
 

Raising temperature changes an element's
electronic 'topology'
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A Fermi surface for FeTi, showing the allowable energy states that can be
occupied by electrons. Credit: Fred Yang and Brent Fultz

Materials scientists at Caltech have discovered a new way that heat
tweaks the physical properties of a material.

Experimenting with an alloy of iron and titanium (FeTi), a team led by
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Caltech's Brent Fultz found that increasing heat alters the topology of the
material's Fermi surface—an abstract map of the allowable energy states
that can be occupied by electrons.

Fultz, the Barbara and Stanley R. Rawn, Jr., Professor of Materials
Science and Applied Physics in the Division of Engineering and Applied
Science, likens a Fermi surface to a planet covered by a smooth ocean
and rocky landmasses. The ocean is made up of electrons, while the land
represents voids where electrons are not present. Placing an element
under extreme pressure—like that in Earth's core—can cause landforms
lurking just below the surface to emerge, in turn altering where electrons
are likely to be found. The appearance of these new features in a Fermi
surface is called an electronic topological transition (ETT). The concept
of an ETT was proposed by the Russian physicist I. M. Lifshitz in 1960,
and ETTs have been observed by subjecting metals to pressures on the
order of 100,000 atmospheres.

Heating causes electrons to slosh around within the Fermi surface, but,
as with waves moving on water, the coastlines—the boundaries between
electrons and electron-less voids—remain about the same. However,
Fultz and his colleagues noticed that because heat also displaces atoms,
heating can in some cases reveal landforms hidden below the surface of
that metaphorical Fermi sea.

In practical terms, altering the topology of the Fermi surface alters the
chemical properties of a metal or alloy, which in turn alters its electrical
conductivity.
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Credit: California Institute of Technology

The potential value to engineers lies in the fact that it is much easier to
raise the temperature of a material than it is to place it under the sort of
pressure needed to force an ETT. "The pressures needed to cause an
ETT are intense, while the temperature changes needed are
comparatively low," says Fultz. Indeed, gigapascals of pressure are
required to cause an ETT—that is, tens of thousands of times the
pressure of Earth's atmosphere. However, Fultz and his colleagues noted
ETTs occurring within hundreds of degrees Fahrenheit of temperature
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change.

The discovery was something of an accident—the result of
computationally chasing down anomalous results while performing
neutron scattering tests on an FeTi alloy that is of interest to engineers
because it is remarkably strong and stretchable.

Neutron scattering reveals details about a material's atomic structure. In
the method, a beam of neutrons is fired at a material and the energies
and angles of the scattered neutrons are recorded and analyzed. In
particular, Fultz's group was using neutron scattering to study the
vibrations of atoms in crystals, which almost always move and buzz
slightly. The researchers found that, with increasing temperatures, the
specific patterns of buzzing changed dramatically in a way that could not
be explained through known mechanisms.

Caltech graduate student Fred Yang (MS '15), lead author of a paper
about the discovery appearing in the journal Physical Review Letters, ran
numerous computer simulations that suggested the temperature-related
change could be explained by an ETT in FeTi.

Next, Fultz and Yang plan to explore other elements with features
lurking just below their Fermi surfaces.

  More information: F. C. Yang et al. Thermally Driven Electronic
Topological Transition in FeTi, Physical Review Letters (2016). DOI:
10.1103/PhysRevLett.117.076402
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