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Indirect Control of Antiferromagnetic Domain Walls with Spin Current
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The indirect controlled displacement of an antiferromagnetic domain wall by a spin current is studied
by Landau-Lifshitz-Gilbert spin dynamics. The antiferromagnetic domain wall can be shifted both by a
spin-polarized tunnel current of a scanning tunneling microscope or by a current driven ferromagnetic
domain wall in an exchange coupled antiferromagnetic-ferromagnetic layer system. The indirect control
of antiferromagnetic domain walls opens up a new and promising direction for future spin device

applications based on antiferromagnetic materials.
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Current induced domain wall motion is an important
aspect in magnetism due to its potential applications in
magnetic memory [1,2] and logic devices [3]. The motion
of domain walls directly influenced by spin current exhib-
iting a spin transfer torque has been studied experimentally
[4-6] and theoretically [7-9]. The investigations of current
driven antiferromagnetic domain walls is very limited [10].
Antiferromagnetic domain wall motion driven by the spin
current by indirect means has not been described so far. In
this Letter we propose two promising directions for experi-
ments on the indirect control of an antiferromagnetic
(AFM) domain wall guided by of a theoretical description
of the spin dynamics in antiferromagnetic film structures.

Yamaoka et al. [11] have shown that it is possible to
manipulate domain walls with the strayfield of a magnetic
force microscope tip. Recent experiments [12] have dem-
onstrated magnetization switching of nanoislands due to the
spin current of a spin-polarized scanning tunneling micro-
scope (SP-STM). These experiments allow us to address the
domain wall individually and therefore provide a platform
for potential applications of STM-based devices for infor-
mation storage and logic devices. Based on these results, we
propose to use the spin current of the SP-STM tip to shift
antiferromagnetic domain walls. Another possibility is to
drive the antiferromagnetic domain wall with the aid of a
ferromagnetic (FM) domain wall. While the manipulation
using an SP-STM tip is restricted to the atomic length scale,
the controlled interaction between domain walls is impor-
tant for the development of new devices in the field of
antiferromagnetic metal based spintronics [13,14].
Furthermore, the results contribute to an improved under-
standing of the exchange bias effect [15-17] and provide
new insight into the domain wall dynamics of filled nano-
tubes [18]. For the sake of simplicity, the present investi-
gation is concentrated on idealized model systems.
However, with regards to recent experiments [12,19] the
realization of our proposal seems to be within reach.

We consider a 2D antiferromagnetic wire with a width
up to L, = 41a, where a is the lattice constant, consisting
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of classical Heisenberg spins. The long axis of the wire is
the x axis which contains two domains (A and B) separated
by a 180° transverse domain wall. The domains can be
distinguished by their AFM sublattices. In domain A sub-
lattice 1: S; = +x is localized on even (x; +y; = 2,
[ € 7)) and sublattice 2: S; = —% on odd (x; + y; = 2/ +
1)) lattice sites, vice versa in domain B.

The magnetic properties of the system are well described
by the model Hamiltonian:

H =7>S:-S; =D, > (S)*+ D> ()% (1)
(i i i

where S; = w;/ug is a three dimensional magnetic mo-
ment of unit length. The first sum in Eq. (1) is the exchange
interaction between nearest neighbors with J = 1 for an
antiferromagnetically coupled system. The second sum
represents a uniaxial anisotropy, with the x axis as the
easy axis of the system (D,/J = 0.125). The last sum
describes a hard z-axis anisotropy (D,/J = 0.05).

The fundamental equation of motion for magnetic mo-
ments is the Landau-Lifshitz-Gilbert (LLG) equation with
additional spin torque terms to describe the influence of the
electric current which is written as:

aS; 0%

—t=—_—"_ 8§, X[H; + afS; X H;

5 T e S X i als X )
+CS; X T, + DS; X (S; XT)), (2)

where vy is the gyromagnetic ratio, & = 0.025 is the Gilbert
damping constant and the internal field is H,; =
—9H /9S,. The last two terms are the contributions (pre-
cession and relaxation) of the spin torque [20].

In order to examine the manipulation of an antiferro-
magnetic transverse domain wall with an SP-STM tip, we
consider a tip moving at a constant height % along the long

axis (x axis) of the stripe with constant velocity vy, =
0.02%. To describe the influence of the electric current
we have used a similar description as in the case of a spin

valve [21-23] C =0 and D = 1. To describe the local
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strength and orientation of the current we used the descrip-
tion given by Tersoff and Hamann [24]:

T, = _Ioe*ZK\/(Xi*xup)zﬂy,'*Y1ip)2+thy (3)
where « =3.7128/a is the work function, r;, =
(X4p» Yip» #)  the time dependent tip position, r; =
(x;, y;, 1) the position of the spin S;, P the tip polarization,
and I, = 1.0 X 107%.

Within this framework we can examine different tip
polarization scenarios. The simplest cases are for tip polar-
izations along the cardinal axis of the stripe as shown in
Fig. 1: In case I the tip polarization is (anti-)parallel to the
magnetization inside the domains P = *X; case II, (anti-)
parallel to the magnetization inside the domain wall P =
*9; or case III, perpendicular to the magnetization inside
both the domains and the domain wall P = %7 (see Fig. 1).

