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Since ms can take only two values (±1/2) spin operates in a two-component Hilbert space and the three spin 2 ⇥ 2
matrices (Pauli matrices) and the identity matrix form a complete set,

�x =

✓
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◆
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◆
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◆
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1 0
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◆
, Ŝi =

~
2
�i (9)

[�a,�b] = 2i✏abc�c , {�a,�b} = 2�ab1 (10)

Total wavefunction has now the orbital and spin parts,  (r)�ms , and there are two basis spinors, e.g.,
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✓
1
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◆
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✓
0
1

◆
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II. RELATION BETWEEN ANGULAR AND MAGNETIC MOMENTS

Current is electron charge divided by time of one orbit around the nucleus,

I =
ev

2⇡r
. (12)

The corresponding magnetic moment of a current loop of area A is

µl = IA =
ev

2⇡r
⇡r2 =

emvr

2m
=

e

2m
L (13)

and energy in a magnetic field

E = �µl ·B (14)

For electron, e = �|e|:

µ̂l = � |e|
2m

ˆ

L = �glµB

~
ˆ

L , gl = 1 , µB =
|e|~
2m

|µl| = glµB

p
l(l + 1)

µlz = �glµBml , (15)

Similar expression can be expected to hold for the spin magnetic moment:

µ̂s = �gsµB

~
ˆ

S (16)

However, gs = 2.0023193. This cannot be derived from classical physics because there’s no way to express spin as
some r⇥ v, in fact there’s no classical analogy to spin in the first place. gs = 2 and the spin dergree of freedom itself
are obtained from the relativistic quantum mechanics - the Dirac equation. The small corrections to the electron
spin g-factor are obtained from relativistic quantum field theory (includes also quantized E&M fields - photons, their
creation and annihilation and interaction with electrons, etc.) They are expressed in power series of the fine structure
constant (↵ = e2/~c4⇡✏0).

III. DIRAC EQUATION

Mass particle in its rest frame: E = mc2; photon: E = h⌘ = hc/� = pc.
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!
2
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Bistability in Atomic-Scale
Antiferromagnets
Sebastian Loth,1,2* Susanne Baumann,1,3 Christopher P. Lutz,1 D. M. Eigler,1 Andreas J. Heinrich1*

Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom

1IBM Research Division, Almaden Research Center, 650 Harry
Road, San Jose, CA 95120, USA. 2Max Planck Research Group–
Dynamics of Nanoelectronic Systems, Centre for Free-Electron
Laser Science, Hamburg, andMax Planck Institute for Solid State
Research, Stuttgart, Germany. 3Department of Physics, Univer-
sity of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland.

*To whom correspondence should be addressed. E-mail:
heinrich@almaden.ibm.com (A.J.H.); sebastian.loth@mpsd.
cfel.de (S.L.).

Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Bistability in Atomic-Scale
Antiferromagnets
Sebastian Loth,1,2* Susanne Baumann,1,3 Christopher P. Lutz,1 D. M. Eigler,1 Andreas J. Heinrich1*

Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom

1IBM Research Division, Almaden Research Center, 650 Harry
Road, San Jose, CA 95120, USA. 2Max Planck Research Group–
Dynamics of Nanoelectronic Systems, Centre for Free-Electron
Laser Science, Hamburg, andMax Planck Institute for Solid State
Research, Stuttgart, Germany. 3Department of Physics, Univer-
sity of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland.

*To whom correspondence should be addressed. E-mail:
heinrich@almaden.ibm.com (A.J.H.); sebastian.loth@mpsd.
cfel.de (S.L.).

Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Bistability in Atomic-Scale
Antiferromagnets
Sebastian Loth,1,2* Susanne Baumann,1,3 Christopher P. Lutz,1 D. M. Eigler,1 Andreas J. Heinrich1*

Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom

1IBM Research Division, Almaden Research Center, 650 Harry
Road, San Jose, CA 95120, USA. 2Max Planck Research Group–
Dynamics of Nanoelectronic Systems, Centre for Free-Electron
Laser Science, Hamburg, andMax Planck Institute for Solid State
Research, Stuttgart, Germany. 3Department of Physics, Univer-
sity of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland.

*To whom correspondence should be addressed. E-mail:
heinrich@almaden.ibm.com (A.J.H.); sebastian.loth@mpsd.
cfel.de (S.L.).

Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Bistability in Atomic-Scale
Antiferromagnets
Sebastian Loth,1,2* Susanne Baumann,1,3 Christopher P. Lutz,1 D. M. Eigler,1 Andreas J. Heinrich1*

Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom

1IBM Research Division, Almaden Research Center, 650 Harry
Road, San Jose, CA 95120, USA. 2Max Planck Research Group–
Dynamics of Nanoelectronic Systems, Centre for Free-Electron
Laser Science, Hamburg, andMax Planck Institute for Solid State
Research, Stuttgart, Germany. 3Department of Physics, Univer-
sity of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland.

*To whom correspondence should be addressed. E-mail:
heinrich@almaden.ibm.com (A.J.H.); sebastian.loth@mpsd.
cfel.de (S.L.).

Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom
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Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom
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Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom
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Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom
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Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom
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Road, San Jose, CA 95120, USA. 2Max Planck Research Group–
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Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom
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Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom

1IBM Research Division, Almaden Research Center, 650 Harry
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Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized.
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest
structures, we observed transitions between Néel states due to quantum tunneling of magnetization.
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information.

Nanometer-scale ferromagnets are used as
magnetic bits to hold information in mass
storage devices. Antiferromagnets have

been difficult to switch and sense because of their
lack of net magnetic moment, but they offer ad-
vantages such as insensitivity to magnetic fields.

In ferromagnetic materials, the magnetic mo-
ments of the constituent atoms align, yielding
a net magnetic moment. The direction of this
magnetization can be changed by the application
of a magnetic field or by spin-polarized currents
(1). As magnetic devices shrink toward atomic
dimensions, new tools to fabricate and probe
them with atomic resolution are emerging (2–4).
These have revealed magnetic bistability in fer-
romagnetic islands (5, 6) and chains (7), having
as few as 30 atoms, as well as in metal-organic
molecules (8–10).

Antiferromagnets have neighboring atomswith
counteraligned magnetic moments. The absence
of a net magnetic moment makes imaging the
magnetic structure of antiferromagnets more dif-
ficult. Antiferromagnetic (AFM) domains in thin
films have been imaged using x-ray scattering
(11). On the atomic scale, the spin structure of
antiferromagnets has been observed by scanning
tunneling microscopy (12, 13) and atomic force
microscopy (14). So far, controlled switching of
antiferromagnets has required the help of nearby
ferromagnetic domains (15), magnetoelectricity
(16), or optical pulses (17). We investigated the
role that AFM nanostructures can play as can-
didates formagnetic storage and spintronic devices.

We assembled AFM nanostructures with a
low-temperature scanning tunneling microscope
(STM) by placing Fe atoms in a regular pattern
on a surface (Fig. 1A). The spins of neighboring
Fe atoms couple antiferromagnetically by an ex-
change interaction with strength J = 1.2 meV
(18) (fig. S1). The Fe atoms were placed at a
binding site on a Cu2N surface, for which Fe has
a large magnetic anisotropy field that aligns its
spin to the resulting easy axis (19). A magnetic
field of up to 6 Twas applied in order to make the
microscope’s tip spin-sensitive by polarizing its

magnetic apex (18) and in order to test the effect
of magnetic field on the nanostructures.

In assemblies of just a few magnetic atoms,
the atomic spins often couple to form quantum
superposition states (20). For AFM coupling, this
results in a singlet ground state, characterized by
a wave function in which all spins populate op-
posing spin states equally (21). In contrast, we
find that isolated AFM structures with as few as
six Fe atoms exhibit stable Néel states, in which
the spin orientation alternates between neighbor-
ing atoms. These states can be well described by
the classical Ising model (22), in which the spins
always point along one axis. Spin-polarized STM
images of a linear eight-atom chain (Fig. 1, B
to E) can clearly distinguish the two Néel states.
The spin-polarized STM tip forms a magnetic
tunnel junction in which the conductance alter-
nates between high (parallel alignment of tip and
sample spins) and low (antiparallel alignment) as
the tip passes from atom to atom along the chain
(12, 13, 23). Identical chains built fromMn atoms
do not show the magnetic bistability and do not
exhibit a spin-polarized contrast along the chain
(fig. S2). A key difference between Fe and Mn
chains is the strength of the magnetic anisotropy,
which is ~50 times stronger in Fe than in Mn on
this surface (19). The strong easy-axis anisotropy
of Fe evidently stabilizes the two Néel states as
observable magnetic states.

The stability of the magnetic states was not
affected by imaging them using an applied voltage
of <2 mV, but voltages in excess of ~7 mV
caused switching. To intentionally switch the mag-
netic state of the entire antiferromagnet, the tip
was held stationary over any Fe atom of the struc-
ture, and tunnel current was passed through it at
>7 mV until a step, indicating a change in mag-
netic state, was observed in the current (Fig. 2A).
Subsequently, the voltage was lowered to prevent
further switching. Near the 7-mV switching thresh-
old, the Néel state in which the spin of the atom

1IBM Research Division, Almaden Research Center, 650 Harry
Road, San Jose, CA 95120, USA. 2Max Planck Research Group–
Dynamics of Nanoelectronic Systems, Centre for Free-Electron
Laser Science, Hamburg, andMax Planck Institute for Solid State
Research, Stuttgart, Germany. 3Department of Physics, Univer-
sity of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland.

*To whom correspondence should be addressed. E-mail:
heinrich@almaden.ibm.com (A.J.H.); sebastian.loth@mpsd.
cfel.de (S.L.).

Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface
coupled antiferromagnetically with exchange energy J. Surface-induced
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin-
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C)
but in Néel state 1.
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Spintronics: paramagnets!

Ip 5 2.6 mA. This plot shows two striking effects, illustrated in Fig. 1e.
First, black and red points that represent magnetizations of opposite
sign indicate switching of Mz from up to down and vice versa following
every pulse of current. Second, the sense of switching reverses as B goes
through zero. Positive and negative sweeps of B give identical results.
We note that pulse-induced magnetization reversal occurs in the
entire bistability range of the FMM delimited by Bc, down to
B < 5 mT. This behaviour is independent of the domain configura-
tion of the sample (Supplementary Information) and is remarkably
different from that expected for known magnetic interactions. For
example, the in-plane Rashba and Oersted fields, as well as Joule

heating, would tend to favour a demagnetized state that is not
compatible with the observed deterministic switching9, whereas
precessional switching does not depend on the current direction25.

