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Abstract
An experimental study of domain wall motion in Ni80Fe20 ring structures
induced by current pulses as well as conventional magnetic fields is
presented. Using constrictions we demonstrate that current-induced domain
wall motion can be used to displace walls into parts of the structure where
no pulsed currents are flowing. Measurements at variable temperatures
between 2 and 300 K show that the fields necessary for wall motion decrease
with increasing temperature, which can be explained by thermal activation.
For the current-induced case we find, depending on the geometry and
temperature range, that the current densities necessary for displacement can
increase or decrease with rising temperature. This indicates that, in addition
to thermal excitations, an intrinsic temperature dependence of the efficiency
of the spin torque effect is present and leads to an increase in the critical
current density with increasing temperature.

(Some figures in this article are in colour only in the electronic version)

Domain walls and reversal by domain wall motion have
recently become the focus of interest by allowing us to
address fundamental physical questions, such as the geometry
dependent spin structure [1, 2], pinning of domain walls
at constrictions [3–6] and the details of the domain wall
propagation processes [7, 8]. Additionally, devices based
on domain walls have been suggested for storage and
logic [9, 10]. Rather than using conventional magnetic
fields to move domain walls, recently current-induced domain
wall motion [11–22] has received much attention, since it
opens up a route for simple device fabrication, where no
field-generating strip lines are necessary. Devices based
on current-induced domain wall motion have also been put

4 Present address: Applied Physics, Yale University, New Haven, CT 06520,
USA.

forward, the most prominent being the racetrack memory [20].
Apart from possible applications, the interplay between spin
currents and domain walls in magnetic nanostructures is of
fundamental interest, since the basic physical mechanisms
involved are not completely understood. The phenomenon
of current-induced domain wall motion has been long known
theoretically [11, 12] as well as experimentally [13], and
recently controlled current-induced motion of single domain
walls in magnetic nanostructures has been achieved. Several
important aspects such as domain wall velocities [14, 15],
critical current densities [16–18, 22], thermally assisted
motion [19] and the deformation of the domain wall spin
structure due to current [15] have been addressed but so
far these studies have been mostly limited to vortex walls.
While current-induced domain wall motion is experimentally
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well established, the underlying theory of interaction between
current and magnetization is still controversial. Different
approaches have been suggested, in the ballistic limit [23, 24]
as well as in the diffusive limit [12, 24]. The assumption
that the spin of the charge carriers follows the local
magnetization leads to the introduction of an adiabatic torque
into the Landau–Lifshitz–Gilbert equation of magnetization
dynamics [24–26]. Motivated by large discrepancies
between experiment and theory, a non-adiabatic term was
introduced [27, 28]. He et al [29] predicted that the (non)-
adiabaticity parameter of the spin torque strongly influences
the combinations of field and current necessary to move a
wall and so a study of domain wall motion as a function
of current and field might help to ascertain this parameter
if simulations and experimental results are available for the
same geometry. Furthermore, a discrepancy between room
temperature measurements and 0 K calculations of the domain
wall velocity exists [14, 15, 27, 28]. To reveal possible
explanations, a temperature-dependent study of the critical
current density is a key issue to determine the temperature
dependence of the spin torque effect efficiency.

In the field-induced case, domain wall motion is thermally
assisted [30], but the effects of thermal activation on current-
induced domain wall propagation have so far only been studied
theoretically in the limit of a rigid wall approach and for small
excitations at current densities just below the threshold [31].
Spinwaves have been neglected in the 0 K theory of spin torque,
but theoretically the current was shown to alter the spinwave
spectrum [32, 33]. Thus, to understand the interplay between
spin torque and thermal effects and to obtain information on
the non-adiabaticity of the torque, current- and field-induced
domain wall propagation experiments at different temperatures
are needed.