Our simulations show that cases I and IT (P = =X and
P = *§)) as well as the domain wall P = *§ lead to the
situation of a blocked domain wall, with no change of the
domain wall position for any current. However, a tip
polarization perpendicular to the magnetization (P = *=%)
leads to a controlled motion of the domain wall as it is
shown in Fig. 2. This is opposite to a ferromagnetic domain
wall where all three cases (I-III) lead to a wall displace-
ment [25].

Figure 2 shows the displacement of the antiferromag-
netic domain wall and tip as a function of time. The
simulation starts with an SP-STM tip one lattice position
behind the center of the antiferromagnetic domain wall as
the current is switched on. Depending on the orientation of
the tip magnetization [up (down)] and the domain type
underneath [A (B)] the tip either shifts the domain wall
ahead or in the opposite direction. In the latter case the tip
loses the domain wall. In the former case the domain wall
will be shifted through the whole stripe. The velocity of the
domain wall is equal to the tip velocity v = +uvy, in this
case.

A change in either the tip polarization or the sample
domain type would reverse direction of the domain wall
motion. This is similar to the case of a ferromagnetic
domain wall, where the change of the domain types cor-
responds with the change from a head-to-head to a tail-to-
tail domain wall. If the domain wall width becomes
comparable with the lattice constant (Ising limit) the

FIG. 1 (color online). Manipulation of an antiferromagnetic
domain wall with an SP-STM tip.

straight motion in Fig. 2 becomes steplike. In this case
the domain wall moves a distance of one lattice constant,
pauses, then moves another lattice constant. This process is
periodic and looks like a staircase in the domain wall
displacement. Without additional hard-axis (z-axis) anisot-
ropy (D./J = 0) the tip will always pull the domain wall.

A second indirect manipulation method is manipulation
by a second (ferromagnetic) domain wall. In this case the
antiferromagnetic stripe is placed on top of a ferromagnetic
stripe (see Fig. 3). This situation requires an altered
Hamiltonian. The new one is given by the Hamiltonian
of the antiferromagnetic layer [Eq. (1)] plus additional
contributions from the ferromagnetic layer (H py)
and the coupling between the antiferromagnet and ferro-
magnet (H ¢):

H =Hapn + Hem + He, 4)
where

}[FM = _JFMZSn : Sm - dXZ(Sﬁ)Z + dzZ(sz)zy
(nm) n n
g'[c = JCZS,- * Sn-
(in)

The contributions of HH py to the total Hamiltonian are
similar to JH spy Where the ferromagnetic exchange con-
stant Jgy; = J and the easy axis is d,./J = 0.075, and the
hard axis is d, /J = 4. Further, we assume an antiferro-
magnetic interlayer coupling with the coupling constant
Jc = 0.5/ and the Gilbert damping apy = 0.02 of the
ferromagnet.

The LLG Eq. (2) must also be modified such that C =

— (f‘; :2), D = (llfr‘:f) (with nonadiabaticity parameter 3),

T, = ”x(izsxn and u, = 0.2% [20]. It is important to note

that the current flows only through the ferromagnetic layer.
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FIG. 2 (color online). Domain wall displacement of an anti-
ferromagnetic domain wall with a moving SP-STM tip. The tip
is moving with a constant velocity marked by the dashed line.
Depending on the orientation of the tip polarization P = *Z the
domain wall will be shifted ahead of the tip ( | ) or pushed away
in the opposite direction ( 1).
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FIG. 3 (color online).

Ferromagnetic-antiferromagnetic double
layer with ferromagnetic and antiferromagnetic domain walls.
The antiferromagnetic layer is somewhat lifted to improve the
view on the ferromagnetic layer.

This means T, acts solely in the ferromagnet, while T; of
the antiferromagnet is zero.

The starting conditions of this simulation are two re-
laxed domain walls, one in the antiferromagnetic layer at
x; = 100a, and one in the ferromagnetic layer at x,, = 30a
(see Fig. 4). Figure 4(b) shows that both domain walls
induce a magnetization in the y direction in the opposite
layer due to the interlayer coupling.

After switching on the current the ferromagnetic domain
wall starts to move. A detailed description of the motion
and corresponding velocities is given elsewhere [20].
When the ferromagnetic wall approaches the antiferromag-
netic domain wall the ferromagnetic domain wall shifts the
antiferromagnetic one, reducing the velocity of the ferro-
magnetic domain wall. The wall linking and reduction of
the domain wall velocity can be clearly seen in Fig. 5(a).
The velocity reduction can be explained by the fact that a
domain wall can be seen as a quasiparticle of certain mass
and the connection process as an inelastic collision of two
quasiparticles. In such a collision, if D./J = 0 the velocity
of the ferromagnetic domain wall remains constant [see
Fig. 5(b)]. In this case the velocity of the ferromagnetic
domain wall is small (lower velocity limit see [20]) and the
antiferromagnetic domain wall has enough time to react.
However, regardless of the value of D, /J, the speed of the
antiferromagnetic and ferromagnetic domain wall is iden-
tical and the distance between both domain walls stays the
same, as is apparent in Figs. 5(a) and 5(b).