Measurements performed over a range of currents offer further
insight into the switching phenomenon (Fig. 2). Although weak current
pulses have no effect, starting at around Ip 5 1.3 mA (Fig. 2a) we
observe a gradual reduction in the coercive field (Fig. 2c, red triangles).
This behaviour can be understood by noting that the combination of a
weak current-induced effect and the residual component Bz assists
magnetization reversal towards the equilibrium direction, parallel to
Bz. At Ip < 1.9 mA, however, we observe the onset of current-induced
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Figure 1 | Device schematic and current-induced switching. a, Hall cross
geometry. Black and white arrows indicate the ‘up’ and ‘down’ equilibrium
magnetization states of the cobalt layer, respectively. b, Scanning electron
micrograph of the sample and electric circuitry used in the measurements. Vz

Hall
and V{

Hall represent the two terminals for the Hall voltage measurements. c, Mz

measured by the anomalous Hall resistance as a function of applied field, B. d, Mz

measured after the injection of positive (black squares) and negative (red circles)
current pulses of amplitude Ip 5 2.58 mA. The data are reported during a single
sweep of B, corresponding to the solid line in c. e, Schematic of the pulse sequence
and magnetization measurements. In both c and d, B is applied at h 5 92u, parallel
to the current direction (w 5 0u). The 2u offset with respect to the ideal in-plane
direction is used to define the residual component Bz unambiguously.

a

0.30.20.10.0–0.1–0.2–0.3

B (T)

b

–0.4

–0.2

0.0

0.2

R
H

al
l (
Ω

)

0.4

–0.4

–0.2

0.0

0.2

R
H

al
l (
Ω

)

0.4

c
1.00.50.0

3210
Ip (mA)

0.3

0.2

0.1

0.0

–0.1

–0.2

–0.3

1.5

B
 (T

)

I II

III

III

j (108 A cm–2)

Figure 2 | Switching efficiency as a function of current amplitude. a, b, Mz

measured after injection of positive (black squares) and negative (red circles)
current pulses of amplitude Ip 5 1.57 mA (a) and Ip 5 1.94 mA (b). Filled
symbols indicate data recorded during a 1B R 2B sweep and open symbols
indicate data recorded during a 2B R 1B sweep, as shown by the arrows. The
solid and dashed lines in a represent Mz as a function of field. c, Switching
efficiency as a function of pulse amplitude and applied magnetic field. Region I:

conventional field-induced magnetization reversal occurs at B 5 Bc. Region II:
assisted reversal. Red triangles indicate the minimum external field required to
reverse Mz parallel to Bz. Region III: pulse-induced switching. Black triangles
indicate the minimum field at which positive current pulses reverse the
magnetization antiparallel to Bz. The maximum field at which switching is
observed (blue open squares) coincides with the coercivity of the dot.
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Ip 5 2.6 mA. This plot shows two striking effects, illustrated in Fig. 1e.
First, black and red points that represent magnetizations of opposite
sign indicate switching of Mz from up to down and vice versa following
every pulse of current. Second, the sense of switching reverses as B goes
through zero. Positive and negative sweeps of B give identical results.
We note that pulse-induced magnetization reversal occurs in the
entire bistability range of the FMM delimited by Bc, down to
B < 5 mT. This behaviour is independent of the domain configura-
tion of the sample (Supplementary Information) and is remarkably
different from that expected for known magnetic interactions. For
example, the in-plane Rashba and Oersted fields, as well as Joule

heating, would tend to favour a demagnetized state that is not
compatible with the observed deterministic switching9, whereas
precessional switching does not depend on the current direction25.

Measurements performed over a range of currents offer further
insight into the switching phenomenon (Fig. 2). Although weak current
pulses have no effect, starting at around Ip 5 1.3 mA (Fig. 2a) we
observe a gradual reduction in the coercive field (Fig. 2c, red triangles).
This behaviour can be understood by noting that the combination of a
weak current-induced effect and the residual component Bz assists
magnetization reversal towards the equilibrium direction, parallel to
Bz. At Ip < 1.9 mA, however, we observe the onset of current-induced
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magnetization states of the cobalt layer, respectively. b, Scanning electron
micrograph of the sample and electric circuitry used in the measurements. Vz
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current pulses of amplitude Ip 5 2.58 mA. The data are reported during a single
sweep of B, corresponding to the solid line in c. e, Schematic of the pulse sequence
and magnetization measurements. In both c and d, B is applied at h 5 92u, parallel
to the current direction (w 5 0u). The 2u offset with respect to the ideal in-plane
direction is used to define the residual component Bz unambiguously.
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symbols indicate data recorded during a 1B R 2B sweep and open symbols
indicate data recorded during a 2B R 1B sweep, as shown by the arrows. The
solid and dashed lines in a represent Mz as a function of field. c, Switching
efficiency as a function of pulse amplitude and applied magnetic field. Region I:

conventional field-induced magnetization reversal occurs at B 5 Bc. Region II:
assisted reversal. Red triangles indicate the minimum external field required to
reverse Mz parallel to Bz. Region III: pulse-induced switching. Black triangles
indicate the minimum field at which positive current pulses reverse the
magnetization antiparallel to Bz. The maximum field at which switching is
observed (blue open squares) coincides with the coercivity of the dot.
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Ip 5 2.6 mA. This plot shows two striking effects, illustrated in Fig. 1e.
First, black and red points that represent magnetizations of opposite
sign indicate switching of Mz from up to down and vice versa following
every pulse of current. Second, the sense of switching reverses as B goes
through zero. Positive and negative sweeps of B give identical results.
We note that pulse-induced magnetization reversal occurs in the
entire bistability range of the FMM delimited by Bc, down to
B < 5 mT. This behaviour is independent of the domain configura-
tion of the sample (Supplementary Information) and is remarkably
different from that expected for known magnetic interactions. For
example, the in-plane Rashba and Oersted fields, as well as Joule

heating, would tend to favour a demagnetized state that is not
compatible with the observed deterministic switching9, whereas
precessional switching does not depend on the current direction25.

Measurements performed over a range of currents offer further
insight into the switching phenomenon (Fig. 2). Although weak current
pulses have no effect, starting at around Ip 5 1.3 mA (Fig. 2a) we
observe a gradual reduction in the coercive field (Fig. 2c, red triangles).
This behaviour can be understood by noting that the combination of a
weak current-induced effect and the residual component Bz assists
magnetization reversal towards the equilibrium direction, parallel to
Bz. At Ip < 1.9 mA, however, we observe the onset of current-induced
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geometry. Black and white arrows indicate the ‘up’ and ‘down’ equilibrium
magnetization states of the cobalt layer, respectively. b, Scanning electron
micrograph of the sample and electric circuitry used in the measurements. Vz

Hall
and V{
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measured after the injection of positive (black squares) and negative (red circles)
current pulses of amplitude Ip 5 2.58 mA. The data are reported during a single
sweep of B, corresponding to the solid line in c. e, Schematic of the pulse sequence
and magnetization measurements. In both c and d, B is applied at h 5 92u, parallel
to the current direction (w 5 0u). The 2u offset with respect to the ideal in-plane
direction is used to define the residual component Bz unambiguously.
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measured after injection of positive (black squares) and negative (red circles)
current pulses of amplitude Ip 5 1.57 mA (a) and Ip 5 1.94 mA (b). Filled
symbols indicate data recorded during a 1B R 2B sweep and open symbols
indicate data recorded during a 2B R 1B sweep, as shown by the arrows. The
solid and dashed lines in a represent Mz as a function of field. c, Switching
efficiency as a function of pulse amplitude and applied magnetic field. Region I:

conventional field-induced magnetization reversal occurs at B 5 Bc. Region II:
assisted reversal. Red triangles indicate the minimum external field required to
reverse Mz parallel to Bz. Region III: pulse-induced switching. Black triangles
indicate the minimum field at which positive current pulses reverse the
magnetization antiparallel to Bz. The maximum field at which switching is
observed (blue open squares) coincides with the coercivity of the dot.
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Ip 5 2.6 mA. This plot shows two striking effects, illustrated in Fig. 1e.
First, black and red points that represent magnetizations of opposite
sign indicate switching of Mz from up to down and vice versa following
every pulse of current. Second, the sense of switching reverses as B goes
through zero. Positive and negative sweeps of B give identical results.
We note that pulse-induced magnetization reversal occurs in the
entire bistability range of the FMM delimited by Bc, down to
B < 5 mT. This behaviour is independent of the domain configura-
tion of the sample (Supplementary Information) and is remarkably
different from that expected for known magnetic interactions. For
example, the in-plane Rashba and Oersted fields, as well as Joule

heating, would tend to favour a demagnetized state that is not
compatible with the observed deterministic switching9, whereas
precessional switching does not depend on the current direction25.

Measurements performed over a range of currents offer further
insight into the switching phenomenon (Fig. 2). Although weak current
pulses have no effect, starting at around Ip 5 1.3 mA (Fig. 2a) we
observe a gradual reduction in the coercive field (Fig. 2c, red triangles).
This behaviour can be understood by noting that the combination of a
weak current-induced effect and the residual component Bz assists
magnetization reversal towards the equilibrium direction, parallel to
Bz. At Ip < 1.9 mA, however, we observe the onset of current-induced
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current pulses of amplitude Ip 5 2.58 mA. The data are reported during a single
sweep of B, corresponding to the solid line in c. e, Schematic of the pulse sequence
and magnetization measurements. In both c and d, B is applied at h 5 92u, parallel
to the current direction (w 5 0u). The 2u offset with respect to the ideal in-plane
direction is used to define the residual component Bz unambiguously.
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measured after injection of positive (black squares) and negative (red circles)
current pulses of amplitude Ip 5 1.57 mA (a) and Ip 5 1.94 mA (b). Filled
symbols indicate data recorded during a 1B R 2B sweep and open symbols
indicate data recorded during a 2B R 1B sweep, as shown by the arrows. The
solid and dashed lines in a represent Mz as a function of field. c, Switching
efficiency as a function of pulse amplitude and applied magnetic field. Region I:

conventional field-induced magnetization reversal occurs at B 5 Bc. Region II:
assisted reversal. Red triangles indicate the minimum external field required to
reverse Mz parallel to Bz. Region III: pulse-induced switching. Black triangles
indicate the minimum field at which positive current pulses reverse the
magnetization antiparallel to Bz. The maximum field at which switching is
observed (blue open squares) coincides with the coercivity of the dot.
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Ferromagnet switched by electrically generated spin-polarization in paramagnet 

New efficient writing schemes"



Outline!