In this paper, we present our recent results of current-
and field-induced domain wall motion for transverse and
vortex walls at cryostat temperatures between 2 and 300 K
for different geometries and domain wall types. We
study the movement of domain walls in nanostructures with
constrictions (which generate an attractive potential well) and
in structures with no artificial geometrical variations to study
the effects of thermal activation and the intrinsic dependence
of the domain wall motion due to spin torque on temperature.

Permalloy (Ni80Fe20) rings with thicknesses between 12
and 34 nm, outer diameters between 1 and 2 µm and widths
of 100 and 200 nm with and without constrictions have been
fabricated. Using a two-step lithography process as described
in [34] non-magnetic Au contacts have been lithographically
defined.

A scanning electron microscopy (SEM) image of a 12 nm
thick and 200 nm wide ring with an outer diameter of 2 µm and
2 constrictions is shown in figure 1(a). Compared with wires,
the ring geometry has the advantage that a domain wall can
easily be generated and positioned by applying a homogeneous
magnetic field [35]. Domain walls in such structures are
head-to-head or tail-to-tail 180◦ domain walls with either
a vortex or a transverse spin structure [1, 2, 36]. For this
particular geometry, the domain wall type was determined to
be a transverse wall using magnetoresistance measurements
as detailed in [37], which is also expected from the phase
diagram [2].

Figure 1. (a) An SEM image of a NiFe ring structure (12 nm thick,
200 nm wide, 2 µm diameter) with the numbered contacts and the
polar angles indicated. Constrictions are visible between contacts
3/4 and 5/6 and the ring is severed between contacts 1 and 8 to
obtain a well-defined current flow direction. (b) Reference
resistance curve taken by saturating the ring and relaxing the field
along different field directions to selectively position a domain wall.
Low resistance corresponds to the domain wall being located
between contacts 2 and 3 and high resistance to the domain wall
being located outside the area between the contacts.

Magnetoresistance measurements were carried out in a
bath cryostat setup where an external field can be applied
in any in-plane direction using vector coils. A standard
lock-in technique was used to measure the resistance of a
ring section in a four-point configuration. A constant ac
current of typically 5 µA was applied between contacts 1 and
8 while the voltage drop was measured between contacts 2
and 3 (cf figure 1(a)). The resistance at the voltage contacts
depends on whether a domain wall is present in the region
between the contacts [3]. At remanence the magnetization
inside the domain wall has a component perpendicular to the
current flow and therefore reduces the total resistance due to the
anisotropic magnetoresistance effect [3]. Reference curves, as
shown in figure 1(b) for Tcryo = 4 K, were taken by saturating
the sample in directions between 40◦ and 140◦ (cf figure 1(a))
and subsequently relaxing the field to zero and measuring the
resistance [3]. These curves allow us to quickly ascertain the
wall position by a resistance measurement. The minimum
resistance is observed when the domain wall is located fully
in between the contacts. Slightly higher levels are obtained
when the domain wall is partly located underneath one of the
delimiting contacts (2 or 3) and the maximum resistance is
measured when the domain wall is located completely outside
the area between contacts 2 and 3.
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Figure 2. (a) Schematic representation of the potential landscape
with the domain wall being located at the edge of the potential well
generated by the constriction. The wall is pinned due to natural
imperfections, such as the edge roughness. Therefore a potential
barrier has to be overcome in order to move the wall into the
constriction. (b) Domain wall propagation diagram of the current
and field combinations necessary to move the wall into the
constriction between contacts 3 and 4 (figure 1(a)) at different
temperatures.

In the adjacent area between contacts 3 and 4, a
constriction (width 70 nm) is located (figure 1(a)). As shown
in [3], transverse walls are dragged towards the constriction by
the attractive potential well that the notch generates for the wall.
This is because as the wall is moved towards the constriction,
its spin structure changes to adapt to the change in the local
geometry (as a first approximation the wall simply becomes
shorter and therefore lowers its energy as it approaches the
constriction). Such a movement can take place without any
externally applied fields or currents. Furthermore, the potential
well was found to extend far beyond the physical size of
the notch [3]. The exact distance from which the domain
wall is attracted into the constriction depends not only on
the constriction size and shape but also on the domain wall
pinning outside the constriction due to defects, such as the
edge roughness. In figure 2(a) a schematic sketch is shown to
visualize the situation.

