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Large anomalous Hall effect in a non-collinear
antiferromagnet at room temperature
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PAPER ABSTRACT

In ferromagnetic conductors, an electric current

may induce a transverse voltage drop in zero applied
magnetic field: this anomalous Hall effect is observed
to be proportional to magnetization, and thus is not
usually seen in antiferromagnets in zero field. Recent
developments in theory and experiment have provided
a framework for understanding the anomalous Hall
effect using Berry-phase concepts, and this perspective
has led to predictions that, under certain conditions, a
large anomalous Hall effect may appear in spin liquids
and antiferromagnets without net spin magnetization.
Although such a spontaneous Hall effect has now

been observed in a spin liquid state, a zero-field
anomalous Hall effect has hitherto not been reported for
antiferromagnets. Here we report empirical evidence
for alarge anomalous Hall effect in an antiferromagnet
that has vanishingly small magnetization. In particular,
we find that Mn,Sn, an antiferromagnet that has a
non-collinear 120-degree spin order, exhibits a large
anomalous Hall conductivity of around 20 per ohm per
centimetre at room temperature and more than 100 per
ohm per centimetre at low temperatures, reaching the
same order of magnitude as in ferromagnetic metals.
Notably, the chiral antiferromagnetic state has a very
weak and soft ferromagnetic moment of about 0.002
Bohr magnetons per Mn atom, allowing us to switch
the sign of the Hall effect with a small magnetic field of
around a few hundred oersted. This soft response of the
large anomalous Hall effect could be useful for various
applications including spintronics—for example, to
develop a memory device that produces almost no
perturbing stray fields.
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SUMMARY

Using spin in an antiferromagnet for data processing and stor-
age. In the field of spintronics, the goal is to use electron spin,
rather than charge, to control and store information. An exam-
ple of such control is the anomalous Hall effect, which is usu-
ally observed in ordinary ferromagnets, such as iron or nickel.
This effect has now been reported in an antiferromagnet,
despite its almost zero magnetization, paving the way to next-
generation memory storage and ultrafast data processing.

The problem

Metal ferromagnets, including iron, cobalt and nickel, are often used in
spintronic devices because they retain their magnetism easily and their
ordered parallel magnetic spins are useful for processing and storing
data. Antiferromagnetic materials also have ordered spin states, but their
spins are often aligned antiparallel with their neighbours, resulting in no
overall magnetization. Such spin states are difficult to control, making
writing, reading and storing magnetic data seemingly impossible.

A well-known feature of ferromagnets is the anomalous Hall effect
(AHE)', which arises in ferromagnets even without an external field
(Graphical abstract, a). Since its discovery by Edwin Hall in 1880,
the AHE has been thought to be proportional to magnetization, so it
would not be observed in antiferromagnets. But it is now understood
that it may theoretically arise even in magnets with zero magnetization,
including antiferromagnets’* and spin liquids. Indeed, a spontaneous
Hall effect has recently been found” in the spin liquid state of Pr,Ir,0,.
However, no one has yet observed the AHE in an antiferromagnet.

The solution

Here we report that the antiferromagnet Mn,Sn can demonstrate an
AHE that is even larger than those seen in ordinary ferromagnets. We
focused on Mn,Sn, which has a geometrically frustrated kagome lattice
supporting an inverse triangular spin structure (Graphical abstract, b).
We measured the Hall effect using single crystals, which are easily made
and are safe and stable in air. We found that it exhibits AHE at room
temperature and can be switched by a weak magnetic field. Our dis-
covery indicates that the AHE arises not from the internal magnetic
field due to magnetization, as in ferromagnets, but from the ‘fictitious
field’ induced by a non-trivial topology of electronic band structure.
Furthermore, a tiny magnetic field of a few hundred oersted is suf-
ficient to switch the direction of the spin state in the antiferromagnet
and hence to change the orientation of the large fictitious field of more
than a few hundred tesla.

The implications
The exceptionally large AHE of Mn,Sn has several applications.

*Institute for Solid State Physics, University of Tokyo, Kashiwa 277-8581, Japan. PRESTO, Japan Science and Technology Agency (JST), 4-1-8 Honcho Kawaguchi, Saitama 332-0012, Japan. CREST,

Japan Science and Technology Agency (JST), 4-1-8 Honcho Kawaguchi, Saitama 332-0012, Japan.

1| NATURE | JULY 2016 | DOI:10.1038/NATURE19416

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Researchers have been searching for useful antiferromagnetic mat-
erials to develop the next generation of memory devices. Unlike the
ferromagnets that are typically used for spintronics, antiferromagnets
produce almost no stray fields of their own and therefore do not dis-
turb the neighbouring memory cells. As ferromagnetic memory devices
are reaching the limits of miniaturization, the use of antiferromagnets
would allow for even higher storage density. Moreover, antiferromag-
nets have much faster spin dynamics than ferromagnets, making them
ideal for ultrafast data processing.

So far it has been difficult to write information using antiferromag-
nets because it is not easy to manipulate magnetic domains that have
vanishingly small magnetization. In addition, even if the domains were
controlled, the macroscopic responses of an antiferromagnet are often
so weak that it would be extremely hard to read the information.

Our discovery may solve both problems at once. In Mn,Sn and the
related Mn;Ge®’, the spin state can be switched by applying a small
field of only a few hundred oersted. At the same time, these materials
generate a large and easily detectable change in the Hall voltage. Our  articleis at Nafure's
discovery therefore paves the way for the development of non-volatile ~ website at
memory and high-speed switching devices based on antiferromagnets.m  go.nature.com/29nwwij
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Magnetic behaviour and crystal structure of Mn,Sn. a, Anomalous Hall effect in ferromagnets (left)
and in antiferromagnets (right) induced by bending the trajectory of conducting carriers (in this case
holes) by magnetization and fictitious field, respectively. In ferromagnets, a spontaneous Hall effect
appears at zero field, which is proportional to magnetization. In antiferromagnets, an anomalous Hall
effect is driven by the fictitious field induced by the non-trivial topology of electronic band structure.

b, Crystal and spin structure of Mn,Sn. Each Mn has a magnetic moment (arrow). An inverse triangular
spin structure appears because of the geometrical frustration resulting from the kagome lattice formed by
Mn. ¢, Magnetic field dependence on the Hall resistivity in Mn,Sn at room temperature.
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