Figure 5(c) shows the y component of the magnetization
in both layers during the domain wall motion. It can be
seen that the ferromagnetic domain wall is just behind
the antiferromagnetic domain wall. It is remarkable that
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FIG. 4 (color online). Domain wall profiles (a) easy axis
direction and (b) transverse component of the ferromagnetic
and antiferromagnetic domain wall before coupling.

the center of the ferromagnetic domain wall is at the same
place as the zero-crossing of the induced signal in the
antiferromagnetic layer. The same is true for the signal of
the antiferromagnetic domain wall in the ferromagnet. As
can be seen in Fig. 5(a), after collision there is no change in
the distance between the two domain walls, meaning the
coupling is stable. However, if the ferromagnetic domain
wall is faster than the highest possible velocity of the
antiferromagnetic domain wall, the linking does not take
place and the antiferromagnetic domain wall will not
move.

Another interesting fact for this system is that an anti-
ferromagnetic domain wall without an additional hard-axis
anisotropy (D./J = 0) follows a precessional motion only
if the driving ferromagnetic domain wall also precesses
during motion; i.e., the ferromagnet also has no hard-axis
anisotropy (d,/J = 0). This behavior is explained by the
coupling between the antiferromagnet and the ferromag-
net. There are no external forces acting on the antiferro-
magnetic domain wall. Because of the interlayer exchange
coupling the collinear orientation of the transverse compo-
nents of the ferro- and antiferromagnetic domain walls is
energetically favorable. Therefore, if the ferromagnetic
domain wall precesses the antiferromagnetic domain wall
must also follow the precessional motion. Anyhow, the
antiferromagnetic domain wall precesses only if the ferro-
magnetic domain wall is precessing. This is independent of
whether the antiferromagnetic domain wall would nor-
mally precess or not.

In a biaxial ferromagnet (d./J # 0) with currents higher
than some critical current the domain wall starts to oscil-
late. This behavior is called Walker breakdown [26]. In this
regime the ferromagnetic domain wall starts to move pe-
riodically forward and backward. Because of the interlayer
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FIG. 5 (color online). Domain wall displacement in a FM-
AFM double layer: (a) with and (b) without hard-axis anisotropy
in the ferromagnetic layer. (c) Transverse S, components of the
domain walls corresponding with Fig. 5(a) during coupled
motion. (d) Antiferromagnetic domain wall displacement with-
out a ferromagnetic domain wall.

067204-3



PRL 106, 067204 (2011)

PHYSICAL REVIEW LETTERS

week ending
11 FEBRUARY 2011

coupling the antiferromagnetic domain wall periodically
moves forward and stops, depending on the distance be-
tween the two domain walls.

Thus far we have described the interaction between a
ferromagnetic and an antiferromagnetic domain wall.
However, in principle there is no need of a ferromagnetic
domain wall to drive the antiferromagnetic domain wall.
Figure 5(d) shows the wall displacement of an antiferro-
magnetic domain wall driven by a current in the ferromag-
netic layer. The domain wall is driven solely by the current
acting on the magnetization component in the ferromagnet
induced by the antiferromagnetic domain wall (see inset).
The velocity in this case is very small but the motion is still
present.

In summary we have demonstrated that it is possible to
shift an antiferromagnetic domain wall by the SP-STM tip
with the aid of the spin-polarized tunneling current. For
this purpose the tip polarization P has to be perpendicular
to the magnetization inside the domains and domain wall.
The direction of the domain wall motion is identical for
P = *7. To change the direction of the domain wall
motion one has to change the orientation of the tip polar-
ization P. During motion the velocity of the antiferromag-
netic domain is equal to the velocity of the SP-STM tip.

An alternative method to indirectly control an antiferro-
magnetic domain wall is the usage of the interplay between
antiferromagnetic and ferromagnetic domain walls in ex-
change coupled ferromagnetic-antiferromagnetic double
layers. We have shown that it is possible to drive an
antiferromagnetic domain wall with the aid of a ferromag-
netic domain wall, when the ferromagnetic domain wall
itself is driven by a spin current. The coupling between the
ferromagnetic and antiferromagnetic layer leads to induced
magnetization changes in the opposite layer due to the
domain walls. During the motion both domain walls couple
via these induced signals. We have further shown that
the coupling with the antiferromagnetic domain wall re-
duces the velocity of the ferromagnetic domain wall. Only
if the ferromagnet has no additional hard-axis anisotropy
(d,/J = 0) does the velocity remain constant. A surprising
result was that the antiferromagnetic domain wall without
hard-axis anisotropy (D,/J = 0) does not show a preces-
sional motion if the ferromagnetic domain wall does not
precess. A precessional motion occurs only if both layers
do not possess any hard-axis anisotropy. Finally, we have
shown that the ferromagnetic domain wall makes the

manipulation of domain walls much easier; however, a
ferromagnetic domain wall is not necessary. The induced
signal of the antiferromagnetic domain wall in the ferro-
magnetic layer can also be used to drive the antiferromag-
netic domain wall. Here, the velocity is very small but the
motion is measurable.
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