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CONTROLLING LIGHT
BY MANIPULATING
ELECTROMAGNONS

Within some specialised materials, light can appear to move in

mysterious ways, rotating around its direction of propagation, and

becoming dimmed to different degrees, depending on its direction

of travel. Professor Andrei Pimenov and his team at the Vienna

University of Technology investi

gate how these properties are linked

to recently discovered quasiparticles named ‘electromagnons’. The

team’s work could soon open up new ways to consciously control

the propagation of light within these unique solid materials, with

numerous exciting technological applications.

Quasiparticles

Within a variety of solid materials,
certain particles, such as electrons,

can adopt disguises as they move
around. Known as ‘quasiparticles’, these
structures might appear to an observer
to act like new particles with completely
unique properties. However, since

the behaviours of quasiparticles are
simply a result of the influence of the
surrounding ‘real’ particles they interact
with, they remain completely within the
bounds of the laws of physics.

Important for a variety of technological
applications, quasiparticles represent
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a diverse family of structures, including
phonons, plasmons, and fascinating
phenomena called magnons.

Properties and Applications of
Magnons

Among several other quantum
properties, an individual electron
possesses a value named its ‘spin’,
which is analogous to the angular
momentum of a rotating object on a
quantum scale. Electron spins usually
behave independently of one another,
butin the right conditions, the spins

of groups of electrons can be been
collectively excited to the same energies
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using light. These collective spin
excitations, known as magnons, have
some interesting and potentially useful
properties.

Magnons are commonly found in a class
of materials named ferromagnets, in
which the alignment of their constituent
atoms’ magnetic properties means that
they remain magnetised permanently.
They also appear in other classes of
materials, displaying properties called
ferroelectricity and ferroelasticity;
together, these three classes are

named ‘ferroic’ properties. Within these
materials - originally composed of

iron as their name suggests - magnons
can influence a variety of properties,
including conductivity and heat transfer.

As techniques to study the properties
of magnons improve, their potential
applications are becoming increasingly
apparent. In particular, they show
promise in forming a basis for highly
compact transistors, which carry out
operations on collective excited electron
spins. In addition, researchers are
finding new ways to store information
on these collective spins; opening up
new routes towards highly compact
hard drives.




However, through the use of increasingly
specialised ferroic materials, Professor
Andrei Pimenov and his team have
discovered that magnons can display
even more intriguing properties,
pushing these potential applications to
new limits.

Uncovering Evidence for
Electromagnons

In 2006, Andrei Pimenov, then working
at the University of Augsburgin
Germany, carried out a novel series

of experiments with ‘multiferroic’
materials, which display at least two

of ferroic properties. Most commonly,
these materials are both ferromagnetic
and ferroelectric, meaning that

both their magnetisation and the
alignment of their constituent atoms,
or ‘polarisation’, can be switched by
applying magnetic and electric fields,
respectively. These substances are
particularly interesting since their
magnetic properties, and their degree
of polarisation in applied electric fields
- or their ‘dielectric’ properties - are
strongly linked, earning them the name
‘magnetodielectric’ materials.

In their study, Andrei Pimenov and his
colleagues applied alternating electric
fields across two different multiferroic
materials: terbium manganite and
gadolinium manganite. They found

that the magnons present in these
compounds could be excited and
observed only if the spins of manganese
ions were arranged in form of a spiral.
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However, when an external magnetic
field was applied, which forced all
manganese spins to become aligned
parallel to the field, thus destroying
the magnetic spiral, these magnons
disappeared.

Since these unusual quasiparticles were
excited by electric fields of light contrary
to regular magnons, the researchers
dubbed them ‘electromagnons’. In the
coming years, they would become an
important basis for Professor Pimenov’s
research.

Anisotropy and Polarisation Rotation

One particularly mysterious property
also arose in the magnetodielectric
materials themselves. It was observed
that the light propagating through the
materials appeared to be asymmetrical
- an effect named ‘directional
anisotropy’. This meant that instead of
propagating evenly, as would be the
case within a regular block of uniform
glass, two light beams travelling in
opposite directions within a multiferroic
material would be absorbed differently
- being slowed down to different
speeds. Indeed, the team showed that
light can be completely stopped along
one direction, and allowed to travel
freely in the other, by fine-tuning the
geometry of an external magnetic field.