1.  Relativistic QM, magnetism, and spintronics with ferro, antiferro, and paramagnets 
 
2.  Reading spin information 
 
3.  Writing spin information 
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Read-out by relativistic AMR (~ 1%)!

Storage:   Magnetic anisotropy 
 
Read-out: AMR 
                 Even in M (L. Néel)  

Small MR and low reistance 
 
→ unfavorable for high     
    density and fast readout 
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Giant magnetoresistance 
Fert, Grünberg, et al. 1988 

Read-out by giant (~10%) or tunneling (~ 100%) magnetoresistance 
relies on spin but the rest is non-relativistic  !



~100% tunneling magnetoresistance!

Spin-dependent tunneling DOS"

 Julliere 1975, Moodera et al., Miyazaki & Tezuka 1995 !

~1% anisotropic magnetoresistance"

Spin-dependent scattering"

Kelvin, 1857!

Read-out by giant (~10%) or tunneling (~ 100%) magnetoresistance 
relies on spin but the rest is non-relativistic  !



~100% tunneling magnetoresistance!

Spin-dependent tunneling DOS"

 Julliere 1975, Moodera et al., Miyazaki & Tezuka 1995 !

TMR-MRAM "
2006 !

Enhanced Scalability due to large TMR"

Read-out by giant (~10%) or tunneling (~ 100%) magnetoresistance 
relies on spin but the rest is non-relativistic  !
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~100% tunneling magnetoresistance!
 Julliere 1975, Moodera et al., Miyazaki & Tezuka 1995 !

Read-out by giant (~10%) or tunneling (~ 100%) magnetoresistance 
relies on spin but the rest is non-relativistic  !
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Relies on coherence at perfectly epitaxial interfaces 
 
→ not yet observed 

Antiferromagnetic GMR/TMR!

MacDonald & Tsoi, Philos. Trans. A  PRL ‘11!



Spin-dependent tunneling DOS"

Tunneling AMR in ferromagnet!
Gould et al. PRL ‘04 !

Read-out by relativistic tunneling/transistor AMR (can be << 100%)!
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Does not rely on coherence at perfectly epitaxial interfaces 
 
→ TAMR > 100 % observed 

Antiferromagnetic GMR/TMR!

Park et al., Nature Mater. ‘11!
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Figure 1 |A spin-valve-like signal in the NiFe/IrMn(1.5 nm)/MgO/Pt AFM tunnel device compared with the weak magnetoresistance of an FM
NiFe/MgO/Pt tunnel junction. a, 130% magnetoresistance signal recorded in the range of �1 to +1 T field on a tunnelling device fabricated in the depicted
multilayer structure with the NiFe/IrMn(1.5 nm)/MgO/Pt tunnel junction. The direction of the in-plane magnetic field corresponds to the direction of the
magnetic field applied during the film growth. The insets illustrate the rotation of AFM moments in IrMn through the exchange-spring effect of the
adjacent NiFe ferromagnet. The external magnetic field is sensed by the NiFe ferromagnet whereas the tunnelling transport is governed by the IrMn
antiferromagnet. b, Hysteretic magnetoresistance of the NiFe/IrMn(1.5 nm)/MgO/Pt tunnel-junction device plotted from �50 to +50 mT. c, Field-cooled
magnetization loops measured on the same wafer containing the NiFe/IrMn(1.5 nm)/MgO/Pt tunnel junction. d, The same as b measured on a control
NiFe/MgO/Pt tunnel-junction device; the inset shows the magnetoresistance of the device rotated in a 50 mT field. e, Magnetization loop of the control
wafer without IrMn. All data in the figure were recorded at 4 K.

exchange coupling between the NiFe ferromagnet and the IrMn
antiferromagnet. (SQUID data in Fig. 1c have been collected
after a field-cooled procedure from room temperature with
a magnetic field of +0.3 T (green curve) and �0.3 T (blue
curve).) The broadened hysteresis loops of the measured NiFe
magnetization, compared with measurements on NiFe without
the IrMn antiferromagnet in the stack (compare Fig. 1c,e), and
the opposite horizontal shifts of the positive and negative field-
cooled loops, demonstrate the exchange-bias effect4,5 of IrMn
on NiFe. Note that the NiFe FM exchange biased by the IrMn
antiferromagnet represents a common magnetic electrode used in
conventional giant or tunnelling magnetoresistance devices. In our
structure, however, the order of FM and AFM layers is reversed
so that the AFM layer is placed next to the tunnel barrier and
governs the transport signal. Similar widths of hysteresis loops of
R(B) andM (B), together with the confirmed NiFe–IrMn exchange
coupling, provide the evidence that our structure responds to the
applied magnetic field through FM moments in NiFe, that these
moments during reversal trigger a tilt of the AFM moments in
IrMn (as illustrated in the insets of Fig. 1a), and that the tilt
of AFM moments results in the strong asymmetric tunnelling
magnetoresistance signal (Fig. 1a,b).

Experiments on a control structure without the IrMn
layer, presented in Fig. 1d,e, highlight the crucial role of the
antiferromagnet in our study. We emphasize that the control
sample has identical structure to that shown in the sketch in
Fig. 1a, except for the missing IrMn layer, and that the samples
with and without IrMn have the same saturation magnetization
Ms = 880 e.m.u. cm�3. The hysteretic reversal in the control sample
with the pure NiFe magnetic electrode occurs on an order-of-
magnitude-smaller scale of applied magnetic fields because NiFe
without the exchange-biasing antiferromagnet is magnetically very
soft. We still observe a magnetoresistance signal associated with
the switching of magnetization in NiFe; however, it persists only
near the small coercive fields and the amplitude is two orders of
magnitude smaller than in the structure with IrMn. The inset of
Fig. 1d shows that the amplitude of the low-field magnetoresistance
in the field-sweep experiment is the same as the amplitude
measured by rotating the sample in a saturatingmagnetic field. This
is a manifestation of the TAMR origin of the measured transport
signals in the devicewith the pureNiFemagnetic electrode13–15.

In Fig. 2 we show that in the structure with IrMn placed
between NiFe and the MgO tunnel barrier the magnetoresistance
effect we observe is also of the TAMR origin. However, as in
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Figure 1 | AFM-AMRmemory functionality in a FeRh resistor. a, Schematic illustration of the AFM FeRh/MgO structure and of the memory writing and
reading set-up. For writing, the sample is cooled in a field HFC from a temperature above the AFM–ferromagnetic transition in FeRh (we used maximum
field of 9 T and temperature of 400K allowed in our transport measurement set-up) to below the transition temperature (200K). Black arrows denote the
orientation of the magnetic moments in the ferromagnetic phase whereas either red or blue arrows denote two distinct configurations of the magnetic
moments in the AFM phase. The resulting AFM spin axis in the low-temperature memory state depends on the direction of HFC, which is either along the
[100] or [010] crystal axis. For reading, electrical current j is driven between electrical contacts (yellow bars) along the [100] direction and the resistance
is detected. b, Resistance measured at 200K and zero magnetic field after field-cooling the sample with HFC parallel (blue) and perpendicular (red) to the
current direction. The two resistance states are clearly distinct and many successive measurement steps demonstrate the stability of the distinct memory
states. c, The same as in b, but at room temperature. d, Stability of the two memory states at room temperature tested by measuring the resistance while
sweeping a magnetic field H between±1 T applied along the [100] direction. e, The same as in d, while rotating a 1 T magnetic field. f, AMR values
calculated for the Rh-rich (Fe1�xRhx)Rh random alloy using the Kubo formula CPA-TB-LMTO formalism. The AMR is defined as a relative di�erence
between the resistivity for the spin axis parallel and perpendicular to the current, AMR = (Rskj � Rs?j)/RskI. Results are shown for the AFM ground state
(filled symbols) and for a hypothetical zero-temperature ferromagnetic state (open symbols) of FeRh.

FeRh close to 400K; at this temperature, we have applied amagnetic
fieldHFC to align itsmagnetization and the correspondingmagnetic
moments of FM FeRh along the applied magnetic field. The sample
is then field-cooled below room temperature (200K) and HFC is
then removed. In this AFM state with no applied magnetic field
we perform a series of four-probe resistance measurements with
the current j applied along the [100] substrate crystal direction.
The same protocol is repeated several times with HFC applied
during field-cooling either along the [100] or [010] substrate crystal
directions (Fig. 1a). The resulting resistances in the AFM state are
stable and fully reproducible in the successive write–read cycles,
and the two cooling-field directions define two distinct resistance
states of the AFM. They remain distinct not only on removing
the magnetic field but also when warming the AFM up to room
temperature, as shown in Fig. 1b,c.

In Fig. 1d,e we demonstrate that the two AFMmemory states are
robust against strong magnetic field perturbations. After preparing
one of the states by the above cooling-in-field procedure, we rotate
the sample at room temperature in a magnetic field H of 1 T and
observe a negligible e�ect on the resistance in either of the two
AFM memory states (Fig. 1e). As in the rotation experiment, the

states are not disturbed by sweeping the magnitude of H at a fixed
applied field angle (Fig. 1d). In the detailed discussion below we
show that the retention in our AFM memory is not disturbed up to
the highest fields (9 T) available in our transport measurement set-
up.However, before resuming the detailed experimental analysis, we
focus in the following paragraphs on themicroscopic physics behind
the observed distinct resistance states in our FeRh AFM.

