
 

Perfect inversion of complex structures
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Model of the perfect inversion of a magnetic or electric structure. The bottom
layer contains the information on the structure. The intermediate layer can be
switched with the applied field. The reversal is depicted from left to right. The
top layer shows the distribution of magnetization or polarization in the material.
Credit: ETH Zurich

Perfectly inverting complex structures is of great technical importance.
Researchers at ETH have now succeeded in turning the magnetic and
electric structure of materials into their opposites using a single magnetic
field pulse.
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In unpleasantly loud environments, active noise reduction has been used
in earphones and luxury cars in recent years. A microphone picks up the
disturbing noise, from which a computer chip calculates the appropriate
countermeasures: sound waves whose phases are exactly opposite to
those of the ambient sound. The interference between those waves
effectively erases the noise. Physicists and engineers seek to apply this
principle of perfect inversion to other technologies—for instance, to the
magnetic structure of materials. ETH professor Manfred Fiebig and his
collaborators at the Department of Materials in Zurich have now
succeeded in doing just that, with support from scientists in Europe,
Japan and Russia. Their results are published this week in the scientific
journal Nature.

Fiebig's team used so-called multiferroics for their experiments. Unlike
many other materials that have either magnetic or electric order,
multiferroics possess both: They are magnetically and, at the same time,
electrically polarized and, as a consequence, align themselves both along
magnetic and along electric fields. The physical mechanisms that bring
about the magnetic and electric order inside the material are subtly
coupled to each other. This makes it possible to influence the
magnetization using electric fields rather than magnetic fields. "That's
much more efficient, as one needs electric current to create magnetic
fields, and that costs a lot of energy and creates annoying waste heat,"
explains Naëmi Leo, a former Ph.D. student in Fiebig's laboratory. In
computers, for instance, where data is constantly written on magnetic
hard drives, multiferroics could be key materials for significant energy
savings.

Inspiration from Tangram shapes

At ETH, which has been an international leader in multiferroics research
for quite some time, scientists took this idea one step further. "A
material that allows one to control its magnetization using electric fields
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must necessarily have a rather complex structure," says Fiebig.

He uses the Chinese Tangram puzzle to illustrate that principle: The
more pieces available—triangles, squares and parallelograms—the more
elaborate shapes are possible. In the case of multiferroics, the shapes
correspond to the symmetries of the material, which determine its
physical properties. The more complex those symmetries, the more
varied are the so-called order parameters. They describe the direction in
which the magnetization points inside a multiferroic, and how the
magnetization is coupled to the electric order.

  
 

  

Distribution of regions with positive (bright) and negative (dark) magnetization
in the rare-earth orthoferrite (Dy, Tb)FeO3. The reversal of magnetization in
each region is obvious. The size of the sample is 0.5 mm. Credit: ETH Zurich

Unexpected properties
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If the atoms inside a material are arranged in such a complicated way, it
is also very likely that it has other properties that are not obvious at first
sight. "That's why we didn't want to limit ourselves to the well-known
phenomena that have been studied for a long time, but rather try to see
what other useful things multiferroics can do," Fiebig says, and
illustrates his research approach: "How can we recombine the pieces of
the puzzle—that is, the order parameters—in different ways than those
already known, and thus obtain new and useful properties?"

This openness towards the unexpected has paid off. Fiebig and his co-
workers eventually found a multiferroic in which the overall
magnetization is not just evenly oriented by an applied field, as usual.
Clearly, that would erase any magnetically stored information—the
distribution of positively and negatively magnetized regions inside the
material. Rather, they used the field to invert the magnetization in each
individual region of the material. Positively magnetized regions were,
therefore, turned into negatively magnetized ones, and vice versa. The
magnetic information contained in the arrangement of the regions,
however, remained intact in the process. "That's as if we inverted every
single bit on a hard disk in one go," Fiebig explains. "Normally, one
would have to re-write each bit individually, but we can do it with a
single magnetic field pulse."

Inversion in a single go

The researchers at ETH found this magnetic equivalent of active noise
reduction in a multiferroic composed of cobalt, tellurium and oxygen.
Owing to its complex crystal structure, not only can that material at once
be magnetically and electrically polarized, but it can also have several
order parameters describing its magnetization: one that determines the
magnetic orientation of a single region, and another one that
"remembers" the shape and arrangement of those regions inside the
whole material.
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Using a specialized imaging technique, whereby polarized laser light is
sent through the crystal and changes its colour in the process, the
researchers could directly make the inversion process spatially visible.

As if that was not enough, the physicists were also able to accomplish a
similar feat with reversed roles. In a multiferroic containing atoms of
manganese, germanium and oxygen, the magnetic field now inverted not
the magnetization, but the electric polarization of the material. For the
researchers, that is further proof that multiferroics still hold many
surprises. "There is probably much more to be discovered that we can't
even imagine today," Fiebig says.

  More information: N. Leo et al. Magnetoelectric inversion of domain
patterns, Nature (2018). DOI: 10.1038/s41586-018-0432-4
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