We have now designed an experiment to probe the
combination of current-induced and field-induced domain wall
motion with wall motion due to the potential well of the
constriction. Current pulses 10 µs in length were applied
between contacts 1 and 3, generating current densities of up to
2.5 × 1012 A m−2 in the ring structure.

The following experiment was carried out in a sequence
of steps typically 10 times for each combination of field
strength, current density and temperature. (i) An external
field is applied along 76◦ and released, so that a domain
wall is created at this particular position close to contact 3
in the region between contacts 2 and 3. (ii) The resistance is
measured between contacts 2 and 3. Using the reference curve
mentioned before (figure 1(b)), we crosscheck that the domain
wall is correctly positioned. (iii) An external magnetic field is
applied perpendicularly to the direction of the saturation field
along 346◦. (iv) A current pulse with electrons flowing from
contact 1 to contact 3 is injected. (v) The resistance is measured
again. From this resistance measurement we discern whether
the domain wall has moved out of the area between the voltage
contacts or not.

This procedure was carried out for different combinations
of field, current and temperature and we obtain the diagram
presented in figure 2(b). The different symbols indicate the
different cryostat temperatures between 4 and 300 K. For
combinations of field and current below the boundary, the wall
remains at the original position: for combinations above the
boundary the wall is displaced. We define as a critical field
and a critical current density the minimum values necessary
for moving the wall, so the domain wall is also displaced for
values of field and current exactly on the boundary.

At zero current, depending on the temperature, a field of
14–32 Oe (1.1–2.5 kA m−1) is needed to move the domain wall
outside the area between the contacts. At current densities
of around 2 × 1012 A m−2 the wall is moved by the current
without any externally applied fields outside the area between
the contacts, and in between, a combination of values of field
and current displaces the wall as seen in figure 2(b).

To check how far the domain wall moves, we have carried
out the same experimental sequence (same field and current
injected using the same contacts), but this time measuring
the resistance between contacts 3 and 4. We find that at
zero current a wall moves into the area between contacts 3
and 4 at 4 K for a field of 32 Oe, which is in line with the
observations in figure 2(b) and means that the wall moves
from its original position between contacts 2 and 3 into the
area between contacts 3 and 4. From the resistance levels
we can further deduce (as shown in [3]) that the wall moves
directly into the constriction (notch position). The fact that the
wall is moved into the constriction is further corroborated by
the much larger field (>250 Oe; 20 kA m−1) needed to depin
it again from this position.

For the case of current-induced wall motion we find the
same behaviour, namely that the wall is displaced into the
constriction. This is at first sight surprising, since the current is
only injected between contacts 1 and 3 and thus the current can
only move the wall underneath contact 3 but not further [18].
From measurements between contacts 3 and 4, we find however
that at 76◦ we have positioned the wall at a position just a few
degrees outside the attractive potential well of the constriction
(as schematically shown in figure 2(a)). This means that it
is sufficient to move the wall just a small distance before the
movement due to the constriction sets in and pulls the wall into
the notch position.