Theory of the AFM-AMR
In this theoretical section, we first recall the fundamentals of the
AMR relevant to our experiments and then discuss our quantitative
modelling of the e�ect based on a relativistic density-functional
transport theory16–20. As already mentioned in the introduction,
conceptually the AMR phenomena are equally present in AFMs as
in ferromagnets. As AMR is an even function of the microscopic
magneticmoment vector, it is the direction of the spin axis (s) rather
than the direction of the macroscopic magnetization (M) relative
to the current direction that primarily determines the e�ect. In
collinear ferromagnets the two directions are equivalent. For the
staggered spin configuration of compensated AFMs only the spin
axis can be defined while the macroscopic magnetization is zero.
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Figure 1 | AFM-AMRmemory functionality in a FeRh resistor. a, Schematic illustration of the AFM FeRh/MgO structure and of the memory writing and
reading set-up. For writing, the sample is cooled in a field HFC from a temperature above the AFM–ferromagnetic transition in FeRh (we used maximum
field of 9 T and temperature of 400K allowed in our transport measurement set-up) to below the transition temperature (200K). Black arrows denote the
orientation of the magnetic moments in the ferromagnetic phase whereas either red or blue arrows denote two distinct configurations of the magnetic
moments in the AFM phase. The resulting AFM spin axis in the low-temperature memory state depends on the direction of HFC, which is either along the
[100] or [010] crystal axis. For reading, electrical current j is driven between electrical contacts (yellow bars) along the [100] direction and the resistance
is detected. b, Resistance measured at 200K and zero magnetic field after field-cooling the sample with HFC parallel (blue) and perpendicular (red) to the
current direction. The two resistance states are clearly distinct and many successive measurement steps demonstrate the stability of the distinct memory
states. c, The same as in b, but at room temperature. d, Stability of the two memory states at room temperature tested by measuring the resistance while
sweeping a magnetic field H between±1 T applied along the [100] direction. e, The same as in d, while rotating a 1 T magnetic field. f, AMR values
calculated for the Rh-rich (Fe1�xRhx)Rh random alloy using the Kubo formula CPA-TB-LMTO formalism. The AMR is defined as a relative di�erence
between the resistivity for the spin axis parallel and perpendicular to the current, AMR = (Rskj � Rs?j)/RskI. Results are shown for the AFM ground state
(filled symbols) and for a hypothetical zero-temperature ferromagnetic state (open symbols) of FeRh.

FeRh close to 400K; at this temperature, we have applied amagnetic
fieldHFC to align itsmagnetization and the correspondingmagnetic
moments of FM FeRh along the applied magnetic field. The sample
is then field-cooled below room temperature (200K) and HFC is
then removed. In this AFM state with no applied magnetic field
we perform a series of four-probe resistance measurements with
the current j applied along the [100] substrate crystal direction.
The same protocol is repeated several times with HFC applied
during field-cooling either along the [100] or [010] substrate crystal
directions (Fig. 1a). The resulting resistances in the AFM state are
stable and fully reproducible in the successive write–read cycles,
and the two cooling-field directions define two distinct resistance
states of the AFM. They remain distinct not only on removing
the magnetic field but also when warming the AFM up to room
temperature, as shown in Fig. 1b,c.

In Fig. 1d,e we demonstrate that the two AFMmemory states are
robust against strong magnetic field perturbations. After preparing
one of the states by the above cooling-in-field procedure, we rotate
the sample at room temperature in a magnetic field H of 1 T and
observe a negligible e�ect on the resistance in either of the two
AFM memory states (Fig. 1e). As in the rotation experiment, the

states are not disturbed by sweeping the magnitude of H at a fixed
applied field angle (Fig. 1d). In the detailed discussion below we
show that the retention in our AFM memory is not disturbed up to
the highest fields (9 T) available in our transport measurement set-
up.However, before resuming the detailed experimental analysis, we
focus in the following paragraphs on themicroscopic physics behind
the observed distinct resistance states in our FeRh AFM.

Theory of the AFM-AMR
In this theoretical section, we first recall the fundamentals of the
AMR relevant to our experiments and then discuss our quantitative
modelling of the e�ect based on a relativistic density-functional
transport theory16–20. As already mentioned in the introduction,
conceptually the AMR phenomena are equally present in AFMs as
in ferromagnets. As AMR is an even function of the microscopic
magneticmoment vector, it is the direction of the spin axis (s) rather
than the direction of the macroscopic magnetization (M) relative
to the current direction that primarily determines the e�ect. In
collinear ferromagnets the two directions are equivalent. For the
staggered spin configuration of compensated AFMs only the spin
axis can be defined while the macroscopic magnetization is zero.
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Figure 1 | AFM-AMRmemory functionality in a FeRh resistor. a, Schematic illustration of the AFM FeRh/MgO structure and of the memory writing and
reading set-up. For writing, the sample is cooled in a field HFC from a temperature above the AFM–ferromagnetic transition in FeRh (we used maximum
field of 9 T and temperature of 400K allowed in our transport measurement set-up) to below the transition temperature (200K). Black arrows denote the
orientation of the magnetic moments in the ferromagnetic phase whereas either red or blue arrows denote two distinct configurations of the magnetic
moments in the AFM phase. The resulting AFM spin axis in the low-temperature memory state depends on the direction of HFC, which is either along the
[100] or [010] crystal axis. For reading, electrical current j is driven between electrical contacts (yellow bars) along the [100] direction and the resistance
is detected. b, Resistance measured at 200K and zero magnetic field after field-cooling the sample with HFC parallel (blue) and perpendicular (red) to the
current direction. The two resistance states are clearly distinct and many successive measurement steps demonstrate the stability of the distinct memory
states. c, The same as in b, but at room temperature. d, Stability of the two memory states at room temperature tested by measuring the resistance while
sweeping a magnetic field H between±1 T applied along the [100] direction. e, The same as in d, while rotating a 1 T magnetic field. f, AMR values
calculated for the Rh-rich (Fe1�xRhx)Rh random alloy using the Kubo formula CPA-TB-LMTO formalism. The AMR is defined as a relative di�erence
between the resistivity for the spin axis parallel and perpendicular to the current, AMR = (Rskj � Rs?j)/RskI. Results are shown for the AFM ground state
(filled symbols) and for a hypothetical zero-temperature ferromagnetic state (open symbols) of FeRh.

FeRh close to 400K; at this temperature, we have applied amagnetic
fieldHFC to align itsmagnetization and the correspondingmagnetic
moments of FM FeRh along the applied magnetic field. The sample
is then field-cooled below room temperature (200K) and HFC is
then removed. In this AFM state with no applied magnetic field
we perform a series of four-probe resistance measurements with
the current j applied along the [100] substrate crystal direction.
The same protocol is repeated several times with HFC applied
during field-cooling either along the [100] or [010] substrate crystal
directions (Fig. 1a). The resulting resistances in the AFM state are
stable and fully reproducible in the successive write–read cycles,
and the two cooling-field directions define two distinct resistance
states of the AFM. They remain distinct not only on removing
the magnetic field but also when warming the AFM up to room
temperature, as shown in Fig. 1b,c.

In Fig. 1d,e we demonstrate that the two AFMmemory states are
robust against strong magnetic field perturbations. After preparing
one of the states by the above cooling-in-field procedure, we rotate
the sample at room temperature in a magnetic field H of 1 T and
observe a negligible e�ect on the resistance in either of the two
AFM memory states (Fig. 1e). As in the rotation experiment, the

states are not disturbed by sweeping the magnitude of H at a fixed
applied field angle (Fig. 1d). In the detailed discussion below we
show that the retention in our AFM memory is not disturbed up to
the highest fields (9 T) available in our transport measurement set-
up.However, before resuming the detailed experimental analysis, we
focus in the following paragraphs on themicroscopic physics behind
the observed distinct resistance states in our FeRh AFM.

Theory of the AFM-AMR
In this theoretical section, we first recall the fundamentals of the
AMR relevant to our experiments and then discuss our quantitative
modelling of the e�ect based on a relativistic density-functional
transport theory16–20. As already mentioned in the introduction,
conceptually the AMR phenomena are equally present in AFMs as
in ferromagnets. As AMR is an even function of the microscopic
magneticmoment vector, it is the direction of the spin axis (s) rather
than the direction of the macroscopic magnetization (M) relative
to the current direction that primarily determines the e�ect. In
collinear ferromagnets the two directions are equivalent. For the
staggered spin configuration of compensated AFMs only the spin
axis can be defined while the macroscopic magnetization is zero.
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Figure 1. Architecture and the writing and reading scheme as well
as the basic MTJ cell (inset) used in first-generation MRAMs.
Reprinted with permission from Dieny et al [23], spin-transfer effect
and its use in spintronic components, Copyright 2010 Interscience.

assistance can be implemented in field-induced switched MTJs
to enhance the reliability and the scalability of MRAMs.
A new self-referenced reading scheme can be implemented
in such MTJs in order to obtain a Magnetic Logic Unit
(MLU) that presents new logic functionalities compared with
a standard MRAM. For a second time, we will present the
implementation of thermal assistance in MTJs with a current-
induced switching writing scheme. In that case, no field line
is required, increasing thus the storage capacity of MRAM
cells and decreasing the writing consumption while keeping
a satisfying data retention capacity. Ultimately, thermal
assistance can be implemented in MTJs with perpendicular
magnetization. In that case, thermally induced anisotropy
reorientation (TIAR) can be used to decrease the switching
power consumption, increase the writing reliability and
further improve the scalability of a thermally assisted MRAM
(TA-MRAM). Such a TIAR-MRAM is expected to be scalable
below the 22 nm technological node and thus being competitive
with DRAM technologies.

2. First MRAM generation

The first generations of MRAM were based on magnetic field
writing. Several large IC manufacturers (Freescale, IBM,
NEC, Toshiba, Samsung, etc), attracted by the potential of
MRAM as a universal memory, rapidly entered the MRAM
arena and started their initial developments with the same
write scheme, known as the ‘SW approach’ or field-induced
magnetic switching (FIMS) approach. In this first approach,
the write selectivity is achieved by combining two orthogonal
pulses of magnetic field, as illustrated in figure 1. During
writing, the selection transistor is open: no current flows
through the MTJ. During reading, the selection transistor
of the addressed cell is closed, a current flows through
the MTJ and the magnetic state of the memory point is
derived from the measured resistance of the stack. In this
approach, the write selectivity is based on this combination
of two perpendicular pulses of magnetic fields. The main
parameters ruling the distribution widths are the uniformity
of the chemical composition of the MTJ and the accuracy
of the patterning process. Any defect or dispersion in the
shape of the MTJ immediately results in a broadening of the
switching field distribution. Similarly, the correct control
of shape upon scaling is very critical to tightly control the

switching distribution. If the switching field of some bits
gets too close to the astroı̈d curve, its magnetic stability is
reduced and it might be accidentally written due to thermal
fluctuations even in the sole presence of one applied field.
This problem known as the ‘half select instability’ may also
occur due to some irreproducibility in the switching process
in the magnetic elements. As a matter of fact, when the first
SW-MRAM demonstrators were released, it became rapidly
clear that this approach would fail in attaining the specifications
regarding power consumption, scalability and especially write
selectivity at increasing memory density. In fact, avoiding
write errors requires a very narrow distribution of switching
field, which imposes stringent conditions on the process of
fabrication of the memory elements (uniformity of the MTJ
material/lithography/etching) and prevents the realization of
large memory arrays.