In several other studies, Andrei
Pimenov’s team also explored changes
in linearly polarised light, whose
constituent fields vibrate in one
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specific direction, as it travels through
multiferroic substances. They found

that regardless of the frequency of the
light, the direction of this polarisation
will rotate around the light’s direction
of travel. Furthermore, just as the
anisotropy of a magnetodielectric
material can be tuned using an

external magnetic field, the researchers

discovered that both the amplitude and
direction of this polarisation direction
can be tuned using an external electric
field.

Manipulating Excitation

Having demonstrated these capabilities
for optical property manipulation using
external fields, Andrei Pimenov and his
colleagues next aimed to show how
they could be used to influence the
behaviours of electromagnons.

In their initial experiments, the team did
not know enough about the properties
of electromagnons to explore how

they could be formed under different
conditions. However, in further studies,
they realised that external electric and
magnetic fields can alter the frequencies
at which the quasiparticles become
excited. Shifting the frequencies of
magnetic processes in thisway is a

key barrier to overcome for many
experiments in materials physics,
especially those with applications in
electronics.
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In this case, the physicists were able to identify a series of
magnetic vibrations within the constituent molecules of a
particular class of multiferroics named iron borates, which
were sensitive to both electric and magnetic fields at the

same time. This sensitivity arose because the directions of the
magnons’ collective electron spins were modified by the fields.
In turn, this altered the characteristic frequencies at which the
magnons were excited.

Having uncovered this mechanism, Professor Pimenov’s team
could finally excite electromagnons within magnetodielectric
materials, at the terahertz frequencies they required for their
experiments.

Controlling Light with Electromagnons

At the same time as these studies, Professor Pimenov and his
colleagues explored the reverse situation: how electromagnons
themselves could be used to influence the properties of
external fields. Their previous studies had already revealed

an intrinsic coupling between the quasiparticles and external
electric and magnetic fields, which themselves were shown to
influence polarisation rotation and anisotropy, respectively.
Therefore, the next logical step in this line of research was

to use electromagnons to precisely control the properties

of light passing through magnetodielectric materials. In

the final step of this puzzle, the physicists investigated how
the characteristics of electromagnons in magnetodielectric
materials were linked to these properties.

Andrei Pimenov’s team discovered that variations in both
anisotropy and polarisation rotation showed substantial

responses close to the resonant frequencies of electromagnons
- the frequencies at which the electron spins collectively
display the strongest responses to external electric and
magnetic fields. Specifically, the researchers observed that the
‘transmission coefficient’ of magnetodielectric materials - the
total power of waves that have passed through, in proportion to
the waves that first entered - began to differ hugely in forward

and backward directions, in the vicinity of these frequencies.

In addition, linearly polarised light entering the materials
rotated by an angle proportional to a value called the
‘magnetoelectric susceptibility’, which describes how the
material becomes electrically polarised in response to a
magnetic field, and vice versa. Again, the team observed that
the angles become larger close to electromagnon resonance
frequencies.

By fine-tuning the properties of their electromagnons using
external fields, and through careful selection of multiferroic
composition, the researchers were able to demonstrate

high degrees of control over the light traveling through
magnetodielectric materials. This highlights that since their
discovery in 2006, electromagnons have gone from being a
mysterious new type of quasiparticle, to a well-understood and
useful tool for controlling the propagation of light.

A Bright Future

The work of Professor Pimenov and his colleagues has

now broken down many of the mysteries surrounding the
unusual properties of magnetodielectric materials, and

the electromagnons they contain. The ability to control

the polarisation rotation and propagation asymmetry of
light travelling through the materials could have incredibly
useful optical applications, providing new opportunities for
experiments and technologies alike.

In particular, more sophisticated techniques for control using
electromagnons could open up new and innovative routes
towards highly compact transistors and data storage devices
in quantum computers in the near future. For now, Andrei
Pimenov’s team will continue to explore the rich variety of
intriguing properties observed in multiferroics and other
magnetodielectric materials, and will aim to learn more about
the unusual behaviour of electromagnons.
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