We now turn to the temperature dependence of the
propagation fields and currents. The wall experiences pinning
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due to edge irregularities as visible in figure 1(a) and
consequently a potential landscape such as the one sketched in
figure 2(a) results. In order to move the wall into the attractive
potential well, this pinning potential has to be overcome. At
zero current and a temperature of 4 K (squares), the field of
about 32 Oe (2.5 kA m−1) is needed to move the domain wall
into the potential well of the constriction and this field is
reduced to about 14 Oe (1.1 kA m−1) at 300 K. For the case
of field-induced wall motion, the critical field at zero current
thus decreases with increasing temperature (figure 2(b)) as
expected, since the increased thermal energy helps to overcome
the energy barrier of the pinning potential that separates the
wall at 76◦ from the potential well of the constriction. The
dependence can be described using the following equation
from [30]:

Hd(T ) ∼= H0

{
1 −

[
kBT

E0
ln

(
�0kBH0T

1.5E0v
√

1 − Hd/H0

)]2/3
}

,

(1)

where the depinning field measured at 2 K is taken as H0,
v = 10 Oe s−1, and the attempt frequency �0 = 1010 Hz [30].
The measured energy barriers of E0 ≈104 K correspond well
to what was previously observed [30,38], which indicates that
thermally assisted depinning of a domain wall is the dominant
process.

In the case of high current densities, where the wall
is moved by the current without an externally applied
field, the temperature dependence of the critical current
density for the current-induced domain wall motion is
similar to that of the magnetic field in the field-induced
case (figure 2(b)). The critical current density decreases
with increasing temperature. This means that here thermal
activation dominates the temperature dependence similarly to
the field-induced case. This is easy to understand taking into
account the fact that the wall is located at the edge of the
attractive potential well due to the constriction (figure 2(a)).
So rather than a large scale propagation, the current only needs
to lift the domain wall above the local energy barrier that
separates its pinned position (due to edge roughness) from
the edge of the potential well (due to the constriction) from
whereon the propagation into the constriction is primarily
because of the attractive potential well. At higher temperatures
thermal activation helps to overcome the potential barrier
so that even for smaller current densities the wall moves
into the constriction. While this holds qualitatively for all
potentials, the quantitative details will depend on the exact
shape of the potential. Thus, with this experiment we primarily
probe the thermal activation and not the intrinsic temperature
dependence of the spin torque effect since no large scale
propagation due to the spin torque effect is necessary.

In figure 3(a) an SEM image of a ring with the same
width and thickness as in figure 1 but without any artificially
defined constrictions is shown. Here no geometrical variations
exist (apart from the edge roughness), so that the wall energy
does not depend on its position. For an ideal element with
no edge roughness, the wall would be moved by an arbitrarily
small field and thus there would be no temperature dependence
of the critical field (which would always be zero). For the
case of current-induced motion this is more complicated and
contentious: Tatara and Kohno [24] predict that a critical

Figure 3. (a) An SEM image of a NiFe ring structure (12 nm thick,
200 nm wide, 2 µm diameter) with no constrictions and with the
numbered contacts and the polar angles indicated. (b) Domain wall
propagation diagram of the current and field combinations necessary
to move the wall at different temperatures in the structure shown
in (a).

current density exists even for ideally smooth wires, since the
wall is pinned by the transverse anisotropy. Two-dimensional
micromagnetic simulations show a critical current density
for smooth wires if the non-adiabatic spin torque term is
neglected and only the adiabatic spin torque term is taken
into account [26, 28]. If both terms are taken into account,
movement is possible even for very small current densities and
a critical current density is only predicted for rough wires [28].

Since in this ring only edge roughness and no
potential well due to a constriction exist, we can probe
not only the influence of temperature due to thermal
activation of the domain wall propagation but also the
intrinsic temperature dependence of the current-induced wall
propagation mechanism. We have measured the resistance
between contacts 6 and 7 with the lock-in current and the pulses
injected between contacts 8 and 5. The walls were positioned
along 258◦ as described above. The injected electrons flow
clockwise from contact 5 to contact 8 in the ring pushing the
wall in the same direction as the external field, which was
applied along 168◦. In figure 3(b) we see the dependence of
the critical currents and fields necessary to move a wall in this
configuration. At zero current for field-induced wall motion
we again find a reduction in the critical field with increasing
temperature. For the temperature range considered, we do not
expect a variation of the Zeeman-energy (∝ H · M), which
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is ultimately responsible for the field-induced domain wall
motion since the saturation magnetization is constant far below
the Curie temperature (which is >700 K). So for a constant
field H the force acting on the wall (and therefore the intrinsic
efficiency) will be independent of temperature. Since we
observe a decrease in the critical field with temperature we can
attribute this to thermal excitations that help overcome the
small energy barriers of pinning due to edge roughness.