3. Toggle MRAM

In order to circumvent the intrinsic limitations of the SW-
MRAM, Savtchenko from Motorola proposed in 2003 a
new write technique that solved the issue of ‘half select
instability’, which is called the Toggle-switching [8]. This
new switching approach is based on the use of a storage
layer consisting of a synthetic ferrimagnetic (SyF) layer and
no more a ferromagnetic layer as in SW-MRAM. Such SyF
consists of a tri-layer of two magnetic layers separated by a
thin non-magnetic layer of Ru. For proper choice of the Ru
thickness (between 0.5 and 1 nm), a coupling (named RKKY
coupling) exists between the two magnetic layers, which is
antiparallel, and its strength can be adjusted by finely tuning
the Ru thickness. Toggle-MRAMs have been extensively
studied by Motorola, Freescale and then Everspin (the spin-
off of Freescale that industrialized the MRAM) and they are
manufacturing a full family of MRAM products ranging from
256 Kb to 16 Mb for a large panel of applications. The Toggle-
MRAM has taken market shares from the conventional Flash
memory in the data storage industry where its speed and
unlimited endurance were appreciated for data logging or file
allocation tables. It is also advantageously replacing battery-
backed SRAMs in all systems where critical data should
be rapidly stored upon power failure. Finally, its historical
advantage of radiation immunity makes it a natural choice for
spatial and aeronautics applications. The commercialization
of a 4Mbit MRAM is regarded as an outstanding achievement
because it demonstrated that the integration of a front-end
CMOS process together with a back-end magnetic process
in a commercial product was possible. However, despite the
success of the Toggle-MRAM, all MRAM technologies based
on field-induced switching write schemes are poorly scalable.
The reason is the following: the energy barrier between the
two states has to be larger than 70kBT to guarantee 10 years of
data retention. This implies either maintaining the magnetic
volume of the storage layer (V ) or increasing the effective
magnetic anisotropy (Keff). In both cases, the switching field
for the SW write or the spin flop field for the toggle write
increases. As the cross-section of the bit lines and word
lines decreases, the current density then drastically increases
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Figure 2. Writing procedure in a conventional MRAM architecture
and in the TA-MRAM architecture. Reprinted with permission from
Dieny et al [23], spin-transfer effect and its use in spintronic
components, Copyright 2010 Interscience.

up to the electromigration limit of the order of 107 A cm−2.
Moreover, the write power continuously increases, which
makes these concepts not viable at small technological nodes.
The Toggle-MRAM is not predicted to operate at nodes smaller
than 90 nm.

To circumvent this scalability issue of field-induced
switching, several new solutions have been then proposed.
They consist in different approaches for writing the
information in the memory cell. One uses STT while the other
uses thermal assistance in addition to field or STT writing.
These technologies are called STT-MRAM and TA-MRAM.
Both TA-MRAM and STT-RAM represent real improvements
compared with standard MRAM as explained in the following
sections.

4. Thermally assisted MRAM

In order to even improve the downsize scalability of MRAM,
a new concept, of thermally assisted (TA) writing TA-MRAM,
has been proposed to improve the thermal stability, the
write selectivity and the power consumption for MRAM
applications [9–15] (figure 2). The TAS approach has multiple
advantages and solves the limitations of the conventional
MRAM architecture:

(i) As the selection at write is now temperature-driven, a
combination of magnetic field and heating current is
required to select a junction—the addressing errors are
strongly reduced.

(ii) Only one magnetic field is required to write, leading to
reduced power consumption (even in the presence of a
heat current). The write power can be further reduced,
by using circular elements with no shape anisotropy. In
this case the bit orientation is defined by the cooling field
that sets the direction of the AF layer. The use of a
circular shape eliminates the shape anisotropy term. At
the write temperature the exchange energy is cancelled
and the barrier height is reduced to the magneto-crystalline
anisotropy energy.

(iii) The exchange bias anisotropy of the storage layer ensures
good thermal stability of the information. The energy

barrier in the case of a TA-MRAM cell has contribution
not only from the shape and the uniaxial anisotropy but
also from the exchange energy.

(iv) Since the system is not any more bistable at zero field due
to the exchange bias, TAS provides good reliability under
field disturbance. In fact, even if the resistance state of a
bit is modified by external parasitic fields under stand-by
conditions, the resistance state after the field perturbation
goes back to its initial state.

(v) TA-MRAM presents a good scalability since the heating
power density PQ required to heat the junction is
proportional to the square of the current density j (PQ =
RA × j 2, RA being the resistance area product of the
junction). This technology thus scales as the junction area.

The writing approach consists in combining temporary heating
of a memory bit (Joule heating produced by a pulse of
current through the MTJ) with the application of a magnetic
field or a STT to select and write the magnetic bit [10].
In magnetism, it is well known that the switching of the
magnetization of ferromagnetic materials can be more easily
done at elevated temperatures than at low temperatures. In fact,
the anisotropy energy barrier height preventing spontaneous
switching (KeffV , where Keff is the effective magnetic
anisotropy and V is the volume of the magnetic element) is
reduced when the temperature is increased and this increase
in the thermal activation (kBT ) helps one to overcome the
energy barrier. Switching is thus possible. TA writing is
actually implemented in HDD technology because TAS can
help in circumventing the thermal stability problem of the
current HDD technology and thereby further extend the areal
storage density and the cell size reduction. In TA writing,
the data are stored at a stand-by temperature where the barrier
height for switching is high providing improved retention of
the information (thermal stability factor ! = KeffV/kBT

larger than 70). During the write process, the magnetic cell
is temporarily heated up to a temperature close to its magnetic
ordering temperature at which its magnetization can be easily
switched. A magnetic field is then applied for magnetic
switching; the element rapidly cools down to the stand-
by temperature and the magnetization subsequently remains
frozen in the new direction. In HDD technology, local heating
is provided by a plasmonic antenna in the immediate vicinity of
the write head magnetic pole. In MRAMs, heating is naturally
produced by the Joule dissipation produced by the current
flowing through the tunnel barrier of the MTJ. A power density
of 20–40 mW µm−2 is sufficient to increase the temperature
of the tunnel junction (MTJ) by about 200 ◦C within a few
ns. Cooling takes place within 10–20 ns depending on
the thermal conductivity of the magnetic stack and of the
material encapsulating the cell. The storage layer material is
selected such that its switching field strongly decreases in the
temperature range between room temperature and 200 ◦C. An
improved way of achieving this high temperature dependence
is to use an exchange biased storage [16–22] ferromagnetic
layer coupled to an antiferromagnetic layer with moderate Néel
temperature [18] TN (i.e. in the range 200–300 ◦C). Several
AFM materials are known to have Néel temperature in this
range (IrMn, IrMnCr, FeMn). For example, in IrMnCr, the
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Inverse spin galvanic (Edelstein) effect 2004 

GaMnAs!

Spin current 

Spin polarization 

Spin polarization 

Silov et al. APL ‘04, Ganichev et al. arXiv ’04, Bernevig & Vafek, PRB ’05, 
Manchon & Zhang, PRB ’08, Chernyshev et al. Nature Phys.‘09"



Writing by relativistic spin-orbit torque !

z! z!

Sinova et at., RMP ’15 
arXiv: 1411.3249 

Spin Hall effect: spin current 
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Inverse spin galvanic effect: spin polarization – requires inversion asymmetry 
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Spin torques in ferromagnets and antiferromagnets!

current. To reverse l vector back to l !pcur configuration, one
needs to apply an external field H0!Hs-f parallel to l "spin-
flop transition#. "2# In the FM/FM bilayer the direction of
current "from fixed to free layer or opposite# is important,
P→AP and AP→P transitions take place at opposite direc-
tions of current $Fig, 4"a#%. In contrast, in the FM/AFM bi-
layer destabilization of l !pcur state takes place irrespective of
the current direction $Fig. 4"b#%. However, an external mag-
netic field removes such a degeneracy. "3# The bilayers with
AFM should show exchange reduction in the critical current
compared to FM/FM bilayers providing that the free FM and
AFM layers have the same magnetic resonance frequencies
"or anisotropy field of FM is close to spin-flop field of AFM#
and the same quality factor "=" /#AFM#, as can be seen from
Eq. "18#.

VI. DYNAMICS IN OVERCRITICAL REGIME

A FM layer subjected to the direct spin-polarized current
shows one interesting effect, stable precession of magnetiza-
tion with the angular frequency close to the frequency of
spin-wave mode.4,5 To find out whether such an effect could
be observed in AFM, we consider in details the dynamics of
AFM vector in overcritical regime "&J&$ &Jcr&# assuming that
pcur!H0!Z.

We use the standard parametrization of AFM vector with
the spherical angles % and &, lX=2M0 sin % cos &, lY
=2M0 sin % sin &, lZ=2M0 cos %, to deduce the following
dynamic equations:

%̈ + 2#AFM%̇ + sin % cos %'"Y
2 − "&̇ − "H#2

+
"X

2 − "Y
2

2
"1 + cos 2&# −

"Y
2 − "H

2

4
sin2 %"7 + cos 4&#(

= 0,
d

dt
$"&̇ − "H#sin2%% + sin2%'2#AFM&̇ − #HEJ'

+
"Y

2 − "X
2

2
sin 2& +

"Y
2 − "H

2

4
sin2%sin 4&( = 0. "19#

As it was already mentioned, an AFM under consideration is
an oscillator with the high quality factor ""X,Y (#AFM#. In
other words, energy dissipation takes place on the time scale
much greater than the characteristic period of free oscilla-
tions. In this case for analytical treatment of Eq. "19# one can
apply the asymptotic method of rapidly rotating phase origi-
nated by Bogolyubov and Mitropolskii.28

According to this method, the motion of AFM vector is
decomposed into rapid rotation with the frequency )*"X,Y
and slow variation in amplitude and frequency with the char-
acteristic time scale *1 /#AFM. In the simplest case of isotro-
pic AFM "Han!=0 or "X="Y# the only rapid variable is &

=)"t#t. Equations for slow variables )"t# and %"t# ")̇ , %̇
+)# are obtained from Eq. "19# by averaging over the pe-
riod of rotation,

%̈ + 2#AFM%̇ + sin % cos %'"0
2 − ") − "H#2 −

7
4

"0
2 sin2 %( = 0,

d

dt
$") − "H#sin2 %% + sin2 %"2#AFM) − #HEJ'# = 0.

