigating quantum
fluctuations in high spin
molecules.

The muon technique — implantation of positive,
spin-polarised muons into a sample,

followed by detection of positrons emitted
when the muons decay.
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High resolution muon
spectroscopy: the basic idea

Once implanted inside a material, muons interact with their
local atomic environment. In some cases this interaction can
be strong, and fast timing resolution is required to follow the
evolution of the muon spin polarization. For example, in
magnetic systems, large internal fields give rise to fast
precession frequencies, while broad internal field distributions
will lead to a rapid decay of the muon polarisation. In
chemical systems, the measurement of detailed spectroscopic
information requires large probing fields which, in turn, give
rise to energy level splittings of the order of hundreds of
megahertz.

The beam structure of the SpS, located at PSI, Switzerland is
ideally suited to these types of measurement. Here, muons are
implanted into the sample one by one, enabling accurate
measurement of the time interval between the arrival of the
muon and the detection of the decay positron. With careful
instrument design and advanced detector technologies, time
resolutions better than 80ps are possible.

This is illustrated by the transverse field experiment, where fast
muon precession is measured in a large external magnetic field
applied perpendicular to the initial muon spin polarisation. In
this case a 9.5T field was applied to muons stopped in a silver
plate and a precession frequency of ~1.3 GHz is measured. The
decay of the muon response and the corresponding shape of the
Fourier transform reflect the microscopic field distribution
sensed by the muon.
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Precise measurement of the time interval between muon arrival and decay
(top) enables high resolution spectra to be recorded.

Example Applications of High Resolutic

Superconductivity

The vortex state induced in a type-Il superconductor when a
strong magnetic field is applied can be studied using muons.
The technique probes the magnetic field on a length scale much
shorter than the inter vortex distance, enabling information
about the internal vortex structure and interactions to be
obtained.
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Muons are now routinely used to determine characteristic length
scales, such as the magnetic penetration depth and coherence
length, and the muon technique enables vortex lattice topology
to be investigated. Muons are also playing a key role in the
search for experimental evidence for exotic vortex states. For
example, a change in the spatial field distribution around the
vortex cores has been predicted for clean superconductors at
low temperatures and at fields close to the upper critical field.
Spectrometers capable of extended temperature and field
measurements promise to bring a new insight to these studies.
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Models for conventional (left) and exotic (right) vortex states can be
investigated using muon techniques.

A. Maisuradze et al., arXiu:1303.0209v1 (2013).



The quantum spin-liquid phase is an intriguing state where the
usual magnetically ordered ground state is avoided even at the
lowest temperatures for a system of strongly interacting
magnetic spins. Spin liquid systems such as the Mott insulator
X-(BEDTTTF),Cu,(CN), display a complex phase diagram that can
best be investigated using the extended field and temperature
regimes offered by the latest muon spectrometers. Existing
measurements have demonstrated no obvious signature for
conventional magnetic ordering to 20mK.
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The rich phase diagram (left) of the Mott insulator X-(BED77TF)2 (right, grey
+ Cand yellow = S) Cu,(CN), is readily explored using muon techniques.
Compared to conventional resonance techniques, muon spectroscopy
enables measurement over a greatly extended field range.

F. L. Pratt et al., Nature 471, 612 (2011).
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Probing Spin Liquids

Semiconductors and Oxides

Muonium, a bound p*e system, can be considered as a light
hydrogen isotope, and is frequently used to obtain information
about isolated hydrogen in semiconducting systems. High
transverse field muon spin rotation measurements enable high
resolution spectroscopy of the different electronic states this
hydrogen-like isotope can take, with the hyperfine coupling
providing information about the local environment. Spin
dynamics and state transitions can also be probed by
investigating the field dependence of polarised muonium at
different temperatures.
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Spectroscopy of a Mu(H) centre formed in ZnO (inset). Line intensities
reflect electron polarization.

Adapted from K. Shimomura et al., PSI Annual Report 2005.

Low Dimensional Magnetism High Spin Molecules

Low dimensional quantum spin systems are remarkable for their
diverse and fascinating physical behaviour, and the muon
technique provides an ideal probe of their properties. For
example, quantum phase transitions between gapped and
gapless phases of two-leg spin-ladder systems such as
(Hpip),CuBr, can be driven using a large external magnetic field.
The Luttinger Liquid regime, where the spectrum is gapless with
no finite order parameter, can also be investigated from the
high-temperature classical regime through a crossover.
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Phase diagram of the spin-ladder (Hpip),CuBr (inset). Transitions between
the quantum disordered (QD), quantum critical (QC) and Luttinger-Liquid
(LL) phases can readily be explored using muon techniques.

Adapted from Ch. Riiegg et al, Phys Rev Lett 101 247202 (2008).

Molecular clusters containing as few as 10 to 100 atoms might
be used as magnetic memory units, potentially offering greatly
increased storage density. These systems are high spin
molecules, comprising a small network of magnetic ions such
that the net spin of the cluster is large (e.g. 10, 27/2 or 39/2).
Unfortunately, molecular spin relaxation rates currently limit the
application of these systems, and high field muon spectroscopy
provides an ideal method for determining the quantum
fluctuations and tunnelling driving this spin relaxation.
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Energy levels for Mn, -acetate,, (S=10) (grey = C, white = H, red = O and
purple = Mn). Fluctuations and tunneling rates can be probed using muon
techniques.

G. Chaboussant et al., Phys. Rev. B70, 104422 (2004).



Using the Facilities
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Above: High field muon spectrometer at ISIS, UK.

Left: The new instrument for high field muon
spectroscopy at PSI. The 9.5 T magnet is on the
right side. On the left is the dilution refrigerator
with the gas handling system visible, which can
cool samples to temperatures below 20 mK.
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