
 

Laser pulses used to track motion of
electrons in metals with attosecond precision
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A laser beam removes electrons from a layered metal structure. Attosecond
technology allows scientists to measure time delays between electrons from
different metal layers. Credit: Vienna University of Technology

It is easy to measure electric current. But it is extremely hard to watch
the individual electrons which make up this current. Electrons race
through the metal with a speed of several million meters per second, and
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the distance they have to cover between two adjacent atoms is very
small. This means that tiny time intervals have to be resolved in order to
watch the electrons dashing through the metal.

Measurements in Garching (Germany) and theoretical calculations at the
Vienna University of Technology (Austria) have now made this possible.
As it turns out, the motion of the electrons in the metal is remarkably
similar to ballistic motion in free space. The results have now been
published in the journal Nature.

The Tiny Timescales of the Quantum World

Albert Einstein already explained the "photoelectric effect" in 1905:
light transfers energy to an electron, removing it from the metal. This
happens so fast that for a long time it seemed impossible to study the
time evolution of this process. In recent years, however, attosecond
physics has advanced dramatically, so that time resolved analysis of this
process has become possible.

An attosecond is a billionth of a billionth of a second (10-18 seconds).
This is approximately the time it takes light to travel the distance from
one atom to the next. Using ultrashort laser pulses, time can now be
measured with a precision in the attosecond range.

The data which has now been published in Nature was measured at the
Max Planck Institute for Quantum Optics in Garching, in a collaboration
with TU Munich, the Fritz Haber Institute in Berlin, the Max Planck
Institute for the Structure and Dynamics of Matter in Hamburg and
LMU Munich. At the Vienna University of Technology, theoretical
models and large-scale computer simulations have been developed, in
order to analyse and interpret the results.
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A laser pulse (red) and an extreme ultraviolet attosecond pulse (violet, 1
as=10^-18 s) hit a surface made of a few layers of magnesium atoms (dark blue)
which is on top of a tungsten crystal lattice (green). After the XUV pulse has
released electrons from the inner core of the tungsten atoms the physicists
determine the time the electrons need for penetrating the magnesium layers by
applying the NIR laser pulse. Credit: Christian Hackenberger, MAP

Racing Electrons

"The experiment allows us to watch a race of electrons", says Professor
Joachim Burgdörfer (TU Vienna). Two different metals - tungsten and
magnesium - are stacked and hit with a laser pulse. Either in the
magnesium or in the tungsten layer, the light can remove electrons,
which then find their way to the surface. The distance the electrons have
to cover is less than a nanometer, but still it is possible to quantify the
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lead of the electrons from the magnesium layer, arriving shortly before
the electrons from the tungsten layer.

The distance of this race can be tuned: one to five atomic layers of
magnesium are deposited on tungsten. "The thicker the magnesium
layer, the larger the lead of its electrons compared to the electrons
coming from the tungsten layer", says Christoph Lemell (TU Vienna).
The simple relationship between layer thickness and arrival time shows
that the electrons travel through the metal ballistically, on rather
undisturbed and straight lines. Complex scattering processes do not play
an important role on theses time and length scales.

For precise timing, it is crucial to have a very well defined finish line.
For the photo-finish, a second laser was used. It influences the electrons
the moment they left the metal, but not before. The laser beam must not
penetrate the metal. "Within a distance shorter than the spacing between
the metal atoms, the intensity of the laser field changes dramatically",
says Georg Wachter (TU Vienna). The field of the laser beam is reduced
to almost zero in the outermost layer, whereas right outside the metal the
electrons immediately enter a strong laser field. This sharp contrast is the
reason these extremely precise time measurements become possible.

The new findings are expected to help with the miniaturization of
electronic and photonic elements - and they are another proof for the
amazing possibilities of attosecond physics. "This new area of research
gives us new methods to develop quantum technologies and study
fundamental questions of materials science and electronics", says
Joachim Burgdörfer.

  More information: Direct observation of electron propagation and
dielectric screening on the atomic length scale, Nature, DOI:
10.1038/nature14094
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