"20#

If, in addition, )̇+%̇, the first of Eq. "20# describes one-
dimensional motion "dynamic variable %# in a potential well
"see Fig. 5#

U"%;)# =
1
2

sin2 %'"0
2 − ") − "H#2 −

7
4

"0
2 sin2 %( "21#

with the friction defined by coefficient #AFM. The second of
Eq. "20# describes the current-induced variation in both vari-
ables % and ).

Equation "20# have two interesting solutions. The first
one, corresponds to the circular polarized free oscillations of
AFM vector with an amplitude %=%0+1 and eigenfrequency
)0)"X+"H. However, in overcritical regime an amplitude
%0 growth with an increment proportional to the offset from
the critical current value,

1
,

) #AFM* J − Jcr

Jcr
*+1 +

H0

Hs-f
, . "22#

The second solution with %=- /2 corresponds to steady
rotation of AFM vector in XY plane "lZ=0# with the angular
frequency ).= "J /Jcr#)0. Energy dissipation per period of
rotation is zero due to the pretty balance between the mag-
netic damping and current-induced pumping. This solution is

J H0

J H0

J
H0

H0

(a)

(b)

FIG. 4. "Color online# Switching between the different configu-
rations of "a# FM/FM and "b# FM/AFM bilayers. Magnetization of
the fixed layer is shown with magenta "thick# arrow, that of the free
layer with violet "thin arrow#, double arrow shows orientation of
AFM vector. "a# Switching between P and AP states can be
achieved by the field or current applied in two opposite directions.
"b# Transition from parallel to perpendicular configuration can be
induced by current "arbitrary direction# and field applied along ini-
tial orientation of AFM vector. Transition from perpendicular to
parallel configuration can be induced by the field only.
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current. To reverse l vector back to l !pcur configuration, one
needs to apply an external field H0!Hs-f parallel to l "spin-
flop transition#. "2# In the FM/FM bilayer the direction of
current "from fixed to free layer or opposite# is important,
P→AP and AP→P transitions take place at opposite direc-
tions of current $Fig, 4"a#%. In contrast, in the FM/AFM bi-
layer destabilization of l !pcur state takes place irrespective of
the current direction $Fig. 4"b#%. However, an external mag-
netic field removes such a degeneracy. "3# The bilayers with
AFM should show exchange reduction in the critical current
compared to FM/FM bilayers providing that the free FM and
AFM layers have the same magnetic resonance frequencies
"or anisotropy field of FM is close to spin-flop field of AFM#
and the same quality factor "=" /#AFM#, as can be seen from
Eq. "18#.

VI. DYNAMICS IN OVERCRITICAL REGIME

A FM layer subjected to the direct spin-polarized current
shows one interesting effect, stable precession of magnetiza-
tion with the angular frequency close to the frequency of
spin-wave mode.4,5 To find out whether such an effect could
be observed in AFM, we consider in details the dynamics of
AFM vector in overcritical regime "&J&$ &Jcr&# assuming that
pcur!H0!Z.

We use the standard parametrization of AFM vector with
the spherical angles % and &, lX=2M0 sin % cos &, lY
=2M0 sin % sin &, lZ=2M0 cos %, to deduce the following
dynamic equations:
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As it was already mentioned, an AFM under consideration is
an oscillator with the high quality factor ""X,Y (#AFM#. In
other words, energy dissipation takes place on the time scale
much greater than the characteristic period of free oscilla-
tions. In this case for analytical treatment of Eq. "19# one can
apply the asymptotic method of rapidly rotating phase origi-
nated by Bogolyubov and Mitropolskii.28

According to this method, the motion of AFM vector is
decomposed into rapid rotation with the frequency )*"X,Y
and slow variation in amplitude and frequency with the char-
acteristic time scale *1 /#AFM. In the simplest case of isotro-
pic AFM "Han!=0 or "X="Y# the only rapid variable is &

=)"t#t. Equations for slow variables )"t# and %"t# ")̇ , %̇
+)# are obtained from Eq. "19# by averaging over the pe-
riod of rotation,

%̈ + 2#AFM%̇ + sin % cos %'"0
2 − ") − "H#2 −
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d

dt
$") − "H#sin2 %% + sin2 %"2#AFM) − #HEJ'# = 0.
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If, in addition, )̇+%̇, the first of Eq. "20# describes one-
dimensional motion "dynamic variable %# in a potential well
"see Fig. 5#

U"%;)# =
1
2

sin2 %'"0
2 − ") − "H#2 −

7
4
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with the friction defined by coefficient #AFM. The second of
Eq. "20# describes the current-induced variation in both vari-
ables % and ).

Equation "20# have two interesting solutions. The first
one, corresponds to the circular polarized free oscillations of
AFM vector with an amplitude %=%0+1 and eigenfrequency
)0)"X+"H. However, in overcritical regime an amplitude
%0 growth with an increment proportional to the offset from
the critical current value,

1
,

) #AFM* J − Jcr

Jcr
*+1 +

H0

Hs-f
, . "22#

The second solution with %=- /2 corresponds to steady
rotation of AFM vector in XY plane "lZ=0# with the angular
frequency ).= "J /Jcr#)0. Energy dissipation per period of
rotation is zero due to the pretty balance between the mag-
netic damping and current-induced pumping. This solution is
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FIG. 4. "Color online# Switching between the different configu-
rations of "a# FM/FM and "b# FM/AFM bilayers. Magnetization of
the fixed layer is shown with magenta "thick# arrow, that of the free
layer with violet "thin arrow#, double arrow shows orientation of
AFM vector. "a# Switching between P and AP states can be
achieved by the field or current applied in two opposite directions.
"b# Transition from parallel to perpendicular configuration can be
induced by current "arbitrary direction# and field applied along ini-
tial orientation of AFM vector. Transition from perpendicular to
parallel configuration can be induced by the field only.
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Spins injected by in-plane current via spin Hall effect 
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Ip 5 2.6 mA. This plot shows two striking effects, illustrated in Fig. 1e.
First, black and red points that represent magnetizations of opposite
sign indicate switching of Mz from up to down and vice versa following
every pulse of current. Second, the sense of switching reverses as B goes
through zero. Positive and negative sweeps of B give identical results.
We note that pulse-induced magnetization reversal occurs in the
entire bistability range of the FMM delimited by Bc, down to
B < 5 mT. This behaviour is independent of the domain configura-
tion of the sample (Supplementary Information) and is remarkably
different from that expected for known magnetic interactions. For
example, the in-plane Rashba and Oersted fields, as well as Joule

heating, would tend to favour a demagnetized state that is not
compatible with the observed deterministic switching9, whereas
precessional switching does not depend on the current direction25.

Measurements performed over a range of currents offer further
insight into the switching phenomenon (Fig. 2). Although weak current
pulses have no effect, starting at around Ip 5 1.3 mA (Fig. 2a) we
observe a gradual reduction in the coercive field (Fig. 2c, red triangles).
This behaviour can be understood by noting that the combination of a
weak current-induced effect and the residual component Bz assists
magnetization reversal towards the equilibrium direction, parallel to
Bz. At Ip < 1.9 mA, however, we observe the onset of current-induced
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Figure 1 | Device schematic and current-induced switching. a, Hall cross
geometry. Black and white arrows indicate the ‘up’ and ‘down’ equilibrium
magnetization states of the cobalt layer, respectively. b, Scanning electron
micrograph of the sample and electric circuitry used in the measurements. Vz

Hall
and V{

Hall represent the two terminals for the Hall voltage measurements. c, Mz

measured by the anomalous Hall resistance as a function of applied field, B. d, Mz

measured after the injection of positive (black squares) and negative (red circles)
current pulses of amplitude Ip 5 2.58 mA. The data are reported during a single
sweep of B, corresponding to the solid line in c. e, Schematic of the pulse sequence
and magnetization measurements. In both c and d, B is applied at h 5 92u, parallel
to the current direction (w 5 0u). The 2u offset with respect to the ideal in-plane
direction is used to define the residual component Bz unambiguously.
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conventional field-induced magnetization reversal occurs at B 5 Bc. Region II:
assisted reversal. Red triangles indicate the minimum external field required to
reverse Mz parallel to Bz. Region III: pulse-induced switching. Black triangles
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current. To reverse l vector back to l !pcur configuration, one
needs to apply an external field H0!Hs-f parallel to l "spin-
flop transition#. "2# In the FM/FM bilayer the direction of
current "from fixed to free layer or opposite# is important,
P→AP and AP→P transitions take place at opposite direc-
tions of current $Fig, 4"a#%. In contrast, in the FM/AFM bi-
layer destabilization of l !pcur state takes place irrespective of
the current direction $Fig. 4"b#%. However, an external mag-
netic field removes such a degeneracy. "3# The bilayers with
AFM should show exchange reduction in the critical current
compared to FM/FM bilayers providing that the free FM and
AFM layers have the same magnetic resonance frequencies
"or anisotropy field of FM is close to spin-flop field of AFM#
and the same quality factor "=" /#AFM#, as can be seen from
Eq. "18#.

VI. DYNAMICS IN OVERCRITICAL REGIME

A FM layer subjected to the direct spin-polarized current
shows one interesting effect, stable precession of magnetiza-
tion with the angular frequency close to the frequency of
spin-wave mode.4,5 To find out whether such an effect could
be observed in AFM, we consider in details the dynamics of
AFM vector in overcritical regime "&J&$ &Jcr&# assuming that
pcur!H0!Z.

We use the standard parametrization of AFM vector with
the spherical angles % and &, lX=2M0 sin % cos &, lY
=2M0 sin % sin &, lZ=2M0 cos %, to deduce the following
dynamic equations:

%̈ + 2#AFM%̇ + sin % cos %'"Y
2 − "&̇ − "H#2

+
"X

2 − "Y
2

2
"1 + cos 2&# −

"Y
2 − "H

2
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= 0,
d

dt
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+
"Y

2 − "X
2

2
sin 2& +
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2 − "H

2

4
sin2%sin 4&( = 0. "19#

As it was already mentioned, an AFM under consideration is
an oscillator with the high quality factor ""X,Y (#AFM#. In
other words, energy dissipation takes place on the time scale
much greater than the characteristic period of free oscilla-
tions. In this case for analytical treatment of Eq. "19# one can
apply the asymptotic method of rapidly rotating phase origi-
nated by Bogolyubov and Mitropolskii.28

According to this method, the motion of AFM vector is
decomposed into rapid rotation with the frequency )*"X,Y
and slow variation in amplitude and frequency with the char-
acteristic time scale *1 /#AFM. In the simplest case of isotro-
pic AFM "Han!=0 or "X="Y# the only rapid variable is &

=)"t#t. Equations for slow variables )"t# and %"t# ")̇ , %̇
+)# are obtained from Eq. "19# by averaging over the pe-
riod of rotation,

%̈ + 2#AFM%̇ + sin % cos %'"0
2 − ") − "H#2 −

7
4

"0
2 sin2 %( = 0,

d

dt
$") − "H#sin2 %% + sin2 %"2#AFM) − #HEJ'# = 0.