For the case of large current densities we now see that the
boundary lines cross for different temperatures in figure 3(b),
so that there is no monotonous dependence of the critical
current density on temperature. For low temperatures (4 K) we
obtain the largest critical current density. As the temperature
is raised the critical current density is reduced as seen for
example in the case of 50 K. This reduction can be attributed to
thermal activation as described by equation (1). Interestingly,
as the temperature is raised further, the critical current density
starts to increase again (170 K) and a non-monotonic behaviour
was observed for different positions and fields and current
directions of the wall in this geometry. This increase in
the critical current density for increasing temperature points
to a mechanism that decreases the efficiency of the wall
propagation with increasing temperature. Such behaviour
was recently observed for a different geometry [38], where
it was shown that the critical current density can increase with
increasing temperature and this could be due to the intrinsic
dependence of the efficiency of the spin torque effect in the
current-induced domain wall motion on temperature. This
means that for the geometry in figure 3 the dependence of
the critical current density on temperature is a superposition
of thermal activation (which is dominant at low temperatures
and lowers the critical current density when the temperature
is increased from 4 to 50 K) and the intrinsic temperature
dependence of the spin torque effect, which becomes less
efficient with increasing temperature and dominates at higher
temperatures, leading to an increase in the critical current
density as the temperature is increased from 50 to 170 K. It
should be noted that the higher critical current density obtained
for 170 K compared with 50 K is outside the error bars (the
relevant error in the field is in general 5–10% of the current
smaller than the symbols used).

In a system where the intrinsic efficiency of the spin
torque effect dominates, a monotonous increase in the critical
current density with increasing temperature is expected and
we now finally review a geometry where such behaviour is
observed. In 110 nm wide and 34 nm thick rings with vortex
walls, we have obtained the data presented in figure 4 [38].
In figure 4(a) we compare the wall propagation field for the
field-induced motion at zero current with the case of a high
current density, where the wall propagation is primarily due to
the current with a density of 2.07 × 1012 A m−2. We find for
the field-induced propagation a decrease in the propagation
field with increasing temperature typical of thermal activation.
For high current densities, the opposite behaviour is observed.
At 4 K, propagation is obtained with a current density of
2.07 × 1012 A m−2 without any externally applied fields,
while above 20 K this current density is not sufficient to
move the wall without an externally applied field. With
increasing temperature the extra field necessary to move the
wall increases, which implies a reduction in the efficiency of

Figure 4. (From [38].) (a) Critical field as a function of the
temperature for zero current (black squares) and for
j = 2.07 × 1012 A m−2 (red triangles). (b) Critical current density
as a function of the temperature. Black squares refer to the cryostat
temperature Tcryo, red circles to real temperatures Treal corrected for
the effect of Joule heating. Open symbols indicate maximum values
of the current density injected during the sample lifetime and are
therefore lower limits for the critical current density.

the spin torque effect. This reduction in the efficiency becomes
even more obvious when we look at the critical current density
for pure current-induced domain wall motion as a function
of temperature. As plotted in figure 4(b), the critical current
density monotonously increases with increasing temperature.
We have further measured the temperature rise during the
pulse injection and in figure 4(b) the critical current density
is also plotted for the real sample temperature (discs) rather
than the cryostat temperature (squares)5. Since from the
real sample temperature we can directly derive the thermal
excitations (≈ kBT ) and since the critical current density
increases with increasing real sample temperature, we can
conclude that for this system thermally activated wall motion
is not dominating and rather a physical mechanism must exist
that renders the spin torque in the current-induced domain wall
motion intrinsically less efficient at higher temperatures.

