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Atomic-scale tmaging reveals the shape and size of a technologically interesting magnetic quasipar-

ticle.
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A magnetic skyrmion is the smallest possible pertur-
bation to a uniform magnet: a pointlike region of re-
versed magnetization, surrounded by a whirling twist of
spins. Such skyrmions are quasiparticles—they do not
exist in the absence of a magnetic state—and they give
rise to emergent electrodynamics that cannot be sim-
ply described by Maxwell’s equations. The particles are
also attractive candidates for transporting information
because they are only a few nanometers in size, very sta-
bile, and easily manipulated with spin-polarized currents
that consume little power. Although skyrmions are often
described as particlelike, a nearly two-decades old theory
[1] makes detailed predictions for a skyrmion’s size and
shape. These properties determine the particle’s response
to a spin current and an external magnetic field, but are
difficult to test because skyrmions are often only a few
tens of atoms wide. Niklas Romming and colleagues at
the University of Hamburg, Germany, have now imaged
the internal structure of magnetic skyrmions in a metal
film using a magnetically sensitive scanning tunneling mi-
croscopy technique [2]. The high spatial resolution of the
technique allowed the researchers to confirm that both
the size and shape of the skyrmions are consistent with
theory.

The mathematical concept of the skyrmion was in-
vented over fifty years ago by high-energy physicist Tony
Skyrme [3]. In quantum field theory, particles are wave-
like excitations with a finite lifetime. Skyrme proposed
that the stability of hadrons (protons, neutrons, and
mesons) could be explained if they were described as
topological defects in a quantum vector field. These de-
fects could be considered “protected” because they were
characterized by a topological integer that cannot be
changed through any continuous deformation of the field.
Skyrme’s idea for hadrons did not ultimately become part
of mainstream particle physics theory, but several exam-
ples of skyrmionlike topologies exist in condensed-matter
systems [4]. The concept can, for example, describe
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quantum Hall systems, certain liquid-crystal phases, and
Bose-Einstein condensates.

Skyrmions only form in magnets in which spin inter-
actions favor a magnetic structure with chiral symme-
try, such as a twist that is either left- or right-handed.
Two decades ago, theorists predicted such twists could
occur when spins felt a competition between aligning
with their neighbors and being perpendicular to them
[1]. In this picture, the strongest interaction between
spins is Heisenberg exchange. The energy of this inter-
action, which favors the collinear alignment of neighbor-
ing spins and drives the ordering of many magnets, is
given by the Heisenberg exchange integral J. A weaker
interaction that favors perpendicular neighboring spins
can occur in certain Heisenberg magnets in which elec-
trons experience spin-orbit coupling. The energy of this
so-called Dzyaloshinkii-Moriya (DM) interaction is pro-
portional to the DM exchange D and causes spins in a
Heisenberg magnet to cant, leading in a natural way to
a chiral structure.

The DM interaction only occurs in a material whose
atomic structure lacks inversion symmetry, a condition
satisfied in the B20 crystal lattice, which is a deformed
rock-salt structure. Skyrmions have, for example, been
observed in the B20 forms of MnSi[5] and Feg 5Coq.5Si
crystals [6]. Another way to create a structure that can-
not be inverted is to form an interface between two dif-
ferent materials. Forming such an interface between a
ferromagnet and a strong spin-orbit metal gives rise to
the necessary DM interaction, even in the case when both
metals have inversion-symmetric lattices [7]. If the ferro-
magnet is sufficiently thin, then these interfacial effects
can dominate.

In 2013, the University of Hamburg group discov-
ered that a palladium-iron (PdFe) bilayer grown on a
(111) iridium surface can support individual skyrmions
[8]. The skyrmions can be created, imaged, and anni-
hilated using a spin-polarized scanning tunneling micro-
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scope (STM) tip. Like all STM techniques, this method
measures the quantum-mechanical current that tunnels
from a surface to the probe tip. In this case, the cur-
rent depends on the angle between a spin on the probe
tip and the spin on the surface, so the technique can map
the orientation of spins at each point on the surface. Sim-
ilarly, the current from the tip is spin polarized and can
be used to exert a torque on the spins in the magnet to
either create or annihilate a skyrmion.

In their new work, Romming et al. use the same tech-
nique to image the internal structure of a skyrmion in
the PdFe bilayer, and its response to an applied mag-
netic field. The skyrmion can be thought of as a tiny,
2D bubble-like region whose magnetization points in the
opposite direction to the surrounding material. Its core
can be considered truly pointlike. But the skyrmion has
to have a finite size because it takes a short distance (in
this case about 2 nanometers) for the magnetization to
twist back to the background direction. Applying a mag-
netic field in the opposite direction to the skyrmion core
magnetization compresses the bubble (Fig. [1), changing
its shape. Using the STM, Romming et al. mapped the
skyrmion’s shape versus magnetic field as the bubble was
compressed to approximately half its equilibrium size.
Their results fit the existing theory [I], thus confirming
it. These fits also allowed the researchers to determine
the values of J and D in their material. These values,
which are difficult to measure in other ways, determine
the skyrmion’s size, and researchers will need to know
them for any technology that makes use of skyrmions.

The physics of skyrmions is fascinating because of their
special topological properties [4]. From a technological
perspective, skyrmion-based devices have the potential to
store and process information at unprecedentedly small
sizes and levels of energy consumption. For example, the
presence/absence of the skyrmion could serve as the 1
and 0 in a data bit in a racetrack memory [9]. The work
of Romming et al. shows that existing theories provide
a sound basis for the micromagnetic design of such de-
vices. This is a remarkable thing in itself, since these
theories are continuum models, yet the new work shows
they remain valid at atomic length scales. Moreover,
the results show skyrmions are robust: they can with-
stand a reverse field of almost 3 teslas. So far, magnetic
skyrmions have only been observed at low temperatures.
(Romming et al. performed their experiments at 4.2 K).
But very recently, researchers have observed skyrmions
in a room-temperature magnet, making their promise for
future technologies more realistic [10].

This research is published inPhysical Review Letters.

References

[1] A. Bogdanov and A. Hubert, “Thermodynamically Stable
Magnetic Vortex States in Magnetic Crystals,” J. Magn.
Magn. Mater. 138, 255 (1994); A. Bogdanov and A. Hubert,

DOI: 10.1103/Physics.8.40
URL: http://link.aps.org/doi/10.1103/Physics.8.40

FIG. 1: A skyrmion is a pointlike region of reversed magne-
tization in a uniform magnet. The skyrmion’s “core”—here,
pointed up—is surrounded by an axially symmetric twist that
returns the spin texture to the background direction (down).
Romming et al. applied a magnetic field (red arrow) oppo-
site to the core direction and used a spin-polarized scanning
tunneling microscope to track the skyrmion’s shape as it was
compressed. The measured shape change agreed with a two-
decades old theory, suggesting the theory will be useful for
describing skyrmions in devices. (APS/Alan Stonebraker)
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