"20#

If, in addition, )̇+%̇, the first of Eq. "20# describes one-
dimensional motion "dynamic variable %# in a potential well
"see Fig. 5#

U"%;)# =
1
2

sin2 %'"0
2 − ") − "H#2 −

7
4

"0
2 sin2 %( "21#

with the friction defined by coefficient #AFM. The second of
Eq. "20# describes the current-induced variation in both vari-
ables % and ).

Equation "20# have two interesting solutions. The first
one, corresponds to the circular polarized free oscillations of
AFM vector with an amplitude %=%0+1 and eigenfrequency
)0)"X+"H. However, in overcritical regime an amplitude
%0 growth with an increment proportional to the offset from
the critical current value,

1
,

) #AFM* J − Jcr

Jcr
*+1 +

H0

Hs-f
, . "22#

The second solution with %=- /2 corresponds to steady
rotation of AFM vector in XY plane "lZ=0# with the angular
frequency ).= "J /Jcr#)0. Energy dissipation per period of
rotation is zero due to the pretty balance between the mag-
netic damping and current-induced pumping. This solution is

J H0

J H0

J
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H0

(a)

(b)

FIG. 4. "Color online# Switching between the different configu-
rations of "a# FM/FM and "b# FM/AFM bilayers. Magnetization of
the fixed layer is shown with magenta "thick# arrow, that of the free
layer with violet "thin arrow#, double arrow shows orientation of
AFM vector. "a# Switching between P and AP states can be
achieved by the field or current applied in two opposite directions.
"b# Transition from parallel to perpendicular configuration can be
induced by current "arbitrary direction# and field applied along ini-
tial orientation of AFM vector. Transition from perpendicular to
parallel configuration can be induced by the field only.
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current. To reverse l vector back to l !pcur configuration, one
needs to apply an external field H0!Hs-f parallel to l "spin-
flop transition#. "2# In the FM/FM bilayer the direction of
current "from fixed to free layer or opposite# is important,
P→AP and AP→P transitions take place at opposite direc-
tions of current $Fig, 4"a#%. In contrast, in the FM/AFM bi-
layer destabilization of l !pcur state takes place irrespective of
the current direction $Fig. 4"b#%. However, an external mag-
netic field removes such a degeneracy. "3# The bilayers with
AFM should show exchange reduction in the critical current
compared to FM/FM bilayers providing that the free FM and
AFM layers have the same magnetic resonance frequencies
"or anisotropy field of FM is close to spin-flop field of AFM#
and the same quality factor "=" /#AFM#, as can be seen from
Eq. "18#.

VI. DYNAMICS IN OVERCRITICAL REGIME

A FM layer subjected to the direct spin-polarized current
shows one interesting effect, stable precession of magnetiza-
tion with the angular frequency close to the frequency of
spin-wave mode.4,5 To find out whether such an effect could
be observed in AFM, we consider in details the dynamics of
AFM vector in overcritical regime "&J&$ &Jcr&# assuming that
pcur!H0!Z.

We use the standard parametrization of AFM vector with
the spherical angles % and &, lX=2M0 sin % cos &, lY
=2M0 sin % sin &, lZ=2M0 cos %, to deduce the following
dynamic equations:
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As it was already mentioned, an AFM under consideration is
an oscillator with the high quality factor ""X,Y (#AFM#. In
other words, energy dissipation takes place on the time scale
much greater than the characteristic period of free oscilla-
tions. In this case for analytical treatment of Eq. "19# one can
apply the asymptotic method of rapidly rotating phase origi-
nated by Bogolyubov and Mitropolskii.28

According to this method, the motion of AFM vector is
decomposed into rapid rotation with the frequency )*"X,Y
and slow variation in amplitude and frequency with the char-
acteristic time scale *1 /#AFM. In the simplest case of isotro-
pic AFM "Han!=0 or "X="Y# the only rapid variable is &

=)"t#t. Equations for slow variables )"t# and %"t# ")̇ , %̇
+)# are obtained from Eq. "19# by averaging over the pe-
riod of rotation,

%̈ + 2#AFM%̇ + sin % cos %'"0
2 − ") − "H#2 −

7
4

"0
2 sin2 %( = 0,

d

dt
$") − "H#sin2 %% + sin2 %"2#AFM) − #HEJ'# = 0.

"20#

If, in addition, )̇+%̇, the first of Eq. "20# describes one-
dimensional motion "dynamic variable %# in a potential well
"see Fig. 5#

U"%;)# =
1
2

sin2 %'"0
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7
4

"0
2 sin2 %( "21#

with the friction defined by coefficient #AFM. The second of
Eq. "20# describes the current-induced variation in both vari-
ables % and ).

Equation "20# have two interesting solutions. The first
one, corresponds to the circular polarized free oscillations of
AFM vector with an amplitude %=%0+1 and eigenfrequency
)0)"X+"H. However, in overcritical regime an amplitude
%0 growth with an increment proportional to the offset from
the critical current value,

1
,

) #AFM* J − Jcr

Jcr
*+1 +

H0

Hs-f
, . "22#

The second solution with %=- /2 corresponds to steady
rotation of AFM vector in XY plane "lZ=0# with the angular
frequency ).= "J /Jcr#)0. Energy dissipation per period of
rotation is zero due to the pretty balance between the mag-
netic damping and current-induced pumping. This solution is
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J
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FIG. 4. "Color online# Switching between the different configu-
rations of "a# FM/FM and "b# FM/AFM bilayers. Magnetization of
the fixed layer is shown with magenta "thick# arrow, that of the free
layer with violet "thin arrow#, double arrow shows orientation of
AFM vector. "a# Switching between P and AP states can be
achieved by the field or current applied in two opposite directions.
"b# Transition from parallel to perpendicular configuration can be
induced by current "arbitrary direction# and field applied along ini-
tial orientation of AFM vector. Transition from perpendicular to
parallel configuration can be induced by the field only.
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current. To reverse l vector back to l !pcur configuration, one
needs to apply an external field H0!Hs-f parallel to l "spin-
flop transition#. "2# In the FM/FM bilayer the direction of
current "from fixed to free layer or opposite# is important,
P→AP and AP→P transitions take place at opposite direc-
tions of current $Fig, 4"a#%. In contrast, in the FM/AFM bi-
layer destabilization of l !pcur state takes place irrespective of
the current direction $Fig. 4"b#%. However, an external mag-
netic field removes such a degeneracy. "3# The bilayers with
AFM should show exchange reduction in the critical current
compared to FM/FM bilayers providing that the free FM and
AFM layers have the same magnetic resonance frequencies
"or anisotropy field of FM is close to spin-flop field of AFM#
and the same quality factor "=" /#AFM#, as can be seen from
Eq. "18#.

VI. DYNAMICS IN OVERCRITICAL REGIME

A FM layer subjected to the direct spin-polarized current
shows one interesting effect, stable precession of magnetiza-
tion with the angular frequency close to the frequency of
spin-wave mode.4,5 To find out whether such an effect could
be observed in AFM, we consider in details the dynamics of
AFM vector in overcritical regime "&J&$ &Jcr&# assuming that
pcur!H0!Z.

We use the standard parametrization of AFM vector with
the spherical angles % and &, lX=2M0 sin % cos &, lY
=2M0 sin % sin &, lZ=2M0 cos %, to deduce the following
dynamic equations:
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"Y
2 − "H

2

4
sin2%sin 4&( = 0. "19#

As it was already mentioned, an AFM under consideration is
an oscillator with the high quality factor ""X,Y (#AFM#. In
other words, energy dissipation takes place on the time scale
much greater than the characteristic period of free oscilla-
tions. In this case for analytical treatment of Eq. "19# one can
apply the asymptotic method of rapidly rotating phase origi-
nated by Bogolyubov and Mitropolskii.28

According to this method, the motion of AFM vector is
decomposed into rapid rotation with the frequency )*"X,Y
and slow variation in amplitude and frequency with the char-
acteristic time scale *1 /#AFM. In the simplest case of isotro-
pic AFM "Han!=0 or "X="Y# the only rapid variable is &

=)"t#t. Equations for slow variables )"t# and %"t# ")̇ , %̇
+)# are obtained from Eq. "19# by averaging over the pe-
riod of rotation,
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If, in addition, )̇+%̇, the first of Eq. "20# describes one-
dimensional motion "dynamic variable %# in a potential well
"see Fig. 5#
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with the friction defined by coefficient #AFM. The second of
Eq. "20# describes the current-induced variation in both vari-
ables % and ).

Equation "20# have two interesting solutions. The first
one, corresponds to the circular polarized free oscillations of
AFM vector with an amplitude %=%0+1 and eigenfrequency
)0)"X+"H. However, in overcritical regime an amplitude
%0 growth with an increment proportional to the offset from
the critical current value,
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The second solution with %=- /2 corresponds to steady
rotation of AFM vector in XY plane "lZ=0# with the angular
frequency ).= "J /Jcr#)0. Energy dissipation per period of
rotation is zero due to the pretty balance between the mag-
netic damping and current-induced pumping. This solution is
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rations of "a# FM/FM and "b# FM/AFM bilayers. Magnetization of
the fixed layer is shown with magenta "thick# arrow, that of the free
layer with violet "thin arrow#, double arrow shows orientation of
AFM vector. "a# Switching between P and AP states can be
achieved by the field or current applied in two opposite directions.
"b# Transition from parallel to perpendicular configuration can be
induced by current "arbitrary direction# and field applied along ini-
tial orientation of AFM vector. Transition from perpendicular to
parallel configuration can be induced by the field only.
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Evidence for reversible control of magnetization in
a ferromagnetic material by means of spin–orbit
magnetic field
Alexandr Chernyshov1*, Mason Overby1*, Xinyu Liu2, Jacek K. Furdyna2, Yuli Lyanda-Geller1
and Leonid P. Rokhinson1†

The current state of information technology accentuates the
dichotomy between processing and storage of information,
with logical operations carried out by charge-based devices and
non-volatile memory based on magnetic materials. The main
obstacle for a wider use of magnetic materials for information
processing is the lack of efficient control of magnetization.
Reorientation of magnetic domains is conventionally carried
out by non-local external magnetic fields or by externally
polarized currents1–3. The efficiency of the latter approach
is enhanced in materials where ferromagnetism is carrier-
mediated4, because in such materials the control of carrier
polarization provides an alternative means for manipulating
the orientation of magnetic domains. In some crystalline
conductors, the charge current couples to the spins by
means of intrinsic spin–orbit interactions, thus generating
non-equilibrium electron spin polarization5–11 tunable by local
electric fields. Here, we show that magnetization can be
reversibly manipulated by the spin–orbit-induced polarization
of carrier spins generated by the injection of unpolarized
currents. Specifically, we demonstrate domain rotation and
hysteretic switching of magnetization between two orthogonal
easy axes in a model ferromagnetic semiconductor.