To our knowledge, only Tatara et al have so far included
thermal effects in the theoretical description of current-driven
domain wall motion [31], and they do not predict an increase
in the critical current density with temperature. The strength
of the spin torque effect was predicted to depend on the non-
adiabaticity parameter [29]. The non-adiabaticity parameter

5 The Joule heating due to the current pulses was determined to be smaller
than 150 K for all temperatures for the maximum current density so that the
sample temperature is always well below the Curie temperature.
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depends on the square of the exchange length divided by
the square of the spin flip length and we would expect that
for higher temperatures the spin flip length is reduced and
the exchange length should stay constant in the temperature
regime that we probe. Thus, at higher temperatures a larger
non-adiabaticity parameter is expected, which is predicted
to make the spin torque effect more efficient, in contrast to
our observation. Since we observe an increase in the critical
current density with temperature, we conclude that another
mechanism must exist, which reduces the efficiency of the spin
torque exerted on the domain wall at increased temperature.
Spinwave generation can be such a mechanism if a symmetry
breaking between magnon excitation and annihilation for
different directions occurs due to the current flow.

When taking into account spin currents, it was
theoretically predicted [32, 33] that the spin wave dispersion
ω(k) becomes asymmetric and can be expressed as ω(k) =
ω0 +f0k2 + f1(Is)·k with the spin current Is, a constant f0 and a
function f1(Is) of the spin current. Also due to this asymmetry,
the magnon density of states becomes asymmetric with respect
to k so that for non-zero temperature the number of thermally
excited spinwaves becomes asymmetric as well in the presence
of a current. This effect has interesting implications at very low
temperatures: since the spin wave gap at room temperature is of
the order of a few tens of meV corresponding to a few GHz [39]
this means that at milli-Kelvin temperatures the population of
spin waves is extremely asymmetric: only spin waves with
k vectors in one direction are excited. At room temperature
though this effect is much smaller, since it is smeared out due
to thermal excitations, which are much larger than the spin
wave gap. Though spin waves can play a crucial role even at
higher temperatures, since they might reduce the polarization
of the current: in a simple single parabolic band model with the
two spin direction bands energy-split and a spherical Fermi-
surface, the levels of occupation for positive and negative Fermi
wave vectors k are different due to the current flowing (shift
of a spherical Fermi-surface). If thermally excited magnons
are present, then the current-carrying electrons can primarily
absorb magnons with a wave vector q that flips an electron from
a majority to a minority one, so that effective polarization of
the current is reduced.

In conclusion, we have investigated field- and current-
induced domain wall propagation in permalloy nanostructures
at variable temperatures. Introducing constrictions, which
generate attractive potential wells for transverse walls, we find
that domain walls can be moved from a position outside the
potential well into the constriction using fields and currents.
If currents are injected into a contact, which lies between
the domain wall position and the constriction, the current
can move the domain wall to the edge of the potential well,
from where the movement into the constriction occurs due to
the attractive potential well. The temperature dependence for
both the field- and the current-induced case shows that thermal
activation is dominating with critical currents and fields being
reduced for higher temperatures. For ring structures with no
constrictions, field-induced motion is again aided by thermal
excitations. Critical currents for current-induced motion
exhibit a non-monotonous dependence on temperature with the
critical current density being reduced when the temperature
is raised from 4 to 50 K due to thermal excitations, while it

increases as the temperature is raised further to 170 K. This
increase has to be attributed to the intrinsic dependence of the
efficiency of the spin torque effect for current-induced domain
wall motion on temperature. This dependence is even more
obvious for a geometry with vortex walls, where the critical
current density increases with temperature for all temperatures.
A possible reason for this dependence is the role of thermally
excited spin waves, which due to an asymmetry in the spin
wave spectrum can render the spin torque effect less efficient
at higher temperatures where more spin waves are excited.
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