In crystalline materials with inversion asymmetry, intrinsic
spin–orbit interactions couple the electron spinwith itsmomentum
h̄k. The coupling is given by the Hamiltonian Hso = (h̄/2)�̂ ·�(k),
where h̄ is the reduced Planck constant and �̂ is the electron
spin operator (for holes �̂ should be replaced by the total angular
momentum J). Electron states with different spin projection signs
on �(k) are split in energy, analogous to the Zeeman splitting
in an external magnetic field. In zinc-blende crystals such as
GaAs there is a cubic Dresselhaus term12 �D / k3, whereas strain
introduces a term �" = C1"(kx ,�ky ,0) that is linear in k, where
1" is the difference between strain in the ẑ and x̂, ŷ directions13.
In wurtzite crystals or in multilayered materials with structural
inversion asymmetry, there also exists the Rashba term14 �R,
which has a different symmetry with respect to the direction of k,
�R =↵R(�ky ,kx ,0), where ẑ is along the axis of reduced symmetry.
In the presence of an electric field, the electrons acquire an average
momentum h̄1k(E), which leads to the generation of an electric
current j= ⇢̂�1E in the conductor, where ⇢̂ is the resistivity tensor.
This current defines the preferential axis for spin precession h�(j)i.
As a result, a non-equilibrium current-induced spin polarization
hJEikh�(j)i is generated, the magnitude of which hJ Ei depends
on the strength of various mechanisms of momentum scattering

1Department of Physics and Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA, 2Department of Physics, University of
Notre Dame, Notre Dame, Indiana 46556, USA. *These authors contributed equally to this work. †e-mail: leonid@purdue.edu.
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Figure 1 | Layout of the device and symmetry of the spin–orbit fields.
a, Atomic force micrograph of sample A with eight non-magnetic metal
contacts. b, Diagram of device orientation with respect to crystallographic
axes, with easy and hard magnetization axes marked with blue dashed and
red dot–dash lines, respectively. Measured directions of Heff field are
shown for different current directions. c,d, Orientation of effective magnetic
field with respect to current direction for strain-induced (c) and Rashba (d)
spin–orbit interactions. The current-induced Oersted field under the
contacts has the same symmetry as the Rashba field.

and spin relaxation5,15. This spin polarization has been measured
in non-magnetic semiconductors using optical7–9,11,16 and electron
spin resonance17 techniques. It is convenient to parameterize hJEi
in terms of an effective magnetic field Hso. Different contributions
to Hso have different current dependencies (/ j or j3), as well
as different symmetries with respect to the direction of j, as
schematically shown in Fig. 1c,d, enabling one to distinguish
between spin polarizations in different fields.

To investigate interactions between the spin–orbit-generated
magnetic field and magnetic domains, we have chosen (Ga,Mn)As,
a p-type ferromagnetic semiconductor18,19 with zinc-blende crys-
talline structure similar to GaAs. Ferromagnetic interactions in this
material are carrier-mediated20,21. The total angular momentum of
the holes J couples to the magnetic moment F of Mn ions by means
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Figure 3 | Determination of current-induced effective spin–orbit magnetic field. a,b, Difference in switching angles for opposite current directions 1'(i)
H

as a function of I for sample A for different external fields H for orthogonal current directions. c, The measured effective field Heff =Hso ±HOe as a function
of average current density hji for sample A (triangles) and sample B (diamonds). d, Schematic diagram of the different angles involved in determining Heff:
'H is the angle between current I and external magnetic field H; 1'H is the angle between total fields H+Heff(+I) and H+Heff(�I) and ✓ is the angle
between I and Heff(+I).
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Figure 4 | Current-induced reversible magnetization switching. a, 'H

dependence of Rxy near the [010] ! [̄100] magnetization switching for
I= ±0.7 mA in sample A for Ik[11̄0]. b, Rxy shows hysteresis as a function
of current for a fixed field H= 6 mT applied at 'H = 72�. c, Magnetization
switches between the [010] and [̄100] directions when alternating ±1.0 mA
current pulses are applied. The pulses have 100 ms duration and are shown
schematically above the data curve. Rxy is measured with I= 10 µA.

experiment. As for the magnitude of H so, for three-dimensional
J = 3/2 holes we obtain

Hso(E)= eC1"

g ⇤µB

(�38nh⌧h +18nl⌧l)
217(nh +nl)

· (Ex ,�Ey ,0)

where E is the electric field, g ⇤ is the Luttinger Landé factor for
holes, µB is the Bohr magneton and nh,l and ⌧h,l are densities and
lifetimes for the heavy (h) and light (l) holes. Detailed derivation of
H so is given in the Supplementary Information. Using this result, we
estimate dH so/dj = 0.6⇥10�9 T cm2 A�1 assuming nh =n�nl and
⌧h =mh/(e2⇢n), where ⇢ is the resistivity measured experimentally,
and using 1" = 10�3, n = 2⇥ 1020 cm�3. The agreement between
theory and experiment is excellent. It is important to note, however,
that we used GaAs band parameters25 mh = 0.4m0, where m0
is the free electron mass, g ⇤ = 1.2 and C = 2.1 eVÅ. Although
the corresponding parameters for (Ga,Mn)As are not known, the
use of GaAs parameters seems reasonable. We note, for example,

that GaAs parameters adequately described tunnelling anisotropic
magnetoresistance in recent experiments26.

Finally, we demonstrate that the current-induced effective spin–
orbit field H so is sufficient to reversibly manipulate the direction
of magnetization. Figure 4a shows the 'H dependence of Rxy for
sample A, showing the [010] ! [1̄00] magnetization switching. If
we fix H = 6mT at 'H = 72�, Rxy forms a hysteresis loop as current
is swept between ±1mA. Rxy is changing between ±5�, indicating
that M is switching between the [010] and [1̄00] directions. Short
(100ms) 1mA current pulses of alternating polarity are sufficient to
permanently rotate the direction of magnetization. The device thus
performs as a non-volatile memory cell, with two states encoded in
the magnetization direction, the direction being controlled by the
unpolarized current passing through the device. The device can be
potentially operated as a four-state memory cell if both the [110]
and [1̄10] directions can be used to inject current. We find that
we can reversibly switch the magnetization with currents as low as
0.5mA (current densities 7⇥ 105 A cm�2), an order of magnitude
smaller than by polarized current injection in ferromagnetic
metals1–3, and just a few times larger than by externally polarized
current injection in ferromagnetic semiconductors4.

Methods
The (Ga,Mn)As wafers were grown by molecular beam epitaxy at 265 �C and
subsequently annealed at 280 �C for 1 h in nitrogen atmosphere. Sample A
was fabricated from a 15-nm-thick epilayer with 6% Mn, and sample B from a
10-nm-thick epilayer with 7%Mn. Both wafers have a Curie temperature Tc ⇡80K.
The devices were patterned into 6- and 10-µm-diameter circular islands to decrease
domain pinning. Cr/Zn/Au (5 nm/10 nm/300 nm) ohmic contacts were thermally
evaporated. All measurements were carried out in a variable-temperature cryostat
at T = 40K for sample A and at 25K for sample B, well below the temperature of
(Ga,Mn)As-specific cubic-to-uniaxial magnetic anisotropy transitions27, which has
been measured to be 60 and 50K for the two wafers. The temperature rise for the
largest currents used in the reported experiments wasmeasured to be<3K.

Transverse anisotropic magnetoresistance Rxy =Vy/Ix is measured using
the four-probe technique, which ensures that possible interfacial resistances, for
example, those related to the antiferromagnetic ordering in the Cr wetting layer28,
do not contribute to the measured Rxy . The d.c. current Ix was applied either along
the [110] (contacts 4–8 in Fig. 1a) or along the [11̄0] (contacts 2–6) direction.
Transverse voltage was measured in the Hall configuration, for example, between
contacts 2–6 for Ixk[110]. To ensure uniformmagnetization of the island, magnetic
field was ramped to 0.5 T after adjusting the current at the beginning of each field
rotation scan. We monitor Vx between different contact sets (for example, 1–7, 4–6
and 3–5) to confirm the uniformity ofmagnetizationwithin the island.

To determine the direction of magnetization M, we use the dependence of
Rxy on magnetization29:

Rxy = 1⇢ sin'Mcos'M

where 1⇢ = ⇢k �⇢?, ⇢k < ⇢? are the resistivities for magnetization oriented
parallel and perpendicular to the current, and 'M = \MI is an angle between
magnetization and current. In a circular sample, the current distribution is
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Magnetic Properties

Materials

Magnetic (with unpaired electron)

Non-magnetic or diamagnetic (electrons all 
paired up)

Paramagnetic

Antiferromagnetic

Ferromagnetic

Ferrimagnetic

Ferromagnetic exchange coupling, order by global uniform molecular field"

Antiferromagnetic exchange coupling, order by local (atomistic) molecular field"

Paramagnetic no spontaneous order"

Ferromagnetic: Large net magnetic moment (stray fields), sensitive to magnetic fields, slower dynamics ω~Han~GHz"
"
Antiferromagnetic: Zero net magnetic moment (no stray fields), insensitive to magnetic fields, fast dynamics ω~Hflop~THz "

θ < 0 "

θ = 0 "

θ > 0 "

Effect of Temperature

Tc: ferromagnetic Curie 
temperature (below Tc, sample is 
ferromagnetic)

TN: Néel Temperature (below TN, 
sample is antiferromagnetic) 

Paramagnetic: Curie law; T decrease, 
c increase (alignment easier)
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Hflop  ~ (Hex Han)1/2 "

H "
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0"

m~H/Hex "

H  ~ Han "

Curie-Weiss law"
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1/χ ~ T - θ  "


